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Abstract: Atmospheric gases and chemical impurities can be stored and chemically
transformed in the tropospheric ice. Impurities are rejected during freezing of the ice to the
grain boundaries, free ice surfaces or inclusions. Surface snow and tropospheric ice, however,
may be exposed to high temperatures and, eventually, the gases and chemical impurities can be
released into the environment. It is important to study the surface structure and transport
mechanisms at temperatures near the melting point because the location of impurities and their
interactions with water molecules in the ice are not yet sufficiently explained. In this work, the
evolution of a scratch on the bicrystalline ice surface was studied at —5°C. The surface
transport mechanisms near the melting point were studied and, as a consequence, the surface
structure could be determined. An ice sample was kept immersed in ultra-pure silicone oil to
prevent evaporation and, thus, isolate the effect of surface diffusion. The ice sample was made
with water with chemical conditions similar to the water of polar ice sheets. Photographs of the
scratch were taken periodically, for approximately 50 hours, using a photographic camera
coupled to an optical microscope. From these images, the evolution of the width of the scratch
was studied and the surface diffusion was the dominant transport mechanism in the
experiment. Finally, the ice surface self-diffusion coefficient at —5°C was determined and it
was very similar to the super-cooled water diffusion coefficient. A liquid-like behavior of ice
surfaces near the melting point was found and it could have a strong influence on the reaction
rates with atmospheric gases.

Keywords: ice self-diffusion coefficient, air-ice interaction, quasi-liquid layer, surface
transport mechanisms.

Copyright © 2021. Guillermo Aguirre Varela, Carlos L. Di Prinzio and Damian Stoler. This is an open-access article
distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (CC BY-NC-ND
3.0 https://creativecommons.org/licenses/by-nc-nd/3.0/), which permits use, distribution, and reproduction in any medium,
provided that the article is properly cited, the use is non-commercial, and no modifications or adaptations are made.


https://orcid.org/0000-0002-6781-2930
https://orcid.org/0000-0001-8017-7903
https://orcid.org/0000-0001-5387-5271
mailto:g.aguirre.varela@unc.edu.ar

www.czasopisma.pan.pl P@N www.journals.pan.pl
<D
S~

238 Guillermo Aguirre Varela, Carlos L. Di Prinzio and Damian Stoler

Introduction

In nature, ice is found in snow, hail, glaciers and polar ice sheets (Hobbs
2010). Ice absorbs many natural and anthropogenic gases that contribute to global
warming effect (Raynaud er al. 1993). Gases are preferably absorbed on the
surface of the ice (Bar-Nun et al. 1987; Krausko et al. 2014).

Bartels-Rausch et al. (2014) studied the interaction of impurities with snow and
ice. It was shown that the physical processes of impurities vary significantly
depending on their location in the ice and the ice surface structure. These authors
present the studies of the ice surface properties and the new experimental
techniques. However, the chemical reactions and physical processes, inside and
outside the snow grains, are not yet sufficiently analyzed. The ice surface structure
changes with the physical conditions (Pruppacher et al. 2010) and the liquid-like
behavior of ice surfaces near the freezing point can strongly modify the chemical
reaction rates with ice. The ice surface structure and its effects on the surface
diffusion processes of contaminants could be very useful in atmospheric physics.

Dash et al. (2006) showed the ice properties near the melting point and its
effects on the environment. Ice melting can start at three types of interfaces:
surface melting between a solid and its vapor or gaseous atmosphere, interfacial
melting in contact with foreign solids or liquids, and the grain boundary (GB)
melting between crystals of the same material. They presented a thermodynamic
model of the transition of the interfaces near the melting point. The authors
strongly emphasized the importance of the change of the surface structure near
the melting point on geophysics. Gas and impurities absorption depends strongly
on the surface structure and the transport mechanisms that are activated on the
surface (Wettlaufer 1999; Wettlaufer et al. 2006; Nasello et al. 2007, 2011).

Physical processes in the matter transport that have been studied in relation to
GB groove or scratches on surfaces are: evaporation and condensation, surface
diffusion, and volumetric diffusion into the solid and gaseous environment
surrounding the sample (Mullins 1957, 1959, 1960; King et al. 1962; Gruber
et al. 1966; Nasello et al. 2007, 2011).

Bartels-Rausch et al. (2013) evaluated the structure of the snow pack, the
interaction of trace gases with the snow surface and the ice grain boundaries. The
observed diffusion profiles could be well described based on gas-phase diffusion
and the known structure of the snow sample at temperatures >—20°C.

Mullins (1957) studied the mass transport by evaporation and condensation
corresponding to a GB groove in contact with its vapor. Finally, he completed the
work by studying the diffusive transport on the surface of the solid, without the
presence of fluid and controlled by the local curvature of the surface. Mullins
(1960) studied the GB groove taking into account the effect of the curvature of the
surface in contact with the gas and, therefore, the changes in the vapor densities. He
also considered the volume diffusion in the same work. Later, King et al. (1962)
analyzed the evolution of a superficial scratch considering the simultaneous
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mechanism of surface and volume diffusion. Gruber et al. (1966) reported a surface
flattening analysis considering the effects of surface and volumetric diffusion
taking into account the asymmetry of the structures evolving on the surface.

In order to describe the evolution of a scratch on the surface of a solid,
Mullins (1959) assumed the presence of a viscous fluid and used the Navier-
Stokes equations to find the transport equations. He also considered the effect of
surface curvature and proposed a surface diffusion model, similar to that
proposed in Mullins (1957) to describe the evolution of the emerging groove of
a grain boundary. Furthermore, he considered other transport mechanisms related
to gaseous diffusion and volumetric diffusion that could be influencing the
evolution of the surface scratch.

Style et al. (2005) presented a transport model considering the presence of
a quasi-liquid layer on the surface. They studied the transport of matter on the
quasi-liquid surface using thermodynamic arguments (Dash et al. 2006). They
applied this model to describe the evolution of a GB groove in an environment
with high vapor pressure, obtaining Mullins’ equation (Mullins 1959) in an
asymptotic way.

Asakawa et al. (2016) carried out studies of the ice surface and reported the
presence of two types of quasi-liquid layers with different morphologies. Both
types of layers are present only if the vapor pressure is higher than a given critical
value and at temperatures close to melting point. According to these authors, the
quasi-liquid layers control the surface properties of ice just below the melting point.
It is well known that ice surface melting governs a wide variety of phenomena,
such as ice growth and its interaction with gases and atmospheric pollutants.

In this work, the evolution of an ice surface scratch is presented to study the
surface transport mechanisms and the ice surface structure. In this way, gas
transportation on ice surface could be explored because it changes dramatically
near the melting point (Bartels-Rausch et al. 2014). The self-diffusion coefficient
of pure ice surface was determined by studying the width evolution of a surface
scratch. The scratch width was determined by photographs directly from the
surface of a bicrystalline ice sample at —5°C. A theoretical surface model was
fitted to the experimental data and the surface diffusion mechanism was revealed.
The surface self-diffusion coefficient of the ice surface was obtained and it was
compared with the experimental results obtained by other authors.

Material and methods

A bicrystalline ice sample was used in these experiments and the sample
surface was polished with a microtome in a cold chamber at —10°C. The bicrystal
was made according to the experimental method reported by Nasello et al. (1992,
2007, 2011) and Di Prinzio et al. (1997). The ice sample was placed on
a microtome plate as shown in Fig. 1A.
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Fig. 1. Ice sample on the microtome stage (A), ice sample in the acrylic transparent cell with silicon
oil (B) and experimental set-up of microscope with digital camera controlled by computer and cold
cell thermostatically controlled by the LAUDA® circulating bath (C).

The bicrystal was made using ultra-pure water obtained from Milli-Q® filter
with 0.6 uS conductivity and impurities concentration less than 10 ppb (Nasello
et al. 1992, 2007, 2011; Di Prinzio et al. 1997). The sample was made under the
same conditions of impurities and conductivity recorded in the water of polar ice
in surface layers (Palais et al. 1985; Durand 2006) in order to compare the
experimental results with those presented in natural ice.

A scratch pattern was made on the surface with a metal blade with triangular-
tipped teeth and the ice sample was immediately immersed in a transparent cell
with pure silicon oil (Fig. 1B). The depth and width of the blade teeth were
similar (approximately 10 um).

The acrylic cell was sealed and placed into a cold box thermostatically
controlled by a circulating bath LAUDA® at —5+1°C (Fig. 1C). This initial setup
procedure took approximately 45 minutes (#)) The evolution of the surface
scratches was registered for approximately 50 hours by periodic photographs
obtained with a digital camera attached to an optical microscope (Olimpus®).
Photographs of the surface scratches were taken every 15 minutes.

Analysis of the photographs

The photographs were converted from color to grey tones. Figure 2A shows
the surface of the bicrystalline sample, the grain boundary (GB) and the stripes.
The GB is horizontal, the scratches are vertical and a wider central scratch was
used in this study.

In order to determine the surface plane on both sides of the GB, the procedure
developed by Higuchi (1957) was carried out. A plastic replica of the surface of
an ice crystal allows the crystalline disorientation of the sample to be determined.
The ice crystal must remain during the whole process in a cold chamber around
—10°C and its surface must be properly polished by a microtome. An airtight
container with silica gel crystals should be located inside the working chamber.
After the polished process, the sample is allowed to relax inside the silica
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.

Fig. 2. Grain boundary and vertical central scratch considered in this study (A) and plastic replica
with the etch pits (B).

container for 5 minutes. The sample is taken out of the container and the surface
is covered with a very thin layer of a solution of formvar® at 1% in
1,2-dichloroethene. The sample is placed back in the airtight container for
10 minutes. The 1,2-dichloroethene evaporates quickly producing micropores on
the plastic surface, and due to the dry air, the ice surface sublimates through this
holes (Nasello 1982). This sublimation is conditioned by the crystal structure,
leading to the pits formation copying the crystal structure. After 10 minutes,
a thick layer of a formvar® solution at 4% in 1,2-dichloroethene is added all over
the surface. The pits are filled with the solution and the ice sublimation process is
stopped. The sample is stored in the container with silica gel until the following
day, allowing the plastic surface to dry completely. Finally, a negative copy of the
original pits formed due to sublimation was obtained.

Figure 2B shows a plastic replica of the bicrystalline sample presenting the
thermal etched pits that serve to determine the surface plane on both sides of the
GB (Higuchi 1957). Clearly, both crystalline planes are slightly different and
very close to the plane (1 0 1 0).

The grey profiles of the central scratch, corresponding to the crystalline plane
on both sides of the GB and for each photograph, were obtained using the free
software Image]J® (Abramoff et al. 2004). Barletta et al. (2012) estimated the
vein volume within the Greenland and Antarctic ice sheets in a calibrated
photograph using Imagel.

Figure 3A shows an example of the grey profile and the average illumination
curve. The average background lighting was subtracted from the grey profile to
study the evolution of the width of the central scratch. Figure 3B shows the
corrected grey profile. The central minimum corresponds to the central scratch
under study. The pixel-mm equivalence was established in the photographs, using
a 100 um scale with an appreciation of 5 pm.

The width of the central scratch a(f) was considered the dark area. In order to
determine the width, the distance between the two “points” (see Fig. 3B) that



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

242 Guillermo Aguirre Varela, Carlos L. Di Prinzio and Damian Stoler

1804

Grey profile
Average illumination curve

170

160

150

grey value

140+

130+

120

110

X (um)

104

Grey profile corrected

grey value

-104

154

-20 T T T T
0 100 200 300 400

X (um)
Fig. 3. Grey profile for a region above the grain boundary (A) and previous grey profile corrected
for average lighting background (B). The horizontal axis shows the position along a horizontal line
of the photo. The vertical axis shows the correspondent mean grey value.

define the edge of the dark area was considered (Abramoft et al. 2004; Barletta
et al. 2012). This was done using the corrected grey profiles. In this way, the
temporal evolutions of the width of the central scratch on the crystalline plane on
both sides of the GB were determined.

Results

The widths of the central scratch a(¢) were calculated on both sides of the GB
(Region 1 and 2). The experimental results were presented in Fig. 4.
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Fig. 4. Temporal evolution of a(¢) for each region. The time is represented in the horizontal axis and
the width of the central scratch is reported in the vertical axis.

The widths and time are normalized with the initial values corresponding
to the first photograph. The natural logarithms of the normalized quantities
are presented, and a linear fit is shown in Fig. 5. The linear equation is

represented by:
ai . t .
ILn|— | =kKLn|— ' 1
! <a10> ! <t0> o7 ®

where 4’ is the width of the central scratch in Region 7 (1, 2) at time t, @' is the
first measured value in Region i at time #,. Table 1 shows the coefficients (k', ')
corresponding to the fit in the Region 1 and (K%, /) corresponding to the fit in the
Region 2. Both coefficients f* are indistinguishable from zero, while the slopes
are indistinguishable from each other. We could describe the variation of the
central scratch width with time, both in Region 1 and in Region 2 (Fig. 2), by the

following equation
. I\
o) = a1 2

Table 1.

Coefficients (k', ') and — squared of regions 1 and 2 using equation (1).

Coefficients R?
E! 0.23 + 0.02 0.8981
I -0.04 + 0.06
K2 0.22 £ 0.01 0.9214
12 0.01 + 0.03
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Discussion

The width of the central scratch follows a power law in time for each region.
Furthermore, since k' are indistinguishable from each other, the evolution of the
central scratch on the crystalline planes on both sides of the GB seems to be
controlled by the same physical process. As the experiments were carried out
with the surface of the ice covered with a layer of silicon oil, the mass transport
that flattens the central scratch was caused by surface diffusion.

0.8+ QQ/

Ln(a/a,) Region 1

0.24 ®  Ln(a/a,) Region 2
***** Linear Fit Region 1
0.0 Linear Fit Region 2

05 00 05 1.0 15 20 25 3.0 35 40
Ln(t/t))

Fig. 5. Natural logarithms of %] versus natural logarithms of [tiu] are presented (circles for Region
1 and squares for Region 2 and the correspondent linear regression fits for each region.

The presence of a quasi-liquid layer on the ice surface has been reported in
numerous studies. In particular, Asakawa ef al. (2016) reported two types of
quasi-liquid layers with different morphologies only present in conditions of high
vapor pressures and temperatures > —3°C. However, it occurs when the surface of
the ice is in contact with its vapor.

In our case, the quasi-liquid layer is between two mediums: solid ice on one
side and silicone oil on the other. Style er al. (2005) and Dash et al. (2006)
reported a similar law with exponent 1/4, which is close to the values of k* found
in the present work. This would indicate that the diffusion process in our
experiments would have a behavior similar to the one expected on the surface of
ice with quasi-liquid layer, since it has the same power law.

The model proposed by Style et al. (2005) to describe the quasi-liquid layer is
not restricted only to situations where the quasi-liquid layer is in contact with
a gaseous medium. It can be seen that the effect of another substance above the
quasi-liquid layer could be taken into account in the free energy of the quasi-
liquid layer-substance interface. In this sense, it would be possible to use the
proposed "quasi-liquid layer" model to analyze our results. The experimental
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results respond to a similar power law and the exponents corresponding to each
zone are indistinguishable from the power law reported by Style ez al. (2005).

In order to compare the results, the transport coefficient B corresponding to
each zone was estimated using the parameters of the fits. The power law
proposed by Style et al. (2005) and the power law proposed by Mullins (1959)
were used to calculate the theoretical transport coefficients predicted by each
model. Thus

(1o = 5.7 (Bt)"/* (3)

Rewriting the equation (3) with the coefficients and values corresponding to one
hour from the start of the experiment, the following is obtained:

a'y 1/4
-= 5.7 (B; 4
“oor = 0T (B) )

Values of B; were determined, which are presented in Table 3.

Style et al. (2005) found an expression for B in terms of liquid water
properties and melting temperature and they obtained a value of B considering
the sample in contact with air and at a temperature of —1°C. However, in our
experiment, the interface was ice-water-silicone oil.

Using the physical parameters corresponding to our experiment (see Table 2)
and the expression found by Style et al. (2005), the value calculated was
B~3 1072 m*s~!. This value of B is similar to those obtained in this
experimental work and presented in Table 3.

On the other hand, using the values of the transport coefficient B obtained in
this work, the physical parameters (Table 2), and the functional form for the

Table 2.

Experimental values measured for physical parameters for pure ice.

Physical parameters for pure ice Experimental values |References

the molar volume of diffusing species 3.6 10729 m3 Hobbs (2010)
number of molecules per unit of area 3.29 1018 m 2 Hobbs (2010)
silicon oil-liquid surface energy 0.03531 Jm2 Gu (2001)

liquid-solid surface energy 0.033 Jm2 Hobbs (2010)
Hamaker constant 0.310-2 J Gu (2001)

melting point 273 K Hobbs (2010)
dynamic viscosity of water 0.00216 Pa Hallet (1963)
density 999.7 Kgm™> Hallet (1963)
latent heat of fusion 334000 JKg—l Hobbs (2010)
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transport coefficient B proposed by Mullins (1959), two “self-diffusion
coefficients” D, (associated to each B;) were determined. The results are
presented in Table 3.

Table 3.
Transport coefficient and “self-diffusion coefficients” (associated with each ).
B;y- (m*% ™) (3.3+0.4) 10728
Dy- (m%s (2.6 £ 0.4) 10°
By- (m*s ) (12+0.7) 107
Dy (m?s 1) (1.0 £ 0.3) 10°

The values of D; are different, and this could be associated with the different
crystalline structures of the surface planes, which can have in general different
physical properties (Nasello et al. 2007, 2011; Druetta et al. 2013; Di Prinzio
et al. 2016). We can say that both values of surface diffusion coefficient found in
this work and the values by Nasello ef al. (2011) are comparable to the value
3 o 1079m?2s~! of the coefficient of water self-diffusion at atmospheric pressure
and at —5°C reported by Guevara et al. (2011).

Finally, it would be possible to think that the “liquid layer” model proposed
to analyze our results was correct. For historical reasons, most studies of ice
surface focused on temperatures relevant to the stratosphere or the upper
troposphere. Surface snow and tropospheric ice, however, may be exposed to
warmer conditions. The atmospheric gas absorption processes are affected by the
structure of the ice surface, and the liquid-like behavior of ice surfaces near the
freezing point can strongly modify the absorption of gases in ice (Bartels-Rausch
et al. 2014).

The experimental method presented in this work is based on the study of the
evolution of a scratch on the ice surface and shows that the ice surface near the
melting point has liquid-like behavior. Moreover, the results were similar to the
coefficient of self-diffusion of supercooled water at atmospheric pressure.
Therefore, the experimental method developed in this work would allow us to
study the surface self-diffusion coefficient of ice at different temperatures,
between —2°C and —15°C according to our experimental setup, with different
conditions of impurities, and with different surface crystalline planes.

Conclusion
We presented an experimental method to find the ice surface diffusion

coefficient. The method is based on the study of the evolution of a scratch on
the ice surface. The surface diffusion coefficient of ice on the crystalline plane
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(101 0) was determined experimentally for —5°C. Our results are in good accord
with the values reported by Nasello ef al. (2011). We found results consistent
with the presence of a liquid like layer on the ice surface near the melting point.
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