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Introduction: Magnetic data gathered by the Galileo 
spacecraft [1] as well as images of the tectonically 
active surface [2,3] provide circumstantial evidence 
that a soft, probably liquid, layer may exist few kilo-
meters to few tens beneath the cold icy surface of Eu-
ropa. However, the thickness and the thermal state of 
the icy crust still remain poorly constrained. Uncer-
tainties mainly results from our misunderstanding of 
ice rheology at low stresses relevant for both convec-
tive and tidal deformations [4]. Several laboratory 
studies and field data analysis indicate that the flow 
law for deviatoric stresses lower than 0.1 MPa is asso-
ciated with a stress exponent of 2 and is grain-size 
sensitive [5,6]. These results can be questioned be-
cause of the long time needed to obtain reliable data. 
However, a clear indication of the decrease of the 
stress exponent (n<2) below 0.1 MPa is also found 
from the analysis of Earth's polar ice sheet field data 
[7]. 
 
Following the experimental works of [5], it has been 
commonly argued that the grain size within Europa's 
ice I shell should be small (less than 1 mm) for the ice 
shell to be convective [8, 9, 10]. However, such small 
grain sizes are incompatible with grain size measure-
ments along ice cores on Earth's polar cap [11, 7, 12], 
which experience stress and temperature conditions 
similar to ice within Europa's convective ice shell [4]. 
In order to accurately assess the grain size distribution 
within Europa's ice Ih shell, we propose to use the 
model of Montagnat and Duval [7], developed to in-
terpret grain size distribution along Arctic and 
Antarctic ice cores. The grain size distribution within 
the convective ice layer is computed from the tempera-
ture and strain rate fields obtained from numerical 
simulations of the tidally heated convective ice layer 
[4].  
Grain size controlling processes: Depending on tem-
perature and the stored energy within grains, several 
processes can control grain size in Europa's ice shell. 
During normal grain growth, the microstructure exhib-
its a uniform increase of size. The driving force arises 
from a reduction in the grain boundary free energy. In 
polar ice sheets, the driving force is typically between 
100 and 10 J.m-3 with grain sizes in the range of 1 to 
10 mm [13]. It is worth noting that crystals with a size 
larger than 100 mm were found in the deepest parts of 
East Antarctica [14]. The grain boundary migration 
rate is less than 10-14 m2.s-1 below -10oC; but, it can 
reach a value of about 10-8 m2.s-1 at the melting point 

[15]. During deformation, grain size is generally con-
trolled by dynamic recrystallization [16]. During con-
tinuous (or rotation) recrystallization, high-angle 
boundaries develop with the progressive misorienta-
tion of sub-boundaries produced by recovery processes 
[17]. With this recrystallization process, grain bounda-
ries migrate in the same low-velocity regime as the one 
associated with grain growth. The growth of grains is 
balanced by the formation of new grain boundaries [7]. 
This recrystallization regime is the main controlling 
grain size process in polar ice sheets [14], and it is 
adopted here. 
 
Within Europa's ice Ih shell, both tidal deformation 
and convection contribute to the total strain of ice Ih. 
However, though tidal strain rate is about two orders 
of magnitude above the convective strain rate [4], it is 
applied on short timescales, so that the cumulative 
strain on a half tidal cycle never exceeds 2.10-5. Cyclic 
loading mechanical tests [18, 19] show that no disloca-
tion generation is observed for such a low strain, at 
least for frequency higher than 10-4 s-1. Nevertheless, 
even though the viscoelastic response of ice to tidal 
forcing does not modify the population of dislocations, 
it is highly sensitive to the density of existing disloca-
tions within the ice crystal lattice. Like in the primary 
(or transient) creep [e. g., 20], the evolution of stress 
within cyclically loaded ice Ih is related to the storage 
of strain energy in the internal energy of the polycrys-
tals by rearranging the local field of stress around each 
grain [15]. During the first quarter of tidal cycle, the 
strain energy is progressively stored as the compres-
sive stress increases, and then, during the second quar-
ter, it is returned once the compressive stress de-
creases. The same process operates during the other 
half period, when the stress is tensile. The energy stor-
age and recovery are associated with the dislocation 
motions mainly on the basal plan, which explain the 
heterogeneity of the local stress field and its subse-
quent rearrangement [15]. Dissipation within the ice Ih 
is thus related to the mobility of dislocations and their 
friction with the crystal lattice during their short-range 
displacement created by the alternative compression 
and tension. These back and forth motions are unlikely 
to induce accumulation of dislocations within the crys-
tal, whereas the slow motions of dislocation related to 
convective strain should progressively accumulate 
dislocations, leading to the polygonization of the 
grains. 
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Simulated grain size distribution: The tempera-
ture and strain rate fields are computed with the 2D 
numerical code used and described in [4], from which 
the time evolution of grain size distribution is com-
puted using the physical model of [7]. Contrary to [4] 
where the Frank-Kamenetskii approximation was ap-
plied, here we adopt an Arrhenius law with possible 
variations of the activation energy close to the melting 
point in order to take into account the creep enhance-
ment owing to premelting [5,6]. It provides a better 
description of the viscosity variation in both hot and 
cold thermal boundary layers (TBL), which is essential 
to correctly assess the effective strain rate. The viscos-
ity of ice is assumed to be Newtonian and no grain size 
dependence is taken into account. The activation en-
ergy Ea is set to 50 kJ.mol-1, except for T>255K where 
it is set to 190 kJ.mol-1 if premelting effect is consid-
ered [5, 6]. 

.

 
Figure 1: Average grain size field obtained for the 

slower grain boundary migration rate as defined by [14] and 
when creep enhancement is considered at T>255 K. 
 
Fig. 1 represents a snapshot of the average grain size 
field, in the case where creep enhancement at T>255 K 
is taken into account, for a 20.5 km ice shell and a ref-
erence viscosity of 1.4x1014 Pa.s at T=255K, and an 
initial grain size of 10 mm. It shows that the grain size 
distribution is heterogeneous, reflecting a mixing of 
the strain rate and temperature distributions. The 
minimum average grain size (1 mm) is found in the 
cold TBL where the downwellings initiate. The aver-
age grain size also reaches a few millimeters at the 
base of the central hot plume, but can exceed few cen-
timeters in the wings of the plume. Note that the grain 
size is not affected by thermal instabilities in the con-
ductive stagnant lid. 
 
Fig. 2 shows the corresponding mean profile (solid 
black curve) as well as other profiles obtained for dif-
ferent assumption on viscosity and grain boundary 
migration (GBM). Two extreme assumptions on grain 
boundary migration rate as defined by [14] have been 
used.  Variations of these values modify the mean 

grain size value, but do significantly the lateral and 
depth variations. On the other hand, when the creep 
enhancement at high temperature is not considered, the 
effective strain rate strongly reduces in the hot plume, 
resulting in an increase of grain size above 4-5 mm. 
Alternatively, the grain size in the cold TBL remains 
identical, being even a little bit smaller due to a slight 
enhancement of the effective strain rate there.  
 

 
Figure 2: Horizontally averaged grain size profile obtained 
for slow (solid) or rapid (dashed) GBM rate and with (black) 
or without (grey) creep enhancement at T>255 K.  

 
Conclusions: Our simulations demonstrate that the 
grain size distribution in Europa’s ice shell is strongly 
heterogeneous with values ranging from 1 mm to sev-
eral centimeters. The smaller grain sizes are usually 
found at the base of the conductive lid where cold 
downwellings initiate and at the center of hot plumes. 
Even though the incorporation of impurities (salt min-
erals, dust etc.), which are not taken into account here, 
could slightly modified our present conclusion, ex-
tended areas with grain size smaller than 1 mm within 
Europa’s ice shell is physically unrealistic. Our de-
rived grain size distribution is in agreement with grain 
size distribution along terrestrial ice cores. As for polar 
ice on Earth, this supports the assumption of the pre-
ponderance of intracrystalline slip, accommodated by 
grain boundary migration associated with normal grain 
growth or rotation recrystallization. 
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