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Abstract

Ganymede’s surface is composed mostly of water ice and other icy materials in addition to minor non-ice
components. The formation and evolution of Ganymede’s landforms highly depend on the nature of the
icy materials as they present various thermal and rheological behaviors. This chapter reviews the
currently known thermodynamic parameters of the ice phases and hydrates reported on Ganymede, which
seem to affect the evolution of the surface, using mainly results from the VVoyager and Galileo missions.

Keywords: Ganymede; Ices; Ices, Mechanical Properties; Experimental techniques; Geological
processes

1 Introduction

Icy bodies of the outer solar system, including satellites of the gas giants, harbor surface ices made of
volatile molecules, clathrates, and complex molecules like hydrocarbons. Imaging of Ganymede’s
surface, as observed by the Voyager flyby and Galileo orbiter, reveals complex and mysterious geological
structures composed of these materials and shaped by intricate physical processes. A major step toward
understanding the nature of these geologic features on the Ganymedean surface and establishing their
formational timescales and processes requires knowledge of the thermophysical and rheological
properties of their composite material. Rheological information, like strength and flow, currently rests on
laboratory-derived empirical relationships, which are essential for landform evolution and thermal
modeling. Major science questions at Ganymede (and other icy satellites) and respective laboratory-
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appropriate research offers a unique perspective for just how interdisciplinary thermophysical and
rheological studies can be, as listed in Table 1.

Table 1: General overview of science questions at Ganymede in relation to respective experimental
thermophysical properties.

Ganymede Science Questions Laboratory Measurements/Properties
What is the composition and structure of the Dielectric constant, viscoelasticity
subsurface material?
What is the composition and structure of the Strain rates, density, thermodynamic phase
surface material? transitions

What are the power processes driving geological Diffusivity, conductivity, viscosity, phase

evolution? transitions
What are the radiative processes and surface Heat capacity, sublimation pressures, phase
evolution over short timescales? stability, latent heat

The Pioneer and VVoyager flyby missions paved the way for NASA’s Jovian system spacecraft Galileo
(Mura et al. 2020). This spacecraft obtained results by an onboard magnetometer (MAG), solid-state
imaging camera (SSl), the near-infrared mapping spectrometer (NIMS) operating in the range 0.7 — 5.2
um, and the radio science experiment (Carlson et al. 1992). Further observations at infrared wavelengths
of Ganymede were obtained by the flybys of the Cassini Visual and Infrared Mapping Spectrometer
(VIMS) (Brown et al. 2004) and the New Horizons Linear Etalon Imaging Spectral Array (LEISA)
(Grundy et al. 2007). From these instruments, the interior and surface processes have been estimated of
Ganymede (see Chapter 2.1).

Ganymede’s normalized moment of inertia (Anderson et al. 1996) and intrinsic magnetic field (Kivelson
et al. 2002) suggest that it experienced enough heating for differentiation of a liquid iron core from the
silicate mantle (see Chapter 2.1). Vance et al. (2018) suggests that the thickness of the hydrosphere
probably exceeds 800 km, with the rock-ice interface at ~1.5 — 1.7 GPa. The internal ocean, sandwiched
between the outer ice shell and deep high-pressure ice layer (e.g., Vance et al. 2014), is likely at a depth
of ~160 km (ice I-I1I-liquid triple point), although its actual depth and thickness are not known (Barr and
Pappalardo 2005). Ice shell thickness depends mainly on the rheological parameters of ice | (Goldsby
and Kohlstedt 2001; Barr and Pappalardo 2005; see also Chapter 2.7).

The salinity of Ganymede’s ocean is closely linked with the structure of the high-pressure ice layer and
the stability of ice phases. Several studies have noted that briny fluids under pressure can have densities
larger than those of high-pressure ices (Vance and Brown 2013; Journaux et al. 2013; Vance et al. 2014).
While dense, salty fluids between HP ices are thermodynamically plausible to exist, the stability of such
fluids requires further geodynamic modeling like that performed for purer oceans (Kalousova et al. 2018).
In addition, the exchange processes between the silicate mantle and the ocean may also be affected by the
presence of salts in the melt between the HP ice layer and the silicate crustal surface.

The surface of Ganymede (with a temperature range ~90 — 160 K) is a mix of water ice phases and darker
non-ice materials (Kieffer and Smythe 1974; Clark and McCord 1980; Mura et al. 2020). Reflectance
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spectra in the visible, infrared, and ultraviolet (namely through the NIMS aboard the Galileo spacecraft)
indicate not only water ice, but may also be indicative of hydrated salts like on Europa (McCord et al.
2001) or other hydrated material (Carlson et al. 1999). Carbon dioxide (CO,), sulfur (S = O bonds),
oxygen (O) and ozone (O3) molecules are also detected by visible and ultraviolet absorption features
(Nelson et al. 1987; Spencer et al. 1995). While Hapke modeling is used as an estimation of the
uppermost regolith physical properties (Hapke 1993), this is still dependent on the grain size, albedo
effects, and optical properties of the regolith, which are poorly studied in the experimental setting.

In the thermophysical and rheological sense, ice can be considered as both a mineral and rock, as can the
solar system’s more volatile condensed species and hydrates. Past and present internal and surficial
activity on the icy moons is driven by not only the frozen volatile components and respective phases, but
also by internal and external energy sources (e.g., radiogenic, gravitational, tidal), and includes planetary
surface-scale convection to localized relaxation of surface topography (Durham et al. 2010). Such
landforms relax under gravitational forces controlled by the viscosity of the ice. Large impacts play
several important roles for the rheological state of Ganymede’s surface. Stirring of silicates from the
ocean into the upper ice | layer by impacting may be important in controlling the ice viscosity. An impact
may also trigger the merging of the ice | and HP ice layers and allow the heat pulse to occur, where the
soluble impurities in the ocean would have otherwise made this spontaneous overturn impossible. Impacts
can also puncture the lithosphere, allowing underlying warmer ice to flow onto the surface. This brings
about an interesting relationship between exogenic and endogenic events of Ganymede (Murchie et al.
1990; Spencer et al. 1995).

Various ice phases and non-ice constituents have been estimated to fracture and flow, though
understanding the material physics of the icy grains and rheological properties are difficult at relatively
low temperatures (see Section 5) (Parmentier 1982; Jankowski and Squyres 1988; Melosh and Janes
1989). The purpose of this chapter is to present a current understanding of the temperature-dependent
input thermophysical and rheological quantities and their implications for geomorphological processes on
the Ganymedean surface, such as: density, viscosity, strain, thermal conductivity, and activation energies.
In most experimental work, this information is relatively more complete in the pure ice forms, but
currently poorly known are the complex mixtures that these ices may form.

1.1 Rheology in Cryovolcanism & Tectonism

As described in other chapters throughout this book, Ganymede possesses several tectonic and possibly
cryovolcanic terrains in which understanding the thermodynamic and rheologic nature of the ices is vital
to understanding the lithospheric properties for the resurfacing and tectonic strains involved.

The surface of Ganymede is rife with various levels of resurfacing from smooth to grooved terrains (see
more in-depth reviews of these features in Chapter 2.2). On icy bodies in general, cryovolcanism is either
the endmember of effusive eruptive deposits or explosive (Smith et al. 1982, 1986; Squyres et al. 1983;
Croft et al. 1995). The eruption of liquid constituents through an ice-rich crust may seem difficult given
the buoyancy difference of the melt compared to the solid (including the possible presence of
contaminants, such as hydrates, that would vary its relative density), but can be accommodated due to the
presence of volatiles that exsolve to decrease the density of the melt, or by the pressurization of a crustal
melt or partial crystallization (Fagents et al. 2000).
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The bright terrains present on Ganymede’s surface may be indirect evidence for volcanic resurfacing,
even with the lack of source vents and flow fronts. Resurfacing of smooth terrain has been noted to be
analogous to lunar mare with shallow flooding from low-viscosity lavas and a general lack of major
edifice structures (Schenk et al. 2001), and may share similar qualities, such as: (i) occupation at low-
lying regions; (ii) embayed or partially buried craters and other rugged terrains; and (iii) large numbers of
completely buried small craters. Smooth floors at the centers of impact basins and caldera-like structures
are also unknown in their subsurface source (Schenk and Moore 1995; Schenk et al. 2001).

Extensional tectonism is responsible for the down-dropping blocks of dark terrain, extending both dark
and bright terrains and resurfacing via grooved textures (e.g., flat-floored graben and flat-topped horst
ridges like those at Uruk Sulcus) (Collins et al. 1998; Schenk et al. 2001). Images from Galileo have
aided in the observation of brittle faulting (and some domino-style faulting) at the surface with additional
imbrication of these faults on a scale of greatest local strain (Golombek 1982; Pappalardo et al. 1998;
Patel et al. 1999), which also suggests that similar lithospheric properties are across Ganymede at the
time of grooved terrain development (Grimm and Squyres 1985). Flexural modeling suggests local heat
fluxes ~ 30 — 45 mW m2 during deformation, consistent with extensional instability models, though this
still depends on the ice phases and localized extensional tectonism (Dombard and McKinnon 2001;
Nimmo et al. 2002; Pappalardo et al. 2003).

1.2 Landforms with Rheological Interest

It is with the variations of these Ganymedean morphologies that thermodynamical and rheological
information must be required, which are discussed throughout this chapter. Here we discuss a brief
overview of the different geologic structures that would have rheological aspects.

The fascinating bright furrowed terrain, called sulcus (pl. sulci), cross cutting the darker surroundings of
Ganymede provides interesting insights into resurfacing and tectonic mechanisms, forming up to 66% of
the Ganymedean surface (see Chapter 1.5 and 2.2 for more geologic information). Bright regions not
necessarily associated with sulci are faculae, which also have implications of tectonism and resurfacing
processes, typically labeled as palimpsests. The current implications of the emplacement of such brighter
albedo formations include cryovolcanism or extensive heavily tectonized ice (Shoemaker et al. 1982;
Collins 2000; Schenk et al. 2001). Such bright terrain burying older features indicates smooth terrains to
be formed by flooding of shallow troughs with low-viscosity water ice lavas (Schenk et al. 2001; see
Section 5.3). Sippar Sulcus exhibits topographic characteristics of icy volcanic resurfacing, consistent
with low-viscous flooding of structural troughs to form the smooth terrains (Schenk et al. 2001). Such
tectonism and deformations at sulci and faculae depend on the density and stresses of the ices (see
Sections 5.2 and 5.4, respectively).

There are a variety of crater formations on the surface of Ganymede, including dark-floor, pedestal,
palimpsest, penepalimpsest, multi-ring, and central peak (or dome) craters (McKinnon and Melosh 1980;
Schenk and McKinnon 1991; Schenk et al. 2004; see Chapter 2.3). Numerical models (temperature-
dependent and a power law stress-dependent viscosity for ice) of viscous relaxation of craters were
purported to have relatively short relaxation times (te) for some carter depth to become reduced from an
initial impactor state (Thomas and Schubert 1988). Newtonian rheologies appear to essentially dominate
crater relaxation activity, though this applies when the effective temperature is several tens of degrees
warmer than the surface (e.g., insulating regolith) or where the temperature gradients are considerably
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small. This tends to be more so for crater diameters < 25 km (Thomas and Schubert 1988). However, non-
Newtonian rheological laws can occur at larger craters and have relatively shorter relaxation times (for
example, t. ~ 107 years for crater diameters < 100 km). From Dombard and McKinnon (2006), relaxed
craters in the Marius Regio suggest ancient heat flows with = 10 mW m? (see Section 5.3). However,
compositional constraints (e.g., silicious content) and dispersion hardening can extend these relaxation
times. Modeling from Thomas and Schubert (1988) shows that a threshold crater diameter for the onset of
non-Newtonian viscous behavior could not only estimate thermal gradients on a localized scale, but also
localized stresses, although the variable-resolution from Galileo plus the current lack of experimental
viscous ice research make this problem still unresolved.

Fossae (long, narrow depressions) and paterae (irregular, scalloped depressions) offer more interesting
geomorphological structures relating to just how rheologically complex the surface of Ganymede is. Such
scalloped textures could be considered caldera-like where these are sites of potential cryovolcanic vents
(Lucchitta 1980; Schenk and Moore 1995). Fossae and their orientations also offer an interesting case for
shear stresses (see Section 5.4) and brittleness of density-variable crustal material.

Dark terrain (regiones) comprises of nearly 1/3 of the Ganymedean surface with a greater fraction of non-
ice and rocky material and showing a variety of modification by processes such as sublimation, mass
wasting, ejecta blanketing, and tectonism (Parmentier 1982; Prockter et al. 2000). Based on impact crater
counts, the dark terrain is considered ancient with an age > 4 Gy (see Chapter 2.3 for more details)
(Zahnle et al. 2003). Also due to its low, heterogeneous albedo, this suggests thermally driven segregation
of ice and non-ice constituents (Spencer 1987). For example, as observed in Pappalardo et al. (2004),
Nicholson Regio imaged by Galileo is heavily tectonized with furrows (e.g., Anshar Sulcus, Byblus
Sulcus), implying pre-existing weaknesses of the ice and non-ice densities.

2 Water Ice and other Volatile Phases

2.1 Water lIce Phases

The evolution of the outer solar system icy bodies has been significantly affected by the water ice, which
can exist in three different solid configurations (amorphous, cubic, hexagonal) at low temperatures and
pressures (Jenniskens et al. 1998). These different phases present large differences in their nature and
behavior and have a considerable impact on the physical properties of ices on the solar system (Mastrapa
et al. 2013). Nevertheless, the presence of amorphous and/or crystalline (cubic, hexagonal) water ice on a
body depends on many factors, such as condensation temperature/rate, and its thermal history connected
to the plethora of forms of irradiation, impact-heating and thermal variations (e.g., Jenniskens et al.
1998).

Amorphous ice — which seems to be the most common structure for H>O in the Universe — has also been
observed in much shallow layers (depths of pm) of the surfaces. There also exist different flavors of
amorphous ices as well, including the high-density glassy water (HDG), which forms by vapor deposition
at low temperatures (< 110 K) and irradiation, and could be a major phase present in many icy satellites
(Palumbo 2005; Giovambattista et al. 2013).
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During heating to a temperature between 110 and 150 K, amorphous ice transforms itself irreversibly to a
cubic crystal structure and above 190 K, another irreversible transformation takes place, to the familiar
hexagonal crystal structure (Jenniskens et al., 1998). Water ice frozen from liquid water ice is always
expected to crystallize with the hexagonal structure, and it maintains that structure, even when cooled to
cryogenic temperatures (Schmitt et al., 1998). Particularly, hexagonal ice should be abundant at the
surfaces of solar system objects, freezing from standing water, cloud droplets, erupted water-rich melts, or
impact melts (Schmitt et al., 1998).

However, even though one would expect that energetic radiation would have destroyed the crystal
structure and thus the remaining crystalline water ice on the Jovian, Saturnian, and Uranian icy satellites,
it predominantly exists at the very shallow depths (mm) of their surfaces (Grundy et al. 1999; Mastrapa
et al. 2013). The reason that crystalline water ice can exist under such large doses of radiation and thermal
variations, is that at these locations, the temperature on the satellites reaches above 80 K (Hansen and
McCord 2004).

The presence of water ice also affects the surface dynamics and morphology depending on its phase,
especially in the bright terrains of Ganymede (Allison and Clifford 1987). Ganymede’s total water
abundance in the ice is ~30 — 50 wt.%, nearly up to ~90 wt.% in the shallow subsurface (e.g., McCord et
al. 1998). There are also climatological dynamics at the polar regions being the result of transportation
from the warmer equator to higher latitudes (Clark 1980; Calvin et al. 1995). The spectral signature
(discussed in Chapter 2.5) can also tell us about grain sizes, ranging from a few hundred micrometers to a
millimeter (Pollack et al. 1978; Calvin et al. 1995; Hendrix et al. 2013), where the equator and the
trailing hemisphere of Ganymede have considerably larger grains of ice (Stephan et al. 2021). It should be
noted that reflectance spectra and deconvolution techniques to determine ice abundances and phase
species require some form of physical parameters obtained from experimental research, such as optical
constants of different materials (Grundy and Schmitt 1998; Dalton and Pitman 2012), though these are
temperature-dependent, and unfortunately lack experimental data at low temperatures (Umurhan et al.
2021).

The global pattern of ice phases present on Ganymede’s surface indicates a balance between the
crystallization and disruption processes. On Ganymede, mainly crystalline water ice is present at the
equator where relatively high temperatures and lower radiation flux exist, whereas amorphous water ice
can be predominantly found at Ganymede poles, which experience relatively low temperatures and higher
radiation flux (Hansen and McCord 2004; Ligier et al. 2019). According to Jenniskens et al. (1998) as
temperature varies between 105 K and 125 K, the crystallization of ice can vary by a factor of ~10°. On
Ganymede, the equatorial midday ice temperature varies by around 20 K, but from the equator to the
poles, the temperature varies by approximately 10 K. This implies that a significant variation in
crystallization rate as a function of temperature in the midlatitudes and polar regions is largely absent on
Ganymede (Hansen and McCord 2004). Hence, it seems possible that other factors are controlling the
disruption and crystallization functions on Ganymede, and these are not simply controlled by the thermal
crystallization rates (Hansen and McCord 2004).

The triple point of H,O is at 273.16 K and ~6.116 x 10 bar (Wagner and Pruss 2002). Fray and Schmitt
(2009) collected several experimental measurements ranging from 130 — 273.15 K. Numerous
experimental relations have been published to compute the vapor pressure of hexagonal water ice (1h);
however, the vapor pressure of cubic water ice (Ic) is ~10.5% higher than for Ih (Washburn 1924;
Yamamoto et al. 1983; Murphy and Koop 2005; Huebner et al. 2006). Of note is the Ic phase is a
metastable version of Ih (Petrenko and Whitworth 1999). All these works, and those included in the Fray
and Schmitt (2009) summary have also shown that amorphous ice strongly depends on condensation
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temperature and the rate of condensation. This dependence on condensation rate and temperature
conditions basically applies to all forms of HP ices as well (Mastrapa et al. 2013). From observations
from Mastrapa et al. (2013), amorphous ice will convert to crystalline structures within 10* years,
wherefore amorphous ices are only consistently stable at colder (< 100 K) surfaces.

What is interesting for Ganymede, and icy bodies in general, are their hydrospheres, where there is
variable amount of pressure (i.e., 0 — 1600 MPa). At this pressure range exist several icy polymorphs,
including high-pressure (HP) ices (Ih, Ic, II, 11, 1V, V, VI, IX, XI, XII, XIII, XIV, and XV) (Schmitt et al.
1998; Nakamura and Ohtani 2011) as well as a suite of clathrate hydrates (see Section 3). Ice phases
relevant to Ganymedean conditions are shown in Figure 1. While ice VI is expected to occur for any
ocean composition (pure H>O or aqueous solution of MgSOs or other relevant salts) and thermal profile,
the presence of ice V and Il is predicted only for dense salty oceans and cold interiors (Vance et al.
2018). Ice 111 can form at the base of the ocean underlain by ice V and VI, if the ocean is cold and its
salinity is ~ 10 wt.% MgSO, (Vance et al. 2018). However, Ice Il can be buoyant relative to modeled
oceans, where dynamically short-lived ices may perhaps quicken the cooling of Ganymede and thicken
the ice | crust, therefore accumulating underneath the ice | — ocean interface. From Figure 1, the gray area
are conditions expected for large ocean worlds. This area encompasses ice phases I, 111, V, VI and the
water liquid phase. This area also includes conditions for the existence of ammonia hydrate dissociation
(in the monohydrate phase), and other various clathrates at temperatures ~280 — 300 K.

3000+
2500 H
— Solid-solid transition
=== Melting curves
2000 - &
—-— CH, clathrate dissociation
Ganymede “RBI N, clathrate dissociation
1500

CO, clathrate dissociation
——  *Ammonia Hydrates
1000

|:| Expected large ocean
world conditions

Pressure (MPa)

500

100 200 300 400 500
Temperature (K)

Figure 1: Temperature/pressure phase diagram of water ice polymorphs relevant to water-rich satellite
interiors. Melting curves and solid-solid phase transitions are from Journaux et al. (2020). The shaded
region corresponds to the estimated range of conditions expected in ocean worlds. Clathrate dissociation
curves are from Durham et al. (1998). The hydrosphere-rock boundary (HRB) is adapted from Journaux
et al. (2020).
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2.2 Other Volatile Species

0O and O, have been found to be trapped in the surface ice within voids or bubbles, with O,
predominantly existent in the equatorial region and O3 dominating at the poles (Nelson et al. 1987; Noll et
al. 1996; Spencer et al. 1995; Johnson and Jesser 1997; Hendrix et al. 1999) and have been interpreted to
form by a combination of solar UV radiation and impacting magnetospheric plasma. The triple point of
oxygen (O) is at 54.33 K and 1.49x107 bar (Fray and Schmitt 2009). Solid O; has three different
crystalline phases (Table 2), the temperatures of the phase transitions are 23.78 K (a-f transition) and
43.77 K (B-y transition) (Mullins et al. 1963). O has disagreeable experimental research to find a triple
point (Fray and Schmitt 2009). The data of Hanson and Mauersberger (1986) seem to be the better
research collection, with the triple point of O3 to be at 79.6 K and 5.6 x10° bar.

Carbon dioxide (CO;) presumably trapped in Ganymede’s dark material is widely distributed. CO; has a
triple point located at 216.58 K and 5.18 bar. Experimental and empirical data points have been collected
from 69.69 — 216.56 K (Table 2), listed in Fray and Schmitt (2009). However, its origin on Ganymede is
not clear. See Chapters 2.5 and 3.2 for a detailed discussion of the identification, distribution, and
formation processes of these compounds. From observations by Hibbitts et al. (2003), CO- distributions
appear to be controlled by geological processes, with combination effects from the Jovian (and
Ganymedean) magnetospheres, finding that: (i) the deepest CO- bands are found in darker, non-icy
material regions; (ii) CO; is not detected in the icy polar regions; (iii) Ganymede’s upper crust is depleted
of CO; (the exception is Mir crater); (iv) dark crater ejecta appear to be depleted in CO;; (V) greater
concentrations of CO; are correlated with areas of larger-grained ice; (vi) CO- detected by NIMS is
mostly contained in the non-ice constituents; and (vii) CO; could exist in the large-grained ice near the
equatorial and midlatitude regions, but currently this remains undetected by NIMS data due to the too
large grain sizes.

Sulfuric acid hydrate and other sulfur compounds including SO, might be endogenic or could be the
product of the bombardment of the icy surface by exogenous sulfur as well as sulfur molecules released
by lo’s very active volcanoes (Calvin et al. 1995; Strazzulla 2011; Ligier et al. 2019). Radiolysis can also
play a major role in the forming of SO2and H2SO. in either the ice or in water associated with
Ganymede’s hydrated non-ice material and the implantations of S-ions (Hibbitts et al. 2003; Ligier et al.
2019). The triple point of sulfur dioxide (SO>) is 197.64 K and 0.0167 bar. The heat capacity of the solid
has been measured (15.20 — 197.64 K) in Giauque and Stephenson (1938). Hydrogen sulfide (H.S) triple
point is at 187.57 K (0.229 bar). H,S exists in three different crystalline forms (Anderson et al. 1977),
where phase 11 transforms to phase 1l at 103.6 K and to phase | at 126.2 K.

Table 2: Temperature and pressure ranges for non-H;O volatile species observed on Ganymede. Values
from Fray and Schmitt (2009).

Species Solid Phase Temperature Pressure (bar)
Range (K)
0. o 20 —23.78 (1.49 £0.03) -10°®
B 23.78 —43.77
Y 43.77 —54.33
O3 <79.6 (5.6 +0.6) -10°
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CO; 40 —194.7 5.185 + 0.005
194.7 — 216.58
H2S I 126.2 —187.57 0.229 + 0.008
I 103.6 —126.2
Il <103.6
SO, 15-197.63 0.0167 + 0.0001

3 Hydrated Salts and Clathrate Constituents

Hydrates may have reached the surface on Ganymede at some point in the satellite’s history. This is
consistent with the interpretation of results from the Galileo magnetometer investigations, suggesting a
conductive fluid layer (McCord et al. 2001; Pappalardo et al. 2004). This is also prevalent with the
identification of observed surface disruptions, like those seen on Europa (McCord et al. 2001). Several
studies have predicted such salts and hydrates to exist through exogenic and endogenic processes (Kargel
et al. 2000; Fanale et al. 2001; Strazzulla et al. 2009). The thermodynamic modeling of these hydrates
remains relatively unknown at higher pressures where the solubility and activity of many planetary-
relevant gases is poorly constrained, particularly at lower temperatures (Sloan and Koh 2007; Choukroun
et al. 2013).

Hydrated sulfates are anticipated to be a major component in rock-forming minerals in the interiors of the
inner Galilean moons, probably from the result from the leaching of chondritic sulfates from their cores
during differentiation (Kargel et al. 1991). Ganymede’s magnesium-bearing sulfates and salts are similar
to those observed on Europa (McCord et al. 1998). Similarly with sulfuric acid hydrates, the abundance
on Ganymede is lower than on Europa.

Nakamura and Ohtani (2011) identified several phases in the MgSO, — H,O system up to 4 GPa at 298 K
through laboratory experiments: Ices VI and VII, MgSO4 — 7H,0 (magnesium heptahydrate), and a liquid
phase. These phase relations suggest that the liquid layer may be at a depth of ~800 km in the interior of
Ganymede. The MgSO4 content of the bulk icy mantle composition is ~15 — 20 wt.% (as modeled by
Kargel et al. 1991), which is higher than the MgSO, eutectic (12 — 14 wt.% at 2 GPa), so its liquidus
phase is likely (MgSO4 — 7H-0, referred to as MS7) hydrate at the base of the mantle, where (MgSQO, —
11H,0, referred to as MS11) is at shallower depths (Nakamura and Ohtani 2011). The eutectic between
MS11 and ice Ih is at 269.25 K with 17.5 wt.% MgSQO, (Fortes et al. 2010).

The low eutectic temperature indicates that the icy mantle may be molten, if not partially, and so the
crystallization of the outer icy mantle is inevitable in the early stages of Ganymede’s geologic evolution.
A fractional crystallization of the icy mantle will produce a layered structure where the MS7 phase is at
the bottom, an internal ocean close to the eutectic composition, covered by an icy crust (Fortes et al.
2010; Nakamura and Ohtani 2011). Based on Zolotov and Shock (2001), such layering could lead to CI-
salts at the top. However, the thickness of the icy crust and that of the bottom layer depend on the
temperature profile of Ganymede, silicate grains and other possible hydrate mixtures involved, and heat
flux from the inner silicate layer (where the internal ocean would be deeper) (Hussmann et al. 2006;
Bland et al. 2009).

Clathrate hydrates are essentially skeleton-like cages of hydrogen-bonded H,O molecules that trap neutral
guest molecules (e.g., CHa4, N2, CO-, etc.). No bond occurs between the host and guest species, but a van
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der Waals interaction stabilizes the structure. The cage structure depends on the pressure and temperature
conditions and the nature of the guest species, where several species may occur at the same void space.
CO; presents an interesting case as a flavor of clathrate in that a single CO; hydrate structure destabilizes
into a filled, solid ice structure < 1 GPa (Amos et al. 2017; Massani et al. 2017). At conditions > 1 GPa,
H>O and CO; form a solid mixture (Hirai et al. 2010). However, at > 3 GPa, a change in the CO;
speciation leads to greater solubility of C and the appearance of crystalline, hydrated carbonic acid
(Abramson et al. 2018).

4 The “Darkening” Component

Before the arrival of Galileo, a great number of studies proposed that the non-ice (or frost-free) areas
seem to be covered with a fine dust of carbonaceous chondritic material derived from ejecta from the
outer irregular satellites, hence ancient meteoritic material (Squyres 1980; Hartmann 1980; Schenk and
McKinnon 1991). Later, Galileo high-resolution images suggested that the dark material is composed of a
relatively thin dark lag deposit of non-ice material overlying brighter icy material (Patterson et al. 2010).
Roughly 34 — 35% of Ganymede’s surface is ancient dark terrain that consists of a greater fraction of non-
ice and rocky material (Collins 2000). Murchie et al. (1990) suggest that ammonia-rich fluids may also
play a role in the dark deposits.

In a geophysical sense, dark terrain is suggested to be the product of a relatively thin lag deposit that
punched through a thinner, more brittle lithosphere into a more mobile material (usually observed at the
furrowed regions on Ganymede) and affected by a multitude of processes, such as sublimation, mass
wasting and tectonism (McKinnon and Melosh 1980; Prockter et al. 2000).

These dark non-ice components are suggested to be endogenic at regions with increased fracturing or
reactivation of pre-existing structures (Shoemaker et al. 1982; Murchie et al. 1986; Prockter et al. 2000).
As mentioned earlier, the non-ice compounds could also originate from cryovolcanism, with the
embayment of large diameter craters and smooth areas around furrows (Croft and Strom 1985; Murchie et
al. 1989, 1990; Lucchitta et al. 1992). As water vapor is removed, a refractory material forms a
sublimation lag and thus a darker surface. Over time, this low-refractory lag deposit may thicken for it to
slough downslope. Based on the retention of small craters in dark terrains, the depth of the lag deposits is
probably a few meters on slopes, but thicker in the topographic lows at furrowed regions (Pappalardo et
al. 2004). Understanding that this may hinder low-albedo lag deposits or thicken from endogenic
processes presents its own complexities as to how this dark material would play a role in the overall
rheology.

5 Rheologic Considerations

5.1 Microstructure, Composition & Polymorphism

As we have reviewed, the surface of Ganymede presents a variety of ice polymorphs and non-ice
constituents. The rheology of ice is mainly controlled by temperature, grain size, porosity, and stress with
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the corresponding material parameters highly influenced by impurities (Kubo et al. 2009). Although the
observed impurities exist only in small quantities, they could play a role in the deformation of
Ganymede’s crust, especially if they are transported deeper into the icy crust. Even more macroscopic
mass transport of trapped species by tectonic processes as supposed on Europa (Prockter and Pappalardo
2000) could also carry impurities to Ganymede’s ocean (see Chapter 2.7).

In the case of water ice (both crystalline and amorphous), it is accepted that the interatomic cohesive
forces are generally strong in H2O ice crystals owing to the strength and complexity of hydrogen bonds,
and that the presence of dislocation or surface heterogeneities is the main cause of relative weaknesses
(Macmillan 1972). The polymorphism of water ice, as described in this chapter, results in the formation
of concentric ice shells in the outermost layers of a differentiated icy satellite consisting of a variety of
phases (and thus densities) of ice (Fortes and Choukroun 2010). Journaux et al. (2020) have made
considerable pressure-volume-temperature computations for ices 111, V, and VI, to determine the values of
the main thermodynamic properties (density, thermal expansivity, heat capacity, etc.) for 250 — 300 K
temperatures using the computational SeaFreeze package that uses the Gibbs energy representation to
derive all thermodynamic properties at proper P-T conditions. This approach constrains material
parameters in a wide range of conditions and prevents their extrapolation outside the range of laboratory
experiments which is not fully reliable.

The effect of chemistry also influences HP ices. For example, ice VI is the only HP polymorph with ice
VII to have been investigated for salt incorporation. Journaux et al. (2017) found that even small amounts
of salts incorporated can have a significant effect on lowering its density. The extent to which other
planetary-relevant salts (e.g., MgSQOa, MgCl,, Na,SO., etc.) incorporated into HP ices remains
unconstrained.

5.2 Density

The chemical differentiation and thermal evolution of the HP ice layers, and the silicate core (and any
subsequent impurities), depend greatly on the relative densities of important phases and whether they tend
to sink or float, and (if large enough) become isolated from the residual liquids. The low viscosity and
large density differentials of phases in salt-water brines should result in effective fractional crystallization
of brine flows plus water ice would float to the top, and the salt hydrates would sink. Other works for
density estimates can be found for water ice polymorphs (Bridgman 1912; Journaux et al. 2020);
ammonia-water systems (Croft et al. 1988); and saline solutions (Kargel et al. 1991; Hogenboom et al.
1995).

For water ice polymorphs, Jenniskens et al. (1998) documented comparative density values between
crystalline and amorphous water ice phases. For hexagonal ice (Ih), the density is ~0.93 g cm?,
comparably the same as cubic ice (Ic), both at temperatures 120 — 150 K. Main phases of amorphous ice
are based on density: I:h (high-density amorphous) = 1.1 g/cm? (Narten et al. 1976) and low-density
amorphous (lal) = 0.94 g/cm? (Jenniskens and Blake 1994). However, these experiments did not take
porosity into account. At 90 K, the bulk density of water ice (from vapor deposition) is 0.82 g/cm?, while
at 35 K the density is 0.74 g/cm? (1h) or 0.68 g/cm? (Il with higher deposition rates) (Narten et al. 1976;
Brown et al. 1996; Berland et al. 1996). At Ganymede, the upper HP ice layers (ice 111) are modeled to be
~1.166 g/cm? while the lower, deeper ice VI is ~1.396 g/cm? (Journaux et al. 2020).



420
421
422
423
424
425

426

427

428
429

430
431
432

433
434
435
436
437
438

439
440
441

12

In the pure H,O setting, all HP phases are denser than liquid water. However, the inclusion of salts (e.g.,
MgSO4) would significantly alter the liquid density which may lead to density inversions and formation
of layers (Vance et al. 2014, 2018). For non-ice materials, Kargel (1998) has summarized several
densities for salts and saline solutions pertinent for briny volcanism and large ocean worlds. In Figure 2,
there are several potential hydrate and salt solutions that can be present at Ganymedean surface
conditions.

55% lce + 45% Rock
1.2 .‘ - STl
MgSQ, — H,0 eutectic Brines

E
(&) N _H__J)
=T+ ]
:é- 1.0 NH,-2H,0 ~ Ammonia- Water.
g jcel -..Warer liquids

0.8 =  N,-CH,

®
| | |
100 200 300

T [K]

Figure 2: Ice I and cryofluid material densities across temperatures relevant to Ganymede. Also included
is the MgSO.-H0 eutectic. Adapted from Kargel (1998).

5.3 Deformation & Viscosity

From a thermodynamic perspective, if the ice flows readily internally, the satellite is cooling. Though if
the ice resists, the satellite will overheat, or essentially melt internally and increase its differentiation
(Durham 2010). Such warmer ice flowing in the subsurface against a relatively colder crust may be
sufficient to overcome the strength of the crust, which will cause crustal failure. Ice flow owes its origins
to glaciologic laboratory studies to create the Glen law for the creep behavior of polycrystalline ices,
including the applications of strain rate and shear stresses (discussed in Section 5.4).

Creep is defined as a general term in which volume-conserving deformation mechanisms involve the
motion of grain-boundary or crystal-lattice defects (Poirier 1985). On geologically long timescales
(millions of years), ice deforms via viscous deformation. The deformation mechanism depends on the
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local stress and temperature conditions as well as on the ice grain size. Based on laboratory experiments,
three distinct mechanisms were described (e.g., Goldsby and Kohlstedt 2001; Durham et al. 2001,
Umurhan et al. 2021): grain boundary sliding, basal slip, and dislocation creep. All these mechanisms are
nonlinear, i.e., strain-rate € and stress o are not linearly related:

&= %a”exp (g) 1)

Here A is a pre-exponential constant, d is the grain size with p its exponent, n is the stress exponent, Q is
activation energy, R the universal gas constant, and T the temperature. Viscosity, i.e., the ratio between
stress and strain-rate, is thus stress-dependent.

For very high stresses (>1MPa) and large grains, deformation is accommodated by the movement of
dislocations in the crystal lattice. Dislocation creep (disl) is highly nonlinear and is characterized by the
stress exponent of n=4. However, viscosity does not depend on the grain size. Enhanced deformation is
observed if temperatures are within 15 K from the melting curve. For lower stresses (between ~0.01 and 1
MPa), grains deform along the crystal planes by basal slip (bs). In crystals, whose planes are not well
oriented for basal slip, another process occurs to accommodate deformation, the grain boundary sliding
(gbs). These two mechanisms are not independent but act together and are combined as follows (Goldsby
and Kohlstedt 2001):

_ -1
Egss = (L + L) (2

€gbs €bs

into so-called grain-size sensitive creep (gss). However, only grain boundary sliding viscosity depends on
the grain size (p=1.4) while basal slip viscosity is grain size independent (p=0). Both mechanisms have
stress exponent close to 2 (n=1.8 for gbs and 2.4 for bs). Finally, for even lower stresses, relatively high
temperatures (=150 K) and small grain sizes (< 1 mm), ice deforms by the diffusion of vacancies through
the crystal lattice. Diffusion creep (diff) is a linear mechanism (n=1) so its viscosity does not depend on
stress. It depends on the square of the grain size (p=2).

Altogether, the four mechanisms combine as:

-1
o . . . L .
€ = Eqiff t Egss + Eaist = Eaiff T ( + —> + Eqist (3)

€gbs  €bs

(Goldsby and Kohlstedt 2001). This flow law fits the laboratory data. For a more detailed review and the
values of all parameters, see Durham and Stern (2001) or Barr and Showman (2009). Depending on the
grain size which can range between <1 mm and a few cm, viscosity at the melting temperature (boundary
with the ocean) is between 10* and 10 Pa s. At the surface, the experimentally-derived flow law
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predicts too large viscosity values (>10% Pa s), indicating that other mechanism (elasticity or brittle
failure) accommodates the stresses. In numerical models, an Arrhenius-type viscosity law is often used,
that takes into account the most important effect of temperature but neglects the stress dependence (e.g.
Han and Showman 2008).

The viscosity of high-pressure ices has been measured in the experimental setting (Sotin et al. 1985;
Durham et al. 1996). The deformation of ice VI has been measured at large values of shear stress (108 Pa;
Sotin et al. 1985) and found to have deformation rates of ~102 s and a viscosity of 10'° Pa s.
Extrapolation of these results to typical convective shear stresses (10° — 10° Pa) gives viscosities on the
order of 102 — 10%* Pa s, similar to the ice | viscosities at the melting point, as observed in field
measurements by Hudleston (2015). Durham et al. (1996) measured the viscosity of ice VI at comparably
smaller pressures and found stronger stress dependence (e.g., larger values of the stress exponent n) and
larger melting-point viscosity values. The discrepancy between viscosities predicted by these two studies
may be due to different experimental conditions. Alternatively, a change in deformation mechanisms
observed for ice Ih (e.g., Goldsby and Kohlstedt 2001), may be occurring in the HP phases as suggested
by Kalousova et al. (2018), although no laboratory experiments were so far performed to confirm this
hypothesis. Both studies (Sotin et al. 1985; Durham et al. 1996) suggest that viscosity is nearly constant
along the melting curve, justifying the use of Arrhenius Law in numerical simulations (Kalousova et al.
2018). Due to the extrapolation from the high stress laboratory experiments to smaller-stress conditions
and large uncertainty in grain size, numerical simulations usually consider a wide range of melting-point
viscosity values between 10* — 10%" Pa s (Choblet et al. 2017; Kalousova et al. 2018; Kalousova and
Sotin 2018). Ice V viscosity, compared to ice VI, can be determined at the transition point between the
two phases. Sotin and Poirier (1987) found that ice V is harder to deform than ice VI with their viscosity
ratio being close to two orders of magnitude at the experimental conditions, while Durham et al. (1996)
found that ice VI and ice V deform in a similar manner. Finally, ice 111 is the weakest in deformation
(Durham et al. 1997).

Ice viscosity may get as low as 10%° Pa s if other cryogenic liquids are present, such as methane or NH3
hydrates, suggesting that solid-state pure water ice is less likely to explain observed flow features or
overall smoothing (Stevenson and Lunine 1986; Schenk and Moore 1995). Ammonia-water systems may
also be important in investigating viscous flows (Lunine and Stevenson 1982). Kargel et al. (1991)
observed that the behavior of ammonia-water eutectic and peritectic liquids resemble closely to basaltic
behavior. Brines also have water-like viscosities (Kargel et al. 1991; Hogenboom et al. 1995).

Several viscosity-related processes may have acted on Ganymede’s surface, such as mass wasting,
erosion, and impact crater relaxation (Parmentier 1982; Dombard and McKinnon 2006). For example,
Gilgamesh floor deposits with thickness of ~150 m and ~10 km across (as upper limits) have an estimated
viscosity of ~10° Pa s, similar to ridges at Miranda and domes on Enceladus (Figure 3). Smooth surface
materials have viscosities of ~10° Pa s with yield strengths of 0.2 kPa (Schenk and Moore 1995). These
are in range of materials to behave (and deform) plastically with these viscosities and yield strengths.
Alternatively, a partially crystalline melt could also be extruded, though achieving significant topography
(> 150 m) may not be possible due to its extreme low viscosity. Assuming that the caldera-like floor
materials (cryolava) were continuous extrusions and had a thickness of ~300 m, Schenk and Moore
(1995) estimated their viscosities to be 10%° Pa s with yield strengths of ~10 kPa. Comparably, domes on
Europa have 10° — 108 Pa s viscosity estimates, with yield strengths of ~1 — 10 kPa (Schenk and Moore
1995), somewhat weaker than on Ganymede.
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Figure 3: Rheologic strength versus viscosity of Ganymedean surface units compared to features from
Enceladus, Miranda and Ariel. Adapted from Schenk and Moore (1995).

5.4 Stress & Strain Behavior

Ductile flows result in the deformation (strain ¢) at a strain rate (¢) that depends on several factors,
including temperature, pressure, and effective grain size of the ice. Ice has a strength at failure nearly
independent of temperature, but confining on pressure, namely in the range 0 < P < 50 MPa. Brittle
behavior is regulated by frictional properties, although these are less scale-dependent and therefore
rudimentary to extrapolate from laboratory data, at least for the uppermost layers of an icy moon
(Schulson 1979; Petrenko and Whitworth 1999; Durham and Stern 2001). Frictional strength strongly
depends on pressure, not so much on temperature, and so increases with depth. Ductile strength, however,
depends on temperature, thus decreasing with depth.

Strain is a relative measure of how much an ice substance of a certain size stretches or deforms. Stress is a
measure of the internal forces and is defined in terms of a force per unit area (i.e., pressure). Generally, a
block of polycrystalline ice subjected to some amount of applied stress (e.g., compressive, tensile, or
shear) will respond with either ductile (or plastic) flow or will experience brittle fracture failure when the
applied stress exceeds the material’s yield stress (or elastic motions if the applied stress is less than the
yield stress).
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To describe elasto-viscoplastic rheology (see Dombard and McKinnon 2006 and references therein), the
total strain is a linear summation of the elastic, viscous, and plastic strains (a Maxwell viscoelastic solid
extended to include plasticity). Such an extended Maxwell solid captures the relative behavior on
different geologic timescales, thus it behaves as a solid (elastic) material on shorter timescales, as a
viscous (fluid) material on longer timescales and exhibits brittle (plastic) failure should the yield strength
be exceeded (Durham and McKinnon 2006). Linear, isotropic elasticity can be characterized by two main
parameters: Young’s modulus (E) and Poisson’s ratio (v). While these parameters are inherently
compressible, as E approaches infinity, the elastic response trends to incompressibility. For relaxation
modeling on Ganymede, some use the values by Dombard and McKinnon (2006) of water ice E = 9.33
GPa and v=0.325.

Cryolava and viscoplastic rheologies flow with a viscosity n if bulk strength 7, is exceeded. Yield
strength is estimated from the shape of the flow, assuming it has ceased movement (Blake 1990; Schenk
and Moore 1995) where

2

h
Tg = % (4)

and h and r are the height and radius of the flow, respectively. Flow viscosity estimates would need a time
duration of the flow (Huppert et al. 1982), though this can only be deduced theoretically on icy bodies,
especially with a lack of laboratory research at relatively low temperatures.

The bulk elastic properties of an ice are the ratio of the pressure change to the fractional volume
compression. The ratio of the stress to the strain, regarding compressional forces, defines the Young’s
modulus. Both variables give us insight to the planar forces that can be supported at icy satellites and the
pressure-temperature conditions that an ice sample can endure. Table 3 shows Ganymede-relevant ices
and their respective Young’s or bulk moduli.

Table 3: List of ice compounds and relevant Young’s (E) or bulk moduli (B). Table adapted from
Umurhan et al. (2021) and references therein. Ice I1l and VI modeled from Vance et al. (2018).

Ice Species Modulus Type Temperature (K) Modulus (GPa)
Ice Ih E <273 0.009 -0.0112
E 90 0.1-05
E 100 0.2-0.9
CO2 E 80 13.12
CH;, clathrate Sl E <273 8.4
B <273 8.76
CHg clathrate Sl E <273 8.2
B <273 8.48
NH3-H20 E 90 0.85
E 100 0.1
Ice Il B 250 9.761
Ice VI B 300 20.27
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569  The inverse dependence of viscosity on stress (e.g., high stress corresponds with low viscosity and vice
570  versa) results in significantly enhanced flow in regions of high stress (Dombard and McKinnon 2006). In
571  impact craters, these high stress regions occur beneath the crater floor center, then as the crater bow! relief
572 is reduced, the stress radiates outward to under the crater rim. Such stresses indicate movement of

573  material down and away from positive topography and under negative topography, for example the rim
574  and cavity of an impact crater, respectively (Dombard and McKinnon 2006). The surface tensile and basal
575  layer compressive stresses are at the crater center, and the surface compressive and basal layer tensile

576  stresses are along the periphery.

577
578 5.5 Thermal Conductivity
579

580  Thermal conductivity (1) is defined as the bulk property for condensed matter and a main element for the
581  magnitude (and resultant type) of geologic activity on planets and satellites. Thermal conductivity models
582  tend to rely on pure ice Ih parameters, but this variable relies on the composition, porosity, crystallinity,
583  and temperature/pressure conditions, all of which are highly variable on icy satellites (Ross and Kargel
584  1998; Umurhan et al. 2021). The thermal conductivity is a prime element in determining the physical
585 processes related to cryovolcanism, mantle convection, viscous relaxation, and differentiation — each

586  playing arole at the Ganymedean surface in some form or other.

587 Ice Ih to a degree is considered disordered in its crystallinity in that it exhibits nonzero entropy as

588  temperature decreases, therefore not necessarily conforming to the third law of thermodynamics. For an
589  overview of the disorder of crystalline materials and their respective thermal conductivities, see Ross et
590 al. (1981). Both ice Ih and HP ices show a variation in thermal conductivity which is nearly proportional
591  to the inverse of temperature (Ross and Kargel 1998; Andersson and Inaba 2005). Over the relevant
592  temperatures, the ice Ih thermal conductivity (Figure 4) ranges from ~2 W m™ K at the ocean interface
593  to~6 W m™ K at the icy moons’ surfaces. The lower thermal conductivities of ices Il and 111 suggests
594  the possibility of layers within an icy mantle that could exceed their melting point, producing

595  cryovolcanic fluids (Fortes and Choukroun 2010).

596  The existence of a maximum thermal conductivity at low temperatures is characteristic of crystalline

597  substances (Klinger 1973). The other extreme for thermal conductivity arises for amorphous materials
598  where thermal conductivity is relatively small (< 1 W m'* K') and exhibits a monotonic and very

599  minuscule increase with T. Figure 4 illustrates the extreme forms of thermal conductivity over

600  temperature, comparing crystalline water ice phases and amorphous ices. However, there is disagreement
601  over the thermal conductivity of amorphous ice as determined from laboratory work, which has also been
602  suggested, for instance, to be 10° W m* K by Kouchi et al. (1992).

603
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Figure 4: Thermal conductivities of water ice polymorphs in Ganymede-relevant temperatures. Note the
lower thermal conductivity of amorphous ice compared to the crystalline water phases. Adapted from
Ross and Kargel (1998).

5.6 Activation Energies

Activation energy is defined as the energy which an ice must possess to go through a physical or chemical
reaction. Models relating the activation energy of the ice flow law and the critical Rayleigh number were
derived by Solomatov (1995) and have been used to determine the conditions required to start convection
in an ice shell (Pappalardo et al. 1998; McKinnon 1999). The activation energy of the ice sample
indicates the material’s Arrhenius temperature dependence reflecting the interior grain susceptibility to
deformation (Umurhan et al. 2021). That is, the activation energy is usually the sum of a free energy
activation energy plus an activation energy volume which considers the pressure dependencies.

Activation energies pertinent to ductility of ice has been reported in Leonteva et al. (1970) and Yamashita
et al. (2010). Nucleation activation energy of amorphous (solid) water is 158 kJ/mol while the activation
energy of crystal growth is ~47 kJ/mol (Safarik and Millins 2004). Sugisaki et al. (1969) observed that the
activation energies of cubic ice (at 160 — 200 K) is ~21.3 kJ/mol where the hexagonal phase at those same
temperatures have an activation energy of ~44.7 kJ/mol.
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Sublimation energy is the heat required to change an icy constituent from solid phase to the gas phase.
From current experimental results, CO, and NHs have higher sublimation energies than CH4 and CO by a
factor of > 2 (see Luna et al. 2014). CO; at 80 — 90 K, the sublimation energy is 22.37 kJ/mol, then
increases to 29.3 kJ/mol at 91.5 - 92.5 K (Luna et al. 2014).

These energies, though often experimentally with pure ices, are mostly inferred from theoretical
predictions based on observed timescales of stress relaxation (Leonteva et al. 1970). This thermally
dependent mechanism for activation (and sublimation) energy has only been explored for pure ice
samples in an experimental setting, so more work certainly needs to be accomplished regarding mixtures
and hydrate-type components relevant for Ganymede.

5.7 Rheologic Properties of Clathrates

Clathrates are very peculiar thermodynamically compared to water ice. The H2O skeleton strongly
resembles the ice lh structure on an atomical level from Raman and infrared studies (Nakano et al. 1998;
Dartois and Deboffle 2008; Dartois and Schmitt 2009). However, the presence of guest gases
dramatically influences the molecular interactions and subsequently their thermophysical properties.
Thermodynamically, some clathrate hydrates are similar to that of water ice. For example, the thermal
expansion, heat capacity and elasticity of the CS-1 and CS-I1 (clathrate structures) are very similar to ice
Ih (Choukroun et al. 2013). While clathrates are usually more stable than water ices at MPa — GPa
pressures, the stability is dependent on the abundance of the guest species in the environment (Sohl et al.
2010; Choukroun et al. 2013). Clathrate hydrates with volatiles like N2, CH4, or CO- are generally less
dense than HP ices, but can achieve buoyancy or sink in aqueous solutions (Journaux et al. 2020).

Thermal conductivity has been the subject of numerous studies (e.g., Ross et al. 1981; Cook and Leaist
1983; Tse and White 1988), some of which noted a glass-like behavior that is temperature-dependent. At
temperatures below 100 K, the conductivity increases, as expected from crystalline materials (Tse and
White 1988; English and Tse 2010). On average, the thermal conductivity of clathrate hydrates is 0.4 —
0.7 W m? K? at pressures lower than 100 MPa and temperatures 100 — 270 K (Choukroun et al. 2013).
The methane DO-clathrate (a 1.3-dioxolane clathrate type) has been measured to have a higher thermal
conductivity than solid CH,4 uniformly with temperature by a factor of > 10 (Ahmad and Phillips 1987).
Such a large difference could indicate how porosity and the cage-like structure of a clathrate can affect
thermal conductivity. Lorenz and Shandera (2001) recorded an NHj; ice sample (with 16% molar ratio of
NHs;: H20) being ~48% lower in thermal conductivity than pure water ice. Sumarokov et al. (2003) noted
that CO; reaches relatively higher thermal conductivities at low temperatures up to ~700 W m* K1,

Despite the elastic properties being somewhat similar, the flow properties of clathrates have been subject
to recent studies (e.g., Stern et al. 1996; Durham et al. 2005). Mechanical experiments conducted under
high differential stress with a sustained gas pressure within the samples have reported that: (i) the initial
results were likely due to significant dissociation (~30%); (ii) gas hydrates exhibit a much greater strength
than water ice in that the strain rate requires applying a stress 10 — 30 times greater for clathrates than for
water ice (Choukroun et al. 2013). Note that density values in Table 4 have been omitted due to their
extreme variability and preliminary measurements dependent on the temperature, pressure, and guest gas
molecule (Sloan and Koh 2007; Choukroun et al. 2013).
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The rheological properties of clathrate hydrates have serious implications for the structures and processes
of ices and icy worlds (see Table 4). With variations in density, structure, occupancy, and guest species,
these parameters can create such complex mechanisms, though unfortunately still poorly known
experimentally. Combined with larger viscosity, the clathrate hydrate may form mechanically stiffer
thermally-insulating layers, which are particularly interesting for ice-ocean interfaces of icy bodies
(Kamata et al. 2019).

Table 4: Physical property comparison between water ice Ih phase and clathrate hydrates based on cage
structures (CS) — I and 11. Values from Choukroun et al. (2013).

Physical Property Ice Ih Clathrate CS | Clathrate CS 11

Dielectric constant 94 58 58
(at 273 K)

Young’s modulus 8-95 8.5 8.5
(at 268 K)

[GPa]
Poisson’s ratio 0.331 0.31403 0.31119

Thermal Expansion 56 77 52
(at 200 K)
[10¢ K]

Thermal Conductivity 2.18 0.51 0.50
(at 263 K)
[Wm™ K]
6 Summary

As we have observed through this chapter, the thermodynamic and rheologic properties of ice phases and
hydrates remain mostly theoretical and we note that more experimental measurements are needed. Our
knowledge of Ganymede’s surface composition has greatly improved our modeling and understanding of
spectral behaviors, but it is the complexity and diversity of Ganymede’s surface that we must peer
through to understand the thermal properties of these variable ice phases. Their physical parameters, such
as grain size and density, are key to understanding the endogenous and exogeneous processes, especially
in modeling the HP ice layer and geologic formations. We hope this chapter is used as a compendium for
thermodynamic parameters of ice phases and hydrates relevant to Ganymede.
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