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Density and moment of inertia of icy moons and dwarf planets suggest the presence of a low-density
carbonaceous component in their rocky cores. This hypothesis was tested using inner density structure
and thermal models. Rocky core densities in dwarf planets and icy moons are found to consist of a
mixture of chondritic silicate-sulfide rocks and carbonaceous matter. Carbonaceous matter was originally
mixed with ice in a rock-free precursor. In a homogeneous accretion scenario where these components
are mixed in solar proportions, ices then differentiated from the carbon-rich refractory core, while
hydration of silicates could take place. Thermal models taking into account the presence of carbonaceous
matter suggest that originally hydrated silicates are only partially dehydrated in the refractory cores
of most moons. Viable scenarios point to a difference in formation or evolution between Ganymede
and Titan in spite of their similar size and mass. Fully dehydrated mineralogies, inferred in Europa and
possibly the densest dwarf planet Eris, require heterogeneous accretion near the water snow line of the
solar or circumplanetary nebula. Progressive gas release from slowly warming carbonaceous matter-rich
cores may sustain up to present-day the replenishment of ice-oceanic layers in organics and volatiles.
It accounts for the observation of nitrogen, light hydrocarbons and complex organic molecules at the
surface, in the atmospheres, or in plumes emanating from moons and dwarf planets. The formation of
large carbon-rich bodies in the outer solar system suggests that carbon-rich planets could form at the

outskirts of extrasolar systems.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC
license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. Introduction 2012) but only with Mg-rich composition that is difficult to rec-
oncile with Fe-rich chondrite-like material in the outer solar sys-
tem (Néri et al., 2020). Adding low density ice was proposed to
explain low core density in a large body like Titan (less et al.,
2012), but this solution is not satisfactory because geodynamical

models demonstrated that ice melting and differentiation cannot

During its thirteen-year exploration of Saturn’s environment,
the Cassini mission returned precise gravitational data, which con-
strained the internal density structure of Titan, Enceladus, and
Dione. Whatever the size of the moon, they are formed by rocky

cores with a narrow range of densities of 2300-2500 kg/m3, sur-
rounded by thick ice-water mantles (Hemingway et al., 2018; less
et al, 2012; McKinnon, 2015; Zannoni et al., 2020). Although not
currently in the Outer solar System, Ceres may have formed at
great heliocentric distance (De Sanctis et al., 2015). Internal struc-
ture models based on measurements by the Dawn mission point to
a core whose density is similar that of Saturn’s moons, surrounded
by an ice-rich mantle (Ermakov et al., 2017; Mao and McKinnon,
2018).

As core densities are much lower than those of most chondritic
rocks, an appropriate mineralogical and compositional model must
be built. Densities of serpentine gives satisfactory results (Fortes,
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be prevented (O’Rourke and Stevenson, 2014), separating liquids
migrating upwards to form the hydrosphere from refractory com-
pounds that formed the core. While porosity could help reducing
core density in Enceladus core, it is unrealistic in bodies of the size
or larger than Ceres where compaction is expected due to pres-
sure.

Carbon in the form of organic matter is a major component
of potential precursors of outer solar system bodies, namely car-
bonaceous chondrites with atomic C/Si up to ~0.8 (Lodders, 2003),
comets with C/Si > 15 (Bardyn et al., 2017; Jessberger et al., 1988),
Ryugu (Yokoyama et al., 2022) and dark asteroids (Martins et al.,
2020). It was observed as complex organic molecules beyond the
snow line of young extrasolar nebula (Lee et al., 2019). Carbona-
ceous compounds could exist beyond a “soot line” similar to the
“snow line” and closer to the Sun (Kress et al., 2010), raising the
possibility of forming C-rich water-poor planets (Lodders, 2004),
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and moons if a similar zoning existed in circumplanetary nebu-
lae. Modeling the mineralogy of the refractory cores of the large
icy moons Titan and Ganymede implies that 15-30 wt% of car-
bonaceous matter (COM) derived from chondritic insoluble organic
matter (IOM) are buried in their interiors (Néri et al., 2020), and
similar amounts were inferred for dwarf planet Ceres (Zolotov,
2020). Consequences of carbon-rich composition on core thermal
evolution were however not investigated.

With growing evidence that large amounts of COM are present
in icy moons and dwarf planets, we investigate compositional
trends among these bodies using mineralogical models and explore
consequences on their thermal evolution. Moment of inertia (Mol)
is known for seven icy bodies: Ganymede, Europa, Titan, Enceladus,
Dione, Haumea, and Ceres. For Haumea, the Mol is inferred from
measurements of its triaxial ellipsoid shape. For the six other bod-
ies, the Mol was deduced from gravity measurements. The Mol
provides a strong constraint on the value of the core density as-
suming that a nearly pure water hydrosphere differentiated from
the refractory core. We build compositional and thermal models
consistent with these densities and discuss the consequences of
the inferred high carbon contents on thermal evolution and for-
mation scenarios.

2. Methods
2.1. Density calculations

A first component forms the icy layers and ocean. This icy com-
ponent (IC) is assumed to be pure H,0, allowing using well-known
equations of state of HyO when calculating the mass and Mol of
the different bodies. It is likely that the ocean is salty as demon-
strated by the presence of an induced magnetic field on Europa
and Ganymede. However, the amount of salt and its nature is dif-
ficult to constrain from available data (Vance et al., 2014).

The density of the refractory core is calculated from the densi-
ties of two components: the silicates and sulfides component (SSC)
and the carbonaceous organic matter (COM).

SSC composition (Table S1) is taken as the non-carbonaceous
fraction of a simplified CI carbonaceous chondrite composition
(Néri et al., 2020). SSC densities at ambient conditions take val-
ues of ~3150 kg/m? and ~3750 kg/m? for the fully hydrated
and the dry mineralogy, respectively, calculated using the Perple_X
code (Connolly, 1990). Density and normative mineralogical calcu-
lations can be reproduced at ambient conditions with the material
provided in supplementary information (Excel spreadsheet dataset
S1). At first order, density varies with the total water content of the
SSC, and increases with temperature as silicates dehydrate. If the
core is hot enough, a liquid inner metallic core segregates from an
iron-depleted silicate mantle. With the slow radioactive warming
(section 3.3), equilibrium should be reached at eutectic tempera-
ture (~1200 K) and composition (Fei et al., 1997), giving metal
and silicate mantle densities of 5700 kg/m> and 3200 kg/m?, re-
spectively (Néri et al., 2020). Ganymede's internal dynamo requires
an at least partly differentiated core (Kivelson et al., 2002), and it
is also possible in Europa. It has a bulk-decompressed density of
~3800 kg/m3, marginally higher than the value of 3750 kg/m? for
the dry undifferentiated SSC, thus the later value was used. Typical
uncertainty on density of SSC is 2%.

COM, the second refractory component, is made of carbona-
ceous matter derived from chondritic refractory organic matter
or IOM. It transforms irreversibly upon heating by loosing het-
eroatoms (Okumura and Mimura, 2011), ultimately transforming
into carbon. In the absence of data for IOM and COM, density is
estimated to be similar to that of terrestrial coals of 1400 + 200
kg/m?3. Density of coals is constant up to heating temperatures of
673 K (Franklin, 1949), close to the dehydration temperature of the
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abundant hydrated silicate serpentine (Néri et al., 2020). Coal den-
sity increases to 1800 + 200 kg/m> on heating to 973 K (Franklin,
1949), a value used for modeling Ganymede (Néri et al.,, 2020),
and gradually reaches that of graphite (~2300 kg/m3) at higher
temperatures like those attained in Europa. A large uncertainty of
+200 kg/m> is assigned to account for compositional variability
of COM in meteorites and IDP (Dartois et al., 2013) and for un-
known effects of compressibility and thermal expansivity. In a first
step, COM is assumed to consist of pure C, an assumption that
is released in a second step (see section 3.2) because heteroatom
concentration decreases on heating (Franklin, 1949; Okumura and
Mimura, 2011), leading to a potential loss to volatiles (CHg4, CO,
CO», hydrocarbons) of about 40% in mass between 700 and 1200 K.
Volatile carbon species are assumed to escape to the hydrosphere
or atmosphere along with silicate dehydration fluids. Contribution
of carbonates, minor components of carbonaceous chondrites, is
neglected in the present model.

Densities of mixtures are calculated from volume conservation
on mixing:

Pmix = 1P (1)
p1(1—=X71) + p2X1

with ppix the density of the mixture, p; and p, the density of
components 1 and 2, X; the mass fraction of component 1. Den-
sities calculated for carbonaceous chondrite compositions includ-
ing both the SSC and COM components (Lodders, 2003; Wasson
and Kallemeyn, 1988) compare well with grain densities of car-
bonaceous chondrites (Macke et al., 2011) of different metamor-
phic grades (Fig. S1). CM2 meteorites have densities comparable
to fully hydrated, CO3 to partially hydrated, CO3-4 and CV3 to
dry silicate mineralogies. On the parent body of CV carbonaceous
chondrites, metamorphic temperatures in the 473-883 K range
are inferred for CV3 type (Ganino and Libourel, 2017). Thus re-
actions that occurred within the short-lived (>10 Ma) parent body
metamorphism had enough time to take place in larger bodies
where metamorphism lasts much longer (Castillo-Rogez and Lu-
nine, 2010). Experiments also suggest geologically rapid alteration
of silicates even close to the melting point of ice (Zandanel et al.,
2022), justifying the assumption of thermodynamic equilibrium in
the Perple_X model. Effects of compression and thermal expan-
sion on densities are small with respect to compositional effects,
and to the large uncertainties on COM density, even in Ganymede
and Titan where maximum pressures of ~5 GPa are reached. This
is supported by the fact that similar amounts of COM are found
for Titan and Ganymede in the present study (see section 3.1) and
when taking explicitly into account equations of state (Néri et al.,
2020).

Density was calculated for a solar composition with C/Si = 7.08
and O/Si = 14.13 (Lodders, 2003). O is partially consumed to oxi-
dize other elements/compounds except FeS and C to form silicates
and oxides. The remaining O along with H forming HO ice, are
added up to match the solar ratios, and form the icy component
(IC). The density of this solar mixture is 1480+ 70 kg/m3 at ambi-
ent conditions, where the refractory core (71 SSC + 29 COM in
wt%) has an ambient density of 2300 + 130 kg/m> assuming a
hydrated mineralogy mixed with low-density (1400 kg/m?) COM.
Bulk solar density becomes 1580 =+ 50 kg/m? and core density is
3150 + 70 kg/m? assuming a dry mineralogy mixed with graphite
density (2300 kg/m3) COM. For hydrated cores, water is partitioned
between IC and SSC that contains ~9 wt% H,0, thus we define
isochemical components IC* = IC 4 0.09 SSC and SSC* = 0.91 SSC
(for dry cores, IC* = IC and SSC* = SSC). Solar composition is 41
wt% of IC*, 19 wt% of COM (assumed to be pure C), and 40 wt% of
dry SSC* (Fig. 1). Uncertainties on densities include chemical vari-
ability of CI chondrites (Lodders, 2003), and depend largely on the
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carbon content because of the large assumed uncertainties on COM
density.

2.2. Thermal modeling

The temperature profile T(t,r) in the refractory core of a spher-
ical body is determined by solving the 1D conduction energy con-
servation equation in spherical coordinates:

3 (k0T for)
ar

where t is time, r radial coordinate, k is thermal conductivity, p
is density, Cp is specific heat, and Q (t,r) is the volumetric heat-
ing rate. We use the analytical solution (Carslaw and Jaeger, 1959)
established for a volumetric rate Q (r,t) = Qe of a sphere of
radius R with constant temperature To at r = R and a uniform
temperature Tg at t =0:

2 aT
+ = (k¥ or) = pCp (—) —Q(r,0t) (2)
T at

K
T=Ty+ Qoe_)‘t R———— —7r
kar . < Iy )
sin ;R
2Q0R3 & (=" . /nmr n2m2k
+ YT 31 Z TS sm(—R )exp ~TRT t
n=1| n\n K2

(3)

Temperature Tp is the melting temperature of ice since the dif-
ferentiation of the hydrosphere happens quickly once this temper-
ature is achieved (O’Rourke and Stevenson, 2014). It is assumed
constant.

The heating rate depends on the amount of each radioactive
element i contained in the silicate fraction after differentiation and
on the mass fraction of COM (Xcom):

Q (t) = Pcore Z Hio (1 - .Vi,leaching) 1- XCOM)eikiﬁ (4)

1

It was approximated by:

Q) =Qoe ™™= PeoreHo (1 - YIeaching) (1 — Xcome ™, (5)

where the initial heating rate (Hp) and the effective decay constant
(A) are fitted to the curve obtained by summing the contributions
of the four main long-lived radioactive elements (“°K, 232Th, 23>,
238(J) for different starting compositions (CV, CI, Bulk Solid Earth,
see Table S2). Values for CI chondrites were used here. Heat pro-
duction for CV and BSE compositions is similar to that obtained for
CI rock with yjeqching of ~0.23 and 0.38, respectively.

The coefficient yjeqching represents the fraction of radioactive el-
ements leached by dissolution during the differentiation process
and is assumed to be the same for all radioactive elements. Chem-
ical leaching may occur at low temperatures when water/ice and
rocks interact prior to and during ice-core differentiation (Zandanel
et al, 2022), and may proceed during porosity compaction and
release of fluids over the broad dehydration window when tem-
perature rises (Néri et al., 2020). We then defined a global leaching
parameter that includes chemical leaching by dissolution during
differentiation and the delay in the thermal evolution of the re-
fractory core after full ice-core differentiation. Before and during
ice-core differentiation, the temperature is buffered by the melting
temperature of ice as the water migrating from the undifferenti-
ated interior transports heat. Radioactive heating of the core thus
starts after a delay in differentiation that can last up to several
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Table 1
Parameters used in thermal models (bold) are calculated from values for the three
listed minerals for the SSC component and for coals for the COM component.

M P % wt Cp k
(g/mol)  (kg/m?) (J/keg/K)  (W/m/K)
Mg3SiOs(0H)s 2771 2580 64 1250 2.7
Fe304 23155 5180 18 1100 46
FeS 87.91 4910 18 693 35
SsC 3130 50-100 1124 2.98
coM 1400-1800  0-50 1500 02

hundreds of million years (O’'Rourke and Stevenson, 2014), and we
have:

Q (t) = peoreHo (1 - YIeaching) (1 — Xcom) e Hta+t7) (6)
Leaching parameter = (1 — Yjeqching) €4 (7)

where tgy is the time when differentiation is complete and t*
the time since differentiation (t = tgy + t*). With the value of
A =5.05 10~4 My, differentiation times of 100, 500 and 1000
Myr yield in 95, 78, and 60% of initial value of Hp or leach-
ing parameters of 0.05, 0.22 and 0.4, respectively. For bodies like
Ganymede with at least a partly differentiated core, the growth
of a metallic inner core redistributes the heat production and re-
leases gravitational energy. Gravitational energy (<3.4 10%8 ]) is
equivalent to about 350 Myr of radioactive decay. Although not
negligible, these effects were not taken into account here because
they are of second order (about 50 K increase of central tempera-
ture for gravitational energy) with respect to the effect of adding
COM (about 400 K difference in final central temperature for 25%
COM; Fig. S2). This will be addressed in specific models applied
to Ganymede and Europa where time-dependent parameters are
implemented.

Equation (6) provides an efficient way of investigating the effect
of COM on the temperature evolution in the core as well as the ef-
fect of leaching during differentiation (Castillo-Rogez and Lunine,
2010). The parameters for equation (6) are calculated using the
thermal characteristics of antigorite, magnetite, and iron-sulfide for
SSC, and of coals for COM (Clauser and Huenges, 1995; Herrin and
Deming, 1996; Osako et al., 2010). The values are calculated us-
ing volume average for thermal conductivity and mass average for
specific heat, with mass fraction of COM varying from 0 to 50%.
The value of thermal diffusivity («x =k/pCp) is calculated from the
averaged values of thermal conductivity, density and specific heat
(Table 1). Increasing COM content with low coal-like properties
lowers thermal diffusivity, which would increase final tempera-
tures, but this effect is counteracted the dilution of radioactive
production by unit volume, resulting in lower final temperatures.
The development of a model that self-consistently accounts for
changes with temperature of density, thermal conductivity, specific
heat and degree of graphitization is out of the scope of the present
paper, as well as modeling migration of volatiles and compaction
of the core with metamorphism.

3. Results
3.1. Composition of icy moons and dwarf planets

Fractions of IC, COM and SSC in icy moons and dwarf planets
were determined (Fig. 1) assuming a H,O hydrosphere differenti-
ated from a refractory core consisting only of SSC + COM to limit
the possible range of density structures for a body of given Mol
and mass (Table 2). The relative mass of the hydrosphere gives
the IC fraction. Core densities determine the SCC and COM frac-
tion (equation (1)) when density is fixed to 1400 kg/m3 for COM
and ~3150 kg/m3 for the cold hydrated SSC cores in all bodies



B. Reynard and C. Sotin

Earth and Planetary Science Letters 612 (2023) 118172

Table 2
Physical characteristics and composition of icy satellites and dwarf planets, core densities are decompressed to ambient conditions (estimated uncertainty on last digits in
parentheses).
Name Density Radius Mol IC SSC COM COM in core Core density
(kg/m3) (km) (Wt%) (Wt%) (Wt%) (Wt%) (kg/m3)
Callisto 1834 2403.0
Ganymede 1940 2634.0 0.311 35 48 17 26 3010(100)
Europa 2970 1561.0 0.347 8 73 19 21 3350(100)
Titan 1881 2575.0 0.3414 31 54 15 22 2490(100)
Rhea 1236 764.0
lapetus 1088 734.0
Dione 1478 561.0 0.33 39 46 15 25 2400(300)
Tethys 984 531.0
Enceladus 1641 252.0 0.33 31 54 15 22 2500(150)
Mimas 1230 198.0
Triton 2061 1353.4
Titania 1711 788.0
Oberon 1630 761.0
Umbriel 1390 585.0
Ariel 1592 579.0
Miranda 1200 236.0
Ceres 2162 469.7 0.373 15 62 24 28 2420(100)
Pluto 1860 11883
Charon 1586 606.0
Eris 2520 1163.0
Haumea 2018 780.0 0.282 23 63 14 18 2650(90)
2007 ORyg 1720 625.0
Quaoar 1955 555.0
Orcus 1560 459.0
Salacia 1343 427.0
Varda 1240 361.0
2002 UXas 869 325.0
*
IC Dione, 17-29% for Titan, 9-18% for Haumea, 18-28% for Ganymede,
and 16-26% for Europa using core densities from modeling of the
Mol of Ganymede, Europa, Titan, Enceladus and Dione (McKinnon,
2015; Néri et al., 2020; Sohl et al., 2002; Zannoni et al., 2020) for
icy moons, Ceres and Haumea (Dunham et al.,, 2019; Ermakov et
al., 2017) for dwarf planets (Table 2).
erf‘fnfggfger Compositions of Ganymede, Titan, Enceladus, Dione and Haumea
plot close to the line that connects the CI and solar compositions
(Fig. 1). These bodies can have formed by homogeneous accretion
of SSC grains up to small carbonaceous chondrite-like parent bod-
B ies, and a mixture of ice and COM in proportion inferred from the
/‘G‘a’n projection of the Cl-solar line towards an SSC-free end-member
Haumea (~67 wt% IC and 33 wt% COM) before differentiation of the core.
Although porosity may be present in Enceladus, porosity is not re-
quired for modeling its internal structure assuming a composition
cl similar to that of larger Saturnian moons. Dwarf planets Ceres and
Europ+a Jupiter’s moon Europa plot below the Cl-solar line, requiring ei-
- ther a heterogeneous accretion that began out of the ice stability
SSC* 25 17 COM

Fig. 1. Composition of icy moons and dwarf planets and potentials precursors in a
ternary diagram (SSC*: dry silicate-sulfide, IC*: hydrosphere and water in silicates,
COM: carbonaceous matter). Moons of giant planets are shown in red (Jupiter), or-
ange (Saturn), and dwarf planets in blue. Component mass fractions for each body
are inferred from mineralogical modeling of the inner density structure (Table 2).
Precursors: solid brown symbols, comets (1P-67P) likely formed on the CI-solar con-
tinuum and lost ice by sublimation. Their original composition is given by the in-
tersection of the Cl-solar line and lines with constant elemental ratio C/Fe ~ 17 42
in 1P (Jessberger et al., 1988), equivalent to the COM/SSC ratio of 45/55 inferred in
67P (Bardyn et al., 2017). The ice/rock ratios are taken from Jessberger et al. (1988)
for 1P and Rotundi et al. (2015) for 67P. IDP (dashed brown line) and UCAMM (full
brown line) are assumed to be cometary grains having lost ice by sublimation and
cover the whole range of C/Si ratios (Dartois et al., 2013) from CI to SSC-free end-
member of the Cl-solar continuum.

except Europa and Ganymede. For Europa and Ganymede, COM
densities were chosen as 2300 and 1800, respectively, and a value
of ~3750 kg/m3 for a dry SSC core was used. Ranges of COM mass
fraction are 18-32% for Ceres, 13-29% for Enceladus, 12-42% for

field in the protosolar or protoplanetary nebula, or ice loss sub-
sequent to ice-core differentiation, hypotheses that are discussed
later. All bodies are poorer in C (C/Si < 7) than the solar compo-
sition (C/Si ~ 7.1), Haumea being the most enriched in SSC. This
can be partly attributed to C loss during differentiation and ther-
mal processing of the original organic matter that was accreted to
form these bodies as discussed in the next section. Haumea’s de-
pletion in volatile elements may also reflect formation partly ahead
of the snow line.

3.2. COM metamorphism and temperature estimates

Alternatively to fixing COM density to arbitrary values, the mass
fraction of COM can be fixed, and the corresponding density of
COM required for matching the core density deduced (Fig. 2). As
temperature increases, COM density increases and its mass fraction
decreases due to extraction of soluble organic matter (SOM) dur-
ing ice/core differentiation and of volatiles at higher temperatures.
SOM accounts for less than 30% of the total organic matter (Piz-
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Fig. 2. Densities and proportions of COM (thick lines) inferred for (a) large bodies where pressure fixes the dehydration interval at ~593-853 K, and (b) small bodies where
pressure fixes the dehydration interval at ~493-653 K. Densities of refractory core-forming mixtures (thin curves) are calculated for various mass fractions of COM and SSC
in hydrated and dry core mineralogies of density ~3150 kg/m?, and ~3750 kg/m?, respectively. Evolution of the core density assumes a solar fraction of COM whose density
and composition evolves as temperature increases according to pyrolysis experiments (thick curve). Decompressed densities of cores in seven bodies are reported to obtain
the corresponding COM density and temperature window of metamorphism (Fig. 3). (c) and (d) same as (a) and (b) with COM density and composition calculated with the
Vitrimat model (dashed thick curve). Dehydration windows are shifted to higher COM density because densification occurs at lower temperature than that inferred from
pyrolysis experiments (see Fig. 3 and section 3.2). Note that differentiated cores of Ganymede and Europa with SSC density of up to 3800 kg/m> would increase the amount
of COM by 1-2% (see section 2.1). For the sake of clarity, partially hydrated density is linearly interpolated between hydrated and dry densities. Same color code as Fig. 1.

zarello et al.,, 2006). It is composed of light organic molecules that
can volatilize during formation or separate from the core with the
ice during the initial differentiation, and we estimate a maximum
value of 25% of the C mass is lost by this process. The remaining
75% of C (or 22% in total mass assuming initial solar composition)
are contained in the so-called IOM (Alexander et al., 2007; Oku-
mura and Mimura, 2011) that was processed at low temperature
in CI carbonaceous chondrite material such as that sampled on as-
teroid Ryugu (Yokoyama et al., 2022).

There is a lack of data on the transformation kinetics and
densification of IOM at high temperature and pressure relevant
planetary interiors, which should be filled by future experiments.
The evolution of IOM composition with temperature was deter-
mined from pyrolysis experiments (Okumura and Mimura, 2011)
performed over short heating steps (10 minutes) when matura-
tion of organic matter occurs over geological timescales. On the
other hand, kinetic models of maturation and densification of coals
at geological heating rates (Burnham, 2019), and density changes
during coal pyrolysis (Franklin, 1949) have been determined. How-
ever, IOM belongs to non-graphitizing materials (Franklin and Ran-
dall, 1951) with incomplete transformation to graphite, while coals
belong to graphitizing materials, making them debated analogs
(Alexander et al., 2007).

v

In the absence of density and kinetic data on IOM, we define
two extreme kinetic models. Firstly we use the pyrolysis data to
simulate non-graphitizing IOM with delayed densification. Noting
that coal density depends almost uniquely on its H/C atomic ra-
tio, not its O/C ratio, we assume this remains valid up to oxygen
concentration of IOM and COM, and estimate their density from
the density-composition relation established for coals (Fig. S3).
Secondly we assume that COM properties follow the evolution
of coal density and composition over geological timescales given
by the Vitrimat model (Burnham, 2019). The densification win-
dows occur at higher temperatures for the first model than for
the second (Fig. 3). The lower transformation temperatures in
the Vitrimat model reflect the effects of kinetics over geological
timescales.

Upon pyrolysis, volatiles and hydrocarbons are released (Oku-
mura and Mimura, 2011), which allows writing a suite of irre-
versible reactions at each temperature step that sum up to:

C100He5017N3.552 (I10M)
— 63C+ 3H0 4+ 27.5“CHy” 4+ 4.5C0O, 4+ 5CO + 2H5,S

+1.75N3,
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Fig. 3. Evolution of densities and proportions of COM for the pyrolysis and Vitrimat models. (a) model density of pyrolysed IOM increase smoothly with increasing temperature
whereas that of coals in the Vitrimat model increase rapidly from 400 to 1000 K. Density of pyrolysed coals is also shown for illustrating the difference with Vitrimat due
to kinetic effects. Metamorphic crystalline graphite formed at ~1000 K (Beyssac et al., 2002) fixes the high temperature limit for full densification to 2300 kg/m? for
extrapolating the Vitrimat model. IOM pyrolysis model is used for simulating the evolution of “non-graphitizing” COM, and Vitrimat for coal-like graphitization. Shaded area
indicates the silicate dehydration windows. (b) Evolution of the fraction of COM (Xcom) as a function of density starting from a solar composition at 1300 kg/m>, computed
from chemical reactions at each temperature increment. Data for pyrolysis of IOM (Okumura and Mimura, 2011) and coals (Franklin, 1949) were used, and results from

Vitrimat (Burnham, 2019) setting a heating rate of 1 K/Myr.

where “CHy” is a proxy for average composition of released hy-
drocarbons. The mass fraction of COM decreases with increasing
density according to the stoichiometric factor at each reaction step
(Fig. 3) and its relationship with density is fitted in the 300-1300
K range as:

Xcom = Xc x mcom/mc =03 —4.310"4 Ap+6.61077 Ap?
—4.11071° Ap3, 9)

where Xcowm is the mass fraction of organic matter, X¢ is the mass
fraction of carbon starting at 22% (see above), mc¢ its molar mass
of 12, mcom the molar mass of COM for one atom of carbon,
Ap = pcom — 1300 in kg/m3, and pcom is the density. Equation
(9) is valid up to a density of 2100 kg/m? are assumed after which
Xcom = Xc is constant. Density evolution with temperature is fit-
ted as (Fig. 3):

pcom =1314—016T +2.81074 T2 +2.31077 T3, (10)

which is valid in the 573-1420 K range. Values of pcom of 1300
and 2300 kg/m?3 are assumed below 573 K and above 1420 K, re-
spectively.

Setting a heating rate of 1 K/My in the Vitrimat model, the
predicted evolution of density and composition (Fig. 3) is used to
obtain:

Xcom=0.25—-3.710"4Ap +7.71077 Ap? —8.410710 Ap3
+3.6107" Ap?, (a1

which is valid up to a density of 2100 kg/m?3 after which Xcom =
Xc is constant, and:

pcom =50+2.75T+1.31073T2-1.8107° T3, (12)

which is valid in the 400-1000 K range. A value of pcom of 2300
kg/m?> is assumed above 1000 K.

Equations (9), (12) are used to calculate the evolution of core
density at fixed solar COM fraction and comparing with the densi-
ties of the seven bodies of know Mol (Fig. 2). Temperature gov-
erns the density increase in both silicates through dehydration
and carbonaceous matter through carbonization (Fig. 2). It is es-
timated from the COM density using equations (10) and (12), and

fixes the position of the silicate dehydration window that occurs
at ~493-653 K at low pressure for Haumea and smaller bodies,
and at ~593-853 K at higher pressure for Europa and larger bod-
ies.

With COM composition and density derived from pyrolysis
(Fig. 2a,b), the core densities of Dione, Ceres, and Enceladus are
compatible with hydrated to partially hydrated silicate mineralo-
gies, that of Haumea with nearly totally dehydrated mineralogy,
that of Titan with partially hydrated mineralogy and those of
Ganymede and Europa with dry silicate mineralogy and COM den-
sity increasing towards that of graphite (~2300 kg/m?). With COM
composition and density derived from the Vitrimat model at geo-
logical heating rates (Fig. 2c,d), Haumea is marginally dehydrated,
Ganymede is half dehydrated, Europa is essentially dry, all other
bodies being consistent with fully hydrated silicate mineralogy.
Volatile components released by COM densification are assumed to
escape to the outer layers of the planetary body along with silicate
dehydration fluids. As mentioned in section 2, potential C-bearing
fluid interactions with rocks and ices were not taken into account,
a simplification that should be dealt with in future models and
tailored to specific bodies.

3.3. Thermal evolution

Maximum temperatures after 4.5 Gyr and volume fraction of
the core that became hotter than dehydration temperatures were
calculated for radii of 500 to 2000 km as a function of mass frac-
tion of COM from 0 to 50% and a leaching parameter between 0
and 90% (Fig. 4).

In the case of a body with a core of 500 km, close to those of
Ceres, Dione, and the smallest dimension of Haumea’s core, only a
small volume fraction of the core (<40%) would have dehydrated
even in the absence of leaching. For a 2,000 km core, close to the
value for Titan and Ganymede, only 20-30% or the upper 200 km
would remain below dehydration temperature in the absence of
leaching, and it requires more than 50% of leaching to maintain
a hydrated mineralogy in most of the core. Solutions compatible
with the COM fractions (Fig. 2) and the Mol and mass are shown
for Ganymede and Titan for 2000 km core radius, and for Ceres
and Dione for 500 km core radius (Fig. 4).

The inferred COM content is high whatever the model of
metamorphic evolution considered, although it is systematically
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Fig. 4. Leaching parameter and COM mass fraction limit maximum temperature during thermal evolution of the core. Silicate dehydration temperature is taken halfway
through the dehydration window. In small cores, thermal evolution models predict a small fraction of dehydrated core whatever the fractions of COM and leaching. In large
cores, a larger range of silicate dehydration is obtained. White curves show parameters consistent with modeling of mass and Mol for Titan, Ganymede, Dione, and Ceres,
and black lines parameters consistent with COM mass fraction evolution according to the pyrolysis and Vitrimat kinetic models (full and dashed lines, respectively). Solutions

for each body are positioned at the intersection of the lines for extreme kinetics models.

lower by ~5-10% for the Vitrimat model than for the pyrolysis
model. The smaller fraction of dehydrated material in Titan than
in Ganymede requires higher leaching parameter. The dehydrated
fraction from thermal modeling for Ganymede is in the 50-80%
range (Fig. 4), consistent with that from density model of 40-100%
(Fig. 2). Values for Titan are 10-50% (Fig. 4) and 0-40% (Fig. 2),
respectively. For both Ganymede and Titan, the extreme Kkinetic
models yield limit values that are consistent between the density
and thermal models. The actual densification of COM may also pro-
ceed at intermediate rates.

The thermal evolutions of Ceres and Dione are similar and point
to small if any dehydration (Fig. 4). The dry silicate mineralogy in-
ferred for Haumea using the pyrolysis model (Fig. 2b) is incompat-
ible with the small dehydration inferred from thermal evolution.
Thus either it was formed from dry silicates that underwent lit-
tle interaction with water, or the evolution of the COM density is
faster than inferred from the pyrolysis model, closer to that of the
Vitrimat model, and consistent with little dehydration (Fig. 2d).
Pressure is known to reduce the difference between graphitizing
and non-graphitizing carbons and to favor densification (Beyssac
et al., 2003), hence to reduce potential differences between the ex-
treme models considered here. Kinetics of densification in these
materials is not yet fully quantified, which calls for future experi-
mental effort.

Although the amount of leaching is a poorly known parameter
(Castillo-Rogez and Lunine, 2010), the present calculations show
that a significant fraction of the core would remain at tempera-
tures below that required for the complete pyrolysis of COM and
dehydration of silicates during the whole evolution of an icy moon
or dwarf planet. The maximum temperature and the volume frac-
tion of the core that gets above silicate dehydration increase with
increasing radius. With 25 wt% COM, the temperatures are still in-
creasing at present day in cores with radius of at least 1000 km
(Fig. S2), implying that silicate dehydration, carbonization of COM
and associated volatile release may still be active on bodies like

Pluto and larger. In cores of 500 km radius, temperature is now
likely decreasing after reaching a maximum 1-2 Gyr after differ-
entiation.

4. Implications for outer solar system objects
4.1. Bodies with constrained Mol and inner structure

The compositions of icy moons and dwarf planets can be rec-
onciled with those of common precursors to CI chondrites and
comets, reinforcing the idea that there is a continuum of bod-
ies (Gounelle, 2011) formed in the outer solar system reservoir
with large amounts of carbon and ice, distinct from volatile and
carbon-poor planetary precursors of the inner solar system. The
high COM content accounts for the ubiquity of organic and car-
bonaceous compounds at the surface of these bodies, whose origin
could be largely endogenous due to pyrolysis of the original IOM
during metamorphism.

Icy moons and dwarf planets have an atomic C/Si ratio (3 <
C/Si < 6) intermediate between that of carbonaceous chondrites
(C/Si < 0.8) and that of comets (C/Si ~ 17), and close to that of
the Sun (7.08). Their current composition likely derives from pre-
cursors in solar proportion, carbon loss during thermal evolution
explaining the slight depletion with respect to the Sun. They could
thus have formed by homogeneous accretion of solar mixture of
components, causing extensive silicate hydration prior to ice-core
differentiation. The C/Si ratio of UCAMM, of proposed cometary
origin (Dartois et al., 2013), is even higher than in comets. It is
consistent with COM in CI-IDP-UCAMM having formed by irradia-
tion of nebular organic molecules trapped at the surface or inside
ice grains (Dartois et al., 2013; Laurent et al., 2015), and concur
with the hypothesis of a SSC-free “cometary” component (Fig. 1)
formed by IOM beyond the “soot line” and mixed with ices formed
beyond the snow line.

Moderate temperatures of Titan core are favored by the large
COM fraction, and require substantial leaching of radioactive
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elements (Fig. 4). Larger leaching parameter in Titan than in
Ganymede is possibly explained by a delay in ice-core differentia-
tion in Titan of 0.5-1.5 Gyr with respect to Ganymede as estimated
from equation (7), by stronger water-rock interactions in Titan than
Ganymede, and by metallic inner core differentiation in Ganymede.
Similar delays of differentiation in Titan were inferred from nu-
merical simulations (O’Rourke and Stevenson, 2014). Heteroge-
neous accretion of refractory compounds (SSC and COM) and ice
may be needed to explain Ganymede’s core density and essentially
dry silicate mineralogy that requires little interaction between ice
and water when the pyrolysis model is used (Fig. 2a), a condi-
tion that is lifted if the Vitrimat model allowing for more hydrated
mineralogy is used (Fig. 2c). Europa’s dry silicate mineralogy and
high temperature of COM metamorphism and its small ice/core
ratio are consistent with heterogeneous accretion, in line with pro-
posed formation in the vicinity of the snow line in Jupiter’s nebula
for Europa (Ronnet et al.,, 2017). With its high-carbon low-water
content, Europa could actually have formed mostly between the
“snow” and “soot” lines of the Jovian nebula. Central tempera-
tures above the eutectic melting point in the Fe-FeS system (Fei et
al,, 1997) are consistent with small (~6 wt%) metallic inner core
(Sohl et al, 2002) assuming eutectic composition and density of
5700 kg/m? (Morard et al., 2018), and imply that only about 25%
of Europa’s core differentiated to form an inner metallic core. For
Ganymede, magnetic data also support the existence of a small in-
ner metallic core (Kivelson et al., 2002). Even though maximum
temperatures are high, COM may be largely preserved in the form
of coal or graphitic material in the outer regions of Ganymede’s
and Europa’s core. In large moons, the effects of pressure on COM
density should also be investigated in order to restrain the possi-
ble compositional models. Densification of COM analogs should be
studied at high-pressure for comparison with coal-like materials
(Beyssac et al., 2003; Le Bayon et al., 2012; Nakamura et al., 2020).

Coexistence of large undifferentiated outer core layer and minor
(25%) differentiated layer above an inner metallic core is possible
owing to the similar bulk densities of SSC component, of 3750 and
3800 kg/m?, respectively. Ganymede’s outer and inner cores may
have a similar nature to Europa, the size of the inner metallic core
of Ganymede inferred from magnetic data is not well constrained
(Kivelson et al., 2002), and hydration of part of its outer core is also
possible (Néri et al., 2020). Refinements of the inner density and
thermal structures of Callisto, Ganymede and Europa will await the
more accurate gravimetric and magnetic data from the JUICE and
Europa Clipper missions. Slowly heating COM-rich outer core layers
may still be releasing complex organics to the icy layers and ocean.

Thermal models in Dione and Ceres match temperature win-
dows defined by mineralogy and COM density for a leaching pa-
rameter in the range 0-0.5 (Fig. 4). For Haumea, the small (<40%)
dehydration inferred from thermal models (Fig. 4) is inconsistent
with that inferred if the densification of COM is given by the py-
rolysis model (Fig. 2a), and consistent with that inferred from the
Vitrimat model (Fig. 2c), a range of intermediate solutions being
satisfactory. Low ice/refractory ratio was attributed to erosion by
an impact after differentiation causing its present high rotation
speed and elongated shape (Dunham et al., 2019), but the posi-
tion of Haumea on the CI-Solar continuum (Fig. 1) suggests it may
be inherited from formation in a SSC-rich environment. Ceres also
has low ice content. Ceres is thought to have formed in the outer
solar system (De Sanctis et al.,, 2015) and to have migrated to the
asteroid belt early in the solar system history. Ceres is now sub-
jected to high enough temperatures for ice to sublimate, but its
relatively old surface argues against large-scale sublimation. Low
ice/refractory ratio is thus likely a feature inherited from forma-
tion, potentially near the snow line.
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Fig. 5. Bulk density of outer solar system objects as a function of radius. Densities
calculated for solar composition and hydrated refractory core bracket the densi-
ties of most large icy outer solar system objects, at the exception of Europa and
Eris whose large densities requires small ice content and dry SSC mineralogies.
Large symbols are used for bodies with known moment of inertia. Dwarf planets
and trans-Neptunian objects in dark blue symbols (Braga-Ribas et al., 2013; Brown,
2013; Dunham et al, 2019; Grundy et al.,, 2019; Kiss et al, 2019; Malamud and
Prialnik, 2015; Sicardy et al., 2011). Triton, captured by Neptune, is ascribed to the
same family. Same color code as Fig. 1, and light blue for Uranus moons. Densities
of ices and dry SSC are indicated. The effect of pressure on bulk density is about
15% between Enceladus and Titan, largely due to compression and stabilization of
ice VI in the hydrosphere. At small radii, low densities correspond to ice-rich bod-
ies. Porosity is unlikely in bodies close to hydrostatic equilibrium (large symbols)
and large bodies (R > 500 km). Values are given in Table 2.

4.2. Consequences for other moons and dwarf planets

Bulk densities of Ganymede, Titan, and Dione, for which inter-
nal structure and carbon-rich composition is inferred, are brack-
eted by the densities of the solar composition and its refractory
part with hydrous silicate mineralogy (Fig. 5). Jupiter's moon Cal-
listo, Uranus moons (Titania, Oberon, Umbriel, Ariel), and Pluto,
Charon, Triton, as well as several other dwarf planets (2007 ORo,
Quaoar, Orcus) have similar bulk densities, supporting the idea that
their refractory cores are composed of a mixture of CI chondrite
and COM. This is consistent with large carbonaceous matter con-
tents and hydrous mineralogy assumed in modeling of the density
of the Pluto-Charon system (McKinnon et al., 2017), and with the
idea of a primordial composition with density of ~1800 kg/m? for
dwarf planets (Barr and Schwamb, 2016).

The present thermal models show that totally dry silicate min-
eralogy cannot be formed by dehydration of originally hydrated
silicates by internal heating alone in bodies with core radius be-
low 1000 km (Fig. 4). Dry silicate mineralogy and low ice/core
ratios are possible for Haumea (Fig. 2b) and certain for Eris (Fig. 5),
features they share with Europa and likely inherited from their for-
mation. These characteristics were used to propose that Europa
formed in the vicinity of the snow line in Jupiter’s nebula (Ron-
net et al., 2017). Eris, and possibly Haumea, may thus have formed
partly between the “soot” and “snow” lines in the early solar neb-
ula, although they are currently further than 40 AU from the Sun.
The snow line can lie as far as 20 AU at early stages of nebular
evolution in models where carbon is mostly in a condensed car-
bonaceous form (Min et al., 2011), and even beyond if observations
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of the snow line being further than Neptune’s orbit equivalent in
the V883 Ori nebula (Cieza et al., 2016) reflect conditions in the
early solar nebula. Low ice/refractory ratios and dry silicate min-
eralogy may thus be primary features of carbon-rich dwarf planets
forming in a solar nebula with carbon mostly in the form of car-
bonaceous matter.

A third group of bodies present densities that are below that
of the solar composition of 1400 + 70 kg/m?>. Since many of these
have radii lower than 400 km, porosity may exist due to low in-
ternal pressure and contribute to lowering the density. Saturn’s
moons Rhea, lapetus, and Tethys have low density and larger than
400 km radii that make high porosities unlikely, suggesting they
have a low SSC component and high ice content requiring specific
timing or mode of formation that remain to be investigated.

4.3. Implications for planetary modeling and observations

The extraction of the volatile and light liquid hydrocarbons
released during pyrolysis of COM may contribute to forming in-
sulating hydrate layers on Pluto (Kamata et al, 2019) or thick
atmosphere on Titan (Miller et al., 2019). This process may be
reflected in the variety of compounds ranging from volatile, e.g.
nitrogen and light hydrocarbons in Titan’s atmosphere (Miller et
al., 2019), to macromolecular carbon in Enceladus plumes (Post-
berg et al., 2018) that reach the surface of icy moons and dwarf
planets through cryovolcanism and hydrothermal activity. Model-
ing the complex interactions between gaseous species and ices or
atmospheres is out of the goal of the present study, and must be
tailored to each body. Also, there is a dearth of laboratory data
on the interaction between SSC and COM in the range 500-1000 K
where both dehydration and carbonization occur (Néri et al., 2020).

With temperatures still increasing at present time in carbon-
rich cores larger than 1000 km (Fig. S2), active dehydration and
release of organics from the core may be sustained to present-
day, providing fluids that can fuel hydrothermal activity on
intermediate-size bodies such as Europa, Eris, Triton, and Pluto.
Dark geysers observed on Triton, a likely dwarf planet captured
by Neptune, are also believed to derive from nitrogen-hydrocarbon
mixtures (Soderblom et al., 1990), as well as the different materials
(dark organic matter, red tholins and nitrogen ice) at the surface of
Pluto and Charon (Grundy et al., 2016), and of Ceres (Marchi et al.,
2019). These observations support the idea that COM is degrading
at present day in the core of icy moons and dwarf planets.

Among dwarf planets, first estimate of the density of Haumea
lead to a value of ~2550 kg/m> that has since been refined to
~2020 kg/m3. Current measurements of the shape of Haumea (ra-
dius ~800 km) are precise enough to refine parameters of the
Jacobi ellipsoid and its internal density structure (Dunham et al.,
2019), giving an estimated carbon content of 14% (Table 2). For
Quaoar, occultation measurements are best fitted with a McLaurin
ellipsoid shape of average radius of ~600 km, flattening coefficient
of 0.08770-027/=0.018 ' 35q 3 density of 1990 + 460 kg/m> (Braga-
Ribas et al., 2013). A model of Quaoar using the present solar com-
position density and assuming ice-core differentiation gives a flat-
tening coefficient of 0.077, whereas assuming a homogeneous body
yields 0.09. The two hypotheses are thus unresolved within current
uncertainties. For Quaoar and bodies like 2007 UKj26 (Grundy et
al., 2019) whose size is close to that of Dione, repeated and more
precise measurements may yield resolvable inner structures within
the coming years. The proliferation of stellar occultation networks
and observations by the James Webb Space Telescope will improve
our knowledge of the shape and composition of the TNOs in the
coming decade, and provide insights on the abundance of COM in
these objects. For smaller bodies like 2003 UZ413 (radius ~300 km
close to that of Enceladus), relative uncertainties are even higher
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and whether precise enough measurements may be obtained from
current telescopes is to be tested.

The carbon-rich composition of icy moons and dwarf planets
confirms that condensed organic carbon is a major component of
bodies forming beyond the “soot” and “snow” lines in the primi-
tive solar system. Carbon should thus be considered in modeling
the composition and density of exoplanets that formed near and
beyond the snow line before migrating towards their stars, in par-
ticular the low densities of Earth-sized to super-Earth exoplanets
(Delrez et al., 2021; Gillon et al., 2017; Luque and Pallé, 2022).
Formation of inner Jovian moons like Europa with high-carbon
low-water contents supports carbon-rich models for Jupiter (Lod-
ders, 2004). Carbon-rich Jupiter-like models are consistent with the
observation of hydrocarbons in the haze that surround hot giant
exoplanets (Gao et al., 2020). Thus extrasolar carbon-planets could
be common, which has implications on their habitability potential.
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