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Abstract The habitability of oceans within icy worlds depends on material and heat transport through their
outer ice shells. Previous work shows a methane clathrate layer at the upper surface of the ice shell of Titan
thickens the convecting region, while on Pluto a clathrate layer at the base of the ice shell hinders convection. In
this way, the dynamics of clathrate-ice shells may be essential to the thermal evolution and habitability of ocean
worlds. However, studies to date have not addressed the dynamics that determine the location of clathrates
within the ice shell. Here, we show that, in contrast to previous studies, clathrates accumulating at the base of
the ice shell are entrained throughout the shell. Clathrates are stiffer than ice. As a result, entrainment slows
convection and thickens the conductive lid across a range of ocean worlds, potentially preserving sub-ice oceans
but limiting avenues for material transport into them.

Plain Language Summary Icy ocean worlds are promising targets for the discovery of
extraterrestrial life in our Solar System. Icy ocean worlds have an outer shell, predominantly composed of
ice, which insulates internal oceans where life may exist. Preserving internal oceans depends on the rate

of heat loss through the ice shell. Furthermore, the habitability of internal oceans likely depends on the
transport of chemical materials from the surface of the ice shell to the ocean below. The outer ice shells of
ocean worlds are not exclusively composed of ice. Methane gas released from the core can form methane
clathrate hydrates, methane trapped within ice crystals that buoyantly rise to the base of the ice shell. We find,
in contrast to previous studies, that clathrates become entrained into the ice shell by convective overturning.
Methane clathrates have different physical properties than ice. Entrained clathrates thicken the static region
near the surface of the ice shell, limiting avenues for material transport through the ice shell. However, their
effect depends on the poorly constrained properties of ice-clathrate mixtures. Finally, we find that clathrate
entrainment may altogether halt convective motion in ice shells across a range of ocean worlds, potentially
preserving sub-ice oceans.

1. Introduction

Icy bodies with large subsurface oceans, or icy ocean worlds, are prime candidates for extant extraterrestrial
life in our Solar System (Hendrix et al., 2019). Planned missions to study the habitability of icy ocean worlds—
including Europa, Ganymede, Enceladus, and Titan (Howell & Pappalardo, 2020)—will focus on observing the
properties of their geologically active outer shells, which regulate the cooling and material transport into internal
oceans. The rate at which ocean worlds cool controls the thickening of the ice shell and thus dictates the preserva-
tion of internal oceans. Furthermore, the detection of biomarkers by future missions likely depends on the trans-
port of ocean materials through the ice shell to the near-surface (Trumbo et al., 2019). Thus, the outer shell serves
as both a barrier and facilitator for ocean world habitability and the detectability of its potential inhabitants.

The outer ice shells of ocean worlds are expected to consist of primarily water ice, with lesser amounts of other
materials. Salts (Buffo et al., 2020; Carlson et al., 1999; Trumbo et al., 2019), salt hydrates (Hand et al., 2006),
nitrogen ice (W. B. McKinnon et al., 2016), and volatile clathrates (Choukroun & Sotin, 2012; Hand et al., 2006;
Tobie et al., 2006) have been either predicted to exist within or observed on the surfaces of ice shells. Most of
these non-ice materials are expected to constitute only small fractions of the outer shell; however, methane clath-
rates are potentially a major constituent (Bouquet et al., 2019; Kalousova & Sotin, 2020; Kamata et al., 2019;
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Figure 1. Schematic of modeled icy ocean worlds with mixed clathrate-ice outer shells. Methane clathrates buoyantly rise and are entrained into the outer ice shell.
Right: The corresponding thermal structures of mixed outer clathrate-ice shells are shown for (a) a pure ice shell, (b) an ice shell with a surface methane clathrate layer,
(c) a pure ice shell with a static basal clathrate layer, (d) a mixed clathrate-ice shell with a surface methane clathrate layer, and (e) a mixed clathrate-ice shell. For each,
the average volume fraction of clathrate is plotted and the thickness of the conductive and convective region is marked.

Mousis et al., 2015; Tobie et al., 2006). Recent observations suggest that substantial amounts of clathrate in outer
shells are necessary to explain icy bodies' current thermal and elastic structures (Cadek et al., 2021; Choukroun
& Sotin, 2012; Fu et al., 2017; Hesse & Castillo-Rogez, 2019; Kamata et al., 2019; Tobie et al., 2006). Methane
clathrates preferentially form under the pressure and temperature conditions found in the subsurfaces of icy
moons and dwarf planets when dissolved gas concentrations in their oceans are sufficiently high (Choukroun
et al., 2013). Furthermore, on Titan methane clathrates can form at the surface from the reaction of water ice
with liquid methane, for example, Mousis et al. (2013). Clathrates are expected to be present and stable through-
out most of the sub-ice ocean and outer ice shell of a wide range of ocean worlds, including Titan, Pluto, and
Europa (Loveday et al., 2001; Mousis et al., 2015). Many mechanisms may result in the formation of methane
and methane clathrates throughout planetary evolution (Lunine & Stevenson, 1987; Mousis et al., 2015; Tobie
et al., 2006), of these, the breakdown of organic matter is potentially ongoing at present (Miller et al., 2019; Néri
et al., 2020). Over long timescales, buoyant methane gas or clathrate will rise to the base of the outer ice shell
(Bouquet et al., 2019; Tobie et al., 2006).

The presence of methane clathrates in outer ice shells affects ice shell dynamics and heat transport due to their
unique material properties, primarily their higher viscosity (Durham et al., 2003) and lower thermal conductivity
(Sloan & Koh, 2007) than ice. However, previous studies have yielded contrary results based on the assumed
location of clathrates within the ice shell. On Titan, Kalousova and Sotin (2020) showed that a static methane
clathrate layer at the top of the ice shell substantially thins the conductive lid and increases the thickness of the
convecting region (Figures 1a and 1b). On Pluto, Kamata et al. (2019) assumed that a mechanically detached,
static, methane clathrate layer forms at the base of the outer ice shell and showed that it shuts down convec-
tion (Figures la and 1c). On Ceres, Formisano et al. (2020) assumed that clathrates are uniformly distributed
throughout the ice shell and stabilize the ice shell against convection. These studies demonstrate that the effect of
clathrates on ice shell dynamics depends on the assumed location of clathrates within the ice shell. This finding
underscores the importance of understanding how clathrates distribute within the ice. Here, we use numerical
simulations to explore how clathrates that form through the continuous release of methane from the interior of
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where ¢ is the volume fraction of methane clathrates (Figure 2d) (Ji, 2004). Here, J = 1 recovers the isostrain
bound and J = —1 the isostress bound (Durham et al., 2003; Neumann et al., 2020).

The theoretical bounds for viscosity mixtures result in vastly different ice shell dynamics, with changes in
conductive lid thickness of more than 80 km for Titan (Figure S1 in Supporting Information S1). This high
uncertainty should motivate laboratory experiments to constrain the viscosities of clathrate-ice mixtures. Further
constraints can be made by drawing analogies to mineral mixtures (Ji, 2004) and ice-salt hydrate mixtures
(Durham et al., 2005). Here, most experimental results lie between the less viscous, or in this case, ice dominant
rheology, J = —0.5, and the more viscous methane clathrate dominant rheology, J = 0.5 (Ji, 2004). Mixtures of
salt hydrates and ice fit well with J = —0.5 (Durham et al., 2005). Theoretical studies of hard inclusions in a soft
matrix give results closer to the isostress bound with increasing viscosity contrast (Takeda, 1998). Salt hydrates
and ice have viscosity contrasts on the order of 10° (Durham et al., 2005) compared to methane clathrates and
ice, which in the convecting region have viscosity contrasts on the order of 10> (Durham et al., 2003). Due to the
high uncertainty in values of J, for example, Moore (2014), we explore the full range of mixture relationships,
but we anticipate the value of J for mixtures of methane clathrate and ice mixture to fall between —0.5 and 0.5.

2.2. Methane Outgassing

We estimate the amount of methane released from the core of Titan in the scenario in which all of the methane
gas from the pyrolysis of insoluble organic matter contained in the core is released (Miller et al., 2019). This
release of methane gas results in a ~40 km layer of methane clathrate around the outside of Titan (Supporting
Information S1). For simplicity, we do not evaluate the most plausible methane formation scenario, which likely
changed throughout planetary evolution (Lunine & Stevenson, 1987; Miller et al., 2019; Mousis et al., 2015; Néri
et al., 2020; Tobie et al., 2006). Instead, we adopt a first-order assumption that methane gas or clathrate emanates
from the core at a constant rate throughout planetary evolution, ~4 billion years. This assumption provides a
reasonable middle ground scenario for the release rate of clathrates and provides a baseline to compare with
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scenarios in which clathrates are released on variable timescales. Due to the similarly organic-rich cores of Titan
and Pluto (Bardyn et al., 2017; Fulle et al., 2016; W. McKinnon et al., 2017; Néri et al., 2020), and the dearth of
specific estimates for the amount of methane on Pluto, we use estimates for the volumes of the cores of Titan and
Pluto to volumetrically scale the amount of methane on Titan to Pluto (Robuchon & Nimmo, 2011). We find that
a ~13 km methane clathrate layer could form on Pluto.

We assume the flux of methane gas or clathrate released from the core over long timescales buoyantly rises
through the ocean to the base of the outer ice shell (Bouquet et al., 2019; Tobie et al., 2006). This assumption is
predicated on the high relative buoyancy of methane gas and clathrates within ocean worlds (Bouquet et al., 2019;
Tobie et al., 2006). However, it is possible that under specific conditions, the rise of clathrates may be halted
(Sloan & Koh, 2007).

2.3. Methane Clathrate Incorporation

We do not consider the detailed dynamics for the incorporation of the buoyantly rising methane into the ice shell
at the ice-ocean interface. We are not aware of any studies or Earth analogs for this process. There has, however,
been significant interest in salt incorporation at the ice-ocean interface, for example, Soderlund et al. (2020).
Complex dynamical processes in the mushy layer at the interface leads to the effective desalination of the ice
and significantly reduces the salt content (Buffo et al., 2020, 2021; Wells et al., 2019). Methane incorporation,
however, is likely different from salt incorporation. First, methane substitutes directly into ice, thereby converting
it to clathrate. Second, dissolved methane reduces the brine density rather than increasing it. As such, meth-
ane enriched brine would not drain from the mushy layer. Hence, at the macro spatial and temporal scales of
our modeling, we assume that all methane incorporates into the ice shell such that clathrates replace ice at the
ice-ocean interface. Determining the exact dynamical processes of incorporation requires further study. This
first-order approximation of clathrate incorporation is a step beyond assuming that clathrates form separate layers
around (Kalousova & Sotin, 2020; Kamata et al., 2019), or appear uniformly throughout (Formisano et al., 2020),
an ice shell.

As stated above, we assume that methane, or methane clathrate, incorporates into the ice shell at the base so that
clathrates replace existing ice. The change in ice shell volume is therefore the density ratio of p,. /p, . ~ 0.995.
We neglect this small change in volume as well as the potential for incorporated clathrates to thicken or thin the
ice shell in order to keep simulations on a fixed domain. We do, however, explore the effects of variability in
ice shell thickness in Section 2.5. By the end of the simulation, all of the released methane is contained within
the ice shell as methane clathrate. The entire region where clathrates reside in the ice shell is at pressures and
temperatures that prevent clathrate dissociation, even if the ice shell contains substantial impurities, for example,
~5% ammonia (Choukroun et al., 2010).

2.4. Governing Equations and Simulations

The governing equations for mixed clathrate-ice shell convection arise from the balance of momentum and
energy. We assume an incompressible infinite Prandtl number fluid with the Oberbeck-Boussinesq approxima-
tion (Ismail-Zadeh & Tackley, 2010). This leads to the following Stokes and advection-diffusion equations,

V. [n(Vu+VuT)] — Vp = pgi, (2a)
V-u=0, (2b)
pcp% + V- [upe, T - kVT| =G. (2¢)

Here, the unknowns are the velocity vector u, pressure p, and temperature 7. The gravitational acceleration, g, is
assumed to be constant across the ice shell, Z is the vertical unit vector, and ¢ is time. The variable properties are
the viscosity, 7, density, p, and thermal conductivity, k. The tidal heating term, G, depends on viscosity and is
maximized near the melting temperature viscosity on Titan (Kalousova & Sotin, 2020).
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To model the evolution of methane clathrate within the ice shell, we add a conservation equation for methane
(Aziz & Settari, 1979). In general, the total mass of methane in the system is given by the sum over its abundance
in all phases, p, in the system,

C= Z Podp Xp
p

where p, and ¢, are the density and volume fraction of phase p, and X is the mass fraction of methane in phase
p. Here, we assume that methane partitions only into the clathrate phase so that C = p_ ¢, X, .. The diffusivity
of methane in clathrates is very low (Peters et al., 2008); therefore we only consider the advective transport of
methane by the flow of the methane clathrate due to solid state convection. There is no internal source term for
methane clathrate because it is added as a flux through the bottom boundary. Assuming that both p_ and X _are
constant and setting ¢ . = ¢, we have the following tracer advection equation for the volume fraction of methane
clathrates:
%+V~[uq§]=0. 3)
ot
The governing Equations 2 and 3 are solved for u, p, T, and ¢ on a staggered Cartesian mesh in a rectangular grid,
with conservative finite differences for the Stokes equation and a finite volume method with flux-limiters for the
transport equations. We impose a flux boundary condition for methane at the base of the shell.

We model the evolution of Titan and Pluto's outer ice shells over a 4 billion year period, during which we add, or
more specifically incorporate, the total clathrate layer at the bottom boundary of the ice shell at a constant rate.
The density of Titan's hydrocarbon rich atmosphere renders clathrates stable at its surface, and a multikilometer
clathrate layer may predate the formation of the ice shell (Kalousova & Sotin, 2020; Tobie et al., 2006). We model
a total 100-km thick shell on Titan, with a starting composition of a 10-km clathrate layer at the surface and
pure ice below (Kalousova & Sotin, 2020). For Pluto, we perform transient simulations for both a 100-km thick
pure ice shell and 200-km thick ice shell with a 10-km surface insulating layer composed of, for example, high
porosity or nitrogen ice (thermal conductivity, k ~ 1 W m~! k~!; Hammond et al., 2016; Kamata et al., 2019; W.
B. McKinnon et al., 2016). We choose these ice shell thicknesses for our simulations as they are near the middle
of the estimated thicknesses (Vance et al., 2018), and, along with our chosen values for surface insulating layers,
are in line with previous studies of clathrate-ice shells (Kalousova & Sotin, 2020; Kamata et al., 2019). If the ice
shell becomes conductive during its evolution, the remainder of the clathrates are added to the base of the ice
shell, thickening the shell (Supporting Information S1).

2.5. Mixed-Component Scaling for Planetary Ice Shells

The values of ice shell parameters used in our, and previous, numerical simulations are fundamentally uncertain.
We explore this uncertainty using scaling analysis validated by our numerical simulations. The nondimensionali-
zation of Equations 2a—2c and 3 without tidal heating results in four governing dimensionless scales (Supporting
Information S1),

. pegacATH} :
i, J, Rayy=—— = and @izl.
Hconv NeKe Tm

¢ = @

The first dimensionless scale is the characteristic volume fraction of methane clathrates, ¢, where F__ is the

thickness of the methane clathrate layer released from the core and H_ is the thickness of the convecting region.

onv
Second, is the viscosity mixing exponent, J. Third, is the basal Rayleigh number for the characteristic volume
fraction, where the subscript ¢ denotes the characteristic scale for a given property, H; , is the thickness of the
underlying ice layer, and a is the thermal expansivity. Characteristic scales in Ra , are chosen at the basal tempera-
ture with the characteristic volume fraction of clathrates and the viscosity mixing exponent, i.e., 5, = n(T,,, ¢, J).
Fourth, is the homologous temperature at the interface of the surface insulating layer and the underlying ice, ©,,
where T, is the interface temperature. The homologous temperature at the ice-insulating layer interface governs
the contrast in material properties across the ice layer. We calculate a regime diagram based on these four param-
eters that separates the convective versus conductive boundary of ice shells for a wide range of ice shell config-

urations. We then approximate the four dimensionless parameters for a given clathrate-ice shell and compare the
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convective stability found from the scaling analysis—that is, whether the Rayleigh number calculated is above or
below the critical Rayleigh number—to the regime of our transient simulations. We find that the scaling analysis
accurately predicts the end dynamic state of ~93% of our numerical simulations, which span a range of shell
thicknesses, insulating layers, and clathrate fluxes (Supporting Information S1).

The above scaling of planetary ice shell convection allows us to sample the uncertainty in the amount of methane
clathrate released and incorporated into the ice shell, the thickness of the shell, the potential presence of a surface
insulating layer, and the ice shell surface temperature, all of which vary between ocean worlds, and even in time
during planetary evolution. Furthermore, all are fundamentally uncertain quantities at present. We explore the
uncertainty in each of these values by uniformly sampling the likely parameter ranges for Titan, Ganymede,
Europa, and Pluto (Table S1 in Supporting Information S1). We then calculate the four dimensionless governing
parameters (Equation 4) for each of the sampled ice shells and report whether the mixed clathrate-ice shell is
convective or conductive at present.

3. Results and Discussion

A flux of clathrates released from the core buoyantly rises to the base of a convecting outer ice shell, where it is
continuously entrained into the ice shell (Figures 1d and 1e). This finding contradicts previous work that assumed
clathrates would form a mechanically detached static layer beneath a dynamic ice shell (Kamata et al., 2019). The
continuous incorporation of clathrates at the base of the ice shell entrains them throughout the convective portion
of the shell. The entrainment of methane clathrates throughout planetary evolution until the present can thicken
the conductive lid of Titan by over 60 km (Figures 1b and 1d) and may result in limited convection on Pluto
(Figure 1e). However, the effect of entrained clathrates depends on both the viscosity of ice and the viscosity of
ice-clathrate mixtures. We explore both of these dependencies for Titan and Pluto.

3.1. Titan and Pluto

Geophysical interpretations of gravity fields are nonunique. For Titan's ice shell structure, variations in the grav-
ity of the outer shell can be explained by Airy isostasy, due to varying basal topography of the shell (Hemingway
et al., 2013), or Pratt isostasy, due to lateral density differences (Cadek et al., 2021; Choukroun & Sotin, 2012).
Basal topography is maintained if the ice shell is fully conductive and the base of the shell is cold (Hemingway
et al., 2013), or if convection is limited and the surface expression of convection cells occurs on the spatial scale
of gravity anomalies (Richards & Hager, 1984). However, the presence of sufficient impurities to lower basal ice
temperatures enough to sustain basal topography is uncertain (Kalousova & Sotin, 2020; Leitner & Lunine, 2019;
Mitri et al., 2014; Vance et al., 2018). Alternatively, density differences may appear in convecting ice shells due to
lateral variations in shell materials (éadek et al., 2021), for example, due to the distribution of clathrates.

Figure 3 depicts the predicted behaviors for the outer shells of Titan (upper panels) and Pluto (lower panels).
A range of potential viscosity mixing relationships (J) and ice grain sizes (viscosity) are investigated to predict
the duration of convection, the present thickness of the conductive lid, and the basal heat flux. On Titan, the
entrainment of clathrates into the ice shell thickens the conductive lid for all parameter combinations and may
shut down convection (Figures 3a and 3b). Elastic thicknesses concordant with the interpretation of Titan's shape
from basal topography (Hemingway et al., 2013) are obtained for large-grain ice and/or clathrate-dominant
mixture rheologies (J > 0) for both conductive and convective outer shells (Figure 3b). For small-grained ice
and/or ice-dominant mixture rheologies (J < 0), the thermal structure of the outer shell is consistent with density
compensation (Cadek et al., 2021). Due to the low thermal conductivity of clathrates, only convective solutions
provide the required heat flow (Figure 3c). As such, both the thermal (Kalousova & Sotin, 2020) and elastic
(Cadek et al., 2021; Hemingway et al., 2013) constraints on Titan may be satisfied by convecting clathrate-ice
shells with thick conductive lids.

Pluto's Sputnik Planitia basin has a positive gravity anomaly (Nimmo et al., 2016). To preserve such an anomaly,
a sub-ice ocean has been invoked below a locally thinned ice shell. However, unlike some icy moons in the outer
Solar System, Pluto has been predicted to have negligible tidal heating; the only significant heat source to sustain
an ocean is radiogenic (Bagheri et al., 2022). Prior work (Kamata et al., 2019) finds that a mechanically detached
layer of methane clathrates beneath a convecting ice shell will shut down convection and can preserve a sub-ice
ocean, but only if enough methane clathrate is available to balance the heat flux. For a thin, 100-km, ice shell, we
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Figure 3. Influence of methane clathrates on the outer shell dynamics of Titan and Pluto for the plausible range of basal ice grain sizes and viscosity mixing
relationships. For Titan, contours are plotted for (a) the time until convection stops, (b) conductive lid thickness at present, and (c) geothermal heat flux at present
are shown. Similarly for Pluto (d—f). White contour lines depict constraints on the current mechanical structure from the interpretation of Titan's gravity from basal
topography (Hemingway et al., 2013) (b) and heat flow (Kalousova & Sotin, 2020) (c). For Pluto, the white contour line in (f) depicts constraints on the present heat

flow, ~3.25 mW/m? (W. McKinnon et al.,
Simulations for Pluto have a 200-km shell

1997; W. B. McKinnon et al., 2016). Simulations of Titan assume a 100-km shell with a 10-km surface clathrate layer.
with a 10-km surface insulating layer (Methods).

predict that the required inventory of methane is double the estimated amount of methane in the core of Pluto.
In addition, we find that a thin convecting ice shell entrains clathrates throughout, and will not stop convecting
unless mixture-rheologies are clathrate-dominant (Figure S2 in Supporting Information S1).

For a thick 200-km ice shell on Pluto, clathrates shut down convection if ice grains are on the order of mm in size
and clathrates dominate mixture rheologies (J > 0; Figures 3d and 3e). Initially convective ice shells entrain clath-
rates, limiting their overall insulating effect, resulting in heat fluxes above those expected on Pluto (Figure 3f).
For ice grains larger than 2.5 mm, the ice shell is initially conductive (Figure 3e) and clathrates will form a sepa-
rate static layer below the ice shell. In this scenario, the basal heat flow is low enough to sustain a sub-ice ocean
with the estimated amount of methane on Pluto (Figure 3f). Finally, we find that a thin basal clathrate layer lowers
the ice shell temperature, increasing its viscosity sufficiently to allow the ice to sustain lateral thickness contrasts
and preserve a positive gravity anomaly below Sputnik Planitia for nearly a billion years (Kamata et al., 2019;
Nimmo et al., 2016).

3.2. Mixed-Component Outer Shells Across Ocean Worlds

A flux of entrained clathrates increases the number of dimensionless numbers controlling the convective stability
of an ice shell from two to four (Equation 4). However, the convective regime is still largely controlled by Ra,, and
©,. The parameters exclusive to mixed component ice shells, ¢, and J, alone have a minimal effect on convective
stability; the combined effect of changing J from —0.5 to 0.5 and ¢_ from O to 0.9 is less than half an order of
magnitude change in the critical Rayleigh number for convection (Figure S4 in Supporting Information S1). Yet
the value of J and ¢, also affects the calculation of Ra,, primarily by changing the value of the characteristic basal
viscosity by up to an order of magnitude. A surface insulating layer changes the value of ®,, which can reduce the
critical Rayleigh number for the onset of convection by over three orders of magnitude (Figure S4 in Supporting
Information S1). As a result, we find that the convective stability of an ice shell with an insulating layer and a
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Table 1

Percent of Sampled Outer Shells That Are Convective at Present Day for Titan, Pluto, Europa, and Ganymede for a
Pure Ice Shell; an Ice Shell With Only a Surface Insulating Layer; and an Ice Shell With a Surface Insulating Layer and
Entrained Clathrates for Two Different Mixture Rheologies, Ice-Dominant (J = —0.5) and Clathrate-Dominant (J = 0.5)
Viscosity Mixtures

Surface layer and clathrates

H (km) H  (km) H_ (km) Pureiceshell Insulating surface layer (J=—0.5) J=0.5)

Titan 50-170 5-20 20-39 66 95 87 43
Pluto 100-330 0-5 6-12 51 60 60 49
Europa 5-90 0-10 17-34 14 47 30 17
Ganymede 25-160 0-10 16-23 40 64 57 22

Note. Sampled outer shells are from likely shell parameters (Supporting Information S1). Shown are the sampled range of
ice shell thicknesses, H (Kamata et al., 2019; Robuchon & Nimmo, 2011; Vance et al., 2018; Vilella et al., 2020); methane
clathrate surface layers on Titan (or general surface insulating layers for Pluto, Europa, and Ganymede), H, . (Hammond
et al., 2016; Kalousova & Sotin, 2020; Kamata et al., 2019); and total thickness of a methane clathrate layer released from
the core, H,, (Miller et al., 2019).

rel

basal flux of clathrates is largely determined by changes in Ra,, and ©,. Here, ©, is predominantly determined by
the thickness of the surface insulating layer, whereas Ra,, is primarily influenced by the thickness of the ice layer
and the viscosity of the clathrate ice-mixture at the base of the shell.

Employing our scaling of clathrate-ice shells, we sample the uncertainty in relevant ice shell parameters for Titan,
Pluto, Europa, and Ganymede (Table S1 in Supporting Information S1) and predict what fraction of ice shells will
be convective before and after clathrates are entrained in the outer shell (Table 1) by comparing the calculated
Rayleigh number for each sample to the critical Rayleigh number. Pure ice layers on Europa are likely conductive
due to the lower expected shell thickness, whereas the thicker predicted shells on Titan are convecting (Carnahan
et al., 2021; Howell, 2021). The presence of a surface clathrate layer insulates the underlying ice, resulting in a
greater proportion of convective profiles for any given world (Table 1). The addition of a basal flux of clathrates
entrained within the ice shell reduces the chances of convection on all ocean worlds. However, with less viscous
ice-dominant mixture rheologies (/ = —0.5) ice shells are only marginally more likely to be conductive with
entrained clathrates. For clathrate-dominant mixture rheologies (/ = 0.5) a majority of parameter combinations
for ice shells on all ocean worlds explored are conductive.

Our numerical simulations show that both Pratt and Airy interpretations of Titan's gravity are possible (Cadek
et al., 2021; Hemingway et al., 2013) (Figure 3). However, the large spatial scale of gravity variations suggests
that convection cells alone cannot produce the observed pattern (Hemingway et al., 2013). Thus, the outer shell
must be fully conductive for the gravity to be explained by variations in basal topography. For ice-dominant
mixture rheologies (/ = —0.5), the majority of parameter combinations for the outer shell of Titan are convect-
ing; for even the upper bound clathrate-dominant rheologies (J = 0.5) roughly half the parameter combinations
sampled are convecting (Table 1). This finding suggests that gravity variation on Titan occurs from lateral density
changes in the outer shell, that is, Pratt isostasy (Cadek et al., 2021; Choukroun & Sotin, 2012).

Other materials with similar properties to methane clathrate (e.g., thermal conductivity, density, and rheology)
may be present in the ice shells of ocean worlds (Hand et al., 2006) and exoplanets (Marounina & Rogers, 2019).
Surface insulating layers in outer shells may come in the form of nitrogen ice (Nimmo et al., 2016), porosity
(Hammond et al., 2016; Nimmo et al., 2003), or hydrated salts (Hand et al., 2006). All of these impurities have
lower thermal conductivity than ice and will increase the likelihood of convection in the underlying ice shell.
Other volatile clathrates are expected to be present and to rise buoyantly to the base of the outer shell (Bouquet
et al., 2019), where they will be entrained into the convecting ice. The entrainment into the ice of buoyant vola-
tile clathrates will reduce convection in ice shells due to their high viscosity (Durham et al., 2010; Formisano
et al., 2020). Accounting for mixed-component outer shells can improve the interpretation of surface observations
of icy bodies that suggest more viscous outer shells (Fu et al., 2017; Hemingway et al., 2013) and slow cooling
(Hesse & Castillo-Rogez, 2019; Nimmo et al., 2016). Finally, analogous to the effects in outer shells, mixed
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components will also affect the dynamics of internal high-pressure ice layers, which regulate the thermal and
geochemical transport from the core to the ocean on large ocean worlds (Journaux, Kalousova, et al., 2020).

4. Conclusions

We evaluate the dynamics that dictate the location of clathrates within the outer ice shell of ocean worlds. We
find that methane clathrates formed from a continuous methane supply and incorporated into the base of the ice
shell become entrained throughout the convective portion of outer shells. This entrainment thickens the conduc-
tive lid and limits heat flow out of ocean worlds. However, the influence of clathrates on ice shell dynamics is
largely controlled by the poorly constrained viscosity of clathrate-ice mixtures. On Titan, we find the current
thermal and elastic constraints may be satisfied by sluggishly convecting clathrate-ice shells. On Pluto, entrained
clathrates do not shut down convection unless clathrates dominate the mixture viscosity. Furthermore, clathrate
entrainment limits their overall effect on heat flow. A thin subsurface ocean on Pluto can only be maintained if
convection is suppressed by highly viscous large grained ice. This lack of motion prevents the entrainment of
clathrates and allows the formation of a pure clathrate layer at the base of the ice shell. We develop a scaling
for mixed component ice shells, which shows that when insulating layers are present at the surface of an ice
shell, they dramatically increase the likelihood of convection, whereas entrained clathrates substantially limit
convection on ocean worlds. Across a wide a range of ocean worlds the transient entrainment of clathrates until
the present may altogether shut down convection. The pronounced effect of clathrates on heat transport has the
potential to preserve sub-ice ocean habitats, while simultaneously limiting avenues for habitability promoting
material transport through the ice shell.

Data Availability Statement

The numerical model used in this study can be found at https://doi.org/10.5281/zenodo.6403015 along with a few
demo simulations and the code and data to create the modeling results figure.
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