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Introduction: Ice grain size controls the 
geodynamic evolution of the ice I shells of large to 
mid-sized icy satellites.  Grain size controls the 
viscosity of ice [1,2], and thus, the heat flux from the 
outer ice I shell by controlling the likelihood and 
efficiency of convection.  In addition, the rheology of 
ice controls the depth to the brittle/ductile transition, 
which is a key control on endogenic resurfacing.  In a 
satellite that experiences rapid tidal flexing (i.e., 
Europa), the ice grain size additionally controls the 
spatial distribution of tidal dissipation.   

Temperature, stress, and strain rate conditions in 
many terrestrial ice sheets (e.g., the West Antarctic 
and Greenland Ice Sheets) are similar to conditions 
expected within the outer ice I shells of large to 
midsized icy satellites [3,4].  Therefore, ice grain size 
measurements from terrestrial ice sheets may provide 
information about grain sizes expected within the 
satellites. 

Grain size within terrestrial ice sheets is 
controlled by both the concentrations of non-water-
ice impurities, and by dynamic recrystallization, 
where the average ice grain size is modified as strain 
accumulates.  We use measurements of grain size 
from the Greenland ice sheet to constrain grain size 
in the satellites to determine the conditions where 
convection can occur in the shells, and if convection 
occurs, what grain sizes are expected in the 
convecting sub-layer. 

Dynamic Recrystallization:  As ice flows, grains 
with a high dislocation density are absorbed by 
relatively dislocation-free grains in a process called 
migration recrystallization or grain boundary 
migration.  In addition, heterogeneous deformation 
within ice grains leads to the formation of new grain 
boundaries in a process called rotation 
recrystallization.  These processes are collectively 
referred to as dynamic recrystallization.    

Observations of recrystallized grain size in metals 
and ice suggest that the grain size (d) is proportional 
to stress (σ) as d ~ Aσ–m where m~1 [5].  Models of 
recrystallized grain size suggest that grain size is 
related to stress as [6]  
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where K is a constant, b=4.52x10-10 m is Burger’s 
vector for ice [1], µ=3.5x109 Pa is the shear modulus, 
and m~1.25 [7].  Microphysical textures consistent 
with dynamic recrystallization and flow by grain 
boundary sliding (GBS) have been observed in the 
GRIP ice core obtained from the Greenland Ice Sheet 
[1,3,8]. The strain rate from GBS is weakly stress- 
and grain size-dependent: 
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where Agbs=6.2x10-14 Pa-1.8 m1.4 s-1, n=1.8 is the stress 
exponent, p=1.4 is the grain size exponent, Q*

gbs=49 
kJ/mol is the activation energy, R is the gas constant, 
and T is temperature [1,2].  If the expression for 
recrystallized grain size (Eq. 1) is substituted into the 
ice flow law for GBS, the recrystallized grain size is 
related to the temperature and strain rate as 

! 

d = (bKµm
)
(1"mp / n' )

Agbs

˙ # 

$ 

% 
& 

' 

( 
) 

m / n'

exp
"mQgbs

*

n'RT

$ 

% 

& 
& 

' 

( 

) 
) ,  (3) 

where n’=n+mp=3.55.  Given the measured 
rheological properties of ice, the only unknowns in 
equation (3) are the strain rate, and the constant K 
(which is typically ~10 [6]).  We compute a value of 
K = 17.8 by fitting the measured grain size values 
from the GRIP ice core to Eq. (3), using the strain 
rate model from [3] and references therein.   

Implications for the Icy Satellites: When can 
convection occur?  To achieve grain sizes predicted 
by dynamic recrystallization, the ice has to have 
experienced significant strain.  If convection is not 
occurring in an ice shell, other processes such as 
normal grain growth, the presence of non-water-ice 
impurities, and phase transitions will control the ice 
grain size.  Therefore, we are not able to use 
estimates of ice grain size to refine the conditions 
required for convection to start from a conductive 
equilibrium in an ice I shell, nor are we able to 
determine the ice grain size in the stagnant lid of a 
convecting ice shell. However, we are able to judge 
whether convection may continue in an ice shell 
where grain size in the convecting sub-layer has 
evolved by dynamic recrystallization. 

If ice grain sizes are dictated by Eq. (3), the flow 
law governing deformation in the ice I shells is 
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which is equivalent to a non-Newtonian flow law for 
ice with the apparent stress exponent (n+mp) and an 
adjusted pre-exponential constant [cf. 7].   

Convection can occur if the Rayleigh number at 
the base of the convecting shell exceeds the 
minimum Rayleigh number where convection is 
permitted in the shell.  We numerically determine the 
critical Rayleigh number using the method described 
by [9], which uses a temperature-linearized flow law 
to find (Racr) for Newtonian and non-Newtonian 
fluids.  The actual critical Rayleigh number for 
convection may be higher by a factor of ~2 if a true 
Arrhenius temperature dependence is used, which 
would increase the values of critical ice shell 
thickness.   
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For the rheology described by Eq. (4), the 
minimum critical Rayleigh number ranges from 
1.7x103 for Ts=45 K to 4.8 x 102 for Ts=130 K.  The 
implied critical ice shell thickness where convection 
can occur (Dcr) (see [10] for discussion), ranges from 
142 km for Ts=45 K to 82 km for Ts=130 K, 
assuming physical parameters similar to Europa 
(ρ=930 kg/m3, κ=10-6 m2/s, α=10-4 K-1, g=1.3 m/s2, 
and Tm=260 Κ). Figure 1 illustrates the variation in 
critical Rayleigh number and the minimum ice shell 
thickness where convection is permitted as a function 
of surface temperature. The critical ice shell 
thicknesses are close to the maximum permitted ice 
shell thickness for polar temperatures. 

What is the grain size in a convecting ice shell?  If 
the ice grain size in the shell evolves to values 
consistent with dynamic recrystallization in the 
absence of impurities that prevent grain growth, 
convection in the satellites’ ice shells is sluggish and 
the low strain rates promote large grains.  Figure 2 
illustrates grain size as a function of depth and 
position in a convecting ice shell with Ts=145 K 
(Callisto-like) and Tm=260 K.  Note the regions of 
low convective strain and relatively large grains. 

Discussion:  If ice grain sizes in the convecting 
sub-layers of ice shells evolve to equilibrium values 
due to dynamic recrystallization, convection becomes 
very sluggish and may in fact cease over time.  
Therefore, the presence of non-water-ice materials 
may be crucial to sustaining convection in the 
satellites. For Europa, tidal flexing today provides a 
relatively large, fluctuating background stress (of 
order 0.1 MPa) that must be considered as well [12]. 
In this case, Eq. (1) implies a self-regulated grain size 
of ~4 mm. 

Here, we have presented one of several 
hypotheses regarding recrystallized grain size.  
Durham and Stern [2], based on [11], suggest that ice 
grain size self-regulates so that the strain rate from 
GBS and dislocation creep are equal.  This alternate 
model implies more stringent requirements on the 
shell thickness for convection — conditions that may 
rule out convection if this equilibrium state is 
reached.   
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Figure 1. (left) Critical Rayleigh number for convection in 
ice with an apparent stress exponent n’=3.55 and Q*=49 
kJ/mol as a function of Ts for Tm=260 K.  (right) Minimum 
shell thickness for convection using Europa-like parameters 
appropriate for a large to mid-sized icy satellite.  Dashed 
line indicates K=17.8 (value obtained from GRIP core), 
and solid lines show K=10 (bottom line), 15, 20, 25, 30 
(top line).   

 
Figure 2.  Top panel shows the numerically-determined 
convective temperature field in an ice I shell with grain size 
due to dynamic recrystallization.  Bottom panel shows the 
ice grain size in log-meters, where white values indicate 
10s of cm and green/cyan values indicate cm.  In the 
absence of impurities to limit grain growth, convection in 
the ice shells becomes sluggish as the grain size evolves 
due to dynamic recrystallization, and convection may cease 
over time. 
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