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What is ice sintering? 

Ice sintering is a form of frost metamorphism whereby contacting grains 
diffuse together over time. 

à microstructural evolution of snow 
•  porosity 
•  thermal conductivity 
•  strength 
•  frictional properties 

How does this affect interpretation of remote sensing data? 
How does this affect spacecraft or sample system design? 
How does sintering interact with other surface processes?  

(This process happens in different regimes, focus here is on pressure-less sintering.) 



Sintering Model 

STAGE 1: Neck growth and densification occur. Grains are distinguishable. 
 
STAGE 2: Isolated, spherical pores disappear during final densification. 

 àThis part of the model does not behave well for ice. 

Ice sintering is a form of frost metamorphism whereby contacting 
grains diffuse together over time.  



Sintering Model 

Ice sintering is a form of frost metamorphism whereby contacting 
grains diffuse together over time. 

STAGE 1: Neck growth and densification occur. Grains are distinguishable. 
 
Most of the modification occurs in Stage 1. Ends when the neck is ~60% of 
grain diameter, pores begin to close off and are approaching sort of spherical. 



Fig. 1. Metamorphism of a granular material into a slab containing quasi-spherical pores. The insert in the bottom part of the figure [adapted from Swin
and Ashby (1981)] illustrates the microphysical processes involved in pressureless sintering. When the expressions for the growth of the neck radiu
Swinkels and Ashby (1981) are applied to the volatile ices considered in this paper, the evaporation-and-condensation mechanism dominates, with
at a rate given by Eq. (1), in which the radii of curvature are equal to K 3 = 2/a and K m = 1/ρ
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where, in addition to the symbols defined above, � is the
�o is the initial porosity, C � �o/( �o − � ) , r is

the grain radius, Dv and Db are the volume (lattice) and
grain boundary diffusivities, respectively, and δb is the grain
boundary width. The above expression only applies to the
so-called initial stage of densification when � > 0.1. In the
final stage of densification (� < 0.1), the pore space is rep-
resented as isolated spherical pores and the rate of densifica-
tion is given by the expression
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obstructed by the formation of “air bubbles”). However, the
presence of an inert gas (nitrogen) must be considered in a
methane frost on Triton and Pluto. In this paper, Eqs. (2a)
and (2b) will be applied for
tively, thus ignoring that strictly-speaking the derivation of
Eq. (2a) assumes that the pore space is interconnected [fu-
ture research should explore the impact of using Eq. (2b)
regardless of the value of
importance compared with the much larger errors caused by
the uncertainties in the material parameters.
The proposed texture is consistent with what is known

about the state of seasonal deposits both on Triton and
on Pluto (and most likely Io as well). In particular, the
bright and blue appearance of the equatorial collar on Tri-
ton (McEwen, 1990) suggests that the seasonal N
are not fully dense everywhere [on Mars, this conclusion is
supported by the finding that the mean density of the sea-
sonal CO2

Sintering Model 

Modification is driven by six surface, volume, and grain-boundary diffusion mechanisms 
that contribute to neck (contact) growth and densification (decrease in interparticle distance).  

densification neck growth 



Fig. 1. Metamorphism of a granular material into a slab containing quasi-spherical pores. The insert in the bottom part of the figure [adapted from Swin
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where, in addition to the symbols defined above, � is the
�o is the initial porosity, C � �o/( �o − � ) , r is

the grain radius, Dv and Db are the volume (lattice) and
grain boundary diffusivities, respectively, and δb is the grain
boundary width. The above expression only applies to the
so-called initial stage of densification when � > 0.1. In the
final stage of densification (� < 0.1), the pore space is rep-
resented as isolated spherical pores and the rate of densifica-
tion is given by the expression

18
�
6

1/3Dv

r 2
2γ
r

6
�

1/3
− pi

Ω
kT

(2b)+ 9
δbDb
3

2γ 6 1/3
− pi

Ω
,

obstructed by the formation of “air bubbles”). However, the
presence of an inert gas (nitrogen) must be considered in a
methane frost on Triton and Pluto. In this paper, Eqs. (2a)
and (2b) will be applied for
tively, thus ignoring that strictly-speaking the derivation of
Eq. (2a) assumes that the pore space is interconnected [fu-
ture research should explore the impact of using Eq. (2b)
regardless of the value of
importance compared with the much larger errors caused by
the uncertainties in the material parameters.
The proposed texture is consistent with what is known

about the state of seasonal deposits both on Triton and
on Pluto (and most likely Io as well). In particular, the
bright and blue appearance of the equatorial collar on Tri-
ton (McEwen, 1990) suggests that the seasonal N
are not fully dense everywhere [on Mars, this conclusion is
supported by the finding that the mean density of the sea-
sonal CO2 deposits is less than the theoretical density of
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Sintering Model 

Modification is driven by six surface, volume, and grain-boundary diffusion mechanisms 
that contribute to neck (contact) growth and densification (decrease in interparticle distance).  



Because I know you’re going to ask… 

There are several factors not yet included in the model: 
 
•  Salts  
•  Radiation 
•  Crystallization of amorphous ice 
•  Diurnal/Seasonal thermal cycles 
•  Overburden pressure 
•  Interaction with other surface processes 
  
 
These results are likely upper limits on timescales, as most of the above will enhance 
sintering rates. The first step is to robustly validate the model experimentally (working on 
this now) before adding more complications. 
 
 



Sintering on Europa 

Significant neck growth occurs over Europa’s surface age, but no substantial densification, 
suggesting that Europa’s surface regolith may form a porous crust. This crust is fairly 
strong, with a crushing strength on the order of 100s of kPa. 

For 30 µm grains at 130 K with the density of fresh snow: 	



Sintering on Europa 

Sintering timescales are extremely 
sensitive to grain size.	 Large grains will 
only be partially sintered over Europa’s 
surface age. 
 
30 µm   –   108 / 104 years (full / 50%) 



Sintering on Ocean Worlds 

Conclusions: 
 
S i n t e r i n g t i m e s c a l e s i n c re a s e 
exponentially with grain size and 
temperature. 
 
“Snow” on icy satellites does sinter, 
but does not become more dense. 
 
 
To discuss this week–  
•  How will this process effect a drilling 

system?  
•  What do we need to know? (e.g., surface 

strength, porosity, thermal conductivity) 
•  Am I missing other factors that are 

important in this context? I can address 
any sintering questions/challenges over 
time if we identify what they are. 


