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ABSTRACT

The James Webb Space Telescope is characterizing the atmospheres of sub-Neptunes. The presence of magma oceans on
sub-Neptunes is expected to strongly alter the chemistry of their envelopes and observable atmospheres. At the magma
ocean—envelope boundary (MEB, >10 kbar), gas properties deviate from ideality, yet the effects of real gas behaviour on
chemical equilibria remain underexplored. Here, we compute equilibrium between magma-gas and gas—gas reactions
using real gas equations of state in the H-He-C-N-0O-Si system for TOI-421b, a canonical hot sub-Neptune potentially
hosting a magma ocean. We find that H and N are the most soluble in magma, followed by He and C. We fit real gas
equations of state to experimental data on SiH,, and show that, for a fully molten mantle, SiH, dominates at the MEB
under accreted gas metallicity of 1x solar, but is supplanted by CH, at 100x solar. Lower mantle melt fractions lower
both magma-derived Si abundances in the envelope and the solubility of H and He in magma, yielding H,- and He-rich
envelopes. Projecting equilibrium chemistry through the observable atmosphere (1 mbar-100 bar), we find that ‘clouds’
of Si-bearing condensates strongly deplete Si-bearing gases, although SiH, remains key, especially when a solar gas is
accreted. SiH4/CH,4 and Si/C ratios increase with mantle melt fraction and decrease with accreted gas metallicity. The
competition between SiH, and CHy is therefore diagnostic of metallicity and the presence of magma oceans on sub-
Neptunes with equilibrium temperatures below 1000 K. The corollary is that H,- and He-rich, SiH,-deficient and CHy-
bearing observable atmospheres may indicate a limited role or absence of magma oceans on sub-Neptunes.
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composition — planets and satellites: detection.

1 INTRODUCTION

The size demographics of transiting exoplanets indicate that the
sub-Neptune population peaks around ~2.5 Rgy and exhibits a
sharp decrease from 2.5Rgqy to 3.5Rg (B. J. Fulton et al. 2017;
V. Van Eylen et al. 2018; T. A. Berger et al. 2020). mass-radius
determinations of transiting exoplanets reveal that sub-Neptunes
(1.8Rgy < R < 3.5Rg) possess a range of bulk densities consis-
tent with a combination of silicates and/or water and an H mass
fraction on the order of 0.1-1 per cent of planet mass (0.1-1 wt%
H) and/or condensed H,O up to ~10 wt% (E. D. Lopez & J. J.
Fortney 2014; L. Zeng et al. 2019; R. Luque & E. Pallé¢ 2022).
Although the James Webb Space Telescope’s (JWST) transmission
spectroscopy measurements of the observable atmospheres of
sub-Neptunes reveal one or two carbon-bearing molecules (CO,
CO,, or CH,) with no H,0 (K2-18b, N. Madhusudhan et al. 2023),
potential H,O (TOI-270d, B. Benneke et al. 2024), or some H,0
(TOI-421b, B. Davenport et al. 2025), the composition of their
envelopes (bulk gas/fluid layers) is still unconstrained. Yet, de-
termining their chemical composition and volatile mass fraction
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iskey to understanding planet formation and migration pathways
of small exoplanets (J. L. Bean, S. N. Raymond & J. E. Owen 2021;
R. Burn et al. 2024).

Sub-Neptunes are expected to lose their accretionary heat over
Gyr time-scales because of their greenhouse envelopes with a
thickness on the order of the Earth’s radius (J. J. Fortney et al.
2013; A. Vazan et al. 2018; A. Werlen et al. 2025). Y. Tang et al.
(2025) demonstrate that, for hot sub-Neptunes with incident
stellar radiation more than 100x of that received by Earth (>
100Fg,), or equivalently a planet equilibrium temperature Toq >
900 K, and an H mass fraction of ~1 wt%, their silicate mantle
likely remains fully molten (global magma ocean) with a magma-
envelope boundary (MEB) temperature ~3000 K at an evolution-
ary age of ~10 Gyr. Magma-envelope interactions are expected
to produce detectable signatures (E. S. Kite et al. 2020; H. E.
Schlichting & E. D. Young 2022; W. Misener, H. E. Schlichting &
E. D. Young 2023; M. Zilinskas et al. 2023; F. L. Seidler, P. A. Sossi
& S. L. Grimm 2024), making hot sub-Neptunes ideal candidates
for interior-atmosphere characterization (e.g. A. Guzman-Mesa
et al. 2022).

What sets the chemical abundances of elements in the en-
velopes of sub-Neptunes? Astronomical perspectives suggest that
sub-Neptunes capture substantial fractions of H,/He-rich nebu-
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lar gas of the order 1 per cent of their total mass (J. I. Moses et al.
2013; A. Guzman-Mesa et al. 2022). Thus, the envelope of sub-
Neptunes likely begins with stellar metallicity. The evolutionary
effects of atmospheric escape processes such as photoevapora-
tion and core-powered mass-loss suggest the loss of a significant
fraction of the H,/He envelope with age (S. Ginzburg, H. E.
Schlichting & R. Sari 2018; J. E. Owen & H. E. Schlichting 2024).
Because lighter species, namely H, and He, are lost preferen-
tially to heavier ones (e.g. CO, H,0), the abundances of elements
heavier than H and He increase with age, resulting in a higher
metallicity than the stellar value. The empirical planet mass-
metallicity trends, stemming from solar system planets, imply a
metallicity of around 100x solar for planets around the mass of
Neptune (H. R. Wakeford et al. 2017; L. Welbanks et al. 2019).
Photoevaporation can also drive a differential loss of elements
heavier than H and He, further complicating the determination
of metallicity (A. J. Louca & Y. Miguel 2025). Given uncertainties
including the measurement of exoplanet host star metallicity,
there is little consensus on the metallicity of sub-Neptunes from
recent observations, with interpretations spanning the range be-
tween 1 and 100x solar (N. Madhusudhan et al. 2023; B. Ben-
neke et al. 2024; B. Davenport et al. 2025; T. Lichtenberg et al.
2025).

Recent geochemical modelling efforts include the effects of a
magma ocean on the composition of the envelope (e.g. E. S. Kite
et al. 2020; D. J. Bower et al. 2022; H. E. Schlichting & E. D.
Young 2022; S. Charnoz et al. 2023; W. Misener et al. 2023; D. I.
Bower et al. 2025; C. Cherubim et al. 2025; Y. Ito et al. 2025; A.
Werlen et al. 2025). In this regime, magma-gas reactions dictate
the elemental abundances in the envelope. Magma-gas reactions
produce Si-bearing gases, especially SiH, and SiO (S. Charnoz
et al. 2023; W. Misener et al. 2023). Because the atmospheric
spectra of Si-bearing gases are detectable (W. Misener et al. 2023;
M. Zilinskas et al. 2023; Y. Ito et al. 2025), it is crucial to con-
sider all key chemical interactions at the MEB. The solubility of
hydrogen (H, and H,0) in magma allows the storage of large
amounts of hydrogen in the interior of sub-Neptunes (Y. Chachan
& D. J. Stevenson 2018; E. S. Kite et al. 2019). The dissolution of
hydrogen in magma can potentially explain the slope of the radius
cliff, a sharp decrease in the population of sub-Neptunes from 2.5
to 3.5 Rgy in the exoplanet size distribution (E. S. Kite et al. 2019),
although its effect is likely more modest than previously thought
(H. E. Schlichting & E. D. Young 2022). The solubility of H,O
further modifies the atmospheric composition of Si-bearing gases
(P. A. Sossi et al. 2023; Y. Ito et al. 2025). Since H, and H,O are
also coupled through gas-phase reactions at equilibrium, H, and
H,O0 cannot dissolve independently of each other. The real gas
behaviour of volatile gases and gas solubility can result in hybrid
atmospheres, a mixture of outgassed and primordial atmospheres
(M. Tian & K. Heng 2024; K. Heng, J. E. Owen & M. Tian 2025).
However, none of the existing models (H. E. Schlichting & E. D.
Young 2022; S. Charnoz et al. 2023; W. Misener et al. 2023; F. E.
Rigby et al. 2024; C. Seo, Y. Ito & Y. Fujii 2024; Y. Ito et al. 2025)
consider the real gas behaviour of Si-bearing gases in governing
their partial pressures in the envelopes of sub-Neptunes.

In this work, we model the envelope composition at the
MEB (>10 kbar) and observable atmospheric composition (1
mbar-100 bar) of a canonical hot sub-Neptune, TOI-421b, by
varying H mass fraction, metallicity, and mantle melt fraction in
the H-He-O-C-N-Si chemical system using Atmodeller (D.J.
Bower et al. 2025). We simultaneously model chemical reactions
between gas and magma species, with comprehensive geochem-
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Figure 1. Illustration of magma-envelope chemical coupling. Volatile
element budgets are set by the metallicity of accreted gas, and the refrac-
tory element budgets are set by the sum of the metallicity of accreted gas
and their budget in the bulk silicate Earth scaled by planet mass. Gas-gas
reactions, magma-gas reactions, gas solubilities in magma and real gas
behaviour are modelled using Atmodeller (D.J. Bower et al. 2025).

ical datasets on gas solubility and real gas behaviour of all con-
sidered gases, including SiO and SiH,. We evaluate the effects of
magma-envelope coupling on the equilibrium atmospheric com-
position under SiO, condensation. We demonstrate the impact
of the metallicity of accreted gas and the mantle melt fraction
in controlling the SiH,/CH, and Si/C ratios in the observable
atmospheres of sub-Neptunes.

2 MODEL

2.1 Model set-up and elemental mass constraints

The methods presented here are implemented in Atmodeller,
an open-source PYTHON package that models the atmospheric
chemistry of rocky planets and sub-Neptunes with self-consistent
interior-atmosphere coupling (D. J. Bower et al. 2025). We apply
our methods to the hot sub-Neptune, TOI-421b, with radius Rp =
2.64Rg, mass Mp = 6.7Mg and equilibrium temperature Teq =
920 K (A. F. Krenn et al. 2024). Considering the envelope mass
to be negligible compared to the planet mass, the radius of MEB
Ryieg is calculated from the Earth-scaled mass-radius relation,
Rumes = 1.02M3% = 1.65Rg (K. Hakim et al. 2018). The MEB
temperature of a highly irradiated (100Fg), ~ 5Mg planet after
10 Gyr of evolution should be Tygg ~ 3000 K, high enough to
keep the mantle almost fully molten, i.e. mantle melt fraction of
unity (Y. Tang et al. 2025). MEB temperatures can be sensitive to
the envelope mass fraction, although MEB temperatures between
2500 and 3500 K have a limited impact on the results and do not
affect our conclusions. Henceforth, we fix Tyrg = 3000 K. We
also consider mantle melt fractions of lower than 100 per cent,
down to 1 per cent. Because the extent of metallic core—silicate
mantle equilibration in sub-Neptunes is uncertain, we instead
consider a range of accreted gas metallicities to approximate the
C/H and N/H fractionation expected during core formation (D.
Huang et al. 2024). We note that more oxidizing conditions are
possible than modelled in this work (K. Armstrong et al. 2019;
M. M. Hirschmann 2022).

We model magma-envelope coupling by considering gas-gas,
magma-gas and gas solubility reactions, and real gas behaviour
(Fig. 1). Although chemical reactions at the MEB result in the
exchange of elements between the magma and the envelope, the
total elemental budget is conserved. The budget of accreted H is
a free parameter (0.1-1 per cent of planet mass, i.e. 0.1-1 wt%).
The budgets of volatile elements other than H (here He, C, and
N) are defined by the product of the metallicity of accreted gas
and the mass fraction of accreted H (Table 1). For example, for
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Table 1. Elemental mass constraints for the models in the H-He-C-N-
O-Si system at 3000 K.

100x solar
0.1 wt% H 1wt% H

1x solar
0.1 wt% H 1wt% H

Metallicity
H mass fraction

Mass constraints for mantle melt fraction of 100 per cent

He [wt%] 0.033 0.33 0.033 0.33
C [wt%] 0.00029 0.0029 0.029 0.29
N [wt%] 0.000095 0.00095 0.0095 0.095
Si [wt%] 14.5 14.5 14.51 14.6
O [wt%] 16.5 16.51 16.59 17.35
Mass constraints for mantle melt fraction of 10 per cent
He [wt%] 0.033 0.33 0.033 0.33
C [wt%] 0.00029 0.0029 0.029 0.29
N [wt%] 0.000095 0.00095 0.0095 0.095
Si [wt%] 1.45 1.451 1.46 1.54
O [wt%] 1.651 1.659 1.735 2.5
Mass constraints for mantle melt fraction of 1 per cent
He [wt%] 0.033 0.33 0.033 0.33
C [wt%] 0.00029 0.0029 0.029 0.29
N [wt%] 0.000095 0.00095 0.0095 0.095
Si [wt%] 0.1451 0.146 0.154 0.24
O [wt%] 0.1659 0.1735 0.25 1.02

Note. All wt% values imply elemental mass per cent of planet mass. The
solar metallicity values are from K. Lodders et al. (2009) and the SiO,
value for bulk silicate Earth is from H. Palme & H. O’Neill (2014).

solar metallicity and 1 wt% H, the budgets of He, C, and N are
0.33 wt%, 0.0029 wt%, and 0.00095 wt%, respectively, where the
solar metallicity values are obtained from K. Lodders, H. Palme
& H. P. Gail (2009, their table 8). For 100x solar metallicity and
1 wt% H, the He budget is the same as for solar metallicity, but
the budgets of C and N are scaled up by a factor of 100 (Table 1).
The budgets of the ‘refractory’ elements, Si and O, are the sum
of (a) the product of the metallicity constraint and the H mass
fraction, and (b) their budget in the mantle as liquid SiO,. The
mantle mass of SiO, is scaled from its value in the bulk silicate
Earth to that of TOI-421b. Specifically, for a mantle melt fraction
of unity, the mantle budget of Siis 14.5 per cent of planet mass, i.e.
14.5 wt% and the budget of O is 16.5 wt%, derived from the bulk
silicate Earth’s SiO, of 45.4 wt% (H. Palme & H. O’Neill 2014).
SiO, is expected to be the primary component of the magma and
the focus of the study. The remainder of the mantle is treated
as chemically inert. By adding the available Si and O budgets
for solar metallicity to their mantle budgets, the total Si and O
budgets remain similar to their mantle budgets. However, for
100x solar metallicity and 1 wt% H, the total Si and O budgets
increase slightly to 14.6 wt% and 17.35 wt%, respectively (Table 1).
When the mantle melt fraction is reduced to 10 per cent and 1
per cent, the mantle Si and O budgets are scaled down by a factor
of 10 and 100, respectively (Table 1).

2.2 Real gas behaviour

The total MEB pressures of sub-Neptunes exceed 10 kbar, above
which the pressure-volume-temperature P — V — T properties
of gases strongly deviate from the ideal gas assumption. To cap-
ture the correct thermodynamic behaviour of real gases, the fu-
gacity coefficient ¢, usually derived from a relevant equation of
state (EOS), provides the real gas correction factor to convert the
partial pressure P, of gas species i to fugacity f; (¢; = 1in the ideal
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gas regime)
fi = ¢iP. ey

We model the real gas behaviour of all gases based on standard
equations of state (Sections 2.3 and 2.4). For SiO and SiH,, we
describe below our approach to model their real gas behaviour.

2.2.1 SiO

For SiO(), following J. A. D. Connolly (2016), we employ the
law of corresponding states, where the properties of a given gas
species can be described with respect to their reduced tempera-
tures (T,) and pressures (P,);

, )
: 3

where T, = 3431 K and P, = 4544 bar are the critical temperature
and pressure of SiO, respectively (J. A. D. Connolly 2016). This
states that, at the same reduced temperature and reduced pres-
sure, the compressibility factor of any gas is the same, where

_ PV,
" RT.’

Z, 4)
The modelled value of Z. depends on the chosen form of the EOS,
with the simplest, van der Waals EOS yielding Z. = 0.375, and the
Redlich-Kwong EOS giving Z, = 0.333. Because experimentally
determined values of Z, range from ~0.23 to 0.31, we combine
the law of corresponding states with the Redlich-Kwong EOS (O.
Redlich & J. N. S. Kwong 1949; J. A. D. Connolly 2016):

_ RT a
S V—b JTV(V +b)

in which the solutions for a and b can be found by simultaneously
solving the first and second derivatives of pressure with respect

P ©)

to volume at the critical point, (3£ and (ﬁ) ,
p (av)T:TC V2 Jror,

RT,

Ve=—, 6
= 3p (6)
RTS/ZVC
a=——, (7)
3213 —1)
b=("* -1V, ®)

with a = 4.48433 x 10~> m® bar K% mol=2 and b = 5.43922 x
107% m3 mol .

2.2.2 SiH,

There are no published high-pressure high-temperature equa-
tions of state for silane SiH,. Existing models for the atmospheric
compositions of sub-Neptunes highlight the stability of silane in
reducing, H-rich atmospheres (S. Charnoz et al. 2023; W. Misener
et al. 2023; Y. Ito et al. 2025), yet none consider its non-ideality
in the gas phase. Earlier efforts to define a P—V — T EOS for
SiHy, in the absence of experimental data at the time, assumed
compressibilities similar to those of CH,4 by applying the law of
corresponding states (T. A. Strobel et al. 2011). However, accurate
P and T ranges for the extrapolation of compressibilities based
on critical properties are P ~ 10P, and T ~ 2-3 T, (R. C. Reid, J.
M. Prausnitz & B. E. Poling 1987), or roughly 500 bar and 800 K,
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Table 2. Fitted parameters of the quadratic Virial equation of state
(equations 9-11) for SiH4 and their 1o uncertainties.

Parameter Value Units
Ao 3.8552 4 0.0546 GPa~!
Ay —1.822 x 1073 £4.729 x 1073 Gpa—l. K1
Az 2.54x 1077 +1.13 x 1078 GPal. K2
By —0.01942 =+ 0.00119 GPa~2
By 1.088 x 107> £ 6.181 x 10~ GPa—2.K!
B, —1.62 x 107 £ 8.65 x 10711 GPa—2. K2

respectively, for silane (T, = 269.7 K; P, = 48.4 bar, R. C. Reid et al.
1987), which are insufficient for our purposes.

Here, we fit recent P — V — T data for fluid silane obtained
between 44.2 + 0.4 GPa and 1200 + 30 K up to 138.7 £ 0.7 GPa
and 4109 + 80 K via shock compression (Y.-G. Wang, F.-S. Liu &
Q.-J. Liu 2018) to a second-order (quadratic) Virial EOS, in which
the compressibility factor Z is expressed in terms of P and T,

Z(P,T) =1+ A(T)P + B(T)P?, 9)

where A(T) and B(T) are temperature-dependent Virial coeffi-
cients parametrized as

A(T) = Ay + AT + A, T?, (10)
B(T)= By + BT + B,T?, (11)

and the molar volume (V') is related to Z via

Z(P, T)RT

VP.T)= =

(12)

We perform an error-weighted non-linear least-squares fit by
minimizing the objective function:

2
XZ — i <Vmodel(Piy Ti; 0) — Vobs.i) (13)
i=1

Gvobs,i

across all 14 data points, i, and the associated error in their
volumes (ov,,;, Y.-G. Wang et al. 2018, their Table 4). Because
the uncertainties in P, V and T are strongly correlated in shock
experiments, we assume perfect covariance among them and ac-
count only for the errors in volume. Equivalent results could be
obtained by considering uncertainties in either P or T. Uncertain-
ties in the fitted parameters, Ag, A1, A,, By, Bi, By, collectively
represented by 0, were determined from the covariance matrix:

C=x2-(J"n4, (14)

where J is the Jacobian matrix of partial derivatives and x? is
the reduced chi-squared estimate of the residual variance. The 1o
uncertainties for each coefficient are given by the square root of
the corresponding diagonal entry of C. A fit to a cubic Virial EOS
(Z =1+ A(T)P + B(T)P? + C(T)P?) in which the temperature-
dependent terms take the form A(T) = Ay + AT was also at-
tempted but was found to yield a slightly poorer fit to the data.
The best-fitting coefficients for SiH, and their uncertainties are
reported in Table 2 and Fig. 2. The resulting fugacity coefficient at
3000 K and 5 GPa is 28.4 + 2.1, similar to that of CH, at identical
conditions, as might be expected from their similar 7. and P..
The fluid silane data are calibrated for P > 44 GPa; however, the
fugacity coefficient extrapolates correctly to unity at P = 1 bar.
Although we refer to the equation of state of SiH4 in our model,
at higher pressures and temperatures, speciation changes of the
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Figure 2. Comparison of the compressibility factors (Z) modelled in
equation (9) with those observed in the shock experiments of Y.-G. Wang
etal. (2018). The data are colour-coded by temperature (in K). The derived
coefficients, their associated uncertainties, and the reduced chi-squared
(x2) values are shown in the legend.

type:

2

where n < 4, or formation of oligosilanes

. (n—-1) )
SiHpg) = Hag) + SiHu-1(g) 15)

(SlHn )y(g) — ySiHn(g) (16)

may occur. Insofar as only the stoichiometry of SiH, is fixed in the
shock experiments of Y.-G. Wang et al. (2018), our EOS recovers
the behaviour of ‘SiHy’, even if its speciation likely diverges from
that of silane at extreme P — T.

2.3 The H-0-Si chemical system

First, we demonstrate our methods using the H-O-Si chemical
system. Then, we extend it to the H-He-C-N-0O-Si chemical sys-
tem. The H-O-Si system is a minimalist chemical representation
of the magma-envelope coupling because H is expected to be
the dominant element in the envelope, Si is a key element in
the silicate magma, and O is present both in the magma and the
envelope and plays a crucial role in redox reactions.

2.3.1 Chemical reactions with real gases

In the H-O-Si chemical system, the following set of gas-gas
reactions is chosen, which involve gases H,, H,O, O,, SiH,, and
SiO.

Hj(g) + 0.502(g) = H20(g), a7
SiH4(g) + O.SOZ(g) = SiO(g) + 2Hy(g). (18)

We model the real gas behaviour (Table 3) of H, (ab initio equa-
tions compilation, G. Chabrier & F. Debras 2021), H,O (compen-
sated Redlich-Kwong EOS, T. J. B. Holland & R. Powell 1998), O,
(cubic virial EOS, P. Shi & S. K. Saxena 1992), SiH, (quadratic
virial EOS, Y.-G. Wang et al. 2018, This work) and SiO (Redlich-
Kwong EOS, J. A. D. Connolly 2016). The fugacities of the five
gases listed above constitute the five unknowns. The two reac-
tions result in two equations, where the equilibrium constant
of each reaction is equal to the product of the fugacities of the
reaction products divided by the product of the fugacities of the
reactants (Table 4). The equilibrium constants are obtained from
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Table 3. Real gas equations of state (EOS) of key gases in the H-He-C-N-0O-Si chemical system.

Calibrated range
Species EOS Reference Pressure (GPa) Temperature (K)
H, Interpolated ab initio data G. Chabrier & F. Debras (2021) 0-1013 100-108
He Interpolated ab initio data G. Chabrier & F. Debras (2021) 0-1013 100-108
H,0 Compensated Redlich-Kwong T. Holland & R. Powell (1991) 0-5 400-1700
0, Virial cubic P. Shi & S. K. Saxena (1992) 0-100 200-3000
CHy Virial cubic P. Shi & S. K. Saxena (1992) 0-100 200-3000
Cco Virial cubic P. Shi & S. K. Saxena (1992) 0-100 200-3000
CO, Virial cubic P. Shi & S. K. Saxena (1992) 0-100 200-3000
N, Virial cubic S. K. Saxena & Y. Fei (1987) 0-100 200-3000
NH;3 Redlich-Kwong R. C. Reid et al. (1987) 0-0.01 300-500
Sio Redlich-Kwong J. A. D. Connolly (2016) 0-5 1000-10000
SiH4 Virial quadratic Y.-G. Wang et al. (2018), this work 0-138.7 1200-4100

Table 4. Chemical reactions in the H-He-C-N-O-Si chemical system.

Chemical reactions

Reaction constant

Reference

Gas-gas reactions

Hyg) +0.50x) = H20¢g)
CO(g) + 0.5 Oxg) = COyg)
CO(g) + 2 Hyg) = CHa(g) +0.50xg)
Nag) + 3 Hag) = 2NH;(g)
SiHy(g) + 0.5 Oxg) = SiO(g) + 2 Hag)

Magma-gas reaction

SiOy(y = SiO(g) + 0.5 Oyg)
Gas dissolution reactions in magma
Hygg) = Ho(m)
2— N —
HzO(g) + O(m) = 2 OH(m)
He(g) — He(m)
CH4(g) — CH4(m)
CO) = COm)
2— _ 2—
COx) + Oy = CO3(m)
Na) = Naam)

K

K= Mo

K= —& 0
Fsittyig) / forg)
K = 51045 [ f05g)

120 ;
== B. J. McBride et al. (2002)
Y Hl(g)\/@
) B. J. McBride et al. (2002)

K= —2w
Jeowg) [ Foag

_ )

5 B. J. McBride et al. (2002)
fco(g) sz(g)

=5 B. J. McBride et al. (2002)
Ha(g)"NHs(g)

fsiog oy fi
®© 2@ g ] McBride et al. (2002)

B. J. McBride et al. (2002)

asioz(l)
a
7 = % M. Hirschmann et al. (2012, their Table 2)
2(g)
2
aOH(m) .
§= o as P. A. Sossi et al. (2023)
20 %02,
AdHe
Ky = fI:{ (m) A. Jambon, H. Weber & O. Braun (1986)
NG
a,
Ky = % P. Ardia et al. (2013, their equation 7a and 8)
4(g)
a
Ky = fco(m) T. Yoshioka et al. (2019)
COg)
aCOZ,
Kp =7 3(m) J. E. Dixon, E. M. Stolper & J. R. Holloway
COZ(g) aozf

(1995, their equation 6)

G. Libourel, B. Marty & F. Humbert (2003,
their equation 23)

B. J. McBride, M. J. Zehe & S. Gordon (2002). Combining two
equations with equilibrium constants and the budgets of O and
Si (Section 2.1), the set of equations can be exactly solved for the
given H mass fraction by adhering to mass balance.

Liquid SiO, is the primary component of silicate magma. In
addition to the previous two gas-gas reactions, the following
magma-gas reaction becomes important.

SiOyq) = SiO(g) + 0.504). (19)

This additional equation introduces another unknown, the sta-
bility of SiO,). Atmodeller evaluates the stability of SiOyq
and calculates the mass fractions of Si in magma and envelope
by applying the extended law of mass action (D. J. Bower et al.
2025). In all magma-envelope models discussed in this paper, we

find that SiO,( is stable (i.e. activity of SiO0yasio,g, = 1), which
therefore maintains consistency with our assumption of a magma
ocean. The equilibrium constant for this reaction is obtained from
B. J. McBride et al. (2002).

Magma oceans can dissolve gases to an extent that modifies
the atmospheric composition. We utilize the latest data for H,O
solubility in primitive magma (peridotite melt, P. A. Sossi et al.
2023) and H, solubility in an evolved magma (basaltic melt, M.
M. Hirschmann et al. 2012) as listed in Table 4. In the H-O-Si
chemical system, the two reactions governing gas solubilities in
magma can be written as

Hz(g) = Hz(m) (20)

H,0( + O, = 20H,,). (21)
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Envelope Composition at MEB (H—0O—-Si system)
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Figure 3. Partial pressures of Hy, H,O, SiO, and SiH4 at the MEB of
TOI-421b (RvEgp = 1.65R®,RP = 2.64R®,Mp = 6.7M®, Tmes = 3000 K
with a fully molten mantle) in the H-O-Si chemical system. (a) Envelope
composition with real gas behaviour and gas solubility. (b) Envelope com-
position with ideal gas behaviour and gas solubility. O, partial pressures
are less than 10~7 bar and not shown.

We note here that, in our model, the dissolution of these
volatile components in the magma does not affect the activity
of Si0,, which is evaluated to be unity. Insofar as these volatile-
bearing components (predominantly OH™) comprise only up to
a few per cent (by weight) of the mantle mass, neglecting their
effect on si0, should introduce minimal uncertainty on mass
and composition of the computed envelopes.

2.3.2 Envelope Composition with Real Gases and Solubility

In the H-O-Si chemical system with real gases, solubility of H,
and H,O in magma and elemental budgets of 14.5 wt% Siand 16.5
wt% O, for 0.1-1 wt% H, the MEB total pressure ranges between 11
and 75 kbar (1.1-7.5 GPa, Fig. 3a). We find that the MEB envelope
composition of TOI-421b is dominated by SiO at H mass fractions
below 0.15 wt% and by SiH, for > 0.15 wt% H. Partial pressures
of H,O are nearly 3-4 orders of magnitude lower than those of
H,. The predominance of Si-bearing gases in the envelope results
from the vaporization of SiO, (Section 2.3).

Ignoring real gas behaviour under the ideal gas assumption,
the total MEB pressure ranges between 9 and 106 kbar (0.9-10.6
GPa) for 0.1-1 wt% H (Fig. 3b). Compared to the real gas case,
H,, H,0, and SiH, partial pressures are higher and the SiO partial
pressure is lower. This is because the real gas fugacity coefficients
of SiO are lower than unity and those of SiH,, H,, and H,O are
higher than unity (Fig. 4). Excluding real gas behaviour results
in a twofold effect. First, the solubilities of both H, and H,O in
magma are lower by up to a factor of one-third when the real gas
behaviour is excluded (Fig. 5). For the ideal case, this is clearly
visible in the higher total MEB pressure at 1 wt% H, which is
due to the lower partitioning of H (Fig. 3b). This is because the
solubility of a gas is proportional to its fugacity, not its partial
pressure. In the real case, higher fugacities of H, and H,0 lead
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Real Gas Fugacity Coefficients (H—O—Si system)
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Figure 4. Fugacity coefficients of the H-O-Si gases for the real gas case
of Fig. 3.
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Figure 5. The solubility of H (in the form of H, and H,O) as a function
of the total H budget relative to the planet mass for real and ideal gas cases
from Fig. 3.

to a higher partitioning of H in magma, thereby decreasing the
total MEB pressure (Fig. 3a).

Secondly, the contrasting nature of the fugacity coefficients of
Si-bearing gases, ¢sio < 1 and ¢, > 1 results in their MEB par-
tial pressures diverging more from each other under the ideal gas
assumption (Fig. 3b) compared to the real gas case (Fig. 3a). This
also results in a lower total MEB pressure at 0.1 wt% H in the ideal
case than in the real case. Because T; of SiO(g) is much higher than
that of SiH, (and other gases considered), ¢sio decreases (albeit
mildly), indicating that the critical compressibility Z. is <1. This
behaviour occurs because T/ T, for SiO is much lower than for the
other gases, and hence the ‘a’ term (the attractive term), which
in the Redlich-Kwong EOS depends on T./?, dominates over the
‘b’ term (the repulsive term) over a wider pressure range. Con-
sequently, the volume of SiO(,) is lower than that expected from
the ideal gas law under the same pressure and temperature. In
contrast, the compressibility of SiH, leads to the opposing effect,
where volumes are higher than those of an ideal gas. The result
is that Psio/Psinr, can exceed unity at low wt% H in the real case,
but remains below unity down to 0.1 wt% H in the ideal case.

2.4 The H-He-C-N-0-Si chemical system

We extend our methods to the H-He-C-N-0O-Si chemical system
by choosing the gases, H,, H,O, He, CH,, CO, CO,, NH3, N,
SiH,4, and SiO, and liquid SiO, representing magma. All chemical
reactions are listed in Table 4. The real gas equations of state are
listed in Table 3. In our formulation, H mass fraction, mantle
melt fraction and metallicity of accreted gas are the three free
parameters that control the budgets of volatile and refractory
elements (Table 1). We calculate the envelope composition at the
MEB of TOI-421b (Tygg = 3000 K) for H mass fractions between
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Envelope Composition at MEB for Ideal vs Real Gases (H—He—C—N—-0-Si system, 1x solar)
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Figure 6. Envelope composition at the MEB of TOI-421b (Rmes = 1.65Rgy, Rp = 2.64Rgqy, Mp = 6.7Mgy, Tmes = 3000 K with a fully molten mantle) as
a function of total H budget relative to planet mass in the H-He-C-N-O-Si chemical system. Elemental budgets are defined by solar metallicity (Table 1).
Reactions, gas solubility laws, and real gas equations are described in Section 2. (a) MEB partial pressures of the considered gases assuming ideal gas
behaviour. O, partial pressures range between 10~7and 10~ bar (fugacities between —4.3 and —6 log;o units below the iron-wiistite (IW) buffer). (b)
MEB partial pressures of the considered gases under real gas behaviour. O, partial pressures range between 8x1071° and 7x10~!! bar (oxygen fugacities
between IW—6.2 and IW—5.7). Full range of MEB partial pressures is shown in Fig. Al. (c) Element partitioning in magma of H, He, C and N for ideal

(a) and real (b) cases. (d) Real gas fugacity coefficients of all gases in (b).

0.1-1 per cent of planet mass and mantle melt fractions between 1
and 100 per cent. The elemental budgets are described in Section
2.1.

3 ENVELOPES AND ATMOSPHERES WITH
MAGMA-ENVELOPE COUPLING

3.1 Effects of solubility and real gases

We compare the MEB envelope compositions for the ideal and
real gas cases of TOI-421b in the H-He-C-N-O-Si chemical sys-
tem with mantle melt fraction of 100 per cent and accreted gas
metallicity of 1x solar (Section 2.4). For 0.1-1 wt% H, MEB total
pressures range between 13 and 77 kbar (1.3-7.7 GPa) for the real
gas case and between 11 and 120 kbar (1.1-12 GPa) for the ideal
gas case (Figs 6a and b). In contrast to the ideal case with H, being
the dominant gas (Fig. 6a), the real gas case results in SiO or SiH,
being the dominant gases (Fig. 6b).

There are two main reasons for the differences between the real
and ideal gas cases. First, the fugacity coefficient of SiO is below
unity, which is in contrast to other considered gases (Fig. 6d).
This effect results in Psio > Psi, in the real gas case between 0.1
and 0.15 wt% H, in contrast to the ideal gas case (Figs 6a and b).
Because of this, a larger amount of SiO is vaporized in the real
case, increasing the Si abundance in the envelope, especially at
low H mass fractions.

Secondly, a larger fraction of H partitions into magma in the
real gas case due to the higher solubility of H, and H,O compared

to the ideal gas case (Fig. 6¢). This effect is most pronounced at
the highest considered H mass fractions. The dependence of the
solubility of a gas on its fugacity ensures that higher fractions of
volatile elements are soluble in magma under real gas behaviour,
thereby decreasing the availability of not only H, but also He
and N in the envelope (Fig. 6¢). The solubility of C is negligi-
bly affected due to the relatively low solubility of methane, the
dominant C-bearing gas species. The differential partitioning of
H, He, C, and N in magma results in non-solar abundances in
the envelope. For instance, the near complete partitioning of N in
magma (Fig. 6¢) results in extremely low abundances of N, and
NHj; in the envelope (Fig. 6b). The high solubility of N occurs
due to the low resulting oxygen fugacity of the system (between
IW-6 and IW-4.3 for the ideal case or IW-6.2 and IW-5.7 for the
real case, where IW is the iron-wiistite buffer), at which nitrogen
exists predominantly as nitride (N3~) in the silicate liquid (G.
Libourel et al. 2003; R. Dasgupta et al. 2022). This is evident in
Fig. 6(c) for the ideal case, in which higher oxygen fugacities at
higher H mass fractions, due to higher H,O/H, ratios (equation
17), result in a decrease in N solubility.

3.2 Effects of mantle melt fraction and accreted gas
metallicity

We calculate the MEB envelope composition of TOI-421b in the
H-He-C-N-0-Si chemical system for accreted gas metallicities
of 1x solar and 100x solar and mantle melt fractions of 100
per cent and 1 per cent (Section 2.4). Our results show both
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Figure 7. Envelope composition in the H-He-C-N-0O-Si chemical system of TOI-421b (Rmgs = 1.65Rgy, Rp = 2.64Rgqy, Mp = 6.7Mgy, Tmes = 3000
K) as a function of H mass fraction. Elemental budgets, reactions, gas solubility laws, and real gas equations are described in Section 2. MEB partial
pressures of the considered gases for (a) 1 x solar metallicity and 100 per cent mantle melt (IW-6.2 to IW-5.7), (b) 100x solar metallicity and 100 per cent
mantle melt (IW-5.5 to IW-5.2), (c) 1x solar metallicity and 1 per cent mantle melt (IW-3.4 to IW-3.1), and (d) 100x solar metallicity and 1 per cent
mantle melt (IW-2.3 to IW-1.6). Full range of MEB partial pressures, including that of O, is shown in Fig. A2. The corresponding partitioning of volatile
elements in magma and real gas fugacity coefficients are given in Figs B1 and B2, respectively.

mantle melt fraction and accreted gas metallicity play key roles in
controlling the envelope composition (Fig. 7). Although the real
gas fugacity coefficients do not show extreme differences between
the considered cases (Fig. B2), the decreasing mantle melt frac-
tions limit the ability of a given gas species to be accommodated
in the liquid (Fig. B1). The differential partitioning of H, He, C
and N (whose budgets are derived from the accreted gas) and the
vaporization of Si and O (whose budgets are largely based on the
molten mantle) leads to final envelope budgets that differ from
the total elemental budgets defined by the imposed metallicity.

For 0.1-1 wt% H and 100 per cent melt, MEB total pressures
range between 13-77 kbar (1.3-7.7 GPa) at 1 x solar and between
11 and 69 kbar (1.1-6.9 GPa) at 100x solar (Figs 7a and b). When
the mantle melt fraction is set to 1 per cent, MEB total pressures
range between 14 and 104 kbar (1.4-10.4 GPa) at 1x solar and
between 17 and 129 kbar (1.7-12.9 GPa) at 100 x solar (Figs 7c and
d). At 100 per cent melt and 1 x solar metallicity, magma vapor-
ization causes the partial pressures of SiO and SiH, to exceed that
of H,. At1 per cent melt, the mass of magma and hence the Siand
O budgets decrease by a factor of about 100, thereby decreasing
the partial pressures of SiO and SiH,, lowering the solubility of
volatiles, and enriching the envelope in H, and He.

Increasing the accreted gas metallicity from 1x to 100x solar
increases the MEB partial pressures of C- and N-bearing gases by
a factor 100, whereas those of other gases remain largely unaf-
fected (Figs 7a-d). At solar metallicity, the relatively low volatile
inventories of C and N result in the envelope being essentially
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devoid of C- and N-bearing gases independent of melt fraction;
the most abundant of these, CHy4, does not exceed mixing ratios
of 1 per cent. By contrast, at 100 per cent melt, the high metallicity
(100 x solar) case shows that CH, is the most abundant gas
species across the majority of the H mass fraction range explored,
while SiO (low H mass fraction), SiH, and H, (high H mass frac-
tion) are also major constituents. At 100 per cent melt, low partial
pressures of N-bearing gases occur due to the high solubility of
N in magma (Figs Bla and b) at low oxygen fugacities (between
IW-6.2 and IW-5.2). Due to the low partitioning of C and N in the
1 per cent melt and 100x solar case at a higher oxygen fugacity
of TW-2 (Fig. B1d), CH, and to a smaller extent N, become key
species in the H,- and He-rich envelope (Fig. 7d). None the less,
the sum of partial pressures of SiO and SiH, is comparable to
those of H,O (in the 1 x solar case) or N, (in the 100 x solar case).

3.3 Equilibrium atmospheric composition with
condensation

The magma-envelope coupling results in elemental abundances
in the envelope that differ from their budgets in the accreted
gas due to a differential solubility of considered gases (Section
3.2; Fig. B1). These envelope elemental abundances for the 100
per cent and 1 per cent melt cases are used as input to At-
modeller to evaluate the variation of atmospheric composition
with atmospheric pressure (1 mbar-100 bar). To simulate the
effect of atmospheric pressure, all elemental mass constraints
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are scaled down by the same factor, while keeping the elemental
abundances relative to each other fixed at their MEB values. The
reaction network presented in Sections 3.1 and 3.2 (Table 4) is
expanded to include seven condensates, three SiO, polymorphs,
Si, C and SiC, Si;N4 (Appendix C). The network is solved at a
fixed temperature T.q = 920 K. The SiO, condensation («-quartz)
reaction (B. J. McBride et al. 2002), which is stoichiometrically
the same as the magma-gas reaction (equation 19), replaces
SiO,(y with SiO5_qz). For cases without magma (mantle melt
fraction = 0), the envelope elemental abundances are defined
by the metallicity of the accreted gas. For all cases, we assume
that the envelope contains 1 wt% H relative to planet mass, an
observationally inferred constraint from the mass and radius of
TOI-421b (B. Davenport et al. 2025). The resulting atmosphere
behaves ideally (a reasonable approximation at atmospheric pres-
sures between 1 mbar and 100 bar), and is well-mixed (i.e. ele-
mental abundances remain constant as a function of atmospheric
pressure).

Equilibrium condensation of «-quartz, a SiO, polymorph, oc-
curs in the atmosphere when the mantle melt fraction is 1-100
per cent across all metallicities (Figs 8a-d). The condensation
of silicate species such as quartz is crucial for the formation of
silicate clouds (A. Dyrek et al. 2024; K. K. W. Hoch et al. 2025).
For solar metallicity cases, SiC and Si also condense. In contrast,
for 100x solar cases, C (graphite) condenses together with «-
quartz. Furthermore, SiC also condenses for the 100x solar and
100 per cent melt case. Even after the removal of a large fraction
of elemental Si and C from the gas phase, for the solar metallicity
cases, SiHy, SiO and CH, remain as key species with mixing ratios
below 10~ in the 1 mbar™ bar range. For 100x solar cases, Si-
bearing gases exhibit 2-4 orders of magnitude lower mixing ratios
at 100 per cent melt and are absent at 1 per cent melt, and CH,
exhibits 4 orders of magnitude higher mixing ratios. For the case
with 100x solar metallicity and 1 per cent melt, the H,O mixing
ratio is the highest among all considered cases. In the absence of
magma, mixing ratios of Si-bearing gases are significantly lower
than those of C-bearing gases (Figs 8e and f), as the nebular
gas is the only source of Si in this case. At higher atmospheric
pressures, CH, and SiH, exhibit higher mixing ratios than CO
and SiO, respectively, because increasing pressure favours the for-
ward reactions (equations 22 and 23) with fewer gas molecules,
consistent with Le Chatelier’s principle.

4 OBSERVABILITY OF MAGMA-ENVELOPE
COUPLING

Building on the compositional models presented in Section 3,
we now interpret the results in the context of observations and
identify potential atmospheric diagnostics of magma-envelope
coupling. As shown in Fig. 9, the final envelope elemental abun-
dances relative to H diverge strongly from those expected purely
from accreted nebular gas, particularly at high mantle melt frac-
tions. This divergence arises from four key factors. First, higher
mantle melt fractions result in higher Si budgets in the system
and, consequently, increase the partial pressures of Si-bearing
gases in the envelope. Secondly, mantle melt fractions approach-
ing 1 per cent and accreted gas metallicities approaching 100 x
solar produce more oxidizing conditions (log,, fo, ~ IW-2) than
for other cases (log;, fo, ~ IW-6). Our models self-consistently
calculate the oxygen fugacity with the total O budget as an ele-
mental mass constraint given the available equilibrium constants
of reactions (Table 4). More accurate estimates of oxygen fugac-
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ity will require constraints on H-O-Si-Fe equilibria at several
GPa, for which experimental constraints are presently lacking.
Thirdly, the behaviour of real gas species can result in positive
or negative deviations from ideality, leading to lower or higher
partial pressures of these gases, respectively. Specifically, SiO
exhibits a negative deviation from ideality, in contrast with all
other considered gases. Fourthly, the solubility of gases in the
melt depletes volatile elements (H, He, C, N) in the envelope to
varying extents. Elemental abundances relative to H (in units of
metallicity) can therefore increase or decrease compared to the
accreted gas metallicity. Reducing conditions at mantle melt frac-
tion of 100 per cent (log,, fo, ~ IW-6) preferentially enhance the
solubility of N over H and especially over C. In contrast, relatively
oxidizing conditions at mantle melt fraction of 1 per cent and
1 wt% H (log,, fo, ~ IW-2) result in a relatively lower solubility
of N (Fig. Blc). Consequently, envelopes in contact with molten
mantles are predicted to be strongly depleted in N and weakly
depleted in C, with enhanced abundances of Si and O.

A notable exception is the formation of silane SiH, via the
reaction

SiO + 3H, = SiH4 4 H,0, (22)

requiring both the magma-derived Si and the envelope-derived
H. Because the generation of SiH, in the envelope is favoured
at higher pressures, the dissolution of H, in the magma ocean
is hindered. The analogous reaction describes the formation of
methane CH,, where Si is replaced by C in the reaction

Both reactions are pressure-dependent and exhibit stark non-
ideal behaviour at the magma-envelope boundary of sub-
Neptunes (Section 2.2). Because H, also becomes more soluble
due to an increase (albeit more mild) in its fugacity coefficient,
the resulting increase in both Si/H and C/H ratios in the envelope
nevertheless stabilises methane and silane relative to the ideal
case. The competition between SiH, and CH, in the envelope is
therefore controlled by the mantle melt fraction, which largely
governs the abundance of Si in the envelope, and the metallicity
of the accreted gas, which governs the abundance of C in the
envelope.

Our models at 10 mbar pressures show that the relative mixing
ratio of SiH, and CH, and the Si/C ratio in general (Fig. 10),
are strong diagnostics of magma-envelope coupling. We find that
SiH4/CH,4 ~ Si/C ~ 0.01 serves as an indicator for observationally
identifying magma-envelope coupling in TOI-421b. This thresh-
old is consistently met at high mantle melt fractions, especially
at low-to-moderate metallicities. Si- and C-bearing condensates
limit the gas-phase ratios to an upper bound (Section 3.3). For
equilibrium temperatures below ~900 K and fully molten magma
oceans, SiH, is the predominant Si-bearing species in the atmo-
sphere, regardless of the accreted gas metallicity (Fig. 11). On
the other hand, for equilibrium temperatures exceeding 1000 K,
SiO is the predominant Si-bearing species and the differences
between 100 per cent melt and 0 per cent melt cases are not
readily discernible. TOI-421b lies in the transition zone, making
both SiO and SiH, potentially detectable. Therefore, the detection
of elevated SiH, abundances in sub-Neptunes with atmospheric
temperatures below ~1000 K could provide observational evi-
dence for ongoing or past magma-envelope coupling.

Comparing our predictions with the observed transmission
spectrum of TOI-421b, the retrieved mixing ratios of H,O and CO
lie between 10-1000 ppm and 0.01-1000 ppm, respectively, with a
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Equilibrium Atmospheric Composition with Condensation
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Figure 8. Atmospheric composition as a function of pressure (atmospheric depth) for TOI-421b under chemical equilibrium with envelope elemental
abundances obtained from Fig. 7 with a melt fraction of 100 per cent (top panels), 1 per cent (middle panels), and another case with 0 per cent melt
(bottom panels), not shown previously. All calculations are performed at TOI-421b’s equilibrium temperature, Teq = 920 K, which is a reasonable
approximation given that most parametrized T — P profiles, within the pressure range of 1 mbar to 100 bar, are near-isothermal with a temperature
close to Teq. Equilibrium condensation calculations of three polymorphs of SiO;, Si, C, SiC and Si3Ny are included (Fig. C1). The left and right panels
are for cases with 1x and 100x solar metallicity, respectively. The shaded regions are observational constraints on the mixing ratios of H,O and CO and
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the mean molecular weight (MMW) of TOI-421b from B. Davenport et al. (2025).

mean molecular weight (MMW) of 2.3-2.7 amu for free chemistry
retrievals and up to 6.3 amu for equilibrium chemistry retrievals
(B. Davenport et al. 2025). These constraints are consistent with
our model for a 1x solar atmosphere without magma (0 per cent
melt; Fig. 8e), but are also broadly matched by our 1 per cent melt,
100x solar case (Fig. 8d, exhibiting more oxidizing conditions
than other magma-bearing cases), except for methane, which is
predicted to be more abundant than observed. This discrepancy
may be due to disequilibrium processes, such as photochemical
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depletion of CH4, which are not included in our equilibrium
models (J. I. Moses et al. 2011).

Current retrievals for TOI-421b and sub-Neptunes with equi-
librium temperatures lower than 1000 K do not include Si-bearing
species, and thus cannot constrain the Si/C ratio observationally.
We recommend that future retrievals incorporate species such as
SiO and SiH,4, which are potentially detectable in the infrared (A.
Owens et al. 2017; M. Zilinskas et al. 2023; Y. Ito et al. 2025).
Detections of both Si- and C-bearing gases would allow for the
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Envelope Elemental Ratios under Magma—Envelope Coupling
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Figure 9. Envelope elemental ratios relative to H (in units of solar metallicity) of TOI-421b (Rmes = 1.65Rgy, Rp = 2.64Rgy, Mp = 6.7Mgy, Tves = 3000

K, 1 wt% H) for the metallicity of accreted gas between 1x, 10x, and 100x solar and mantle melt fraction between 1 and 100 per cent.
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Figure 10. Gas-phase Si/C (a) and SiH4/CHj ratios (b) at the pressure of
10 mbar in the atmosphere of TOI-421b (Rmgs = 1.65Rgy, Rp = 2.64Rgy,
Mp = 6.7Mgy, Tmep = 3000 K, Teq = 920 K, 1 wt% H) for metallicities of
accreted gas between 1 and 100x solar and mantle melt fractions of 0
per cent and 1-100 per cent.
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Figure 11. Si/C ratios in the gas phase at 10 mbar for a sub-Neptune
(RmeB = 1.65Rg, Rp = 2.64Rg,, Mp = 6.7Mg, Tiygs = 3000 K, 1 wt% H)
as a function of planet equilibrium temperature Teq (= atmospheric tem-
perature T, ), representing several sub-Neptunes that are JWST targets.
Volume mixing ratios of SiH4Xs;y, exceed that of SiO Xgio for Teq < 900
K, which is highlighted by the shaded region. TOI-421b is at the transition
with XSiH4 ~ XSiO-

inference of Si/C ratios and hence the mantle melt fraction and
the metallicity of the accreted gas.

Although sub-Neptune metallicities inferred from population-
level mass-metallicity relations tend to be high, observational
constraints span a wide range from solar to 100x solar (N. Mad-
husudhan et al. 2023; B. Benneke et al. 2024; B. Davenport et al.
2025). For example, V1298 Tau b, a hot sub-Neptune likely in an
earlier evolutionary phase than TOI-421b, exhibits a supersolar
metallicity, but still below the population trend (S. Barat et al.
2025). Free-chemistry retrievals treat metallicity as a derived pa-
rameter, which complicates comparison across different retrieval
approaches. Incorporating Si-bearing species and adopting con-
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sistent chemical frameworks across retrieval methods (T. Kon-
ings et al. 2025) will be important for placing robust constraints
on magma-envelope interactions.

Future missions such as ARIEL, which will likely observe hun-
dreds of sub-Neptunes with radii between 1.8 and 4 R (B. Ed-
wards & G. Tinetti 2022), offer promising opportunities to test
these hypotheses. Joint modelling of magma-envelope coupling,
equilibrium/disequilibrium chemistry, and atmospheric mass-
loss will be critical for interpreting atmospheric compositions
and for constraining the thermochemical state of sub-Neptunes.
Moreover, coupling the results of static compositional models
with those of evolutionary mass-loss of elements (A. J. Louca & Y.
Miguel 2025) will allow comprehensive interpretations of volatile
retention and atmospheric evolution in sub-Neptune popula-
tions.

5 CONCLUSIONS

We demonstrate that magma-envelope coupling, gas solubility
and real gas equations of state, including for SiH, and SiO, sub-
stantially alter the chemical composition of hot sub-Neptune at-
mospheres from their primordial states. High mantle melt frac-
tions drive silicate magma vaporization, enriching the envelope
in Si and O while depleting it in H, N, He, and C via magma
dissolution. In contrast, low melt fractions preserve more H,-
and He-rich compositions, even at high (100x solar) accreted
gas metallicities, with C- and Si-bearing gases being present in
subordinate abundances. When mantle melt fractions are high,
sufficient H dissolves in the magma ocean to increase Si/H
and C/H ratios, leading to a competition between SiH, at low
metallicity and CH, at high metallicity. This interplay makes
high silane/methane ratios a promising diagnostic of magma-
envelope coupling sub-Neptunes. Even after considering the
condensation of ‘clouds’ of «-quartz, graphite, metallic silicon
and silicon carbide, the resulting silane/methane and Si/C ra-
tios in the upper atmosphere at pressures relevant to transmis-
sion spectroscopy measurements, reflect the nature of the un-
derlying magma ocean and the metallicity of the accreted neb-
ular gas. This highlights their role in controlling the observ-
able atmospheric composition for sub-Neptunes with equilib-
rium temperatures lower than 1000 K. In contrast, the presence
of H,- and He-rich, SiH,-deficient and CH,-bearing atmospheres
may indicate a limited role or absence of magma oceans on
sub-Neptunes.
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APPENDIX A: FULL RANGE OF MEB PARTIAL
PRESSURES

Sections 3.1 and 3.2 only show gases with MEB partial pressures
exceeding 1 bar for clarity. For completeness, Figs Al and A2
present the full range of calculated MEB partial pressures of all
considered gases in the H-He-C-N-O-Si chemical system for
TOI-421b. Figs Al(a) and (b) show the same set of models as
Figs 6(a) and (b) with the full pressure range. Fig. A2 shows the
same set of models as Fig. 7 but with the full range of MEB partial
pressures.

Envelope Composition at MEB for Ideal vs Real Gases (H-He—C—N—-0-Si system, 1x solar)
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Figure Al. The same as Figs 6(a) and (b) but partial pressures of all gases shown with vertical axes spanning 16 orders of magnitude.
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Envelope Composition at MEB (H—He—C—N—-0O-Si system)
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Figure A2. The same as Fig. 7 but partial pressures of all gases shown with vertical axes spanning 16 orders of magnitude.

APPENDIX B: ELEMENT PARTITIONING AND magma-envelope compositions of TOI-421b for the four end-
FUGACITY COEFFICIENTS member cases with mantle melt fractions of 1 per cent and 100

per cent and the accreted gas metallicities of 1x and 100x solar.
Figs B1 and B2, respectively, show the volatile element parti-

tioning in magma and the real gas fugacity coefficients for the
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Figure B1. Volatile element partitioning in magma in the H-He-C-N-0O-Si chemical system of TOI-421b corresponding to the envelope compositions

in Fig. 7.
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Figure B2. Real gas fugacity coefficients in the H-He-C-N-0O-Si chemical system of TOI-421b corresponding to the envelope compositions in Fig. 7.
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APPENDIX C: CONDENSATION OF SI- AND
C-BEARING SPECIES IN THE ATMOSPHERE

Seven additional chemical reactions describing the condensation
of seven Si- and C-bearing species are considered in atmosphere
models compared to models at the MEB. The magma-gas reac-
tion (Reaction 6, Table 4) is not considered in atmosphere models.
The reactions involving the condensates, C, Si, SiC, Si;N, and
three SiO, polymorphs (¢-Quartz, 8-Quartz, and 8-Cristobalite),
are listed in Table C1. As described in Section 2, Atmodeller
applies the extended law of mass action to evaluate the stability
of all condensates and partitioning of elements between gaseous

Table C1. Condensation reactions in the H-He—-C-N-O-Si chemical system.

and condensed phases (D. J. Bower et al. 2025). If a condensate is
stable, its activity is unity. The condensation of Si- and C-bearing
species for the models from Fig. C1 exhibits negligible differences
in number densities exceeding 1 cm® between Atmodeller and
FastChemCOND (D. Kitzmann, J. W. Stock & A. B. C. Patzer
2024), demonstrating the validity of our results. The differences
below 1 cm? between Atmodeller and FastChemCOND are
likely due to our consideration of an additional condensate, Si;N,
and the tolerance values for numerical convergence. SiO5y—q) is
the universal condensate in all models. The degree of condensa-
tion of elemental Si and C is also shown.

Chemical reactions

Reaction constant Reference

Condensation Reactions

Si0z—qz) = SiO(g) + 0.5 Oyg)
Si02(0—qa) = SiO2(5-qz)
SiOy(s—crty = Si0a(5—qz)
Cler) + 2 Hyg) = CHayg)

Sicer) + 2 Hag) = SiHa(g)
Sier) + Ceen) = SiCer)
Si3Ny(er) = 3Si(er) + 2 Na(g)

_ fSiO(g) [$0,g)

B. J. McBride et al. (2002)

45i05(4—Qz)
asi
Kis = azzﬂﬁ B. I. McBride et al. (2002)
102(@—Qz)
asi
Kig = ass-sﬂﬂ B. J. McBride et al. (2002)
1D2(8—Crt)
K7 = % B. J. McBride et al. (2002)
C}cﬂ g
Kig = % B. I. McBride et al. (2002)
Si( )Y H
aCS iC(Cs(g) .
Kig = go—ai— B. J. McBride et al. (2002)
Y(er) > (er)
asigy R
Ky = —0 e B. J. McBride et al. (2002)
as‘3N4(cr)
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Equilibrium Condensate Composition in the Atmosphere
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Figure C1. Condensates for the four cases with non-zero mantle melt fractions from Fig. 8. The comparison between Atmodeller (D.J. Bower et al.
2025) and FastChemCOND (D. Kitzmann et al. 2024) is shown. The SiO, number density is controlled by «-quartz. Si3 N4 is not considered in the
FastChemCOND calculation.
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