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[1] Analysis of the melting relationships of potential core forming materials in Ganymede
indicate that fluid motions, a requirement for a dynamo origin for the satellite’s magnetic
field, may be driven, in part, either by iron (Fe) “snow” forming below the core-
mantle boundary or solid iron sulfide (FeS) floating upward from the deep core. Eutectic
melting temperatures and eutectic sulfur contents in the binary Fe-FeS system decrease
with increasing pressure within the interval of core pressures on Ganymede (<14 GPa).
Comparison of melting temperatures to adiabatic temperature gradients in the core
suggests that solid iron is thermodynamically stable at shallow levels for bulk core
compositions more iron-rich than eutectic (i.e., <21 wt % S). Calculations based on high-
pressure solid-liquid phase relationships in the Fe-FeS system indicate that iron snow or
floatation of solid iron sulfide, depending on whether the core composition is more or
less iron-rich than eutectic, is an inevitable consequence of cooling Ganymede’s core.
These results are robust over a wide range of plausible three-layer internal structures and
thermal evolution scenarios. For precipitation regimes that include Fe-snow, we present

scaling arguments that give typical Rossby and magnetic Reynolds numbers consistent
with dynamo action occurring in Ganymede’s core. Furthermore, by applying recently
derived scaling relationships relating magnetic field strength to buoyancy flux, we obtain
estimates of surface magnetic field strength comparable with observed values.

Citation: Hauck, S. A, II, J. M. Aurnou, and A. J. Dombard (2006), Sulfur’s impact on core evolution and magnetic field generation
on Ganymede, J. Geophys. Res., 111, E09008, doi:10.1029/2005JE002557.

1. Introduction

[2] Flybys of Ganymede, Jupiter’s largest moon, by
NASA'’s Galileo spacecraft provided the most detailed view
to date of its internal structure and dynamics [e.g., Anderson
et al., 1996; Kivelson et al., 1996; Schubert et al., 1996;
Palguta et al., 2006]. Ganymede is the most centrally
concentrated, largely solid body known in the solar system
as indicated by the nondimensional polar moment of inertia
(CIMR?) of 0.3115 [Schubert et al., 2004]. On the basis of
this moment of inertia and Ganymede’s bulk density, a
three-layer model (ice, rock, and metal) appears to be the
most consistent with observations [Anderson et al., 1996,
Schubert et al., 1996], implying complete differentiation.
One of the best corroborating clues as to the nature of
Ganymede’s interior comes from the surprising detection of
its intrinsic magnetic field with a permanent dipole moment
that has an equatorial field magnitude of >700 nT and that
stands off the Jovian magnetic field [Kivelson et al., 1996,
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2002]. The existence of a magnetic field suggests that either
there is a layer with significant remanent magnetization
[e.g., Crary and Bagenal, 1998] or the field is generated by
convection in an electrically conducting fluid, likely a liquid
portion of a metallic core [Schubert et al., 1996; Kivelson et
al., 2002].

[3] An active dynamo within Ganymede’s core is the
preferred interpretation of Galileo magnetic field measure-
ments [Schubert et al., 1996; Kivelson et al., 2002], which
places Jupiter’s largest moon in a unique category. It is the
only known satellite in the solar system with an intrinsic
global magnetic field and is one of only three solid bodies
known with one at present (i.e., also Earth and Mercury,
though Mars likely had a global field in the past). The
existence of a hydromagnetic dynamo requires motions
within an electrically conducting fluid [e.g., Gubbins and
Roberts, 1987; Merrill et al., 1998]. In the case of
Ganymede, this implies that (1) the metallic core is at least
partially molten because motions in an electrically conduc-
tive, salty ocean would have to be several orders of
magnitude stronger than reasonable predictions suggest
[Schubert et al., 1996], and (2) there is a process responsible
for driving motions in that molten core. Here we assume
that these motions are due to buoyancy-driven convection.
Possible thermal buoyancy sources for convection are cool-
ing by the mantle, release of gravitational and latent heat
due to inner core solidification, and volumetric heating from
the decay of *°K [e.g., Merrill et al., 1998]. Possible
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compositional sources of buoyancy include the expulsion of
light constituents upon freezing of relatively pure iron and
the settling or floatation of solid precipitates. A composi-
tional source is the most robust of these mechanisms
because a thermally driven dynamo is subject to the inherent
inefficiencies of a heat engine [e.g., Gubbins, 1977; Loper,
1978; Loper and Roberts, 1979, 1983].

[4] A candidate for the dominant core-forming assem-
blage is an alloy of iron (Fe) and sulfur (S), as has been
proposed for the core of the Earth [e.g., Murthy and Hall,
1970]. A highly siderophile element, sulfur also had a high
availability in the proto-solar system [Hillgren et al., 2000];
these ideas coupled with the composition of CI chondrites
[McKinnon, 1996; Schubert et al., 2004] and recent high-
pressure hydrothermal experiments on potential Ganymede-
forming materials [Scott et al., 2002] indicate that sulfur
may be an important constituent of Ganymede’s core. On
the other hand, the unknown oxidation state of the interior
during differentiation limits the ability to constrain whether
the composition of a sulfur-bearing core is on the Fe- or
FeS-rich side of the eutectic composition [e.g., Scott et al.,
2002].

[5] Incorporation of sulfur into a metallic core has two
major effects: reduction in bulk density and a strong
melting-point depression [e.g., Usselman, 1975; Fei et al.,
1997]. Experiments in the last decade have demonstrated
that at pressures less than ~14 GPa the eutectic melting
temperature in the iron — iron sulfide (Fe-FeS) system
decreases with increasing pressure [Fei et al., 1995, 1997,
2000], opposite the behavior of alloys at Earth’s core
pressures [Boehler, 1992, 1996; Anderson, 2003]. While
this fact has not gone unrecognized with respect to Gany-
mede [Kuang and Stevenson, 1996; McKinnon, 1996], the
potentially profound implications for the satellite’s evolu-
tion and generation of its magnetic field are not well
understood.

[6] Given the unconstrained composition of Ganymede’s
core, convection driven by compositional buoyancy could
proceed in several ways [McKinnon, 1996]. First, at low
sulfur contents, nominally pure, solid Fe might precipitate
to form an inner core and expel the lighter constituent,
which would rise within the outer core. Second, for a sulfur-
rich composition, solid FeS might precipitate deep within
the core, buoyantly rise, and remelt at higher levels.
Alternatively, because of the decrease in eutectic tempera-
ture in the Fe-FeS system with increasing pressure (i.c.,
increasing depth) [Fei et al., 1997, 2000], solids might snow
down from the core-mantle boundary at compositions with
subeutectic sulfur content, only to remelt at deeper levels.
The latter two mechanisms are examples of relatively
unique ways of driving core convection that may have
distinct implications for the evolution of Ganymede’s core.

[7] The results from the Galileo spacecraft indicate that
Ganymede has a highly differentiated interior and a mag-
netic field of internal origin [Anderson et al., 1996; Kivelson
et al., 1996; Schubert et al., 1996]. These observations,
coupled with the fact that pressures in the satellite’s core
(<14 GPa) overlap with those in laboratory experiments on
potential core-forming materials [Fei et al., 1997; 2000],
provide a unique opportunity to study compositional buoy-
ancy driven mechanisms of magnetic field generation. We
attempt to understand the conditions, especially core com-
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position, that are conducive to the present-day generation of
Ganymede’s magnetic field and to elucidate the mecha-
nisms by which the core may have evolved. We focus on the
relevant processes rather than developing a definitive his-
tory for Ganymede; hence a set of simplified, demonstrative
models, rather than exhaustive ones, is presented. Finally,
we discuss the implications for Ganymede’s internal struc-
ture and magnetic field generation.

2. Approach

[8] The implications of the complex melting behavior of
Fe-FeS alloys at pressures <14 GPa for core evolution and
potential magnetic field generation are investigated for a
body like Ganymede. The approach is to (1) calculate a
suite of internal structure models to determine the thickness
of the ice, mantle, and core layers as well as the pressures in
the core, (2) determine the solid-liquid phase stability and
composition as a function of radius in the core and temper-
ature, and (3) model core evolution as a function of core
composition, levels of mantle radioactive heat production,
and satellite internal structure.

2.1. Internal Structure

[9] We calculate a suite of three-layer, internal structure
models that are consistent with Ganymede’s moment-of-
inertia factor (MOI), I/MR* = C/MR* — (2/3) J, ~ CIMR* ~
0.3115 (because J, ~ 10~%), and bulk density (~1942 kg/m?)
[Schubert et al., 2004]. The densities of the ice and rock
mantle layers are assumed to be constant and are uncon-
strained; therefore a range of values is investigated. In
contrast, the density structure of the core is allowed to vary
radially and is assumed to be well characterized by a third-
order Birch-Murnaghan equation of state [e.g., Poirier, 2000]
that accounts for the pressure and temperature dependence of

the density:
3KO (p>7/3 (p)5/3 3 , (p)2/3
P="—1|(—) —|— x [14+—(K,—4 -] -1
2 Po Po 4( 0 ) Po
+ Ko (T — 298), (1)

where pressure (P) is a function of density (p), standard-
state density (po), isothermal bulk modulus (Kj), the
derivative of the bulk modulus with respect to pressure
(K'0), volumetric thermal expansivity (), and temperature
(D).

[10] A forward model, grid-search approach is employed
to calculate solutions to the equations of hydrostatic equi-
librium for a spherically symmetric body [e.g., Turcotte and
Schubert, 1982] that satisfy the observed bulk density and
MOI. For an individual model, the densities and thicknesses
of the ice and rock layers are specified, as is the radius and
bulk sulfur content of the core. Bulk properties of the core
are estimated by interpolating between Fe and FeS parame-
ters as a function of bulk sulfur content. We employ param-
eters for Fe-FeS liquids where available [e.g., Anderson
and Ahrens, 1994; Sanloup et al., 2000; Balog et al.,
2003]; interpolations are linear between end-members as a
function of bulk sulfur content (end-members for molecular
weight and molecular volume are used for calculating p)
with the exception of the bulk modulus (K,). For bulk
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Table 1. Structural Model Parameters

Parameter Symbol Value Units
Normalized moment of inertia C/MRP2 0.3115 -
Bulk density of satellite p 1942 kg/m®
Radius of satellite R, 2631 m
Ice density 0i 1000—1300 kg/m®
Mantle density Pm 2800-3600 kg/m®
Liquid Fe density Do, Fe 7020 kg/m®
Liquid FeS density Po. Fes 5333 kg/m®
Bulk modulus coefficient Ko, 5.54 x 10" Pa
Bulk modulus coefficient Koy 3.91 x 10" Pa
Bulk modulus coefficient Ko 8.13 x 10'° Pa
Pressured derivative of K Ko, Fe 4.6 -
Pressured derivative of K K/O, FeS 5.0 -
Thermal expansivity o, Fe 92 x 107° K™!
Thermal expansivity Q. Fes 1.1 x 107 K!

modulus we implement a quadratic fit (K, = KOaX§ + KopXst+
Ko.) of the data from Sanloup et al. [2000] as a function of
sulfur mass fraction, x5 An iterative procedure is used to
calculate the density structure in the core based upon equa-
tion (1). Models that match bulk density and the MOI within
0.01% are considered viable. The larger, formal uncertainties
on the observed parameters are neglected because a wide
range of structures is considered, and we do not attempt to
find best fit structures, only to utilize reasonable structures as
input for further modeling. The parameters employed are
listed in Table 1. Figure 1 illustrates a range of possible
models consistent with observations for an assumed bulk
core sulfur content of 10 wt %. Higher densities for the
surface ice layer translate into thinner layers of ice. Further-
more, for a given mantle density, an increase in ice layer
density trades-off with an increase in the fraction size of the
metallic core; for ice densities less than 1300 kg m > and rock
mantle densities greater than 2800 kg m >, the core occupies
less than 45% of Ganymede’s radius, which amounts to less
than ~10% of the moon’s total volume.

2.2. Solid Precipitation

[11] Precipitation of solid iron to form the Earth’s inner
core is a dominant dynamical process that likely contributes
significantly to the generation of our planet’s magnetic field
[e.g., Buffett et al., 1996; Merrill et al., 1998]. Similar
processes are plausibly important for Ganymede’s internal
magnetic field; however, the melting relationships for core
alloys at lower pressures (e.g., the ~6—10 GPa range for
Ganymede’s core) differ from those at higher pressure,
especially for the Fe-FeS system [Fei et al., 1997, 2000].
Contrary to the situation of the Earth, however, eutectic
melting temperatures decrease with increasing pressure up
to ~14 GPa, as do eutectic composition sulfur contents at
pressures up to ~7 GPa, in the Fe-FeS system [Fei et al.,
1997, 2000]. This implies that shallow precipitation of Fe
(i.e., near the core-mantle boundary) may be preferred
relative to deep precipitation (i.e., at the inner core — outer
core boundary) [Kuang and Stevenson, 1996; McKinnon,
1996; Hauck et al., 2002].

[12] In a binary system, knowledge of the local values of
pressure, temperature, and composition, and the dependence
of the melting curve on these parameters, results in unique
knowledge of the phases present everywhere in the system.
These conditions are met within our model core system. For
example, by assuming an initial compositionally homoge-
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neous system with a known radial pressure distribution and
an assumed adiabatic temperature distribution, the phases
are calculable via two well-known, fundamental rules for
equilibrium phase diagrams [e.g., Brownlow, 1996]: (1) the
phase rule, which describes the degrees of freedom in the
thermodynamic system, and (2) the lever rule, which
provides for calculation of the relative amounts of solid
and liquid phases and the solid and liquid compositions for
a given temperature and bulk composition. This state
describes thermodynamic equilibrium, but not necessarily
fluid mechanical equilibrium. In the case of shallow Fe
precipitation, which occurs at compositions more Fe-rich
than eutectic, solid-Fe is thermodynamically stable near the
core-mantle boundary (CMB), but the dense precipitate is
buoyantly unstable and will tend to fall under gravity
toward the center of the core. Thus the compositional state
at any radial position (depth) will change due to the
compositional advection of the falling precipitates. Near
the CMB, the adiabat and the liquidus will be colinear due
to the fact that the lever rule requires that the residual liquid
have the liquidus composition at a given temperature
(provided by the adiabat) and because dense, solid iron will
be hydrodynamically unstable and will fall inward, leaving
behind a liquid with the composition of the liquidus for the
local temperature and pressure. Vigorous convection will be
unable to compositionally homogenize the system because
any liquid iron mixed upward from deeper levels would be
thermodynamically unstable and precipitate as a Fe-snow
again; with our assumptions that precipitation is neither
kinetically, nor nucleation, inhibited this process will be
immediate. Deeper within the core, the composition will
become more Fe rich because of the accumulation of the Fe
that falls inward as a solid and subsequently remelts;
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Figure 1. Three-layer internal structures that satisfy

Ganymede’s bulk density and moment of inertia for a
model with a liquid core containing 10 wt % S. Shaded
contours indicate location of rock-ice interface as a function
of ice layer density and core radius. Contours of rock-
mantle density are indicated. The white star indicates the
location of parameters employed in Figure 4.

3of 14



E09008
Sulfur Content Temperature
(a)
(]
3
©
©
o
-Solid Fe
Inner core
|
[ (c)
[}
I
I
I
[}
I
) [
2 '
© [}
o [
[}
I
[}
I
Solid Fe
Inner core

Figure 2. Schematic diagram of two potential modes of
solid iron precipitation in Ganymede’s core. (a,c) radial
variation in composition. The hatched areas are the pure
solid iron inner core, the thick black lines show the variation
in sulfur content, dashed segments indicate that precipita-
tion of solid would be thermodynamically favored at these
locations with additional cooling. (b,d) the radial adiabatic
and melting temperature variation. The thick gray lines are
the core temperatures, solid line is consistent with
compositional panel to the left, the dash-dot line indicates
an increment of cooling. The black line indicates the
melting temperature. Figures 2a and 2b indicate an Earth-
like case where the (Figure 2a) composition of the outer
core is relatively homogeneous and all solid Fe precipitation
occurs at the ICB. Melting temperatures (Figure 2b) are less
than the actual temperatures in the outer core, an increment
of cooling results in growth of the inner core and an
increase in the sulfur content of the outer core by mass
balance. Figures 2c¢ and 2d indicate a case where melting
temperatures for a constant bulk composition would
decrease with depth.
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ultimately the sequestration of iron-rich material deep in the
core, with its concomitant relatively higher melting temper-
ature, leads to growth of a solid iron inner core upon which
shallowly formed Fe-snow precipitates. Two examples of
this process are schematically illustrated in Figure 2, which
plots the radial variation in sulfur content (Figures 2a and 2c)
and core and melting temperatures (Figures 2b and 2d). Phase
stability is determined by comparison of the local tempera-
ture (gray lines in Figures 2b and 2d) to the melting
temperature of a core alloy (black lines); a local temperature
below the melting temperature implies precipitation of solid.
An Earth-like example is illustrated in Figures 2a and 2b,
which indicates precipitation of solid Fe at the inner core —
outer core boundary (ICB), and melting temperatures above
the ICB are less than the temperature in the outer core. A
mode in which precipitation of solid Fe is thermodynamically
favored throughout the outer core is shown in Figures 2c and
2d, illustrating that the melting and adiabatic core temper-
atures are colinear, which is due to the inward migration of
solids and consequent change in local composition.

[13] In order to assess the potential dynamical implica-
tions of precipitation of solids within Ganymede’s core, we
calculate the solid-liquid phase stability as a function of
temperature and radial position within the core as well as
the potential accumulation of solids and resulting changes in
local composition. Sulfur is assumed to be essentially
insoluble in solid Fe and hence resides solely in the liquid
phase at temperatures above eutectic; therefore the melting
temperature depends directly on the local sulfur content.
Specification of the core-mantle boundary temperature and
assumption of an adiabatic outer core fully constrains
temperatures. The adiabatic temperature profile is given by

a(P(r) — Pc,m,,)} ’ 2)

T = Temp exXp |:
PeCe

where T, is the core-mantle boundary temperature, « is
thermal expansivity, P(r) and P,,, are the pressures as a
function of radial position and at the core-mantle boundary
respectively, p. is the density of the core, and c. is the
specific heat. Core pressures are related to the core density,
radially varying gravity, and radial position where we
assume that local core gravity varies as g(r) = Zenup’/Remb
[e.g., Stevenson et al., 1983]. Though more complicated
formulations for the adiabatic temperature profile that
include the effect of the pressure dependence of o do exist
[e.g., Labrosse et al., 2001], this formulation is sufficiently
accurate to second-order [Labrosse, 2003].

[14] We apply a simplified melting curve based on the
Fe-FeS system [Fei et al., 1997, 2000]. The melting
temperature is given using the simplified form [Stevenson
et al., 1983]

Ty = m0,(Fe,FeS) [1 + Tml,(FQFCS)P_"TmZ,(Fc,FCS)PZ} [1 - OLCXS]-
(3)

The preceding terms with a subscripted (Fe,FeS) represent
quadratic coefficients for end-member melting tempera-
tures. The choice of which coefficient is employed depends
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Table 2. Core Melting Parameters

Symbol Value Units
o, Fe 1809 K
Tt Fo 1.99 x 107" Pa~!
Too. Fe —1.84 x 10722 Pa 2
Tm(), FeS 1495 K
Tt Fes 1.97 x 107" Pa!
Ty, Fes —1.43 x 107 Pa~?
Touo 1261 K
T et —6.91 x 1072 Pa~!
Xeuo, <7 GPa 0.31 -
Xeul, <7 GPa —4.74 x 1077 Pa!
Xeuo, >7 GPa 0.207 -
Xeul, >7 GPa 0 -

on whether the alloy composition is more Fe- or FeS-rich as
compared to the eutectic composition. The terms in the last
set of brackets (. slope of the liquidus, X, the mass fraction
of sulfur) define the melting point depression due to the
inclusion of a light element, sulfur in this case. Though a
standard practice [e.g., Stevenson et al., 1983; Schubert et
al., 1988; Hauck et al., 2004], the linear liquidus curve as a
function of alloying element content generally under-
estimates the melting temperature between the pure end-
member and eutectic compositions, which are better known
[e.g., Boehler, 1992, 1996; Anderson, 2003]. However, this
simplification is acceptable given the dearth of available
data for the high-pressure melting temperatures of Fe-FeS
compounds as a function of sulfur content and that our goal
is to demonstrate a process, not develop a definitive internal
model for Ganymede. The liquidus slope as a function of
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Figure 3. Model melting temperatures as a function of
bulk core sulfur content in the Fe-FeS for pressures from 4
to 10 GPa. Melting temperatures of pure Fe, pure FeS, and
eutectic compositions match available data from the
literature [Boehler, 1992; Fei et al., 1995; Boehler, 1996;
Fei et al., 1997, 2000; Anderson, 2003]; temperatures are
the result of linear interpolation between pure end-members
and eutectic values at intermediate compositions.
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composition, ., is determined from available data for the
Fe-FeS system [Fei et al., 1997, 2000] by the following
equation, with the parameters listed in Table 2:

_ Do (reres) [1+ Tt (peres)P + T reres)P2| — Tewo[1 + Teut P)
¢ T0,(Fe Fes) Xeuo[! + Xeur Pl ’

4)

The slope of the liquidus is a function of the end-member
(Fe or FeS) melting temperature, the eutectic temperature
(T,,0 and T,,; coefficients), the eutectic composition (X e.o
and X, coefficients), and pressure. Figure 3 illustrates the
model Fe-FeS melting system described by equations (3)
and (4). The melting temperatures plotted in Figure 3 clearly
indicate both the decreasing eutectic melting temperatures
and eutectic sulfur contents (the latter only up to 7 GPa) as a
function of increasing pressure.

2.3. Thermal Evolution

[15] We model the evolution of Ganymede’s deep interior
using a parameterized mantle convection technique [e.g.,
Stevenson et al., 1983] modified from the typical imple-
mentation to include the potential transition from convective
to fully conductive heat loss [Hauck et al., 2004], and we
explicitly solve the nonlinear, time-dependent, heat conduc-
tion equation in the thermal lithosphere via a finite element
solution with adaptive remeshing [Hauck and Phillips,
2002]. Basic model parameters are listed in Table 3. A
one-dimensional representation of convective heat transfer
in spherical shells (i.e., metallic core, rock mantle) is
employed to calculate possible thermal evolutions. Solution
of the basic relationship for conservation of thermal energy
in the rock mantle is parameterized via a relationship
between the vigor of convection (described by the Rayleigh
number, Ra, the ratio of buoyancy to viscous forces) and
the efficiency of convective heat transfer (defined by the
Nusselt number, Nu, the ratio of the total heat flux to the
conducted heat flux) [e.g., Schubert et al., 2001]. Rock
mantles tend to behave like fluids with strongly tempera-
ture-dependent viscosities, which operate in the stagnant-
lid regime when viscosity contrasts are large [Solomatov,
1995]. In this stagnant-lid regime, we use Nu = (0.31 +
0.22n)9% Raj 2 [Solomatov and Moresi, 2000], where n
is the exponent of the deviatoric stress in the flow law
(e.g., n=1 for Newtonian fluids), and 6 is the natural
logarithm of the viscosity contrast across the layer. While

Table 3. Model Parameters

Parameter Symbol Value Units
Heat capacity of mantle Cm 1149 J/(kg K)
Heat capacity of core Ce 800 J/(kg K)
Ice-rock interface temperature T; 275 K
Initial mantle temperature T.0 1800 K
Initial CMB temperature T.o 2000 K
Mantle thermal expansivity , 3x107° K
Mantle thermal diffusivity K 1x10°¢ m?/s
Mantle thermal conductivity k 4 W/(m K)
Ductile creep viscosity constant A* 2% 10" 1/s
Rigidity of mantle " 8 x 10" Pa
Ductile creep stress exponent n 3 -
Ductile creep activation energy E, 43 x 10° J/mol
Ductile creep activation volume 4 1.5 x 107° m®/mol
Iron heat of fusion L 2.5 x 10° Jkg
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we do not a priori rule out that some sort of lithospheric
recycling has occurred on Ganymede, this analysis focuses
solely on stagnant-lid mantle convection. This approach
allows us to concentrate the present study on the effects of
sulfur composition on core evolution and magnetic field
generation.

[16] The model of Ganymede’s thermal evolution
involves solving the conservation of energy equation as
a function of time

d(T)
dt

(R~ 1) [ - a0 NP — st k). 9

where the time rate of change of heat in the rock mantle is
equal to the difference of the heat lost at the rock surface
and input at the CMB as a function of the radius of the
rock-ice interface and of the CMB, R, and R, respectively,
radiogenic heat generation, H, average mantle temperature
T,,, mantle density, p,,, heat capacity, ¢,,, and the rock-ice
interface and core heat fluxes, ¢,, and ¢.. The solution is
parameterized via the Ra-Nu relationship that relates
mantle temperatures to heat loss for a convecting mantle
with internal heating, a cooling (and possibly solidifying)
core, and a growing mantle lithosphere. Core cooling, the
latent heat of freezing, and the gravitational energy re-
leased upon inner core growth follows equations (3)—(7)
of Stevenson et al. [1983], though we utilize the Fe-FeS
melting relationships previously described and an expres-
sion for the gravitational energy release as a function of
bulk core sulfur content and the relative size of the inner
core [Schubert et al., 1988, equation (13)]. Convection
within the ice layer is not modeled, instead the ice-silicate
interface is assumed to be isothermal. Transfer of heat
through the high viscosity rock mantle is the bottleneck to
heat loss, not the lower viscosity icy layer, which argues
that for the purposes of investigating processes in the core,
this is a reasonable assumption.

[17] The abundance of heat-producing elements is also
unconstrained, but a CI chondritic composition may be a
reasonable starting assumption. We also investigate the
effects of heat-production compositions that are one half
and twice the CI chondritic concentrations of U, Th, and K
in order to investigate a plausible range. Recent structural
models using equations of state and physical properties of
likely icy satellite constituents as potential constraints
suggest that a bulk composition similar to L or LL chon-
drites may be representative of Ganymede’s non-ice interior
[Kuskov and Kronrod, 2001]; such a composition fits within
our range. As the timing of differentiation or any tidal
heating due to passage through and capture into resonances
[Showman et al., 1997] is uncertain, our initial models start
with a fully differentiated planet at ~4.5 Ga [Kirk and
Stevenson, 1987]; yet we recognize that this state may have
been reached at a more recent epoch. We assume that the
viscosity of the silicate layer can be approximated by that of
a wet, non-Newtonian, pressure- and temperature-depen-
dent, olivine rheology [Karato and Wu, 1993]:

n—1
TG E+PV
= 3mAg (E) xp ( ResT ) (©)

n
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Equation (6) describes the implemented power law
constitutive relationship for viscosity, which depends on
rigidity (p), and an experimentally determined constant, 4*,
and exponentially on temperature, pressure, activation
energy (£) and activation volume (V), and the gas constant
(Rgas)- Rock mantle viscosity is non-linear and depends on
the driving stress (o) with a power law exponent of n. The
numerical prefactor is the necessary geometric proportion-
ality factor that relates the equivalent stress measured in
experiments with the driving stress of mantle convection
[Ranalli, 1995]. Relevant model outputs include character-
istic mantle and core-mantle boundary temperatures, heat
fluxes, boundary layer thicknesses, as well as the location of
the boundary between pure liquids and regions that may
contain solid precipitates (e.g., the size of the inner core).
Additional details of the implementation of the basic
thermal evolution calculations are also described by Hauck
and Phillips [2002] and Hauck et al. [2004].

3. Results

[18] On the basis of three-layer internal structure models
similar to those presented in Figure 1, but with a wide range
of bulk core sulfur contents, we calculate a suite of models
of the thermal and physical state of Ganymede in order to
understand the potential implications of the melting behav-
ior of Fe-FeS alloys at modest pressures for the evolution
and current state of the satellite’s interior as well as
generation of its magnetic field. In particular, we focus first
on outlining the full-range of possible physical states for the
core (e.g., all liquid, Fe-snow, etc.) as a function of
temperature and composition. Then we apply this knowl-
edge to parameterized models of Ganymede’s evolution in
order to understand which physical state(s) might be most
relevant to the current state of the satellite.

3.1. Core States

[19] Using the results from the three-layer structural
models we developed (e.g., Figure 1) as input, we calculate
the phase and composition at 300 locations in the outer core
as a function of temperature. Figure 4 illustrates the results
of a typical model run where the composition of the core
is indicated as a function of normalized core radius (R/R.)
and core-mantle boundary temperature. This model has a
bulk core sulfur content of 10 wt %, R. = 651 km, p,, =
3100 kg m >, p; = 1000 kg m~>, R,, = 1982 km, and
pressures range from approximately 5.8—8.0 GPa in the core.
At high temperatures, above the melting point of the 10 wt %
S alloy, the entire core is molten. The first solids are stable at a
1.5 =~ 1650 K and form shallowly below the CMB. The
short-dashed line in Figure 4a indicates the stability bound-
ary, above the line Fe-snow can form, below the line only
liquid is stable. However, because of the relatively higher
density of the solid Fe-snow, as compared to the surrounding
liquid, it falls deeper into the core where it remelts, which sets
up the modest compositional stratification of decreasing
sulfur content with depth. Thus the contour shading in
Figure 4a indicates that the deeper portion of the core has
less sulfur than the bulk sulfur content of 10 wt %. At CMB
temperatures less than about 1635 K, Fe-snow is still
stable at shallow levels, but the relatively higher Fe
contents (and hence higher melting temperatures) deeper in
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