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A B S T R A C T 

The atmospheric C/O ratio of exoplanets is widely used to constrain their formation. To guarantee that the C/O ratio provides 
robust information, we need to accurately quantify the amount of C and O in exoplanetary atmospheres. In the case of O, water 
and carbon monoxide are generally studied as the two key carriers. Ho we ver, oxygen is a very reactive element and does not 
bind only with carbon; depending on the temperature, it also binds to refractory elements. Estimating the amount of oxygen 

bound to refractory elements is therefore critical for unbiased estimates of the C/O ratio. In this work, we investigate the oxygen 

deficit due to refractory elements and its effects on the atmospheric C/O ratio of giant exoplanets as a function of their metallicity 

and equilibrium temperature. We model the composition of planetary atmospheres assuming chemical equilibrium and using 

as input physically justified elemental mixtures arising from detailed planet formation simulations. Our results show how the 
interplay between the atmospheric temperature and non-solar abundances of oxygen and refractory elements can sequester large 
fractions of oxygen, introducing significant biases in e v aluating the C/O ratio when this effect is not accounted for. We apply our 
results to the case of Jupiter in the Solar system and sho w ho w the currently estimated water abundance points to a true oxygen 

abundance that is four times the solar one. 

Key words: planets and satellites: atmospheres – planets and satellites: composition – planets and satellites: formation –
astrochemistry – Sun: abundances. 
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.  I N T RO D U C T I O N  

xygen and carbon are two of the most cosmically abundant elements 
nd, together, account for about 80 per cent of the budget of planet-
uilding material within the circumstellar discs surrounding young 
tars (e.g. Asplund et al. 2009 ; Lodders 2010 ; Palme, Lodders &
ones 2014 ; Öberg & Bergin 2021 ). Oxygen and carbon are parti-
ioned between the gas and dust of circumstellar discs depending on 
heir local thermodynamic conditions (e.g. Fe gle y & Schaefer 2010 ;
alme et al. 2014 ; Eistrup, Walsh & van Dishoeck 2016 ; Öberg &
ergin 2021 ). Hotter regions are characterised by a larger presence 
f carbon and oxygen within the gas, although varying fractions 
f these elements are linked to refractory materials already in the 
nnermost 1–2 au of circumstellar discs (Lodders 2003 ; Fe gle y &
chaefer 2010 ; Lodders 2010 ; Jura & Young 2014 ; Palme et al. 2014 ;
ergin et al. 2015 ; Doyle et al. 2019 ). Conversely, colder regions see

ncreasing abundances of the two elements trapped in solids as ice. 
Due to their different volatility, carbon and oxygen are not 

equestered into solids from the disc gas at the same rate. Thus, the
/O abundance ratios of both gas and solids in circumstellar discs
 E-mail: sergio.fonte@inaf.it (SF); diego.turrini@inaf.it (DT); 
lenia.pacetti@inaf.it (EP) 
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ary with the distance from the host star (e.g. Öberg, Murray-Clay &
ergin 2011 ; Eistrup et al. 2016 ; Öberg & Bergin 2021 ). As the disc
omposition is imprinted into planets during their formation process, 
he atmospheric C/O ratio of giant planets provides constraints on 
here they formed within their native discs ( ̈Oberg et al. 2011 , see

lso Madhusudhan et al. 2016 ; Öberg & Bergin 2021 ; Turrini et al.
022 and references therein for recent discussions). To probe the 
ormation process of giant planets, therefore, it is critically important 
o quantify as accurately as possible the amounts of carbon and
xygen in their atmospheres. 
Observations by the Hubble Space Telescope and the Spitzer Space 

elescope are mainly sensitive to H 2 O and CO. It is, therefore, a
ommon practice in exoplanetary studies to estimate oxygen from 

he measured abundances of those two molecules (Lee, Heng & 

rwin 2013 ; Kreidberg et al. 2014 ; Line et al. 2014 ; MacDonald &
adhusudhan 2019 ; Changeat et al. 2020 ; Kawashima & Min 2021 ;

ine et al. 2021 ; Spake et al. 2021 ; Changeat et al. 2022 ; Edwards
t al. 2022 ; Mikal-Evans et al. 2022 ; The JWST Transiting Exoplanet
ommunity Early Release Science Team et al. 2022 ). This is typically
one either via chemical equilibrium assumptions or via direct 
easurements of the abundance of those two tracers. 
Oxygen, ho we ver, is a very reactive element and, as in the case

f circumstellar discs, it does not bind only with carbon but also
o refractory elements (Burrows & Sharp 1999 ; Fe gle y & Schaefer
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T able 1. HAT -P −5b’s characteristics (Thorngren & F ortne y 2019 ). 

Parameter Value Unit 

M b 0.98 M J 

R b 1.21 R J 

T � 5960 K 

M � 1.163 M �
R � 1.137 R �
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010 ). F or e xample, in planetary atmospheres characterised by solar
omposition about 22 per cent of oxygen is expected to be bound to
he rock-forming refractory elements Si, Fe, and Mg at temperatures
ower than 1200 K (Burrows & Sharp 1999 ; Fe gle y & Schaefer 2010 ).
tudies reco v ering the oxygen abundance using H 2 O and CO only,
r those assuming chemical equilibrium models that do not include
efractory elements, are therefore subject to biases. 

As a case in point, the role of refractory elements in sequestering
xygen has been recently invoked by Cridland et al. ( 2019 ) to
artially explain the unexpectedly high value of the C/O ratio inferred
or two hot-Neptunes (GJ 436 b and HAT-P-26 b), when compared
o predictions for a synthetic population of planets. Ho we ver, we
till lack an in-depth understanding of the connection between this
rocess and the planet formation process, as well as its implications
or giant planets and their atmospheres. 

To estimate the potential bias in C/O estimates arising from
eglecting molecules other than H 2 O and CO, we investigate the
raction of oxygen sequestered in refractory elements ( oxygen deficit
n the following). Our study uses realistic models of giant planet at-
ospheres go v erned by equilibrium chemistry and e xplores multiple

quilibrium temperatures and initial elemental abundances resulting
rom different formation and migration histories. Specifically, we
onsider hot and warm Jupiters that start their formation between 5
nd 130 au from the host star and accrete both gas and planetesimals
hile migrating to their final orbits based on the planet formation

imulations and compositional modelling from Turrini et al. ( 2021 )
nd Pacetti et al. ( 2022 ) (see Appendix A for details). 

These planet formation scenarios result in planetary compositions
nriched in refractory elements with respect to giant planets whose
rowth tracks are dominated by the accretion of nebular gas (Schnei-
er & Bitsch 2021 ; Turrini et al. 2021 ; Pacetti et al. 2022 ). We focus
n the atmospheric layers with optical depths that are optimally
ccessible by the spectrometers on-boards the NASA/ESA/CSA
WST ( Greene et al. 2016 ) and the ESA mission Ariel (Tinetti
t al. 2018 , 2021 ), but similar predictions can be easily produced for
ther observing conditions. 
The rest of the paper is organised as follows. In Section 2. we

llustrate the thermo-physical and chemical modelling as well as
he initial elemental compositions of the planetary atmospheres we
nvestigate. In Section 3. we show the partition of oxygen among
ts main carriers as a function of the planetary metallicity and
quilibrium temperature. In Section 4. we discuss the impact of the
xygen deficit for warm-to-hot Jupiters and for Jupiter in our own
olar system. We summarise our conclusions in Section 5 . 

.  M O D E L  

n this study, we model the composition of the exoplanetary atmo-
pheres of warm and hot Jupiters under the assumption of chemical
quilibrium. The atmospheres we model are characterised by dif-
erent temperatures, metallicity values, and elemental compositions.
he input metallicity values and elemental compositions of the giant
lanets are obtained from the planet formation simulations of Turrini
t al. ( 2021 ), hereafter Paper I. In the following we provide the key
spects of our model and its input data. 

.1. Atmospheric modelling 

e use FastChem (Stock et al. 2018 ) to solve the system of coupled
onlinear algebraic equations describing the atmospheric chemical
quilibrium. The chemical network that FastChem implements is
ppropriate for temperatures in excess of 100 K, so it provides a
NRAS 520, 4683–4695 (2023) 
eliable treatment in the range of atmospheric temperatures of warm
nd hot Jupiters (700–1500 K) we model in this work. As our focus is
n quantifying the amount of oxygen sequestered by refractories, in
his work we do not model the physical state of the resulting oxides,
.e. whether they remain in the gas phase or condense and trigger
loud formation. We defer the exploration of these aspects to future
orks. 
As discussed by Stock et al. ( 2018 ), the temperature dependence

f the dimensionless mass action constant for each chemical reaction
 in FastChem’s chemical network is approximated as: 

ln K i ( T ) = 

a 0 ,i 

T 
+ a 1 ,i ln T + b 0 ,i + b 1 ,i T + b 2 ,i T 

2 (1) 

ith the coefficients a k , i and b k , i provided by FastChem in tabular
orm. 

The thermo-physical state of the atmosphere is defined through
ts pressure-temperature relationship following the approach in
uillot ( 2010 ). The temperature T is expressed as a function of

he atmosphere’s optical depth τ via 

 

4 = 

3 

4 
T 4 int 

(
2 

3 
+ τ

)
+ 

3 

4 
T 4 eq 

(
2 

3 
+ a 1 + a 2 

)
(2) 

here T int is the temperature at the base of the atmosphere, which
s assumed constant at 100 K (Guillot 2010 ), and T eq is the
quilibrium temperature of the planet that depends on the planet-star
istance D and the star’s temperature T star as discussed below. The
uantities a 1 and a 2 incorporate the complex relationship between
he atmosphere’s optical depth and its opacity at thermal and visible
avelengths (Guillot 2010 ). 
Following Guillot ( 2010 ), we assume plane-parallel geometry and

ydrostatic equilibrium to describe the atmosphere. Under these
onditions, the local pressure P and optical depth τ are linked by
he following relation: 

 = 

gτ

k th 
(3) 

here g is gravity acceleration and k th is the opacity in the visible,
or which we adopt a fiducial value of 0.01 cm 

2 /g again following
uillot ( 2010 ). 
We use HAT-P-5b and its host stars as templates on which to

et the planetary and stellar parameters. HAT-P-5b’s characteristics
atch well those expected for an older version of the newly formed,

ot and expanded giant planet simulated in Paper I (1 M J and 1.6
 J ) after it undergoes secular cooling and shrinking. The main input
arameters of HAT-P-5b and its star are derived from Thorngren &
 ortne y ( 2019 ) and summarised in Table 1 . 
Since we are interested in exploring a range of equilibrium

emperatures, we vary the orbital distance D of the giant planet from
he host star between 0.2 and 0.04 AU. 

This results in increasing planetary equilibrium temperatures T eq 

panning from 700 to 1500 K as derived from 

 eq = T � 

√ 

R � 

2 D 

. (4) 
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Figure 1. P-T profiles of the simulated giant planets for the eight orbital 
distances D and equilibrium temperatures T eq we considered in this study. 
The grey region indicates the pressure range our atmospheric modelling 
focuses on, which has been chosen based on the atmospheric layer of 
highest sensitivity of the ESA mission Ariel (Tinetti et al. 2018 , 2021 ) and 
NASA/ESA/CSA JWST mission (Greene et al. 2016 ). 

Table 2. Elemental abundances of 25 elements in the atmosphere of the 
giant planet, resulting from the planet formation simulations from Turrini 
et al. 2021 , using the updated compositional model of the protoplanetary 
disc by Pacetti et al. 2022 . The elemental abundances are sorted by planetary 
migration scenario and expressed in dex (logarithmic abundance of atoms of 
a given element for every 10 12 hydrogen atoms, see Asplund et al. 2009 and 
Lodders 2010 ). 

Element Initial distance of the planet (AU) 
5 12 19 50 100 130 

Al 6.38 6.57 7.15 7.06 7.21 7.42 
Ar 6.40 6.40 6.40 6.40 6.40 6.40 
C 8.44 9.00 9.12 9.39 9.14 9.35 
Ca 6.27 6.46 7.04 7.35 7.10 7.31 
Cl 6.15 6.34 6.52 7.23 7.38 7.19 
Co 5.25 5.03 5.21 5.52 6.08 6.28 
Cr 5.54 6.12 6.30 6.21 6.37 6.57 
Cu 4.11 4.29 4.47 5.18 5.34 5.14 
F 4.35 4.54 5.12 5.03 5.19 5.39 
Fe 7.43 8.01 8.19 8.10 8.25 8.46 
Ge 3.57 4.15 4.33 4.24 4.40 5.00 
K 5.36 5.14 5.32 6.03 6.19 6.39 
Mg 7.54 8.13 8.31 8.22 8.37 8.58 
Mn 5.34 5.52 6.10 6.01 6.17 6.37 
N 8.26 8.30 8.39 8.15 8.26 8.43 
Na 6.16 6.35 6.53 7.24 7.39 7.20 
Ni 6.12 6.30 6.48 7.19 7.35 7.15 
O 9.15 9.24 9.00 9.29 9.45 10.05 
P 5.36 5.55 6.13 6.04 6.19 6.40 
S 7.07 7.26 7.44 8.15 8.30 8.11 
Sc 3.08 3.26 3.44 4.15 4.31 4.11 
Si 7.46 8.05 8.23 8.14 8.29 8.50 
Ti 5.28 5.07 5.25 5.56 6.11 6.32 
V 4.21 4.39 4.17 4.48 5.04 5.24 
Zn 4.48 5.06 5.24 5.15 5.31 5.51 

W
p
F  

W
p  

Table 3. Total metallicity (Z) and enrichments in C, O, and refractory 
elements (among which Fe, Mg, and Si are the most abundant) of the 
atmospheres of the giant planets in the six formation scenarios simulated 
by Turrini et al. 2021 . The metallicity and the enrichments are expressed in 
units of the respective solar values. In this scale, a value of 1 indicates a 
perfect match with the corresponding solar quantity. 

Initial distance Z C O Refractories 
(AU) (Fe/Mg/Si) 

5 1.0 0.9 1.1 0.8 
12 1.3 1.3 1.3 1.2 
19 1.8 1.8 1.9 1.8 
50 3.4 3.2 3.7 3.7 
100 4.8 4.7 5.2 5.3 
130 7.6 7.3 8.3 8.7 
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ith these assumptions, we generate the set of eight different 
ressure-temperature profiles reported in Fig. 1 that we feed to 
astChem for each of the six sets of elemental abundances in Table 2 .
e focus our analysis on the atmospheric layer encompassing the 

ressure range between 0.01 and 1 bar (see Fig. 1 ) as it is the layer
here both JWST (Greene et al. 2016 ) and the ESA mission Ariel
Tinetti et al. 2018 , 2021 ) have the optimal sensitivity. 

.2. Elemental composition of the giant planets 

o model the chemical initial conditions in the atmosphere, we con-
ider six planetary mixtures resulting from the concurrent accretion 
f gas and planetesimals by a growing and migrating giant planet
n the mid-plane of a protoplanetary disc. The disc compositional 
odel assumes solar abundances (Asplund et al. 2009 ; Scott et al.

015a , b ) and accounts for the presence of gas, ices, organics, and
efractories in the disc’s mid-plane. The input elemental abundances 
n the planetary atmosphere are listed in Table 2 and are the outcomes
f the six planet formation simulations from Paper I, coupled with the
pdated disc compositional model by Pacetti et al. ( 2022 ), hereafter
aper II. We refer interested readers to Appendix A for more details.
The six formation scenarios of Paper I simulate the growth and
igration process of giant planets starting at different distances 

rom the host star, namely, between 5 and 130 au, and ending
heir formation at 0.4 au (see Table 2 and Appendix A ). The bulk

etallicity of the giant planets increases with their initial planet 
ormation distance (see Table 3 ), as the giant planets migrate across
arger fractions of the circumstellar disc and encounter more solid 

aterial to accrete. We assumed that the accreted gas and solids are
plit into the composing elements due to the high temperature of
he young giant planet (Lissauer et al. 2009 ; D’Angelo et al. 2021 )
nd recombine into molecules in its atmosphere. In the following, 
e will identify the six chemical mixtures based on their total bulk
etallicity. The larger the migration, the more snowlines the giant 

lanet crosses while migrating. As a result, the giant planets possess
ifferent abundances of C, O, and refractory elements in the six
ormation scenarios. 

The disc compositional model of Papers I and II focuses on
he four cosmically abundant elements nitrogen (N), carbon (C), 
xygen (O), and sulphur (S), here reported in order of decreasing
olatility. In these works, N, C, and O are partitioned in the disc mid-
lane between refractory solids (rocks and metals), organics, ices, 
nd gas. Their radial abundance profiles are based on the outcome
f astrochemical models and on observational constraints provided 
y meteorites, comets, polluted white dwarfs, and the interstellar 
edium (see Appendix A , Öberg & Bergin 2021 and Turrini et al.

022 for discussion). While N, C, and O are partitioned between
he gas and solid phase across the disc, the available observational
vidence suggests that the bulk of S is sequestered into refractory
olids close to the host star (see Papers I and II and Fe gle y & Schaefer
010 , Kama et al. 2019 and Turrini et al. 2022 for discussion).
MNRAS 520, 4683–4695 (2023) 
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M

Figure 2. Illustrativ e e xample of the evolution of the main oxygen carriers going from warm to transition hot and hot giant planets. The transition hot region 
marks the shift between the warm temperature regime where water and refractories are the main oxygen carriers and the hot temperature regime where O is 
mainly in the form of CO and H 2 O. 
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 ollowing P aper I and II, we adopt S as a proxy for all refractory
lements and derive the planetary abundance of each refractory
lement X by multiplying the S abundance in the simulated giant
lanet by the stellar X/S abundance ratio. This approach allows us to
ccount for the 25 most abundant heavy elements (see Table 2 ). 

In Table 3 we report, for each of the six initial planet formation
istances reported in Table 2 , the total metallicity Z, and the
bundances of C, O, and refractory elements. In terms of refractory
lements, we focus in particular on Fe, Mg and Si, as after C, O,
nd N they provide the largest mass contribution to heavy elements
Lodders 2010 ). Both the metallicity and the elemental abundances
n Table 3 are normalised to the rele v ant solar v alues. As can be
mmediately seen, refractory elements increase faster than O and C
ith increasing migration. The elemental compositions of the giant
lanets, therefore, significantly deviate from the solar composition
n terms of elemental abundance ratios (i.e. different elements show
ifferent enrichments), as discussed in Papers I and II. 

.  RESULTS  

n this section, we discuss the abundances of all O-bearing molecules
esulting from our atmospheric modelling with FastChem. The atmo-
pheric models are computed considering eight planetary equilibrium
emperatures spanning the range between 700 and 1500 K, and
ix formation and migration scenarios of the giant planet spanning
nitial formation distances between 5 and 130 au. The resulting 48
tmospheric models are shown in Figs 3 , 4 , and 5 . 

Each panel in these figures reports the molecular abundances
esulting from FastChem for the specific equilibrium temperature as
oloured bar charts. The different bar charts in each panel illustrate
he distribution of O in the various planet formation scenarios.
he planet formation scenarios are identified by their normalised
etallicity value Z = Z p / Z ∗, where Z p and Z ∗ are the planetary

nd stellar metallicity (see Thorngren et al. 2016 and Paper I) and Z
oes from 1 to 7.6. Individual molecules are explicitly reported only
f their contribution in sequestering O exceeds 1 per cent of total
; species not fulfilling this condition are grouped and their total

ontribution is reported under the label ‘Other’. 
In the following subsections, we will separately discuss the results

or three classes of planetary equilibrium temperatures: warm (700 K
NRAS 520, 4683–4695 (2023) 
T eq ≤ 800 K), transitional hot (900 K ≤T eq ≤ 1100 K), and hot
1200 K ≤T eq ≤ 1500 K) planets, as the three categories show
ifferent properties in terms of chemical behaviour. As illustrated
y Fig. 2 , the ‘transitional hot’ label refers to the temperature
ange separating the two regimes where oxygen is carried by
ifferent carriers. Specifically, oxygen is locked mostly in water and
efractories for ‘warm’ planets, while it is carried preferentially by
O, water, and SiO in the atmospheres of ‘hot’ planets. 
In the pressure region considered in the present study (0.01-1 bar,

ee Section 2. ), the balance between the major C-bearing molecules
O and CH 4 is set by the reaction CO + 3H 2 � CH 4 + H 2 O and

a v ours CH 4 at the lowest temperatures we model ( ≤800 K).
or growing planetary temperatures the balance of the reaction
radually shifts in fa v our of CO production. Around 900 K the two
olecules CO and CH 4 equally contribute as C carriers in a gas with

olar composition. At higher temperatures ( ≥1000 K) CO is about
0 per cent of the C-bearing blend. We refer readers to Lodders &
e gle y ( 2002 ), Fe gle y & Schaefer ( 2010 ) and Madhusudhan et al.
 2016 ) for more detailed discussions. 

.1. Warm planets: 700 K ≤T eq ≤ 800 K 

n the temperature regime of warm giant planets the main carriers
f O are water and refractories (see Fig. 3 ). For increasing planetary
etallicity values, the fraction of O incorporated into H 2 O drops

rom the initial value of about 3/4 (73 per cent, see the case Z = 1 in
ig. 3 ) to less than 2/3 (62–63 per cent, see the case Z = 7.6 in Fig. 3 )
f total O. Most of this decrease occurs as soon as the metallicity Z
hifts from stellar to super-stellar (i.e. between Z = 1 and Z = 1.3,
ee Fig. 3 ) 

This decrease in the role of water as a carrier of O is due to the
aster increase of refractory elements with respect to O shown in
able 3 , as refractory elements (Fe-Mg-Si) increase by 50 per cent
hen going from Z = 1-1.3, whereas O grows only by 18 per cent due

o the different efficiencies with which gas and solids are accreted by
he giant planet (see Paper I and II for detailed discussions). Among
efractories, Fe sequesters between 10 and 13 per cent of total O,

g between 12 and 17 per cent, while Si’s contribution is mostly
onstant at 5–6 per cent of total O. 

art/stad245_f2.eps
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Figure 3. Distribution of oxygen-bearing molecules in the pressure range where JWST and Ariel have the highest sensitivity ([0.01, 1] bar) for T eq = [700, 
800] K in panels a and b , respectively. We explicitly report only the molecules carrying a fraction of O greater than 1 per cent. 
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When considering the physically-justified planetary compositions 
rom Paper I, we find that 33–38 per cent of O is bound to refractory
lements as soon as the planetary metallicity is super-stellar ( Z >

). This value is significantly higher than the expected 22 per cent
rising when solar abundance ratios are assumed between oxygen 
nd refractories (Burrows & Sharp 1999 ; Lodders 2003 ; Fe gle y &
chaefer 2010 ). In the case of Z = 1, moreo v er, we find that
efractories account for 27 per cent of the planetary oxygen as the
ifferent elements are not in solar proportions (see Table 3 ). This
ighlights how the assumption of solar composition introduces biases 
n the interpretation of giant planet atmospheres. 

.2. Transitional hot planets: 900 K ≤T eq ≤ 1100 K 

n this temperature range, planetary atmospheres exhibit a more 
omplex behaviour than their colder counterparts discussed abo v e. 
s shown in Fig. 4 , the amount of oxygen sequestered by

efractories is a function of both T eq and the metallicity Z
hence, the formation distance and migration of the growing giant 
lanets). 
Moving towards hotter temperatures, transitional hot giant plan- 

ts experience the expected shift from H 2 O to CO as the dom-
nant carrier of O (see Fig. 4 ). In parallel, the fraction of O
hat is trapped by refractories undergoes a more radical change. 
t a fixed temperature T eq , the amount of O linked to refrac-

ories increases with the planetary metallicity Z (see Fig. 4 a,
, and c). For each metallicity Z, ho we ver, the role of re-
ractories as carriers of O drastically decreases with increasing 
emperatures. 

For T eq = 900 K, refractories sequester between 18 per cent and
6 per cent of total O when going from Z = 1 to Z = 7.6 largely
ue to the contributions of Fe and Mg (see Fig. 4 a). Moving to
 eq = 1000 K, the amount of oxygen trapped by refractories drops
y a factor comprised between 3 for the lowest values of Z and
.5–2 for the highest one. This decrease is due to the shrinking
ole of Fe and Mg (see Fig. 4 b), while SiO accounts for an almost
onstant fraction of 5–6 per cent of total O as in the case of warm
iant planets. By T eq = 1100 K, refractories account for only 5–
0 per cent of total O with Si becoming the main refractory O carrier
see Fig. 4 c). 

.3. Hot planets: 1200 K ≤T eq ≤ 1500 K 

ot giant planets show simpler behaviour than transitional hot ones. 
he volatile molecules CO and H 2 O play the leading role as O-
earing species, with CO marginally dominant o v er H 2 O. The role
MNRAS 520, 4683–4695 (2023) 
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Figure 4. Distribution of oxygen-bearing molecules in the pressure range where JWST and Ariel have the highest sensitivity ([0.01, 1] bar) for T eq = [900, 
1000, 1100] K in panels a , b and c , respectively. We explicitly report only the molecules carrying a fraction of O greater than 1 per cent. 
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f refractories is limited to 5–8 per cent and is dominated by the
onstant 5–6 per cent contribution of SiO, with only 0.5–2 per cent
eing cumulatively contributed by all remaining refractory elements.
In the case of hot giant planets, estimating the atmospheric C/O

atio by measuring the abundance of O through CO and H 2 O pro v es
ore reliable. The measures are affected by a limited systematic
NRAS 520, 4683–4695 (2023) 
rror of the order of 6 per cent due to the neglected contribution
f refractory elements. Ho we ver, the interplay between the non-
tellar composition of giant planets and the sequestration of O by
efractories means that the partition of O between CO and H 2 O
eviates from the expected picture even at such high temperatures,
s discussed below. 

art/stad245_f4.eps


Oxygen depletion in giant planets 4689 

Figure 5. Distribution of oxygen-bearing molecules in the pressure range where JWST and Ariel have the highest sensitivity ([0.01, 1] bar) for T eq = [1200, 
1300, 1500] K in panels a , b and c , respectively. We explicitly report only the molecules carrying a fraction of O greater than 1 per cent. 
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.4. Transition from H 2 O-dominated to CO-dominated 

tmospheres 

n Fig. 6 we show the evolution of the distribution of oxygen between
he different O-bearing molecules as a function of the equilibrium 
emperature in the six planet formation scenarios from Paper I. As
iscussed previously, the fraction of O in the form of SiO is virtually
onstant at about 6 per cent for all equilibrium temperatures and
lanetary metallicity values. 
MNRAS 520, 4683–4695 (2023) 
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Figure 6. Evolution of the relative contributions of the five major O-bearing molecules as a function of the equilibrium temperature in the six formation 
scenarios. The highlighted regions mark the crossing of the CO and H 2 O curves, i.e. the temperature interval where CO becomes the major O carrier. This 
crossing point shifts towards lower equilibrium temperatures as the metallicity increase. 
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O-bearing molecules with Mg and Fe carry a significant fraction
f oxygen in the temperature range of warm giant planets but their
ole sharply decreases when T eq exceeds 800 K. At about 900 K,
he contribution of CO becomes comparable to the individual ones
f Fe, Mg, and Si (see Fig. 6 ). Abo v e this temperature, CO rapidly
ncreases, whereas H 2 O, Fe-, and Mg- oxides decrease. Due to the
on-stellar composition of the giant planets reported in Table 3 , the
rossing point between CO and H 2 O changes with the planetary
etallicity . Specifically , the crossing point shifts by about 200 K,

oing from 1200 K for solar-metallicity planets ( Z = 1) to less than
000 K for the highest metallicity Z = 7.6 (see Fig. 6 ). 
Furthermore, the relative importance of CO and H 2 O (i.e. how
uch the two curv es div erge at the highest temperatures) shows a

on-monotonic evolution for increasing planetary metallicity (see
ig. 6 ). The difference between the percentages of O as CO and H 2 O

s almost zero for Z = 1. This means that the O not sequestered by
efractories equally distributes between water and carbon monoxide.
aid difference sharply increases moving to Z = 1.3, where the water
ccounts for less than 40 per cent of O and carbon monoxide about
0 per cent (see Fig. 6 ). 
Moving towards increasing values of the planetary metallicity, the

mbalance in the distribution of O among CO and H 2 O decreases
ntil Z = 4.8 and increases again at Z = 7.6 where water accounts
or about 40 per cent of O while carbon monoxide accounts for about
0 per cent. Such non-monotonic behaviour, as well as the non-
onotonic trend of water between 900 and 1000 K in Fig. 6 , arise

rom the different growth of the abundance of C, O, and refractories
ith planetary metallicity shown in Table 3 . 
NRAS 520, 4683–4695 (2023) 

f  
.  DI SCUSSI ON  

he results described in Section 3. highlight how the presence of
efractory elements among the carriers of O causes the atmospheres
f warm and transitional hot giant planets to be less rich in water than
 xpected. F or these planets, therefore, the role of refractories needs
o be accounted for to produce accurate estimates of the atmospheric
/H abundance and C/O ratio. 
We illustrate the effect of neglecting refractory oxides on the C/O

atio in Fig. 7 , showing the trend of the oxygen deficit as a function
f the metallicity and the equilibrium temperature of the giant planet.
e quantify the oxygen deficit using the following formula: 

 O 

= 1 − r 

r s 
(5) 

here r is the C/O ratio calculated considering all O-bearing species
resent in exoplanetary atmospheres. The parameter r s is the C/O
atio estimated when the only carriers for oxygen taken into account
re H 2 O and CO so that 

 s = 

CO + CH 4 

H 2 O + CO 

(6) 

As summarised in Fig. 7 , at fixed planetary metallicity Z the oxy-
en deficit d O is inversely correlated to the equilibrium temperature
 eq . In parallel, at fixed T eq the oxygen deficit is directly correlated

o the planetary metallicity. At temperatures higher than 1200 K, the
xygen deficit can be approximated as constant at more or less about
 per cent. Between 1000 and 1100 K, d O grows almost linearly by a
actor of 3 going from about 7 per cent to 21 per cent when moving
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Figure 7. Oxygen deficit as a function of the planetary metallicity Z and the 
equilibrium temperature T eq of the exoplanet. The oxygen deficit is defined 
by equation ( 5 ) and quantifies the systematic error introduced by accounting 
only for CO and H 2 O as O carriers in the planetary atmosphere. 
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1 This scenario is characterised by a lower N abundance than Jupiter’s nominal 
values from Atreya ( 2018 ) and Li et al. ( 2020 ), but this has no impact on the 
O deficit. 
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rom Z = 1 to Z = 7.6. For decreasing equilibrium temperatures
elow 1000 K, the oxygen deficit can easily span between about 
0 per cent and 40 per cent due to the large contribution of refractory
pecies discussed in Section 3 . 

The importance of properly accounting for the oxygen deficit is 
mmediately highlighted by the following example. Giant planets 
hose metallicity is shaped by the accretion of planetesimals in 

he simulations of Papers I and II have Z > 1 and C/O ≈0.55. An
xygen deficit d O = 0.3 (33 per cent, well within the range of values
hown in Fig. 7 ) would cause the same giant planets to appear as
ossessing C/O = 0.8. This C/O v alue, ho we ver, is compatible with
iant planets whose metallicity originates from the accretion of gas 
nstead of planetesimals, meaning that not accounting for the oxygen 
eficit leads to incorrect constraints on the formation history. 
The correlation between oxygen deficit and planetary metallicity, 

o we ver, is not constant for changing temperatures. Colder and lower
etallicity planets can be characterised by the same oxygen deficit 

s warmer but higher metallicity planets. As a result, an uncertainty 
f 100 K in the planetary temperature can easily translate into an
naccuracy ≥ 50 per cent in the oxygen deficit for giant planets 
haracterised by equilibrium temperatures around 1000 K. This, in 
urn, can critically impact the e v aluation of the C/O ratio and the
ssessment of the giant planet formation history. 

.1. Implications for Jupiter in the Solar system 

he results discussed in this work impact also the study of Jupiter
n the Solar system, whose atmosphere has been compositionally 
haracterised by the NASA missions Galileo and Juno (Atreya 
018 ; Grassi et al. 2020 ; Li et al. 2020 ). Specifically, the in-
itu measurements by the mass spectrometer onboard Galileo’s 
tmospheric probe show that Jupiter’s C and S are 4 and 3 times more
nriched than the Sun, with 1- σ uncertainties of about 20 per cent
Atreya 2018 ). 

Jupiter’s atmospheric water abundance has been recently estimated 
y the microwave radiometer onboard the Juno mission (Li et al. 
020 ), revealing that the O abundance associated with H 2 O is
.7 times the solar one. While the measurement of the O abundance
s still affected by large uncertainties (the 1- σ uncertainty is least 
0 per cent, Li et al. 2020 ), this estimate suggests an atmospheric C/O
atio of 0.8. This, in turn, would point to Jupiter’s heavy elements
aving been accreted through the disc gas (Bosman, Cridland & 

iguel 2019 ; Schneider & Bitsch 2021 ). 
The observed enrichment in S, ho we ver, points to a large abun-

ance of refractory elements and a significant role of oxygen 
equestration by refractories. Since S can be used as a proxy for the
nrichment of refractory species, Jupiter’s atmospheric composition 
s similar to the scenario with Z = 3.4 from Paper I. 1 To more
ccurately assess the oxygen deficit that should be expected for 
upiter, we reprocessed all scenarios with FastChem using the same 
ressure-temperature profile as Grassi et al. ( 2020 ) based on the
alileo Entry Probe measurements (Seiff et al. 1998 ). 
This pressure-temperature profile is shown in Fig. 8 and is 

ssociated with T eq ∼ 122 K. The temperature of the atmospheric 
ayer probed by Juno’s instruments is about 260 K (Seiff et al. 1998 ),
s highlighted in the left-hand panel of Fig. 8 . Reprocessing the
ix planetary compositions from Section 2. with Jupiter’s pressure- 
emperature profile results in the oxygen deficits reported in the 
ight-hand panel of Fig. 8 , where we highlight the scenario with
he metallicity more closely matching Jupiter’s atmospheric value 
Atreya 2018 ). 

The atmospheric mixture with Z = 3.4 is associated with an
xygen deficit of 32 per cent, meaning that water only accounts for
8 per cent of total oxygen. Once we correct for the oxygen deficit,
upiter’s oxygen abundance with respect to H becomes four times 
hat of the Sun. This, in turn, means that Jupiter’s C/O ratio becomes
qual to the solar value of 0.55. This value points to Jupiter’s heavy
lements mainly originating from the accretion of planetesimals 
Turrini et al. 2021 ; Pacetti et al. 2022 ) and thus argues for a radically
ifferent formation history. 

.  C O N C L U S I O N S  

n this work, we explore the role of refractory elements in seques-
ering oxygen in the atmospheres of giant planets and its impact
n estimating the atmospheric C/O ratio. We model the atmospheric 
hemistry assuming chemical equilibrium and using realistic elemen- 
al mixtures produced from planet formation simulations as input. 
hese elemental mixtures are the result of the interplay between the
oncurrent accretion of planetesimals and disc gas by the growing 
iant planets and are characterised by non-solar abundance ratios 
etween C, O, and refractory elements. 

We find that the oxygen deficit depends on both the atmospheric
etallicity and equilibrium temperature and, in general, does not 
atch the classical value of 22 per cent estimated assuming solar

lemental ratios (Burrows & Sharp 1999 ; Fe gle y & Schaefer 2010 ).
t equilibrium temperatures lower than 1000 K, the oxygen deficit 

an reach values of 30–40 per cent in the case of giant planets with
igh metallicity. At higher temperatures, the oxygen deficit is limited 
o 5–10 per cent, mainly due to the contribution of silicon oxides. 

We also find that the interplay between atmospheric metallicity 
nd equilibrium temperature introduces degeneracies in the oxygen 
eficit at temperatures close to 1000 K. Specifically, colder and 
ower metallicity giant planets can be characterised by the same 
xygen deficit as hotter but higher metallicity planets. As shown 
y Fig. 7 , a 10 per cent uncertainty on the atmospheric temperature
MNRAS 520, 4683–4695 (2023) 
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Figure 8. Constraints on the oxygen deficit of Jupiter. Left: P-T profile of the Jovian atmosphere adopted from Grassi et al. 2020 . The highlighted region marks 
the atmospheric layer probed by Juno’s instruments (Grassi et al. 2020 ; Li et al. 2020 ). Right : oxygen deficit of the six formation scenarios we consider in this 
work for the Jovian P-T profile. The highlighted region marks the scenario with the metallicity value closer to Jupiter’s one (Atreya 2018 ). 
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i.e. about 100 K at 1000 K) introduces uncertainties of more than a
actor of three in the oxygen deficit. This issue can be mitigated by
bservationally constraining the atmospheric abundances of oxygen
nd refractories or the refractory-to-oxygen ratio. Future studies will
eed to assess the impact of the condensation of refractory materials
nd cloud formation on constraining the oxygen deficit, particularly
or warm and transition hot giant planets. 

Our results highlight how not accounting for the oxygen deficit
ntroduces systematic biases in quantifying the atmospheric C/O
atio of giant planets rich in refractory elements. These biases
ould be less marked for giant planets that accrete disc gas highly
nriched in C and O by the pebble sublimation process (Bosman
t al. 2019 ; Schneider & Bitsch 2021 ) or could be higher than
stimated in this work if the giant planets accrete large amounts of
xygen-depleted planetesimals (e.g. closer to the host star). Similarly,
ifferent astrochemical environments of circumstellar discs (Eistrup
t al. 2016 ; Pacetti et al. 2022 ) could impact the magnitude of
he oxygen deficit. Future studies will need to explore the role of
xygen deficit across a larger parameter space to shed light on these
ffects. 

Independently on these uncertainties, the results of this work
ighlight how ignoring the effects of oxygen deficit can lead to
isinterpreting the formation history of the observed giant planets.
s an illustrative example, an oxygen deficit of 30 per cent makes
 giant planet with C/O = 0.5 appear like it possesses C/O = 0.8.
hese two values point to radically different accretion histories and
ources of metallicity: the accretion of planetesimals for the first
ne, the accretion of disc gas for the second one (see Papers I and II
nd Schneider & Bitsch 2021 for discussion). Adopting the second,
ncorrect, value as the true one, therefore, provides wrong constraints
n the formation history and the native environment of the giant
lanet. 
Finally, we apply the same methodology used for giant exoplanets

o the case of Jupiter in the Solar system, taking advantage of
he constraints on its abundance of oxygen and refractories and
ts pressure-temperature profile provided by the NASA missions
alileo and Juno. The measured atmospheric enrichment of H 2 O

uggests that Jupiter’s oxygen abundance is 2.7 times the solar one.
NRAS 520, 4683–4695 (2023) 

a

o we v er, the observ ed abundance of sulphur, which we use as a
roxy for the refractory elements, points to oxygen deficit values of
he order of 30 per cent. After correcting for this deficit, Jupiter’s
xygen abundance increases to 4 times the solar one, i.e. the same
nrichment observed for carbon. This brings Jupiter’s C/O ratio to
atch the solar value and points to the accretion of planetesimals as

he source of Jupiter’s heavy elements (Turrini et al. 2021 ; Pacetti
t al. 2022 ). 
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ATA  AVAILABILITY  

ll data necessary to reproduce the atmospheric models are available 
n the article. The FASTCHEM code used in the analysis is publicly
vailable at https:// github.com/exoclime/ FastChem . The outputs of 
he planet formation simulations from Turrini et al. ( 2021 ) and of
he disc chemical models from Pacetti et al. ( 2022 ) are available
n reasonable request to the rele v ant corresponding authors. All 
nformation needed to reproduce the planet formation simulations is 
escribed in Turrini et al. ( 2021 ). 
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PPENDI X  A :  G I A N T  PLANET  F O R M AT I O N  

he giant planets simulated in Paper I begin their formation as
lanetary embryos of 0.1 M ⊕ at different positions within their natal
rotoplanetary disc and end their growth and migration as 1 Jovian
ass planets orbiting at 0.4 au from the host star. This close to

he host star, further inward migration does not contribute to the
ompositional evolution of the giant planets in any significant way. 
he final orbital distance in the simulations was therefore chosen for

easons of computational efficiency (see Paper I for details). 
The simulations from Paper I consider six growth and migration 

cenarios, with the initial seed of the giant planet starting its
ormation track at 5, 12, 19, 50, 100, and 130 au from the host
tar. These starting positions imply that the six simulated giant 
lanets cross different compositional regions of the protoplanetary 
isc and encounter different masses of planetesimals during their 
igration (see Fig. A1 ). The simulations were performed with the

arallel N-body code Mercury-Ar χes (Turrini et al. 2019 , 2021 ),
hich allows for accurate simulations of the aerodynamical and 
ravitational effects of the disc gas on the dynamical evolution of
he planetesimals as well as the formation process of the giant 
lanets. 
Mercury-Ar χes models the growth and the migration of the 

orming giant planets through a two-phases approach (see Fig. A1 ),
ased on the growth and migration tracks from Bitsch, Lambrechts &
ohansen ( 2015 ), D’Angelo et al. ( 2021 ) and Mordasini et al. ( 2015 ).
he simulations also account for the temporal evolution of the radius
f the giant planet based on the treatment and results of Lissauer
t al. ( 2009 ). This means that the radius of the giant planet is set
y its expanded atmosphere during the growth of the planetary core
nd undergoes a rapid contraction after the runaway gas accretion 
hase begins (see Fig. A1 ). The physical radius of the giant planet
s used by Mercury-Ar χes to produce realistic impact fluxes of 
lanetesimals. 
The giant planets form and migrate within a protoplanetary 

isc whose gas surface density profile is modelled after that of
D 163296’s circumstellar disc, one of the best characterised cir- 

umstellar discs to date. The host star and the circumstellar disc in the
imulations have masses of 1 and 0.053 M �, respectively, and they
re both characterised by solar composition. The solar composition 
s modelled based on the data from Asplund et al. ( 2009 ) and Scott
t al. ( 2015a , b ). The disc temperature profile, which sets the position
MNRAS 520, 4683–4695 (2023) 
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M

Figure A1. Formation and migration tracks of the giant planet starting its growth at 19 au in the simulations from Paper I. The first two ro ws sho w the dynamical 
evolution of the planetesimals in response to the growth and migration of a giant planet (large red circle) at 0.5, 1.8, 2.1, and 2.5 Myr. The different colours 
mark planetesimals formed in different compositional regions of the disc (the legend reports the most volatile condensate of each region). The bottom left panel 
sho ws the relati ve contribution of the dif ferent compositional regions in the disc to the planetesimals accreted by the giant planet. The bottom right plot shows 
the temporal evolution of the mass of the giant planet (orange curve), its accretion of planetesimals (blue curve), and its semimajor axis (green curve). Mass and 
planetesimal flux are normalised to their final values, the semimajor axis to the initial one. Fig. from Pacetti et al. 2022 , who also supply an animated version of 
the figure. 

o  

(
=

 

P  

r  

o  

w  

d  

i  

(  

t  

t  

a
 

e  

(  

a  

e  

t  

t  

c  

9  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/3/4683/7008527 by Sapienza U
niversità di R

om
a user on 24 August 2023
f the different snowlines, is modelled after that of the solar nebula
Hayashi 1981 ), i.e. T = T 0 ( r/ 1 au ) −β where β = 0.5 and T 0 

 280 K. 
The chemical composition of the disc mid-plane is taken from

acetti et al. ( 2022 ). The volatile fractions of N, C, and O are
adially distributed across the disc between gas and ices based
n the astrochemical simulations by Eistrup et al. ( 2016 ). In this
ork, we focus on the scenario of full chemical inheritance of the
isc molecular composition from the pre-stellar phase and limited
onisation of the disc by the decay of short-lived radionuclides
‘inheritance-low’ scenario from Eistrup et al. 2016 ). The composi-
ional model implemented by Pacetti et al. ( 2022 ) further incorporates
NRAS 520, 4683–4695 (2023) 
he contribution of rocks and refractory organics as carriers of O, C,
nd N. 

The contribution of rocks is modelled assuming that rock-forming
lements condense in the disc mid-plane in chondritic proportions
Lodders 2010 ; Palme et al. 2014 ): the resulting mixture is identified
s ‘rocks + metals’ in Fig. A1 . The term ‘rock-forming elements’
ncompasses all refractory elements and the fractions of O, C, and N
hat participate in the formation of chondritic rocks. Specifically,
he comparison between solar abundances and CI carbonaceous
hondrites reveals that chondritic rocks carry 48 per cent of O,
 per cent of C, and 3 per cent of N. Chondritic rocks also carry
he totality of S, which we use as a proxy for all refractory elements.

art/stad245_fa1.eps
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Figure A2. Disc mid-plane chemical structure for the volatile fractions of oxygen and carbon ( left ) and of nitrogen ( right ) as derived in Pacetti et al. 2022 
based on the astrochemical simulations of Eistrup et al. 2016 . The left-hand plot also shows the condensation profile of refractory organic carbon according to 
the prescription by Cridland et al. 2019 . Based on the comparison of solar and meteoritic abundances (Lodders 2010 ; Palme et al. 2014 ), 48 per cent of total 
oxygen, 9 per cent of carbon, 3 per cent of nitrogen, and the totality of S are sequestered by refractory solids (‘rocks + metals’ in Fig. A1 , see Turrini et al. 
2021 for further discussion). 
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he major role played by refractory O revealed by meteorites is
upported by the measurements of the oxygen fugacity of refractory 
xoplanetary material contaminating the atmospheres of polluted 
hite dwarfs (Doyle et al. 2019 ). 
The refractory organic carbon is introduced to account for the 

arbon deficit observed in the Earth and solar system meteorites 
ompared to the interstellar medium and comets (e.g. Bergin et al. 
 2015 ), and references therein). Its treatment is implemented accord- 
ng to the prescription used in Cridland et al. ( 2019 ), introducing a
0 per cent condensation front at 3 au (see Pacetti et al. ( 2022 ) for
urther details). The distribution of the volatile and refractory organic 
arbon across the disc, as implemented by Pacetti et al. ( 2022 ) and
sed in this work, is shown in Fig. A2 . 
We refer interested readers to Turrini et al. ( 2021 ), Pacetti et al.
 2022 ), and references therein for further details on the planet
ormation and disc composition modelling. The distribution of 
lements between the different phases in the mid-plane sets the 
omposition of the gas and the planetesimals accreted by the giant
lanets during their growth and migration. The accreted materials 
re reverted to their composing elements by the high temperatures 
f the newly formed planets (Lissauer et al. 2009 ; D’Angelo et al.
021 ) and recombine into molecules in their atmospheres. 
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