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Abstract

We analysed the three-dimensional microstructure of sea ice by means of X-ray-micro computed
tomography. Microscopic (brine- and air- pore sizes, numbers and connectivity) and macro-
scopic (salinity, density, porosity) properties of young Arctic sea ice were analysed. The analysis
is based on ice cores obtained during spring 2016. Centrifuging of brine prior to CT imaging has
allowed us to derive confident relationships between the open, vertically connected and total por-
osity of young sea ice at relatively high temperatures. We analysed the dependence of the micro-
scopic properties on vertical position and total brine porosity. Most bulk properties (salinity,
density) and pore space properties (pore sizes and their distribution) show a strong dependence
on total brine porosity, but did not change significantly over the course of the field work.
However, significant changes were observed for pore numbers (decreasing over time) and pore
connectivity (increasing over time). CT-based salinity determinations are subject to larger than
standard uncertainties (from conductivity), while the CT method yields important information
about the salinity contributions from closed and open pores. We also performed a comparison of
CT-based air porosity with calculations based on density from hydrostatic weighing. The consist-
ency is encouraging and gives confidence to our CT-based results.

Introduction

Sea ice is a key element in earth’s climate system, it has an impact on the heat and moisture
transfer between the ocean and the atmosphere and influences the global albedo (Ebert and
Curry, 1993). Sea ice contains, unlike freshwater ice, brine in pore networks and inclusions.
Often termed ‘brine channels’, these are the habitat to a whole ecosystem crucial for the arctic
food web (Legendre and others, 1992). As the interest in exploring natural resources and ship-
ping traffic in the Arctic is increasing (Peters and others, 2011), sea ice becomes an engineer-
ing challenge (Schwarz and Weeks, 1977). Human activities bear the risk of increased marine
pollution and oil spills. The sea-ice porous space can act as a buffer (Petrich and others, 2013;
Salomon and others, 2017; Desmond and others, 2021). Hence, physical, optical and mechan-
ical characteristics of sea ice, relevant to its geophysical, biological and engineering properties,
are strongly linked to its microstructure.

Early studies on sea-ice structure were mainly dominated by two-dimensional (2-D) macro-
scopic descriptions (cm-mm scale) of either vertical or horizontal sections. Destructive prep-
aration of thin- or thick sections was necessary to allow studies on sea-ice structure. Based on
such sections, Lake and Lewis (1970) illustrated the overall 3-D patterns of brine channels sys-
tems. Since then there have been a couple of microstructure studies based on optical thin sec-
tion analysis summarised in Weeks (2010) and Shokr and Sinha (2015). Extended thin section
analysis by electron microscope observation has resulted in detailed 2-D views of single brine
inclusions (Sinha, 1977). 3-D insights and the application of X-ray computed tomography
(CT) to sea-ice samples were first given by Kawamura (1988). This study allowed for the
first time non-destructive observation of sea ice, with a resolution of 2 mm. Since then,
advances in technology have allowed examination at much higher resolution with
micro-X-ray CT (u-CT). Applying u-CT on laboratory sea ice has advanced understanding
in the field. Golden and others (2007) and Pringle and others (2009) investigated brine inclu-
sions within sea ice, its connectivity and permeability supporting the percolation theory.
Crabeck and others (2016) conducted studies on the spatial distribution of gas bubbles and
gas transport within sea ice. Insights into pollutant distribution within sea ice on the example
of crude oil were given by Oggier and others (2019) and Petrich and others (2019). Eicken and
others (2000) investigated microstructure and thermal evolution of brine inclusions with mag-
netic resonance imaging on laboratory and natural grown sea ice. The first 4-CT-images of
field collected sea ice were published in 2009 (Maus and others, 2009; Obbard and others,
2009; Lieb-Lappen and others, 2017). To diminish the likelihood of changing pore structure
during transport and storage from changing temperatures, Maus and others (2009) proposed
a method that had earlier been used to obtain cast samples of the sea-ice pore space (Freitag,
1999; Weissenberger and others, 1992). Prior to #-CT imaging, samples were transported close
to their in situ temperature to the lab and were centrifuged. Removal of the brine allows that
samples can be further stored and transported at sub-eutectic temperatures without altering
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the pore structure to reveal insights into pore size distribution and
permeability of sea ice. These data were used to model oil entrap-
ment in ice (Maus and others, 2009, 2013, 2015). This paper aims
to investigate the sea-ice pore space, which is defined by its brine net-
works and air inclusions on a microscale. The physical parameters
including sea-ice temperature, salinity, density, porosity, pore size,
throat size and pore number per area were studied. Sea-ice density
and salinity measurement based on CT-microstructural observation
are compared with hydrostatical density evaluations and salinity
determined from conductivity.

Methods
Study site

Fieldwork location was Sveasundet, south of Sveagruva in Van
Mijenfjorden, Spitsbergen (77°53'13.0” N 16°44'23.1” E) (Fig. 1).
From 16 March until 23 April 2016, eight site visits were conducted.

Field set-up

Field site preparation took place on 16 and 17 March 2017. Two
sea-ice temperature profiles were logged throughout the field cam-
paign, each with a set of six type T thermocouples. Registered sea-ice
temperature was logged every 5 s with USB-5104 4-channel thermo-
couple loggers from Measurement Computing with a time accuracy
of £1 min per month at 25°C. Prior to the installation of the sea-ice
temperature devices, thermocouples were mounted with a spacing
of 10 cm inside a paperboard tube with an inner diameter of
7.8 cm and an outer diameter of 8.2 cm. An ice core with a diameter
of 7.2 cm was drilled with a Kovacs 1 m core barrel and fitted into the
paperboard tube. The tube equipped with thermocouples and filled
with the ice core was re-positioned to its in situ position. The ther-
mocouples were oriented such that one set of thermocouples was
facing to the south and the other set was facing to the north.
Unfortunately, the thermocouples started giving erroneous results
after our second visit, probably due to a moisture problem.

A temperature sensor (SBE 56, Sea bird Scientific) with a reso-
lution of 0.0001°C and an accuracy of + 0.002°C (range: — 5 to +
35°C) was installed 1.2 m below the ice surface to register ocean tem-
peratures. The ocean temperature was logged in an interval of 2 min.

Snow depth above the ice cover was measured at several loca-
tions on each field day with a commercial benchmark with a reso-
lution of 1 mm. The snow temperature was measured at the
surface as well as the slush-ice interface with a portable thermom-
eter (HI 93510 from Hanna Instruments, accuracy: 0.4°C, reso-
lution: 0.1°C).

After the installation of temperature loggers, two salinity cores,
two temperature cores, two cores for microstructure analysis and
one for density determination were drilled. This coring regime
was repeated on 30 March, 06, 12 and 23 April.

All cores except cores from 30 March were drilled with a core
barrel of 7.2 cm in diameter. Cores from 30 March were drilled
with a core barrel of 12 cm in diameter, due to technical issues
with the core barrel of 7.2 cm in diameter. Bulk salinity, tempera-
ture and density cores were drilled next to each other.
Temperature cores were extracted one by one and measured
immediately after coring. The temperature was measured with a
portable thermometer (HI 93510 from Hanna Instruments)
from bottom to top every 2.5 cm. Bulk salinity cores were mea-
sured in length and sub-sampled from bottom to top in 2.5cm
steps. Subsamples were packed into watertight plastic containers
and transported back to the laboratory in Longyearbyen.
Density cores were measured in length, sub-sampled to a height
of 5 cm, packed into plastic containers and transported at ambient
temperature in an upright position to the laboratory.
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Fig. 1. Field work location: Sveasundet, south of Sveagruva in Van Mijenfjorden,
Spitsbergen (77°53'13.0” N 16°44'23.1" E).

Microstructure cores were measured in length and sub-
sampled to a height of 2.5 cm from bottom to top. The subsam-
ples were packed in conical plastic boxes to avoid the sample
touching the floor of the container and transported in an upright
postion in active cooling boxes (WAECO T22,T32 and WAECO
Cool Freeze CDF35) as close as possible to their in situ tempera-
ture to the UNIS laboratories.

Laboratory set up and methods

Bulk salinity (S;..) of melted samples from the field was measured.
We used a HI 98188 conductivity/salinity meter from Hanna
instruments to determine the salinity measured in practical salin-
ity unit (psu). Sea-ice density (p) was determined by hydrostatic
weighing in paraffin (Fritidsparafin by Wilhelmsen Chemicals),
based on Archimedes’ law (Kulyakhtin and others, 2013;
Pustogvar and Kulyakhtin, 2016).

air

M, air

Pice =
- Mpar

*Ppar QY

Ice samples were weighed in air (M,;,) and submerged in paraftin
(Mpay) using a Kern KB 2000-2NM scale (resolution 0.01 g and
accuracy 0.1 g). The paraffin density (op.r) was determined with
an aerometer (resolution: 1 kg m™) to calculate the sea-ice dens-
ity (Eqn (1)). Density measurements were performed in a cold lab
at — 15°C, except for the cores from 17 and 30 March, which were
measured at —2.7°C. Air porosity from density was determined
using equations by Cox and Weeks (1982), with density values
from hydrostatic weighing and measured bulk salinity.

Samples for microstructure analysis were first weighed using a
scale from PCE Group, BT 2000, and then reduced utilising a core
barrel to a diameter of 4 cm. The cut-off from drilling was col-
lected after this step. Afterwards, the reduced sample was centri-
fuged for 10min at a set temperature of —3°C and 900
revolutions per minute, corresponding to 40 G in a cooled centri-
fuger (Minifuge Heraeus Christ). The centrifuged samples were
packed in plastic bags, stored at — 15°C and transported at this
temperature to the Norwegian University of Technology
(NTNU). Samples were stored at NTNU for 11 months at — 15°
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Segmentation

Fig. 2. Filtered grey scale CT-scans for (a) a sample with a small number of macro pores and (c) a large number of macro pores. Filtered data are segmented into air
(blue), brine (green) and ice (grey). The histograms in the middle show the linear grey value distribution in black and the logarithmic distribution in grey with a

significant ice peak.

C before further investigations. Centrifuging of ice samples makes
it feasible to transport and investigate the microstructure of
sea-ice samples, close to in situ conditions, without uncontrolled
loss of brine and preserving the sea-ice microstructure. The
amount and salinity of dripped brine (Sparp) during transport
was determined, as well as the amount and salinity of the cut-off
(Srest) and the centrifuged brine (Spcent). The salinity of the centri-
fuged microstructure samples (Sce,;) was measured after y-CT
analysis at NTNU.

Micro computed-tomography imaging and post imaging
processing

We conducted 3-D X-ray micro-tomographic imaging at the
Norwegian Centre for X-ray Diffraction, Scattering and Imaging
(RECX), NTNU, with a XT H 225 ST micro-CT system from
Nikon Metrology NV, equipped with a Perkin Elmer 1620 flat
panel detector with a 2048 x 2018 pixel field of view. Image acqui-
sition was performed with a current source of 250 nA, an acceler-
ation voltage of 150kV and a Wolfram target. Scans were
performed with 3142 rotation per 360° and an exposure time of
708.00 ms. The field of view (FOV) was 50 mm and corresponds
to a pixel size of 25 um. Samples were placed in an alumina sample
holder with 1 mm wall thickness. The top and bottom temperature
of the sample holder was controlled by a self-assembled cooling sys-
tem, based on thermoelectric assemblies (www.lairdtech.com). The
temperature during scanning was set to — 15°C, the same tempera-
ture as during transport and storage. Nikon Metrology XT Software
was used for reconstruction of the datasets. During reconstruction,
we applied a beam hardening correction. Data were stored as 16-bit
grey value stacks.
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Data stacks were first processed in Image J. First, we cropped
the cross-sections into a FOV of 1150 x 1150 pixel and cut to
an average vertical extend of 400-650 slices. Images were then fil-
tered using a combination of a Median filter (radius: 2 voxel) and
a Gaussian filter (radius: 1.5 voxel), where a voxel is a 3-D pixel.
In the next step, images are segmented into three classes: ice, air
or brine. Otsu’s algorithm (Otsu, 1979; Maus and others, 2015)
was applied for differentiation between the air and ice signal.
This was done in a semi-automatic manner. Therefore, five sub-
areas in a 2-D slice were chosen. Each area contained a similar
fraction of ice and air, on which the threshold based on Otsu’s
algorithm was computed. The mean of these thresholds was
selected for air segmentation. For segmentation of brine from
ice, the Triangle algorithm (Zack and others, 1977) was applied.
The Triangle algorithm was chosen for brine segmentation, as
Otsu’s algorithm gave brine volumes that were too high (Hullar
and Anastasio, 2016). First, the threshold was estimated for 41
samples, where in each of the samples five subregions containing
a similar amount of brine and ice, without containing air, were
investigated. Based on these 41 samples, it was found that the
ratio of this threshold and the histogram peak corresponding to
ice was 1.13 (£0.03). In the second step, brine segmentation was
based on a threshold 1.13 times the ice histogram peak (Fig. 2).

Pore space analysis

Bulk properties: porosity, salinity and density

We used the software GeoDict 2018 and 2019 (Linden and others,
2018) to determine different porosity metrics of the pore space,
salinity and density. We are interested in the following porosity
metrics in situ:
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Fig. 3. Classification of pores under in situ conditions after sampling transport centrifuging and CT-imaging and after CT-image analysis.

¢y, = brine porosity

Bbopen = Open brine porosity
Pbclosed = closed brine porosity
Bbeon = connected brine porosity

@,ir = air porosity
The CT output is the segmentation into air and brine:

CT
rine

CT _ .- e - .
i = air porosity in CT image

= brine and solid salt porosity in CT image (residual)

The air porosity from the CT output consists of centrifuged
brine pores and disconnected air pores. Open air pores might
have existed, but are further considered as open brine pores. It
can be further geometrically analysed by taking directional infor-
mation into account (see Fig. 3 for illustration):

CT

Drir closed = closed air porosity in CT image
CT  _
air open = OPeN air porosity in CT image
CT

i con = Vertically connected air porosity in CT image
In Geodict, the fractions of open and closed pores can be
determined with respect to the six sides of a 3-D image. Where
the x-axis (+) and the y-axis (+) do describe the horizontal
plane and the z-axis (+) speciﬁes the vertical position in the sam-
ple. The open porosity q’)almpen contains all air pores connected to
one of the sample surfaces in any Cartesian direction. A closed
pore is considered to be isolated and unreachable from the sur-
faces. GeoDict does not distinguish connected pores. In order
to calculate the connected pore fraction we looked into the
open pore space from different intrusion directions: z+ (upper
surface); z — (lower surface) and z+ (upper and lower surface).
The connected pore space can be calculated with the
above described metrics as in Eqn (2). Firstly, pores opened to
z+ and z — direction are counted, the sum of these pores takes
all opened pores into account. Since some of the opened pores
are counted twice, as they were reached from both z+ and z—
directions, pores in z+ — direction need to be subtracted in a
second step in order to get the true number of connected pores.
For the example given in Figure 3, two air pores are reached
from z+, three pores are opened towards z—, and four pores
are opened in z+ — direction. Applying Eqn 2 on this example
results in one connected pore. At this point, it should be noted
that the connected porosity is a subset of the open porosity.
Peon = P+ + P — gDZi, (2)
Air pores defined in this way are illustrated in Figure 3. Note
that we do not divide the brine porosity, ¢ ., into open and
closed pores. In general, this could be useful to further refine
the fraction of closed brine pores that may have been cut and
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emptied by centrifuging and thus resulted in open air pores.
However, the open fraction was found to account for just a few
per cent of residual brine and will not be considered here.
Figure 3 illustrates how these CT-based porosity metrics are
related to in situ metrics. Formally, we use the following relations:

d)bopen = ¢a1ropen

Bhcon = Piircon

d);ir = (i);(iji;rclosed

Boctosed =S (T5 Tt bine)
Db = Phopen + Poclosed>

where the prime denotes CT-image derived in situ porosities.
CT 2

Hence, pores classified as wiropen = Pbopen in the CT image are
identified with pores that were brine filled and open at in situ con-
ditions and emptied by centrlfugmg Closed air pores ¢S-, .u =
¢ and connected brine pores ¢S1 =~ ¢'bcon are directly iden-
tified in the CT images. The brine and solid salt porosity observed
in the CT, ¢§rTine, is identified with the disconnected brine and salt
that could not be centrifuged. However, as CT imaging was per-
formed at lower temperature (Tcr) than the in situ temperature
(T) one needs to convert the closed brine fraction ¢f,seq by a fac-
tor f(T, Tcr) to a higher temperature. We use the brine volume
dependence from Cox and Weeks (1982, Eqn (6)), or f=Fl
(Ter)/F1(T), to obtain this conversion factor with a small correc-
tion: as the conversion is between brine volumina, while the CT
imaged brine porosity also contains solid salts, we divide f by
1.031 (Fgg) to account for this effect of solid salt volume at Tcp
=-15°C.

Based on these porosity determinations, the CT-based bulk
salinity in psu is obtained:

_ (DS
p

3)

where py, and S, are the brine density and brine salinity at tem-
perature T. Furthermore, the ¢, and ¢’ observations were
used to estimate the density. First the ¢'yopen fraction needed to
be converted from higher centrifuging temperature (Tcen) to
lower Tct. We used the brine volume dependence as described
above to estimate the brine volume correction. In the density cal-
culations based on CT measurements, the solid salt fraction in
@' betosea Was calculated following Cox and Weeks (1982, Eqn
(8)) at — 15°C.

» po(Tcr) — p(Ter)

Fss = (c(Ter) + 1 po(Ter)

4)

Since the solid salt fraction is not resolved in the CT-scans, a
factor Fsg of 1.031 was applied to calculate the solid salt fraction
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Table 1. Field activities

Date Work Hice Tocean Tice Sice Pice ﬂCTice
16 March Prepare

17 March Prepare 35.6cm x x x x

30 March Sampling 40.4cm x x x x x

06 April Sampling 38.9cm X x X x x

12 April Sampling 42.2cm X X X X X

23 April Sampling 47.5¢cm x x x x x

from the volume brine fraction at — 15°C (Eqn (4)). ¢ gives the
phase relation between brine and the solid salt mass in brine in
dependence of the temperature following Cox and Weeks (1982,
Table 1). p, and p, are the brine density and solid salt density
at temperature Tcr.

Pct = pair*¢;ir + pb*(b{) + pice*(l - d){) - d);ir)' 5

The bulk density was calculated using Eqn (5) at —15°C,
except for the cores from 17 and 30 March, which were performed
at —2.7°C.

Pore sizes
Two characteristic length scales are determined for the pore space:

(1) The pore size distribution (granulometry) (Fig. 18b) is deter-
mined by fitting spheres of different sizes into every single
point of the pore volume. A point is classified by the diameter
of the largest sphere that can be fitted in the pore around it.
This frequency of sphere diameters is then binned into classes
with 1 voxel (25 um) bin size. Such a pore size distribution is
determined for the pore space classified as closed and open
air and brine, corresponding to @i, ¢'bopen aNd @'bioseds
respectively.

(2) The throat size distribution (porosimetry) (Fig. 18c) is not
only based on the pore sizes alone, but also considers the con-
nectivity of the pore space to the surfaces. In contrast to the
pore size distribution, spheres are injected from the surfaces,
and any point is classified by the largest sphere that can reach
it via any path. For example, a larger pore that is reached via a
bottle neck would be assigned the size of the bottle neck.
Porosimetry was determined by considering injections from
all sample surfaces and binned into classes with 1 voxel
(25 um) bin size. The approach is comparable to laboratory
tests known as Mercury Intrusion Porosimetry (MIP) or
Liquid Extrusion Porosimetry (LEP), yet it is a virtual experi-
ment. Using MIP and LEP, a non-wetting fluid or gas is
pressed through the pore space while measuring the absorbed
volume and the applied pressure. It has recently been applied
to analyse the oil uptake and saturation of the sea-ice pore
space (Maus and others, 2015).

The pore and throat size distributions obtained with Geodict
have been further analysed statistically in Matlab R2017b and
R2019b. In particular, we aim to classify them into two size
classes that we term micro- and macro-pores, with a division
between them at 700 um. This threshold was chosen, as this
value corresponds to the sea-ice plate spacing (or brine layer spa-
cing) at moderate growth rates of 0.5-2cm d~'(Weeks, 2010;
Shokr and Sinha, 2015; Maus, 2020). This concept interprets
macro pores as secondary pores that form by connection of ori-
ginal brine layers upon elimination of an ice subgrain or plate.
The micro-porosity refers to the primary pores that are located
within the elemental brine layers during columnar freezing
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of sea ice. Note that observed average growth rates between
the field sampling dates were 0.3-1.0cmd ™" and we consider
0.5-2cmd™" as typical for the upper 35-40cm of the ice.
Freitag (1999) has used a similar classification, yet with a larger
threshold of 1.0 mm.

The pore size distribution results for ¢'air, ¢'vlosed and @'bopen
were smoothed with a running mean over three pore classes.
The pore size distribution per sampling day was calculated on
the basis of two cores. The depth dependence of the mode (max-
imum in the distribution) and the median for the micro pores, as
well as the median for the macro pores, were also determined by
averaging results from two cores at each depth in the ice and for
each sampling day. The same analysis was performed for the
throat size distribution of ¢'yopen. For the overview in the discus-
sion, the overall mode (maximum), median and mean of pore and
throat size distributions were calculated for each sampling date,
showing their evolution over time. Columnar and granular ice
was distinuguished on vertical CT-reconstructions, where elon-
gated, vertical inclutions air inslucions (centrifuged brine) are
characteristic for columnar ice and random orientation of air
inclusions are interpreted as granular sea ice (Fig. 19). The
boundary between granular and columnar ice per sampling day
was interpreted on the basis of two cores.

Results

Sea-ice parameters including temperature, salinity and density are
described in the following section. Observations of the sea-ice
structure for the parameters for the porosity, number density,
throat size and pore size are also described.

Bulk properties

Ice thickness

The average ice thickness gradually increases from 35.6 cm on
17 March, and towards 46.3 cm at the end of the experiment
(23 April). The average ice growth over the entire experiment
is 10.7 cm, with an average growth rate of 0.3 cm per day.

Temperature

In Figure 4a, we show air temperature observations from
The Norwegian Meteorological institute (Sveagruva malestasjon,
99760, 9m a.sl. 1 km from the site). The vertical black dotted
lines indicate days with field work activity. Over the field period,
the mean air temperature was — 11.1°C with a standard deviation
of 7.5°C. The minimum of —29.2°C was reached on 21 March
and the maximum air temperature was observed on 23 April
with 0.1°C. The coldest sampling day was 17 March with an aver-
age temperature of —20.2°C. The highest air temperature on a
sampling day was measured on 23 April with an average tempera-
ture of —0.5°C.

Green and blue circles in Figure 4b give the temperatures
observed at the snow surface and at the snow slush/sea-ice inter-
face, respectively (this interface was slushy in all cases). Figure 4b
shows temperature profiles collected on each sampling day in °C
over the ice thickness in cm. The profiles are averaged over two
temperature profiles per day, where 0 cm refers to the sea-ice sur-
face. On 30 March, the temperature sensor broke, so no tempera-
ture profile measurements are available for this day. We have,
however, results from the installed logger that worked properly
until this date. Temperatures are relatively constant and vary, at
any level in the ice, by < 0.5K over the sampling period. The
low near bottom temperature on 12 April is very likely erroneous
due to cooling of the sample during measurements.

In Figure 4c, ocean temperatures in °C are shown over the
course of the field work. Ocean temperature was recorded at a
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Fig. 4. Air, ice and ocean temperatures over the course of the fieldwork period from 17 March to 23 March 2016. (a) Blue line represents the original air temperature
data, measured every hour from The Norwegian Meteorological institute at Sveagruva malestasjon (99 760) 9 m a.s.l. The red line shows air temperature data from
the same source, filtered by a moving mean with an interval of 24 h. (b) Sea-ice temperature profiles over the course of the fieldwork period from 17 March to 23
April 2016. In dark blue the temperature profile for 17 March is shown, the red dotted line represents temperature measurements for the 06 April, temperature
profile for 12 April is presented as the yellow line and the purple dashed line presents the temperature profile from 23 April. Measured snow surface temperature
is presented as purple circles, snow-slush interface temperature is represented as green diamonds. (c) Ocean temperature measured at a depth of 1.2 m (0.7-0.8 m
below the ice) is plotted in blue. The red line represents filtered data with a running mean of 24 h.

depth of 1.2 m below the ice-air interface. There is a strong tidal
signal present. Removing the latter using a simple running mean
of 24 h, the mean ocean temperature was —1.8°C with a standard
deviation of 0.1°C. The minimum of —1.9°C was reached on 26
March and the maximum ocean temperature was observed on
23 April with — 1.3°C.

Salinity

In Figure 5, salinity profiles are shown for each sampling day over
the course of the field work. The salinity in psu is plotted over the
ice thickness in cm. For each sampling day, the values shown were
averaged from two cores. The two profiles in Figures 5a—e corres-
pond to salinity based on conductivity of melted samples (blue),
further called S, and the salinity based on CT-scans (red), fur-
ther referred to as Scr. Scr was calculated from porosity values at
centrifuging temperature (mean —2.0°C) (Fig. 12a). Scr data are
not available for 17 March, when samples were lost due to a cool-
ing box failure. The vertical resolution of the measured S, as
well as Scr was 2.5 cm. However, Scr are based on an approxi-
mately 10 times smaller volume. The salinity profiles based on
the two methods are largely consistent with each other, while
Scr are smaller than S, in the lower half of the ice. An exception
to this is the very bottom on 30 March, yet here the cores had very
different lengths. The vertical and time-averaged salinities, however,
are consistent with each other with an average S, of 6.7 psu with a
standard deviation of 2.1 psu, and Scr of 6.1 psu with a standard
deviation of 4.2 psu. Note that all CT cores are slightly shorter
because the weak skeletal layer was often destroyed during the
cutting process.

Density
Density measurements are presented in Figures 5f-j. The plots
show the density in kgm™ over the measured ice thickness in
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cm. Hydrostatic density (pnyaro) profiles are plotted in blue.
Phydro Was performed at —2.7°C for samples from 17 March and
30 March. phyqr, measurements from the remaining field days
were performed at —15°C. Density calculations based on evalu-
ated air and brine porosity from CT-images (ocr) are presented
in red. pcr was calculated on porosities at the same temperature
as Phydro Was conducted. On 17 March, samples for pcr were
lost due to cooling problems, hence no density was calculated.
The overall average pnyaro from hydrostatic weighing is
900.5 kgm > with a standard deviation of 21.6 kgm™>. In com-
parison, pcr has a mean of 911.8 kgm ™ with a standard deviation
of 9.8 kgm_S. pcr is on average 11.3 kgm_3 larger than phydros
with a standard deviation of 4.4 kgm™>. The difference varies sys-
tematically over the thickness. Above a depth of 10 cm (with
respect to the ice surface) the pcr is higher than phyaro, with dif-
ferences of up to 20—80 kgm™. This upper part of the ice
includes the freeboard and snow ice.

Porosity

The porosity is given as volume fraction in % over the total ana-
lysed sample volume, shown in Figure 6 for both air (a-e) and
brine porosity (f-j). Brine porosity measurements based on CT
scans (¢p) at centrifuging temperature (mean —2.0°C) in red
are compared to brine porosity calculations based on salinity
measurements Pprineca; at in situ temperature assuming thermal
equilibrium given by Cox and Weeks in blue. For air porosity,
CT-based values ¢',;, in red are compared to porosity estimates
based on Phydros Paircal i blue. ¢'ycon shows the connected part
of ¢1, presented in yellow. Again, all data points are based on aver-
aging two cores, except for 17 March where CT samples were lost.
It is seen that air porosities based on the two methods are largly
consistent with each other, except in the upper 10-15 cm, where
@aircal Values are considerably larger. At the ice surface, air
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POrosity @yircal based on hydrostatic density ppyaro measurements  vol.% with a standard deviation of 0.6 vol.% larger than ¢, @
reaches values from 3 to 9 vol.%. @yirca1 Shows a mean of 2.6 vol.%  has a mean value of 1.6 vol.% with a standard deviation of 0.6
with a standard deviation of 2.0 vol.% and is by an average of 0.8 ~ vol.% Total ¢}, shows a mean of 17.8vol.% with a standard
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deviation of 11.4vol.% at centrifuging temperature (mean —
2.0°C). Roughly two-third of ¢, are connected, with ¢f,c.,, on aver-
age 12.2vol.% and a standard deviation of 10.2 vol.%. @icon cOI-
respond to the vertically connected brine porosity fraction of
Pbopen- Pbopen Shows a mean of 14.8 vol. % with a standard
deviation of 10.0 vol.%.

Pore scale characteristics

Pore number densities

We use two metrics for the number of pores in a sample, (i) the
total number of open pores per area (OPN, for brine only) and
(ii) the number of closed pores per volume (CPN for air and
brine). The first is a measure of the number of connected brine
channels; the second counts the air bubbles and brine inclusions.
In Figure 7a, the profiles of OPN are based on counting the brine
pores open to the lower side of the samples. Open pore numbers
OPN fall between 5 and 50 per cm?®. Except an increase in the bot-
tom 5cm of the ice, they do not show a pronounced depth
dependence. The number decreases during the field work period.
The number density of closed brine pores CPNy,i,. (Fig. 7b) falls
mostly in the range 10° to 10* per cm’. The profiles show an
increase both towards the top and the bottom. The number dens-
ity of closed air pores CPN,;, (Fig. 7c) falls mostly in the range
200 to 1000 per cm’. The profiles also show an increase towards
the top and the bottom. The profile from 23 April indicates ver-
tical fluctuations with 5-10 cm thicker regimes of high and low
pore numbers.

Pore size distributions
Pore and throat size distributions are presented in Figures 8-11a-d.
The overall distribution for each sampling date from 30 March to
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23 April is given for ¢lir, Phclosed> Phopen and the throats. It is
shown for a bin size of 25 um as a volumetric distribution, rather
than measuring the volume in each pore size class then counting
their number. Again, all data points are based on an average of
two cores per field day. The vertical dotted line indicates
the separation into micro pores with pore sizes in the range
25 —700 um and macro pores larger than 700 um. The mode
(maximum) and the median for the micro pores are presented
as a red circle and a yellow square respectively. The median for
macro pores is shown as a purple star. Analyses of the micro
and macro pore fraction show that most of the pores appear as
micro pores. The spatial resolution of the pore and throat size dis-
tribution is given in Figures 8-11e-h as the spatial resolution of
the micro median and mode and the macro median in um over
the sea-ice thickness in cm. The median for micro pores is pre-
sented as a solid blue line, mode for micro air pores is shown
as a dash-dotted green line, and the red solid line represents the
median for macro pores.

Air pores

The air pore size distribution is presented in Figure 8 for the four sam-
pling dates. The distribution shows the broadest spectrum of pore
sizes on 30 March with pore sizes up to 2575 um. The micro mode
typically lay in the range of 200-225 um. The micro median is also
here slightly larger with typical values from 225 t0 275 um. No change
in these characteristics is apparent over time. For the macro pores, the
mode decreases from 1000 #m to 800 um over time. This, however, is
related to two samples from 30 March (at 3 and 25 cm depth) with
some extremely large pores. The macro pores show a larger vertical
variation with the biggest variety at the very beginning of the experi-
ment. The smallest air pore medians are, for both the micro and macro
pores, observed near the ice-ocean interface.
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Closed brine pores

Pore size distribution of the closed brine fraction at —15°C shows
pore sizes up to 875 um (Fig. 9). Most pores are smaller than
700 ym, and just an insignificant part of the pores can be
found in the spectrum of the macro pores. Therefore no differen-
tiation between micro and macro pores for the closed brine frac-
tion is made. A constant mode of 50 um is found over all the
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sampling days, with the median varying between 75 and
100 um. These values indicate the limitation in our spatial reso-
lution (Nyquist limit of two times voxel size is 50 um). For
both the mode and the median, no significant evolution over
time and temperature can be observed. The spatial distribution
over median and mode for the brine closed volume fraction are
typically found between 60 and 160 um.
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Open brine pores

Pore size distribution for the open brine volume fraction shows a spec-
trum up to 3125 um (Fig. 10). The micro mode can be found between
200 and 300 um and the micro median ranges from 275 —375 um.
The macro pore median varies from 1025 —1275 um. The biggest
macro pore median is found on 12 April in the top 4-10 cm. The
smallest macro pore median can be found in the bottom most samples
towards the ocean interface.
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Throat size distribution

The throat size distribution (Fig. 11) stretches up to 7425 um with
constant micro modes and a value of 200 um. The micro median
varies from 275—375 um, the minimum can be seen on 12 April
and the maximum on 23 April. The macro pore median increases
from 1075 um on 30 March up to 1275 um before it decreases
again to the minimum macro median of 975 um on 23 April.
Spatial resolution of the micro median and mode varies typically
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from 125—375 um. The spatial resolution of the macro median
ranges from 725—2852 um with the maximum found on 12 April.

Discussion

The goal of our study has been to obtain 3-D microstructure
information on natural sea ice that reflects its in situ stage as
closly as possible. This is a challenge because on the one hand
we have to minimise changes in sea-ice microstructure due to
temperature, internal freezing and brine drainage, and on the
other hand we need to ensure that samples are sufficiently stable
during 3-D uCT acquisition of up to several hours. Moreover, the
approach requires sufficient X-ray contrast to distinguish between
ice and brine. To do so, we have applied a three-step procedure.
First, we have transported and stored sea-ice samples at tempera-
tures close to their in situ values in the field. Next, we have cen-
trifuged these samples on the following day (also close to their in
situ temperatures), which removes the highly mobile connected
brine volume fractions. Finally, we have stored these samples at
low temperatures until X-ray scanning. The latter approach is
essential to obtain high-quality images for pore space analysis at
high temperatures Maus (2020). Other approaches, like adding a
contrast agent (Pringle and others, 2009) or imaging samples at
high enough brine concentration and low temperature (Obbard
and others, 2009), are not practical for warm natural sea ice.
Overall, the procedures bear potential for a number of errors and
biases, of which the following are considered most important:

(1) Transport and storage have been performed with mobile free-
zers with a nominal temperature accuracy of + 0.5 K, which
can be improved by calibration with other temperature sen-
sors. However, we found that the response of the temperature
control of the mobile freezers was less predictable for rapidly
changing environmental conditions (from — 20°C in the field
to 10—20°C in different labs and storage rooms).

A similar problem as for the transport and storage was
observed with the temperature stability in the centrifuge.
Overall, this resulted in sample temperatures during process-
ing that were 0.3-1.3 K lower than in situ values.

)
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(3) The quality of salinity calculations based on CT observations
depends on several factors related to the determination of the
salinity in open and closed pores. For the open pores the
assumption is made that all these pores were filled with
brine with the same salinity as the centrifuged brine. This
assumption may be wrong in the upper part of the ice includ-
ing the freeboard and snow-ice, where pores may have
drained. For the closed brine-filled pores, the quality depends
on the spatial resolution and the question of how many pores
have sizes below the latter and thus remain undetected. It also
depends on proper choice of the segmentation threshold.

Despite these problems in obtaining CT images exactly at in situ
conditions, the present study has not only collected a new dataset
of 3-D microstructure and pore scale properties of young sea ice,
but has also provided information about the change of these prop-
erties over the course of 3 1/2 weeks. In the following discussion,
the focus will be on sea-ice bulk and pore space property changes
over time and on its dependence on the brine porosity ¢'b. The ver-
tically averaged bulk properties and pore space characteristics for
the sampling dates are summarised in Figures 12 and 13.

Bulk properties
Temperature

Over the course of the field work, the temperature gradient was
relatively weak. This made it feasible to transport and centrifuge
the ice close to its in situ temperature with limited logistics.
The comparison of the average ice temperature per day with the
average centrifuge temperature (Fig. 12a) suggests that the centri-
fuge temperature, computed from the salinity of centrifuged
brine, was systematically higher than the in situ ice temperature,
with an average difference of 0.7°C. Larger temperature differences
were observed in the uppermost and lowermost parts of the ice cores
and are related to the above-mentioned imperfect temperature con-
trol. Since the difference was not constant (being 0.3 K on 30 March
and 12 April comparedto 1.2 Kon 06 April and 23 April), this hasto
be taken into account in the interpretation of brine fraction
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temperature, in purple the theoretical brine porosity ¢'prinecal at in situ temperature following Cox and weeks, in dark green the open brine porosity ¢'popen at
centrifuge temperature and in light green the connected brine porosity at centrifuge temperature ¢',con for each sampling day over the ice depth is shown.
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observations and all associated parameters as well as pores size
changes, and will be discussed below.

Salinity

Figure 12 summarises the evolution of average temperature and
salinity during our field work. The vertically averaged salinity
Scon during our field work shows typical values in the range
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5.9-7.4psu, at the upper end of the range 3.5-6.5ppt that
Hoyland (2009) reported for sea ice of a similar age (3-4 months)
from different locations in Van Mijenfjorden. The average salinity
did not change significantly during the field work. The average
Scr at temperature T shows a mean of 6.1 psu with a standard
deviation of 4.2 psu and is on average 0.6 psu lower than S,
(Fig. 12b) with a mean of 6.7 psu and a standard deviation of
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2.1 psu. For the individual sampling dates, the differences range
between 1.4 psu larger S.,, and 0.1 psu larger Scr. Natural vari-
ability between different cores, internal variability of samples
and the fact that S, is based on ten times smaller sample
volumes may all contribute to the differences. The comparison
between vertical profiles of S, and Sct shows broad agreement,
yet considerable scatter (Fig. 5).

An underestimation of salinity based on CT data can result
from resolution limitations in the CT images, as objects smaller
than two times the voxel size of 25 um pixel cannot be resolved
(Nyquist-Shannon theorem). Looking at the pore size distribu-
tion of closed brine pores (Figs 9a-d) we find that around 16%
of the closed pores have diameters of 2 voxel (50 um) and 13%
are in the 1 voxel size class of 25 um. Combining this with our
finding that the detected closed pores contain about one-sixth
of the salt (see discussion below), these correspond to fractions
of 3 and 2% of total brine porosity (and salinity). To estimate
the number of undetected pores one would need reference data
at a higher resolution. Light and others (2003) observed numer-
ous brine pockets with a size below the resolution of this study,
and as small as 10 um, which they classified according to their
length (in 2-D optical images) and their aspect ratio. Brine inclu-
sions with diameters <50 ym in our study would roughly corres-
pond to the classes of brine pockets with lengths <100 um in their
Figure 8, containing roughly 3% of the total brine volume. Hence,
this comparison would not indicate a considerable fraction of
undetected pockets. However, there is general lack of data on
small inclusions, and Light and others (2003) noted that they
were only able to visually detect 2/3 of the conductivity-based
brine volume. Maus and others (2021) also noted the difficulty
of segmenting brine, because ice has a similar absorption as a
mixed air-brine pixel, ending up with uncertainties of 1% for
closed brine porosity. Related to total porosity of 10-20%, this
would change the salinity by 5-10% or 0.3-0.7 psu. Hence, the
difference of +0.8 to —0.5psu between conductivity and
CT-based salinity is within the error bounds expected from
image analysis and a resolution limit of brine pore detection.

However, more critical is the systematic vertical distribution of
the difference, with Scr larger than S, in the upper ice, and
lower in the lower portion of the ice. For the lower portion, a pos-
sible source of error is loss of brine during sampling. Normally,
one would expect that Sct based on the open pore space is not
affected by the loss of brine during sampling. However, if slow
brine loss is considered (leakage of brine during transport and
prior to centrifuging), then the leaked brine would have a higher
salinity than the centrifuged brine. Due to cutting samples to a
smaller diameter prior to centrifuging, only the centrifuged
brine salinity Sce, is considered to compute Scr with Eqn (3),
and this would lead to an underestimated Scr value. In a different
study, one of the authors determined that, during similar storage
and transport procedures, 28% of the total connected brine
(leaked and centrifuged) leaked out prior to centrifugation
Maus and others (2021). If this brine had two times the centri-
fuged brine porosity, this would increase the bulk salinity due
to connected brine pores by 28%. Considering that another 25%
of salt is contained in closed brine pores, the bulk salinity
would be underestimated by 20%, or for our profiles by 1-2 psu.
A vice versa argumentation holds for the upper part of the
ice - the freeboard. Here, the ice has drained naturally, many con-
nected pores are empty, yet are interpreted as connected brine
pores in the CT-based analysis. Hence, here the estimates of Sct
will overestimate the in situ salinity. Note that all these contributions
could be quantified by accurate determination of the masses of
leaked and centrifuged brine, which in our study by sampling and
centrifuging samples of different diameters, was not done.
However, the estimates indicate that differences between
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conductivity S.,, and CT-based salinity Scr of 3-4% as found
near the bottom on 12 April cannot be explained by brine leakage
alone. Here, thelow salinity of the CT samples must be related to nat-
ural variability on a scale of a few centimeters.

Brine porosity

Salinity is a largely conservative property, while the brine porosity
depends on temperature, and is thus different for the in situ and
centrifuged-based calculations. Figure 6 shows that most centrifuge-
based porosities are larger, simply because the centrifuge and stor-
age temperatures were larger. We also see that the in situ porosities
show a decrease towards the top, where the ice is colder, while the
centrifuge and CT-based porosities often show an increase towards
the ice surface. The reason for this is that the transport temperature
for individual samples was often lower than the in situ temperature
near the bottom, but larger than the surface in situ temperatures.
The overall CT-based porosities cover the range of 2-40%, while
the in situ values were in the range 5-18%, and most of this differ-
ence is temperature-related.

Density and air porosity

On average, the density based on hydrostatic weighing pyyqro» is smal-
ler than the CT-based density pcr, the mean difference being
11.3 kgm ™, see Figure 12c. Phydro> With 2 mean of 900.5 kgm™>, has
a much higher standard deviation of 21.6 kgm™>, compared to pcr
with an average of 911.8kgm™ and a standard deviation of
9.8 kgm . The difference between the density estimates is strongly
dependent on the vertical position (Figs 5f—j). In the upper ice, includ-
ing the freeboard and snow-ice, the CT-based densities are much lar-
ger, while in the rest of the ice, below 10-15 cm depth, the values are
similar or the CT-based values are slightly lower. An exception to this,
as for the salinity, is the bottom sample on 30 March, where an excep-
tionally high CT-based density is related to an exceptionally high
salinity.

For the large difference between phyqro and pcr in the upper
part of the ice cores, we have, as for the salinity, the following
explanation. pcr is calculated on the air and brine porosity
observed from centrifuged samples, where the entire open air
space was assumed to be brine filled at in situ conditions.
However, as the brine in the upper part of the ice including the
freeboard and snow-ice has often drained, and thus the open
air space is not brine-filled, the latter assumption overestimates
the density. The correct value at the surface is thus the hydrostatic
density phydaro. Below the freeboard, the values are much more
consistent. Comparison of the density profiles without the upper-
most 15 cm show a mean difference of 4.1 kgm™> with a standard
deviation of 7.7 kgm_3 where ppyaro tends to be larger than the
pcr- Temperatures during CT core storage and centrifuging were lar-
ger than in situ values in the upper ice, and lower near the ice bottom.
This may result in lower pcr near the bottom and larger values close to
the top. Nakawo and Sinha (1981) describes decreasing density pro-
files and an increase in air porosity towards the top, as it is observed
from pyyqy, profiles in Figures 5f—j and 6a-e.

Based on the same consideration, it follows that the CT-based
air volume fraction ¢f;, is underestimated in the upper part of the
ice including the freeboard and snow-ice (see Figs 6a-e).
Averaging over the whole ice thickness gives a mean ¢; of
1.6% with a standard deviation of 0.6%. The mean ¢, based
on hydrostatic weighing is 2.6% with a standard deviation of
0.6%. The CT-based vertically averaged ¢y; is thus on average
0.8% smaller than ¢,.,. However, the CT-based air porosity
@hir can be expected to be valid for ice below the freeboard.
Comparison of ¢};; and @i, without the top 15 cm, gives larger
CT-based air porosities, with a mean difference of 0.4% in com-
parison to @,irca With a standard deviation of 0.5%. A look into
the profiles indicates this difference may be related to natural
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variability, but also resolution and/or measurement errors may be
relevant. Firstly, CT-based air porosities may be too small due to
undetected air pores below our spatial resolution. A look into the
air pore size distribution in Figure 8 indicates that this effect is
likely negligible for our samples. Secondly, the density calibration
during hydrostatic weighing is limited by the aerometer’s uncer-
tainty to obtain the density of paraffin (in our case 0.2%).
Thirdly, one could suspect that hydrostatic weighing overesti-
mates the air porosity, because it cannot distinguish between
leaked brine and closed air pores. The latter seems not to be a
problem in our study. As air porosity is a rarely measured prop-
erty, there are not many observations for comparison.
Lieb-Lappen and others (2017) observed in a micro-CT study
of non-centrifuged first year sea ice, that the air phase represents
<1% in a volume of 7.5 mm>. Nakawo (1983) has obtained air
porosity based on density measurements as well as the volume
of released gas during melting of samples. He reports a range
0.3-1% air porosity below the freeboard, and values of up to
5% in the freeboard of 1 m thick first-year ice. Values Nakawo
(1983) reports are slightly below our observed range. Pustogvar
and Kulyakhtin (2016) reports air porosities based on hydrostatic
weighing, with similar values to what we found in the upper part
of the ice. Below the freeboard they observe a range from 0.1 to
2.7%, which is comparable to our measurements, yet with larger
variation. Crabeck and others (2016) observed, based on mass-
volume density measurements, air volume fractions of 1-2% in
the lowermost layer, in the middle part of the profiles air volume
fractions of typically 1.5-4% and in the uppermost part 4-10%.
However, these values were subject to large uncertainties, as the
density was not obtained by the hydrostatic method. Crabeck and
others (2016) obtained much lower CT-based air porosities, often
less then half the density-based values (their Figure 10), in all levels
of the ice. This underestimation can be attributed to their spatial
resolution (pixel size 97 ym, Nyquist criterion of 194 um). Since
we find most median air pore sizes between 225 and 275 um, see
Figure 8, this would imply that roughly half of the air pore volume
would not have been detected at such a resolution. Obbard and
others (2009) reported an air volume fraction of 1.96% for one
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sea-ice sample imaged with a resolution of 15 um and comparable
to samples below the freeboard of the present study.

Pore space characteristics

Open and connected brine porosity

The CT-based values allow to determine the aspects of the pore
space which are not given by the in situ bulk properties as the
open brine porosity ¢fopen, the closed brine porosity ¢hiosea and
the vertically connected brine porosity ¢heon. $heon ranges, with
a vertical average over the four sampling dates, between 6.2 and
19.4% (Fig. 12), corresponding to 48-80% of the total brine por-
osity ¢p,. Individual values for ¢f., in dependence on ¢, are plot-
ted in Figure 14 and range from 0 to 35%. An almost linear
increase in @, with the total brine porosity ¢f, is observed.
For a total brine porosity below 3% no vertical connection within
the samples is found, e.g. near the bottom on 12 April, where the
minimum CT-based salinities Scr also occur (Fig. 5). @hopen
ranges with a vertical average between 9.7 and 21.6%. As the
residual brine porosity ¢'yciosed is related to ¢'popen DY (@hciosed =
1 — Phopen) this corresponds to a relative closed brine pore fraction
in the range of 11% < ¢ oea/ Py < 25%. This range is consist-
ent with other centrifuge studies at high porosities and tempera-
tures Maus and others (2021); Weissenberger and others (1992).
The individual values of open brine porosity ¢open are shown in
Figure 14a dependent on the total porosity. A close to linear increase
in open porosity with total brine porosity is apparent. Maus and
others (2021) discusses ¢hopen and @hcon, and their dependency on
¢’y for slightly younger ice, and describes the relationship by

d){)open/d){)con = C(d){) - d)bcrit)ﬁ’ (6)
where C is a constant and ¢y, is a threshold porosity that was deter-
mined as @i = 0.024 for young ice. The exponent J is related to
the percolation theory. Maus and others (2021) determined S =
0.83 for the open brine porosity ¢topen and as f, = 1.2 for the con-
nected brine porosity ¢,con, from data of columnar young ice in the
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porosity range of 1-20%. The relationships given by Maus and
others (2021) are shown in Figures 14a and 14b as dashed magenta
curves. In the present study, little data close to the percolation
threshold were found, thus an assumption of @pe=20.024 is
made, and obtained comparable fits by application of a double-
logarithmic regression. For ¢iopen, B2 0.87 +0.07, while for ¢icon,
B=~1.10%0.17 is found. As discussed by Maus and others (2021),
the open brine porosity exponent is consistent with the theoretical
estimate S~ 0.82 for directed percolation. Data presented are from
ice cores taken over the period of one month, containing both col-
umnar and granular ice, with a brine porosity ¢, range from 1 to
55%, while Maus and others (2021) studied columnar ice sampled
over one week, at lower temperatures and a brine porosity range
from 1 to 20%. Data presented in our study start to deviate from
the relationship given by Maus and others (2021) at porosities
above 10-15%. Though there is overall good agreement between
these studies, more detailed analysis should take differences in high
and low porosity regimes and the difference between granular and col-
umnar ice into account. The connected porosity ¢, increases with a
higher exponent f~ 1.10 + 0.17 than the open porosity, in close agree-
ment with the exponent of =~ 1.2 + 0.1 by Maus and others (2021).
Based on our least square fits, ¢hopen and ¢con match at a total brine
porosity of 45%, where they both are predicted as 36.8%. Due to the
uncertainties in the fits, we do not attribute a physical meaning to
this value, but rather interpret it as a validity limit, as the connected por-
osity cannot be larger than the open porosity.

Figures 14a and 14b also indicate a difference between sam-
pling dates, as seen when focussing on the colour code. For
brine porosities above 20%, @hopen and @peon values from 23
April at the same total brine porosity ¢y, are higher than values
from 06 April and 12 April. Hence, there appears to be a relative
increase in the open porosity ¢popen and a corresponding decrease
in the closed porosity ¢hosea- This increase is only observed for
the sampling date 23 April, but not between 30 March and
12 April, and thus it is not happening constantly over time. As
shown in Figure 16 and discussed below, 23 April is also exceptional
in terms of pore numbers. The evolution is thus consistent with a
transition from a higher number of smaller and disconnected
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pores to a smaller number of connected pores with larger diameter
and length.

Pore number density

Pore numbers shown in Figure 7 are further investigated depend-
ing on the total brine porosity in Figure 15. We recall that open
brine pore numbers are given per cross-sectional area, while
closed air and brine pore numbers are given per volume. The ver-
tical average for the sampling dates is given in Figure 13, with a
minimum for the OPN on 23 April with 14 pores per cm*and a max-
imum of 32 pores per cm® on 30 March. As seen in Figure 7a, the
overall variation in OPN is between 5 and 80 per cm?. A correlation
between the measurements taken for the OPN and the brine
porosity suggests a slight but significant decrease in OPN with
increasing brine porosity (Fig. 15a). Most of this decrease is related
to the much lower OPN on 23 April, compared to the other sampling
dates.

For the CPNy,ipe closed brine pore numbers, no significant
trend dependent on the brine porosity ¢, is observed
(Fig. 15b). Most data fall in the range 1-10 pores per mm?,
with an average of 3.8 pores per mm® and a large standard devi-
ation of 5.2 pores per mm>. An exception to this are the signifi-
cantly lower pore numbers from 23 April (on average 1.5 pores
per mm”). This change is consistent with the decrease in closed
brine porosity ¢'pcosea described above, and likely related to mer-
ging, coarsening and opening of pores. The results can be com-
pared to reported pore statistics from other studies. Light and
others (2003) reported an average number density of 24 pores
per mm?® for thicker first-year ice. This higher number is likely
related to the higher resolution in that study (down to 10 um
compared to our 25 um voxel size). Our results are comparable
to the brine pocket numbers reported by Perovich and Gow
(1996) for young and first-year ice, being in the range 1-6.9
pores per mm”. Perovich and Gow (1996) obtained these numbers
from optical analysis of 2-D thin sections with a similar pixel size
(0.03 mm) as in our study. It is noteworthy that Perovich and
Gow (1996) found a complex change in number density of
brine pockets with porosity: at high porosities they observed a
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decrease in the brine pore number densities with porosity, attrib-
uted to coalescence of pores. However, for the porosity range from
3 to 20%, they observed an increase which they attributed to the
increase in pore sizes above their detectability threshold. Our data
show too high variability to indicate such behaviour. However, we
observe, for porosities above 15%, a continuous decrease in close
brine pore numbers over time from 06 April to 23 April (seen in
the colour coding in Fig. 15b).

The number densities of closed air pores, CPN,;,, are mostly
found in the range 0.1-1 pores per mm?, an order of magnitude
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of 10 smaller than for the closed brine pores CPNy,,. (Fig. 15¢),
and with an average of 0.32 pores per mm’. Also here, the
decreasing trend with porosity is mostly related to the signifi-
cantly lower pore numbers from 23 April (on average 1.5 pores
per mm”). This change is consistent with the decrease in closed
brine porosity described above, and likely related to merging,
coarsening and opening of pores. The results can be compared
to reported pore statistics from other studies. Also here the aver-
age number density of 1.2 per mm” reported by Light and others
(2003) is significantly larger, which again can be attributed to the
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higher resolution in the latter study. Light and others (2003) also
reported earlier observations of air bubble numbers in young ice
that were an order of magnitude lower than ours (0.03 pores per
mm?®). Our study does not resolve the smallest air pores, but pro-
vides two other interesting findings. First, an observed decrease in
air pore numbers at high porosities, that is likely attributable to
the reopening and coalescence of brine pores. Second, as shown
in Figures 7i-l, air pore numbers are larger near the bottom
and surface of the ice, than in the middle.

Pore and throat size

Both the median (Fig. 16) as well as the macro pore fraction
(Fig. 17) for the open pores and throat sizes show a significant
increase with the total brine porosity ¢. Comparison of pore-
and throat sizes shows that pore sizes are by a factor of roughly
1.5 larger (Fig. 16a). An increase in pore and throat sizes is
expected during warming when internal melting increases the
brine porosity and thus widens the pores. If no pores coalesce
or split, a diameter D ~ ¢f, *’* for brine tubes and D ~ ¢}, '/* for
spherical brine inclusions are expected. However, we observe
smaller exponents of 0.24 for the median pore and 0.22 for throat
diameters. This indicates a different pore widening process than
for simple cylindrical pores. In general, this observation is not
inconsistent for widening processes in sea ice. For example, if
pores develop from original vertical brine layers, they tend to be
anisotropic in a horizontal cross section Perovich and Gow
(1996), if those pores primarily expand in longitudinal direction
by dissolution of ice, the shorter direction of the pore (measured
with the sphere fitting algorithm in Geodict) will be less affected
by porosity changes.

A similar weak dependency of pore diameters on porosity has
been observed by Perovich and Gow (1996) for a warming
sequence. For young ice that was cooled than warmed prior to
X-ray imaging, and with most data in the porosity regime between
3 and 15%, Maus and others (2021) obtained exponents of 0.34
for pore and 0.46 for throat sizes. Hence, the details of pore
size redistribution during warming and cooling appear to be com-
plex, and should be studied in more detail. The median throat and
pore sizes obtained in the present study exceed those obtained by
Maus and others (2021) by roughly a factor of 1.5. This may be
attributed to the greater thickness and age of the present ice
(2 months compared to 3 weeks in the latter study) and the higher
number of wider brine channels in the older ice. It is further
noted that neither for throat nor pore sizes exceptional values
are observed for 23 April, quite in contrary to the pore numbers.

The pore sizes for closed brine PSpjoseqa show an insignificant
decrease in pore size with total brine porosity. This is not surpris-
ing, as the closed brine pores were all imaged at the same tem-
perature of — 15 °C, and were unaffected by the centrifuging
technique and temperature. We interpret the slight decrease
towards 06 and 23 April, for the warmer cores and higher poros-
ity, with a likely merge between the larger brine pores and the
open porosity, leaving pores with smaller diameters back.

Also for the closed air pores PS,;, no significant correlation
with the brine porosity was found, again not surprising as the
samples were all scanned at the same temperature and air pores
should not be affected by centrifuging. Most air pores median dia-
meters fall between 200 and 450 um. The air pore population
from 23 April does not appear as exceptional as for other proper-
ties of the pore space.

Analysis of the throat sizes showed that between 0.3 and
2.5vol. have a diameter above 2 mm and increases from
30 March (0.3vol.) to 06 April (2.5vol.) before it decreases
towards 12 April (2.4 vol.) and increases again towards 23 April
(1.3 vol.). Throats above 2 mm are just presented in the upper
7.5cm in the beginning of the experiment, at the end of the
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experiment they could be found from the bottom to the top of
the ice core 11.

Conclusion

We have observed macroscopic and microscopic properties of
young Arctic sea ice over the course of 1 month, prior to the
onset of melting. Microscopic properties have been derived
from the combination of two non-destructive techniques (i) cen-
trifuging of brine for separation of the connected and discon-
nected pore space and (ii) 3-D micro-CT imaging followed by
analysis of the pore size characteristics. Our main findings are

(1) Density and air porosity determinations based on hydrostatic
weighing and CT images show good consistency within the
range measurement accuracy (= 0.2 %) and natural variability
(~ 0.5 %).

(2) CT-based salinity determinations are subject to larger than
standard uncertainties. Since, we reached the limitation of
spatial resolution to resolve brine pores, while the strength
is to distinguish different porosity metrics and to give a better
understanding of where the salt is located (open, closed, ver-
tically connected).

(3) The variation of different pore categories (open and closed
brine pores, closed air pores) with vertical position in the
ice is remarkably small — most variability is related to changes
in the brine porosity.

(4) Most bulk properties (salinity, density) and pore space prop-
erties (pore sizes, proportion of secondary ‘macro’ pores)
remained constant, while we observe significant changes in
pore numbers (decreasing over time) and pore connectivity
(increasing over time).

(5) We obtain confident relationships between the open (centri-
fuged) porosity ¢'popen, connected ¢'ycon and total porosity ¢y,
of young sea ice.

(6) We further find that results are consistent with a connected
brine porosity threshold of 2-3% as recently proposed by
Maus and others (2021).

The agreement between our density and air porosity estimates
¢'.ir and @cr based on hydrostatic weighing and CT imaging
below the freeboard is encouraging, as these properties have so
far been mostly observed with high uncertainties. The difference
in the upper part of the ice cores is related to our method centri-
fuging and imaging method, and would not be a problem for non-
centrifuged samples. Here, future studies focussing on density only
will be useful. The present approach, however, has provided
important information about the morphology of the drained low-
density surface regime, and the fractions of connected and discon-
nected air pores and will be useful to better understand the surface
drainage and evolution of low-density layer.

The present study has provided pore space and pore size infor-
mation with a spatial resolution (25 um pixel/voxel size) two to
four times better than in earlier work obtaining similar statistics
on brine and air inclusions at relatively high temperature
Eicken and others (2000), Crabeck and others (2016). To obtain
pore sizes and connectivity metrics in this high temperature
regime, centrifuging the samples is essential, as the absorption
contrast between brine and ice would be too low to obtain high-
quality 3-D images, with drainage during imaging being an add-
itional problem. Imaging at a temperature as low as —15°C
Obbard and others (2009), Lieb-Lappen and others (2017)
would give sufficient contrast but cannot be used to derive the
pore space connectivity metrics outlined here. Lieb-Lappen and
others (2018) performed network analysis on CT-images on sea
ice with an in situ temperature as high as —7°C, yet they found
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differences between the CT-derived and salinity-derived brine
volumes that increased with temperature, exceeding a factor of
two. Due to such uncertainties, concise observations and model-
ling of pore size, number and connectivity (e.g. Figs 14 and 15)
remain challenging tasks. An important issue for future studies
is the scale-dependence of properties (e.g. connectivity, perme-
ability, percolation threshold), that should be addressed by scan-
ning larger samples with a larger FOV.
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Appendix A
Table of variables

B exponent related to the percolation theory
c gives the phase relation between brine and solid salt
C constant
CPN number of closed pores per volume
Fss Factor to calculate the solid salt fraction from brine vol.
AT, Ter) factor to convert brine fraction from Ty to T
My, mass in air
Mpar mass in paraffin
OPN total number of open pores per area
Pair air porosity
9 air air porosity (CT-image derived in situ porosity)
Daircal calculated air porosity based on hydrostatic density
Pairopenz+ open air porosity to upper sample surface (CT)
Pairopenz— open air porosity to lower sample surface (CT)
Bairopenz+—  Open air porosity to lower and upper sample surface (CT)
e air porosity (CT)

o osed closed air porosity (CT)

o vertically connected air porosity (CT)
d);rTOPen open air porosity (CT)

brine porosity

Dbclosed closed brine porosity
Obeon vertically connected brine porosity
Bverit threshold porosity
Bbopen open brine porosity

o' brine porosity (CT derived in situ porosity)

@ belosed closed brine porosity (CT derived in situ porosity)

& beon connected brine porosity (CT derived in situ porosity)
# bopen open brine porosity (CT derived in situ porosity)
Obrinecal calculated brine porosity based on conductivity

oor brine porosity and solid salt (CT)

Peon connected porosity

Oze open porosity to the upper sample surface

[ open porosity to the lower sample surface

Pz open porosity to the upper and lower sample surface
p sea-ice bulk density

Pair air density

Po brine density

pcr bulk density from CT parameters at — 15°C

Phydro bulk density based on hydrostatic measurements
Pice ice density

Ppar paraffin density

Pss solid salt density

Sb brine salinity

Sharip dripped brine salinity

Sbeent centrifuged brine salinity

Scent bulk salinity after centrifuging based on conductivity
Scon bulk salinity based on conductivity

Scr bulk salinity based on CT

Sice sea-ice bulk salinity

Srest bulk salinity of cut-off

Teent centrifuge temperature

Ter CT temperature

T in situ Temperature
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Appendix B
Illustration of granolometry and porosimetry
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Fig. 18. (a) Shows a structure with the solid material in white and the pore space in
black. (b) Granulometry: shows the same structure with coloured pore volume, where
the red volume describes the pore diameters around 40 um and larger, green areas
represent diameters around 20 um and the blue-coloured area below 15um. (c)
Porosimetry: structure shown in (a) gets penetrated with a non-wetting fluid, indi-
cated by the red arrows. Pores found by porosimetry must be connected to the non-
wetting phase. (after Linden and others, 2018).


https://doi.org/10.3189/s0022143000021390
https://doi.org/10.4319/lo.1992.37.1.0179
https://doi.org/10.4319/lo.1992.37.1.0179
https://doi.org/10.1177/25.7.70454
https://doi.org/10.1017/jog.2021.119

590 Martina Lan Salomon and others

Appendix C

Illustration of vertical CT- reconstruction: Core 2-2 from 30 March
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Fig. 19. Vertical CT-reconstructions, showing ice in red, brine in green and air in
white. Elongated, vertical oriented air inclusions (centrifuged brine) from sample
2-2-9 and downwards indicate granular sea ice. Sample 2-2-10 and 2-2-9 show a ran-
dom pattern of air inclusions and are therefore interpreted as granular sea ice.
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