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Abstract

Most of the moons in our solar system beyond Jupiter have surfaces covered with
ice. These are called icy moons, and they have a variety of appearances. The
differences in the appearance of each icy moon depend on the history of how
the moon acquired and dissipated heat. The main heat source in the long-term
evolution of icy moons is the decay of long-lived radioactive elements. Therefore,
the larger the size of the rocky core of an icy moon, the more active the moon is
expected to become. In other words, the bulk density and the size of the moon
are thought to determine the appearance and activity of icy moons roughly. How-
ever, Saturn’s moon Enceladus, which is small but has a subsurface ocean, and
Saturn’s moon Titan, which is not fully differentiated but has a thick atmosphere,
cannot be reproduced computationally by heating a mixture of ice and rocks only
with heat from radioactive decay. Therefore, in this study, I newly added the
calculation of methane concentration to the thermal evolution of icy moons, and
developed a thermal evolution model that takes methane hydrate into account.
Methane hydrate is a compound of methane gas and water molecules, and it has
a lower thermal conductivity and an order of magnitude higher viscosity than ice.
Both of these properties have a significant impact on the thermal evolution of icy
moons. [ also applied the developed model to the thermal evolution of icy moons
of various sizes and bulk densities. In Chapter 3, I applied the model to Saturn’s
moons Enceladus and Mimas. Enceladus and Mimas are small moons with radii
of 252 km and 192 km, respectively. Despite the small size of both icy moons,
exploration data suggests the existence of a subsurface ocean in both. In order to
maintain these subsurface oceans, previous studies attempted to solve the prob-
lem by adding ammonia, but it was found that excess ammonia was necessary. As
a result of my calculation of the thermal evolution considering the methane hy-
drate layer, it was found that both Enceladus and Mimas can maintain an ocean
with a thickness similar to the current ocean with a tidal heating rate consistent

with observations and the results of other studies. In Chapter 4, I applied this



model to Saturn’s moon Titan. Saturn’s moons have thick atmospheres (~ 0.15
MPa), which contain about 0.5% methane. It is known that the methane in the
current atmosphere disappears in a few million years by photolysis. In this study,
I considered the role of methane hydrate as a methane reservoir in Titan. As a
result of the thermal evolution calculation considering methane hydrate, it was
found that a large amount of methane can be released to the atmosphere by the
dissociation of methane hydrate. The amount of methane released to atmosphere
depends on the formation time of methane hydrate, and if methane hydrate starts
to form more than 500 Myr after the formation of Titan, methane will not be
supplied to the atmosphere. In Chapter 5, thermal evolution simulations were
performed for generic icy moons of various sizes and bulk densities. Depending
on the bulk density and radius, differences in the thickness of the subsurface
ocean and the presence or absence of methane hydrate layers were found. The
moons that are most affected by the presence of methane hydrate are those with
a radius of 750 to 1500 km. The existence or nonexistence of the subsurface ocean
changes depending on the presence or absence of methane hydrate in moons with
a radius of about 1000 km. It was also found that moons with a radius of about
1000 km may have an atmosphere depending on the initial methane concentra-
tion. In this study, I investigated the thermal evolution from the small icy moon
Mimas to the large icy moon Titan, and showed that the thermal evolution of
icy moons is greatly affected by the presence of methane hydrate. Using bulk
density and radius as variables, I showed that methane hydrate plays a role as
an internal insulating layer and methane reservoir even in icy moons of various
sizes. If considering methane hydrates, the existence of a subsurface ocean in icy
moons may be more universal. Methane hydrate is one of the key compounds to

consider in the thermal evolution of icy moons.
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CHAPTER 1

(zeneral Introduction

1.1 Icy moons

Most of the moons in outer solar system are covered with H,O ice on their
surfaces. They are called icy moons. Even if they are covered with the same H,O
ice, they look very different. Figure 1.1 shows images of major icy moons and the
Earth’s moon [1]. In Europa and Enceladus, geysers have been observed |2, 3.
In Ganymede and Tethys, a large rift valley runs across the surface. Titan is
covered by a thick atmosphere composed of nitrogen and methane. The surface
of Mimas is inactive and there are few Herschel craters on the surface that have
not relaxed. How these diverse looks were formed is a mystery. The internal
structure of icy moons is constrained from observations by spacecraft. Figure
1.2 shows the relationship between bulk density and size of icy moons [4]. If we
assume that the density of rock is 3000 kg m™ and that of ice is 920 kgm ™2, we
can infer the approximate ice/rock ratio from the bulk density of icy moons. Also,
if we know the Moment of Inertia (Mol) of an icy moon, we can determine how
much mass is concentrated in the center of the moon. In other words, we can see
how differentiated the moon is. If the Mol of a sphere is 0.4, it is a homogeneous

sphere; if it is smaller than 0.4, it has a structure with differentiated mass.

In many icy moons, a liquid layer, or internal ocean, is thought to exist
beneath the icy shell. In Europa and Callisto, the induced magnetic field induced
by Jupiter’s magnetic field has been observed [5]. This indicates that conductors
such as salty ocean exist in the subsurface. Although magnetic fields have been
observed in Ganymede, it is difficult to conclude the existence of an ocean simply

because Ganymede has its own magnetic field [6]. Libration also predicts the
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Figure 1.1: Icy moons, Earth’s moon and Io are drawn on a common scale. This
figure is taken from Nimmo and Pappalardo(2016)[1]. Moons written in blue
indicate the existence of an internal ocean.

existence of internal oceans in icy moons. Libration is the periodic variation
of rotational motion caused by the gravity from the primary. When the rocky
core and icy shell of an icy moon are separated by the ocean, the response of
tidal forces to the icy moon is different from that to a completely solid body.
This property is used to determine the presence or absence of an internal ocean.
In Enceladus, a larger libration amplitude was observed than when assuming
complete solidification [7]. Therefore, it is believed that Enceladus has a global

internal ocean. Similarly, large amplitudes were observed in Mimas [8].

Therefore, there is a possibility that the internal ocean exists in Mimas, but
it is not known whether the internal ocean actually exists because the amplitude

of the libration is large even when the rocky core is lumpy.

Thus, the present state of each icy moon has been revealed by previous ex-

plorations.
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Figure 1.2: Relationship between moon radius and bulk density. This figure
is taken from Hussmann et al. (2006)[4]. Different symbols indicate different
planetary systems.
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1.2 Thermal evolutions of icy moons

It is very important from the viewpoint of the celestial evolution of the solar
system to clarify the process by which the current state of icy moons was achieved
and the factors that determine their current state. In order to trace the evolution
of icy moons, it is useful to calculate the thermal evolution of icy moons, which
traces how they acquire and dissipate thermal energy. When studying local
geological activity or convection inside the icy shell, 3D or 2D simulations are
used. However, due to the high computational cost of 3D or 2D simulations,
1D simulations are often used to explore the long-term evolution of icy moons
(e.g., |9]). In the 1D thermal evolution calculation, the icy moon is divided into
three layers (icy shell-ocean-rocky core) and the balance of heat loss and gain
within these layers is calculated. The means by which the icy moons lose heat
is through radiation at the surface. There are three main ways for icy moons to
acquire heat. The first is the release of gravitational energy during the accretion
of icy moons. This is an important energy when considering the early evolution
of icy moons. The second is the decay of radioactive elements contained in
rocks. The rocky cores of icy moons contain many radioactive elements that
affect the thermal evolution of icy moons. The short-lived radioactive elements
such as 2°Al affect the early evolution of icy moons after accretion. While, long-
lived radioactive elements such as U, #*U, ?*Th and “°K affect the long-term
evolution of icy moons. The third is tidal heating. A satellite in an eccentric orbit
experiences deformation and stress due to tidal forces from the planet. Some of
the energy applied to the satellite by these tidal forces is dissipated as thermal
energy inside the satellite. The existence of oceans in small icy moons depends
on the magnitude of tidal heating. Accurate calculations of the time evolution
of these heat transfers will reveal the thermal evolution of icy moons. In order
to clarify the thermal evolution of icy moons, there are various approaches to
research. There are studies that not only calculate the thermal evolution but also
consider the orbital evolution and the heat of chemical reactions in the interior
[10, 11]. However, it has not yet been possible to comprehensively explain the
interior structures and the current orbital properties of each icy moon. Small
and medium-sized icy moons cannot sustain their subsurface oceans with only

the heat from radioactive decay. Instead of considering of the additional heat
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sources such as tidal heating to maintain the subsurface oceans, one way is to
depress the freezing point of water by contaminating the oceans with antifreeze
molecules, such as ammonia [4, 12]. If 33 wt% of ammonia is dissolved in the
subsurface ocean, the melting point of ice would be down to 175 K, and the icy
shell would melt easily [13]. However, comets, which are thought to be the raw
materials for icy moons, do not contain this much ammonia [14]. If ammonia is
dissolved in the subsurface ocean, some ammonia will be left in the icy shell as
the shell grows, and the lower part of the shell will become like mush [15]. When
the icy shell is like mash containing ammonia, the viscosity of the shell drops
significantly [16]. When the viscosity of the icy shell is low, convection in the
shell gets stronger, which shortens the lifetime of the subsurface ocean [12, 17, 9.
Therefore, it is difficult to explain the maintenance of the subsurface ocean only

by the ammonia in the ocean.

1.3 Methane hydrate in icy moons

The composition of subsurface ocean is very important information for under-
standing the materials that make up icy moons. The Cassini spacecraft collected
geyser components near the south pole of Enceladus that appear to be derived
from the subsurface ocean [2]. Part of the geyser composition is shown in Table
1.1. The geyser composition shows that the inner ocean of icy moons is not pure

water, but contains many gaseous components.

Table 1.1: Some of the components found in the plume of Enceladus.[18§]
Species Mixing ratio
H,O 0.87
H, 0.11
CO, 5.2 x 1073
CH, 1.9 x 1073
NH, 6.1 x 107°
CO <6.4x107°
N, <6.1x1073
HCN <12x107°
H,S 2.1 x 1073
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According to the thermodynamic statistical model, gas hydrates can be formed
by assuming ocean with a geyser component under the Enceladus subsurface
ocean pressure (3.6 - 5.3 MPa) and temperature (~273 K) [18]. Gas hydrates
are compounds in which volatiles are trapped in a cage formed by a network of
hydrogen bonds between water molecules [19]. Figure 1.3 shows a cartoon of
gas hydrates. There are several types of cages. Main types of cages are three:
S-cage (pentagonal dodecahedron, 5'?), M-cage (tetrahedron, 5'262), and the L-
cage (hexahedron, 5'26). The combination of these cages forms the unit cell.
The major unit cells are Structure I, which consists of 2 S-cages and 6 M-cages,
and Structure II, which consists of 16 S-cages and 8 L-cages. Depending on the
size of the volatiles, the cage in which the volatiles are enclosed changes, and the
stable structure also changes. For example, methane hydrate and carbon dioxide
hydrate are Structure I, while propane hydrate is Structure II. It is not necessary
that volatiles are enclosed in all the cages that consist of gas hydrates. If all the
cages in Structure I are occupied by methane, the compositional formula would
be CH, -5.75 H,O. Gas hydrates look similar to ice, but their physical properties
are different from ice. First, the thermal conductivity of gas hydrates is about
four times lower than that of ice [20]. This is because the gas molecules entrapped
in the gas hydrate behave like a free gas. If gas hydrates are contained in the icy
shells of icy moons, heat is more easily retained inside the icy moons. Second,
the viscosity of gas hydrates is about one order of magnitude larger than that of
ice [21]. The greater the viscosity, the less likely it is that solid-state convection
of the icy shell will occur. Convection is an efficient means of transferring heat
from the interior of a icy moon to the surface. These two features are thought
to have a significant impact on the thermal evolution of icy moons. Methane
hydrate seems to be the most common gas hydrate in icy moons. Hydrogen,
carbon dioxide, and methane are the most common materials that can form gas
hydrates in icy moons. Hydrogen hydrate is unlikely to exist in satellites of small
size due to the high pressure required to produce it. Carbon dioxide hydrate has
a density of ~1100 kgm > and is generally thought to sink in the interior ocean,
depending on the density of the interior ocean. Sunk hydrate will eventually
decompose due to heat from the rocky core. Methane hydrate, with a density of
~920 kgm >, can float in the interior ocean and can exist as a layer under the

icy shell. Figure 1.4 shows the phase diagram of methane hydrate. It can be seen
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Figure 1.3: Cartoon showing methane hydrate. The left figure shows the methane
gas contained in the S-cage. The right figure shows the structure of the gas
hydrate formed from each cage.

that methane hydrate is stable under low temperatures and high pressures, such
as in icy moons. Kamata et al., (2019) calculated the 1D thermal evolution of
Pluto considering the existence of methane hydrate layers [17]. The results show
that the existence of thin methane hydrate layer can maintain a thick subsurface
ocean for 4.6 Gyr. In addition, Kalousova and Sotin (2020) performed 2D thermal
evolution calculations on Titan [22]. This also shows that the methane hydrate
layer prevents the heat from the inside from escaping to the surface. However,
these studies assume that there is enough methane in the subsurface ocean for
simplicity. Also, Tobie et al. (2006) shows that the presence of methane hydrate
in the Titan may have supplied large amounts of methane to the atmosphere
through the dissociation of methane hydrate within the past 1 Gyr [23]. Thus,

methane hydrate may be an important material in the evolution of icy moons.

1.4 Aim of the thesis

As mentioned above, icy moons are low-temperature and high-pressure environ-
ments where methane hydrates can exist. The existence of methane hydrates is

likely to have a significant impact on the thermal evolution of icy moons. How-
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Figure 1.4: Phase diagram of methane hydrate[19].
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ever, the production of methane hydrate decreases the amount of methane in
the subsurface ocean, so it is not possible to produce methane hydrate indefi-
nitely. Previous computational models have assumed that methane is infinite in
the ocean. In this study, I develop a new model for calculating thermal evolution
that takes into account the methane concentration in the ocean. Furthermore,
I apply the developed model to real and generic icy moons to clarify how the
thermal evolution of icy moons in the presence of methane hydrate is different
from that in the absence of methane hydrate. Since methane hydrate requires a
low-temperature and high-pressure environment to exist, I also investigate what
size and bulk density of icy moons in Figure 1.2 have a significant effect on the
existence of methane hydrate. Thus, the purpose of this thesis is to clarify the
influence of methane hydrate on the thermal evolution of icy moons by investi-
gating the above, and to investigate how universal the existence of the subsurface
ocean is. I think that not only the bulk density and radius but also the methane
concentration in the subsurface ocean can be a new evaluation axis to clarify the

existence of the subsurface ocean of icy moons.

In Chapter 2, I present the numerical method used in this study. The details
of the newly added parts and the benchmarks are described. Chapter 3 describes
the thermal evolution of Mimas and Enceladus in the presence of methane hydrate
layers. Through calculations, I explore the conditions under which the internal
ocean exists in both Mimas and Enceladus and Mimas is more inactive than
Enceladus. In Chapter 4, the calculation code developed in this study is applied
to Titan. I investigate the existence of methane hydrate layer inside Titan and
how the methane hydrate affects the amount of methane in Titan’s atmosphere.
In Chapter 5, the developed code is applied to generic icy moons. I explore how
methane hydrate affects thermal evolution for icy moons of various sizes and

densities. Finally, a summary of this study is given in Chapter 6.



CHAPTER 2

Development of a Methane Hydrate
Growth Model for Icy moons

In this section, I describe in detail the numerical model of icy shell evolution
developed in this study, which takes into account the methane concentration in

subsurface oceans of icy moons.

In previous studies, 1D thermal evolution calculations of icy moons have con-
sidered icy moons divided into 3 or 4 layers, such as H,O ice-ocean-rocky core
(-metal core). In this study, I develop the conventional numerical model into a
model which includes the 6 layers of ice-methane hydrate-mix-ocean-high pres-
sure ice-rocky core. Here, the mix layer is defined as a mixed layer of methane
hydrate and ice. Figure 2.1 is a cartoon showing the internal structure. In the
thermal evolution calculation, each layer is divided into thinner layers and the
time evolution of heat exchange in each layer is tracked. The following subsec-

tions summarize what formulas are used to perform the calculations.

2.1 Governing equations

In this section, I summarize the thermal evolution calculation model using the
modified mixing length theory, which was the basis of my thermal evolution
calculation model.

10
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Methane Hydrate
High Pressure Ice

Figure 2.1: Illustration of the internal structure considered in this study
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GROWTH MODEL FOR ICY MOONS

2.1.1 Heat transfer

The governing equation in 1D thermal evolution calculations is generally the
energy equation under the Boussinesq approximation. In order to consider the
thermal evolution of celestial bodies in this study, it is necessary to solve the
energy equation of heat in a spherical coordinate The governing equation is given
by

dT
pC,

pE - _ﬁg (rQFCOHd + TQFgonv) + Q <21)

where p is the density, C), is the specific heat, T" is the temperature, r is the
radius, F.onq is the conductive heat flux, Fi,,, is the convective heat flux, and Q
is the volumetric heating rate. In this study, the above equation is mainly used
when considering heat transport in the solid parts of an icy moon. Since the heat
transport in the liquid part (subsurface ocean) is sufficiently fast compared to the
heat transport in the solid parts, the heat transport in the liquid part is assumed
to be instantaneous. In other words, no thermal calculations are performed in
the subsurface ocean and a constant temperature is assumed. Since the adiabatic
temperature gradient in the ocean is a small value, it is ignored in this study. Heat
sources in icy moons include the release of gravitational energy during accretion,
energy from the decay of short-lived radioactive elements in rocks (e.g., 2°Al), and
energy from the decay of long-lived radioactive elements in rocks (e.g., 2*U, *°U,
232Th, 1°K). Among these, the decay of long-lived radioactive elements has the
greatest impact on long-term evolution. In this study, rocky cores are assumed
to have CI chondrite compositions unless otherwise noted [24]. The amounts of
long-lived radioactive elements in CI chondrites are listed in Table 2.1. The heat

due to decay of long-lived radioactive elements is as follows:
Q=) c;Hexp(—Ait) (2.2)

where subscript i represents each radioactive element, ¢; is the initial concentra-

tion in a rock, H; is the decay energy, and \; is the decay constant.

12
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Table 2.1: The concentration and properties of radioactive elements [24]
Concentration (ppb) Decay energy (W/kg) Half life time (Myr)

280 19.9 94.65 x 10~° 4468
U 54 568.7 x 107° 703.81
22Th  38.7 26.38 x 107° 14030
K 738 29.17 x 107° 1277

Heat transport by conduction is expressed by the following equation:

Feona = —k— 2.
o=k (2.3

where k is the thermal conductivity. Heat transport in the solid phase considering
convection is often evaluated using the Nusselt number Nu, which is the ratio of
all heat transport to heat transport by conduction. Nu is obtained from the rela-
tionship with the Rayleigh number, which is estimated from 2D or 3D simulations
and laboratory experiments. the Rayleigh number is defined as follows:
Ra — agpATd? (2.4)
K7
where « is thermal expansivity, g is the gravitational acceleration, p is density, AT
is the difference between temperature at the top of the layer and temperature
at the bottom, d is the layer thickness, x is the thermal diffusivity, and 7 is
viscosity. Gravitational acceleration is determined from hydrostatic equilibrium.
The relationship between the Rayleigh number and the Nusselt number can be
written as follows:
Nu = aRad” (2.5)

where a is taken between 1 and 10, and 3 is is taken between 0.2 and 1/3 [25].
Parameterized convection using Nu can describe surface heat flux well, but it
cannot describe internal temperature accurately. Therefore, in this study, I use

the mixing length theory to evaluate the solid-state convection.

13
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GROWTH MODEL FOR ICY MOONS

2.1.2 Mixing length theory

The mixing length theory is a theory that discusses the motion of a fluid in a
turbulent flow using the mixing length that represents how far a fluid parcel can
travel. In the context of thermal evolution calculations, the theory evaluates the
convection terms in the governing equation 2.1. It was first applied to the thermal
evolution of a celestial body by Sasaki and Nakazawa (1986)[26], and formulated
by Kimura et al. (2009)[27]. The summary of the theory is given below.

Consider that a heat parcel in a fluid is moving due to buoyancy while under-
going viscous resistance. The velocity of a parcel U is described by the terminal
velocity obtained from Stokes’ equation.

2
2(0=m)9(35)" _ (p—po)gl®

= = 2.
u 9n 18n (2:6)

where p is the parcel density, py is the surrounding density, and [ is the mixing
length. The density difference between the fluid and the parcel can be described
as follows:

p—po = paAT (2.7)

where AT is the difference between the parcel temperature and the surrounding
temperature. The temperature difference from the surroundings, or temperature

perturbation, can be written as

(RCNEEI

where (d7'/dr), is the adiabatic temperature gradient, that is —ag7'/C,, and C,
is specific heat. Then,

ATgl? B [/dr dr
e R N (2.9)
18n 18n dr dr ) .4

The distance required for the temperature difference of the temperature perturba-

tion to disappear can be interpreted as the mixing length. Finally, the convection

14
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GROWTH MODEL FOR ICY MOONS

term can be described as follows:

2 4 2
B _ preagl ary  (dr
o =10 = 50 (5) - (5.

- [5)-5))

Considering that convection cannot occur without sufficient temperature pertur-

bation, F,,,, and k, is 0 when (‘fl—::) > (‘fi—Z)ad.

(2.10)

If the mixing length is defined as the distance to the nearest boundary, the
relationship between Nu and Ra determined by experiment and 2D convection can
be reproduced [27|. The mixing length theory is superior to parameterized heat
transport calculations in that it can accurately describe the internal temperature

structure.

2.1.3 Modified mixing length theory

The reproducibility of the mixing length theory was valid for 2D cartesians.
However, the evolution of celestial bodies should be considered in spherical coor-
dinates, and the usefulness of the mixing length theory in spherical coordinates
was not known. Therefore, Kamata (2018) redefined the mixing length and con-
structed a scaling law using the results of 3D simulations. The scaling law is

described below.

First, the mixing distance is defined as follows:

, (2.11)
(D — (Riop — 1)) for Riyop — 7 > aD

l1—a

l:{ S(Rtop_T) fOI‘RtOp—TSaD

where Ry, is the radius of the layer top, r is radius, D is the layer thickness. aD
and bD represent the peak depth and peak value of the mixing length, respec-
tively. Figure 2.2 shows the conceptual diagram of the mixing length. Let f be
the ratio of the radius of the bottom of the layer to the radius of the top of the

layer. v is a coefficient that represents the contrast in viscosity between the top
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Figure 2.2: Conceptual diagram of the definition of mixing length. This figure is
taken from Kamata (2018) [12]
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and bottom of the layer. v can be expressed as follows:

n (To)

————— =€X 2.12
s = o) (212)
where T} is the temperature at surface. Consider both a and b to be functions of
f and ~, and use the results of the 3D calculation to scale a and b using f and
~v. Both a and b are considered to be functions of f and . It is assumed that a

and b are given by

a(f, ) = ax(y)f* + ar(v) f + ao(v)

(2.13)
b(f.v) = ba(7) f* + bi(7)f + bo(7)

As the icy shell approaches Isoviscous, a and b can be written as functions of
f only, so the coefficients in the above equation can be written as exponential
functions. Fitting the above equation to the results of the 3D calculation, the

following scaling law is obtained.

as(y) = —41.2exp(—0.297v) — 0.456
ai(y) = 58.6 exp(—0.292v) 4+ 0.704
ao(y) = —21.0 exp(—0.290v) + 0.624
ba(y) = 3.96 exp(—0.167)
bi(y) = —6.93 exp(—0.1787)
bo(7y) = 2.90 exp(—0.1277)

(2.14)

These can successfully reproduce the results of 3D simulations, but there are
conditions of use. These can successfully reproduce the simulation results in
3D. However, the scaling low is not recommended for low v (<10) and low f
(<0.5) because no 3D simulations have been done. Note that this means that

the modified mixing length theory cannot be used for the rocky core.

2.1.4 Growth of ice layer

The thermal evolution calculation considers not only heat transport but also
the phase change of H,O. In the thermal evolution of icy moons, ice growth in

the interior ocean and ice melting at the bottom of the ice layer is described as
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follows:

dD
piceLeHE = Fout - E (215)

where D is the icy shell thickness, L.g is the effective latent heat, F} is the heat
flux outgoing from the shell bottom, and F}, is the heat flux incoming into the
shell bottom [12]. Leg represents the combined heat required to change the H,O
phase at the base of the ice layer and the heat required to change the temperature

of the ocean, and is expressed by the following equation:

B PoceJbot C’p,oce %ce dTm
41 R? dPyot

bot

L =L (2.16)

where L is the latent heat, V. is the volume of the ocean, and Ry, is the radius
at the bottom of the layer. This means that ocean temperature is constant at
the melting point of the bottom of ice layer. The specific heat of the ocean is

temperature dependent [13| and is described as follows:
Cp, oce = 4190 +9exp (—0.11 (T4 — 281.6)) (2.17)

where T, is the ocean temperature.

2.1.5 Physical parameters for the simulation

The parameters used in the thermal evolution calculation are shown in the Table
2.2. Unless otherwise stated, the values in Table are used for physical properties.

The melting point of ice T}, i depends on pressure, and is given by
Tmice (P) = 273.1 — ¢, P — ¢y P* (2.18)

where P is the pressure, ¢; = 7.95 x 107°*KPa™', and ¢, = 9.6 x 107" K Pa™2
(]28]). Temperature dependence of the viscosity of ice and methane hydrate is

taken into account. It is known that the viscosity of ice can be expressed by the
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following equation|29]

Ea Tref
T = n,. 1 2.1
o) = nwesn (7= (55 -1)) (2.19)

where 7. is the reference viscosity and corresponds to the viscosity at Tief, Tref

is the melting point, F, is the activation energy, and R, is the gas constant.
Assume that the same equation can be used for methane hydrate. I assume
that the reference viscosity of ice is 10'* Pas and that of methane hydrate is
2.0x 10" Pas |17, 21]. In icy moons, the strain rate of ice derived from convection
is considered to be smaller than that of glacier on the earth [30]. Therefore, if
the deformation mechanism of ice is controlled by diffusion creep, the viscosity
depends on the grain size of ice [29]. The viscosity of ice is about 10'4;Pas
when the grain size is about 0.3 mm [31|. The viscosity of methane hydrate is
about one order of magnitude larger than that of ice [21]. However, these values
are uncertain and it is difficult to determine the exact value. The predominant
deformation mechanism of ice differs depending on the magnitude of strain rate
[29]. It has also been suggested that the dominant deformation mechanism in
the ice shell varies with temperature [32]. The grain size of ice in icy moons is
not yet known, but numerical calculations suggest that the grain size is about
the same or an order of magnitude larger than that of glaciers on the earth [30].
Temperature dependent viscosity is also taken into account for serpentine. An
experimental equation for the viscosity of serpentine is presented by Hilaire et
al. (2007) and can be written as follows [33]: equation|29]

E, — PV* [T
T) = -1 2.2
o) = naseww (P (1)) (2:20

where P is pressure and V* is activation volume. T is the reference temperature

and I choose 773 K. The reference viscosity is chosen4 x 10! Pas

2.1.6 Setting of simulations

I solved the above equations using the following method. The finite volume

method was used for spatial integration. The number of grids is 100 divisions
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Table 2.2: Parameters used in numerical simulation. pco.. is chosen the similar

value to carbonaceous chondrite.

Parameter Symbol  Units Value reference
Density of ice PDice kg m~3 920 [17]
Density of methane hydrate Phyd kg m™3 920 [17]
Density of ocean Poce kg m™3 1000 [17]
Density of rocky ice I1I Dicelll kg m™3 1150 [22, 34|
Density of rocky ice V PiceV kg m™3 1240 [22, 34]
Density of rocky ice VI DiceVI kg m~3 1330 [22, 34|
Density of rocky core Pcore kg m~3 2500 [35]
Specific heat of ice Cpice Jkg ' K=t 2100 [17]
Specific heat of methane hydrate Conya  Jkg ' K71 2100 [17]
Specific heat of HP ice Cp HPice kg~ K=1 2650 [36]
Specific heat of rocky core Cocore  J kg7t K71 1000 [12]
Thermal conductivity of ice Kice Wm 'K 26 [37]
Thermal conductivity of methane hydrate Fkpyq Wm Kt 06 [20]
Thermal conductivity of HP ice kHPice Wm K 16 [38]
Thermal conductivity of rocky core kcore Wm 'Kt 30 [12]
Reference viscosity of ice Tice Pas 1.0 x 104 [29]
Reference viscosity of methane hydrate Thyd Pa s 2.0 x 101°  [21]
Reference viscosity of rocky core TNcore Pas 4.0 x 10*  [33]
Reference temperature of rocky core Trefcore K 773 [33]
Activation energy of ice Eaice J mol™! 60000 [29]
Activation energy of methane hydrate Eahyd J mol~! 90000 [21]
Activation energy of HP ice Eoupice J mol™! 30000 [39]
Activation energy of rocky core Ea core J mol~! 8900 [33]
Activation volume of rocky core Vi e m? mol ! 3.2x107% [33]
Thermal expansivity of ice lice K1 1074 [12]
Thermal expansivity of methane hydrate  anyq K-t 1074 [40]
Thermal expansivity of HPice QHPice K1 1.5 x 1074 [34]
Latent heat of ice Lice J kg™t 333000 [12]
Latent heat of methane hydrate Liya Jkg! 437000 [41]
Latent heat of icelll Licernt J kg™t 256000 [37]
Latent heat of iceV Licev J kg™t 275000 [37]
Latent heat of iceVI Licevi J kg™t 306000 [37]

for the entire icy shell and 100 divisions for the rocky core. However, if the grid

size becomes too large (>~1 km), I adjust the number of grids accordingly. The

fourth order Runge-Kutta method was used for time integration. The time step
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always satisfies the CFL condition. That is, At satisfies the following equation:

At < 0.5pC,Ar? <1 + i) : (2.21)
ko k,
where Ar is the size of computational cell and At is the time step. The surface
boundary condition assumes the temperature is fixed at the surface tempera-
ture. The boundary condition at the center is that the spatial derivative of the
heat flow is zero. That is, the center is adiabatic. For the boundary with the
ocean, the boundary surface temperature is fixed at ocean temperature. Bound-
ary conditions between different materials (e.g. rock-ice interface) determine the

temperature so that the heat flow is matched at the boundary.

2.2 Growth of methane hydrate layer

In Kamata et al. (2019), which considered the growth of methane hydrate layer in
the thermal evolution of Pluto, it was assumed that seawater is always saturated
with methane. However, the amount of methane in the subsurface ocean is an
important factor for the growth of methane hydrate layer because a large amount
of methane is taken into the methane hydrate when it is formed. Therefore, I
incorporate the rule that methane hydrate can only be formed if the ocean is

saturated with methane into the model.

2.2.1 Calculation of methane saturated concentration

Methane saturation concentrations in ocean is determined from experiments and
theories [42]. The methane saturation concentrations in ocean at the temperature
and pressure conditions that methane hydrate is formed is also investigated. I

fitted this methane saturation concentration with a cubic function as follows:

1 3 1 2
B(—=— C
Toce ) * (Toce ) * (

1
Toce

MCH, satu,bou = eXP(A( ) + D) (222)

where Tye is the ocean temperature, mcH, satubou 1S the methane solubility at
the ocean/shell boundary and its unit is molm™, A = 9.1589 x 10° K3, B =
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Figure 2.3: Solubility of methane against temperature is shown.The points in the
figure are taken from Duan and Mao(2006)[42]. The curve represents the fitting
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curve used in this study. The fitting equation is 2.22

—9.7261 x 107 K2, C' = 3.3963 x 10° K, and D = —3.8513 x 10% .

Figure 2.3 shows the obtained fitting curves and the values of Duan and Mao

(2006). The horizontal axis is the dissociation point of methane hydrate. The

coefficient of determination is 0.99.

2.2.2 Rules for the growth of methane hydrate layers

I set the following three rules for methane hydrate growth. (i) The ocean is

supersaturated with methane in order for methane hydrate to be formed. The
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phase diagram of methane hydrate shown in Figure 1.4 assumes that the methane
is saturated. It is known that the dissociation point of methane in ocean drops
dramatically when it becomes unsaturated [43]. The treatment of the case where
ocean is methane unsaturated is discussed in a later subsection. (ii) The temper-
ature at the bottom of the icy shell is below the dissociation point of methane
hydrate. This is a natural rule. (iii) At the bottom of the icy shell, the disso-
ciation point of methane hydrate is above the melting point of ice. In general,
the larger the undercooling, which is the temperature difference from the melting
point, the faster the crystal growth rate. Methane hydrate layer is assumed to

grow when methane hydrate has a faster growth rate than ice.

When the above rules are satisfied, the methane hydrate layer grows. The
dissociation point of methane hydrate when methane is supersaturated in ocean

is given as follows:

Tinya ln(%) —a
where a = 38.980 and b = —8533.80 K ([19]). The method of calculating the
growth of methane hydrate layer is slightly different from that of ice layer|[17].
At the bottom of methane hydrate layer, methane hydrate layer grows when the
outgoing heat flux is larger than the incoming heat flux. Here, there is no change
in ocean temperature. When the incoming heat flux is greater than the outgoing
heat flux, the ocean temperature increases. When the ocean temperature exceeds
the dissociation point of methane hydrate, the methane hydrate layers melt. Here,
the ocean temperature drops to the dissociation point of methane hydrate. When
calculating the heat transport in methane hydrate layer, the methane hydrate
layer and the overlying ice layer are considered as separate layers. In other words,
it assumes a two-layer convection-like situation in an icy shell. This assumption
is based on the fact that methane hydrate is about an order of magnitude more
viscous than ice and thus has a different convection style. Note that, in this
study, methane hydrate layer is thinner and more viscous than ice layer, which

causes little convection of the methane hydrate layer.

When methane hydrate grows or dissociates, the methane concentration in

ocean changes. In this study, the compositional formula of methane hydrate
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is assumed to be CH,-6H,0. The hydration number of the Earth’s natural
methane hydrate is also comparable [44]. As shown in Table 2.2, the density

of methane hydrate is assumed to be 920 kgm ™.

In this case, the amount of
methane contained in 1 m? of methane hydrate Ccy LMH 18 7419 mol m > There-
fore, the change in methane concentration in ocean due to the growth of methane

hydrate layer is described as follows:

CCH4 ,oce V;)ce - CCH4 ,MH A‘/MH

AC’CH4,0ce = Vo AV

— CcHy oce (2.23)

where V.. is the ocean volume, AV, is the change in the ocean volume, and

AVjy is the change in the methane hydrate layer volume.

2.2.3 Introducing the Mix Layer

As the methane hydrate layer grows, the ocean eventually becomes methane un-
saturated. In this case, the icy shell is expected to grow by the following process.
(i) Methane hydrate layer grows. Under the condition of methane unsaturation,
the dissociation point of methane hydrate is known to drop significantly [43].
The dissociation point drops by about 40 K when the methane concentration
in ocean is less than 1%. However, even if the dissociation point of methane
hydrate decreases, if it is above the melting point of ice, methane hydrate grows.
(ii) A mixture of methane hydrate and ice is formed. As the dissociation point of
methane hydrate decreases, it eventually matches the melting point of ice. Then,
a mixture of methane hydrate and ice begins to grow, and I call this layer the
Mix layer. In this study, I omit the process (i) for simplicity. Since the thickness
of the methane hydrate layer formed by the process (i) is considered to be thin,
this assumption is not expected to have a significant impact on my results. For
example, consider the case where the ocean reached a methane saturation con-
centration due to the growth of methane hydrate layer at a depth of 30 km (~
3 MPa) in Enceladus. The radius of Enceladus is 252.0 km. At this time, the
methane concentration in the ocean Cyee is 65 molm ™ following the equation
(2.22). Assuming that 100 m of methane hydrate will be formed from here, the
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methane concentration in the ocean will decrease as follows:

4 3 4 3 3
o - Coce §7TRold - OCH47MH§7T (Rold B Rnew )
oce 4 TR3

(2.24)

where Cy is the methane concentration updated by methane hydrate formation,
Roq is the radius at the ice/ocean interface before methane hydrate formation
and is 222.0 km, and R, is the radius at the ice/ocean interface after methane
hydrate formation and is 221.9 km. Putting all the values into the above equation,
Coee = 55 molm ™2 is obtained. The concentration is less than 0.1% . Then, the
dissociation point of methane hydrate is about the same as the melting point
of ice at the pressure inside Enceladus (~a few MPa). Even if it is a large
moon under high pressure, methane hydrate formation from methane saturation
concentration is expected to use up methane in the ocean quickly. Therefore,
in my calculations, I ignored the process (i) and introduced the layer formed by
the process (ii) as a mix layer. I assume that the ocean is kept at a saturated

concentration of methane as the mix layer grows.

The amount of methane hydrate contained in the mix layer is not very large.
For example, as shown in the example above, if a mix layer is formed from a
saturated concentration of 65 molm®, the volume fraction of methane hydrate
is 65/7419 = 0.0088, which is less than 1% . So, the mix layer consists almost

entirely of ice.

The physical properties of the mix layer are described by linear combination
except for melting point and viscosity. The viscosity of the mix layer is described

as follows:

Tmix = 7751)%(1 i(clc_d)hyd) (2 : 25)

where ¢yyq is the volume fraction of methane. The melting point is assumed to
be the same as that of ice Ih. When the mix layer is formed beneath the methane
hydrate layer for the first time, the ocean temperature must be considered. When
the methane hydrate layer exists, ocean temperature may be high because the
dissociation point of methane hydrate is higher than the melting point of ice. In
this case, the ocean temperature has to drop to the melting point of the mix layer
in order for the mix layer to start to grow. Ocean temperature changes until the

mix layer starts to grow. The thermal evolution of the mix layer and the growth
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of the mix layer are carried out in the same way as in the case of the ice layer.

2.2.4 Benchmark of the growth of methane hydrate layer

In order to confirm whether the introduction of methane hydrate layer into the
conventional model described above is done correctly, I compared the calculation
results obtained from my developed code with the results of Kamata et al. (2019).
The calculations are performed for Pluto with a radius of 1188.0 km and a rocky
core size of 910.0 km. The density of the rock is 3000 kgm ™, the density of the
ocean is 1000 kgm >, and the density of ice and methane hydrate is 920 kg m .
The initial internal structure is 100.0 km thick of icy shell, 178.0 km thick of
ocean, and 0.0 km thick of methane hydrate layer. The initial temperature con-
ditions are as follows: the surface temperature is 40.0 K; the temperature of the
bottom of the icy shell is the melting point at the depth; the interior temperature
of the icy shell is a linear function connecting the surface temperature and the
melting point at the bottom of the icy shell; and the rocky core and ocean tem-
peratures are the same as the melting point at the bottom of the icy shell. The
initial methane concentration was set to 1.0 x 10°molm™ in order to assume a
situation with sufficient methane as in Kamata et al. (2019). This concentration
is well above the saturated methane concentration. Figure 2.4 shows the result of
Kamata et al. (2019). Figure 2.5 shows the changes in the internal structure of
Pluto over 4.6 Gyrs. Since the two figures show similar results, the implement of

methane hydrate layer into the conventional model is considered to be successful.

2.3 Introduction of high pressure ice

High pressure ice (HP ice) appears in large icy moons such as Titan due to high
pressure inside. Even on Pluto, HP ice appears depending on the size of the
rocky core [9]. However, since the system where methane hydrate layer and HP
ice layer coexist has not been considered so far, I newly introduce HP ice layer

into my model.
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Figure 2.4: The results of the thermal evolution of Pluto in Kamata et al.
(2019)[17]

2.3.1 Growth of the HP ice layer

In this study, I describe the growth of the HP ice layer using a different method
from that proposed by Kimura and Kamata (2020). This is because Kimura and
Kamata (2020) calculate heat transport in the ocean, while my model calculates
the ocean as a heat reservoir of constant temperature. The HP ice layer starts
to grow when the temperature at the top of the rocky core (equal to the ocean
temperature) becomes lower than the melting point of the HP ice. The melting

point of HP ice is given by [45]
Tonsipice(P) = a + bP + cIn(P) 4+ d/P + eV/P. (2.26)

Here, the coefficients differ depending on the phase of the HP ice. In this study,
ice II1, ice V, and ice VI are assumed to be HP ice. Each coefficient is summarized
in Table 2.3.

To consider the growth of HP ice layer, I consider the conservation of thermal

energy during the growth of HP ice layer and icy shell. The conservation equation
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Figure 2.5: The results calculated with my computational model under the same
conditions as Kamata et al.(2019). By setting the initial methane concentration
t0 1.0 x 106 mol m 2, the subsurface ocean is always supersaturated, i.e., the same
conditions as in Kamata et al. (2019)
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Table 2.3: HP ice parameters used in numerical simulation [45].
Phase a b c d e
Ice IIT  10.277 0.0265 50.1624 0.5868 -4.3288
Ice V. 5.0321 -0.0004 30.9482 1.0018 0.0
Ice VI 4.2804 -0.0013 21.8756 1.0018 1.0785

for thermal energy is as follows:

E Si - Fout Sout

AD ice AD shell ATm
% + Pshell Lshell Sout T + Poce Op, oce ‘/oce F

(2.27)

= PHPice LHPice Si

where Fj, is the incoming heat, Fy, is the outgoing heat, S, is the surface
area at ocean bottom, S, is the surface area at ocean top, ADypie. 1S the
change of HP ice layer thickness, ADgqp is the change of icy shell thickness, and
AV, .. Since the temperature at the ocean bottom, ocean temperature, and the

temperature at the icy shell bottom are equal, I obtain the following equation:

Azﬁm7 shell AT’m, HPice
ADgpen ADypice

(2.28)

where AT}, shen is the change of melting point of the shell bottom material at
the shell bottom pressure and AT, ppice 1s the change of HP ice melting point
at the top of the HP layer. Using the above, I obtain the following equations for
the thickness change of the icy shell and the thickness change of the HP ice layer:

Al)shell =
(En Sin - Fout Sout )At

dT i shell
(pshell Lshell Sout — PHPice LHPice ASin + Poce C'p,oce %ce <pshell Gshellbot n:ﬂSJe

(2.29)
Pshell Jshellbot Ui, shell.
shell Yshellbo dP
A - dTm, HPice (230)

— PHPice YHPtop dpP
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ADHPice - AADshell (231)

where gshenbor 18 the gravitational acceleration at the shell bottom, and ggpiop 1s
the gravitational acceleration at the top of the HP ice layer. If the bottom of the
icy shell is the methane hydrate layer, the rules of growth of methane hydrate
discussed in Section 2.4.2 are applied. Here, Fj, does not exceed the melting point
temperature gradient of the HP ice. Fj, exceeds the melting point temperature
gradient of the HP ice, which means that the top of the HP ice melts. Since the
bottom of the HP ice layer is in contact with the rocky core, it may melt due
to heat from the rocky core. When the bottom of the HP ice layer melts, the
melt or its heat is quickly transported to the top of the HP ice layer [46]. In my
model, I assume that when the bottom of the HP ice layer exceeds the melting
point, the heat flux from the rocky core is instantaneously transported to the top

of the HP ice layer. In other words, it is described as follows:

Sin,bot
Sin

Fin = Fintop + Finbot (2.32)
where Fi, op is the heat flux at the top of HP ice layer, Fi, o is the heat flux
at the bottom of HP ice layer, and Si, ot is the surface area at the bottom of
HP ice layer. Fi,pot is O if the temperature at the boundary between the core
and the HP ice layer is below the melting point of HP ice. In the calculation
of thermal evolution in this model, the HP ice layer is treated as a single layer
and there are no phase differences except for the melting point, latent heat and
the density. This treatment is considered to generate errors when more than one
phase appears in the HP ice layer. For the evaluation of convection in the HP ice
layer, I use the conventional mixing length theory because it is outside the scope

of the modified mixing length theory.

2.3.2 Benchmark of the growth of high pressure ice layer

In order to confirm that the introduction of the HP ice layer into my model
is correct, I compare the results of my calculations with the result of Kimura

and Kamata (2020). Calculations are performed for Pluto, which has a radius
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Figure 2.6: The result of the thermal evolution of Pluto considering the high-
pressure ice layer in Kimura and Kamata (2020).

of 1188.0 km and a rocky core size of 830.5 km. The pressure in the interior
of Pluto results in the appearance of ice III. Ice II is not taken into account.
The density of rock is 3500 kgm 2, the density of the ocean is 1000 kgm >, the
density of ice Th is 930 kgm™>, and the density of HP ice (ice III) is 1165 kgm>.
The initial internal structure is 100.0 km thick icy shell, 257.5 km thick ocean,
0.0 km thick methane hydrate layer, and 0.0 km thick HP ice layer. The initial
temperature conditions are as follows: the surface temperature is 44.0 K; the
temperature of the bottom of the icy shell is the melting point at the depth; the
interior temperature of the icy shell is a linear function connecting the surface
temperature and the melting point at the bottom of the icy shell; and the rocky
core and ocean temperatures are the same as the melting point at the bottom of
the icy shell. Since methane hydrate layer is not considered, the initial methane

concentration is 0.0 molm™>.

Figure 2.6 is the result of Kimura and Kamata (2020). Figure 2.7 shows the

changes in the internal structure of Pluto over 4.6 Gyrs under the same conditions
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Figure 2.7: The result of the thermal evolution of Pluto obtained by my compu-
tational model under the same conditions as Kimura and Kamata.

with Kimura and Kamata (2020). The two graphs show similar results. The
thicknesses are slightly different, but I attribute this to the different physical
properties used in my model. Therefore, I think that the introduction of HP ice

layer is also successful.

2.4 Summary of the thermal evolution model

As described above, methane hydrate layer, mix layer, and HP ice layer are
introduced into the conventional thermal evolution model. The following is a
summary of the thermal evolution calculations in this study. First, I consider
icy moons divided into ice layer - methane hydrate layer - mix layer - ocean
- HP ice layer - rocky core. Each layer except for the ocean is divided into
thin sublayers, and the heat transport between each sublayer is calculated. The
heat transports between the sublayers of the rocky core and the HP ice layer

are calculated using the conventional mixing length theory. For the ocean, heat
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transport calculation is not performed and it is assumed that heat is transferred
instantaneously from the bottom to the top. In the icy shells (including ice
layer, methane hydrate layer, and mix layers), heat transport calculations are
performed using the modified mixing length theory. In the ocean, the methane
concentration is calculated, and methane hydrate is formed in the case of methane
saturation. In the case of unsaturation, the mix layer starts to grow. When the
temperature of the ocean falls below the melting point of HP ice, HP ice layer
grows. Using the above model, I will calculate the thermal evolution of actual

icy moons in the next section and beyond.
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CHAPTER 3

Methane Hydrate Keeps Enceladus
and Mimas Oceans Thick

3.1 Introduction: active Enceladus and inactive

Mimas

Saturn’s moons, Enceladus and Mimas, are very different in appearance. Ence-
ladus is very active, while Mimas is inactive. Figure 3.1 and 3.2 show their
images. Table 3.1 shows the physical and orbital properties of Enceladus and
Mimas. Enceladus has a radius of 252.0 km and a bulk density of 1611 kgm >,
while Mimas has a radius of 198.2 km and a bulk density of 1149 kgm™>. This
difference is thought to have determined the fate of Enceladus and Mimas, but

the truth is not clear.

Table 3.1: The thermal and physical properties of Mimas and Enceladus [47].

Parameter Symbol  Units Mimas Enceladus
Mean surface radius R km 198.2 252.0
Bulk density p kg m™3 1149 1611
Surface temperature Ty¢ K 76 59
Semimajor axis a km 185,539 237,948
Orbital eccentricity e 0.0196  0.0047

Enceladus is covered with bright ice on its surface, suggesting that it expe-
rienced some kind of surface renewal. Near the south pole, plume containing
ice particles and volatiles erupts [2]. The plume contains molecular hydrogen,

suggesting that there is ongoing hydrothermal activity in Enceladus [48]|. Simi-
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Figure 3.1: Enceladus’ image. Credit:NASA /JPL/Space Science Institute
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Figure 3.2: Mimas’ image. Credit:NASA /JPL/Space Science Institute
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larly, the E-ring particles, which originated from the Enceladus plume, contain
nano-sized silica, suggesting hydrothermal activity in Enceladus [49]. In addition,
the Cassini spacecraft discovered a strong heat flow (~15 GW) from a fractured
region near the south pole called the Tiger Stripe [50]. These observational facts

indicate that Enceladus is very active.

In contrast to Enceladus, Mimas has a very dark surface. The surface of
Mimas is covered with numerous craters, many of which have not been thermally
relaxed. Even the largest crater, Herschel Crater, has very little relaxation. Since
the cratering rate of Saturnian system is uncertain, the absolute age is not known.
But the crater density suggests that most of the Mimas surface is older than the
Enceladus surface [51]. In addition, the surface of Mimas has few fractures caused

by geological activity. These facts indicate that Mimas is inactive.

The curious thing is that both moons may have a subsurface ocean. For
Enceladus, it is not strange because it is active as described above. Gravity,
libration, and topography also suggest the existence of an ocean [52, 53, 7, 54,
55|, although the thickness of the ocean varies among the studies. For Mimas,
the existence of an ocean has been considered difficult because it is difficult to
reconcile an inactive surface with the presence of an ocean [47]. Rhoden et al.
(2017), which assessed the tidal stress on Mimas, also concluded that the presence
of ocean is not reconcilable with the lack of tectonic activity [56]. However,
Tajeddine et al. (2014) reported the observation of strong libration in Mimas [8].
This strong libration suggests the existence of a subsruface ocean or a lumpy core.
Noyelles (2017) states that the phase lag of the libration supports the presence
of an ocean [57]. Thus, the existence of an ocean has been suggested, although

uncertainly, in Mimas.

In small icy moons such as Enceladus and Mimas, heating due to decay of
long-lived radioactive elements is small. In Enceladus and Mimas, the main
heat source to maintain the subsurface ocean is tidal heating. In general, if
the satellite is in synchronous state with the primary, the total amount of tidal
heating generated by the satellite is as follows:

21 (nRy)®

E= —5 Im (k2) o c (3.1)
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where Im (ky) is the imaginary part of the Love number, G is the gravitational
constant, n is the mean motion, Ry is the radius of the moon, and e is the
orbital eccentricity (|58]). Since the amount of tidal heating is proportional to
the square of the eccentricity, even Mimas, which has a larger eccentricity than
Enceladus, may receive a sufficiently large amount of tidal heating. However, the
tidal heating is proportional to the tidal Love number, which describes how much
the interior of a body is deformed by tidal forces, and evaluating the tidal heating
is difficult because of the complexity of evaluating the tidal Love number. On
the other hand, if two moons are in mean motion resonance, the equilibrium tidal
heating can be calculated [59]. The equilibrium tidal heating can be obtained by

considering the conservation of angular momentum and mass, as follows:

nolo ny Ty

Fry =
T Vima V1-a

To+T1y (GM GM
1o 1 ( mo+ m1) (3‘2>
L0+L1 ap 51
3 Gm*R%k
=" p 2 (3.3)

2 abQ,

where T' is the torque caused by the primary, L is the angular momentum, M
is the mass of the primary, m is the mass of the moon, and «a is the semimajor
axis. Subscripts 0 and 1 represent the inner moon and outer moon, respectively.
In this case, the tidal heating does not depend on the internal structure of the
satellite, but can be obtained from the planet’s Love number and ),,. The current
@, of Saturn is estimated from astrometry, which is ~2000. Since Enceladus is
currently in a 2:1 resonance with Dione, the equilibrium tidal heating is found to
be ~10 GW [60]. On the other hand, Mimas is not currently in any eccentricity-
type resonance. However, orbital evolution calculations suggest that it may have
experienced a 3:2 resonance with Enceladus 0.34 Gyr ago. The (), at this time
is estimated to be 4800. In this case, Mimas is experiencing tidal heating of 3.6
GW [61].

In this study, I thought that the assumption of methane hydrate layer might

be effective to reconcile the inactive surface and the existence of the subsurface
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ocean in Mimas. As described in Section 1, methane hydrate has lower thermal
conductivity than ice and higher viscosity than ice. These properties have the
effect of preventing the heat from the rocky core from escaping to the outside,
and thus thicker oceans can be realized. Kalousova and Sotin (2020) showed
that the presence of methane hydrate layer on Titan’s surface keeps heat from
escaping from the interior and raises the temperature of the ice layer beneath
the methane hydrate layer [62]. Kamata et al. (2019) showed that the existence
of methane hydrate layer may explain both the maintenance of the topography
of the ocean/ice interface beneath Sputonik Planitia and the existence of the
subsurface ocean on Pluto [17|. There is a sufficient possibility that methane
hydrate also exists in the interior of Enceladus and Mimas. It is known that gas
hydrates are formed when the components in the Enceladus plume are subjected
to the temperature and pressure of the Enceladus subsurface ocean [18]. Based
on the above, in this study, I investigate the thermal evolution considering the
existence of methane hydrate layer in the interior of Enceladus and Mimas using
a one-dimensional thermal evolution model. I also look for conditions where a
subsurface ocean exists in both Enceladus and Mimas and Mimas becomes less

active than Enceladus, i.e., the lithosphere becomes thicker.

3.2 Methods

In this study, I use the thermal evolution model developed in section 2. The

differences from section 2 and the initial setup are described below.

3.2.1 Interior structures

It is known from observations that Enceladus and Mimas are differentiated. In
this study, I assume that this differentiation occurred in the early stages of the
formation of both moons due to accretion heating and the heat derived from
decay of short-lived radioactive elements. Schubert (2007) showed that when
Enceladus accretes 1.6 Myr after CAI formation, the differentiation is completed
in a few Myr [63]. It is also said that the ways for Mimas to have a differenti-

ated structure is that Mimas accretes early and be differentiated by short-lived
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radioactive elements or that ice accumulate on the initial rocky core [47]. The
size of the rocky core of both moons can be determined from the moon’s size,
ice layer thickness, bulk density, ice density, ocean density, and rock density as

follows:

R = (,/ B3 (poutk — Pice ) — R3ee (Poce — Pice ) (3.4)
(Peore = Poce )

where R, is the core top radius, R,.. is the ocean top radius, R is the moon

radius, and ppyy is the moon bulk density. If the thickness of the Enceladus icy

shell is 20 km and the thickness of the Mimas icy shell is 30 km, the size of the

Enceladus rocky core is 190.7 km and the size of the Mimas rocky core is 98.9

km. These values are consistent with observations [52, §].

3.2.2 Tidal heating

As described in Section 3.1, tidal heating is the main heat source in Enceladus
and Mimas. In this study, tidal heating is incorporated into my model in a
similar way to Kamata (2018). The summary is given below. Tidal dissipation
associated with changes in eccentricity occurs mainly in the solid parts of icy
moons. If the subsurface ocean is quite thin, tidal dissipation also occurs in the
ocean|64], but I ignore the effect in this study. The amount of tidal heating that
occurs in the rocky core depends on the nature of the rocky core. When the rocky
core is rigid, the rocky core does not dissipate much due to its high viscosity [65].
On the other hand, if the rocky core is porous like gravel, the tidal dissipation is
high [66]. A study of differences in tidal deformation due to regional differences
in Enceladus icy shell thickness found that the tidal heating occurring within
the icy shell is less than 1 GW in most regions, thus most of the tidal heating
occurs in the rocky core [67]. In addition, when the radial distribution of tidal
heating is calculated taking into account the different viscosities in the icy shell,
it is found that the most tidal dissipation occurs near the viscosity at the melting
point [68]. From the above, I assumed that the sum of the tidal heating would be
injected into the bottom of the icy shell, although I did not consider where the
tidal heating was occurring. Kamata (2018) and this study assume that the sum
of these tidal heating is used to melt the bottom of the icy shell and increase the

ocean temperature. In other words, Fyy in equation (2.15) is given as follows:
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4T RE Fou = 4TR2F. + Q; (3.5)

where Ry is the radius at the shell bottom, R, is the radius at the core top,
F. is the heat flux at the top of the rocky core and @), is the tidal heating rate.
In this study, I consider this tidal heating as a free parameter. Note that this
treatment underestimates the effect of convection and overestimates the melting
of the lower part of the icy shell, since tidal heating actually warms the lower
part of the icy shell and promotes convection. This effect is significant for icy

shell that is convecting well.

3.2.3 Initial conditions

The initial icy shell thickness is assumed to be 10 km for both Enceladus and
Mimas, and 0 km for the methane hydrate layer. As described in the results
section, both Enceladus and Mimas quickly reach a state of near thermal equi-
librium due to their small sizes. Therefore, the initial internal structure does not
have a significant impact on the final internal structure. In Pluto, it is known
that the initial structure does not affect the final internal structure [9]. The ini-
tial temperature of the top of the icy shell is fixed at the surface temperatures
listed in Table 3.1. The temperature at the bottom of the icy shell and in the
subsurface ocean is set to the melting point at the bottom of the icy shell. The
temperature inside the icy shell is a linear function of the temperature at the
bottom of the icy shell and the surface temperature. The temperature of the
rocky core is assumed to be a free parameter between 273 K and 1273 K be-
cause it is not known how much the rocky core was warmed by the decay heat of
short-lived radioactive elements during the initial differentiation. I also assume
that Enceladus and Mimas have completed their differentiation, so I begin the
calculations 100 Myr after the CAI

Only methane is assumed to be dissolved in the initial subsurface ocean.
Ammonia may also dissolve in the ocean, but the amount estimated from the
Enceladus plume (~1%) is not enough to affect the melting point [69, 28| and
is ignored in this study. Comets that are considered as precursor materials for

Enceladus and Mimas contain 1% methane [14]. This is roughly equivalent to
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600 mol m~>. Methane is also produced by serpentinization reactions and carbon
dioxide reduction if the rocks are warmed above 300°C during differentiation [70].
Based on the above, the initial methane is assumed to be a free parameter between
0 and 1000 mol m 3. The methane saturation concentration at ocean temperature
of 273.15 K and pressure of 2.6 MPa is about 60 molm™ (Duan and Mao 2006)
Methane production by methanogen|71| and ongoing hydrothermal reactions are
considered in Enceladus, but methane generation during thermal evolution is not

considered in this study.

3.3 Results

3.3.1 Time evolution of internal structure

Figure 3.3 shows an example of the thermal evolution of Enceladus and Mimas.
As shown in the figure, equilibrium is reached at about 100 Myr. The time
evolution of heat due to the decay of long-lived radioactive elements has little
effect on the internal structure, and tidal heating controls the internal structure.
In the case where methane hydrate layer exists, the ocean is thicker than in the
case where methane hydrate layer does not exist. The color contour in the figure
shows the area where convection is occurring in the icy shell. The presence of
methane hydrate suppresses the convection in the ice layer. Figure 3.4 shows the
final H,O layer’s temperature profile. The temperature is dropping drastically in
the methane hydrate layer. In 3.4(a), the melting point of ice and the dissociation
point of methane hydrate are reversed at the boundary between methane hydrate

layer and ice layer.

Therefore, it is found that the methane hydrate layer plays the role of an
insulating layer that prevents heat from escaping from the interior in the icy
shell. In this study, tidal heating is assumed to be constant, but this is actually
incorrect because the eccentricity and internal structure actually change due to
orbital and thermal evolution, as described in Section 3.1. However, as shown
in the results, Enceladus and Mimas will soon be near equilibrium due to their
small size, so the final internal structure is likely to be in equilibrium for the last
few hundred Myr.
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Figure 3.3: Time evolution of the internal structure of Mimas.(a) is the case where
the initial methane concentration is 1000 molm ™ and (b) is the case where the
initial methane concentration is 0 molm™, i.e., only ice is formed. In both cases
(a) and (b), the tidal heating rate is 3 GW and the initial core temperature is
573 K. The colour contour represents the heat flux carried by convection relative
to the total heat flux.
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Figure 3.4: The final H,O layer’s temperature profiles are shown. (a) is the
case where the initial methane concentration is 1000 molm™ and (b) is the
case where the initial methane concentration is 0 molm ™. Black line represents
the temperature profile. Red line represents the melting point of ice. Blue line
represents the dissociation point of methane hydrate.
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Figure 3.5: Time evolution of rock core temperature in Mimas. Initial core
temperature is 573 K and Initial methane concentration is 1000 molm™—2. Applied
tidal heating rate is 3 GW. The colour contour represents temperature.

3.3.2 Effect of rocky core temperature on thermal evolu-

tion

Figure 3.5 shows an example of the evolution of the core temperature with time
in Mimas. The initial core temperature is 573 K. As shown in the figure 3.5, the
initial core temperature drops quickly and the core cannot be sufficiently heated
by the heat from the decay of long-lived radioactive elements in Mimas’ rocky

core.

Figure 3.6 shows the difference in the evolution of the rocky core with respect
to the initial temperature. It is found that the difference disappears after about
100 Myr. Similar results are obtained for Enceladus. From these results, the
typical rocky core temperatures in this study are chosen 1273 K for Enceladus
and 573 K for Mimas.
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Figure 3.6: Time evolution of the internal structure of Mimas when starting
from different initial temperatures.In all cases, the tidal heating rate is 4 GW
and the initial methane concentration is 1000 molm™>. Only the results for the
first million years are shown.

3.3.3 Effect of initial methane concentration on final inter-

nal structure

Figure 3.7 shows the difference in the final internal structure when the initial
methane concentration is changed. As the initial methane concentration de-
creases, a mix layer appears. As the initial methane concentration is over 500
mol m ™, the mix layer does not appear and the final icy shell thickness becomes
the same. This implies that the ocean is oversaturated throughout the thermal
evolution. In this study, the typical initial methane concentration in the presence

of methane hydrate layer is assumed to be 1000 mol m™>.
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Figure 3.7: The final internal structure of Mimas when starting with different
initial methane concentrations. In all cases, the initial temperature is 573 K and
the tidal heating rate is 3 GW.
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Figure 3.8: The relationship between the tidal heating rate and the final internal
structure is shown. (a) and (b) are Mimas, both with an initial core temperature
of 573 K. (c) and (d) are Enceladus, both of which have an initial core temperature
of 1273 K. In (a) and (c), the initial methane concentration is 1000 molm >, and
in (d) and (e), the initial methane concentration is 0 molm . The pink-colored
region is the convection area. The lithosphere is the thickness of the icy shell
minus the convection area.
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3.3.4 Differences in final shell thickness and lithosphere

among different tidal heating rates

Figure 3.8 shows the difference in the final internal structure and thickness of the
lithosphere when different tidal heating is applied. The lithosphere is defined as
the nonconvective area within the icy shell, i.e., Frony/Fior < 0.1%. As the figure
shows, if the tidal heating for Enceladus and Mimas are the same, the heating
per unit mass is greater for Mimas because it is smaller. Therefore, the final
thickness of the subsurface ocean is thicker in Mimas. In Figure 3.8 (a) and (c),
the final ocean thickness is close to a plateau in the region where the tidal heating
for Enceladus is between 7.5 GW and 20 GW and the tidal heating for Mimas is
between 2.0 GW and 5.0 GW. This means that the thickness change of methane
hydrate layer is insensitive to the change in tidal heating rate. In addition, the
presence of methane hydrate does not cause convection at all. In other words, the
thickness of the icy shell is directly the thickness of the lithosphere. In the figure,
methane hydrate layer does not appear when the tidal heating for Enceladus is
more than 25 GW and the tidal heating for Mimas is more than 7.5 GW. This
means that the icy shell is thin and the pressure in the icy shell is too low for

methane hydrate to be formed.

3.3.5 Surface heat flux of Mimas

Figure 3.9 shows the final surface heat flux of Mimas. When methane hydrate
layer is present, i.e., when the initial methane is 1000 molm™ and the icy shell
is more than 40 km, the surface heat flux is well suppressed. In other words, it is

possible to have both the presence of an ocean and an inactive surface in Mimas.

3.3.6 Summary of results

Figure 3.10 summarizes the results of Figure 3.8 and shows the conditions under
which the ocean exists in both Enceladus and Mimas, and the lithosphere of
Mimas is thicker than that of Enceladus. Although the thickness of the ocean is
not completely known from the observation, it is believed that a thick ocean exists
in both Enceladus and Mimas. In this study, I adopt about half of the H,O layer
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Figure 3.9: Current surface heat flux on Mimas.In all cases, the initial core
temperature is 573 K. The dashed line shows the case where the initial methane

concentration is 0 molm™>, i.e., only ice is produced. The solid line shows the
case where the initial methane concentration is 1000 molm™>.
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Figure 3.10: It shows the condition where there is a thick ocean in both Ence-
ladus and Mimas and where the Mimas lithosphere is thicker than the Enceladus
lithosphere.The horizontal axis is the tidal heating rate added to Mimas and the
vertical axis is the tidal heating rate added to Enceladus. On the opposite side
of each axis is the final subsurface ocean thickness corresponding to the tidal
heating rate. The dashed line represents the condition where there is more than
25 km of ocean in Enceladus or more than 50 km of ocean in Mimas. The red-
colored regions represent conditions where the Mimas lithosphere is thicker than
the Enceladus lithosphere.
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(including the icy shell and the subsurface ocean), i.e., 25 km in Enceladus and
50 km in Mimas, as a criterion for "thick ocean”. The area surrounded by black
dashed lines in the figure indicates the existence of thick oceans in both Enceladus
and Mimas. In the case that methane hydrate layer exists, more than 7.0 GW of
tidal heating for Enceladus and more than 2.0 GW of tidal heating for Mimas are
required to realize the thick ocean. In the case that ice layer only exists, 15 GW
of tidal heating for Enceladus and 5.0 GW of tidal heating for Mimas are required
to realize the thick ocean. The red region in the figure shows the region where
the Mimas lithosphere is thicker than the Enceladus lithosphere. Therefore, the
plausible region that can explain the current Enceladus and Mimas, i.e., “the
preferred region”, is the region surrounded by dashed lines and colored red. It is
found that the preferred region is larger when methane hydrate layer exists than

when only ice layer exists.

3.4 Discussions

3.4.1 Dependence on tidal dissipation factor

As mentioned earlier, thermal evolution and orbital evolution are closely associ-
ated. This is because the tidal heating rate to a satellite is related to its internal
structure and orbital elements. One of the factors that have a great influence on
the orbital evolution of a satellite is the tidal dissipation factor @), of the planet.
(), is a value that represents the degree of dissipation within a planet due to
tidal forces acting on it. The current value of (), is estimated by astrometry to
be ~2000 [72]. If @), has been constant at 2000 during Saturn’s evolution, then
from the perspective of orbital evolution, Enceladus and Mimas may have formed
recently [73|. Even if Enceladus and Mimas are relatively recently formed, they
approach equilibrium within a few hundred Myr, as shown in Figure 3.3, and
the current internal structure may form. Note, however, that this study does
not take into account differentiation, failure, or crater relaxation. On the other
hand, Fuller et al. (2016) suggest that (), has not been constant until now and
may have been larger in the past [74]. Based on this theory, both Enceladus

and Mimas form 4.6 Gyr ago. If the orbital evolution is calculated based on this
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theory, Mimas may experience a 3:2 mean motion resonance with Enceladus 0.34
Gyr ago. The @), at this time is 4600, and the equilibrium tidal heating is 3.6
GW [61]. Also, as mentioned earlier, Enceladus is currently in a 2:1 mean motion
resonance with Dione, with an equilibrium tidal heating of 10 GW. By applying
these tidal heating rates to the result in figure, it is found that the condition of

the preffered region is satisfied when both moons have methane hydrate layer.

3.4.2 Relevance to observation

The icy shell thickness of Enceladus is estimated from a number of studies. Esti-
mated icy shell thicknesses range from about 14 km to 41 km [52, 53, 54, 7, 55, 75].
Thus, assuming an Enceladus radius of 252.0 km and a core radius of 190.7 km,
the ocean must be at least 20 km thick. With the estimated equilibrium tidal
heating of 10 GW, a 20 km ocean is realized regardless of the presence or ab-
sence of methane hydrate as shown in figure. If the thickness of the ocean can be
constrained by future observations, it may be possible to further constrain the
presence of methane hydrate. For Mimas, there is only one study that estimated
the thickness of the icy shell from observations. According to Tajeddine et al.
(2014), the thickness of the icy shell estimated from the libration is between 24
and 31 km [8]. This implies an ocean thickness of 68.3 km to 75.3 km, assum-
ing Mimas radius of 198.2 km and the core radius of 98.9 km. The estimated
equilibrium tidal heating of 3.6 GW cannot achieve this ocean thickness even
if methane hydrate is present. Furthermore, it is found that methane hydrate
cannot exist at this thickness of the icy shell. This may be because only pure
methane hydrate was considered in this study. For example, CO, hydrate and
Xe hydrate have higher dissociation points than methane hydrate [19], which is
expected to make the depth at which gas hydrates can exist stably shallower.
The effect of dissolved different gaseous species is described in detail in a later

section.

The lack of geological activity at the surface of Mimas is a strong constraint
on its thermal evolution. Rhoden et al. (2017) discussed the possibility that tidal
stress could crack the surface of Mimas [56]. When the viscosity of the icy shell
is 102 Pas, the tidal stress is up to 1300 kPa, while when the viscosity of the ice
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is 10'? Pas, the tidal stress is up to 80 kPa. As the viscosity increases, the tidal
stress decreases. Considering the fact that the tensile failure strength of ice is a
few MPa, although it depends on the grain size and porosity of the ice [76], the
higher the viscosity of the icy shell, the less likely the icy shell fails. If methane
hydrate layer exists, the temperature of the icy shells can be kept low and the
viscosity can be kept high because they insulate the heat from the inside, and it

is thought that the icy shell is less likely to crack due to tidal stress.

The fact that the Herschel crater does not relax on Mimas is also a big con-
straint on the internal thermal structure. Tian and Nimmo (2019) assume that

2 as a condition for the Herschel

the surface heat flux is less than 10 mWm™
crater not to relax [61]. The present study uses the same assumption and con-
siders Figures 3-5. If methane hydrate layer exists, the thickness of the icy shell
must be approximately 40 km or more for the surface heat flux to be less than
10 mW m~2 This is equivalent to the thickness of the ocean being less than 59.3
km. In the case of the ice layer alone, the thickness of the icy shell must be
approximately 50 km or more. In other words, the thickness of the ocean must
be less than 49.3 km. Comparing these results with figure 3.10, it is found that
the presence of methane hydrate layer enables both the low surface heat flux on

Mimas and the thick ocean, i.e., the condition of the preferred region is satisfied.

Many of the craters on the Enceladus surface are relaxed in contrast to Mi-
mas. This is thought to be due to the porous layer of ice formed by the deposit of
plume-derived ice grains on the Enceladus surface. The porous layer has a lower
thermal conductivity than the underlying ice layer, and thus acts as an insulating
layer similar to methane hydrate layers. This insulating layer has the effect of
increasing the thermal gradient near the surface, which is thought to be responsi-
ble for the relaxation of the surface craters [77|. Therefore, it is difficult to argue
whether there is methane hydrate layer inside Enceladus from the appearance of

surface craters.

3.4.3 Dissolved gaseous species

Gas hydrates are capable of containing not only methane but also other gaseous

species. The gas composition in the Enceladus plume is found to form mixed hy-
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drate under the temperature and pressure inside Enceladus [18|. Methane hydrate
and mixed hydrate have different dissociation points and densities. The differ-
ence in dissociation points may affect the depth at which gas hydrates emerge in
the icy shell. The higher the dissociation point, the shallower the depth at which
the melting point of ice and the dissociation point of mixed hydrate reverse, and
thus the shallower the depth at which mixed hydrate appears. The difference
in density may affect whether gas hydrate can ascent in the ocean, i.e., whether
gas hydrate layer can be formed in the icy shell. If mixed hydrates are formed
with the Enceladus plume composition, either Structure I with a density of 1040
kgm™® or Structure II with a density of 970 kgm ™ is formed [18]. In the case
of Structure II, the hydrate can ascend in the ocean, but in the case of Structure
I, the possibility of ascending depends on the density of the ocean. Ascended
mixed hydrate forms layer beneath the ice layer, but sunk mixed hydrate even-
tually melts due to the heat from the rocky core. Among the dissolved gases,
CO,, which is heavier than methane, is considered to be important. Methane and
carbon dioxide can coexist in the ocean. The ratio of carbon dioxide to methane
is determined by temperature [78]. Depending on the temperature, hydrate layer

may not form.

3.5 Summary

In this section, the developed model is used to explore the conditions where
both Enceladus and Mimas have thicker oceans and the lithosphere of Mimas
is thicker than that of Enceladus, i.e., the preferred region. In the presence of
methane hydrate layer, it was found that Enceladus needs 7.5 GW to maintain
more than 25 km of ocean, and Mimas needs more than 2.0 GW to maintain
more than 50 km of ocean. These tidal heating values are lower than those for
the ice layer only. When methane hydrate layer is present in both moons, the
estimated equilibrium tidal heating is found to be in the preferred region. In
addition, the presence of methane hydrate layer suppressed the surface heat flux
of Mimas and prevented the relaxation of the Herschel crater. Considering the

methane hydrate layer may explain the structure of Enceladus and Mimas.
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CHAPTER 4

Methane hydrate as a reservoir of

atmospheric methane on Titan

4.1 Introduction

Titan is the only satellite with a thick atmosphere, and it is a mystery why Titan
is the only one with a thick atmosphere. Titan has a radius of 2575 km, which is
the second largest satellite in the solar system after Ganymede. Figure 4.1 shows
Titan’s image. The physical and orbital properties of Titan are listed in Table
4.1.

Table 4.1: The thermal and physical properties of Mimas and Enceladus.

Parameter Symbol  Units Titan
Mean surface radius R km 2575
Bulk density p kg m—3 1880
Surface temperature Tiyu¢ K 93.7
Orbital eccentricity e 0.0292

In addition, observations predict the existence of an internal ocean inside
Titan. From observations, Titan’s moment of inertia is found to be around 0.33
to 0.34, indicating that its interior is not completely differentiated [79]. The
measurements of low frequency waves and atmospheric conductivity on Titan
revealed a Schuman-like resonance trapped within Titan’s atmospheric cavity
[80]. This is interpreted as the presence of a subsurface conductive layer of about
45 km, i.e., the existence of an internal ocean. Bills and Nimmo (2008), based

on long-length topography and a theoretical model, suggested the existence of
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Figure 4.1: Titan’s image. Credit:NASA /JPL/Space Science Institute
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an subsurface ocean beneath a not-convective icy shell of about 100 km [81].
Hemingway et al. (2013) also investigated the long-length topography of the icy
shell, and suggested that the icy shell is conductive, i.e., it has high viscosity [82].

Titan has an atmospheric pressure of about 0.15 MPa and is composed of
large amounts of nitrogen, methane, and other elements [83|. One of the major
problems on Titan is the lack of atmospheric methane. The amount of methane
in the atmosphere is about 5% near the surface, depending on the altitude. It is
known that this methane will be destroyed by photolysis in tens of million years,
so it must be supplied to the atmosphere by some means [84]. The process of
methane formation is debated from various perspectives. Since comets, which
are candidates for Titan’s raw materials, contain methane, it is possible that the
methane remains intact. However, when Titan-sized satellites accrete they may
have lost a lot of volatiles, depending on the accretion model. In this case, the
methane could have been generated inside Titan. Assuming that a mixture of
rock and ice accumulated, the decay of short-lived radioactive elements and ac-
cretion heating can melt the ice, and the reaction of the melt with the rock (e.g.,
serpentinization reaction and carbon dioxide reduction) can produce methane.
It is also possible that there is an ongoing serpentinization reaction between the
subsurface ocean and the rocky core after differentiation. The ongoing hydrother-
mal reaction of the rocky core is supported by the finding of large fraction of *°Ar

in Titan’s atmosphere, which was formed by radiative decay in the rock [83].

In Tobie et al. (2006), methane hydrate layer on the surface is assumed
to be the source of atmospheric methane, and thermal evolution calculations
were performed assuming the formation of methane hydrate layer during the
accretion.|23| As a consequence, they found that within 1 Gyr, convection in the
icy shell can cause cryovolcanism, which can supply methane to the atmosphere.
On the other hand, when methane hydrate layer exists on the surface, it is known
that the viscosity in the icy shell decreases because the heat is trapped in the
underlying ice layer [62]. Therefore, the assumption of the existence of methane
hydrate layer on the surface contradicts the inference from observations that the
inside of the icy shell is high viscous. It is also unclear whether hydrate formation
can take place fast enough in a low-temperature, low-pressure environment such

as interstellar space. In the case of hydrate formation in interstellar space, noble
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gases such as Xe and Kr must have been taken in at the cage of the gas hydrate,

which is inconsistent with the low noble gas content in Titan’s atmosphere [83].

Therefore, in this study, I consider the possibility of methane hydrate for-
mation in the subsurface ocean of Titan instead of the initial accumulation of
methane hydrate. The purpose of this study is to investigate whether the exis-
tence of methane hydrate layer in the interior of Titan can explain the current
viscosity in the icy shell and the amount of atmospheric methane using the one-

dimensional thermal evolution model developed in section 2.

4.2 Methods

In this study, I use the thermal evolution model developed in section 2. The

differences from section 2 and the initial setup are described below.

4.2.1 Interior structure

The density of rock is assumed to be 2500 kgm ™2, the density of the ocean
is assumed to be 1000 kgm >, and the density of ice and methane hydrate is
assumed to be 920 kg m . The density of HP ice is listed in Table 2.2. The radius
of the rocky core is determined to be 2135.9 km using the formula. Because of
the large size of Titan, most of its interior is a stable region of methane hydrate.
Therefore, the thickness of the ice formed in the initial stage of accretion may
determine the depth at which methane hydrate appears. Therefore, in this study,
the initial icy shell thickness is set as a free parameter ranging from 25 km to
200 km. This simulates at what stage during the initial accretion the primordial

ocean became methane supersaturated.

4.2.2 Initial methane concentration

The initial methane concentration in the ocean is set to be 1% in the entire H,O
layer (icy shells, ocean, and HP ice layers). In addition, in order to consider the

case of methane hydrate formation during long-term evolution, the emergence
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time of methane hydrate layer is set as a free parameter. When the beginning
of the calculation is set to 0 yr, the emergence time of the methane hydrate
layer is varied from 0 yr to 1 Gyr after the formation time. This parameter
means at what time the ocean was supersaturated with methane by the ongoing
methane production. As the treatment in the calculation, methane is injected into
the ocean when the thermal evolution time gets over the set methane hydrate
emergence time. In the case where only ice layers are considered, the initial

methane concentration is set to zero.

4.2.3 Methane leakage into the atmosphere

It is assumed that the methane leakage into the atmosphere is caused by the
instantaneous transport of methane to the surface when methane hydrate dis-
sociates. In large icy moons such as Titan, when the icy shell gets thicker, the
surface of the icy shell is subjected to high tensile stress. Or, the large amount of
methane gas from the dissociation of methane hydrates causes excessive pressure
at the bottom of the icy shell. Therefore, it is thought that there is a pathway
in the icy shell through which methane gas can escape during methane hydrate
dissociation. In Europa, the stress exceeding the tensile strength of ice is gen-
erated when the icy shell grows about 20 km [85]. Even if the ice does not fail,
the large amount of methane gas produced would increase the buoyancy of the
surrounding area and allow the methane gas to reach the surface [86]. Therefore,

the assumption of this study is not so bad.

Methane hydrate contains Cepg v = 7419 mol m~> methane as described in
section 2. Therefore, when methane hydrate dissociates by AViya, ComsmuaAViyd
mol of methane is generated. Since the molar mass of methane is 1.6 x10~2 kg mol *,
the amount of methane supplied to the surface by the dissociation of methane
hydrate is CopamaAViya X 1.6 X 1072 kg. Since this is added to the surface

pressure, the change in surface atmospheric pressure is as follows:

 ConamuaAViga X 1.6 X 1072 X gy

AP
Stop

(4.1)

where gt is the gravitational acceleration at moon’s surface, and Siop, is the
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moon’s surface area. It is known that the amount of methane lost at the surface
per unit time due to photolysis, dissipation, and condensation is Cl,es = 1.3 X
10 m~—2s71 [87]. Note, however, that this is the current value. Assuming that
the atmospheric methane continues to decrease at the current value, the change

in atmospheric pressure is as follows:

(CCH4,MHAVhyd - ClossStopAt/ (602 X 1023)) x 1.6 x 1072 x Gsurf
Stop

AP = (4.2)

The above equation is used to determine the change in methane atmospheric

pressure to the present.

4.2.4 Initial condition

Ice thickness is assumed to be a free parameter as described earlier. Initial
methane hydrate layer thickness and HP ice layer thickness are set to 0 km. It
is assumed that it takes about 500 Myr from accumulation to the formation of
differentiated structures, and the beginning of calculations is 500 Myr after CAI
formation [88|. The initial temperature of the top of the icy shell is fixed at the
surface temperature 93.7 K. The temperature at the bottom of the icy shell and
in the subsurface ocean is set to the melting point at the bottom of the icy shell.
The temperature inside the icy shell is a linear function of the temperature at the
bottom of the icy shell and the surface temperature. The rocky core and ocean

temperatures are the same as the melting point at the bottom of the icy shell.

4.3 Results

4.3.1 Time evolution of the rocky core temperature

If the rocky core exceeds 900 K, the rocky core will dehydrate. If the rocky
core was dehydrated, it cannot reproduce the moment of inertia consistent with

observations.
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Figure 4.2: Time evolution of central temperature of rocky core in Titan. The
initial ice shell thickness is 100 km, and 1% methane is dissolved in the entire
H,O0 layer.

Figure 4.2 shows the evolution of the temperature of the rocky core center
in the presence of methane hydrate layer and an initial ice shell thickness of 100
km. The temperature of the rocky core does not reach 900 K at the highest, so it
can escape differentiation. In all calculations, the temperature of the rocky core
does not exceed 900 K.

4.3.2 Time evolution of internal structure

Figure 4.3 and figure 4.5 show the evolution of the internal structure when the
initial icy shell thickness is set to 100 km. Figure 4.3 shows the case without
methane hydrate, and Figure 4.5 shows the case with the presence of methane
hydrate. The color contour represents the temperature. Comparing the two
results, it was found that a thick subsurface ocean can be obtained when methane
hydrate is present. When methane hydrate is present, HP ice layer does not
appear. This is because the dissociation point of methane hydrate is higher than
the melting point of ice, and thus the temperature of the subsurface ocean is kept
high. In addition, when methane hydrate is present, the temperature in the icy

shell is kept lower than that in the case of only ice. This indicates the insulating
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Figure 4.3: Time evolution of Titan’s internal structure.The initial icy shell thick-

ness is 100 km, and the initial ocean does not contain methane. The color contour
represents the temperature.
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Figure 4.4: The temperature and pressure profiles of the final H,O layer in the
case that the initial ocean does not contain methane is shown. Red line represents
the melting point of ice. The red line inside the ocean represents the melting point
of HP ice under the pressure at the top of the rocky core.
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Figure 4.5: Time evolution of Titan’s internal structure.The initial icy shell thick-
ness is 100 km, and the initial ocean contains 1% methane in the entire H,O layer.
The color contour represents the temperature.
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Figure 4.6: The temperature and pressure profiles of the final H,O layer in the
case that the initial ocean 1% methane in the entire H,O layer. Red line rep-
resents the melting point of ice. The red line inside the ocean represents the
melting point of HP ice under the pressure at the top of the rocky core. Blue
line represents the dissociation point of methane hydrate.
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Figure 4.7: The temperature and pressure profiles of the final H,O layer in the
case that the initial ocean 1% methane in the entire H,O layer. Red line rep-
resents the melting point of ice. The red line inside the ocean represents the
melting point of HP ice under the pressure at the top of the rocky core. Blue
line represents the dissociation point of methane hydrate.

property of methane hydrate. The lower temperature in the icy shell means that
the viscosity of the icy shells is higher, and this is consistent with previous study
that indicates the icy shells are conductive [82]. Figure 4.4 and figure 4.6 show
the temperature and pressure profiles of the final H,O layers in the figure 4.3 and
figure4.5. As shown in figure 4.6, the subsurface ocean is kept hot by fairly thin
methane hydrate layer. Consequently, the interior ocean is too warm for HP ice
to exist. Figure 4.7 shows the time evolution of the ocean methane concentration.
The methane concentration in the ocean decreases with the formation of methane
hydrate. When the growth of methane hydrate stops, the methane concentration
becomes constant. As the methane hydrate dissociates, the methane gas in the
methane hydrate is supplied to the atmosphere. The methane concentration in
the ocean decreases as methane hydrate dissociates because the volume of the

ocean increases due to the dissociation of the methane hydrate layer.

Figure 4.8 and figure 4.9 show the final structure of the H,O layer against
the initial thickness of the icy shell. In the case of ice alone, the initial structure
does not significantly affect the final structure, but in the case of the presence

of methane hydrate, the initial icy shell thickness significantly affects the final
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Figure 4.8: The relationship between the initial icy shell thickness and the fi-

nal internal structure is shown. In all cases, the initial ocean does not contain
methane.
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Figure 4.9: The relationship between the initial icy shell thickness and the final

internal structure is shown. In all cases, the initial ocean contains 1% methane
dissolved in the entire H,O layer.
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Figure 4.10: The time evolution of methane atmospheric pressure at different
initial icy shell thicknesses.In all cases, the initial ocean contains 1% methane
dissolved in the entire H,O layer.

structure. When methane hydrate is present, the final icy shell thickness is almost
equal to the initial icy shell thickness. This is because the heat generated by the

rocky core cannot melt the methane hydrate layer whole.

4.3.3 Time evolution of atmospheric pressure

Figure 4.10 shows the evolution of the atmospheric thickness. In all cases, the
methane atmosphere remained until now, but the amount of methane released
to the atmosphere depends on the initial icy shell thickness. Figure 4.10 shows
the current methane atmospheric pressure against the initial icy shell thickness.
The thicker the initial icy shell, the less methane is released into the atmosphere.
This is thought to be due to the difference in methane solubility of the ocean at
different depths. When the icy shell is thick, the pressure at the bottom of the
icy shell increases, and the dissociation point of methane hydrate in the lower

part of the icy shell becomes higher. Then, the ocean temperature rises and the
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Figure 4.11: The relationship between the final methane atmospheric pressure
and the initial ice shell thickness is shown. In all cases, the initial ocean contains
1% methane dissolved in the entire H,O layer.

amount of methane that can be dissolved into ocean increases. As a consequence,
less methane hydrate is formed than when the icy shell is thin, and less methane

hydrate is dissociated.

4.3.4 Effect of methane hydrate emergence time

Figure 4.12 shows the final internal structure of the H,O layer in relation to the
emergence time of methane hydrate. The final internal structure is almost the
same when methane hydrate starts to be formed after 500 Myr from calculation
start time. If methane hydrate starts to form before 400 Myr after formation,
the larger the methane hydrate emergence time is, the thicker the final icy shell

becomes.

Figure 4.13, figure 4.14 and figure 4.15 show the evolution of the internal struc-
ture at different methane hydrate emergence times. The final icy shell thickness
is largely determined by the icy shell thickness at the time of the emergence of
methane hydrate. When the methane hydrate emergence time is 400 Myr, the
methane hydrate layer grows from 400 Myr after formation. After that, the ocean

temperature rises to the dissociation point of methane hydrate due to the heat of
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Figure 4.12: The relationship between the final internal structure of Titan and
the methane hydrate emergence time is shown. In all cases, the initial ocean
contains 1% methane dissolved in the entire H,O layer.
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Figure 4.13: Time evolution of the internal structure of Titan when the Methane

hydrate emergence time is 0 Myr is shown. The initial icy shell thickness is 100
km and the initial methane is 1% of the total H,O layer.
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Figure 4.14: Time evolution of the internal structure of Titan when the Methane
hydrate emergence time is 400 Myr is shown. The initial icy shell thickness is
100 km and the initial methane is 1% of the total H,O layer.
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Figure 4.15: Time evolution of the internal structure of Titan when the Methane

hydrate emergence time is 500 Myr is shown. The initial icy shell thickness is
100 km and the initial methane is 1% of the total H,O layer.
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Figure 4.16: The relationship between methane hydrate emergence time and final
methane atmospheric pressure is shown. In all cases, the initial icy shell thickness
is 100 km and the initial ocean contains 1% methane dissolved in the entire H,O
layer.

radioactive decay from the rocky core. After the ocean temperature rises to the
methane hydrate dissociation point, the methane hydrate dissociates, although
the methane hydrate layer remains because they could not be fully dissociated
by the heat of radioactive decay. As a result, the final shell thickness remains
thick.

Figure 4.16 shows the current methane atmospheric pressure against the
methane hydrate emergence time. It is found that methane is not released to
the atmosphere unless methane hydrate exists from the beginning. This is be-
cause the methane hydrate layer did not have a chance to dissociate or to be
formed if methane hydrate is formed after icy shell gets to thick once. In order to
supply methane to the atmosphere through the dissociation of methane hydrate,
it is necessary for methane hydrate to be formed and then dissociate. As shown
in figure 4.14, the formed methane hydrate layer in the case that the methane
hydrate emergence time is 400 Myr is thinner than that in the case that the
emergence time is 0 Myr. As a result, less methane hydrate was dissociated and
less methane that was supplied to the atmosphere. Also, as shown in figure 4.15,

methane hydrate is not formed during the period of 1 Gyr after 500 Myr from
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the formation of Titan, because of high heat flux from the rocky core. Although
methane hydrate can be formed after that time, it is not possible for the hydrate
to be melt. Therefore, in order to supply methane to the atmosphere through
the dissociation of methane hydrate, it is necessary for methane hydrate to be

formed in the early stages of Titan’s evolution.

4.4 Discussions

4.4.1 Possibility of methane atmospheric leakage

In this study, it is assumed that the initial ocean is supersaturated with methane.
At this time, the methane could not be fully dissolved into the ocean. The
residual methane that cannot be dissolved in the ocean is thought to exist as
microbubbles. The methane microbubbles may be covered with a thin film of
methane hydrate [89]. The thin methane hydrate shell of the microbubbles act
like a pressure-resistant container and hold methane gas inside. As the methane
hydrate grows in the lower part of the icy shell, the methane concentration in
the ocean decreases. Then, some of the microbubbles covered with methane
hydrate shell collapse, which supplies methane to the ocean. Therefore, the

initial methane in the ocean can be retained in without erupting to the surface.

Since methane hydrate holds a large amount of methane gas, when the methane
hydrate layer dissociates, a large amount of methane gas is generated locally. The
large amount of methane is considered to be transported to the surface by fractur-
ing of the icy shell and/or migration with solid-phase convection. The methane
gas generated by the dissociation of methane hydrate creates excess pressure in
the subsurface ocean. The excess pressure generated in the ocean creates frac-
tures in the lower part of the icy shell [90]. The subsequent fracture propagation
depends on the magnitude of the excess pressure, buoyancy, and the length of the
fracture [91]. If the excess pressure satisfies the following inequality, the crack
propagates in the icy shell. The condition is given by

AP, > & + 2—91 (Pfiuid — Pshen ) (4.3)

Vrl o NrlT
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where AP, is the excess pressure, K. is the critical stress intensity and [ is
the crack length. Kij. of ice Th is 0.10-0.12 MPam'/2 [86]. Consider the case
where methane hydrate dissociates by AVjyq . If there is no volume change due
to the methane hydrate dissociation, the bulk density of the fluid remains the
same before and after the dissociation. Therefore, the fluid does not generate
buoyancy as a bulk, i.e., the second term on the left-hand side of equation 4.3 is
zero. This assumption underestimates the crack propagation because in reality,
the gas phase and the liquid phase should be separated and buoyancy should be
generated. When methane hydrate dissociates, the volume change AV; derived
from the density difference between methane hydrate, water, and methane gas
and the volume change AV, caused by the compression of methane gas are gen-
erated [92]|. Since I assume the case where no volume change occurs due to the
dissociation of methane hydrate, the sum of AV} and AV is zero. AV; can be

expressed as follows:

AV = AVias + AViig + AViya

_ (—rg <phyd ) —(1—r,) (phyd ) + 1) AViya (4.4)
Pgas Plig

= —R,AViya

where AV, is the volume change of the methane gas, AV}, is the volume
change of the water, AViyq is the volume change of the methane hydrate and
r4 is the mass fraction of gas in methane hydrate. r, is 0.127 assuming that the
compositional formula of methane hydrate is CH, -6 HyO. pgas is the methane
gas density and the density is 0.717 kgm ™ under the standard conditions for
temperature and pressure [93|. Assuming that only the methane gas compresses,

AV, is expressed as follows:

A‘/2 - _KAPeXAvaas

4.5
= IQAPBXTg (@) AVhyd ( )

gas

where k is the compressivity. Therefore, since AV; is equal to —AV, the excess
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pressure can be expressed as follows:

R,
fiTg (phyd )
Pgas
1

Assuming the gas is an ideal gas, the compressibility can be expressed as “F
where 7 is the heat capacity ratio and P is the pressure. For an ideal gas, 7 is
1.33. Considering a depth of 100 km in Titan, the pressure is about 150 MPa

as shown in figure 4.6 and & is 5.0 x 1075. Substituting these values into the

APy = (4.6)

equation 4.6 gives the excess pressure of about 200 MPa. This excess pressure is
much higher than the tensile strength of the ice (a few MPa), so it is possible to
create cracks in the lower part of the icy shell [76]. Assuming the crack length is
~ 100 km, It also causes crack propagation because the equation 4.3 is satisfied.
The crack propagation is expected to take place quickly, so the methane is well
supplied to atmosphere. Even if volume change occurs due to methane hydrate
dissociation, the buoyancy will increase because the volume fraction of gas will
increase. Therefore, even if the volume change is allowed, the leakage of methane
gas is considered to occur. It is also possible that methane gas was transported
to the surface by convection. When methane hydrate dissociates, bubbles are
supplied into the icy shell. In the case of the Earth’s magma, it is known that
the effective viscosity decreases when bubbles are present in the magma [94].
Similarly, if the viscosity of the icy shell is reduced by the presence of bubbles,
convection in the icy shell will be promoted. It is conceivable that the buoyancy
of the bubbles and the convection of the ice shells may supply methane to the
atmosphere quickly during the period of methane hydrate dissociation. In both
cases, the large amount of gas produced by the dissociation of methane hydrate
is considered to enable the rapid supply of methane to the atmosphere. In this
study, it is assumed that all the methane gas released by methane hydrate disso-
ciation is supplied to the atmosphere. However, in reality, there is a possibility
that the methane will return to the methane hydrate as it moves through the icy
shell, and/or there is a possibility that the methane will dissolve back into the
ocean due to the excess pressure. Therefore, the methane atmospheric pressure

shown in this study is considered to be the maximum value.
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4.4.2 Reproducibility of the current atmosphere

Titan’s current atmospheric pressure is about 0.15 MPa. As shown in figure
4.9, methane can be released from methane hydrate as much as atmospheric
pressure. However, the current atmosphere contains not only methane but also
nitrogen, and the partial pressure of methane is about 5% of the total pressure.
Therefore, the dissociation of methane hydrate causes the problem that too much
methane remains in the atmosphere. There are several possible reasons for this
problem. First, the methane atmospheric pressure determined in this study is
considered to be a maximum value as mentioned in the previous subsection. In
this study, it is assumed that all the methane is immediately released to the
atmosphere when the methane hydrate dissociates. In fact, some of the released
methane may stay in the ocean or form hydrate again in the icy shell. Second,
the formed gas hydrate in Titan may not be pure methane hydrate, but mixed
hydrate. In the Titan environment, not only methane hydrate but also other
gas hydrates can be formed. Not only methane, but also Ar, Kr, Xe, and N,
can be major components of gas hydrates in Titan|95]. It is possible that the
amount of methane gas contained in gas hydrate decreased as a result of the
incorporation of these other gas molecules. Finally, the effect of the timing of
methane hydrate formation on the methane atmospheric pressure revealed in
this study can be considered as the reason for the low methane atmospheric
pressure. If the methane hydrate formed by ongoing methane production after
accretion, that is, if the methane hydrate formed too late, it would not be able to
supply methane gas to the atmosphere. In addition, if the methane hydrate was
formed when the icy shell was thin immediately after the accretion, the methane
atmosphere would be too much. Therefore, it may be necessary that the methane
hydrate formation started after the thickness of the icy shell thickened to about
100 km after the accretion. As shown in figure 4.8, when methane hydrate exists
from the initial stage, the thickness of the icy shell remains almost unchanged
from the initial stage. Therefore, if the icy shell thickness and the presence of
methane hydrate are confirmed by future exploration, it may provide a significant

constraint on the history of Titan’s evolution.
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4.4.3 Perspectives for future exploration

The Titan exploration mission, DragonFly, is planned by NASA. Dragonfly is
equipped with a sensor called DragMet (Dragonfly Geophysics and Meteorology
Package) to obtain information on the surface and interior of Titan [96]. DragMet
will investigate the interior structure with seismic surveys. Also, the electrical
properties near the surface will be investigated. The Young’s modulus of ice and
methane hydrate is similar, but the Poisson’s ratio of methane hydrate is larger
than that of ice [19]. Therefore, the velocity ratios of P-waves and S-waves are
different. In addition, the dielectric constant is smaller in methane hydrate [19].
Therefore, there is a possibility that methane hydrate layer in the lower part of
the icy shell assumed in this study can be detected. So far, no reliable evidence
of methane hydrate has been found outside the Earth. I hope that Dragonfly will
be the first to observe methane hydrate outside the Earth.

4.5 Summary

In this section, the effects of methane hydrate on the evolution of the internal
structure and the methane atmosphere on Titan are investigated using the de-
veloped numerical model. The presence of methane hydrate can simultaneously
indicate the existence of conductive icy shell and a subsurface ocean. In this case,
I obtained the result that the HP ice layer conventionally considered to exist in
the interior does not exist. Due to the stability of methane hydrate through-
out the interior of Titan, it was found that the thickness of the initial icy shell
has a significant influence on the present thickness of the subsurface ocean when
methane hydrate exists. It was also found that the formation and dissociation
of methane hydrate can supply a large amount of methane gas to Titan’s atmo-
sphere. In order to supply methane to the atmosphere from methane hydrate,
the formation of methane hydrate must occur at least within 500 Myr from the
formation of Titan, because methane is not supplied to the atmosphere when the
formation of methane hydrate is late. The amount of methane supplied to the
atmosphere depends on the initial icy shell thickness. If methane hydrate exists,

the initial icy shell thickness is almost equal to the present icy shell thickness.
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Therefore, if future exploration confirms icy shell thickness and the existence of
methane hydrate, it will place significant constraints on the history of Titan’s

evolution.
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CHAPTER 5

Possible existence of methane

hydrate in generic icy moons

5.1 Introduction

There are many icy bodies in the solar system, and their appearance varies widely.
Figure 1.2 shows the bulk density and radius of icy bodies. The appearance
and geological characteristics of icy bodies are roughly determined by their bulk
density and radius. Another major factor is how the early moons accureted.
The difference between the moons of the Jupiter and Saturnian systems may
represent the difference in the accretion process in the circumplanetary disk [97].
If considering a single planetary system, bulk density and radius are thought to
be the major factors that determine the moon’s present state. The bulk density
represents the amount of rock, i.e., the amount of heat derived from the decay
of radioactive elements in the rocky core. The radius represents the pressure
inside the moon, i.e., the phase of ice that appears. In the previous sections, it is
found that the presence or absence of methane hydrate has a significant impact
on the thermal evolution of icy moons. In order for methane hydrates to exist,
the subsurface ocean must not only be saturated with methane but also have
high pressure. Therefore, methane hydrate formation is likely to be easier in
larger bodies, but less likely in smaller ones. While, if there is a large amount of
rock, there is a possibility that methane hydrate will dissociate or that methane
hydrate will not be formed due to the large amount of heat from the radioactive
decay from the rocky core. Therefore, the possibility of the existence of methane

hydrate may be greatly related to the size of the icy body and the amount of
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rock (i.e., bulk density). What sizes and bulk densities of icy bodies can have
methane hydrate? In addition, does the presence of methane hydrate increase
the possibility of the existence of a subsurface ocean in icy moons? Thus, in this
study, I investigate the thermal evolution of generic icy moons with hypothetical
bulk density and radius using the developed thermal evolution model. The goal
of this section is to find the icy moon size and bulk density conditions that would
allow methane hydrate to exist and to find the conditions where subsurface oceans

can exist in icy moons when methane hydrate exists.

5.2 Methods

In this study, I use the thermal evolution model developed in section 2. The

differences from section 2 and the initial setup are described below.

5.2.1 Interior structures

In every icy moon, the density of rock is 2500 kgm ™, the density of ocean is
1000 kgm ™, and the density of ice Ih and methane hydrate is 920 kgm™> The
thickness of the initial icy shell is set to 50 km. If the moon’s size is small and
its rocky core is large, a 50 km H,O layer cannot be prepared. For such moons,
I set the initial icy shell thickness to 10 km. The thickness of the initial methane
hydrate layer and that of the initial HP ice layer are 0 km. The size of the rocky

core is obtained using equation (3.4).

5.2.2 Parameter setting

Generic icy moons are assumed to exist in the Saturn system. This assumption
affects the surface temperature and the methane loss rate. The size and bulk
density of the bodies are considered to be from about Mimas to Titan. The
radius ranges from 250 km to 3000 km. The bulk density ranges from 1250
kgm ™ to 2250 kgm®. Figure 5.1 shows the parameter sets of bulk density and
radius used in the calculation. In this study, I assume rocky cores with a density

of 2500 kgm ™, so moons with bulk density greater than 2500 kg m™> cannot be
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Figure 5.1: The parameter sets of bulk density and radius used in the calculation
are shown.

calculated. Also, since the density of ice is assumed to be 920 kgm™, moons
with bulk density less than 920 kg m™ cannot be calculated.

5.2.3 Initial conditions

The initial methane concentration in ocean is set to be 1% in the entire H,O
layer (icy shell, ocean, and methane hydrate layer, and HP ice layer) or 1.0 x 10°
molm™>. The latter condition means that there is always methane supersatura-
tion in the ocean, i.e., there is always enough methane in the subsurface ocean
for methane hydrate to be formed due to ongoing methane production. In the
case of no methane hydrate formation, the initial methane concentration is set
to 0 molm™2. The surface temperature was set to 80.0 K for all the moons. The
calculation starts at the 100 Myr after CAI, which is assumed to already have a
differentiated structure at this time. The initial temperature of the top of the icy
shell is fixed at the surface temperature. The temperature at the bottom of the
icy shell and in the subsurface ocean is set to the melting point at the bottom of
the icy shell. The temperature inside the icy shell is a linear function of the tem-

perature at the bottom of the icy shell and the surface temperature. The rocky
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Figure 5.2: The color contour shows the ratio of the final subsurface ocean to
the total H,O layer. The initial ocean contains no methane. The solid black line
means that the final ocean is 0 km.

core and ocean temperatures are the same as the melting point at the bottom of
the icy shell. The rate of methane destroyed by photolysis on the moon’s surface
is assumed to be equal to the present value on Titan. For simplicity, ongoing

methane production and tidal heating are not considered.

5.3 Results

5.3.1 Final ocean thickness

Figure 5.2, figure 5.3, and figure 5.4 show the final ocean thickness as a percentage
of the total H,O layer. Figure 5.2 shows ice only, figure 5.3 shows 1% initial
methane, and figure 5.4 shows the case where initial methane is plentiful. The
color contours show the ratio of the subsurface ocean volume to the total H,O

layer volume. It is found that the higher the initial methane content, the more
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Figure 5.3: The color contour shows the ratio of the final subsurface ocean to the
total HyO layer. The initial ocean contains 1% methane in the entire H,O layer.
The solid black line means that the final ocean is 0 km.
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Figure 5.4: The color contour shows the ratio of the final subsurface ocean to the
total H,O layer. The initial ocean contains enough methane to create methane
hydrate layer of sufficient thickness. In other words, the ocean is always super-
saturated with methane. The solid black line means that the final ocean is 0
km.
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Figure 5.5: The time evolution of the internal structure for the radius of 1250

km, the bulk density of 1750 kgm >, and the initial methane concentration of
1% in the H,O layer is shown.
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Figure 5.6: The final temperature and pressure profiles in the H,O layer in figure

5.5 is shown. Red line represents ice melting point. Blue line represents the
methane hydrate dissociation point.
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Figure 5.7: The time evolution of the internal structure for the radius of 1250

km, the bulk density of 1750 kgm >, and the plenty methane concentration in
the H,O layer is shown.
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Figure 5.8: The final temperature and pressure profiles in the H,O layer in figure

5.7 is shown. Red line represents ice melting point. Blue line represents the
methane hydrate dissociation point.
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moons have the subsurface oceans. The difference of results between the case
with 1% methane and the case with plenty of methane is the presence or absence
of a mix layer in the moon. Figure 5.5 shows the time evolution of the internal
structure for the radius of 1250 km, the bulk density of 1750 kgm ™, and the
initial methane concentration of 1% in the H,O layer. Figure 5.6 shows the final
temperature and pressure profiles in the H,O layer at that time. Figure 5.7
and figure 5.8 show the results in the case that initial methane concentration is
plenty. When there is enough methane, the mix layer does not appear because
the methane hydrate formation does not use up the methane in the ocean. When
the initial methane is 1%, the moon with the largest volume ratio in the ocean
has a radius of 2500 km and a bulk density of 1750 kgm ™. If the bulk density is
too large, it is difficult to maintain much methane hydrate in the moon due to the
large amount of heat from radioactive decay. Therefore, there is little insulation
effect by methane hydrate layer. On the other hand, if there are too few heat
sources, it is not possible to maintain the ocean. This balance determines what
moon have the thickest ocean. Therefore, the moon with the thickest ocean is

different from the one with plenty of methane.

It is the medium-sized moons with a radius of 750 to 1,500 km that are
affected by the presence or absence of methane hydrate to have a subsurface
ocean. Large moons can have a subsurface ocean regardless of the presence or
absence of methane hydrate, while small moons do not have a subsurface ocean

regardless of the presence or absence of methane hydrate.

5.3.2 Final methane hydrate layer thickness

Figure 5.9 shows the volume fraction of methane hydrate layer in the entire final
H,O layer when the initial methane is 1%. Methane hydrate can be found in
icy moons of almost any size and density. When the radius is less than 1500km,
the fraction of methane hydrate layer is large. This means that even if methane
hydrate layer is formed, the layer does not receive enough heat to melt. For a
radius of 250 t0 500 km and a bulk density of 2250 kgm ™, there are no methane
hydrate layers. This is because the icy layer is too thin, that is, the pressure in

the icy layer is too low to form methane hydrate. If the radius is large (more
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Figure 5.9: The color contours show the ratio of the final methane hydrate layer
to the total H,O layers. The maximum value of the color contour is 0.1. The
initial ocean contains 1% methane in the entire H,O layer.
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Figure 5.10: The color contours show the final methane atmospheric pressure.
The initial ocean contains 1% methane in the entire H,O layer.

than 2000 km) and the bulk density is large (more than 1750 kgm™ ), the heat
from the rocky core is too large and it is difficult to maintain the much methane
hydrate layer. However, the fact that the thick ocean remains as shown in figure
5.3 shows that the subsurface ocean is maintained by the thin methane hydrate

layer.

5.3.3 Atmospheric methane pressure

Figure 5.10 and figure 5.11 show the final methane pressure. Figure 5.10 shows
the case where the initial methane is 1%, and figure 5.11 shows the case where the
initial methane is plentiful. If 1% of the initial methane is present in the entire
H,0 layer, methane atmosphere remains in an icy moon of about 1000 km in
size. If initial methane in the ocean is plentiful, methane atmosphere remains for
most sizes and bulk densities of icy moons The maximum methane atmospheric
pressure is ~0.2 MPa when the initial methane is 1% and ~0.3 MPa when the
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Figure 5.11: The color contours show the final methane atmospheric pressure.
The initial ocean contains enough methane to create methane hydrate layer of
sufficient thickness. In other words, the ocean is always supersaturated with
methane.
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initial methane is plentiful. It was found that a medium-sized moon of about 750
to 1500 km can have a methane atmosphere, depending on the amount of initial
methane content. For moons with a radius of 2500 km to 3000 km, it is possible

to have a thick methane atmosphere similar to Titan.

5.4 Discussions

5.4.1 Icy moons where methane hydrate can exist

As shown in the figure 5.9, methane hydrate layer is confirmed in all the calculated
icy moons in the presence of methane in the ocean, except for the icy moons with
a radius of less than 500 km and high bulk density. The presence of 1% methane
in the H,O layer, consistent with the composition of the comet|14], suggests that
methane hydrate may be universally present in icy moons. As shown in the figure
5.9, most of the icy moons in the solar system have internal structures that allow
methane hydrate to exist stably. Note that the rocky core density assumed in

this study is different from the actual rocky core density of the icy moon.

On the other hand, as shown in figure 5.10, the existence of methane hydrate
layer does not necessarily mean the existence of a methane atmosphere. If the
initial methane is 1%, a radius of about 1000 km is required to retain the methane
atmosphere to the present. Pluto is close to the above conditions, and in fact a
thin methane atmosphere has been found on Pluto. Note, however, that in this

study, the methane loss rate is assumed to be the same as that of Titan today.

5.4.2 Icy moons whose thermal evolution is affected by the

presence of methane hydrates

Based on the results of this study, medium-sized icy moons with a radius of 750
km to 1,500 km are the most affected by the presence of methane hydrate. If
methane hydrate is present in these icy moons, the subsurface ocean and methane
atmosphere can be maintained until now. If there is a lot of initial methane, or

ongoing methane production, even smaller icy moons could have a subsurface
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Figure 5.12: The time evolution of the temperature at the center of the rock core
is shown. The bulk density is 1750 kgm™>.

ocean and methane atmosphere. Pluto and Neptune’s satellite Triton are the
closest icy moons that can be assumed to exist in the solar system. It may
be possible that the methane present on the surface of Pluto and Triton once

experienced methane hydrates.

Also, if the moon size is large, it is possible to have a thick atmosphere like
Titan. However, if the size of the satellite is too large, the rocky core may become
too warm and differentiate, and the internal structure may not be like Titan.
Figure 5.12 shows the time evolution of the core temperature. When the radius
is 3000 km, the maximum temperature reaches 900 K, which is the dehydration
temperature of serpentine. In other words, an icy moon with a radius of about
3,000 km can have a thick atmosphere like Titan, but it cannot have a partially

differentiated structure like Titan.
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5.5 Summary

Thermal evolution calculations were carried out for generic icy moons of various
sizes and bulk densities using the model developed in this study. It was found
that methane hydrate can be universally present if about 1% methane is present.
The presence of methane hydrate layer increases the possibility of the existence of
an icy moon’s subsurface ocean. For moons with a radius of about 750-1500 km,
the existence of methane hydrate layer has a significant impact on whether the
moon has a subsurface ocean and atmospheric methane. The amount of methane
in the early stages of the formation of the icy moon greatly affects the current
state of the icy moon, including the atmosphere and the presence or absence of
subsurface oceans, because the amount of methane hydrate varies. If the internal
structure and the presence of methane hydrate of icy moons can be clarified
through future exploration, we may be able to get closer to the history of icy

1moons.
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Summary

In order to investigate the role of methane hydrate on the thermal evolution of
icy moons, I developed a one-dimensional thermal evolution model that takes
into account methane in ocean, which has not been considered so far. In Chapter
2, the necessary equations were introduced for the newly introduced methane
hydrate layer, mixed layer, and high-pressure ice layer. The validity of the devel-
oped model was confirmed by comparison with previous studies. In Chapter 3,
the conditions for the existence of the subsurface ocean in Enceladus and Mimas
were investigated using the model developed in this study. When methane hy-
drate is considered, the present thick ocean can be explained by the same amount
of tidal heating rate as that predicted by the orbital evolution calculation and
astrometry. In addition, when methane hydrate is present in the Mimas, it was
found that both a thick ocean and the inactive surface can be achieved. These re-
sults indicate that methane hydrate has a role as an insulator inside icy moons. In
Chapter 4, the role of methane hydrate to the Titan atmosphere was investigated
using the model developed in this study. Methane contained in the subsurface
ocean of the Titan forms methane hydrate once and then releases methane to the
atmosphere through dissociation. The amount of methane released by the dis-
sociation of methane hydrate was enough to maintain the methane atmosphere
of Titan until now, even taking into account the effect of photolysis. It was
also found that the amount of methane remaining in the atmosphere changed
depending on the timing of methane hydrate formation. These results indicate
that methane hydrate plays a role as a reservoir of methane in icy moons. In
Chapter 5, the icy moons with methane hydrate and the icy moons with sub-

surface oceans that change depending on the presence of methane hydrate are
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CHAPTER 6. SUMMARY

investigated by performing thermal evolution calculations for icy moons of var-
ious radii and bulk densities. Even with 1% methane, which is consistent with
the composition of comets, the existence of methane hydrate was confirmed in a
number of icy moons. I also showed that the presence of methane hydrate could

make the subsurface ocean in icy moons more universal.

These studies showed that methane hydrate exists in a number of icy moons
with realistic amounts of methane, and that the subsurface oceans may exist
universally. Methane hydrate plays a major role in the thermal evolution of icy
moons by maintaining the subsurface ocean and atmosphere. Methane hydrate

may be a key compound in the thermal evolution of icy moons.
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