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The tectonically and cryovolcanically resurfaced terrains of Ganymede attest to the satellite’s turbulent
geologic history. Yet, the ultimate cause of its geologic violence remains unknown. One plausible
scenario suggests that the Galilean satellites passed through one or more Laplace-like resonances before
evolving into the current Laplace resonance. Passage through such a resonance can excite Ganymede’s
eccentricity, leading to tidal dissipation within the ice shell. To evaluate the effects of resonance passage
on Ganymede’s thermal history we model the coupled orbital-thermal evolution of Ganymede both with

Keywords:

Ganymede and without passage through a Laplace-like resonance. In the absence of tidal dissipation, radiogenic
Thermal histories heating alone is capable of creating large internal oceans within Ganymede if the ice grain size is 1 mm
Interiors or greater. For larger grain sizes, oceans will exist into the present epoch. The inclusion of tidal dissipation

Resonances, orbital significantly alters Ganymede’s thermal history, and for some parameters (e.g. ice grain size, tidal Q of

Jupiter) a thin ice shell (5 to 20 km) can be maintained throughout the period of resonance passage. The
pulse of tidal heating that accompanies Laplace-like resonance capture can cause up to 2.5% volumetric
expansion of the satellite and contemporaneous formation of near surface partial melt. The presence
of a thin ice shell and high satellite orbital eccentricity would generate moderate diurnal tidal stresses
in Ganymede’s ice shell. Larger stresses result if the ice shell rotates non-synchronously. The combined
effects of satellite expansion, its associated tensile stress, rapid formation of near surface partial melt,
and tidal stress due to an eccentric orbit may be responsible for creating Ganymede’s unique surface
features.

© 2008 Elsevier Inc. All rights reserved.

1. Background

The surface of Ganymede, the Solar System’s largest satellite,
displays the tectonic scars of a tumultuous geologic history. Two-
thirds of the satellite consists of bright, young terrain that has been
modified by tectonic and/or cryovolcanic processes (e.g. Smith et
al., 1979; Pappalardo et al., 1998). The majority of this deforma-
tion, termed “grooved terrain,” appears to be extensional in origin
and consists of periodically spaced ridges and troughs (Smith et al.,
1979; Pappalardo et al., 1998). The formation of the grooved terrain
likely occurred via unstable extension of Ganymede’s lithosphere,
and may have required heat flows up to 100 mWm~—2 (Dombard
and McKinnon, 2001; Bland and Showman, 2007). Independent
of their immediate formation mechanism, Ganymede’s period of
groove formation must have been marked by vigorous activity in
Ganymede’s interior that produced high surface heat flows, large
surface stress, and possibly satellite expansion.
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The ultimate cause of Ganymede’s tectonic and cryovolcanic
resurfacing is difficult to discern. While the satellite participates
in the Laplace resonance with lo and Europa, no forcing of its
eccentricity occurs, and thus negligible tidal energy is currently
dissipated in its interior. Early workers suggested that the grooved
terrain may have formed during differentiation (separation of ice
and rock) of the satellite (Squyres, 1980; Mueller and McKinnon,
1988). Differentiation would permit both the high heat flows and
global satellite expansion necessary to produce the grooved ter-
rain. However, the mechanism is inconsistent with the apparent
youth of the grooved terrain, which has an age of ~2 Ga (Zahnle
et al, 2003). Furthermore, any tectonic structures that resulted
from early differentiation would likely be destroyed by subsequent
impact cratering (McKinnon and Parmentier, 1986). Only if differ-
entiation was delayed (requiring slow satellite accretion; Schubert
et al, 1981; Canup and Ward, 2002), or occurred in stages (e.g.
Mueller and McKinnon, 1988) is this mechanism consistent with
the young age of the grooved terrain.

The formation of grooved terrain therefore appears to require
prolonged or renewed geologic activity during Ganymede’s mid-
life. Such activity is difficult to reconcile with thermal model-
ing of large icy satellites, which have generally predicted that
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Ganymede’s period of geologic activity should have ended by
~4 Ga (e.g. Reynolds and Cassen, 1979; Schubert et al., 1981;
Friedson and Stevenson, 1983; Kirk and Stevenson, 1987). The in-
clusion of stagnant-lid convection (not included in early thermal
models) might prolong the existence of an internal ocean but does
not allow high heat flows late in Ganymede’s history (see Sec-
tion 3).

Renewed geologic activity may be possible, however, if the
Laplace resonance is not primordial. Malhotra (1991) and Showman
and Malhotra (1997) showed that the Galilean satellites may have
passed through one or more Laplace-like resonances before evolv-
ing into the current Laplace resonance. Like the Laplace reso-
nance, these Laplace-like resonances involve 2:1 mean motion
resonances between the satellite pairs lo-Europa and Europa-
Ganymede. However, the typical 1:1 commensurability in the con-
junction drift rates (w) of the two satellite pairs (wi/wy =1,
where w1 =2n; —n; and w; = 2n3 — ny and nq, ny, and n3 are
the mean motions of lo, Europa, and Ganymede, respectively)
is replaced by a ratio of 2:1, 1:2, 3:2, etc. Malhotra (1991) and
Showman and Malhotra (1997) showed that some of the Laplace-
like resonance can excite Ganymede’s eccentricity, leading to the
dissipation of tidal energy within the satellite.

The effects of resonance passage on Ganymede’s thermal evo-
lution were explored by Showman et al. (1997) who found that,
if the satellite entered the resonance in a warm initial state, ex-
tensive melting of the ice shell would occur. Additionally, if the
satellite entered the resonance with moderate initial temperatures
(i.e. not-too-hot but not-too-cold) positive feedback between the
rate of tidal heating and the temperature of the ice can lead to a
thermal runaway, causing a rapid temperature increase and melt-
ing (Showman et al., 1997). Furthermore, the internal melting that
occurs during tidal heating causes a small amount of satellite ex-
pansion, which can lead to significant surface stress and may have
initiated groove formation (Showman et al., 1997).

While the modeling of Showman et al. (1997) provides an im-
portant first look at the possible influence of tidal dissipation
on Ganymede’s thermal history, advances in our understanding of
Ganymede’s internal structure, stagnant-lid convection, and radi-
ally varying tidal dissipation warrant a reevaluation of the tidal
heating scenario. In this paper we utilize the coupled orbital-
thermal model of Bland et al. (2008) to investigate the thermal
evolution of Ganymede’s ice shell and to reassess the effects of the
Galilean satellites’ passage through a Laplace-like resonance. We
evaluate both the present and past potential for the existence of
large internal oceans within Ganymede’s interior and we reexam-
ine the extent to which melting can generate satellite expansion
over a range of assumptions regarding the physical and chemi-
cal nature of Ganymede’s ice shell and liquid ocean. Finally, we
describe the implications of resonance passage for Ganymede’s ge-
ologic history and consider whether these implications are con-
sistent with the geologic evidence. For a detailed discussion of
the evolution of Ganymede’s silicate mantle and metallic core see
Bland et al. (2008).

2. Methods

To investigate the effects of resonance passage on the thermo-
physical evolution of Ganymede’s ice shell we utilize the coupled
orbital-thermal model of Bland et al. (2008). The model cou-
ples the orbital model of Malhotra (1991) (Section 2.1) to a one-
dimensional, three-layer thermal model of Ganymede’s ice shell,
silicate mantle, and metallic core (Section 2.2 and Fig. 1). The ther-
mal and orbital models are coupled through the tidal dissipation,
which depends upon both the thermal structure and orbital eccen-
tricity of the satellite. We use the model of Tobie et al. (2005) to

Ry =2634 km

Bi= 1200 kgm® )

Rsi =1720 km

Rc =700 km

Fig. 1. Assumed physical and thermal structure for Ganymede. The model allows
both inner core formation and ocean formation as illustrated, though these layers
are not included in the nominal initial conditions. Symbols correspond to those used
in the text and average densities are shown.

calculate the radially varying tidal dissipation within the satellite
(Section 2.3).

2.1. The orbital model

We simulate the tidally driven evolution of the Galilean satel-
lites into the Laplace resonance using the orbital model of
Malhotra (1991). The model generalizes the evolutionary scenario
described by Yoder and Peale (1981) allowing a more complete
dynamical investigation of the orbital history of the satellites, in-
cluding capture into one or more Laplace-like resonances. These
resonances cannot easily be explored by analytical representations
of the satellites’ tidal evolution, and no analytical formulation for
tidal evolution in a Laplace-like resonance comparable to those
used for the Laplace resonance (e.g. Ojakangas and Stevenson,
1986; Fischer and Spohn, 1990; Hussman and Spohn, 2004) cur-
rently exists. The model includes perturbations due to Jupiter’s
gravity field, mutual perturbations between the satellites lo, Eu-
ropa, and Ganymede, and secular perturbations due to Callisto.
The effects of orbital inclinations are neglected. Forward integra-
tion permits determination of the eccentricity, semi-major axis,
mean longitude, and longitude of periapse of each satellite.

2.2. The thermal model

The thermal evolution of Ganymede is controlled by how en-
ergy is transferred between the three layers of the model. We solve
for the energy balance in each layer as a function of time using a
4th order Runge-Kutta algorithm. In the absence of ice melting
(discussed below) the energy balance in the ice shell, silicate man-
tle, and metallic core are respectively given by

. 4 dT,
4m R Fg + E; = AT RLF) + g(Rg—R?il),O(Cp,lI, (1)
4 .
§77(R211 — RY)psitH + 47 RZFc + Esi
4 dTg
= 47 R Fil + g”(Riu - R?)psilcp,sil—d;l , 2)
dm¢ 2 4 3 dT.

(Eg + Lre) dtl =47TRCFC+§7TchCCp,CE’ (3)

where Rg, Rgj, and R are the radius of Ganymede, the silicate
mantle, and the metallic core, respectively; F;, Fgj, and F. are the
heat flux out of the ice shell, silicate mantle, and metallic core, re-
spectively; E;, Eg are the tidal heating rates in the ice shell and
silicate mantle, respectively; o, Osit, Oc, Cp.1» Cpsils Cp.co T1, Tsils



The evolution of Ganymede 209

and T. are the average densities, specific heats (we assume that
the specific heats of ice I and high-pressure ice are the same),
and mean temperatures of the ice shell (I), silicate mantle (sil),
and core (c), respectively (we assume that the thermal structure
of each layer is adiabatic or conductive depending on the Rayleigh
number, see below); t is time; H is the radiogenic heating rate per
unit mass calculated after Kirk and Stevenson (1987), which in-

cludes contributions from the decay of 4°K, 232Th, 23°U, and 238U;
Lge is the latent heat released by condensation of iron; E¢ is the
gravitational energy release associated with iron condensation af-
ter Schubert et al. (1988); and mj. is the mass of the inner core.
Equation (3) is after Stevenson et al. (1983) and is described fur-
ther in Bland et al. (2008). All parameter values used in the model
are provided in Table 1.

Table 1

Symbols and parameter values.

a convective scaling parameter - -

ag Ganymede’s semi-major axis 1.07 x 10° m

a; constant for water thermal expansivity formulation - K~'Pa~!

ax constant for water thermal expansivity formulation - K1

aj constant for water thermal expansivity formulation - K=1pa~!

a, constant for water thermal expansivity formulation - K-!

b length of burger vector 0.5 nm

Cp.1 ice specific heat 1800 Jkg 1K1

Gonw water specific heat 4218 Jkg= 1K1

Cp.sil silicate specific heat 1149 Jkg= 1K1

G core specific heat 800 Jkg 1K1

C constant for temperature-dependent ice thermal conductivity 651 Wm™!

d grain size - m

e satellite’s eccentricity - -

Ec gravitational energy of inner core formation - W

E; ice tidal heating rate - w

Egi silicate tidal heating rate = w

Etot total energy supplied to ice shell - W

ft tidal flattening - -

Af change in satellite flattening - -

Fsil silicate heat flux = Wm—2

Fice ice heat flux = Wm—2

Fe core heat flux - Wm—2

Feond conductive heat flux = Wm—2

ERany convective heat flux - Wm—2

g surface gravity 14 ms—2

hiide tidal heating per unit volume = Wm3
radiogenic heating rate - W

E radial sensitivity to the shear modulus - m~2s?

k thermal conductivity (general) - Wm!K!

ksil silicate thermal conductivity 3.5 Wm~K!

ke core thermal conductivity 32 Wm!K!

ko degree 2 tidal love number - -

Il latent heat of water 3.33 x 10° Jkg™!

Lre latent heat of iron 3 x 10° Jkg™!

L layer thickness - m

my mass of Ganymede 1.48 x 1023 kg

my mass of ice-I layer melted - kg

mjc mass of inner core - kg

M; mass of the ice-I shell - kg

M; mass of Jupiter 1.898 x 10%7 kg

My, mass of water - kg

n lo mean motion = s1

ny Europa mean motion - s71

ns Ganymede mean motion - -1

Nu Nusselt number - -

P pressure at depth r - Pa

Py pressure at the top of the ocean - Pa

Ptrans transition pressure for water thermal expansivity - Pa

q dimensionless measure of tidal potential - -

Q tidal dissipation factor of Jupiter - -

Q1 tidal dissipation factor of lo - -

Q3 tidal dissipation factor of Ganymede - -

r radius within satellite - m

Tp radius to the lower ocean interface - m

Tt radius to the upper ocean interface - m

R gas constant 8314 Kk mol~1 K~

Rg radius of Ganymede 2634 km

Rsi1 radius of silicates 1720 km

Rc radius of core 700 km

Ra Rayleigh number - -

Ragit critical Rayleigh number - -

t time - s

T ice temperature - K

T¢ core temperature - K

Tm ice melting temperature - K

(continued on next page)
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Table 1 (continued)
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loe ocean temperature at pressure P - K

Ts surface temperature 100 K

Tsit silicate temperature - K
e temperature at thermal expansivity transition - K

AT temperature change = K

AV total satellite volume change - m?

o thermal expansivity (general) - K1
Qy water thermal expansivity 1x10* K1

B convective scaling parameter - -

14 convective scaling parameter - =

& strain rate = g~

(% colatitude with respect to tidal axis - rad

] log rheologic viscosity contrast = =

K thermal diffusivity = m?s~!
A response coefficient 0.4 -

wi ice shear modulus 3.52 GPa
il silicate shear modulus 80 GPa
Im{u} imaginary part of complex shear modulus - Pa

v ice-I Poisson ratio 0.325 =

pI average ice density 1200 kgm—3
Pw water density 1000 kgm—3
Osil silicate density 3300 kgm—3
Pec average core density 6500 kgm—3
e/ T) meridional diurnal tidal stress - Pa
(79 azimuthal diurnal tidal stress - Pa
ONSR non-synchronous rotational stress - Pa

2 degrees of non-synchronous rotation - rad

w1 Io-Europa conjunction drift rate - s—1

wy Europa-Ganymede conjunction drift rate - s71

The left-hand side of Eq. (1) accounts for the sources of heat-
ing in the ice shell: the flux from the silicate layer below (first
term) and the heating due to tidal dissipation (second term). The
terms on the right-hand side of Eq. (1) account for the energy
transported through the ice shell (first term) and the change in
the temperature of the ice shell (second term). The thermal bal-
ance for the silicates (Eq. (2)) is written similarly, with sources of
heating, including radiogenic (first term), heating from below (sec-
ond term), and tidal heating (third term) on the left-hand side and
the heat flux through the silicates (first term) and the change in
temperature of the silicate layer (second term) on the right-hand
side. The energy balance in the core (Eq. (3)) is again written sim-
ilarly, but now the only source term on the left-hand side is the
energy associated with inner core formation, which includes both
the effects of latent heating and the release of gravitational energy
due to Fe condensation in an Fe-S core.

For simplicity, we do not treat the thermal balance of Gany-
mede’s liquid or high-pressure ice layers separately from the ice-I
layer. Instead we assume that convection in the high-pressure ice
efficiently removes heat to the ice-I layer above and it is the ice-I
layer alone that dominates the overall evolution of ice shell. While
experimental data suggests that the efficiency of heat transport
through high-pressure ice layers may be limited by their relatively
high effective viscosity compared to ice I (e.g. Durham and Stern,
2001; Sotin et al., 1985), mechanical tests of the rheology of these
phases employ very high stress levels that far exceed the expected
stress levels in a convective cell. The effective viscosity of high-
pressure ice relevant for convection is therefore poorly constrained.
Even accepting the higher effective viscosity of high-pressure ices,
comparison of the probable Rayleigh numbers for these layers (see
Eq. (11) below) to the critical Rayleigh number for a power-law
fluid (Solomatov, 1995) suggests that convection will occur within
these layers. Convection within these layers should be relatively
efficient: the temperature difference across each high-pressure ice
layer is small and convection is likely to be in the efficient iso-
viscous regime rather than the less efficient stagnant-lid regime
of the ice-I shell. Furthermore, in the limit that convection in the
high-pressure ice is not vigorous enough to remove the energy
supplied by the silicate core the ice would warm until the effi-

ciency of heat transport became sufficient to carry the power (i.e.
the system is self regulating). Our assumption that the ice-I layer
dominates the overall evolution of the ice shell is therefore well
justified. We note that separate treatment of each high-pressure
ice layer (III, V, VI) would lead to moderately higher average ice
shell temperatures (and hence more extensive melting) because of
thermal boundary layers between each ice phase. We find that ef-
fects related to the details of heat transport in the high-pressure
ice are secondary in importance to processes operating in the ice-I
layer and so we focus attention there. The details of multi-layered
convection in the ice shell of large satellites remains an interesting
question (e.g. Kirk and Stevenson, 1987) but is beyond the scope
of this work.

If the temperature of the ice shell exceeds 251 K (the minimum
melting temperature for pure ice) melting and ocean formation oc-
curs and we modify the energy balance of the ice shell (Eq. (1))
to account for both the latent heat removed by melting and the
larger specific heat of liquid water. These two effects act to buffer
changes in the ice shell temperature. The energy balance of the ice
shell with an ocean is given by

47 R% Foit + E

=47 REF + (MwCpw +M,-cp,,)% +LW°“L\;I—t‘”, (4)
where cp  is the specific heat of water, Ly, is the latent heat of
melting (here assumed constant for ice I and high-pressure ice),
and M,, is the mass of the water given by 3mpw[r} — 3] where
Pw is the average density of water, r; is the radius to the top of
the ocean, and r, is the radius to the bottom of the ocean. We
include both melting of ice I and high-pressure ice. Assuming a
constant, average density for all of the ice layers, the mass of the
ice (M;) is simply %n[Rg — R%,1p1 — My,. The error introduced by
such an approximation is small relative to that due to other model
uncertainties (e.g. uncertainty in the pressure dependence of the
thermal expansivity, see below). Following Showman et al. (1997),
the change in the mass of ocean water can be written as

dIVI_W—4_7T r2 ﬂ _r2 dﬂ ﬂ (5)
d g ["\dTn/, °\dTm/ypl dt’
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Table 2

Rheological parameters.
Creep regime A n p Q Reference

Ice I Diffusion creep 12x 10710 pa"mP 5! 1.0 2.0 59.4 kj mol~" Goldsby and Kohlstedt (2001)
GBS 6.2x 107" pa"mPs~! 1.8 14 49.0 kj mol~! Goldsby and Kohlstedt (2001)

Silicates Dislocation creep (dry) 3.5x 1022 57! 35 0 540 kj mol~! Karato and Wu (1993)
Diffusion creep (dry) 8.7 x 101> 571 1.0 25 300 kJ mol~! Karato and Wu (1993)

Note. Rheological constant A must be multiplied by a factor of 3"*1/2 (Ranalli, 1995).

where (dP/dTy); and (dP/dTy)up are the slope of the ice-I and
high-pressure-ice melting curves, respectively. The radius of the
top of the ocean can be found from the temperature at the base
of the ice shell, the melting curve for ice I, and hydrostatic equi-
librium. We determine the radius of the bottom of the ocean by
equating an ocean adiabat to the melting curves for high-pressure
ice and solving for the depth of intersection assuming hydrostatic
equilibrium. We account for the changes in the melting curve as
melting proceeds through high-pressure-ice layers (IIl, V, and VI),
as well as the increase in water’s coefficient of thermal expansion
with depth. For simplicity we neglect the region in which the ther-
mal expansivity of water is negative (see Showman et al.,, 1997;
Melosh et al., 2004, for a discussion). Further details of the ocean
adiabat are discussed in Section 3.3.
Heat transfer in the silicate mantle and ice shell is primarily by

convection. The convective heat flux is given by
F N kAT 6

conv = NU . (6)
where AT is the temperature drop across the layer, k is the ther-
mal conductivity calculated from the average temperature of the
convecting layer (temperature dependent for ice), £ is the thick-
ness of the convective layer, and Nu is the Nusselt number. The
Nusselt number is calculated from the Rayleigh number using the
convective scaling relations for stagnant-lid convection in a power
law fluid of Solomatov and Moresi (2000),

Nu=aRa?®77, (7)

where a, 8, and y are experimentally and theoretically derived
constants that depend on the power-law exponent of the rheology
n (forn=1, a=0.53, 8 =0.333, y =1.333; for n=2, a =0.76,
B=05,y=15;forn=3,a=0.97, =0.6, y =1.6) (Solomatov
and Moresi, 2000), Ra is the Rayleigh number (defined below) and
® is the logarithm of the viscosity contrast across the convecting
layer. Ignoring the small dependence on pressure, @ is given by

ATQ

where Q is the rheological activation energy, R is the gas constant,
and T is the temperature.

We utilize a power-law rheology in the silicate mantle and ice
shell. The stress strain-rate relation in the silicates is given by
(Karato and Wu, 1993)

7 \"/b\?
é"=Asil(—> (—) exp[—Qsil/(RT)], (9)
Msit ) \d
where ¢ is the strain rate, T is the shear stress, s is the silicate
shear modulus (~80 GPa; Karato and Wu, 1993), n is the power-
law exponent, b is the length of the burgers vector (~0.5 nm;
Karato and Wu, 1993), d is the grain size, p is the grain size expo-
nent, and Ag; is a rheological constant. We have ignored the small
dependence of & on pressure since it is poorly constrained (Karato
and Wu, 1993) and within the uncertainty imposed by our lack of
knowledge of grain size and silicate composition. We assume that,
rheologically, Ganymede’s mantle consists of dry olivine, consis-
tent with a highly differentiated body (Kuskov and Kronrod, 2001;

Sohl et al., 2002) and permit both dislocation and diffusion creep.
We use a nominal grain size of 1 mm for the silicate layer. See
Bland et al. (2008) for a discussion of the effects of silicate grain
size on Ganymede’s thermal evolution.

For the ice shell we assume a power-law rheology with the
form

& = Aice"(1/d)” exp[—Qice/(RT)], (10)

where the variables are defined as above. We include both diffu-
sion creep and the grain-boundary-sliding flow mechanisms de-
pending on the ice shell temperature and grain size (dislocation
creep and basal-slip are not relevant at the temperatures and grain
sizes considered here; Barr and Pappalardo, 2005). All rheological
parameters are shown in Table 2.

The Rayleigh number for a power-law fluid is given by

agpATE(”“)/”

RO = T explQ /RTY]

(1)

where k =k/pcp is the thermal diffusivity, and c is a function
of rheological parameters and is given by ¢ = u"(d/b)? /A for a
silicates rheology and ¢ = dP/Aje. for an ice rheology. To test for
convection we compare the Rayleigh number in the ice-I shell (the
high-pressure ice is assumed to convect) and silicate mantle to the
critical Rayleigh number for convective onset in a power-law fluid
(Solomatov, 1995; Solomatov and Barr, 2006). If the ice-I shell fails
to meet this criterion the conductive heat flux is given by

Feond = % In(Thase/Ts), (12)
where T is the surface temperature, Thase iS the temperature
at the base of the ice shell, £ is the thickness of the ice shell,
and C =651 Wm™! is a constant defined by the temperature-
dependent thermal conductivity of ice k; = C/T; (Petrenko and
Whitworth, 1999). In our simulations, conduction is often the dom-
inant heat transport mechanism when Ganymede’s ice-I layer be-
comes thin. Because the flux at the bottom of the conductive ice
shell is much greater than the tidal heat flux produced within the
ice shell we have neglected the contribution of tidal heating within
the thin ice-I shell when the shell is conductive (but not when it
is convective). Temperatures in the ~1000 km thick silicate mantle
remain relatively high throughout our simulations and the Rayleigh
number remains super-critical throughout every simulation.

The heat flux out of the iron core is controlled by how rapidly
heat can be conducted across the core-mantle boundary and is
approximated by (Buffett, 2002)

T, — T
F, :ksil cmtéBL sil

, (13)
where 8p; = £(Rauit/Ra)? is the thickness of the thermal boundary
layer in the silicate mantle, where L is the thickness of the silicate
layer, Ragi; is the critical Rayleigh number for convection, and Ra
is the Rayleigh number in the silicates (see Eq. (11)). While Eq. (13)
neglects a number of complex core-mantle interactions that may
alter the core’s heat flux, it is a reasonable approximation given
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other uncertainties in the model. We refer readers to Bland et al.
(2008) for a more detailed description of the core model.

The model described above implicitly assumes that Ganymede
fully differentiated into an ice shell, silicate mantle, and metal-
lic core early in its history (i.e. before the simulations begin). For
simplicity, the effects of differentiation are not included. In real-
ity, differentiation, including iron core formation, may have taken a
few billion years to complete (Grasset et al., 2000; Schubert et al.,
2004). Our simulations therefore represent a single end-member
scenario for Ganymede’s thermal evolution in which satellite dif-
ferentiation occurs rapidly, shortly after accretion.

2.3. Tidal dissipation

The tidal heating rates Eg and E; are determined by the model
of Tobie et al. (2005) which calculates the radial distribution of
tidal heating per unit volume within a three-layer Ganymede as

21 n3Rge?

10 r2

where n3 is Ganymede’s mean motion, e is the eccentricity, r is
the radius from the center of the satellite, and H;, and Im{u}
are the radial sensitivity to the shear modulus and imaginary part
of the complex shear modulus, respectively. The sensitivity to the
shear modulus (H,) parameterizes the viscoelastic response of
each layer to the tidal forcing (see Tobie et al.,, 2005, for more
details). For the purposes of the tidal heating calculation we fur-
ther subdivide Ganymede’s structure into a core, convecting silicate
mantle, silicate stagnant lid, high-pressure ice, ocean (if present),
ice I, and ice stagnant lid. Furthermore, for numerical purposes
each physical layer is subdivided into ten numerical sublayers. The
total dissipation for a given layer (e.g. ice or silicate) is the ver-
tically averaged dissipation that occurs in the actively convecting
isoviscous regions of these layers. The stagnant lids are assumed to
be purely elastic and therefore tidal dissipation within these layers
is neglected. In addition to the tidal dissipation, the model calcu-
lates the global value of k;/Q3, where k; is the 2nd degree tidal
potential love number, and Q3 is Ganymede’s tidal dissipation fac-
tor, at each timestep for use in the orbital dynamics calculations.

H, Im{u}, (14)

htige = —

3. Evolution of the ice shell
3.1. Thermal evolution

We first establish Ganymede’s thermal history in the absence of
tidal dissipation. These simulations are consistent with a primor-
dial origin for the Laplace resonance or an evolutionary scenario
in which the Galilean satellites do not pass through any Laplace-
like resonances that excite Ganymede’s eccentricity. The thermal
and physical evolution of Ganymede’s ice shell is shown in Fig. 2
for three ice grain sizes ranging from 100 ym to 1 cm. For each
ice grain size we assume an initial ice shell temperature of 200 K.
This cold initial condition (i.e. no initial internal ocean) permits
us to examine the maximum volume expansion due to melting
Ganymede’s ice shell (see Section 3.3). For reference, a simulation
that used an initial ice temperature of 270 K (i.e. initialized with an
internal ocean) and a grain size of 1 mm is also shown. This simu-
lation is identical to the 200 K simulation after the first 0.5 Ga. The
silicate mantle and metallic core were initialized at 2000 K and
2200 K, respectively. The silicate mantle quickly attains quasiequi-
librium with the fall-off in radiogenic heat production so variations
in the initial silicate temperature only affect the satellite’s ther-
mal structure during the first 100 to 400 Ma of simulation time.
For ice grain sizes of 1 mm or larger, the high initial heat flux
out of the silicates increases the ice shell temperatures until the
minimum ice melting point is reached after ~100 Ma and ocean
formation begins (Figs. 2A and 2B). Ocean formation decreases the
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Fig. 2. The thermal evolution of Ganymede in the absence of tidal dissipation.
(A) The temperature of the ice shell as a function of time for three simulations with
an initial temperature of 200 K and different ice grain size (d): d =1 mm (solid
black line), d =1 cm (solid gray line), and d = 100 um (dashed line). Also shown
is a simulation with an initial ice temperature of 270 K and a grain size of 1 mm
(dot-dashed line). (B) Depth to the top and bottom ice/ocean interfaces as a func-
tion of time for three of the simulations described in (A): d =1 mm and T, =200 K
(solid black line), d =1 mm and T, = 270 K (dot-dashed line), and d =1 cm and
T, =200 K (gray line). No ocean formation occurs if d =100 pm and T, =200 K.
The curves can be interpreted as lenses of ocean in Ganymede’s ice shell as a func-
tion of time. For reference, the depth of the silicate mantle is indicated by the gray
shaded region and the depth of the ice-I/high-pressure-ice transition is indicated
with a dotted line. (C) Ganymede’s heat flux as a function of time for the four sim-
ulations shown in (A). Use of grain sizes larger than 1 cm yields results essentially
identical to the 1 cm simulations.

rate of temperature increase in the ice shell. As energy is supplied
to the ice shell, each increase in temperature contributes to ad-
ditional melting of both ice I and high-pressure ice. For ice grain
sizes of 1 mm or greater the ice shell reaches a maximum tem-
perature of ~270 K and attains a minimum thickness of 22 km
(Fig. 2B). At grain sizes smaller than 1 mm, diffusion creep domi-
nates the ice rheology and cooling of the ice shell occurs rapidly.
For a simulation with a grain size of 100 pm the ice shell tem-
perature never exceeds the minimum melting point of ice and
ocean formation does not occur. While magnetometer data from
the Galileo spacecraft suggest that an ocean may currently exist
within Ganymede (Kivelson et al., 2002), the present-day lack of
an ocean in our small-grain-size simulations is consistent with the
models of Spohn and Schubert (2003). However, such small grain
sizes are only possible if the ice contains numerous silicate parti-
cles or soluble ions (Barr and McKinnon, 2007).

In each simulation, temperatures quickly begin to decrease due
to the fall-off in radiogenic heat flux (Fig. 2A). For simulations with
large ice grain sizes, however, the presence of an ocean buffers the
cooling of the ice shell and ice shell temperatures remain higher
than would be expected from simply maintaining quasiequilibrium
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with radiogenic heating. For a grain size of 1 mm, cooling occurs
relatively rapidly (Figs. 2A and 2C) and the ocean closes completely
at 4.3 Ga (Fig. 2B). For larger grain sizes (1 cm and greater), the
decreased efficiency of convection (relative to that at smaller grain
sizes) permits relatively high ice shell temperatures throughout the
simulation, and a large ocean persists into the present epoch. The
ability of the ocean to close completely in our simulations may
be due to our neglect of ocean chemistry. As the ice refreezes,
contaminants (e.g. salts or ammonia) will be concentrated in the
ocean, decreasing its freezing temperature and hampering ocean
closure (cf. Grasset and Sotin, 1996). Furthermore, as the ocean
closes, the entropy of the deep high-pressure ice layer can be
greater than that of the ice-I layer. Once such layers are in con-
tact the ice shell is unstable and the two ice layers can merge into
a single convecting layer, creating a heat pulse at the surface (Kirk
and Stevenson, 1987). While such processes may be important in
understanding the complete evolution of Ganymede the inclusion
of such effects is beyond the scope of the present investigation.

The evolution of Ganymede’s heat flux is relatively indepen-
dent of grain size. In each simulation, the heat flux out of the ice
shell (Fig. 2C) is initially low due to the cold initial state of the ice
(see Eq. (6)) but the flux increases rapidly as the ice shell warms.
Ganymede’s heat flux generally peaks near 25 mWm™2 and ra-
diogenic heating alone is capable of maintaining Ganymede’s heat
flux above 10 mWm~2 for the first 3.25 Ga of the satellite’s his-
tory. Such a heat flux is consistent with modification of craters on
Ganymede’s surface (Dombard and McKinnon, 2006), but is incon-
sistent with the formation of the grooved terrain (Dombard and
McKinnon, 2001; Bland and Showman, 2007). It is notable, how-
ever, that for moderate grain sizes radiogenic heating alone can
lead to the formation of a large ocean early in Ganymede’s his-
tory. These results contrast strongly with those of Freeman (2006)
who calculated significantly lower temperatures and heat fluxes for
Ganymede and did not predict ocean formation. Freeman (2006)
used a different parametrization of the ice viscosity and differ-
ent convective scaling laws compared to the models described
here and their low calculated heat flow values seem unrealistic
(in some simulations the heat flow out of the silicates is less than
1 mWm~2 throughout Solar System history, far less than that ex-
pected for radiogenic decay; e.g. Schubert et al., 1986).

3.2. Influence of Ganymede'’s orbital history

The simulations described above can be compared to simula-
tions in which the Galilean satellites pass through one or more
Laplace-like resonances that pump Ganymede’s eccentricity. To in-
vestigate the effects of resonance passage on Ganymede’s thermal
history we initialize the semi-major axes of the Galilean satellites
such that they evolve through the Laplace-like resonance that ex-
cites Ganymede’s eccentricity the most strongly (the wq/w; =2
resonance). For the simulations described below we use an ice
grain size of 1 mm, which is a reasonable lower-limit value (Barr
and McKinnon, 2007). We assume a tidal dissipation factor for
Jupiter (Qj) of 10°, Qs/k; ratios, where Qs is the satellite’s tidal
dissipation factor and k, is the second degree tidal love num-
ber, of 100 and 3261 for o and Europa, respectively (these val-
ues yield reasonable values of Q for the expected k of each
satellite; Showman and Malhotra, 1997), and initial semi-major
axes of lo, Europa, and Ganymede of 3.574 x 10° km (~85% the
current value), 5.792 x 10° km (~86% the current value), and
9.353 x 10° km (87% the current value), respectively (yielding an
initial value of wi/wy of ~2.35). With these values the satellites
enter the wi/wy =2 resonance after 180 Ma of simulation time
(Fig. 3A). Upon entering the resonance, Ganymede’s eccentricity
(e3) quickly increases from near zero to 0.015 (Fig. 3B), leading to
the dissipation of 10'2 W of tidal energy in Ganymede’s ice shell

(Fig. 3C). Tidal dissipation remains relatively constant while the
Galilean satellites are in the Laplace-like resonance. At 3.75 Ga,
we force the satellites out of resonance by temporarily increasing
the tidal dissipation factor of Io (Q1) (see Showman and Malho-
tra, 1997). Such changes in Qq are consistent with thermal-orbital
models of Io (Ojakangas and Stevenson, 1986). The satellites then
evolve naturally into the Laplace resonance and Ganymede’s eccen-
tricity decreases to its current value, for which tidal dissipation is
negligible. Because the timing of both the satellites’ capture into
and their escape from the Laplace-like resonance depends upon
poorly constrained initial conditions the orbital evolution scenario
described above is not unique (see Section 3.2.1 and Showman and
Malhotra, 1997, for more details); however, the timing of resonance
capture and escape does not affect the basic conclusions of this
study.

The effects of resonance passage on Ganymede’s ice shell are
shown in Fig. 4. Like the simulation described in Section 3.1, tem-
peratures in Ganymede’s ice shell increase rapidly from their cold
initial state due to the high radiogenic heat flux emanating from
the silicate mantle. After entering the Laplace-like resonance the
additional tidal heating drives the temperature to a maximum of
271 K, a temperature that decreases little while the satellites are in
resonance (Fig. 4A). As temperatures increase, the ice-I shell thins
until convection shuts down and the supplied tidal heating is bal-
anced by rapid conductive heat transport. The minimum ice shell
thickness is ~15 km. The relatively thin ice shell exists throughout
the Laplace-like resonance passage (Fig. 4B). Upon exiting the reso-
nance, the ice shell cools rapidly leading to closure of the ocean at
4.75 Ga (1 Ga after resonance escape). For similar initial conditions,
ice shell temperatures in our simulations are generally higher than
those of Showman et al. (1997). These differences are due to our
inclusion of radiogenic heating and stagnant-lid convection, two
processes not included in the Showman et al. (1997) model.

Ganymede’s heat flux peaks at 36 mWm~2 shortly after the
satellites enter the Laplace-like resonance (Fig. 4C). Heat fluxes
steadily decline by ~40% while the satellites are in the Laplace-like
resonance, predominantly due to the decrease in radiogenic heat-
ing with time. Once the satellites exit the resonance, the heat flux
drops to values in quasiequilibrium with radiogenic heat produc-
tion (~5 mWm™2 at 4.5 Ga). The heat flux produced by this sim-
ulation is lower than, but comparable to, estimates of Ganymede’s
ancient heat flux. Using flexural models of Ganymede’s litho-
sphere, Nimmo et al. (2002) and Nimmo and Pappalardo (2004)
inferred that fluxes of 60 to 100 mWm~2 were present during
the period of groove formation. These fluxes are broadly consis-
tent with models of groove terrain formation, which require heat
fluxes from 30 to 120 mWm~—2 (Dombard and McKinnon, 2001;
Bland and Showman, 2007). Consistent with these values are an-
cient heat fluxes derived from models of crater relaxation, which
require at least 10 mWm™2 (Dombard and McKinnon, 2006).
While the heat fluxes produced by our nominal model are lower
than previously inferred fluxes we note that the inferred heat
fluxes correspond to highly localized regions associated with tec-
tonic activity, whereas the heat flux evaluated with our model is
a globally averaged value and is naturally lower. Furthermore, the
heat fluxes in our simulations depend strongly on the value of Q
assumed in the model, with lower Q; resulting in significantly
larger heat fluxes; thus, fluxes as high as 100 mW m~—2 are achiev-
able (see Section 3.2.1).

Because of its much higher viscosity, significantly less dissi-
pation of tidal energy occurs within Ganymede’s silicate mantle
(10'© W). The magnitude of the dissipation in the silicate man-
tle is less than the radiogenic heat production (a maximum of
2.5 x 102 W) and it has a negligible influence on the thermal
history of the satellite in our nominal simulations (Bland et al.,
2008). Tidal dissipation in the silicates can become important in
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Fig. 3. (A) The orbital evolution of the Galilean satellites parameterized as the ratio of wq = 2n; —ny to wy = 2n3 —ny, as a function of time for a simulation in which
the Galilean satellites pass through the w;/w; =2 Laplace-like resonance. Q is 10°. (B) Ganymede’s eccentricity as a function of time for the simulation described in (A).
(C) The tidal dissipation (W) in Ganymede’s ice shell as a function of time for the simulation described in (A). For reference, the radiogenic heat production in the silicates
is indicated by the dashed line. The gray region in each panel corresponds to the period of resonance passage.

the limit that silicate temperatures exceed the solidus and par-
tial melting occurs. Bland et al. (2008) showed that when partial
melt is present (which reduces the effective silicate viscosity), up
to 103 W of tidal energy can be dissipated within the silicates for
very low values of Q; (~10%, see Section 3.2.1). In such extreme
cases, large amount of silicate melt is produced and the energy
balance given by Eq. (2) is no longer valid. Instead, radiogenic and
tidal heating is balanced by melt production and advection of heat
by upward migration of melt (see Bland et al., 2008, for more de-
tail). The eruption of silicate material at the base of Ganymede’s
ice shell will result in localized melting of the high-pressure ice
at great depth. The resulting liquid water will percolate upward
where it will join the liquid water ocean above. Our simple model
does not account for deep melting but the potentially complex in-
teractions that occur at the ice-silicate interface of large satellites
warrants further investigation.

The simulation described above models the Galilean satel-
lites’ evolution through the Laplace-like resonance that excites
Ganymede’s eccentricity the most strongly (wi/w2 = 2). How-
ever, Malhotra (1991) and Showman and Malhotra (1997) showed
that there are a number of eccentricity-pumping Laplace-like res-
onances that may have been encountered before evolution into
the Laplace resonance occurs, the primary being wi/w; =1/2 and
w1/wy = 3/2 (in addition to the wq/w; =2 already described).
The probability of capture into these resonances depends on the
initial values of w1, wy, and the Q /k of lo and Europa, with cap-
ture into at least one of the Laplace-like resonance being likely

for a relatively large fraction of the parameter space (Showman
and Malhotra, 1997). Furthermore, multiple Laplace-like resonances
may have been encountered during the Galilean satellites’ orbital
evolution. Because of the large range of possible orbital histories,
investigating the coupled orbital-thermal evolution for every sce-
nario is not feasible; however, several generalizations can be made.
Each simulation described below assumes Q j = 10°.

Capture into wq/wy = 1/2 resonance commonly occurs when,
initially, w is less than w,. While the lifetime of the resonance
depends strongly on the initial values of w; and w;, the res-
onance can be short lived and escape occurs naturally. In this
resonance, Ganymede’s eccentricity reaches a maximum value of
0.0116, the lowest of the three resonances considered here, re-
sulting in 6.3 x 101" W of tidal dissipation in the ice shell. The
combination of its potentially short duration and lower eccentricity
forcing renders the wi/wy = 1/2 resonance the least effective of
the major Laplace-like resonances at modifying Ganymede’s ther-
mal history.

Capture into the wj/w,; = 3/2 resonance occurs for a broad
range of initial wi/w; values and is commonly encountered af-
ter escape from the wi/wy = 1/2 resonance. Like the wq/wy; =2
resonance, the Galilean satellites cannot escape the resonance un-
less Io’s Q value varies in time (Showman and Malhotra, 1997).
The eccentricity that occurs during the wq/w; = 3/2 resonance is
similar to that of wq/wy; =1/2 (0.0117) and it is large enough to
result in significant tidal dissipation within Ganymede’s ice shell
(a maximum of 8.6 x 10! W), The resulting thermal history is es-



The evolution of Ganymede

Ice Temperature [K]

1 2 3 4
Time [Ga]

e

(4]

Depth to Ocean
Interfaces [km]

D
o
o
T T T T

. SILICATES .

0 1 2 3 4
Time [Ga]

(4]

Heat Flux [mW m?]

0 1 2 3 4
Time [Ga]

[4)]

Fig. 4. The thermal evolution of Ganymede including passage through the w;/w,
= 2 Laplace-like resonance. The grain size was 1 mm and Q; = 10°. (A) The tem-
perature of the ice shell as a function of time. (B) Depth to the top and bottom
ice/ocean interfaces as a function of time. For reference, the depth of the silicate
mantle is indicated by the dark gray shaded region and the depth of the ice-I/high-
pressure-ice transition is indicated with a dotted line. (C) Ganymede’s heat flux as
a function of time. The light gray shaded regions correspond to the period of reso-
nance passage shown in Fig. 3.

sentially identical to that of the wi/w, =2 resonance (Fig. 4). This
result is significant because capture into the w;/wy = 3/2 reso-
nance occurs over a broader range of initial wq/w> values than for
the w1 /w; = 2 resonance, increasing the likelihood that tidal dissi-
pation has modified Ganymede’s thermal evolution (Showman and
Malhotra, 1997).

3.2.1. Variationsin Q ;

Both the orbital and thermal history of Ganymede strongly de-
pend on Jupiter’s tidal dissipation factor (Q ;). High values of Q;
result in slow orbital evolution of the satellites and low tidal dissi-
pation rates, while low values of Q; result in rapid orbital evo-
lution and strong tidal dissipation. Jupiter’s actual value of Q;
is poorly constrained (see Peale, 1999, for a review). The cur-
rent semi-major axis of Io places a time averaged lower limit of
4 x 10* on the value (Goldreich and Soter, 1966; Yoder and Peale,
1981); however, theoretical mechanisms for achieving the low val-
ues necessary for tidal evolution allow Q; to periodically drop to
lower values (103 or 10%) for short spans of time (Stevenson, 1983;
lIoannou and Lindzen, 1993). Furthermore, Q; is likely a strong
function of the tidal frequency (Ogilvie and Lin, 2004), but this fre-
quency dependence is difficult to fold into coupled thermal-orbital
models such as the one described here.

The variability in Q; allows the possibility that significantly
more tidal dissipation has occurred in Ganymede’s past than sug-
gested by the simulation described in Section 3.2. Fig. 5 shows
the maximum heat flux (asterisks) and minimum ice shell thick-
ness (diamonds) as a function of assumed Q; for the wi/w; =2
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Fig. 5. The variation in Ganymede’s maximum heat flux (asterisks) and minimum
ice-I shell thickness (diamonds) as a function of Q. At high Q; (=3 x 10°) the
heat flux is dominated by radiogenic heat production rather than tidal dissipation.
Minimum ice shell thickness ranges from 5 to 21 km. The ice grain size was 1 mm.
We used a nominal value of Q; = 10 in our simulations.

resonance. The maximum heat flux due to the combination of ra-
diogenic heating and tidal dissipation increases non-linearly with
decreasing Q; (to first order, E; scales as Qj’l), producing a flux

four times greater at Q ; = 10 (112 mWm~2) than at Q ; =3 x 10°
(25 mWm™2). For values of Q; >3 x 10°, the magnitude of the
tidal dissipation is small enough that radiogenic heating dominates
the flux. The increase in heat flux with deceasing Q; is inversely
correlated with ice-shell thickness, with a shell thinner than 5 km
possible at the lowest values of Q; considered. The prolonged ex-
istence of a thin ice shell on Ganymede may have consequences for
the geologic history of the satellite. Whether such a thin ice shell
is consistent with geologic observations is discussed in Section 4.

The uncertainty and time variability of Q; also translates into
uncertainty in Ganymede’s orbital evolution. A Q ; larger than that
used in Fig. 3 causes the satellites to enter the resonance at a later
time (additionally, the timing of resonance capture depends on
how close the satellites formed to the Laplace resonance as well
as the physical state (Q /k) of lo and Europa). Thus, the timing of
Laplace-like resonance capture is poorly constrained by the model.
Furthermore, the time variability of Q; permits both late cap-
ture into the Laplace-like resonance (which suggests high Q) and
strong tidal dissipation (which requires low Q). Such temporal
changes in Q are still consistent with a time averaged minimum
value of Q of 4 x 104,

3.2.2. Effect of ice grain size

The dominant grain size of Ganymede’s ice shell is poorly con-
strained, with plausible values ranging from 100 ym to 10 cm. As
discussed in Section 3.1, our lack of constraints on the ice grain
size leads to major uncertainties in the thermal, structural, and or-
bital evolution of the satellite (see also McKinnon, 2006). Fig. 6
shows the effects of grain size on the temporal and spatial ex-
tent of Ganymede’s ocean under conditions otherwise identical to
the simulation shown in Figs. 3 and 4, including capture into the
w1/wy = 2 Laplace-like resonance. For typical convective stresses,
small grain sizes (d < 1 mm) cause diffusion creep to dominate
the ice rheology. The lower effective viscosities (relative to GBS)
associated with diffusion creep allow the ice shell to cool rapidly,
limiting ocean formation to a brief period when both radiogenic
heating and tidal dissipation are high (Fig. 6). If the Galilean satel-
lites entered the Laplace-like resonance late (after radiogenic heat-
ing declined), melting becomes more difficult. In the case of low
or no tidal dissipation (e.g. Q; > 3 x 10° or the satellites evolve
directly into the Laplace resonance) a small grain size prevents
melting and ocean formation altogether (see Fig. 2). In the absence
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Fig. 6. The depth to the ocean interfaces over Solar System history for four ice grain
sizes: 1 mm (solid black line), 1 cm (solid gray line), 100 pm (dashed black line),
10 cm (dashed gray line). For reference, the depth of the silicate mantle is indicated
by the dark gray shaded region and the depth of the ice-I/high-pressure-ice transi-
tion is indicated with a dotted line. In each simulation the satellites pass through
the wi/wy = 2 Laplace-like resonance (indicated by the light gray shaded region)
and Q; =10°.

of significant melting, global expansion would be severely limited
(discussed below). However, the observation that at least a portion
of Ganymede’s magnetic field is due to induction in a conductive
layer at depth argues for the existence of an ocean (Kivelson et
al,, 2002) and against small grain sizes dominating Ganymede’s
ice shell. Furthermore, maintaining grain sizes smaller than 1 mm
against natural grain-size growth is difficult unless second-phase
impurities are present in the ice (Barr and McKinnon, 2007). Such
impurities are especially unlikely to exist if the ice shell formed
from the crystallization of an initially liquid water layer (e.g. dot-
dash line, Fig. 2).

For larger grain sizes (d > 1 mm) grain boundary sliding (GBS)
dominates the ice rheology, consistent with Barr and Pappalardo
(2005) (though see Montagnat and Duval, 2000 and Duval and
Montagnat, 2002). The higher effective viscosities associated with
GBS prevent rapid cooling of the satellite and permit large oceans
(~700 km deep) to form (Fig. 6). As grain size increases from
1 mm to 10 cm cooling becomes more difficult and, once formed,
a large ocean is maintained for a longer period of time. Convec-
tive cooling may be inhibited altogether if ice grain sizes exceed
2 c¢cm (Barr and Pappalardo, 2005), consistent with the increased
longevity of the ocean at large grain sizes. Additionally, because
large-grained ice is less dissipative, the magnitude of the tidal dis-
sipation occurring in the ice shell decreases as grain size increases
(see Bland et al., 2008). This leads to slightly smaller oceans at
large grain sizes than at moderate grain sizes.

3.3. Global expansion

Not only do Ganymede’s surface features require high heat
flows, but the predominance of extensional features suggests that
much of this deformation formed during a period of global satel-
lite expansion. Based on the survival of Galileo Regio’s relatively
intact lithosphere, McKinnon (1981) placed an upper limit of 2%
by area on this expansion. The same upper limit was reached in-
dependently by Golombek (1982) who used fault displacements
in the grooved terrain to estimate the expansion of the satellite
as a whole. Alternatively, using high-resolution imaging from the
Galileo spacecraft Collins et al. (1998) derived large local strains
within groove swaths after reinterpreting Ganymede’s grooves as
consistent with tilt-block faulting (see also Pappalardo et al., 1998).

Measurements of strained craters support large local extension, in-
dicating that strains may have been as large as 180% (Pappalardo
and Collins, 2005). Extrapolating these strains to the whole satel-
lite, Collins (2008) estimated that the increase in satellite surface
area was at least 5%, and possibly as large as 8% (7.6% to 12.2% by
volume).

Despite the clear evidence for ubiquitous surface extension, the
mechanism by which global expansion has occurred remains un-
clear. A number of authors have suggested that satellite differenti-
ation could cause a global expansion of up to 6.5% by area (e.g.
Squyres, 1980; Pappalardo et al, 2004; Mueller and McKinnon,
1988); however, expansion during early differentiation is inconsis-
tent with the relative youth of the grooved terrain, and is only
feasible if differentiation occurred in multiple stages (e.g. Mueller
and McKinnon, 1988) or was delayed until late in the satellite’s
history. Beyond differentiation, an increase in satellite tempera-
ture due to radiogenic heating would result in a maximum volume
increase of 1% due to simple thermal expansion (Zuber and Par-
mentier, 1984). Such expansion is consistent with the upper limits
of McKinnon (1981) and Golombek (1982). Furthermore, for a dif-
ferentiated satellite, the expansion and accumulation of surface
stress due to radiogenic heating occurs over a period of several
billion years, possibly avoiding the timing problems of early dif-
ferentiation. Unfortunately, this mechanism produces less surface
extension than that estimated by Collins (2008), and it remains
unclear whether slow expansion of the satellite would result in
significant tectonic deformation (Kirk and Stevenson, 1987).

Taking the calculations of Zuber and Parmentier (1984) a step
farther, Showman et al. (1997) investigated the global expansion
that can be produced by remelting a differentiated satellite dur-
ing resonance passage. Because ice I is less dense than liquid
water, melting of Ganymede’s ice-I layer results in contraction.
However, high-pressure ice phases have densities greater than liq-
uid water at comparable pressures; thus, melting of Ganymede’s
high-pressure ice leads to satellite expansion. For an isothermal
ocean, constant gravity and density with depth, constant entropies
of transition from ice I, III, V, and VI to liquid water, and a “plane
paralle]” Ganymede, the volume decrease due to melting ice I off-
sets the volume increase due to melting high-pressure ice and the
net volume change is zero (Showman et al., 1997). However, these
assumptions are generally not valid, and relaxing them permits
volume expansion to occur. In particular, using a realistic adiabat
in Ganymede’s ocean (described below) results in more melting of
high-pressure ice than of ice I (note the shape of the oceans in
Figs. 2, 4 and 6). Showman et al. (1997) found that a maximum
areal expansion of ~1% is possible upon remelting Ganymede’s ice
shell. Here we re-evaluate the magnitude of global expansion that
can result from melting a large differentiated satellite.

Following Showman et al. (1997), we calculate Ganymede’s vol-
ume change (AV) upon melting by summing the individual vol-
ume changes per unit mass for each ice layer. For a given ice phase,
the volume change per unit mass is a function of pressure. For
simplicity, we extrapolate volume changes linearly between triple
points to determine the local volume change per unit mass. We
use the volume change values of Fletcher (1970). With the radius
and average density of Ganymede as constraints, we calculate the
acceleration of gravity and pressure as a function of depth within
Ganymede assuming incompressible layers and hydrostatic equilib-
rium. Using this model, the mass of each ice layer is determined
directly from the depth to which melting occurs, which depends
strongly on the assumed ocean adiabat.

In its simplest form, the ocean adiabat is given by

(15)
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where T, is the ocean temperature at pressure P, P; is the pres-
sure at the ice-l/ocean interface, and o, pw, and cp v are the
thermal expansivity, density, and specific heat of water (here as-
sumed constant). In reality, oy, pw, and cp v are also functions
of pressure. Over the plausible temperature and pressure range of
Ganymede’s ocean, the density and specific heat of water change
by less than 20%; however, the thermal expansivity can change by
nearly an order of magnitude (Dorsey, 1940). At low pressures oy,
increases rapidly with increasing pressure, while at high pressures
oy increases more slowly. We neglect the region of negative ther-
mal expansivity near the freezing point and assume the increase
in thermal expansivity with pressure is piecewise-linear with the
two pieces defined by oy = a1 P +a and oy, =a P +d, where ay,
az, a}, and d, are constants. The ocean temperature is then given
by
1 a2 p2 /
Toc = Ttrans EXP{ S |:—(P - Ptrans) +a5(P — Ptrans)] }7 (16)
Pwepw | 2

where

a
Ttrans =T eXP{ _](Ptzrans - Ptz) + a2(Ptrans — Pt)] }, (17)

PwCp,w |: 2
and Pyaps is the pressure at which the thermal expansivity tran-
sitions from rapidly increasing to slowly increasing with pressure.
The temperature profiles defined by Eqgs. (16) and (17) are shown
in Fig. 7 for a basal ice shell temperature of 271 K. The inclusion of
the change in thermal expansivity with depth greatly increases the
depth to which melting can occur and hence increases the maxi-
mum volume expansion achievable during melting. Because of the
importance of the thermal expansivity on the depth to which melt-
ing can occur, and because the increase in thermal expansivity is
somewhat poorly constrained over the pressure range of interest
(Dorsey, 1940), we calculate Ganymede’s volume expansion for two
sets of ay, a, a}, a;,. The parameter values used are provided in the
caption to Fig. 7.

The volume change produced by melting as a percent of
Ganymede’s total volume is shown in Fig. 8 for the two adiabats
shown in Fig. 7. The maximum relative volume expansion that can
be produced by melting is 2.0 to 2.5%. These values are slightly
greater than, but consistent with, those of Showman et al. (1997)
and correspond to an increase in surface area of no more than
1.8%. While the volume change produced by melting is consistent
with early estimates of the magnitude of Ganymede’s global ex-
pansion, it appears inconsistent with the post-Galileo estimates of
Ganymede’s surface strain (Collins, 2008). If these large strain es-
timates are correct a different or additional mechanism must be
responsible for the satellite’s global expansion.

In the above calculations we have assumed that Ganymede’s
ocean consists of pure liquid water. In reality, Ganymede’s ocean is
likely to contain a significant concentration of contaminants (e.g.
Kargel, 1991). Radiogenic heat production is likely sufficient to
cause melting of Ganymede’s silicate mantle (Bland et al., 2008).
The eruption of melt at the ice-silicate interface would cause local-
ized melting of ice, resulting in percolation of water and dissolved
salts upward into the ocean. Even in the absence of such melting,
a salty ocean seems likely to result from ice-rock differentiation
of a homogeneously accreted satellite. Furthermore, the induced
component of Ganymede’s magnetic field attests to a conducting
layer at depth (i.e. a salty ocean). Does the presence of salts in
Ganymede’s ocean affect our calculation of Ganymede’s volume
expansion? The specific heat of sea water (here used as an ana-
log for Ganymede’s salty ocean) is less than that for pure water
by up to 7.5% (Dorsey, 1940). This would suggest a steeper adiabat
and increased melting at depth. However, the density of sea wa-
ter is larger than that of pure water by roughly 3% (Dorsey, 1940)
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Fig. 7. Phase diagram of ice over the pressure range relevant to Ganymede’s ice
shell showing the stability regions of ice I, II, Ill, V, VI, and liquid water. Phase
boundaries are determined by linear interpolation between the triple points of
Hobbs (1974). Two ocean temperature profiles are shown assuming a 271 K ice
shell: an adiabat with constant py, and cpw, and a thermal expansivity vary-
ing as aw =3.2 x 1072 Pa~'P + 6.67 x 107> K~! at P < 1.28 x 108 Pa and
aw =15x 1073 Pa~'P +3.25 x 1074 K~' at P > 1.28 x 108 Pa (solid line);
an adiabat with constant py and cp w, and a thermal expansivity varying as
aw =174 x 1072 Pa~1P + 430 x 107 K at P < 1.78 x 108 Pa and ay =
4.83x 107" Pa~'P +3.54 x 1074 K~! at P > 1.78 x 108 Pa (dotted line).
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Fig. 8. The relative volumetric expansion of Ganymede (AV/V) as a function of
the minimum ice-I shell thickness for the two adiabats shown in Fig. 7. The curve
corresponding to the dotted line of Fig. 7 is indicated by triangles, and the curve
corresponding the solid line of Fig. 7 is indicated with diamonds. The maximum
possible volume increase due to melting an already differentiated Ganymede is
~2.5%, equivalent to a surface area change of ~1.8%.

and this increase at least partially offsets the decrease in specific
heat (as ice melting occurs the salt is progressively diluted, lead-
ing to a decrease in liquid water density that steepens the ocean
adiabat; however, the effects of such dilution will be small). Fur-
thermore, available data on the thermal expansivity of sea water
suggests it is similar to that for pure water (Sverdrup et al., 1946),
although the region of negative expansivity near the melting point
does not exist (see Melosh et al., 2004, for more discussion). We
therefore conclude that the presence of salts in Ganymede’s ocean
has a negligible effect on the volume expansion that can be pro-
duced by melting.
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4. Consequences for Ganymede’s geologic history

The high heat flow required to form Ganymede’s furrows and
grooved terrain is inconsistent with radiogenic heating alone, sug-
gesting that one or more episodes of tidal heating is required
to explain their existence (Nimmo et al., 2002; Nimmo and Pap-
palardo, 2004; Dombard and McKinnon, 2001; Bland and Show-
man, 2007). Because of the uncertainty in parameters such as the
ice grain size and Q, a broad range of thermal histories that in-
clude tidal dissipation in Ganymede are plausible (see Section 3.2).
A scenario of particular interest occurs when the ice grain size is
large, Q; is small, and the Galilean satellites passed through the
w1/wy =2 or w1/wy =3/2 Laplace-like resonances. In this case,
tidal dissipation maintains Ganymede’s ice shell at a thickness of
only 5-20 km for the lifetime of the resonance. We consider here
the consequences a thin ice shell might have on Ganymede’s sur-
face geology and whether such a thin ice shell is consistent with
Ganymede’s geologic record.

4.1. Tectonics and cratering

Ganymede’s most iconic feature is its grooved terrain, which
likely formed by ductile necking of the lithosphere, accompa-
nied by small-scale tilt-block faulting (Pappalardo et al., 1998;
Dombard and McKinnon, 2001; Bland and Showman, 2007). An-
alytic models of extensional necking posit a ductile half space be-
neath a stronger lithosphere (Fletcher and Hallet, 1983; Dombard
and McKinnon, 2001). If necking occurs in a thin ice shell, the
thickness of this half space is reduced. To date, extensional neck-
ing in a thin ice shell has not been investigated; however, as
long as ductile flow can occur in the low-viscosity region, neck-
ing should not be inhibited. Furthermore, examination of the force
balance in an extending ice shell suggests that wide rifts, such as
Ganymede’s groove terrain, are favored at low ice shell thickness
(Nimmo, 2004). Thus, the presence of a thin shell may actually en-
able the formation of Ganymede’s distinctive terrain.

In addition, Mitri and Showman (2005, 2008b) showed that
transitions between a thick, convective, and a thin, conducting ice
shell are accompanied by rapid changes in the satellite’s radius.
Such transitions would occur at least twice in our simulations
that permit a thin ice shell: once as the ice-I shell thins and
becomes conductive, and again as the ice shell cools and reestab-
lishes convection. On Ganymede, changes in the thickness of the
high-pressure ice layers partially moderate the change in satellite
radius (Mitri and Showman, 2008b); however, such radius changes
may have driven tectonic processes on Ganymede’s surface. Be-
cause the investigation of these effects requires careful modeling
of the convective process itself, the inclusion of these effects in
our simulations is beyond the scope of the present work.

The existence of a thin shell on Ganymede may have left
evidence in the satellite’s cratering record. Crater morphologies
vary widely on Ganymede suggesting that the thermal state of
Ganymede’s lithosphere has changed with time. This trend is
generally interpreted to be from a large thermal gradient in
Ganymede’s past to a smaller thermal gradient at present (Passey
and Shoemaker, 1982; Pappalardo et al., 2004). However, the basic
trend of decreasing thermal gradients with time does not exclude
the possibility that Ganymede experienced an epoch of high heat-
ing with a thin ice shell in the middle of its geologic history.
Unfortunately, evidence for such a period may be difficult to ex-
tract from Ganymede’s complex cratering record (see Schenk et
al,, 2004, for a review). We note that while crater depth to di-
ameter ratios indicate that Ganymede’s ice shell was never less
than 60 km thick (Schenk, 2002) many of these craters post-date
groove formation and therefore have no bearing on the thickness
of Ganymede’s ancient ice shell. Furthermore, the large number of

essentially flat palimpsests found on Ganymede’s surface bolsters
the idea that the ice shell was once thin.

Finally, if Ganymede previously had a thin ice shell should not
its surface appear similar to Europa’s? While the thickness of the
ice shell may be of fundamental importance in controlling the type
of surface deformation that occurs on a satellite, a number of other
factors may be equally important (e.g. the magnitude of the strains
and strain rates involved, the duration of the thin shell and the
maximum heat flow that occurred, the relative importance of tidal
stress, non-synchronous rotation, and true polar wander). The exis-
tence of a thin ice shell on Ganymede at some point in its geologic
past therefore does not imply that its surface geology should bare
any resemblance to Europa’s. Clearly, understanding the physical
conditions necessary to produce specific features on icy satellites
remains an active area of research.

4.2. Cryovolcanism

While tectonism has played an important role in shaping
Ganymede’s surface, evidence suggests that at least some of
Ganymede’s resurfacing was accomplished by cryovolcanism (e.g.
Schenk et al., 2001). However, the mechanism by which water
or slush is erupted onto Ganymede’s surface remains unclear.
Showman et al. (2004) showed that, if water is present within ~5
to 10 km of the surface, it can be pumped to Ganymede’s surface
by topographically induced pressure gradients. The self-regulating
nature of this mechanism accounts for the apparent eruption of
melt only in topographic lows (such as graben): once a graben fills
with cryovolcanic material the pressure gradients driving the cry-
ovolcanism are removed and eruptions cease. If Ganymede’s ice
shell is thin (i.e. tens of kilometers), melt can be brought near the
surface by upwelling tidally-heated convective plumes (Sotin et al.,
2002; Tobie et al., 2003; Mitri and Showman, 2008a) where it can
subsequently be pumped to the surface. However, if Ganymede’s
ice shell is thick, the existence of near-surface liquid within the ice
shell is difficult to explain since the melt entrained in convective
plumes would remain below a thick stagnant lid.

Additionally, if heating of the ice shell occurs rapidly (e.g. upon
capture into a Laplace-like resonance) melting would occur as a
transient, disequilibrium process in which the temperature of the
ice increases more rapidly than melting can occur at the base of
the ice shell. Melting then occurs throughout the entirety of the ice
shell rather than solely at its base. Once melt is present in the shell
it can be brought nearer to the surface by the processes described
above. Notably, the presence of partial melt in the ice shell is a
transient event, limited in duration even if the period of resonance
passage lasts billions of years. Once temperatures stabilize, melt-
ing catches up with the increased temperatures and the ice shell
reaches its equilibrium thickness. Although melt production occurs
only briefly, its timing would coincide with the period of satellite
expansion, surface extension, and fracturing. The near coincidence
of these processes may enable the formation of Ganymede’s bright
terrains via simultaneous tectonic and cryovolcanic resurfacing of
dark terrain.

4.3. Tidal deformation

Tidal stress has played an important role in the geological
history of Europa (e.g. Helfenstein and Parmentier, 1985; Schenk
and McKinnon, 1989; Leith and McKinnon, 1996; Greenberg et al.,
1998; Hoppa et al,, 1999). In contrast, Ganymede’s surface bears
little (if any) evidence of tidally driven tectonic features. The mag-
nitude of diurnal tidal stress on Ganymede is currently low, due
to the satellite’s low present-day orbital eccentricity. If Ganymede
had a larger eccentricity in the past, however, tidal stresses would
have been larger. For a hydrostatic, thin ice shell experiencing a
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diurnal variation in its tidal potential the elastic stresses are given
by (Melosh, 1977; Leith and McKinnon, 1996)

1 1+v
Ogg = = A —— ) (54 3cos20), 18
b0 =3 fM1<5+v)( + ) (18)
1 1+v
Opp = —=A — J(1 —9co0s26), 19
b0 3 fm<5+v>( ) (19)

where ogg and oyy are the meridional and azimuthal stress, re-
spectively (here 6 refers to the colatitude and ¢ to the longitude,
with the poles aligned with the tidal axis), A f is the time depen-
dent change in the flattening of the satellite, u; is the ice shear
modulus (3.52 GPa), v is the Poisson ratio (0.325) (Gammon et al.,
1983), and 6 is the colatitude with respect to the tidal axis. The
change in flattening can be written as A f = 3ef; (Greeley et al.,
2004), where e is the satellite eccentricity, and f; is the tidal flat-
tening given by —3q(31+1)/2, where A is the response coefficient
(assumed to be 0.4) and q = MR} /mga; where M is the mass of
Jupiter, mg is the mass of Ganymede, and ag is Ganymede’s semi-
major axis (Leith and McKinnon, 1996). Using values appropriate
for Ganymede (Table 1) and assuming an eccentricity of 0.015, the
maximum diurnal tidal stress is ~65 kPa. The satellite experiences
an additional diurnal stress of 96 kPa due to the libration of its
tidal bulge across its surface as it travels in an eccentric orbit. The
stresses generated are equivalent to non-synchronous rotation of
Ganymede’s ice shell by an angle of 2e (Greenberg et al., 1998)
and is given by (Leith and McKinnon, 1996)

UNSRZGf[<;__::7:j> SiI'lQ, (20)
where 2 is the non-synchronous rotation angle. Note that by as-
suming Ganymede’s figure conforms to a hydrostatic shape we
have calculated maximum tidal stresses (cf. Leith and McKinnon,
1996). Accounting for the rigidity of the ice shell could reduce
these values by up to a factor of two (cf. Greeley et al., 2004).
Therefore, diurnal elastic stress in Ganymede’s ice shell are at most
100 kPa, an order of magnitude less than the tensile strength of
ice (Beeman et al., 1988). Despite this apparent discrepancy, diur-
nal stresses of similar magnitude have been invoked to explain a
number of Europa’s unique features (diurnal stresses on Europa
are a factor of two higher) (see Greeley et al., 2004, for a re-
view). The lack of such features on Ganymede may indicate that
the ice shell was never thin enough to permit significant deforma-
tion, that stresses were not large enough to permit fracturing, or
that tectonic features of tidal origin have been obscured by later
modification.

Perhaps of greater significance to Ganymede’s tectonic history
are stresses due to non-synchronous rotation of the ice shell. Ev-
idence for non-synchronous rotation comes from the lack of a
predicted spatial asymmetry in the cratering rates on Ganymede’s
leading and trailing hemispheres (Zahnle et al., 2001) and the
existence of catenae (crater chains) on Ganymede’s inaccessible
hemisphere (Schenk et al., 1996; Zahnle et al., 2001). Modeling
of lithospheric flexural at rift zone boundaries also suggest that
non-synchronous rotation may have been important in Ganymede’s
past (Nimmo et al., 2002). The maximum stress due to non-
synchronous rotation of Ganymede’s ice shell during a period of
high eccentricity (90° rotation, Eq. (20)) is 3.2 MPa, sufficient to
permit fracturing to a depth of ~2.5 km.

5. Conclusions
The resurfacing of Ganymede is intimately linked to the thermal

history of the ice shell and the global expansion of the satellite. Us-
ing a coupled orbital-thermal model, we investigated Ganymede’s

thermal history both with and without the effects of tidal dissipa-
tion during a previous period of resonance passage. In the absence
of tidal heating (e.g. if the Laplace resonance is primordial) radio-
genic heating alone is capable of melting a large ocean if the ice
grain size is at least 1 mm. Larger grain sizes (1 cm or more) pre-
vent the ocean from closing by the present epoch, contrasting with
the models of Spohn and Schubert (2003) and Freeman (2006). We
find that Ganymede’s maximum heat flux without tidal heating
was ~20 mW m~2, significantly lower than the inferred flux re-
quired to form Ganymede’s grooved terrain (Nimmo et al., 2002;
Nimmo and Pappalardo, 2004; Dombard and McKinnon, 2001;
Bland and Showman, 2007). For simplicity, these simulations ne-
glect the effects of satellite differentiation and are only valid under
the assumption that Ganymede accreted and differentiated early in
its history.

If the Galilean satellites passed through one of the Laplace-like
resonances that strongly force Ganymede’s eccentricity (especially
the wy/wy =2 or wy/wy = 3/2 resonances), then tidal dissipation
in Ganymede’s ice shell has strongly modified its thermal history.
For a grain size of ~1 mm, a large ocean and thin ice shell (5 to
20 km) can be maintained for the lifetime of the resonance. For
larger grain sizes a near-surface ocean would exist into the present.
Smaller grain sizes (~100 pm) allow rapid cooling that prevents
significant ocean formation; however, such small grain sizes might
be ruled out by the existence of an induced dipole component to
Ganymede’s magnetic field, which argues for the present-day exis-
tence of a salty ocean.

Ganymede’s heat flux during resonance passage may have
ranged from 40 to 100 mWm~2, depending on the value of
Jupiter’s tidal dissipation factor (Qj). The increased heat flux
during resonance passage is consistent with the inferred heat
fluxes required to produce Ganymede’s furrows and grooved
terrain (McKinnon and Parmentier, 1986; Nimmo et al., 2002;
Nimmo and Pappalardo, 2004; Dombard and McKinnon, 2001;
Bland and Showman, 2007). Furthermore, if we assume an initially
unmelted ice shell, the melting of Ganymede’s ice can produce
up to a 2.5% volume increase in the satellite, corresponding to
a 1.8% increase in surface area. The extent of volume expansion
is somewhat greater than, but generally consistent with, previous
calculations by Showman et al. (1997). While the value is consis-
tent with early estimates of Ganymede’s global expansion, it falls
well short of the minimum surface expansion of 5% estimated by
Collins (2008).

The existence of a thin ice shell in Ganymede’s past may have
enabled the tectonic and cryovolcanic resurfacing of the satellite.
Groove formation may be favored in a thin ice shell (Nimmo, 2004)
and the rapid heating that occurs upon entering the Laplace-like
resonance can enable the formation of near surface partial melt.
Partial melting within the ice shell would be a short-lived event;
however, it would coincide with the period of satellite global ex-
pansion and tensile surface stress. The commensurability between
these events may explain Ganymede’s complex history of tectonic
and cryovolcanic resurfacing. Tidal stresses in Ganymede’s thin ice
shell could have also contributed to the formation of Ganymede’s
unique features.

While the simulations described above produce conditions fa-
vorable to resurfacing Ganymede, the surface area expansion that
results from remelting a differentiated satellite is less than half
of the strains measured on the surface. We therefore may re-
quire an alternative mechanism capable of explaining both the
timing and magnitude of Ganymede’s global expansion. A potential
scenario for such expansion stems from the possibility that both
Ganymede and Callisto formed undifferentiated (Canup and Ward,
2002), though see Mosqueira and Estrada (2003). Complete differ-
entiation of Ganymede (which is inferred from Ganymede’s low
value of C/MR? = 0.3115; Anderson et al., 1996; Schubert et al,,
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2004) would occur later in Ganymede’s history (e.g. Friedson and
Stevenson, 1983; Mueller and McKinnon, 1988), possibly triggered
by tidal heating during passage through one of the Laplace-like
resonances described above. While the scenario contains a number
of uncertainties, such delayed differentiation is likely consistent
with both the timing and magnitude of Ganymede’s global expan-
sion.
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