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Existing observations of Uranus and Neptune’s
fundamental physical properties can be fitted with
a wide range of interior models. A key parameter
in these models is the bulk rockiice ratio and
models broadly fall into ice-dominated (ice giant)
and rock-dominated (rock giant) categories. Here we
consider how observations of Neptune’s atmospheric
temperature and composition (Hz, He, D/H, CO,
CHy, H20O, and CS) can provide further constraints.
The tropospheric CO profile in particular is highly
diagnostic of interior ice content, but is also
controversial, with deep values ranging from zero
to 0.5 parts per million. Most existing CO profiles
imply extreme O/H enrichments of >250 times solar
composition, thus favouring an ice giant. However,
such high O/H enrichment is not consistent with
D/H observations for a fully mixed and equilibrated
Neptune. CO and D/H measurements can be
reconciled if there is incomplete interior mixing (ice
giant) or if tropospheric CO has a solely external
source and only exists in the upper troposphere
(rock giant). An interior with more rock than ice
is also more compatible with likely outer solar
system ice sources. We primarily consider Neptune,
but similar arguments apply to Uranus, which has
comparable C/H and D/H enrichment, but no
observed tropospheric CO. While both ice and rock
dominated models are viable, we suggest a rock
giant provides a more consistent match to available
atmospheric observations.
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1. Introduction

The internal structure of giant planets is key to understanding how the solar system formed
and evolved over the last 4.6 billion years. While multiple spacecraft have visited Jupiter and
Saturn - including the Galileo, Juno, and Cassini orbiters - the Voyager 2 flybys of Uranus
in 1986 and Neptune in 1989 remain the only spacecraft visits to the icy giants. Information
from a single spacecraft flyby combined with subsequent remote observations provide a fairly
limited dataset in terms of constraining a planet’s internal structure, but some interpretations can
be inferred from Uranus and Neptune’s fundamental physical properties. Voyager 2 provided
the first accurate mass, radius, bulk density, and low-order gravitational harmonics for Uranus
and Neptune [1-4]. Early interpretations of planetary bulk densities of 1.3 kg m~2 for Uranus
and 1.6 kgm ™2 for Neptune suggested interiors dominated by ices [5,6], although the non-
uniqueness of constraints on the interior was considerable, and rock-dominated interiors are
also possible [7-10]. The Voyager 2 data have since been reanalysed and augmented with stellar
occultations and observations of the orbits of Uranus and Neptune’s moons and rings to provide
more stringent constraints (reviewed in [9]). While it is clear that Uranus and Neptune have a high
fraction of heavy elements, with an overall metallicity mass fraction in the range 0.7-0.9 [9], it is
still unclear whether rock or ice is the dominant component. Therefore, Uranus and Neptune’s
internal structure remains elusive despite decades of observation and modelling. Uranus and
Neptune could either be rock giants or ice giants, which has important implications for both their
formation and the formation of the solar system as a whole.

Voyager 2 observations of Uranus and Neptune’s magnetic fields indicate highly non-dipolar
structures [11-14]. Such fields may suggest dynamo action is limited to a conducting near-surface
layer [15]. This additionally constrains Uranus and Neptune’s interiors by requiring some kind
of conducting fluid layer to support dynamo action [16]. In the case of an ice giant this could be a
superionic form of water ice that exists at high temperature and pressure [17]. In the case of a rock
giant, magma dynamos such as those hypothesised on super-earths, might be a possibility [18].
However, even though silica is conductive at high pressure, it is most likely to be solid at the
high pressures of a planetary core [19]. Mixtures of hydrogen and silicate present in some models
[20] might have lower melting points, but it is unknown if they could support dynamo action in
Uranus or Neptune’s interior because of the wide range of possible conditions and limited high
pressure and temperature laboratory data.

Many studies have combined observations of fundamental physical properties and high-
pressure thermodynamic equations of state to infer Uranus and Neptune’s internal structures
[6-8,21-23]. These model-data fits are highly non-unique, but can be split into two main types
representing either ice giant or rock giant scenarios [8]. Here we define ice and rock giants as
having a rock:ice ratio less than or greater than unity respectively. Ice giant models typically
have an outer gas envelope of hydrogen and helium, an intermediate region dominated by
ices, and a small core of silicates, iron, and nickel. Such models are up to 90% ice. Rock giant
models also have an outer hydrogen/helium gas envelope, but have a bulk interior dominated
by silicates mixed with hydrogen/helium along with some ices. These models are up to 70% rock.
An ice giant interpretation is currently favoured in the literature. However, an important source
of uncertainty is that interiors dominated by rock mixed with light elements such as hydrogen
have a similar density to ice mixtures, so could also fit the observed physical properties [5,8].
An additional complication is that, while simple models with distinct layers are appealing, they
are not required to fit the observations. Recent work shows there may be significant mixing near
internal interfaces, leading to more continuous density profiles [9,20,22]. This widens the range
of possible internal structures significantly and leaves open the question of whether silicate-gas
mixtures or ice mixtures dominate Uranus and Neptune’s interiors [9,24-26].

In summary, there are a wide suite of interior models for Uranus and Neptune, both ice-
and rock-dominated, with sharp or gradual layer transitions, but none are definitively preferred
by observations of fundamental physical properties. This is severely unconstrained - even by
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planetary science standards - and leaves both Uranus and Neptune’s origin and the evolution
of the outer solar system open to rampant speculation. This uncertainty is one of the major
motivations for a new ice giant mission [27-30]. In this review we take an alternative approach by
considering if atmospheric observations can provide further insight into internal structure. For
Uranus, the atmospheric observations provide less of a constraint than on Neptune as there are
currently no detections of tropospheric carbon monoxide on Uranus [31], which is an important
part of the ice-giant case. Therefore, we primarily focus on Neptune in this review, but revisit
Uranus briefly in the discussion.

2. Atmospheric observations and implications

Here we consider what can be inferred about Neptune’s interior from atmospheric remote sensing
of the outermost gas envelope layer; either from spacecraft, space-telescopes, or ground-based
observatories. Low frequency radio and microwave observations have the ability to probe deepest
in the atmosphere. For example, ground based measurements at centimetre wavelengths with the
VLA at can probe down to 10’s of bars [32,33] and Juno’s microwave radiometer observations
of Jupiter are sensitive to pressures of up to 1 kbar [34]. These measurements constrain the deep
abundances of NH3, H>S, and H2O, but can contain ambiguities due to limitations on current
laboratory spectroscopic data, interference from synchrotron emission, non-uniqueness in the
interpretation, and uncertainties in the deep temperature profile [35,36]. Observations at shorter
wavelengths have less of these difficulties, but such observations are limited to pressures of less
than ~10 bar: i.e., the troposphere, stratosphere, and mesosphere. This is well above the major
water cloud layer and well mixed region [26,37], so is not ideal for probing the internal structure.
Nevertheless, it is what we have available, and with caution some important insights can be
gained.

(a) Temperature, thermal emission, and mixing
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Figure 1. Neptune’s atmosphere. (a) Temperature profiles measured by radio occultation and infra-red spectroscopy,
illustrating ~5K uncertainty in global mean tropospheric temperature. (b) Eddy mixing profiles constrained by heat
flux, composition profiles, and photochemical modelling. All photochemical models require low minimum mixing rates
somewhere in the lower stratosphere or upper troposphere (0.01-1 bar), but the location of that minimum is unconstrained.
This leads to variations in possible upper troposphere mixing rates of over five orders of magnitude. (c) Observed lapse
rate (—dT'/dz) using a composite T(p) profile, compiled from [38] and [39] by [25], compared to the calculated lapse
rate [37]. A low observed lapse rate in the upper troposphere suggests reduced mixing and a radiative convective
boundary at ~1 bar.
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Temperature and vertical mixing are fundamental atmospheric properties and must be
considered before attempting to interpret other atmospheric observations. Neptune’s nominal
temperature profile was determined from Voyager 2’s radio occultation, covering pressures from
0.35 mbar to 6.3 bar [38,40]. However, there is a degeneracy between temperature and the
mean molecular mass of the atmosphere, which introduces uncertainty into the radio occultation
inversion; in particular the assumed methane abundance, the He/H> ratio, and the presence
of other gases such as nitrogen [40]. Neptune’s rotation period is also not well constrained [9],
which affects hydrostatic equilibrium calculations used in the radio occultation inversion and
introduces further uncertainties [38]. Subsequently, further temperature measurements of the
upper troposphere and stratosphere were inferred from infrared spectroscopic observations (for
example [39,41,42]), but these suffer from low vertical resolution and also depend on the assumed
atmospheric composition. A comparison between different studies reveals an uncertainty in the
temperature profile of around 5 K [43,44]. Figure la compares various nominal temperature
profiles and shows the ~5 K variation. There is also evidence for temperature variations with
latitude due to differences in insolation and circulation, particularly at the poles [45].

Total emitted flux measurements show that Neptune emits ~2.6 times the energy it receives
from the Sun [46]. This is the highest of any planet in the solar system and requires a
significant internal heat source driving vigorous convection up to the observable layers. The
high energy emission can be used to estimate the vertical eddy diffusion coefficient K.
from mixing length theory; implying K.~108 cm?s™! in the troposphere [44,47]. However,
as the condensable species on Neptune have a higher molar mass than the surrounding
atmosphere, it is possible that inhibition of moist convection could occur at pressure levels
where condensation is active. For example, in the methane condensation region (~1-2 bar), and
also deeper where water condenses (~100-1000 bar) [48-50]. Mixing in the upper atmosphere
can be constrained to ~2-50x10% cm?s~! from hydrocarbon vertical profiles retrieved from the
Voyager ultraviolet occultations [51,52] and from Voyager ultraviolet emission observations of
the helium 584 A line [53]. Between the upper atmosphere and lower stratosphere, mixing can
be inferred by comparing observed hydrocarbon profiles to those predicted by photochemical
models [52,54-57]. Numerous photochemically produced hydrocarbons have been detected in
Neptune’s atmosphere, including CoHg, CoHy, C2Hg, C3Hy, C3Hg, and C4H> [37,57,58], which
can be used for this purpose. Photochemical models require a relatively low eddy diffusion
coefficient somewhere in the lower stratosphere or upper troposphere to prevent excessive loss
of stratospheric hydrocarbons by mixing into the deep interior, but have little sensitivity to what
is happening below that minimum. Figure 1b compares eddy diffusions profiles from various
studies. Typically a value of K>=10% cm?s~! is adopted throughout the troposphere [59], with the
minimum eddy diffusion coefficient occurring in the lower stratosphere, although this is probably
too gross a simplification. The most recent photochemical models arbitrarily extend the mixing
minimum into the troposphere [57,60], but model results are generally not sensitive to this lower
boundary condition. Therefore, mixing in the upper troposphere is currently not well constrained,
either by photochemical model comparisons or the emitted heat flux.

Further insight into mixing can be gained by comparing the measured tropospheric lapse
rate to that expected from adiabatic advection [25]. If the measured lapse rate is greater than
the adiabatic lapse rate then the atmosphere can be expected to be unstable with significant
mixing occurring. In the region of methane condensation (~1-2 bar), it is not currently possible
to determine a precise pressure level where the temperature profile becomes super-adiabatic
because of uncertainties in Neptune’s methane vertical profile [48] and the co-dependence of the
derived temperature profile on assumed atmospheric mean molecular mass [38,40]. However, an
approximate comparison can still be made. Figure 1c compares the observed lapse rate (—d1'/dz)
from the composite temperature profile in [25], which is a combination of the radio occultation
[38] and infra-red [39] temperature profiles, with the calculated dry adiabatic lapse rate (DALR)
and saturated adiabatic lapse rate (SALR) for a Ha /He/CH4 atmosphere [37]. The observed lapse
rate is less than both the calculated DALR and SALR for pressures below ~1 bar, indicating
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that vigorous mixing is unlikely in the uppermost troposphere (~0.1-1 bar), no matter the CH4
saturation state of the atmosphere. This suggests a radiative convective (R-C) boundary, where
the majority of thermal emission originates, occurs at ~1 bar on Neptune. This is compatible with
potentially suppressed moist convection caused by methane condensation [48]. Furthermore, as
noted by [25] the brightness temperature of Neptune at 100 ym is ~60 K [41], suggesting an
emission level of 0.5-1 bar and placing the R-C boundary at a similar level. These inferences
based on lapse rate are also entirely consistent with reduced mixing in the upper troposphere as
suggested by the non-detection of disequilibrium species PH3 in the upper troposphere [25].

(b) Composition
(i) He/Hs

Neptune’s observable atmosphere is primarily hydrogen and helium [61,62]. The He/Hj ratio
was found to be 0.15+0.03 by volume for a nominal nitrogen abundance of 0.003 using a
combination of Voyager 2 radio occultation and InfraRed Interferometer Spectrometer (IRIS)
observations [63]. This is close to the protosolar He/Hj ratio of 0.17 [64] and may suggest Ha
and He gas were captured directly from the solar nebula. However, [63] show that nitrogen
abundances from 0-0.006 can also provide reasonable fits to the Voyager IRIS spectra, resulting
in possible He/Hj ratios of 0.08-0.22 by volume and leaving open the possibility that Neptune
could have sub-solar or super-solar He/H>. Nevertheless, the fact that Neptune’s atmosphere
is primarily composed of hydrogen and helium implies Neptune had to reach sufficient size
for direct gravitational accretion fairly rapidly, because the lifetime of the protosolar nebula is
estimated at <10 Myr [26,65]. Therefore, the hydrogen and helium abundance do not discriminate
between ice and rock giant interior structures, but are important when considering hydrogen
sources for interpretation of the D/H and O/H observations.

(i) C/H from CH4

On Neptune methane does not condense until ~1-2 bar, meaning that the abundance at higher
pressures can be considered representative of Neptune’s interior, assuming the interior is fully
mixed. Neptune’s tropospheric methane varies significantly with latitude, but has a globally-
averaged volume mixing ratio of ~2-5% for pressures deeper than the condensation level [66-69].
This large range of abundances shows that, even below the condensation level, condensible
species can exhibit considerable variation due to atmospheric dynamics. Dynamics is also thought
to cause the large variations in Jupiter’s ammonia distribution recently observed at ~10 bar
by Juno [70,71]. These variations increase the uncertainty on Neptune’s deep CH4 abundance
and raise doubts about how representative the measured CH4 abundance really is of interior
composition. Nevertheless, CHy4 is the major carrier of carbon in Neptune’s atmosphere and,
if its abundance is representative of the interior, implies a C/H enrichment of 50-100 times
solar [64]. To date this remains the most reliable and direct indicator of elemental enrichment
in Neptune [26], despite the large uncertainties.

(iii) D/H from Ha

The D/H ratio is also an important indicator of interior composition and formation [26,
72]. Enrichment in Neptune’s D/H ratio compared to solar composition is thought to be
due to a significant fraction of enriched protoplanetary ices being mixed into Neptune’s
interior fluid envelope. D/H in Neptune’s atmosphere is 4.1i0.4><10_5, derived from Herschel
observations of hydrogen [24]. This is around twice as enriched as the protosolar ratio of
(D/H )Z,T()t(,:2.25:|:0.35><1075 inferred from observations of Jupiter by ISO and Cassini [73,74].
Present day ice reservoirs, including icy moons, comets, and Kuiper belt objects (KBOs), have
variable D/H in the range (D/H);ce <=15-60x10"° [26,75-77]. Deriving an interior ice fraction
from Neptune’s D/H ratio is not straight forward and depends on many assumptions. Consider
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a simple case where we assume: 1) present day ices have similar D/H ratios to neptunesimals
(planetesimals which formed Neptune); 2) Neptune has a rocky core overlain by an interior
fluid envelope and an outer gaseous fluid envelope; 3) the neptunesimals’ rock component is
sequestered into the planetary core; and 4) the neptunesimals’ ice component is well mixed and
thermodynamically equilibrated between Neptune’s internal fluid and outer gaseous envelopes,
such that the measured D/H ratio is representative of the interior. In this case we can estimate the
proportion of ices in Neptune’s combined fluid envelope following an approach similar to [72]:

D D D
(E)env - (H>p7"0t0 - (1 - I) <E)ice (21)

where,  is the mole fraction of Hy accreted directly from the protosolar nebula, (1 — x) is the mole
fraction of Hy supplied by ices (in the form of water), and (D/H )enw is the observed atmospheric
value. Under the above assumptions this implies =0.85-0.97, i.e., <15% ice by mole fraction. This
can be used to infer an envelope value for O/H = (1 — z)/(2z + 2(1 — z)), i.e. atoms of O from
H>0O / atoms of H from Hy and H2O. The overall relation between D/H and O/H in Neptune’s
fluid envelope under these simple assumptions is then:

(@3 GGG e

corresponding to (O/H )eny=0.02-0.07. This implies an O/H enrichment in Neptune of 30-130
times the solar O/H value of 5.4x10™% [64] in the fluid envelope (i.e., not including the core if
present). However, if there were incomplete mixing and equilibration in the interior, the deep
D/H ratio could be much greater than that in the observable atmosphere. In this case the
proportion of ice in the interior fluid envelope could be much larger.

One argument against incomplete mixing and equilibration is that Uranus” D/H ratio of
4.4404%107° is very similar to Neptune’s [24], despite very different internal heat fluxes [46,78]
and different internal structures [9,10]. Neptune has a bulk density of 1.6 kg m~2 and Uranus
is slightly less dense with a bulk density of 1.3 kg m~? [9]. If both planets were formed from
similar ices, but in different amounts as indicated by their different densities, and had different
internal mixing/equilibration states, the similarity of their D/H ratios would be quite a strange
coincidence.

(iv) O/H from CO, H20 and CS

Neptune’s atmospheric carbon monoxide has implications for both external sources and internal
bulk composition. As a result, CO has received much observational attention, and has been
determined from sub-mm ground-based and space-based telescope observations by many studies
[25,39,42-44,79,80]. In sub-mm spectra, CO emission cores are sensitive to the stratospheric
abundance, whereas wide absorption wings are sensitive to tropospheric abundance, allowing
some details of the CO vertical profile to be determined. Nominal abundances of ~1 ppm (parts
per million) CO in the stratosphere and ~0.1 ppm in the troposphere are required to fit the
observed spectra. However, there is significant variation between the different studies (Figure 2)
and a consensus on tropospheric abundance has not yet been achieved.

The least controversial aspect of Neptune’s CO profile is that there is a significant amount,
~1-2 ppm, in the stratosphere at millibar pressures. The fact that the stratospheric abundance is
greater than the tropospheric abundance implies that Neptune’s stratospheric CO must have an
external origin [79]. Neptune’s stratospheric HoO abundance of ~1.5-3.5 ppb (parts per billion)
[81] must also have an external origin as water condenses deep in Neptune’s interior at ~100-
1000 bar, depending on the deep temperature profile. However, if both CO and H2O are from
the same external source it is not possible to explain the three orders of magnitude abundance
difference with a steady state flux of ices, interplanetary dust, or micrometeorites [82]. The most
plausible way to explain the stratospheric CO-H2O discrepancy is if Neptune experienced a large
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Figure 2. Neptune’s CO profile. A comparison of recent studies shows a wide range of CO profiles can fit sub-mm spectra
of Neptune. In the stratosphere at ~1 mbar there is a broadly consistent 1-2 ppm abundance, but in the troposphere there
are inconsistent results ranging from 0-0.5 ppm, indicating the deep CO profile is poorly constrained.

kilometre-scale comet impact in the last few hundred to a thousand years and that most of the
cometary HoO was converted to CO by shock chemistry [79,82,83]. This is supported by recent
observations of CS in Neptune’s upper stratosphere in trace amounts (20-200 parts per trillion)
[83]. CS is a shock chemistry product and was observed in Jupiter’s stratosphere after the impact
of SL9 [84]. The stratospheric CO abundance is thus not relevant to understanding Neptune’s
interior, but its presence does complicate the interpretation of atmospheric composition.

Neptune’s tropospheric CO does have important implications for the internal composition
and O/H enrichment, but is sadly much more controversial. Some interpretations have deep
tropospheric CO as high as 0.5 ppm [44,79,80], whereas others are consistent with no CO in
the deep troposphere [25,44]. The issue is that tropospheric CO is derived from wide CO line-
wing absorption, which only provides moderate constraints on the CO profile and may not
provide information about pressures higher than ~1 bar or so. This is because the line-wing
profile caused by tropospheric CO is degenerate with the uncertain tropospheric temperature
profile. Furthermore, many studies have required multiple observations to be stitched together
to give enough frequency range to cover the entire wing region (e.g., [44,79,80]), which can
introduce baseline shifts and cause additional uncertainties. The exact CO pressure sensitivity
also strongly depends on the uncertain temperature profile and assumptions about the form of the
CO profile itself, making the problem highly non-unique [25]. Given the under-constrained nature
of the problem, simple step-type functions are often used to fit the observations with only three
parameters: tropospheric abundance; stratospheric abundance; and transition pressure. These
profiles are surprisingly good at fitting the observations to within error, but are not likely to
be realistic representations of Neptune’s CO profile and extreme caution must be used when
interpreting them - especially the deep abundance. However, at least some CO must be present in
the upper troposphere to explain the observed CO line-wing absorptions and there are currently
two hypotheses about the tropospheric CO profile.

The first and most widely adopted hypothesis is that significant CO exists throughout
Neptune’s troposphere, well mixed by vigorous convection from the deep interior up to the
tropopause [44,79,85]. In thermochemical equilibrium, the mixing ratio of CO is controlled by
the net reaction [86]:

CO+3Hy=CHy4 + HO (2.3)

In the cold upper troposphere, the right-hand-side of reaction (2.3) is strongly favoured, and
CO is not expected to be present in anywhere near observable abundances if thermochemical
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equilibrium prevails. However, at high temperatures (>1000 K) in the deep troposphere
(>1000 bar), the thermochemical equilibrium abundance of CO is many orders of magnitude
larger. To explain ~0.1 ppm levels of upper tropospheric CO from an interior source, the
atmosphere cannot be in thermochemical equilibrium. Instead, models require a large interior
O/H enrichment combined with rapid advection of deep-tropospheric gases, allowing the CO
mixing ratio to be quenched at a deep-atmosphere abundance and reaction (2.3) to cease being
effective because of the reduced reaction rate at lower temperatures [44,85-87]. For this to happen
the mixing timescale must be much less than the loss timescale [44]. The required magnitude of
O/H enrichment relative to solar composition depends on details of the chemical scheme, but
ranges from 250-650 [44,85,86,88], with an O/H enrichment of ~250 being inferred in the most
recent study [88].

The second and more fringe hypothesis is that CO only exists in the upper troposphere, at
pressures of a few bar or less [25]. In this case tropospheric CO is sourced from the same external
comet as the stratospheric CO, not from the deep interior. This allows fitting of the sub-mm
spectra without the need for extreme interior O/H enrichment. However, for this to be viable
there cannot be vigorous mixing right up to the tropopause, or the upper tropospheric CO would
be lost by mixing into the deep interior.

To illustrate the non-uniqueness of spectroscopic sensitivity to tropospheric CO we performed
a synthetic retrieval test. We define an atmospheric model based on [25] with a CO profile that
has no CO at pressures greater than 1 bar (Figure 3a), representative of an external source only
profile [25]. The 1 bar pressure cut-off was chosen to be consistent with the approximate location
of the radiative-convective boundarys; it is plausible that the abundance of externally sourced CO
could be relatively stable at lower pressures than this, but at higher pressures external CO would
be lost to the deep interior via vigourous tropospheric mixing. A synthetic spectrum was then
generated using the NEMESIS retrieval code [90] for the 115 GHz CO (1-0) line, which is the
lowest frequency rotational CO line that probes the deepest in Neptune’s atmosphere (Figure 3b).
Random Gaussian noise was applied to this spectrum with a standard deviation of 1/1000*" the
continuum level (i.e., signal-to-noise = 1000), which is the dynamic range limit of ALMA, the
highest sensitivity sub-mm observatory currently available. This observation then represents a
best-case scenario for determining the deep CO profile. The CO profile was then inverted from
the synthetic spectrum using three types of parameterised profiles: a simple step as commonly
used in the literature; a step with a gradient instead of a sharp transition; and an external profile
with an upper tropospheric gradient and zero deep abundance. Both gradient profiles could
adequately fit the synthetic spectrum within errors, but the simple step slightly under-fits the
line wings. However, if small perturbations to the temperature profiles within the 5 K uncertainty
were allowed (Figure 3c) then the simple step could fully fit the synthetic spectrum to within
errors (Figure 3d). Furthermore, if a slightly lower but still impressive signal-to-noise of 500 was
obtained, the step function would be entirely consistent with the measurement without the need
for any temperature profile adjustments. The same problem exists the other way around, i.e., an
external gradient profile could fit a synthetic made with a step function to within errors. This
illustrates the non-uniqueness of obtaining a CO profile on Neptune and explains why there are
such a wide range of profiles in the literature. Even with ideal observations, an unrepresentative
CO profile can give an excellent fit to the data and provide misleading information about deep
CO abundance. The real atmosphere is likely to have some amount of disequilibrium CO being
dredged up from the interior, but existing observations are unable to constrain this amount.

3. Interpretation of atmospheric observations

Implications from individual atmospheric observations are often inconsistent and difficult to
fit into a single formation model [24,91,92]. Here we consider each of the ice and rock giant
interior models and determine what is required to incorporate the atmospheric observations into
a self-consistent theory. Figure 4 attempts to illustrate the implications of existing atmospheric
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Figure 3. CO (1-0) line sensitivity test. (a) Reference profile used to generate the synthetic spectrum along with best
fitting step and gradient profiles. (b) Fits to synthetic data using different profile parameterisations. All profiles provide
a reasonable fit to the spectrum, although the step profile under-fits the line wings. (c) A slight adjustment to the
temperature profile and step profile transition pressure can drastically improve the fit to the spectrum (d), even though the
parameterisation is not representative of the true profile. This illustrates the non-uniqueness of the observations and the
challenge of obtaining accurate CO profiles from remote sensing. x2/n is the reduced chi-squared misfit and should be
around unity for a fit consistent with measurement uncertainties [89]. AR is the difference between synthetic data and
fitted spectra.

observations for Neptune’s interior composition and how they could fit into ice- or rock-
dominated interior models. The interdependence of using atmospheric constraints, both on each
other and on uncertain assumptions, results in a rather complex and confusing picture. Both rock
and ice giants with various degrees of interior mixing can fit the observed fundamental physical
properties, which further adds to the uncertainty.

(@) Ice giant

The conventional model of Neptune (and Uranus) is an ice giant, where the interior comprises a
large fraction of ices (up to 90% by mass), mostly in the form of water ice. The ice giant model
has the advantage of having a large reservoir of interior water, that could act as a conductor for
driving the magnetic dynamo. The large fraction of ice is also compatible with extreme O/H
enrichment, providing an internal source for tropospheric CO.

However, there are significant problems with having a planet with this much ice. The main
issue is that if the interior is fully mixed and equilibrated, the inferred O/H enrichment from
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D/H and CO observations are incompatible. O/H enrichment is inferred to be ~30-130 from the
observed D/H ratio, whereas O/H enrichment >250 is inferred based on a deep tropospheric
CO mixing ratio of >0.1 ppm. This must be reconciled somehow and there are currently three
potential explanations that could be invoked to solve this for the ice giant scenario.

The first solution is if the neptunesimals were depleted in deuterium compared to present day
ices and that these exotic ices are no longer present in the solar system, with the justification being
that they were all used during planet formation. This seems highly unlikely as it relies on ices that
have not been observed anywhere in the solar system and would even be depleted in deuterium
compared to Earth’s oceans.

A second and more plausible solution is that the interior of Neptune is not completely mixed,
so that the measured atmospheric D/H ratio is not representative of the bulk planet. However,
the similarity of D/H ratios on Uranus and Neptune [24] is then very difficult to explain if the
planets experienced different degrees of mixing, as suggested by their different densities [5,6] and
very different heat fluxes [46,78], except by coincidence.

A third alternative is if Neptune formed on the CO ice line. Initial modelling using a static
protosolar nebula and a simplified instantaneous condensation scheme suggested that outward
diffusion of CO vapour driven by a steep concentration gradient near the ice line, coupled with
inward migration of icy pebbles due to gas drag, could result in a high density of CO-rich
pebbles at the ice line [93]. If Neptune formed at the ice line then these CO-rich pebbles could
explain Neptune’s large internal CO source without requiring excessive overall O/H enrichment
or HyO abundance [93]. However, the CO ice line location is very sensitive to rapidly evolving
disc conditions [94], with a general tendency to move inwards as the solar nebula cools [95], so
considering disc evolution timescales is essential [96]. Recent modelling of condensation rates
in the protosolar nebula also shows that production of solids near the ice line is less efficient
than previously thought [96], making it difficult to form Neptune at this location effectively.
Furthermore, it would be very difficult to form both Neptune and Uranus this way because the
ice line would have to migrate from one planet forming location to the other, but remain stable
for long enough to build planets in each location, making this scenario even less likely if Neptune
and Uranus have similar internal compostions. For Neptune to form on the CO ice line, timescales
for planet formation, subsequent planet migration, and ice line evolution must all be compatible,
which is difficult to achieve in current models [92,96].

(b) Rock giant

In the rock giant model of Neptune, there are still significant quantities of ice in the interior,
but most of the heavy elements are supplied by rock instead of ice. The rock giant model has
the advantage that Neptune can be formed from more conventional objects with similar rock-ice
ratios to Pluto, giant planet moons, and KBOs. KBOs appear to have a wide range of relative
ice compositions from almost pure rock to almost pure ice with smaller objects tending to have
lower densities suggesting they are more ice-rich [97]. For example a large object such as Pluto
has a relatively high rock:ice ratio of ~3:1 [98]. Recent observations and modelling show that a
rock fraction of ~0.7 can in fact fit many of these objects, with variations in porosity explaining
the density-size trend rather than variations in ice content [99]. If Neptune were formed from
such objects the interior would be rock-dominated and have a much lower O/H enrichment,
perhaps around 30-130 times solar. A lower O/H enrichment would also be more consistent
with the 50-100 C/H enrichment, assuming typical Neptune formation scenarios, except those
in which the heavy elements derive from clathrate hydrates (e.g., [100]). Another advantage of a
rock giant is that the reduced fractional content of ice means that the D/H ratio can be explained
with primordial ices with a similar D/H enrichment to present day solar system ices, even in the
case of complete internal mixing, which allows a greater range of realistic formation scenarios
[9]. Additionally, sequestering significant quantities of rocky material in the cores of Uranus and
Neptune during planet formation could potentially explain the deficit of refractory material in
the surface of the Sun compared to similar stars without planets [101].
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However, a rock giant interpretation would be at odds with significant tropospheric CO
reported by many studies. This could be resolved if CO from a major external source has been
slowly transported down from high altitudes to the upper troposphere near the ~1 bar region
before being removed by faster convective mixing below that level, with the internal source itself
remaining much smaller than 0.1 ppm. An accurate CO profile is essential to test this possibility.
Another potential problem with a rock giant is how to create the magnetic field, which requires
a conductive medium in the interior to support dynamo action. Possibilities include a shallow
conductive water-rich layer, sourced from the ice component of the rock-ice neptunesimals, or a
conductive silicate-hydrogen mixture of some kind.

(c) Summary of interior constraints

From the schematic in Figure 4 it is evident that there are four key unknowns, which are essential
to fully interpret atmospheric observations in terms of Neptune’s interior:

o The deep extent of CO beyond the upper troposphere, which determines the bulk O/H
enrichment.

o The tropospheric eddy mixing profile, which determines how the CO profile is
interpreted.

o The extent of internal mixing and equilibration within Neptune, which determines how
representative atmospheric measurements are of the interior .

o The source material of neptunesimals, which would allow the D/H ratio to be used to
infer bulk ice abundance.

The simplest interpretation based on current observations and models is that Neptune is a
rock giant, i.e.,, Neptune formed with more rock than ice (Figure 4). However, under different
assumptions both ice and rock giant interpretations are possible.

(d) Extension to Uranus

While this paper has focused on Neptune, similar arguments could also be made for Uranus. The
D/H ratios are very similar on Uranus (D/H=4.440.4x 10_5) and Neptune (D/H=4.140.4x 10_5)
[24], suggesting a similar O/H enrichment if Uranus’ interior is fully mixed. The tropospheric
methane abundance on Uranus is also ~2-4% [102,103], suggesting a similar C/H enrichment.
Many hydrocarbons have also been observed in Uranus’ atmosphere [104], but not CS. The
main difference in observed atmospheric composition between Uranus and Neptune that has
relevance to the interior structure is the measured CO abundance. Uranus’ stratospheric CO is
~8+1 ppb [105], which is much lower abundance than Neptune’s ~1 ppm. CO has not been
detected at all in Uranus’ troposphere, with a 30 upper limit of <2.1 ppb [31], again much lower
than Neptune’s ~0.1 ppm. Therefore, the case for a rock giant is in fact simpler for Uranus as
there is no requirement to dredge up CO from a strongly oxygen enriched interior to explain the
tropospheric composition. The lack of tropospheric CO could then be explained by either: lack of
a large cometary impact in the rock giant case; or by reduced tropospheric convection in the ice
giant case, as inferred from the low emitted infrared flux [78]. The D/H ratio is again the strongest
argument in favour of the rock giant scenario, although as for Neptune, for this to have relevance
to the interior requires a well mixed fluid envelope [9,24].

4. Conclusion

Current observational constraints from fundamental physical properties are consistent with both
ice and rock giant interpretations of Neptune’s internal structure. Further constraints are available
from observations of the atmosphere, which we consider in this paper, but it is difficult to
definitively interpret these measurements in terms of the planetary bulk composition because
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interpretation strongly depends on model assumptions or physical and chemical processes that
are not fully understood. In addition, measured abundances are likely influenced by “pollution”
from recent comet impact(s), which makes the problem even more challenging. Therefore,
observations of Neptune’s atmosphere are somewhat ambiguous and can support either model,
depending on what is assumed during the interpretation.

Abundant tropospheric CO has previously been used to argue a preference for the ice giant
interpretation, with extreme internal O/H enrichments of >250, but on closer inspection the
evidence for CO at pressures above a few bar is not convincing. Such a model would also most
likely require incomplete interior mixing during formation to explain Neptune’s low atmospheric
D/H ratio.

Cometary CO and reduced upper tropospheric mixing provides an alternative explanation
for Neptune’s CO profile, and is consistent with arguments based on the observed lapse rate
and photochemical model comparisons. This could favour a rock giant interpretation, formed
from rock-ice mixtures with similar properties to present day solar system objects, resulting in
O/H enrichments similar to C/H. This has the advantage of reconciling Neptune’s CO and D/H
measurements and using known ice sources.

A similar case can also be made for Uranus being a rock giant. The case for Uranus is in fact
more straight forward, as there is no observed tropospheric CO requiring an explanation, either
in terms of highly enriched O/H or external cometary source.

Definitively distinguishing between ice and rock giant scenarios on Uranus and Neptune
will require a dedicated future mission with orbiter and entry probe elements [28,29,106]. A
key measurement to make with such a probe would be the CO profile down to at least 10 bar
from a mass spectrometer. However, both CO and N have a molecular mass of 28, making
this a difficult observation. N» is also predicted to be an important disequilibrium quenched
constituent being dredged up from the deep atmosphere, so any instrumentation on an in situ
Neptune/Uranus probe would need some way of distinguishing CO from Ny [26,30], which was
not possible with the mass spectrometer included on the Galileo probe to Jupiter [107]. If such a
CO measurement were possible, it would provide a more definitive measure of Neptune’s O/H
enrichment. Such a measurement is not possible from Earth as even the deepest sounding CO 1-0
line can be interpreted in multiple ways and may only be sensitive to a few bar, which is not far
enough into the well mixed region to be representative. Measurements of the noble gases are also
essential for constraining formation scenarios, but are currently unconstrained as they require
in-situ measurement. Neon is soluble in liquid helium so may be depleted, but argon, krypton,
and xenon are not so can be used to determine neptunesimal composition, in particular they can
distinguish between icy planetestimals, clathrates, and ice line formation scenarios [26].

It would be essential to complement any probe measurements with orbital mapping to provide
global context. Observations of Jupiter with Juno show that internally sourced species can be
highly variable to high pressures of ~10 bar or more [70,71], suggesting the troposphere on
Neptune/Uranus may not be well mixed compositionally [106]. Orbital mapping of deep CO
at Neptune would be challenging and require a very high specification sub-mm sounder that was
carefully designed to be sensitive to deep abundance. Orbital measurements would also vastly
improve constraints on fundamental physical properties, particularly high order gravitational
coefficients, which can be used to constrain internal structure [9,70,108], and the magnetic field
structure and origin.

Uranus and Neptune’s interiors remain a mystery that urgently requires a new mission to
solve. This will not only reveal the formation and evolution of these enigmatic worlds, but will
also unlock new insights into our solar system’s evolution.
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