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ABSTRACT

The chemical composition of a protoplanetary disc is sensitive to its thermal structure and dust properties, and can
provide insights into the disc evolution. Recent observations with the James Webb Space Telescope reveal correlations of
the inner disc compositions with disc size, accretion rate, and stellar mass, explained by the key role of dust radial drift in
redistributing primordial volatiles. We explore how chemical reactions change the composition of ices carried with pebbles
and how they affect the inner disc C/O ratios in a disc around a solar mass star. We consider different drift efficiencies set
by dust fragmentation velocity and include dust traps at different locations. We vary the incident cosmic ray ionization
rate ¢ and the efficiency of cosmic ray dissociation of ices, and consider the effect of carbon grain destruction. We find
that methane depletion within < 1 Myr prevents the delivery of carbon-rich gas to the inner disc and yields C/O < 1 for
¢ >10"Ys7L Dust traps collect water and carbon-rich ices formed via methane destruction, further lowering the inner
disc metallicity and C/O ratio. Cosmic ray-driven photodissociation of ices can convert water to O, and carbon-bearing
molecules to CO, allowing ices to escape the trap if > 10 per cent of the dissociated products can participate in surface
reactions. We discuss the observational implications and conclude that cosmic rays and their effect on ices are the key

factors that determine the impact of chemistry on the inner disc composition.
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1 INTRODUCTION

The chemical composition of protoplanetary discs sets the envi-
ronment for planet formation. The composition is determined by
the combination of dust growth and chemical processes in the gas
and on dust grains, and bears the imprint of the global evolution
of the disc’s physical structure. Thus, observations of the molecu-
lar and elemental composition of protoplanetary discs can probe
the physical properties of protoplanetary discs and offer insight
into their evolution.

Both chemical and physical processes affect the disc composi-
tion; the former can repartition key elements between molecular
carriers, while the latter redistributes them between the gas and
ice phases, as well as between different disc regions. A variety
of protoplanetary disc models consider chemical reactions and
the evolution of dust and gas properties either separately or in
combination, to simulate the elemental and molecular compo-
sition of planet-forming material. The assumption of a quasi-
static disc structure allows one to thoroughly model chemical
evolution, accounting for thousands of reactions in vertically and
radially resolved simulations (e.g. Y. Aikawa et al. 2002; P. Woitke,
I. Kamp & W.-F. Thi 2009; P. M. Woods & K. Willacy 2009; V.
Akimkin et al. 2013; L. I. Cleeves et al. 2014a; C. Walsh, H. No-
mura & E. van Dishoeck 2015; C. Eistrup, C. Walsh & E. F. van
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Dishoeck 2016; I. Kamp et al. 2017; M. Ruaud & U. Gorti 2019;
K. R. Schwarz et al. 2019, and many others, see T. Henning &
D. Semenov (2013) for a review). Some of these models include
turbulent mixing (D. Semenov & D. Wiebe 2011; K. Furuya et al.
2013) or temporal evolution of physical structure (e.g. M. N.
Drozdovskaya et al. 2014, 2016; C. Rab et al. 2017; C. Eistrup, C.
Walsh & E. F. van Dishoeck 2018; A. R. Waggoner & L. I. Cleeves
2019; J. M. Miley et al. 2021).

Another class of models focuses on the dust evolution and
transport and only includes freeze-out chemistry (K. I. Oberg &
E. A. Bergin 2016; A.-M. A. Piso, J. Pegues & K. I. Oberg 2016; R.
A. Booth et al. 2017; A. D. Schneider & B. Bitsch 2021; A. Kalyaan
et al. 2023; J. Mah, S. Savvidou & B. Bitsch 2024; T. Molyarova,
E. Vorobyov & V. Akimkin 2025; A. D. Sellek, M. Vlasblom &
E. F. van Dishoeck 2025; J. Williams et al. 2025). These models
typically consider the disc midplane only and allow to capture
the redistribution of elements, particularly in the radial direction.
Some models are focused on the vertical dust transport, with
chemistry (E. Van Clepper et al. 2022) or without (S. Krijt, F. J.
Ciesla & E. A. Bergin 2016; S. Krijt et al. 2018). Finally, some
global models combine aspects of both chemistry and dust evo-
lution (e.g. W. M. Tscharnuter & H.-P. Gail 2007; A. J. Cridland
et al. 2017; J. D. Ilee et al. 2017; R. A. Booth & J. D. Ilee 2019; S.
Krijt et al. 2020; E. Pacetti et al. 2025; A. D. Sellek & E. F. van
Dishoeck 2025, note that the listed works have varying degrees of
chemical complexity). Another type of model is those that post-
process the physical evolution of the disc and follow the chemical
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evolution of a gas element (R. Xu, X.-N. Bai & K. Oberg 2017; E.
M. Price, L. 1. Cleeves & K. 1. Oberg 2020; C. Eistrup & T. Henning
2022).

The relatively colder outer regions of protoplanetary discs
(2 10au) are observed at millimetre wavelengths in rotational
transitions of gas-phase molecules by Atacama Large Millime-
ter/submillimeter Array (ALMA) or Northern Extended Millime-
ter Array (NOEMA). Observations indicate that the gas in the
outer disc is often carbon-rich, with super-solar C/O ratios, often
2 1 (E. A. Bergin et al. 2016; M. Kama et al. 2016; L. I. Cleeves
et al. 2018; A. Miotello et al. 2019; A. D. Bosman et al. 2021; J.
A. Sturm et al. 2023). The modelling of the observed molecular
abundances indicates that the elevated C/O ratio is likely a result
of the vertical transport of ice-covered grains between irradiated
and non-irradiated layers, leading to chemical processing of CO
by UV radiation and subsequent formation of hydrocarbons (E. A.
Bergin et al. 2016; E. Van Clepper et al. 2022). Another factor is
the depletion of carbon and oxygen through radial dust transport
inwards, which can be affected by the presence of ring substruc-
tures and their position relative to the CO snowline (N. van der
Marel et al. 2021; J. A. Sturm et al. 2022).

The composition of hotter inner discs can be probed through
near- to mid-infrared observations, a capability enhanced by
James Webb Space Telescope (JWST)/MIRI (e.g. A. Banzatti et
al. 2023; S. L. Grant et al. 2023, 2024; M. J. Colmenares et al.
2024; C. E. Romero-Mirza et al. 2024; M. Vlasblom et al. 2025),
and particularly the large programmes MINDS and JDISCS (T.
Henningetal. 2024; N. Arulanantham et al. 2025). Flux ratio mea-
surements supported by astrochemical modelling can be used to
determine the C/O ratio of the inner disc (P. Woitke et al. 2018;
D. E. Anderson et al. 2021), which can have diverse compositions.
Typically, inner discs around solar-mass T Tauri stars are bright
in water emission, while discs around low-mass stars show hy-
drocarbon emission, indicating high C/O ratios (A. M. Arabhavi
et al. 2025; S. L. Grant et al. 2025), which suggests a trend across
stellar masses. Solar-mass exceptions from this trend include, e.g.
the carbon-rich DoAr 33 (M. J. Colmenares et al. 2024), which
may be explained by an unusually low accretion rate, and the
water-poor MY Lup (C. Salyk et al. 2025), which possibly results
from its high inclination. Alternatively, these cases could indicate
unusual chemical or physical conditions. The water emission
appears to be anticorrelated with the disc size and the presence of
substructures in the outer disc (A. Banzatti et al. 2023; D. Gasman
et al. 2025b).

The main interpretation of the variety of the C/O ratios ob-
served in inner discs is that this is a result of dust radial drift
(J. R. Najita, M. Addmkovics & A. E. Glassgold 2011; J. R. Najita
et al. 2013; A. Banzatti et al. 2020, 2023; S. Krijt et al. 2025). Dust
evolution and drift models predict water-rich inner regions in
compact discs with uninterrupted pebble drift, whereas dust traps
of various origins can intercept the drift, resulting in a lower wa-
ter content in the inner disc and larger disc sizes (A. Kalyaan et al.
2021, 2023; W. Easterwood, A. Kalyaan & A. Banzatti 2024; J. L.
Lienert, B. Bitsch & T. Henning 2024; J. Mah et al. 2024; N. Ndugu,
B. Bitsch & J. L. Lienert 2024). The observed trend with stellar
mass can also be attributed to the effect of the drift being sensitive
to the thermal structure: J. Mah et al. (2023) show that low-mass
stars have faster carbon enrichment due to closer in snowlines.
However, not all compact discs follow the hypothesis that their
cold H,O reservoir is enhanced following efficient radial drift
(M. Temmink et al. 2025). This suggests that some additional
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processes are at play, affecting the C/O balance in the inner disc.
This could be the effect of dust leaking from the trap (S. M.
Stammler et al. 2023; P. Pinilla et al. 2024; P. Huang et al. 2025),
or possibly an effect of chemical evolution. Recent modelling
of dynamically evolving discs with a more sophisticated surface
chemistry model by E. Pacetti et al. (2025) showed that chemical
processes can significantly change the disc composition at time-
scales longer than 2Myr and should be considered simultane-
ously with dust evolution, and highlighted the importance of
initial composition and global ionization rate. The ionization rate
and stellar mass can also be key factors in carbon enrichment of
inner discs, particularly in the presence of dust traps (A. D. Sellek
& E. F. van Dishoeck 2025).

Chemical reactions change the composition of the disc at time-
scales of ~ 1 Myr (C. Eistrup et al. 2018), slower than typical time-
scales of transport, particularly at higher levels of turbulence
(¢ > 1073; R. A. Booth & I. D. Ilee 2019), which supports the
applicability of the freeze-out based models. Grain-surface reac-
tions do typically operate at time-scales > 1 Myr (A. D. Bosman,
C. Walsh & E. F. van Dishoeck 2018; C. Eistrup et al. 2018;
E. Pacetti et al. 2025). However, cosmic-ray induced processes,
particularly destruction of gas-phase methane and CO and their
conversion to less volatile species can proceed at shorter time-
scales of a few 100 kyrs (C. Eistrup et al. 2018; E. M. Price et al.
2020). Cosmic ray ionization is the main driver of chemistry in the
midplanes of protoplanetary discs (Y. Aikawa et al. 1999), because
it triggers reactions in the disc midplane and is eventually respon-
sible for the processing of the observable molecules (L. I. Cleeves,
F. C. Adams & E. A. Bergin 2013; L. I. Cleeves, E. A. Bergin & F.
C. Adams 2014b; L. I. Cleeves et al. 2015; K. R. Schwarz et al.
2018; Y. Aikawa et al. 2021; L. Trapman et al. 2022; M. L. R.
van’t Hoff et al. 2022). At the same time methane is a key species
necessary to obtain carbon-rich gas in discs, being the only main
carbon carrier in the disc midplane when C/O > 1, and its initial
abundance determines how high the C/O can become (J. Mah
et al. 2023; A. D. Sellek & E. F. van Dishoeck 2025; A. Houge
et al. 2025b). Therefore, its chemical destruction can significantly
alter the carbon enrichment of the inner disc. The sensitivity of
CO and CH,4 chemical processing to the ionization rate can also
affect the observed inner disc C/O ratio (A. D. Sellek & E. F. van
Dishoeck 2025).

In this paper, we investigate the chemical composition of a
protoplanetary disc midplane using a model that combines dust
evolution and transport with sophisticated gas-phase and surface
chemistry. Many of the observed protoplanetary discs are older
than 1 Myr (e.g. C. F. Manara et al. 2023), thus their molecular
compositions are likely affected by chemical processes. As dis-
cussed above, ice-phase reactions and cosmic ray-driven chem-
istry govern the abundances of main carbon- and oxygen-bearing
species at Myr time-scales (C. Eistrup et al. 2016; A. D. Bosman
et al. 2018; R. A. Booth & J. D. Ilee 2019). Our goal is to analyse
the combined effect of chemical reactions and dust radial drift
on the composition of the inner regions of protoplanetary discs
at time-scales up to 10 Myr.

The paper is structured as follows. We describe the model in
Section 2 before separately considering the effects of chemistry in
Section 3.1 and dust drift in Section 3.2. Next, we consider their
combined effect on the inner disc composition in Section 3.3,
in discs with and without dust traps (Sections 3.3.2 and 3.3.1,
respectively). After that, we consider the effect of the trap location
in Section 3.4 and of the ionization rate in Section 3.5. Finally,
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we discuss the model caveats and observational implications in
Section 4 and summarize our findings in Section 5.

2 METHODS

In the present work, we simulate chemical evolution together
with dust growth and drift in a viscously evolving disc. We use an
astrochemical model with comprehensive treatment of surface
chemistry by C. Walsh et al. (2015) coupled to the model of vis-
cous disc evolution, adopting a two-population approximation of
dust growth as done in R. A. Booth & J. D. Ilee (2019). Compared
to R. A. Booth & J. D. Ilee (2019), the network by C. Walsh et al.
(2015) features more elaborate surface chemistry, including two-
body surface reactions, photodissociation of ices, and reactive
desorption. These reaction types are necessary to account for
long-term chemical processes on dust grains at Myr time-scales.
This is the same chemical network also used in A. D. Bosman et
al. (2018). We explore different efficiencies of radial drift, consider
models with and without dust traps, and investigate the effect of
chemical reactions by varying the incident cosmic ray ionization
rate and the contribution from cosmic ray-induced dissociation
of ices.

2.1 Gas and dust evolution

We adopt the viscous evolution code by R. A. Booth et al. (2017)
that solves the equation by D. Lynden-Bell & J. E. Pringle (1974)
for multifluid gas consisting of multiple gas and dust compo-
nents. The code uses the classic « paramtrization of viscosity
v = acsH, with sound speed, c;, and local disc scale height, H (N.
I. Shakura & R. A. Sunyaev 1973). In this work, we use a default
value of o = 1073, Initially, the surface density radial profile is
a tapered power law with an exponent of —1, a characteristic
radius of 100 au, and an initial gas mass of 0.01 M. The central
star has solar mass, an effective temperature of 4000K, and a
radius of 2.5 Ry. The midplane temperature T(R) is determined
by a combination of viscous and irradiative heating following the
prescription by B. Liu et al. (2019).

Dust evolution is described following the two-population
model two-pop-py by T. Birnstiel, H. Klahr & B. Ercolano
(2012). The initial mass fraction of refractory grain cores (includ-
ing the refractory carbon component, and excluding ice mantles)
is 0.0056 relative to the gas. This mass fraction is determined by
the adopted chemical composition (see Section 2.2). The com-
bined mass of dust and ice relative to the gas used in the grain
growth calculations is 0.012, close to the standard ISM value
of 0.01. The two populations of grains have different dynamics:
small grains have a fixed size and are dynamically coupled to
the gas, while larger grains can grow and move relative to the
gas, i.e. drift toward pressure maxima. The model analytically
approximates collisional growth of dust grains to their maximum
size, where growth is restricted by fragmentation or radial drift,
depending on local conditions. The ice frozen on dust is assumed
to be distributed such that all of the grains have the same ice mass
fraction.

Fragmentation is characterized by the fragmentation velocity
Virag, Which in most of our models equals either 10 or 1 m s~! for
icy and non-icy grains, respectively. This value corresponds to the
dust grains being resilient to collisional fragmentation in most
of the disc, thus growing to larger sizes and efficiently drifting
through the disc (fast transport). Combined with the relatively
high value of @ = 1073, such resilient grains allow to reproduce
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dust emission in multiwavelength ALMA observations, as shown
by S. Tong, R. Alexander & G. Rosotti (2026) using MAPS sources
(K. I. Oberg et al. 2021; A. Sierra et al. 2021), although the AGE-
PRO data suggest that low turbulence and low fragmentation
velocities might be a better match for the dust emission (L. Luo
et al. 2026). Laboratory experiments and observational data tend
to favour lower values of Vg, &~ 1m s~! (B. Gundlach et al. 2018;
G. Musiolik & G. Wurm 2019; H. Jiang et al. 2024; T. Ueda et al.
2024). Using Vg = 1m s~! in combination with weaker turbu-
lence (o = 10~*) would produce similar drift velocities, so we
choose to use high values of & = 1073 and Vg = 10m s™! and
explore drift efficiency by varying vg,s. To do that, we consider
a model with vg,s = 1m s' regardless of the presence of ice
mantles (slow transport), to analyse the effect of chemistry in
models with weak dust transport.

To add a dust trap to the disc, we introduce a planet of 1 My,
at a fixed radial distance. This planet creates a perturbation in the
gas surface density, modelled according to the prescription by P.
C. Duffell (2020). The gap in the gas distribution results in a pres-
sure maximum exterior to the planetary orbit, where dust grains
become trapped. For a planet at 10 au, the dust trap is formed at
~ 15au distance for the adopted model parameters. The planet
itself does not evolve in any way, and its mass and location are
solely employed to modify the radial profile of o multiplying it
by a gap profile factor (see P. C. Duffell 2020, for details). The
modified « is used to calculate viscosity, locally changing gas
surface density, and creating a pressure bump where dust can be
trapped. The diffusion rate and collision velocities between dust
grains that regulate the maximum dust size also depend on «; for
them, the unchanged value of @ = 1072 is used.

The adopted two-population dust evolution model is an an-
alytical estimate of full dust evolution that was developed and
optimized for smooth discs (T. Birnstiel et al. 2012). Nevertheless,
it has also been used for modelling discs with substructures (A.
Kalyaan et al. 2023; W. Easterwood et al. 2024; A. D. Sellek &
E. F. van Dishoeck 2025; A. D. Sellek et al. 2025). In their code
comparison, L. E. J. Eriksson et al. (2026) recently showed that
two-pop-py depletes the dust reservoir faster and traps dust
grains more efficiently than more sophisticated models. Another
study by A. Houge et al. (2026) demonstrates that dust traps are
leakier, i.e. less efficient in blocking dust transport, than previ-
ously thought. To properly capture dust evolution and transport
in the vicinity of a planet-induced gap would require a better
approximation of dust fragmentation and coagulation and 3D
hydrodynamic modelling (S. M. Stammler & T. Birnstiel 2022; E.
R. Van Clepper et al. 2025). We acknowledge that the adopted
treatment of dust evolution has caveats but proceed to use it
as an optimal option for combining with computationally heavy
chemical simulations. We discuss these caveats in Section 4.1.2.

We run the models up to a time of 10 Myr. At this time-scale,
the disc evolution should also be affected by photoevaporation.
For simplicity, in this work, we neglect its contribution.

2.2 Chemical model

The chemical network in the R. A. Booth & J. D. Ilee (2019)
model already included a relatively large chemical network, but
with only hydrogenation reactions on the dust grain surface. We
updated it to the model by C. Walsh et al. (2015), which was also
described by C. Eistrup et al. (2016). The network is based on the
Rate12 chemical network (D. McElroy et al. 2013) and contains
more complex grain surface chemistry by R. T. Garrod, S. L.
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Widicus Weaver & E. Herbst (2008). The network includes gas-
phase two-body reactions, photodissociation and photoioniza-
tion, ionization by cosmic rays, and cosmic ray-induced photons
and radioactive nuclides. Transitions between the gas and the ice
phases are described by adsorption to grain surface, thermal des-
orption, photodesorption by cosmic ray-induced photons, and re-
active desorption of products of surface chemistry. Reactions on
dust grains are described by the Langmuir-Hinshelwood mecha-
nism, with H and H, quantum tunnelling between binding sites
and reaction barriers (see C. Walsh et al. 2015, for more details).

Because we focus on the disc midplane, photoreactions by UV
irradiation, X-ray ionization, Ly « photons, and reactions with
excited H, are not considered. We note that the ionization by X-
ray induced secondary photons can be higher than CR ionization
even in the midplane, e.g. if the emission source is hotter than
3 x 107 K (see e.g. fig. 13 in S. Bruderer, S. D. Doty & A. O. Benz
2009), but here we assume that this is not the case and neglect its
contribution. Ionization is provided by cosmic ray-induced pho-
tons (CRPHOT). The rates of the CRPHOT reactions in the model
are calculated following R. Gredel et al. (1989), where interstellar
dust size distribution and classic 0.01 dust-to-gas mass ratio are
adopted, not adjusted to the protoplanetary disc midplane condi-
tions. Cosmic ray attenuation is included following the simpler
approximation by T. Sano et al. (2000), with the attenuation col-
umn of 96 g cm~2. The default value of incident CR ionization
rate is ¢ = 10717 s71, which we decrease or increase by an order
of magnitude in some models. We calculate the column in the
vertical direction only and include a factor of 0.5 to account for
the CR flux from both sides of the disc. We also add a residual
ionization rate by radioactive nuclides with ¢g = 6.5 x 107 s7!
(D. Semenov, D. Wiebe & T. Henning 2004).

Surface chemistry is one of the key properties of the updated
model. We adopt the efficiency of reactive desorption equal to
10 percent, and the ratio between diffusion and binding en-
ergy equal to 0.3 (L. J. Karssemeijer & H. M. Cuppen 2014; M.
Minissale & F. Dulieu 2014; M. Minissale et al. 2016). The surface
area of dust grains is calculated as the mean surface area of
the dust ensemble with local minimum and maximum sizes and
dust mass fraction, assuming the power-law exponent of —3.5.
The model treats surface chemistry in the two-phase approach,
without distinguishing between surface layers and the bulk of ice
mantles, unlike some other chemical models of molecular clouds
and protoplanetary discs (see e.g. T. I. Hasegawa & E. Herbst 1993;
R. T. Garrod 2013; M. Ruaud & U. Gorti 2019; E. V. Borshcheva &
D. S. Wiebe 2022). Instead, we assume that grain surface reactions
are active only in the upper two monolayers of the ice mantles by
applying an effective reduction factor to the rates of surface two-
body reactions and desorption reactions. However, no such factor
is applied to the ice-phase reactions with cosmic ray-induced pho-
tons, as high-energy photons are assumed to easily pass through
ice and induce reactions in the whole ice mantle.

High-energy cosmic ray-induced photons can dissociate
species inside the bulk of ice mantles, as well as on the
grain surface, and provide surface radicals responsible for
the formation of complex molecules on dust grains (K. . Oberg,
E. F. van Dishoeck & H. Linnartz 2009a; K. I. Oberg et al. 2009b).
In astrochemical modelling, the rates of CRPHOT reactions
for ice-phase species are assumed to be the same as for the gas
phase, implying that the whole of the ice mantle is affected by
the process (e.g. R. T. Garrod et al. 2008). It can potentially lead to
overestimation of their role in surface chemistry, as the products
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of these reactions in the model can subsequently participate
in reactions on the surface, when otherwise they should be
locked in the bulk. In contrast with the surface, where species
can move freely, the reaction products in the bulk diffuse very
slowly and might only be able to react with the immediately
nearby molecules. Our baseline chemistry models do not include
the ice-phase reactions with cosmic ray-induced photons. We
explore their effect with the full chemistry models and vary their
contribution in Section 3.5.

In the dynamic disc model, gas- and ice-phase species are trans-
ported with the gas and dust components, respectively. Contribu-
tion from ice mantles is included in both size and mass of dust
grains, assuming an average density of solids of 1g cm™3. The
chemical evolution is a computationally demanding problem, so
we only solve the kinetic equation every few transport steps. The
time-step for chemistry is ~ 100yr in all models, which corre-
sponds to 5 dynamic steps in the smooth disc models. In the
regions around the outer disc edge, where the dust-to-gas mass
ratio and temperature are very low (< 107° and < 15K, respec-
tively), the system of rate equations becomes harder to solve. To
avoid computational problems, we only consider adsorption and
desorption of volatiles in these regions because the mobility of
species will be slow, and the surface area available for surface
reactions is low. This region contains < 1 per cent total gas mass
before 3 Myrs. At times > 8 Myr, this fraction grows above 10
per cent due to viscous spreading of gas and dust depletion by
radial drift. As the viscous spreading is directed outwards in these
regions, its contribution to the disc chemical composition inside
100 au is negligible.

The initial chemical composition is adopted from J. Mah et al.
(2023). It is based on the Solar elemental abundances from M.
Asplund et al. (2009) and assumes that the volatiles are initially
in the ice phase in the form of simple molecular ices: CO, N,
CH,4, CO,, NH;, H,S, and H,0. The rest of the elements, in-
cluding refractory carbon, are assumed to comprise the cores of
dust grains, resulting in a dust-to-gas mass ratio of 0.0056 with-
out ices and 0.012 with ices. This setting implies that the disc
retains the composition of the parent molecular cloud, which
is supported by the detection of methanol in discs around Her-
big Ae/Be stars, where its formation should be suppressed due
to higher temperatures, because it forms from CO ice (A. S.
Booth et al. 2021; L. Evans et al. 2025). The adopted composition
from J. Mah et al. (2023) has been debated as having too much
CH,, which could affect the degree of chemical enrichment (A.
Houge et al. 2025b). We discuss the caveats of this assumption in
Section 4.1.3.

The C/O ratio in the inner disc can also be affected by the
irreversible destruction of the carbonaceous component of dust
at higher temperatures due to oxidation, pyrolysis, or other chem-
ical processes (J.-E. Lee, E. A. Bergin & H. Nomura 2010; H.-
P. Gail & M. Trieloff 2017; C.-E. Wei et al. 2019). This process
can release additional carbon to the gas, which then can diffuse
with the gas and help sustain more C in the disc, saving it from
accretion to the star with solid grains and increasing the gas-
phase C/O ratio (J. Li et al. 2021; A. B. T. Penzlin et al. 2024; A.
Houge et al. 2025b). To consider this process in our model, we
follow A. Houge et al. (2025b) and add decomposition of refrac-
tory carbon at T > 350K. Solid C, which constitutes around 25
per cent of solid refractory grain material (the rest being silicates
and metals), is turned into acetylene C,H,, which can then react
with other species in the gas phase, and diffuse with the gas. We
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Table1. Considered model parameters. Transport regimes include mod-
els with no gas or dust transport (no), with gas and dust transport and
resilient icy grains (Vg = 10m s71, fast), and with fragile icy grains
(Viag = 1m s71, slow). The dust trap is either absent or set at a specified
radial distance. ¢ (s™1) is the incident cosmic ray ionization rate, Cicg is
the efficiency factor for the cosmic ray-induced dissociation of ices (see
Section 3.3.3).

Chemistry Transport  Dust trap CR ionization
Baseline/full No No ;=107
Freeze-out Fast No/at 15au =107V
only
Baseline/full Slow No ;=107
Baseline Fast No/at 15au ¢ =10"18/10"17/1071¢
Full Fast At15au ¢ =10"18/10"17/10716
Full Fast Atl5au ¢ =10"1,

Cicr = 1071/1072/1073
Baseline/full Fast At 7, 45, ;=107

100 au

Baseline C Fast No/at 15au ;=107

include this process in some of the models to constrain its effect
on the carbon and oxygen balance in the inner disc.

2.3 Models considered

Chemical reactions and dust transport are the main processes re-
distributing carbon and oxygen in the disc and affecting the C/O
ratios. We consider a set of models that covers different chemistry
and drift regimes to disentangle these effects, and their properties
are summarized in Table 1.

To remove the dynamical effects entirely, in Section 3.1, we
consider the starting models with no gas or dust transport (but
with dust growth) similar to the models by C. Eistrup et al.
(2016). Then we move on to our main set of models that have
different transport regimes. Models with a high fragmentation
velocity for ice-covered grains (vg.g = 10 m s™') have large grains
and efficient dust drift (fast transport models). To restrict dust
transport, we set Vg = 1m s~! for both icy and bare dust grains;
this decreases the maximum dust size and slows down the radial
drift (slow transport). These models are considered in Section 3.2.
Another way to restrict dust transport is to add a dust trap that will
stop large grains from drifting all the way to the star. We include a
dust trap at 15 au created by a Jupiter-mass planet at 10 au in our
fast transport models, and vary the planet location in Section 3.4.

To assess the effect of chemistry, we consider the freeze-out only
models, where no chemistry is active apart from adsorption and
thermal desorption. These models serve to distinguish the effects
of dust evolution and transport from the effects of chemistry and
to validate our results against the predictions of other models.
The effect of chemistry is studied based on our baseline chemistry
models with no ice-phase CRPHOT reactions. The contribution
of these reactions is varied in Section 3.5, and they are fully
included in full chemistry models that serve as an extreme case,
where the effect is most strongly manifested and likely overes-
timated. From a physics point of view, this case corresponds to
highly porous and fluffy dust grains that have a large surface area-
to-mass ratio (S. Okuzumi, H. Tanaka & M.-a. Sakagami 2009)
and therefore a larger fraction of mantle participating in surface
reactions. The presence of such porous grains has been inferred in
protoplanetary discs by polarized scattered light observations (R.
Tazaki et al. 2019; R. Tazaki, C. Ginski & C. Dominik 2023). We
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vary the incident CR ionization rate by a factor of 10 (1078 and
10716 s71) to control the contribution of chemistry. Additionally,
we include carbon grain destruction in our baseline C models and
analyse its effect in Section 3.6.

3 RESULTS

3.1 Chemistry in discs with no radial transport

In the absence of gas or dust transport, the only way to change
gas- and ice-phase elemental abundances is provided by chem-
istry, including freeze-out and desorption. We will first consider
how the abundances of main volatile species evolve due to chem-
istry in a model with no viscous transport or dust radial drift. In
this purely chemical model with no transport, we still account for
the collisional growth of dust grains; they reach a maximum size
of ~ 0.1 — 1 cm within 10* — 10° yrs in most of the disc.

Fig.1 shows radial distributions of main C- and O-bearing
species in the models with chemistry and no transport. Starting
with only H,0, CO,, CO, and CHj,, by 0.1 Myr, chemistry already
produces a noticeable amount of new species containing carbon
and oxygen. This is due to cosmic ray ionization triggering de-
struction of CO and methane at distances of up to tens of au.
CO is mainly dissociated by He* ions produced by CRPHOT
ionization, creating C* and O. Methane is destroyed by C*, as
well as by He*. Both CO and CH, additionally react with a suite
of other ions (H3*, H*, N,H™ etc.), and produce more complex
ions (e.g. HCO™, C,H?**, C,H3*, CH>*, CH?**, and CH3*). These
ions continue to react and eventually either return carbon back to
CO or CHy, or form more complex organic species, such as C,H,,
C,H,, C,Hg, CH;CHCH,, CH3CCH, and CH,CCH,. Since most
of these new species have higher binding energies with snowlines
in the range of 1 — 10 au, they immediately freeze out, transfer-
ring carbon from the gas to the ice phase. Overall, at r > 10au,
methane is destroyed an order of magnitude faster than CO. CO,
is also dissociated by CRPHOT and He', releasing carbon and
oxygen. Inside the CO, snowline, the released atomic oxygen is
processed in gas-phase reactions into SO and SO,, also producing
small amounts of NO and N,O. The C + O species form mostly
in the ice phase from the frozen out and processed products
of the gas-phase cosmic ray ionization; the most abundant of
them are NH,CHO, OCS, and H,CO, with some CH,CO, C;0,
and HCOOH. In the very inner disc, collisional dissociation and
two-body reactions in the gas phase turn CO, and CH, into CO
and water, the most stable species at inner-disc temperatures and
densities, as well as forming some H,CS and HC;N.

By 3 Myr, the amount of newly formed species increases. Their
abundances relative to H nuclei reach 107 — 10~> and become
comparable with those of the primordial species. Between the wa-
ter and CO, snowlines, CO, is transformed into CO and complex
organic molecules (COMs). Outside the CO, snowline, CO turns
into CO; ice via ice-phase reactions, and outside the CH, and CO
snowlines, methanol forms on the dust surface (C. Eistrup et al.
2016; A. D. Bosman et al. 2018; C. Eistrup et al. 2018). All other
organics continue to form at 1 — 80 au, accumulating carbon and
oxygen from the destruction of the main volatiles.

By 3 — 10 Myr, the processing of the initial volatiles continues
both in the ice and in the gas. In the baseline chemistry model,
all gas-phase CO beyond 10au is converted to CO,, CHy, and
COMs. After &~ 7 Myr, no major volatile remains in the gas phase
beyond the CO, snowline, because they are all converted to more
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Figure 1. Abundances (w.r.t. H nuclei) of main C and O carriers in the baseline and full chemistry models without transport. C species represent the
combination of all species containing carbon, but not oxygen; O species represent the species containing oxygen, but not carbon; C + O species represent
the species containing both carbon and oxygen. From all the grouped species, the initially present H,O, CO,, CO, and CHy4 are excluded. Solid lines
represent ice-phase species, and dashed lines represent gas-phase species.

refractory species and frozen out on dust grains, reducing the
metallicity of the gas by more than three orders of magnitude.
Overall, the chemical evolution of the disc slows down after
3 Myrs. However, the chemical processing before 3 Myr is able to
affect how radial drift redistributes elements across the disc.

Among these processes, those that channel elements into
species with significantly different binding energies have the
largest effect on the C/O, as they affect the delivery of these
species to the inner disc regions. Carbon from volatile CHy (Ep =
1252 K, snowline at ~ 50au) converted to less volatile COMs
(Ep ~ 5000K, snowlines at ~ 1 — 2 au) will be more strongly af-
fected by the radial drift, and delivered to the inner disc much
faster, together with water ice. As was previously shown by
other authors (R. A. Booth & J. D. Ilee 2019; E. M. Price et al.
2020), conversion of CH, to less volatile hydrocarbons can lead
to carbon enrichment of the inner disc due to dust radial drift.
Similarly, conversion of CO to methanol moves the elements to
less volatile COMs affected by dust transport, although keeping
the same C/O ratio. Finally, conversion of oxygen from water
(Ep, = 4880 K, snowline at ~ 1 au) to much more volatile O, (E, =
898 K, snowline at > 100 au) in the full chemistry model will, on
the contrary, make some fraction of oxygen less affected by dust
transport. Formation of SO (E, = 1800 K, snowline at ~ 15 au) or
SO, (E, = 3010K, snowline at ~ 5 au) should have a similar, but
much weaker effect in relation to the transport.

In the full chemistry model, water ice is additionally being
destroyed by CRPHOT dissociation, releasing oxygen in the form
of OH radicals on the dust surface. This leads to more efficient
conversion of CO to CO, ice and a higher abundance of methanol
(C + O species at > 50au on the lower right panel of Fig. 1), a
higher abundance of SO, and efficient formation of molecular
oxygen and H,O, on dust. After 3 Myr, CO gas survives thanks
to its additional production from CRPHOT dissociated water and
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organic ices. Water ice is depleted by a factor of > 3, and its
oxygen is recycled into CO,, SO, and other molecules. Similar
chemical evolution of the main volatiles was demonstrated by C.
Eistrup et al. (2016) at 1 Myr (see their figs 4 and A.1). More recent
modelling by E. Pacetti et al. (2025) using the same chemical net-
work presented here demonstrates similar trends regarding CH,4
depletion, conversion between CO and CO,, and the formation
of carbon-rich organics at 3Myr (see their Fig. 3c). Note that
the model of E. Pacetti et al. (2025) includes erosion of carbon
grains inside 5 au, which significantly affects the C/O ratio and
chemistry in this region. We exclude the effect of carbon grain de-
struction from our main modelling and consider it in Section 3.6.

3.2 Effect of dust transport on the evolution of the C/O
ratios

In this section, we look at the C/O ratios throughout the whole
disc and analyse their evolution due to the interplay between
transport and chemistry. We focus on smooth discs without dust
traps here.

Gas and dust are subject to viscous disc evolution and diffusion,
and their efficiency is set by the value of o = 1073, Dust is addi-
tionally affected by radial drift, the efficiency of which depends
on the maximum dust grain size. Dust size is also sensitive to
« because that determines the collision velocity of dust grains,
and to the fragmentation threshold vg,,. Here, we compare the
evolution of the C/O ratios in the models with baseline chemistry
and different transport regimes. We consider the model with no
transport of dust or gas (presented in Section 3.1), and models
with both gas and dust transport, fast and slow, regulated by viag
(see Section 2.3).

To characterize the elemental composition of gas and ice, we
use the C/O ratios as a diagnostic. Most abundant molecules
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observed in protoplanetary discs contain C, O, or both, and the
value of the C/O ratio allows to distinguish between carbon- and
oxygen-rich chemistry regimes. The C/O ratio in the gas (ice)
phase is defined as the total number of carbon atoms present in
species in the gas (ice), divided by the total number of oxygen
atoms in these species. We calculate the C/O ratios in the gas and
in the ice at every radial distance and show the evolution of their
radial distributions in Fig. 2.

In the model with no transport, the amount of C and O at
a given radial distance is fixed, so the changes in the C/O ra-
tio can only arise from conversion between ice and gas phase.
Initially, the C/O ratio has a step-like structure determined by
snowlines (cf. K. I. Oberg, R. Murray-Clay & E. A. Bergin 2011b),
and it evolves as the species are converted to each other. The
main features of this model are oxygen-rich gas in the inner disc
(inside the water snowline) and carbon-rich gas and oxygen-rich
ice in the outer disc. The gas-phase C/O ratio outside 10 au (the
CO, snowline) is initially above 1, the gas composition being
dominated by CO and CHj. It decreases to 1 after ~ 1 Myr, when
methane depletion removes carbon from the gas phase. Conse-
quently, the ice-phase C/O in the outer disc gradually increases
from ~ 0.1 to the initial volatile ratio of 0.29. By the age of ~
8 Myr, almost all carbon and oxygen beyond 20au is removed
from the gas by chemical reactions.

The addition of dust and gas transport significantly affects the
C/O ratio at all radial distances already at the age of ~ 0.1 Myr.
Water ice brought inside 1 au by pebble drift decreases the gas-
phase C/O ratio from 0.29 to 0.21 in the inner disc due to increas-
ing oxygen content there. Between the H,O and CO, snowlines,
the C/O in the gas starts as 1, due to equal initial abundances
of CO, and CHy, then it decreases and approaches 0.5 due to
CO, enrichment. Similarly, gas-phase C/O increases in a region
just inside the CH4 snowline. Accumulation of volatiles at the
snowlines leads to additional peaks in the C/O ratios both in the
gas and in the ice (see e.g. R. A. Booth et al. 2017). Unlike in the
model with no transport, here the gas does not become depleted
of C and O inside ~ 200 au even at later stages, thanks to the
continued influx of volatiles from the outer disc.

The choice of vg,, determines the time-scale at which the re-
sulting C/O ratio distribution evolves. The slow dust transport
model is qualitatively very similar to the case without transport,
until the age of a few Myr. The most significant differences at
these times are achieved for the gas-phase C/O and do not exceed
~ 30 per cent. In the fast transport model, the variations in the
C/O compared to the model with no transport are stronger. The
evolution is only similar before 1 Myr; after that, all the gas in the
disc becomes more carbon-rich, including in the inner 1 au, and
the C/O ratio in the ice also approaches 1 in most of the disc. This
is a result of pebble drift efficiently bringing in more carbon-rich
ices, including CO; and hydrocarbons formed from the products
of CO and methane destruction. In the absence of dust traps,
efficient radial drift depletes the disc of most of its oxygen on
time-scales of ~ 3 Myr.

Ultimately, it is the combination of chemical reactions and
radial drift that determines the C/O ratio distribution. In the
freeze-out only model (lower panels of Fig. 2), the gas be-
comes much more carbon-rich at a few Myr, while the ice
is still O-rich, except at the snowlines of C-bearing species.
Chemistry creates more complex carbon-bearing species (e.g.
CH,CHCCH, C;0, C,Hg), particularly in the ice, enriching the
ice phase with carbon, increasing its C/O ratio. It also facil-
itates carbon depletion of the disc as a whole, resulting in a
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lower C/O ratio of the gas (= 1 versus > 2 in the freeze-out only
model).

3.3 Gas-phase C/O ratio in the inner disc

Observations with JWST provide column densities of multiple
molecules in the inner disc, but we cannot directly compare them
with our modelling results. Emission of abundant molecules,
particularly water, is typically optically thick and traces the com-
position of the upper layers (P. Woitke et al. 2018; D. Gasman et al.
2023). The composition can be relatively reliably characterized by
column density ratios (e.g. J. K. Diaz-Berrios, C. Walsh & E. F. van
Dishoeck 2014; C. Walsh et al. 2015; M. J. Colmenares et al. 2024).
Our modelling simulates the midplane composition, which is
not directly traced by observations. However, it is likely that the
elemental abundances are vertically homogeneous, because the
turbulent mixing allows efficient exchange of matter between
the midplane and upper layers (see e.g. M. J. Colmenares et al.
2024; A. Houge et al. 2025a). This can be seen from a comparison
between the mixing time-scale iy and accretion time-scale facc.
At a given distance R they can be assessed from the local angular
velocity €2, radial velocity, and gas scale height H as

, R R? R? R Zt W
— < = — = —= — .
af T e acsH T aQyH? H) ™

Here, we used the fact that ¢, = HQk, and the local mass accre-
tion rate M can be expressed either through gas velocity or a-
viscosity M = 3rwacH Ygas = 2T RVR Xgas, Where Xg,s i gas sur-
face density. As a typical scale height to radial distance ratio is of
the order of 0.1, mixing should proceed much faster than radial
transport. Therefore the comparisons between bulk elemental
ratios are likely more meaningful than those of molecular abun-
dances derived from our models, because the molecular composi-
tion of the upper layers is additionally affected by photoreactions
(D. E. Anderson et al. 2021). Models including both radial and
vertical transport, as well as chemical evolution, would be useful
to properly assess the relation between the observed upper layers
and the bulk chemical composition. Despite the uncertainties
in chemical models and emission of different molecules coming
from different vertical locations (P. Woitke et al. 2018), gas-phase
C/Oratios in the inner disc can be inferred from flux ratios of par-
ticular molecules (D. E. Anderson et al. 2021), e.g. the HCN/H,0
ratio has been shown to be correlated with the C/O ratio (J. R.
Najita et al. 2011; J. R. Najita et al. 2013). Thermochemical mod-
elling shows that observations of C,H, and larger hydrocarbons
with JWST is evidence for bulk C/O > 1 (J. Kanwar et al. 2024,
A. M. Arabhavi et al. 2025).

We adopt 1au as a dividing distance between the inner and
the outer disc. Analysis of JWST observations of molecules in the
inner disc also suggests that emission is coming from a region
of approximately 1au size (A. Banzatti et al. 2023; D. Gasman
et al. 2023; K. M. Pontoppidan et al. 2024; C. E. Romero-Mirza
et al. 2024; C. Salyk et al. 2025; A. D. Sellek & E. F. van Dishoeck
2025). This is also the approximate location of the water snowline
in our model. Inside this distance, most molecules are in the
gas, except for the most refractory organic species. The initial
C/O ratio for the adopted composition is 0.55 in total, and 0.29
for the volatiles, i.e. excluding the dust-grain cores (silicates and
refractory carbon). In this work, we only consider the volatile
species, without taking into account the composition of dust-
grain cores that sublimate at significantly higher temperatures.
The gas-phase C/O in the inner disc is close to the total volatile
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Figure 2. Evolution of the radial distributions of C/O ratios in the gas (left) and in the ice (right). Models with no transport, slow dust transport
(Vfrag = 1m s~1), and fast dust transport (Virag = 10m s~1) are shown, with baseline or freeze-out only chemistry. The regions where the total abundance
of C and O in gas or ice is lower than 0.001 of their initial total abundance are shown in white. The contours mark C/O values of 0.5, 1, and 2.
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Figure 3. Evolution of integrated masses of main gas-phase volatiles and C/O ratios in the inner disc in the models with fast transport (vg,, = 10m
s~1). Models with baseline chemistry, freeze-out only, and full chemistry are marked by solid, dotted, and dashed lines, respectively. Left: smooth disc
(no dust trap), Right: planet-induced dust trap at 15 au. The two lower panels include lines that show cumulative amount of groups of species: C species,
C + O species, and O species. O is included in O species. Transparent dotted lines mark the reference levels: 1 and 0.29 (initial value) for the C/O ratio,

and solar values for the C/H (green) and O/H (purple) ratios.

C/O0 ratio, except for the case of active carbon grain destruction,
which is considered in Section 3.6.

Fig.3 shows how the chemical composition of the inner disc
evolves in models with different chemistry regimes, with or with-
out dust traps. In the upper panels, we show the integrated gas-
phase C/O ratio in the inner 1au as the observationally rele-
vant parameter. Then we plot the metallicity of this gas, i.e. the
C/H and O/H elemental ratios that shape the C/O ratio in this
region. To demonstrate the contribution of different gas-phase
volatiles, we show the masses of the initially present species

H,0, CO,, CO, and CH,, and the newly formed carbon- and
oxygen-bearing species in separate panels. ‘C species’ include var-
ious hydrocarbons that contain no oxygen, such as C,Hy,, H,CS,
etc. ‘C + O species’ mostly comprise O-bearing COMs, such as
CH;CHO, CH;OH, HCOOCH;, CH,OHCHO, as well as some
simpler species, such as H,CO. ‘O species’ refer to oxygen-bearing
molecules containing no carbon, including SO, SO,, O,, as well as
NO, NH,OH, and other N-bearing species. The initially present
molecules (CO, CH4, CO,, and H,0) are excluded from these
groups. Finally, in the lower panels of Fig. 3, we demonstrate the
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masses of the ice-phase species in the inner 2 au. They are not
included in the inner disc C/O ratio, but they show the compo-
sition of the volatiles arriving at the inner 1 au in the form of ice
on drifting dust grains. We analyse these results in the following
sections for models with and without (i.e. smooth disc) dust traps.

3.3.1 Smooth discs

In the freeze-out models, H,0, CO,, CO, and CH, are the only
carbon- or oxygen-bearing volatiles. Within the initial ~ 100 kyr,
the C/O in the inner disc decreases, as water arrives at the inner
disc with drifting pebbles. More volatile CO, has the snowline
farther from the star, at &~ 10 au, and the excess CO, arrives later,
when the water reservoir already starts to be exhausted, leading to
an increase in the C/O ratio. After that, carbon-rich material and
even more volatile CO and CH, arrive in the inner disc, causing
the C/O to increase above unity at 2 3 Myr. This sequence of
volatile enrichment by pebble drift is similar to what was reported
in the previous studies (R. A. Booth et al. 2017; A. Kalyaan et al.
2021, 2023; J. Mah et al. 2023, 2024).

During the first &~ 2 Myr, the inclusion of chemistry leads to a
slight increase in the inner disc C/O ratio in the model without
dust traps (left panels of Fig. 3). With chemistry, less volatile
C- and O-carriers are formed all over the disc, and they reside
predominantly in the ice phase, as described in Section 3.3. These
new species continue to chemically evolve as they are being de-
livered with dust grains to the inner disc, where they are sub-
limated to the gas, and chemically reprocessed mainly to CO.
This increases the C/H ratio at early times (< 0.5 Myr), but the
C/O remains close to zero, as the composition is dominated by
the pre-existing species such as water, CO and CO,. This is con-
sistent with earlier studies concluding that at moderate turbu-
lence and ionization rate, dust drift has a more significant effect
on chemical composition than chemical reactions which have a
longer time-scale (C. Eistrup et al. 2018; R. A. Booth & J. D. Ilee
2019).

At~ 1Myr, water ceases to be the dominant volatile in the disc.
After dust drift depletes the disc of H,0, ices become carbon-rich
(see the third row of panels in Fig. 2). This carbon enrichment
of models with chemistry relative to freeze-out only models is
caused by the cosmic ray-induced destruction of methane and,
to a lesser extent, CO, in the outer disc regions, followed by the
formation of more complex molecules. The species formed at
10 — 100 au that inherit the carbon from CH, and CO include a
variety of C species and C + O species (see Section 3.1). An impor-
tant source of oxygen in the inner disc is presented by O species,
draining oxygen from water and CO,. They are dominated by
SO! and other S-bearing molecules forming from H,S, which is
initially the only S-bearing species with an initial abundance of
1.32 x 107 relative to H nuclei. This initial abundance implies
that all the available sulphur is in the volatile reactive form. How-
ever, there is observational evidence that most of the sulphur in
protoplanetary discs is stored in some refractory form (M. Kama
et al. 2019), and other disc models assume lower sulphur abun-
dances to account for this depletion (e.g. Y. Aikawa et al. 2002; A.
Dutrey et al. 2011; R. Le Gal et al. 2019). Upon arrival at the inner

1Unlike in the cold interstellar environment, SO in protoplanetary discs
is not necessarily associated with shocks. At temperatures above ~ 50K,
it stays in the gas phase and, in combination with CS, can be used as a
tracer of C/O ratio (R. Le Gal et al. 2021).

MNRAS 549, 1-22 (2026)

disc, more species are formed, such as H,CS, CoH,, NH,CHO,
CH;CCH, SO..

After ~ 3Myr, the inner disc composition changes qualita-
tively. In the freeze-out only model, the C/O ratio continues to
grow above 1 as methane starts to arrive in the inner disc, enrich-
ing it with carbon. At the same time, in the baseline chemistry
models, the C/O ratio is still around 0.7, slowly approaching 1 by
6 Myr. In the models with chemistry, the methane delivery does
not happen, as the methane no longer exists; instead, the delivery
of carbon and oxygen to the inner disc is dominated by gas-phase
CO, with minor contributions from methanol and other COMs.

The transformation of molecules within 1au does not affect
the C/O ratio, although it affects the molecular composition.
Particularly, at T > 700K (inside 0.3 au) collisional dissociation
and two-body reactions in the gas phase destroy CO, and HCN,
as well as newly formed hydrocarbons and COMs. Products of
these reactions form other molecules, mostly CO, CH,, H,0, and
a variety of C species, which are the most stable at these densi-
ties and temperatures. Destruction of refractory organics at high
temperatures could release additional carbon from the dust-grain
cores and contribute to the C/O ratio in the gas in this inner
region (e.g. A. B. T. Penzlin et al. 2024; A. Houge et al. 2025b).
We consider this effect in Section 3.6.

In a smooth disc without dust traps, the inner disc composition
in the baseline chemistry models is very similar to the full chem-
istry models (which include cosmic ray photoprocessing of ices).
As shown in Fig. 1, one of the main effects of full chemistry is
the dissociation of water that releases some oxygen into other O-
bearing species. In the full chemistry model, more O-rich species
with binding energies lower than water are formed, such as SO
and SO,. This leads to more oxygen retained in the gas phase
and thus less oxygen lost due to rapid dust transport. Overall, it
results in a slightly more oxygen-rich disc and marginally lower
gas-phase C/O ratios in the inner disc.

3.3.2 Discs with a dust trap

The inclusion of a dust trap prevents pebbles from reaching the
inner disc, reducing the delivery of ices. The evolution of the
gas-phase C/O ratio and the main volatile components in the
models with a dust trap at 15au is shown in the right pan-
els of Fig. 3. Among the initially present species, the dust trap
interrupts the delivery of water and CO,, but does not affect
the more volatile CO and CH,. This leads to earlier growth
of the C/O ratio compared to the smooth disc models. A dust
trap situated inside the CO and CH,4 snowlines but outside the
H,0 and CO, snowlines suppresses oxygen transport by peb-
bles, favouring carbon-rich inner discs, which leads to higher
maximum values of the C/O achieved earlier in all chemical
regimes, compared to the case with no trap. Evolution of radial
C/O ratio distributions in models with dust traps is shown in
Appendix A.

In models with chemical reactions, the transport of complex
organics formed from the products of methane destruction is
also interrupted by the dust trap, and most of the carbon from
beyond 15 au never reaches the inner disc. After ~ 1 Myr, when
dust radial drift depletes the region interior to the trap of most of
its solid-phase volatile content, carbon enrichment of the inner
disc stops, and the C/O ratio cannot achieve values of > 1. CO
becomes the dominant volatile among C- and O-bearing species
in both the freeze-out only and baseline chemistry models.
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In the full chemistry model, cosmic ray-induced photoprocess-
ing of ices in the dust trap leads to a qualitatively different picture,
which is discussed in Section 3.3.3. The C/O ratio in the inner disc
sharply decreases to &~ 0.25 at > 2 Myr. The decrease is caused by
additional enrichment of the inner disc with molecular oxygen
formed in the dust trap in a reaction sequence triggered by cos-
mic ray-induced photoreactions in the ice phase (see Appendix
B for details). As a result, after 2 Myr, O, and CO become the
most abundant volatiles in the inner 1au in this model. In the
very inner region (inside 0.3 au), these molecules are thermally
reprocessed in the gas-phase, forming water and CO,.

3.3.3 Full chemistry in a dust trap

In the full chemistry model, water ice in a dust trap at 15au
can be dissociated to form the hydroxyl radical OH, which reacts
with other surface species, eventually producing O, ice (see Ap-
pendix B; C. Eistrup et al. 2018). The binding energy of O, (892K,
comparable to CO, 855 K) is too low for it to stay on dust surface at
15au (= 53K), so it immediately escapes to the gas phase, where
it is instead being advected with the gas and can reach inner disc
regions. This mechanism provides a way to release the trapped
oxygen and deliver it to the inner disc. The same O, formation
is also happening in the smooth disc with no traps in the full
chemistry model, but it is too slow to make a big difference when
transport is accounted for. We do not see any additional O, in
the inner disc (left panels of Fig. 3). With freely drifting pebbles,
these reactions are much less efficient, as this water ice reservoir
is spread throughout the disc and quickly depleted by radial drift.

The potential for efficient oxygen production in the dust trap
makes our predictions for the C/O ratio in the inner disc par-
ticularly sensitive to the efficiency of cosmic ray-induced photo-
reactions in the ice phase. Due to the limitations of the two-
phase approach to surface chemistry in the model, the full chem-
istry model is likely overestimating their contribution, while the
baseline chemistry model may underestimate it (see discussion
in Section 4.3 and Appendix B). We tested models with different
efficiency factors for these reactions by multiplying their rates by
a Cicr factor. Cicr = 1 corresponds to full chemistry, and Cicg = 0
corresponds to baseline chemistry models. We test intermediate
values of Cicg = 1073, 1072, and 107! that correspond to different
levels of involvement that the species produced in the bulk man-
tle can have in surface chemistry. Given that the typical thickness
of ice mantles is around 10*> — 10° monolayers, assuming com-
pact spherical grains, Cicg = 1073 — 1072 would imply that the
reaction products from the bulk of the ice mantle have no access
to surface chemistry, while at Cicg = 1072 — 107! they would par-
tially diffuse to the surface or be close enough to each other to
react in the bulk. The Cicr coefficient can also be interpreted as
a measure of inhomogeneity of dust grain surface, with Cicg = 1
corresponding to a fractal and porous ice mantle structure.

The simulated C/O ratios in the inner disc at different values of
Cicr are shown in Fig. 4. At reduction factors of Cjck = 1072 and
1072, the C/O ratio in the inner disc is marginally lower than in
the baseline chemistry model, and significant oxygen enrichment
is only seen in the Cjcg = 107! case. The amount of oxygen that
reaches the inner disc at 5 Myr is roughly proportional to Cicg,
leading to the corresponding change in the C/O ratio. For signif-
icant O, production and qualitatively lower C/O ratios, about 10
per cent of the dissociation products in the ice mantle should be
able to take part in surface chemistry.
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Figure 4. C/O ratio in the inner disc regions in the full chemistry
models with different efficiencies of cosmic ray-induced dissociation of
ices.
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Figure 5. Gas-phase C/O ratios in the inner disc in models with
baseline and full chemistry and different locations of the dust trap.

3.4 Efficiency of radial drift and the location of the dust
trap

To test the effect of the dust trap’s location, we put the planet at
5, 30, and 70 au from the star, resulting in a dust trap at 7, 45,
and 100 au, respectively, versus the trap at 15au in the main gap
models. The inner disc C/O ratios for different trap locations are
shown in Fig. 5.

The location of the dust trap has the most significant effect on
the C/O ratios before ~ 1 Myr when pebble flux is the highest,
as it affects the timing and the degree of oxygen delivery. As
was previously demonstrated by A. Kalyaan et al. (2021) and W.
Easterwood et al. (2024), a trap located further away from the
star results in longer and stronger water enrichment of the inner
disc. We note that modelling with more sophisticated models
(e.g. DustPy; S. M. Stammler & T. Birnstiel 2022) shows lower
leakiness in two-pop-py, which could weaken these effects (A.
Houge et al. 2026). After 1 Myr, the baseline chemistry models are
more similar, with the most noticeable differences in the models
with the trap at 7 and 100 au. The dust trap at 7au is within
the CO, snowline, so it does not interrupt the influx of CO, to
the inner disc, making the C/O ratio closer to 0.5. The trap at
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Figure 6. C/O ratio in the inner disc regions in models with different cosmic ray ionization rates. Left panel shows baseline chemistry models compared
with the freeze-out model (black), with (solid lines) and without (dot-dashed lines) dust traps. Right panel shows the baseline (solid lines) and full (dashed

lines) chemistry models with a dust trap at 15 au.

100 au is beyond both the CO and CH,4 snowlines, so it blocks
the delivery of CO and CH, ices via pebble drift. However, only
about a third of the disc material is beyond 100 au, which makes
this case qualitatively similar to the model with no traps.

With full chemistry, formation of O, in the dust trap and the
subsequent oxygen enrichment of the inner disc are also affected
by the trap location: it is only efficient in models with a dust
trap at intermediate distances (15 and 45au). A close-in dust
trap (7 au) produces a substantial amount of molecular oxygen
after 7 Myr, slightly decreasing the C/O ratio of the inner disc to
~ 0.6. With the trap at 100 au, the inner disc enrichment does not
happen within 10 Myr, with the C/O ratio staying around unity
at later times. However, some amount of O, is still produced in
all full chemistry models with dust traps. Potential observational
constraints on the efficiency of dissociation of ices by cosmic ray-
induced photons are discussed in Section 4.3.

3.5 Ionization rate

Cosmic ray ionization is the main driver of chemical evolution
in the disc midplane. The incident cosmic ray ionization rate is
not very well known for protoplanetary discs, and it may vary
between star-forming regions and due to the local circumstellar
environment. The available constraints report values both lower
(107¥s71; L. 1. Cleeves et al. 2015) and higher (up to 0.5 — 1 x
10716 s1; A. Dalgarno 2006; Y. Aikawa et al. 2021) than the
universally assumed value for local interstellar clouds of 1.3 x
1077 s, The model of cosmic ray propagation in circumstellar
discs by M. Padovani et al. (2018) provides even higher cosmic ray
ionization rates.

The left panel of Fig. 6 demonstrates the effect of different CR
ionization rates in models with baseline chemistry. Atlower ¢, the
evolution is similar to the freeze-out case, both with and without
the trap. The dissociation of methane is less efficient, leading to
later enrichment of the inner disc with carbon-bearing species.
At low cosmic ray ionization, the effect of chemistry is minor,
in agreement with previous findings (R. A. Booth & J. D. Ilee
2019). However, the maximum reached C/O value is sensitive
to the initial abundance of methane, which is relatively high in
the initial composition we adopt here (see J. Mah et al. 2023; A.
Houge et al. 2025b).
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At high ¢ = 1071571, the destruction of methane is more effi-
cient and starts affecting C/O ratios earlier, at a few kyr timescale.
By 1 Myr, the carbon-rich material is already mostly lost to ac-
cretion, while CO; is still abundant, which results in a C/O ratio
below 1. After 6 Myr, the C/O ratio sharply decreases due to the
destruction of CO in the gas-phase, leaving water and the rest of
COMs as main carriers of carbon and oxygen. This destruction
also happens in the fiducial model, but less efficiently before
10 Myr.

This result is qualitatively different from the conclusions of A.
D. Sellek & E. F. van Dishoeck (2025), who found that a high
ionization rate leads to more carbon enrichment of the inner disc.
This different conclusion comes from the differences in the chem-
ical networks. The main process responsible for carbon enrich-
ment in the models of A. D. Sellek & E. F. van Dishoeck (2025) is
the conversion of CO to CH, through reactions of the C* released
from CO with molecular hydrogen. In our model, in addition to
methane production, C* destroys CHy, typically at a faster rate
than it is produced, until the methane abundance becomes very
low (~ 1077). This complements the CH, destruction pathway
from direct CRPHOT dissociation, which A. D. Sellek & E. F. van
Dishoeck (2025) consider in a subset of their models. As a result,
in our model, methane production from C* is a factor of a few
less efficient than its destruction. Since both formation and de-
struction of CH, are triggered by the same C* ions, we see faster
methane destruction at high ionization rates. Overall, our model
predicts net destruction of CH, via C*, while the model of A. D.
Sellek & E. F. van Dishoeck (2025) predicts net production. Thus,
a high ionization rate leads to more efficient CH, production in
their model, creating the opposite trend with ¢. The chemistry
of methane, as the main primordial carbon-dominated volatile,
plays a crucial role in the inner and outer disc composition and is
very sensitive to the ionization rate. The global results of chemical
modelling are determined by the main production and destruc-
tion routes included in the reaction network.

For the models with full chemistry, we also find that the C/O
ratios in the inner disc are lower at higher ¢ (see right panel
of Fig. 6). The formation of O, also depends on the CR ioniza-
tion rate, which leads to more oxygen enrichment and an earlier
decrease in the C/O ratio at a higher ionization rate. As in the
baseline chemistry models, a high ¢ also leads to more methane
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destruction and consequently weak late carbon enrichment, as
well as additional CO destruction after 6 Myr.

3.6 Carbon grain destruction

Gas in the inner disc regions can be additionally enriched in car-
bon if the refractory carbon from solid dust grains is chemically
processed. Normally, amorphous carbon would sublimate at tem-
peratures above 1000 K, but dust grains contain multiple chemi-
cally diverse carbonaceous components that could be transferred
to the gas at different temperatures (H.-P. Gail & M. Trieloff 2017).
Pathways include pyrolysis (i.e. thermal decomposition in the
absence of oxygen) of refractory organic material at 300 — 500 K
(H. Nakano et al. 2003; H.-P. Gail & M. Trieloff 2017), destruction
by O and OH atoms at high temperatures and UV radiation field
(H. P. Gail 2002; J.-E. Lee et al. 2010; C.-E. Wei et al. 2019). Based
on the data from Solar system comets, a significant fraction of
carbon in the ISM should be present in the dust component (M.
N. Fomenkova, S. Chang & L. M. Mukhin 1994; H.-P. Gail & M.
Trieloff 2017). This amount of additional carbon could contribute
to high C/O ratios in the inner disc regions (J. Li et al. 2021; A. B.
T. Penzlin et al. 2024; A. Houge et al. 2025b). An important aspect
of this process is its irreversibility: once released, the carbon from
grains is transformed into a more volatile species that would
condense only at much lower temperatures.

As was recently shown by A. Houge et al. (2025b), the contri-
bution from carbon grain destruction can increase the C/O ratio
in the inner disc. To test the sensitivity of our results to carbon
grain destruction, we add this process to the model, following the
approach of A. Houge et al. (2025b). In our initial abundances,
60 per cent of all elementary carbon is hidden in the dust grains.
In the models with carbon grain destruction, all this carbon is
released instantaneously at temperatures > 350 K, forming acety-
lene C,H,. The choice of a relatively low value of the critical
temperature and the amount of carbon destroyed at this temper-
ature (all the refractory carbon) should provide us with an upper
limit on the expected effect of carbon grain destruction. However,
some models include destruction of solid carbon at even lower
temperatures, e.g. E. Pacetti et al. (2025). For a young solar mass
star, 350K is achieved at ~ 0.5 au from the star, well inside the
considered inner disc region.

The choice of acetylene as the product is also arbitrary, as the
process could release C*, CH,, or other more complex molecules.
The choice of the product of carbon grain destruction could af-
fect the composition of the carbon-bearing species forming in
the inner disc, which should be considered in a separate study.
However, this process is mostly relevant for the very inner disc
(< 0.5au), well inside the considered 1 au region. The particular
composition of the products should not significantly affect the
total carbon and oxygen balance in the inner disc, as most of the
products will not be able to escape this region through diffusion
or viscous spreading. We do not expect the gas-phase C/O ratio
in the inner region to be sensitive to the choice of the product of
carbon grain destruction.

Fig.7 shows the radial distribution of the carbon locked in the
grains and released to the gas phase. The inclusion of carbon
grain destruction releases acetylene inside 0.5au, followed by
its outward diffusion and transformation to other species. In-
side ~ 0.3 au it chemically transforms to CO and other carbon-
bearing species (with CO, and CH, abundances insensitive to
the increase in the acetylene abundance). At 0.1 Myr, this addi-
tional acetylene is more abundant than CO in the inner disc and
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Figure 7. Radial distribution of abundances of some carbon-bearing
species in the models with no dust trap and baseline C chemistry (with
carbon grain destruction), at 0.1 and 1 Myr. The thick transparent lines re-
fer to the same model without carbon grain destruction. ‘C grains’ denotes
the abundance of elemental carbon inside the dust grains. Acetylene
C,H,; is included in the C species.

contributes a lot to the carbon-oxygen balance. At 1 Myr, the dust
is already depleted by 1 — 2 orders of magnitude, and the con-
tribution from solid carbon is relatively small. C,H, does spread
outwards, but unlike in A. Houge et al. (2025b), in our model, it
does not reach the location of the acetylene snowline before the
dust reservoir is depleted; therefore, the released carbon is not
conserved in the disc. One of the reasons is a slightly different
sublimation temperature of C,H,: we adopt the binding energy of
2090 K (M. P. Collings et al. 2004; E. M. Penteado, C. Walsh & H.
M. Cuppen 2017), which corresponds to the freeze-out at ~ 60 K,
while A. Houge et al. (2025b) assume that it freezes at 70 K.

The main difference between our results and A. Houge et al.
(2025b) is largely due to our higher vg,,, which increases the
rate of dust transport and quickly depletes dust from the inner
disc, weakening the effect of carbon release. The evolution of the
inner disc C/O ratio in models with and without carbon grain
destruction is shown in Fig. 8. Before 0.5 — 1 Myr, the contribu-
tion from the destroyed grains significantly elevates the C/O ratio
inside 1 au in the fast drift model (Vf,g = 10m s™1). The amount
of the excess carbon is comparable to the amount of volatiles,
particularly water, brought from the outer disc by the radial drift.
However, when the flux of pebbles is exhausted, the contribution
of carbon grains becomes less significant. In the model with slow
drift (Ve = 1m s71), the effect of carbon grain destruction is
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Figure 8. Gas-phase C/O ratios in the inner disc for baseline chemistry
models with no dust trap, with and without carbon grain destruction.

weaker at earlier times, but remains significant at > 1 Myr age,
increasing the C/O ratio by a factor of ~ 2. At 2 Myr, the dust-to-
gas mass ratio inside 1 au is still around 1072, much higher than
the value of 107* in the fast drift case. The inclusion of a dust
trap would further decrease the dust mass fraction, weakening
the effect of carbon grain destruction.

We find that, in our fast drift models, carbon grain destruction
is only efficient in enriching the gas in carbon at the earlier stages,
while there is a significant amount of inwards drifting dust. It in-
creases the minimum C/O in the inner disc achieved at a few kyr
from < 0.05to~ 0.2 — 0.3. After 1 Myr its effect is minimal due to
the loss of most dust in the inner disc. It does not help to increase
C/O ratio in a few Myr old protoplanetary discs, assuming dust
growth is efficient (high vy, fast dust transport). In the case of a
smaller average dust size, the effect is more significant, as e.g. in
A. Houge et al. (2025b).

4 DISCUSSION

4.1 Effects on the inner disc C/O due to dust drift,
chemistry, and dust traps

JWST observations probe the C/O ratio of the inner discs in a
range of objects from different star-forming regions, with and
without substructures, around very low to intermediate mass
stars (A. Banzatti et al. 2023; S. L. Grant et al. 2023; M. J. Col-
menares et al. 2024; T. Henning et al. 2024; C. E. Romero-Mirza
et al. 2024; N. Arulanantham et al. 2025; G. Cugno & S. L. Grant
2025; F. Long et al. 2025; T. Kaeufer et al. 2026). To observationally
test the predictions of our modelling, we need to look at discs at
a population level across different ages. Our results suggest that
radial drift will have a major effect on the inner disc elemental
composition, with chemistry being important for discs on time-
scales longer than Myr.

The contribution of chemistry to the inner disc composition
depends on whether dust transport is efficient or not. We consider
a constant value of @ = 1073, while lower values could be present
in discs. At lower o, dust can grow to larger sizes and drift faster,
increasing the role of transport and leaving chemistry less time
to change the composition of ices (R. A. Booth & J. D. Ilee 2019).
At lower turbulence, the flux of pebbles is stronger but exhausts
the dust source faster (J. Mah et al. 2024; A. Houge et al. 2025b).
Another uncertain parameter is the dust fragmentation velocity.

MNRAS 549, 1-22 (2026)

At values lower than the adopted 10 m s~!, the growth will be re-
stricted, weakening the transport. With less efficient radial drift,
the enrichment of the inner disc with volatiles is expected to
happen later and be weaker. The observed composition of the
inner disc could inform us about the efficiency of radial drift:
for example, observing low C/O in the inner discs of ~Myr old
objects could indicate slower transport.

The early chemical processing of methane has two main out-
comes that significantly change the previous understanding of
volatile transport with pebbles. The lack of carbon-rich gas in
the outer disc prevents late carbon enrichment of the inner disc,
meaning a maximum C/O of 1 at a few Myr age. The solid carbon
is locked in a dust trap as well as water, meaning that inner discs
of old discs with traps are expected to be poor in carbon, as well
as in oxygen. Next, we expand on the implications of these two
ideas and speculate on alternative ways to produce the observed
high C/O ratios.

4.1.1 Late carbon enrichment prevented by chemical processing

Previous simulations show that high C/O ratio in the inner disc
can be achieved at older ages due to viscous spreading of carbon-
rich gases (CO and particularly CH,). R. A. Booth et al. (2017)
and J. Mah et al. (2023) showed that more volatile species with
far out snowlines are less affected by radial drift and deliver their
carbon at > Myr time-scales. We find that chemical conversion of
carbon-rich gas to carbon-rich organic ice transported by pebble
drift leads to early delivery of carbon in smooth discs and ulti-
mately prevents C/O reaching high values (> 1). This conversion
is driven by cosmic-ray ionization, and for ionization rates of
¢ > 10718 57! the inner disc C/O ratio stays ~ 1 at > Myr age,
as CO remains the main carbon carrier, while CH, is destroyed.
JWST surveys of > 5 Myr old discs in Upper Scorpius (PID 2970,
PI: 1. Pascucci) indeed confirm C/O < 1 in the inner discs, con-
sistent with this prediction (C. Xie, I. Pascucci and L. Feng , in
preparation).

Late carbon enrichment requires a high initial abundance of
CH, to achieve C/O > 1. The CH, abundance we adopt from J.
Mah et al. (2023; 50 per cent of CO abundance) is relatively high,
as discussed by A. Houge et al. (2025b). In protostellar cores, the
CH, to CO ratio is around 15 per cent (K. I. Oberg et al. 2011a),
similar to the Solar system comets where it ranges from a few
per cent to comparable amounts (M. J. Mumma & S. B. Charnley
2011). A. D. Sellek & E. F. van Dishoeck (2025) proposed a way
to achieve higher methane abundances in the disc, based on the
formation of CH, from CO and further carbon enrichment at later
stages derived from a phenomenological chemical model. We
find that the inclusion of more comprehensive chemistry leads to
efficient processing of CH, into carbon-rich organic ices, thereby
restricting the C/O ratios in the inner disc to values around 1, as
discussed in Section 3.5. This highlights the importance of a more
comprehensive treatment of chemistry, including a full chemical
network with surface reactions.

Another uncertainty concerns the methane binding energy to
water ice: as calculated by G. M. Bovolenta et al. (2022), it is
below 1000 K, which is lower than that of CO. In most astrophys-
ical models, including ours, a higher value of ~ 1100 — 1300 K
is adopted based on TPD measurements (e.g. Y. Aikawa et al.
1996; C. Eistrup et al. 2016; M. Minissale et al. 2022). This could
have a major effect on the timing of methane product delivery to
the inner disc in case of weak chemistry (¢ < 1071%s71). With a
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lower binding energy, the C/O in the inner disc would grow more
slowly, but without decreasing at later stages, as CH, would be the
last and most C-rich volatile to be delivered. At higher ionization
rates (¢ > 1077 s71), methane destruction before 1 Myr makes
this difference less significant, making it unlikely that the C/O
in the inner disc ever exceeds 1.

4.1.2 Chemical composition in the presence of a dust trap

Dust traps were previously shown to be efficient in blocking oxy-
gen delivery by trapping water (A. Kalyaan et al. 2021, 2023; W.
Easterwood et al. 2024; J. Mah et al. 2024). Our results demon-
strate that, due to chemical processing, carbon is also efficiently
trapped, which prevents C/O ratio increase in transition discs.
Carbon-rich species originate from beyond the trap and thus
never reach the inner disc, which also decreases its metallic-
ity compared to smooth discs by an order of magnitude after
1 — 2Myr. Discs with dust traps retain more dust and are typ-
ically brighter, implying the anticorrelation between dust flux
and the C/H ratio in the inner disc. However, if CRPHOT disso-
ciation of ices is efficient, an additional chemical path appears
for oxygen to escape the trap. In this case, the inner disc be-
comes oxygen-rich: it has super-solar metallicity and a low C/O
ratio. Chemical reactions also provide a way to form CO that
can subsequently escape the trap, but with a lower efficiency
(see Appendix B).

Similar effects can be produced by leaky dust traps, which
provide a way for dust grains and their ice mantles to escape the
trap and reach the inner disc (S. M. Stammler et al. 2023; P. Huang
et al. 2025; A. Sierra et al. 2025). As discussed by A. Houge et al.
(2026), dust traps at > 5au produce oxygen-rich inner discs with
C/0O < 1 without any chemical processing, if dust evolution is
modelled with a full dust size distribution code accurately captur-
ing coagulation and fragmentation. Our simulations, therefore,
should underestimate the amount of carbon and oxygen escaping
the trap with small grains produced in collisions. This process
should be able to balance the overestimated oxygen production
in our model to some degree. However, hydrocarbon ices would
also be able to escape with leaking grains, adding carbon to the
inner disc.

4.1.3 Perspectives of C/O > 1 in the inner disc

JWST observations find C/O > 1 in the inner discs of a variety of
protoplanetary discs. Carbon-rich chemistry is found to dominate
around lower-mass stars (A. M. Arabhavi et al. 2025; S. L. Grant
et al. 2025), down to planetary-mass objects (G. Cugno & S. L.
Grant 2025). However, C/O > 1 was detected in discs around
some solar-mass objects that have low accretion rates as well (M.
J. Colmenares et al. 2024; M. Volz et al. 2025). If carbon-rich gas
is destroyed by chemical processing as suggested here, alterna-
tive carbon enrichment mechanisms are necessary to explain the
observations.

In the presence of active chemistry, achieving high C/O ratio
values is not straightforward. Our modelling predicts the inner
disc C/O typically around 1 for a few Myr old objects, ranging
from 0.7to 1.7 depending on ¢{. A C/O noticeably above 1 can
only be produced in low CR environments and when cosmic ray-
induced photo-dissociation of ices is not included, provided that
the initial methane abundance is high. Such low CR environ-
ments could be a result of cosmic ray exclusion by the stellar wind
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(L. I. Cleeves et al. 2013; D. Rodgers-Lee et al. 2020); however,
locally-accelerated stellar cosmic rays may become important (D.
Rodgers-Lee et al. 2021). Values marginally above 1 (= 1.1) can
also be achieved at around 1Myr for specific combinations of
chemistry and ionization rate (see Fig. 6). Direct dissociation of
CO by cosmic rays and O, production on grains in dust traps can
further decrease the C/O down to 0.1 — 0.5.

A way to increase the C/O ratio is the inclusion of carbon grain
destruction. However, we find that when transport is efficient,
the reservoir of carbon solids is quickly depleted by drift any-
way, and the C/O ratio only increases at early times, as shown
in Section 3.6. More significant amount of extra carbon could
be released to the gas if dust accumulation were combined with
variable temperature profile, e.g. due to luminosity outbursts, as
A. Houge et al. (2025b) also suggested. This mechanism might
explain the solar-mass stars with unusually high carbon con-
tent, particularly if dust accumulated in a dust trap in the inner
disc.

For low-mass stars, a more common mechanism should be at
play to explain a systematically high C/O > 1. In this study, we
only consider solar mass stars. A dust evolution model suitable for
different stellar masses would be required for such simulations
(such as, e.g. TriPod; T. Pfeil, T. Birnstiel & H. Klahr 2024).
Stellar mass is expected to affect mainly the time-scales of the
radial transport, with pebble drift bringing volatiles faster in discs
around low-mass stars as the snowlines are closer (J. Mah et al.
2023). Dust growth itself is determined by the combined effect
of lower density, larger scale height, and different temperature
profile. Overall, the radial transport of dust is found to be more
efficient around lower-mass stars (P. Pinilla et al. 2013; J. Mah
et al. 2023).

From chemical point of view, the time-scales of methane pro-
cessing in the midplane for low-mass stars should be similar
to solar-mass stars. This means that our modelling would not
predict C/O ratio above 1 in the discs of low-mass stars, con-
trasting the observations. Freeze-out-based simulations of the
chemical composition of photo-evaporating discs around low-
mass stars also showed a C/O ratio below the typical observed
values (J. L. Lienert, B. Bitsch & T. Henning 2025). The observed
correlation of high carbon content with low accretion rate and
low stellar mass might not be a consequence of radial drift or
chemical processing in the outer disc, and an alternative expla-
nation is required. The effects of chemistry on the composition of
discs around low-mass stars should be investigated in a separate
study.

4.2 Scrutiny of the O, production efficiency

One of the substantial model-dependent results of our work is
the cosmic ray-induced production of O, in the dust trap (see
Appendix B). This mechanism provides a way to release oxygen
locked in the dust trap at a few Myr age, significantly affecting the
inner disc C/O ratio. At the same time, it is unclear what fraction
of radicals produced in the bulk of ice mantles can participate in
surface reactions to trigger the O, production.

Dissociation of water ice by CRPHOT in the full chemistry
models is assumed to be happening in the whole of the ice mantle,
not just in the upper layers, potentially significantly overestimat-
ing the involvement of the produced OH radicals in surface re-
actions. The effect of O, formation is an extreme case happening
in most favourable conditions, as we show in Section 3.3.3 and
Fig. 4, and is sensitive to the fraction of the mantle affected by
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Figure 9. Relative abundances of O; in the gas and in the ice in models with different locations of the dust trap and different chemical regimes. The
shaded area marks the observational upper limit on O, abundance in TW Hya (B. J. Williams et al. 2023).

the CRPHOT dissociation of ices. The use of a three-phase or
multi-phase ice model may mitigate O, formation as well. Even
if O, forms in the ice mantle, a reasonable fraction of it is ex-
pected to remain trapped deep in the bulk, while only the surface-
formed O, would have a chance to escape (e.g. V. Taquet et al.
2016).

Another uncertainty concerns the rate coefficients of cosmic
ray-induced photoreactions, adopted from R. Gredel et al. (1989),
which assume a dust size distribution of small interstellar grains.
However, dust growth in the disc midplane should reduce pho-
ton absorption, leaving a stronger UV field and increasing reac-
tion rates. A two order-of-magnitude increase in maximum grain
size corresponds to an order-of-magnitude increase in average
grain size and hence in CRPHOT reaction rates, potentially al-
tering ice compositions (L. N. Zwicky & T. S. Molyarova 2021).
This would enhance water-ice dissociation and accelerate O, for-
mation. On the other hand, the dust-to-gas mass ratio in the
dust trap is also much higher than was assumed by R. Gre-
del et al. (1989; ~ 0.5 compared to the standard 0.01). The in-
creased dust abundance should lead to more efficient adsorp-
tion of CRPHOT and thus lower ionization rates. To some de-
gree, the effects of dust size and mass fraction should compen-
sate for each other, but their importance should be separately
investigated.
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4.3 Observational limits on the O, formation

If molecular oxygen is indeed efficiently produced in the dust
trap, it could be observable. At the moment, ALMA observations
aimed at molecular oxygen have not yielded any detections. For
the disc around TW Hya, B. J. Williams et al. (2023) used the
emission of the isotopologue *0'#0 to determine an upper limit
on the O, abundance of (6.4 — 62) x 10~7. O, with an abundance
of a few per cent relative to water was also detected in two Solar
system comets, 67P /C-G (A. Bieler et al. 2015) and 1P /Halley
(M. Rubin et al. 2015). The origin of the O, ice is uncertain, but
astrochemical modelling suggests that it is likely primordial (V.
Taquet et al. 2016; C. Eistrup & C. Walsh 2019).

Fig.9 shows the radial distribution of O, in our models in
comparison with the observational limit from B. J. Williams et al.
(2023). With the baseline chemistry, the O, abundance in the
gas stays at 1071 — 107 at all times. With full chemistry and no
traps, O, abundance can exceed the observational limit only in
the case of slow transport, which is inconsistent with the > 10~°
Mg, yr~! accretion rate of TW Hya (G. J. Herczeg et al. 2023). In
all models with full chemistry and a dust trap, the O, abundance
exceeds 10~ at some point in time, depending on the trap loca-
tion. The high O, abundance reached by 5 Myr in models with a
dust trap at intermediate distances (tens of au) is comparable with
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that of CO and covers a large enough disc region to be potentially
detectable at ~ 40 au resolution.

The non-detection of molecular oxygen in TW Hya may point
to a limited contribution of O, formation, either due to ineffi-
cient CRPHOT-induced ice dissociation or a low ionization rate.
Observational constraints from HCO' and N,H™ emission do
indicate a CR ionization rate below 107'°s~! in TW Hya (L. L.
Cleeves et al. 2015). Methanol observations in TW Hya confirm
that grain surface chemistry plays an important role in setting
the abundances of the observed species there, but the efficiency at
which ices are photodissociated is overestimated in the modelling
(J.D.1lee, C. Walsh & J. C. Calahan 2025). Alternatively, the rings
of TW Hya might not provide a high enough dust-to-gas ratio
(~ 0.1) for long enough time (~ 1 Myr). Observational limits rule
out efficient ice-phase production of molecular oxygen in dust
traps in TW Hya.

An older transition disc with a prominent dust trap at tens of au
distance would be a perfect candidate to look for molecular oxy-
gen. Efficient O, formation would lead to super-solar metallicity
(see second right panel in Fig. 3) and high water abundance in the
inner disc. Without this mechanism, at a few Myr age, the inner
disc should be poor in both carbon and oxygen, unless the dust
trap is leaky. There are examples of bright water emission and a
low C/O ratio in large discs or older transition discs (D. Gasman et
al. 2025a). Particularly, PDS 70 and SY Cha (around 5 and 3 Myr
old, respectively) each possess a bright ring in dust emission, a
very deep, extended gap, at the same time demonstrating strong
emission of water brighter than that of carbon species. Another
example is Sz 98 (D. Gasman et al. 2023), which has no prominent
dust rings, but a discontinuity in its radial emission profile that
might indicate the presence of a dust trap (M. Ansdell et al. 2018).

Transition discs with oxygen-rich inner discs, such as PDS 70
or SY Cha could be promising targets for a potential search for O,
emission with ALMA. SY Cha has accretion rate of 3.89 x 10710
M, yr~! and molecular emission from inside the cavity (C. F.
Manara et al. 2017; R. Orihara et al. 2023; R. Teague et al. 2025).
Its inner disc is rich in both oxygen and carbon bearing molecules
(K. R. Schwarz et al. 2024). PDS 70, an older object and a host of
the first planets detected in a protoplanetary discs, also has weak
accretion rate of ~ 2 x 1071° Mg, yr—!. ALMA observations show
high C/O ratio ~ 1 in the outer disc around the dust ring and
weak line emission from within the cavity (L. Rampinelli et al.
2024). However, JWST MIRI data show water emission and no
hydrocarbons in the inner disc (G. Perotti et al. 2023), indicating a
lower C/O ratio. These observations do not necessarily require O,
production to explain, because a leaky dust trap could potentially
enrich the inner disc with water (A. Sierra et al. 2025), but the
observed composition leaves room for possible O, production in
the dust trap. Hot water is also detected in the inner disc of AS
209, which has large prominent rings (C. E. Romero-Mirza et al.
2024). However, in some transition discs, hydrocarbons dominate
the spectrum, suggesting a high C/O ratio (M. Volz et al. 2025).
The diversity of transition disc composition and possible reasons
for differences in the inner disc composition are discussed in
section 4 of M. Volz et al. (2025). Nevertheless, their high con-
centration of dust and thus potentially of water ice makes them
more favourable candidates for O, detection than TW Hya.

Potentially oxygen-rich gas is also observed in some Herbig
Ae/Be stars. ALMA observations show water emission just inside
the dust trap in the disc around HD 100 546 (L. Rampinelli et al.
2025). In this object, the emission might be coming from inside
the water snowline, which is located at a similar distance as the
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trap (= 20 au). In the disc around HD 169142, the C/O ratio inside
30—60au is found to be approximately solar, rising above 0.5 at
larger distances (L. Keyte et al. 2024). The C/O ratio increases
approximately between the inner and outer dust rings, which
might be connected with the production of O, in the dust traps.
In Herbig stars, their higher mass and luminosity will have two
opposite effects on the radial drift: snowlines further out will lead
to slower transport in the gas after volatiles sublimate, causing
later enrichment, while a larger scale height would make the
drift velocity higher. Dedicated chemical modelling is required
to predict their C/O ratios.

5 CONCLUSIONS

We simulated the chemical evolution of a protoplanetary disc
midplane to analyse the elemental composition of the gas in the
inner disc regions of solar-type stars. We combine comprehensive
chemical modelling, including complex surface chemistry with
two-population dust growth parametrisation and radial transport
in a viscously evolving disc. We consider models with different
transport regimes, with and without dust traps, and with different
trap locations. We analyse chemical evolution with and without
the contribution of ice-phase dissociation by cosmic ray-induced
photons and at different levels of cosmic ray ionization rate.

We find that the C/O ratio in the inner disc regions is affected
by chemical reactions at times longer than 1 Myr. Unlike freeze-
out only models, the models with chemistry predict a C/O ratio
around and below 1 for a few Myr old discs. We focus on the mod-
els with relatively fast transport, characterized by Virag = 10m st
and o = 1073, and highlight that in discs with less efficient radial
drift, the C/O ratio of the inner disc hardly evolves from the initial
over 10 Myr. The key parameters that govern the contribution of
chemistry in our modelling are the incident cosmic ray ioniza-
tion rate, the efficiency of cosmic ray-induced photoreactions in
the ice phase, and the presence and the location of a dust trap
accumulating water ice. We find that with a high fragmentation
velocity, the inclusion of carbon grain destruction only affects the
C/O ratio in the inner disc during 1 Myr, increasing it from below
0.1t00.2 —0.3.

The main effect of chemistry is that it releases carbon from
methane, causing earlier delivery of carbon to the inner disc be-
cause CH, is converted to less volatile carbon-bearing molecules.
This process is sensitive to the cosmic ray ionization rate, and
substantially affects the C/O ratio at ¢ > 10717 s71. As a result,
CH, is no longer the main carbon carrier at Myr time-scales.
Instead, the C/O ratio is primarily determined by CO and CH;OH
formed from CO on the dust near the CO snowline after ~ 3 Myr.
This sets an upper limit of ~ 1 on the C/O in the inner regions
after 3 Myrs.

The inner disc can be significantly enriched with oxygen due
to O, formation in the dust trap, if cosmic ray dissociation of
ices is efficient. This mechanism allows to release oxygen locked
in the dust trap transforming it to more volatile O,, if at least
around 10 per cent of the dissociation products in the ice mantle
take part in surface chemistry. Similarly, CO gas is produced from
the destruction of carbon-rich ices. Molecular oxygen has not yet
been observed in protoplanetary discs, and the available upper
limits are inconsistent with the predicted abundances for the
most optimistic cases. The use of a three-phase or multi-phase
ice model may reduce the production of O, and CO compared
with the two-phase models used here, because even if formed in
the ice, they may stay trapped within the water ice matrix. We
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expect that this mechanism should be most efficient in transition
discs with highly concentrated dust rings, leading to water-rich
inner discs, and suggest that O, detection in such objects can be a
signature of efficient cosmic ray-induced photodissociation of ice.
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APPENDIX A: THE C/0 RATIOS IN DISCS WITH
DUST TRAPS

Fig.Al summarizes the evolution of gas- and ice-phase C/O ra-
tios in the models with a dust trap at 15au. The region inte-
rior to the dust trap becomes depleted in ice as the dust drift
clears it of solids. In the full chemistry model, formation of O,,
CO, and other species in the trap allows volatiles to escape the
trap and leads to a non-negligible amount of ice interior to the
trap.
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Evolution of the radial distributions of C/O ratios in the gas (left) and in the ice (right) in models with a dust trap at 15 au. Top to bottom:
freeze-out, baseline chemistry, and full chemistry models. The regions where the total abundance of C and O in gas or ice is lower than 0.001 of their

initial total abundance are shown in white. The contours mark the C/O ratio values of 0.5, 1, and 2.
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APPENDIX B: ICE CHEMISTRY IN THE DUST
TRAP

In full chemistry models with dust traps, the disc composition at
>Myr time-scales is qualitatively different from baseline chem-
istry models. Dissociation of ices by cosmic ray-induced photons
triggers the chemical process that allows oxygen to escape from
the trap and leads to an oxygen-rich inner disc with a low gas-
phase C/O ratio and high metallicity. Here, we show the reaction
routes responsible for this effect.

O, formation in the dust trap starts with the dissociation of
water ice by cosmic ray-induced photons:

gH,0— > [CRPHOT]gOH + gH. (B1)

Hydroxyl radicals in the ices on dust grain surfaces, gOH, are
involved in multiple reaction cycles (note that here we mark the
species on the dust grain surface with a letter g, for grain). Re-
acting with atomic hydrogen, they can form water ice again, in a
barrier-free reaction gOH ->[gH] gH, 0. Multiple reaction routes
lead to the formation of gO,, following the release of atomic
oxygen gO:

gOH— > [gOH]gH,0 + g0, gO0— > [gO]g0,

g0— > [gOH]|gHO,~ > [gO]gO, + gOH

g0— > [gHS]gSO— > [g0]gS0O,— > [gH]gO, (B2)

These reactions include direct formation of gO, from gO,
a pathway through the hydroperoxyl radical gHO,,and a cycle
catalysed by sulphur-bearing species. These reactions are sum-
marized in Fig. B1. Sulphur as a possible catalyst of O, production
in a process involving SO was described in C. Eistrup et al. (2018).
However, this process is only efficient at > 1 Myr time-scales.
Among these formation paths, the gHO,/gOH route is the most
efficient.

Apart from molecular oxygen, the dust trap stimulates the for-
mation of CO on dust grains. There is an ensemble of reactions
that produce gCO, one of which is directly linked to O, formation:

g0,— > [gC]gCO + gO. (B3)

In the presence of plenty of gO,, gCO will also inevitably form, be-
cause there is carbon provided by cosmic ray dissociation of com-
plex hydrocarbons on dust surfaces. These hydrocarbons, such
as gCH,CHCCH, are formed in the outer disc regions and accu-

Figure B1. Main formation routes of O, on the dust surface. Most
reactions with atomic hydrogen are excluded for clarity.
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Figure B2. Evolution of integrated masses of main gas-phase volatiles
and C/O ratios in the inner disc in the models with full chemistry, differ-
ent H binding energy, and different H, formation mechanisms. O, is also
included in the O species.

mulate in the trap. Their formation is also triggered by methane
destruction and subsequent reactions in the gas and in the ice.
Like O,, the formed CO sublimates and escapes the dust trap.
Some of it is converted to CO, on the way to the inner disc. In
addition to equation (B3), there are reaction routes that produce
CO in the ice either through gHCO, gOCN, or sulphur-bearing
species such as gOCS and gHS. However, before sublimating to
the gas phase, a significant fraction of the produced gCO also
reacts with the available gOH to form gCO,. This restricts the
efficiency of this channel and helps to lock the CO, in the trap.
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Only a fraction of the CO produced in the trap is able to escape to
the gas phase.

Production of molecular oxygen could be overturned by the
counteracting process of water formation. Water ice can form
on dust surface through step-by-step hydrogenation of molecular
oxygen, experimentally studied by H. M. Cuppen et al. (2010a):

gHO,— > [gH]g0 + gH,0
gHO,— > [gH]|gOH— > [gH]gH,0. (B4)

g0,— > [gH]gHO,,

These processes depend strongly on the availability of H atoms
on the grain surface. However, atomic H has a low binding energy
(650K in the model) and desorbs rapidly at 53 K, where the trap is
located. This makes the reverse process relatively inefficient. Es-
sentially, the O, formation routes are more efficient because they
do not rely on hydrogenation, particularly in the hydroperoxyl
branch. For the sulphur catalytic cycle, hydrogenation is neces-
sary to produce gHS, but this species can be formed in the outer
disc regions and delivered to the trap. Conversely, the key forma-
tion routes for O, involve species with higher binding energies.
The key reaction route with hydroperoxyl only includes species
with binding energies higher than that of atomic hydrogen: gO
(1660K), gOH (3210K), and gHO, (1510K; J. He & G. Vidali
2014; J. He, D. Jing & G. Vidali 2014; E. M. Penteado et al. 2017),
which allows them to stay on the dust surface and form molecular
oxygen faster than water.

Molecular oxygen formation from water should only be effi-
cient within a certain temperature range, depending on the loca-
tions of the snowlines of the involved components. The temper-
ature should be high enough to prevent significant deposition of
atomic hydrogen, but low enough to still avoid thermal desorp-
tion of hydroperoxyl and atomic oxygen. However, even within
their snowlines, species can briefly adsorb to the grain surface
and participate in the surface reactions, because the time-scale of
diffusion and reaction can be shorter than the desorption time-
scales (shown experimentally, e.g. J. Terwisscha van Scheltinga
et al. 2022). The highest temperature for the O and HO, staying
on the dust surface is around 70K, reached at &~ 7 au. The low-
est temperature for O, formation should be determined by the
efficiency of water formation, and consequently, the amount of
atomic hydrogen, with an unclear temperature range. As a hard
limit, if any O, is formed below the O, sublimation temperature
~ 20K, it will not escape to the gas phase.

The surface chemistry of water and molecular oxygen at lower
temperatures (T < 30 K) was experimentally investigated in mul-
tiple studies (S. Ioppolo et al. 2008; H. M. Cuppen et al. 2010a;

D. Jing et al. 2012; J. R. C. Silva et al. 2025). It was shown by S.
Toppolo et al. (2008) that water ice can be efficiently formed from
O, ice bombarded with hydrogen at 10-28 K. Water production
from O, O,,and O; through multiple routes was investigated by
H. M. Cuppen et al. (2010a) at 15-25K. Laboratory data show
the presence of intermediate products of these formation routes:
H,0,, O;, HO,. These species and all water formation routes
are included in the presently used network. In our simulations,
cosmic ray ionization of ices provides an additional source of
water destruction, increasing OH abundance and enhancing the
reactions with hydroxyl, which shifts the balance to O, produc-
tion. We also consider higher temperatures, which correspond
to lower H abundances, further restricting water production, as
well as more efficient O, thermal desorption, which obstructs
surface formation of water. The combination of relatively high

temperature (=~ 50K) and efficient dissociation of water ice is
the key factor leading to efficient O, production in the dust trap.

There is also the assumption of a two-phase model: in reality, rad-
icals/atoms formed in the bulk will have slower rates of diffusion,
which could push the reformation of water to be favoured over
production of molecular oxygen.

The binding energies of H and O are among the key model
parameters in the surface chemistry of water and molecular oxy-
gen (J. He et al. 2015). They are relatively well constrained by the
laboratory experiments (H. M. Cuppen et al. 2017), but some un-
certainties could arise from the dust material and the type of bond
to it (chemisorption or physisorption). The gH abundance should
also be sensitive to the H, production mechanism (see e.g. H. M.
Cuppen, L. E. Kristensen & E. Gavardi 2010b; V. Wakelam et al.
2017). We consider models with higher H binding energy and a
different H, formation mechanism and find that O, production is
robust to these parameters. These models in comparison with the
fiducial full chemistry model are shown in Fig. B2. The increase
in the gH abundance is not enough to surpass the O, formation
and has very little effect on the inner disc composition. In the
model with Langmuir-Hinshelwood formation of H, (as opposed
to the Eley-Rideal mechanism in the rest of the models), the
amount of oxygen escaping the trap and reaching the inner disc
also stays approximately the same, but the O, is more efficiently
converted to water on its way to the inner disc. The O, formation
mechanism is robust to the parameters of the surface chemistry
of hydrogen.
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