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Carbon Depletion of Ices by Diamond Precipitation in
Sub-Neptune Exoplanets

*1

Albert Zhou (9, Eric Edmund (22, Siegfried H. Glenzer (!, Mungo Frost

1SLAC National Accelerator Laboratory, Menlo Park, California, USA
2Institut fiir Mineralogie, Universitdt-Miinster, Miinster, Germany

Abstract

Hydrocarbons are observed on the surfaces of many icy moons and planets. At high-pressure-high-
temperature conditions, such as the ones that occur in large planets, diamond and hydrogen form.
Within our solar system, Uranus and Neptune easily reach the required 10 GPa and 2000 K for this
process, while icy moons do not. Densities indicative of icy compositions are commonly observed for
exoplanets, many of which have radii smaller than Uranus and Neptune icy planets. These so-called
‘sub-Neptunes’ are a common class of exoplanet and, where hydrocarbons are incorporated within
their ices, are candidates for diamond formation. Here, we model icy planets composed of segregated
Fe-Si cores, Mg-Si lower mantles and water ice upper mantles in the size range of 0.5 to 1.5 Earth radii.
We find that planets above ~0.75 Earth radii reach diamond formation pressure in their ices, but, in
the absence of other heating mechanisms, are only hot enough shortly after their accretion. Where the
conditions are met, the denser diamond will sink through the ices deep in the planet under gravity.
This provides a source of internal heating and will sequester the carbon deep within the planet. As a
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consequence, exoplanets with deep ice layers likely have shallow regions depleted in carbon.

1 Introduction

In recentyears, the number of known exoplanets has greatly
increased. Since the first discovery of exoplanet 51 Peg
b (Mayor and Queloz, 1995), a large database has been
constructed containing close to 6000 bodies with more
frequently being discovered, and exoplanets which are
smaller and more distant from their host stars becoming
possible to detect (Akeson et al., 2013; Christiansen, 2018).
Despite these advancements, the information available on
a particular exoplanet is often limited to its orbital period,
mass, and planetary radius (Baumeister et al., 2025).

Knowledge of the mass and planetary radius offers
insightinto planetary composition via the mean density and
reveals various classes of planets (Rogers and Seager,2010).
Examples which are not found in our solar system include
‘super-Earths’; rocky planets with composition similar to
Earth but with largerradii, and ‘sub-Neptunes’; planets with
lower density consistent with an icy composition and sizes
smaller than Uranus or Neptune. Exoplanet compositions
are primarily constrained by their mean density, however,
this does not uniquely constrain the planetary structure, as
different compositions can yield the same mean density.
For example, considering a planet with a density consistent
with an icy composition and comprising an iron-rich core
with layers of rock, ices, and a hydrogen-rich envelope,
similar to Uranus and Neptune, the thickness and indeed
presence of the layers depend on the thicknesses of the
other layers. A thick ice layer could yield the same mean
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density as a similar planet with a larger high-density core
coupled with a thicker hydrogen envelope and much lessice
(Teanby et al., 2020).

This uncertainty has led to recent efforts to model
possible exoplanet configurations via Markov chain Monte
Carlo, Bayesian inference and machine learning techniques
(Spiegel et al., 2014; Dorn et al., 2016; Haldemann et al.,
2023). Smaller icy planets are of particular interest both
from an astrobiology perspective, but also as a class of
bodies which do not occur in our solar system, thus less
well understood (Van Hoolst et al., 2019; Tjoa et al., 2020).
Icy moons, of which there are several in our solar system,
exhibit complex and varied chemistry spanning from oxi-
dizing (Szalay et al., 2024; Frost et al., 2025) to reducing
(Loveday et al., 2001) conditions, and complex organic
molecules are found in their atmospheres and in material
ejected from their interiors (Waite Jr et al., 2006; Hérst,
2017). This combination of complex carbon chemistry and
abundant water makes icy bodies of prominent interest to
astrobiology (Van Hoolst et al., 2019; Tjoa et al., 2020).

Recently, it has been discovered that under high-pressure
high-temperature conditions, hydrocarbons, which can be
held within the ices of moons and planets (Loveday et al.,
2001; Kadobayashi et al., 2021), are converted to diamond
and a hydrogen-rich phase (Benedetti et al., 1999; Kraus
et al., 2017; Frost et al., 2024; Kadobayashi et al., 2021).
The demixing of the C-H and C-H-O systems has also
been approached using DFT-MD simulations (Cheng et al.,
2023; Roy et al., 2025). The diamond is denser than the

DYNAMICA | volume 1.1 | 2026


https://orcid.org/0009-0001-7435-3103
https://orcid.org/0000-0003-4363-7434
https://orcid.org/0000-0001-9112-0558
https://orcid.org/0000-0001-6879-0422
https://doi.org/10.5070/F3.49013

DYNAMICA | RESEARCH ARTICLE | Zhou et al., Carbon Depletion of Ices in Sub-Neptune Exoplanets

surrounding ices and will sink due to gravity, leading to
the ‘diamond rain’ phenomenon and providing a source of
gravitational heating and convection within the body (Kraus
et al., 2017). The conditions required to form diamond
are dependent on timescale (Frost et al., 2024; Schuster
et al., 2020), but on planetary timescales, it appears that
pressures over 10 GPa and temperatures above 2000 K likely
suffice (Benedetti et al., 1999; Kadobayashi et al., 2021; Hirai
et al.,2009). This has led to discussion of the phenomenon
in Uranus and Neptune, where it can affect the internal
composition and dynamics (Benedetti et al., 1999; Kraus
et al., 2017), which can also be influenced by other phase
separation phenomena such as H-water demixing (Bailey
and Stevenson, 2021; Bergermann et al., 2024; Cano Amoros
et al.,2024; Howard et al., 2025), or, in larger planets, H-He
demixing (Howard et al., 2024; Schéttler and Redmer, 2018).
The other icy bodies in the solar system are all moons and
too small to generate the required pressures for diamond
formation.

Here we seek to address the question of diamond forma-
tion from hydrocarbons in icy planets of intermediate sizes
between Ganymede, the largest moon in the solar system,
in which pressure is too low for diamond formation, and
the smaller local icy planet Uranus, which easily meets the
conditions needed to form diamond (Bethkenhagen et al.,
2017). We focus on small icy planets with sizes is between
0.5 and 1.5 Earth radii and with surface temperatures below
350 K without H/He envelopes. These are smaller than
the usual definition of sub-Neptunes, which our results
indicate will exceed the size required to reach diamond
formation pressures in their ices. Where conditions for
diamond precipitation are met within the planetary ices,
the conversion of carbon contained within molecules to
diamond and its subsequent subduction and sequestration
deep within the planet will deplete the surface of carbon.
Beyond their average densities, exoplanet compositions
can be estimated from the elemental abundances of the
host star (Baumeister et al., 2025) and via their atmospheres
where spectra can be taken (Greene et al., 2016). Therefore,
the sequestration of diamond in icy planet interiors can
have a significant influence on the observed bulk carbon
content of the planet. The loss of surface carbon will alter
the composition of the surface and mantle ices and likely act
to inhibit the formation of life, which presumably benefits
from abundant organic carbon (Cockell, 2020).

2 Methods

Model planets were constructed by self-consistently solving
the hydrostatic equilibrium equation and material equa-
tions of state. The hydrostatic equilibrium equation is a
form of the Adams-Williamson equation and relates the
density as a function of radius, p(r), and pressure at a given
depth, P(r), for a body in hydrostatic equilibrium and has

the form: 4P
G = ), ()

where g(r) is the acceleration due to gravity at a radius r
from the body’s center. Here we assume that the planetary
composition depends only on the distance from the center
and neglect the effect of planetary rotation. Rotation rates
and exact compositions likely vary substantially between
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exoplanets and are poorly constrained, so we consider
simplified model planets. The goal is to investigate proto-
typical planets to establish the overall features required for
diamond formation within the planetary ices, rather than to
model specific exoplanets.

Our model planets comprise three layers: an iron-rich
core at the center, a rocky mantle above the core, and then
an upper layer of ices, as shown in Figure 1. As described
later, the critical size for a planet to generate sufficient
pressure within the ice to support diamond formation is
around 0.75 Earth radii. Such a threshold planet would be
rather less massive than the Earth due to the lower density
of the ice layer. Hydrogen-helium dominated atmospheres
are therefore neglected as, unlike Uranus and Neptune,
which have substantial hydrogen-rich envelopes, smaller
planets are unlikely to sustain such thick atmospheres
(Unterborn and Panero, 2019). Higher molecular weight
atmospheres are possible, but will not add much to the
planetary radius, thus, will not affect the results here. For
example, the atmospheres of Earth and Venus are only 1-2%
of the planet radius.

FIGURE 1 - A cutaway showing the model planetary structure
considered in this study. Each layer is assigned a prototypical
material equation of state: pure water for the ice; 1:1 Mg:Si
magnesium silicates for the rock; and 93 at% Fe-7 at% Si for the
core. The thicknesses of each layer are varied to consider different
planetary compositions.

To reduce the large degeneracy in the problem space,
we make simplifying assumptions about the composition
of each of the layers. Planetary cores are believed to
be iron-rich with lighter elemental components, reducing
the density below that of pure iron (Spiegel et al., 2014;
Bonati et al., 2021). Even for Earth, the core composition
is not well known (Hirose et al., 2021; Litasov and Shatskiy,
2016), and it is not clear how much this will vary between
planets. We choose a core comprising 93% Fe and 7% Si as
arepresentative material for which there is an experimental
equation of state reaching very extreme pressures (I/icks
etal., 2018).
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The rocky mantle is composed of magnesium silicates.
However, these exhibit large variability in composition
with variable Mg to Si ratio and the potential inclusion of
other elements. To keep the problem tractable, we fix
the composition to be equal parts Mg and Si, based on
galactic elemental abundance (Kobayashi et al., 2020). The
presence of other ions, for example, Al or Fe (McDonough
and Sun, 1995), is neglected. Layer mixing, such as might
arise from water-rock miscibility (Dorn and Lichtenberg,
2021; Luo et al., 2024a; Kovacevi¢ et al., 2022), is also
omitted. The phases adopted by this stoichiometry and
their equations of state are outlined in Table 1.

Finally, we approximate the ice layer to have a density
corresponding to pure water. In fact, planetary ices
will also contain ammonia (Naden Robinson et al., 2017),
methane (Loveday et al., 2001) and other small molecules
(Marboeuf et al., 2008), and ions (Klotz et al., 2009). The
structures and density of these complex systems are not
wellunderstood, and the composition likely varies between
planets. Therefore, the equation of state of pure waterice is
used, though it should be noted that the inclusion of other
materials (Kadobayashi et al., 2020; Mondal et al., 2023),
and high temperature (Haldemann et al., 2020; Lai et al.,
2023) will generally reduce the density, so this represents an
upper bound on the ice density. Details are given in Table 1.
To fully explore the problem space, ice thicknesses of 10%
to 90% of the planetary radii are considered, corresponding
to the definition of ‘Hycean worlds’ (Madhusudhan et al.,
2021). The upper range of this is likely more water-rich than
exists for the smaller planets considered here (Zeng et al.,
2019; Rigby and Madhusudhan, 2024), but is included for
completeness.

Our equations of state are based on laboratory measure-
ments and use different functional forms according to the
source literature. These are the Vinet equation of state,
Equation 2; the 3rd order Birch Murnaghan equation of
state, Equation 3; and the Murnaghan equation of state,
Equation 4.

rn(3)” k—«o)”‘“’l
con{3m-ni- (=)L e
-]

o[G0

S ON]

where P is pressure, p is density, pg is the zero-pressure
density, By is the zero-pressure bulk modulus, and B}, is the
pressure derivative of the bulk modulus.

The equation of state for the material and phase of
interest allows the pressure to be calculated as a function
of the density. This can be self-consistently solved with the
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hydrostatic equilibrium equation, Equation 1, to generate
a planet in hydrostatic equilibrium and with the correct
material density-pressure relations. The self-consistent
solution algorithm is shown graphically in Figure 2.

The planet is divided into 1000 shells of equal thickness.
A material is assigned to each shell such that the iron core
occupies the center, surrounded by the rocky mantle, and
finally the ice layer. Initially, the density is set to the zero-
pressure density for each material, and the pressure as a
function of radius, P(r), is calculated using the hydrostatic
equilibrium equation. The resultant P(r) is then used to
calculate a new density profile, p(r) using the equation of
state for each layer selected according to layer material and
pressure. This is compared to the previous p(r); if they
are within a threshold, set to 10 kg/m?3, the solution is self-
consistent and accepted. If they differ, then the new p(r)
serves as a new best guess to calculate the next iteration of
P(r) and the cycle continues.

Initial

Pguess

Adams
Williamson

Pn(pn—l)

Equation of
State

pn(Py)

Yes

Self Consistent

Solution

FIGURE 2 - A diagram illustrating the self-consistent solution
algorithm used. The initial guess is the zero-pressure density for
each material. The hydrostatic equilibrium equation generates
the pressure, P(r), within the planet from this density. This P(r)
is then used to construct an updated density profile using the
material equations of state. The loop continues until the density
is unchanged within a threshold of 10 kg/m® at which a self-
consistent density profile has been generated.

For diamond precipitation to occur from hydrocarbonsin
the high pressure ices, the pressure in the ice layer must
exceed 10 GPa, the formation pressure for diamond from
hydrocarbons (Benedetti et al., 1999; Kadobayashi et al.,
2021; Hirai et al., 2009). Thus, the planet must be massive
enough to generate this pressure and possess sufficiently
thick ice layers to reach this pressure within the ices.

Diamond formation also requires temperatures above
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Material Pressure Range (GPa)  po(kg/m®) By (GPa) B Form Ref.

Ice lh 0to 1.0 930 9.85 6.6 Murnaghan  Strdssle et al. (2005)
Ice VI 1.0to2.1 1271 14.05 4 BM3 Bezacier et al. (2014)
Ice VI >2.1 1456 14.9 5.4 BM3 Wolanin et al. (1997)
Forsterite Oto 14 3221 125 4 BM3 Downs et al. (1996)
Wadsleyite 14to 18 3491 160 4 BM3 Hazen et al. (1990)
Ringwoodite 18to 24 3548 182 4.2 BM3 Meng et al. (1994)
Quartz 0to2.5 2648 37.4 6.2 BM3 Wang et al. (2015)
Coesite 25t08 2921 96 8.4 BM3 Levien and Prewitt (1981)
Stishovite 8to24 4290 309.9 459 BM3 Andrault et al. (2003)
Bridgmanite 24t0 120 4101 256 4 BM3 Fiquet et al. (1998)
Post-perovskite  >120 4058 221 42  Vinet Lin et al. (2014)
Fe93Si7 All 7678 136.2 5.97 Vinet Wicks et al. (2018)

TABLE 1 - Equations of state used by material and pressure. The ice layer comprises ice phases (ice Ih, ice VI or ice VII) depending on
pressure. The rock layer is an equimolar mixture of Mg,SiO, (forsterite, wadsleyite or ringwoodite) and SiO, (quartz, coesite or stishovite)
below 24 GPa and MgSiO; (bridgmanite or post-perovskite) above 24 GPa. The core consists of Fe93Si7. Form refers to the equation of state

used, BM3 stands for 3rd order Birch Murnaghan.

2000 K (Benedetti et al., 1999; Kadobayashi et al., 2021; Hirai
et al.,,2009). The above treatment neglects temperature, as
thisis poorly constrained and pressure and composition are
the dominant controls on mass-radius relations (Unterborn
and Panero, 2019). Whether a planetary interior will
reach the required conditions depends on details of its
accretion, evolution, proximity to the host star, and on
less well understood effects such as potential runaway
greenhouse effects arising from atmospheric water vapor
(Pierrehumbert, 2023; Boukrouche et al., 2021). The roles of
these effects are discussed later.

Adiabatic temperature profiles were constructed using
the pressure-radius curves calculated as described above
and the AQUA equation of state (Haldemann et al., 2020)
for the adiabat. These neglect possible thermal boundary
layers (Deschamps, 2021) and, thus, are lower bounds on
the temperature of mature planets after accretionary heat
has dissipated. Temperature of the ices was numerically
integrated with the planet surface set to temperatures
between 100 K and 350 K. The adiabat for the deeper rock
and core layers was not considered.

3 Results and Discussion
3.1 Pressure Within the Ices

Figure 3 shows the result of a Monte Carlo simulation of
20000 model planets. These were constructed with radii
between 0.5 and 1.5 Earth radii, focusing on the critical
size above which diamond precipitation occurs. These
comprise an upper ice layer randomly sampled between
10% and 90% of the total planetary radius with a rocky
mantle and iron-rich core of equal thicknesses deeper in the
planet. The pressure in the ices can exceed that required
for diamond formation in planets larger than ~0.75 Earth
radii, though planets with thinner ice, corresponding to
those with higher density, must be larger to reach sufficient
compression within the ices. Selected planets and known
exoplanets are shown in Figure 3 for comparison.

The most massive planets for a given radius, corre-
sponding to those with the highest density, do not exhibit
diamond precipitation conditions within their ices. These
planets possess only thin surface ices, which are not
sufficiently thick to generate the required 10 GPa under their
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FIGURE 3 - Monte Carlo sampling of 20000 planets with radii
from 0.5 to 1.5 REareh, ice thickness from 0.1 to 0.9 of the total
radius and equal thicknesses of core and rocky mantle. Those in
which the pressure exceeds 10 GPa in the ice layer are colored red
and meet the pressure requirement for diamond precipitation in
the ices, those not meeting this criteria are blue. Select planets
and exoplanets are shown by larger points. Planets larger than
~ 0.75Rgqrtn May exhibit diamond precipitation, depending on
the thickness of the ice layer. Denser planets require a greater size
to generate sufficient pressure within their thin ice layers. Lines
show the mass-radius curves for 100% water, 50% water above
an Earth-like interior and Earth-like rocky planets from Zeng et al.
(2019)

own weight. Similarly, in planets near 0.75 Earth radii, close
to the smallest size that can exhibit diamond precipitation,
the thickness of the ice is critical in dictating whether
diamond precipitation pressure is reached. Figure 4 shows
the maximal pressure as a function of ice thickness and
planetary radius. There is a peak in maximal pressure in the
ices where its thickness is ~50% of the planetary radius. For
thinner ice layers, the weight of the ice above is insufficient
to generate as much pressure. Counterintuitively, ice
thickness above 50% also results in a lower pressure at the
bottom of the ice layer. This is due to the reduction in the
mass of the core region, which reduces the force of gravity
on the ice layer. This competition between the weight of
the ice layer exerted from above, and the reduction in the
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force of gravity acting on the ice layer in the less massive
planet results in a larger radius being required for diamond
formation in planets with extremely high water contents,
compared to those with ice thickness of around 50%.

20.0
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0.7 15.0 _
©
a
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FIGURE 4 - Maximal pressure in the ice layer as a function of ice
thickness and planetary radii (equal thicknesses of the core and
rocky mantle). The pale blue contour line represents 10 GPa. The
gray region indicates pressure greater than 20 GPa.

Figure 5 shows the effect of core to rocky mantle ratio
and overall planetary size on the maximal pressure in the
ices. For a given planetary radius and ice thickness, a
larger core corresponds to greater overall mass and, thus,
stronger gravity to compress the ices, which results in
higher pressure in the ice layer. Likewise, the stronger
gravity of larger planets rapidly increases the reached
pressures.
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FIGURE 5 — The effect of planetary size and ice portion on the
depth at which the ices reach diamond precipitation pressures.
Core size is fixed to half of the planetary radius. Line termination
at smaller planet sizes indicates the ices do not reach diamond
precipitation pressure.

3.2 Discussion of Temperature

Diamond precipitation from hydrocarbons in the ice layers
requires both pressures exceeding 10 GPa, as discussed
above, and temperatures above 2000 K (Benedetti et al.,
1999; Kadobayashi et al., 2021; Hirai et al., 2009). Lower
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temperature can induce chemical reactions forming more
complex hydrocarbons, but will not produce diamond (Hirai
et al., 2009; Kolesnikov et al., 2009; Lobanov et al., 2013).
The internal temperature will depend on the formation
process of the planet, as well as the active mechanisms
for heat production and dissipation. Heat dissipation
predominantly occurs through radiative, conductive and
convective heat transfer. Heat production can occur by
various means, such as the decay of radioactive isotopes;
tidal heating (Scharf, 2006); and gravitational heating, for
example, from subduction of denser diamond formed in the
ices (Kraus et al., 2017). Heat is also delivered to the planet
radiatively, depending on the temperature and proximity of
the host star, and by meteor impacts.

The internal temperature profile of exoplanets is a com-
plex topic with substantial ongoing efforts to enable its
prediction. It depends on the age, size, composition, and in-
ternal dynamics of the planet, as well as its proximity to the
host star (Otegi et al., 2020; Spiegel et al., 2014; Van Hoolst
et al., 2019). As such, a rigorous treatment covering all
possible icy exoplanets is not practical. However, some
general features can be discussed by considering specific
times after planetary formation. First, we consider the
simple case of a fully adiabatic ice layer shown Figure 6.

Figure 6 shows that adiabatic ice layers will not reach
sufficient temperature for diamond formation at sizes up to
3 Earth radii. The surface temperature has a strong effect on
the internal temperatures of the ices, with warmer surfaces
resulting in substantially hotter interiors. Similarly, larger
planets for a given surface temperature and composition
will have higher temperatures at the base of the ice layer,
where both the highest pressure and temperature occur in
the ices and so is most conducive to diamond formation.
Finally, the thickness of the ice layer has a weaker effect
on the temperature at its base. However, layers thinner
than 30% of the planetary radius reach lower temperatures
due to lower pressure. Conversely, ice thickness over ~30%
of the planetary radius also results in a lower maximal
temperature. This is due to the reduced overall mass of
the planet resulting in weaker gravity and lower pressure
gradients within the ices, as well as lower maximal pressure
at the base of the ice layer, Figure 4.

An adiabatic interior makes temperature the limiting
factor for diamond formation. However, there are specific
times in planetary development where temperatures are
much higher. Next, we consider a time shortly after
planetary accretion and the differentiation of the core,
rocky mantle, and ices, and then effects which can occur
later in its lifetime, such as continued radioactive heating,
tidal heating, and greenhouse effects.

High temperatures, and hence diamond formation, are
expected shortly after the planet forms and has undergone
differentiation, forming the core, rock, and ice layers.
Young planets are hot from residual energy from planetary
accretion, for example, it is believed that the Earth was
fully molten after its formation (Elkins-Tanton, 2012). The
degree of heating is a complex subject and depends on the
model used and the nature of the accretion, the velocity
and mass distributions of the accreting material, details
of the impact events, and on thermal transport within the
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FIGURE 6 — Adiabatic temperature profiles in the ice layer. a: A 2 Earth radius planet consisting of an ice layer thickness 1 Earth radius
and equal depths of rock and core material below with various surface temperatures, as indicated. Hotter surfaces result in higher internal
temperatures. b: The maximum temperature in the ice layer, corresponding to its base, of planets with half their radii of ice thickness and
equal depths of rock and core below for various surface temperatures. Larger planets have hotter ices. ¢: Temperature profiles for 1.5 Earth
radius planets with ice thicknesses of the marked portion of the total radius and equal depths of rock and core. Note the maxima in the ice

temperature occurs for planets with ice layers around 30% of the planetary radius.

planetary embryo. Such models suggest that Earth and
Mars-sized planets will easily reach 2000 K in their upper
mantles (Horedt, 1980; Elkins-Tanton, 2012; Schubert and
Spohn, 1990). The critical mass and radii for icy planets
to achieve sufficient pressure for diamond precipitation
in their ices are in this size range (Figure 3). Therefore,
it is likely that icy planets meeting the pressure criteria
for diamond formation are also hot enough shortly after
accretion for it to occur.

The separation of planetary embryos into layers via
differentiation and accretion occurs concurrently, and
young planets are subject to the greatest heating from
impact events, which are more frequent early in a planet’s
existence. Larger impact events contribute more energy
to a planet as the heat is deposited deep within them,
preferentially heating the upper layers (Ransford, 1982).
Smaller impacts deposit their energy at the surface, where
it can be quickly radiated into space. Thus, a late heavy
bombardment (Bottke and Norman, 2017) could lead to
substantial heating of the ices. This is concurrent with the
period of strongest radioactive heating early in a planet’s
lifespan (Hanks and Anderson, 1969). Substantial diamond
formation and subsequent sequestration of the carbon
deeper within the planet are therefore expected early in
planetary development.

Carbon is also delivered to planets after formation, for
example, in the form of carbonaceous chondrites (Pearson
etal.,2006). It has been proposed that a substantial portion
of the Earth’s carbon budget was received as a late veneer
after the bulk of planetary formation and bombardment
was complete (Wang and Becker, 2013). The thermal
evolution of icy planetary interiors is not fully understood
and its treatment is beyond the scope of this paper, how-
ever, if the ice layer is adiabatic, which likely corresponds
to a lower bound for the temperature of the ices, they
could host this carbon as organic molecules if temperature
is insufficient for diamond formation (Figure 6), though
this may lead to the conversion of methane to complex
molecules (Kolesnikov et al., 2009). Alternatively, processes
such as tidal heating (Scharf, 2006) or radioactive heating
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can lead to high interior temperatures persisting at later
times (Bhatia and Sahijpal, 2017). These processes may
provide sufficient heating to sustain diamond formation
over long timescales.

Thermal boundary layers in the planets could also lead
to superadiabatic temperatures. The relevant thermal
boundary layers would likely be either between a hot rocky
mantle and the ices or a stagnant ice cap at the surface
(Deschamps, 2021). The latter would act to trap heat
within the planet, thus, raising the interior temperature.
The former would occur if the chemical transition between
rock and ice layers is discontinuous, however, the highest
pressure ices, and thus those most likely to be able to
precipitate diamond, occur at the bottom of the ice layer
where it meets the rocky mantle. A hot, rocky mantle region
would locally heat this ice and drive diamond precipitation
near the interface.

Extreme temperatures can also result from a runaway
greenhouse effect as the retention of a large portion of
the stellar irradiance leads to high surface temperatures,
which would slow cooling from internal heat sources. In
this process, the watervapor-rich atmosphere retains stellar
radiation, resulting in increased surface temperature and
increased evaporation of the surface water, which in turn
increases the temperature, leading to potentially extreme
heating later in a planet’s development (Pierrehumbert,
2023; Boukrouche et al., 2021).

4 Effects onlcy Planets

Our results suggest that diamond precipitation is
widespread in the ices of planets with high water content
and radii greater than ~0.75 times that of Earth where
temperature is sufficient. Sinking of the denser diamond
will lead to carbon depletion in the surface ices altering
their chemistry. Material transport is expected within the
ices and over time will bring an increasing portion of the
carbon bearing ice to pressures where diamond formation
can occur, resulting in the bulk depletion of carbon in the
ice layer. Interior models of Uranus and Neptune, both
larger than the planets considered here, generally assume
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convection in the ices (Scheibe et al., 2019). Deeper within
Uranus and Neptune large-scale convection of conductive
ice has been proposed as an origin for their complex
magnetic fields (Stanley and Bloxham, 2006). In smaller
bodies, cryovolcanism is widespread on the icy moons
of our solar system (Fagents et al., 2022). This process
ejects liquid water-rich material from the moon’s interior,
depositing it on the surface, burying that material, and over
time transporting it deeper into the body. In either case,
the viscosity of solid ice and liquid water is low for planets
with sizes and temperatures investigated here, enabling
convection within these layers over a wide range of thermal
regimes (Matusalem et al., 2022; Abramson, 2007; Frost and
Glenzer,2020; Durham and Stern, 2001).

Diamond formation resultsin the sequestration of carbon
deeper within the planet and, where this depletes the
surface carbon, the planet will be less favorable to carbon-
based life. The astrobiological potential of both surface
(Kite and Ford, 2018) and sub-surface (Lipps et al., 2004)
liquid water ‘oceans’ have been discussed. Liquid water is
slightly denser than the ice Ih surface modeled here, but will
converttoice Vl at 1 GPa, so the effect of such liquid oceans
on the internal pressure of the planet would be small.
Figure 3 shows the radius-mass relations for planets which
do, and more importantly for astrobiology, do not, meet the
conditions for diamond precipitation. Planets that cannot
form diamonds in their icy mantles can be divided into
two classes: those that are too small to generate enough
pressure in the ices to allow for diamond formation, and
those with low water content such that the thickness of the
ice layer is insufficient to experience high pressures.

The first class of smaller planets and moons cannot have
the surface carbon sequestered by diamond formation in
their deep ices, meaning it will remain available in the sur-
face ice. This is a factor which might favor astrobiology on
icy bodies smaller than ~0.75 Earth radii. Small exoplanets
are harder to detect, so it is uncertain how frequent these
are beyond our solar system, as most fall below current
detection limits. Locally, these are analogous to various
icy moons, many of which are known to harbor complex
carbon chemistry (Horst, 2017; Waite Jr et al., 2006) and
the astrobiological potentials of which have been discussed
at length (Lipps et al., 2004; Davila and Eigenbrode, 2024;
Jebbar et al., 2020; Cockell et al., 2024).

The second class corresponds to denser planets with
compositions like that of a rocky planet with a thin surface
water layer. Detection of these is likely to require spectro-
scopic techniques as the mean density change duetotheice
can be small if the layer is thin and a similar density could
be achieved via different compositions of the core and rocky
mantle. Such data are currently sparse but results are to
be expected in coming years (Holmberg and Madhusudhan,
2022; Edwards et al., 2019). Unlike smaller icy bodies,
there are no local planets fitting this category, however, the
stronger volcanism expected in larger planets may enhance
the impurity levels in the ices (Luo et al., 2024b) and the
lack of diamond precipitation in the ices means carbon can
remain accessible to surface life.

In conclusion, we have modeled icy planets comprising
an iron-silicon core, magnesium silicate lower mantle and
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icy upper mantle by self-consistently solving the hydrostatic
equilibrium equation, which relates the density profile to
the internal pressure due to gravity in a body in hydrostatic
equilibrium, and the material equations of state of the
layers. The results indicate that icy planets larger than
~0.75 Earth radii will exceed 10 GPa in the ice layer and thus
can host diamond precipitation from carbon-containing
molecules held within the ices. Planets massive enough
to generate the required 10 GPa in the ices are expected
to reach the 2000 K required for diamond formation from
hydrocarbons shortly after accretion. This suggests that
icy planets above ~0.75 Earth radii will have carbon-
depleted ices as the diamond precipitation and subsequent
subduction entraps the carbon deep within the planet.
Carbon depletion of the surface ices has astrobiological
implications, with reduced favourability for carbon-based
life on an exoplanet.
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