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The role of near-surface snow processes for the formation of climate signals through

densification into deep polar firn is still barely understood. To this end we have analyzed

a shallow snow pit (0-3 meters) from EastGRIP (Greenland) and derived high-resolution

profiles of different types of mechanically relevant fabric tensors. The structural fabric,

which characterizes the anisotropic geometry of ice matrix and pore space, was obtained

by X-ray tomography. The crystallographic fabric, which characterizes the anisotropic

distribution of the c-axis (or optical axis) orientations of snow crystals, was obtained from

automatic analysis of thin sections. The structural fabric profile unambiguously reveals the

seasonal cycles at EastGRIP, as a consequence of temperature gradient metamorphism,

and in contrast to featureless signals of parameters like density or specific surface area.

The crystallographic fabric profile unambiguously reveals a signal of cluster-type texture

already at shallow depth. We make use of order of magnitude estimates for the formation

time of both fabric signals and discuss potential coupling effects in the context of snow

and firn densification.

Keywords: snow cover, structural fabric, crystallographic fabric, seasonal signal, metamorphism, densification,

Greenland

1. INTRODUCTION

The mechanical behavior of porous ice is controlled by different types of anisotropy. The
anisotropic geometry of the ice matrix and pore space, characterized by the structural fabric, affects
the macroscopic mechanical properties of snow, e.g., the elasticity tensor (Hagenmuller et al., 2015;
Srivastava et al., 2016; Gerling et al., 2017). As snow is made of individual crystals of ice, another
type of anisotropy comes into play that is the anisotropic distribution of the c-axis (or optical axis)
orientations, characterized by the crystallographic fabric. The latter has been widely investigated
for dense ice and its impact on the elastic, viscoplastic and large scale flow behaviors was shown
(Nakaya andMarshall, 1954; Duval et al., 1983). Thus, a faithful mechanical description of the entire
snow-firn-ice column requires understanding the origin, strength, and impact of both fabric signals.

In Antarctica and Greenland, snow transforms into firn and ice by compaction of subsequent
seasonal layers whose mechanical properties may affect densification mechanisms at depth.
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Processes occurring in near-surface Antarctic snow have been
discussed as a potential origin of different features observed at
depth. The variability reported in the O2/N2 ratios in the air
trapped in the deep ice might reflect local (78S) summertime
insolation (Bender, 2002; Lipenkov et al., 2011). Layering of
firn properties would result into layered gas trapping “artifacts”
that challenge the interpretation of gas concentrations in ice
cores (Fourteau et al., 2017, 2020). As a result, how features of
the snow cover (heterogeneities, anisotropy, layering, etc.) are
transferred to firn and ice remains a key question to improve the
interpretation of paleoclimatic signals extracted from ice cores
(e.g., Steen-Larsen et al., 2011; Fourteau et al., 2019) and the
modeling of densification.

Anisotropy in the structural fabric of near-surface snow can be
caused by temperature gradient metamorphism (Calonne et al.,
2012, 2017; Löwe et al., 2013; Leinss et al., 2020). In addition,
indications for the evolution of structural anisotropy under
mechanical deformations was found in laboratory experiments
(Wiese and Schneebeli, 2017a) and suggested by polarimetric
radar measurements in an Arctic snowpack (Leinss et al.,
2016). The dielectric permittivity was also used to characterize
the structural anisotropy in deep firn from the dielectric
anisotropy (Fujita et al., 2009, 2014). Seasonal variations
were revealed, with higher structural anisotropy in summer
layers. This was attributed to the stronger summer-to-autumn
metamorphism causing the development of vertically oriented
ice structures layers that are mechanically stiffer and less sensitive
to densification in contrast to the less metamorphosed, more
isotropic winter layers. Very recently, Moser et al. (2020)
analyzed the structural anisotropy of snow from Kohnen Station
and reported the emergence of a seasonal pattern in the
anisotropy that was attributed to the impact of a stronger
daily temperature gradient and higher temperatures during the
transition from summer to autumn. Comparatively, density
signal measured in isolated firn cores is strongly perturbed by
stratigraphic noise. Laepple et al. (2016) made an extensive
data set of horizontal and vertical high resolution density
measurements performed along 143 snow pits at Kohnen station,
Antarctica, that ended revealing a seasonal signal.

In contrast to the long history of crystallographic fabric
measurements in deep firn and ice (Perutz et al., 1939;
Gow and Williamson, 1976), the crystallographic fabric of
snow has only recently been studied. The evolution of the
crystallographic fabric of a natural alpine snow sample subjected
to a temperature gradient was analyzed from thin sections
(Riche et al., 2013). They reported an initial cluster-type fabric
in the freshly deposited snow that evolved toward a girdle-
type during controlled temperature gradient metamorphism.
Later, the same method was applied to characterize the vertical
profile of crystallographic fabric along a three-meter deep
snowpack at Point Barnola, Antarctica, a very low-temperature
and low-accumulation site (−80 to −25◦C, 25 kg m−2yr−1)
(Calonne et al., 2017). While no trend with depth was observed,
correlations between crystallographic fabric, density and specific
surface area (SSA) were found, such that weak girdle-type fabrics
were measured in layers of lower density, lower specific surface
area, and larger grain size. The latter observation was assumed to

be the result of a preferential crystal growth mechanism during
temperature gradient metamorphism.

The role of crystallographic anisotropy on the mechanical
properties (and densification) of low-density snow and firn
was addressed by Theile et al. (2011), Rolland du Roscoat
et al. (2011), and Burr et al. (2017). Due to the complexity of
the snow microstructure, the local state of stress in a loaded
snow sample is strongly heterogeneous. This was shown by
Schneebeli (2004) and Hagenmuller et al. (2014) for elastic
applications (neglecting the crystallographic orientations of
individual grains). Hagenmuller et al. (2014) highlighted the
potential role of crystal orientation to determine the strength
at the local scale, between two bonds. Under creep conditions,
Theile et al. (2011) simulated intragranular deformations and
microstructural changes and concluded a measurable impact
of the crystallographic anisotropy on the densification of
structurally isotropic snow. Back to polar firn conditions,
recent measurements of seismic diving waves at Kohnen
(Schlegel et al., 2019) indicated the necessity of quantifying the
crystallographic fabric alongside with the structural fabric to
evaluate uncertainties in the inversion technique giving access to
the elastic moduli in firn cores.

The present work is motivated by the abundant evidences
showing the need to quantify the strength and variability of
both structural and crystallographic fabric signals in snow and
firn. We will provide measurements and detailed analyses of
both fabric signals, including their variations with depth, in the
natural snowpack at the EastGRIP ice core site, Greenland. The
EastGRIP site (75.6268◦N 35.9915◦W) is located in the vicinity
of the Northeast Greenland Ice Stream (NEGIS), the sole interior
Greenlandic ice stream that initiates near the summit dome.
Snow surface temperatures at EastGRIP range between about
−10 and −40◦C. A previous analysis of shallow cores (67 m
depth) at that site showed relatively stable accumulations of 110
kg m−2yr−1 in average over the past 400 years, as well as a
density profile very similar to the one at NorthGRIP [Greenland,
Dahl-Jensen et al. (2002)], with values ranging from about 250
kg m−3 at the surface to about 850 kg m−3 at 67 m depth
(Vallelonga et al., 2014). Due to the relatively high temperatures
and high accumulations at EastGRIP, a stronger impact of
metamorphism, settlement and compaction on the structural and
crystallographic fabric can be expected in comparison to Point
Barnola (Calonne et al., 2017).

Methodologically, we relied on established means. The
crystallographic anisotropy was evaluated by performing thin
sections of snow (Riche et al., 2013) and using the Automatic
Ice Texture Analyzer (AITA, Wilson et al., 2003). For the
structural anisotropy, we performed micro-computed (contrast)
tomography (microCT) (Coléou et al., 2001; Schneebeli and
Sokratov, 2004), which is presently the most direct way to
compute structural fabric alongside with routinely evaluated
properties of density and specific surface area. Our analysis
confirms that a seasonal signal emerges in the structural
anisotropy and that significant cluster-type textures are
appearing with depth.

The paper is organized as follows. The measurements
performed along the three-meter deep snow pit are described in
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FIGURE 1 | Near-infrared picture (qualitative) of the snow wall that highlights

the snowpack layering via differences in the specific surface area. Clearly

visible is the melt event from 2012 as a (low specific surface area) marker.

section 2. Section 3 presents the analysis of the microstructure
and texture parameters. Finally, section 4 provides an attempt
to explain the origin of the structural and crystallographic fabric
signals observed in the EastGRIP snowpack.

2. MATERIALS AND METHODS

2.1. Field Measurements
The data underlying this work were collected at the EastGRIP site
(75.6268N 35.9915W) during a campaign conducted inMay 2016
within the Greenland Climate Network (GC-Net) maintenance
program. They comprise a deep profile (three meters) for
excavating samples for post-campaign laboratory measurements,
a shallow profile (130 cm, 300 m away from the deep profile)
for standard in-situ snow measurements as a reference, and
complementary automatic temperature measurements.

Three blocks of snow of one meter height were cut out
from the deep pit. Figure 1 shows a near-infrared (840–940 nm)
picture of the pit, showing the locations of the snow blocks and
illustrating qualitatively the snowpack layering. The blocks were

then transported in insulated boxes of dimensions 0.5×0.5×1
m3 to the WSL-SLF cold labs in Davos under controlled
temperature conditions (−20◦C). The snow samples have not
been impregnated in the field and some degree of metamorphism
is expected to occur during transport.

To further characterize the snowpack at EastGRIP, snow pit
measurements of the first 130 cm depth were performed on
May 24, 2016, 11 p.m. local time at the shallow pit. Density and
specific surface area (SSA) profiles were obtained from box cutter
measurements (Proksch et al., 2016) and IceCube measurements
(Zuanon, 2013), respectively, with a 3 cm vertical resolution. The
in-situ temperature profile was measured with a 5 cm vertical
resolution (Figure 2).

The in-situ measurements were complemented by automatic
temperature data from the EastGRIP site that was provided
through the EastGRIP surface measurement program
(H-C. Steen-Larsen, personal communication). Automatic
temperatures were measured by thermistors that were inserted
into the snow the first year of the program and subsequently
buried during accumulation. The measurements presented here
are from May 2016 to May 2017, during which the amount
of snow accumulation was evaluated between 40 and 50 cm.
Available raw temperature measurements as a function of the
initial sensor depths, not corrected for subsequent accumulation,
are shown in Figure 2.

2.2. Laboratory Measurements
Each of the three snow blocks extracted along the EastGRIP
snow pit were further sub-sampled in the laboratory for
subsequent X-ray micro-computed tomography (microCT)
and crystallographic orientation analyses (thin sections and
Automatic Ice Texture Analysis, AITA). A schematic of the
sampling procedure for both types of measurements is given in
Figure 3 and further detailed below. The exact location of the
thin sections along the microCT sample is known only with a
precision of a few millimeters. MicroCT measurements cover the
entire profile length in a continuous way, whereas thin sections
are not contiguous. Each orientation data extracted from the thin
section automatic analysis integrates information over the full
area of the thin section (2×3 cm2).

2.2.1. Micro Computed Tomography Measurements
The microCT analysis was performed to obtain 3-D images of
the snow microstructure and to derive the structural parameters.
For that, two lines of parallel sampling were made from bottom
to top along each of the one-meter-long snow block, in order
to provide a 50% overlap between the samples, except at the
transition between the one-meter-long blocks. Each sample had
a diameter of about 30 mm, and a height of about 60 mm. The
microCT analyses were performed in a micro-CT 40 scanner
from ScancoMedical located in a cold-room at -15◦C. After
reconstruction the gray-scale images were filtered by a Gaussian
filter (sigma = 1.5, support = 2) to remove the image noise, and
segmented by using a fit of the histogram to three Gaussians as
detailed in (Hagenmuller et al., 2013). The images have a voxel
size of 18µm. By analyzing the microCT samples vertically in a
moving region of interest (ROI) analysis (cubic window of 400×
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FIGURE 2 | (A) Temperature data (Courtesy of H-C. Steen-Larsen) measured from April 2016 to March 2017 at different depths in m (legend). (B) Temperature profile

of the first 1.3 m depth of the snowpack measured at EastGRIP on May 24th, 2016.

FIGURE 3 | Schematic showing the sub-sampling of the snow blocks for co-located microCT and AITA measurements. Typical dimensions of thin sections (from AITA

samples) are 30×20 mm2. MicroCT samples are about 60 mm height and 30 mm diameter.

400× 400 voxels), continuous profiles of density, specific surface
area and structural anisotropy were obtained. Immediately after
the microCT scanning, each cylindrical sample was impregnated
with diethyl phthalate (CAS No. 84-66-2) in a cold room at−4◦C
(Heggli et al., 2009) and kept at−60◦C until thin sectioning.

2.2.2. Ice Texture Measurements
Distributions of c-axis crystallographic orientations (also called
crystallographic fabrics or textures) were measured on thin
sections of snow made along the impregnated microCT samples,
following the technique described in Riche et al. (2012).
Operating in a -15◦C room, two to four thin sections were
extracted from one microCT sample. Thin sections were cut and
thinned down to a thickness of about 100 µm and were about
30×20 mm2 in dimension. Most of them were cut vertically,

compared to themicroCT cylindrical sample, and therefore along
the snow pit vertical (see Figure 3).

The c-axis crystallographic orientations were measured using
the AITA, as performed in Riche et al. (2013) and Calonne et al.
(2017). The analyzer provides the c-axis orientation ck of every
pixel k over the thin section surface. In our case, a pixel had a size
of 10 µm and the entire area of the thin section was mapped.

Each orientation ck is defined in a spherical coordinate system
by an inclination θk (angle in the vertical plane between 0 and
90◦) and an azimuth φk (angle in the horizontal plane between 0
and 360◦) given in a local reference frame R with the third axis
perpendicular to the thin section. The expression of ck in this
reference frame is:

ck = (cosφk sin θk, sinφk sin θk, cos θk) (1)
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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). This automatically removes the non-ice pixels
surrounding snow grains. To ensure that the samples are
representative, analyzed thin sections contained at least 100
snow crystals.

2.2.3. Structural Fabric From microCT Data
Different types of structural fabric tensors can be computed from
a two-phase microstructure (Moreno et al., 2014) to characterize
the anisotropic distribution of ice and air in snow. For instance
in Srivastava et al. (2016) a fabric tensor was computed from
the mean intercept length to infer the stiffness tensor of snow.
In the following, we used a definition of an orientation tensor
that is based on the two-point correlation function of the
microstructure (Löwe et al., 2013; Calonne et al., 2015; Leinss
et al., 2016). Under the assumption of transverse isotropy and
ellipsoidal symmetry of the correlation function, the structural
orientation tensor takes the form

A
(2)

=





Q(ǫ) 0 0
0 Q(ǫ) 0
0 0 1− 2Q(ǫ)



 (2)

where ǫ = lz/lxy is the ratio between the vertical and
horizontal correlation lengths obtained from the two-point
correlation function. The function Q(ǫ) is explicitly given in
Löwe et al. (2013, Equation 3). In this representation it follows

that Tr(A(2)) = 1 with eigenvalues given by A(2)
1 = Q(ǫ),A(2)

2 =

Q(ǫ),A(2)
3 = 1 − 2Q(ǫ). As outlined in Torquato (2005, Chapter

17), “needle shaped microstructure” (i.e., preferential vertical

orientations) correspond to A
(2)
1 = A

(2)
2 = 1/2,A(2)

3 = 0 (for
ǫ → ∞) while “penny shaped microstructures” (i.e., preferential

horizontal orientations) correspond to A(2)
1 = A

(2)
2 = 0,A(2)

3 = 1
(for ǫ → 0). Practically, these extreme cases are never reached in
snow where anisotropy values seem to be bounded by 0.7 < ǫ <

2.1 (Leinss et al., 2020). To characterize the structural fabric via
Q(ǫ), the two-point correlation functionC(r) was calculated from
segmented tomography images following Löwe et al. (2013) by
means of fast Fourier transformation, and fitted to exponentials
Cβ (r) = Cβ ,0 exp(−r/lβ ) along the coordinate axes β = x, y, z (z
being the vertical direction along the snow pit). This procedure
yields the correlation lengths lz and lxy = (lx + ly)/2, their ratio
ǫ = lz/lxy and the orientation tensor via Equation (2).

2.2.4. Crystallographic Fabric From AITA Data
From the c-axis orientation measurements (Equation 1), a
quantitative evaluation of the texture can be performed by means
of the second order orientation tensor a(2) and its eigenvalues as
in e.g., (Thorsteinsson et al., 1997). The second order orientation
tensor is defined as

a(2) = (1/Np)

Np
∑

k=1

ck ⊗ ck (3)

with Np the total number of pixels over which ck is calculated,

and⊗ the tensor product. By construction, a(2) is symmetric and
a symmetry reference frame exists in which a(2) is diagonal. Let

a
(2)
1 , a(2)2 , and a

(2)
3 denote the three corresponding eigenvalues

that satisfy 1 > a
(2)
1 > a

(2)
2 > a

(2)
3 > 0 and a

(2)
1 + a

(2)
2 + a

(2)
3 = 1.

These eigenvalues correspond to the length of the axes of the
ellipsoid that best fits the distribution of the c-axis orientations.
Three classical types of texture can be defined that are (1) the
isotropic texture with c-axes oriented randomly in all directions

leading to a(2)1 ≃ a
(2)
2 ≃ a

(2)
3 ≃ 1/3, (2) the girdle texture with c-

axes oriented randomly within a preferential plane, a(2)1 ≃ a
(2)
2 >

1/3, and (3) the cluster texture with c-axes oriented toward one

direction and a
(2)
2 ≃ a

(2)
3 < 1/3.

In the following, the eigenvector direction, and the
associated eigenvalues, are represented in the c-axis pole
figure (stereographic projection of c-axes) for each thin section.
The pole-figures are plotted in the plane of the thin section (see
e.g., Figure 4).

As in Calonne et al. (2017), and following (Fisher et al., 1987),

we defined the girdle index nG = ln(a(2)2 /a
(2)
3 ) (the higher, the

more girdle-type is the texture) and the cluster index nC =

ln(a(2)1 /a
(2)
2 ) (the higher, the more cluster-type is the texture).

3. RESULTS

3.1. Overview
The following Figures 4–6 illustrate the snow microstructure
(vertical slices from the microCT images and associated range of
ǫ values) and the crystallographic fabric (c-axis orientation maps
and associated pole figures) obtained at some representative
depths along the three-meter deep snow pit. Note that due to the
sampling procedure (cf. section 2.2) the match between microCT
images and thin section areas analyzed by AITA is not exact. Thin
section areas are nevertheless always located within the microCT
sample volume.

A large part of the snowpack is characterized by medium to
strong structural fabrics, as it can be detected on some of the
microCT images showing a chain-like structure of the ice matrix,
and with ǫ values larger than 1.2. This is the case for snow at
80 cm and 263 cm depth, shown in Figure 4, for which ǫ values
are as high as 1.7. The weakest structural anisotropy is mostly
found in the upper part of the pit, as shown in Figure 6 (a) with
an example from a sample extracted at 28 cm depth, with ǫ close
to 0.8.

In contrast to what was observed in previous similar analyses
performed on natural snow cover from Antarctica (Point
Barnola) (Calonne et al., 2017) or the Alps (Riche et al., 2013),
many thin sections show a (crystallographic) texture with a
significant c-axis clustering. For the two examples shown in
Figure 5, the crystallographic anisotropy is characterized by an

eigenvalue a(2)1 of the second order orientation tensor as high as
0.68 and a strong cluster indexes of up to 1.4. Similar values were
found at a depth of about 1,000 m along the Greenlandic NEEM
ice core (Montagnat et al., 2014). The cluster positions on the
pole figures (see e.g., Figure 5) reveal that their direction is very
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FIGURE 4 | MicroCT structure, microstructure and c-axis pole figure from samples extracted at 80 (A) and 263 (B) cm depth along the EastGRIP snow pit. The thin

section was made in the microCT sample. A range of ǫ values is given in the microCT structure. The figures of microstructure are color-coded with the colorwheel that

represents orientations of the c-axis. On the pole figures, 5,000 pixels are plotted. The black squares correspond to the location of the eigenvectors of a(2), and the

associated eigenvalues are given. nc is the cluster index. The z-axis is the same for the three images.

close to 0◦ or 180◦ (North or South) with a low inclination. As
thin sections were cut out vertically, those cluster-type textures
correspond to c-axes mostly oriented closed to the vertical. At
a few specific depth, variability within the height of one single
thin section (2 cm) is observed and the resulting eigenvalues
thus reveal an “average” texture over a non-homogeneous vertical
extent (see Figure 6).

3.2. Structural and Crystallographic Fabric
Profiles
As the main result of the present study, we provide the vertical
profiles of all the structural and crystallographic parameters in
Figure 7.

In view of traditionally used snow parameters like density or
specific surface area the snow at EastGRIP is unremarkable. The
density (Figure 7A) shows a rather typical behavior of highly
fluctuating values around an average density of about 370 kg
m−3 without any apparent trend with depth in these first three
meters, as expected for this location (Schaller et al., 2016). Most
values are between 250 and 450 kg m−3. The 2012 Greenland

surface melt event is easily identified in a depth of around 1.64 m
where the density reaches 818 kg m−3. The in-situ density profile
from cutter measurements, from the nearby snow pit, matches
rather well with the microCT data, showing similar stratigraphic
features in the first 1.3 m.

The profile of specific surface area (Figure 7B) shows a drop
from near surface values of 15 m2 kg−1 to about 8 m2 kg−1

in the first 0.5 m. Below, specific surface area decreases more
smoothly with depth, reaching about 6 m2 kg−1 at 3 m. The in-
situ IceCube measurements show a similar sharp decrease with
depth in the first meter. Specific surface area values are however
systematically higher than the ones from microCT, especially
in the first 0.4 m (about 25 m2 kg−1 vs. 15 m2 kg−1). Similar
deviations were reported in Calonne et al. (2019), suggesting
possible biases in the specific surface area measurement methods.
In our case, the deviations might have been likewise caused
by equi-temperature metamorphism in the snow blocks during
transport and storage, leading to a specific surface area decrease,
the higher the initial specific surface area, the higher the
evolution rate.
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FIGURE 5 | MicroCT structure, microstructure and c-axis pole figure from samples extracted at 150 (A) and 246 (B) cm depth along the EastGRIP snow pit. The thin

section was made in the microCT sample. A range of ǫ values is given in the microCT structure. The figures of microstructure are color-coded with the colorwheel that

represents orientations of the c-axis. On the pole figures (right), randomly picked 5,000 pixels are plotted. The black squares correspond to the orientation of the

eigenvectors of a(2), and the associated eigenvalues are given. nc is the cluster index. The z-axis is the same for the three images.

In contrast, the structural fabric profile (Figure 7D) reveals
an interesting signal with depth, where characteristic (saw-tooth-
like) up-and-down variations are observed. These variations
become more apparent when the data is smoothed (Gaussian
filter with σ = 14 cm black line in Figure 7D): the structural
anisotropy repeatedly shows abrupt increases followed by
areas of gentle decrease with depth. The anisotropy signal
can be used to define seasonal markers (Moser et al.,
2020). To this end vertical dashed lines have been manually
added at the locations of steepest increase of the anisotropy
with depth. From the date the profile was taken (May 24
2016) and from the date of the 2012 melt event (early
July), the observed offset of the (2016, 2012) markers from
the surface and the melt-event, respectively, indicates that
the steepest gradient of the anisotropy signal is created in
the early summer season. Overall, these annual anisotropy
markers are consistent with the thickness of mean annual
layers of about 27 cm (given an average snow density of
about 370 kg m−3, and an average accumulation rate of
100 kg m−2yr−1).

The crystallographic fabric are shown in Figure 7F. Whereas,
cluster indexes in the first meter are low (below 0.4) and little-
scattered, indexes from 1 to 3 m depth strongly fluctuate and

reach high values up to 1.4 (corresponding to a
(2)
1 eigenvalues of

0.7). A clustering trend is observed in the depth interval 1–1.5
m depth (above the melt-refrozen layer) as well as in the interval
1.7 to 2.5 m depth. In contrast, no significant evolution and trend
are observed in the girdle index (not shown). For comparison,
the eigenvalues of the structural and crystallographic fabric
(eigenvalues) are shown in Figures 7C,E.

4. DISCUSSION

4.1. Near-Surface Signal of Structural
Anisotropy
A key finding of the present study is a clear seasonal signal in the
structural fabric (anisotropy) in the first three meters of snow at
the EastGRIP site. This is in agreement with observations in the
snowpack at Kohnen, Antarctica, that were recently published

Frontiers in Earth Science | www.frontiersin.org 7 September 2020 | Volume 8 | Article 365

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Montagnat et al. Anisotropy of EastGRIP Snow

FIGURE 6 | MicroCT structure, microstructure and c-axis pole figure from samples extracted at 28 (A) and 126 (B) cm depth along the EastGRIP snow pit. A

corresponding range of ǫ values is given in the microCT structure. The figures of microstructure are color-coded with the colorwheel that represents orientations of the

c-axis. On the pole figures, 5,000 pixels are plotted. The black squares correspond to the location of the eigenvectors of a(2), and the associated eigenvalues are

given. nc is the cluster index. The z-axis is the same for the three images.

by Moser et al. (2020). The seasonal variations in the structural
anisotropy emerge as a characteristic, asymmetric saw-tooth
signal (Figure 7D) where the timing suggests that the steep edge
is imprinted into the profile in early summer.

To quantify the expected range of anisotropy variations we
have forced themodel from Leinss et al. (2020) with themeasured
temperatures (Figure 2) in the absence of settling assuming a
constant accumulation rate (presented in Appendix A). The
results suggest that the order of magnitude of the structural
fabric variations (seasonal jumps in ǫ of up to 0.3) can be well-
explained by variations in the vapor flux during temperature
gradient metamorphism caused by observed temperatures (cf.
Appendix A and Figure 8A). The vapor flux is proportional
to the temperature gradient and increases with temperature
according to the temperature dependence of the equilibrium
vapor pressure. The results shown in Appendix A and Figure 8B
also indicate that for a realistic mean surface velocity ḃ = 0.3
m yr−1 (corresponding to a mean density of 370 kg m−3 and an
accumulation rate of 100 kg m−2yr−1) the 4 peaks occurring in

the structural anisotropy in the first 1.5 m (cf. Figure 7D) can
be recovered.

The asymmetry of the saw-tooth-pattern is however not
explained by the model when neglecting settling and seasonal
variations in the accumulation rate. Figure 8B reveals the subtle
impact of the accumulation rate on both, absolute magnitude
and variability of the structural anisotropy with depth, even
when using a constant accumulation throughout the year. The
accumulation rate determines the timing and duration at which
a material element, previously located at the surface, is advected
through the (anisotropy forming) heat wave into the sub-surface.
Accordingly, when the accumulation rate exhibits seasonality
too, it can be expected that a lag between the maxima of
temperature/temperature gradients (anisotropy forming period)
and the maxima of accumulation (anisotropy burial period)
contributes to the signal shape. To assess the seasonality of
accumulation at EastGRIP, we considered re-analyses data from
the model MAR (Modèle Atmosphérique Régional) (Fettweis
et al., 2020) for the monthly averaged precipitation at EastGRIP
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FIGURE 7 | Structural and crystallographic signals extracted from microCT and AITA from the snow profile taken at EastGrip. (A) Density (kg m−3). (B) Specific

Surface Area (m2 kg−1). (C) Eigenvalues of the structural fabric tensor A(2). (D) Ratio of the vertical and horizontal correlation lengths. (E) Eigenvalues of the second

order orientation tensor a(2). (F) Cluster index nC. The figure is complemented by a marker for the 2012 melt event and several anisotropy markers [2016-2011 in (D)]

that correspond to the early summer season of the respective year (for details cf. text).
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FIGURE 8 | (A): Modeled evolution of the structural anisotropy ǫ over 2 years with temperature and temperature gradient time series taken from the EastGRIP field

measurements at fixed depth in m (legend). (B): Modeled anisotropy profile using spatio-temporal interpolation of the measured temperatures and gradients for

different (constant) accumulation rates in m/year (legend). The start of the time series in (A) and the surface (B) corresponds to May 12. For details see text.

FIGURE 9 | Precipitation at EastGRIP obtained from model MAR re-analyses.

Statistics over the period 2009–2017.

over the period 1979–2018. The averaged precipitation for
the period of interest (2009–2017) is included in Appendix B,
Figure 9 suggesting a seasonal pattern in accumulation around
an annual average of about 96 mm water equivalent (w.e.) (∼ 8
mmw.e permonth). Comparing Figure 9with Figure 2 confirms
that the maximum firn temperatures and temperature gradients
(July) coincide with low accumulation in summer, and that the
temperature maxima lag ∼2 months behind the accumulation
maxima in fall.

From the considerations of the accumulation rate and from
the results of the model above, we suggest the following
mechanism for the creation of the asymmetric saw tooth pattern
in anisotropy at EastGRIP: The steep edge is formed at the
surface in early-to-mid summer as a consequence of three

mechanisms. (i) The increase of temperatures and gradients in
the sub-surface that considerably increase the rate of anisotropy
formation, consistent in order of magnitude with Leinss et al.
(2020). (ii) The onset of diurnal temperature variations in spring
that likely inhibit anisotropy formation close to the surface due
to alternating gradients at daily frequency. Such metamorphism
under alternating gradients is known to lack common features
of depth hoar formation (Pinzer and Schneebeli, 2009), even
for high gradient magnitudes. But diurnal gradients may still
effectively contribute to a reduction of the anisotropy through
settling (Leinss et al., 2020). (iii) Lower summer accumulation
which leaves the surface snow in conditions (i) and (ii). Later
in the year, through increase of accumulation, the generated
steep edge of the saw-tooth is buried without significant
change in shape (steep edge still visible in the second cycle in
(cf. Figure 7D) but with an overall gentle increase under the
influence of persistent, seasonal temperature gradients. The latter
shifts the anisotropy signal toward higher values by repeated
metamorphism of consecutive years. Clearly, a confirmation
of the hypothesized interplay of mechanisms would however
require the implementation of all potential processes in a
single model.

In our data, the initially imprinted asymmetric saw tooth
is preserved down to the depth of 3 m corresponding to 6
year old snow. It is interesting to note that Fujita et al. (2014)
reported measurable variations in the structural anisotropy down
to a depth of 26 m in the NEEM firn using dielectric methods.
Since our structural anisotropy parameter ǫ can be directly
used to compute the dielectric anisotropy (Leinss et al., 2016)
these findings are linked by exactly the same parameter. Fujita
et al. (2014) attributed the signal as remainders of summer-to-
winter variations in near-surface metamorphism, which would
be consistent with our findings. It must be noted though, that at
NEEM the details of accumulation, temperature and seasonality
are different. Kuramoto et al. (2011) reported that the deposition
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during the November-July period is greater than during July-
October period by 10–20 mm w.e. (expressed here as a mass
balance) for a mean annual mass balance of 176 mm w.e. An
important conclusion drawn by Fujita et al. (2014) for NEEM
was the preservation of the insolation-sensitive structural fabric
signal all the way to the pore close-off. To assess the fate of the
structural anisotropy in deep firn however requires to discuss the
structural fabric alongside with the crystallographic fabric which
is known to influence deep firn densification.

4.2. Near-Surface Signal of
Crystallographic Anisotropy
In addition to the structural fabric signal, we also find indications
of a crystallographic signal in the EastGRIP snow. Marked
cluster-type textures are visible along the snow pit and occur

more frequently with depth, with eigenvalues a
(2)
1 that locally

exceed 0.6 in the last two meters. This contrasts with the
measurements performed at Point Barnola, Antarctica (Calonne
et al., 2017), where only weak girdle-type textures were observed
along a similar three-meter deep snow pit (Tmean ∼ −40◦C). In
addition, the significant anti-correlation of the crystallographic
fabric (girdle-type) with density observed along the Point Barnola
snow pit is absent here at EastGRIP.

Two hypotheses could explain the occurrence of clustered
textures in the snowpack, namely (i) the temperature gradient
metamorphism, at temperature conditions encountered in
EastGRIP (Tmean ∼ −20◦C), favors a cluster-type texture or
(ii) at the temperature conditions of EastGRIP, compression
creep can not be neglected anymore and, within some specific
layers, conditions could favor individual grains to rotate toward
the vertical because of dislocation motion under a local stress
resulting from the vertical overburden stress.

The first hypothesis can be tested by comparing the EastGRIP
snowpack texture with the one measured during temperature
gradient metamorphism experiments performed by Riche et al.
(2013) on a natural alpine snowpack at a mean temperature
of −20◦C and under a constant gradient of 50 ◦C m−1

(bottom temperature: −15◦C; top temperature: −25◦C). The
texture evolved from an initial cluster-type fabric toward a
weak girdle-type for a low-density natural snow sample. Thus,
although the temperature and temperature gradient conditions
in the EastGRIP snowpack are close to the conditions of these
experiments, the texture evolution differs. The main differences
between (Riche et al., 2013) experiments and the EastGRIP
snowpack conditions are two-fold. First, the first 20 cm of
the EastGRIP snowpack encounter temperatures higher than -
10◦C during the summer period, i.e., about 3 months. Around
−10◦C, there is a transition in ice crystal growth from a
preferential prismatic growth to a preferential basal (c-axis )
growth (Nakaya and Marshall, 1954; Lamb and Scott, 1972).
From Calonne et al. (2017), one could expect these conditions
to favor the growth of grains with c-axis oriented parallel to the
temperature gradient (i.e., basal faces perpendicular to the vapor
flux). Given that the temperature gradient is vertical, cluster-
type fabric with c-axes oriented vertically would then developed
preferentially. However, if this short duration of a cluster-favored

temperature gradient metamorphism was sufficient, it would
result in a positive correlation between structural anisotropy
and cluster index (Riche et al., 2013; Calonne et al., 2017).
This correlation is not observed, as pronounced structural
anisotropy are found below 0.4 m depth (ǫ > 1.2) whereas
cluster index shows larger values only from 1 m depth and
below. Second, whereas Riche et al. (2013) studied the effect
of a constant temperature gradient during 3 months, the
intensity and direction of the temperature gradient at EastGRIP
vary with time due the seasonal temperature oscillations. The
impact of an alternating gradient (diurnal oscillations) on snow
microstructure was studied recently by Wiese and Schneebeli
(2017b) but no analysis of crystallographic orientations was done.
Overall, a firm conclusion about the role of temperature gradient
metamorphism in the development of the observed cluster-type
texture is presently not possible and confirming or rejecting this
hypothesis would require further dedicated experiments.

The second hypothesis is based on the observation that
the number of cluster-type textures increases with depth.
In natural, slow deforming ice this type of cluster texture
can be explained by dislocation-induced deformation under
compression (Alley, 1988, 1992). Although the density at the
surface and the mean overburden stress is relatively low, the
stress distribution in snow is expected to be broad (Theile
et al., 2011). Accordingly, the load bearing fraction of the
microstructure exhibits significantly higher stresses than the
mean (Schneebeli and Sokratov, 2004), in particular if grains
are connected by small necks (Hagenmuller et al., 2014).
Depending on the structural fabric of the layer, the strength
and viscosity are expected to vary significantly impacting
local stress concentrations (Wiese and Schneebeli, 2017b). In
particular, we expect layers with a high vertical structural
anisotropy to be stiffer to viscoplastic deformation under
a vertical load, relative to the surrounding more isotropic
layers. The following hypothesis is therefore based on the
picture of a layered snowpack, where the induced strain is
vertically heterogeneous and concentrated in layers with a low
structural anisotropy.

To assess the potential impact of stress on texture formation
in these layers we have conducted an order-of-magnitude
estimate for the conditions encountered in the EastGRIP
snowpack in Appendix C. By employing the so called Sachs
approximation (Sachs, 1928), we computed the rotation of
independent grains under a vertically homogeneous compressive
stress corresponding to the weight of two-meters of snow
with an average density of 350 kg m−3. The rotation is
computed from the stress-induced motion of dislocations
following (Alley, 1988) and taking into account the temperature
dependant dislocation velocity measured by Shearwood and
Whitworth (1991). By considering the above mentioned local
stress enhancement as estimated in snow, we show that an
ensemble of independent grains evolves toward an anisotropic
texture similar to the one measured along the EastGRIP snow

pack [a(2)1 ∼ 0.6] after about 3,000 to 4,000 days (∼ 8–11
yrs) in the temperature conditions of EastGRIP (see Appendix

C and Figure 10). By doing the same modeling for colder
temperature conditions (−40◦C), no anisotropic texture could
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FIGURE 10 | Modeled evolution of a
(2)
1 as a function of time, based on 1000 random initial orientations, following the homogeneous stress hypothesis (Sachs), with

initial density varying randomly between dm(min) and dm(max) (Table A1) and stress concentration E varying randomly between 1 and 10. (A) Comparison between the

two temperature conditions of Point Barnola (−40◦C) and EastGRIP (−20◦C) for on single run. (B) Ten runs performed for EastGRIP conditions (−20◦C). No variation

between the runs is observed for Point Barnola conditions.

be generated. From Alley (1988) a texture characterized by

an a(2)1 eigenvalue of 0.6 would correspond to a accumulated
compressive strain of about 25%. The measured variation of
density between adjacent layers can be as high as 100 kg
m−3 (average density of 370 kg m−3), and are therefore not
incompatible with a creep driven local densification of 25%.
Although a clear correlation could not be established owing
to the limited numbers of texture measurements, the highest
cluster indexes are found in layers characterized by a low
structural anisotropy. This is coherent with the assumption
of isotropic layers being more compliant to compressive
stress than stiffer layers which are characterized by a strong
vertical anisotropy.

This order-of-magnitude estimate shows that for the
temperature conditions of EastGRIP, the overburden stress
imposed by the upper two-meter snow column could activate
dislocations in individual grains in some layers to an extent
that induces significant crystallographic rotations after only
8 to 11 years. The resulting modeled textures are coherent
with the textures measured in the third meter of the EastGRIP
snowpack. That such a clustered texture is not observed
at Point Barnola (Calonne et al., 2017) is consistent with
the fact that plastic deformation is very dependent on
temperature, and therefore no rotation is predicted at very
low temperatures. This simple model predictably fails to predict
the c-axis rotations at higher density for which interactions
between neighboring grains must be taken into account.
By neglecting the effect of strain incompatibilities between
grains, the Sachs hypothesis considered here is expected
to overestimate the kinematic of crystallographic rotations
(Castelnau et al., 1996). In addition, metamorphism-induced
recrystallization, grain re-arrangement and heterogeneous
densification contribute to the evolution of microstructural
(structural and crystallographic) heterogeneities [see for instance
Fujita et al. (2009)] that would require to be represented by
means of a full-field approach.

4.3. The Necessity of Quantifying Both
Fabric Tensors
Considering the ice matrix as (i) an isotropic polycrystal
arranged in a geometrically anisotropic structure or as (ii) an
anisotropic polycrystal arranged in a geometrically isotropic
structure lead to the same result: the homogenized mechanical
properties are anisotropic. Whereas the structural anisotropy
naturally dominates at the surface, in deep ice cores only the
crystallographic anisotropy remains. In the snow-firn column
in between, both types of anisotropy occur and their relative
strength must be quantified for a faithful mechanical modeling.

Deep in the firn, the dense and (structurally) isotropic
structure is expected to weaken the effect of local stresses on
themechanical behavior. Grain boundary migrationmechanisms
associated with normal grain growth, which govern the
microstructure evolution in firn (de la Chapelle et al., 1998),
likely reduce the anisotropy inherited from metamorphism.
Both mechanisms (densification and normal grain growth)
favor evolution toward a weaker structural and a weaker
crystallographic anisotropy with depth (Montagnat et al., 2011;
Calonne et al., 2019).

Despite a reduced structural fabric anisotropy with depth
(Calonne et al., 2019), the layered structure of the snowpack
inherited from anisotropy variations may still survive and
impact the lock-in zone characteristics (thickness and depth)
down to the close off depth (Fujita et al., 2009, 2014; Gregory
et al., 2014; Fourteau et al., 2019). In particular, the existence
of a seasonal signal in the structural fabric strengthens the
interpretation of Gregory et al. (2014) that hypothesizes an
impact of the microstructure on the lock-in processes. Also,
the interaction between a layered structure of the snow pack
and the development of a cluster-type crystallographic fabric, as
suggested here, tends to confirm the hypothesis of Fujita et al.
(2014) about the role of the layering on the close-offmechanisms.

Among the many firn densification models (Lundin et al.,
2017), the approach developed initially by Arnaud et al. (2000)
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is based on a mechanical description that utilizes the idea
of a densification mechanisms by grain boundary sliding in
the upper snow cover (density lower than 550 kg m−3), as
first suggested by including the seasonal variations, however
suggests that other geometrical-structural aspects may influence
the effective (compactive) viscosity of snow, accompanied by
the layering. Our result indicate that viscoplastic deformation
occurs in low density snow and induces crystallographic fabric
anisotropy, while firn models mentioned above integrate either
grain boundary sliding (Arnaud et al., 2000) or diffusion creep
(Arthern et al., 2010) that do not produce any crystallographic
rotation. These later mechanisms are used for the purpose to
introduce an artificial grain-size (microstructure) dependence
in the densification law. Most firn models are following a
single layer and the evolution of its properties with depth
without considering the layering structure of the snow and firn
column. Our results also highlight that the imposed surface
conditions result into a strong structural layering of the snowpack
(down to 3 m, ρ ≤ 450 kg m−3). This layering impacts
snow metamorphism under varying temperature gradients, but
also induces a heterogeneous response to the overburden load.
The fact that these aspects are not taken into account in firn
models are partly compensated by the use of many adjustable
parameters. This strategy partly prevents firn models to converge
toward an “universal” firn description able to represent various
densification conditions (Lundin et al., 2017).

5. CONCLUSIONS

In this work, we analyzed the microstructural characteristic
of snow along a three-meter deep pit from the EastGRIP
site, Greenland. These characteristics were derived from
two signals influencing the mechanical processes during
snow and firn densification. The structural anisotropy was
retrieved from continuous X-ray microCT evaluation of the
ice and pore matrix. The crystallographic anisotropy was
evaluated by optical measurement of ice crystal orientations
on regularly-spaced thin sections. The key results obtained are
the following:

• In contrast to parameters like density or specific surface
area, the structural fabric profile unambiguously reveals the
seasonal cycles at EastGRIP.

• The crystallographic fabric reveals some strong cluster-type
textures at shallow depth, that were not observed in the
Antarctic Point Barnola snowpack (Calonne et al., 2017).

• Model-based arguments suggest that the asymmetric saw-
tooth pattern in the structural anisotropy is imprinted
into the signal by the interplay of accumulation and
near-surface metamorphism through diurnal and seasonal
temperature gradients.

• The emergence of a cluster-type crystallographic fabric at
shallow depth can be roughly reproduced by a simplified
viscoplastic modeling approach (homogeneous stress
approximation) which is supposed to apply preferentially
in soft layers.

• Current firn modeling may benefit from an improved
representation of the snowpack to predict the layering
of the compaction viscosity from both structural and
crystallographic anisotropy.
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