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ABSTRACT

Observations indicate that the total abundance of S-bearing species in dense clouds is orders of magnitude lower
than the cosmic sulfur abundance. Addressing this “missing sulfur problem” requires a combination of astronomical
observations, laboratory experiments, and theoretical models. For this study, we used the pyRate astrochemical model
to simulate the vacuum-ultraviolet-photon irradiation of a CO2:CS2 ice mixture at 10 K in the laboratory, with the
goal of supporting the interpretation of the experimental results and testing our current understanding of the sulfur
evolution in interstellar ices. For this purpose, the astrochemical model was adapted to the experimental conditions,
and the chemical network was compiled from several sources to ensure that all known reactions involving sulfur species
were included. The results indicate that non-diffusive chemistry is necessary to reproduce the formation of S-bearing
species observed in the experiment. However, some discrepancies were found in the major S-bearing ice chemistry
products predicted by the model and the experiment. The compounds OCS, CS, and SO are overpredicted by the
model, but it falls short in accounting for SO2 and sulfur allotropes. These discrepancies are likely due to a combination
of incomplete knowledge on the chemical reactions at play (either because of missing reactions and/or because of
unconstrained reaction barriers), and uncertainties in the experimental analysis. This work represents the first effort to
model the chemistry of a multicomponent ice analog with a rate-equation-based code, and highlights the complementary
nature of theoretical and experimental astrochemistry to disentangle the chemical evolution of sulfur in the interstellar

medium.
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1. Introduction

The chemistry of sulfur (S) in the interstellar medium (ISM)
is not fully constrained. Observed abundances of S-bearing
molecules in dense regions of the ISM are up to two orders
of magnitude lower than the cosmic sulfur abundance (see,
e.g., Vastel et al. 2018; Le Gal et al. 2019; Fuente et al.
2019; Riviere-Marichalar et al. 2020), with some variability
depending on the environmental conditions (Fuente et al.
2023). This issue, historically known as the sulfur deple-
tion problem or the missing sulfur problem, needs to be
addressed through a combination of astronomical observa-
tions, laboratory experiments, and theoretical models.

A significant fraction of the sulfur present in dense
and cold interstellar regions is expected to be locked
in icy dust grains (see, e.g., Laas & Caselli 2019). Sul-
fur molecules in interstellar ice mantles would be sub-
ject to energetic processing through cosmic ray or ul-
traviolet (UV) photon irradiation. These processes can
be further investigated in the laboratory under condi-
tions relevant to the ISM to better understand the chem-
ical evolution of sulfur in interstellar ices. The S-bearing
molecules more often studied in experiments simulat-

ing the energetic processing of ice analogs are hydro-
gen sulfide (HsS, see, e.g., Jiménez-Escobar & Munoz Caro
2011; Jiménez-Escobar et al. 2012, 2014; Loeffler et al.
2015, 2016; Loeffler & Hudson 2018; Cazaux et al. 2022;
Santos et al. 2024; Carrascosa et al. 2024) and sulfur diox-
ide (SOq, see, e.g., Ferrante et al. 2008; Garozzo et al.
2008, 2010; Kainuchova et al. 2017; Nguyen et al. 2024).
This is due to their relatively high abundances compared
to other S-bearing species in comets and other bodies of
the Solar System (Dalton et al. 2010; Le Roy et al. 2015;
Calmonte et al. 2016). More recently, additional S-bearing
molecules such as CSy have also been incorporated into such
experimental studies, based on their detection in comets
and their potential presence in interstellar ices.
Martin-Doménech et al. (2024) present laboratory ex-
periments studying the chemistry induced by energetic pro-
cessing of CSy-bearing ices. In these experiments, binary
ice samples containing one isotopically labeled major ice
component (Hi80, 13C180, or 13C180,) and CS, molecules
were co-deposited onto a cryogenically cooled substrate
(down to a temperature of 7—11 K) located at the cen-
ter of an ultra-high-vacuum chamber (with a base pressure
on the order of ~2 x 1071° Torr). The purpose of using iso-
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topically labeled molecules was to facilitate the subsequent
analysis of the experimental results. After deposition, the
ice samples were irradiated with either 2 keV electrons or
vacuum-ultraviolet (VUV) photons, while being monitored
with infrared (IR) spectroscopy. After irradiation, the irra-
diated ices were warmed up to 250 K at a controlled heating
rate of 2 K min~!, and the desorbing molecules were de-
tected with a quadrupole mass spectrometer (QMS). For-
mation of a variety of S-bearing products was reported, in-
cluding SO, OCS, SO3, C3S2, and S, (and/or their isotopi-
cally labeled counterparts). However, a significant fraction
of the initial amount of sulfur was not detected at the end
of the experiments. The authors suggest that the missing
sulfur could be contained in long sulfur allotropes (S,,, with
n > 4). These species have been proposed in the literature
as potential carriers of the missing sulfur in dense regions
of the ISM (see, e.g., Cazaux et al. 2022; Carrascosa et al.
2024). Their plausible presence in the irradiated ices was
compatible with the non-detection of a fraction of the ini-
tial sulfur, because sulfur allotropes do not have strong IR,
features, and those with n > 4 have molecular masses above
the upper limit of the mass-to-charge ratio detectable by the
QMS in the experimental setup (100 amu). Moreover, the
expected desorption temperature of Sg (the most stable sul-
fur allotrope on Earth) is higher than 250 K (Perrero et al.
2024). As a result, their detection during the reported ex-
periments was very challenging. This stressed the need for
further experimental and/or theoretical work that could
support the proposed scenario.

Gas-grain astrochemical models are used to theoreti-
cally calculate the chemical composition over time of the
solid and gaseous phases in different regions of the ISM.
To this end, rate-equation-based or stochastic Monte Carlo
codes are used, in combination with a chemical network
and a physical model. Rate-equation-based codes are usu-
ally more convenient to describe macroscopic processes.
Stochastic codes, on the other hand, are able to provide
more detailed information about microscopic processes that
take place on surfaces, at the expense of a greater computa-
tional cost (Cuppen et al. 2017; Jiménez-Serra et al. 2025).
Because of their more accurate description of surface pro-
cesses, stochastic codes have also been used to reproduce
the ice chemistry observed in laboratory experiments. In
particular, Lamberts et al. (2013); Lamberts et al. (2014),
and Toppolo et al. (2021) used the continuous-time random-
walk kinetic Monte Carlo (CTRW-KMC) astrochemical
model (Cuppen & Herbst 2007), with a restricted chemi-
cal network, to model the formation of water and glycine
(respectively) through the non-energetic processing of ice
analogs in the laboratory. However, the application of these
models to the simulation of more complex laboratory exper-
iments is not necessarily practical due to the exponentially
higher computational cost associated with such systems.
Alternatively, Shingledecker et al. (2019) used the MONACO
rate-equation-based astrochemical model (Vasyunin et al.
2017) to reproduce the experimental results of pure Oo
and HsO ice bombardment with keV protons. More re-
cently, Sokolova et al. (2026) have compared the outcomes
of the rate-equation-based astrochemical models MONACO,
Nautilus (Ruaud et al. 2016), and pyRate (Sipild et al.
2015), reproducing the hydrogenation of pure CO ices.
Their findings suggest that rate-equation-based astrochem-
ical models may also be suitable for reproducing laboratory
experiments and facilitating their analysis. In this regard,
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Pilling et al. (2022) developed a rate-equation-based code
called PROCODA that is specifically designed to character-
ize the chemistry of irradiated astrophysical ice analogs by
calculating reaction rates using the ice column densities ob-
tained from absorbance IR spectra. This approach has been
applied to the irradiation of CO4 (Pilling et al. 2022), H,O
(da Silveira & Pilling 2024), and CHy (Gerasimenko et al.
2025) ices, as well as a HoO:02 ice mixture (Silva et al.
2025).

For this study, we used the astrochemical model
pyRate to simulate the laboratory experiments presented
in Martin-Doménech et al. (2024). The goal is twofold: to
test our current understanding of the primary chemical re-
actions governing the evolution of S-bearing species in in-
terstellar ices, and to provide predictions for species that
may have formed during the experiments but could not
be detected. This work represents the first effort to model
the chemistry of a multicomponent ice analog with a rate-
equation-based astrochemical model. This paper is struc-
tured as follows. In Sect.2, we discuss the details of the
simulations, describing how the experimental setup can be
mimicked with a rate-equation chemical code and how the
chemical simulation is initialized. Section 3 presents the re-
sults of our simulations, which are discussed in further de-
tail in Sect.4. The astrophysical implications of our work
are discussed in Sect. 5, and our final conclusions are drawn
in Sect. 6. Appendices A to C present supplementary results
as well as the chemical network used in this work.

2. Model

Chemical simulations were carried out using our gas-grain
astrochemical code pyRate, whose basic functionality is de-
scribed in Sipild et al. (2015), with updates and added func-
tionality presented in subsequent works (e.g., Sipild et al.
2019). The simulation setup is presented in Sect. 2.1. In
Martin-Domeénech et al. (2024), multiple experiments with
varying ice thicknesses and initial compositions were per-
formed. The ice samples were irradiated with either 2 keV
electrons or VUV photons. Because molecular dissociation
in pyRate occurs mostly through photoprocesses (cosmic
rays can also act as a dissociating agent) and there is
no existing implementation for electron-induced dissocia-
tion, we chose to simulate the VUV-photon irradiation of a
CO5,':CS, ice mixture, more specifically their experiment 5.
The adaptation of the astrochemical model to this partic-
ular ice sample is described in Sect. 2.2.

2.1. Simulation setup

Briefly, pyRate is a rate-equation-based chemical code that
solves a system of coupled ordinary differential equations.
Even though pyRate was developed to simulate chemistry
occurring in interstellar environments, it is adaptable to
other contexts, and has been used to simulate an ion trap
experiment (Jiménez-Redondo et al. 2024). Here, we sim-
ulate instead a different type of experiment where layers
of ice have been grown on a substrate, and chemical re-

1" As mentioned in the Introduction, the experiments presented
in Martin-Doménech et al. (2024) used isotopes (**C'®05) in
order to facilitate the analysis of the IR and QMS data. Since
this was not required for the simulations presented in this work,
the regular isotopolog CO2 has been used instead.
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actions are initiated after irradiation of the ice breaks up
the initially deposited molecules. We have used pyRate to
mimic the experiment by setting up the simulation such
that, initially, the simulated “grains” are covered with ice
corresponding to the amount grown on the substrate for the
experiment. The surface area of one grain is set to corre-
spond to the surface area of the substrate in the experiment.
For simplicity, we tuned the various simulation parameters
(e.g., gas density, which is used to calculate the grain num-
ber density) such that there was exactly one grain per cu-
bic centimeter, which allowed to easily calculate the initial
amount of ice to be deposited on the virtual substrate. The
ice was then subjected to a UV field which started the chem-
ical evolution along the reaction pathways involved in the
chemical network (see Sect. 2.3), and the simulation was
run for the same amount of time as the duration of the
experiment.

In a typical pyRate simulation, the chemical evolution
is resolved simultaneously in the gas phase and on grain
surfaces; the two are linked via adsorption and desorption.
There are four possible mechanisms for desorption: thermal,
cosmic-ray induced, reactive (i.e., chemical), and photodes-
orption. As the experiments involve a low substrate tem-
perature and there are no weakly bound species such as
hydrogen, thermal desorption over the timescale of the ex-
periment is almost negligible (but was included in the sim-
ulation nonetheless). Cosmic-ray induced desorption was
turned off as we do not expect it to be of any significance
considering the short timescale of the experiment and the
low flux of cosmic rays making it to the surface of the Earth.
Reactive desorption was implemented under the assump-
tion of 1% desorption efficiency for exothermic reactions
involving one or two products (Riedel et al. 2023). Pho-
todesorption was not included in the simulations as the
photodesorption yields for most of the species involved in
the present reaction scheme are not known. We did how-
ever test the effect of including photodesorption for COq
and CSs based on the flux of VUV photons in the experi-
ment (5.3 x 10'3 photons cm ™2 s~1; Martin-Doménech et al.
2024). For the photodesorption yields we assumed 10~3 for
CO; (Oberg et al. 2009), and (arbitrarily) the same value
for CS;. We found that the photodesorption rates were too
small to have an appreciable effect on ice abundances over
the course of the simulation, and hence in all simulations
described below photodesorption was not included for sim-
plicity. Typically, the total amount of ice remains constant
within one per cent over the timescale of the simulation.
Although transfer from the gas phase back onto the ice is
possible via adsorption, we have found this to be of a sim-
ilarly negligible effect over the course of the experiment.
Indeed the evolution of the ice is almost completely driven
by in situ reactivity. Finally, we employed the so-called
three-phase model where the ice is separated into an active
surface and a chemically inert mantle beneath (following
Hasegawa & Herbst 1993). The motivation for this and the
associated assumptions are further described below.

2.2. Description of molecular dissociation

As explained above, we chose to simulate experiment 5 in
Martin-Doménech et al. (2024) (see their Table 1). There-
fore, we set the initial ice composition to 530 monolayers
(MLs) in total, divided between CO5 and CSs in a 93:7 ra-

tio. The temperature of the ice was set to 10 K. To facilitate
the simulation of this ice sample, two practical problems
need to be addressed: the fraction of chemically active ice,
and the photodissociation behavior of the ice molecules.

Firstly, the amount of energy absorbed in the ice over
the timescale of the experiment could not be determined
(even though the flux of the VUV photons in the exper-
imental setup is known), because ices do not absorb the
energy of the incoming photons at 100% efficiency and the
UV absorption cross section of CSg is not known (see also
Martin-Doménech et al. 2024). This means that the frac-
tion of the ice that was “activated” by the incoming UV pho-
tons is not known either. Furthermore, the action of the UV
flux on the ice is not constant in the sense that the bottom
part of the ice experiences an attenuated UV flux compared
to the surface due to the absorption of the top ice layers,
following the Beer-Lambert law (see, e.g., Cruz-Diaz et al.
2014). We mimic these processes by adopting the three-
phase chemical model where only some fraction of the ice
layers (the so-called ice surface) are chemically active. The
caveat that the appropriate number of active layers — that
is, the relative amount of the ice that is affected by the
UV flux — is unconstrained in the experiment is managed
by testing a series of models with varying thickness for the
active surface; we explored values ranging from one ML to
300 MLs. Based on the test results we chose 100 active MLs
as the fiducial case. This choice is further motivated in Ap-
pendix A where the results of the test models are described.

Secondly, it is not straightforward to set up the descrip-
tion of dissociation in the simulation so that it matches
the experimental conditions — the simulation needs to be
calibrated to the experimental setup. In the chemical sim-
ulations the rate coefficients of the photoprocesses (for the
most part taken from the KIDA network (Wakelam et al.
2015); see also Appendix B) do not directly depend on the
(V)UV flux, but are instead parameterized expressions that
depend on the visual extinction, determined based on the
interstellar UV flux described in Draine (1978)2. The effi-
ciency of photodissociation in the simulation can be tuned
by scaling the strength of the Draine field (the scaling fac-
tor is termed the “Gg factor”) as well as the visual extinc-
tion. For simplicity, we decided to not modify the CO4 and
CS, photodissociation rate coefficients, and searched for
the best match between the simulations and experiments
by setting the visual extinction to zero and testing dif-
ferent values of Gy to obtain dissociation curves for CO,
and CSs that resemble those derived from the experimen-
tal data — the best-fit model was considered to be the one
which minimizes the difference in the amounts of CO5 and
C8S3 between the simulations and the experiment after 180
minutes®. Figure 1 shows these data for the fiducial model
(see also below), corresponding to Gy = 6 x 103. The de-
cay of COs is predicted extremely well by the simulation,
and also for CSs the dissociation curve is very similar to
the experimental one even if the slope of the exponential
differs somewhat between the two. We emphasize, how-
ever, that our present results do not imply that in inter-

2 See also the documentation on the KIDA webpage:
https://kida.astrochem-tools.org

3 This corresponds to the duration of the VUV irradiation in
the experiments of Martin-Doménech et al. (2024). All simula-
tions presented in this paper have been run over a simulation

time of 180 min.
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Fig. 1. Time-dependent decay of CO2 (red lines) and CS; (black
lines), normalized to the initial amount of CO2 and CSa, over
the course of the experiment (dashed lines). Solid lines show the
corresponding data as predicted by our fiducial model (see text).

stellar conditions the ice is expected to be processed to
this extent by incoming UV radiation. Indeed, it is noted
in Martin-Doménech et al. (2024) that the UV fluence in
their experiments is approximately an order of magnitude
higher than the average UV fluence experienced by inter-
stellar ices over a period of 2 x 10% yr in typical molecular
cloud conditions.

2.3. Chemical network; description of reactivity

Given that we are simulating an ice experiment, we have not
considered any gas-phase reactions. The chemical network
for the ice chemistry — containing only molecules involving
the elements O, C, and S — has been compiled from several
sources and is reproduced in Appendix B.

Gas-grain chemical models like pyRate customarily
treat grain-surface chemistry under the assumption that re-
action rates are governed by the diffusion of the reactants
on or in the ice (see Sipild et al. 2015 for the implemen-
tation in pyRate), and usually the diffusion is assumed to
occur thermally. However, the low mobility of heavy and
strongly bound species at low temperatures (~ 10K) in-
hibits the formation of large molecules, and it has been
suggested that non-diffusive processes are required to ex-
plain the observed presence of complex organic molecules
in the gas phase (resulting from grain-surface formation
followed by desorption) in cold clouds (Shingledecker et al.
2019; Jin & Garrod 2020; Garrod et al. 2022). The idea is
that a product of a chemical reaction taking place in the
ice can immediately react with a molecule in a neighboring
binding site without the need for diffusion, greatly boosting
the formation rates of large molecules even at low temper-
atures. The initiating reaction can occur in several ways:
diffusively via the Langmuir-Hinshelwood mechanism?, via
the Eley-Rideal mechanism where an incoming atom from
the gas phase directly reacts with a surface molecule, or

4 In this work we only consider thermal diffusion. In pyRate
diffusion via tunneling is also an option, but applied to hydrogen
only, which the present reaction system does not include.
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via photodissociation of a surface molecule. We include all
three possibilities in the present model, though since we
are simulating ice chemistry only and re-adsorption of any
species is a very minor channel, the Eley-Rideal mechanism
plays a very marginal role in the present setup. However,
we do expect non-diffusive reactions to be very important
in the present case because the experiments involve only
species that are relatively immobile in the ice. Hence we
have run simulations with diffusive and non-diffusive chem-
istry, with the latter implemented following the numeri-
cal prescriptions of Jin & Garrod (2020) and Garrod et al.
(2022). Further details on the non-diffusive chemistry im-
plementation in pyRate are given in Riedel et al. (2025).

3. Results
3.1. Diffusive chemistry

Figure 2 shows the results of the fiducial model when only
diffusive chemistry is considered; here we concentrate on
sulfur-containing species. Evidently, almost no reactivity
occurs over the course of the simulation — the only species
that are produced in appreciable amounts are S and CS,
which are the direct products of CSs dissociation (of course
O and CO form via CO; dissociation as well, though not
shown on the Figure). Other species (as indicated in the
legend) that are expected to be produced via reactions be-
tween the dissociation products are formed at number den-
sities approximately ten orders of magnitude below those of
S and CS. There is no significant difference in the results if
the thickness of the active surface layer is increased. The re-
sults hence show clearly that the scenario where reactivity is
limited by the diffusion of the reactants is inadequate for de-
scribing the results of the experiments, which involve heavy
species that are largely immobile at low temperatures. This
suggests that diffusive chemistry alone is not appropriate to
describe ice chemistry in cold dense cores with T < 10K
in the UV-shielded interior regions, where sulfur-containing
(complex) molecules are formed. This is especially impor-
tant for the chemistry involving heavy atoms such as sulfur
and those formed through reactions of heavy molecules such
as COs.

3.2. Non-diffusive chemistry

To boost the formation of the various sulfur-bearing species
whose presence is expected based on the experiments, non-
diffusive chemistry is invoked. Figure 3 displays the re-
sults of a model otherwise identical to that shown in Fig. 2,
but with non-diffusive chemistry enabled, along with the
results of the experiment. To ease the interpretation of
Fig.3 and all simulation figures that follow, the product
molecules have been grouped according to oxygen content,
with species with 0, 1, 2, or 3 oxygen atoms shown in a
shade of blue, red, yellow, or green, respectively. S,, is sep-
arately identified in orange as a special case. In this case,
reactivity proceeds to a much larger extent than in the sce-
nario with only diffusive chemistry, closer to what was ob-
served in the experiments. Yet, a comparison of the simu-
lation results to the experimental ones reveals many inter-
esting differences between the two.

The simulation predicts high number densities of OCS,
CS, and SO, while in the experiments only a small amount
of OCS is formed and detection of CS and SO was not re-
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Fig. 2. Left: Time evolution of the
number densities of selected sulfur carri-
ers, normalized to the initial number den-
sity of CS2, in the simulation correspond-
ing to a 100 ML thick active ice surface
layer. Right: Pie chart showing the distri-
bution of S at the end of the simulation.
In both panels, the number densities of
each species have been multiplied by the
atomic sulfur count (i.e., taking into ac-
count that there are two S atoms in CSa,
etc.), meaning that the figures display the
distribution of the elemental sulfur reser-
voir across the species. Here, the shorthand
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Fig. 3. Left and middle: As Fig.2 but showing the results of the fiducial simulation applying non-diffusive chemistry. Right:
Distribution of sulfur at the end of experiment 5 in Martin-Doménech et al. (2024).

ported. These three species are chemically connected. CS
is a direct product of CSs dissociation, which also forms
atomic S. OCS forms via the association of either CS and
O, or CO and S (with CO and O originating in the disso-
ciation of CO3). SO is in turn produced via O +S — SO
or OCS + O — CO + SO. Given the rather elementary
reactions involved in the reaction network, it is a puzzling
contradiction that these species are not detected in the ex-
periment (with the exception of small amounts of OCS)
while they are produced efficiently in the simulation. In
fact, as it can be seen from the time evolution displayed in
Fig.3, OCS is, throughout the simulation, the most abun-
dant molecule that is not a direct product of CSy or COg
dissociation. The formation pathways of OCS, CS, and SO4
in the model are further evaluated in Sect. 4.1.

Another major difference between the results of the sim-
ulations and the experiment is in the number density of SO4
and S,. In the experiment, SO5 is produced efficiently (see
also the figures in Martin-Doménech et al. 2024) while a
significant fraction (~25 %) of atomic sulfur was suggested
to be in the form of sulfur allotropes. The simulation con-
versely struggles somewhat with the production of SO, and
only a small fraction of atomic S ends up in allotropes. This
discrepancy may be due to the fact that a significant por-
tion of atomic S is in the simulations contained in OCS, CS,
and SO, which does not appear to be the case in the exper-
iment. In addition, excitation of atomic S produced upon
photodissociation of CS; molecules (which is currently not
taken into account in pyRate) could play a role in the for-
mation of allotropes. This possibility is explored in Sect.
4.2.

Our results strongly suggest that the chemical network
governing the production and destruction of the involved
species is not known in sufficient detail. In Sections 4.1 and
4.2, we discuss potential modifications to the chemical net-
work, as well as other features of the model, that may lead
to a better match between the simulation and experimental
results. In addition, Section 4.3 revisits the analysis of the
experiment to explore the non detection of CS and SO, and
to evaluate other uncertainties that could also contribute
to the discrepancies found between the simulation and the
experimental results. Finally, we note that in the case of
non-diffusive chemistry, the number densities recovered at
the end of the simulation do depend on the assumed thick-
ness of the active ice surface layer. As explained in Sect.
2.2, we quantify this in Appendix A.

4. Discussion

The comparison of the experimental and simulation results
is not straightforward, and it is necessary to consider many
factors that may affect the interpretation of the results,
including the assignment of the species detected in the ex-
periment. We discuss these factors in what follows.

4.1. Uncertainties in the OCS, CS, and SO formation
pathways

The fact that the simulation predicts substantial amounts
of OCS, CS, and SO in stark contradiction with the ex-
perimental results may be due to several effects. Perhaps
the most obvious potential reason for the discrepancy is
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uncertainties pertaining to the reactions considered in the
chemical model, the majority of which are considered to be
barrierless (see Appendix B).

Let us first examine OCS. The experiments of
Martin-Doménech et al. (2024) employed oxygen and car-
bon isotopes so that the formation pathways of the species
formed during the experiments could be quantified. They
concluded that ~75% of OCS formation was due to CS +
0, and ~25% due to CO + S. Our fiducial simulation pre-
dicts the reverse, with 55% of OCS formation due to CO
+ S, 34% due to CS + O, and the remaining 11% due to
other minor formation channels. It is not surprising that
the results differ in this regard considering that the simula-
tion predicts a significant amount of CS and SO, and very
likely the CS/SO and S/O ratios differ from those in the
experiment as well, although the information required to
confirm this cannot be recovered from the experiment. As
a very simple test to evaluate the effect of the reactions in
question, we introduced an activation barrier to the CO +
S reaction in order to favor OCS production via CS + O
instead. We found that an extremely low barrier of 1.5 K is
enough to make the model produce OCS via CS + O in a
roughly 3:1 ratio to the production rate via CO + S. The
number densities predicted by this test model are shown in
Fig. 4. Evidently, the atomic S freed up this way does not
go on to produce increased amounts of Sy or S,;, but mostly
remains in atomic form. Apart from OCS and S, the results
are very similar to those shown in Fig. 3.

For SO, the main formation pathways, as given by the
simulation output, are O +S — SO and OCS + O —
CO + SO, while its destruction occurs mainly through
oxidation reactions into SOy via SO + O — SO5 and
SO +SO — SO5 +8S. All of these reactions are assumed to
be barrierless. It is difficult to promote the destruction of
SO and hence the formation of SO4 in the simulation to get
the results closer to the experiments. The main source of
atomic oxygen is the dissociation of CO, which is already
(slightly) overestimated by the model (Fig. 1), meaning that
the number density of atomic O is not the main issue. Then,
presumably, the SO + O — SO5 reaction would need to
be made more efficient for the available SO to be converted
into SO5. There is however no natural way of accomplishing
this with the present simulation setup®, short of artificially
increasing the reaction rate (see also Sect.4.2 for discus-
sion on the diffusion of atomic S). Interestingly, further ox-
idation of SO5 into SO3 occurs to a greater extent in the
simulation compared to the experiment (Fig. 3). In con-
trast, previous experimental works (Pilling & Bergantini
2015; de Souza Bonfim et al. 2017) suggested that the for-
mation of SOj3 in irradiated SOz-bearing ices is expected to
be hindered in mixtures compared to pure SO5 samples.

Similarly to the case of SO, there is no natural way
within the constraints of the simulation parameters to re-
move the “excess” CS compared to the experimental results
(the amount of CS is very difficult to establish experimen-
tally; we discuss this in more detail in Sect. 4.3). According
to the simulation data, 97% of CS formation is due to the

5 The implementation of non-diffusive chemistry takes into ac-
count, for example, the fact that reaction products can form in
an excited state which allows to surmount activation barriers
more easily in an immediate follow-on reaction. But since most
reactions in the network are barrierless, this property of the
model does not induce more reactivity than is expected when
excitation is not considered.
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Fig. 4. As the left-hand pie chart in Fig.3 but showing the
results of the test model where a small activation barrier of
1.5 K is introduced for the CO + S reaction.

dissociation of CS,, while 56% of its destruction is due to
OCS formation (23% goes to reforming CSy through CS+S,
and all other processes are minor). Therefore, reducing the
amount of CS would require a reduction in the CSy disso-
cation rate, but then the amount of CS, predicted by the
simulation would no longer match the experimental result.

The simulations described above do not take into ac-
count the so-called reaction-diffusion competition process,
where reaction rates can be limited by the reactant diffus-
ing away from the binding site before a barrier-mediated
reaction with a neighboring molecule has a chance to oc-
cur (see Eq.5 in Jin & Garrod 2020). The competition can
be optionally enabled in pyRate, and we have run a repeat
simulation of the fiducial model to see if the competition
would make a significant different to our results. Although
the introduction of the competition does influence reaction
rates, the results of these tests are qualitatively similar to
the fiducial model results, which again reflects the fact that
most of the reactions in the network are barrierless.

We conclude from the comparison of the fiducial simula-
tion results to the experimental findings, and based on the
additional simulation tests, that the discrepancies between
the two are very likely due to incomplete knowledge of the
chemical reactions at play. It may be that some of the bar-
rierless reactions in fact have an activation barrier, and/or
some significant chemical pathways might be missing from
the model. A good example of the importance of the latter
is the OCS + O — CO + SO reaction (Maity & Kaiser
2013), which was added for the present work (see also Ap-
pendix B), and turned out to be the major OCS destruc-
tion pathway in our model. Missing reactions may also con-
tribute to the excess abundance of CS. Regarding barriers,
non-diffusive chemistry is very efficient and, indeed, even
small activation barriers can play a large role. Dedicated
investigations into the possibility of activation barriers for
the most important reactions, and of the possibility of pre-
viously unconsidered reactions, should be carried out in the
future.

4.2. Role of excitation in the formation of S,,

Rate-equation-based methods of simulating grain-surface
chemistry do not conventionally take excitation effects into
account (though the non-diffusive chemistry model to some
extent does, as pointed out above). Shingledecker & Herbst
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(2018) presented a formulation of radiolysis-driven grain-
surface chemistry (termed “radiation chemistry”) which
takes into account enhanced reactivity due to the ex-
citation of the species. The method was applied in
Shingledecker et al. (2020) to investigate the abundances
of sulfur allotropes. They found a significant (many orders
of magnitude) boost to sulfur allotrope production when
the radiolytic processes were accounted for. This function-
ality is at present not included in pyRate, and hence we
could not test the effect of radiation chemistry on our re-
sults — specifically to investigate the potential boost to sul-
fur allotrope formation. However, we note that the models
presented in Shingledecker et al. (2020) predict a substan-
tial amount of OCS formation, and so it is unclear whether
and to what extent radiation chemistry could in fact help
to favor allotropes over OCS in the present case.

Regarding the experiments in Martin-Doménech et al.
(2024), it is possible that the atomic S originating in CSy
dissociation formed in an excited state, and that the excited
S atom could have transiently moved around the surface
at enhanced efficiency until relaxation back to the ground
state occured. More mobility for the S atoms should in prin-
ciple promote the formation of the sulfur allotropes as well
as the formation of SO9 through O+SO (preceded by O+S).
As a test, we ran a simulation where the diffusion energy of
atomic S was decreased to half of its fiducial value® — that is,
overestimating the effect of transiently enhanced diffusion
by permanently increasing the mobility of atomic S. This
led to a decrease of the number density of atomic S, and an
associated slight increase in S,,; the changes compared to
the fiducial model are however on the per cent level only.
The number densities of other species remained almost un-
changed, and hence the test model failed to increase the
formation of SOs or decrease the production of OCS, in
particular. Therefore, while we cannot exclude excitation
effects as a possible cause for the differences between the
experimental and simulation results, their impact is prob-
ably lower than that of the uncertainties in the chemical
network (as described in Sect. 4.1).

4.3. Detectability of CS and SO in the experiment and other
experimental uncertainties

While the previous Sections discuss potential shortcom-
ings in the model that could be responsible for the dis-
crepancies between the simulation and the experimental
results, this Section revisits the analysis of experiment 5
in Martin-Doménech et al. (2024) to explore the nondetec-
tion of CS and SO in the irradiated ice mixture, and the
amount of sulfur estimated to be locked in allotropes.
According to Bahou et al. (2000), CS molecules present
an IR feature in the 1270—1280 cm~! range, depending
on the ice environment (see Table 1 for this and other
S-bearing molecule band positions). Unfortunately, in ex-
periment 5 of Martin-Doménech et al. (2024) (where the
130180, isotopolog was used) this position overlapped with
the S0, IR feature corresponding to the antisymmet-
ric stretch vibration mode (1290 cm~!, Maity & Kaiser
2013). In this experiment, the IR band detected at ~1293
em~! (Fig. 5) was assigned solely to S'80,. The possibil-

% We assume a binding energy of atomic S of 1100K, and a
diffusion-to-binding energy ratio of 0.55, giving a fiducial diffu-
sion energy of 605 K.

13C180,:CS, VUV ph. irr. (Exp. 5)
51802

0.0100

0.0075 1

0.0050 1

Absorbance

0.0025 1

0.0000 1.

1340 1320 1300 1280 1260
Wavenumber (cm™1)

Fig. 5. IR spectra in the 1350—1250 cm ™' region of a VUV
photon-irradiated '*C'®05:CS, ice sample (experiment 5 in
Martin-Doménech et al. 2024). A two-Gaussian fit (purple) was
applied to the observed band, with the blue line assigned to
S'¥0,, and the red line potentially corresponding to CS.

CO:CS, 2 keV e~ irr. 13C0:CS, 2 keV e~ irr.

CS | cs

S0, SO,

WW' w v

13C180:CS, 2 keV e~ irr. (Exp. 7)

C'0:CS; 2 keV e~ igr.

Cs
51802

IR Absorbance

1340 1320 1300 1280 1260
Wavenumber (cm™1)

Fig. 6. IR spectra in the 1350—1250 cm ™! region of 2 keV
electron-irradiated CO:CSz2 (top left), *¥*CO:CS2 (top right),
C'80:CSy (bottom left), and *C'®0:CS; (bottom right) ice
samples (in black). Red lines represent Gaussian fits of the IR
feature assigned to CS, while blue lines correspond to the S0,
feature.

Table 1. IR band positions of S-bearing molecules present in
irradiated CO2:CS> ices.

Molecule Transition Band position [ecm™!] Reference

SO, s 1335 M
S'80, s 1290 @)

Cs 1 1280—1270 )
SO4 n 1148 @)

SO 1 1137 ()
S'80, 7 1096 @)
S0 1 1092 ()

Notes. mMaity & Kaiser (2013); ) Bahou et al. (2000);

G)Lo et al. (2004)
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Fig. 7. IR spectra in the 1150—1050 cm ™! region of a VUV
photon -irradiated *C*®05:CSs ice sample (experiment 5 in
Martin-Doménech et al. 2024). A three-Gaussian fit (purple)
was applied to the observed band, with the blue lines assigned
to S0, and the red line potentially corresponding to S*®0.

ity that the CS feature could be hindered by the S'¥0,
band was mentioned in Martin-Doménech et al. (2024), but
it was not explored further. To evaluate the detectability
of the CS IR feature under these circumstances, we ana-
lyzed additional irradiation experiments of CO:CSs ice mix-
tures using different CO isotopologs, including experiment
7 in Martin-Doménech et al. (2024). In these experiments,
formation of both SOy and CS molecules was expected,
with the former proceeding to a lower extent compared
to CO42:CSy ices (Martin-Doménech et al. 2024). The cor-
responding IR spectra in the 1350—1250 cm ™! region are
shown in Fig. 6. In experiments with 60O isotopologs the
SO, IR band appeared at ~1335 cm~! (Maity & Kaiser
2013), enabling the detection of both the SOy and CS IR
features (top panels of Fig. 6). On the other hand, when
180 isotopologs were used, the S'¥0, IR feature shifted
from ~1335 cm~! to ~1293 cm™!, overlapping with the
CS feature. Nevertheless, two distinct peaks were observed,
and we were able to disentangle both contributions with a
two-Gaussian fit (bottom panels of Fig. 6). Following the
theoretical prediction that a significant fraction of the ini-
tial sulfur in irradiated CO5:CS5 ices could be contained in
CS molecules, we applied the same two-Gaussian fit to the
spectrum shown in Fig. 5, in order to evaluate the presence
of a hindered CS IR feature. In this case, the fit was de-
generated because only one peak was detected. Therefore,
we limited the position of the CS feature to the 1275—1281
cm ™! range in order to get a similar fit to those obtained
when the two peaks were observed. Interestingly, the de-
tected IR band previously assigned to S'8Q, presented a
small excess in the red wing compared to a Gaussian pro-
file. This is compatible with the presence of a weaker CS
feature with an integrated absorbance of ~0.0085 cm™1!.
The corresponding CS column density would depend on
the value of the IR band strength, which is unfortunately
not known.

A similar scenario was found when exploring the pres-
ence of SO in experiment 5. According to the band positions
reported in Lo et al. (2004) and Maity & Kaiser (2013), the
SO IR feature (located at 1137 cm~*! for the regular iso-
topolog, or 1092 cm~! for S'80) overlaps with the SOs
IR band corresponding to the symmetric stretch vibration
mode (peaking at ~1150 cm~! for the regular isotopolog,
or ~1100 cm~! for S'80,). Similar to the S*¥*O, IR band
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shown in Fig. 5, the band assigned to the symmetric stretch
also presented an excess in both wings compared to a Gaus-
sian profile (Fig. 7). In this case, we performed a three-
Gaussian fitting of the observed band, limiting the width
parameter of all Gaussians to a maximum value of 5. The
two Gaussians peaking at ~1108 cm™' and ~1100 cm™!
were assigned to S'80,, while the third Gaussian located
at ~1091 em~! could correspond to S0, with an inte-
grated absorbance of ~0.0065 cm™'. As for CS, the cor-
responding S'®0 abundance depends on the unknown IR
band strength. Therefore, a more careful analysis of the IR
spectrum of experiment 5 in Martin-Doménech et al. (2024)
reveals that the experimental results are indeed compatible
with the presence of some CS and SO molecules.

Another discrepancy between the model and the ex-
periment is the amount of sulfur potentially locked in al-
lotropes. In this regard, the presence of CS and SO would
reshape the distribution of sulfur at the end of the exper-
iment shown in the right panel of Fig. 3, and thus the
amount of undetected sulfur assigned to allotropes. Accord-
ing to Fig. 3, the detected SO5, OCS, C3S5, and SO3 in ex-
periment 5 represented, approximately, 10%, 0.5%, 0.5%,
and 0.3% of the initial sulfur (respectively), while ~61%
of the initial sulfur remained in CS, molecules. The miss-
ing ~27% of sulfur was proposed to be locked in sulfur al-
lotropes. However, including the CS and SO abundances in
the sulfur balance would lower this amount. Unfortunately,
the band strengths of their IR features are not known, as
mentioned above. This introduces a large uncertainty, and
we can only speculate on their column densities. In the
case of CS, if we assume the same band strength as CS,
(1.1 x 107*¢ cm molecule™!, Taillard et al. 2025), the col-
umn density at the end of experiment 5 would be ~0.2
ML. If the band strength was an order of magnitude lower”
(close to the value estimated in Basalgéte et al. 2026), the
CS abundance could be up to 2 ML. This would represent
between 0.25% and 2.5% of the initial sulfur in experiment
5. In the case of SO (S'¥0 in the experiment), the column
density would be 0.35—3.5 ML, representing 0.5—5% of the
initial sulfur, depending on whether we assume the same
band strength as for the SO, antisymmetric stretch (4.2
x 10717 ¢cm molecule™!, Yarnall & Hudson 2022) or an or-
der of magnitude lower, respectively. In the scenario with
higher CS and SO abundances (assuming the lower end of
the speculated band strengths), they could account for up
to ~8% of the initial sulfur (a somewhat lower abundance
than that predicted by the model). In addition, we note that
the band strength used in Martin-Doménech et al. (2024)
to calculate the C3S, abundance was also roughly approx-
imated. An order of magnitude lower value, for example,
would lead to C3Ss representing up to 5% of the initial
sulfur. This (along with the higher end of the estimated
CS and SO abundances) would cut in half the amount
of undetected sulfur at the end of the experiment. An-
other source of uncertainty in the sulfur balance discussed
in Martin-Doménech et al. (2024) is the 20% uncertainty
assumed for the reported IR band strengths. This would
mostly affect the amount of sulfur contained in CS, and
SO (the most abundant detected S-bearing molecules at
the end of the experiment). In the least favorable scenario
(the initial sulfur was overestimated by 20% and the pro-

" For reference, the CO band strength is a factor of ~7 lower
than the CO; band strength (Gerakines et al. 1995).
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duced SO; was underestimated by 20%), the amount of un-
detected sulfur that could be contained in allotropes would
be further decreased to ~6%, which is closer to the theo-
retical results shown in the middle panel of Fig. 3. There-
fore, even though we cannot confirm the presence of sulfur
allotropes (or any other undetectable sulfur sink) in the ir-
radiated ice, we consider that it is likely according to the
experimental and theoretical results, and to previous exper-
iments with other S-bearing ices (see, e.g., Carrascosa et al.
2024).

5. Astrophysical implications

A significant fraction of sulfur in dense and cold interstellar
regions is expected to be locked in icy dust mantles (e.g.,
Laas & Caselli 2019). However, only two sulfur-bearing ice
species, OCS and tentatively SO, have been detected so
far, and their combined abundances account for less than
5% of the total sulfur budget. Other compounds, such
as sulfur allotropes, polysulfanes, and the ammonium salt
NH,4SH, have been proposed as major sulfur reservoirs in
the ice (see, e.g., Cazaux et al. 2022; Carrascosa et al. 2024;
Slavicinska et al. 2025). The detection of sulfur allotropes
and polysulfanes remains extremely challenging even with
state-of-the-art instrumentation (see, e.g., Taillard et al.
2025). In the case of NH4SH, Slavicinska et al. (2025) de-
rived an upper limit to the amount of sulfur that could be
stored in this salt based on JWST detections of NH] ; even
in the unrealistic scenario in which all detected NHJ orig-
inated from NH4SH, this reservoir would account for only
~20% of the sulfur column toward the source.

Thus, the identity of the main sulfur reservoir in in-
terstellar ices remains an open question. In the absence of
direct detections, chemical models and laboratory experi-
ments provide the most promising avenue to infer the com-
position of icy mantles. Ideally, chemical models should be
validated by comparing their predictions with a represen-
tative sample of observed species in space. However, the
abundances of gas-phase sulfur species depend not only on
formation and destruction pathways but also on adsorption
and desorption processes linking the gas and solid phases.
Large uncertainties in nonthermal and thermal desorption
mechanisms hamper any robust inference of ice composi-
tion from gas-phase data alone. Moreover, the limited ob-
servational constraints on sulfur-bearing ices prevent a di-
rect comparison between chemical networks and the true ice
composition (Taillard et al. 2025). Under these conditions,
simulating laboratory experiments using chemical models
appears as the most reliable strategy to test current net-
works and to explore how different physical and chemical
parameters shape the sulfur budget in the ice.

In this work, the pyRate code has been used to simulate
the formation of OCS and SO (along with other S-bearing
species) in a CO2:CS; ice, reproducing experiment 5 from
Martin-Domeénech et al. (2024). This experiment irradiates
a CO2:CS, ice with UV photons at a temperature of 10 K.
During the experiment, a set of heavier sulfur molecules,
mainly SO and OCS, but also C3S; and SOg3 are formed.
In addition, a fraction of sulfur remain undetected at the
end of the experiment. This missing sulfur was attributed to
the formation of sulfur chains (S,,). The chemical network
used by pyRate includes all the formation and destruction
mechanisms needed to form these compounds, including the
formation of allotropes as described by Shingledecker et al.

(2019), with the sole exception of the minor species C3Sa
whose formation has not been simulated here. In a first
trial, we used diffusive chemistry to reproduce the chemical
processes taking place during the experiment. Our simula-
tions showed that diffusive chemistry alone cannot form any
of the detected molecules, except for the direct products of
CS2 photodissociation, under the experimental conditions.
This is not unexpected since the diffusion of heavy species
on the grain surfaces is very limited at 10 K. The com-
parison of the simulations and experiments indicates that
non-diffusive chemistry is instead required to reproduce the
formation of heavy sulfur-bearing species under cold core
conditions.

The simulations adopt the total of 530 ice monolayers
deposited in the experiment, but the predicted abundances
are sensitive to the number of monolayers that are affected
by the incoming UV radiation, which could not be con-
strained in the analysis of the experiments. However, as
we show in Appendix A, the simulation results are quali-
tatively similar whether the amount of active layers is 100
or 300. Overall the best agreement with the experimen-
tal results is obtained for 100 active layers which is why
we have chosen it as our fiducial model. This contrasts
with chemical models typically assuming 1-4 active surface
MLs (e.g., Vasyunin & Herbst 2013; Taquet et al. 2014;
Sipild et al. 2015; Ruaud et al. 2016). We tested whether
this value is a good representation of the expected num-
ber of icy layers in typical astrochemical settings. For in-
stance, we took the model developed for Barnard 1b by
Navarro-Almaida et al. (2025) and its predicted chemical
abundances through time to compute the total number of
ice monolayers. We considered four cases: two values for the
gas density, ngy = 10%, 10° cm™3, and two average grain
radii 74 = 0.1, 1 pm. These densities and grain sizes reflect
typical conditions found in translucent and dense gas to-
ward molecular clouds, where grain sizes increase by one or-
der of magnitude (see, e.g., Steinacker et al. 2015). Recent
JWST observations support this grain size enhancement to-
ward molecular clouds (Dartois et al. 2024). If the dust-to-
gas mass ratio is kept constant and grains are spherical, the
total grain surface area and the number of adsorption sites
decrease with larger grains (Navarro-Almaida et al. 2024),
leading to the increasing number of MLs that is seen in
Fig. 8, where we show the number of ice MLs deposited as
a function of time for the four cases. In molecular cloud con-
ditions we therefore expect the presence of at least 100 MLs.
Even with smaller grains at higher densities, 100 MLs is a
good estimate for the final number of icy layers. Consider-
ing that for thinner active surfaces the simulations predict
little reactivity, a 100 ML thickness for the active surface
is an adequate representation of the UV-induced action in
the ice.

Finally, the experiments allow an assessment of how well
current chemical networks reproduce the formation of long
sulfur chains. The models seem to underestimate the pro-
duction of sulfur allotropes, while overpredicting the abun-
dances of simple sulfur species such as CS and SO. Even
when the experimental uncertainties are taken into account,
the results suggest that the chemical network governing the
formation of these molecules is incomplete and requires sub-
stantial revision.
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Fig. 8. Number of ice MLs as a function of time for two den-
sities, ng = 10* cm™® (solid line) and 10° cm™® (dashed line),
and two average grain radii, ry = 0.1 ym (blue) and 1 pm (red).
The 100 MLs level is shown as a horizontal dashed gray line.

6. Summary and conclusions

We used the pyRate astrochemical model to simulate the
VUV irradiation of a CO49:CSy ice mixture at 10 K under
laboratory conditions. This study represents the first effort
to model the chemistry of a multicomponent ice analog us-
ing a rate-equation-based code. Our main results can be
summarized as follows:

— We compare the ability of diffusive and non-diffusive
chemistry to reproduce the UV irradiation experiment.
Our results demonstrate that non-diffusive chemistry is
required to explain the formation of S-bearing species
at temperatures as low as 10 K.

— The comparison also shows that the number of chem-
ically active layers is a key parameter in simulations
adopting non-diffusive chemistry. The best agreement
between the experiment and the pyRate simulations is
obtained when considering a thickness of 100 monolay-
ers (ML) for the active surface. Increasing the number of
ML beyond this value does not significantly improve the
results, even though the experiment used 530 ML. Since
the simulations predict very little reactivity in thinner
ices, our work provides an experimental-based estimate
of the UV penetration depth in interstellar ices.

— The chemical simulations successfully reproduce the
set of molecular species detected in the experiment,
although discrepancies remain in their relative abun-
dances. While OCS, CS, and SO are the dominant S-
bearing products predicted by the model, SOy is the
most abundant species observed experimentally. In ad-
dition, a significant fraction of sulfur remains unde-
tected in the experiment, possibly locked in sulfur al-
lotropes.

— These discrepancies likely arise from a combination
of incomplete chemical networks (missing reactions or
poorly constrained reaction barriers) and uncertainties
in the experimental analysis. In particular, some frac-
tion of sulfur may be locked in CS and SO in the ex-
periment but remain hidden due to the overlap of their
infrared bands with those of more abundant species.
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— From an astrochemical perspective, our experiments
and simulations indicate that properly modeling sul-
fur chemistry in cold regions (T ~10 K), such as star-
less cores, requires the inclusion of non-diffusive surface
chemistry and an extended number of chemically active
layers.

Overall, this work highlights the complementary role of lab-
oratory experiments and astrochemical modeling in con-
straining the sulfur chemistry in interstellar ices and ad-
vancing our understanding of the missing sulfur problem.

Acknowledgements. The authors are grateful to the referee, Prof. Ser-
gio Pilling, for constructive comments that helped to improve the
manuscript. O.S. and W.R. thank the Max Planck Society for financial
support. This project has also received funding from “la Caixa" Foun-
dation under agreement LCF/BQ/PI22/11910030, from the Span-
ish Ministry of Science and Innovation through project PID2023-
151513NB-C21, and from the European Research Council (ERC) un-
der the European Union’s Horizon Europe research and innovation
programme ERC-AdG-2022 (SUL4LIFE GA No. 101096293). Funded
by the European Union. Views and opinions expressed are however
those of the author(s) only and do not necessarily reflect those of the
European Union or the European Research Council Executive Agency.
Neither the European Union nor the granting authority can be held
responsible for them.

References

Bahou, M., Lee, Y., & Y.P., L. 2000, J. Am. Chem. Soc., 122, 661

Basalgéte, R., Free, V., Poiret, L., & Krim, L. 2026, A&A, 706, A293

Calmonte, U., Altwegg, K., Balsiger, H., et al. 2016, MNRAS, 462,
S253

Carrascosa, H., Munoz Caro, G. M., Martin-Doménech, R., et al. 2024,
MNRAS, 533, 967

Cazaux, S., Carrascosa, H., Munoz Caro, G. M., et al. 2022, A&A,
657, A100

Cruz-Diaz, G. A., Munoz Caro, G. M., Chen, Y.-J., & Yih, T.-S. 2014,
A&A, 562, A119

Cuppen, H., Walsh, C., Lamberts, T., et al. 2017, Space Science Re-
views, 212, 1

Cuppen, H. M. & Herbst, E. 2007, The Astrophysical Journal, 668,
294

da Silveira, C. H. & Pilling, S. 2024, Advances in Space Research, 73,
1149

Dalton, J., Cruikshank, D.P., Stephan, K., et al. 2010, Space Science
Reviews, 153, 113

Dartois, E., Noble, J. A., Caselli, P., et al. 2024, Nature Astronomy,
8, 359

de Souza Bonfim, V., Barbosa de Castilho, R., Baptista, L., & Pilling,
S. 2017, Phys. Chem. Chem. Phys., 19, 26906

Draine, B. T. 1978, AplJS, 36, 595

Ferrante, R. F., Moore, M. H., Spiliotis, M. M., & Hudson, R. L. 2008,
The Astrophysical Journal, 684, 1210

Fuente, A., Navarro, D. G., Caselli, P., et al. 2019, A&A, 624, A105

Fuente, A., Riviére-Marichalar, P., Beitia-Antero, L., et al. 2023,
A&A, 670, Al14

Garozzo, M., Fulvio, D., Gomis, O., Palumbo, M. E., & Strazzulla, G.
2008, Planet. Space Sci., 56, 1300

Garozzo, M., Fulvio, D., Kanuchova, Z., Palumbo, M. E., & Strazzulla,
G. 2010, A&A, 509, A67

Garrod, R. T., Jin, M., Matis, K. A., et al. 2022, ApJS, 259, 1

Gerakines, P., W.A., S., J.M., G., & van Dishoeck E.F. 1995, A&A,
296, 810

Gerasimenko, S., Carvalho, G. A., Zanatto, F., Santana, F. K., &
Pilling, S. 2025, Monthly Notices of the Royal Astronomical Society,
544, 855

Hasegawa, T. 1. & Herbst, E. 1993, MNRAS, 263, 589

Toppolo, S., Fedoseev, G., Chuang, K., et al. 2021, Nat Astron, 5, 197

Jiménez-Escobar, A. & Munoz Caro, G. M. 2011, A&A, 536, A91

Jiménez-Escobar, A., Munoz Caro, G. M., & Chen, Y. J. 2014, MN-
RAS, 443, 343

Jiménez-Escobar, A., Munoz Caro, G. M., Ciaravella, A., et al. 2012,
AplJ, 751, L40

860

870

880

890

900

910

920



930

940

950

960

970

980

990

O. Sipild, R. Martin-Doménech, et al.: Modeling ice laboratory experiments with pyRate

Jiménez-Redondo, M., Sipila, O., Jusko, P., & Caselli, P. 2024, A&A,
692, A121

Jiménez-Serra, 1., Megias, A., Salaris, J., et al. 2025, A&A, 695, A247

Jin, M. & Garrod, R. T. 2020, ApJS, 249, 26

Kanuchovéa, Z., Boduch, Ph., Domaracka, A., et al. 2017, A&A, 604,
A68

Laas, J. C. & Caselli, P. 2019, A&A, 624, A108

Lamberts, T., Cuppen, H. M., Toppolo, S., & Linnartz, H. 2013, Phys.
Chem. Chem. Phys., 15, 8287

Lamberts, T., Cuppen, H. M., Fedoseev, G., et al. 2014, A&A, 570,
Ab7

Le Gal, R., Oberg, K. L., Loomis, R. A., Pegues, J., & Bergner, J. B.
2019, ApJ, 876, 72

Le Roy, L., Altwegg, K., Balsiger, H., et al. 2015, A&A, 583, Al

Lo, W., Chen, H., Chou, P., & Lee, Y. 2004, JCP, 121, 12371

Loeffler, M. J. & Hudson, R. L. 2018, Icarus, 302, 418

Loeffler, M. J., Hudson, R. L., Chanover, N. J.; & Simon, A. A. 2015,
Icarus, 258, 181

Loeffler, M. J., Hudson, R. L., Chanover, N. J., & Simon, A. A. 2016,
Icarus, 271, 265

Maity, S. & Kaiser, R. I. 2013, ApJ, 773, 184

Martin-Doménech, R., Oberg, K. I., Munoz Caro, G. M., et al. 2024,
MNRAS, 535, 807

Navarro-Almaida, D., Lebreuilly, U., Hennebelle, P., et al. 2024, A&A,
685, A112

Navarro-Almaida, D., Taillard, A., Fuente, A., et al. 2025, A&A, 701,
A131

Nguyen, T., Oba, Y., Sameera, W. M. C., Furuya, K., & Watanabe,

_ N. 2024, ApJ, 976, 250

Oberg, K. I., van Dishoeck, E. F., & Linnartz, H. 2009, A&A, 496,
281

Perrero, J., Beitia-Antero, L., Fuente, A., Ugliengo, P., & Rimola, A.
2024, The Astrophysical Journal, 971, 36

Pilling, S. & Bergantini, A. 2015, The Astrophysical Journal, 811, 151

Pilling, S., Carvalho, G. A., & Rocha, W. R. M. 2022, The Astrophys-
ical Journal, 925, 147

Riedel, W., Sipila, O., Redaelli, E., et al. 2023, A&A, 680, A87

Riedel, W., Sipila, O., Redaelli, E., et al. 2025, A&A, 701, A291

Riviére-Marichalar, P., Fuente, A., Le Gal, R., et al. 2020, A&A, 642,
A32

Ruaud, M., Wakelam, V., & Hersant, F. 2016, Monthly Notices of the
Royal Astronomical Society, 459, 3756

Santos, J. C., Linnartz, H., & Chuang, K.-J. 2024, A&A, 690, A24

Semenov, D., Hersant, F., Wakelam, V., et al. 2010, A&A, 522, A42

Shingledecker, C. N. & Herbst, E. 2018, Physical Chemistry Chemical
Physics (Incorporating Faraday Transactions), 20, 5359

Shingledecker, C. N., Lamberts, T., Laas, J. C., et al. 2020, ApJ, 888,
52

Shingledecker, C. N., Vasyunin, A., Herbst, E., & Caselli, P. 2019,
AplJ, 876, 140

Silva, J. R. C., Queiroz, L. M. S. V., Ferrao, L. F. A., & Pilling, S.
2025, The Astrophysical Journal, 985, 254

Sipilé, O., Caselli, P., & Harju, J. 2015, A&A, 578, A55

Sipild, O., Caselli, P., Redaelli, E., Juvela, M., & Bizzocchi, L. 2019,
MNRAS, 487, 1269

Slavicinska, K., Boogert, A. C. A., Tychoniec, L., et al. 2025, A&A,
693, A146

Sokolova, V., Husquinet, B., Diana, S., et al. 2026, Using astrochem-
ical models to simulate reactivity experiments on cold surfaces

Steinacker, J., Andersen, M., Thi, W.-F., et al. 2015, A&A, 582, A70

Taillard, A., Martin-Doménech, R., Carrascosa, H., et al. 2025, A&A,
694, A263

Taquet, V., Charnley, S. B., & Sipila, O. 2014, ApJ, 791, 1

Vastel, C., Quénard, D., Le Gal, R., et al. 2018, MNRAS, 478, 5514

Vasyunin, A. 1., Caselli, P., Dulieu, F., & Jiménez-Serra, 1. 2017, The
Astrophysical Journal, 842, 33

Vasyunin, A. 1. & Herbst, E. 2013, ApJ, 762, 86

Wakelam, V., Loison, J.-C., Herbst, E., et al. 2015, ApJS, 217, 20

Yarnall, Y. Y. & Hudson, R. L. 2022, The Astrophysical Journal Let-
ters, 931, L4

Article number, page 11



1000

1010

1020

A&A proofs: manuscript no. output

Appendix A: Effect of the number of chemically active ice monolayers

To quantify the effect of the number of chemically active monolayers on the simulation results, we have run a number of
simulations where the thickness (in MLs) of the active surface is varied between 10 and 300 ML. Figure A.1 shows the
results of these for four different active surface thicknesses.

Firstly, it is evident that little chemical evolution occurs in the timescale of the experiment if the active surface is
thin. Such behavior is expected given the (relatively) short duration of the experiment; with few reactants available,
chemical evolution will proceed slowly and not much will occur over a short time interval. When the thickness of the
active layer is increased, the conversion of atomic S increases in efficiency, and species such as OCS and SO start to form
in abundance.

Secondly, the results of the 100 and 300 ML active surface models are qualitatively similar. Increasing the surface
thickness from the fiducial value of 100 ML to 300 ML boosts the production of SO3 at the cost of SO; however, the
amounts of CS and SO are still substantial and in particular there is even more OCS produced than in the fiducial
simulation. Allotrope production is boosted slightly but remains well below the level deduced from the experiments. We
conclude from Fig. A.1 that the discrepancies between the experiment and the simulations are very likely not due to the
uncertainty in the relative amount of the ice that the incoming UV radiation acts on, but — as we discuss in the main
text — rather to the uncertainties in the chemical network.
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Fig. A.1. As Fig. 3 in the main text, but showing results for different monolayer thicknesses of the active surface (as indicated on
top of each panel). For clarity, only those species with a relative abundance of over 1% are labeled on the pie charts. The fiducial
100 ML model is also included for reference.
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Appendix B: Chemical network

Table B.1 shows the reactions included in the chemical simulations. The base network is taken from Semenov et al. (2010);
for the present work, all reactions that contain elements other than carbon, oxygen, or sulfur have been removed. Most
reactions involving sulfur have been taken from Laas & Caselli (2019), with two reactions not included there adopted
from Maity & Kaiser (2013). The rate coefficients of some photoreactions have been updated based on the corresponding
values in kida.uva.2014 (Wakelam et al. 2015) or on the KIDA website when newer values are available. We assume the
rate coefficients of ice photodissociation reactions to be equal to those in the gas phase. The effect of this assumption on
our results is examined in Appendix C.

For the photoreactions, the parameters « and g are respectively the prefactor and exponential attenuation coefficients
(the rate coefficient is calculated with the formula k¥ = « exp(—f Ay)). For the other reactions, the two parameters
represent respectively the branching ratio and activation energy in K.
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Table B.1. Chemical network considered in this work.

Chemical reaction Q B Reference

CO PHOTON — C @) 2.60e-10  3.53e+00 KIDA®

CO; PHOTON — CO (0] 8.90e-10  3.00e+00 KIDA

CS  PHOTON — C S 9.80e-10  2.43e+00 KIDA

C; PHOTON — C C 2.40e-10  2.57e400 KIDA

CCO PHOTON — CO C 5.00e-10  1.70e+00  Semenov et al. (2010)

CCO PHOTON — Cy (0] 5.00e-10  1.70e+00  Semenov et al. (2010)
Cs; PHOTON — Cy C 5.00e-09  2.07e+00 KIDA

CsO PHOTON — Cs CO 7.00e-09  1.58e+00 KIDA

CsS PHOTON — Cy CS 1.00e-10  2.00e+00  Semenov et al. (2010)
Cy PHOTON — Cq Cy 1.28e-09  2.30e+00 KIDA

Cy PHOTON — Cs C 7.23e-09  2.30e+00 KIDA

C4sS PHOTON — Cs CS 1.00e-10  2.00e+00  Semenov et al. (2010)
Cs PHOTON — Cs Cy 8.50e-12  2.30e+00 KIDA

Ce PHOTON — Cs C 1.00e-10  1.70e+-00 KIDA

Cs PHOTON — Cy Cq 1.00e-10  1.70e+00 KIDA

C; PHOTON — Cs Cy 2.00e-10  1.70e+00 KIDA

Cr PHOTON — Cy Cs 8.00e-10  1.70e+-00 KIDA

Cs PHOTON — Cr C 5.00e-11  1.70e+00 KIDA

Cy  PHOTON — Cr Cy 5.00e-11  1.70e+00 KIDA

Cy PHOTON — Cg Cs 6.50e-10  1.70e+-00 KIDA

Cy  PHOTON — Cs Cy 3.00e-10  1.70e+4-00 KIDA

Cip PHOTON — Cr Cs 7.50e-10  1.70e+-00 KIDA

Ci9o PHOTON — Cs Cs 2.50e-10  1.70e+00 KIDA

O, PHOTON — 0] (0] 7.90e-10  2.13e+00 KIDA

S;  PHOTON — S S 3.30e-10  1.40e+00 KIDA

SO  PHOTON — 0] S 4.20e-09  2.37e+00 KIDA

SO, PHOTON — SO (0] 1.90e-09  2.38e+00 KIDA

OCS PHOTON — CO S 4.67e-09  2.46e+00 KIDA
C C — Cs 1.00e+00 0.00e+00 Semenov et al. (2010)
C Cy — Cs 1.00e+00 0.00e+00 Semenov et al. (2010)
C CCO — Cs0 1.00e+00 0.00e+00 Semenov et al. (2010)
C Cs — Cy 1.00e+00 0.00e+00 Semenov et al. (2010)
C Cy — Cs 1.00e+00 0.00e+00 Semenov et al. (2010)
C Cs — Ce 1.00e+00 0.00e+00 Semenov et al. (2010)
C Ce — Cr 1.00e+00 0.00e+00 Semenov et al. (2010)
C Cr — Cs 1.00e+00 0.00e+00  Semenov et al. (2010)
C Cs — Co 1.00e+00 0.00e+00 Semenov et al. (2010)
C Cy — Cio 1.00e+00 0.00e+00  Semenov et al. (2010)
C 0] — CO 1.00e+00 0.00e+00  Semenov et al. (2010)
C Oq — CcO (@) 1.00e+00 0.00e+00 Semenov et al. (2010)
C S — CS 1.00e+00 0.00e+00 Semenov et al. (2010)
C SO — CcO S 1.00e+00 0.00e+00  Semenov et al. (2010)
0 Cy — CCO 1.00e+00 0.00e+00 Semenov et al. (2010)
0] Cs — C30 1.00e+00 0.00e+00 Semenov et al. (2010)
0] CcO — COq 1.00e+00 1.00e+03  Semenov et al. (2010)
0] CS — 0OCS 1.00e+00 0.00e+00 Semenov et al. (2010)
) 0] — 0o 1.00e+00 0.00e+00 Semenov et al. (2010)
) S — SO 1.00e+00 0.00e+00  Semenov et al. (2010)
0 SO — SO2 1.00e+00 0.00e+00 Semenov et al. (2010)
S 6{0) — 0Cs 1.00e+00 0.00e+00 Semenov et al. (2010)
C C,S — Co CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
C Cs3S — Cs CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
C C4S — Cy CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
C OCS — CO CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
C So — CSo 1.00e+00 0.00e+00 Laas & Caselli (2019)
C SO — CS 0 1.00e+00 0.00e+00 Laas & Caselli (2019)
C SOq — CO SO 1.00e+00 0.00e+00 Laas & Caselli (2019)
Cy S — C CS 1.00e+00 0.00e+00 Laas & Caselli (2019)

8 Data incorporated either from the KIDA 2014 public release (Wakelam et al. 2015), or from the KIDA website when newer
values are available. The adopted values correspond to gas-phase reactions; we assume that the same ones are valid in ice as well.
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Table B.1. continued.

Chemical reaction Q B Reference
C,0 S — CcO CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
CaS 0) — CcO CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
CsoS S — CS CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
CsS 0] — CS  CO 1.00e+00 2.31le+02 Laas & Caselli (2019)
Cy S — Cs CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
C4S 0] — CsS CO 5.00e-01  0.00e+00 Laas & Caselli (2019)
C4S 0] — Cs0 CS 5.00e-01  0.00e+00 Laas & Caselli (2019)
C4S S — CsS CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
Cs S — Cs CS 1.00e+00 0.00e+00 Laas & Caselli (2019)
CS Oq — CO SO 5.00e-01  0.00e+00 Laas & Caselli (2019)
CS O, — O 0CS 5.00e-01  0.00e+00 Laas & Caselli (2019)
CS S — CSs 1.00e+00 0.00e+00 Laas & Caselli (2019)
CSq 0] — CS SO 3.33e-01  8.20e+02 Laas & Caselli (2019)
CSs 0] — 0CSs S 3.33e-01  8.20e+02 Laas & Caselli (2019)
CS, O — CO So 3.33¢-01  8.20e+02 Laas & Caselli (2019)
@) So — S SO 1.00e+00 0.00e+00 Laas & Caselli (2019)
Oq S — 0] SO 1.00e+00 0.00e+00 Laas & Caselli (2019)
(02} SO — 0] SO, 1.00e+00 2.30e+03  Laas & Caselli (2019)
O3 S — Oq SO 1.00e+00 0.00e+00 Laas & Caselli (2019)
O3 SO — 0, SO, 1.00e+00 1.20e+03  Laas & Caselli (2019)
0OCS S — CcO So 1.00e+00 0.00e+00 Laas & Caselli (2019)
S S — So 1.00e+00 0.00e+00 Laas & Caselli (2019)
S So — S3 1.00e+00 0.00e+00 Laas & Caselli (2019)
S Ss — Sy 1.00e+00 0.00e+00 Laas & Caselli (2019)
S S4 — Ss 1.00e+00 0.00e+00 Laas & Caselli (2019)
S Ss — Se 1.00e+00 0.00e+00 Laas & Caselli (2019)
So So — S4 1.00e+00 0.00e+00 Laas & Caselli (2019)
So Ss — Ss 1.00e+00 0.00e+00 Laas & Caselli (2019)
So Sa — Se 1.00e+00 0.00e+00 Laas & Caselli (2019)
So Ss — Sz 1.00e+00 0.00e+00 Laas & Caselli (2019)
Ss3 Ss3 — S6 1.00e+00 0.00e+00 Laas & Caselli (2019)
Ss Sa — S~ 1.00e+00 0.00e+00 Laas & Caselli (2019)
Ss3 S5 — Ss 1.00e+00 0.00e+00 Laas & Caselli (2019)
S4 Sa — Ss 1.00e+00 0.00e+00 Laas & Caselli (2019)
SO SO — S SO, 1.00e+00 0.00e+00 Laas & Caselli (2019)
CS;  PHOTON — CS S 8.80e-09  2.50e+00 Laas & Caselli (2019)
Ss  PHOTON — S S 1.00e-10  0.00e+00 Laas & Caselli (2019)
S4 PHOTON — S S3 6.00e-11  0.00e4+00 Laas & Caselli (2019)
S5 PHOTON — S S4 3.00e-11  0.00e+00 Laas & Caselli (2019)
S¢  PHOTON — S3 S3 1.50e-11  0.00e+00 Laas & Caselli (2019)
Sy PHOTON — S Se 2.50e-12  0.00e+00 Laas & Caselli (2019)
S7 PHOTON — Ss S4 2.50e-12  0.00e+00 Laas & Caselli (2019)
Ss  PHOTON — S4 S4 1.00e-12  0.00e+00 Laas & Caselli (2019)
Ss PHOTON — Ss Ss 1.00e-12  0.00e+00 Laas & Caselli (2019)
0CS 0) — CO SO 1.00e+00 0.00e+00 Maity & Kaiser (2013)
SO2 0] — SO3 1.00e+00 0.00e+00 Maity & Kaiser (2013)
SO; PHOTON — SO, O 1.90e-09  2.38e+00 This work?

Appendix C: Uncertainties in the rate coefficients of photoreactions

As noted in Appendix B, the chemical network employed here assumes that the rate coefficients of photoreactions in
the ice are equal to those of the gas-phase counterpart reactions. This is a common assumption in simulations when no
dedicated rate coefficient information is available for ice species, and in fact Laas & Caselli (2019), whose data we adopt
presently, made the same assumption. Nevertheless, it is prudent to examine the sensitivity of our results to uncertainties
in the photodissocation rate coefficients, given that reactivity is in the experiments induced by VUV photons. To this
end, adapting the methodology laid out in Jiménez-Redondo et al. (2024), we ran a set of 2000 simulations where the rate
coefficients of all photoreactions, except for CS, dissociation, were varied randomly by a factor of 3 each way from their

9 Set equal to the rate coefficient of SO2 + PHOTON.
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Fig. C.1. Time evolution of the number densities of selected sulfur carriers, normalized to the initial number density of CSs,
in the set of 2000 simulations where the fiducial non-diffusive model (Fig.3) is modified by introducing random variation in the
photodissociation rate coefficients. Horizontal lines represent the corresponding experimental values (cf. Fig. 3).
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Fig. C.2. As Fig.3 in the main text, but showing the results of the simulation which minimizes the OCS fraction at 180 min
(Fig. C.1).

values in the fiducial model (i.e., the non-diffusive model depicted in Fig.3). CSy dissocation was not modified because
it initiates the S chemistry, and with a modified rate coefficient the model would no longer match the experimental CSs
dissociation curve (Fig.1).

Figure C.1 shows the results of the simulations, with normalized number density curves from all 2000 simulations
overlaid. Evidently, by varying the photodissociation rate coefficients it is possible to obtain solutions where the nor-
malized OCS number density is approximately 4% at 180 min of simulation time (as opposed to ~9% in the fiducial
model). Greatly elevated SOs fractions are also possible. However, SO and CS always have non-negligible fractions, and
the S,, fraction never rises above ~3%. We note that the small variation in the CSy abundance is a back-effect due to 1040
the variable reactivity among the 2000 simulations.

Figure C.2 shows the results of the simulation where the OCS fraction at 180 min is minimized. Although the OCS
fraction is substantially reduced, the predicted amount of CS is even larger than in the fiducial simulation, and SO; is
produced only in small amounts.

The results of these tests lead us to conclude that the assumption of equality between gas-phase and ice photodissoci-
ation rates is not the underlying reason behind the discrepancies between the simulation results and the experiments. At
the same time, it is clear that uncertainties in the photodissociation rates do have a marked influence on the simulation
results and that, in the future, attention should be paid to constraining photodissociation rates in ices.
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