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The temperature-gradient metamorphism of snow: vapour
diffusion model and application to tomographic images
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ABSTRACT. A simple physical model describing the temperature-gradient metamorphism of snow is
presented. This model, based on Kelvin’s equation and Fick’s law, takes into account the local variation of
the saturating vapour pressure with temperature. It can determine locally whether the ice is condensing
or subliming, depending on both the pressure and temperature fields in the snow structure. This model
can also explain the formation of facets that occurs during the metamorphism. Using X-ray microtomo-
graphic images of snow samples obtained under low to moderate temperature-gradient conditions, this
model has been tested and compared to the reaction-limited model proposed in a previous work.

1. INTRODUCTION

Of the different types of metamorphism that may occur in
snow, the temperature-gradient (TG) metamorphism is prob-
ably the most interesting. Typically occurring on cold clear
nights, when the TG between the top and the bottom of the
snow layer is high, this metamorphism is characterized by
the formation of facets at the bottom of the grains while up-
per parts remain rounded (Yosida and others, 1955; Colbeck,
1983).

Despite significant interest from the snow and ice commu-
nity (see the introduction of Sommerfeld, 1983, for a detailed
review), TG metamorphism remains poorly understood. In
particular, two fundamental questions have not been fully
answered. First, what is the driving force for the matter
exchange in the ice matrix and what are the associated mech-
anisms? Second, what determines concretely whether well-
rounded or faceted shapes can appear?

These two questions were addressed and partly resolved
by Colbeck (1983) more than 20years ago, but the results
were based on two-dimensional (2-D) observations and very
simple approximations on the snow geometry. In our ap-
proach, we would like to take advantage of X-ray micro-
tomographic techniques and revisit these questions by using
high-resolution three-dimensional (3-D) images.

In a preceding work (Flin and others, 2007), we proposed a
3-D model based on the Langmuir—Knudsen equation imply-
ing that the matter exchange is limited by surface reaction
mechanisms. When applied to 3-D images of snow struc-
tures, this model gave realistic results. However, the main
mechanism is generally considered to be vapour diffusion in
the pore space.

In order to clarify the importance of the mechanisms in-
volved in the TG metamorphism, we now propose a new
model that assumes vapour diffusion in pore space as the
main limiting mechanism.

In the following, we first present a simple model that
estimates the matter fluxes in a snow sample submitted to
temperature gradients and address the faceting issue using
standard concepts of crystal growth. We then recall the TG
experiment and the X-ray microtomographic measurements
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that allowed us to produce 3-D images of the metamor-
phosed snow structures. Finally, we apply our model to some
of these snow images and compare the diffusion-limited re-
sults to the surface reaction-limited results obtained in our
previous paper (Flin and others, 2007).

2. PHYSICAL MODEL
2.1. Origin of the matter transfer inside snow

The basic idea behind this model is the same as presented
in Flin and others (2007): snow crystals grow (respectively
decrease) by the condensation (sublimation) of vapour on
their bottom (top) portions because they are colder (warmer)
than the surrounding air. In the present model, the main lim-
iting mechanism is considered to be the vapour diffusion
through the pore space, which is usually assumed in the lit-
erature (e.g. de Quervain, 1973; Colbeck, 1997; Legagneux
and Dominé, 2005).
We also make the following assumptions:

1. The latent heat is quickly removed through the highly
conductive ice (Colbeck, 1983).

2. The convection effects in the pore space are negligible
(Brun and Touvier, 1987; Kaempfer and others, 2005).

3. The temperature dependence of the diffusion coefficient
can be neglected.

4. Thermodiffusion effects can be neglected, according to
de Quervain (1963).

In order to quantify the matter transfer at the ice—pore inter-
face, we can express the incoming matter flux j (kgm™2s~")

on a point of the ice surface using Fick’s law:
j: —pvapDﬁc.ﬁ, (1)

where pyap, D and c are the density (kg m™3), diffusion coeffi-
cient (m? s~ ") and the concentration in number (mol mol~")
of water vapour close to the ice surface, respectively. ii rep-
resents the local outward normal vector on the ice interface
and V is the gradient operator.
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Fig. 1. Faceting model based on Kossel crystal explanation. Circles
and dots correspond to preferential sublimation and condensation
sites, respectively. (a) For convex shapes, condensation leads to
faceting while sublimation generates a rounding of the grains. (b) For
concave shapes, the reverse behaviour is observed.

Since both air and vapour can be considered as ideal
gases, Fick’s law can be rewritten as follows:

. PvapD = P) -
=— Vi{=].n, (2)
J pairR <T

where R is the universal gas constant (J mol~! K="y and pa; is
the density of air (kgm™>). P and T are the vapour pressure
and vapour temperature, respectively.

The matter flux j incoming to the ice surface depends on
the vapour-pressure and temperature fields, which are not
uniform in the considered snow volume. By computing these
fields, one can then use Equation (2) to obtain the local mat-
ter fluxes incoming to each point of the ice surface.

2.2. Faceting and rounding effects

To address the problem of grain faceting, we used a classical
atomistic approach based on the Terrace Ledge Kink (TLK)
or Kossel crystal model (Markov, 1995; Mutaftschiev, 2001).
The main results, initially presented by Knight (1966), are
summarized as follows (Fig. 1):

1. During the growth of a convex Kossel crystal (Table 1, a),
some sites (such as step or kink sites) are energetically
more likely to adsorb atoms than flat surfaces. This results
in a layer-by-layer process and a production of facets.

2. Conversely, the sublimation of such a convex crystal
(Table 1, b) will begin by removing the step and kink sites.
This will produce new kink and step sites, and finally lead
to an atomically rough surface, i.e. a macroscopically
rounded interface.

3. For concave crystals, the preferential adsorption
(Table 1, c) or removal (Table 1, d) of kink and step sites
will result in opposite behaviours to those obtained for
convex crystals.

The validity of Table 1 is confirmed by the following com-
mon observations.

1. ‘Negative’ faceted crystals have been obtained by subli-
mation of concave ice shapes by inserting a hypodermic
needle inside ice volumes and connecting it to a vacuum
(Knight and Knight, 1965; Furukawa and Kohata, 1993).
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Table 1. Surface aspect depending on the sign of both the incoming
flux j and the interface curvature C

Condensation (j > 0)  Sublimation (j < 0)

Convexity (C > 0)
Concavity (C < 0)

a. Faceting
c. Rounding

b. Rounding
d. Faceting

2. The isothermal metamorphism, which results only in con-

densation on concavities (Table 1b) and sublimation on
convexities (Table 1¢) due to Kelvin’s law, is characterized
by significant surface rounding.

As far as TG metamorphism is concerned, the situation
is more complex as the regimes presented in Table 1 can
operate at the same time. However, the sign of the flux j can
determine the faceting or the rounding of shapes depending
on the sign of the local curvature C (m~1") of the interface.
For a snow structure imaged in three dimensions, one can
compute the local incoming flux j with the help of Equa-
tion (2). It is then possible to check the aspect of the surface
depending on the sign of the computed flux.

In order to check the validity of our model, we submitted
snow to a temperature gradient and imaged the obtained
samples.

3. TEMPERATURE-GRADIENT METAMORPHISM
EXPERIMENT

3.1. Sample preparation

A 3 week experiment on TG metamorphism was run at Col de
Porte, French Alps, in order to provide precise microtomo-
graphic 3-D data for the validation of TG metamorphism
models.

Snow was sieved into a specially designed cool box, which
is able to generate several TGs in a single experiment. This
insulated cool box uses two thick copper plates to create a
quasi-vertical TG, whose values vary linearly in the horizon-
tal direction. A fluid circulation maintains the copper plates
at the desired temperature.

Temperature probes were used in order to monitor the tem-
perature at different points of the snow layer. The snow, with
density ~280kgm ™3, was submitted to a permanent tem-
perature gradient ranging from 3Km™' at one side of the
device to 16 Km ™" at the other side. After 3 weeks of exper-
iment at an average temperature of -3°C, samples 4cm in
diameter were cored and impregnated at -8°C with
1-chloronaphthalene. The cold room was then set to -25°C
in order to completely freeze the samples and allow further
machining. Smaller cores 9 mm in diameter were then ex-
tracted with a precision hole-saw, sealed inside thin PMMA
boxes and kept ready for tomography acquisition at -50°C.

3.2. Image obtention

Three-dimensional images of snow samples were obtained
at the ID19 beamline of the European Synchrotron Radia-
tion Facility (ESRF), Grenoble, France, by X-ray absorption
microtomography using a specially designed refrigerated cell
(Brzoska and others, 1999; Coléou and others, 2001). All
the images were obtained at 18 keV, with a voxel (volume
element) size of 4.91 um. The grey-level images obtained
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Fig. 2. Three-dimensional representations of a slightly faceted snow
sample imaged after 3 weeks of TG metamorphism (TG=3Km~1).
(a) Curvature map; (b) temperature field; and (c,d) computed incom-
ing matter fluxes for the diffusive (c) and reactive (d) models. Edge
size of the volume: 300 voxels ~3 mm.

were reconstructed at the ESRF and contoured using a semi-
automatic procedure.

To allow fast processing times for our image analysis al-
gorithms, the resolution of the 3-D images was reduced by
a factor of two in the three axes. In all the 3-D snow images
presented in this paper, one voxel therefore corresponds to
9.82 um. More information about core preparation and
image processing can be found in Flin and others (2003).

4. MODEL APPLICATION TO 3-D IMAGES

As shown in section 2, the sign of j implies the faceting or the
rounding of the shapes. We can therefore check the validity
of our faceting model using 3-D images.

We tested the model on two samples of metamorphosed
snow: a sample submitted to a TG of 3 Km™! (Fig. 2) and
another submitted to a TG of 16 Km™" (Fig. 3). To compute
j, we need to estimate both the pressure and the temperature
close to the ice—pore interface (Equation (2)).

4.1. Temperature field

Temperature maps (Figs 2b and 3b) can be obtained by mod-
elling the heat transfer into the 3-D snow structure. As men-
tioned in section 2.1, convection and latent-heat effects in
snow are negligible for the considered TGs. Consequently,
the temperature field was computed by considering only
conduction effects in both the ice and the pores of the snow
structure. This was accomplished using a finite volume
scheme (Patankar, 1980). Because of the large meshes used,
an iterative approach was employed.

The initial boundary conditions were fixed according to
the experimental measurements. The temperatures at the top
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Fig. 3. Same as Figure 2, but for a faceted snow sample imaged after
3 weeks of TG metamorphism (TG=16Km~).

and bottom of the 3-D images were estimated from the ex-
perimental temperature data by linear interpolation. For the
model validation, a cube of 3 x 3 x 3mm’ was extracted
from the centre of the wider (6 x 6 x 6 mm?) 3-D field ini-
tially obtained, in order to remove possible side effects.

4.2. Vapour-pressure field

Vapour-pressure maps can be obtained using an algorithm
recently developed by Brzoska and others (2008) for isother-
mal metamorphism. On the grain surface S the ice is locally
considered to be in equilibrium with the vapour, providing
a Dirichlet’s boundary condition to the vapour field:

Ve S, P(f) = Pa(C, T), 3)

where 7 is the position vector. Psai(C, T) is the local saturation
vapour pressure at temperature T for a surface of curvature
C (m™"). This quantity can be obtained by combining the
Kelvin and Clausius—Clapeyron laws to obtain

T—To
— +zmc)}, ()

Poat(C, T) = Py exp {% (Ahsub
where Py is the saturation vapour pressure for an infinite
plan at some temperature Ty, Ahgy, is the molar enthalpy of
sublimation (j mol™"), ~ is the surface tension of the interface
gm~2) and Q is the molar volume of ice  m™2).

Elsewhere, P should obey the stationary equation of diffu-
sion:

AP() = 0. (5)

If the temperature (see section 4.1) and curvature (Flin and
others, 2004) fields in the snow microstructure (Figs 2a and
b and 3a and b) are known and Equation (5) is solved, one
can obtain the vapour pressure map in the pore space of a
snow image.
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4.3. Results

Once both the temperature and vapour pressure fields are
computed, one can estimate the local matter fluxes at the
interface by digitizing Equation (2). The flux maps obtained
for the snow samples submitted to TG=3Km~' and
TG=16Km™" are presented in Figures 2c and 3c, respec-
tively. For each snow sample, the flux map obtained with
the present model (Figs 2c and 3c) is compared to the flux
map computed for a reaction-limited mechanism of effective
sticking coefficient a as modelled by Flin and others (2007)
(Figs 2d and 3d).

For a better visualization of the faceted shapes, all the im-
ages in Figures 2 and 3 are presented upside down. The top
(bottom) of the images corresponds to the lowest (highest)
and warmest (coolest) side of the physical sample. From both
of the diffusive and reactive flux maps, it is clear that, for
convex shapes, predicted condensation sites (j > 0, orange
colour) correspond to faceted zones while rounded forms are
defined by sites where j < 0 (sublimation, green colour).

5. CONCLUSION

A simple model describing the TG metamorphism of snow
has been presented. This model, similar to a previously de-
veloped model (Flin and others, 2007), takes into account
the local variation of the saturating vapour pressure with
temperature to explain the matter exchanges observed dur-
ing the TG metamorphism. In the present model, however,
vapour diffusion in the pore space is considered as the lim-
iting mechanism of the metamorphism.

The two models can determine locally whether the ice is
condensing or subliming, depending on both the pressure
and temperature fields in the snow volume. As in the pre-
viously proposed model, the diffusive model is consistent
with several observations (Yosida and others, 1955; Colbeck,
1983) suggesting that during the TG metamorphism grains
sublime at their top parts by generating rounded shapes while
their bottom parts grow into faceted shapes. More recent
time-lapse observations also support this interpretation (Sato
and Kamata, 2000; Adams and others, 2008).

By comparing the result of the vapour diffusion model with
those of the evaporation—condensation model, one can ob-
serve the following.

1. Asexpected, the main difference between the two models
is that the diffusive model is locally sensitive to the dis-
tance to vapour sources and sinks situated on the ice-
pore interface, whereas the evaporation—condensation
model does not take such distances into account.

2. The flux maps of both models are not significantly dif-
ferent. This probably means that the choice of the matter
transfer mechanism does not play a fundamental role in
the formation of the typical snow morphology obtained
under temperature gradients. The local temperature
gradients appearing in the snow microstructure, due to
strong differences in conductivities between the ice and
the pore space, seem to be the driving force of the TG
metamorphism.

3. Quantitative results obtained for the two models are close
for a value of a ranging from 1073 to 10~*. This value
is of the same order as other « values obtained by other
means (Libbrecht, 2003; Flin and others, 2007; Brzoska
and others, 2008). Is this estimated coefficient really a
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sticking coefficient, or is it in fact accounting for aver-
aged diffusive effects in the pore space? This can possibly
be answered by simulating the morphological evolution
of the snow structure with time. By providing a method
of computing the vapour fluxes incoming to the ice sur-
face, the present model offers interesting outcomes in this
direction.
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