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lgneous processes in the small bodies of the Solar
System II: Small satellites and dwarf planets

Giovanni Leone'?>* and Hiroyuki Tanaka?3*

SUMMARY

Evidence of hot and cold igneous processes has been reported in small satellites and dwarf planets of the
Solar System. Olivine and pyroxenes were detected in the spectral bands of both small satellites and
dwarf planets. The aqueously altered form of olivine and serpentine has been detected in the spectrums
of Ceres and Miranda hinting at possible hydrothermal processes in their interiors. Once more, the ubig-
uitous distribution of 2°Al in the planetary nebula, then evolving in the protoplanetary disk, contributed to
the primordial widespread heating. Volcanism, or cryovolcanism, then developed only in those bodies
where long-lived radiogenic elements, and/or tidal processes, were available.

INTRODUCTION

Following the previous work by Leone and Tanaka' in which the igneous processes in asteroids and comets were reviewed, we have
focused this work on the small satellites and dwarf planets of the Solar System that are still quite underrepresented in the available
literature. We deem those bodies like lo and Enceladus have already been well covered also thanks to dedicated missions like Galileo
and Cassini, but other small bodies have not received the same attention even though some spacecraft or ground-based data are avail-
able. Once again, we distinguish igneous processes from volcanism, the former being not specifically associated with eruptive activity
but merely with heating.” Thus, igneous processes can be caused by any source that is able to produce heat. The typical heating sour-
ces present at the beginning of the history of our Solar System were already discussed in the previous paper (Leone and Tanaka'), but
we will briefly resume them here as well: impact, accretion and differentiation, tidal interaction (where available), and radiogenic decay.
These heating sources have contributed to generate igneous processes in various small bodies of the Solar System but not volcanism
everywhere. For example, volcanism is currently ongoing on lo because tidally fed eruptive activity is observed whereas only igneous
processes have been postulated on Amalthea’ because the products of volcanism (i.e., lava flows) have not been observed on its sur-
face. Olivine, one of the typical minerals present in lava, has been spectroscopically detected on Amalthea in its unaltered form.*
Serpentine (its aqueous altered form) was directly detected on Ceres® and Miranda.” Olivine was assumed to be present in the
modeling of Charon’s,>? Deimos’, and Phobos''® formation. At last, the possible presence of olivine was inferred in Haumea's'' and
Sedna’s'? interiors from theoretical modeling. We have already seen in the previous work by Leone and Tanaka' that the presence
of olivine alone is not the “smoking gun” for past igneous and/or volcanic processes, as it could be recycled from the interstellar me-
dium (ISM), but if it is present combined with the suite of minerals typical of igneous rocks (i.e., pyroxenes, feldspars) with the possible
presence of volcanic features or lava flows, well, then it becomes a possible evidence in such a case. Igneous processes have also been
postulated during the formation of Deimos and Phobos,'® while possible cryovolcanism on Charon,"® Miranda,'*'® 120347 Salacia and
Orcus,'® Quaoar,'” and Sedna'” has been reported. Ceres is the only small body of the Solar System in which evidence of both volca-
nism'® and possible cryovolcanism'” is shown.

Cryovolcanism is somehow the cold version of volcanism, and it was quite common in the outer Solar System. The difference with hot volca-
nism is that cryomagma, usually a mixture of water and ammonia (acting as “antifreeze”), does not rise alone to the surface as well as magmaiin
diapirs because water is denser than ice.”” It is true that magma may also stall in deep or shallow reservoirs once it reaches the same density of
the host rock, but the processes of differentiation (or entrainment of volatiles during the rise) lower the density of magma so that it can start its
rise again to the surface. The same convention used for lava also applies for cryolava; it is called cryomagma when it is still underground, and it
is called cryolava when it is erupted onto the surface. Enceladus, and possibly Europa,”’’ are the bodies in which cryovolcanism is currently
ongoing. We do not know if cryovolcanism is currently ongoing in the distant dwarf planets not yet reached by a spacecraft, but there are
signs that may indicate some activity on Quaoar.®?” Enceladus is an example in the Solar System in which concentrations of long-lived radio-
genic elements may still feed its cryovolcanic activity in addition to the tidal heating from Saturn.””
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NATURE OF CRYOVOLCANISM

Cryovolcanism was defined as “the extrusion of liquids and vapors of materials that would be frozen solid at the planetary surface temper-
atures of the icy bodies of the outer solar system.”?" Usually, this extrusion has been observed in form of geysers on Enceladus” although
cryomagmas erupted onto the cold surfaces of the outer Solar System satellites and dwarf planets become cryolavas and behave rheologically
like silicate lavas forming solid crusts and flow fronts, carving channels, and forming all those geomorphological features typical of erosion like
chaos, colles, etc ... The result is a wide variety of geomorphological features similar to the surfaces of the rocky planets and satellites of the
inner Solar System.

Of course, both magma and cryomagma need to rise to the surface to form extrusions, or even intrusions if freezing occurs into the solid
crust, and the main principle that they have in common is the density difference with the host rock, or ice crust, that rules the rise. In the case of
cryovolcanism, the increase of ice density at depth may help the rise of cryomagmas as far as buoyancy level is attained, but then pressuri-
zation is needed, and different mechanisms for the final rise to the surface have been proposed: a) freezing of an ammonia-ice mixture in a
cryomagma reservoir, which generates an overpressure exerting an extensional stress that fractures the reservoir's wall creating a crack
through which cryomagma can escapezo; b) exsolution of volatiles (i.e., CO,, CO, CH,4, SO,) creating an overpressure at the crack tip over
the reservoir’®; c) intrusion of silicate magma at the base of the ice crust with melting and mobilization of cryomagma?®’; d) topographically
driven flow into low-lying regions®?; e) shear heating by tidally driven lateral (strike-slip) fault motion®”; and f) tidally driven stress forming frac-
tures and additional stress at depth due to the overburden pressure.*

For brevity we do not enter into much detail of the various mechanisms in this work, and we suggest to read the aforementioned literature.
However, we notice a point in common among all these mechanisms. Although only some of these mechanisms involve direct heating, the
availability of liquid water in other mechanisms also requires a previous heat source for the melting of ice crust and the formation of water
reservoirs or even subsurface oceans. So, whatever is the heat source involved (tidal or radiogenic or both), igneous processes are at the basis
of both volcanism and cryovolcanism albeit with obvious different temperatures. This is exactly what we will see in the following sections.

BORDER BETWEEN “HOT” VOLCANISM AND “COLD"” (CRYO-)VOLCANISM

Evidence of past "hot” volcanic processes outside the Earth, in which direct eruption of hot lava on the surface is observable, has been found
on the Moon, Mars, Mercury, and Venus. Both lava and pyroclastic eruptions, including magmatic crustal intrusions, have been postulated on
4 Vesta.”' Direct evidence for lava flows on the ground was not found in Dawn images.®” However, the discovery of unexpected olivine-rich
craters on 4 Vesta suggests that direct eruption of magma from the mantle to the surface may have indeed occurred.® Evidence of ongoing
volcanic eruptions has been found on lo** and suggested for Venus®™, but from Ceres onwards to the outer Solar System there is wide-
spread evidence of cryovolcanism. However, the evidence of cryovolcanism on Ceres still remains elusive® while it is directly observed on
Enceladus through its geysers and rejuvenation of the surface in its southern hemisphere.*

Based on these observations, we might place the border between hot volcanism and cold (cryo-)volcanism between the orbits of lo and
Europa. But the “artificial” nature of lo’s hot volcanism, being pumped up by the tidal heating of Jupiter,®” does not make it a good candidate
for internally heated volcanism (i.e., generated solely by internal radioactive decay). A radiogenic contribution to its heat flow might be
possible, but the distribution of the heat flow is not globally uniform®® thus suggesting that its main fraction might be tidal. The tidal heating
of Europa by Jupiter is not enough to generate hot volcanism but at least prevented Europa from total freezing.”’ On the other hand, evi-
dence of sporadic plume activity has been found on Europa.”’ It could be objected that also Enceladus could be regarded as a tidally pow-
ered world, but new calculations showed how the main fraction of its heat flow is not tidal.”® In such a case, the border should be moved back
to the asteroid belt (henceforth AB) between 4 Vesta and Ceres roughly between 2.36 and 2.76 astronomical unit (au) from the Sun (Figure 1).
Interestingly, the "frost (or snow) line,” that is, the distance from the Sun where the low temperatures force a volatile molecule to form ice
particles, is placed beyond the orbit of Mars (1.52 au)**** to just little less than 5 au.”® On average, considering the upper and lower limits,
the snow line could be centered at ~3.21-3.25 au. Basically, the border between hot volcanism and cryovolcanism is placed just in the middle
of the range suggested for the frost line (Figure 1).

IGNEOUS PROCESSES IN SMALL SATELLITES OF THE SOLAR SYSTEM

In the past years much attention has been drawn by active satellites of Jupiter and Saturn, lo and Enceladus, also thanks to dedicated missions
like Galileo and Cassini. However, other small satellites of the Solar System were characterized by igneous processes in the past although they
appear not active anymore. As we have seen with asteroids, due to the widespread distribution of ?°Al" in the protoplanetary disk, almost
every small body of the Solar System has been characterized by igneous processes at the initial time of its earliest formation. We will explore
the thermal processes of the underrepresented small satellites and dwarf planets. We also will explore whether these thermal processes can
reach temperatures high enough to melt mafic minerals like pyroxenes and/or olivine. Cryovolcanism, as a thermal process that has charac-
terized many small bodies of the Solar System, will be discussed in comparison to “hot” volcanism in the discussion section.

Amalthea

Amalthea is an irregularly shaped (270 x 165 X 150 km) satellite of Jupiter showing a surface composition similar to that of C-type asteroids,
D-type,” or Deimos and Phobos with patches of very red material interpreted as sulfur and sulfur compounds***° likely coming from the vol-
canic activity of the nearby satellite lo.*® Various hypotheses have been suggested for the formation of Amalthea.
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Figure 1. Border between hot and cold (cryo-)volcanism (red and blue regions, respectively) located between the orbits of 4 Vesta and Ceres
The gray area corresponds to the “frost or snow” line placed between 2.7 and 4.9 au of distance from the Sun. Size of the bodies not to scale.

According to Cameron and Pollack’ the temperature of the region near 2.55 Ry may have ranged from 500 to 1,400 K, depending on the
opacity of the proto-Jovian nebula, with the lower end (500 K) producing more silicate-rich materials similar to those found in chondritic me-
teorites and the upper end (1,400 K) resulting in more rocky, highly refractory, materials. Alternatively, Pollack et al.*’
carbonaceous asteroid captured through a gas-drag mechanism. The hypothesis of the capture was also suggested by the similarity in size
and composition with the Trojans asteroids, and Hektor in particular shows magnesium-rich pyroxene (Mg, Fe SiO3).*® The mean density of

Amalthea was proposed as an eventual distinctive method to evaluate its origin; an average density >3.0 g cm ™ would suggest formation in
-3

proposed a formation as

place while <2.5 g cm ™2 would suggest a capture.”® This range, however, leaves an interpretational void for average densities between 2.5
and 3.0 g cm 3. To resume, the low inclination and eccentricity of the orbit of Amalthea have led to think that it formed around Jupiter, but its
low bulk density (due to mostly water ice in its composition) is inconsistent with the temperature in the original circum-Jovian nebula and thus
comes the hypothesis of the capture from its original position closer to Callisto.”

During the 90's, the mapping work of Stooke™® gave an adjustment to the shape of Amalthea; the axes were corrected to 270 km, 140 km,
and 122 km, respectively, but it did not give significant information about the overall surface composition. Only with the flyby of the Galileo
spacecraft, the first measurements of Amalthea’s mass (2.08 + 0.15 x 10'® kg) and density (857 + 99 kg m™3) gave the first insight on a
possible composition by water ice mixed with rocky material implying that the satellite was formed away from Jupiter’s environment, char-
acterized by temperatures too high for the stability of water ice, and then captured to its current position.”

Later, astrometric observations of Amalthea (and Thebe) made with the Cassini spacecraft essentially confirmed previous conclusions
drawn by Ockert-Bell et al.>® by which Amalthea (and Thebe) may have been sources of Jupiter's ring materials.”’ Voyager 1 and 2, Galileo,
Cassini, New Horizons, and also telescopes in space (Hubble) and from the Earth (Keck) observed electrostatic lofting of dust from Amalthea
into the gossamer ring of Jupiter (i.e., Borisov et al.°? and references therein).

Further observations found a spectral similarity between the composition of the main ring of Jupiter and the surface of Amalthea, consis-
tent with pyroxene/olivine bands seen in asteroids,”° thus raising the possibility that Amalthea may have had some igneous processes that
formed the observed pyroxene/olivine. However, these observations draw us back to the particular problem in existing models of formation
of the Galilean satellites by a process of condensation and accretion from the circum-Jovian nebula.”*>*

Why are Amalthea, Ganymede, and Callisto, which are the innermost (Amalthea) and outermost (Ganymede and Callisto) Galilean satel-
lites, respectively, the iciest compositions? A possible explanation is that all the Galilean satellites formed with large icy components but later
only lo were characterized by sufficient heating to drive most of the water off their bodies.”” Long-lived radiogenic and tidal heating was
thought to be negligible for Amalthea™ as well as magnetic induction heating.”” Thus, the only possible explanation for the observed pyrox-
ene/olivine bands is an initial entrainment during its formation, maybe heated due to short-lived radiogenic elements, which soon exhausted
according to the known®® half-life of Al for example. This means that the internal heat of Amalthea may have ceased 7.05 x 10° years + 3.4%
after calcium - aluminum inclusions (CAl).

Charon

Charon, with a radius of 606 + 0.5 km and an average bulk density of 1,702 + 17 kgm =3 or 1,701 £ 33 kg m 3, “°is the main moon of Pluto.
The lower density of Charon with respect to Pluto (1,854 + 11 kg m™) implies that it must have a lower silicate fraction.’” The surface of
Charon exhibits a variety of geomorphological features among which are a few km-high mountains that cross the landscape from the
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southwest to the northeast of the planisphere. Emblematic is the case of Kubrick Mons, a conical mountain of 34 km in diameter and 3-4 km
high, which has been interpreted as emplaced by cryovolcanism. '

In the evaluation between a “hot” and “cold” start model for both Pluto and Charon, Bierson et al.®’ explain that extensional stress on an
icy planetary body would be associated to a hot start; the ice shell thickens rapidly due to heat conduction exceeding radioactive heat pro-
duction, and such extensional stress was interpreted through the observation of chasmata features on Charon’s surface.'® However, a word of
caution is always recommendable before interpreting tectonic features from geomorphology alone because chasmata on Mars revealed to
be erosional features rather than tectonic features®” and cryolava is able to produce its own erosional features (i.e., cryolava channels) as seen
on Titan.”?

In absence of significant tidal heating for Charon,®* the formation of crystalline ice and of the smooth plains observed on its surface sug-
gests cryovolcanic processes that must have been generated by radiogenic decay in a 420 km rocky core representative of olivine (or 463 km of
serpentine) composition.®” Another way to form crystalline ice on the surface of Charon is by vaporization and subsequent recondensation
after micrometeoroid impact.®>“° It is not clear whether the initial phase of orbital synchronization with Pluto might have generated sufficient
tidal heating to warm up Charon significantly. Barr and Collins®’ suggested a strong tidal heating, but Malamud et al.*® opted for a formation
model in which the following heat sources are considered: radiogenic heating, latent heat released/absorbed by geochemical reactions, sur-
face insolation, gravitational energy associated with internal redistribution of mass and/or size change, and latent heat of crystallization of
amorphous ice; additional improvements with respect to previous models'® include serpentine dehydration and non-constant solar
illumination.

In the Malamud et al.®® model, Charon is approximated as a spherical body. The results of this model show that the evolution of
Charon went through five steps characterized by alternate decrease and increase in radius’ size: 1) an initial phase between 0 and
137 Ma in which the temperature was still below the melting point of water and there was a global radius decrease due to compaction
of the ice shell; 2) between 137 and 164 Ma the melting temperature of water was internally reached with a rapid release of energy from
the serpentinization of the rock, and the underlying mantle layers were fully hydrated with exception of the outermost layers where the
temperature was still too cold for the melting of water; 3) between 164 and 450 Ma the differentiation by liquid water started in the
previous step continues and the remaining free water freezes at the base of the mantle thus increasing its thickness and the overall
Charon'’s size, and the core now devoid of ice increases its temperature due to radiogenic heating; 4) between 450 and 1,000 Ma
the internal temperature of Charon rose to 450 K, core compaction starts as a result of self-gravity, and the overall radius of Charon
decreases; 5) between 1,000 and 4,600 Ma the core temperature reached 675 K and the central part of Charon loses the water previously
absorbed thus becoming dehydrated, and by the end of the evolution at 4,600 Ma the released water migrates to the base of the
mantle and freezes with a further decrease of Charon’s size.*®

The thermal evolution of Charon was also reconstructed through another model after its origin from a circumplutonian disk of debris
formed by a possible giant impact between two progenitor bodies of =1,000 km of radius (964 km and 981.6 km, respectively) occurred
in the Pluto system in a 0.1-0.5 Ga interval of time after CAL'® The hypothesis of an impact with Pluto was suggested by Stern®’
review of the Pluto-Charon system. Later this hypothesis evolved in a collision between two undifferentiated (70% and 30%, respectively,
of the Pluto-Charon mass) or two differentiated (50%-50% of the Pluto-Charon mass) progenitor bodies.”” Following the hypothesis of
Stern,” Canup’” suggested an external impactor colliding with Pluto to form Charon. As Canup explained, “a more promising scenario
involves the collision of Pluto and an impactor both already trapped in the 3:2, as in this case, a lower relative velocity due to the dif-
ference in their forced and/or free eccentricities could result, and the post-impact pair might then remain in resonance.”’” In this case,
the key factor is a low-velocity impact to avoid dislodging Pluto from resonance and two possibilities exist: one is that the impact
occurred when the Pluto-Charon system was already captured by Neptune and another is that it occurred before. This scenario lends
toward oblique low-velocity impacts which were suggested to be common in binary systems like the Earth-Moon as well.”" In their
model of Charon’s formation by collision between Pluto and an impactor one-third of its mass, Sekine et al.”? set the impact velocity
at = 1 km s~" with an initial temperature for proto-Pluto around 150-200 K. However, other authors think that such impacts are rare and
suggested smaller impacts producing smaller and coevolving satellites.”” The discovery of other moons, Nix and Hydra,”* and Styx and
Kerberos (i.e., Barr et al.” and references therein), in the same resonance of Charon with Pluto strengthened the hypothesis of forma-
tion from post-giant impact debris.”>’’

A key factor of the thermal evolution through this other model is the fraction of rock annealed in the ice: with 0.75% of rock freezing occurs
2.8 Ga after CAl at 0.1 Ga impact time or 3.0 Ga at 0.5 Ga impact time; with 58% of rock annealed in the ice, freezing occurs at 4.0 Ga no matter
whether the impact occurs at 0.1 or 0.5 Ga.'* The complete methodology used in this other model for the formation of the Pluto-Charon sys-
tem is available in Desch and Neveu.'® For brevity here we mention only the key equation referring to the parameterization used and its basic
assumptions. The progenitors must be differentiated to a radius that is called Ry

ina

1
Poi — P \3? -
Ry = Pi) R (Equation 1)
o (2(,, —m) " q

where py=1,860kg m~2and Rpi = 1,187 km are the density and radius of Pluto, respectively, py is the density of the rocky fractions, and pis the
starting density of the two colliding undifferentiated progenitor bodies that then differentiate to Ry In order to reproduce the Pluto and
Charon system Ryt will be 964 km for 58% of rock and 981.6 km for 0.75% of rock.
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Deimos and Phobos

Deimos and Phobos are the moons of Mars. Their respective average radii are 6.12 km’® and 10.7 km,”” and their respective average bulk
densities are =1.48 and 1.876 g cm ™% The latter value of 1.876 g cm~ is an adjustment with respect to previous Viking measurements
in which both satellites were assessed having essentially the same density of 1.9-2.0 + 0.6 gem =325
troscopic characteristics are similar to those of D-type asteroids,®*®> or Amalthea,’* which are mostly located in the outer AB and in the outer
Solar System. It was initially suggested as a possible origin by an atmospheric drag capture mechanism for these small satellites.*>®’ However,
the orbits of Deimos and Phobos are nearly circular and coplanar to the orbit of Mars, and the capture scenario requires the removal of the
atmosphere drag at = 6 Mars radii once the capture process is complete; this is an improbable succession of events that make this process

Their irregular shapes and their spec-

quite unlikely.®®

Alternative scenarios proposed were through accretion disk formed by one or more giant impacts with impactors =0.01 X Mars’ mass
an oblique impact with a 1073 Mars’ mass-sized body.'® Although it is theoretically possible to create both moons from an accretion disk of
debris generated by these impacts, there are several problems that require a careful analysis.

First, the impact-generated accretion disk would have mixed debris (at least 35%°°) coming from both impactor and target. Such an impact
would have raised the temperature to 1,800-2,000 K driving any volatile (i.e., water) away from the disk leaving only dehydrated refractory
elements.'® This means that minerals like pyroxene and olivine should be visible in the spectrum of the formed moons, but this does not
seem to be the case; no absorption features indicative of pyroxene and olivine were detected on both Deimos and Phobos.®”" It was pointed
out since the Viking missions that even a bulk density of 2.0 + 0.6 g cm™ would have ruled out any basaltic composition.””

Second, Leone et al.”* have demonstrated that it is not possible to create a Martian dichotomy with an oblique impact or with several ba-
sin-forming impacts; a vertical impact at the South Pole of Mars is absolutely necessary to produce enough energy to sustain internal heat and
magnetic field and form the volcanic alignments observed on the surface of the planet.” If the putative true polar wander (TPW) may theo-
retically accommodate the current position of the putative Borealis basin with respect to the equatorial plane in which the moons formed,” it
cannot accommodate the peculiar position of the loxodromic trajectories of the volcanic alignments ending up into the South Pole of Mars.

Third, once the moons formed from the accretion disk, tidal forces and libration would have pulled them back to the Martian surface. Pho-
bos is currently losing altitude,” and only Deimos would have survived beyond synchronous rotation.”’ For this reason, moons formed from
an earlier and primordial circum-Martian accretion disk (i.e., not formed by impact) would have had even less chance to survive.®Y At last, an
additional hypothesis based on the splitting of a progenitor moon into two has been also suggested.”?’

The surface thermal properties of Deimos and Phobos have determined that both moons are covered with a uniform layer of finely divided
material several cm thick.'” However, the nature and composition of this surface layer are still unknown, and it might have a composition
similar to that of D-type asteroids or be also characterized by Martian impact basin ejecta; that is why sample return missions are of valuable
importance.®>'?""'% Thermal models for both Deimos and Phobos were developed since the late 80's to the early 90's,'*"'% based on Mar-
iner' %% and Viking®''®° data as the evolution of the standard thermal model (STM) of Mars developed by Kieffer et al."'® The thermal model
developed by Kihrt and Giese'** approximated the figure of Deimos and Phobos to triaxial ellipsoids''' covered by regoliths and with no
inner heat sources. The temperature T as a function of time t and depth x was expressed as

& or

aT 0

pc(T) ™ [K(X, T) (Equation 2)

ot

aT oT
ot~ ox

where p is the density of the regolith (assumed 1 g cm™3), ¢(T) the specific heat of the regolith expressed by''?

o(T) = —34TV2 48T — 0.2T%2, (Equation 3)

and K (x, T) is the heat conduction coefficient of the regolith without gas pores written as the sum of the conductive term and the radiative
13
term

K(T) = ke(x) +k-(T) (Equation 4)

where k. and k, depend on the particle size of the regolith. Approximating Deimos and Phobos regolith to the lunar regolith and scaling for
gravity, ke =6 X 10~* (x/m)>> W/K -m; K and c were taken at T = 200 K, and x = 0."% The results of the model can be effectively resumed in the
following points: a) longitude dependence of the surface temperature which increases with increasing latitudes; b) no temperature differ-
ences along the equator at the same local times but differences up to 70 K along high latitudes; c) considerable temperature variations at
the surfaces of Phobos and Deimos due to the low thermal conductivity of their regoliths and the absence of an atmosphere; and d) strong
thermal stresses producing a superficial layer of a few centimeters consisting of very fine material, if the regolith grains are composed of
various minerals with different thermal expansion coefficients.

Miranda

Miranda is the innermost and the smallest of the major satellites of Uranus; it has a radius of 235.8 + 0.7 km and a density of 1.15 + 0.15gcm >
indicative of a rock mass fraction between 0.2 and 0.4. The study of a spectrum between 1.2 and 2.5 um revealed strong features indicative of
water ice and a weak feature near 2.33 um indicative of CH-bearing species or hydroxylated silicate (i.e., serpentine).” Serpentine is the altered

114115 and olivine is notoriously a component of basaltic magma. Miranda, like other Uranian
116,117

product of olivine in aqueous environment,
moons, is dominated by a mixture of H,O ice and an isotropically scattering dark material interpreted as carbonaceous in origin.
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Unfortunately, available data do not give sufficient certainty and we can only speculate that the dark material might be a component of
basaltic composition in the subsurface of Miranda.

Miranda is thought to host a subsurface ocean, but it would freeze in a few hundred million years in absence of a long-term heat source.'”
According to the model by Szulagyi et al.,"* Miranda formed like the other Uranus’ moons in a circumuranian disk not generated by impacts in
the first couple of 10° years. In this case, Miranda may have been formed sufficiently early to contain short-lived radiogenic elements like 2°Al;
however, the moon may have also been subject to tidal heating after the ?°Al heat source exhausted.'® Miranda is similar in size to the Satur-
nian moons Mimas and Enceladus, and its surface is divided in geologically old areas, around 3.9-4.3 Ga, and the younger (Elsinore, Arden,
and Inverness) coronae areas between 0.1 and 1.2 Ga.''® This interpretation would suggest that Miranda has been geologically active for
quite long time after its formation thus implying that some mechanism of internal heat has been active for long time as well or that the un-
certainty in crater count ages might be much higher than expected. In the former case, long-lived radiogenic heating must have been some-
how involved given that any ongoing tidal heating process would still be keeping the moon active as well as in the case of Enceladus. In the
latter case, the residual heating from its original formation may have contributed to the geological activity until the end long time ago.

The density difference with Enceladus, 1.15 g cm ™3 vs. 1.61 g cm ™3, and the density similarity with Mimas, 1.15 g cm ™3 vs. 1.149 g ecm™,
suggest a compositional similarity with Mimas and a compositional difference with Enceladus. A higher rock fraction increases the possibility
of a higher abundance of long-lived radiogenic elements that still keep Enceladus warm inside, although such an abundance is regarded as an
exception in such a small satellite.”® That is why Enceladus is still active while Mimas and Miranda are not, despite their closeness to their
respective planets that should favor tidal heating instead.

IGNEOUS PROCESSES IN DWARF PLANETS

Dwarf planets are mostly found in the outer Solar System; the only exception is Ceres that is located in the AB, which is the border between the
inner and outer Solar System. Although the inner Solar System is characterized by bodies with a higher average density and thus a much
higher rocky fraction than the bodies of the outer Solar System, the bulk density of Ceres (2.162 g cm ™) is not dramatically different from
that of Pluto (1.854 g em ™), Haumea (1.885 g cm ™), or Sedna (2.000 g cm ™). This means that the rocky fraction they contain was more or
less uniformly available in the original protoplanetary disk that formed the Solar System.

Ceres

Ceres is the largest body in the AB with its 476.2 + 1.7 km radius, and pre-Dawn observations interpreted it as a differentiated body in hy-
drostatic equilibrium of average bulk density 2,077 + 36 kg m~3.""? The National Aeronautics and Space Administration (NASA) Dawn
mission allowed more accurate measurements revealing an average bulk density of 2,162 + 8 kg m™>."?° The average bulk density of Ceres
permits a range of compositions for both crust and mantle, including a dense core,'?’ that has been translated into a two-layers model con-
sisting of a 41.0 km crust with 1,287 kg m 2 density overlying a mantle of 428.8 km radius with 2,434 kg m~ density.'*” Another two-layers
model assumed a core density of 2,460-2,900 kg m~2 and an outer shell of 70-190 km with density of 1,680-1,950 kg m~3.1%° Additional im-
provements included a dense core in a three-layers model in which the following ranges were evaluated: crust (1,150-1,450 kg m~3), mantle
(1,650-2,450 kg m~3), and core (1,950-5,150 kg m~3); as a result, an average bulk density of 2,367 + 26 kg m~3 was found.'”’'

Pre-Dawn observations suggested that the interpreted presence of brucite and carbonate assemblages may be the product of altered
olivine-rich materials on Ceres.'?* Post-Dawn data confirmed the presence of serpentine and carbonates on the surface of Ceres but did
not confirm brucite.® The presence of NH,-phyllosilicates, such as serpentine and smectites,'* is particularly strong in craters Dantu, Darza-
mat, lkapati, Inamahari, Kerwan, Kumitoga, Toharu, and Urvara, whereas it is in lower concentrations in craters Fejokoo, Haulani, Jarimba,
Kirnis, Occator, Rongo, and Yalode; such a variability in concentration observed in craters of different sizes and ages suggests that it may
be due to endogenous processes and thus not related to contamination of impactors.'*> Some of these craters are also floor-fractured craters
(FFC), such as Dantu, lkapati, Occator, and Yalode,'?® with the addition of Azacca.'”’

At the beginning, two processes were proposed to explain the formation of the FFC observed in the various bodies of the inner Solar Sys-
tem: topographic viscous relaxation'”® and magmatic intrusion.'”” During the years the process of magmatic intrusion gained more
74130137 i explaining the FFC also because viscous relaxation is not a viable mechanism for craters with diameters <60 km."*®
In the specific case of Ceres, cryomagmatism was invoked to explain the morphology of the FFC Occator.'” However, cryomagmatism cannot
explain the concurrent presence of dark materials and serpentine observed on the floors of the FFC on Ceres. The possibility that serpentine
may come from the aqueous alteration of olivine,""*"1>137 which is a component of basaltic lava, cannot be excluded. Actually, if Ceres fol-
lowed a similar path to that of carbonaceous chondrite (CC), aqueous alteration of mafic, or even ultramafic material, may have occurred quite
rapidly (4-5 Ma after CAl) consistently with the decay of short-lived radiogenic elements like ?°Al as possible heat source.'®

According to the thermal model of Neveu and Desch,'"” based on the decay of both long-lived (K, 222Th, 2%, and *8U) and short-lived
(?%Al) radionuclides present in the rock at lvuna-type Cl abundances, the temperature inside Ceres raised to 600 K in the core and to 300 K at
the core-mantle boundary (CMB). As a result of this thermal model, differentiation may have occurred 1 Ma after accretion (which may have
occurred 1 or 7 Ma after CAl) forming a rocky core of 363 km in radius overlain by a 112 km-thick muddy hydrosphere vigorously convecting for
about 60 Ma.'*"

Other thermal models obtained essentially similar results. This could be a suitable environment for cryovolcanic processes with
aqueous alteration of olivine contained in the rocky core. The white cryovolcanic plains of Enceladus, for example, do not show the same
dark materials mantling the FFC observed on Ceres. Cryovolcanism might easily explain the geomorphology found at Ahuna Mons,” but

consensus

141,142
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it leaves more than a doubt in explaining the geomorphology of FFCs on Ceres strikingly similar to those formed by basaltic lava and found in
lunar, Martian, and Venusian surfaces. Available Dawn data show that these dark materials are more in line with CC composition,18'174”3”4
which has olivine and pyroxene among its primary phases.'® Therefore, if the dark materials observed in the FFCs are the product of earlier
igneous processes similar to those occurred in other small bodies of the Solar System (e.g., 4 Vesta), Ceres might be the only body of the Solar
System which hosted both hot and cold volcanism, maybe in different periods or stages of evolution, cryovolcanism being relatively younger
with respect to hot volcanism.'*

Haumea

Lacking spacecraft data yet, the information that we have about Haumea comes from telescope observational data and computer modeling.
Although it is known that Haumea is on average 50.593 au distant from the Sun and holds a ring and two satellites (Hi'iaka and Namaka), there
is still uncertainty on its basic parameters like average size between =720 km'*® and =795 km'?” of mean radius, and density between
1,885 kg m™3 and 2, 495 kg m~> depending on the triaxial ellipsoid used in the calculations.'””""*® A robust analysis of these results has shown
that Haumea's core might have a density between 2,600 kg m~2 and 2,740 kg m~3, thus suggesting aqueous alteration of the olivine with
serpentinization of the core by comparison with the similar density of phyllosilicates such as montmorillonite, kaolinite, illite, and mica through
the reaction

1.000 (Mgo71Feoz29), SiOs + 1.142 H,O — 0.474 Mg3Si;Os(OH), + 0.193Fe;O4 + 0.052 SiO, +0.194H, (Equation 5)

Before the reaction the total density of olivine (3,589 kg m ) interacting with water ice (921 kg m~3) is 2,697 kg m~3, and after the reaction it
is 2,874 kg m~3; allowing 10% of porosity that is typical of CC, the total density of the altered olivine would be 2,612 kg m~ and thus very
similar to the density of Haumea’s core inferred through the calculations.'*® Obviously, this is entirely theoretical and ground truth is necessary
to verify whether the products of the reaction are really present on the surface of Haumea. Available spectroscopic observations have put
constraints on the possible upper limits of serpentine, kaolinite, orthopyroxene, and olivine in the measure of 7%, 4%, 7%, and 5%,
respectively.'’

Not much is known about the formation and thermal history of Haumea. A massive collision may have stripped off much of its icy mantle
and gave it its fast rotation period of about 4 h. A few near-infrared (IR) spectra match laboratory spectra of crystalline ice"” possibly suggest-
ing formation by cryovolcanic processes. Relatively large bodies like Haumea are thought to be characterized by impact cratering and not by
disruptive collisions; however Haumea is thought to be the parent body of the only collisional family of Transneptunian Object (TNO)s iden-
tified so far."**~'%? Brown et al.'>® suggested that the four most water-rich Kuiper Belt Objects (KBOs) and Hi'iaka are basically made of the
fragments ejected by such a massive collision. A “graze and merge” impact between two equal bodies of 650 km in diameter colliding at
0.9 km s was used to explain the formation of Haumea and its family.'>* Thirty-five TNOs belonging to this collisional family were identified
so far'*>; among these, its moons Hi'iaka, ~383 km in diameter, and Namaka, ~193 km in diameter, with Salacia and Makemake, are included
as dynamical interlopers and thus excluded as possible members of the collisional family having comparable size to Haumea.'>* "¢

120347 Salacia-42355 Actaea binary system

Formerly denominated as KBO 2004 SB&0,'"" its thermal evolution is poorly known. Classified as a classical KBO, 120347 Salacia has an
average diameter of 905 + 80 km and forms a binary system with its satellite 303 + 27 km of diameter named 42355 Actaea.'”’” The
120347 Salacia system is located at a distance of ~ 42.3 au from the Sun, in a region of orbital elements associated to the collisional family
of Haumea (41.6 < a <43.6 au'™®), and it is quite different from the other members of the family for its lack of strong water-ice near-IR absorp-
tion features,”” low albedo, and flat spectrum consistent with 90% + 20% of amorphous silicates and 10% + 20% of H,O ice.'”® Other mea-
surements report even less than 5% of water ice, but its low albedo is comparable to that of many other small KBOs.'*” However, its (binary
system) density of 1,160 kg m~2 is quite low for a body of this composition; the lack of information on the state of the few ices available does
not allow to understand whether it underwent cryovolcanic processes or not.

The low density of the system suggests that it must be significantly porous, and, because of these physical characteristics, Stansberry
etal.””” concluded that it is unlikely that 120347 Salacia belongs to the Haumea collisional family. Malamud and Prialnik'® obtained a higher
density of 1,350 kg m~> on the basis of a radius of 420.8 km for 120347 Salacia, which is quite close to the density of 1,370 kg m~ obtained by
Grundy et al.””” Available modeling of the internal structure of 120347 Salacia shows a 125 km-thick (in radius) ice-rich mantle between ~1,400
and ~1,100 kg m~2 of density overlying a denser (~2,100-1,800 kg m~3) and serpentinized 250 km-thick (in radius) rocky core; between these
two layers there is a 25 km-thick layer of transition in which a density drop from 1,800 to 917 kg m 3 is observable. The last 20 km to the surface
are characterized by amorphous ice with a gradual transition to a 5 km layer in which crystalline ice occurs.'® Worth noting that Malamud and
Prialnik'® assumed a long-term radioactive heating in their modeling with a peak temperature reaching in 1.8 Ga after CAl and a still warm
temperature, around 300 K, in current days. If the modeling is correct, this means that 120347 Salacia might still have an internal liquid water
layer.

Orcus

Orcus is a dwarf planet with a diameter of 946 + 73 km located at an average distance of 47.90 au from the Sun,'®° being in 3:2 resonance with

Neptune like Pluto and thus belonging to the Plutino class,'®' and holds a small satellite of ~300 km diameter named Vanth.'®” Based on
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albedo estimates, large uncertainties existed between 900 km and 280 km or 860 km and 380 km for Orcus and Vanth, respectively.“’2 How-
ever, the diameter of Orcus was subsequently refined to 850 + 90 km'**'** whereas the diameter of Vanth was refined to 443 + 10 km thanks
to a stellar occultation.'®® The mass of the Orcus-Vanth system was calculated by Brown et al.’®” as 6.32 + 0.05 x 10?3 g whereas the derived
system density was 1,600 kg m~ on the assumption of similar albedo for the two bodies. Other authors derived a different density of 1,530 kg
m~3 on the basis of high albedo for Orcus and low albedo for Vanth.'®'¢® Although the sizes of Orcus and Salacia are almost similar, their
densities are quite different thus implying a higher rocky fraction in the core and/or a thinner mantle within Orcus.

Available modeling by Malamud and Prialnik'® assumed both higher rocky fraction with a density ranging from 2,700 to 1,700 kg m—3in a
~350 km-thick (in radius) Orcus’ core and a ~10 km-thick outer layer, where amorphous ice survives, thus leaving only ~110 km in radius for the
water ice-rich mantle. Also, the thermal evolution of Orcus shows some differences with Salacia; although the general trend is similar, a higher
peak temperature of 900 K was reached 400 Ma after Salacia and still keeping warm at an amazing (for the outer Solar System) temperature of
550 K until current days.'® If the modeling is correct, ongoing cryovolcanic activity should be expected and possibly detected on Orcus. The
detection of crystalline ice, along with methane and ammonia ice, on the surface of Orcus'®"'**'%’ is consistent with possible cryovolcanic
processes, ongoing”” or past at least, crystalline ice being able to survive irradiation doses up to 160 + 30 eV for T > 30 K."*’

Quaoar

Quaoar-Weywot is another binary system located at 43.574 au from the Sun,'®” in which Weywot is the satellite, with respective diameters of
~1,150 km and 90 km; these numbers constitute an average among various measurements that span from ~8%0 to ~1,300 km for
Quaoar.' """ The initially proposed density for Quaoar, 4,200 + 1,300 kg m~3, is probably the highest among the KBOs thus suggesting
a thin veneer of various ices (water, methane, ethane) on the surface of an essentially rocky bodyjé’()'”2 However, subsequent stellar occul-
tation data showed a density of 1,990 + 460kgm—"7°
on the surface proposed by Jewitt and Luu'’ opened the possibility of cryovolcanism on Quaoar because crystalline ice is converted into
amorphous ice in 1.5 Ma under the flux of galactic cosmic rays (GCRs).*** Available thermal modeling based on both short- and long-lived

thus suggesting a more ice-rich component.'”® The possible presence of crystalline ice

radiogenic elements, assuming a homogeneous distribution in the protoplanetary disk and a density of the rocky material not less than
3,600 kg m~3, suggested a steady core temperature of 500 K in the 0.45 and 45 Ma formation time scenarios whereas a temperature of
650 K is reached in the 4.5 Ma formation time scenario.”

Sedna

Sedna, with its perihelion distance of 76 au and aphelion distance of 921 au, is the most distant dwarf planet observed and has a diameter of
about 1,300 km."’# Its mass was not determined yet, and thus its density could not be determined either. It was classified as an extended
scattered disk object, or a detached object, according to the classification of Gladman et al.'”® Not much is known about Sedna due to
its distance from the Sun that poses it at the limit of observability. Due to its relatively small size and low internal heat, Sedna might be subject
to serpentinization processes (see Equation 5) with liquid water percolating through a possible microfracturing system, possibly extending
down to 97 km of depth, and entering in contact with unaltered rocks containing iron-bearing olivine and pyroxene.'> Among the products
of this reaction, H; is released in the surrounding environment. Although Sedna is believed to be differentiated and hosting a subsurface
ocean,'’®""” spectroscopic observations reported the detection of methane and nitrogen on its surface.'’® Subsequent spectra in the visible
and near-IR obtained through the European Southern Observatory - Very Large Telescope (ESO-VLT) telescope could be modeled with tho-
lin, serpentine, and water ice; one of the past spectra obtained during the observations made in October 2005 could be best modeled with
methanol instead of methane and the addition of serpentine and olivine.'”* Cruikshank'’? noticed that at least four spectrally active compo-
nents, plus spectrally neutral grains of amorphous carbon, are needed to accommodate spectral models with available spectral data: tholin,

water ice, methanol ice, and olivine. These components were also found on typical cometary nuclei and on the centaur 5145 Pholus.'®

DISCUSSION

Based on the results of the previous work on asteroids and comets (Leone and Tanaka'), the eventual presence of olivine in the small satellites
and dwarf planets of the Solar System does not necessarily mean that it is the result of volcanism as we have already seen that it could be
recycled from previous nebular processes. However, the presence of serpentine, which is the product of alteration of olivine in aqueous envi-
ronment, must be studied with more attention because it could also be the sign of a possible hydrothermal environment typical of volcanic
processes. The overview of the inferred or modeled temperatures during the formation and evolution of the small bodies of the Solar System
is based on the assumption that impacts and radiogenic heat sources were at the basis of the igneous processes. It must be seen whether
these igneous processes developed in some form of volcanism, either hot or cold, which could have contributed to the formation of the
serpentine. If further confirmed by future detections, the presence of olivine and its altered form serpentine is quite ubiquitous even in
the outer Solar System and beyond. As already seen in asteroids and comets,’ the origin of olivine is likely nebular. That is, it was already
present in the dusty component of the protoplanetary nebula from which the Solar System formed, and it was probably recycled many times
from the origin of our galaxy in the universe. The presence of olivine in the interstellar dust also means that it is likely present in the interstellar
space from which it was entrained in the long-period comets. Due to its high melting point, 2,163 + 25 K,"®" olivine is the first mineral that
crystallizes in volcanic processes and thus it is often found in its crystalline form. However, if its melting temperature can be overcome by heat-
ing processes, it goes back into the volcanic (or protoplanetary) melts. The melting temperature of the olivine was reached during the
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southern polar giant impact (SPGI) on Mars,”® for example, and could be reached close to any star similar to our Sun or under the heating
action of radiogenic elements. However, crystalline olivine can also be formed by thermal annealing on amorphous ferromagnesian silicate
under vacuum at temperatures of 870-1,020 K182

Although igneous processes were quite common at the beginning of the Solar System, not all the satellites and dwarf planets devel-
oped evident volcanism or cryovolcanism. Mimas, which is debated whether geologically active or not (Rhoden et al.'® and references
therein) despite levels of tidal dissipation 30 times higher than those within Enceladus,'® and Makemake, which is not included in the
list of potential candidates for former cryovolcanism, are examples.'® Yet, the evidence of past cryovolcanism on the surfaces of small
satellites and dwarf planets is quite common in the outer Solar System. With the exception of Amalthea that does not show evident
signs of either volcanism or cryovolcanism and that probably finished its internal heat 7.05 x 10° years + 3.4% after CAl, an estimate
based on the half-life of °Al,*® a long-lived radiogenic heating source must have been certainly involved in the other bodies (i.e.,
Miranda) included in this review. Regardless of initial formation mechanisms, whether by impact or not, the initial internal heat (and
thus either volcanism or cryovolcanism) would not last long without a long-lived radiogenic or tidal source. Aside from lo and Enceladus,
(possibly Europa) still active today; possibly Miranda, active in the past; and Mimas, with a potential subsurface ocean,'®® no tidal heat-
ing is involved in the other bodies. Therefore, the obvious conclusion is that the other bodies must have had some long-lived radiogenic
source or terminated their activity long time ago when the residual heating of formation was over. The relatively fresh, not intensely
cratered, surfaces of Ceres and Pluto lead toward the long-lived radiogenic source, but a word of caution must be spent on the
ages estimated through crater counts because on Mars they were quite fallacious or showed very high uncertainties at least.'*>'%
This means that the past activities of Ceres and Pluto might not necessarily be so recent; the cleaning process of the orbits producing
the majority of the impacts occurred in the first few millions of years after planetary formation,'®'® which corresponds to the Pre-
Noachian on Mars.'®® It is now clear that quantifying the age of the geological activity on these “fresh” surfaces needs accurate assump-
tions about the initial content of long-lived radiogenic elements in their corresponding bodies.

CONCLUSIONS

From the analysis of the igneous processes observed in the satellites and the dwarf planets of the Solar System, we draw the following
conclusions.

(1) The dichotomy volcanism-cryovolcanism, being its border located within the AB and just before the beginning of the snow line, also
marks the border between inner and outer Solar System like the AB does. There are exceptions to this statement: 1) the possible ex-
istence of both volcanism and cryovolcanism on Ceres, although it may be regarded as the exact border, and 2) the volcanism of lo
(being located outside the border) so different from the cryovolcanism of Europa, where the difference in the total amount of tidal
dissipation makes the difference in the type of volcanism.

(2) The presence of long-lived radiogenic sources is an essential requirement to maintain active geological activity of a body of the Solar
System.
(3) The situation of the most distant dwarf planets, those located beyond the orbit of Pluto, is still unknown, and we are not certain yet if

others will be discovered in future. From those included in this review, it is possible to understand that some hydrothermal process
must be invoked in order to justify the assumption of serpentine in the modeling of the internal structure. Being some dwarf planets
believed to be ocean worlds (i.e., Pluto, Sedna), the obvious conclusion is that some liquid water could be available at depth and could
be the basis for hydrothermal environments provided some radiogenic heat is still available.

The process of conversion of amorphous ice into crystalline ice opens the possibility of cryovolcanism on the dwarf planets but not the
final evidence for it because we have not yet any idea of how fast or slow this process occurred.

=

A pending question in this work, but left to future work, is the cause(s) of both short-lived and long-lived distribution of radiogenic ele-
ments within the Solar System. After the discovery of 2°Al in CAls of primitive meteorites, its origin also remains an open question. It is gener-
ally thought that *°Al atoms are produced and injected in presolar nebulas by massive (e.g., Wolf-Rayet) stars and/or by Type Il supernovae,
which may also have triggered the formation of the Solar System.

LIMITATIONS OF THE STUDY

Aside from Ceres, which was studied through spacecraft data, the spectroscopic information about the most distant dwarf planets (excluding
Pluto and its moon Charon) is still subject to various interpretations and thus may provide some uncertainty.
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