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Traditionally, the search for life on exoplanets has been predominantly focused on rocky
exoplanets. The recently proposed Hycean worlds have the potential to significantly
expand and accelerate the search for life elsewhere. Hycean worlds are a class of habitable
sub-Neptunes with planet-wide oceans and H,-rich atmospheres. Their broad range of
possible sizes and temperatures lead to a wide habitable zone and high potential for
discovery and atmospheric characterization using transit spectroscopy. Over a dozen
candidate Hycean planets are already known to be transiting nearby M dwarfs, making
them promising targets for atmospheric characterization with the James Webb Space
Telescope (JWST). In this work, we investigate possible chemical conditions on a canonical
Hycean world, focusing on (a) the present and primordial molecular composition of the
atmosphere, and (b) the inventory of bioessential elements for the origin and sustenance of
life in the ocean. Based on photochemical and kinetic modeling for a range of conditions,
we discuss the possible chemical evolution and observable present-day composition of its
atmosphere. In particular, for reduced primordial conditions the early atmospheric
evolution passes through a phase that is rich in organic molecules that could provide
important feedstock for prebiotic chemistry. We investigate avenues for delivering
bioessential metals to the ocean, considering the challenging lack of weathering from
a rocky surface and the ocean separated from the rocky core by a thick icy mantle. Based
on ocean depths from internal structure modelling and elemental estimates for the early
Earth's oceans, we estimate the requirements for bioessential metals in such a planet. We
find that the requirements can be met for plausible assumptions about impact history and
atmospheric sedimentation, and supplemented by other steady state sources. We discuss
the observational prospects for atmospheric characterisation of Hycean worlds with JWST
and future directions of this new paradigm in the search for life on exoplanets.

1 Introduction

The search for life elsewhere is the holy grail of exoplanet science. While the
detection of an atmospheric signature of an Earth-like planet orbiting a sun-like

“Institute of Astronomy, University of Cambridge, Cambridge, UK. E-mail: nmadhu@ast.cam.ac.uk
Space Science Institute, Boulder, CO, USA
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3fd00075¢

80 | Faraday Discuss., 2023, 245, 80-11 This journal is © The Royal Society of Chemistry 2023


http://orcid.org/0000-0002-4869-000X
http://orcid.org/0000-0002-8837-0035
http://orcid.org/0009-0001-9140-3299
http://orcid.org/0000-0001-5207-5424
https://doi.org/10.1039/d3fd00075c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fd00075c
https://pubs.rsc.org/en/journals/journal/FD
https://pubs.rsc.org/en/journals/journal/FD?issueid=FD023245

Open Access Article. Published on 02 sierpnia 2023. Downloaded on 30.01.2026 23:52:51.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

star remains a difficult goal,'”* habitable-zone sub-Neptunes transiting nearby M
dwarfs are more accessible; we refer to sub-Neptunes as planets with sizes
between those of Earth and Neptune. Their bright and small host stars lead to
larger planet-star size contrasts, making them more conducive to atmospheric
characterisation using transit spectroscopy. Traditionally, the search for bio-
signatures in exoplanets has been focused on rocky exoplanets in the terrestrial
habitable zone.*® Like terrestrial planets in the solar system, such planets are
expected to have predominantly rocky interior compositions but their atmo-
spheres may be more diverse, ranging from heavy CO,-rich or N,-rich atmo-
spheres to lighter H,-rich atmospheres.**” Recent transit surveys have discovered
a number of super-Earths in the habitable zones of their host stars, notably
around nearby M dwarfs, e.g. TRAPPIST-1,® LHS 1140,>™ and TOI-700.*>'* Theo-
retical studies show that the James Webb Space Telescope (JWST) will have the
capability to detect potential atmospheric biosignatures in such planets, albeit
with significant investment of observing time.**¢

Recently, a new class of sub-Neptune exoplanets, Hycean worlds, has been
proposed to significantly expand and accelerate the search for life elsewhere.
Hycean worlds are temperate sub-Neptunes with ocean-covered surfaces under-
neath H,-rich atmospheres.”” The temperatures and pressures in their oceans
allow for habitable conditions similar to those known to sustain life in Earth's
oceans. Hycean planets offer significant advantages in the search for life
compared to traditionally favoured habitable super-Earths with terrestrial-like
atmospheres. Firstly, due to the possibility of a large water fraction such
planets can be significantly larger in size for their mass compared to rocky
planets, up to 2.6 Rg for 10 M. Several recent studies have shown temperate sub-
Neptunes in this size range to be capable of hosting surface liquid water and deep
oceans for a range of atmospheric and interior conditions."®>" Secondly, the H,-
rich atmospheres allow for a much wider habitable-zone for Hycean worlds
compared to the terrestrial habitable zone."” The potential of H,-rich atmospheres
to sustain surface habitable temperatures for large orbital separations has also
been suggested previously in the context of rocky exoplanets.”*** Hycean planets
at large orbital separations are also expected to be conducive for long-term
habitability.*®

Thanks to their physical properties Hycean worlds are more detectable and
more accessible to atmospheric characterisation with current facilities compared
to rocky habitable planets. The low mean molecular weight of their hydrogen-rich
atmospheres and lower bulk gravity lead to larger atmospheric scale heights for
Hycean planets relative to rocky planets of comparable mass. The extended
atmospheres along with the large radii make them more favourable for trans-
mission spectroscopy and searching for spectroscopic biomarkers.”” The size
range of Hycean planets (~1-2.6 Rg) lies in the sub-Neptune regime (~1-4 Rg),
the radius range that dominates the currently known exoplanet population.”*** In
particular, the Kepler*® and TESS* missions have discovered tens of temperate
sub-Neptunes orbiting nearby M dwarfs, which are excellent targets for transit
spectroscopy. Over a dozen such planets have already been identified as candidate
Hycean worlds with high potential for atmospheric follow-up.'”?*** Simulation
studies show that such planets are indeed excellent candidates for detections of
key volatile species and potential biomarkers in their atmospheres.*”»3>34>*
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Characterising the atmospheric composition is essential to identify a Hycean
world. A degenerate set of internal structures can generally explain the observed
mass, radius and equilibrium temperature of a candidate Hycean world."® As
shown in Fig. 1, these solutions include rocky worlds with large H,-rich envelopes
or mini-Neptunes which contain both a rocky layer and an icy mantle along with
a significant H,-rich envelope, similar to the ice giants Uranus and Neptune in the
solar system. Neither of these two scenarios would support a habitable surface,
given the high temperature and pressure expected underneath the thick H,
envelope. Hycean worlds would lie between these two extremes, with a thin H,-
rich atmosphere that allows for a liquid water layer underneath at habitable
temperatures and pressures.” Recent studies have suggested using atmospheric
compositions to infer the presence of surfaces in sub-Neptunes with H,-rich
atmospheres.>*?” Thus, resolving the degeneracies in internal structure and
reliably identifying a Hycean world would require an understanding of the ex-
pected atmospheric chemical processes and the observable compositions.

While Hycean worlds offer the required thermodynamic conditions for oceanic
life their possible chemical conditions have not been explored in detail. A central
question in determining the possibility of life on a planet is whether its envi-
ronment has the potential for the origin and sustenance of life. The minimum
ingredients required for life on Earth are known to be:**? (a) an energy source, (b)
liquid water, and (c) various bioessential elements. Hycean worlds clearly satisfy
the requirements for the presence of an energy source and liquid water with the
presence of the host star and an abundant source of water. However, as is
common to all ocean worlds, including icy moons in the solar system,* the
availability of chemical inventory accessible for seeding and sustaining life is
a key challenge.**™** In particular, Hycean worlds, with their planet-wide oceans,
hinder access to bioessential elements resulting from geochemical cycles
involving weathering of rocky surfaces that would be natural for a rocky planet.
The large water fraction possible on such planets, as for other ocean worlds and
sub-Neptunes in general, can result in a thick layer of high-pressure ice dis-
connecting the ocean from the rocky core and limiting access to bioessential
nutrients.*"*>*>%¢ At the same time, other possible sources of nutrient delivery
remain possible, including delivery through impacts,***® extraterrestrial dust***®
and potential transport of nutrients from the inner core through a permeable ice
layer.*”~** In addition to bioessential elements, the availability of pre-biotic
organic molecules also plays an essential role in the origin of life. Pre-biotic
molecules such as HCN are thought to have been critical for abiogenesis in the
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Fig.1 Schematic of degeneracy between internal structures of Hycean worlds with those
of other possible planet types with H,-rich atmospheres.
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Early Earth.>> Whether such molecules can be delivered through extraterrestrial
impactors or need to be created in situ, or both, remains an open debate.*

In the present work, we explore the chemical conditions possible on Hycean
worlds. Using a canonical model of a Hycean world, we investigate the possible
molecular inventory resulting from photochemical and kinetic processes in the
atmosphere. We also explore sources of bioessential elements possible on such
planets. In what follows, we describe our methods in Section 2, including the
atmospheric structure, photochemistry, and internal structure models. We
present our results and discuss the chemical conditions possible for life on
Hycean worlds in Section 3. We discuss the observational prospects for identi-
fying and characterising Hycean atmospheres with JWST in Section 4. We
summarise our findings and discuss future directions in Section 5.

2 Methods

We explore the possible chemical conditions in a canonical Hycean planet
focusing on the molecular composition of its atmosphere and the availability of
bioessential elements in its ocean. We model the atmospheric pressure—
temperature structure using a self-consistent radiative-convective equilibrium
model, the atmospheric composition using a photochemical model, and the
ocean properties using an internal structure model. Here we describe the model
considerations.

2.1 Atmospheric modelling

We consider a plane-parallel H,-rich atmosphere in radiative-convective equi-
librium under Hycean conditions. We model the atmosphere using the GENESIS
self-consistent modelling framework® adapted for sub-Neptune atmospheres.*”**
This model self-consistently computes the temperature structure in radiative—
convective equilibrium using the Rybicki scheme considering external irradia-
tion, internal flux, possible scattering due to clouds/hazes, opacities from
different chemical species (in chemical equilibrium or for a given composition),
and day-night energy transport. The model computes line-by-line radiative
transfer using the Feautrier method® and the discontinuous finite element
method.”” For given system parameters and chemical composition, the model
self-consistently computes the temperature profile, flux profile, and the emergent
spectrum of a planet.

We assume a canonical Hycean planet with the bulk properties of the
habitable-zone sub-Neptune K2-18 b, which has been suggested as a candidate
Hycean planet."”*®* We adopt the system parameters reported by Benneke et al.,*®
with a planet mass of 8.63 Mg (ref. 59) and radius of 2.61 Rg (ref. 58) orbiting an
M3V host star. The thermodynamic conditions on Hycean worlds can span a large
range, with the ocean surface temperatures of 273-400 K and surface pressures of
1-10° bar. For our canonical model, we consider a limiting case of a warm Hycean
world in which the ocean surface is at a temperature (7) of ~400 K and a pressure
(P) of 100 bar. This choice is governed by the fact that most of the Hycean
candidates currently identified are at zero-albedo equilibrium temperatures
around 400 K. The bottom of the atmosphere is set at 100 bar, denoting the
pressure at the ocean-atmosphere boundary, and the top at 10~° bar. We derive
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the temperature profile with the required temperature and pressure at the bottom
boundary by a combination of model parameters, which involve the incident
irradiation, internal temperature, and scattering; an exploration of this parameter
space is discussed in recent studies.”*®

We first consider our canonical planet to be irradiated with the maximal flux
received by K2-18 b, i.e. at the sub-stellar point with no day-night energy redis-
tribution (f;), which corresponds to an irradiation temperature of 331 K. Alter-
nately, assuming a nominal f; of 0.35 this flux would correspond to an equivalent
irradiation temperature of 369 K. We assume a nominal internal temperature of
30 K. The primary source of molecular opacity in this canonical model atmo-
sphere is due to H,0.°%** We also include H,-H, and H,-He collision-induced
absorption.®*** We assume the H,O abundance to be saturated in the lower
atmosphere until a pressure of 0.1 bar at which point the H,O abundance is
assumed to be quenched higher up. We explore atmospheric pressure-tempera-
ture (P-T) profiles obtained using different levels of scattering in the atmosphere.
Various sources of scattering can influence the P-T profile, including clouds and
hazes of different compositions."”*® Here, we follow the approach of recent
studies’** and consider extinction due to hazes modelled as an enhanced Ray-
leigh scattering, with H, Rayleigh scattering enhanced by a multiplicative factor
which is a free parameter in the model. We also consider P-T profiles from other
recent studies®*** that assumed cloud/haze-free atmospheres for Hycean worlds.
We discuss the specific P-T profiles used in this work in Section 3.1.

2.2 Chemical kinetics modeling

To investigate the possible atmospheric composition of our canonical Hycean
world, we use the Caltech/JPL 1D KINETICS photochemical model®**® to solve the
coupled continuity equations for the chemical production, loss, and vertical
transport of atmospheric constituents. First, we consider models with a zero-flux
boundary condition at the bottom of the atmosphere to investigate how the
composition evolves with time chemically, when the atmospheric temperature at
the ocean surface is too low to allow full chemical recycling of the photochemical
products back into their original equilibrium constituents. Similar to previous
investigations,**” these toy models start with a thermochemical equilibrium
composition for different assumptions about bulk elemental abundances, and then
the composition is allowed to evolve with time under stellar UV irradiation,
assuming zero flux boundary conditions for all species (i.e., no atmospheric escape
or external input at the top of the atmosphere, and no chemical exchange with or
outgassing from the surface). The zero-flux assumption allows for a quick look at
the timing and behavior of the transition from the assumed reduced initial
atmosphere accreted from the protoplanetary disk—with H,O, CH,, and NH;
containing the bulk of the oxygen, carbon, and nitrogen in this cool, H,-rich
atmosphere—to the CO,, CO, H,0, N, dominant end state (also still within a H,-
rich atmosphere) that occurs when the more photochemically fragile reduced forms
of the elements are converted to molecules with stronger chemical bonds.*>*” Of
course, chemical exchange between the surface and atmosphere will occur on a real
planet, with outgassing of dissolved CO, being particularly important for ocean
worlds,***® which we also consider as discussed below. Table 1 shows the cases
reported in this work, with the zero-flux models corresponding to cases 1-6.
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These zero-flux models use the fully reversed reaction mechanism of Moses
et al”® that includes 92 species containing the elements C, N, O, and H that
interact with each other via ~1650 reactions; further model details are provided in
Moses et al.” and Yu et al.* As is discussed by Hu et al.,* sulfur species are ex-
pected to be largely sequestered in the ocean on such planets, and volcanic out-
gassing is expected to be shut down by the overlying high pressures at the rock-
ocean boundary.®>”* The eddy diffusion coefficient K, in our model atmospheres
is assumed to vary with pressure P according to K, = 5.6 x 10°P~*° cm” s, with
Pin bar (see ref. 72), with K, capped at 10'° cm* s~ in the upper atmosphere, and
K,, = 10° cm?® s™! at P > 0.5 bar. The stellar flux is taken from the HAZMAT
database,” and we investigate results assuming both a young (45 Myr) and old (5
Gyr) M dwarf of 0.45 solar mass, with a medium EUV level for that age/mass; the
younger star has a higher EUV flux. One change from Yu et al.*® is that we consider
H,0 condensation in these models, following procedures outlined in Moses
et al.”* Water vapor is saturated at the bottom (ocean) boundary. With some of the
thermal profiles, H,O will condense again higher up in the atmosphere if the H,O
vapor mixing ratio exceeds local saturation. Condensation/evaporation is
assumed to be zero above the minimum in the saturation vapor mixing ratio near
the tropopause (if one exists), such that the water vapor at higher altitudes never
exceeds that minimum mixing ratio; i.e., we assume condensed water droplets or
ice particles are not carried to higher altitudes where they might re-evaporate.
Model results are presented at various points in time as the composition evolves.

We use these zero-flux models to gain insight into the potential atmospheric
composition at various stages in the planet's history. All the models pass initially
through an organic-rich phase, whose lifetime depends on the atmospheric
thermal structure, the pressure at the ocean surface, and the UV flux from the star.
All models end up with at least partial conversion of the original CH, and NH; to
CO,, CO, N,, and heavier organic molecules. We use the output from these simple
models to define boundary conditions for more realistic photochemical models
designed to explore the atmospheric composition of a Hycean planet with
a surface ocean.

The atmospheric composition of these more realistic Hycean-world models
will depend strongly on boundary conditions, which are not known a priori for
these planets. Guided by our zero-flux model results and other discussions in the
literature,**”7>77 we examine an early organic-rich scenario where the atmo-
sphere is assumed to start with a Neptune-like 100 solar metallicity composition
in thermochemical equilibrium, with H,O controlled by saturation at the bottom
of the model. Mixing ratios of H,O, NH;, CH,, and He are fixed at the lower
boundary at these equilibrium (or saturated for H,O) abundances. Fixing the
mixing ratio in these models in combination with photochemical loss results in
an upward flux of O, C, N that in steady state must end up being balanced by a loss
of photochemical products through the oceanic lower boundary. Zero flux is
assumed for all species at the top of the atmosphere. Based on several early Earth
models and/or ocean-world models,**”>”” we have chosen deposition velocities vq
at the lower boundary of zero for O,, N,, and several long-lived C,H,~C,H,
hydrocarbons; v4 = 107% ecm s~ for CO; vq4 = 10> cm s~ * for CO,, C,Hs, C;Hs,
C,H,y, and stable hydrocarbons with 5 or more carbon atoms (precursors to
organic hazes); v4 = 1072 ¢cm s ' for H,CO, CH;0H, H,CCO, CH;CHO, HCN,
CH;CN, HC;N, CH3;NH,, NO, HNCO; all other species are assumed to flow
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through the boundary at the maximum possible rate, given by K, divided by the
atmospheric scale height. For our canonical Hycean world, the scale height at the
surface is larger than that on Earth, and the maximum vy is ~0.22 cm s~!. We use
the stellar flux from the younger star for this organic-rich “early-era” model. This
model is used for cases 7 and 8 in Table 1.

We also consider “late-era” scenarios where the reduced parent species have
already been depleted through conversion to more stable photochemical products,
such that the mixing ratios of CO,, N,, H,0O, and He are fixed at the lower boundary.
These cases are similar to the thin-atmosphere ocean-world models presented by
Hu et al.,** where dissolved CO, is expected to be the dominant carbon phase in the
ocean,® and the amount of atmospheric CO, is controlled by its equilibrium with
the ocean, which in turn depends on the oceanic pH. Hu et al.*® explored a range of
possible fixed CO, mixing ratios in their model, and we also consider three cases:
(1) a 100 bar, low-CO, case with a CO, partial pressure of 10 * bar (i.e., a mixing
ratio of 10~ for our 100 bar surface pressure), within the range of the lower bound
calculated for a pH of 9-10 by Hu et al.,*® (2) a 100 bar, intermediate CO, mixing
ratio (along with N,) that matches the mixing ratios at the lower boundary of our
zero-flux model runs at the 5 Gyr time period (i.e., 7.2 x 10 for N, and 1.37 x 10>
for CO, in our warmest model), and (3) a 1 bar, high-CO, case (10% CO,, 1% N,)
that aligns with the high-CO, case from Hu et al.*® The H,0 mixing ratios in these
models are fixed at saturation values at the lower boundary. The other boundary
conditions are the same as in the organic-rich early-era model, except that CH, is
assumed to have vq4 = 0 and NH; diffuses through the bottom boundary at the
maximum possible rate. These “late era” models use the stellar flux from the
older M dwarf star and are run to steady state. These models are represented by
cases 9-11 in Table 1. We discuss our results in Section 3.

2.3 Internal structure modelling

The internal structure is modelled following the approach used for Hycean
candidates in previous studies.'***”® For a given planet mass (M) and the mass
fractions of the constituent layers (x;), the planet radius (R;,) is obtained by solving
the structure equations, i.e. of mass continuity and hydrostatic equilibrium. We
assume four-layers - an H,-rich atmosphere, an H,O layer, a silicate outer core
and an Fe inner core. For each layer, the equation of state (EOS) and temperature
profile are specified, as described below. The structure equations, the adopted
EOSs and the P-T profiles form a set of coupled differential equations which are
solved using a fourth-order Runge-Kutta method.

In the H,-rich atmosphere the pressures and temperatures required to allow
habitable surface conditions are adequately low that the ideal gas EOS is suffi-
ciently accurate. More generally, for the H,rich layer we use the EOS from
Chabrier et al.” given the atmospheric P-T profile. The surface is taken to be at
the ocean-atmosphere boundary, or H,O-H,/He boundary (HHB)." In the H,0O
layer, we adopt an adiabatic P-T profile, with the initial pressure and temperature
set by the HHB. The temperature-dependent EOS for H,O is compiled from
multiple sources - see previous studies**® for a full description of these. The
EOSs we adopt for the core® are in the form of a Birch-Murnaghan EOS* for
MgSiO; perovskite®* and Fe,* which are temperature independent. The core is
assumed to be Earth-like in composition, with an Fe mass fraction of 0.33.
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3 Results

The potential for life on a habitable-zone planet depends on a wide range of
properties, including the thermodynamic and chemical conditions in both the
atmosphere as well as the interior. It has been suggested previously that Hycean
planets allow for a wide range of thermodynamic conditions in their atmospheres
and oceans, similar to conditions known to be conducive for life in Earth's
oceans."”” Here we explore the possible chemical composition of a canonical
Hycean atmosphere and the availability of bioessential elements in its ocean.

3.1 Atmospheric and interior structure

We consider a canonical Hycean planet and investigate the possible chemical
inventory in its atmosphere for a range of physical conditions. The temperature
structure of the atmosphere is arguably the central factor influencing the habit-
ability at the ocean surface. A wide range of atmospheric temperature structures
are possible in temperate sub-Neptunes, including Hycean worlds, depending on
the stellar irradiation, internal temperature, atmospheric composition, and
scattering due to clouds/hazes.””***%%%8 In particular, an adequate albedo due to
clouds/hazes is required to maintain a liquid water surface for most candidate
Hycean worlds.”*® An atmosphere without stong scattering due to clouds/hazes
would generally render the surface too hot to maintain a habitable
ocean.'**#>8¢88 The model considerations in this work are discussed in Section
2.1, based on the bulk properties of the candidate Hycean planet K2-18 b. We
consider four P-T profiles for our models. First, we construct three profiles (PT1,
PT2, and PT3) shown in Fig. 2, considering scattering due to hazes modelled with
Rayleigh enhancement factors of 900, 1100 and 1300, respectively. These profiles
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Fig. 2 Left: Model pressure—temperature (P—T) profiles of a canonical Hycean world
considered in this study (see Section 3.1). The profiles PT1-PT3 consider scattering due to
hazes modelled as enhanced Rayleigh scattering. CF1 and CF2 refer to P-T profiles from
previous studies®*®** assuming cloud/haze free (CF) model atmospheres for different
conditions as discussed in Section 3.1. Two profiles are shown for CF2 (ref. 54) with
different surface temperatures, and we consider a profile PT4 which has an intermediate
surface temperature between the two CF2 profiles. Right: Internal temperature structure
and the H,O phase diagram. The black curves denote the different phase boundaries. The
blue curves show H,O adiabats starting at ocean surface pressures of 1 bar and 100 bar.
The red curve shows the PT1 temperature profile of the canonical atmosphere from the
left panel for reference.
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represent a range of possible atmospheric temperatures but all have a maximum
temperature of ~400 K and pressure of 100 bar at the ocean surface. As discussed
in Section 2.1, our choice of this limiting case is driven by expectations for most of
the candidate Hycean worlds currently known. This surface temperature is also
close to the maximum ocean temperature of 395 K at which life is known to
survive in Earth's oceans.’*® Any cooler Hycean worlds would be even more
conducive to habitability, making the present case a conservative choice. We
explore additional cases in which the PT1 and PT3 profiles are limited to the 1 bar
pressure level, as shown in Table 1, representing shallower atmospheres with
surfaces at a pressure of 1 bar and temperatures of ~310-330 K.

We also consider a P-T profile based on a cloud/haze-free (CF) model atmo-
sphere of K2-18 b as pursued in recent works.**** Hu et al.*® consider an H,-rich
atmosphere of K2-18 b with Earth-like equivalent insolation, achieved assuming
a Bond albedo of 0.3, but otherwise considering no clouds/hazes in the model.
Innes et al.** report CF model P-T profiles for a K2-18 b-like planet with surface
temperatures of 270 K and 350 K at 1 bar pressure, as shown in Fig. 2 and denoted
by “CF2 270 K” and “CF2 350 K”, respectively. These correspond to the inner edge
of the CF Hycean habitable zone around an M dwarf similar to K2-18, which fora 1
bar atmosphere is at 0.28 au,* i.e. corresponding to the runaway greenhouse limit
for a steam-dominated lower atmosphere. We note that for these profiles a signif-
icant part of the atmosphere lies below freezing temperatures, making the pres-
ence of clouds/hazes and, hence, a high albedo arguably inevitable and inherently
inconsistent with the assumption of a CF atmosphere. Nevertheless, it is still
instructive to investigate the effect of photochemistry in such cool Hycean atmo-
spheres. We consider a variant of the CF2 350 K profile, denoted as PT4, restricting
the surface temperature to 310 K, which is intermediate between the two CF2
profiles, avoids steam domination, and is close to the other profiles shown in Fig. 2
at 1 bar, enabling a comparative study. Overall, we consider four P-T profiles (PT1-
PT4) for our photochemical models as shown in Table 1.

We also use the atmospheric temperature profiles to define the outer boundary
condition for the internal structure model as pursued previously for K2-18 b.*®
The internal structure model is described in Section 2. The goal of the internal
structure modelling is to estimate the range of ocean depths possible in our
canonical Hycean world, which is then used to estimate the inventory of bio-
essential elements required in the ocean. For this purpose, we use the hottest of
the four PT profiles (PT1), which leads to somewhat deeper oceans® and therefore
requires a higher nutrient budget, i.e. our conservative case. We consider two
different surface pressures for the ocean and estimate the range of ocean depths
possible given the 1¢ bounds on the mass and radius of the planet. For a 1 bar
surface, we obtain a minimum ocean depth of 120 km, for an upper bound mass
for K2-18 b of 9.98 Mg.”®** From the atmospheric P-T profile, the surface
temperature in this case is 328 K. Conversely, for the 100 bar case, we take the
lower mass limit of 7.28 M g, obtaining a maximum ocean depth of 370 km. This
is consistent with previous ocean depth estimates for the corresponding surface
gravity.”® In this case the surface lies at 398 K. In both cases, the total H,O mass
fraction in the interior is adjusted to minimise/maximise the ocean depth, with
an upper limit of 90%."” The H,O adiabats, showing the temperature structures in
the H,O mantle, for both cases are shown in Fig. 2. Therefore, based on our above
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estimates we nominally consider the ocean depths of our canonical Hycean world
to range between 100-400 km, which we use in Section 3.4.

3.2 Atmospheric composition

Hycean worlds are characterised by their bulk atmospheric composition being
dominated by H,. However, the remaining molecular inventory of a Hycean
atmosphere would depend on a number of factors, including the temperature
structure, metallicity (or more generally, the bulk elemental abundances), surface
pressure, the incident flux from the host star, potential atmospheric escape, and
potential chemical fluxes to and from the ocean surface beneath the atmosphere.
Many of these factors are unknown for Hycean worlds, particularly the initial
conditions set by planet formation and the boundary conditions set by the ocean
surface, which makes an ab initio modeling of their atmospheric chemistry
challenging. Some recent studies have investigated the atmospheric chemistry of
temperate sub-Neptunes with thin H,-rich atmospheres for different assumptions
about the surface and atmospheric parameters, which are also relevant for
Hycean worlds.***” Here we focus on our canonical Hycean atmosphere with
temperature structures as discussed above and explore the possible atmospheric
compositions for different assumptions about the initial and boundary
conditions.

As discussed in Section 2.2, we pursue a two-step approach. We first explore
models assuming a chemically inactive (zero-flux) lower boundary to assess the
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Fig. 3 Fully evolved (steady state) volume mixing-ratio profiles of prominent volatile
species with zero-flux boundary conditions (inactive surface) for a 100 x solar composition
atmosphere and surface pressure of (top) 100 bar and (bottom) 1 bar: (top left) for the PT1
temperature profile in Fig. 2, corresponding to case 1 in Table 1; (top right) for the PT3
temperature profile, corresponding to case 3; (bottom left) for the PT1 temperature profile,
corresponding to case 4; (bottom right) for the PT4 temperature profile, corresponding to
case 6. Note that the sharp decline in H,O, HCN, HC3N, and NH3 with altitude in case 6 is
due to condensation.
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sensitivity of the chemical processes to the assumed atmospheric properties, with
no influence from the ocean, as pursued in recent work.***” We then consider
cases with fixed mixing ratio and deposition velocity boundary conditions for the
ocean-atmosphere interface and assess their effect on the chemistry. We consider
different types of boundary conditions based on expectations for a primordial
atmosphere in thermochemical equilibrium or with significant CO, contribution
from the ocean, as discussed in Section 2.2. We note that in this study we do not
consider chemical fluxes resulting from potential life in the ocean which may
significantly impact the atmospheric composition; we discuss this in Section 5.

The results for the photospheric (1 mbar) abundances of prominent molecules
for the different model scenarios discussed in Section 2.2 are shown in Table 1.
The vertical abundance profiles for some representative cases are shown in Fig. 3—
5. Fig. 3 shows the abundance profiles for the models with zero-flux boundary
conditions corresponding to cases 1, 3, 4 and 6 in Table 1. The abundances of the
prominent molecules at 10 mbar and of other less abundant molecules are shown
in the ESL{ In what follows, we present our findings on the prominent C, N, O
molecules in the model atmospheres.

3.2.1 H, and H,0. The most abundant molecules expected in a Hycean
atmosphere are H,, by definition, and H,O, considering the ocean below. Even
though H, itself does not have a strong spectral signature the H,-rich nature of
the atmosphere can be inferred via its low mean molecular weight, which in turn
enables detections of other atmospheric constituents such as H,O (e.g. ref. 18, 30
and 58). The H,O abundance is governed by the temperature profile and atmo-
spheric metallicity. For example, an atmospheric metallicity of 1x and 100 x solar
would imply an H,O volume mixing ratio of ~0.1% and ~10%, respectively. If the
abundance is above the local saturation vapor pressure, the excess H,O can
condense and precipitate out. Across our models with profiles PT1, PT2 and PT3,
H,O is abundant and is governed by saturation at the lower boundary. It is,
therefore, generally expected that H,O will be detectable in most Hycean atmo-
spheres which are expected to be even warmer than K2-18 b."”

However, for the coolest Hycean worlds it is possible that the temperature at
some point in the atmosphere is cold enough to lie within the ice sublimation
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Fig.4 Steady-state mixing-ratio profiles considering an atmosphere with lower boundary
conditions of an active ocean surface with prescribed N, H,O, and CO, mixing ratios and
assuming the PT1 temperature profile in Fig. 2. Left: Abundances assuming a low CO,
mixing ratio of 107 at the atmosphere—ocean boundary, corresponding to case 10 in
Table 1. Right: Abundances assuming a high CO, mixing ratio of ~1.4 x 1072 at the
atmosphere—ocean boundary, corresponding to Case 9 in Table 1.
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Fig.5 Left: Evolution of atmospheric molecular composition at 0.01 bar for case 1in Table
1. Right: Abundance profiles corresponding to Case 7 in Table 1, based on initial conditions
of a reduced atmosphere in thermochemical equilibrium (similar to case 1) and fixed
boundary conditions for H,O, CH4 and NH3 (see Section 2.2). The abundances reflect the
composition at 28 Myr, showing the availability of organic species early in the evolution.

regime causing H,O to freeze out and further restricting the water vapor abun-
dance at higher altitudes. This can be seen for our case 3 and case 6, using profiles
PT3 and PT4, in Table 1 and in Fig. 3. This “cold trap” effect is seen both in the
Earth's dry stratosphere and in the solar system giant planets where H,O is
negligible at the 0.1 bar level. In such cases it is possible that the H,O may not be
detectable in transmission spectra, which typically probe pressures below ~0.1
bar. Thus, whether H,O is observable or not depends on the temperature struc-
ture of the atmosphere, which in turn depends on the various factors discussed
above.

This potential cold-trapping effect is relevant to the ongoing debate regarding
the observed transmission spectrum of the candidate Hycean planet K2-18 b,
which has an insolation similar to that received by the Earth.*®*°* The trans-
mission spectrum of the planet observed with HST has been explained by
a degenerate set of solutions including H,0 and/or CH,.'®**%"°> A non-detection
or underabundance of H,O in such an atmosphere could imply a cool and dry
photosphere irrespective of the presence of an ocean underneath. This, in turn,
could also imply the potential presence of H,O clouds below the observable
atmosphere. On the other hand, for hotter Hycean candidates an unambiguous
detection of H,O would be expected, as reported with the HST transmission
spectrum of the planet TOI-270 d.*® Thus, the detection or non-detection of H,O
in a Hycean atmosphere can place important constraints on the Bond albedo of
the planet, which strongly dictates the temperature structure in the observable
upper atmosphere. It is useful to note that besides the temperature profile, H,O is
relatively unaffected by other factors in a Hycean atmosphere, e.g. photochemistry
does not significantly alter the H,O abundance.

3.2.2 CH, and NHj. In thick H,-rich atmospheres, methane (CH,) and
ammonia (NH;) are normally expected to be the dominant C and N bearing
species under temperate conditions.®****** These molecules are ubiquitous in
solar system giant planets. Both molecules are susceptible to photodissociation
and other loss due to chemical kinetics in the observable atmosphere, but on
giant planets are readily replenished due to their high abundances in the lower
atmosphere, where higher temperatures maintain thermochemical equilibrium.
However, the presence of a shallow surface boundary (whether ocean or solid) can
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significantly deplete the NH; and CH, abundances by curtailing their replen-
ishment from the lower atmosphere.**?” In particular, we find that NH; is
substantially depleted for surface pressures as high as 100 bar, even if no inter-
action with the surface occurs, as shown in Fig. 3 and Table 1. For comparison, for
100x solar metallicity, the equilibrium abundance of NH; expected in our models
is 1.5 x 1072, The lower the pressure at the surface, the greater the amount of NH;
that is lost, as shown in Table 1 for cases 4-6. These findings are consistent with
previous studies.**”

NH; is also highly soluble in liquid water, thereby increasing its depletion
potential due to dissolution in the Hycean ocean, which acts as a sink. This loss of
NH; to the ocean is considered in our more realistic boundary condition models
(see also ref. 36), where we find that the steady-state NH; mixing ratio becomes
negligible; cases 9-11 in Table 1. Therefore, a substantial depletion or a lack of
NH; may be considered as a characteristic signature of a Hycean atmosphere. We
note, however, the possibility that the presence of life in a Hycean ocean may itself
be a source of NHj;, as has been suggested previously for habitable rocky exo-
planets with H,-rich atmospheres.®>*¢

The abundance of CH, is less discriminating compared to NH;. Even though
CH, is also susceptible to photodissociation and other chemical loss, it is ex-
pected to be more abundant than NH; due to multiple factors. Firstly, considering
cosmic abundances,” C is more than twice as abundant as N, and CH, is more
thermochemically stable than NH; at the warmer temperatures near the ocean
surfaces of Hycean planets. Secondly, in a H,-rich atmosphere CH, is replenished
by kinetic processes; that is, by photodissociation of other C bearing species such
as CO and CO, in the upper atmosphere, and—more significantly—by recycling
reactions deeper in the atmosphere, where higher pressures and temperatures
allow photochemical products such as CO to be at least partially converted back to
CH,. We find significant CH, abundances for models evolved up to 5 Gyr for
different surface pressures and metallicities, as shown in Table 1 and Fig. 3,
consistent with previous studies.’**” We note that CH, is comparatively less
abundant for lower metallicity and lower surface pressure, as also seen in
previous work with zero-flux boundary conditions.*

Paradoxically, we find that warmer atmospheres in our studied range for 100
bar surface pressures retain the most CH,, due to these aforementioned ther-
mochemical recycling reactions being more efficient at higher temperatures.
Atmospheres with ocean surfaces at lower pressures, on the other hand, lose more
CH, as a result of missing out on these thermochemical reactions at greater
depths, and they lose the methane on faster time scales. Depending on atmo-
spheric temperatures, surface pressure, and planetary age, it is possible that CH,
could be severely depleted and the C occupied primarily within CO, for atmo-
spheres with high initial metallicities, shallow surfaces, older evolved composi-
tions, or low carbon inventories (including low CO, dissolution scenarios, where
CO, from the ocean is the only source of carbon). This latter scenario can be seen
from our cases 10 and 11 in Table 1 and Fig. 4. Thus, a Hycean atmosphere might
be expected to have observable amounts of CH, (>10~") under most conditions,
but several factors can affect those expectations.

An important metric could be the relative abundance of CH, vs. NH;. If both
molecules are present in high abundances consistent with expectations from
thermochemical equilibrium, a Hycean ocean may be confidently ruled out.
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However, if NH; is absent or substantially depleted relative to CH, the presence of
an ocean would be more likely.

3.2.3 Carbon oxides: CO and CO,. In temperate and thick H,-rich atmo-
spheres, CO and CO, are generally expected through chemical disequilibrium
processes and/or high metallicity. CO is expected through vertical mixing from
a thick, deep atmosphere where high temperatures can thermochemically favor
CO as the dominant C bearing species.®® On the other hand, CO, is expected in the
presence of high-metallicity. Both CO and CO, can also result from C based
photochemistry in the presence of a high H,0 abundance. However, the presence
of an ocean underneath a thin H,-rich atmosphere, as in a Hycean planet, can
significantly enhance the CO, abundance further due to release of dissolved CO,
from the ocean.’*® Furthermore, over long timescales, as CH, is progressively
photodissociated or otherwise chemically destroyed without replenishment from
the lower atmosphere, CO, can become the dominant C bearing species in the
atmosphere. We generally find a high CO, abundance across most of our cases,
especially those with the warmer P-T profile (PT1) and 100x solar metallicity, as
shown in Table 1 and Fig. 5. CO is generally less abundant than CO, with the
exception of cases where the overall oxygen abundance is low, due to freeze out of
H,0 in the atmosphere, as in case 6 for the coolest temperature profile we
consider.

We note the important difference that the CO, abundance in our zero-flux
boundary condition models is primarily due to chemical-kinetic processes in
combination with initial metallicity assumptions, whereas that in cases 9, 10, & 11
and in the models of Hu et al.*® is an input to the model based on the assumption
for how much CO, is released from the ocean. In the Hu et al*®* models, the
abundance of atmospheric CO, is controlled by whatever fixed mixing ratio they
adopt for CO, at the lower boundary, which they nominally assume to be between
4 x 10~* and 0.1; their estimate for the lower-bound ranges between 5 x 10> and
7 x 10~* bar partial pressure of CO,. We also examine cases where the only
carbon present in the atmosphere is that released through equilibrium with CO,
dissolved in the ocean, with an assumed CO, mixing ratio at the ocean surface of
107° (i.e., CO, partial pressure of 10~* bar for our 100 bar atmosphere case),
~1.4%, or 10%. These correspond to cases 9-11 in Table 1 and Fig. 4.

As with the Hu et al.®*® study, we find that adopting fixed mixing-ratio lower-
boundary conditions for CO,, N,, and H,O in a canonical ocean model results
in an atmosphere with much larger CO,/CO ratios than for otherwise similar
planets without ocean interaction. We agree that the CO,/CO ratio could be
a useful indicator to distinguish between high-metallicity deep atmospheres and
planets with shallower atmospheres and liquid-water oceans. However, our high
CO, ocean-release cases produce much less CH, than is derived for the Hu et al.*®
models, which end up with more CH, than CO,, despite CO, being the only
incoming source of carbon in the model.

While the presence of substantial atmospheric CO, and high CO,/CO ratios
may be strong indicators of a Hycean ocean, the absence of CO,—while less likely
on a warm Hycean planet—might also be less informative. For example, following
the approach of Hu et al.** a low CO, abundance could indicate (a) a high effi-
ciency of dissolution of CO, in the ocean and less availability in the atmosphere,
or (b) more C sequestered in the core, making it less available in the ocean, or
a generally low C content in the planetary interior as a whole. Secondly, the

94 | Faraday Discuss., 2023, 245, 80-111 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fd00075c

Open Access Article. Published on 02 sierpnia 2023. Downloaded on 30.01.2026 23:52:51.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

abundance of CO, in the atmosphere can also depend on the initial availability of
CH, and H,O in the atmosphere through the CH, + H,O — CO, conversion
process (ie., assuming that the primordial atmosphere contained CH,4 not in
immediate chemical equilibrium with the liquid ocean, such that the oceanic CO,
does not control the entire atmospheric carbon budget). For cooler Hycean
planets where H,O can be frozen out in the observable atmosphere, CO, could
also be underabundant from this process and hence less observable. Finally, it is
also possible that microorganisms in a Hycean ocean could efficiently use dis-
solved CO, for biological processes and subsequently release other gases such as
CH, or O,. Microbial methanogenesis is known to be a significant source of CO,
consumption in the Earth's oceans®®'* and it is not inconceivable that life in
a Hycean ocean may find efficient ways to do the same.

3.2.4 Other molecules. Most of our models contain moderate (typically ppb
to ppm) levels of HCN, but because HCN is produced from photochemistry of
both N, and NHj; in the presence of other carbon-bearing molecules, it does not
seem to be a good indicator of the presence/absence of an ocean. Tsai et al.>” also
emphasize that HCN is very sensitive to stellar properties and the strength of
atmospheric mixing, so HCN becomes less reliable than NH; as an indicator of
the presence of a surface. We do find that HCN is more depleted when a sink at
the oceanic lower boundary is included, as in cases 9-11.

Similarly, CH;OH becomes very abundant in some of our zero-flux boundary
condition cases (e.g. cases 2 & 3 in Table 1 and Fig. 3) but is more depleted in our
models with ocean interaction, due to dissolution in the ocean. In that way,
CH,;0H can become a good discriminator of ocean versus solid surfaces, as sug-
gested originally by Tsai et al.*” Note also that the CH;OH abundance in our zero-
flux models has a high sensitivity to atmospheric temperatures, being less
abundant in some atmospheres because it becomes a casualty of the more effi-
cient conversion of CO into CH, at depth in warmer atmospheres (as in cases 1
and 4, see e.g. Fig. 3), or becomes a casualty of the low atmospheric oxygen
abundance that results from H,O freeze out in colder atmospheres (as in case 6,
e.g., Fig. 3).

With our cooler zero-flux models with a 100 bar surface, we find that C,Hg
could also be an excellent indicator of a dry, unreactive planetary surface on a sub-
Neptune planet. This can be seen in Fig. 3. If H,O is moderately depleted through
condensation/sublimation near a tropopause cold trap (e.g., with our PT2 & PT3
profiles, cases 2 and 3), such that H,0 has a reduced abundance in the middle
and upper atmosphere, conversion of CH, into CO and CO, becomes less effective
than conversion of CH, into heavier hydrocarbons. In that situation, the overall
photochemistry becomes more like that of Jupiter, except the hydrocarbons are
not recycled efficiently back to CH, at depth. The eventual steady-state abundance
of photochemically stable hydrocarbons such as C,Hg and other alkanes (e.g.,
C3Hg and C4H; ) becomes very large in cases with no surface loss, such that C,Hg
actually contains the bulk of the carbon in the atmosphere. We are also finding
a significant C¢Hs abundance in our zero-flux models, but that result seems less
robust, as we end the carbon chemistry at CsHg and do not consider further loss of
benzene to PAHs and other heavy organics. In our ocean models with fixed CO,,
N,, and H,0 boundary conditions, we assume a moderate deposition velocity loss
of C,H, through the ocean boundary, and the steady-state C,Hs mixing ratio is
less dramatic. Therefore, C,Hs should provide a better observational marker than
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CH,;O0H to distinguish ocean planets from solid-surface planets on sub-Neptunes
that are cold enough for significant atmospheric water depletion. Another species
of potential note is HC;N, which becomes relatively abundant for some of our
models.

3.3 Prebiotic molecular inventory

The molecular inventory of a habitable planet in the early stages of its evolution is
expected to play an important role in its propensity for seeding life. On the Earth,
key pre-biotic molecules such as HCN are thought to have played a pivotal role in
abiogenesis.*” Here, we investigate the molecular abundances over the lifetime of
our canonical Hycean planet. At the outset, we find that most of the models
considered undergo a phase that is rich in organic molecules early in the evolu-
tion, typically within the first ~1-300 Myr. The relative abundances of the
different molecules depend on the boundary conditions and other factors dis-
cussed above. However, a common outcome in our zero-flux models is the prev-
alence of important organics such as CHy, C,Hg, C¢Hg, and nitriles over the early
evolutionary history, as shown in Fig. 5, left panel.

We find that our models with fixed boundary conditions corresponding to an
initially reduced atmosphere result in abundant organics starting very early in the
evolution. We explored this in cases 7 and 8 in Table 1; the abundance profiles for
case 7 are shown in Fig. 5, right panel. We find that hydrocarbons, nitriles,
alcohols, and other organics can become extremely abundant in the first few
million years of atmospheric evolution, if we assume the original starting
composition were reduced (e.g., CH,, NH3, and H,O being the main carriers of
C, N, and O, as would be expected for a cool H,-rich accretion atmosphere in
thermochemical equilibrium in the gaseous envelope, but not the ocean); see also
ref. 35 and 37. High abundances of C,Hg, C3Hg, C4H;0, CsHs, C,H,, HCN, H;CN,
CH;NH,, CH;CN, and CH;O0H are particularly worth mentioning from our model
results. While it may be unlikely that we manage to catch this early evolutionary
stage in observations of Hycean planets, these photochemically produced mole-
cules could provide pre-biotic molecules to the ocean. The abundance of HCN, an
important prebiotic molecule on Earth,** is strongly correlated with the presence
of NH; in the atmosphere. As NH; is photochemically destroyed over time, and is
readily soluble in the ocean, most of the N is locked in N, thereby reducing the
abundance of HCN at later times. However, other hydrocarbons with lesser or no
dependence on N continue to be abundant. Heavier organic species are present
but not particularly abundant in our final steady-state atmospheres with ocean
interaction included, due to relatively low abundances of the primary parent
molecule CH,. However, if CH, continues to be abundant in the present-day
atmosphere due to the reasons described above, a rich organic molecular
inventory may continue as well.

3.4 Availability of bioessential elements

A central challenge to the habitability of Hycean worlds, as for all ocean worlds, is
the availability of bioessential elements. Bioessential elements include the
common volatile elements (CHNOPS) as well as essential metals such as Fe, Na, K,
Mg, Mn, Ni, Ca, Cu, Zn, Co, and Mo,******** which perform key functions in
biochemical processes in terrestrial life. The challenge lies in the fact that ocean
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worlds would not have ready access to these elements which are typically acquired
through interaction between the hydrological cycle and the silicate portion of the
planet. This problem is particularly acute for planets with deep oceans where
high-pressure ice at the bottom of the liquid water column can preclude access to
elements from the rocky core. This challenge is well recognised both for volatile-
rich sub-Neptunes®*® as well as for icy moons in the solar system.* For planets
with H,O-rich interiors and H,-rich atmospheres, including Hycean worlds, H
and O are naturally present in abundance while C and N are also found in large
quantities in volatile ices (e.g. Rubin et al'®®) and so could be present in the
required abundances. However, this is not necessarily the case for P, S, and
refractory metals. Here we assess possible sources of these elements for our
canonical Hycean world.

3.4.1 Mass requirements. We first estimate the elemental inventory required
for life in a canonical Hycean ocean assuming similar concentrations as those
found in the Early Earth oceans.'*'**"'> We consider ocean depths of 100-400 km
for a canonical Hycean world similar to K2-18 b, following Section 3.1, with R, =
2.61 Rg. We note that here we are primarily concerned with the amount of
nutrients required to seed life on the canonical Hycean as in the oceans of the
Early Earth. Based on estimates of the elemental concentrations (in mol L™") in
the Early Earth oceans and the volume of our canonical Hycean ocean, we
calculate the total elemental mass requirements in the Hycean ocean such that
elemental concentrations in these two oceans match.

We use Robbins et al.’** estimates of Archean ocean metal concentrations.
These originate from geochemical modelling by Saito et al.,'*® except for the Mo
values which are adopted from Anbar and Knoll.'”” We take Jones et al'* and
Crowe et al.*** values for the P and S concentrations respectively. These estimates
are obtained through a variety of methods. The Saito et al.'* results come from
geochemical modelling of the concentrations of various metal species under
anoxic and iron-rich conditions representative of Archean oceans.!?"103106:108:109
The modelling finds that the relative availability of various metals follows Fe >
Ni,Mn,Co > Zn,Cu. It is assumed that there is sufficient nutrient influx (e.g. from
weathering) for the actual Earth ocean concentrations to match these modelling
estimates. The P, S, and Mo values, in contrast, are taken from proxy sedimentary
records. This can offer a more nuanced view of changes over time but can be
limited by imperfect sorption models and post-deposition alteration of the
sediments. 111

A proportion of the elemental mass budget will be present in a precipitate
instead of a dissolved form. Since the former will not be bioavailable, we adopt
a dissolved fraction'®'"” to scale our Hycean mass budget for each element. This
increases the required mass budget for each element. We note that we have not
modelled self-consistent Hycean ocean chemistry or any kind of (geo)chemical
cycle and so there is still significant uncertainty in this dissolved fraction. The
Hycean ocean considered here would be warmer than the Earth ocean, meaning
that the solubilities of various species would be different than on Earth. To reflect
these unknowns, we introduce uncertainties of 1 dex in the primitive ocean
concentrations, except for Mo for which we consider an increased uncertainty of
1.5 dex as its Archean abundance is relatively less accessible. The mass require-
ments are shown in Table 2 and Fig. 6.
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Table2 Estimates of element masses required to provide the necessary concentrations in
our canonical Hycean ocean. Cpo is the estimated concentration of a given element in
Earth's primeval ocean,*** shown in log(moles/litre), and M4 is the median estimate of the
element mass (in kg) required, assuming a median ocean depth of 200 km. The estimated
range is shown in Fig. 6. fcc refers to our adopted mass fraction of the element in
carbonaceous chondrites, and Fy;ss is the solubility fraction of the element dissolved in
Archean ocean conditions on Earth.*°¢*%” M, is the median estimate for the mass (in kg)
of that element delivered from asteroid impacts

Element CPO Mreq fCC Fdiss Mimp

Fe —4.6 3.2 x 108 2.0 x 107" 3.0 x 107! 4.0 x 10"
Ni —8.2 8.5 x 10™* 1.3 x 1072 3.0 x 107" 2.6 x 10"
Mn -8.3 3.2 x 10™* 1.6 x 1073 6.0 x 107! 3.2 x 10'®
Co —-8.1 4.6 x 10 6.0 x 10~* 7.0 x 107" 1.2 x 10*°
Mo -9.0 2.1 x 10*° 1.5 x 10°° 3.0 x 1072 3.0 x 10"
Zn —14.0 4.5 x 10"° 2.0 x 107* 1.0 x 1077 4.0 x 10"
Cu —22.0 4.4 x 10™* 1.0 x 10°* 1.0 x 107 2.0 x 10*°
P —6.5 6.9 x 10%° 1.0 x 107 9.8 x 107" 2.0 x 10
S —5.0 5.7 x 10'® 1.0 x 102 4.0 x 1072 2.0 x 10"

- Requirement . Asteroid impacts . Envelope precipitation

10 | l N
alo”- l 1 -
1013:- II -

Fe Ni Mn Co Mo Zn Cu P S
Element

Fig. 6 Inventory of prominent bioessential elements. The estimated masses of the
elements required for our canonical ocean are shown in green, along with the masses that
can be available from impacts (brown) and from atmospheric settling (blue). See Section
3.4.

3.4.2 External delivery. One of the most common sources of elemental
delivery in planetary environments is through external impacts by asteroids over
the early history of the planet. Considering representative impactors on the
Hadean Earth, we estimate the concentrations of nutrients that can be delivered
to the Hycean ocean. We assume a composition of carbonaceous chondrites,"**
which are somewhat lower in metal content relative to other asteroids. For the
impacting masses, we take the minimum estimate of post Moon-formation
impacts,'*® itself derived from the crater size distribution on the Moon. This
gives a total asteroid mass of 2 x 10" kg which impacted the Earth, which we set
as the total asteroid mass impacting the Hycean world. The mass distribution is
weighted towards larger objects, M(<m) o« m®>.1> While the estimates for the total
mass delivered to Earth in this Late Heavy Bombardment/Late Veneer scenario
vary (as does the precise timing of these events, although this is not relevant to

us), our value is on the lower end of usual estimates.****
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Only a small fraction of the 2 x 10>" kg will end up dissolved in the Hycean
oceans. Large impacts can travel through the ocean and deliver mass to the ice
layers or even the core. Hydrodynamic modelling of asteroid impacts into Earth's
oceans' " suggests impactors will form impact craters if the ocean depth is less
than 5-7 times the impactor diameter. If this factor applies to a 200 km deep
Hycean ocean, only objects with diameters below 29 km would break
apart completely in the ocean. Considering a chondritic asteroid density of
1600 kg m > **® this would mean only objects lighter than ~2 x 10'® kg, and so
only ~0.5% of the total mass would be in impactors small enough to completely
break apart in the ocean. Larger collisions that do reach a solid surface will throw
up material back into the atmosphere, which will rain back down as small
particles.>®'*® On the Earth, large collisions excavate material with a total mass
nearly as large as the impacting mass,"* significantly increasing the amount of
mass deposited on the planet surface.

However, as little work on large impacts in deep oceans has been done, we are
cautious about this additional amount of mass delivered to the oceans. We
assume that between 0.25% and 25% of the total impact mass stays in the oceans,
with a median of 1% or 2 x 10" kg, and provides the required source of bio-
essential elements for seeding life. This fraction will change depending both on
ocean depth and the precise physics of impact. The mass requirements and
asteroid nutrient delivery rates are shown in Table 2 as well as Fig. 6. We find that
in general asteroid impacts can plausibly deliver enough mass for the bioessential
elements with the possible exception of molybdenum and sulphur.

Another avenue for nutrient delivery is through steady state accretion of extra-
terrestrial dust. The possibility of extraterrestrial dust being a sustained source of
bioessential nutrients has been considered in the context of both the Earth™* and
sub-Neptunes.*® For example, in the context of the Earth, the amount of Fe ob-
tained through this source is estimated to be 4 x 10° kg per year,?* compared to
a global phytoplankton Fe assimilation of 7 x 10® kg per year.'? So this flux would
only be able to support a small biosphere by itself, and it would take of order 10**
years for it to raise the overall ocean Fe budget to the required ~10'® kg. While it
may help life continue once it has started, it may not be a substantial contributing
factor to the start of life, unless the dust accretion rates are significantly higher at
early times. On the other hand, depending on the system parameters the impactor
and dust influx on Hycean worlds may be significantly higher than assumed here
based on Earth values. Future work can investigate if the larger planet sizes of
Hycean worlds and their closer proximity to their host stars, among other system
properties, may enhance the mass influx rate.

3.4.3 Atmospheric condensation. Another important source of nutrients in
a Hycean world would be the initial atmospheric composition. Depending on the
formation scenario, the primordial hydrogen-rich atmosphere of a Hycean planet
can contain a significant abundance of metals reflecting their proportions in the
H-rich nebula. For example, a solar composition gas contains 0.13% by mass in
Fe, 0.007% in Ni, etc.,"** as shown in Table 3. However, this abundance is not
a given considering that the planet could form outside the metal condensation
fronts in the protoplanetary disk and accrete metal-poor gas. On the other hand, if
the planet forms closer in or accretes significant solids along with the volatiles
during formation it is conceivable that an equivalent amount of metals to
a nebular metallicity gas, or even higher metallicity, may be accreted and
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Table 3 Estimation of mass budget of selected elements contained in the atmosphere. X/
H is the number fraction of the element relative to H in solar abundance**? f,, is the
atmospheric mass fraction in a given element for a solar composition atmosphere. Mconq is
the median estimate mass (in kg) of the element delivered to the ocean; the estimated
range is shown in Fig. 6

10%° 3.8
10" 3.1
108 1.7

1077 4.4
10~ 6.9
10~* 5.7

1078 7.2
1077 5.9
107° 3.2

Cu 1.5
P 2.6
S 1.3

Element X/H Sfatm Mieq Mona
Fe 3.0 x 107° 1.3 %1073 3.2 x 108 6.6 x 10"
Ni 1.6 x 10°° 7.2 x10°° 8.5 x 10" 3.7 x 10'®
Mn 3.3 x 1077 1.1 x107° 3.2 x 10" 7.1 x 10*°
Co 8.5 x 10~° 4.2 x 10°° 4.6 x 10™ 2.0 x 10*°
Mo 7.6 x 107 5.4 x 107° 2.1 x 10*° 2.9 x 10*?
7Zn 3.6 x 1078 1.7 x 10°° 4.5 x 10"° 9.3 x 10"

X X X X

X X X X

X X X X

accessible in the volatile layer. If initially present in the atmosphere, these metals
would eventually condense out given the temperate atmosphere of a Hycean
world. We estimate whether such a scenario could meet the bioessential metal
requirement in a Hycean ocean.

We consider a nominal atmospheric mass of our canonical Hycean planet to
range between 10~° and 10! M,,, informed by our internal structure model and
previous estimates for K2-18 b." Considering a solar composition for the atmo-
sphere, we estimate the elemental budget of key metal species, as shown in Table
3. For P and S, which are not expected to condense out in the same fashion, we
take a Neptune-like 100 x solar metallicity atmosphere and assume that 1% of the
atmospheric species end up in the ocean, very likely an underestimate.*® We find
that condensation in our primordial atmosphere provides comparable elemental
inventory to the ocean requirements. Fig. 6 shows these estimates alongside the
masses of required nutrients and possible asteroid impacts.

3.4.4 Convective transport from core. The lack of an ocean-rock boundary,
preventing the dissolution of key nutrients and minerals, has been a longstanding
objection to life both on ocean exoplanets and larger icy moons such as
Ganymede.*** However, evidence is building that even on planets with thick
high-pressure ice layers, there may still be transport within the ice layer through
convection.””"**** Hernandez et al.* found that ice VII could transport up to 2.5%
NaCl in its crystalline structure, although it is not clear what the situation for
other nutrients would be. A number of unknowns prevent us from estimating the
nutrient mass budget in the ocean possible through this mechanism. In partic-
ular, we expect ice X near the Hycean core boundary, and its behaviour is even less
understood than ice VII. However, some form of nutrient transfer from the core to
the ocean may be plausible.

4 Observational prospects with JIWST

A central promise of Hycean planets is their accessibility to atmospheric char-
acterisation with current facilities, particularly the JWST."” Their low gravities and
low atmospheric mean molecular weight make Hycean worlds more conducive to
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atmospheric spectroscopy compared to rocky exoplanets of comparable mass and
temperature. Several recent studies have demonstrated the feasibility of detecting
key molecular signatures, including biomarkers, in candidate Hycean worlds
using transit spectroscopy with JWST.'**'2* Our goal here is to assess (a) the
spectral features of relevant chemical species observable with JWST transit
spectroscopy, and (b) chemical diagnostics for identifying a Hycean planet.

4.1 Atmospheric spectroscopy with JWST

The high sensitivity and broad spectral range of JWST provide a promising avenue
to detect key molecular species expected in Hycean atmospheres using transit
spectroscopy. Here we assess the spectral features of the molecules predicted in
our photochemical calculations, in Section 3, that may be observable with JWST.
We model a transmission spectrum of K2-18 b using an adaptation of the AURA
exoplanet atmospheric modeling and retrieval code.”” We refer the reader to
previous works'”*** for details on the model setup using the AURA code and for
the same planet bulk parameters as considered here. The model considers a plane
parallel atmosphere at the day-night terminator of the planet in hydrostatic
equilibrium and computes the transmission spectrum for a given temperature
structure and composition. Besides the molecules considered in previous works
using the AURA model,"”""***** we consider three additional molecules C,Hg,"?****
HC;3N,?%12712% and CH3OH.'?%'?*7130131 Ag gseen in Section 3, the atmospheric
composition can vary widely depending on a number of factors, including the
temperature structure, atmospheric metallicity, ocean surface pressure, and
ocean-atmosphere interactions. We consider an isothermal temperature struc-
ture at 300 K and uniform volume mixing ratios of 10~ for H,0, 10~ * for CH,, and
107" for all other species. While these values lie within the wide range of abun-
dances predicted by our chemical models, we note that some of the species may
be significantly less or more abundant in a Hycean atmosphere than assumed
here for illustration.

The model transmission spectrum along with the relative contributions of the
molecules and synthetic JWST observations are shown in Fig. 7. Following

0.31 Full model —— CHy —— CO HCN —— CyHg —— None
— H,0 —  NH; — CO, —— HC;N —— CH;OH
¥ 0.30
£
2
Q
Q 0.29
=
Z
g
& 0.28
0.27 <

1 2 3 4 5 6 7 8 9 1
‘Wavelength (pm)

Fig. 7 Model transmission spectrum of our canonical Hycean world K2-18 b. The model
spectrum with all the molecules included is shown in grey. The spectra with the individual
contributions of the different molecular species are shown as denoted in the legend. The
synthetic JWST observations corresponding to the full model are shown as the gold-
centered black points with error bars binned to a resolution of R = 40. The observations
include one transit with NIRISS SOSS, three transits with NIRSpec G395H and two transits
with MIRI LRS, as discussed in Section 4.
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previous work,"” we assume 1 transit with JWST NIRISS™* and 3 transits with
NIRSpec G395H,'***** and an additional 2 transits with the MIRI*** spectrograph
to obtain a broad 1-10 pm spectral coverage. The simulated spectra were gener-
ated using Pandexo."* The resultant 6 transits of K2-18 b can be observed in ~50
hours with JWST. As can be seen in Fig. 7, and consistent with previous
studies,'”**37>* the prominent molecules H,0, CH4, NH;, CO, and CO have
strong spectral features across the 1-10 pm range and are readily discernible with
the expected JWST data quality if present at the atmospheric abundances
assumed in the model. Conversely, if any of them are underabundant then robust
upper-limits can be placed on their abundances. For example, simulated retrieval
studies'”*** have shown that the abundances of H,O, CH,, and NH; can be
retrieved to precision better than 0.3 dex with JWST quality data. Among the
minor species, HCN and C,H, have the stronger features, whereas CH;OH and
HC;N would be more challenging to detect, as previously reported for CH;OH.*”

4.2 Chemical diagnostics of a Hycean world

As discussed in Section 1, chemical characterisation of the atmosphere is
essential to identify a Hycean world. The bulk properties of a candidate Hycean
world, i.e. the mass, radius, and temperature, can generally be consistent with

Hycean Candidate
. N
[ H-rich atmosphere? ]—b[ Not Hycean ]

Improbable?
Low C/H?

e

Y N Plausible N
NH3? >> io?
3 Grhlng biological source? Low C/N ratio?
N y ly

Plausible ocean
sinks?

Low Z
Deep Atmosphere

N High Z and high Tint
Deep Atmosphere

N

Hycean Planet

Fig. 8 Chemical diagnostics for Hycean atmospheres based on our photochemical
models and motivated by recent works.**=*” The relevance of each prominent molecule for
the identification of a Hycean atmosphere is shown. For each molecule, the implications
of its detection or non-detection are indicated, considering a minimal detectability
threshold of 1 ppm abundance. Low T refers to cases where the atmospheric temperature
is expected to be cold enough for H,O condensation. C,H, refers to hydrocarbons. Z
refers to atmospheric metallicity in a deep H,-rich atmosphere, and T refers to the
internal temperature. The pathways reflect the results of our photochemical calculations
across the range of Hycean conditions considered and are generally consistent with
previous works.*~* See Section 4.
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a degenerate set of internal structures,'® as shown in Fig. 1. Depending on the
specific bulk properties, the possibilities could include (a) a Hycean world with
a shallow H,-rich atmosphere overlying a habitable ocean, (b) a sub-Neptune with
a shallow H,-rich atmosphere but with a solid surface underneath, or (c) a sub-
Neptune with a deep H,-rich atmosphere with temperatures and pressures at
the bottom of the H, layer too high to be habitable. Several recent studies have
investigated the possibility of atmospheric chemical signatures to identify the
presence of solid or ocean surfaces in sub-Neptunes,**” considering the possi-
bility of a shallow H,-rich atmosphere'® in K2-18 b as a canonical example. Here
we revisit this avenue based on the chemical calculations in the present work and
motivated by previous works.**?” A flowchart of the chemical diagnostics of
a Hycean world is shown in Fig. 8.

Given a candidate Hycean world," the first requirement is to confirm the
presence of an H,-rich atmosphere using spectroscopic observations. An H,-rich
atmosphere is usually inferred indirectly through the detection of a spectral
feature of one of the prominent molecules, e.g. H,O, the spectral amplitude of
which provides a constraint on the mean molecular mass of the atmosphere.®**®
As discussed above, JWST will be able to robustly detect spectral features and
constrain H,-rich atmospheres for several nearby Hycean planets.

H,O0 is naturally expected to be the dominant molecule observable in a Hycean
atmosphere. However, if the temperature structure is too cool in the observable
photosphere, H,O can be depleted due to condensation, as in the Earth's
stratosphere. As discussed in Section 3, for some of the P-T profiles of K2-18
b considered, H,O can indeed be underabundant. On the other hand, warmer
Hycean candidates would be expected to have discernible H,O features.

The abundance of CH, in a Hycean atmosphere depends strongly on the
boundary conditions. While CH, is susceptible to loss from photochemical
processes, especially for low ocean surface pressures (e.g. 1 bar), it can still be
present in significant abundances due to other production pathways. The
underabundance of CH, would normally indicate the C present in other mole-
cules such as CO, or, in the case of low-temperature Hyceans, higher-order
hydrocarbons. The simultaneous depletion of all these molecules would be
unlikely for a Hycean atmosphere, and may instead indicate a deep atmosphere
with an unusually low C/H ratio.

A key predictor of a Hycean atmosphere is the NH; abundance. Our results
confirm previous findings®***” that NH; is expected to be significantly under-
abundant in a Hycean atmosphere due to both its photochemical destruction in
a shallow atmosphere and its high solubility in the ocean underneath. NH; is also
expected to be significantly underabundant compared to CH,, making a high
CH,/NHj; ratio a useful diagnostic of a Hycean atmosphere. Conversely, a signif-
icant abundance of NH; in a Hycean candidate would need to be investigated for
its potential biological origins® which are not accounted for in our models. In the
absence of such a scenario, a low CH,/NH; ratio may be indicative of a deep
atmosphere with a low C/N ratio.

A significant abundance of CO, is another strong predictor of a Hycean
atmosphere, consistent with previous studies.’* However, we argue that the
underabundance of CO, does not robustly rule out a Hycean candidate, as it can
occur due to various factors, including a cold and dry atmosphere, low C content
in the interior, high dissolution in the ocean and/or consumption by marine
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biota.*'® The lack of CO,, in the presence of CH, and H,O, would also be
consistent with a deep atmosphere with a low metallicity.

Finally, while the CO abundance on its own is not a critical diagnostic, the
CO,/CO ratio is expected to be higher for a Hycean atmosphere compared to that
expected in the absence of an ocean (see also ref. 36). Conversely, a CO/CO, ratio
above unity would indicate a deep atmosphere with a high metallicity and high
internal temperature as suggested previously.*®

In summary, considering the major molecules, the key diagnostics of
a candidate Hycean world would be (a) abundance of H,0, CH,, other hydro-
carbons and/or CO,, (b) underabundance of NHj, particularly a high CH,/NH;
ratio, and (c) CO,/CO > 1. Other molecules can also be abundant depending on
the specific atmospheric conditions. HCN and CH;OH are expected to be
underabundant in Hycean atmospheres, as also found in previous studies.’” In
particular, HCN can be underabundant due to the absence of NH; and CH;0H
can be depleted due to dissolution in the ocean. We also find that other hydro-
carbons such as C,Hg can be abundant for cool Hycean worlds where H,O may be
moderately depleted in the observable atmosphere through condensation; in this
case CH, photodestruction leads primarily to other hydrocarbons rather than CO
and CO,.

Therefore, robustly establishing the presence of an ocean on a candidate
Hycean world would require precise abundance estimates of multiple molecules
discussed above and using their relative abundances to systematically constrain
the key chemical pathways given the bulk properties of the planet in question.
Previous work has also suggested other organic molecules as potentially observ-
able biomarkers in Hycean worlds.” These include molecules such as methyl
chloride, dimethyl sulphide, carbonyl sulphide, nitrous oxide or carbon sulphide,
which are produced in relatively low quantities by life on Earth but can be
promising biomarkers in H,-rich atmospheres, depending on the biomass
present and UV environment.**

5 Summary and discussion

Hycean worlds open a new paradigm in the search for life on exoplanets. Hycean
planets are expected to be more detectable in transits and more amenable to
atmospheric characterisation using transit spectroscopy than habitable rocky
exoplanets. Previous work has shown that the thermodynamic conditions in the
atmospheres and oceans of Hycean worlds can be similar to those known to be
capable of hosting life in Earth's oceans." In the present work, we investigate the
chemical conditions possible on a canonical Hycean world, focusing on the
present and prebiotic molecular inventory in the atmosphere and the availability
of bioessential elements in the ocean. The observable atmospheric composition
of a Hycean planet depends on a number of factors, including the temperature
structure, atmospheric metallicity, ocean surface pressure, and ocean-atmo-
sphere interactions. However, based on the results of several recent works'”**”
and the present study, the atmospheric compositions of Hycean worlds may be
expected to include a range of prominent molecules that are detectable with
modest investment of JWST time. In particular, the relative proportions of some
of the key molecules, e.g. a high CH,/NH; and/or a high CO,/CO, could help
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distinguish a Hycean world from a non-habitable mini-Neptune or super-Earth
with a thicker H,-rich atmosphere.

5.1 Chemical inventory for life

We also investigate the question of whether a Hycean world would be conducive
for the origin and sustenance of life. A number of factors affect the habitability of
a planet, including its geophysical conditions, evolutionary history, architecture
of the planetary system and astrophysical conditions.'*” From an ecological
perspective, it is commonly agreed that life as we know on Earth has three
essential requirements:***° (a) energy sources, radiative and/or chemical, (b)
liquid water, and (c) various bio-essential elements. In addition to these
requirements, life also needs the right environmental conditions, e.g. tempera-
ture, pressure, pH, and UV radiation.

At the outset, by definition, the thermodynamic conditions (pressure and
temperature) in a Hycean ocean would not be dissimilar to those experienced by
microbial life in Earth's oceans.” The requirements of an energy source and
presence of liquid water are also naturally met, more so than most solar system
environments for which a liquid water surface is a key limitation.>>** The energy
source includes both the radiant energy from the star as well as the chemical free
energy from chemical reactions, e.g. between abundant H, and CO, in the ocean.
In particular, as discussed above, the presence of abundant H, may be more
conducive to processes such as methanogenesis that are prevalent in microbial
communities in anoxic environments on Earth.*'* Previous studies have also
discussed the feasibility of life in H,-rich environments, as also seen on Earth.>'**

Considering atmospheric evolution starting from reduced primordial condi-
tions the atmosphere undergoes a phase rich in organic molecules potentially
conducive for prebiotic chemistry. In particular, several hydrocarbons and nitriles
including C,H,, C,Hs, C3Hg, C¢Hs, HCN, and HC3N become abundant (above ~1
ppm) starting between 1-100 Myr with some remaining abundant for over a Gyr.
We note however that the abundances of these molecules are strongly dependent
on the initial conditions and boundary conditions describing the ocean-atmo-
sphere interactions. Future studies can investigate the timescales on which the
primordial ocean can equilibrate with a H,-rich atmosphere***** and how it
would influence the primordial composition and chemical evolution of the
atmosphere.

We investigated the availability of bioessential nutrients in a canonical Hycean
ocean building on elemental estimates for oceans of the early Earth.'*>**® Life on
Earth requires a range of bioessential elements, including key volatile elements
(CHNOPS) and heavier metallic elements. While C, H, N, O and some heavier
elements such as Na and K are naturally expected to be abundant in H,-rich
atmospheres,*****'4! the availability of P, S, and refractory metals is a bigger
challenge. In particular, for ocean worlds, the presence of a thick icy mantle below
a planet-wide ocean hinders ready access to weathering of rocky surfaces that is
the dominant source of bioessential metals for life in Earth's oceans.* >4

Based on internal structure models for our canonical Hycean planet, we esti-
mate the ocean depths to range between 100-400 km, consistent with previous
studies for similar planets.”*** Assuming concentrations similar to those esti-
mated for the early Earth's oceans'*'*® we estimate the mass requirements of P, S,

This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 80-11 | 105


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fd00075c

Open Access Article. Published on 02 sierpnia 2023. Downloaded on 30.01.2026 23:52:51.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

and key bioessential refractory metals: Fe, Ni, Mn, Co, Mo, Zn and Cu. We find
that the requirements can be reasonably met for plausible assumptions about the
delivery of nutrients through asteroid impacts similar to the impact history of the
Hadean Earth, considering a representative asteroid composition based on
carbonaceous chondrites. We also consider nutrient availability in the planetary
atmosphere/envelope accreted during formation assuming solar composition,
consistent with the typical ~1% dust mass fraction in protoplanetary and inter-
stellar environments. The metals are present in condensates which sediment out
of the relatively cold Hycean atmosphere post-formation, and can meet the
abundance requirement of the Hycean ocean. Making conservative assumptions
about the sequestration of P and S species in the Hycean ocean, we find that
atmospheric species may also make a substantial contribution to these elemental
budgets. Finally, extraterrestrial dust and potential convective transport of core
material through the ice layer, may also provide supplemental steady-state
sources of nutrients though unlikely to meet the entire primordial require-
ment. Overall, our results suggest that Hycean worlds provide adequate avenues
to meet the chemical requirements of potential life similar to those estimated for
the early Earth.

5.2 Future directions

Our initial investigation suggests that Hycean worlds have the potential to provide
a promising environment for the origin and prevalence of life. However, the
novelty of these worlds also open a wide range of open questions which affect
their potential habitability. Here we outline some key directions for future
research in this area.

e What are the atmospheric conditions at formation? In particular, a key
question is about the timescale over which the primordial Hycean atmosphere
equilibrates with the ocean underneath and what the resultant atmospheric
composition could be. This sets the initial conditions for the later molecular
evolution of the Hycean atmosphere, including the potential for prebiotic
molecular chemistry.

e What are the boundary conditions at the ocean-atmosphere interface of
a Hycean world? The presence of life in a Hycean ocean could add sources and
sinks of prominent molecules which can significantly impact the observable
chemistry. For example, methanogenesis as prevalent in anoxic environments on
Earth can be a significant sink for CO, and source for additional CH, in a Hycean
atmosphere.

e What is the possible impact history for a Hycean planet and how does the
planetary system architecture influence it? Higher/lower impact fluxes or
a different impactor size distribution would significantly change the bioessential
element contributions. Furthermore, what happens when large bodies (10s or
100s km radius) land in very deep oceans? What percentage of the impact mass
ends up in the hydrosphere?

e Can convection of the core material through the icy mantle in a Hycean
interior contribute to the bioessential element budget in the ocean? The amount
of material transport through an ice VII layer is uncertain, let alone through ice X.
The element flux will depend on many other factors such as the heat flux from the
core, the size of the ice layer, the presence of liquid water at the bottom of the ice
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layer, and a host of poorly known chemical and physical properties of high-
pressure ices.

e How do (bio)(geo)chemical cycles operate on Hycean worlds? The lack of
rocky surfaces makes an Earth-like cycle impossible. There could be some kind of
equilibrium between precipitation onto the seafloor and these precipitates having
their minerals leached back into the ocean.

e How do dynamical processes affect Hycean worlds? Accurate modeling of the
atmospheric circulation is needed to properly establish the climates of Hycean
planets, which in turn would have effects on the chemistry, ocean-atmosphere
interactions and observable features of the atmospheres. Similarly, modeling of
ocean dynamics is also needed to assess the homogeneity and turbulence of the
ocean, which can have significant effects on nutrient profiles, sedimentation, and
leaching rates, which in turn can affect biochemical processes.

Overall, in this work we find that the chemical conditions in Hycean atmo-
spheres and nutrient availability in their oceans have the potential to meet the
requirements for oceanic microbial life similar to those in the early Earth. As
discussed above, several important questions remain and motivate new direc-
tions for further theoretical investigations on the potential habitability of Hycean
worlds. Observationally, Hycean worlds show significant promise to expand and
accelerate the search for signatures of extraterrestrial life with current and
upcoming facilities within this decade.
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