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Introduction: Ice sintering is a form of frost met-

amorphism whereby adjacent grains adhere together 
and experience the diffusion of material into their con-
tact regions. This causes growth of the “necks” be-
tween grains and densification of the aggregate over 
time, resulting in the evolution of the strength, thermal 
conductivity, and pore size and shape of the sintered 
ice. Recent focus on understanding ocean worlds, the 
planned exploration of Europa by NASA’s Europa 
Clipper mission, and the possibility of future lander 
and orbiter missions to Europa, Enceladus, and Titan 
have driven keen interest in characterizing the surfaces 
of these bodies at small scales. Not only do their mi-
crostructural surface properties have critical implica-
tions for the interpretation of remote sensing data, in-
situ exploration of these worlds requires knowledge of 
surface strength, roughness, and porosity in order to 
develop appropriate spacecraft landing systems. Un-
derstanding the sintering process is crucial to charac-
terizing the microstructural properties of ice on plane-
tary surfaces, and quantifying its contribution to land-
scape evolution. 

Sintering has been studied extensively in terrestrial 
environments [e.g., 1-4], however most of this research 
focuses on in-situ characterization of snow and glacial 
ice. This makes the body of research challenging to 
apply in a planetary context, where ice has not been 
subjected to the same thermal and atmospheric condi-
tions present on Earth. In spite of the cold tempera-
tures, the limited work available on ice sintering on 
other bodies suggests that it is a sigificant process 
throughout the solar system. For example, modeling of 
nitrogen ice sintering on Triton found that non-porous 
ice slabs could form over seasonal timescales, con-
sistent with telescope observations of absorption fea-
tures [5]. Similar features were also explained by sin-
tering on Mars and Pluto [6, 7]. Modeling studies of 
comets [8-10] paired with spacecraft data have found 
that sintering can significantly affect the strength and 
thermal conductivity of their surfaces, and another 
study suggests that neck growth from radiation-driven 
diffusion can explain the thermal anomalies observed 
on Mimas and Tethys [11]. Sintering rates on these 
bodies vary with surface temperature and grain size. 
Composition also plays a key role, as rates increase 
with homologous (absolute/melting) temperature, sug-
gesting that, e.g., water and nitrogen ice evolve on very 
different timescales.  

We model pressureless (no over-burden) ice sinter-
ing of aggregates of spherical water-ice grains of vary-
ing diameters and temperatures to obtain a first-order 
estimate of their sintering timescales. We will validate 

our results using laboratory measurements of sintering 
rates on Earth, and explore the implications for the 
surface evolution of Europa, Enceladus, Mars, and 
other planetary bodies.  

Model:  We will implement the model of Swinkels 
and Ashby (1981) [12] to estimate sintering timescales 
and densification rates on planetary surfaces. This 
model was developed to research sintering of metal 
powders, and has been well-validated in those applica-
tions [12, and references therein]. The same model was 
also used by [5-11] to quantify the sintering of ice, 
though it has never been validated experimentally for 
this material.  

Modification of spherical grains within an aggre-
gate is driven by surface, volume, and grain-boundary 
diffusion mechanisms (Fig 1) that contribute to either 
neck growth and/or densification (decrease in interpar-
ticle distance), with different mechanisms dominating 
at different stages of the process. The first stage is 
characterized by a period of rapid neck growth, which  
slows down as the pores become circular and the 
grains become indistinguishable. Some densification of 
the aggregate also occurs, but it is not dominant. This 
is followed by a densification stage, during which the 
aggregate resembles a solid slab of ice containing iso-
lated spherical pores, which occurs over a much longer 
time period.  

The rates of change of the neck size, interparticle 
distance, and aggregate density are proportional to the 
sum of the active diffusive currents at a given time. 
These are driven by differences in the surface curva-
ture along the length of the neck, and the dominant 
mechanism varies with temperature, neck size, grain 
size, and environment. In our application, the vapor 
transport diffusion mechanism is dominant during 
most of the sintering process. We refer the reader to 

 

 
Figure 1. Diffusion mechanisms in sintering grains. 

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 (a
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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 deposits is less than the theoretical density of
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Figure 4. Timescale to complete the first stage (neck 
growth) of the sintering process with temperature and 
grain size. 
 
Table 2 of [11] for a description of the rate equations. 
The key parameters are the temperature, and the sur-
face (2.2 x 10-13

  
to 1.4 x 10-8

  
m2/s) and volume (10-23

  

to 1.5 x 10-8 m2/s) diffusion coefficients, which are not 
well constrained for ice. Errors due to diffusion coef 
cients are within one order of magnitude. Results are 
presented in terms of relative neck size (neck 
size/grain radius), relative density (density of aggre-
gate/pure material), and homologous temperature 
(temperature/melting temperature).  

Preliminary Results: Laboratory measurements of 
ice sintering in the literature are limited, which pre-
sents a challenge to determining how accurately this 
model may reflect its behavior. Moreover, the sintering 
rates reported by existing studies are inconsistent with 
each other. Comparing model simulations three studies 
[2-4], we find that it most closely matches the data 
from Hobbs and Mason (1964) [3]. However, it pre-
dicts neck growth to be significantly slower than King-
ery and Berg (1955) [1] and significantly faster than 
Thomas et al. (1992) [2], in spite of the fact that both 
studies used comparable grain sizes at similar tempera-
tures. Unfortunately, few details are offered that might 
indicate why their measurements were so different. 
Thus, while the model qualitatively reproduces neck 
growth behavior and is perhaps quantitatively accurate 
+/- an order of magnitude, this highlights our lack of 
understanding of ice sintering in general and empha-
sizes the need for more laboratory studies on this topic.  
While imperfect, this model can be used to obtain a 
first order approximation of sintering timescales 
throughout the solar system. Since sintering rates vary 
exponentially with homologous temperature and grain 
size, these timescales will vary significantly across 

planetary surfaces. Figure 2 shows the timescales to 
complete the neck growth stage of the process. For 
example, we estimate the lower limit time for 10 µm 
ice grains at Europa at 130 K, its warmest daytime 
temperature, to be <1 Myr. However, grains that are 
larger may only have partially sintered over its 30 Myr 
surface age. Further, our results predict that no sub-
stantial densification (not shown) will occur over 30 
Myr, suggesting that ice regolith at Europa’s surface 
may form a cohesive but porous crust. This is a signifi-
cant finding, as the slow rate of densification relative 
to neck growth in ice contrasts strongly with the be-
havior of metals. A detailed exploration of the model’s 
inner workings will reveal that the way the model han-
dles the transition from the neck growth to densifica-
tion dominated sintering stages relies on this assump-
tion, suggesting it may underestimate total sintering 
timescales by several orders of magnitude.  

The warmest times of day drive the majority of sin-
tering, and thus surface ice will experience more time 
at higher temperatures than the layers beneath it. This 
suggests that decreasing sintering rates with depth may 
cause gradients in neck size, thermal conductivity, and 
other properties to develop in the near surface. Similar 
variations may exist at the surface due to topographic 
shadowing. Timescales will also vary with salt content, 
whos presence raises the homologous temperature of 
the ice. Other ices (e.g., N2) will have similar time-
scales to water ice at a given homologous temperature, 
but will vary slightly with the values of their diffusion 
coefficients.  

Future Work: Understanding the role that sinter-
ing plays in the microstructural evolution of ice is crit-
ical to characterizing planetary surfaces. We will use 
our model to estimate sintering timescales of ice on the 
surfaces of Europa, Enceladus, Mars, and other bodies 
throughout the solar system. We will quantify the ef-
fect of diurnal thermal cycling on neck growth and 
densification in the near-surface, and explore the im-
plications for their surface properties.  
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