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Introduction:  
  Size of planetary and satellite’s body should exhibit 
temporal variation reflecting the thermal and dynam-
ical evolution of the interior so that if we can retrieve 
history of the size correctly we can trace the evolution 
of invisible interior. Up to now several origins result-
ing in the change of the size (volume) have been pro-
posed and evaluated as follow;  
1) change in internal temperature distribution (thermal 
evolution) via thermal expansion[1],  
2) positional change of the phase boundary such as 
melting/solidification. In general phase change is asso-
ciated with volume change.  
3) differentiation and formation/destruction of layered 
structure,  
4) chemical reaction between constituent materials 
such as hydration/dehydration,  
and  5) compaction process of composite aggregates.   
  Particularly in the case of icy satellites all of these 
factors are expected to be plausible to make the volu-
me to change largely. For example the thermal expan-
sions of various ice phases are larger than those of sili-
cate materials.(5×10-5 vs  2.4×10-5 ). There exist sev-
eral high pressure phases of H2O ice in moderate pres-
sure range where the interior of most icy satellite exist.    
These phase changes are associated with the volume 
change of over several percent. Furthermore melt-
ing/solidification of Ice-I are associated with large 
amount of the volume change. Because of these icy 
satellites are expected to exhibit fairly large amount of 
volume change during the course of the evolution.   
 Many researches have been conducted. [1,2]. Alt-
hough change of the size(volume) is a simply- derived 
parameter its quantitative evaluation is not so simple. 
Many researches have focused instead resultant surface 
stress field, which is responsible for creating various 
recognizable surface features. Progress of solidifica-
tion of the internal ocean such as in Europa by secular 
cooling is expected to increase volume/internal pres-
sure, which form tensional crackings [3,4]  
 In this presentation we focus on the formation of sur-
face stress field associated with volume changes in 
Ganymede. To evaluate this thermal evolution in the 
ice mantle is a key because of higher thermal expan-
sion and existence of plural phase transitions of ice 
having large volume change. Here we utilized mixing 
length theory approach to evaluate detailed thermal 
model including thermal boundary layer. 
  
 

 
Method 
 The thermal model: Model:  
 We consider thermal evolution of Ganymede to evalu-
ate volume change. The basic structural model is a 
differentiated model given by Sohl et al (2002). [5] 
The heat source is decay of long-lived radiogenic ele-
ments in the core with chondritic abundance. The heat 
transport in the core is conduction and that in the icy 
mantle is evaluated by the mixing length theory fol-
lowing Kimura et al (2009). [6] 
 The heat transport equation is  
 

 
 ,where kc is the thermal diffusion coefficient of ice, 
(∂T/∂r)s is the adiabatic temperature gradient, kv is 
effective eddy diffusivity and the first and second 
terms on the right-hand side represent conductive and 
convective fluxes.  The kv is given as follows: 

 
 where l is the mixing length,αis thermal expansivity, 
g is the gravitational acceleration, and 𝜈 is the local 
kinematic viscosity. Since ice has temperature-
dependent viscosity we model 𝜈  as a function of frac-
tional temperature to the local melting point of ice 
phase.  
  The heat transfer equation of core is     
 
  
 
 ,where kcore is the thermal diffusion coefficient of core, 
Q is the heat production rate due to radioactive element, 
and Cp is the core specific heat. 
 
Result: 
Thermal evolution: Fig. 1 is the result of thermal 
evolution. Since we want to evaluate how successive 
phase transitions changes the volume in this model 
calculation the initial temperature was given as the 
adiabatic gradient passing the triple point of Ice I-
liquid-Ice II. The representative phase-profile is Ice I – 
Ice II – Ice V – Ice VI from the surface.Since the phase 
boundary I to II is positive gradient with T while that II 
to V is negative gradient, the contribution of volume 
change associated with the temperature change is   

kv =
0 if ∂T

∂r
− ∂T

∂r
⎛
⎝⎜

⎞
⎠⎟ ad

⎛
⎝⎜

⎞
⎠⎟
> 0

αgl 4

18ν
∂T
∂r

− ∂T
∂r

⎛
⎝⎜

⎞
⎠⎟ ad

⎛
⎝⎜

⎞
⎠⎟

if ∂T
∂r

− ∂T
∂r

⎛
⎝⎜

⎞
⎠⎟ ad

⎛
⎝⎜

⎞
⎠⎟
< 0

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

∂T
∂t

= 1
r2

∂
∂r

r2kcore
∂T
∂r

⎛
⎝⎜

⎞
⎠⎟ +

Q
Cp

∂T
∂t

= 1
r2

∂
∂r

r2kc
∂T
∂x

+ r2kv
∂T
∂r

− ∂T
∂r

⎛
⎝⎜

⎞
⎠⎟ ad

⎡

⎣
⎢

⎤

⎦
⎥

⎛
⎝⎜

⎞
⎠⎟

1848.pdf47th Lunar and Planetary Science Conference (2016)



opposite between two cases.The rise and fall tempera-
ture distribution near the the phase boundary I to II 
after t = 1Gyr is expected to  large amount of volume 
change (about 0.1~1% of the present Ganymede vol-
ume)  

 
Figure 1: the thermal history of Ganymede 
 
The Surface Stress:  
  D. L. Turcotte (1983) exmined about the tangential 
stress due to the interior volume expansion.[7]    
The equation of  the average tangential stress in the 
lithosphere is given follows:                           

   
   ,where Te(t), is the temperature of the lower thermal 
boundary, 𝛿𝑇! 𝑡  is the mean temperature in the fuild 
core. The first term of umerator represents the effect of 
thermal expansion in the thermoelastic part. The 
second term represents the effect of excess pressure. 
  In case of Ganymede(Fig. 2), we mainly treat the the 
volume expansion ice mantle in order to simplify. (the 
volume of core is much smaller than core, furthermore 
the uncertainly of metal core is difficult to discuss 
about the effect of volume expansion.) 

  
Figure 2 :Conceptual diagram of volume expansion 

 
 We estimate the tangential stress due to the thermal 
expansion of ice by using the equation.(Fig.3)         

 
Figure 3: The tangential stress due to the thermal 
expansion. 
 
Discussion:  
 We estimated the total volume change of ice mantle  
between initial temperature and present temperature 
distribution. (about -0.1% of the precent Ganymede 
volume)  
 Although total amount of volume changes due to Ice 
I-II phase change is contraction, we need to discuss 
about the volume change.(mentioned in the result sec-
tion) According to the Figure 3, the large amount of 
thermal expansion had not been occurring after 0.5Gyr. 
The results indicates that the effect of phase changes 
may be larger than thermal expansion relatively after 
0.5Gyr. 
 Because the phase change of I-II has been occurring in 
thermoelastic lithosphere, we may need to improve the  
present scheme and consider volume expansion of lith-
osphere in order to estimate the effect of phase change. 
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