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ABSTRACT

Past studies have revealed the dependency of disc parameters (e.g. disc mass, radius, viscosity, grain fragmentation velocity, dust-to-
gas ratio) on the formation of giant planets, where more massive discs seem beneficial to the formation of giant planets. However, it
is unclear how different disc properties influence the composition of forming giant planets. In particular, the idea that atmospheric
abundances can directly trace the formation location of planets is put into question by the fact that the chemical evolution of a disc
can be caused by inward drifting, evaporating pebbles and chemical reactions. This notion complicates the idea of a simple relation
between atmospheric abundances and planet formation locations. Here, we use planet formation simulations that include the effects
of pebble drift and evaporation, and we investigate how different disc parameters influence the atmospheric composition of growing
giant planets. We focus on the atmospheric C/O, C/H, O/H, and S/H ratios, which allow us to probe tracers of volatiles and refractories
and thus, different accretion pathways of giant planets. We find that most of the disc parameters only have a limited influence on the
atmospheric abundances of gas giants, except for the dust-to-gas ratio, where a larger dust-to-gas ratio results in higher atmospheric
abundances. However, the atmospheric abundances are determined by the planetary formation location, even in the pebble drift and
evaporation scenario. Our study suggests that volatile-rich giant exoplanets predominantly form in the inner disc regions, where they
can accrete large fractions of vapour-enhanced gas. Our study shows that simulations that try to trace the origin of giant planets via
their atmospheric abundances do not have to probe all disc parameters as long as the disc parameters allow for the formation of giant
planets (e.g. a sufficiently high disc mass). Consequently, our study suggests that the diversity of observed planetary compositions is a
direct consequence of their formation location and migration history.
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1. Introduction

The recent advances in exoplanet detection have revolutionised
our understanding of planetary systems, unveiling a remarkable
diversity of planets that challenges and enriches existing mod-
els of planet formation. Over the past decades, the number of
exoplanets has grown exponentially, reaching over 5000 as of
2023 (NASA Exoplanet Archive 2023). These discoveries have
revealed a wide range of planetary masses, sizes, and orbital
configurations, including hot Jupiters and super-Earths. How-
ever, the origin of these different types of planets remains under
debate (Beaugé & Nesvorný 2012; Izidoro et al. 2021; Turrini
et al. 2021; Emsenhuber et al. 2021; Bitsch et al. 2022).

Apart from planetary masses and their radii, the atmospheric
composition is thought to give clues about the formation history
of a planet. The assumption that a disc’s chemical composition
does not change in time originated in the work by Öberg et al.
(2011), who described an increase of the C/O ratio in the proto-
planetary disc with increasing orbital distance – or decreasing
temperature – due to the freeze out of water, CO2, CH4, and
finally CO. Under this assumption, many authors have tried to
derive the formation location of planets (e.g. Madhusudhan et al.
2017; Pacetti et al. 2022). However, their results have shown the
C/O ratio alone might not be enough to constrain the multi-
dimensional parameter space that planet formation simulations

⋆ Corresponding author: daanielagf.04@gmail.com

have to cover (e.g. Turrini et al. 2021). Alternative constraints
for planet formation simulations include atmospheric sulphur
ratios (e.g. Turrini et al. 2021; Crossfield 2023), which probe
a mostly refractory component rather than carbon and oxygen,
which are mostly volatile (see also Schneider & Bitsch 2021b).
Furthermore, the bulk of the heavy element content of plan-
ets determined via models that fit planetary masses and radii
(Thorngren et al. 2016; Bloot et al. 2023) can be used to inform
planet formation models (Schneider & Bitsch 2021a).

As planets accrete material from their natal protoplanetary
discs, it is essential to comprehend the chemical evolution of
the disc in order to understand the composition of planets that
form within it. There are two main processes that influence
the chemical composition of the disc over time. First, the main
carriers of volatile ices – the pebbles – drift inwards faster than
the gas, and as they evaporate in the hot inner disc regions, they
can enrich the gas with volatile vapour, enhancing the disc’s
carbon and oxygen reservoirs to largely super-stellar values (e.g.
Booth et al. 2017; Schneider & Bitsch 2021a; Kalyaan et al.
2023; Houge et al. 2025; Pacetti et al. 2025) that can eventually
be accreted by the planets (Schneider & Bitsch 2021a; Bitsch
et al. 2022; Penzlin et al. 2024). Second, as the grains move
inwards, chemical reactions on the grain surfaces can alter
the gas phase chemistry (e.g. Eistrup et al. 2016). This effect
depends on the timescale differences between the drift and the
chemical reactions, where slower drifting grains allow for a
higher efficiency of the chemical reactions (Booth & Ilee 2019;
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Eistrup & Henning 2022). This directly implies that chemical
reactions will become more important if grains are trapped at
pressure perturbations, allowing chemical reactions to alter the
disc’s composition by up to an order of magnitude (Pacetti et al.
2025). Both mechanisms can alter the disc chemical structure
and thus the composition of accreting giant planets, where dis-
tinguishing between these mechanisms based on the C/O ratio
alone is not possible (Mollière et al. 2022; Feinstein et al. 2025).

Planet formation in the core accretion scenario comes in
two flavours, where the core grows either via planetesimal (e.g.
Pollack et al. 1996) or pebble accretion (for a review see
Johansen & Lambrechts 2017). While both mechanisms can con-
tribute to the growth of planets in the inner regions of the disc
(e.g. Izidoro et al. 2021; Batygin & Morbidelli 2023; Ogihara
et al. 2024), planetesimal accretion has difficulties explaining
the growth of giant planets exterior to a few AU (e.g. Johansen
& Bitsch 2019; Emsenhuber et al. 2021), in contrast to pebble
accretion (e.g. Bitsch et al. 2015; Levison et al. 2015; Bitsch
& Izidoro 2023; Savvidou & Bitsch 2023). Both approaches of
giant planet formation can predict the chemical composition of
giant planets (Cridland et al. 2016; Madhusudhan et al. 2017;
Pekmezci et al. 2020; Bitsch et al. 2022; Pacetti et al. 2022;
Penzlin et al. 2024). While the different models agree that the
C/O ratio of planets should increase if their formation loca-
tion is further out in the disc, they show differences in the total
heavy element content of giant planets as well as in the refrac-
tory to volatile ratio in the atmosphere (Danti et al. 2023). In
particular, planets forming in discs dominated by pebbles and
thus enriched by inward drifting and evaporating pebbles show
a large oxygen and carbon abundance combined with an over-
all large heavy element content, while planets forming in discs
dominated by planetesimals show a lower total heavy element
enrichment. On the other hand, planets with low heavy element
content formed in the planetesimal-dominated scenario should
harbour a lower volatile-to-refractory ratio compared to planets
with a similar total heavy element content formed in pebble-
dominated scenarios. The refractory-to-volatile content could
thus open a pathway to distinguishing between the different
formation scenarios (Danti et al. 2023). Feinstein et al. (2025)
gives an overview of the different assumptions related to pro-
toplanetary discs and planet formation and how to relate those
assumptions to exoplanetary atmospheres.

Here, we investigate how the initial disc radius, initial disc
mass, α-viscosity, starting time of embryo, dust fragmenta-
tion velocity, dust-to-gas ratio, and distance from the host star
influence the chemical composition of growing giant planets.
Savvidou & Bitsch (2023) found that a high disc mass and an
early formation were the most favourable conditions to form
giant planets. This is caused by the fact that more massive discs
that harbour higher dust masses allow for faster formation of
giant planets, while planets that form too late in the disc can-
not grow efficiently because the majority of the planet-forming
pebbles have already drifted towards the central star. Higher vis-
cosities lead to larger gas accretion rates as well as faster type-II
migration, influencing the final mass of the giant and its final
position. On the other hand, the fragmentation velocities of the
dust grains – which set the pebble sizes and thus their radial drift
velocities – seem to only have a small influence on the growth of
the planets (Savvidou & Bitsch 2023). The initial birth location
of the embryo also influences the growth of the planet, as pebble
accretion becomes less efficient with increasing orbital distance.

We aim to explore how the C/O, C/S, and O/S ratios, along
with the overall heavy element content, are shaped by these

varying initial conditions and migration paths. By examining the
interplay between the chemical structure of the protoplanetary
disc and the dynamics of planet formation, we can gain a deeper
understanding of the processes that dictate the chemical diversity
of planetary systems. This knowledge is essential for interpreting
observations of exoplanets and their atmospheres (e.g. Welbanks
et al. 2019; Pelletier et al. 2021; August et al. 2023; Bardet et al.
2025; Evans-Soma et al. 2025) since it links the primordial con-
ditions of protoplanetary discs to the final compositions of the
planets that emerge from them.

To study how different disc parameters influence the growth
and composition of giant planets, we used the already existing
code chemcomp (Schneider & Bitsch 2021a), which contains
pebble drift and evaporation at ice lines as well as planet growth
via pebble accretion coupled with migration. Our aim is to under-
stand if the disc parameters that influence the growth of the giant
planets also influence the composition of these planets, or if
the composition is predominantly determined by the migration
pathway of the planets rather than by the disc properties.

Our work is structured as follows: We present our modelling
framework in Sect. 2. We then discuss our results with respect to
individual growth tracks in Sect. 3 before we discuss the general
trends with the full planetary sample in Sect. 4. We then discuss
the implications of our findings in Sect. 5.

2. Methods

We utilised the chemcomp code, a semi-analytical 1D model
designed for studying protoplanetary disc evolution and plan-
etary growth, as detailed in Schneider & Bitsch (2021a);
Schneider & Bitsch (2023). In the following, we outline the
basic components of the model without going into explicit
details, as these are described in Schneider & Bitsch (2021a).
In particular, we analyse the planet formation simulations
of Savvidou & Bitsch (2023) with respect to their chemical
composition, indicating that the parameters are exactly the same
as in Savvidou & Bitsch (2023) (see below). These simulations
have been conducted with the chemcomp code version that is
available on GitHub1.

2.1. Disc and dust model

The chemcomp code handles the evolution of protoplanetary
discs and how planets grow and migrate in them. The proto-
planetary disc evolution model is governed by classic viscous
evolution (Lynden-Bell & Pringle 1974), using the α-viscosity
framework (Shakura & Sunyaev 1973). The initial surface
density distribution originates from the analytical solution by
Lynden-Bell & Pringle (1974) and essentially scales with Σ ∝
r−1.08 (see Sect. 2.3 in Schneider & Bitsch 2021a). As the code
contains multiple chemical species (Sect. 2.3), the viscous evo-
lution equation is applied to each species separately following
the approach by Pavlyuchenkov & Dullemond (2007).

The growth of the dust grains follows the two-population
approach from Birnstiel et al. (2012). This method distinguishes
between monomer sizes and larger grain populations, with
growth limited by drift, fragmentation, and drift-induced frag-
mentation. The inward drift velocity is then calculated by a
weighted average of the velocities of the small and large grains.
We also assume that the vertical stirring is governed by the
vertical turbulence, which we set to αz = 10−4 (Pinilla et al.
2021).

1 https://github.com/AaronDavidSchneider/chemcomp
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The mid-planet temperature is calculated via an equilibrium
between viscous and stellar heating as well as radiative cooling.
For simplicity, we made the assumption that the disc’s temper-
ature does not evolve in time. We also note that the grain size
distribution influences the disc’s cooling rate, and this in turn
influences the disc properties that regulate the grain sizes in the
first place (see Savvidou et al. 2020). We do not include this
effect in detail as well, because we expect only a small impact
on the disc’s temperature, where changes are mostly arising from
changes in the viscous heating (determined by the disc’s vis-
cosity). The exact temperature calculation of our disc model is
described in Appendix B in Schneider & Bitsch (2021a).

As pebbles drift inward, they reach the hotter inner disc
regions and evaporate and release volatiles at their correspond-
ing ice lines, enhancing the disc’s volatile content (Booth et al.
2017; Schneider & Bitsch 2021a; Kalyaan et al. 2023). The
enhancement of the disc’s volatile content is driven by the veloc-
ity differences between inward drifting grains and the viscous
gas transport. As the grains drift inwards orders of magnitude
faster than the gas (e.g. Weidenschilling 1977; Brauer et al.
2008), the disc can get enhanced by orders of magnitude in
volatiles, during the initial stages of the disc evolution when peb-
ble drift is still efficient (Booth et al. 2017; Schneider & Bitsch
2021a; Kalyaan et al. 2023). This means that the enhancement
is directly regulated by the disc’s viscosity and the grain sizes –
set by their assumed fragmentation velocity; see Bitsch & Mah
(2023).

In our model, we do not include the chemical evolution of
gas and dust grains, because the timescales for chemical reac-
tions on the surface of dust grains are longer than their inward
drift (Booth & Ilee 2019; Eistrup & Henning 2022). If grains are
stopped at pressure perturbations, they might remain in the disc
for a long enough time for grain surface chemistry reactions to
change the chemical composition of the disc by up to an order
of magnitude (Pacetti et al. 2025). The ALMA MAPS survey
(Öberg et al. 2021), on the other hand, could not find a clear
correlation between dust rings and changes in the disc chem-
istry. However, it is clear that including chemical reactions in
planet formation simulations is one of the next necessary steps
to understand the puzzle of planet formation (e.g. Mollière et al.
2022; Pacetti et al. 2025).

Our model also includes the re-condensation of vapour. The
vapour generated by inward drifting and evaporating pebbles can
also diffuse outwards and re-condense to form new pebbles. This
will lead to an increase in the solid surface density at the corre-
sponding evaporation fronts, which is proportional to the amount
of material that evaporated in the first place (see Sect. 2.3). The
source terms for evaporation and condensation of species are
integrated into the model to ensure that no more than 90% of the
local surface density is evaporated or condensed in a single time
step, maintaining mass conservation throughout the simulation.

The disc dissipation was modelled by a simple exponential
decay of the surface density after 3 Myr at all orbital distances
simultaneously. We used a decay timescale of 10 kyr, so the
disc’s gas is emptied within a short time frame at 3 Myr (see
Sect. 2.4 in Schneider & Bitsch (2021a) for more details). While
internal and external photoevaporation will erode the disc away
in a different pattern regarding orbital distance, its influence on
the disc chemical composition up until photoevaporation is neg-
ligible (Lienert et al. 2024; Ndugu et al. 2024). This also applies
to the composition of growing planets in discs that are subject to
internal photoevaporation (Sheehan et al., in prep.), motivating
our simpler approach.

2.2. Planetary evolution

Planet formation begins with the insertion of planetary embryos
into the disc at the pebble transition mass at which pebble accre-
tion becomes efficient (Lambrechts & Johansen 2012), which
corresponds to 2 × 10−4 Earth masses at 1 AU to 10−1 Earth
masses at 50 AU due to the scaling of the pebble transition mass
with the disc’s aspect ratio. The pebble accretion rate is calcu-
lated following the recipe of Johansen & Lambrechts (2017). The
growth rate in itself depends not only on the mass of the planet,
but also on the available amount of pebbles (the pebble surface
density), leading to the fact that planetary embryos that form
late in the disc with efficient pebble drift (aka smooth discs) will
not grow efficiently and remain very small (Savvidou & Bitsch
2023), due to the massively depleted pebble mass.

As the planets grow larger, they will perturb the disc with
their gravitational interactions and open small gaps in the pro-
toplanetary disc. If the gap becomes large enough, the planet
will generate a pressure bump exterior to its orbit that halts the
inward flux of pebbles (e.g. Paardekooper & Mellema 2006). At
this stage, the growth of the planet stops, as it has reached the
so-called pebble isolation mass (Lambrechts et al. 2014; Bitsch
et al. 2018; Ataiee et al. 2018), which scales with (H/r)3. This
indicates that planetary cores in the outer disc region will need to
grow more massive than planets in the inner regions to reach the
pebble isolation mass (H/r ∝ r2/7). Once this mass is reached,
the planet can transition into gas accretion.

We made the initial assumption that 90% of the pebble accre-
tion rate contributes to the core growth, while 10% is attributed
to a primordial heavy element envelope. Once pebble isolation
mass is reached, gas accretion can commence, which is modelled
by the approach outlined in Ndugu et al. (2021). In particular, the
gas accretion rate is determined by the minimum of the rates pro-
vided by Ikoma et al. (2000) and Machida et al. (2010), along
with the gas available from the horseshoe region around the
planet (Ndugu et al. 2021). Once the planet has opened a deep
gap, its growth is limited to the disc’s accretion rate Ṁ ∝ νΣg,
meaning that planets formed in discs with higher viscosities
can grow to larger masses. The details of the growth model are
described in Sect. 2.6 of Schneider & Bitsch (2021a).

As the planet grows, it interacts gravitationally with the pro-
toplanetary disc and it starts to migrate (see for a recent review
Paardekooper et al. 2023). We modelled the type-I migration
rates of small planets via the approach of Paardekooper et al.
(2011), which includes the effects of the Lindblad and coro-
tation torques. In addition, we include a prescription for the
dynamical torques (Paardekooper 2014) as well as for the heating
torque (Benítez-Llambay et al. 2015; Jiménez & Masset 2017).
As the planet starts to accrete gas, it will open deep gaps in
the protoplanetary discs by gravitational effects (e.g. Crida &
Morbidelli 2007) and by accretion (Bergez-Casalou et al. 2020).
Once the gap is opened, the planet will start to migrate in the
type-II regime, where we follow the classic viscous torques (e.g.
Baruteau et al. 2014). Our migration prescription is described in
Sect. 2.5 of Schneider & Bitsch (2021a).

2.3. Chemistry model

We assumed that the initial chemical composition of the proto-
planetary disc closely resembles that of its host star (see also
Hühn & Bitsch 2023), and we utilised solar abundances [X/H]
from Asplund et al. (2009). The chemical partitioning model,
its molecules and solids, and their corresponding evaporation
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temperatures are shown in Table 2 in Schneider & Bitsch (2021a)
and include an extension to the simpler partitioning model of
Bitsch & Battistini (2020) by including more elements (V, Ti, K,
Na, Al, N).

The temperature of the disc decreases with orbital distance
from the central star (see Appendix B in Schneider & Bitsch
2021a), which in turn affects the chemical composition of both
gas and dust. When the disc temperature exceeds the condensa-
tion temperature of a given species, that species is only present in
gaseous form. Conversely, when the temperature falls below this
threshold, the species condenses into solid form. The transition
point, where the midplane temperature equals the condensa-
tion temperature, is referred to as the evaporation front for that
species (Schneider & Bitsch 2021a).

The outcome of our simulations is influenced by the exact
chemical partitioning model, which influences the enrichment
of volatiles in the disc and thus in planetary atmospheres
(see Schneider & Bitsch 2021a; Mah et al. 2023). In addi-
tion, the chemical composition could change the disc struc-
ture and thus influence the growth and migration of planets
(Bitsch & Johansen 2016). As we utilise here the simulations of
Savvidou & Bitsch (2023), where the standard chemical model
of Schneider & Bitsch (2021a) was used, we did not investigate
these points in detail. In this model, the carbon is distributed in
CO, CH4, and CO2, which all evaporate in the outer disc regions,
resulting in an increase of the C/O ratio with orbital distance.

The composition of the solid and gaseous material accreted
by the planet is directly set by the composition of the material
in the disc at the planet’s location. Thus, as the disc composition
changes (due to the inward drift of pebbles), the composition of
the material that the planet accretes also changes. In particular,
pebble drift and evaporation can increase the total heavy ele-
ment fraction in the gas phase in the inner disc regions (where
all volatiles have evaporated) to 20–30% of the total gas content
(e.g. Schneider & Bitsch 2021a; Bitsch & Mah 2023), giving rise
to very high heavy element contents of giant planets (see below).
Furthermore, the planet will accrete materials of different com-
position once it crosses different evaporation fronts, because
the chemical composition of solids and gas changes at these
evaporation fronts (e.g. Fig. 3 in Schneider & Bitsch 2021a).

2.4. Simulation parameters

In this section, we analyse the simulations of Savvidou & Bitsch
(2023), who studied how different disc environments influence
the growth of planets. In particular, Savvidou & Bitsch (2023)
investigated how the initial disc mass, the initial disc radius, the
α-viscosity, the starting time of the embryo, the grain fragmen-
tation velocity, the dust-to-gas ratio and the initial distance of
the embryo influenced their growth. The used parameters for the
individual growth tracks are listed in Table 1.

3. Individual growth tracks

We discuss in this section the individual growth tracks and how
the atmospheric composition of planets changes as they grow
and migrate through the disc. In particular, we investigate the
[C/H], [O/H], and [S/H] ratios (normalised to the star), which
give an overview of volatile and refractory accretion, consid-
ering that nearly all sulphur is in a refractory component that
only evaporates in the inner disc. In addition, we show the
[C/O], [C/S] and [O/S] ratios to illustrate the differences between
volatile and refractory accretions as well as the total heavy
element fraction of the planets.

Table 1. Disc and planet parameters used in the simulations.

Parameter Value Description

M0 (M⊙) 0.01, 0.04, 0.07, 0.1 Initial disc mass
R0 (AU) 50, 100, 150, 200 Initial disc radius
α 0.0001, 0.0005, 0.001 α-viscosity
t0 (Myr) 0.1, 0.5, 0.9, 1.3 Embryo starting time
u f rag (ms−1) 1, 4, 7, 10 Fragmentation velocity
fDG 0.015, 0.030 Dust-to-gas ratio
a (AU) 1–50 every 1 AU Initial orbital distance

Notes. In bold, standard parameters obtained as favourable for giant
planet formation from Savvidou & Bitsch (2023).

Savvidou & Bitsch (2023) varied the α-viscosity parameters,
the disc mass, the disc radius, the grain fragmentation velocity,
the starting time and position of the embryo and the dust-to-
gas ratio to study the growth of individual planets. Savvidou &
Bitsch (2023) found that some parameters (e.g. disc mass, α-
viscosity, starting time of the embryo) have a large influence on
whether a giant planet can grow, while other parameters only
have a little influence (e.g. grain fragmentation velocity) on the
growth of the planet. The presented growth tracks follow the
same parameters as in Savvidou & Bitsch (2023).

3.1. Fragmentation velocity

Figure 1 shows the impact of a lower fragmentation velocity
(ufrag = 1 m/s) on the formation of planets and their compo-
sition. Naively, a lower fragmentation velocity leads to smaller
grains that drift inwards more slowly (e.g. Brauer et al. 2008)
and would thus enrich the disc with fewer evaporated volatiles
(Bitsch & Mah 2023). Consequently, a lower enrichment of
planetary atmospheres could potentially be the consequence.

The smaller grains at lower fragmentation velocity result in
slightly lower accretion rates (the pebble accretion rate scales
with the Stokes number to the 2/3 power) with consequences for
the growth and migration history of the planet (top left in Fig. 1).
The slower growth rate results in a smaller contribution of the
heating torque for the inner planets (starting at 1 and 3 AU),
where the planets forming in the discs with a lower fragmen-
tation velocity consequently migrate inwards further (by ∼10%).
The gas accretion rates are not affected by the lower fragmen-
tation velocity, and thus planets starting at the same position
end up with identical masses and positions that differ by up
to ∼10%.

The elemental abundances [C/H], [O/H], and [S/H] show
initially (during the core build-up) very extreme values for all
planetary starting positions independently of the grain fragmen-
tation velocity (middle row in Fig. 1). This is caused by the fact
that the planet does not accrete hydrogen efficiently (only via
H2O, H2S, NH3, or CH4), but mostly solids containing C, O and
S. The planets accrete high fractions of O and S, as these ele-
ments are always available in solid forms (e.g. FeS or MgSiO3),
allowing the planet to accrete these materials during core build-
up. In contrast, carbon is only available in solid forms for disc
temperatures below 70 K, corresponding to the CO2 evapora-
tion front. The planets forming outside the CO2 evaporation front
thus accrete carbon (in the form of CO2) during the core build-
up (which is then mixed into the envelope; see methods), while
the planets forming interior to the CO2 evaporation front do not
accrete carbon and thus harbour initially a very low [C/H].
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Fig. 1. Evolution of planetary mass and the planetary heavy element mass fraction against position (top row) and [C/H], [O/H], [S/H], [C/O], [C/S],
and [O/S] ratios (middle and bottom rows) when using the standard parameters (in green) and changing to u f rag=1.0 m/s (in purple) with initial
positions of 1, 3, 10, and 30 AU. The dots mark time steps of 0.5 Myr after the embryos start growing (unless the planet has reached the inner
edge). The solid lines represent pebble accretion, while the dotted lines represent gas accretion, separated by a black dot.

Similar arguments can be made about the [O/H] ratio, which
is initially high for all planets but even larger for the planet form-
ing at 1 AU, as it forms interior to the water ice line and thus does
not accrete any hydrogen during the initial core build-up phase.
Consequently, these planets (starting at 1 AU) have extremely
high [O/H] ratios. The same applies to sulphur, where the outer
three planets can accrete H2S ice, while the innermost planets
do not accrete any hydrogen and consequently have a very high
[S/H] ratio.

As soon as the planets transition into gas accretion, the ele-
mental abundances [C/H], [O/H], [S/H] move closer to the stellar
ratios as the accretion of hydrogen commences and dilute the
heavy element-enriched atmosphere. At the end of the simula-
tions, these ratios are all similar (within 10–20%) for the planets
that become gas giants (starting at 3, 10, and 30 AU), while we
observed a larger difference in the elemental ratios for the plan-
ets starting at 1 AU. The planets forming at 1 AU remain small
without efficiently accreting a H/He atmosphere, and their com-
position is thus dominated by the core growth. The difference
in atmospheric abundances reduces to a greater degree for more
massive planets because the more massive planets are dominated

by gas accretion that is unaffected by the grain fragmentation
velocity. This trend is also reflected by the evolution of the heavy
element fraction of the planet (top-right panel in Fig. 1). While
the heavy element fraction is initially equal to ∼1 (by definition,
the planet initially only accretes heavy elements and a tiny frac-
tion of hydrogen hidden in, e.g. H2O, NH3, or CH4), it decreases
once the planet transitions into the gas accretion phase. As the
C/H, O/H, and S/H ratios of the planetary atmosphere, which
essentially constitute a high fraction of the overall heavy element
mass, are within 10–20%, the heavy element fractions agree to
the same level for the simulations with different fragmentation
velocities.

The elemental ratios [C/O], [C/S], [O/S] show a linked
behaviour (bottom row in Fig. 1). They remain close to unity
if the corresponding X/H ratios show the same behaviour, or
remain very low if one of the elements is not accreted during
the core build-up. After the build-up of the core and when gas
accretion starts, the ratios evolve to values closer to unity due to
the accretion of evaporated volatiles and hydrogen. The ratios of
[C/O], [C/S], [O/S] are very similar for the two different frag-
mentation velocities that were used, due to the similarity of the
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Fig. 2. Same as Fig. 1, but now the purple colour represent planets growing in discs with α = 10−3 rather than with α = 10−4 (green colour).

[C/H], [O/H] and [S/H]. We note that the [C/S] and [O/S] ratios
only increase once the planet transitions into the gas accretion
phase, as sulphur is mostly available in refractory form, while
oxygen and carbon are accreted mostly via the gas phase due to
the evaporation of the volatile carbon and oxygen carriers.

3.2. α-viscosity

The top-left panel of Fig. 2 shows that a larger viscosity allows
for faster inward migration and a more efficient planetary growth
during the gas accretion stage. The larger viscosity allows gap
opening only at a later stage, thus prolonging the type-I migra-
tion phase (this can be seen during the core accretion phase for
the outer planets forming at 10 and 30 AU) and at the same time,
the larger viscosity will result in a faster type-II migration phase,
as we model type-II migration as being proportional to the disc’s
viscosity. In addition, the final gas accretion rates are limited by
the disc’s accretion rate, which is higher for higher viscosities.
Consequently, the planets forming in the higher viscosity envi-
ronment migrate further and grow bigger (see also Schneider &
Bitsch 2021a; Savvidou & Bitsch 2023).

Consequently, the final abundance ratios ([C/H], [O/H], and
[S/H], middle row in Fig. 2) in the planetary atmospheres differ

for planets forming at the same initial position but in discs with
different viscosities. However, the initial abundance ratios dur-
ing the core build-up phase agree within 10–20%, because the
cores grow to similar core masses (the pebble isolation mass is
only weakly dependent on the viscosity) and the corresponding
planets remain between the same evaporation fronts. The evo-
lution of the compositions of the planetary atmospheres during
core build-up follows the previous trends (Fig. 1).

Once the planet has reached its pebble isolation mass, it will
start to accrete gas in a more efficient way. In our model, the
gas accretion rate is initially set by the amount of local mate-
rial within the planetary horseshoe region that is accreted, before
the gas accretion rate becomes dominated by the viscous inward
transport of material. A higher disc viscosity will thus allow for
faster growth of the planet compared to planets forming in low
viscosity environments during this accretion phase (see top left
in Fig. 2).

The atmospheric composition of the planet, on the other
hand, is determined by its location in the disc, because different
chemical species evaporate at different orbital distances. When
comparing the planet starting at 10 AU in a disc with α = 10−4

and a planet starting at 30 AU in a disc with α = 10−3, our
simulations show that these planets have the same atmospheric
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composition when compared at the same mass and same position
(around 8–9 AU). This is caused by the fact that these plan-
ets accrete gaseous material with the same composition due to
their formation between the same evaporation fronts. The planet
forming in the disc with high viscosity continues to grow and
migrate, and eventually crosses other evaporation fronts that
influence its composition by the accretion of other evaporated
volatiles. Consequently, planets forming in discs with higher vis-
cosities experience more changes in their chemical compositions
due to their large-scale inward migration compared to planets
forming in low viscosity environments. This suggests that migra-
tion across different evaporation fronts has a greater impact on
the composition of planetary atmospheres compared to environ-
ments with different viscosities. The composition of the planets
is thus determined mostly by the crossing of evaporation fronts
rather than by viscosity itself. This trend is also reflected by the
evolution of the heavy element fraction of the planet (top right
in Fig. 2), where planets migrating across the water ice line can
receive a boost in their heavy element content due to the efficient
accretion of water vapour (planets starting at 10 and 30 AU). The
[C/O], [C/S], and [O/S] ratios (bottom row in Fig. 2) reflect the
trend that planets forming in discs with higher viscosity have a
larger diversity in their abundance evolution as well.

3.3. Other parameters

The influence of other parameters, such as the initial disc mass,
the initial disc radius, the starting time of the embryo, and the
dust-to-gas ratio, is shown in Appendix A, and we summarise
its results here. While these parameters can strongly influence if
a giant planet can grow – for example, a late starting time will
prevent the formation of giant planets (Savvidou & Bitsch 2023)
– their impact on the composition is relatively small.

As shown in Savvidou & Bitsch (2023), a lower disc mass of
0.01 Solar masses does not allow for the growth of giant plan-
ets. These smaller planets feature atmospheric compositions that
differ by orders of magnitude compared to our standard case of
higher disc mass. This is caused by the fact that the atmosphere
of these small planets is dominated by the evaporation of incom-
ing solid pebbles rather than by the accretion of volatile-rich gas
(see Appendix A.1).

Delaying the starting time of the planetary embryos results in
a different accretion history, where planets forming at later stages
do not grow to become giant planets (Savvidou & Bitsch 2023),
since the majority of the pebbles have already drifted inwards,
resulting in a less efficient growth of the planet. We thus do
not discuss the growth tracks of embryos starting to grow at 1.3
Myr, but instead show the growth tracks of embryos starting to
grow at 0.9 Myr, where still a small fraction of giant planets
can form (see Appendix A.2). The corresponding atmospheric
abundances can thus differ by orders of magnitude due to the
different types of planets that are formed. Gas giants (above 100
Earth masses) are dominated by the accretion of vapour-enriched
gas and are the common outcome of the simulations with an
embryo starting time of 0.1 Myr. On the other hand, embryos
starting at 0.9 Myr remain below 50 Earth masses, and their
atmospheric abundances are dominated by the solid material that
was accreted during the formation of the planetary core.

A smaller disc radius does not change whether giant plan-
ets can form if they form early enough (Savvidou & Bitsch
2023). As a result, the corresponding atmospheric abundances
are the same as long as the planets stay within the same evap-
oration fronts and are compared at the same planetary mass
(Appendix A.3).

A factor of two higher dust-to-gas ratio can lead to a more
efficient planetary growth during core build-up (Savvidou &
Bitsch 2023; see Appendix A.4). The higher dust-to-gas ratio
results in an increased amount of pebbles that drift inwards,
evaporate and enrich the disc with vapour. Thus, planets form-
ing in these discs can accrete twice as many volatiles with the
gas compared to our standard simulations. However, the sulphur
abundances is not influenced significantly, because sulphur is
mostly accreted as solids during the build up of the core, where
the higher dust-to-gas ratio does not change the total amount of
solids that can be accreted (this is set by the pebble isolation
mass, which is unaffected by the dust-to-gas ratio), resulting in
a planetary sulphur abundance that is independent of the dust-
to-gas ratio. Therefore, the [C/S] and the [O/S] ratios differ by a
factor of approximately two. Consequently, the individual stellar
abundances are necessary as input to constrain the exact planet
formation pathway, because they set the dust-to-gas ratio and the
different elemental abundances, which in turn set the composi-
tion of the disc and thus of the planet (e.g. Turrini et al. 2021;
Feinstein et al. 2025).

Our individual simulations already show that while different
parameters can influence the growth of the giant planets, their
composition is mostly affected by their migration history as long
as planets are compared at the same planetary mass. This shows
that the migration history has a larger influence on the planetary
composition than the individual disc parameters. Consequently,
planet formation simulations that want to constrain the formation
history of planets do not need to probe all individual disc param-
eters in detail, but can rather focus on the migration history of the
planet, as long as the disc conditions allow an efficient formation
of the giant planets in the first place.

4. Full planetary sample

We now discuss the full planetary sample of Savvidou & Bitsch
(2023). By varying the individual disc (mass, radius, viscos-
ity, grain fragmentation velocity, dust-to-gas ratio) and planet
parameters (initial position and starting time), a large sample
is produced. We show in Fig. 3 the final planetary masses as a
function of the final orbital position, which we also subdivide by
viscosity and planetary mass in Appendix C. The different pan-
els show the planetary C/O, C/S, and O/S ratios as well as the
total heavy element mass of the planets. We first analyse the indi-
vidual compositions before discussing the total heavy element
content in more detail.

4.1. Planet population

The top-left panel of Fig. 3 shows the atmospheric C/O ratio
of the planets formed in our simulations as a function of their
final mass and final orbital position. The peculiar shape of the
diagram, where clear vertical lines are visible, is caused by
the sampling of individual starting positions of the planetary
embryos. Furthermore, a characteristic gap in planetary masses
is visible between 10 and 100 Earth masses. The lower edge of
this lack of planets increases with orbital distance and is caused
by the core accretion paradigm. The planets first grow to pebble
isolation mass (which increases with orbital distance) and then
transition into runaway accretion, where the planets accrete the
material in their horseshoe region efficiently and reach around
100 Earth masses. As this transition is very fast once the peb-
ble isolation mass is reached, we expect only a small number of
planets in this mass regime. This is also in agreement with other
planet formation simulations (e.g. Emsenhuber et al. 2021).
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Fig. 3. Final planetary mass against final distance from the host star. The colour codes depict the C/O (top left), C/S (top right), O/S (bottom left)
ratios, all normalised to the stellar value, as well as the total heavy element mass of the planets (bottom right).

Focusing on gas giants (planets above 100 Earth masses), the
planetary C/O ratio increases with orbital distance, indicating
that planets that formed further out in the disc have a larger car-
bon content. This is caused by two complementary effects: i) As
the carbon-rich volatiles evaporate in the outer disc region, plan-
ets growing there can accrete carbon vapour for essentially their
whole growth phase, and ii) Planets forming in the inner disc are
dominated in their composition by evaporated water ice, which
results in a low C/O ratio. The planets with final positions exte-
rior to 30 AU harbour a C/O ratio of 1, because the only volatile
that has evaporated at this distance is CO. Interior to 30 AU, the
C/O ratio reaches its maximum value, because the planets have
crossed interior to the CH4 evaporation front, which enhances
the carbon content of the planets. Moving further towards the star
reduces the C/O fraction further, as only species dominated by
oxygen evaporate. The here shown trend is similar to that in pre-
vious studies (e.g. Öberg et al. 2011; Madhusudhan et al. 2017;
Booth et al. 2017; Schneider & Bitsch 2021a; Penzlin et al. 2024,
where the pebble drift and evaporation scenario allows for more
extreme values compared to simpler models without pebble drift
and evaporation.

In the top right of Fig. 3, we show the C/S ratio, while the
bottom left shows the O/S ratio. These ratios reveal interesting
constraints about the formation history of planets, because sul-
phur is mostly in a refractory component (except 10%, which
is in the form of H2S). This means that most of the sulphur is
accreted during the formation of the planetary core rather than
with the volatiles at a later stage.

The C/S and O/S ratios reveal a similar pattern compared to
the C/O ratio, namely, these ratios are higher in the outer regions
of the disc. The C/S ratio has its maximal value exterior to 1
AU, which is roughly the location of the H2S evaporation front.
In the outer disc, sulphur is only accreted during the core build-
up phase, meaning it essentially remains constant during the gas
accretion phase. In contrast, carbon is accreted efficiently inte-
rior to the CO2 evaporation front, where CO2, CH4 and CO have
evaporated.

Similarly, the O/S ratio is highest exterior to the water ice line
due to the efficient accretion of CO2. While water also contains
oxygen, we actually observed a decrease of the O/S ratio interior
to the water ice line, which is caused by the evaporation of H2S
and takes place at the same disc temperature as water evaporation
in our model.

A combination of C/O, C/S, and O/S can reveal more infor-
mation about the birth locations of planets due to the different
accretion histories that are probed by O, C, and S. We discuss
the distributions in more detail below.

4.2. Heavy element content

The bottom-right panel of Fig. 3 shows the total heavy element
content of the planets formed in the simulations. The total heavy
element content is a combination of the heavy elements in the
atmosphere and in the core. While the heavy element content is
dominated by the core for lower mass planets, it is dominated
by the accretion of volatile-enriched vapour for giant planets
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Fig. 4. Violin plots of the C/O ratio (normalised to stellar value) of the planets above 100 Earth masses within our sample. The different panels
show the C/O ratio split by the different parameters that are varied in our simulations (initial orbital distance, disc mass, disc radius, fragmen-
tation velocity, α-viscosity, starting time, and dust-to-gas ratio). The green and purple vertical lines correspond to the median and mean of the
distributions.

(Schneider & Bitsch 2021a). As a consequence, the heavy ele-
ment content of giant planets is largest if they can accrete a high
fraction of their planetary envelope in the inner disc regions,
where all volatile species have evaporated (e.g. Bitsch & Mah
2023. Therefore, giant planets above ∼100 Earth masses forming
in the outer disc regions have, on average, a lower heavy element
content than planets of the same mass that formed in the inner
disc regions. Combining the trend of a decreasing total heavy
element mass with orbital distance with the increasing C/O ratio
with orbital distance (see above), implies that planets with a
super-stellar C/O ratio should be less enriched in heavy elements
than planets with a sub-stellar C/O ratio. This trend is as in our
previous simulations (Schneider & Bitsch 2021a) and caused by
the fact that the largest heavy element content is achieved in the
very inner disc regions, where water vapour is available, and thus
the C/O ratio is low (Fig. 3).

4.3. Atmospheric distributions

We show in Fig. 4 the C/O ratio of gas giants above 100 Earth
masses for our whole sample, split by the individual parameters
that are varied within our simulations (Table 1) while keeping
the other parameters fixed. We show this data via cut violin plots,
which depict the probability distributions of our sample.

In the top-left panel of Fig. 4, we show the planetary C/O
ratio of planets above 100 Earth masses as a function of the
initial positions of the planets. The C/O ratios for the different
orbital distance bins feature sub- and super-stellar ratios for all
orbital distance bins. However, planets forming further out fea-
ture a higher C/O ratio (see Fig. 3 and Fig. C.1), reflected by the
increase of the mean and median values of the distributions with
increasing planetary starting positions. This indicates that trac-
ing the formation location of planets via their C/O ratio is more
complicated by the inclusion of pebble drift and evaporation
compared to simple step functions of the C/O ratio (e.g. Öberg
et al. 2011). We discuss the C/H, O/H and S/H distributions of
our sample in Appendix B.

We note that the overall shape of the distribution is influ-
enced by our choice of the initial position of the planets. Planets
forming further out in the disc feature a larger C/O ratio com-
pared to planets forming in the inner region of the disc (see

Fig. 3). By choosing to simulate planets every 1 AU up to a dis-
tance of 50 AU from the central star, the distribution of the C/O
ratios features only a small number of planets at sub-stellar C/O
ratios, while the majority of the planets in our set of simulations
have super-stellar C/O ratios. For the purpose of constraining the
formation location of planets via their atmospheric abundances,
we are thus mostly interested in the range of the C/O ratios for
the various probed parameters rather than their absolute distribu-
tions. Our simulations suggest that the sample of planets forming
within the inner 2.5 AU has a mean/median C/O distribution that
is sub-stellar, indicating that planets with sub-stellar C/O ratios
originate from the inner disc regions, or at least migrated into
these regions.

The influence of the other parameters on the distributions
of the C/O ratios reveal that these parameters (disc mass, disc
radius, fragmentation velocity, α-viscosity, starting time and
dust-to-gas ratio; see Fig. 4) do not have such a significant impact
on the range of the planetary C/O ratios in contrast to the for-
mation location as the corresponding C/O ratios span the same
values. Consequently, planet formation simulations that aim to
extract the formation location of well-characterised giant plan-
ets do not need to probe the majority of these parameters in
detail, as long as the disc properties allow for the efficient for-
mation of giant planets (e.g. the disc mass should be larger than
∼4%, Savvidou & Bitsch 2023). In the case of the low disc mass
of Mdisc = 0.01 M⊙, giant planets only form in the inner disc
regions (top row in Fig. C.1) and thus feature a lower mean C/O
ratio compared to planets forming in more massive discs.

The larger dust-to-gas ratio shows a second small peak in
the distribution at C/O ratios of 5–6 (bottom right in Fig. 4),
in contrast to the lower dust-to-gas ratio. This is caused by the
ability of lower mass discs to form planets at larger distances at
high dust-to-gas ratio where the C/O ratio is larger, compared to
lower dust-to-gas ratios (see Savvidou & Bitsch 2023). The C/O
distributions of the other disc parameters show a similar small
peak at C/O≈ 5–6, caused by more efficient planet formation in
the outer disc regions where the planets can accrete more carbon
(Fig. 3). For example, the peak is only visible at early starting
times, because planet formation is hindered at large distances for
late starting times (Savvidou & Bitsch 2023). The bump is also
present for the discs with larger masses, but not lower masses, as
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well as for discs with larger radii compared to smaller radii (e.g.
if the disc only has a critical radius of 50 AU, planets have diffi-
culties forming at large distances, as the mass reservoir at large
distances is too small). The lowest grain fragmentation velocity
also does not show a peak, caused by the difficulty of forming
faraway planets with too small pebbles.

5. Discussion

5.1. Chemical model

Our chemical model is a simple partitioning model where the
different elemental abundances are distributed into solids given
by specific ratios (Schneider & Bitsch 2021a). Our model does
not include chemical evolution. However, previous simulations
showed that drift and evaporation should dominate over grain
surface reactions, indicating that the chemical evolution should
not dominate within our model (e.g. Booth & Ilee 2019; Eistrup
& Henning 2022). However, pebbles could be trapped by the
pressure bumps generated by the planet, so that chemical reac-
tions could change the molecular composition of the disc.
A lower grain fragmentation velocity might accelerate the chem-
ical reactions in this case, due to the larger surface area of
smaller grains (per mass). Pacetti et al. (2025) showed that the
effects of chemical reactions could change the abundances of
certain volatiles by up to an order of magnitude, if the grains
drift inefficiently (either by being small or trapped in a pressure
perturbation). Testing this is beyond the scope of this work.

Another simplicity of our chemical model is related to the
carbon distribution within the disc. In our model, we do not
include carbon grains and all our carbon is stored in CO, CH4
and CO2. In reality, there is probably a large refractory carbon
grain fraction (e.g. Lodders 2003; van ’t Hoff et al. 2020; Tabone
et al. 2023; Mah et al. 2023; Pacetti et al. 2025; Houge et al.
2025) and less methane compared to our standard assumptions.
However, these changes will influence the growth of the plan-
ets in the different situations in the same way; for example, core
growth might happen faster if the carbon is situated in carbon
grains compared to the very volatile methane. However, it will
not influence the interplay between growth and migration of the
planets. As long as the planets stay within the same evaporation
fronts, independently of the exact disc parameters, their compo-
sition will be similar. The overall C/O ratio of the planets might
change in a model that includes carbon grains compared to a
model that does not include carbon grains, but these changes are
independent of the exact disc parameters that are used.

5.2. Planetesimal formation and accretion

Planetesimals – kilometre-sized objects – form if a cloud of peb-
bles collapses under its own gravity (Youdin & Goodman 2005;
Johansen et al. 2007; Youdin & Johansen 2007). This process
can happen when the local dust-to-gas ratio is enhanced to about
a factor of ∼1 compared to the initial dust-to-gas ratio (typically
of the order of 1–2%). Different mechanisms for the formation
of planetesimals have been suggested (e.g. Drążkowska et al.
2023), which allow for the formation of planetesimals at differ-
ent orbital distances and various times in protoplanetary discs.
These planetesimals can then be accreted onto growing plan-
ets and change the planetary composition (e.g. Cridland et al.
2019; Turrini et al. 2021; Danti et al. 2023; Penzlin et al. 2024;
Polychroni et al. 2025).

Within the pebble drift and evaporation scenario, the pro-
cess of planetesimal formation and accretion was studied by

Danti et al. (2023). As planetesimals form from inward drift-
ing pebbles, the inner disc’s composition is less enhanced by
vapour if planetesimals form, as they lock away the inward drift-
ing and evaporating planets. Consequently, the overall enrich-
ment of planetary atmospheres via vapour accretion is less if
planetesimal formation is efficient (Danti et al. 2023).

Planetesimals will incorporate the compositions of the peb-
bles at the locations where they form. This directly means that
planets that accrete these planetesimals will accrete composi-
tions corresponding to the pebbles at that location. The pebbles’
composition, in turn, is set by their position relative to evapo-
ration fronts. As we have shown above, the composition of the
planets accreting pebbles is determined by their location relative
to evaporation fronts and not by, for example, the disc mass. This
should hold even if planetesimals are included (see also models
by Danti et al. 2023; Penzlin et al. 2024; Polychroni et al. 2025).
On the other hand, scattering events could deliver more material
to growing planetary atmospheres and thus change their compo-
sition by delivering refractory materials (e.g. Penzlin et al. 2024;
Polychroni et al. 2025); but the range of atmospheric abundances
in the case that planetesimals are included is smaller compared
to the pure pebble accretion scenario, which can result in O/H
and C/H ratios above ten times the stellar values (Danti et al.
2023).

5.3. Comparison to exoplanet observations

Our simulations show a significant trend of the atmospheric
C/O ratio with initial orbital distance of the planets (Fig. 4).
While relating the atmospheric composition of giant exoplanets
to their formation locations requires knowledge of detailed stel-
lar abundances for setting the initial chemical disc composition
that the planet accretes from, we can compare the results of our
simulations to general trends that have emerged from exoplanet
atmosphere observations.

Hoch et al. (2023) showed that the atmospheric C/O ratio of
transiting giant planets around solar-type stars can range from
0.2 to 2.0, normalised to the solar value by Asplund et al. (2009)
(as in our model), based on the homogeneously derived atmo-
spheric abundances of Changeat et al. (2022). These C/O ratios
are within the ranges of our simulations, and our simulations
predict that planets with super-stellar C/O ratios originate from
the outer disc (Fig. 3). These planets with larger C/O ratios can
either migrate into the inner disc if they form in high viscosity
environments (see Fig. C.1) or be delivered via scattering events
(e.g. Beaugé & Nesvorný 2012).

Bardet et al. (2025) re-analysed some of the spectra pre-
sented in Changeat et al. (2022) with a new model, revealing
a much larger atmospheric O/H ratio for some of the hot Jupiters
of the sample. They find several giant planets with atmospheric
O/H ratios a few times to even 100 times the stellar value, in
combination with C/O values below 0.5 stellar. Our simulations
reproduce this trend for planets forming in the inner few AU,
which predominantly have sub-stellar C/O ratios (Fig. 4) and
super-stellar O/H (Fig. B.1). Our model thus predicts that these
planets should have formed in the inner disc regions and prob-
ably migrated to their final position. In contrast, the observed
transiting hot Jupiter planets with sub-stellar O/H and C/O>0.5
(corresponding to C/O≈1 in our simulations that are normalised
to the solar abundances with C/Osolar = 0.55) would form in the
outer disc and then be scattered inwards. Other planet formation
models come to similar conclusions with respect to the forma-
tion location of these types of planets (e.g. Booth et al. 2017;
Turrini et al. 2021; Penzlin et al. 2024).
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Detailed observations of WASP-121b via the JWST revealed
a heavily enriched atmosphere with O, C, and Si and a C/O ratio
slightly below one (Evans-Soma et al. 2025) compared to its host
star. Again, our model would point to a formation in the inner
disc regions where planets can accrete more volatiles and also
some refractories with the gas (e.g. Schneider & Bitsch 2021b;
Danti et al. 2023), showing the broad consistency of our planet
formation model with exoplanet observations.

5.4. Implications for planet formation

Constraining the formation region of giant planets is one of
the top challenges in planet formation (Feinstein et al. 2025).
Traditionally, it was thought that the planetary C/O ratio could
help constrain the formation region of giant planets (Öberg
et al. 2011). However, the disc’s composition evolves in time via
inward drifting and evaporating pebbles (e.g. Booth et al. 2017;
Schneider & Bitsch 2021a) or also via chemical reactions (e.g.
Eistrup et al. 2016). In addition, simulations of planet formation
require initial assumptions of the formation environment (e.g.
disc mass, radius) as well as of specifics related to the planetary
growth (e.g. pebble or planetesimal accretion). Consequently, it
is very difficult to constrain the formation of planets, as the num-
ber of assumptions might outnumber the number of available
constraints. Our simulations show that a high disc mass in com-
bination with large disc sizes and early formation times result
in wide ranges of planetary C/O ratios (Fig. 4. As these condi-
tions are beneficial for giant planet formation (e.g. Savvidou &
Bitsch 2023), we expect from our model that giant planets should
show a large range of C/O ratios, in agreement with observations
(Changeat et al. 2022; Hoch et al. 2023; Bardet et al. 2025).

This wide range of planetary C/O ratios from within our sim-
ulations directly implies that some of the exact disc parameters
(e.g. disc mass, disc radius, fragmentation velocity, viscosity,
starting time) do not result in generally different outcomes, as
the whole range of the planetary C/O ratios is covered within
these parameters (Figs. 4 and B.1). Consequently, as long as
the disc conditions allow for the formation of giant planets,
one can constrain the formation location of giant planets with-
out probing these different disc parameters (e.g. disc mass, disc
radius, fragmentation velocity, viscosity, starting time) in detail.
Our simulations thus show a pathway that allows for reduc-
ing the parameter space that needs to be probed to constrain
the formation location of giant planets via their atmospheric
abundances.

However, to constrain the formation location of giant plan-
ets it is thus necessary to use the observed composition of the
planetary host star (e.g. Cridland et al. 2019; Turrini et al. 2021,
as this will not only set the exact metallicity that can be used as
input for the simulations, but will also influence the composition
of the available planet forming material (e.g. Bitsch & Battistini
2020). Furthermore, it is clear that one constraint (e.g. the C/O
ratio) is not enough to constrain a multi-parameter planet forma-
tion model (e.g. Feinstein et al. 2025). Already using the C/H and
O/H ratios in contrast to the C/O ratio allows us to constrain the
formation locations of planets more precisely (see Appendix B
and Bitsch et al. 2022; Danti et al. 2023). We note that our anal-
ysis of the C/H, O/H and S/H in planetary atmospheres reflects
the trends discussed in Danti et al. (2023), where planets formed
in the pebble drift and evaporation scenario can reach differ-
ent levels of enrichment depending on their formation location.
In particular, super-solar refractory and volatile abundances are
achievable in this scenario if planets migrate towards the inner
disc edge (see Figs. 1 and 2 and Appendix A).

6. Summary and conclusions

In this paper, we have analysed how different disc parameters
influence the composition of growing giant planets. We relied
on the previous simulations of Savvidou & Bitsch (2023) in par-
ticular, who investigated how the disc mass, radius, viscosity,
grain fragmentation velocity, planetary starting time, and dust-
to-gas ratio influenced the growth efficiency of giant planets. We
expanded on that study by investigating how these parameters
influence the composition of growing giant planets. We focused
on planets above 100 Earth masses, as such planets are domi-
nated by gas rather than their cores. Smaller planets are more
dominated by their core and will be investigated in upcoming
works.

The wide range of planetary C/O, C/H, O/H, and S/H ratios
from our simulations matches the observed range of exoplan-
etary atmosphere abundances (e.g. Hoch et al. 2023; Bardet
et al. 2025; Evans-Soma et al. 2025. In particular, our simula-
tions predict that hot Jupiters whose atmospheres are enhanced
to super-stellar values in C, O, and S should accrete most of
their material in the inner disc regions, which are enhanced
in evaporated volatiles (e.g. Bitsch & Mah 2023) that can be
accreted with the gas. However, in line with previous studies (e.g.
Turrini et al. 2021; Bitsch et al. 2022), we find that the C/O ratio
alone is not a clear tracer of the planet formation location and
that additional atmospheric constraints are required.

In particular, once the disc mass is large enough to form giant
planets (Mdisc > 0.04 M⊙; see Savvidou & Bitsch 2023), the disc
mass has no influence on the range of planetary compositions in
respect to C/O, C/H, O/H, S/H, and the total heavy element con-
tent because giant planet formation is efficient overall. The disc
radius, on the other hand, has an influence mainly on the C/H
ratio of the planetary atmospheres because giant planets form-
ing in small discs (Rdisc = 50 AU) cannot form beyond ≈25 AU
(Fig. A.3). Thus, these discs miss planets forming close to the
CH4 evaporation front, resulting in a lack of planets with large
C/H ratios. Once the disc size is larger (e.g. Rdisc ≥ 100 AU),
there is no difference in the range of C/O, C/H, O/H, S/H, and
total heavy element content of the formed planets (above 100
Earth masses). The effect of the fragmentation velocity is sim-
ilar in the sense that planets forming in discs with very small
fragmentation velocities (1m/s) do not efficiently account for
C/H ratios greater than approximately five (Fig. B.1) because
the formation of wide orbit planets is hindered. On the other
hand, larger grain fragmentation velocities show the same range
of C/O, C/H, O/H, S/H, and heavy element contents in the giant
planets. The α-viscosity parameter also has an influence on the
planetary C/H ratios. Only at α = 10−4 do our simulations pre-
dict sub-stellar C/H ratios. This is caused by the fact that planets
forming exterior to the CO evaporation front, where carbon and
oxygen are only accreted during core build-up, can remain in the
outer disc due to their low inward migration velocity. The low
viscosity simulations also show many planets with a sub-stellar
O/H because planets forming exterior to the CO2 evaporation
fronts remain there and can thus only accrete limited amounts of
oxygen in the form of CO vapour during the gas accretion phase.
The influence of the viscosity on the S/H and the total heavy
element content, on the other hand, is negligible, as sulphur is
mostly accreted with the solids. As discussed in Appendix A.2,
the starting time is mainly responsible for whether sufficient
disc material is available for giant planet formation (see also
Savvidou & Bitsch 2023), but the range of C/O, O/H, C/H, S/H,
and heavy element content is the same as long as planets form
before t0 ≤ 500 kyr. A larger dust-to-gas ratio results in larger
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atmospheric abundances of C/H, O/H, and a heavy element frac-
tion (see Appendix A.4). However, the dust-to-gas ratio should
not be treated as a free parameter in planet formation simula-
tions because it is set by the stellar abundances (see Turrini et al.
2021; Bitsch et al. 2022; Pacetti et al. 2022), which also set the
disc composition (e.g. Bitsch & Battistini 2020).

We find that the composition of giant planets is mostly
influenced by their starting positions and migration history. In
particular, the migration of giant planets across evaporation
fronts changes their composition significantly, while the individ-
ual disc parameters (e.g. disc mass, radius) only have a minimal
influence on the planetary composition (for planets at the same
mass and same orbital distance, see Fig. C.1). Under the assump-
tion that our planet formation model is not missing any key
ingredients, our study suggests that in order to determine the for-
mation location of giant planets via their observed atmospheric
abundances, theoretical models need at least two measured atmo-
spheric constraints (e.g. O/H and C/H) to allow for probing of the
two initial variables of the starting position and the disc’s vis-
cosity, which sets the planetary migration velocity. Additionally,
planet formation studies require detailed stellar abundances in
order to eradicate the degeneracy of the dust-to-gas ratio onto
planetary compositions. The combination of these constraints
with state-of-the-art planet formation models can allow us to
give indications of the origin of giant planets (e.g. Bitsch et al.
2022).

Acknowledgements. We thank the referee for their comments that helped to
improve the clarity of our manuscript.
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Appendix A: Influence of other disc parameters

Appendix A.1: Lower disc mass

As shown in the top-left panel of Fig. A.1, with a reduced disc
mass, the expected outcome is a lower planetary mass due to the
limited material available for formation. Therefore, the planets
may not reach the gas accretion phase, resulting in a thinner or
absent H-He envelope. Consequently, the elemental ratios within
the atmosphere are dominated by the evaporated material during
core build-up, resulting in very extreme [S/H], [O/H], and [C/H]
ratios (middle row of Fig. A.1). These can either be very high or
very low, depending on whether hydrogen can be accreted during
the core build-up (e.g. via CH4, H2O, NH3 or H2S). The formed
planets in these two different sets of simulations are very differ-
ent (gas giants with extended H/He envelope or core-dominated
planets with a small heavy element envelope). Consequently, the
atmospheric abundances differ by a few orders of magnitude,
which is also reflected by the [C/O], [C/S], and [O/S] ratios (bot-
tom row in Fig. A.1) and their total heavy element fractions (top
right in Fig. A.1).

Appendix A.2: Later starting time of embryo

The later starting time of the planetary embryos results in
reduced growth (top-left panel in Fig. A.2), as the majority of the
pebbles have drifted inwards and thus reduce the accretion rates
(Savvidou & Bitsch 2023). Consequently, the planetary growth
tracks are very different. While the outermost planet, starting at
30 AU, does not grow beyond a few Earth masses, it migrates
significantly in type-I migration, even in the low viscosity envi-
ronment. The planet forming at 10 AU experiences a similar fate,
that it migrates interior to 1 AU due to efficient type-I migration
and only reaching around 5 Earth masses at the end of the simu-
lation. Only the planet starting at 3 AU starts to accrete gas, but
stays at a sub-Saturn level.

As our simulations do not include a temperature evolution,
the pebble isolation mass remains constant in time. Conse-
quently, if the planets reach the pebble isolation mass, they will
be the same mass as planets forming earlier in the disc. However,
due to the slower growth, the planets forming later migrate more
and consequently cross more evaporation fronts, leading to a dif-
ference in their elemental abundances during the core growth
phase (middle and bottom row of Fig A.2) as well as their heavy
element mass fraction (top right in Fig. A.2). This shows again
the importance of the migration pathway the planet takes, rather
than when it starts to grow.

Appendix A.3: Smaller disc radius

Figure A.3 shows the evolution of planets growing in discs with
smaller radii. As the disc radius is smaller, its gas surface density
is higher (as the overall disc mass is the same). Consequently, the
gas accretion rates are higher, as they are limited by the disc’s
accretion rate (∝ νΣ), and can result in higher planetary masses.
This is visible for the planets forming at 3 and 10 AU, where the
planets forming in the smaller disc grow more massive (top-left
panel in Fig. A.3) by roughly a factor of ∼2.

On the other hand, the migration pathway for the planets
starting at 3 and 10 AU is similar and the planets stay within the
same evaporation fronts, resulting in atmospheric abundances
and ratios that agree within a factor of approximately two. This
relatively large difference is caused by the fact that the more
massive planets accrete more hydrogen compared to volatiles.

The growth pattern for the planets forming at 1 and 30 AU
show significant differences. The core of the planet starting at
30 AU does not grow efficiently, because the small disc size
will result in a very short-lived pebble flux, which hinders the
growth of planets (e.g. Levison et al. 2015). Consequently, the
planet remains at a few Earth masses – too low to start to accrete
a gaseous envelope efficiently – and migrates inwards to 10 AU.
Thus, the corresponding atmospheric abundances differ by a few
orders of magnitude. We note here that the duration of the pebble
flux is longer for the planets growing in the inner disc regions,
because pebbles starting from the outer disc have to travel a
longer distance (e.g. Lambrechts & Johansen 2014). The planet
growing at 1 AU, on the other hand, accretes a larger planetary
envelope compared to its counterpart in the disc with a larger
radius. This is caused by the fact that the planet can accrete more
material initially from its horseshoe region (due to the enhanced
disc density) and during the runaway accretion phase. Conse-
quently, the atmospheric abundances of these planets differ by a
factor of a few (middle and bottom row in Fig. A.3. The heavy
element mass fraction shows similar differences (top right in
Fig. A.3.

Appendix A.4: Larger dust-to-gas ratio

Figure A.4 shows the evolution of the planet in discs with differ-
ent dust-to-gas ratios. As the larger dust-to-gas ratio allows for
a more efficient core build-up phase, it consequently also leads
to a reduced type-I migration phase, as the planets are basically
outgrowing migration (Johansen et al. 2019).

As the planetary migration pathway is very similar – due to
the low viscosity – the planets remain within the same evapo-
ration fronts during their growth for the different simulations
(top left in Fig. A.4). However, the [C/H] and [O/H] fractions
are enhanced by a factor of two compared to our standard sim-
ulations (middle row in Fig. A.4). The larger dust-to-gas ratio
implies more inward drifting pebbles that evaporate and enrich
the disc with more volatiles that are consequently accreted by
gas accreting planets. Consequently, the planets forming in discs
with a higher dust-to-gas ratio result in planets that are more
enriched in carbon and oxygen compared to our standard sim-
ulations. In our case, the dust-to-gas ratio is larger by a factor
of two, and thus the planets are enriched by a factor of about
two compared to our standard simulations. For sulphur, the sit-
uation is different, because sulphur is accreted as a solid into
the planet, where the amount of material does not matter, but its
ratio to hydrogen does. However, the ratio of sulphur to the other
elements remains constant, meaning that the composition ratios
of the solids in the disc are unaffected by the larger dust-to-gas
ratio. Consequently, the planetary atmospheres have basically
identical sulphur abundances, except for the planets forming
interior to the water ice line, where a small fraction of sulphur
(carried in H2S ) evaporates and can be accreted with the gas.
As oxygen and carbon are the main carriers of the heavy ele-
ments in the disc, the total heavy element content of the planets
also shows an enlargement up to a factor of two compared to our
standard simulations (top right in Fig. A.4).

As carbon and oxygen are enhanced both by a factor of two,
the [C/O] ratio remains the same at higher dust-to-gas ratio, but
the [C/S] and [O/S] ratio differ by a factor of two (bottom row
in Fig. A.4). We, however, want to point out that if only one ele-
mental ratio were changed (e.g. more oxygen), the corresponding
ratios containing oxygen (e.g. [C/O]) will change as well. This
points to the fact that the detailed stellar abundances are neces-
sary if one wants to constrain the planet formation pathway via
atmospheric abundance measurements.
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Fig. A.1: Same as Fig. 1, but now the purple colour represents planets growing in discs with Mdisc = 0.01M⊙ rather than Mdisc = 0.1M⊙ (green
colour).

Appendix B: C/H, O/H, and S/H of planetary
atmospheres

We show in Fig. B.1 the distributions of the atmospheric C/H,
O/H, and S/H as well as the heavy element fraction (left to right)
of planets above 100 Earth masses in our sample for the dif-
ferent probed parameters (top to bottom). Oxygen, carbon and
sulphur probe different accretion processes of our simulations.
While oxygen is mostly volatile, carbon is entirely volatile, with a
maximum evaporation temperature of 70K for CO2, whereas sul-
phur is 90% refractory in our model (set by FeS). Consequently,
sulphur can only be accreted in small amounts during the core
build-up as well as through the gas interior of 150K (H2S evapo-
ration). At colder temperatures – so further outside of a few AU –
sulphur can only be accreted into the planetary core during core
formation. Once the core has reached its pebble isolation mass,
it blocks all sulphur, which is stored in FeS and H2S pebbles
at these temperatures. Consequently, planets forming in the very
outer regions of the disc will have a low sulphur abundance. We
remind that we attribute 10% of the initially accreted core mass
to the atmosphere, explaining why the formed planets show an
atmospheric sulphur abundance.

In contrast, oxygen and carbon can be accreted with the gas
phase at all orbital distances interior to the CO evaporation front.
This corresponds to all planets in our sample (see Fig. 3), as the
CO evaporation front is exterior to 50 AU for all disc models.

The individual elemental abundances of the planetary atmo-
spheres therefore depend differently on the initial position (top
row in Fig. B.1). The S/H abundances are mostly sub-stellar
for planets forming in the outer disc regions (exterior to 2.5
AU), as sulphur can only be accreted during the core build-up.
Once planets migrate interior to the H2S evaporation front, their
sulphur content can become super-stellar. Only if the planets
migrate into the very inner regions, where FeS evaporates and
releases sulphur into the gas phase, can very high S/H values be
achieved for the planetary atmospheres.

A similar behaviour is seen for the oxygen abundances of the
planetary atmospheres. Planets forming and staying in the outer
regions have a relatively low oxygen abundance that can be sub-
stellar, whereas planets that migrate into the inner disc regions
and interior to the CO2 and H2O evaporation front have super-
stellar O/H. In particular, planets forming within 3 AU always
show a super-stellar O/H content.
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Fig. A.2: Same as Fig. 1, but now the purple colour represents planets starting to grow at t0 = 0.9 Myr rather than t0 = 0.1 Myr (green colour).

In contrast, the C/H ratio always seems super-stellar for
nearly all planets in our sample. This is caused by the fact that
almost all planets, even if they form in the very outer regions,
migrate across the CH4 evaporation front, which increases the
carbon fraction significantly. The exceptions are planets forming
exterior to the CH4 evaporation front in low viscosity environ-
ments, where migration is slow (Fig. C.1). The mean and median
distribution of the C/H ratios are otherwise very similar for all
formation locations, which is caused by the fact that carbon
species evaporate all exterior to a few AU. We note that the inclu-
sion of refractory carbon grains and their consequent destruction
in the inner disc region (Houge et al. 2025) could change the
overall C/H distribution of planetary atmospheres. However,
considering that our simulations show significant trends with
the atmospheric abundances already, a change in where different
materials evaporate would be recovered by the simulations.

On the other hand, the disc properties themselves have an
influence on the C/H, O/H, and S/H, as in the case of the C/O
ratio. We discuss the influence of the different parameters on the
C/O, C/H, and O/H in more detail before discussing the heavy
element fraction of the planets.

Appendix B.1: Disc mass

C/H, O/H, and S/H show similar trends with the disc mass (2nd
row in Fig. B.1). While the mean and averages of the distri-
butions remain similar for disc masses above 4% M⊙, planets
forming in lower mass discs feature larger atmospheric abun-
dances for oxygen and carbon. This is caused by the fact that low
mass discs (1% M⊙) only allow the formation of giant planets
for our simulations with enhanced dust-to-gas ratios, explain-
ing the overall larger minimum abundances in carbon, oxygen,
and sulphur. In addition, these planets mostly form in the inner
disc regions (Fig. C.1), where most of the heavy elements can be
accreted with the gas. In contrast, in the higher mass discs, plan-
ets can also form in the outer disc regions, where not all volatiles
have evaporated, resulting in a lower limit of the atmospheric
abundances for the planets formed in these discs.

We note that the sulphur abundance for planets forming exte-
rior to the H2S line is entirely accreted during the core build-up,
when solids can still be accreted. As planets can form further
out in more massive discs, the number of these outer planets
increases. At the same time, the sulphur fraction inside the plan-
ets decreases at larger distances to the star, as other species
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Fig. A.3: Same as Fig. 1, but now the purple colour represents planets growing in discs with R0 = 50AU rather than R0 = 200 AU (green colour).

condense out (e.g. CO2, CH4, CO), reducing the overall fraction
of solid sulphur that is accreted for cores of the same mass.

Appendix B.2: Disc radius

The C/H ratio shows a clear trend with disc radius (3rd row from
top in Fig. B.1). The smallest discs produce planets with a lower
median and mean C/H content compared to the larger discs. This
is caused by the simple fact that planets cannot form efficiently
in the outer disc regions (exterior to 30ish AU) if the disc only
has a critical radius of 50 AU (Savvidou & Bitsch 2023). There-
fore, fewer planets form in the outer regions of the disc, where
carbon is enhanced due to the evaporation of CH4. This effect
also explains the second peak of the C/H distribution at around
five to ten times the stellar abundance. It is caused by planets
forming in the outer regions close to the CH4 evaporation front,
resulting in the formation of planets that are enriched in C/H.

The oxygen and sulphur abundances, on the other hand, do
not show a strong trend with disc radius. This is caused by the
fact that essentially all sulphur is accreted during the solid phase,
so similarly for all planets. Oxygen is already accreted with CO,
which evaporates in the outer disc regions and is thus accessible

for all forming planets (to some level), resulting in a similar O/H
distribution for discs with different radii.

Appendix B.3: Grain fragmentation velocity

The grain fragmentation velocity sets the sizes of the pebbles in
our model. We probe velocities ranging from 1 to 10 m/s (4th row
from top in Fig. B.1), which results in a size difference of a factor
of 100 for these two extreme values (Birnstiel et al. 2012). We see
that the C/H and O/H distributions of the formed planets don’t
feature large super-stellar values for a fragmentation velocity of
1m/s. In this case, the enrichment of the gas phase with vapour
is lower, because the pebbles drift inwards slower, and therefore
the reduced velocity difference between pebbles and gas reduces
the enrichment (e.g. Mah et al. 2023). For fragmentation veloc-
ities of 4m/s and above, the distributions of O/H and C/H are
similar, as the difference in pebble velocity is just a factor of
a few. Again, for sulphur, the differences are negligible, as sul-
phur is mostly accreted into the planets by solids during the core
build-up, which is then distributed into the envelope (see above).
While the grain fragmentation velocity changes the grain sizes,
it does not change the elemental ratios within the pebbles. Thus,
even if the solid accretion rate might differ, the composition of
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Fig. A.4: Same as Fig. 1, but now the purple colour represents planets growing in discs with a larger dust-to-gas ratio of fDG = 0.03 rather than
fDG = 0.015 (green colour).

the solid material that is accreted during core build-up stays the
same, resulting in the same S/H abundance ratios for all grain
fragmentation velocities.

Appendix B.4: Viscosity

The viscosity has two main effects in our model: i) it sets how
fast giant planets can migrate, and ii) how fast the vapour is
transported inwards. We see that planets formed in environments
with lower viscosity have, on average, lower C/H and O/H ratios,
while the S/H ratio is not strongly affected (5th row from top
in Fig. B.1). The lower C/H ratios can be explained by the fact
that planets forming exterior to the CH4 line do not cross it
in low viscosity environments due to their slow migration (see
Fig. C.1). Consequently, fewer planets will have a large enrich-
ment with carbon, compared to planets forming in discs with
higher viscosities, where migration is more efficient.

A similar argument can be made for O/H. Here, the slower
migration caused by low viscosity prevents planets from forming
exterior to 3-5 AU from crossing the water ice line. This reduces
the number of planets that will be enriched in oxygen compared
to the case with higher viscosities.

The sulphur abundance, on the other hand, shows no clear
trend with viscosity, as the mean and median values are very
similar in all cases. This is caused again by the properties of
sulphur, which is mostly refractory and is thus accreted mostly
during core build-up, essentially unaffected by viscosity.

Appendix B.5: Planetary starting time

The planetary starting time of the embryos seems to have only
minimal influence on the composition of planets (2nd panel from
bottom in Fig. B.1). Earlier formation times allow the formation
of more carbon-rich planets, because the enhancement of the
disc with vapour is largest at early times and planets can form
in the very outer disc regions, where the C/H is largest. On the
other hand, the O/H distribution of the planets forming at 1.3
Myr shows an enhancement of the planets that are enriched by
a factor of a few. This is caused by the fact that at late starting
times, only planets in the inner disc regions, where the oxygen
abundance is highest, can grow to become gas giants (Savvi-
dou & Bitsch 2023). Consequently, there are fewer giant planets
forming in the outer regions, reducing the number of planets that
have lower oxygen abundances in their atmosphere, giving rise
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Fig. B.1: Atmospheric C/H, O/H, S/H (all normalised to solar values) and heavy element fraction (left to right) of planets above 100 Earth masses
in our sample as a function of the individually probed disc and planet parameters (top to bottom). The green and blue vertical lines mark the median
and mean of the distribution, respectively.

to the bump at O/H∼5-10. Sulphur follows the same trend, that
planets forming later seem to have larger sulphur abundances.
This is again caused by the fact that the late-forming planets
form in the inner disc and thus closer to the FeS evaporation

front, allowing a more efficient accretion of sulphur vapour into
their atmospheres.
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Appendix B.6: Dust-to-gas ratio

The dust-to-gas ratio influences the atmospheric composition of
the planets (bottom row in Fig. B.1), because as more heavy
elements are available in the disc, the planet has more oppor-
tunities to accrete them. In particular, the abundances of carbon
and oxygen in the atmospheres of the planets are enhanced, as
these materials can be accreted efficiently in gaseous form in all
disc regions.

On the other hand, the sulphur abundances cover a similar
range. This is caused by the fact that sulphur is mostly accreted
in solid form during the core build-up of the planet. However,
the relative mixture of the different heavy elements remains the
same at higher dust-to-gas ratios, because the higher dust-to-gas
ratio only sets the total amount of material, but not its composi-
tion. Planets migrating into the very inner disc regions can also
accrete sulphur via the gas from the evaporated FeS. This then
causes a tail towards higher S/H ratios (around two to ten times
the stellar values), which is not visible at low dust-to-gas ratios.

Appendix B.7: Heavy element fraction

The right column of Fig. B.1 shows the heavy element fraction
of the planets above 100 Earth masses in our sample. The overall
shape of the heavy element fraction distributions across all disc
parameters is very similar to the distribution of the planetary
C/H and O/H. This is caused by the fact that the large, heavy
element contents of the planets are generally dominated by the
accretion of vapour-enriched material, traced by the planetary
C/H and O/H ratios, rather than by solid accretion, which is set
by the core mass.

The initial starting position of the planet seems to have the
strongest influence on the heavy element fraction of the giant
planets. In particular, planets forming in the inner disc (interior
to 2.5 AU) have a larger heavy element fraction (with a mean of
∼15%), but also a larger total heavy element mass (see Fig. 3).
The heavy element fraction of the giant planets is dominated
by the accretion of gas enriched in vapour. As this enrichment
is larger in the inner disc regions (Bitsch & Mah 2023), the
planets forming in the inner disc regions have a larger heavy ele-
ment fraction compared to the planets forming in the outer disc
regions, where the mean heavy element fraction reduces to a few
percent.

In particular, as expected, an overall larger disc dust-to-gas
ratio results in more enriched planets (bottom right in Fig. B.1).
The mean heavy element fraction seems to increase with the
starting time of the planetary embryos. This is a bit counter-
intuitive, as the heavy element fraction in the gas phase decreases
with disc age (Bitsch & Mah 2023). However, at later times (t0 =
1.3 Myr), planets only form in the inner disc regions (Savvidou
& Bitsch 2023), where the vapour enhancement is larger com-
pared to the outer disc, resulting in a larger mean/media heavy
element content. However, the maximal heavy element content
that the giant planets in our simulations can reach is larger for
early formation due to the larger vapour enrichment in the inner
disc.

Lower disc masses seem to produce giant planets with larger
heavy element mass fractions. This is caused by two effects:
(i) the giant planets in these discs are generally smaller (see
Fig. C.1) meaning that the core has a larger effect on the heavy
element mass fraction and (ii) the giant planets form predomi-
nately in the inner disc regions, where the enrichment with heavy
element is larger compared to the outer disc regions. On the other
hand, the disc’s viscosity, the grain fragmentation velocity, and

the disc radius only seem to have minimal influence on the heavy
element fraction of the planets.

Appendix C: Influence of the disc parameters

We investigated how the grain fragmentation velocity and the
disc’s viscosity influence the formation and composition of giant
planets (Fig. 1 and Fig. 2). While we found only small differ-
ences in the atmospheric abundances (of the order of 10-20%)
for varying grain fragmentation velocities, we found larger dif-
ferences (a factor of a few) in the case of varying disc viscosities.
This is caused by the fact that planets forming in discs with
higher viscosities migrate more efficiently and thus cross more
evaporation fronts, allowing the planets to accrete materials
with different compositions. We now show in Fig. C.1 the final
planetary masses as a function of the final planetary positions,
colour-coded by the atmospheric C/O ratio for our whole sam-
ple, split by different disc masses and viscosities. This allows us
to identify some of the previous trends in a clearer way.

As we found before, a very low disc mass (∼1%M⊙) does
not allow for efficient formation of giant planets (Savvidou &
Bitsch 2023), independently of the disc’s viscosity (top row in
Fig. C.1), because the disc does not harbour enough solid mate-
rials to allow efficient growth of embryos to the pebble isolation
mass. If the disc mass is high enough to allow the formation
of planets reaching the pebble isolation mass, a higher disc vis-
cosity will allow the formation of more massive planets. This
is caused by the fact that the planetary accretion rate is limited
by the disc’s accretion rate, which is proportional to the disc’s
viscosity.

As discussed above, a higher disc’s viscosity results in more
efficient inward migration of growing giant planets, resulting in
changes in the planets’ composition. Figure C.1 shows this effect:
planets forming in discs with higher viscosity migrate inwards
further (right-hand panels in Fig. C.1) compared to planets form-
ing in discs with lower viscosity (left-hand panels in Fig. C.1).
This effect is visualised by the fact that the even though the plan-
ets start at the same position (every AU up to 50 AU), they end
up closer to the host star (e.g. interior to the CH4 evaporation
front) in discs with high viscosity compared to planets forming
in discs with low viscosity, where a clear planet population exists
exterior to the CH4 evaporation front with an atmospheric C/O
ratio of unity.

However, when comparing the atmospheric C/O ratio of
giant planets in discs with different disc masses but the same
viscosities, a clear trend emerges: The atmospheric C/O ratio of
the giant planets seems not to be affected by the disc mass to a
large extent. It is instead determined by their position relative to
the different evaporation fronts. Even in the case of high viscos-
ity, where the planets migrate larger distances and cross multiple
evaporation fronts, the individual disc mass only plays a minor
role for the atmospheric C/O ratio, as long as one compares plan-
ets that end up between the same evaporation fronts and at the
same mass.
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Fig. C.1: Final planetary masses as a function of their final positions, colour coded by the atmospheric C/O ratio of the planets normalised to
the stellar value. The different columns correspond to simulations with different viscosities, while the different rows show our probed initial disc
masses. The vertical lines correspond to the position of the evaporation fronts of the major volatile carriers (H2O, CO2, CH4 and CO).
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