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lgneous processes in the small bodies of the Solar

System |. Asteroids and comets
Giovanni Leone’?>* and Hiroyuki K.M. Tanaka?**

SUMMARY

Igneous processes were quite widespread in the small bodies of the Solar System
(SBSS) and were initially fueled by short-lived radioisotopes, the proto-Sun,
impact heating, and differentiation heating. Once they finished, long-lived radio-
isotopes continued to warm the active bodies of the Earth, (possibly) Venus, and
the cryovolcanism of Enceladus.

The widespread presence of olivine and pyroxenes in planets and also in SBSS
suggests that they were not necessarily the product of igneous processes and
they might have been recycled from previous nebular processes or entrained in
comets from interstellar space. The difference in temperature between the inner
and the outer Solar System has clearly favored thermal annealing of the olivine
close to the proto-Sun. Transport of olivine within the Solar System probably
occurred also due to protostellar jets and winds but the entrainment in SBSS
from interstellar space would overcome the requirement of initial turbulent
regime in the protoplanetary nebula.

INTRODUCTION

Olivine and pyroxene, minerals commonly found in lava erupted during igneous processes on Earth and in
the inner planets of the Solar System, including satellites like the Moon and lo, have been found in comets
and asteroids' of the inner and outer Solar System. Since small bodies like comets and asteroids are consid-
ered as the leftovers (or the “building blocks”) of the planetary formation and they are well distributed all
over the Solar System, including among the transneptunian objects (TNOs), they constitute a historical win-
dow in the evolution of the igneous processes occurred in the Solar System. We appropriately use the
generic words "“igneous processes” and not “volcanism” because lava from the mantle may not erupt to
the surface in small bodies (i.e. asteroids or their parent bodies) with radii <190-250 km.? However, the
typical heating processes occurring during the early formation of the planetary bodies might have been
quite common all over the protoplanetary disk. Also, heating processes may have occurred in long-period
comets, small bodies formed mainly in the outer Solar System where melting and igneous processes would
not be that easily expected at such long distances from the Sun. The wide range of olivine (and pyroxene)
compositions, minerals present in basaltic lava, directly found in comet 81P/Wild 2 grains returned by the
Stardust mission suggests a wide range of formation conditions.®® Olivine and pyroxene are common min-
erals of chondritic meteorites as well. A possibility is that the high temperatures typical of hot volcanism,
necessary to melt olivine and pyroxenes, may have characterized the whole protoplanetary disk from which
the Solar System was born.® Another possibility is simply that they were already there as condensates since
the accretion of the various bodies without any particular igneous process involved. Analyzing these two
options might have important implications about the distribution of primordial heating sources (PHS) all
over the Solar System.” Three types of heating sources were available during the early formation of the So-
lar System: impact melting, differentiation, and radiogenic decay. Additional and favorite mechanisms of
chondrule formation include shock waves and lightning. In small bodies like planetesimals and comets,
melting through the first two processes is more difficult due to their small mass.®~'° Eventual fragmentation
of the planetesimals due to collisions does not hinder the formation of a significant fraction of large peb-
bles at the end, which leads to a lower collision rate and thus to a significantly less efficient dissipation of
energy.""'? Impact melting is a common process for asteroid-size bodies but, at the end, radiogenic decay
remains the most durable form of heating. Short-lived 2°Al was the most common and widespread of the
PHS (i.e."”) at the beginning of our Solar System with ®°Fe'* and "°Be'” as additional sources. Understand-
ing the distribution of the PHS and how these affected the igneous processes of the small bodies of the
Solar System is the main scope of this review.
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DISTRIBUTION OF PHS IN THE SOLAR SYSTEMS PROTOPLANETARY DISK

Thanks to the many missions that have been launched so far, we have now a good knowledge of the inner
and outer Solar System as far as Pluto. However, the Solar System is much more than that. Extending from
the asteroid belt (AB) to the Qort cloud, as faras 2 x 10" km or 1.33333 x 10° au, ' the outer Solar Systemis
by far the largest part of the whole Solar System. A further subdivision of the outer Solar System is given by
Gladman and Volk,"” who estimate that the transneptunian space (TS) starts at 30.1 au, basically from the
orbit of Neptune onward, and ends at 2,000 au where the inner Oort cloud (IOC) begins; a previous
estimate found the IOC beginning at = 3,000 au;'® then, the IOC ends at 10,000 au where the outer
Oort cloud (OOC) begins. There is general consensus on the OOC ending at a maximum distance of
10° au from the Sun, as inferred from the orbits of the long-period comets (i.e.'”"). This is the region where
the influence of the Galactic gravitational tidal field and of the passage of neighbor stars has their own
effect on the evolution of the comets.”’?? Within the TS, it is included much of the Kuiper Belt subdivided
in “classical belt”, between 40 and 48 au, and the Centaurs region <30 au representing “the transition pop-
ulation between the short-period comets and their source region outside 30 au”.”* Unfortunately, for the TS
beyond Pluto not reached by any spacecraft yet, we still have to rely on telescopic observations and spec-
tral data, which have given great help but are still far from being comparable to the spacecraft information
that we have about the inner Solar System.

The issue of the distribution of the PHS along the protoplanetary disk of our Solar System is still controver-
sial between heterogeneous and homogeneous. Some authors favor the hypothesis of a heterogeneous
distribution in the original solar nebula that may have been inherited in the protoplanetary disk with
different heating effects in various parts of it.”*~?® The initial concentration of PHS is the key factor that
determines the thermal history of the various bodies. Other authors favor a homogeneous distribution
that heated uniformly the early Solar System.?”** Many lines of evidence point to a widespread and
homogeneous distribution of 2°Al in the galaxy and in our Solar System.*>*’ Both hypotheses concur on
the fact that chondrules’ formation started early in the history of the Solar System thanks to the heating ef-
fects of the proto-Sun. However, chondrule formation may not be related to the heating events of the
proto-Sun. Chondrules formed in different regions of the protoplanetary disk, inside and outside the orbit
of Jupiter, and most likely by various flash-heating models: nebular lightning, magnetic reconnection flares,
gas dynamic shock waves, and radiative heating.*®
scarcity of chondrules observed in the preliminary results, there is a possibility that chondrules might be
a rare form of preserved primordial material of the Solar System.*? According to U-Pb chronology, chon-
drules’ formation started almost at the same time of the condensation of the first calcium-aluminum-rich
inclusions (CAls) at 4567.3 + 0.16 Ma,” which are considered the first and thus oldest solids formed in
the Solar System,*" and lasted for =3 Ma.*>** This is also the time in which the runaway accretion process
formed the first rocky bodies of the Solar System from the first planetesimals,****
may have occurred: 1) giant impacts likely occur after the disk is dissipated;*® 2) the runaway and oligarchic
accretion (in the classic view). An example is the one that may have formed the Martian dichotomy within a
time span from =4 to =15 Ma after CAI,"’
postulated by the Southern Polar Giant Impact formation model,”® or the Moon-forming impact within a

If current asteroid sample return missions confirm the

after which giant impacts

validated by the discovery of twelve volcanic alignments as

time span from =30 to 200 Ma after CAL*? However, runaway accretion might not be enough to explain
the dichotomy between low-mass terrestrial planets and giant gaseous planets. Accretion of drifting
pebbles by embryos and cores might be the new emerging paradigm.®®~>° How this process of pebble ac-
cretion might have affected the distribution of the PHS in the evolving Solar System? Chondritic meteorites,
ormore generally chondrites, show limited element fractionation and differentiation after their formation in
different parent bodies®’ but have been commonly considered as the building blocks for the Earth and the
terrestrial planets.sg’(’j However, it is unlikely that chondrites alone formed the Earth; the addition of other
chemically distinct small bodies from the bulk Solar System composition has been proposed.®”**“° Recent
geochemical analyses in meteorites have shown that the inner and the outer Solar System may have formed

6=58 which may reflect the difference in the initial abundance

from two distinct reservoirs of planetesimals,
of 2Al found in chondrites.®” The isotopic dichotomy between non-carbonaceous chondrites (NC) and
carbonaceous chondrites (CC) indicates how the two distinct reservoirs from which they formed remained
separated during the first few millions of years; the NC inside the orbit of Jupiter, the CC outside the orbit
of Jupiter.”® The isotopic dichotomy between CC and NC meteorites is observed not only for chondrites
but also for achondrites. Achondrites provide key arguments for an early separation of the isotopically
distinct reservoirs, possibly by proto-Jupiter.”" Different abundances of neutron-rich isotopes such as

34Cr, 3°Ti, and *8Ca in different bodies of the inner Solar System suggest a heterogeneous distribution
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of pre-solar grains attributed to an early solar irradiation.”” Migration of the giant planets may also have
contributed to capture TS planetesimals, as it was suggested for Phoebe,”* and increase collisions among
planetesimals thus mixing up the original distribution.”*

Observations of other protoplanetary disks around other forming planetary systems show that the popu-
lation of planetesimals in our Solar System represents one of the many possible combinations defined
by the wide range of C/O ratio and metallicities present in other interstellar nebulas, which significantly
affects the formation of water ice and refractory phases in icy planetesimals; “planetesimals in systems
with sub-solar C/O should be water ice-rich, with lower than solar mass fractions of refractory materials,
while in super-solar C/O systems planetesimals should have significantly higher mass fractions of refrac-
tories, in some cases having little or no water ice.”.”” The evidence that extrasolar asteroids show a variation
in iron to aluminum ratio over a factor of 100 unequivocally shows that they have undergone igneous
differentiation due to heating produced by 2°Al and thus it should be regarded as a quite common PHS
in other stellar systems as well.”?

IGNEOUS PROCESSES IN ASTEROIDS

Igneous processes in asteroids were already reviewed by McSween,' who noticed how fractional crystalli-
zation is a “pervasive process that probably affects primary magmas generated within bodies of virtually
any size.” He noticed that fractionation and subsequent differentiation processes at the low (lithostatic)
pressures typical of asteroids still produced eucrites, basaltic rocks which constitute the largest group of
achondritic meteorites, and ureilites, ultramafic rocks containing olivine and pigeonite whose isotopic
compositions resemble those found in CC." However, ureilites fall in the NC range in terms of isotope
compositions. Actually, they are more “non-carbonaceous” (i.e., further from the CC end in the stable
isotope composition plots) than any other material.®” Some CC, those belonging to the CV group, are
also rich in CAls.””"”® Wilson and Keil” put some limit to the size of the small bodies, with radii <190~
250 km, in which lava from the mantle may not erupt to the surface. Greenwood et al.”’ have raised
geochemical arguments about the possible existence of magma oceans on differentiated asteroids
whereas Mayne et al.”®’” argued that 4 Vesta, for example, is too inhomogeneous to be the result of dif-
ferentiation of a global magma ocean. Wilson et al.?” found how difficult is generating >30% of total
melting in the ureilite parent body because of efficient melt removal from its interior. However, the idea
that melt migration was efficient enough to remove 2°Al, and thus dampen the melting, relied on overesti-
mated percolation rates so that such a drainage cannot prevent the possible formation of global magma
oceans.?’ There are even some more recent results of experiments in low-degree (<15%) partial melts rich
in SiO5, Al,O3, and alkali elements that suggest the possibility of widespread high-viscosity silica-rich melts
in small bodies of the early Solar System but that the evidence was erased by subsequent stages of melting,
accretion, and differentiation.?” “Primitive achondrites may record melt migration in rubble-pile bodies
reaccreted from fragments of partially molten planetesimals.”® Thus, it is very likely that some asteroids
were more chemically modified respect to others with chondrites generally less differentiated than
achondrites.”’

There is a class of CAl-rich asteroids of the Watsonia family, which have affinity with the fluffy type As CAl,
that have not experienced melting before accretion during the first half-life of 2°A1.** To explain such
exception, it was suggested that ®Al was not yet present in our Solar System at the time of formation of
these asteroids and that probably was injected afterward by a stellar source® although modeling results
showed how such injection from the stellar shock front would take =2-4 x 10° years before that short-lived
nuclides can enter the collapsing protosolar cloud via Rayleigh-Taylor instability.®” A possible explana-
tion could thus be that only the region of formation of the Watsonia family asteroids was possibly devoid of
2515487 Compositional variations, particular in olivine, with heliocentric distance have been observed
even within the AB thus reflecting compositional differences and different melting histories already since
the time of formation from the primordial nebula.®® We will thus explore the situation in the various aster-
oids of the Solar System to understand whether these are isolated or common cases. We mainly refer to the
Tholen taxonomy® in our description.

Igneous processes in C-type asteroids

Information about C-type asteroids mainly comes from meteorites found on Earth but now also from sam-
ple return missions like Hayabusa2 to Ryugu and the Origins, Spectral Interpretation, Resource Identifica-
tion, and Security-Regolith Explorer (OSIRIS-REx) to Bennu missions. C-type asteroids, which include
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B-type, F-type, and G-type, are mostly found at the outer edge of the AB and are considered as among the
most primitive extraterrestrial materials that experienced extensive aqueous alteration.”” They have
spectra rich in hydrated minerals very similar to those of Cl and CM chondrites as well as 70% of CR chon-
drites,”® % but they also occur as near-Earth asteroids as in the case of Ryugu (i.e”® and Bennu (i.e.”). Cl
and CM chondrites contain Fe and Mg-phyllosilicates, mostly resulting from the aqueous alteration of
olivine,”?® but also grains of pyroxenes and olivine preserved from aqueous alteration as contained in
CAls and ameboid olivine aggregates (AOAs).”?"~?7 The origin of these AOAs has already been matter
of study, one possibility is crystallization from a chondrule melt,"°°"'%? another possibility is direct conden-
sation from a solar nebular gas,'®*'%* another one is a repeated sequence of mixing and partial melting'®
and, at last, splashing out from still partially molten chondrules,’®'%” or simply aggregational objects
composed of CAls and forsterite plus Fe,Ni-metal condensates (AOAs have solar-like O-isotope compo-
sitions, whereas chondrules are depleted in '°0)."% Three out of five of these processes require a heat
source and, whatever it is the most plausible among these processes, a possible primordial heat source
may likely be 2°Al along with ®°Fe or short duration heating followed by slow cooling (thermal annealing)
near the proto-Sun. Impact plume origin of chondrules is one of the possible mechanisms of chondrule for-
mation, it is generally accepted for CB and some CH chondrules.'® It was also suggested that CC are
significantly younger than ordinary chondrites (OC) and enstatite chondrites, which were heated by
short-lived radiogenic elements; after 2°Al and °Fe had become extinct, the primitive dust accreting at
low temperatures would have been mixed to varying quantities of high-temperature chondritic minerals
("owing to explosive volcanism and collisions”), thus forming the mineral assemblages actually found in
most CC.""”

A review of the possible origin of CC has shown how they may likely come from asteroids rather than from
comets because they have undergone various processes typical of the inner rather than the outer Solar Sys-
tem during their history: implanted solar wind gases, microcraters, solar flare tracks, and anisotropically
irradiated grains."'%""" Furthermore, petrographic analyses have shown how thermal metamorphism
affected CO and CV chondrites while ClI, CM, and CR chondrites have undergone low-temperature
aqueous alteration.”>”="?1"1 This means that C-type asteroids, which these meteorites come from, have
undergone both the same processes implying ongoing igneous processes during their early stages of for-
mation. Which one is the most likely heating source, radiogenic vs. impact, may come from the information
acquired by the sample return missions (i.e.''?).

101955 Bennu

101955 Bennu was taxonomically classified as a member of the rare B-type asteroid class and appears
in the images as a rubble pile of 492 + 20 m of diameter,''®""” considered as the best analog for CM1
chondrule poor meteorites.''® However, the measured density of 1,190 + 13 kg m™="""1?
than Cl meteorites.”” The high bulk porosity (from 40% to 50%) suggests that its interior is a mixture of boul-
ders and voids,"'? and the lack of significant topographic relief indicates that 101955 Bennu might be a
rubble-pile asteroid.'” Given the short collisional lifetime (~0.1-1 Ga'"’) of a sub-kilometer-sized object
in the main AB, it is thought to have originated from a larger carbonaceous asteroid of ~100 km, either

of the 495 Eulalia'®® or the 142 Polana family'?""'?? located in the AB at a distance of 2.42 au from the
123

113-115

is much lower

Sun,"""?0 after a catastrophic fragmentation probably occurred around 0.7-2.0 Ga ago.'?* Subsequently
to its formation, 101955 Bennu was likely placed in its current position as NEA by inward drifting caused by

the so-called Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) thermal effect.'?0123

Compositionally, 101955 Bennu is a CC and its B-type classification allows comparisons of its spectral prop-
erties with other members of its class. As possible analogs, 24 Themis'”"'?> and comet 133P/Elst-Pi-
zarro,'?® as well as Cl and CM chondrites,’'® were taken in consideration due to their content of water
ice and organics, thus suggesting that 101955 Bennu may contain similar materials.'*” Unfortunately, the
arrival of the sample return mission to Earth is expected for September 2023;'%°
analyses of the sample in order to have more detailed information on Bennu's composition. Partial least
squares modeling of spectral data coming from the OSIRIS-REx mission has confirmed the presence of
78% of phyllosilicates and 9% of olivine, consistent with CI/CM chondrites mineralogy that have undergone
aqueous alteration and thermal metamorphism.'?’ However, thermal metamorphism indicates that the
meteorites were once baked, but not necessarily melted. Chondrites are classified into different petrologic
types, according to their levels of thermal metamorphism:'?® Type 1-2 chondrites mainly underwent
aqueous alteration; type 3 chondrites experienced low-degree thermal metamorphism (less than

we need to wait for the
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~600°C); types 4-6 chondrites reached higher temperatures, but with an upper limit defined by the onset of
melting (~950°C). Although most chondrites have more or less undergone thermal metamorphism, they
have not experienced silicate melting. Indeed, silicate melting has been suggested as the transition
between chondrites and achondrites.”* The concept of chondrites as metamorphic rocks was already
studied by Wood'?” in the early 60s coming to the conclusion that the process of thermal metamorphism
should have occurred in a (larger) parent body which was heated by short-lived radiogenic elements like
28A]. The chondrule must have cooled as liquid droplet and then dispersed in space or in a gas where it
took its spherical shape.'?” The sequence of events that have shaped 101955 Bennu has been synthesized
by Lauretta et al.’?%: a) formation of pre-solar grains with water ice and possible organics in a nebula; b)
mineral assemblage in the Solar System'’s protoplanetary disk; ¢) accretion of the ~100 km parent body
within 10 Ma after CAl, large enough to retain the heat produced by the short-lived radiogenic elements
and allow aqueous alteration and thermal metamorphism; d) disruption of the parent body by a cata-
strophic collision and subsequent formation of 101955 Bennu as a rubble-pile asteroid; e) drifting to Earth
by YORP effect and stabilizing current position by secular resonance; f) reshaping of orbit and surface by
close planetary encounters.

162173 Ryugu
-3 131133

162173 Ryugu is also a C-type asteroid with a global average density of 1,190 + 20 kg m™, which is
strikingly similar to that of 101955 Bennu. They share the Tholen sub-classification as B-type'* although
162173 Ryugu shows an average bulk density of 1,282 + 231 kg m™ in the sample particles returned
last December 6, 2020."%> As well as in the case of 101955 Bennu, such a density is quite lower than the
anomalous and compositionally similar Cl no-chondrite meteorites (1,660 4 80 kg m %)% found at Tagish
Lake, the most porous found on Earth, thus implying that 162173 Ryugu must also be highly porous up to
46%,'% 50%,"*" or even 55%."%” Other samples resulted denser than 1,800 kg m"3* which is slightly more
than the one encountered in the Tagish Lake meteorite, but still far away from the typical density
(i.e.> 3,000 kg m~3) of other meteorites found on Earth.'*® The most recent analyses of Ryugu samples pro-
vided an average density of 1,528 + 242 kg m~3, which does not differ much from that of the Orgueil or
Tagish Lake meteorites.'*” The absence of chondrules in the samples'*> may suggest that they might be
uncommon in 162173 Ryugu material and in primordial materials as well, where the abundance of chon-
drules might have been overestimated.®” Such a conclusion was drawn also on the basis of the observation
that the flux of meteorites making to the surface of Earth through the atmospheric barrier is just ~0.15
metric tons per day, which is less than 0.1%-0.5% of the 30-180 metric tons of material reaching the
Earth.””""% The decreasing reflectance spectra between 0.5 and 0.8 pum in the chondrules found in the
Murchison meteorite are certainly due to olivine'*' and a similar reflectance drop was attributed to olivine
in 162173 Ryugu.'"” However, it is not yet certain that olivine will be present on 162173 Ryugu in amounts
that might reveal the possible presence of aggregates like chondrules. The slight density variation found in
samples of the same asteroid may indicate a mixture of particles of different origin,'*® or different degree of
alteration,*® or evidence of differentiation in the parent body identified as either 495 Eulalia or 142 Polana
%4 as in the case of 101955 Bennu. Basically, it is a parallel or similar history of the asteroid 101955
even though the abundance of phyllosilicates and olivine might not be the same. The low degree
of hydration found in partially hydrated minerals of the available samples suggests that the parent body
from which 162173 Ryugu formed was water poor.'®' However, a more recent paper by Nakamura
et al.,'* based on the returned sample taken from the surface of Ryugu, shows that this asteroid experi-
enced extensive aqueous alteration. An alternative explanation could be that 162173 Ryugu was never
part of a larger parent body but simply formed from an assemblage of chondrule-free primordial blocks

family
Bennu'*

that was never lithified, in such a case it would not be a rubble-pile asteroid®” like 101955 Bennu. Alterna-
tively, the low abundance of chondrules in Ryugu samples can be simply explained by a scarcity of chon-
drules in its original location of formation.'*® Other suggested scenarios involve both incipient and
aqueous alteration of the parent body with subsequent dehydration by internal (*°Al) or impact heating
then followed by the classic disruption of the parent body and re-assemblage as rubble-pile asteroid."’

Igneous processes in the asteroid 4 Vesta (V-type)

4 Vesta, with its 262.7 + 0.1 km in radius, is considered more a surviving intact protoplanet rather than an
asteroid; it has an average bulk density of 3,456 + 1% kg m™> and a constrained core size between 107 and
130 km in radius."*”""*® Its radius places 4 Vesta slightly above the limit of the bodies that can theoretically
have direct eruptions from the mantle to the surface, as suggested by Wilson and Keil.” Although 4 Vesta
has been regarded as the parent body for the V-type asteroids, thought to be genetically related to the
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howardite-eucrite-diogenite (HED) asteroids as collisional fragments coming from the surface of 4 Vesta,'"’
a statistical analysis showed how such a surface compositional compatibility with the parent body is met in
the inner AB but not in both middle and outer AB V-types."*° The unexpected discovery of olivine in Albana,
Arruntia, Bellicia, Caparronia, Manilia, and Pomponia craters of 4 Vesta suggests the presence of crustal
plutons whose outcrops could be detected on the surface.'”'"'*? Eu anomalies displayed by the diogenites
strongly indicate that they intruded the eucritic crust thus being younger rather than older as previously
expected.'” Pre-Dawn observations based on HED meteorites suggested a minor content of olivine in di-
ogenites, except a few ones with higher abundances of harzburgites,’>® and mostly confined in the
mantle,’>* or at the base of the crust,’*® and thus being older than eucrites as suggested by available dif-
ferentiation models."”" However, the deepest regions in the Rheasilvia basin reaching the mantle of Vesta,
where olivine should have been largely expected, did not show clear detections.'** Alternative models
suggested that diogenites formed during the cooling of the magma ocean and then intruded the eucritic
crust in the northern regions of Vesta.'®*%>"%¢ From the available maps, such intrusions are also visible in
the southern regions but the formation of Veneneia and Rheasilvia basins probably deleted the traces
although the impacts should have caused some reshuffling of previous terrains."?

153

Athermal model for the differentiation of the asteroid 4 Vesta was based on an initial concentration of 1.69—
6.68 wt % of ?°Al in the eucritic crust and barren mantle as end members, respectively, and 14.62-89.34 wt %
%OFe segregated in the eucritic crust and core as end members, respectively; the time of core formation
moves forward or backward by 0.72 Ma (the half-life of 26A) upon increase of 100% or decrease of 50%
with respect to the initial conditions of Al abundance.®” According to the results of this model, accretion
ended at 2.85 + 0.05 Ma after CAIl, core formation occurred at 4.58 + 0.05 Ma, and crust formation at
6.58 + 0.05 Ma in order to achieve 25% of partial melting by decay of 2°Al. The heating effect of *°Fe
was found to be negligible. The parameters of the model were based on the assumption that the geochem-
istry and chronology of 4 Vesta are constrained by HED,"®” which are achondritic meteorites.' The initial
25A1/% Al ratio was assumed according to the canonical value of 5 x 10°.57"%” Another thermal model
for the differentiation of 4 Vesta'*® adopted an initial concentration of 1.19 wt % of 2°Al and 11.18 wt %
of ®Fe, same initial 2°Al/?’ Al ratio of 5 x 107° and a ®°Fe/*°Fe ratio of 1.6 x 107¢. The results of this model
show a range for accretion time between 1 and 2.6 Ma after CAl, differentiation time ranges between 0.17
and 1.72 Ma after accretion, and core formation is completed 0.3 Ma after the last stage of silicate-metal
differentiation.

HED are anhydrous meteorites considered as the best example of materials derived from 4 Vesta''*? but
existing deviations from oxygen isotopic composition from a common mass-fractionation line suggest that
some of them may derive from other bodies.'®’ The geochemistry of HED meteorites indicated that 4 Vesta
is depleted in volatiles but has some abundances in chondritic refractory elements, despite HED being
essentially achondritic, and supports the model of a possible magma ocean; the geochronology indicates
accretion and differentiation of 4 Vesta in the first several Ma, consistent with other small bodies of the Solar
System (i.e.'®""*%) and even Mars due to its peculiar giant impact that accelerated the core formation and
thus its differentiation process (i.e.”’). Based on *3Mn->? Cr systematics, Lugmair and Shukolyukov'®®
concluded that the HED parent body (that is, 4 Vesta) was completely molten and differentiated within 1
Ma after CAI'®* while igneous processes lasted for just =10 Ma with a total thermal history of
probably =100 Ma."®® A recent petrologic study of apatite within unbrecciated and monomict eucrites
suggested how the volatile depletion that characterized 4 Vesta was not solely due to the degassing of
eucritic melts in a global magma ocean but was already present in the precursor materials that accreted

to form it.'¢°

Igneous processes in S-type asteroids

Stony (S-type) asteroids are made of unmelted nebular materials typical of chondrites with petrologic his-
tories significantly different from those characterizing totally melted achondrites like the HED asteroids and
significant progress has been made in order to identify possible parent bodies.'®® However, exceptions
were found thus making more complex the reconstruction of the genealogic trees of several asteroids.
High-calcium pyroxene with minor amounts (<20%) of olivine was detected in spectra of S-type asteroids
17 Thetis, 808 Merxia, 847 Agnia, and the main belt asteroid 1489 Magnya, thus providing a strong evidence
for melting and igneous differentiation in a precursor of chondritic composition.'®” Magnya, in particular,
was found in the outer main belt in a region too far away from 4 Vesta to be somehow dynamically con-
nected with it."*® Only the S(IV)-subtype asteroids (mostly located in the Kirkwood Gap at 2.5 au) show
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silicates of some consistency with ordinary chondrites (OC), all the other subtypes from S(1) to S(VII) show
assemblages of silicates ranging from dunites (olivine) to pure pyroxene and mixtures of pyroxene and feld-
spars.'®” For the S(IV), several possible parent bodies have been identified: 3 Juno (89% H-type OC), 7 Iris
(97.5% LL-type OC), 25 Phocaea (98.6% H-type OC),"’” and 6 Hebe.'”"

6 Hebe has also been found as the possible parent body of the H-type OC and of the IIE iron meteorites.'’?
Athermal model for 6 Hebe, based on the same assumptions made for 4 Vesta (that is, the classic %Al decay
with a “canonical” chondritic abundance given by the starting ratio of 2°Al/%’Al = 5 x 107°), found a range
of accretion times from 6 to 8 Ma reaching the peak temperature of 1223 K."”" Another study, although
acknowledging that 6 Hebe may be the parent body of the H-chondrites, points out that its high bulk den-
sity is difficult to reconcile with pure H-chondrite material and suggests a body with a radius no larger than
130 km; body that, by the way, is consistent with the radius of 3 Juno and whose accretion took no more
than 0.2 My after CAl with a peak temperature of 1180 K.'”® Best fit models for the H chondrite parent
asteroid indicate that °Al was the main heat source fueling thermal metamorphism, with a marginal contri-
bution of ®°Fe, without reaching partial differentiation, with formation age of 2 Ma after CAL"%*In the case
of 6 Hebe, the heat retention was prolonged to 60 Ma.'”®

The observation of 243 Ida, 433 Eros, and 951 Gaspra has shown fractured but coherent bodies that are in
conflict with existing models of formation as bound aggregates of rubble; “these conflicting views may be
reconciled if 10-50 km S-type asteroids formed as rubble piles, but were later consolidated into coherent
bodies” through lithification by metamorphism or injected impact melt.'’® Effectively, the heat retention in
brecciated bodies like aggregates of rubble could be long, unless they are excavated by collisions provok-
ing rapid cooling; however, in the case of 951 Gaspra, the cooling was quite rapid also due to its small
dimensions (~20 km diameter) with a heat retention no more than four half-lives of 2°Al.""°

25143 Itokawa

The rubble-pile asteroid 25143 Itokawa is an ellipsoid with diameters of 535 (X) by 294 (Y) by 209 (Z) m, with
an average bulk density of 1,940 4+ 140kg m—3,""” and was explored by the Hayabusa mission in November
2005 with two touchdowns for sample return purposes.'’® Including the smooth surface at the Muses Sea,
this asteroid shows large boulders on its surface with evidence of movement of material suggesting
dynamic events on shorter timescales (i.e. ~ 10 Ma) than its residence near the Earth.” """ The movements
are consistent with impact-induced vibrations produced by even centimeter-sized impactors.'® The pre-
liminary X-ray fluorescence data coming from the Hayabusa mission essentially confirmed previous ground-
based data in which 25143 Itokawa was spectroscopically classified as S(IV) asteroid showing affinities with
LL-chondrites, although some primitive achondrites cannot be ruled out.'®” The analyzed samples returned
on Earth in June 2010, which were three grains of mainly crystalline olivine with dimensions between 40 and
60 pm, showed that the asteroid experienced solar wind irradiations for “a time long enough to accumulate
large amounts of solar particles”.'®® The olivine experienced thermal annealing, it was heated up to a
temperature of 1073 K, and then cooled slowly at a rate of ~0.5 K for 1000 years to reach a temperature
of 873 K; this slow cooling probably occurred in a parent asteroid larger than 25 km."®* The small size of
25143 Itokawa and the petrology of its silicates suggest that such a larger S-type parent body may have
experienced significant thermal metamorphism, disaggregation by impact, and then re-accretion of the
small pieces into the reduced size rubble pile observed today.'’? Petrologic data from samples of Muses
Sea confirm that 25143 Itokawa is an OC LL4 to LL6."®"

Igneous processes in M-type asteroids

The M-type asteroids are characterized by a moderate albedo (0.10 < p, < 0.30) and are a subgroup of the
X-type asteroids, which also include the high-albedo (p, > 0.30) E-type and the low-albedo (p, < 0.10)
P-type asteroids.'®>'®” Although asteroids referring to the M-type are thought to be entirely metallic,
some spectroscopic absorption features confirm that several asteroids do not have a pure metallic compo-
sition.”®® In fact, the average density of the denser X.-types is around 4.9 kg m~2 and the density of the
X-types is around 1.8 kg m™>'%” The densities of M-type asteroids are usually less than half the density of
1897191 This evidence would challenge the view that M-type asteroids are largely metallic, they are
probably metallic rubble piles.'”” Another good method to observe M-type asteroids is through
radar, which is useful to identify metal content.”®” A survey of 14 M-type asteroids done through the
Arecibo Observatory’s S-band (12.6 cm) radar found that only 16 Psyche, 216 Kleopatra, 347 Pariana, 758
Mancunia, 779 Nina, and 785 Zwetana have a dominant metallic composition while 129 Antigone may
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be a CH/CB/Bencubbinite body; 22 Kalliope, 97 Klotho, 110 Lydia, 224 Oceana, 678 Fredegundis, 771
Libera, and 796 Sarita showed higher radar albedo than the average AB and thus a significant metal content
was not ruled out; 21 Lutetia, 135 Hertha, and 497 Iva showed the lowest metal abundances.'®®7%174 Other
previous studies have found that M-type asteroids may have been formed as a mixture of different compo-
sitions such as iron with low-Fe silicates, enstatite chondrites, and carbonaceous chondrites.'”>'"’
Near-infrared absorption features in the =0.9 um spectral region were reported for 16 Psyche, 69 Hesperia,
110 Lydia, 125 Liberatrix, 201 Penelope, and 216 Kleopatra; these features were interpreted as evidence for
the presence of orthopyroxenes and relatively reducing conditions in their parent bodies or nebular
regions during their formation.’”® A subsequent study revealed that 27 out of 45 M-type asteroids show
absorption features attributable to pyroxenes, olivine, phyllosilicates, and hydroxides.'”” Among these as-
teroids, which were originally interpreted as being dry,”*° 216 Kleopatra and 418 Alemannia showed the
presence of hydrated minerals.'® Further interpretations for the origin of these asteroids include: 1)
possible fragments of metallic cores of their differentiated parent bodies being the orthopyroxene, a
residual of the mantle; 2) asteroids with primary metallic composition and secondary deposition of silicates
from external sources; 3) analogs of bencubbinite meteorites; and 4) asteroids undergone smelting-like
reactions in the presence of carbon at high temperatures.'”®

The thermal history of the M-type asteroids has been reviewed through the study of the iron meteorites
by Goldstein et al.”°" who found some interesting conclusions: 1) cooling rates vary from 60°C to 300°C/
Ma for the IlIAB group and 100°C-6600°C/Ma for the IVA group; 2) the IVA crystallized and cooled in a
metallic body of 150 + 50 km of radius with scarce or no silicate insulation; 3) the ungrouped irons come
from 50 different parent bodies as large as 1000 km that may have undergone fractional crystallization
and; 4) these parent bodies accreted even before the chondrites, possibly at 1-2 au of distance from
the Sun <1 Ma after CAl, and then were scattered into the AB by protoplanets. High-precision W
isotope measurements from 33 iron meteorites combined with parent body sizes into a model of
planetesimal heating by 2°Al decay determined that accretion of the parent body occurred within
1.5 Ma after CAL'®

Mesosiderites, characterized by a 50-50% proportion of metal (iron and nickel) and silicates, had a different
thermal history from the irons. Mesosiderites cooled from 10*C to 10°°C/Ma in the temperature range
850°C-1150°C while below 500°C they cooled at <0.5°C/Ma; such a dramatic difference, coupled with
an observed scarcity of olivine, can be explained by the formation of mesosiderites through fragmentation
of a parent body 200-400 km in diameter and subsequent reaccretion into a larger and differentiated one
with an excellent insulation provided by the reaccreted debris.”®”

IGNEOUS PROCESSES IN COMETS

Comets are small objects of typically ~5 km in radius (i.e.
shapes to those of the inner disk, are thought to be among the building blocks of our Solar System.
Amorphous olivine but also crystalline olivine, basically its Mg-rich end member forsterite (Mg,SiO,),
was detected in the spectra of comets 1P/Halley,”*> 2P/Encke,”*® 4P/Faye,””” Mueller1993a,>°¢ C/1995
O1 HaIe—Bopp,zOQ 9P/Tempel 1,210 10P/Tempel 2,7 17P/Holmes,”"? 19P/Borre|ly,207 21P/Giacobini-Zin-
ner,”'® C/1996 B2 (Hyakutake),zu1 C/1999 T1 (l\/IcNaught-Hartley),ZWS 29P/Schwassmann-Wachmann 1,7'¢
49P/Arend-Rigaux,”’' 55P/Tempel-Tuttle,”’” C/2001 HT50 (LINEAR-NEAT),*%® C/2002 O4 (Hénig),”'®
C/2002 X1 (NEAT),”'® C/2002 X5 (Kudo-Fujikawa),”'® 67P/Churyumov-Gerasimenko,?*“*'? 69P/Taylor,”'®
73P/Schwassmann-Wachmann 3,?° 103P/Hartley 2,%?' and 162P/Siding Spring,??? in the interplanetary
dust particles (IDPs) speculated as originating from the comet 26P/Grigg-Skjellerup,””® and it was directly
found as presolar grains of the comet 81P/Wild 2 returned to Earth by the Stardust mission.” However,
there are also exceptions. For example, phyllosilicates and organics instead of olivine and pyroxenes
were found in the comet P/2016 BA;4 (PANSTARRS).?”* The distribution of these comets is quite heteroge-
neous, aside the Halley-type and Encke-type comets some of them belong to the Jupiter-family, others (i.e.
P/2019 LD2%?°) are transiting from Centaur group to Jupiter-family, and others to the Qort cloud family,
thus implying that the igneous processes producing the crystalline olivine were well distributed along
the original places where the comets formed. This in the case that crystalline olivine is formed by thermal
annealing of amorphous ferromagnesian silicate under vacuum at temperatures of 870 K—=1020 K.?%* In such
a case, if we want to understand whether the igneous processes that formed the olivine actually occurred in
the original place of formation of the comets or not, it is very important to know where the comets and the
olivine present in their nuclei formed. Various hypotheses for the origin of the so-called building blocks of

20% and, due to the similarity of their spectral
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the Solar System exist, sometimes conflicting among them,; it is thus important to explore them in order to
find an eventual synthesis for a unifying hypothesis. Or, possibly, find different mechanisms for different
places.

The formation of crystalline forsterite was thought to be occurring through thermal annealing of
amorphous silicates within 1 au from the proto-Sun where the temperature was ~1000 K.'**??” Actually,
laboratory experiments of thermal annealing on amorphous ferromagnesian silicate under vacuum at tem-
peratures of 870 K-1020 K produced pure forsterite crystals very similar to those found in glass with
embedded metals and sulphides (GEMS) occurring in interplanetary dust particles (IDPs).?*® The process
of thermal annealing close to the proto-Sun then requires a mechanism of transport of the processed crys-
tals to the outer parts of the nebula where they could be incorporated in cometary nuclei.?*® Furthermore,
just to add more complexity to an already complex problem, some of the observed GEMS display isotopic
oxygen anomalies that suggest a clear pre-solar origin (i.e.?>”). Available models show how the transport of
refractory materials produced in the hotter regions of the proto-nebula is a natural evolution leading to the
formation of protoplanetary disks.?*° Protostellar jets and winds, commonly associated with forming stars,
can cause melting of small inclusions even at several au of distance from the Sun and redistribute materials
in the Solar System. The outward transport of the products may have occurred by both advection and gas-
drag-driven radial drift in the protoplanetary nebula, which can overcome the inward drift produced by the
proto-Sun, provided a weakly turbulent regime existed in the protoplanetary nebula, and thus delivery of
the forsterite grains to the outer regions of the Solar System in 10%**" or in 10° years.”” It is not yet certain
whether a turbulent regime actually existed in the protoplanetary nebula but isotopic studies in five olivine
particles found in comet 81P/Wild 2 support the case for the formation close to the proto-Sun with subse-
quent transport to the Kuiper Belt where the comet accreted.”**

However, observations of the HD100546 star system showed how the mass fraction of crystalline silicates
increases with decreasing temperatures at larger radial distances from the central star,?**?*
inconsistent with the process of formation by thermal annealing close to the proto-Sun. A possible expla-
nation is the amorphization of crystalline silicate in the interstellar medium by heavy-ion cosmic radia-
tion.?**?*? In such a case, despite the low abundance of forsterite grains in the interstellar medium,”*°
the discovery of forsterite grains in cometary nuclei opens the possibility that such grains are interstellar
relics entrained in our outer Solar System.”' These grains show a significant enrichment in "80/'®0O (13
times the solar value) and depletions in 70/"0 (one-third solar) and 27Si/?8Si (<0.8 times solar), indic-
ative of formation from a type Il supernova.242 This process requires that the accretion of most cometary
nuclei occurred in the outermost Solar System or that the interstellar grains migrated deep into the outer
Solar System from the interstellar space to be entrained in cometary nuclei. A study on the dynamical
properties of comets having hyperbolic orbits concluded that those of interstellar origin have decreasing
eccentricity and perihelion whereas those of Oort cloud origin have decreasing eccentricity and
increasing perihelion; this study also concludes that both TSOs 11/Oumuamua and 2I/Borisov are most
likely comets of interstellar origin.”*® This observation would be somehow consistent with the process
of cometary formation in the outer Solar System. However, it is the probability of being an interstellar
object that increases with decreasing eccentricity and perihelion, which means that interstellar objects
tend to have small eccentricities and perihelia while Oort cloud comets tend to have small eccentricities
but large perihelia. The majority of the Halley-type comets originate from near parabolic flux within g <2
au from the Sun in contrast to those of the Jupiter-family with initial perihelion beyond the orbit of
Saturn,”** although at varying distances from the Sun, both of which are still quite far away from the re-
gions of the Solar System having direct access to the interstellar space. Lyttleton,”"® from the analysis of
the distribution of the orbits of long period comets, noticed already in the late 60s that there is no basis
for the existence of a shell of comets at great distance from the Sun. This study was in clear antithesis
with the hypothesis of Qort”*
5 x 10* and 15 x 10* au from the Sun. Another study evidenced how a massive hypothetical planet 9
(HP9) located between 200 and 400 au from the Sun may cause transitions from a hyperbolic to a para-
bolic orbit in comets and vice versa.”"” Batygin and Brown's”*® calculations suggested a planet >10 Earth
masses at 700 au of distance from the Sun “to produce the desired effect” and to explain the presence of
high-perihelion Sedna-like objects. Depending on the evolution of the gas disk, such a massive HP9
could have perihelion between 300 and 1500 au.”*’ Trujillo and Sheppard®® indeed found another
Sedna-like object at 80 au of perihelion confirming that Sedna is not an isolated object in the TS and
that could be a link between KBOs and |IOC objects.

which is

who postulated a region of formation for the comets located between
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A last possibility suggested by laboratory experiments is that magnesium silicide produced in the
hydrogen-rich gas outflow of evolved stars might have been incorporated in the protoplanetary nebula
where it would have been easily turned into forsterite through oxidation with the relatively oxygen-rich so-
lar gas; if a significant fraction of the forsterite observed in our Solar System was produced through this re-
action, it could explain the lower abundance of forsterite in presolar grains and its variable distribution
along the Solar System.?”’

CHRONOLOGICAL SEQUENCE OF HEATING PROCESSES AND KEY FORMATION EVENTS

Although chondrule formation is a localized phenomenon, the analysis of grains found in primitive mete-
orites, asteroids, and comets, evidenced large-scale heating events in the solar nebula that can be
considered as the first igneous processes in our Solar System.”” From the observation of T Tauri stars
and from isotopic data, it is inferred that the persistence of the protoplanetary disk lasted for 10 years.?>
Chemical zoning patterns in metallic grains (iron, nickel) found in CC imply formation at very low pressure
(~10~% bar) with temperatures between 1270 K and 1370 K and subsequent condensation at a cooling rate
of ~0.2 K h™".?°2 CAl crystallized at temperatures between 1700 K and 1800 K at cooling rates between 2
and 50 K/h™".>* Due to the high melting temperature of olivine (2,163 + 25 K?>%), some AOAs have never
been melted and have probably undergone only moderate thermal annealing close to the proto-Sun'%"?>
thus representing the earliest condensates of the protoplanetary disk”®’ together with CAls.”*® Condensa-
tion of forsterite occurs at 1,370 K in a low pressure (1 0~*bar) nebular environment of solar composition.zw
AOAs, consisting predominantly of forsterite, formed in a similar environment (1074=10"*bar) over a range
of temperatures between 1200 K and 1384 K.?*° AOAs were found in presolar grains that survived every kind
of processing both in the interstellar space and in the solar nebula whereas all the other materials were

heated and then homogenized to an average composition.”®'~%?

According to U-corrected-Pb-Pb chronology, AOAs and CAls have an absolute age of 4567.3 + 0.16 Ma
(another measurement in NWA 2364 points to 4,568.2 Ma for CAls*’) and were formed by evaporation,
condensation, and aggregation in a >1300 K hot gas of solar composition close to the proto-Sun;
subsequently, some CAls were melted both inside and outside their region of formation by still unknown
transient heating events.””® Hu et al.”*" speculate that such transient heating events might be related to
rapid solar outbursts when the proto-Sun went through EXor or FUor phases, named from the pre-main-
sequence stars EX Lupi and FU Orionis, which are characterized by episodic brightness and quiescent
periods.”®® FU Orionis events occur in a timescale of 100 years whereas EX Lupi in 1 year.”® Marrocchi
et al.””’ reconstructed a possible timeline for the evaporation, condensation, and aggregation processes
that characterized the AOAs formation: 1) condensation may have occurred from days to weeks after the
evaporation; 2) aggregation around a year after condensation; 3) thermal annealing more than decades
after the aggregation. These processes occurred after CAl formation. Then, after AOAs follows chondrule
formation, it is generally inferred that chondrules formed 1-1.5 Ma after CAL?” A different timeline for
thermal annealing was proposed by Krot et al.,”*® although maintaining the same sequence of events:
days to weeks of thermal annealing at 1,373 K with slow cooling rates (~0.01 K h™"); formation of chondrules
5 Ma after CAl. >*Mg content of CAls found in Acfer 094 showed that they formed under canonical °Al/? Al
ratio of 5 X 107> in ~300,000 years; four CAls showed a poor content of 2Mg thus suggesting that probably
they never contained 2°Al.?%” Other data suggest that CAls and chondrules formed almost at the same age
(4,567.30 Ma and 4,567.32-4,564.71 Ma, respectively) but, at the end, the range given for chondrules for-
mation corresponds to ~2.61 Ma.”’® As it could be seen for the formation of the chondrules, there is a va-
riety of ages in the literature of planetary accretion that it would be simply too long to be completely listed
here. Just as an example, in some models, Jupiter could be accreted as fast as 3 Ma,”>?’" and the Earth as
slow as 30-40 Ma,?’? although slower accretion times would be expected at increasing distance from the
Sun (i.e.?’%). An average duration of key events of formation in our Solar System, along with a range of
temperatures, is given in Table 1 and shown in Figure 1.

DISCUSSION

Although there are still uncertainties when we push toward our observational limits, the high amount of in-
formation now available allows us to understand that igneous processes in our Solar System could be as
ancient as its origin and that the AOAs found in presolar grains could be even older than the Solar System
itself. Their presence is ubiquitous and pervasive, they were found in almost every type of small body of the
Solar System, and their initial origin is still uncertain. It is not clear whether they formed within our Solar
System, or came in it from outside, or both as far as we know. At the moment, the analysis of the dwarf
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Table 1. Duration time and temperature of key formation events in our Solar System assuming a total duration of 107 years for the persistence of the
protoplanetary disk in our solar nebula

Event Temperature (K) Duration time (years)

Formation of the proto-Sun 10,000,000 Preibisch and Feigelson?®” ~950,000 Wuchterl and Klessen?®®
Formation of CAls 1,800-1,700 Stolper and Paque”* ~300,000 Sugiura and Krot”™”
Formation of AOAs 1,384-1,200 Ruzicka et al.?*" ~100 Marrocchi et al.”*’

Formation of planetesimals 1,598-1888 Kaminski et al.”®’ ~1,000,000 Kruijer et al.; Chambers®**%®
Formation of chondrules 1,370 Sugiura et al.”*’ ~2,000,000 Pape et al.”*?

Formation of the proto-Earth 4,700-5,000 Sasaki and Nakazawa; Canup®’*"! ~5,000,000 Nakagawa et al.””?
Formation of TNOs 450-675 Malamud et al.*”* ~10,000,000 Kenyon and Bromley*”*

The duration time of the various events must be counted from the formation of the proto-Sun.

planets is not of much help to understand the origin of the olivine found in some of them because little is
still known about them despite the Dawn mission to Ceres and New Horizons to the Pluto system. Although
the modeling of serpentinization of a rocky core for Charon and the detection of serpentine on Ceres may
suggest the presence of olivine and sufficient internal heat to favor the process of serpentinization, it seems
that lava flows are not present and olivine was not detected on their surfaces. Even possible cryovolcanic
processes show some elements of ambiguity both on Ceres and Charon, including the presence of moun-
tains of poorly understood origin. The altered olivine (i.e. serpentine) that was found on Ceres might likely
be the result of igneous processes in aqueous environment thus suggesting that some internal thermal
activity was present in its past, perhaps even volcanic processes like those occurred on 4 Vesta, but
more observations and studies are necessary before reaching a definitive conclusion. Similar processes
may have occurred on the other dwarf planets Haumea and Sedna where serpentinization was postulated
to match the available spectra. Again, more dedicated observation would be needed as well as for the
other dwarf planets beyond the Pluto orbit not yet reached by a spacecraft.

Asteroids and comets are more promising, also given past and ongoing sample return missions that found
crystalline olivine on Bennu, Itokawa, P81/Wild 2, and the huge collections of available meteorites found on
Earth. AOAs found in Murchison meteorite are fine-grained, grain size is around 2 um, and show several
triple junctions thus suggesting episodes of sintering after the aggregation.””” This observation may
lead us to think that AOAs might perhaps be the result of various episodes of recycling of nebular conden-
sates, a similar conclusion drawn by Marrocchi et al.”’* AOAs found in the Kainsaz CO3.2 chondrite show
thermal metamorphism suggesting that their formation occurred during a fluid-driven process at < 500°C
(~773K) in its parent body.?’® Probably, AOAs were already present within the parent body since the time
of its accretion and then they were subject to thermal metamorphism afterward, it could be a plausible
explanation given that primordial igneous processes in asteroidal parent bodies are not so uncommon.
The initial processes of star formation may shed some light on the origin of AOAs that were present in
the nebular dust from which our Solar System formed. Dauphas and Chaussidon?’® described this process,
which is quoted as follows with the most interesting part highlighted in italic font: “During collapse of the
solar system’s parent molecular cloud core, conservation of angular momentum led to the formation of a
protoplanetary disk (or proplyd), through which material accreted by the Sun was channeled. In the inner
part of the disk, most material was condensed from cooling gas of near-solar composition (Grossman 1972,
Grossman & Larimer 1974). The dust particles thus created, as well as those inherited from the parent mo-
lecular cloud (0.1-10 um), are thought to have aggregated by Brownian motion, differential vertical
settling, and turbulence ...". Therefore, this sentence in italic might be interpreted as the AOAs were
already present in the nebular dust well before the formation of the central star. This means that AOAs
might also be the result of recycling of previously existing grains that escaped reprocessing at star temper-
atures or above the melting point of forsterite. Maybe these grains were reprocessed in a previous star for-
mation, difficult to say with certainty, but the point is that the age inferred from the petrologic history of the
oldest grains found so far in NWA 2364 (4,368.2 Ma) corresponds to the proto-Sun formation age at the
earliest. Similar origin close to the proto-Sun at a temperature of ~1000 K was postulated for the T77/
F50 sample found in comet 81P/Wild 2,°** although an explicit age was not said. Nevertheless, nothing
older than these samples has been found yet thus implying that recycled grains from the parent molecular
cloud were not found yet. But yet mixtures of olivine and pyroxenes match the spectral properties of the
interstellar dust observed in the Milky Way (i.e.?’’)
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Figure 1. Time vs. temperature diagram showing the sequence of events occurred in the early Solar System
The temperature axis has been shortened (dotted line) for graphical reasons, the proto-Sun would be far out of the figure.

A heterogeneous distribution of long-lived radiogenic elements all over the Solar System may explain
the current presence of 238U fueling the Earth'’s volcanic activity and the active cryo-volcanism of Ence-
ladus”’® whereas such activity is now extinct in other bodies of the inner and outer Solar System. How-
ever, as already mentioned in section Distribution of PHS in the Solar System’s protoplanetary disk,
many lines of evidence point to a widespread and homogeneous distribution of 2%Al in the galaxy
and in our Solar System as well.>>* An obvious implication of such a widespread distribution is that
early heating processes affected almost every small (and large) body of the Solar System in which
25A was present. Among the short-lived radiogenic elements, now extinct, 26Al was the dominant
source overwhelming the long-lived radiogenic elements (i.e.”’"). The consequence is that the early So-
lar System experienced intense but relatively short (in time) igneous processes when compared to
those fueled by long-lived radiogenic elements. But the long-period volcanic processes, either hot
or cold, could only occur in those bodies where long-lived radiogenic elements like 238, for example,
were present since their accretion, which is the case of the Earth, possibly Venus (if confirmed), and
Enceladus. All the other bodies had volcanism as long as their residual internal heat, and/or a possibly
limited abundance of long-lived radiogenic elements, allowed it. Their geologic activity ceased once
their radiogenic sources became extinct unless kept alive by tidal heating processes, which is the
case of lo and only partially of Enceladus. Thus, the ending time of volcanic processes depends on
the initial abundance of long-lived radiogenic elements that each body acquired from the protoplan-
etary disk during its accretion. This abundance obviously depends on the distribution of the long-lived
radiogenic elements in the solar nebula.

APPLICATION OF GALACTIC COSMIC RAYS (GCR) TO THE STUDIES OF THE SMALL
BODIES OF THE SOLAR SYSTEM

Given the importance of the density for the compositional and geophysical characterization of the small
bodies of the Solar System (SBSS) seen throughout this review, as density is a diagnostic parameter for
the characterization of magma composition, we will briefly introduce here the possibilities of application
of the GCR to the SBSS to characterize the density through a methodology called “muography”. Similar
to X-ray technology, muography takes advantage of the strong penetration of cosmic-ray atmospheric
muons (high-energy muons generated in the Earth’s atmosphere can travel through 1 km or more on
rock before decaying), to image the internal structure of gigantic geological and manmade objects on

land (e.g., volcanoes, for instance in the study by Leone et al.”®

and pyramids, for instance in the study
by Morishima et al.?®") and also in the ocean (e.g., tsunamiin the study by Tanaka et al.?®?). Due to the pene-
tration power of high-energy muons, they can travel through liquid and solid targets; therefore, it is
possible to create images with this method (similar to X-ray photographs) to directly measure the density

distribution in the SBSS.
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However, unlike on Earth, since SBSS do not have their own atmosphere, GCR directly interact with the
solid materials of SBSS. Prettyman®®® combined the Fluktuierende Kaskade Monte Carlo simulations in
“standard rock” with Z = 11, A = 22, approximately (FeO)q»(SiO5)g.s with the cascade model proposed
by Gaisser et al.”®" and found the following relationship between the muon flux and the density of solid
materials:

®(Ep > 1 GeV) = 107%7°9®)=3myons cm™2s~"sr™"

The production of muons decreases sharply as the density of the production target increases. For example,
while ~8 muons m2 s~ " sr™" are generated in $iO, with a density of 2 g cm ™2, the flux of muons generated

in materials with iron-nickel composition (p=8 g cm ) 2577

would be ~2 muons m2s~ " sr™". As a result, while
the muon flux at 1 GeV is almost the same in the open-sky vertical muon flux on Earth, the flux at 100 GeV is
more than 3 order of magnitude smaller on asteroids than on Earth. Based on this result, we can conclude
that it is unpractical to target with muography an SBSS with a diameter larger than 100 m where the bulk

density would be assumed to match the density of the asteroid 101955 Bennu (~1.2 g cm™3).

CONCLUSIONS

The picture that we draw from all this information is that igneous processes in the Solar System can be
distinguished in two main types in terms of duration: short-period (Ma timescale) and long-period (Ga time-
scale). Short-period igneous processes are those related to the early phases of the formation of the Solar
System, from the proto-Sun formation to the extinction of the short-lived radiogenic elements; long-period
igneous processes are those following the end of the short-lived radiogenic elements and thus fueled by
the long-lived radiogenic elements only. Short-period igneous processes were brief but intense, forming
magma oceans in those planetary bodies richer in 2Al, whereas long-period igneous processes are longer
and less intense but still maintain geologic activity on Earth, possibly Venus, and Enceladus. The key find-
ings of this review can be resumed as follows:

e The distribution of the PHS fueling short-period igneous processes was widespread all over the pro-
toplanetary disk whereas those fueling long-period igneous processes were not widespread and
limited only to the regions of the disk where active bodies are observed today. In this regard, we
conclude that the absence of igneous processes in the asteroids of the Watsonia family might just
be an exception.

e Thermal metamorphism has been postulated on various bodies, including dwarf planets, thus
implying that it might likely be related to the short-period igneous processes given the evident
absence of long-period igneous processes. However, long-period igneous processes now extinct
cannot be totally excluded.

e The distribution of AOAs is also widespread, the presence of both amorphous and crystalline
olivine was found in a wide range of comets (both short-period and long-period), thus suggesting
both internal origin within our Solar System and external entrainment from interstellar space. This
explanation does not require very long transport processes of the AOAs from the Sun to the most
extreme regions of the outer Solar System and, also important, volcanic processes for their
formation.

e Finding olivine or not on the surfaces of dwarf planets will not change the conclusion drawn on the
basis of the wide distribution of the comets. If present, olivine should be among the densest parts
in the composition of the dwarf planets, thus likely sunk in their most internal rocky layers, which
could hardly make it to the surface unless expelled as dust entrained in water vapor and then re-
deposited by cryovolcanic processes. In such a case, it would be the only chance to detect it on the
surface.

e AOAs and CAls close ages show that they formed almost at the same time with the important dif-
ference that CAls surely formed within the protoplanetary disk of our Solar System whereas AOAs
might have also been formed in previously existing nebular processes older than our Solar System.

e The unexpected lack of chondrules in samples returned from 162173 Ryugu, coupled to the statistics
of meteorite falls on Earth, suggests that they might have been overestimated and thus be uncom-
mon. This finding is certainly interesting but more observation is needed to draw a definitive
conclusion.
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e Muography could be a useful tool in assessing the density of the asteroids, provided their diameters

are <100 m.

Finally, we found that the average bulk density is an important parameter to estimate the composition of a

body and thus any improvement in the measurements would be welcome. Muography can certainly
improve density measurements where its application in space would be possible.

We have made another step forward in understanding the possible origin of the igneous processes and of
the building blocks of the Solar System. However, the road is still long and will likely lead to the study of
other observable star systems in which we may find similarities or differences that will be statistically

significant to better understand if our Solar System and the igneous processes in it are common or

uncommon.
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