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The occurrence of snowpack features has been used in the past to classify environmental
regimes on the polar ice sheets. Among these features are thin crusts with high density,
which contribute to firn stratigraphy and can have significant impact on firn ventilation as
well as on remotely inferred properties like accumulation rate or surface mass balance. The
importance of crusts in polar snowpack has been acknowledged, but nonetheless little is
known about their large-scale distribution. From snow profiles measured by means of
microfocus X-ray computer tomography we created a unique dataset showing the spatial
distribution of crusts in snow on the East Antarctic Plateau as well as in northern Greenland
including a measure for their local variability. With this method, we are able to find also
weak and oblique crusts, to count their frequency of occurrence and to measure the high-
resolution density. Crusts are local features with a small spatial extent in the range of tens of
meters. From several profiles per sampling site we are able to show a decreasing number
of crusts in surface snow along a traverse on the East Antarctic Plateau. Combining
samples from Antarctica and Greenland with a wide range of annual accumulation rate, we
find a positive correlation (R = 0.89) between the logarithmic accumulation rate and crusts
per annual layer in surface snow. By counting crusts in two Antarctic firn cores, we can
show the preservation of crusts with depth and discuss their temporal variability as well as
the sensitivity to accumulation rate. In local applications we test the robustness of crusts as
a seasonal proxy in comparison to chemical records like impurities or stable water
isotopes. While in regions with high accumulation rates the occurrence of crusts
shows signs of seasonality, in low accumulation areas dating of the snowpack should
be done using a combination of volumetric and stratigraphic elements. Our data can bring
new insights for the study of firn permeability, improving of remote sensing signals or the
development of new proxies in snow and firn core research.
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INTRODUCTION

Densification of snow to ice is one of the key processes at the
surface of ice sheets and glaciers (Herron and Langway, 1980).
The (local) characteristics at the interface of the atmosphere and
the ice pre-condition the rates of further densification (Horhold
et al, 2011), which are of primary importance for the paleo-
atmospheric archive of air bubbles as well as observations of mass
balance (Zwally and Jun, 2017). Due to the rapid and significant
technological progress, there are plenty of methods to derive
snow properties of the polar ice sheets remotely. In contrast, field
observations are still preciously scarce, albeit of their necessity to
validate remote measurements of e.g. accumulation rate (Arthern
et al.,, 2006), surface snow density (Champollion et al., 2019),
grain size (Picard et al., 2012) or surface roughness (Tran et al.,
2008), or for properties which cannot be obtained remotely (yet)
like stratigraphic elements in the snow column.

By observing and describing the snow surface and snowpack
stratigraphy, regions of different environmental regimes have
been characterized, for instance, along overland traverses from
the coast to the interior plateau of East Antarctica (Furukawa
et al., 1992; Furukawa et al., 1996). These classifications, based on
field observations, are commonly used to explain regional
accumulation behavior or the influence of wind action on the
snow surface. Examples for observed snow characteristics are
megadunes in parts of Antarctica (Frezzotti et al., 2002) and
smaller wind-induced dunes in Dronning Maud Land (DML)
where a wind speed threshold of 10 ms™ for dune formation at
Kohnen Station was reported (Birnbaum et al., 2010).

Directly at the snow surface formation conditions for glazed
surfaces on the West Antarctic Ice Sheet Divide (79°27.78'S,
112°7.51'W) have been monitored by Fegyveresi et al. (2018).
Glazed surfaces have low porosity, can be one to several
millimeters thick and form throughout the year, but according
to the case study by Fegyveresi et al. (2018) primarily in summer.
Glazed surfaces are reported to form after an event with high
wind speed and eventually accumulation, followed by clear-sky
conditions, low wind speed and higher atmospheric pressure
enhancing the possibility of water vapor transport vertically
upwards and the formation of subsurface hoar (Albert et al.,
2004; Fegyveresi et al., 2018). They can have an extent of up to
200 km? and are often found in leeward slopes of large-scale
dunes formed by katabatic winds (Scambos et al., 2012). A very
similar structural feature are smaller crusts, sometimes also
referred to as windcrusts (Sommer et al., 2018a), which can be
defined as very thin (<2 mm) high-density layers that form at the
snow surface. In many field studies their appearance at the very
surface as well as recurring features in firn and ice is reported as a
side note in stratigraphy description. Monitoring of a wind-
packing event in DML (Sommer et al, 2018b) and wind
tunnel experiments (Sommer et al., 2018a) have indicated that
snow deposition and wind (drift) in combination with exposition
at the surface are necessary to form a crust. But the exact
formation of both features (glazed surfaces and crusts) is still
not completely clear, as the temporal development was rarely
observed and methodical approaches for this intention are hardly
available (Fegyveresi et al., 2018). This also applies to studies on
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the spatial distribution of crusts or quantitative studies of crust
appearance in general. Based on this sparse knowledge, also their
relevance for ice core studies is not well understood. As at the
snow-atmosphere interface many physical and chemical
processes take place in a complex way, especially the exchange
of energy and mass, a variety of processes must interact to form a
crust at the snow surface. Nevertheless, crusts have been counted
and used in combination with impurities as relative dating
approach in low accumulation areas and are interpreted in a
very local application as a summer marker (Ren et al.,, 2004;
Hoshina et al., 2014).

In general, dating reference horizons from volcanic eruptions
in ice cores and calculating the water equivalent in a given period
of time is a state of the art method to derive accumulation rates at
certain positions on the ice sheets (Eisen et al,, 2008). If an
absolute time marker is missing, proxies like impurities or stable
water isotopes can be used as relative temporal markers on a
decadal, annual or even seasonal scale (Miinch et al., 2016). In
central Greenland, sea salt aerosols chloride and sodium (Cl™ and
Na") are interpreted to reflect the winter to spring transition,
while maxima in the ratio of chloride to sodium (further CI7/Na*)
are attributed to summer (Whitlow et al., 1992). Also ammonium
(NH,"), nitrate (NO5~) and methanesulphonic acid (MSA) can
be interpreted as a summer signal (Du et al., 2019). On the plateau
of the Antarctic ice sheet, sulphate (SO,*) as well as CI /Na™ can
be interpreted as seasonal summer to late summer signals (Weller
and Wagenbach, 2007) and also NH,", calcium (Ca®") and Na*
have been used successfully as seasonal markers in DML ice cores
for the past 2ka (Sommer et al, 2000). At Kohnen Station
(Figure 1), a link of crusts to seasonal anisotropy has been
proposed (Moser et al., 2020). But so far, there has been no
study backing crusts as a solid summer proxy in low
accumulation areas. Especially on short (annual to seasonal)
time scales the determination of an annual layer thickness
from stratigraphy is problematic, as the accumulation is not
evenly distributed over the year (precipitation intermittency)
and the original deposited climate signal is not preserved in
the snow column (Laepple et al., 2011). The exposition of snow at
the surface can lead to erosion and redistribution by wind,
resulting in a hiatus or overestimating a precipitation event in
a time series. These postdepositional alterations also hamper the
interpretation of impurities (Weller et al., 2004; Jonsell et al,
2007) or stable water isotopes (Hoshina et al., 2014) in snow, firn
and ice. These processes generally occur on the surface of ice
sheets, but are much more dominant in areas with low
accumulation rates. The extent of these alterations of chemical
impurities depends on the individual physico-chemical
properties, like volatility, solubility or reactivity, with mineral
dust and sea salt being less affected (e.g. Curran et al., 2002;
Weller et al., 2004).

The layering of polar firn, and therefore the stratigraphic
elements therein, can also serve as a paleoclimatic record. At
the same time crusts can block, or at least reduce, the exchange of
gases between the atmosphere and the pore space in the firn
column (Mitchell et al.,, 2015). In this context, the open pore
structure is a main parameter controlling the permeability and
gas transport in firn (Adolph and Albert, 2014). To what extent
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FIGURE 1 | Overview map with the investigated snow profiles. Left: Map of the sampling sites along the CoFi traverse on the East Antarctic Plateau in 2016/17 and
at Kohnen Station. Right: Snow profiles from various campaigns on the Greenland ice sheet. Locations of automatic weather stations in Antarctica are shown with small
blue points. The numbers 2, 6, 9 and 14 (Plateau Station) indicate ion profiles presented in this manuscript.

layers of low porosity, can impact the pore close-off at the firn-ice
transition (Gregory et al, 2014) is still subject to research.
Nevertheless, the variability of porosity has been proposed to
be a significant factor for the pore close-off depth (Schaller et al.,
2017).

Furthermore, crusts are also considered to affect remote
sensing backscatter properties (Arthern and Wingham, 1998).
The strong density gradient over very short depth intervals can
influence (passive) microwave emission and (active) reflection
(Wilheit, 1978). Firn volume characteristics have been proposed
to be important when remotely deriving accumulation rates in
DML (Arthern et al., 2006; Dierking et al., 2012), and there are
observations of microwave brightness temperature linked to
snowpack properties (Rotschky et al., 2006)—but still there is
no conclusive physical explanation. Several approaches try to link
these observations to the stratigraphy, i.e. the density layering of
the snow and firn (Liang et al., 2008). Here, thin crusts could play
an important role, but as they are not always reported in field
observations, a systematic analysis of their impact remains open.

In this study, we present a crust dataset from snow cores (snow
profiles) along a traverse route on the East Antarctic Plateau as
well as from different sites on the Greenland ice sheet. In the
results, we show for the first time a spatial distribution of crusts in
the snowpack by means of statistical analysis on the local (tens of
m) and regional (hundreds of km) scale. With this dataset, we
cover an accumulation rate range from
30kgm *a '-200kgm >a”' (and even single samples at
500 kgm2a”'). Additionally, we show a crust record in two
firn cores from DML, which gives insights on the temporal
variability of crusts, and suggest an explanation for
preservation of crusts over depth. With our dataset we
contribute some evidence to ideas how crust formation on the
polar ice sheets take place (Fegyveresi et al., 2018), in particular in
low accumulation areas (<60 kg m~2a!) like on the East

Antarctic Plateau. We test whether a correlation between the
accumulation rate and crust concentration exists and compare
our data with environmental parameters like wind speed. In a
second step, we follow pilot studies (Ren et al., 2004; Hoshina
et al,, 2014; Moser et al., 2020) to investigate the link between
crusts and chemical proxies in snow. In this context we introduce
a cutting device specifically made for snow profiles. For selected
samples we show the impurities NH,*, SO,> and Cl7/Na* and
combine them with our stratigraphic analysis. We discuss the
deposition history of the snowpack in Greenland and Antarctica
as well as the constraints of dating in low accumulation areas.

MATERIAL AND METHODS

Commonly (wind)crusts and glazed surfaces describe a high
density layer at the snow surface, but can form through
different processes. Nevertheless, in a snow profile, firn or ice
core, these features simply occur as high density layers and are
difficult to distinguish. Therefore we will simply use the term
‘crust’, implying that this feature could have been created by
either process.

Sampling Area, Snow and Firn Profiles

In this study, we investigated 138 snow profiles from both polar
ice sheets covering various environmental conditions. The
majority of the profiles (108) was sampled in Antarctica in the
framework of the Coldest Firn (CoFi) project at the Alfred
Wegener Institute (AWI) in December 2016 and January
2017. One to four snow profiles per sampling site were taken
along a traverse on the East Antarctic Plateau between Kohnen
Station and former Plateau Station (further called CoFi traverse).
Several profiles along a transect line (trench) were sampled at the
Oldest Ice Reconnaissance camp (OIR camp; e.g. Karlsson et al.,
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TABLE 1 | Overview of investigated firn cores and snow profiles. See Figure 1 for the locations on both ice sheets.

Type Name Site Ice sheet Date (mm/yyyy) Latitude Longitude Approx. annual layer
thickness (cm)
Snow profile W10 EGRIP Greenland 05/2016 75°37'N 35°59'W 50
Firn core B40 Kohnen Station Antarctica 01/2013 75°0'S 0°04'E 25
Firn core B54 OIR camp Antarctica 01/2017 79°0'S 30°0'E 14
Snow profile 2 Antarctica 12/2016 75°06'S 02°53'E 16
Snow profile 6 Antarctica 12/2016 75°29'S 16"19'E 13
Snow profile 9 Antarctica 12/2016 77°34'S 23"11'E 11
Snow profile 14 Plateau Station Antarctica 01/2017 79°15'S 40°33'E 9

2018). Eight samples were from Kohnen Station, taken in
December 2015 (Figure 1, left).

The remaining 22 snow profiles originated from different
campaigns in Greenland. Several profiles were sampled at
Renland Ice Cap drilling site (RECAP; e.g. Holmes et al., 2019;
Simonsen et al., 2019) in May 2015 and in a trench at the East
Greenland Ice-Core Project site (EGRIP; e.g. Vallelonga et al,
2014; Du et al., 2019) in May 2016. Single samples (one profile per
site) were taken on a traverse between the North Greenland
Eemian Ice Drilling site (NEEM; e.g. Steen-Larsen et al., 2011;
NEEM Community Members, 2013) and EGRIP in May 2015
(Figure 1, right).

The sampling sites (distinguishing between single profiles,
multiple profiles and profiles in a trench) are shown in
Figure 1. For the retrieval of the snow profiles the liner
method was used, which was first described by Schaller et al.
(2016). The used carbon fiber tubes conserve the original snow
stratigraphy with negligible small compaction within the tube.
The snow profiles had various lengths, covering the interval from
the surface to 1 m or 2 m depth, respectively. More details on the
sampling protocols in Antarctica are provided in Weinhart et al.
(2020).

Additionally, we analyzed nine 2 m snow profiles along the
CoFi traverse and ten 2 m snow profiles in the OIR trench to see
the development of crusts with depth. For the investigation of the
deeper firn, two firn cores were used in this study, both drilled on
the East Antarctic Plateau (Table 1). The core B40 was drilled in
season 2012/13, B54 in season 2016/17. Both have a total length of
200 m. As we focus on the firn structure, both cores were only
considered from surface to 30 m depth.

We use data of the University of Wisconsin-Madison
Automatic Weather Station (AWS) Program (JASE2007 and
Dome F) as well as data from an AWS9 at Kohnen Station,
which was jointly operated by the Institute for Marine and
Atmospheric Research and AWI (Reijmer and van den
Broeke, 2003), from the years 2016 and 2017.

Non-Destructive Analysis Using uCT

The snow profiles were analyzed by means of core-scale
microfocus X-ray computer tomography (uCT) at AWI
(Freitag et al, 2013). The X-ray source produces a (fan-
shaped) cone beam, which is recorded by the detector after
being transmitted through the sample. X-ray source and
detector move simultaneously along the profile (snow, firn or
ice) and record gray value images.

For a density profile of the sample, only the parts of the images
parallel to the central radiographic line are processed and the gray
values (representing the transmissivity of the radiation)
translated into density using a calibration function and ice
pieces of known geometry and density (Figure 2A). A possible
application of the uCT density can be found in Schaller et al.
(2016). The gray value images of the profiles contain visual
information about the snow stratigraphy.

We defined crusts as thin layers with a strong gradient in the
gray value in contrast to the surrounding snow (but we did not
use a density threshold). In order to identify crusts, we used the
non-processed pCT image sequences, which also store structural
information with an angle to the horizontal central radiographic
line of +16°. With this procedure also oblique crusts could be
spotted (Figure 2B), which are barely or not visible at all in the
processed images. By moving along the snow profile and
changing the angle of view, we detected crusts and looked for
the angle of view with the highest contrast to the surrounding
snow to find their orientation. From this information we
calculated the position of the crusts center within the snow
profile. Strong crusts can exhibit densities between 400 and
550 kgm™ as determined in the central radiographic line (s.
examples in Figure 2A). To ensure consistency in detecting the
crusts, one person did the manual detection of crusts in all
profiles.

Reproducibility of the Method

Counting and categorizing the visible crusts of a 1 m snow or firn
section based on the gray value image took roughly 10 min. To
validate the method, we also counted crusts in three profiles using
3D-volume imaging from the uCT like performed in Moser et al.
(2020) (s. Figure 3 therein). In 3D mode, the profiles were
investigated in 50 um resolution. Exact surfaces of the crusts
could be found and detected. The absolute difference in crust
counting per profile between both methods was on average +1.5
counts (from a total of 20-30 crusts). As we did not see a large
difference and the 3D visualization is much more time
consuming, the 2D method is the preferred option to count
crusts when the 3D microstructure is not part of the investigation.

Calculation of Crust Abundance

To compare the regional presence of crusts in snow, we used the
number of crusts in a depth interval of 1 m as a proxy for crust
abundance, further called crust concentration (c,). We also
calculated the distribution of crusts over depth locally at
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FIGURE 2| Setup of the uCT to retrieve a density profile and to detect crusts in a snow profile. (A) Using a transfer function, the gray value image is translated into a
density profile, only using records along the central radiographic line (solid gray arrow pointing from the X-ray source to the detector). Here, crusts are visible, but only if
they are oriented horizontally. Density peaks at crusts can be seen in the density profile next to the gray value image. (B) Using the non-processed images, we are able to
look at samples with an angle (a = +16°) to the central radiographic line (gray dotted lines). With that method, also oblique crusts like in picture 2) on the right can be
detected. Angle 1) shows the crust with a horizontal view (crust being just slighty visible), while angle 2) shows the crust with oblique view (crust becomes clearly visible).
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EGRIP, Kohnen Station and the OIR camp by stacking all
available profiles and show the result as a histogram.

The densification process begins below a depth of 2-3m
(Weinhart et al,, 2020) and evolves differently dependent on
mainly temperature and accumulation rate at the different sites
(Horhold et al, 2011). For the investigated firn cores, we
calculated the crusts per kg ice (ci.) by dividing c,, by the
density of firn (snow in the upper meter, respectively) for each
meter interval to account for the differing bulk density and for a
better comparability of our results from different locations.

We calculated an ‘annual layer thickness’ at each sampling site
of the snow profiles using the snow density and accumulation rate
(find values for the profiles that were analyzed for impurities in
Table 1). For Antarctica we used a surface snow density of
355kg m™> (Weinhart et al,, 2020) and accumulation data from
Arthern et al. (2006). In Greenland we used a surface snow density
of 335 kg m ™ as well as accumulation data derived from reference
horizons at the sampling sites (Schaller et al., 2016). Then, we
multiplied ¢, by the annual layer thickness [m a™'] resulting in the

number of crusts per annual layer (c,) in the rate unit a .

Discrete Sampling and Chemical Analysis

After the pCT-measurements, selected snow profiles from the
CoFi traverse in East Antarctica were cut in discrete samples of
1 cm thickness in the AWTI cold laboratory at —18°C. We used a
cutting device for snow profiles developed with the AWI
workshop (Figure 3, left). For the sampling, the snow profile
was carefully pushed out of the carbon fiber tube into the holding
trough. The snow is cohesive enough to remain as whole piece in
the trough (Figure 3, right). Length, position of possible breaks
and noteworthy features (e.g. visible changes in grain structure,
surface undulations, slivered carbon fibers) were noted. An
attachment was placed at the end of the cutting device, which
controls the thickness of the cut sample width. After pushing the
profile forward and cutting one sample, a piston was used to cut
out the inner part of the snow profile. As this part is assumed to be
contamination-free, it was used for the analysis of impurities by
means of ion chromatography (IC). Removing the attachment,
the remaining outer part of the cut slice is stored in a separate bag
for e.g. isotopic analysis (only presented for EGRIP). Then the
area was cleaned with a brush for the next sample. The effective
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FIGURE 3 | Sampling device for the snow profiles (A) Front part of the snow profile cutting device with trough (orange), blade with handle (metal), attachment (white
synthetic material, hold in place by clamp with red handle), piston to cut the interior part of the snow profile (B) Due to the sampling method and the cohesiveness of the
snow the profile remains as one piece, unless breaks or layers with high porosity occur.

sample thickness was slightly below 1 cm as the blade cuts away a
small fraction of the snow profile. This is acknowledged in the
depth assignment, where the position of each sample with respect
to depth is kept constant during the cutting procedure (without a
consequence of a possible offset for the depth scale). The
sampling was done in teams of two, in which one person was
in charge for cutting and collecting the outer part of the snow
profile, the other one sampled the contamination-free inner part
wearing protective gloves.

Each sample was measured for major ions (Na', NH,",
Ca®', MSA, CI°, $O,%, NO;") using a Dionex_ IC 2100 ion
chromatograph. We compare the recognized crusts with the
measured ions at selected sampling sites along the CoFi
traverse in Antarctica (with decreasing temperature and
accumulation rate) and in one profile at EGRIP, Greenland.
The profiles in Antarctica are named profile 2, 6, 9 and 14, the
profile at EGRIP is called W10 (Table 1). As we focus on the
seasonality aspect in this study, we only present the ionic
species NH,*, SO, as well as CI7/Na™ in the following. For the
profile W10 we also show stable water isotopes, which were
measured by Ring Down Spectroscopy following the protocol
by van Geldern and Barth (2012) with a precision of <0.1%o
for §'%0.

RESULTS

Most crusts are in the thickness range of 0.5-1mm. The
thickest crusts can be up to 2 mm thick, which is rather an
exception. We do not find a trend or striking differences in
crust thickness at the different sampling sites, i.e. the crust
thickness is not higher at warmer sites with higher
accumulation rate. We can report a high potential for depth
hoar layers just below the crusts (s. Stratification of the Snow
Column Through Crusts Section).

Spatial Distribution of Crusts

On the DML Plateau, East Antarctica

Within the samples from Antarctica, we find the maximum c,,
(23.5 m™!) from the surface to 1 m depth close to Kohnen Station.
Along the CoFi traverse c,,, decreases and has its minimum on the
plateau between OIR camp and Plateau Station, where we count
an average ¢y, of 9 m™! (Figure 4). The mean standard deviation
at sampling sites with four profiles along the traverse is 3.8 m™".
We record the maximum standard deviation at OIR camp with
75m

On the Greenland Plateau

In Greenland, the highest ¢, is found at NEEM (28 m™) and
close to NEEM (33 m™!) (Figure 5). As we only have one snow
profile per site along the traverse, the statistics are not as solid as
for the CoFi traverse in Antarctica. The average c,, in the depth
range 0-1 m along the whole traverse amounts to 23.3 m™". This
fits well with ¢, of 23.5m ™" at EGRIP from eight samples. At
EGRIP, we calculated a standard deviation of 3.9 m™', at RECAP
of 29m™ (four samples).

Crusts vs. Accumulation Rate

We show c,,, (Figure 6A) and ¢, (Figure 6B) plotted against the
logarithmic accumulation rate. We see a steady increase in ¢,
with increasing accumulation rate. A linear fit between the
logarithmic accumulation rate and ¢, results in a coefficient of
determination (R?) of 0.89 (plotted in Figure 6B). Note that this
spatial correlation applies to the total dataset, i.e. from Greenland
and Antarctica.

For an estimation of the temporal sensitivity of crusts to
accumulation rate, we calculated ¢, in B40 up to 15 m depth
using a five-year running mean for both, crusts and
accumulation rate, as the latter is subject to large
interannual variability (in some cases roughly a factor of
two in consecutive years-note that this is an artifact of a
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FIGURE 4 | Crust concentration in the uppermost meter along the CoFi traverse route. Solid dots represent the average ¢, per site with multiple profiles, small
crosses show locations with only one snow profile. Error bars in solid vertical lines show the standard deviation from multiple profiles at one sampling site.
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FIGURE 5 | Crust concentration in snow profiles from the NEEM to
EGRIP traverse. We used the same symbols as in Figure 4.

single point measurement and not necessarily representative
for a larger area). The regression analysis on the temporal
scale also results in a positive correlation, but with a much
lower R® (0.36) then on the spatial scale (Figure 6C). A
potential bias of the slope is discussed in Crust
concentration in relation to accumulation rate Section. We
consider the temporal resolution of the accumulation rate in
B54 and thus ¢, as not precise enough to perform a regression
analysis here as well.

Vertical Record of Crusts in East Antarctic
Firn

We see a decrease in ¢, from 0 to 2 m depth. The relative decrease
seems to be higher at sites with a higher ¢, in the first meter. At
Kohnen Station, from the first to the second meter in depth there

is a reduction in c,, of 27% (average of eight samples), at OIR
camp of 25% (ten samples). But single samples along the traverse
also show a reduction of over 50%.

The maximum lateral extent of crusts can be followed in the
OIR trench, where it ranges between 10 and 15m, typical
dimensions of the snow patches perpendicular to the mean
wind direction. In addition, the depth position of crusts is
rarely consistent among nearby sampling sites on the East
Antarctic Plateau. This can be explained by the high surface
roughness relative to the annual accumulation rate as dune
heights can exceed two or three times the annual layer
thickness (Weinhart et al., 2020).

Cm in the firn cores at Kohnen Station and the OIR camp
agrees well with c,;, in snow profiles in the vicinity of the firn
cores. In core B40 we count 21 crusts in the first meter and 18 in
the second meter, whereas in core B54 we only find eight and
seven crusts in the first and second meter, respectively. In both
cores, Cjce decreases steadily but does not fall below 10 kgfl
(Figures 7A,B).

Local Vertical Crust Distribution

We also find profiles where multiple crusts form on top of
each other, also oblique to each other with only few
millimeters between them. The question arises, whether a
preference for the crusts to form in a distinct period of time is
visible in several profiles from the same location. This could
then indicate the annual layering on a local scale. At EGRIP in
a stack of several profiles the crust distribution over depth
agrees with the annual layer thickness (Table 1; Figure 8A).
At Kohnen Station five local maxima in the crust count can be
seen, which is consistent with the local accumulation rate
(Figure 8B). At the OIR camp, the histogram is not as clear.
The higher the surface roughness and the lower the
accumulation rate, the more difficult is the recognition of a
lateral consistency of crusts. For the smaller bin width
(2.5cm), we count eight local maxima, which could be
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congruent with the local accumulation rate or the number of
deposition events (Figure 8C).

Impurities in Snow Profiles From Antarctica

and Greenland

The corresponding impurity profiles to the results presented in
this section are shown in Figure 9 and Figure 10 in Case study
at EGRIP (Greenland) and Case study in DML (Antarctica)
Sections.

In Antarctica, Cl'/Na® increases from profile 2 close to
Kohnen Station (mean: 3.6, max. peak: 15.3) toward the
interior Plateau. In profile 14 at Plateau Station, the mean is
4.0 and the maximum peak at 21.4. The peak of CI/Na" in
Greenland can reach values up to 82.3, the mean of the profile is
7.7. The mean SO,>~ concentration is a bit lower in Greenland
(W10: 90.8 ppb) than for the interior part of the East Antarctic

Plateau (profile 2: 72.3 ppb; profile 6: 79.7 ppb; profile 9: 104.1
ppb; profile 14: 101.6 ppb).

We do not find seasonal cycles in impurities measured in the
Antarctic profiles. While a seasonal signal in density (not shown)
is not pronounced at low-accumulation sites (Landais et al., 2006;
Laepple et al., 2016), we see rather some profiles (or parts of
profiles), in which we recognize a strong coincidence of crusts,
SO,* and CI"/Na* peaks, in some profiles the ions and crusts
seem to have just an arbitrary connection (Figure 10). In profile 9
most of the crusts are located directly at the CI'/Na™ peaks and
(temporally) after the SO,%* peaks.

In contrast to the Antarctic profiles, in the profile at EGRIP
seasonal cycles in several ionic species are much easier and clearer
to detect. As NH," seems to exhibit a clearer seasonality than
sulphurous species like SO, (Du et al., 2019), for the dating of
the profile we rather use NH," and Cl'/Na". The seasonal cycle in
ClI"/Na* corresponds well with the accumulation rate. NH,*
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peaks set in a bit earlier but do not show a high amplitude like
Cl™/Na*. For this profile, we also show §'%0 as well as the high
resolution PCT density (p) (Schaller et al., 2016). Both, local
maxima in §'*0 and minima in density, indicate summer seasons
in Greenland as well. The crusts partly seem to cluster at the
(temporal) end of the CI"/Na" peaks (Figure 9).

DISCUSSION

Spatial and Temporal Variability of Crusts
and Validity of the Method

On the interior plateau c,, agrees well with data from snow pits in
the vicinity of Dome Fuji (Sugiyama et al., 2012; Hoshina et al.,
2014). But the number of crusts can vary a lot in space, especially
on small scales (in the order of tens of meters), which is visible in
the standard deviation at single sampling sites in Figure 4. This
shows, that crusts are a rather local feature and several samples
are needed to obtain a representative value. The high small-scale
variability seems to be related to the dimension of snow patches
and dune structures at the snow surface (Birnbaum et al., 2010).
Sugiyama et al. (2012) reported a lower ¢, at Kohnen Station than
we find in this study. We consider this offset to originate from the
different methods and the higher potential of crust clusters (two
or more crusts within 1 cm) at Kohnen Station than along the
traverse. But also the temporal variability in ¢, can be a possible
explanation.

In general, our method shows numbers of crusts in the same
order of magnitude as other sparse published field observations so
far. A big advantage we see in our method to derive crusts in
comparison to observations in the field, is the detection of crust
clusters and weak crusts, which can be easily overlooked in the
field. In addition, the distinct density of the crusts itself and the
surrounding snow (s. Stratification of the snow column through
crusts Section) can be an important point for the classification of
polar snowpacks.

On Crust Formation and Potential

Implications for Snow and Firn Studies
Crusts in cold dry snow, which are not the result of melting
processes, occur in the wide temperature range between 0°C and
—-60°C. Our crust count from various sampling sites in
Greenland and Antarctica suggests that, surprisingly, at
warm sites the crusts do not seem to grow thicker than at
cold sites. This is different to our experience from granular
materials with a high vapor pressure. Since crusts in polar snow
form over a wide diversity of environmental conditions
(temperature, wind, sunshine duration, relative and absolute
humidity, etc.) it is difficult to give more than general
assumptions for crust formation.

In areas of low accumulation (here: <60 kg m2a') the snow
surface must be considered dynamic and exposed to the
atmosphere for up to or even more than one year. Snow
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dunes with heights of 20-30 cm may well be exposed for more
than one year.

Crust Concentration in Relation to Accumulation Rate
With decreasing accumulation rate and therefore more years
covered in 1 m snow, one would intuitively expect c,, to increase
toward the East Antarctic Plateau. Surprisingly, we observe the
opposite trend. The number of crusts decreases with decreasing
accumulation rate (Anschiitz et al., 2011) and temperature along the
CoFi traverse (Figure 4). Comparing our results to the temperature
and accumulation rate at each site, we find a similar trend for both
parameters to c,,. In contrast, the surface snow density (surface to
1 m depth, Weinhart et al., 2020) is not influenced by c,,, as there is
no correlation between both parameters. The crusts are too thin to
make a significant impact on the surface snow density.

From a dating perspective, a rather important measure is the
number of crusts that form per year. A relationship between

surface features and accumulation rate has been proposed by
Craven and Allison (1998), as higher accumulation rates lower
the time of exposition of upper layers to surface conditions. On
average, at least one crust per year forms on the interior plateau of
East Antarctica due to the limited formation conditions
(Figure 6). On the one hand, the annual accumulation rate
can be a factor for the preservation of crusts over time. On
the other hand, we conclude that the formation of crusts is also
directly related to the number of deposition events per year. We
also observe a non-linear behavior toward lower accumulation
rates. In areas with higher accumulation rate (especially in the
investigated areas in Greenland), there are more periods and
conditions present, which favor crust formation.

A reduction of ¢, (and c,;) on the plateau can generally also
come from a higher destruction rate of crusts after formation.
This objection has also been raised by Fegyveresi et al. (2018) and
might in particular be relevant for areas with low accumulation
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rate and very mobile snow grains at the surface. Interestingly, as is
could not confirm a correlation of crust hardness and duration of
exposition at the surface, which phase
transformations and sublimation-condensation cycles in the
uppermost snow layer. We also did not find crusts with higher
density on the interior East Antarctic Plateau. A possible
explanation might be the higher mobility or the higher
potential for destruction of crusts, but the formation
conditions of crusts can be rather diverse.

We assume that only strong crusts survive the further firn
metamorphism as both cores B40 and B54 show a similar
decrease in ¢ from a depth of 5m on (Figure 7).
Unfortunately, we are not able to separate the temporal
variability from thinning of crusts with time due to firn
metamorphism. This finding would have been in particular
interesting at Kohnen Station, whether the increase in
accumulation rate over the last decades (Medley et al.,, 2018)
caused an increase in i, or the drop of ¢ in the first meters is
only due to destruction because of firn metamorphism
(Figures 7A,C).

Both regression analyses of ¢, with the logarithmic
accumulation rate on the spatial and temporal scale result in a
positive correlation (compare Figures 6B,C). We explain the
offset between the temporal and spatial regression with the
destruction of crusts with depth. The cause for the lower slope
in B40 in contrast to the spatial overview is not completely clear.
We observe an increase in accumulation rate in the upper 10 m
which is also the depth interval in which we would expect the
strongest crust destruction by firn metamorphism. This would
theoretically lead to a higher slope, which is not the case for B40.
Nevertheless, the correlation on the spatial and temporal scale
proves a high sensitivity of crusts to accumulation rate. For future
studies we suggest to investigate further firn and ice cores with an
additional focus on the depth interval below 10 m (due to high
crust destruction) in order to better separate the effect of
accumulation rate from firn metamorphism.

At the moment, we assume that there are no regional
differences how crusts vanish with depth and that the
variability in crust strength is not stronger than the temporal
variability, but ¢, can still be determined precisely in firn and ice
cores. In the EPICA ice core at Kohnen Station (EPICA
Community Members, 2006), single crusts are even visible
down to the ice clathrate transition zone. If this relationship
between ¢, and the accumulation rate can be proven in the future,
taking the densification rate into account crusts can be used as
proxy for accumulation rate variability in firn and ice cores.

sSnow causes

Discussion of Wind Speed and Snow Mobility as
Important Parameters for Crust Formation

While drifting snow seems to be an important factor for wind
packing and crust formation as they are also grain size and their
mobility might play a role in that context. Picard et al. (2012)
reported an increased grain index in summer around Kohnen
Station, which decreases toward the sampling sites on the interior
plateau. Larger grains with lower mobility might be in favor for
crust formation. Smaller grains, which form in particular at low
temperatures (Endo and Fujiwara, 1973) like on the interior East

Crusts in Polar Snowpacks

Antarctic Plateau, are prone to wind erosion and redistribution.
But more important could be the coordination number and the
potential of particles to sinter together. Sintered grains remain at
the snow surface while weakly bonded particles get blown away.
The mobility and grain size distribution might not be optimal for
crust formation on the interior plateau as the uppermost layer of
the snowpack has the tendency to be eroded or redistributed
completely and has no chance to build a crust.

While we discuss temperature (gradients) later in the text
(Stratification of the Snow Column Through Crusts Section), we
also compare the wind speed distribution over the last two years
of the three mentioned AWS (Figure 1) with our crust record.
Large scale weather events are visible at all three locations, but
especially the wind speed maxima are significantly different. We
find, that the abundance of events with wind speed exceeding
10ms™" is considerably higher at Kohnen Station than at
JASE2007. At Dome Fuji, there are barely more than four
events per year above that threshold. As we cannot date the
formation of the crusts to link them to the wind events and the
high wind speeds are recorded all over the year, we cannot
conclude a direct dependence between crusts and events with
high wind speed. Nevertheless, the abundance of events with
high wind speeds fits with the general trend of ¢, along the CoFi
traverse. To classify them unequivocal as marker for event-
based accumulation or seasonality, additional observations of
the snow surface coupled with weather data (in particular
precipitation and wind speed) are necessary. To avoid crust
destruction, the wind speeds should not exceed a level, at which
erosion of the whole surface layer takes place. In this context, the
wind speed thresholds might vary for different areas dependent
on the environmental conditions and grain mobility. Wind
scour areas, which are spread over the Antarctic continent
and are characterized by high wind erosion (Das et al,
2013), might additionally hamper or prevent the formation
of crusts.

Stratification of the Snow Column Through Crusts
From the local histograms in Figure 8 we conclude that at least a
slight preference for crust formation in a specific time frame
(fitting environmental conditions) seems to be likely. As a
consequence of that distribution, crusts can indicate some sort
of seasonal layering for a local application, but a sufficient amount
of samples (we suggest at least six) is necessary. In low
accumulation areas, the stacked signal does not show an
unequivocal result due to the high amount of stratigraphic
noise (Fisher et al., 1985).

Despite the direct effect of stratification, crusts can also have
an indirect effect, altering the (surrounding) snowpack after crust
formation. Vertical temperature gradients can enhance mass
transport upwards during clear sky weather conditions with
lower air temperatures than snow temperatures (Fegyveresi
et al., 2018). This mass transport from the snow layer (or
layers, dependent on the thickness and permeability) can
create layers of low density and high porosity below crusts
with increased grain size. This was also observed in radar
profiles in West Antarctica (Arcone et al., 2004). The crust on
top in turn absorbs the transported mass and increases in density
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and decreases in porosity. Similar effects are observed at the
formation of firnspiegel (Schlatter, 1984).

But also the opposing effect of hard depth hoar is possible,
dependent on the original snow type and density. An additional
exposure to a temperature gradient of 20°Cm™" or higher was
observed to produce a hard and cohesive snow layer (Pfeffer and
Mrugala, 2002), while high temperature gradients can lead to a
preferred crystal growth in vertical direction (Calonne et al., 2017).

Over half of the layers (56%) between 0.2 cm and 3 cm below
crusts in our samples from Antarctica have a lower density than
the average 1 m density of the snow profiles. This is a higher
percentage as we report for Greenland (43%), where the mean
surface snow density is generally lower and a seasonal cycle in
density (Figure 9) may be stronger than the postdepositional
formation of low porosity layers. The formation of (low density)
depth hoar seems to be more likely on the East Antarctic Plateau
than on the Greenlandic plateau [but has also been observed
there, see Alley et al. (1990)]. Also the relative contribution of
crust formation to density variations within the snowpack is
potentially larger on the East Antarctic Plateau than on the
Greenlandic Plateau. In both ways, crusts can influence the
stratigraphy significantly even after their formation. We see
our results as a good starting point for snowpack models that
can capture these processes.

These findings can have impact on remote sensing techniques
as both, passive and active remote sensing methods reveal a
sensitivity to accumulation rate (e.g. Winebrenner et al., 2001;
Flach et al., 2005; Arthern et al., 2006; Dierking et al., 2012). The
reason for this relationship is assumed in the density layering of
firn (Liang et al., 2008) as the density stratification affects the
polarization of the horizontally polarized microwave radiation
(Winebrenner et al., 2001; Macelloni et al., 2007). Even more, a
few millimeters thin and high-density crusts can influence the
polarization considerably as the density gradients at layer
boundaries can be huge (Winebrenner et al., 2001; Arthern
et al, 2006). For example, Surdyk (2002) interpreted local
differences in measured brightness temperatures with the
appearance of windcrusts. However, the effect will be limited
by the considered wavelength of the sensor, as at lower
frequencies the influence of the surface meter(s) are small
(Macelloni et al., 2007). It is beyond the scope of this study to
go into the physical explanation and the possible effect of crusts
on the microwave signal. Nevertheless, we see potential for
further studies on this topic based on our records.

The Potential of Crusts as Dating Proxy
We tested a correlation between ion peaks (S0,%7, CI'/Na™) and
crusts, which has also been done by Moser et al. (2020).
Nevertheless, crusts only make a small amount of the 1cm
thick samples and a direct conclusion between the ion
concentration of the sample and the crust cannot be made. A
potential solution based on sampling and measuring the crust
only is technically very difficult. While the detection of crusts with
the pCT is fairly precise, spotting the crusts by eye working in the
field or in the ice lab is not very straightforward. While cutting the
crust still might work technically, the volume is not sufficient for
an IC measurement.

Crusts in Polar Snowpacks

For a better understanding of the discussion of crusts as a
climatic or temporal proxy, we show the annual layer thicknesses
for the profiles presented in Figures 9 and 10 in Table 1. At this
point we want to mention, that crusts are interpreted as markers
for a specific point (or interval) in time. This structural
information is in principle independent from an impurity or
stable water isotope signal in deposited snow. Still, both structural
and chemical components can of course indicate the same point
in time (season or year).

Case Study at EGRIP (Greenland)

Interpreting CI/Na* and NH," as a clear summer signal and
assuming that accumulation is to some extent evenly distributed,
then in Greenland the majority of the crusts seems to form in late
summer or autumn. A formation in spring seems less likely.
Weather conditions or lack of exposition time at the snow surface
might be reasons why less crusts form in that period. In general
we conclude that crusts in Greenland have the potential to
indicate seasonal transitions, i.e. could be used as an annual
marker, but should remain second priority for dating. In between
single deposition events there seems to be enough time for a crust
to form. Whether crusts can be used as an annual marker for firn
core records from other regions in Greenland and in future
studies in general, requires the investigation of additional data.

Case Study in DML (Antarctica)

Snow profiles at Kohnen Station indicate the presence of a
seasonal cycles in some impurities there (Goktas et al., 2002;
Weller and Wagenbach, 2007; Moser et al., 2020), but going
further inland (increasing distance to the coast and decreasing
accumulation rate), this seasonal signal vanishes. In profile 9 the
clarity of the ion peaks is good and also the correlation between
ions and crusts is fine, therefore we tried to assign summer
periods there (Figure 10C, red shaded areas). We interpret a
combination of at least two proxies (SO,>7, CI'/Na" or crust) as
summer marker and find 16-18 summer periods from surface to
2 m depth, which is reasonable comparing it to the approximate
annual layer thickness (Table 1). In contrast in profile 2
(Figure 10A), which is close to Kohnen Station and the
accumulation rate can be derived with lower uncertainty, it is
hard to assign four to five clear peaks per meter. In profile 14
(Figure 10D), the SO4>~ signal shows rather a constant value over
2 m depth instead of clear peaks and we cannot assign summer or
winter periods to specific layers. This profile in turn is an excellent
example for dating problems of chemical signals (stable water
isotopes, impurities) in low accumulation areas as well. Structural
elements in the snow column (density, anisotropy, crusts) have
the potential for an additional annual marker when chemical
signals fail to show a clear seasonality. They are not biased by the
physico-chemical exchange reactions between snow and
atmosphere like diffusion, sublimation or volatilization. But, of
course, they are also subject to erosion and probably sensitive to
specific weather conditions. We assume that the potential for
crust destruction is higher for a lower annual accumulation rate.
For a reliable dating application in low accumulation areas we
suggest a combination of several parameters derived from a
sufficiently large amount of samples.
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CONCLUSION

In this study, we presented for the first time a crust record derived
from radioscopic scan images using X-rays. With this method, we
can detect weak crusts as well as crust clusters and also the density
of horizontal crusts and the surrounding layers can be
determined. We investigated samples from the East Antarctic
Plateau and the Greenland interior. Although the lateral extent of
crusts is limited to few meters and the small-scale variability is
high, in Antarctica we find a clear trend of decreasing c,,, (crusts
per meter) going from Kohnen Station (75.00°S, 0.06°E) to the
interior Antarctic Plateau (79.24°S, 40.33°E). Looking at samples
from both ice sheets and taking the annual layer thickness into
account, ¢, (crusts per annual layer) decreases constantly from
high to low accumulation rate areas. A linear relationship
between c, and the logarithmic accumulation rate seems likely
on the spatial scale, as well as on the temporal scale as shown for
firn core B40. We recommend further studies to test this positive
correlation, especially to decouple the crust destruction with
increasing depth from an accumulation rate (or climate)
driven temporal variability of crusts. This crust abundance
(and variability) might play a role for firn ventilation and pore
close-off at the firn-ice transition, especially in the diffusive zone
(Birner et al., 2018).

Assessing the formation theory for glazed surfaces by Fegyveresi
et al. (2018) and observations by Sommer et al. (2018b) in
combination with our data, we conclude that the most
important factor for crust formation is time with absence of
persistent snow deposition. Due to the reduced metamorphism
under cold temperatures, on the interior Antarctic plateau the
surface snow is rather soft and remains mobile even under
moderate winds. It prevents longer residence times at the
surface and therefore crust formation. In addition, less annual
accumulation reduces the seasonal supply of snow leading to a
further reduction of formed crusts. It is shown that crusts on the
East Antarctic plateau are more frequently associated with porous
layers below them than at the investigated sites in Greenland. We
conclude that the contribution of crusts to the overall stratigraphy
of the snowpack is therefore stronger on the East Antarctic plateau.

Future studies could deal with a microstructure analysis of
crusts (e.g. grain size distribution), the thickness of depth hoar
layers in consequence of temperature and vapor pressure
gradients and the mass loss within these layers and the mass
gain at crusts. Our crust record can serve as a physically
constrained dataset on which radiation of scattering modeling
can build, both, subscribing vertical distribution as well as
horizontal variations. The observations in this study indicate
that crusts might have a direct (stratification through crusts) as
well as an indirect effect (stratification through low porosity
layers below crusts), but this topic needs further investigation.

The distribution of crusts over depth from several samples and
the combination of crusts with chemical data at EGRIP, where
seasonal signals of impurities are clearly visible, have shown that
structural elements can be used for dating on a seasonal scale,
although several samples are necessary for a reliable result. If the
accumulation rate is completely unknown, it is difficult to identify
the annual layer thickness in low accumulation areas just based

Crusts in Polar Snowpacks

on a crust record. A multitude of different mechanisms interact
for crust formation, the general formation mechanism is not
limited to one specific season only and a correlation to ions
cannot be seen in all investigated profiles. But stable water
isotopes and some impurities face postdepositional, physico-
chemical alterations in their concentration at the snow-
atmosphere interphase (i.e. diffusion, sublimation, chemical
reactions) and redistribution by wind (i.e. change of the
stratigraphic order). Crusts, which form at the snow surface
and are advected downwards by snow accumulation unless
they are eroded, can be seen as a rather immobile proxy and
can support dating approaches with other proxies.
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