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Abstract 16 

 17 

Ganymede’s surface is composed mostly of water ice and other icy materials in addition to minor non-ice 18 
components. The formation and evolution of Ganymede’s landforms highly depend on the nature of the 19 
icy materials as they present various thermal and rheological behaviors.  This chapter reviews the 20 
currently known thermodynamic parameters of the ice phases and hydrates reported on Ganymede, which 21 
seem to affect the evolution of the surface, using mainly results from the Voyager and Galileo missions. 22 
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1 Introduction 27 

 28 

Icy bodies of the outer solar system, including satellites of the gas giants, harbor surface ices made of 29 
volatile molecules, clathrates, and complex molecules like hydrocarbons. Imaging of Ganymede’s 30 
surface, as observed by the Voyager flyby and Galileo orbiter, reveals complex and mysterious geological 31 
structures composed of these materials and shaped by intricate physical processes. A major step toward 32 
understanding the nature of these geologic features on the Ganymedean surface and establishing their 33 
formational timescales and processes requires knowledge of the thermophysical and rheological 34 
properties of their composite material. Rheological information, like strength and flow, currently rests on 35 
laboratory-derived empirical relationships, which are essential for landform evolution and thermal 36 
modeling. Major science questions at Ganymede (and other icy satellites) and respective laboratory-37 
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appropriate research offers a unique perspective for just how interdisciplinary thermophysical and 38 
rheological studies can be, as listed in Table 1.  39 

 40 

Table 1: General overview of science questions at Ganymede in relation to respective experimental 41 
thermophysical properties.  42 

Ganymede Science Questions Laboratory Measurements/Properties 

What is the composition and structure of the 

subsurface material? 

Dielectric constant, viscoelasticity  

What is the composition and structure of the 

surface material? 

Strain rates, density, thermodynamic phase 

transitions 

What are the power processes driving geological 

evolution? 

Diffusivity, conductivity, viscosity, phase 

transitions 

What are the radiative processes and surface 

evolution over short timescales? 

Heat capacity, sublimation pressures, phase 

stability, latent heat 

 43 

The Pioneer and Voyager flyby missions paved the way for NASA’s Jovian system spacecraft Galileo 44 
(Mura et al. 2020). This spacecraft obtained results by an onboard magnetometer (MAG), solid-state 45 
imaging camera (SSI), the near-infrared mapping spectrometer (NIMS) operating in the range 0.7 – 5.2 46 
μm, and the radio science experiment (Carlson et al. 1992). Further observations at infrared wavelengths 47 
of Ganymede were obtained by the flybys of the Cassini Visual and Infrared Mapping Spectrometer 48 
(VIMS) (Brown et al. 2004) and the New Horizons Linear Etalon Imaging Spectral Array (LEISA) 49 
(Grundy et al. 2007). From these instruments, the interior and surface processes have been estimated of 50 
Ganymede (see Chapter 2.1).  51 

Ganymede’s normalized moment of inertia (Anderson et al. 1996) and intrinsic magnetic field (Kivelson 52 
et al. 2002) suggest that it experienced enough heating for differentiation of a liquid iron core from the 53 
silicate mantle (see Chapter 2.1). Vance et al. (2018) suggests that the thickness of the hydrosphere 54 
probably exceeds 800 km, with the rock-ice interface at ~1.5 – 1.7 GPa. The internal ocean, sandwiched 55 
between the outer ice shell and deep high-pressure ice layer (e.g., Vance et al. 2014), is likely at a depth 56 
of ~160 km (ice I-III-liquid triple point), although its actual depth and thickness are not known (Barr and 57 
Pappalardo 2005). Ice shell thickness depends mainly on the rheological parameters of ice I (Goldsby 58 
and Kohlstedt 2001; Barr and Pappalardo 2005; see also Chapter 2.7).  59 

The salinity of Ganymede’s ocean is closely linked with the structure of the high-pressure ice layer and 60 
the stability of ice phases. Several studies have noted that briny fluids under pressure can have densities 61 
larger than those of high-pressure ices (Vance and Brown 2013; Journaux et al. 2013; Vance et al. 2014). 62 
While dense, salty fluids between HP ices are thermodynamically plausible to exist, the stability of such 63 
fluids requires further geodynamic modeling like that performed for purer oceans (Kalousova et al. 2018). 64 
In addition, the exchange processes between the silicate mantle and the ocean may also be affected by the 65 
presence of salts in the melt between the HP ice layer and the silicate crustal surface.  66 

The surface of Ganymede (with a temperature range ~90 – 160 K) is a mix of water ice phases and darker 67 
non-ice materials (Kieffer and Smythe 1974; Clark and McCord 1980; Mura et al. 2020). Reflectance 68 
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spectra in the visible, infrared, and ultraviolet (namely through the NIMS aboard the Galileo spacecraft) 69 
indicate not only water ice, but may also be indicative of hydrated salts like on Europa (McCord et al. 70 
2001) or other hydrated material (Carlson et al. 1999). Carbon dioxide (CO2), sulfur (S = O bonds), 71 
oxygen (O2) and ozone (O3) molecules are also detected by visible and ultraviolet absorption features 72 
(Nelson et al. 1987; Spencer et al. 1995). While Hapke modeling is used as an estimation of the 73 
uppermost regolith physical properties (Hapke 1993), this is still dependent on the grain size, albedo 74 
effects, and optical properties of the regolith, which are poorly studied in the experimental setting.  75 

In the thermophysical and rheological sense, ice can be considered as both a mineral and rock, as can the 76 
solar system’s more volatile condensed species and hydrates. Past and present internal and surficial 77 
activity on the icy moons is driven by not only the frozen volatile components and respective phases, but 78 
also by internal and external energy sources (e.g., radiogenic, gravitational, tidal), and includes planetary 79 
surface-scale convection to localized relaxation of surface topography (Durham et al. 2010). Such 80 
landforms relax under gravitational forces controlled by the viscosity of the ice. Large impacts play 81 
several important roles for the rheological state of Ganymede’s surface. Stirring of silicates from the 82 
ocean into the upper ice I layer by impacting may be important in controlling the ice viscosity. An impact 83 
may also trigger the merging of the ice I and HP ice layers and allow the heat pulse to occur, where the 84 
soluble impurities in the ocean would have otherwise made this spontaneous overturn impossible. Impacts 85 
can also puncture the lithosphere, allowing underlying warmer ice to flow onto the surface. This brings 86 
about an interesting relationship between exogenic and endogenic events of Ganymede (Murchie et al. 87 
1990; Spencer et al. 1995).  88 

Various ice phases and non-ice constituents have been estimated to fracture and flow, though 89 
understanding the material physics of the icy grains and rheological properties are difficult at relatively 90 
low temperatures (see Section 5) (Parmentier 1982; Jankowski and Squyres 1988; Melosh and Janes 91 
1989). The purpose of this chapter is to present a current understanding of the temperature-dependent 92 
input thermophysical and rheological quantities and their implications for geomorphological processes on 93 
the Ganymedean surface, such as: density, viscosity, strain, thermal conductivity, and activation energies. 94 
In most experimental work, this information is relatively more complete in the pure ice forms, but 95 
currently poorly known are the complex mixtures that these ices may form. 96 

 97 

1.1 Rheology in Cryovolcanism & Tectonism  98 

 99 

As described in other chapters throughout this book, Ganymede possesses several tectonic and possibly 100 
cryovolcanic terrains in which understanding the thermodynamic and rheologic nature of the ices is vital 101 
to understanding the lithospheric properties for the resurfacing and tectonic strains involved.   102 

The surface of Ganymede is rife with various levels of resurfacing from smooth to grooved terrains (see 103 
more in-depth reviews of these features in Chapter 2.2). On icy bodies in general, cryovolcanism is either 104 
the endmember of effusive eruptive deposits or explosive (Smith et al. 1982, 1986; Squyres et al. 1983; 105 
Croft et al. 1995). The eruption of liquid constituents through an ice-rich crust may seem difficult given 106 
the buoyancy difference of the melt compared to the solid (including the possible presence of 107 
contaminants, such as hydrates, that would vary its relative density), but can be accommodated due to the 108 
presence of volatiles that exsolve to decrease the density of the melt, or by the pressurization of a crustal 109 
melt or partial crystallization (Fagents et al. 2000).  110 
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The bright terrains present on Ganymede’s surface may be indirect evidence for volcanic resurfacing, 111 
even with the lack of source vents and flow fronts. Resurfacing of smooth terrain has been noted to be 112 
analogous to lunar mare with shallow flooding from low-viscosity lavas and a general lack of major 113 
edifice structures (Schenk et al. 2001), and may share similar qualities, such as: (i) occupation at low-114 
lying regions; (ii) embayed or partially buried craters and other rugged terrains; and (iii) large numbers of 115 
completely buried small craters. Smooth floors at the centers of impact basins and caldera-like structures 116 
are also unknown in their subsurface source (Schenk and Moore 1995; Schenk et al. 2001).  117 

Extensional tectonism is responsible for the down-dropping blocks of dark terrain, extending both dark 118 
and bright terrains and resurfacing via grooved textures (e.g., flat-floored graben and flat-topped horst 119 
ridges like those at Uruk Sulcus) (Collins et al. 1998; Schenk et al. 2001). Images from Galileo have 120 
aided in the observation of brittle faulting (and some domino-style faulting) at the surface with additional 121 
imbrication of these faults on a scale of greatest local strain (Golombek 1982; Pappalardo et al. 1998; 122 
Patel et al. 1999), which also suggests that similar lithospheric properties are across Ganymede at the 123 
time of grooved terrain development (Grimm and Squyres 1985). Flexural modeling suggests local heat 124 
fluxes ~ 30 – 45 mW m-2 during deformation, consistent with extensional instability models, though this 125 
still depends on the ice phases and localized extensional tectonism (Dombard and McKinnon 2001; 126 
Nimmo et al. 2002; Pappalardo et al. 2003).  127 

 128 

1.2 Landforms with Rheological Interest 129 

 130 

It is with the variations of these Ganymedean morphologies that thermodynamical and rheological 131 
information must be required, which are discussed throughout this chapter. Here we discuss a brief 132 
overview of the different geologic structures that would have rheological aspects.  133 

The fascinating bright furrowed terrain, called sulcus (pl. sulci), cross cutting the darker surroundings of 134 
Ganymede provides interesting insights into resurfacing and tectonic mechanisms, forming up to 66% of 135 
the Ganymedean surface (see Chapter 1.5 and 2.2 for more geologic information). Bright regions not 136 
necessarily associated with sulci are faculae, which also have implications of tectonism and resurfacing 137 
processes, typically labeled as palimpsests. The current implications of the emplacement of such brighter 138 
albedo formations include cryovolcanism or extensive heavily tectonized ice (Shoemaker et al. 1982; 139 
Collins 2000; Schenk et al. 2001). Such bright terrain burying older features indicates smooth terrains to 140 
be formed by flooding of shallow troughs with low-viscosity water ice lavas (Schenk et al. 2001; see 141 
Section 5.3). Sippar Sulcus exhibits topographic characteristics of icy volcanic resurfacing, consistent 142 
with low-viscous flooding of structural troughs to form the smooth terrains (Schenk et al. 2001). Such 143 
tectonism and deformations at sulci and faculae depend on the density and stresses of the ices (see 144 
Sections 5.2 and 5.4, respectively).  145 

There are a variety of crater formations on the surface of Ganymede, including dark-floor, pedestal, 146 
palimpsest, penepalimpsest, multi-ring, and central peak (or dome) craters (McKinnon and Melosh 1980; 147 
Schenk and McKinnon 1991; Schenk et al. 2004; see Chapter 2.3). Numerical models (temperature-148 
dependent and a power law stress-dependent viscosity for ice) of viscous relaxation of craters were 149 
purported to have relatively short relaxation times (te) for some carter depth to become reduced from an 150 
initial impactor state (Thomas and Schubert 1988). Newtonian rheologies appear to essentially dominate 151 
crater relaxation activity, though this applies when the effective temperature is several tens of degrees 152 
warmer than the surface (e.g., insulating regolith) or where the temperature gradients are considerably 153 
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small. This tends to be more so for crater diameters < 25 km (Thomas and Schubert 1988). However, non-154 
Newtonian rheological laws can occur at larger craters and have relatively shorter relaxation times (for 155 
example, te ~ 107 years for crater diameters < 100 km). From Dombard and McKinnon (2006), relaxed 156 
craters in the Marius Regio suggest ancient heat flows with ≳ 10 mW m2 (see Section 5.3). However, 157 
compositional constraints (e.g., silicious content) and dispersion hardening can extend these relaxation 158 
times. Modeling from Thomas and Schubert (1988) shows that a threshold crater diameter for the onset of 159 
non-Newtonian viscous behavior could not only estimate thermal gradients on a localized scale, but also 160 
localized stresses, although the variable-resolution from Galileo plus the current lack of experimental 161 
viscous ice research make this problem still unresolved.  162 

Fossae (long, narrow depressions) and paterae (irregular, scalloped depressions) offer more interesting 163 
geomorphological structures relating to just how rheologically complex the surface of Ganymede is. Such 164 
scalloped textures could be considered caldera-like where these are sites of potential cryovolcanic vents 165 
(Lucchitta 1980; Schenk and Moore 1995). Fossae and their orientations also offer an interesting case for 166 
shear stresses (see Section 5.4) and brittleness of density-variable crustal material.  167 

Dark terrain (regiones) comprises of nearly 1/3 of the Ganymedean surface with a greater fraction of non-168 
ice and rocky material and showing a variety of modification by processes such as sublimation, mass 169 
wasting, ejecta blanketing, and tectonism (Parmentier 1982; Prockter et al. 2000). Based on impact crater 170 
counts, the dark terrain is considered ancient with an age > 4 Gy (see Chapter 2.3 for more details) 171 
(Zahnle et al. 2003). Also due to its low, heterogeneous albedo, this suggests thermally driven segregation 172 
of ice and non-ice constituents (Spencer 1987). For example, as observed in Pappalardo et al.  (2004), 173 
Nicholson Regio imaged by Galileo is heavily tectonized with furrows (e.g., Anshar Sulcus, Byblus 174 
Sulcus), implying pre-existing weaknesses of the ice and non-ice densities.   175 

 176 

2 Water Ice and other Volatile Phases  177 

 178 

2.1 Water Ice Phases 179 

 180 

The evolution of the outer solar system icy bodies has been significantly affected by the water ice, which 181 
can exist in three different solid configurations (amorphous, cubic, hexagonal) at low temperatures and 182 
pressures (Jenniskens et al. 1998). These different phases present large differences in their nature and 183 
behavior and have a considerable impact on the physical properties of ices on the solar system (Mastrapa 184 
et al. 2013). Nevertheless, the presence of amorphous and/or crystalline (cubic, hexagonal) water ice on a 185 
body depends on many factors, such as condensation temperature/rate, and its thermal history connected 186 
to the plethora of forms of irradiation, impact-heating and thermal variations (e.g., Jenniskens et al. 187 
1998).   188 

Amorphous ice – which seems to be the most common structure for H2O in the Universe – has also been 189 
observed in much shallow layers (depths of μm) of the surfaces. There also exist different flavors of 190 
amorphous ices as well, including the high-density glassy water (HDG), which forms by vapor deposition 191 
at low temperatures (< 110 K) and irradiation, and could be a major phase present in many icy satellites 192 
(Palumbo 2005; Giovambattista et al. 2013). 193 
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During heating to a temperature between 110 and 150 K, amorphous ice transforms itself irreversibly to a 194 
cubic crystal structure and above 190 K, another irreversible transformation takes place, to the familiar 195 
hexagonal crystal structure (Jenniskens et al., 1998). Water ice frozen from liquid water ice is always 196 
expected to crystallize with the hexagonal structure, and it maintains that structure, even when cooled to 197 
cryogenic temperatures (Schmitt et al., 1998). Particularly, hexagonal ice should be abundant at the 198 
surfaces of solar system objects, freezing from standing water, cloud droplets, erupted water-rich melts, or 199 
impact melts (Schmitt et al., 1998). 200 

However, even though one would expect that energetic radiation would have destroyed the crystal 201 
structure and thus the remaining crystalline water ice on the Jovian, Saturnian, and Uranian icy satellites, 202 
it predominantly exists at the very shallow depths (mm) of their surfaces (Grundy et al. 1999; Mastrapa 203 
et al. 2013). The reason that crystalline water ice can exist under such large doses of radiation and thermal 204 
variations, is that at these locations, the temperature on the satellites reaches above 80 K (Hansen and 205 
McCord 2004).  206 

The presence of water ice also affects the surface dynamics and morphology depending on its phase, 207 
especially in the bright terrains of Ganymede (Allison and Clifford 1987). Ganymede’s total water 208 
abundance in the ice is ~30 – 50 wt.%, nearly up to ~90 wt.% in the shallow subsurface (e.g., McCord et 209 
al. 1998). There are also climatological dynamics at the polar regions being the result of transportation 210 
from the warmer equator to higher latitudes (Clark 1980; Calvin et al. 1995). The spectral signature 211 
(discussed in Chapter 2.5) can also tell us about grain sizes, ranging from a few hundred micrometers to a 212 
millimeter (Pollack et al. 1978; Calvin et al. 1995; Hendrix et al. 2013), where the equator and the 213 
trailing hemisphere of Ganymede have considerably larger grains of ice (Stephan et al. 2021). It should be 214 
noted that reflectance spectra and deconvolution techniques to determine ice abundances and phase 215 
species require some form of physical parameters obtained from experimental research, such as optical 216 
constants of different materials (Grundy and Schmitt 1998; Dalton and Pitman 2012), though these are 217 
temperature-dependent, and unfortunately lack experimental data at low temperatures (Umurhan et al. 218 
2021).  219 

The global pattern of ice phases present on Ganymede’s surface indicates a balance between the 220 
crystallization and disruption processes. On Ganymede, mainly crystalline water ice is present at the 221 
equator where relatively high temperatures and lower radiation flux exist, whereas amorphous water ice 222 
can be predominantly found at Ganymede poles, which experience relatively low temperatures and higher 223 
radiation flux (Hansen and McCord 2004; Ligier et al. 2019). According to Jenniskens et al. (1998) as 224 
temperature varies between 105 K and 125 K, the crystallization of ice can vary by a factor of ~105. On 225 
Ganymede, the equatorial midday ice temperature varies by around 20 K, but from the equator to the 226 
poles, the temperature varies by approximately 10 K. This implies that a significant variation in 227 
crystallization rate as a function of temperature in the midlatitudes and polar regions is largely absent on 228 
Ganymede (Hansen and McCord 2004). Hence, it seems possible that other factors are controlling the 229 
disruption and crystallization functions on Ganymede, and these are not simply controlled by the thermal 230 
crystallization rates (Hansen and McCord 2004).  231 

The triple point of H2O is at 273.16 K and ~6.116 x 10-3 bar (Wagner and Pruss 2002). Fray and Schmitt 232 
(2009) collected several experimental measurements ranging from 130 – 273.15 K. Numerous 233 
experimental relations have been published to compute the vapor pressure of hexagonal water ice (Ih); 234 
however, the vapor pressure of cubic water ice (Ic) is ~10.5% higher than for Ih (Washburn 1924; 235 
Yamamoto et al. 1983; Murphy and Koop 2005; Huebner et al. 2006). Of note is the Ic phase is a 236 
metastable version of Ih (Petrenko and Whitworth 1999). All these works, and those included in the Fray 237 
and Schmitt (2009) summary have also shown that amorphous ice strongly depends on condensation 238 
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temperature and the rate of condensation. This dependence on condensation rate and temperature 239 
conditions basically applies to all forms of HP ices as well (Mastrapa et al. 2013). From observations 240 
from Mastrapa et al. (2013), amorphous ice will convert to crystalline structures within 104 years, 241 
wherefore amorphous ices are only consistently stable at colder (< 100 K) surfaces.  242 

What is interesting for Ganymede, and icy bodies in general, are their hydrospheres, where there is 243 
variable amount of pressure (i.e., 0 – 1600 MPa). At this pressure range exist several icy polymorphs, 244 
including high-pressure (HP) ices (Ih, Ic, II, III, IV, V, VI, IX, XI, XII, XIII, XIV, and XV) (Schmitt et al. 245 
1998; Nakamura and Ohtani 2011) as well as a suite of clathrate hydrates (see Section 3). Ice phases 246 
relevant to Ganymedean conditions are shown in Figure 1. While ice VI is expected to occur for any 247 
ocean composition (pure H2O or aqueous solution of MgSO4 or other relevant salts) and thermal profile, 248 
the presence of ice V and III is predicted only for dense salty oceans and cold interiors (Vance et al. 249 
2018). Ice III can form at the base of the ocean underlain by ice V and VI, if the ocean is cold and its 250 
salinity is ~ 10 wt.% MgSO4 (Vance et al. 2018). However, Ice III can be buoyant relative to modeled 251 
oceans, where dynamically short-lived ices may perhaps quicken the cooling of Ganymede and thicken 252 
the ice I crust, therefore accumulating underneath the ice I – ocean interface. From Figure 1, the gray area 253 
are conditions expected for large ocean worlds. This area encompasses ice phases I, III, V, VI and the 254 
water liquid phase. This area also includes conditions for the existence of ammonia hydrate dissociation 255 
(in the monohydrate phase), and other various clathrates at temperatures ~280 – 300 K.  256 

 257 

 258 

Figure 1: Temperature/pressure phase diagram of water ice polymorphs relevant to water-rich satellite 259 
interiors. Melting curves and solid-solid phase transitions are from Journaux et al. (2020). The shaded 260 
region corresponds to the estimated range of conditions expected in ocean worlds. Clathrate dissociation 261 
curves are from Durham et al. (1998). The hydrosphere-rock boundary (HRB) is adapted from Journaux 262 
et al. (2020).  263 
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 264 

2.2 Other Volatile Species 265 

 266 

O3 and O2 have been found to be trapped in the surface ice within voids or bubbles, with O2 267 
predominantly existent in the equatorial region and O3 dominating at the poles (Nelson et al. 1987; Noll et 268 
al. 1996; Spencer et al. 1995; Johnson and Jesser 1997; Hendrix et al. 1999) and have been interpreted to 269 
form by a combination of solar UV radiation and impacting magnetospheric plasma. The triple point of 270 
oxygen (O2) is at 54.33 K and 1.49x10-3 bar (Fray and Schmitt 2009). Solid O2 has three different 271 
crystalline phases (Table 2), the temperatures of the phase transitions are 23.78 K (α-β transition) and 272 
43.77 K (β-γ transition) (Mullins et al. 1963). O3 has disagreeable experimental research to find a triple 273 
point (Fray and Schmitt 2009). The data of Hanson and Mauersberger (1986) seem to be the better 274 
research collection, with the triple point of O3 to be at 79.6 K and 5.6 x10-6 bar. 275 

Carbon dioxide (CO2) presumably trapped in Ganymede’s dark material is widely distributed. CO2 has a 276 
triple point located at 216.58 K and 5.18 bar. Experimental and empirical data points have been collected 277 
from 69.69 – 216.56 K (Table 2), listed in Fray and Schmitt (2009). However, its origin on Ganymede is 278 
not clear. See Chapters 2.5 and 3.2 for a detailed discussion of the identification, distribution, and 279 
formation processes of these compounds. From observations by Hibbitts et al. (2003), CO2 distributions 280 
appear to be controlled by geological processes, with combination effects from the Jovian (and 281 
Ganymedean) magnetospheres, finding that: (i) the deepest CO2 bands are found in darker, non-icy 282 
material regions; (ii) CO2 is not detected in the icy polar regions; (iii) Ganymede’s upper crust is depleted 283 
of CO2 (the exception is Mir crater); (iv) dark crater ejecta appear to be depleted in CO2; (v) greater 284 
concentrations of CO2 are correlated with areas of larger-grained ice; (vi) CO2 detected by NIMS is 285 
mostly contained in the non-ice constituents; and (vii) CO2 could exist in the large-grained ice near the 286 
equatorial and midlatitude regions, but currently this remains undetected by NIMS data due to the too 287 
large grain sizes. 288 

Sulfuric acid hydrate and other sulfur compounds including SO2 might be endogenic or could be the 289 
product of the bombardment of the icy surface by exogenous sulfur as well as sulfur molecules released 290 
by Io’s very active volcanoes (Calvin et al. 1995; Strazzulla 2011; Ligier et al. 2019). Radiolysis can also 291 
play a major role in the forming of SO2 and H2SO4 in either the ice or in water associated with 292 
Ganymede’s hydrated non-ice material and the implantations of S-ions (Hibbitts et al. 2003; Ligier et al. 293 
2019). The triple point of sulfur dioxide (SO2) is 197.64 K and 0.0167 bar. The heat capacity of the solid 294 
has been measured (15.20 – 197.64 K) in Giauque and Stephenson (1938). Hydrogen sulfide (H2S) triple 295 
point is at 187.57 K (0.229 bar). H2S exists in three different crystalline forms (Anderson et al. 1977), 296 
where phase III transforms to phase II at 103.6 K and to phase I at 126.2 K.  297 

 298 

Table 2: Temperature and pressure ranges for non-H2O volatile species observed on Ganymede. Values 299 
from Fray and Schmitt (2009).  300 

Species Solid Phase Temperature 

Range (K) 

Pressure (bar) 

O2 α 20 – 23.78 (1.49 ± 0.03) ·10-3 

 β 23.78 – 43.77  

 γ 43.77 – 54.33  

O3  < 79.6 (5.6 ± 0.6) ·10-6 
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CO2  40 – 194.7 5.185 ± 0.005 

  194.7 – 216.58  

H2S I 126.2 – 187.57 0.229 ± 0.008 

 II 103.6 – 126.2  

 III < 103.6  

SO2  15 – 197.63 0.0167 ± 0.0001 

 301 

 302 

3 Hydrated Salts and Clathrate Constituents 303 

 304 

Hydrates may have reached the surface on Ganymede at some point in the satellite’s history. This is 305 
consistent with the interpretation of results from the Galileo magnetometer investigations, suggesting a 306 
conductive fluid layer (McCord et al. 2001; Pappalardo et al. 2004). This is also prevalent with the 307 
identification of observed surface disruptions, like those seen on Europa (McCord et al. 2001). Several 308 
studies have predicted such salts and hydrates to exist through exogenic and endogenic processes (Kargel 309 
et al. 2000; Fanale et al. 2001; Strazzulla et al. 2009). The thermodynamic modeling of these hydrates 310 
remains relatively unknown at higher pressures where the solubility and activity of many planetary-311 
relevant gases is poorly constrained, particularly at lower temperatures (Sloan and Koh 2007; Choukroun 312 
et al. 2013).  313 

Hydrated sulfates are anticipated to be a major component in rock-forming minerals in the interiors of the 314 
inner Galilean moons, probably from the result from the leaching of chondritic sulfates from their cores 315 
during differentiation (Kargel et al. 1991). Ganymede’s magnesium-bearing sulfates and salts are similar 316 
to those observed on Europa (McCord et al. 1998). Similarly with sulfuric acid hydrates, the abundance 317 
on Ganymede is lower than on Europa.  318 

Nakamura and Ohtani (2011) identified several phases in the MgSO4 – H2O system up to 4 GPa at 298 K 319 
through laboratory experiments: Ices VI and VII, MgSO4 – 7H2O (magnesium heptahydrate), and a liquid 320 
phase. These phase relations suggest that the liquid layer may be at a depth of ~800 km in the interior of 321 
Ganymede. The MgSO4 content of the bulk icy mantle composition is ~15 – 20 wt.% (as modeled by 322 
Kargel et al. 1991), which is higher than the MgSO4 eutectic (12 – 14 wt.% at 2 GPa), so its liquidus 323 
phase is likely (MgSO4 – 7H2O, referred to as MS7) hydrate at the base of the mantle, where (MgSO4 – 324 
11H2O, referred to as MS11) is at shallower depths (Nakamura and Ohtani 2011). The eutectic between 325 
MS11 and ice Ih is at 269.25 K with 17.5 wt.% MgSO4 (Fortes et al. 2010).  326 

The low eutectic temperature indicates that the icy mantle may be molten, if not partially, and so the 327 
crystallization of the outer icy mantle is inevitable in the early stages of Ganymede’s geologic evolution. 328 
A fractional crystallization of the icy mantle will produce a layered structure where the MS7 phase is at 329 
the bottom, an internal ocean close to the eutectic composition, covered by an icy crust (Fortes et al. 330 
2010; Nakamura and Ohtani 2011). Based on Zolotov and Shock (2001), such layering could lead to Cl-331 
salts at the top. However, the thickness of the icy crust and that of the bottom layer depend on the 332 
temperature profile of Ganymede, silicate grains and other possible hydrate mixtures involved, and heat 333 
flux from the inner silicate layer (where the internal ocean would be deeper) (Hussmann et al. 2006; 334 
Bland et al. 2009).  335 

Clathrate hydrates are essentially skeleton-like cages of hydrogen-bonded H2O molecules that trap neutral 336 
guest molecules (e.g., CH4, N2, CO2, etc.). No bond occurs between the host and guest species, but a van 337 
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der Waals interaction stabilizes the structure. The cage structure depends on the pressure and temperature 338 
conditions and the nature of the guest species, where several species may occur at the same void space. 339 
CO2 presents an interesting case as a flavor of clathrate in that a single CO2 hydrate structure destabilizes 340 
into a filled, solid ice structure < 1 GPa (Amos et al. 2017; Massani et al. 2017). At conditions > 1 GPa, 341 
H2O and CO2 form a solid mixture (Hirai et al. 2010). However, at > 3 GPa, a change in the CO2 342 
speciation leads to greater solubility of C and the appearance of crystalline, hydrated carbonic acid 343 
(Abramson et al. 2018).  344 

 345 

4 The “Darkening” Component  346 

 347 

Before the arrival of Galileo, a great number of studies proposed that the non-ice (or frost-free) areas 348 
seem to be covered with a fine dust of carbonaceous chondritic material derived from ejecta from the 349 
outer irregular satellites, hence ancient meteoritic material (Squyres 1980; Hartmann 1980; Schenk and 350 
McKinnon 1991). Later, Galileo high-resolution images suggested that the dark material is composed of a 351 
relatively thin dark lag deposit of non-ice material overlying brighter icy material (Patterson et al. 2010). 352 
Roughly 34 – 35% of Ganymede’s surface is ancient dark terrain that consists of a greater fraction of non-353 
ice and rocky material (Collins 2000). Murchie et al. (1990) suggest that ammonia-rich fluids may also 354 
play a role in the dark deposits.  355 

In a geophysical sense, dark terrain is suggested to be the product of a relatively thin lag deposit that 356 
punched through a thinner, more brittle lithosphere into a more mobile material (usually observed at the 357 
furrowed regions on Ganymede) and affected by a multitude of processes, such as sublimation, mass 358 
wasting and tectonism (McKinnon and Melosh 1980; Prockter et al. 2000).  359 

These dark non-ice components are suggested to be endogenic at regions with increased fracturing or 360 
reactivation of pre-existing structures (Shoemaker et al. 1982; Murchie et al. 1986; Prockter et al. 2000). 361 
As mentioned earlier, the non-ice compounds could also originate from cryovolcanism, with the 362 
embayment of large diameter craters and smooth areas around furrows (Croft and Strom 1985; Murchie et 363 
al. 1989, 1990; Lucchitta et al. 1992). As water vapor is removed, a refractory material forms a 364 
sublimation lag and thus a darker surface. Over time, this low-refractory lag deposit may thicken for it to 365 
slough downslope. Based on the retention of small craters in dark terrains, the depth of the lag deposits is 366 
probably a few meters on slopes, but thicker in the topographic lows at furrowed regions (Pappalardo et 367 
al. 2004). Understanding that this may hinder low-albedo lag deposits or thicken from endogenic 368 
processes presents its own complexities as to how this dark material would play a role in the overall 369 
rheology.  370 

 371 

5 Rheologic Considerations 372 

 373 

5.1 Microstructure, Composition & Polymorphism 374 

 375 

As we have reviewed, the surface of Ganymede presents a variety of ice polymorphs and non-ice 376 
constituents. The rheology of ice is mainly controlled by temperature, grain size, porosity, and stress with 377 
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the corresponding material parameters highly influenced by impurities (Kubo et al. 2009). Although the 378 
observed impurities exist only in small quantities, they could play a role in the deformation of 379 
Ganymede’s crust, especially if they are transported deeper into the icy crust. Even more macroscopic 380 
mass transport of trapped species by tectonic processes as supposed on Europa (Prockter and Pappalardo 381 
2000) could also carry impurities to Ganymede’s ocean (see Chapter 2.7).  382 

In the case of water ice (both crystalline and amorphous), it is accepted that the interatomic cohesive 383 
forces are generally strong in H2O ice crystals owing to the strength and complexity of hydrogen bonds, 384 
and that the presence of dislocation or surface heterogeneities is the main cause of relative weaknesses 385 
(Macmillan 1972). The polymorphism of water ice, as described in this chapter, results in the formation 386 
of concentric ice shells in the outermost layers of a differentiated icy satellite consisting of a variety of 387 
phases (and thus densities) of ice (Fortes and Choukroun 2010). Journaux et al. (2020) have made 388 
considerable pressure-volume-temperature computations for ices III, V, and VI, to determine the values of 389 
the main thermodynamic properties (density, thermal expansivity, heat capacity, etc.) for 250 – 300 K 390 
temperatures using the computational SeaFreeze package that uses the Gibbs energy representation to 391 
derive all thermodynamic properties at proper P-T conditions. This approach constrains material 392 
parameters in a wide range of conditions and prevents their extrapolation outside the range of laboratory 393 
experiments which is not fully reliable.  394 

The effect of chemistry also influences HP ices. For example, ice VI is the only HP polymorph with ice 395 
VII to have been investigated for salt incorporation. Journaux et al. (2017) found that even small amounts 396 
of salts incorporated can have a significant effect on lowering its density. The extent to which other 397 
planetary-relevant salts (e.g., MgSO4, MgCl2, Na2SO4, etc.) incorporated into HP ices remains 398 
unconstrained.  399 

 400 

5.2 Density 401 

 402 

The chemical differentiation and thermal evolution of the HP ice layers, and the silicate core (and any 403 
subsequent impurities), depend greatly on the relative densities of important phases and whether they tend 404 
to sink or float, and (if large enough) become isolated from the residual liquids. The low viscosity and 405 
large density differentials of phases in salt-water brines should result in effective fractional crystallization 406 
of brine flows plus water ice would float to the top, and the salt hydrates would sink. Other works for 407 
density estimates can be found for water ice polymorphs (Bridgman 1912; Journaux et al. 2020); 408 
ammonia-water systems (Croft et al. 1988); and saline solutions (Kargel et al. 1991; Hogenboom et al. 409 
1995).  410 

For water ice polymorphs, Jenniskens et al. (1998) documented comparative density values between 411 
crystalline and amorphous water ice phases. For hexagonal ice (Ih), the density is ~0.93 g cm-3, 412 
comparably the same as cubic ice (Ic), both at temperatures 120 – 150 K.  Main phases of amorphous ice 413 
are based on density: Iah (high-density amorphous) = 1.1 g/cm3 (Narten et al. 1976) and low-density 414 
amorphous (Ial) = 0.94 g/cm3 (Jenniskens and Blake 1994). However, these experiments did not take 415 
porosity into account. At 90 K, the bulk density of water ice (from vapor deposition) is 0.82 g/cm3, while 416 
at 35 K the density is 0.74 g/cm3 (Ih) or 0.68 g/cm3 (Ial with higher deposition rates) (Narten et al. 1976; 417 
Brown et al. 1996; Berland et al. 1996). At Ganymede, the upper HP ice layers (ice III) are modeled to be 418 
~1.166 g/cm3 while the lower, deeper ice VI is ~1.396 g/cm3 (Journaux et al. 2020).  419 
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In the pure H2O setting, all HP phases are denser than liquid water. However, the inclusion of salts (e.g., 420 
MgSO4) would significantly alter the liquid density which may lead to density inversions and formation 421 
of layers (Vance et al. 2014, 2018). For non-ice materials, Kargel (1998) has summarized several 422 
densities for salts and saline solutions pertinent for briny volcanism and large ocean worlds. In Figure 2, 423 
there are several potential hydrate and salt solutions that can be present at Ganymedean surface 424 
conditions.   425 

 426 

 427 

Figure 2: Ice I and cryofluid material densities across temperatures relevant to Ganymede. Also included 428 
is the MgSO4-H2O eutectic. Adapted from Kargel (1998).  429 

 430 

5.3 Deformation & Viscosity  431 

 432 

From a thermodynamic perspective, if the ice flows readily internally, the satellite is cooling. Though if 433 
the ice resists, the satellite will overheat, or essentially melt internally and increase its differentiation 434 
(Durham 2010). Such warmer ice flowing in the subsurface against a relatively colder crust may be 435 
sufficient to overcome the strength of the crust, which will cause crustal failure. Ice flow owes its origins 436 
to glaciologic laboratory studies to create the Glen law for the creep behavior of polycrystalline ices, 437 
including the applications of strain rate and shear stresses (discussed in Section 5.4).  438 

Creep is defined as a general term in which volume-conserving deformation mechanisms involve the 439 
motion of grain-boundary or crystal-lattice defects (Poirier 1985). On geologically long timescales 440 
(millions of years), ice deforms via viscous deformation. The deformation mechanism depends on the 441 
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local stress and temperature conditions as well as on the ice grain size. Based on laboratory experiments, 442 
three distinct mechanisms were described (e.g., Goldsby and Kohlstedt 2001; Durham et al. 2001; 443 
Umurhan et al. 2021): grain boundary sliding, basal slip, and dislocation creep. All these mechanisms are 444 

nonlinear, i.e., strain-rate 𝜀̇ and stress σ are not linearly related: 445 

 446 

𝜀̇ =
𝐴

𝑑𝑝
𝜎𝑛𝑒𝑥𝑝 (

−𝑄

𝑅𝑇
)   (1) 447 

 448 

Here A is a pre-exponential constant, d is the grain size with p its exponent, n is the stress exponent, Q is 449 
activation energy, R the universal gas constant, and T the temperature. Viscosity, i.e., the ratio between 450 
stress and strain-rate, is thus stress-dependent.  451 

For very high stresses (>1MPa) and large grains, deformation is accommodated by the movement of 452 
dislocations in the crystal lattice. Dislocation creep (disl) is highly nonlinear and is characterized by the 453 
stress exponent of n=4. However, viscosity does not depend on the grain size. Enhanced deformation is 454 
observed if temperatures are within 15 K from the melting curve. For lower stresses (between ~0.01 and 1 455 
MPa), grains deform along the crystal planes by basal slip (bs). In crystals, whose planes are not well 456 
oriented for basal slip, another process occurs to accommodate deformation, the grain boundary sliding 457 
(gbs). These two mechanisms are not independent but act together and are combined as follows (Goldsby 458 
and Kohlstedt 2001): 459 

 460 

𝜀
˙
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1

𝜀
˙
𝑔𝑏𝑠

+
1

𝜀
˙
𝑏𝑠

)

−1

   (2) 461 

 462 

into so-called grain-size sensitive creep (gss). However, only grain boundary sliding viscosity depends on 463 
the grain size (p=1.4) while basal slip viscosity is grain size independent (p=0). Both mechanisms have 464 
stress exponent close to 2 (n=1.8 for gbs and 2.4 for bs). Finally, for even lower stresses, relatively high 465 

temperatures (≳150 K) and small grain sizes (< 1 mm), ice deforms by the diffusion of vacancies through 466 
the crystal lattice. Diffusion creep (diff) is a linear mechanism (n=1) so its viscosity does not depend on 467 
stress. It depends on the square of the grain size (p=2).  468 

Altogether, the four mechanisms combine as: 469 

 470 

𝜀
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 472 

(Goldsby and Kohlstedt 2001). This flow law fits the laboratory data. For a more detailed review and the 473 
values of all parameters, see Durham and Stern (2001) or Barr and Showman (2009). Depending on the 474 
grain size which can range between <1 mm and a few cm, viscosity at the melting temperature (boundary 475 
with the ocean) is between 1013 and 1016 Pa s. At the surface, the experimentally-derived flow law 476 
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predicts too large viscosity values (>1020 Pa s), indicating that other mechanism (elasticity or brittle 477 
failure) accommodates the stresses. In numerical models, an Arrhenius-type viscosity law is often used, 478 
that takes into account the most important effect of temperature but neglects the stress dependence (e.g. 479 
Han and Showman 2008). 480 

The viscosity of high-pressure ices has been measured in the experimental setting (Sotin et al. 1985; 481 
Durham et al. 1996). The deformation of ice VI has been measured at large values of shear stress (108 Pa; 482 
Sotin et al. 1985) and found to have deformation rates of ~10-2 s-1 and a viscosity of 1010 Pa s. 483 
Extrapolation of these results to typical convective shear stresses (103 – 105 Pa) gives viscosities on the 484 
order of 1012 – 1014 Pa s, similar to the ice I viscosities at the melting point, as observed in field 485 
measurements by Hudleston (2015). Durham et al. (1996) measured the viscosity of ice VI at comparably 486 
smaller pressures and found stronger stress dependence (e.g., larger values of the stress exponent n) and 487 
larger melting-point viscosity values. The discrepancy between viscosities predicted by these two studies 488 
may be due to different experimental conditions. Alternatively, a change in deformation mechanisms 489 
observed for ice Ih (e.g., Goldsby and Kohlstedt 2001), may be occurring in the HP phases as suggested 490 
by Kalousova et al. (2018), although no laboratory experiments were so far performed to confirm this 491 
hypothesis. Both studies (Sotin et al. 1985; Durham et al. 1996) suggest that viscosity is nearly constant 492 
along the melting curve, justifying the use of Arrhenius Law in numerical simulations (Kalousova et al. 493 
2018). Due to the extrapolation from the high stress laboratory experiments to smaller-stress conditions 494 
and large uncertainty in grain size, numerical simulations usually consider a wide range of melting-point 495 
viscosity values between 1013 – 1017 Pa s (Choblet et al. 2017; Kalousova et al. 2018; Kalousova and 496 
Sotin 2018). Ice V viscosity, compared to ice VI, can be determined at the transition point between the 497 
two phases. Sotin and Poirier (1987) found that ice V is harder to deform than ice VI with their viscosity 498 
ratio being close to two orders of magnitude at the experimental conditions, while Durham et al. (1996) 499 
found that ice VI and ice V deform in a similar manner. Finally, ice III is the weakest in deformation 500 
(Durham et al. 1997).  501 

Ice viscosity may get as low as 1010 Pa s if other cryogenic liquids are present, such as methane or NH3 502 
hydrates, suggesting that solid-state pure water ice is less likely to explain observed flow features or 503 
overall smoothing (Stevenson and Lunine 1986; Schenk and Moore 1995). Ammonia-water systems may 504 
also be important in investigating viscous flows (Lunine and Stevenson 1982). Kargel et al. (1991) 505 
observed that the behavior of ammonia-water eutectic and peritectic liquids resemble closely to basaltic 506 
behavior. Brines also have water-like viscosities (Kargel et al. 1991; Hogenboom et al. 1995). 507 

Several viscosity-related processes may have acted on Ganymede’s surface, such as mass wasting, 508 
erosion, and impact crater relaxation (Parmentier 1982; Dombard and McKinnon 2006). For example, 509 
Gilgamesh floor deposits with thickness of ~150 m and ~10 km across (as upper limits) have an estimated 510 
viscosity of ~106 Pa s, similar to ridges at Miranda and domes on Enceladus (Figure 3). Smooth surface 511 
materials have viscosities of ~106 Pa s with yield strengths of 0.2 kPa (Schenk and Moore 1995). These 512 
are in range of materials to behave (and deform) plastically with these viscosities and yield strengths. 513 
Alternatively, a partially crystalline melt could also be extruded, though achieving significant topography 514 
(> 150 m) may not be possible due to its extreme low viscosity. Assuming that the caldera-like floor 515 
materials (cryolava) were continuous extrusions and had a thickness of ~300 m, Schenk and Moore 516 
(1995) estimated their viscosities to be 1010 Pa s with yield strengths of ~10 kPa. Comparably, domes on 517 
Europa have 106 – 108 Pa s viscosity estimates, with yield strengths of ~1 – 10 kPa (Schenk and Moore 518 
1995), somewhat weaker than on Ganymede.  519 

 520 
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 521 

Figure 3: Rheologic strength versus viscosity of Ganymedean surface units compared to features from 522 
Enceladus, Miranda and Ariel. Adapted from Schenk and Moore (1995).  523 

 524 

5.4 Stress & Strain Behavior 525 

 526 

Ductile flows result in the deformation (strain ε) at a strain rate (𝜀̇) that depends on several factors, 527 
including temperature, pressure, and effective grain size of the ice. Ice has a strength at failure nearly 528 
independent of temperature, but confining on pressure, namely in the range 0 < P < 50 MPa. Brittle 529 
behavior is regulated by frictional properties, although these are less scale-dependent and therefore 530 
rudimentary to extrapolate from laboratory data, at least for the uppermost layers of an icy moon 531 
(Schulson 1979; Petrenko and Whitworth 1999; Durham and Stern 2001). Frictional strength strongly 532 
depends on pressure, not so much on temperature, and so increases with depth. Ductile strength, however, 533 
depends on temperature, thus decreasing with depth.  534 

Strain is a relative measure of how much an ice substance of a certain size stretches or deforms. Stress is a 535 
measure of the internal forces and is defined in terms of a force per unit area (i.e., pressure). Generally, a 536 
block of polycrystalline ice subjected to some amount of applied stress (e.g., compressive, tensile, or 537 
shear) will respond with either ductile (or plastic) flow or will experience brittle fracture failure when the 538 
applied stress exceeds the material’s yield stress (or elastic motions if the applied stress is less than the 539 
yield stress).  540 
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To describe elasto-viscoplastic rheology (see Dombard and McKinnon 2006 and references therein), the 541 
total strain is a linear summation of the elastic, viscous, and plastic strains (a Maxwell viscoelastic solid 542 
extended to include plasticity). Such an extended Maxwell solid captures the relative behavior on 543 
different geologic timescales, thus it behaves as a solid (elastic) material on shorter timescales, as a 544 
viscous (fluid) material on longer timescales and exhibits brittle (plastic) failure should the yield strength 545 
be exceeded (Durham and McKinnon 2006). Linear, isotropic elasticity can be characterized by two main 546 
parameters: Young’s modulus (E) and Poisson’s ratio (ν). While these parameters are inherently 547 
compressible, as E approaches infinity, the elastic response trends to incompressibility. For relaxation 548 
modeling on Ganymede, some use the values by Dombard and McKinnon (2006) of water ice E = 9.33 549 
GPa and ν = 0.325.   550 

Cryolava and viscoplastic rheologies flow with a viscosity η if bulk strength 𝜏0 is exceeded. Yield 551 
strength is estimated from the shape of the flow, assuming it has ceased movement (Blake 1990; Schenk 552 
and Moore 1995) where  553 

 554 

𝜏0 =
𝜌ℎ2𝑔

3𝑟
   (4) 555 

 556 

and h and r are the height and radius of the flow, respectively. Flow viscosity estimates would need a time 557 
duration of the flow (Huppert et al. 1982), though this can only be deduced theoretically on icy bodies, 558 
especially with a lack of laboratory research at relatively low temperatures. 559 

The bulk elastic properties of an ice are the ratio of the pressure change to the fractional volume 560 
compression. The ratio of the stress to the strain, regarding compressional forces, defines the Young’s 561 
modulus. Both variables give us insight to the planar forces that can be supported at icy satellites and the 562 
pressure-temperature conditions that an ice sample can endure. Table 3 shows Ganymede-relevant ices 563 
and their respective Young’s or bulk moduli.  564 

 565 

Table 3: List of ice compounds and relevant Young’s (E) or bulk moduli (B). Table adapted from 566 
Umurhan et al. (2021) and references therein. Ice III and VI modeled from Vance et al. (2018). 567 

Ice Species Modulus Type Temperature (K) Modulus (GPa) 

Ice Ih E < 273 0.009 – 0.0112 

 E 90 0.1 – 0.5 

 E 100 0.2 – 0.9 

CO2 E 80 13.12 

CH4 clathrate SI E < 273 8.4 

 B < 273 8.76 

CH4 clathrate SII E < 273 8.2 

 B < 273 8.48 

NH3-H2O E 90 0.85 

 E 100 0.1 

Ice III B 250 9.761 

Ice VI B 300 20.27 

 568 
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The inverse dependence of viscosity on stress (e.g., high stress corresponds with low viscosity and vice 569 
versa) results in significantly enhanced flow in regions of high stress (Dombard and McKinnon 2006). In 570 
impact craters, these high stress regions occur beneath the crater floor center, then as the crater bowl relief 571 
is reduced, the stress radiates outward to under the crater rim. Such stresses indicate movement of 572 
material down and away from positive topography and under negative topography, for example the rim 573 
and cavity of an impact crater, respectively (Dombard and McKinnon 2006). The surface tensile and basal 574 
layer compressive stresses are at the crater center, and the surface compressive and basal layer tensile 575 
stresses are along the periphery.  576 

 577 

5.5 Thermal Conductivity 578 

 579 

Thermal conductivity (λ) is defined as the bulk property for condensed matter and a main element for the 580 
magnitude (and resultant type) of geologic activity on planets and satellites. Thermal conductivity models 581 
tend to rely on pure ice Ih parameters, but this variable relies on the composition, porosity, crystallinity, 582 
and temperature/pressure conditions, all of which are highly variable on icy satellites (Ross and Kargel 583 
1998; Umurhan et al. 2021). The thermal conductivity is a prime element in determining the physical 584 
processes related to cryovolcanism, mantle convection, viscous relaxation, and differentiation – each 585 
playing a role at the Ganymedean surface in some form or other.  586 

Ice Ih to a degree is considered disordered in its crystallinity in that it exhibits nonzero entropy as 587 
temperature decreases, therefore not necessarily conforming to the third law of thermodynamics. For an 588 
overview of the disorder of crystalline materials and their respective thermal conductivities, see Ross et 589 
al. (1981). Both ice Ih and HP ices show a variation in thermal conductivity which is nearly proportional 590 
to the inverse of temperature (Ross and Kargel 1998; Andersson and Inaba 2005). Over the relevant 591 
temperatures, the ice Ih thermal conductivity (Figure 4) ranges from ~ 2 W m-1 K-1 at the ocean interface 592 
to ~6 W m-1 K-1 at the icy moons’ surfaces. The lower thermal conductivities of ices II and III suggests 593 
the possibility of layers within an icy mantle that could exceed their melting point, producing 594 
cryovolcanic fluids (Fortes and Choukroun 2010).  595 

The existence of a maximum thermal conductivity at low temperatures is characteristic of crystalline 596 
substances (Klinger 1973). The other extreme for thermal conductivity arises for amorphous materials 597 
where thermal conductivity is relatively small (< 1 W m-1 K-1) and exhibits a monotonic and very 598 
minuscule increase with T. Figure 4 illustrates the extreme forms of thermal conductivity over 599 
temperature, comparing crystalline water ice phases and amorphous ices. However, there is disagreement 600 
over the thermal conductivity of amorphous ice as determined from laboratory work, which has also been 601 
suggested, for instance, to be 10-5 W m-1 K-1 by Kouchi et al. (1992). 602 

 603 
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 604 

Figure 4: Thermal conductivities of water ice polymorphs in Ganymede-relevant temperatures. Note the 605 
lower thermal conductivity of amorphous ice compared to the crystalline water phases. Adapted from 606 
Ross and Kargel (1998).  607 

 608 

5.6 Activation Energies  609 

 610 

Activation energy is defined as the energy which an ice must possess to go through a physical or chemical 611 
reaction. Models relating the activation energy of the ice flow law and the critical Rayleigh number were 612 
derived by Solomatov (1995) and have been used to determine the conditions required to start convection 613 
in an ice shell (Pappalardo et al. 1998; McKinnon 1999). The activation energy of the ice sample 614 
indicates the material’s Arrhenius temperature dependence reflecting the interior grain susceptibility to 615 
deformation (Umurhan et al. 2021). That is, the activation energy is usually the sum of a free energy 616 
activation energy plus an activation energy volume which considers the pressure dependencies.  617 

Activation energies pertinent to ductility of ice has been reported in Leonteva et al. (1970) and Yamashita 618 
et al. (2010). Nucleation activation energy of amorphous (solid) water is 158 kJ/mol while the activation 619 
energy of crystal growth is ~47 kJ/mol (Safarik and Millins 2004). Sugisaki et al. (1969) observed that the 620 
activation energies of cubic ice (at 160 – 200 K) is ~21.3 kJ/mol where the hexagonal phase at those same 621 
temperatures have an activation energy of ~44.7 kJ/mol.  622 
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Sublimation energy is the heat required to change an icy constituent from solid phase to the gas phase. 623 
From current experimental results, CO2 and NH3 have higher sublimation energies than CH4 and CO by a 624 
factor of ≥ 2 (see Luna et al. 2014). CO2 at 80 – 90 K, the sublimation energy is 22.37 kJ/mol, then 625 
increases to 29.3 kJ/mol at 91.5 – 92.5 K (Luna et al. 2014).  626 

These energies, though often experimentally with pure ices, are mostly inferred from theoretical 627 
predictions based on observed timescales of stress relaxation (Leonteva et al. 1970). This thermally 628 
dependent mechanism for activation (and sublimation) energy has only been explored for pure ice 629 
samples in an experimental setting, so more work certainly needs to be accomplished regarding mixtures 630 
and hydrate-type components relevant for Ganymede.  631 

 632 

5.7 Rheologic Properties of Clathrates 633 

 634 

Clathrates are very peculiar thermodynamically compared to water ice. The H2O skeleton strongly 635 
resembles the ice Ih structure on an atomical level from Raman and infrared studies (Nakano et al. 1998; 636 
Dartois and Deboffle 2008; Dartois and Schmitt 2009). However, the presence of guest gases 637 
dramatically influences the molecular interactions and subsequently their thermophysical properties. 638 
Thermodynamically, some clathrate hydrates are similar to that of water ice. For example, the thermal 639 
expansion, heat capacity and elasticity of the CS-I and CS-II (clathrate structures) are very similar to ice 640 
Ih (Choukroun et al. 2013). While clathrates are usually more stable than water ices at MPa – GPa 641 
pressures, the stability is dependent on the abundance of the guest species in the environment (Sohl et al. 642 
2010; Choukroun et al. 2013). Clathrate hydrates with volatiles like N2, CH4, or CO2 are generally less 643 
dense than HP ices, but can achieve buoyancy or sink in aqueous solutions (Journaux et al. 2020).   644 

Thermal conductivity has been the subject of numerous studies (e.g., Ross et al. 1981; Cook and Leaist 645 
1983; Tse and White 1988), some of which noted a glass-like behavior that is temperature-dependent. At 646 
temperatures below 100 K, the conductivity increases, as expected from crystalline materials (Tse and 647 
White 1988; English and Tse 2010). On average, the thermal conductivity of clathrate hydrates is 0.4 – 648 
0.7 W m-1 K-1 at pressures lower than 100 MPa and temperatures 100 – 270 K (Choukroun et al. 2013). 649 
The methane DO-clathrate (a 1.3-dioxolane clathrate type) has been measured to have a higher thermal 650 
conductivity than solid CH4 uniformly with temperature by a factor of > 10 (Ahmad and Phillips 1987). 651 
Such a large difference could indicate how porosity and the cage-like structure of a clathrate can affect 652 
thermal conductivity. Lorenz and Shandera (2001) recorded an NH3 ice sample (with 16% molar ratio of 653 
NH3: H2O) being ~48% lower in thermal conductivity than pure water ice. Sumarokov et al. (2003) noted 654 
that CO2 reaches relatively higher thermal conductivities at low temperatures up to ~700 W m-1 K-1.  655 

Despite the elastic properties being somewhat similar, the flow properties of clathrates have been subject 656 
to recent studies (e.g., Stern et al. 1996; Durham et al. 2005). Mechanical experiments conducted under 657 
high differential stress with a sustained gas pressure within the samples have reported that: (i) the initial 658 
results were likely due to significant dissociation (~30%); (ii) gas hydrates exhibit a much greater strength 659 
than water ice in that the strain rate requires applying a stress 10 – 30 times greater for clathrates than for 660 
water ice (Choukroun et al. 2013). Note that density values in Table 4 have been omitted due to their 661 
extreme variability and preliminary measurements dependent on the temperature, pressure, and guest gas 662 
molecule (Sloan and Koh 2007; Choukroun et al. 2013). 663 
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The rheological properties of clathrate hydrates have serious implications for the structures and processes 664 
of ices and icy worlds (see Table 4). With variations in density, structure, occupancy, and guest species, 665 
these parameters can create such complex mechanisms, though unfortunately still poorly known 666 
experimentally. Combined with larger viscosity, the clathrate hydrate may form mechanically stiffer 667 
thermally-insulating layers, which are particularly interesting for ice-ocean interfaces of icy bodies 668 
(Kamata et al. 2019).  669 

 670 

Table 4: Physical property comparison between water ice Ih phase and clathrate hydrates based on cage 671 
structures (CS) – I and II. Values from Choukroun et al. (2013).  672 

Physical Property Ice Ih Clathrate CS I Clathrate CS II 

Dielectric constant  

(at 273 K) 

94 58 58 

Young’s modulus  

(at 268 K)  

[GPa] 

8 – 9.5 8.5 8.5 

Poisson’s ratio 0.331 0.31403 0.31119 

Thermal Expansion  

(at 200 K)  

[10-6 K-1] 

56 77 52 

Thermal Conductivity 

(at 263 K)  

[W m-1 K-1] 

2.18 0.51 0.50 

 673 

6 Summary  674 

 675 

As we have observed through this chapter, the thermodynamic and rheologic properties of ice phases and 676 
hydrates remain mostly theoretical and we note that more experimental measurements are needed. Our 677 
knowledge of Ganymede’s surface composition has greatly improved our modeling and understanding of 678 
spectral behaviors, but it is the complexity and diversity of Ganymede’s surface that we must peer 679 
through to understand the thermal properties of these variable ice phases. Their physical parameters, such 680 
as grain size and density, are key to understanding the endogenous and exogeneous processes, especially 681 
in modeling the HP ice layer and geologic formations. We hope this chapter is used as a compendium for 682 
thermodynamic parameters of ice phases and hydrates relevant to Ganymede.  683 
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