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The nature and composition of Jupiter’s building blocks derived
from the water abundance measurements by the Juno spacecraft

Olivier Mousis!, Jonathan I. Lunine?, and Artyom Aguichine®

ABSTRACT

The microwave radiometer aboard the Juno spacecraft provided a measurement of the water
abundance found to range between ~1 and 5.1 times the protosolar abundance of oxygen in the
near-equatorial region of Jupiter. Here, we aim to combine this up-to-date oxygen determination,
which is likely to be more representative of the bulk abundance than the Galileo probe subsolar
value, with the other known measurements of elemental abundances in Jupiter, to derive the
formation conditions and initial composition of the building blocks agglomerated by the growing
planet, and that determine the heavy element composition of its envelope. We investigate several
cases of icy solids formation in the protosolar nebula, from the condensation of pure ices to the
crystallization of mixtures of pure condensates and clathrates in various proportions. Each of
these cases correspond to a distinct solid composition whose amount is adjusted in the envelope
of Jupiter to match the O abundance measured by Juno. The volatile enrichments can be
matched by a wide range of planetesimal compositions, from solids exclusively formed from pure
condensates or from nearly exclusively clathrates, the latter case providing a slightly better fit.
The total mass of volatiles needed in the envelope of Jupiter to match the observed enrichments
is within the ~4.3-39 Mg range, depending on the crystallization scenario considered in the
protosolar nebula. A wide range of masses of heavy elements derived from our fits is found
compatible with the envelope’s metallicity calculated from current interior models.

Subject headings: planets and satellites: individual (Jupiter) — planets and satellites: gaseous planets —

planets and satellites: interiors — planets and satellites: formation — protoplanetary disks

1. Introduction

A long awaited measurement at Jupiter is the
determination of its bulk oxygen abundance. This
measurement is key because it provides clues on
the formation conditions of the giant planet in
the protosolar nebula (PSN) (Owen et al.||1999;
Gautier et al. 2001; Mousis et al.| 2009, [2019).
The in situ measurements made by the Galileo
probe up to 22 bar in Jupiter’s atmosphere showed
that the O abundance was subsolar (~0.46 times
the protosolar O abundance; Wong et al.| (2004)).
This result was mostly attributed to the dynamics
of the region within which the Galileo probe de-
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scended (Orton et al.|[1998), but alternative inter-
pretations suggested that the measurement may
correspond to the bulk composition of the planet
(Mousis et al.|[2012). However, the findings of
the Galileo Probe were not conclusive because the
data showed that the abundance of water was still
increasing with progressing depth, until loss of sig-
nal. Recently, the microwave radiometer (MWR)
aboard the Juno spacecraft provided a measure-
ment of the water abundance in the equatorial
region of Jupiter, from 0 to 4 degrees of north
latitude, and in the 0.7-30 bar pressure domain.
The water abundance in this region of Jupiter
was found to range between ~1 and 5 times the
protosolar abundance of oxygen, a value substan-
tially higher than the Galileo probe determination,
and compatible with the presence of a moist adi-
abatic temperature profile at the water condensa-



tion level (L1 et al.[2020).

Here, we aim to combine this up-to-date oxygen
determination, which is likely to be more repre-
sentative of the bulk abundance than the Galileo
probe value, with the other known measurements
of elemental abundances in Jupiter, to derive the
formation conditions and initial composition of the
building blocks acquired by the growing planet,
and that determined the composition of its enve-
lope, in the framework of the core accretion model
(Pollack et al.|[1996; Inaba et al.|2003} [Podolak et
al.|2020). To do so, we also use the recent Juno N
abundance measurement that is found correlated
with the O abundance in Jupiter’s envelope (Li
et al.|2020), as well as the in situ determinations
of Ar, Kr, Xe, C, N, and S by the Galileo probe
(Mahafty et al.|2000; |Wong et al.|2004), and the P
abundance inferred from infrared observations by
the Cassini spacecraft (Fletcher et al.[|2009)) (see
Table .

We investigate several cases of icy solids forma-
tion in the PSN, from the condensation of pure ices
to the crystallization of mixtures of pure conden-
sates and clathrates in various proportions. Each
of these cases corresponds to a distinct solid com-
position whose amount is adjusted in the envelope
of Jupiter to match the O abundance measured by
Juno. The volatile enrichments can be matched by
a wide range of planetesimal compositions, from
solids exclusively formed from pure condensates
or from nearly pure clathrates, these latter provid-
ing the best fits. Estimates of the corresponding
amounts of heavy elements in the envelope are also
provided and compared to interior models derived
from Juno observations.

2. Building blocks composition model

In our model, the volatile phase incorporated
in planetesimals is composed of a mixture of pure
ices, stoichiometric hydrates (such as NH3-HyO
hydrate), and clathrates that crystallized in the
form of microscopic grains at various temperatures
in the outer part of the disk. Solids accreted by
the growing Jupiter are assumed to have preserved
the volatile budget acquired during condensation
of the microscopic ices from which they assembled,
regardless of the way they evolved in the PSN (ac-
cretion of pebbles or large planetesimals, products
of collisions, etc).

We assume that the PSN is uniformly filled with
HQO, CO, COQ, CHgoH, CH47 Ng, NHg, HQS, and
PH3. These molecules are considered to be the
dominant volatile species in the PSN, assuming
protosolar abundances for O, C, N, S, and P (As-
plund et al.[2009)). Half of the sulfur is assumed to
be in the form of HoS with the other half forming
refractory sulfide components (Pasek et al.|2005),
and all C forms CO, CO., CH30OH and CHy,
with the remaining O going into HyO. We have
set CO:CO4:CH30OH:CH4 = 10:30:1.67:1 in the
gas phase of the disk. The CO:COs ratio comes
from ROSINA observations of the coma of comet
67P/Churyumov-Gerasimenko (hereafter 67P/C-
G) (Lauter et al.2019)). The CO:CH3OH:CH, ra-
tio is consistent with the production rates mea-
sured in the southern hemisphere of 67P/C-G in
October 2014 by the ROSINA instrument (Le Roy
et al.[2015). We also assume Ny:NH3 = 1:1 in the
nebula gas phase (Fegley|2000)).

The process of volatile trapping in grains crys-
tallized in the outer regions of the PSN is deter-
mined by using the equilibrium curve of NH3 hy-
drate, those of the various clathrates and pure con-
densates, as well as the thermodynamic path de-
tailing the evolution of temperature and pressure
at 5.2 AU (i.e., the current location of Jupiter) in
the protoplanetary disk. We refer the reader to the
work of Mousis et al.| (2009) for a full description of
the calculation method regarding the composition
of the solids crystallized in the PSN. The equilib-
rium curves of hydrates and clathrates derive from
the compilation of published experimental work
by [Lunine & Stevenson| (1985, in which data are
available at relatively low temperatures and pres-
sures. The equilibrium curves of pure condensates
used in our calculations derive from the compila-
tion of laboratory data from |Lide| (2002). The fits
of the equilibrium data are taken from Hersant et
al.| (2004) and Mousis et al.| (2008).

The disk model employed is the one described
in[{Aguichine et al.| (2020)) and |Mousis et al.| (2020)),
to which the reader is referred for details. In a few
words, our time-dependent PSN model is governed
by the following differential equation (Lynden-Bell
& Pringle (1974)):

0% 30 | 120 (12
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Table 1: Elemental abundances and ratios to protosolar values in the upper troposphere of Jupiter

Elements Elemental abundances Jupiter References
/Protosolar?
Ar/H (9.10 +1.80) x 10~ 3.30 + 0.65 Mahaffy et al) (2000)
Kr/H (4.65 4 0.85) x 1079 2.38 £0.44 Mahatfty et al.| (2000)
Xe/H (4.45 4 0.85) x 10710 2.33+£0.45 Mahatfty et al.| (2000)
C/H (1.19 £ 0.29) x 1073 4.01 £0.97 Wong et al.| (2004)
N/H (2.04 £0.13) x 1074 2.754+0.17 |Bolton et al.| (2017)); [Li et al.| (2017} 2020)
O/H (2.45+0.80) x 107 0.46 +0.15 Wong et al| (2004)
(1.4575:27) x 1073 2.691%37 Li et al (2020)
S/H (4.45 +£1.05) x 107 3.08+0.73 Wong et al.| (2004)
P/H (1.08 £ 0.06) x 10~ 3.82+0.20 Fletcher et al.| (2009)

This equation describes the time evolution of a
viscous accretion disk of surface density ¥, of vis-
cosity v, assuming hydrostatic equilibrium in the
z direction. The viscosity v is calculated in the
framework of the a-formalism (Shakura & Sun-
yaev||1973)). In our approach, the midplane tem-
perature T' of the disk is expressed as the sum of
viscous heating and star background irradiation
Tamb: 10 K:

1 3 1
T4 = QO—SB (8TR + 27_})) ZgVQ%{ + T;lmb, (2)

where oy}, is the Stefan-Boltzmann constant, Q is
the keplerian frequency, 7g and 7p are the Rosse-
land and Planck optical depth, respectively (see
Aguichine et al| (2020) and Mousis et al.| (2020)
for details). Only viscous heating is considered
as an energy source in our model, allowing the
disk temperature to decrease down to ~10 K in
the outer PSN. Here viscous means eddy viscosity,
namely that provided by eddies which transport
mass and heat by bulk motions, since molecular
viscosity is very small (Stevenson||{1990). This cor-
responds to the case where the outer parts of the
disk are protected from solar irradiation by shad-
owing effect of the inner disk parts. The evolution
of the disk starts with an initial profile given by
Yev o exp (—r?7P), with p = 2 for an early disk
(Lynden-Bell & Pringle [1974). In our computa-
tions, the initial disk mass is fixed to 0.1 M. The
computational box is set equal to 500 AU, allow-
ing 99% of the disk mass to be encapsulated within
~100 AU. The disk initial mass accretion rate onto

the Sun is set to 10776 M yr~! (Hartmann et al.
1998)), and the viscosity parameter « is fixed equal
to 3 x 1073, which is well within the 10=%-10~2
range commonly adopted for PSN models (Mousis
et al.[[2020]).

In the following, we assume that condensate or
clathrate grains quickly decouple from gas, due to
growth and planetesimal formation. The enrich-
ment of species X with respect to its protosolar
abundance is then given by:

X/HQ(t) — Zg(R’ tX) (3)
X/Haolo  Tg(R,t)

where if tx is the time at which species X is
trapped or condensed at given distance r in the
PSN, This relation is valid for the determination
of the volatile enrichments in Jupiter’s feeding
zone, and subsequently in its envelope. A set of
volatile enrichments is simultaneously calculated
in Jupiter when Eq. [3]is fitted to the abundance
measurement of a given element in the envelope.

Figure [I] represents the condensation sequence
of the different volatiles at 5.2 AU in the PSN,
for various initial HoO abundances. The do-
main of stability of each ice considered is the
region located below its corresponding equilib-
rium curve. In all panels, it is assumed that
CO0O:C0O5:CH30H:CHy = 10:30:1.67:1, HoS/Hy =
0.5 x (S/Hz)e, and No:NHz = 1:1 in the PSN gas
phase, based on the aforementioned assumptions.
Four cases are investigated. Case 1 (panel (a))
corresponds to the case where the abundances of
all elements are protosolar (Asplund et al.[2009)),
assuming volatile species form only pure conden-



sates in the PSN. Case 2 (panel (b)) corresponds
to the same assumptions as in case 1 regarding the
PSN gas phase composition, but here it is assumed
that all available water is used to form hydrates
in the PSN. In this situation, NH3-H>O hydrate
forms first with decreasing disk temperature, and
then almost 75% of available HyS is trapped in
clathrates. The remaining species subsequently
form pure condensates at lower disk temperatures.
Note that CO; and CH30H are both represented
in their pure ice forms in all our condensation se-
quences. Pure COs is the only condensate that
crystallizes at higher temperature than its associ-
ated clathrate in this pressure range and no exper-
imental data concerning the equilibrium curve of
CH30H clathrate has been reported in the litera-
ture. Case 3 (panel (¢)) corresponds to the same
assumptions as in case 2, except that O/Hy is 1.5
x (O/Hg)g. Here, NH3-H;0 hydrate forms, and
H,S, PHj3, Xe, CHy, and CO are fully trapped
in clathrates. No more than ~67% of available
N5 in enclathrated because of the lack of avail-
able free water, and the remaining volatile species
form pure condensates at lower disk temperatures.
Case 4 (panel (d)) corresponds to the same as-
sumptions as in case 3, except that O/Hs is 2 X
(O/Hy). Here, all volatiles except CH30OH and
COa, form hydrates in the PSN. Note that we do
not consider mixed clathrates, that is, incorpora-
tion of species at temperatures other than where
their pure clathrates form. This does not signifi-
cantly affect the final result in terms of comparison
with Jupiter data.

Figure [2] shows the composition of the volatile
phase embedded in solids formed in the PSN
resulting from our model. Calculations repre-
sented in panels (a—d) follow the cases 1-4 de-
picted above, respectively. CO5 is by far the main
volatile species in panels (a) and (b) while HyO
dominates in panels (c¢) and (d). The high abun-
dance of HoO in those panels results from the
choice of a larger O abundance in the PSN. In
panels (b—d), the icy part of planetary building
blocks is essentially made of a mixture of pure con-
densates and clathrates in proportions fixed by the
PSN oxygen abundance.

3. Results

Figure [3] represents the fits of the volatile en-
richments (relative to protosolar abundances) ob-
served in Jupiter, and summarized in Table
Panels (a—d) are calculated following the condi-
tions depicted in cases 1-4, respectively. All pan-
els have been fitted to the oxygen abundance mea-
sured by Juno in Jupiter’s atmosphere. The fits
consist in reproducing the mass range of oxy-
gen measured in Jupiter by adjusting the amount
of O-bearing solids (here HyO, CO, COs, and
CH30H) formed in the PSN and that is injected in
the envelope, in all cases of planetesimals compo-
sitions. All our calculations assume the envelope
is homogeneously mixed. Panels (a—d) show that
C, N, P, Kr, and Xe elemental enrichments are al-
ways fitted by our different compositions models
of the building blocks accreted by Jupiter. S is
fitted in panels (a—b), which both correspond to
the assumption that all elements, including O, are
in protosolar abundances in the initial gas phase
of the PSN. Panels (c-d), which assume both su-
persolar O abundances and clathrate formation
in Jupiter’s feeding zone, present calculations of
S enrichments slightly lower than the measured
value. However, an increase by ~6-12% of the
assumed HsS abundance in the PSN, this latter
being poorly assessed (Pasek et al.|2005)), or the
delivery to Jupiter of other S—bearing solids such
as SO in the volatile phase or FeS in the mineral
phase, would easily enable the matching between
the measured and calculated enrichments. The Ar
enrichment is only marginally fitted in panel (d),
which corresponds to case 4 (full clathration and
O/Hy = 2 x (O/Hz)g in the PSN). Only the full
trapping of Ar in clathrates at higher temperature
than its condensation in the PSN (see Fig. [1) al-
lows the matching of the observed enrichment.

The fitted enrichments also translate into a
mass range of icy solids incorporated in Jupiter’s
envelope following the compositions shown in Fig.
Table [2[ summarizes these mass ranges, assum-
ing an average envelope mass of ~301.8 Mg, (Wahl
et al.|2017)). The mass ranges calculated for cases
1-4 must be seen as minimums because the ac-
creted solids should harbor a significant fraction
of minerals and metals. Assuming a fraction of
rocks (minerals + metals) half the total mass of
condensed matter in the PSN for a gas of pro-



tosolar composition (Lodders|[2003]), the mass of
accreted solids should be then twice the values in-
dicated for cases 1 and 2 in Table 2] giving a total
mass range between 8.6 and 45.2 Mg,. The same
extra mass of rocks, i.e. between ~4.3 and 22.6
Mg, should be added to cases 3 and 4 since the
extra oxygen added to the PSN gas in our model
is assumed to go only with the volatiles.

4. Conclusion

Our work shows that a wide range of planetesi-
mal compositions allows the fits of the volatiles en-
richments observed in Jupiter’s envelope, includ-
ing the recent Juno O determination. Ices either
formed from pure condensates or from clathrates
can match the observed enrichments in a satisfy-
ing manner. We find however that the fits of the
volatile enrichments in the case of planetesimals
essentially formed from clathrates is slightly more
compelling since it allows marginally the matching
of the Ar abundance in Jupiter, contrary to the
case of pure condensates. The agglomeration of
planetesimals from clathrates classically requires
a supersolar abundance of oxygen at their forma-
tion location (Gautier et al|2001; |Mousis et al.
2009). Such an effect in the PSN can occur at the
location of the snowline, where the outward dif-
fusion of vapor increases the local abundance of
solid water (Stevenson & Lunine|[1988; |Cyr et al.
1999; Mousis et al.[2019).

The mass range of volatiles needed to be in-
jected in solid form in Jupiter’s envelope is within
~4.3-39 Mg, if one considers all investigated
cases. These values are well within the mass range
of heavy elements derived from Juno’s preliminary
measurements of gravitational moments (Wahl et
al.|2017). Based on the interior model of [Militzer
& Hubbard| (2013)), [Wahl et al.| (2017) showed that
the mass of heavy elements is within the ~3.3-15.9
Mg range, depending on the type of core, which
can be diluted or compact. Using the model of
Becker et al. (2013)), these authors also derive a
larger amount of heavy elements in the envelope,
which is within the ~14.5-40 Mg range. Even if
a substantial fraction of refractory component is
taken into account in our calculations of planetesi-
mal compositions, a wide range of masses of heavy
elements derived from our fits is compatible with
the envelope’s metallicity calculated from current

interior models.

Our calculations of the volatile budget in the
envelope of Jupiter assume the envelope is homo-
geneously mixed. This may be inaccurate, as some
recent models suggest a composition gradient in
the envelope (Leconte & Chabrier||2012; [Debras
& Chabrier|[2019). However, further theoretical
and experimental studies of hydrogen-helium mix-
tures are needed below ~100 GPa to assess these
hypotheses, a region where the models are criti-
cally sensitive to changes in the equation of state
(Wahl et al[2017). Also, one cannot exclude that
the observed volatile enrichments correspond to
a late planetesimal accretion which, coupled with
a rapid infall of gas, could have led to a mix-
ing of accreted material throughout the outer re-
gions, which may explain the supersolar metallic-
ity (Podolak et al.[[2020). However, in this sce-
nario, our results regarding the composition and
structure of the volatile phase embedded in plan-
etesimals would remain valid.

Note that the Juno O determination in Jupiter
considered in our work is derived from a 1-¢ uncer-
tainty. A 2—¢ uncertainty allows a HoO abundance
to be as low as 0.1 times the solar abundance (Li
et al.[2020)), a value lower than the one (~0.5 times
solar) inferred by the Galileo probe (Wong et al.
2004)). If the bulk O abundance in Jupiter is signif-
icantly subsolar, this implies that the planet could
belong to the category of carbon-rich planets, i.e.
those with C/O > 1 in their envelopes (Mousis et
al.[2012)). This would imply that water ice was
heterogeneously distributed over several AU be-
yond the snow line in the protosolar nebula and
that the fraction of water contained in icy plan-
etesimals was a strong function of their formation
location and time.

Interestingly, for the sake of comparison, we
have also used the compilation of protosolar abun-
dances derived from |Lodders et al.| (2009)). Despite
the important deviations noted for the C/O and
Ar/O ratios in [Lodders et al.| (2009), which are
+15% and -17% compared with |Asplund et al.
(2009), respectively, the fits of the Jovian abun-
dances with this database lead to similar conclu-
sions.

One should recall that the present study is
based on the Juno MWR measurements performed
only at the equator and that did not penetrate
deeper than the ~30 bar region, without using the



Table 2: Mass of volatiles needed in the envelope of Jupiter to match the observed enrichments

Mass of HyO ice (Mg) Mass of ices (Mg)

Case 1 0.4-1.9
Case 2 0.4-1.9
Case 3 2.3-12.2
Case 4 4.1-21.5

4.3-22.6
4.3-22.7
5.9-30.7
7.4-39.0

data from the longest wavelength, 0.6 GHz chan-
nel. Future Juno measurements at other latitudes,
combined with updated interior structure models,
should decrease the size of the O error bar and en-
able our model to provide more stringent insights
on Jupiter’s formation conditions in the PSN. Fi-
nally, our calculations assume that the chemical
composition of the disk is homogeneous in the for-
mation region of Jupiter’s building blocks beyond
the snowline. This assumption does not consider
the variations in the abundances of the various ices
at the locations of their condensation lines (Mousis
et al. [2020, |2021). Future models describing the
composition of the solids formed in the PSN will
have to consider these physical processes.
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manuscript.
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Fig. 1.— Formation conditions of icy solids in the PSN defined by the intersection between various equi-

librium curves and the disk cooling curve at 5.2 AU. Arrows pointing down in the cooling curves indicate
the direction of time evolution. Species remain in the gas phase above the equilibrium curves. Below, they
are trapped as clathrates or simply condense. Panel (a): equilibrium curves of pure condensates (red lines).
Abundances of various elements are protosolar (Asplund et al|2009)), with molecular mixing ratios given in
the text. Panel (b): same gas phase conditions as in panel (a) but with the assumption that all available
H50 is used to form NHjs hydrate (NH3-H20O) and HsS clathrate (H2S-5.75H20) (blue lines) in the PSN.
Remaining species form pure condensates (red lines). Panel (c): same as panel (b), except that O/Hs is 1.5
x (O/Ha)g in the PSN, implying that the number of entrapped species is more important. Panel (d): same
as panels (b) and (c), except that O/Hs is 2 x (O/Hsy)g in the PSN, implying that all species potentially
forming clathrates become entrapped.
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Fig. 2.— Composition of the volatile phase incorporated in solids in the cases the volatile part of the building
blocks is formed from pure condensates only (panel (a)), a mixture of pure condensates, NH3 hydrate and
various clathrates (panels (b) and (c)), and from NHj hydrate and clathrates only (panel (d)). Initial gas
phase conditions in panels (a)—(d) are those depicted in the text and given in Fig.
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model, respectively. Initial gas phase conditions in panels (a)—(d) are those depicted in the text and given
in Fig. The green arrow pointing up illustrates that fact that the calculated S enrichment is potentially
higher if one assumes HyS/Hy > 0.5 x (S/Hs)e in the PSN gas phase.
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