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We aim at investigating whether the chemical
composition of the outer region of the protosolar
nebula can be consistent with current estimates of
the elemental abundances in the ice giants. To do
so, we use a self-consistent evolutionary disk and
transport model to investigate the time and radial
distributions of HoO, CO, No, and HsS, i.e., the main
O-, C-, N, and S-bearing volatiles in the outer disk.
We show that it is impossible to accrete a mixture
composed of gas and solids from the disk with a
C/H ratio presenting enrichments comparable to the
measurements (~70 times protosolar). We also find
that the C/N and C/S ratios measured in Uranus
and Neptune are compatible with those acquired
by building blocks agglomerated from grains and
pebbles condensed in the vicinities of N2 and CO
ice lines in the nebula. In contrast, the presence
of protosolar C/N and C/S ratios in Uranus and
Neptune would imply that their building blocks
agglomerated from particles condensed at higher
heliocentric distances. Our study demonstrates the
importance of measuring the elemental abundances in
the ice giant atmospheres, as they can be used to trace
the planetary formation location and/or the chemical
and physical conditions of the protosolar nebula.
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1. Introduction

Uranus and Neptune are the outermost giant planets of our solar system. The apparent size of
these two planets in the sky is roughly a factor of 10 smaller than Jupiter and Saturn, making their
physical properties much more difficult to characterize. The bulk compositions of Uranus and
Neptune are poorly known [1]. Interior models suggest that these planets contain ~10-25% of H-
He by mass, where the exact number depends on the assumed composition of the heavy elements
[2]. Therefore, although there are estimates for the total heavy-element mass, the available data
are insufficient to discriminate among different elemental compositions, implying that the water-
to-rock ratio remains unknown. Often models assume a large region of the planet presenting high
volatiles enrichments [3-6]. This is supported by the measurement of the C abundance, found to
be enriched ~70 times its protosolar value in both planets (see Table 1), but recent measurements
suggest that N/H and S/H ratios might be instead subsolar in their envelopes [7,8], unless hidden
reservoirs of nitrogen and sulfur exist at deeper levels [9,10]. At present, it remains unclear
whether the measured C abundance represents the planetary bulk. Often it is assumed that this
is the case, which corresponds to fully mixed (convective) planetary interiors but increasingly
models assume that both Uranus and Neptune are not fully mixed, and contain composition
gradients and/or boundary layers, making the connection between the atmospheric and bulk
composition challenging. Nevertheless, it remains useful to use the measured abundances, and
link them to possible formation locations.

To explain the apparent discrepancy observed between the C and N abundances in their
envelopes, it has been proposed that Uranus and Neptune have grown from N-depleted building
blocks at the location of the carbon monoxide ice line [11]. However, this scenario did not consider
the possibility that the measured N abundance could be simply a lower limit in Uranus and
Neptune, a hypothesis which has been proposed since then [9,12]. The model also overestimated
the redistribution of volatiles around their ice lines for two reasons. First, calculations of volatiles
transport were based on a stationary PSN model while the thermodynamic conditions in disks
evolve significantly over the first hundred thousand years. Second, instantaneous condensation
of vapors was assumed, instead of using condensation rates, thus leading to an overly efficient
production of solids in the vicinity of the ice lines.

In this paper, we investigate whether the chemical composition of the outer region of the PSN
is consistent with current estimates of the elemental abundances in the ice giants by overcoming
the afore-mentioned issues. We use a self-consistent evolutionary disk and transport model to
investigate the time and radial distributions of HoO, CO, N», and HsS, i.e. the main O-, C-, N,
and S-bearing volatiles in the outer PSN [13]. The calculated abundance profiles in the outer part
of the disk are then compared with the abundance data available for the two planets. Section
2 is dedicated to a short description of the existing abundance data of species of interest in the
atmospheres of the ice giants. The disk and transport model used is summarized in Section 3.
Section 4 presents the calculated abundances profiles in the outer PSN and the comparisons with
the compositions of Uranus and Neptune. Our conclusions are presented in section 5.

2. Abundances of heavy elements in Uranus’ and Neptune’s
atmospheres

The composition of the deep atmospheres of Uranus and Neptune is shrouded in mystery since
most of heavy constituents condense at pressures deeper than can readily by probed remotely.
Water is expected to condense at very deep pressures (>> 100 bar) and ammonia and hydrogen
sulphide are expected to combine together to form a cloud of either NH4SH or (NHy)2S at a
pressure of 40-50 bar, leaving the more abundant gas (i.e., either NH3 or H»S) to condense at
lower pressures (< 10 bar). Finally, methane is predicted to condense at a pressure of 1-2 bar
(depending on abundance). For Jupiter and Saturn, the abundance of NH3 appears to exceed
that of HoS since gaseous ammonia is detected at the cloud tops. However, the situation in
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the atmospheres of Uranus and Neptune has been less clear. Observations of the microwave
spectrum of Uranus and Neptune showed it to be much brighter than expected, suggesting that
the abundance of NH3 (which is a strong microwave absorber) was depleted) [14-16], leading
to the suggestion that the abundance of HS exceeded that of NHj3 at 40-50 bar, and that H»S
should be present alone at lower pressures and condense at about 3 bars. This presence of
H>S gas absorption features above the clouds of both Uranus and Neptune has recently been
detected in Gemini/NIFS observations [7,8], which support this hypothesis. One explanation
for the apparently low abundance of ammonia in the atmospheres of Uranus and Neptune is
that it is partially dissolved in an aqueous ammonia cloud. However, this is not predicted to
be able to absorb sufficient ammonia and it has been suggested that ammonia (and hydrogen
sulphide) may instead partially dissolve in a water “ocean” or even in an “ionic ocean” at depth
(e.g., [9]), modifying the apparent deep abundance of nitrogen and sulphur in the atmospheres of
Uranus and Neptune. Alternatively, if we believe the observed abundances of HaS and NH3 to be
representative of the bulk composition of these worlds, then it suggests that Uranus and Neptune
may have formed in a colder part of the solar nebula than Jupiter and Saturn, in a region where
more S than N was accreted into the planets [7,8].

Finally, a potential clue to the deep abundances of Uranus and Neptune comes from the
observations of carbon monoxide, which resides mostly in the stratosphere, but which may
perhaps have also been detected in the upper troposphere. On Uranus, CO estimates suggest
abundances of 7.1-9.0 ppb in the stratosphere [17], and a 3-0 upper limit of 2.1 ppb in the
troposphere for pressures 0.1-0.2 bar [18]. The abundance of CO in Neptune’s atmosphere is
even found to be much higher with [19] determining a step-type profile with 1-2 ppm in the
stratosphere and 0-0.3 ppm in the troposphere at pressures > 1 bar. The presence of CO in the
stratosphere can be explained through the impact of comets or via interplanetary dust particles,
but models that can predict such high abundances in the troposphere need to have atmospheric
compositions that are heavily enriched in O/H by at least 280 times solar [17,19,20]. However,
such a large enrichment of O/H is not compatible with D/H measurements, which suggest
more modest O/H enrichments of ~50-150 [25] if Neptune’s internal water was sourced from
protoplanetary ices with D/H comparable to present day comets. These considerations point
toward how challenging it is to derive the O/H ratio from CO [9], as also noted by Teanby et al.
[This issue] . Given those difficulties, the present work only takes into account the measurements
of C, N, and S in the envelopes of Uranus and Neptune (see Table 1).

Table 1: C, N, and S abundance ratios in the Sun, Uranus and Neptune

Elements Sun-Protosolar® Uranus/Protosolar Neptune/Protosolar

C/H 2.95 x 10~* 70 + 35() 70 + 35()
N/H 741 x 107° > (~0.08-0.2)() (~0.02-0.08)(¢)
s/H 145 x 107° > (~0.4-1.0)(¢) > (~0.1-0.4)(¢)

(a) Protosolar values based on the solar photospheric values of [21]; (b) based on estimated
upper tropospheric abundance of CHy on Uranus and Neptune’s atmospheres of 0.04 [22-24];
(c) from estimates of upper tropospheric HyS in the atmospheres of Uranus and Neptune [7,8]
and assuming S/N > 4.5-5 X solar.
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3. Volatile distribution model

The volatile transport and distribution model used in our work is derived from the approach
described in [26], to which the reader is referred for details. In a few words, our time-dependent
PSN model is governed by the following differential equation [27]:

% = %% [7“1/2% (rl/Qﬂgy)} . (3.1)
This equation describes the time evolution of a viscous accretion disk of surface density Yg¢ of
viscosity v, assuming hydrostatic equilibrium in the z direction. The viscosity is calculated in the
framework of the a-formalism [28] using the following method. For each distance r to the Sun,
the disk’s properties are calculated by solving the equation of energy balance between viscous
heating and radiative transfer at the midplane level. This gives us v, as well as the pressure and
temperature profiles of the disk as a function of r. The evolution of the disk is started with an

initial profile given by Xzv o< exp (—7"27” ) ,withp = 2 for an early disk [27]. In our computations,

=5 x 1073 and the disk mass is set equal to 0.1 M. 99% of the disk mass is encapsulated within
~ 100 AU and the initial mass accretion rate onto the Sun is set to 10~ -6 [29].

The size of dust particles used in our model is determined by a two-populations algorithm
derived from [30]. This algorithm computes the representative size of particles through the
estimate of the limiting Stokes number in various dynamical regimes. In our model, dust is
initially present in the form of particles of sizes ag = 10~ m, and grow through mutual collisions.
This growth is limited by the maximum sizes imposed by fragmentation or by the drift velocity
of the grains (see [26] for details). The dust surface density is the sum over all surface densities
of available solids at given time and location, assuming a protosolar ice-to-rock ratio (~2.57) [31],
and a bulk density of 0.5 for rocks and 0.15 for ices. The two latter values correspond to the
formation of aggregates made from the random deposition of irregular particles made of olivine
(p=3300kg m~3) and ices (p=1000 kg m~3), with a 15% filling factor [32].

We follow the approaches of [33, 34] for the dynamics of trace species in term of motion
and thermodynamics, respectively. We assume that all trace species are entirely independent
in our simulations and that the disk is uniformly filled with HoO, CO, N2 and H»>S. These
molecules are considered to be the dominant volatile species in the PSN, assuming protosolar
abundances for O, C, N, and S [21]. Half S is assumed to be in HsS form with the other half
forming refractory sulfide components [35], and all C forms CO with the remaining O going
into HoO. No chemistry is assumed to happen between the trace species. Sublimation of grains
occurs during their inward drift when partial pressures of trace species become lower than the
corresponding vapor pressures. Once released, vapors diffuse both inward and outward. Because
of the outward diffusion, vapors can recondense back in solid form following the rates defined
by [34], and condensation occurs either until thermodynamic equilibrium is reached or until no
more gas is available to condense. The motion of dust and vapor is computed by integrating
the 1D radial advection-diffusion equation derived from [30,33], and detailed in [26]. The vapor
pressures of trace species are taken from [36].

4. Results

Figure 1 represents the radial profiles of oxygen, carbon, nitrogen, and sulfur enrichments relative
to their protosolar values [21], both in vapor and solid phases, and at different epochs of the PSN
evolution. The vapor and solid oxygen enrichment profiles correspond to the sum of HoO and
CO contributions. At ¢t = 0, each O enrichment profile in gaseous and solid forms follow two
plateaus. These plateaus are delimited by drops of enrichments corresponding to the presence,
with progressing heliocentric distance, of the HoO and CO icelines. With time, the ice lines move
inward the disk. At 0.1 Myr, two peaks of solid oxygen form immediately after the icelines. These
peaks correspond to the formation of ices resulting from the backward diffusion of vapors. Two
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Figure 1: Radial profiles of oxygen, carbon, nitrogen, and sulfur enrichments relative to their
protosolar values, as a function of time in the PSN. Dashed and solid lines correspond to vapor
and solid phases, respectively. The orange area encompasses the current locations of the ice giants
in the solar system.

peaks of vapors also appear along the ice lines, as a result of the sublimation of drifting ices.
With time, the O abundance in vapor form increases in the inner disk until it reaches a plateau
corresponding to ~twice the protosolar value at 1 Myr. In contrast, the O abundance in solid form
decreases with time and heliocentric distance beyond the peaks formed after the HoO and CO ice
lines in the outer disk. In this case, the O abundance drastically varies with heliocentric distance
but always remains subsolar.

The behavior of the enrichment profiles of C-, N-, and S-bearing species is simpler in our
calculations because they individually only depend on one species. Peaks of vapors and solids
quickly form to the left and right of the ice lines, respectively. The three panels share the same
features with a moderate enrichment (about 2-3 times protosolar at most) of the vapors present in
the inner disk and a significant depletion of the solids in the outer disk. The figure shows it is not
possible to accrete a mixture composed of gas and solids with a C/H ratio presenting enrichments
comparable to the values (~70 times protosolar) measured in the atmospheres of Uranus and
Neptune. This suggests that the formation of Uranus and Neptune from disk instability [37]
is rather unlikely, unless a postformation mechanism, such as photoevaporation, has increased
the metallicities of the planets [38]. Instead, one should expect formation of these giants by
the concurrent accretion of gas and solids by migrating embryos [39,40], provided the accreted
mixtures shared a composition consistent with those of Uranus and Neptune.
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Figure 2: Radial profiles of the C/N and C/S ratios at different epochs of the PSN evolution.
Dashed and solid lines correspond to vapor and solid phases, respectively. The orange area
encompasses the current locations of the ice giants in the solar system.

Figure 2 shows the time evolution of the C/N and C/S ratios radial profiles throughout the
PSN. Very high C/N and C/S ratios can be obtained in solid forms in the 10-20 AU region of the
PSN, i.e. the location where the ice lines are at play. In contrast, these ratios, still in solid phase,
remain protosolar ((C/N)g ~ 3.4 and (C/S)e ~ 17.8) at higher heliocentric distances, irrespective
of the epoch considered. While the inner regions of the PSN cannot be considered as a viable
formation region of the ice giants building blocks, it is noticeable that the C/N and C/S ratios,
both in vapor phase, are found to be supersolar at these locations. If the building blocks accreted
by Uranus and Neptune agglomerated from grains formed in the 10-20 AU region of the PSN,
they should display C/N and C/S ratios close to those recently measured in their tropospheres
(C/N > 175 and C/S > 35; see Table 1). On the other hand, if the ice giants building blocks
agglomerated from grains formed beyond these distances, they should display protosolar C/N
and C/S ratios, in agreement with some hypotheses formulated regarding the composition of
their interiors [7,14].

5. Conclusions

In this work, assuming the carbon abundances determined in the atmospheres of Uranus and
Neptune are representative of their bulk composition (case of fully mixed envelopes), we have
shown that it is impossible to accrete a mixture composed of gas and solids from the PSN with
a C/H ratio presenting enrichments comparable to the measurements (~70 times protosolar).
We also found that the C/N and C/S ratios in Uranus and Neptune are compatible with
those acquired by grains condensed in the vicinities of N2 and CO ice lines in the PSN. If
the measurements of the C/N and C/S ratios in the ice giants are representative of their bulk
compositions, then they could be explained by the formation of their building blocks from grains
and pebbles condensed in this region of the PSN. In contrast, the presence of protosolar C/N and
C/S ratios in Uranus and Neptune would imply that their building blocks agglomerated from
particles condensed at higher heliocentric distances.

Variations of the viscosity parameter « in the 1073-10"2 range, which is commonly adopted
for PSN models, show that the results are qualitatively close to those presented here and that
the conclusions remain unchanged. Our results are quite different from those derived by [11]
who found very high abundances of solid CO in the vicinity of its iceline. As mentioned above,
the reasons for these differences are twofold: the PSN model used by [11] is stationary and
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assumes instantaneous condensation of vapors, instead of using a time-dependent model with
prescriptions for condensation rates, as we did here.

Our study demonstrates the importance of measuring the elemental abundances in the ice
giant atmospheres, as they can be used to trace the planetary formation location and/or the
chemical and physical conditions of the PSN. Future facilities such as the James Web Space
Telescope should provide better determinations of the elemental abundances in Uranus and
Neptune in a near future [41]. A question that arises is whether the atmospheric elemental
abundances indeed represent the bulk. It is possible that the measured composition is affected by
a recent impact of comets/asteroids, as it has been invoked for the detection of CO. In addition,
as both Uranus and Neptune are unlikely to be fully mixed, it is possible that the ratios between
the different elements change with depth, due to chemistry. This argues in favor the in situ
measurement by an entry probe of the heavy noble gases in the envelopes of Uranus and Neptune
since these species should be insensitive to any form of chemistry. Even if the absolute abundances
of noble gases should be affected by the compositional gradient with depth due, for example, to
double diffusive convection, their abundance ratios are expected to remain constant.

Another question is whether the measured elemental abundances can be used to constrain the
planets’ formation mechanism. Although it has been suggested that Uranus and Neptune could
be formed by disk instability [37], this is rather unlikely given that the planetary composition
is dominated by heavy elements. In order to have the ice giants formed by this mechanism a
substantial amount of solids must have been captured [42], followed by significant loss of H-He
gas [38]. Core accretion remains the preferred model for the formation of Uranus and Neptune
despite the clear challenges in terms of the formation timescale and the expected composition [1].

What is clear from our study is that if the heavy elements in the formation location of the
ice giants are mostly composed of HoO, CO, N2 and H>S, it is very difficult to explain their
abundances inferred by structure models. This suggests that either the planets formed much
further in and migrated outwards OM to RH: not sure to understand the previous sentence :-
), or that they have accreted material during the migration of their embryos [40]. Alternatively, it
is possible that the metallicity of the PSN was much higher than assumed here and/or that there
was an accumulation of solids near the formation locations of the planets. However, the present
study shows that the solids enhancement at the locations of the ice lines is not as efficient as was
initially anticipated [11].
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