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Snow fabric, defined as the distribution of the c-axis orientations of the ice crystals in snow, is poorly
known. So far, only one study exits that measured snow fabric based on a statistically representative
technique. This recent study has revealed the impact of temperature gradient metamorphism on the
evolution of fabric in natural snow, based on cold laboratory experiments. On polar ice sheets, snow
properties are currently investigated regarding their strong variability in time and space, notably because
of their potential influence on firn processes and consequently on ice core analysis. Here, we present
measurements of fabric and microstructure of snow from Point Barnola, East Antarctica (close to Dome C).
We analyzed a snow profile from O to 3 m depth, where temperature gradients occur. The main
contributions of the paper are (1) a detailed characterization of snow in the upper meters of the ice
sheet, especially by providing data on snow fabric, and (2) the study of a fundamental snow process,
never observed up to now in a natural snowpack, namely the role of temperature gradient metamorphism
on the evolution of the snow fabric. Snow samples were scanned by micro-tomography to measure
continuous profiles of microstructural properties (density, specific surface area and pore thickness). Fabric
analysis was performed using an automatic ice texture analyzer on 77 representative thin sections cut
out from the samples. Different types of snow fabric could be identified and persist at depth. Snow
fabric is significantly correlated with snow microstructure, pointing to the simultaneous influence of
temperature gradient metamorphism on both properties. We propose a mechanism based on preferential
grain growth to explain the fabric evolution under temperature gradients. Our work opens the question
of how such a layered profile of fabric and microstructure evolves at depth and further influences the
physical and mechanical properties of snow and firn. More generally, it opens the way to further studies
on the influence of the snow fabric in snow processes related to anisotropic properties of ice such as

grain growth, mechanical response, electromagnetic behavior.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction of sintered single ice crystals that have each a distinct crystallo-

graphic orientation. We define snow fabric as the distribution of

The ice crystal has various properties that depend on the crys-
tallographic orientation. Snowflakes are the result of an enhanced
growth rate along either the basal plane (plate crystal) or pris-
matic plane (column crystal), depending on the temperature con-
ditions during growth (Furukawa, 2015). Non-basal deformation of
ice crystals requires a stress at least 60 times larger than that for
a basal slip at the same strain rate (Duval et al., 1983), showing an
extreme mechanical anisotropy. Anisotropy also exists in the di-
electric (Matsuoka et al., 1997) and light scattering (Takano and
Liou, 1989) properties of ice. Snow on the ground is constituted
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the c-axis orientations of ice crystals in snow, the c-axis orienta-
tion being the axis perpendicular to the basal plane. The question
of how the distribution of crystal orientations in snow affects its
physical and mechanical properties has never been truly addressed
due to the lack of data on snow fabric itself.

de Quervain (1983) analyzed a few alpine snow samples that
tend to show a preferential vertical orientation of the c-axes
in depth hoar, but data were too few to draw any definitive
conclusions. From Antarctic snow, Stephenson and Lister (1959),
Stephenson (1967), and Stephenson (1970) indicate that fabric may
be affected by metamorphism, but again the interpretation is lim-
ited due to the low number of samples. Up to now, the only sig-
nificant work on snow fabric is by Riche et al. (2013). Based on
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laboratory experiments, they showed that the snow fabric evolves
during temperature gradient metamorphism.

Temperature gradient metamorphism has been widely investi-
gated in terms of microstructure evolution (e.g., Pfeffer and Mru-
gala, 2002; Calonne et al., 2014a) and physical mechanisms in-
volved (e.g. Kaempfer and Plapp, 2009; Calonne et al., 2014b;
Calonne et al., 2015). Temperature gradients in snow lead to re-
crystallization of the ice structure (Pinzer et al., 2012) by sublima-
tion of ice and deposition of water vapor coupled with heat and
mass transport. The morphology evolves typically from new snow
or rounded grains to faceted crystals and depth hoar.

More attention has been recently given to snow properties
on polar ice sheets and how they might be transformed during
burial and influence firn properties. Understanding firn processes
is crucial to correctly interpret the Antarctic and Greenlandic ice
cores in view of Earth’s climate history (Alley, 2014). Recent stud-
ies showed that the layering of snow properties such as density
(Mitchell et al., 2015) or microstructural properties (Gregory et al.,
2014) influences firn densification and the close-off depth. Other
properties such as snow impurity content (Hoérhold et al., 2012;
Freitag et al., 2013) or snow fabric (Montagnat et al., 2012, 2014)
have been suggested, but not deeply investigated up to now, partly
because of the lack of data on surface snow properties.

This paper presents measurements of snow fabric and mi-
crostructure of a natural snowpack from Point Barnola, East
Antarctica. We analyzed a snow profile from 0 to 3 m depth where
temperature gradients occur. The vertically continuous measure-
ment of the snow microstructure using micro-computed tomogra-
phy (micro-CT) revealed complex layering, sometimes only a few
millimeter thick. Within layers, we cut out horizontal thin sections
and measured the fabric with an Automatic Ice Texture Analyzer.
Different types of snow fabric could be identified and persist at
depth. In the discussion part, we first present the possible de-
positional and post-depositional processes that might explain the
observed snow stratigraphy. Secondly, we highlight the simultane-
ous impact of temperature gradient metamorphism on the fabric
and microstructure of snow, and suggest a possible mechanism
based on preferential grain growth to explain the fabric evolution.
Finally, we discuss the potential influence of snow fabric on snow
mechanical behavior and on the evolution of the snow and firn
layering at depth.

2. Methods
2.1. Snow samples

Snow samples were collected in Central East Antarctica at Point
Barnola (75°42'S, 123°15E, 3236 masl), located 66 km south from
Concordia Station (Dome C) during the EXPLORE expedition in
2011-2012. At Concordia Station, which is the closest site to Point
Barnola where climate conditions are recorded, the daily mean
air temperature varies from about —80°C in winter to —25°C in
summer (Stenni et al., 2016) and the snow accumulation is about
25 kgm ~2yr~! (Frezzotti et al., 2005; Urbini et al., 2008).

Three snow blocks, each 1 m height, 0.5 m thick and 0.5 m
wide, were sampled from the surface to 3 m depth and trans-
ported to Davos in insulated boxes at —20°C. At 5 m apart from
this 3 m deep snow pit, a 1.2 m deep snow pit was also dug and
snow samples were directly impregnated with diethyl phthalate
(see subsection 2.3) to prevent any microstructural changes of the
snow until analysis. In addition, a block of snow of 1 m height was
collected at a mega-dune site (78°19’S, 110°34’E) located 430 km
South West from Point Barnola.

2.2. Computed tomography and microstructural parameters

The snow microstructure was studied based on 3-D images ob-
tained by micro Computed Tomography (micro-CT). From each of
the three blocks, cylindrical snow samples of 60 mm height and
36 mm diameter were cut out using a scroll saw in adjacent rows
in the top 45 cm. Samples of 60 mm height and 50 mm diameter
were cut out below 45 cm such as successive samples overlap ver-
tically by about 30 mm. All samples were scanned with a micro-CT
80 (ScancoMedical) located in a cold-room at —15°C. The gray-
scale 3-D images were reconstructed by a cone-beam algorithm,
filtered by a Gaussian filter to remove the image noise, and bina-
rised by visually determining the optimum threshold. Images have
a nominal resolution of 18 um for the samples collected above
0.45 m depth, where snow shows finer ice structures, and of 25 pm
for the ones collected below. A total of 43 volumes showing the
snow microstructure continuously from 0 to 2.9 m depth was ob-
tained.

Snow density p (kgm™3), specific surface area SSA (m2kg~1),
and mean pore thickness Th, (mm) were evaluated from the
3-D images using the Image Processing Language (ScancoMedical)
(Thomsen et al., 2005). The mean pore thickness was determined
by filling maximal spheres into the structure using the distance
transform algorithm (Hildebrand et al., 1999). All the parameters
were computed over sub-volumes of 1.8 mm height, 10.8 mm
thickness and 10.8 mm width for the samples collected above
0.45 m depth, and of 3 mm height, 15mm thickness and 15 mm
width for the samples below 0.45 depth. We ensured that the di-
mension of the sub-volumes corresponded to the dimension of the
representative elementary volume for the considered properties or
were larger.

2.3. Thin sectioning and fabric analysis

Immediately after tomography each cylindrical sample was
transferred in a plastic vial and impregnated with diethyl phtha-
late (CAS No. 84-66-2) in a cold room at —4°C (Heggli et al., 2009).
This operation allows to obtain a sample that can not evolve any-
more and that is solid for the thin sectioning required to extract
the c-axis orientations.

The thin sections were cut out at —15°C from the impregnated
snow samples using a band saw and then microtomed with a Le-
ica Polycut. All thin sections were cut parallel to the snow surface
(perpendicular to gravity) and had a size of about 2 x 3 cm? and a
final thickness of 100-150 pm. In total, we cut out 77 thin sections
from the snow samples between 0 and 3 m depth. Before analysis,
tetralin (CAS No. 119-64-2), a hydrocarbon in liquid state above
—35°C, was used to liquefy the birefringent crystallized diethyl
phthalate contained in the thin section. This procedure does not
modify relative grain positions, as verified by Riche et al. (2013).
A picture of a typical thin section is shown in Fig. 1a.

The fabric of each thin sections was determined using the G50
fabric analyzer (Russel-Head Instrument), an automated polarizing
optical microscope (Peternell et al., 2011). The analyzer provides
the c-axis orientation cX of every pixel k in the field of view of
the microscope. In our case, a pixel has a size of 10 x 10 yum?
and the entire area of about 2 x 3 cm? of the thin section was
mapped. Each c-axis orientation ¢* is defined in a spherical co-
ordinate system by an inclination 6 (angle in the vertical plane
between 0-90°) and an azimuth ¢} (angle in the horizontal plane
between 0-360°) given in a local reference frame R, with the third
axis perpendicular to the thin section. The expression of cX in this
reference frame is

k= (cos @ Sin By, sin ¢y, sin Gy, cos G) (1)
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Fig. 1. Steps to measure the c-axis orientation of ice crystals from a thin section. a) Thin section of 100 um thick glued on a glass plate seen by the naked eye and before
dissolving the diethyl phthalate with tetralin; the ice crystals are transparent while the diethyl phthalate is opaque. The size of the dashed-line rectangle is 2 cm x 3 cm.
b) The same section seen across polarized light after dissolving the diethyl phthalate; individual ice single crystals can already be identified by the nuance of colors. c¢) c-axes
orientation map of the section obtained after processing; each color corresponds to a particular c-axis orientation given by the color loop; the pure black background
correspond to the initial air pores in snow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Orientation measurements are provided together with a quality
factor ranging from 0 to 100 for each pixel. Only pixels with a
quality factor higher than 70 were considered here (Peternell et
al., 2011). For each thin section, we ensured that at least 100 snow
crystals were analyzed to obtain a representative sample. An exam-
ple of a c-axis orientation map is shown in Fig. 1c.

To characterize the c-axis orientation distribution obtained over
a thin section, we used the second order orientation tensor a®
defined as (Durand et al., 2006)

NP
21y Yo @
k=1

where N, is the total number of pixels over which ¢* has been
calculated, c¥ is given by Eq. (1), and ® is the tensor product. By
construction, a® is symmetric and a symmetry reference frame
RSY™ exists in which a® is diagonal. Let agz), agz), and agz) denote

the three corresponding eigenvalues that satisfy 1 > agz) > a(zz) >

agz) >0 and agz) + a;z) + agz) = 1. These eigenvalues correspond to
the length of the axes of the ellipsoid that fits best the distribution
of the c-axis orientations. Three different types of fabric can be

defined:

e Isotropic fabric: the c-axes are oriented randomly in all direc-
tions, a§2) ~ aéz) ~ aéz) ~1/3.

e Girdle fabric: the c-axes are oriented randomly within a pref-
erential plane, a§2> ~~ agz) > 1/3. By looking at the Schmidt
plots of the c-axis distribution obtained for snow in this study,
we can already precise that the preferential plane for snow is
the horizontal one.

e Cluster fabric: the c-axes are oriented toward one direction,
a(22) ~ agz) < 1/3. Measurements show that this direction is the
vertical one for snow.

We define the girdle index ng = ln(a(zz)/agz)) (the higher,
the more girdle-type is the fabric) and the cluster index nc =
ln(a?)/agz)) (the higher, the more cluster-type is the fabric).
The type of the fabric is given by the shape index ngpape =

ln(agz)/agz))/ln(agz)/agz)), which is lower than 1 for a girdle-type
fabric and larger than 1 for a cluster-type fabric, and the higher
the index, the more pronounced the fabric shape. The strength of
the fabric is defined by the strength index ngtrength = ln(agz) /agz)).
which is 0 for a perfect isotropic fabric and increases the more the
fabric moves away from the isotropic-type, independently of the
direction (toward the girdle- or the cluster-type). Illustrations of
the above indexes can be found in Fisher et al. (1987) section 3.4.

3. Results

3.1. Microstructure and fabric of the snow profile

An overall picture of the microstructure along the 3 m snow
profile is given in Fig. 2. 3-D images of the entire snow profile
are in the supplementary material. Looking at the density and
SSA evolution, the snowpack can be divided in two main parts.
Above 0.45 m, the snow properties develop gradually with depth,
the density decreases from 460 to 350 kgm~!, while the SSA in-
creases from 9.5 to 13.8 m? kg~!. The snow consists only of small
rounded grains, as illustrated in Fig. 2d. Below 0.45 m depth, the
snowpack is strongly stratified and the properties change rapidly at
transitions, sometimes within a 1 cm thickness. In this part of the
snowpack, the density fluctuates with depth between around 200
and 450 kgm~3. No significant linear correlation between den-
sity and depth is found (r = —0.22, p-value = 0.066). The SSA
decreases with depth from around 10 to 5 m? kg™, showing a sig-
nificant anti-correlation with depth (r = —0.78, p-value <0.0001).
Within this main trend, small but abrupt variations of the SSA can
be observed. The snowpack consists mainly of large faceted grains
with some depth hoar-like structures, as shown in Fig. 2e, with
thin layers of denser rounded grains in between. Fig. 3 presents an
example of such a stratification for a snow sample taken at 2.8 m
depth. For this sample, the snow density evolves from around
300 kgm~! in the large faceted grains layer at the top and bot-
tom, up to 420 kgm~! within the 1 cm layer of rounded smaller
grains in the middle. The SSA increases from around 5.5 m? kg~! to
7.4 m?kg~!, while the mean pore thickness decreases from around
0.80 mm to 0.35 mm.
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Fig. 3. Snow microstructure and fabric for a sample collected between 2.82 and 2.86 m depth at Point Barnola. A vertical slice of the 3-D image is shown together with
the evolution of the microstructural parameters. c-axis orientation maps from the top and middle part of the sample and fabric indexes are given. (For interpretation of the

colors in this figure, the reader is referred to the web version of this article.)

Different types of snow fabric are observed, as shown by the
variation of the eigenvalues of a‘® along the snow profile in
Fig. 2a. Type and strength of the snow fabric are better revealed
in Fig. 4 by plotting the cluster index against the girdle index. The
1:1 line represents the threshold between girdle and cluster fabric.
The fabric type range between isotropic, weak cluster, and weak

girdle. In average, the girdle-type prevails slightly, with an aver-
age shape index of 0.89. No significant correlations were found
between the fabric indexes and depth (Table 1), showing that the
fabric evolves independently of depth, in opposition with the com-
mon observations in firn and ice cores (e.g. Montagnat et al., 2012,
2014).
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Table 1

Pearson correlation coefficients r, and p-values between fabric indexes and mi-
crostructural properties from the snow samples collected between 0.45 and 2.9 m
depth (permanent snowpack) at Point Barnola. Asterisks indicate a significant cor-
relation (p-values < 0.05).

Correlation coefficient; p-value

Girdle index Cluster index Strength index
Depth 0.10; 0.397 0.17; 0.149 0.18; 0.13490
Density —0.22; 0.064 —0.45; <0.001* —0.43; <0.001*
SSA —0.20; 0.091 —0.41; <0.001* —0.39; <0.001*
Pore thickness 0.26; 0.025* 0.48; <0.001* 0.48; <0.001*

3.2. Relationship between fabric and microstructure

Fig. 3 suggests a link between fabric and microstructure. The
large faceted crystals at the top of the snow sample show a girdle-
type fabric, with a girdle index of 0.50 and a strength index of
0.65. In contrast, the rounded grains of the middle layer have a
strength index of 0.09 that characterizes an isotropic fabric.

This relationship is further investigated in Fig. 4 and Table 1.
Looking at the link with density first, we observe that denser
snow shows a more isotropic fabric, while less dense snow tends
to a slightly more anisotropic fabric, mainly toward the girdle-
type fabric (Fig. 4). Density and strength index are indeed sig-
nificantly anti-correlated: when density decreases, fabric become
less isotropic (Table 1). The correlation of the strength index was
also evaluated against SSA and mean air pore thickness, and is sig-
nificant (Table 1). Snow samples with high SSA and small pores
show preferentially an isotropic fabric, while snow samples with
low SSA and large pores show a more pronounced fabric, either a
weak girdle- or cluster-type fabric. This relationship is also indi-
cated by the correlation between the cluster and girdle index and
the microstructural properties. Note that the correlation of the gir-
dle index with density and SSA is at the limit of the significance
threshold of < 0.05.

The fabric described above from the main profile at Point
Barnola are compared in Fig. 4 to 13 snow samples from the
mega-dune site (triangle symbols) and 5 snow samples from Point
Barnola that were directly impregnated in the field (square sym-
bols). A comparable evolution of the fabric with density is found.

4. Discussion
4.1. Understanding the snow stratigraphy

Point Barnola is a low snow accumulation site, close to Dome C
(Concordia Station) where the average annual accumulation rate is
about 25 kgm~2yr—!. However, snow accumulation in this area
is highly variable in space (Frezzotti et al., 2005; Urbini et al.,
2008), notably due to wind effects such as drift (Libois et al., 2014)
and wind direction during snowfall (Urbini et al., 2008). The local
accumulation and ablation can be several times higher than the
average annual accumulation (Frezzotti et al., 2005), making hard
to retrieve the snowpack history. By neglecting a potential accu-
mulation hiatus, we can estimate that around 40 yrs of snow is
preserved in the 2.8 m long snow profile, based on the above ac-
cumulation rate and an average snow density of 350 kgm~3.

We suggest that the first rather homogeneous 45 cm of the
snowpack is the remaining part of a single sastrugi that has been
eroded and shows now a flat snow surface as observed during
sampling. Such wind packed structures are built in winter and
their height often exceeds the average annual accumulation (Gow,
1965). The decay process of sastrugi is not well established. A po-
tential mechanism is the formation of horizontal temperature gra-
dients due to the low sun angle and subsequent softening of snow
by water vapor transport (Orheim, 1968), which can then be more

easily eroded by wind. This first 45 cm dense layer illustrates the
strong spatial redistribution of snow at the surface of the ice sheet,
which leads here to a snow accumulation about 6 times higher
than the annual accumulation (45 cm versus 7 c¢cm). Within this
layer, the SSA increases and the density decreases gradually with
depth, in opposition with common observations. We believe that
this layer is not representative of the “steady state” snowpack and
its characteristics are strongly related to surface processes. Under-
standing such processes is beyond the scope of this paper and
would require a dedicated study.

Below 45 cm, the snowpack is finely stratified and shows lay-
ers as thin as 1 cm thick. The snow consists of thin layers of small
rounded, slightly faceted, grains located in between layers of large
faceted to depth hoar grains. The latter snow type corresponds to
some degree to the “hard depth hoar” as described by Pfeffer and
Mrugala (2002). Significant changes in density, SSA, and mean pore
thickness were observed between these two types of layers. Sim-
ilar features in the snow stratigraphy and in the density and SSA
evolution have been reported at Dome C (e.g. France et al., 2011;
Gallet et al., 2011). It is likely that the dense small grain layers
originate from wind packed layers at the surface and might cor-
respond to buried eroded sastrugi, as described above. The large
faceted grain layers might originally be formed in an area in be-
tween sastrugi and be constituted by snow eroded from the sas-
trugi. Again, understanding such processes would require a ded-
icated study. The stratigraphy is however not only the result of
surface processes but also of in-depth evolution processes. While
compaction by overburden pressure seems to be quasi inactive, as
the increase in density with depth is not significant (Section 3.1
and Fig. 2b), temperature gradient metamorphism plays an impor-
tant role here.

Temperature gradient metamorphism affects significantly the
first meters of snow and is crucial to understand the stratification.
It is especially important at low accumulation rate sites where
snow is subjected to temperature gradients during a long period
of time, here up to about 40 yrs. At Concordia Station, the snow
temperature at 0.1 m depth varies between around —25°C in sum-
mer and —70°C in winter, while at 5 m depth, temperatures are
always around —55°C (Brucker et al., 2011). Between these two
depths, a macroscopic temperature gradient of 10 Km~! is thus
present and changes its direction from upward to downward sea-
sonally. Locally, changes in snow density between layers induce
changes in thermal conductivity and consequently modifications
of the temperature gradient at the layer scale (e.g. Calonne et al.,
2011). At Point Barnola, the thermal conductivity of the faceted
large grain layers is estimated at 0.18 Wm~!K~!, while the one of
the dense small grain layers is estimated at 0.41 Wm~!K~! based
on Calonne et al. (2011). The temperature gradient and thus the re-
crystallization rate of the ice structure is thus significantly higher
in the large faceted grain layers than in the dense small grains lay-
ers. We pointed out here a mechanism that enhances the initial
differences between layers and reinforces the layering. Calonne et
al. (2014a) described in detail snow metamorphism during a con-
stant temperature gradient of 43 Km~!. The main features consist
in the coarsening of grains and pores, no significant changes in
density, faceting and striation of the grains (faceted crystals and
depth hoar), together with the formation of vertically elongated
snow structures. Despite the differences in temperature conditions,
similar characteristic are shown in the large faceted grain layers
at Point Barnola (Fig. 2e and 3). The structural anisotropy index
(vertical over horizontal), estimated for 31 representative samples
based on the chord length distribution as described in Krol and
Loéwe (2016), ranges from 1.04 to 1.21, with a mean value of 1.12
that indicates an overall slight preferential vertical direction of ice
structures in snow. Note that no significant differences in structural
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anisotropy have been observed between the large faceted grain and
the dense small grain layers.

4.2. Influence of temperature gradient metamorphism on snow fabric

The only available study of snow fabric evolution during tem-
perature gradient is the recent cold laboratory work of Riche et al.
(2013). The initial snow used for their experiments was fresh nat-
ural alpine snow with partly decomposed particles and showed a
cluster-type fabric with c-axes preferentially oriented toward the
vertical. After 3 months of evolution under a temperature gradi-
ent of 50 Km~! at an absolute mean temperature of —20°C, the
snow became depth hoar and showed a weak girdle-type fabric
with most of the c-axes oriented in the horizontal plane. The gir-
dle and cluster index evolved from 0.09 and 0.79 at the beginning
of their experiment, to 0.32 and 0.27 at the end, respectively, as
shown and compared to our data in Fig. 4. The shape index reflects
an evolution from a well-expressed cluster-type to a weak girdle-
type fabric, with values evolving from 8.9 to 0.84. By performing
the experiment with an initial snow 30% denser than the first one,
no significant changes in the snow fabric were observed by Riche
et al. (2013). During the metamorphism of 3 months duration, the
snow grains underwent at least 11 complete re-crystallization cy-
cles, i.e. the ice grains have been completely re-built at least 11
times, based on a turnover rate estimation (Pinzer et al., 2012).

Our results support the fact that both microstructure and fabric
evolve during temperature gradient metamorphism, as shown by
the significant correlation between both properties. Dense small
grain layers, subjected to a smaller temperature gradient and less
affected by re-crystallization, show an isotropic fabric, while large
faceted grain layers, subjected to a higher temperature gradient
and more affected by re-crystallization, show a more anisotropic
fabric, mainly of girdle-type. We made the same observation for a
snow block sampled at the mega-dune site, suggesting that the

influence of metamorphism is widespread on the Central East
Antarctica plateau. We also observed this relationship for both
techniques of transportation used, snow impregnated directly in
the field and snow blocks not impregnated maintained at equi-
temperature conditions at —20 °C, excluding major changes during
transport or preparation.

We interpret the evolution of snow fabric as a consequence
of the favored growth of some ice grains at the expense of the
other grains during temperature gradient metamorphism, follow-
ing Adams and Miller (2003) and Riche et al. (2013). This prefer-
ential growth is driven by the combination of (1) the anisotropic
growth properties of ice depending on the absolute temperature
(Furukawa, 2015), which results in differences of growth and decay
rate between the basal and prismatic faces of the ice crystals at a
given temperature, and (2) the orientation of the ice crystals with
respect to the temperature gradient direction (Adams and Miller,
2003), given that sublimation and condensation are mostly occur-
ring on ice surfaces oriented perpendicularly to the temperature
gradient direction, i.e. perpendicularly to the vapor flux. Combin-
ing these two processes, we can define an optimum configuration
for grain growth, when the grain configuration is such as the faces
showing an enhanced growth rate are located perpendicularly to
the temperature gradient, and, by opposition, less optimum growth
configurations. Grains in optimum configuration will develop at the
expense of the less optimum grains, and it will consequently im-
pact the distribution of the crystal orientations in snow. This is
supported by Riche et al. (2013) who showed that the number of
crystals is decreasing during temperature gradient metamorphism,
a process that seems to further enhance the survival of the faster
growing crystals.

Fig. 5 helps understanding the suggested process for the fab-
ric evolution. Hexagonal ice crystals are displayed to easily identify
the crystalline orientations, but could be replaced by any single
crystal observed in snow. We describe here the example presented
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a) Mean temperature of -20°C

c-axis

- —)

-

Growth
rate

Temperature gradient

b) Mean temperature of -8°C

Fig. 5. Schematic of the growth of a single ice crystal under a vertical temperature gradient at a mean temperature of a) —20°C and b) —8°C. The crystal faces that have an
enhanced growth rate are shown in orange, based on the Nakaya diagram (e.g. Furukawa, 2015). The larger the brown arrow, the higher the growth rate on the considered
ice surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

in Fig. 5a of a vertical temperature gradient at an average temper-
ature of —20°C. It is known that the growth rate at a temperature
of —20°C is enhanced on the prismatic faces compared to the
basal faces of an ice crystal (e.g. Furukawa, 2015). Combining the
two processes explained above, for the example at —20°C, the op-
timum growth configuration for an ice grain is reached when its
prismatic faces are oriented perpendicular to the temperature gra-
dient direction, i.e. when its c-axis is oriented horizontally. The
preferential growth of grains in the optimum configuration leads
thus in this case to a snow fabric evolution toward a girdle-type.

The growth rate of ice crystals is enhanced on the prismatic
faces between 0 and —4 °C, basal faces between —4°C and —10°C,
prismatic faces between —10°C and —22°C, and basal faces be-
low —22°C (e.g. Furukawa, 2015). Hence, we expect that when
re-crystallization occurs in a snow layer at temperatures between
0 and —4°C, and between —10°C and —22°C, a girdle-type fab-
ric will develop as illustrated in Fig. 5a, while between —4°C and
—10°C, and below —22°C, a cluster-type fabric will be created, as
illustrated in Fig. 5b. The alternation in preferential grain growth
direction suggested here is supported by the result of Riche et al.
(2013) who observed at an average temperature of —20°C the de-
velopment of a weak girdle-type fabric (Fig. 4). At Point Barnola,
metamorphism occurs at an average temperature of about —45 °C,
where a cluster-type fabric is supposed to develop following our
reasoning. However, we measured snow fabrics that are in average
slightly represented by a weak girdle-type fabric, although weak
cluster-type fabrics are also observed (Fig. 4). The week anisotropy
signal in the fabric at Point Barnola limits further interpretation.
We also point out that the relationship between temperature, wa-
ter vapor saturation, and growth rate has been shown for tem-
peratures down to —40°C but not below (Libbrecht, 2003), as far
as we know. Our fabric observations might thus reflect growth
rate dependencies that are not described in current studies. Such
considerations highlight the need of cold-laboratory experiments,
under well controlled conditions, to better understand the pref-
erential growth process in snow and the fabric evolution under
temperature gradients.

4.3. On the potential influence of snow fabric at depth in polar ice sheets

Understanding firn densification is crucial to interpret the
Antarctic and Greenland ice cores in view of Earth’s climate
history (e.g. Alley, 2014). Most of the firn densification mod-
els simulate only mean density evolution with depth, ignoring
firn stratification and so variations in firn physical properties.
However, recent works emphasize the influence of the layered
snow properties, such as density (Horhold et al., 2011; Mitchell
et al, 2015), microstructure (Gregory et al., 2014; Fujita et al,,
2016), impurity content (Horhold et al., 2012; Freitag et al., 2013;
Fujita et al., 2016), or snow fabric (Montagnat et al., 2012, 2014)

on firn behavior and close-off depth. Concerning the latter prop-
erty, close to perfect topographical domes, fabrics along firn and
ice cores evolve generally with depth toward very well expressed
cluster-type (e.g. Alley, 1988), by dislocation creep deformation
and dynamic recrystallization (De la Chapelle et al., 1998) due to
the overburden pressure reached at these depths. Nevertheless,
Montagnat et al. (2014) observed slightly clustered fabrics in the
NEEM firn core (Greenland) that could not be explained by the low
level of strain reached at these depths, based on modeling estima-
tions (Montagnat et al., 2012). This observation would be in favor
of some fabric evolution in snow or firn, not entirely controlled by
creep deformation.

Snow is a porous material and its mechanical response is
known to depend strongly on its density and microstructure. Al-
though most of the mechanical simulations and physical models
of compaction of low density snow are based on the hypothe-
sis of a strong impact of grain re-arrangement by grain bound-
ary sliding (e.g. Arnaud et al., 1998; Johnson and Hopkins, 2005),
recent studies suggest that intragranular viscoplastic deformation
could also play an important role (Rolland du Roscoat et al., 2011;
Theile et al., 2011). Furthermore, these studies suggest that the
crystal orientation, owing to the strong viscoplastic anisotropy of
ice, would come into play in the mechanical response of snow
close to the surface (Theile et al.,, 2011).

Such recent results combined with our measurements of fabric
in natural snowpacks suggest that the snow fabric, whose layering
follows the microstructure layering, might have to be considered to
better understand snow and firn properties deeper at depth. Fab-
ric evolution could be viewed as an additional parameter to better
constrain the physical models of snow and firn layering evolution.
Our study should be followed by high resolution measurements of
the fabric along cores covering the transition between snow and
firn, to investigate the fabric evolution under an increasing pres-
sure.

5. Conclusion

This study presents for the first time a joint analysis of the pre-
ferred crystallographic orientation (fabric) and microstructure of
Antarctic snow. Different types of fabric are revealed in the up-
per 3 m of the snowpack in clear correlation with the layering
of the microstructure. Randomly orientated c-axes were observed
in the denser layers of rounded grains, while a slight preferential
orientation in the horizontal plane (girdle-type fabric) was mainly
observed in the large faceted grain layers.

We highlighted that the variations measured in snow fabric and
microstructure are not a function of depth, as observed along firn
and ice cores, but are the result of temperature gradient metamor-
phism. We presented a preferential crystal growth mechanism to
explain the fabric evolution under temperature gradients.
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Our work showed that not only changes in microstructure but
also changes in fabric characterize the natural snowpacks. This
leads to the question of how such layered properties are modified
during burial and how they might interact with firn densifica-
tion down to the close-off depth. More generally, our work opens
the way to further studies on the influence of the fabric in snow
processes related to anisotropic ice properties such as mechanical
response, optic or dielectric macroscopic behavior.
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