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Introduction:  Ganymede and Callisto, the largest 

moons of Jupiter, pose challenges to our understanding 
of planetary differentiation in the solar system (Fig. 1). 
Similar in size and mean density, the two icy moons 
exhibit distinct surface features, indicating remarkably 
different internal dynamics and evolution history [1]. 
Equally intriguing is the presence of an internal ocean 
beneath the icy crust of Callisto, which is commonly 
perceived as a “dead” body [2]. Various models have 
been proposed to explain the divergent paths of evolu-
tion between Ganymede and Callisto, and to reconcile 
melting inside Callisto with its undifferentiated 
icy/rocky core. Still missing are relevant data to test 
hypotheses that account for the Ganymede-Callisto 
dichotomy and Callisto’s internal ocean. 

Thermal conductivity plays a fundamental role in 
the evolution history of a planetary body. In Callisto, a 
considerable fraction of H2O may exist in the form of 
cubic ice VII or VIII between ~800 km depth (P ~2 
GPa) and the center (P ~7 GPa) [3]. To date only one 
study reported the thermal conductivity of ice VII and 
VIII between 2.0 and 2.4 GPa and under cryogenic 
temperature conditions [4]. Data at higher pressures 
are not available because of experimental difficulties. 
As a result, current thermal models have not taken into 
account the effect of pressure on the thermal conduc-
tivity of water ices [3]. 

 

 
Figure 1 Cartoons showing the internal structures of 

Ganymede and Callisto. 
 
Here we investigate the thermal conductivity of  

compressed H2O at 300 K using a novel approach that 
combines the Time Domain Thermo-Reflectance 
(TDTR) method [5] with the diamond anvil cell (DAC) 

technique. These results bear on the thermal evolution 
and chemical differentiation of the Galilean moons. 

Experimental Methods:  Experiments were car-
ried out at the Department of Geology and Department 
of Materials Science and Engineering, University of 
Illinois. A symmetric DAC with culet size of ~ 600 µm 
and stainless steel gasket were used to compress H2O 
up to 20.2 GPa. Pressure was determined from ruby 
fluorescence. An 80 nm thick Al film, coated on a 20 
µm thick sheet of muscovite mica was loaded in the 
DAC and served as a transducer in the TDTR meas-
urements. The mica sheet acted as a substrate and a 
thermal insulating layer (Fig. 2). The output of a mode-
locked Ti:sapphire laser was split into a pump beam, 
which heats the surface of the Al film, and a probe 
beam, which subsequently examines the resulting 
changes in reflectivity due to changes in temperature 
of the Al film. The in-phase (Vin) and out-of-phase 
(Vout) components of the small variation of the reflected 
probe beam intensity were measured by a photodiode 
detector and radio frequency lock-in amplifier. 

 
Figure 2 Schematic drawing of the pump-probe meas-

urements of H2O in a diamond-anvil cell. A thin film of Al, 
coated on a thermally insulating sheet of mica, serves as a 
transducer that absorbs energy from the pump beam and 
enables temperature measurements through changes in its 
optical reflectivity. Ruby grains are used as the pressure 
marker. 

 
To extract information on the thermal conductivity 

of H2O, we compared the ratio Vin/Vout as a function of 
delay time between pump and probe beam to calcula-
tions using a thermal model that considers heat flow 
into H2O and the muscovite [6]. The pressure depend-
ent thermal conductivity of muscovite at room tem-
perature has been determined in a separate study [7]. 
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The heat capacity of ice VII is obtained by computing 
the vibrational spectra of compressed ice-VIII struc-
ture, which has been shown to have a similar vibra-
tional density of states as Ice-VII. The thermal conduc-
tivity of H2O is the only significant unknown in the 
thermal model.  

Results and Discussions:  We have determined the 
thermal conductivity of H2O at 300 K up to 20 GPa. 
Within uncertainties, our results match well with the 
standard reference values of liquid water at 300 K, and 
with the known values of ice VI (Table 1). Moreover, 
our data confirm that the thermal conductivity of H2O 
nearly doubles upon the transition from ice VI to VII, 
approaching that of olivine, a major silicate phase in 
the rock portion. 
 

Table 1 Thermal conductivity of H2O ices at 300 K. 
 

Phase P (GPa) k (W/m-K) Source 

- (1) - 2.10 [3] 
VI (2) 1.0 1.55 [4] 
VI (3) 1.97 1.58 This study 
VII (2) 2.4 2.96 [4] 
VII (3) 2.45 3.50 This study 
VII (3) 10.54 8.72 This study 
VIII (2) 2.4 4.85 [4] 

-: Not specified; Uncertainties in P and k are estimated at 
2% and 10%, respectively. 
 

The large increase in the thermal conductivity (k) 
of H2O across the VI-VII boundary bears on the ther-
mal evolution of large icy moons and needs to be con-
sidered in the thermal models of Ganymede and Cal-
listo. Conduction and convection are the major mecha-
nisms for thermal transport in a planetary body. In the 
conductive regime, the steady-state heat flux (q) is 
described by Fourier’s law  

q = -k•(dT/dr) 
where dT/dr is the temperature gradient along the 

radius. In the convective regime, Rayleigh number 
(Ra) is a key parameter governing the onset and vigor 
of convection. Ra depends on material properties in-
cluding thermal conductivity k, density thermal expan-
sion coefficient, specific heat capacity and viscosity, 
and on external parameters such as the gravitational 
constant, layer thickness, and the temperature different 
between layer boundaries. Everything else being the 
same, Ra is proportional to k-1. 

We propose that highly conductive ice VII plays an 
critical role in creating the Ganymede-Callisto dichot-
omy and maintaining Callisto’s internal ocean. Rapid 
dissipation of internal heat through conduction keeps 

Callisto’s core in a frigid state, delays the onset of 
solid-state convection, and slows down cooling during 
the early ages of the moon. As the core heat accumu-
lates at shallower regions, an internal ocean forms near 
0.2 GPa, where the melting temperature of H2O 
reaches a minimum. For Ganymede, additional heat 
sources, arising from its higher rock–to-ice ratio and 
tidal interactions with Jupiter, leads to melting in the 
ice VII region (Fig. 3), and triggers run-away differen-
tiation. Testing this hypothesis requires more quantita-
tive modeling of the icy moons’ thermal histories. 

 

 
Figure 3 Hypothetical temperature profiles in Ganymede 

and Callisto, superimposed on the phase diagram of H2O. 
Ganymede reached a slightly higher temperature than Cal-
listo, sufficient to trigger melting and differentiation in the 
ice VII region. 
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