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Abstract 

Snow and ice surfaces are ubiquitous in the environment. Heterogeneous reactions on those 

surfaces are responsible for a wide range of phenomena such as the Antarctic stratospheric ozone 

hole, depletion of boundary-layer ozone, and deposition of mercury.  Little is known about the 

location of impurities on ice surfaces or how that structure depends upon temperature and time 

after contamination.  Therefore, we investigated microscopic structures created by depositing 

sodium chloride particles onto laboratory-grown ice below the hydrohalite-water eutectic 

temperature.  As the temperature was increased above the eutectic, sodium chloride solution 

(brine) formed around the particle and spread across the air-ice interface. Literature indicated 

that ice crystal grain boundaries are the most thermodynamically stable site for brine; yet, on our 

time scale (minutes), the brine does not drain down the grain boundary and is instead present on 

the ice surface. Either the surface energetics of the system differ from expectations or a barrier 

inhibits the brine from moving down the grain boundary on the observational timescale.  The 

area of the brine was used to relate surface coverage by our contamination mechanism to bulk 

composition. We find that brine does not fully coat the surface for typical snow properties. 
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Chapter 1: Introduction 

The literature indicates that the microstructure of environmental snow and ice samples have 

a profound influence on heterogeneous reactivity (Bartels-Rausch et al., 2014; Domine et al., 

2013; Mulvaney et al., 1988).  Recent field evidence indicates that atmospherically influenced 

snow/ice (e.g. more acidic, lower bulk salinity, higher Br-/Cl- ratio) as opposed to frozen or 

wicked sea salt samples may possess higher reactivity (Pratt et al., 2013).  Therefore, in this 

thesis, we explore the microstructures of frozen systems formed by deposition of micron-sized 

sodium chloride particles on ice surfaces.  Initially, the temperature is below the sodium 

chloride-water eutectic (-22°C), where the salt remains solid, allowing imaging of the particle's 

dimensions and nearby physical features in the ice (e.g. grain boundaries).  Subsequently, the 

sample is warmed above the eutectic temperature, initiating deliquescence of the sodium chloride 

particles and formation of brine.  The literature would indicate that brine should move to grain 

boundaries and disappear from the ice-air interface (Blackford, 2007; Cullen and Baker, 2001; 

Domine et al., 2013; Mulvaney et al., 1988; Weller et al., 2004). However, much of that evidence 

often comes from highly aged (e.g. ice core) samples, so kinetic limitations may be relevant, and 

the evolution of our microstructures will be followed for an hour. 

1.1 Structure of thesis 

Chapter 1 provides a motivation for the problem and reviews pertinent literature. Chapter 2 

describes the experimental methods employed in these studies.  Chapter 3 is a manuscript 

intended for submission to The Cryosphere, a European Geophysical Union (EGU) peer-

reviewed open access journal.  Chapter 3 describes results from the above-described experiment 

and the implications for interactions at the air-ice interface and heterogeneous chemistry.  Erin 

Gleason performed all experiments described in Chapter 3. Experimental design, interpretation, 
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and writing of the manuscript were collaboration between Erin Gleason and William 

Simpson.  Chapter 4 summarizes the findings of the thesis and gives an outlook towards future 

studies. 

 

1.2 Motivation 

Snow and environmental ices play an important role in many atmospheric chemical 

phenomena. This field has been reviewed in the literature by Grannas et al., (2007), Abbatt et al., 

(2012), Domine et al., (2013), and most recently by Bartels-Rausch (2014). Initially, atmospheric 

chemistry was modeled purely by gas-phase processes and did not include influences from the 

snowpack or environmental ices. Recent discoveries have shown that the snowpack plays a vital 

role by providing the necessary liquid or liquid-like regions for heterogeneous chemistry 

(Domine and Shepson, 2002; Pratt et al., 2013). The surface of ice is not a perfect solid. It has a 

liquid-like surface phase that is different from both bulk solids and bulk liquids. The liquid-like 

region can be split into two regimes. In pure ice, the surface region is deemed the “quasi-liquid-

layer.” If impurities are present on the surface of the ice, the liquid-like region is a brine.  

Surface impurities are found in the liquid-like region and most commonly the brine (Kuo et al., 

2011).  Environmental ice surfaces can both store and remove impurities from the atmosphere 

and act as a catalyst for chemical reactions. Impurities (such as halides, mercury, ions, organic 

carbon etc.) at the air-ice interface are available to react and exchange with the atmosphere. 

Impurities that are retained within the ice matrix or confined inside the ice are not 

atmospherically accessible and will not have an opportunity to react, and/or they may have 

slowed equilibration with the atmosphere. 

In the Arctic boundary layer, following the return of the sun in late winter/spring, unique 

chemistry occurs that produces elevated levels of atomic halogens and halogen oxides such as 
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bromine and bromine monoxide radicals (Br and BrO). These reactive halogen species are 

produced in autocatalytic cycles known as the “bromine explosion” (Fan and Jacob, 1992; Platt, 

2000; Wennberg, 1999).  In this mechanism, the aqueous bromide ions react with gas-phase 

species to propagate the bromine explosion (Oldridge and Abbatt, 2011). Once high levels of 

atmospheric halogens are produced, they have broad impacts on the atmosphere such as 

depletion of boundary-layer ozone (see the review of Simpson et al., (2007)), deposition of 

mercury (see the review of Steffen et al., (2008)),  removal of hydrocarbon gases (Jobson et al., 

1994), and possibly changes to cloud-producing particles (McFiggans et al., 2010).  Similar 

heterogeneous reactions occur in the marine boundary layer, and the free troposphere (Dix et al., 

2013), where bromine may be the primary oxidant for mercury (Holmes et al., 2006). Therefore, 

it is important to understand halogen activation to understand the fate of pollutants in the 

environment.  

To understand how the halides are activated from the air-ice interface, we must understand 

the physical and chemical properties of the air-ice interface. Previous laboratory studies show 

that properties of the air-ice interface are not analogous to bulk ice properties or bulk aqueous 

properties (Domine et al., 2013; Kahan et al., 2014; Wren and Donaldson, 2011; 2012; Wren et 

al., 2010). These studies have shown that pH, mineral ion concentrations, and hydrogen bonding 

extent, are different at the air-ice interface than they are in the bulk aqueous phase or the bulk ice 

phase. 

The microstructure of the ice/impurity system is critical to its chemical reactivity.  In these 

examples, the property of where the impurities reside (e.g. on the air-ice interface or inside the 

bulk of the ice) is important for reactivity.  However, using analytical techniques to measure 

surface composition of ice is difficult. There are excellent methods for measuring the chemical 
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composition of melted snow, but the melting destroys the microstructure so that only bulk 

composition can be measured. 

1.3 Physical properties of snow 

Snow is a unique environmental medium. It is present in both hemispheres, at nearly all 

latitudes (e.g. in tropical / mid-latitude cirrus clouds and on the Earth’s surface at the poles or on 

mountains), and covers the majority of the Arctic and Antarctic. Snow type varies from location, 

time of day, and age of the snow. Individual snow grains can range in size 0.46 mm for newly 

fallen snow to 7 mm for depth hoar (Schneebeli et al., 1999; Sturm et al., 2006). All snow grains, 

regardless of their initial crystal size and shape, become rounded over time (Domine et al., 

2003). Atmospheric particles deposit onto the surface of the snow.  It is necessary to think about 

the surface area and not just the volume or mass when considering the particles on the snow 

surface.  The specific surface area (SSA), often measured as the surface area per snow mass, is 

what impact it’s chemical and physical processes (Legagneux, 2002). The SSA of snow varies as 

snow undergoes metamorphism. SSA values range between 150 m2/kg for freshly fallen snow 

and 5 m2/kg for old and/or wind blown snow (Domine et al., 2007; Taillandier et al., 2007). The 

SSA can be measured by methane adsorption (Taillandier et al., 2007; 2006) or via infrared 

reflectance (Gallet et al., 2009).  In addition, SSA affects the optical properties of snow (Morin et 

al., 2012) and thus much of the photochemistry taking place in the snow.  The SSA is important 

because it determines the amount of surface area on which impurities can be deposited and 

therefore influences chemistry. 

1.4 Location of impurities in environmental snow and ices 

 Thermodynamics predicts that the majority of impurities are located at ice crystal grain 

boundaries and triple junctions as highly saline liquid solutions (called brine from here forward) 
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or as solid precipitates (Hobbs, 1974).  The high ionic concentration of brine keeps it unfrozen at 

temperatures well below the freezing point of pure water.  The freezing point of pure water is 

0°C whereas a solution of sodium chloride and water can still contain liquid down to -21°C.  As 

the temperature cools, the brine concentration increases, eventually exceeding the saturation 

concentration and minerals precipitate. Most ionic and molecular impurities are too large to be 

incorporated within the ice matrix. The exceptions are F-, Cl-, and NH3 (Rempel et al., 2001).  

 Numerous studies detect brine and other impurities at grain boundaries (Blackford, 2007; 

Cullen and Baker, 2001; Domine et al., 2013; Ketcham and Hobbs, 1969; Mulvaney et al., 1988; 

Weller et al., 2004). Rempel et al., (2001) found that brine was at the grain boundaries of glacial 

ice cores from Greenland and Antarctica. Mulvaney et al., (1988) analyzed ice cores from the 

Antarctic Peninsula. They found that 90% of the sample’s sulphur was located at the triple 

junctions. However, they did not detect any chloride, despite there being chloride in the bulk 

sample analysis. It is possible that chloride is present at the grain boundaries but below their 

instrumentation limit of detection (1%). Domine et al., (2003) did not observe impurities at the 

grain boundaries in the majority of their glacial ice core samples. In addition, they found no clear 

evidence for the presence of liquid at grain boundaries or triple junctions. Cullen and Baker 

(2001) find solid sodium chloride at crystallographic faces in addition to grain boundaries. These 

studies indicate that although there are some cases in which impurities are found at grain 

boundaries it is not always the case. Further research is needed to determine under which 

conditions impurities are at the grain boundaries and under which conditions they are at the air-

ice interface. In particular, we are interested in how time influences the location and morphology 

of the brine, and how temperature influences the phase of the impurities.  
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1.5 Mechanisms of air-ice interface contamination 

Impurities can reach the air-ice interface in three ways. 1) As a solution freezes, most 

impurities are rejected from the ice matrix due to constraints on ionic size and charge. These 

impurities may be rejected to the surface or may be segregated into liquid inclusions (brine 

pockets) within the ice matrix. The exclusion of impurities from the ice matrix causes impurity 

concentration enhancement in both the brine pockets and at the interface (Kahan et al., 2014; 

Wren and Donaldson, 2011).  2) Brine/impurities can migrate upward into the snow pack from 

the underlying sea ice.  Capillary action is thought to be the mechanism of this upward brine 

migration.  In a study of snow on sea ice, Domine et al., (2004) found upward migration of brine 

17 cm from the underlying sea-ice surface. 3) Ionic impurities can be added to the interface by 

deposition of particles from the surrounding atmosphere.  

Frost flowers are vapor deposited ice crystals that grow on rapidly forming new sea ice (~1 

day old). They become salty by wicking brine from the sea water below and have very high bulk 

salinity (~3x more saline than sea water).  Early studies of halogen sources favored frost flowers 

as the principal source of halogens to the atmosphere, due to their high salinity and supposed 

high SSA (Rankin and Wolff, 2002).  However recent studies found that the SSA of frost flowers 

was no larger than snow (Domine et al., 2005; Obbard et al., 2009). This and other findings 

indicate that their role in providing halide ions for heterogeneous chemistry may have been over 

estimated (Domine et al., 2005; Morin et al., 2008; Obbard et al., 2009). As brine cools, 

mirabalite (Na2SO4•10H2O) precipitates first, leaving the remaining brine depleted in sulfate and 

sodium ions.  If this process happens before the brine wicks to the frost flower, the frost flower’s 

chemical composition exhibits this depletion of sulfate and sodium.  Chemical composition 

measurements of frost flowers support this separation mechanism, demonstrating sulfate and 
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sodium depletion (Rankin and Wolff, 2002; Alvarez-Aviles et al., 2008).  Krnavek et al., (2012) 

found that surface snow sometimes showed sulfate depletion and thus likely came from frost 

flowers, but also found some saline samples with near sea salt composition, indicating that sea 

spray and/or sublimated blowing snow were also significant salt sources. 

1.6 Thermodynamics of the sodium chloride-water system 

When impurities are added to ice, they lower the freezing point and thus enhance formation 

of brine at the expense of solid ice.  To understand the microstructure of ice/impurity systems, it 

is important to consider the thermodynamics. Because seawater’s main ions are sodium and 

chloride, a good starting point is consideration of the NaCl/water system, shown in Figure 1.1.  

The phase diagram indicates the most thermodynamically stable phase as a function of 

temperature and composition (salinity).  A critical temperature is that of the eutectic, which is 

represented by a singular point on the phase diagram and it is the only point in which solid 

sodium chloride, solid water, and brine can coexist.  Below the eutectic, only two phases are 

stable: ice (pure solid water) and solid hydrohalite.  

Most environmental ice samples have relatively low salinity placing most environmental 

systems on the left side of the phase diagram shown in Figure 1.1. Using ion chromatography 

Krnavek et al., (2012) measured the composition of snow on the surface of land, multiyear ice 

(MYI), thick and thin first year ice (FYI).  Salinity was lowest for snows sampled on MYI and 

land. MYI snow samples ranged from 0.00011 to 0.0277 PSU (practical salinity unit) and land 

snow samples ranged from 0.000365 to 0.0511 PSU. Salinity was highest for snow samples 

collected on thin FYI, which ranged from 0.03577 to 13.589 PSU. The average composition 

ranged from 0.0150 practical salinity units (PSU) for snow on MYI up to 3.8 PSU for thin FYI. 

Note that sea water is 3.5% by mass NaCl, which is 35 PSU.  In this lower salinity portion of the 



 8 

phase diagram, and above the eutectic temperature, two phases are stable: pure ice and brine, 

whose composition is set by temperature alone. The relative amount of ice and brine depends on 

the total sodium chloride concentration. Larger amounts of brine are present for systems that 

have a higher sodium chloride concentration.  The lever rule from physical chemistry allows one 

to determine the relative abundance of each phase in this two-phase region (Atkins and de Paula, 

9th ed., 2010).  Using the lever rule one can determine the bulk composition of a sample (e.g. 

mass fraction) but not the microstructural composition.  

1.7 Previous studies of chemistry at the air-ice interface 

There have been many notable studies of chemistry at the air-ice interface. Here we review a 

small portion of laboratory and field experiments in attempts to highlight the importance and 

necessity of such work. Wren and Donaldson (2012) used laser induced fluorescence (LIF) 

spectroscopy and glancing angle (GA) Raman spectroscopy to study heterogeneous reactions of 

gas phase ozone with ice surface halides. They observed an increase in surface pH of frozen 

sodium bromide and sodium iodide solutions after exposure to ozone gas. From the GA-Raman 

spectroscopy, they confirmed that the change in pH was due to a change in hydroxide 

concentrations. In addition, they observed a change in color of the sodium iodide ice samples 

after exposure to ozone gas. These observations indicate that a reaction took place at the air-ice 

interface between the surface halides and the ozone gas.  

In a follow up study, they looked at frozen solutions of hydrochloric acid, nitric acid, and 

sodium hydroxide. Freezing these solutions did not change the surface pH when compared to the 

pre-freezing pH, indicated that protons are not excluded to the surface during freezing. This 

further supports the theory that reaction of halogens with ozone gas causes the pH of the air-ice 

interface to change.   
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In a similar study, the authors froze solutions of magnesium nitrate and used GA-Raman 

spectroscopy to detect nitrate ions at the air-ice interface. They found that nitrate was present on 

the surface, however, not to the extent as predicted by magnesium nitrate-water phase diagram 

(Wren and Donaldson, 2011; 2012; Wren et al., 2010). And it did not exhibit the concentration 

enhancement that halides did.  Kahan et al., (2014) also confirmed the exclusion of nitrates to the 

air-ice interface upon freezing. Oldridge and Abbatt (2011) found the concentration of sodium 

chloride at the surface of frozen sodium chloride solutions was higher than at the air-ice interface 

of pure liquid sodium chloride solutions.  These three studies indicate that ions are excluded to 

the air-ice interface of ices during freezing. This supports the idea of chemical reactions at the 

air-ice interface and illustrates the necessity of further work in this area.   

Photolysis kinetics of PAH (polyaromatic hydrocarbons) are enhanced at the air-ice 

interface and up to five times as fast when compared to the bulk liquid phase (Kahan et al., 

2010).  This indicates that  PAH on the air-ice interface of environmental ice samples are 

different than bulk ice or bulk water (Kahan et al., 2010). The absorption spectra for PAH on air-

ice interface resembles crystalline PAH and not PAH on liquid water (Kahan et al., 2014). In 

their follow up study, authors compared fresh water ice (FWI) and salt water ice (SWI), 

interestingly the properties of SWI were more similar to the liquid-air interface instead of the air-

fresh water ice interface. They detected a decrease in hydrogen bonding at the SWI air-ice 

interface and the photolysis rates of aromatic compounds matched liquid rather than FWI 

samples.  

There have also been studies of reaction rates with the air-ice interface and how they deviate 

from bulk reaction rates. Oldridge and Abbatt, (2011) measured the formation kinetics of gas 

phase bromine from interactions of gas phase ozone with frozen and liquid solutions of sodium 
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chloride. Reactions with high ozone concentrations exhibited bulk liquid kinetics and reactions 

with low ozone exhibited ice surface kinetics. In addition, they found that the reaction progressed 

faster under acidic conditions.  They conclude that chemistry occurs with brine on the air-ice 

interface that is formed when freezing the saline solutions. The brine coexists with the ice and 

has similar activity to bulk aqueous solutions. From these experiments it is still unclear if the full 

surface of the frozen solution is covered with brine or if the surface is just partially covered. 

Further studies of frozen sodium chloride solutions found a brine layer on the surface that had a 

composition (when above the eutectic) that was consistent with the bulk phase-diagram 

(Křepelová et al., 2010).  
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Figure 1.1.  Sodium chloride and water phase diagram. The eutectic temperature is marked with 
a red arrow (Weeks, 2010). 
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Chapter 2: Methods 

2.1 Experimental goals 

The goal of the experiment was to deliver sodium chloride particles to the surface of 

laboratory ice and observe those particles through the microscope while temperature was 

increased.  We wanted to deliver a small quantity of particles to the surface so that we could 

observe a single, isolated particle and record a movie of the particle as it deliquesced into the ice 

and formed brine.  Initially, we used high magnification to see details in the brine and ice. But as 

the brine spread in a larger radius across the surface, we switched to the lower magnification to 

capture the entire brine extent.  

 

2.2 Ice sample preparation 

Ice samples were synthesized by freezing 18.2 MΩ-cm deionized water in a Pyrex petri dish. 

All glassware was soaked for twenty-four hours in a soap water bath, followed by twenty-four 

hours in a nitric acid bath, and rinsing three times with 18.2 MΩ-cm deionized water prior to use.  

Glassware was stored in Saran Wrap until use to prevent contamination by ambient air particles.   

All water was boiled under vacuum at room temperature to remove dissolved gases. Room 

temperature was approximately 21 °C. Samples were initially frozen to -10°C for at least 30 

minutes before being reduced to the experimental temperature of -25°C or lower. Allowing the 

water to freeze to a temperature warmer than the experimental temperatures causes a slower rate 

of freezing resulting in fewer air bubbles trapped in the ice.  To further reduce the number of air 

bubbles in the ice, the petri dish was set on thermally conductive foam, which was in contact 

with a metal table. The petri dish was then slowly filled with room-temperature water, and a 
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room-temperature foam cooler was set over the top. This setup provided a thermal gradient 

across the sample intended to cause the ice to freeze from the bottom of the petri dish upward.   

2.3 Sodium chloride particle preparation 

Sodium chloride particles were synthesized by allowing saturated sodium chloride solution 

(21°C and 1013 hPa) to evaporate on a glass microscope slide at room temperature. Sodium 

chloride particles were labeled with trace amounts of the fluorescent probe fluorescein. Samples 

were precipitated under a cardboard box and stored in a brown jar to prevent photobleaching of 

the fluorescein by room lighting. Stock solutions of fluorescein and saturated sodium chloride 

were made using 18.2 MΩ-cm deionized water in 50 mL glass volumetric flasks. Flasks 

containing fluorescein were wrapped in aluminum foil to prevent photobleaching by room 

lighting.  Sodium chloride (VWR, crystal reagent A.C.S.) and fluorescein (Sigma, acid yellow 

73) were used as purchased without further purification.  

2.4 Imaging  

All images were collected using a Zeiss Axioskop 2 Routine Microscope. The microscope 

was operated according to procedures detailed in the user manual (Axioscop 2, 1998). High 

magnification images were taken with a 20X objective (Achrostigmat by Zeiss), which resulted 

in a 0.177 mm x 0.222mm image. Low magnification images were taken with a 5X objective 

(CP-Achromat by Zeiss), which resulted in a 0.724 mm x 0.904 mm image.  The microscope 

used a 12-volt, 100-watt halogen illuminator for transmitted light mode and an HBO 100 

microscope illuminating system for epifluorescence mode.  The halogen illuminator was kept at 

minimum voltage when conducting experiments to prevent the illuminator from heating the ice 

sample. A neutral density filter was used for the 5X objective to decrease incident light intensity 

on the sample and thus prevent heating. An excitation/emission filter/beam splitter combination 
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designed for fluorescence was used when in epifluorescence mode. A Dage-MTI DC 330 camera 

and the program VideoGlide were used to observe all samples. A Diamond VC500MAC USB 

capture device to capture the videos and images.  

2.5 Experimental design 

All experiments were conducted in a R.W. Smith &Co. controlled environment room at the 

Geophysical Institute, University of Alaska Fairbanks. A Honeywell HC900 truline hybrid 

controller controlled temperature of the room.  Temperature was monitored with a Vernier 

GO!Temp thermometer placed ~ 20 cm from the sample location.  All tools and samples were 

stored in the cold room at experimental temperatures to prevent heat transfer during experiments. 

Prior to adding salt to the ice surface, we observed the ice sample in both epifluorescence and 

transmitted light mode to check for the presence of dust, fluorescent particles, and other potential 

contaminants. Sodium chloride particles were ground with a McCrone Micronizing Mill (model 

232-2) and sieved to < 75microns (<#200 sieve). Small quantities of the ground particles were 

transferred to a 43 micron Nitex fabric filter. The filter was held five to ten centimeters above the 

ice sample and tapped gently by hand in order to deliver particles to the ice surface. Using the 

binocular eyepieces on the microscope (transmitted light mode and 20X objective), we visually 

scanned the sample for solid salt particles.  Once we had located a particle, we observed it in 

epifluorescence mode to confirm that it was our salt particle and not a contamination.  

The temperature of the entire cold room was increased/decreased during experiments. A video 

was recorded in transmitted light mode to monitor the deliquescence.  

2.6 Analysis method 

The program ffmpeg was used to convert the VideoGlide capture movies into the series of 

jpgs that were used in analysis. ImageJ 1.46r was used for all image analysis. We calculated the 
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area of the brine lens by tracing the perimeter of the brine extent at each time interval and used 

ImageJ's measuring tool to compute the area.  We calculated the brine velocity by marking the 

location of the brine's outer edge and then measuring how far it moved along a straight line over 

a time interval. We used this same method to calculate the velocity of solid particles along brine 

channels. 

Relative standard deviation (RSD) of brine area was calculated for experiments five and six 

by tracing the perimeter of the brine lens in triplicate for three time intervals. For experiment 

five, standard deviation was calculated by tracing the perimeter of the brine extent three times at 

15 seconds, 25 seconds, and 75 seconds. The standard deviation for each interval was 0.00056 

mm2, 0.00092 mm2, and 0.00093 mm2 respectively to give a RSD of 11.7% for experiment five. 

For experiment six, standard deviation was calculated by tracing the perimeter of the brine extent 

three times at 20 seconds, 80 seconds, and 170 seconds. The standard deviation for each interval 

was 0.007 mm2, 0.0016 mm2, and 0.0014 mm2 respectively to give a RSD of 12.0% for 

experiment six. Because the error stems from the actual tracing technique and not replicated 

experiments, we can apply the same relative standard deviation to all experiments and 

calculations therein. The RSD for experiments five and six were not significantly different and 

thus we use an RSD of 12% for area measurements. 
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Chapter 3: Microscopic observations of sodium chloride brine spreading at the air-ice 

interface1  

Abstract: 

Heterogeneous chemistry between gases and impurities on ice surfaces has broad 

consequences for atmospheric chemistry, such as the Antarctic stratospheric ozone hole and 

Arctic ozone depletion events. However, little is known about the microscopic distribution of 

impurities on ice surfaces that are reagents for these heterogeneous reactions. We investigated 

the microstructures created by the addition of salt particles onto air-ice interfaces as a function of 

temperature and time.  Microscopic sodium chloride particles were placed onto laboratory-grown 

ice at temperatures below the sodium chloride-water eutectic (-22 °C).  As the temperature was 

increased above the eutectic, brine formed around the crystal and rapidly spread out across the 

air-ice interface. Final temperatures ranged between -20°C and -15°C, depending upon 

experiment.  The experimental time scale was on the order of minutes. We determined the total 

brine area and morphology of the brine using transmitted light microscopy. The brine area was 

successfully measured for two trials, 0.2 mm2 and 0.03 mm2 respectively. The velocity of the 

brine spread across the air-ice interface ranged between zero and 56 microns per second.  We 

relate the degree of brine surface coverage to bulk salinity for typical environmental snow 

samples.  These calculations indicate that most snow samples would not be fully wetted by brine 

on the timescale of our experiments.  In multiple experiments, we observe surface brine 

contacting grain boundaries. On our time scale (minutes), the brine does not drain down the grain 

boundary, but instead spreads across the grain boundary. Unidirectional transport is facilitated 
                                                             
1 Prepared for submission to the European Geophysical Union journal The Cryosphere, as: 
Gleason, E. and Simpson, W. R., “Microscopic observations of sodium chloride brine spreading 
at the air-ice interface”, 2014. 
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parallel to the grain boundary. The velocity of particles moving parallel to the grain boundary 

was up to 31 microns per second. This work gives insight into how impurities interact with ice 

surfaces and the formation of brine on the ice surface. The presence of brine on the ice surface 

impacts atmospheric chemistry by providing a liquid for heterogeneous reactions.  

3.1 Introduction 

Snow is one of the most common environmental surfaces. It is important because it participates 

in many atmospheric chemical reactions. At its winter peak, snow and ice cover 50% of the 

Northern Hemisphere landmass and the frozen Arctic Ocean (Domine and Shepson, 2002).  

Snows stores and removes pollutants from the atmosphere and can act as a catalyst to recycle 

gaseous oxidants. The shape and size of snow grains is influenced by the age of the snow, wind, 

and temperature.  Individual snow crystals can range in size 0.46 mm for newly fallen snow to 7 

mm for depth hoar (Schneebeli et al., 1999; Sturm et al., 2006). All snow grains, regardless of 

their initial crystal size and shape, become rounded over time due to snow metamorphosis 

(Domine et al., 2003). The surface area per snow mass, which is termed the specific surface area 

(SSA), impacts chemical and physical processes (Legagneux, 2002). The SSA of snow varies as 

snow undergoes metamorphism, starting from values that can exceed 150 m2/kg and decaying to 

values below 5 m2/kg (Taillandier et al., 2007).  We use the SSA of snow to connect the 

microscopic properties found in the laboratory to bulk snow salinity.   

In the Arctic boundary layer, following the return of the sun in late winter/spring, 

chemistry occurs that produces elevated levels of atomic halogens and halogen oxides such as 

bromine and bromine monoxide radicals (Br and BrO). These reactive halogen species are 

produced in autocatalytic cycles known as the “bromine explosion” (Fan and Jacob, 1992; Platt, 
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2000; Wennberg, 1999). Heterogeneous reactions occurring at the air-ice interface of 

environmental snow and ice provide the necessary bromide ions to propagate the bromine 

explosion (Pratt et al., 2013; Schneebeli et al., 1999; Sturm et al., 2006; Wren and Donaldson, 

2012). Atmospheric halogens also have broad impacts such as deposition of mercury (Domine et 

al., 2003; Steffen et al., 2008),  removal of hydrocarbon gases (Jobson et al., 1994; Legagneux, 

2002), and possibly changes to cloud-producing particles (Fan and Jacob, 1992; McFiggans et 

al., 2010; Platt, 2000; Wennberg, 1999). Understanding the chemical and physical properties of 

air-ice interface is necessary for advancing the understanding of ozone loss and many other 

atmospheric chemical phenomena. 

Environmental snow and ices may have halide impurities in the bulk and/or at the air-ice 

interface. Only halides on the air-ice interface are able to participate in the heterogeneous 

reactions with the atmosphere. The halides can contaminate ices in three ways. 1) As seawater 

freezes, impurities are rejected from the ice matrix due to constraints on size and charge. These 

impurities may be rejected to the surface or may be segregated into liquid inclusions (brine 

pockets) within the ice matrix. 2) Upward migration of brine into the snow pack from the 

underlying sea ice. 3) Ionic impurities can be added to the interface by deposition of particles 

from the surrounding atmosphere. These particles could be from sea spray, sublimed blowing 

snow, or fragmentation of wind-blown frost flowers.  Recent studies have shown that the bulk 

salinity of samples is not a good predictor of heterogeneous reactivity, and that snow with lower 

pH which appeared to contaminated by aerosol particulate deposition was more effective at 

halogen activation than more saline, higher pH snow (Pratt et al., 2013).  

Impurities on the air-ice interface do not exhibit the same chemical and physical 

properties as impurities within the bulk of the ice. Previous laboratory studies show that 
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properties of the air-ice interface are not analogous to bulk ice properties or bulk aqueous 

properties (Domine et al., 2003; 2013; Kahan and Kwamena, 2010; Kahan et al., 2014; 

Mulvaney et al., 1988; Wren and Donaldson, 2011; 2012; Wren et al., 2010). These studies have 

shown that pH, mineral ion concentrations, photolysis rates, hydrogen bonding extent, and 

mechanical and dielectric properties are different at the air-ice interface than they are in the bulk 

aqueous phase or the bulk ice phase. 

Prior studies have attempted to locate impurities within the ice-impurity system (Cullen and 

Baker, 2001; Domine et al., 2013; Mulvaney et al., 1988). It is important to study the location of 

the impurities because it is the location that dictates their availability to the atmosphere. It is 

particularly important to understand the environmental conditions and timescale that influence 

impurity location. Domine et al., (2003) detected solid impurities at the grain boundaries of 

glacial ice cores using x-ray analysis in a scanning electron microscope (SEM) at 90K. The solid 

impurities were only found in some of their samples and there was no evidence for the presence 

of liquid impurities. Cullen and Baker (2001) found impurities at the grain boundaries, in brine 

pockets, and on crystallographic facets.  Mulvaney et al., (1988) also used x-ray analysis in an 

SEM and did not detect chloride at the grain boundaries.  These studies begin to answer the 

important question of where the impurities are located. However, further research is needed 

because there has yet to be a definitive location for impurities in ice. Domine et al., (2013) used 

thermodynamics to argue that halide brine should exist at grain boundaries.   

To investigate whether brine was present at the ice-air interface, we undertook a study where 

sodium chloride particles were added to the surface of laboratory-grown ice at temperatures 

below the eutectic temperature.  The sample was then warmed above the eutectic temperature to 
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initiate brine formation at the ice-air interface and evolution of the brine was followed by video 

microscopy to timescales of one hour.  

3.2 Methods 

3.2.1 Sample preparation 

Ice samples were synthesized by freezing 18.2 MΩ-cm deionized water in a Pyrex petri dish. 

All water was boiled under vacuum at room temperature to remove dissolved gases. Samples 

were initially frozen at -10°C for at least 30 minutes before having their temperature reduced to 

the experimental temperature of -25°C or lower. Sodium chloride particles were synthesized by 

allowing saturated sodium chloride solution containing trace amounts of fluorescein dye to 

evaporate on a glass microscope slide at room temperature.  Sodium chloride (VWR, crystal 

reagent A.C.S.) and fluorescein (Sigma, acid yellow 73) were used as purchased without further 

purification.  

3.2.2 Imaging  

All images were collected using a Zeiss Axioskop 2 Routine Microscope housed in a cold 

room to provide a sub-freezing temperature environment. Images were recorded using either a 5x 

(CP Achromat by Zeiss) or a 20X objective (Achrostigmat by Zeiss) with a Dage-MTI DC 330 

camera, a Diamond VC500MAC USB frame grabber, and VideoGlide software.  

3.2.3 Experimental protocol 

Sodium chloride particles were ground with a McCrone Micronizing Mill (model 232-2) and 

sieved to < 75 microns (<#200 sieve). Small quantities of the ground particles were transferred to 

a 43 micron Nitex fabric filter. The filter was held five to ten centimeters above the ice sample 
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and tapped gently by hand in order to deliver particles to the ice surface. Initial temperatures 

were below the sodium chloride-water eutectic.  Images were recorded to document particle size, 

and fluorescence microscopy was used to confirm the presence of the fluorescein tag within the 

particles.  The temperature of the cold room was then warmed to slightly above the eutectic (-15 

to -21°C) to initiate brine formation, and video and still images of the brine evolution were 

captured versus time.  Typically, a few-minute-long video was made of the deliquescence of the 

sodium chloride particle, followed by still images taken periodically to timescales out to an hour 

after deliquescence. Each experiment had a different length due to the variation in experimental 

setup. All experiments were on the order of minutes.  A total of twenty-six experiments were 

performed. Of those, six are included in this analysis.  Details of these experiments appear in 

Table 3.1.  

3.2.4 Analysis 

We converted the video recordings of brine on ice surface to images (jpeg format) using 

ffmpeg software and used ImageJ 1.46r software for all image analysis. We calculated the area 

of brine features by tracing the perimeter and used ImageJ's area measurment tool. A relative 

standard deviation was computed by measuring the brine area in triplicate for experiments five 

and six. The RSD was found to be ±12% and it applied to all experiments.  We calculated the 

velocity of moving features by measuring how far these objects moved along a straight line and 

dividing by the time interval between the images. We watched the entire video prior to 

calculating velocity to gain an approximate path for the moving features and thus were able to 

draw the straight line that the features followed. For particles, this path was usually along a grain 

boundary. For brine we selected an arbitrary direction to draw our line from. The “toe” of the 

brine lens is defined as its leading edge.   
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3.3 Results 

3.3.1 Brine spreads on the air-ice interface 

Figure 3.1 shows a series of transmitted light microscope images of a sodium chloride 

particle deliquescing on the surface of ice from experiment one (Table 3.1). We begin taking a 

video of the brine when the first signs of deliquescence are observed. The salt particle is the dark 

object located in the center of Figure 3.1A.  The particle measures (57 microns x 40 microns) 

and has square features on its edge that are indicative of sodium chloride’s cubic crystal 

structure.  In Figure 3.1A, the microscope is focused on the top of the crystal, which causes the 

underlying ice to be out of focus. In the top of the image, we see a cluster of out-of-focus bright-

spots, attributed air bubbles trapped in the ice or etch pits on the surface. Etch-pits (Ketcham and 

Hobbs, 1969) are created from random sublimation and condensation cycles. In Figure 3.1B 

through 3.1D, the microscope is focused on the surface of the ice, which brings the ice features 

and surface brine into better focus. In these panels, the air bubbles and/or etch pits appear smaller 

and in better focus than they are in Figure 3.1A.  

There is a grain boundary in the lower left portion of the all images (dark lines). The grain 

boundary is in focus in panels 3.1B–3.1D and appears as a thick dark line. In Figure 3.1A, the 

temperature is below the eutectic. In Figure 3.1B through 3.1D, it is raised above the eutectic and 

held at approximately -20°C. This temperature increase causes the salt particle to deliquesce.  

From Panel B through D, we observe the salt changing over time. As the salt deliquesces, it 

breaks apart into smaller pieces and becomes more translucent. In addition, brine forms and 

spreads out across the ice surface. By panel D, the solid salt particle is completely gone. 
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In all experiments there are two distinct morphological features of the brine. We name these 

two features the brine crater and the brine lens, respectively. The brine crater is a smaller quasi-

circular feature located at the initial site of the solid sodium chloride particle (visible in Figure 

3.1C & Figure 3.1D). The crater has a distinct edge and is easy to observe in the microscope 

images. The maximum observed area of the crater was measured in experiments five and six, 

they were 0.02 mm2 ± 12 % and 0.002 mm2 ± 12 % respectively.  The brine lens has a less 

distinct edge and is harder to observe; nonetheless, it is present in all of our experiments.  Figure 

3.1B highlights the brine lens outer edge with black arrows with points ending on the brine lens 

edge. The brine lens moves beyond the crater and covers a larger portion of the ice surface. 

Often the brine lens is so large that it goes beyond the field of view. In trials five and six we were 

able to measure the maximum area of the brine lens. They were 0.03 mm2 ± 12 % and 0.2 mm2 ± 

12 % respectively.  The brine lens is rarely circular and does not always move in a radial pattern.  

During the initial period of deliquescence (first 30 seconds), the brine lens moves forward with a 

uniform and smooth edge.  After this initial 30 second period, the brine lens moves with a less 

uniform edge and in a more sinuous fashion. The brine lens is best seen in Figure 3.1B, and the 

brine crater is best seen in Figure 3.1D.  

3.3.2 Brine area  

Based on the observations above, the experiments were divided into two categories: 1) those 

recorded at lower magnification (5X) in which the brine lens stayed within the FOV 

(experiments five and six) and 2) cases where the brine lens moved out of the FOV (experiments 

one-four), which were recorded at higher magnification (20X). In experiments one through four, 

the brine begins to form once the temperature is above the sodium chloride –water eutectic (-22 

°C). Initially, the brine area increases rapidly and spreads out across the ice surface. Due to the 
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high magnification, the brine lens moves beyond the FOV and we were unable to quantify the 

total brine lens area or further observe the toe of the brine lens.  When the brine lens remained in 

the FOV, we were able to compute the brine area as a function of time. Figure 3.2 and 3.3 are 

tracings of the brine lens perimeter for experiment six and five over time, which allow us to 

visualize the total brine lens area. Figure 3.2 and 3.3 show the total brine area at different times 

during the spreading. The majority of our experiments monitor brine movement on the minute 

time scale because that is how long it take the parent sodium chloride particle to completely 

deliquesce.  In experiment five, the brine lens area increased to 0.03 mm2 in the first 75 seconds. 

The brine area remained at 0.03 mm2 until 170 seconds at which time the experiment ends. In 

experiment six, the brine lens area steadily increased to 0.2 mm2 in 170 seconds. Experiment six 

never reached a maximum area and continued to increase after the parent particle had completely 

transformed into brine. Figure 3.4 shows the area of the brine lens as a function of time for 

experiments five and six.  We see that when the salt first begins to deliquesce, there is a rapid 

increase in the brine area, typically followed by a slowing of areal growth. The brine area 

increases while the parent salt particle is present, and it continues to increase after the particle 

has finished deliquescing.  

Typically, we record a video of the particle deliquescing and end the video a few minutes 

after the deliquescence is complete. For experiment six, we continued to collect images every 

fifteen minutes for one hour. We captured images at minute 17.5, 32.5, 47.5, and 62.5 minutes 

after the parent salt particle was gone, which are shown in Figure 3.4, panels A-D. The brine lens 

appeared to be out of the FOV in the 17.5 minute image (shown in Figure 3.4B). We observed 

changes in the ice surface but could not discern what was causing the change.  It is difficult to 

say if the change in appearance was due to the brine lens spreading across the ice surface or if it 
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could be sublimation and condensation of water onto the surface.  If the change was caused by 

spreading of the brine lens, then the brine lens would be getting thinner.  Once the brine becomes 

on the order of microns, it will be difficult to observe with a visible light microscope because the 

brine would then be thinner than the probing wavelength of light.  We observed changes in the 

appearance of the ice in the 32.5, 47.5, and 62.5 minute images.  The ice surface appeared to 

change for the entire length of the experiment. The changes include a smoother looking ice 

surface, fewer dark spots, a brighter image, and ice features with a fewer distinct edges.  These 

changes can be seen in the panels of Figure 3.4. 

3.3.3. Brine motion 

Toe of flow velocity 

Figure 3.6 shows parent salt particle deliquescing, the brine spreading out across the ice 

surface and the brine moving parallel to the grain boundary. Velocity of the brine was computed 

along trajectories A and B, which are shown in Figure 3.6. Initially the velocity is higher, 2 

microns per second for trajectory A and 7 microns per seconds for trajectory B. At the end of the 

experiment (36 seconds), the motion has stopped on both trajectories.  In most cases, the velocity 

is higher initially. All velocity values are reported in table 3.4.  Figure 3.7 shows a histogram of 

the brine velocities of from experiments one, two, three, five and six. During multiple different 

time intervals the velocity was zero because the point being measured was stalled. As a result the 

mode of the histogram is zero.  The median of the histogram is 3.5 microns per second.  In some 

instances the brine lens moved rapidly, as shown by the peak at 35 microns per second and the 

single data point at 55 microns per second. 
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Velocity of particles in the brine 

We also measured the velocity of particles that were suspended in the brine lens and 

moving in the brine. The particles were either fragments of the parent salt particle or an unknown 

particle that came from outside the FOV. The outside particles could be salt from neighboring 

particles or possibly environmental particles such as dust. In experiments that contained a grain 

boundary, we find that particles moved parallel to the grain boundary.  Brine and thus the 

particles, only move in one direction along a grain boundary because the direction of flow is 

outward from the parent salt particle.  The particles appeared to be transported along at the 

surface and do not move in the vertical (z) direction.  We know they are located at the surface 

because they remain in relatively good focus, which indicates they have not moved out of the 

microscope’s depth of field.   Particles were observed until they left the FOV or disappeared due 

to salt completely deliquescing. Figure 3.8 shows a histogram of the velocities of the particles 

within the brine. The mode is 5 microns per second, and the data are more symmetric than toe of 

flow velocity, with a slight skew towards higher velocity. There are fewer observations of zero 

microns per second for particles within the brine (Figure 3.8) than for the toe of the brine lens 

(Figure 3.7).  In experiment three, all the particles initially have a high velocity (12 microns per 

second for particle one), which then decreases over time (6 microns person second for particle 

one). In experiment four, the particles have a low velocity (7 microns per second for particle one) 

which increases over time (12 microns per second for particle one).  All particle velocities are 

reported in Table 3.5 
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Brine moves across grain boundaries 

In addition to movement of brine parallel to the grain boundary, we observe that the brine 

expands across the grain boundary and spreads across the ice surface (shown in Figure 3.6). We 

can follow the brine movement in Figure 3.6 on trajectories A and B.  Here we see that the brine 

moves nearly perpendicular to the grain boundary. The initial velocity is 6 microns per second 

and 9 microns per second for trajectory A and B, respectively.  The velocity of the brine is zero 

microns per second for both trajectories at the end of the experiment (36 seconds). We cannot 

compute the velocity of the brine parallel to the grain boundary because it moved out of the 

FOV.  The brine and the grain boundary are both in focus during the experiment and therefore 

are within the microscope’s depth of field and must be located at the ice surface. 

3.4 Discussion 

3.4.1 Brine does not only exist at grain boundaries 

Previous studies indicate that systems of ice and brine, contain impurities at the ice crystal grain 

boundary (Cullen and Baker, 2001; Domine et al., 2013; Mulvaney et al., 1988).  However, these 

studies examined glacial ice core samples.  The ice and impurities in glacial samples are 

thousands of years old whereas our ice-impurity systems were created directly before 

observation. We observed brine at the air-ice interface in all experiments (Figures 3.1, 3.2, 3.3, 

3.5, and 3.6) and do not observe it moving into the grain boundaries. We conclude that surface 

brine requires time to migrate toward and down into the grain boundary.  Based on our 

observations, the time required is somewhere between days and years.  Topographical features in 

the surface of the ice could be inhibiting the brine from reaching the nearest grain boundary on 

our short time scale (minutes).  By changing the focal plane, we can focus on different surface 

features of the ice, indicating that the surface features have different heights from one another 
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and that the ice surface has some topography (i.e. it is not completely flat).  Features could be an 

overall slope to the ice, a divot in the ice surface causing the brine to pool, or a mound in the ice 

surface redirecting the brine flow.  Any of these three topographical features would affect the 

rate of brine movement on the air-ice interface.  

In experiment six, we observe the brine area continuing to spread across the air-ice interface 

out to the hour time scale. Due to experimental limitations, it is difficult to determine the final 

area of the ice that is wetted in experiment six, but we can put a lower limit on the area wetted by 

the area at the end of the video portion of the experiment.  In experiment five, the area appears to 

reach a maximum and therefore only partially wets the surface. Possibly some surface 

topographic features trap the brine in experiment five, while other features promote brine 

spreading in experiment six.   

In experiments one, three, and four, the grain boundary is visible in the microscope images 

and the brine contacts the grain boundary. Even in these experiments the brine does not move 

into the grain boundary but instead spreads across the grain boundary.  In Figure 3.7, the brine 

reaches the grain boundary after 16 seconds from the start of the brine formation and continues 

to spread across the air-ice interface.  This indicates that it is not just a temporal restriction that 

prevents the brine from moving into the grain boundary. The brine is in direct contact with the 

grain boundary and still does not move into the grain boundary on our minute long time scale.  

There is some barrier that prevents the brine from moving into the grain boundary. We propose 

that the grain boundary is too small to contain the brine and that it is a physical barrier that 

prevents the brine from moving into the grain boundary. We predict that over time the brine will 

slowly move into the grain boundary as the boundary widens.  



 36 

In experiments one, three, and four, we observe the brine moving parallel to the grain 

boundary (in addition to spreading across the air-ice interface). By watching the real time videos 

of the experiments we can clearly watch the brine moving along the grain boundary. By playing 

the movie in both forward and in reverse, we can see the brine advance forward along the grain 

boundary. Both the brine and the grain boundary remain in focus during the movies 

demonstrating that they are both at the surface.  

3.4.2 Relating brine lens area to bulk composition 

When considering the role of contaminated ice surfaces in atmospheric chemistry, it is 

prudent to make a connection between the laboratory observations and the bulk system. Here, we 

attempt calculations to relate our microscopic properties to bulk snowpack. We connect our 

observed brine area to bulk salinity for snow.  

There have been numerous theoretical evaluations of brine on ice surfaces (Domine et al., 

2013; Blackford, 2007; Knight, 2005; Weller et al., 2004).  Domine et al., (2013) calculated the 

thickness of a theoretical brine layer on the air-ice interface by using both high and low values 

for bulk solute concentration and high and low values for snow SSA.  Their calculations predict 

the thickness of a brine layer that covers the entire surface of a single snow grain. They find that 

the brine layer would be between 0.02 nm (low concentration and high SSA) and 12 nm (high 

concentration and low SSA).  The lower limit of 0.02 nm is less than a monolayer thick and it is 

therefore physically impossible. They conclude that it is unlikely that the brine layer completely 

wets the surface because of the surface tension.   

For experiment six, we compute the parent particle’s volume by using a diameter that is the 

average of the height and width of the particle, 36 microns. From the density of sodium chloride 
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(2.16 g/cm3) and the volume of a sphere of 36 microns diameter, we calculate the mass of NaCl 

to be 5.3x10-8 g.   After deliquescence, and at a temperature near the eutectic, the mass fraction 

of sodium chloride is 22% by mass, so the brine mass is 2.4 x 10-7 g. We divide the mass of brine 

by the density of brine (1.193 g/cm3) and get a total brine volume of 2.0 x 10-7 cm3 for 

experiment six.  This is the total volume and includes both the brine lens and the brine crater.  

For now we will approximate all of the volume to be in the brine lens and we see later that this is 

a reasonable approximation. Dividing the brine volume by the area wetted, we find that the 

average thickness of the brine at this time (if it were flat) would be 1.3 microns.  This is much 

thicker than the values reported by Domine et al., 2013. The thickness of our brine is dependent 

on the size of the parent sodium chloride particle used. Large parent particles will generate more 

brine than the smaller ones.  Our brine layer is relatively thick when compared to the Domine 

study because we are using large sodium chloride particles.  

We define the brine lens area per mass of sodium chloride as the brine area ratio (BAR), 

which in this case is 2.9 x 103 m2/kg. If we consider a snow grain with some surface area, A, then 

the mass of sodium chloride that would be needed to cover the surface with brine would be mNaCl 

= A/BAR.  If we knew the SSA of that snow grain, then the mass of the grain would be mice = 

A/SSA.  Therefore, the mass fraction of sodium chloride that would cover the surface in brine 

would be A/BAR / A/SSA = SSA/BAR.  Table 3.2 shows three hypothetical values for the SSA of 

snow of various ages, and calculated bulk mass percentages of sodium chloride delivered as 

particles to the ice-air surface that would completely wet the surface. We used an SSA of 120 

m2/kg for newly fallen snow, 30 m2/kg for aged snow, and 5 m2/kg for old snow. If each snow 

grain of newly fallen snow were coated in brine, the bulk salinity would be 40.9 PSU, 10.2 PSU 

for aged snow, and 1.7 PSU for old snow.   
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 Krnavek et al., (2012) finds the salinity of Arctic surface snow range from 0.015 PSU to 

3.8 PSU.  If we compare our theoretical calculations to these actual salinities we find that only 

old snow falls within the range. Therefore, on our timescale (minutes) it is only possible for older 

snow (low SSA) to be completely wetted by brine.  From our calculation we can conclude that it 

is more likely that snow is only partially coated in brine. In this sense, our calculation agrees 

with the conclusion of Domine et al., (2013) that complete coverage of snow by brine is not 

likely. Brine is present on the air-ice interface and so at least part of the snow grain surface is 

covered in brine.  

3.4.3 Possible reasons for brine spreading 

Surface energetics 

In the absences of external forces, a liquid (such as brine) tends to assume a shape of 

minimal area so as to minimize the overall energy of the system. Aside from gravity, there are 

three energy terms in our system. The liquid brine-air interface has a surface tension (γ1), the ice-

air interface has a surface tension (γ2), and there is an interfacial tension (γ12) between the liquid 

brine and the ice.  The brine is prevented from forming a spherical shape on top of the ice by the 

force of gravity and the interfacial tension between it and the ice. In order for the brine to spread 

across the ice surface, the free energy of the entire system must decrease. The sum of brine-air 

(γ1) plus brine-ice (γ12) must be less than ice-air (γ2) for complete wetting of a flat surface to 

occur. It is possible that the actual surface energies for the brine-ice-air system are such that 

complete wetting occurs.  

Surface roughness annealing 

In addition to the unevenness observed in the ice sample we also note a surface 

roughness. Ketcham and Hobbs (1969) noted “etch pits” on the surface of their pure laboratory 
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ice. Etch pits are random sites on the air-ice interface where sublimation has occurred due to the 

sub-saturation with respect to ice in the sample chamber. The etch pits appear after 10 minutes at 

-6°C.  Figure 3.5 shows an image of ice with etch pits. Our samples are left for at least 30 

minutes at temperatures well below -6°C. This would allow for random sublimation and the 

formation of etch pits.  Comparing the image of the etch pits in Ketcham and Hobbs (1969) to 

our images, we conclude that our ice also contains etch pits. These etch pits increase the surface 

area of the ice and therefore increase the free energy of the ice surface. When the brine spreads 

across the air-ice interface, it fills in the etch-pits and any other surface defects. This decreases 

the surface area and thus lowers the surface energy. A decrease in total energy for the system is 

thermodynamically favored and so it is in fact more energetically favorable for the brine to 

spread.  This mechanism could be important in brine spreading at the ice-air interface in our 

experiments. 

Capillary action or other forces 

There are other potential explanations for the spreading of brine across the air-ice interface. 

When we watch the videos of the brine spreading, it appears as if the brine is being drawn along 

small channels in the ice surface. If the etch-pits and other defects were connected they could 

form channels along the surface and the brine could spread via capillary action.  Capillary action 

has been previously observed in brine and ice systems.  Frost flowers form on the surface of the 

ocean under quiescent conditions. Subsequent to their formation they become salty due to 

wicking up of surface brine from the ice/ocean below (Perovich and Richter-Menge, 1994).  

Brine may be wicking along the surface of our samples in a similar manner to the frost flowers 

on the ocean. 
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3.4.4 Formation of the brine crater 

The brine has two distinct features, the brine lens and the brine crater (Figure 3.1D, 3.4, and 

3.5).  By focusing up and down in the ice sample we see that the crater is below the original air-

ice interface. Part of the brine pools into the crater and does not spread across the surface with 

the brine lens. The crater is roughly circular (see Figure 3.1) and so we calculate the craters 

volume by approximating it as a sphere with a diameter that is an average of the length and width 

of the crater. Using this method, the crater in experiment six has a volume of 5.6 x 10-8 cm3, 

which is 16% of the total brine volume. The volume of brine in the crater is small when 

compared to the brine lens. Due to the rough nature of the above calculations of bulk salinity to 

cover the surface with the brine lens, it is reasonable to ignore this small percentage. It is not 

clear why the crater forms.  Formation of the brine requires ice to melt and donate water to the 

growing brine.  

3.4.5 Brine velocity is not constant  

The toe of the brine lens does not have a constant velocity (see Figure 3.5-Trajectory A). 

Trajectory A shows a high velocity during the first time interval, a more moderate value for the 

next two time intervals, and in the final time interval the velocity is zero microns per second. The 

maximum toe of flow velocity observed during all six experiments was 55 microns per second. 

Another interesting feature of the toe of flow velocity is that it isn’t the same value all the way 

around the toes at one given time. We see this type of inconsistent velocity in all six experiments 

at all time intervals. We postulate that there is a topographic feature that is influencing the 

velocity of the brine. The method in which the ice is synthesized does not create a homogenous 

ice surface (see methods section). Upon visual examination, we can see defects and differences 
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in height of the ice surface. We believe the velocity of the brine is dictated by the ice surface 

defects and slope of the ice surface. For example, if the parent salt particle originated on a slope, 

the subsequent brine would flow more rapidly down hill because it would be under the force of 

gravity in addition to any surface tension force. If there were not a slope to the ice surface, the 

brine would still be impacted by defects in the ice surface such as small divots or bumps. Divots 

could cause the brine to pool and stop flowing; whereas, bumps might redirect the brine flow. 

3.5 Conclusion and future outlook 

In these experiments we observe brine at the air-ice interface on the time scale of minutes 

out to an hour. This brine is available to the atmosphere and can participate in heterogeneous 

chemical reactions. Thermodynamics predicts that the brine would reside in a location of lowest 

energy, which in this system is thought to be the grain boundary.  Previous research (Cullen and 

Baker, 2001; Domine et al., 2013; Mulvaney et al., 1988) focused on impurities at grain 

boundaries because thermodynamics indicated that was where they should look. In the 

experiments by Domine et al.,(2003), Mulvaney et al.,(1988), and Cullen and Baker (2001) some 

evidence for impurities at grain boundaries was reported. However, not all of the experiments in 

these studies reported impurities at grain boundaries. In some experiments the amount of 

impurities measured in the bulk sample was greater than the amount of impurities measured at 

the grain boundary, indicating that some of the impurities were located elsewhere in the ice-brine 

system.  Considering the observations from our experiments and previous experiments, we 

conclude that there is a kinetic barrier that slows the migration of brine into the grain boundaries.  
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On shorter timescales, it is more kinetically favorable for brine to exist at the air-ice 

interface. In addition, we see that the brine can move across a grain boundary. The brine moves 

beyond the more thermodynamically favorable option (grain boundary) and spreads across the 

surface. On a short time scale, spreading is kinetically favored and thus on short timescales brine 

is at the air-ice interface.  

This result is particularly important in the context of the environmental ice. On short time 

scales, it is possible that the snowpack contains atmospherically deposited impurities, which 

remain on the ice surface, where they could participate in heterogeneous chemistry. This is 

significant because the snowpack covers a large portion of the globe and because heterogeneous 

chemistry affect many atmospheric chemical phenomena.  

Lastly, the presence of brine could change the physical and chemical properties of the ice. 

Atomic absorption, cross-sections, actinic flux, and quantum yield for mineral ions and organics 

may change when measured in a brine rather than as a solid solution of precipitates and ice 

(Domine et al., 2013). If brine is present at the air-ice interface it may significantly change the 

snow photochemistry.   
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Table 3.1.  Inventory of experiments used in analysis. Field of view (FOV): A= 177 microns x 

222 microns, B= 724 microns x 904 microns. Brine in FOV is either Y=yes or N=no, indicating 

if the brine exceeds the field of view in the experiment’s video. Notes: G= image contains grain 

boundary, T=transport along a grain boundary is observed. 

Exp. FOV Particle Size  Brine in FOV Notes 
1 A 57 microns x 40 microns N G,T 
2 A 51 microns x 33 microns N  
3 A 42 microns x 31 microns N G,T 
4 A 65 microns x 100 microns N G,T 
5 B 36 microns x 46 microns Y  
6 B 44 microns x 28 microns Y  

 

Table 3.2. Video length and temperatures of experiments used in analysis. In experiment one, the 

final temperature was not recorded.  

Exp. Run duration  
(s) 

Initial Temperature  
(°C) 

Final Temperature 
(°C) 

1 52 -28   
2 41 -28 -15 
3 36 -27 -16 
4 39 -29 -15 
5 75 -28 -18 
6 170 -30 -20 
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Table 3.3. Total area of brines lens at a given time for experiments five and six.  The relative 

standard deviation is estimated to be ± 12 %. 

Exp. Area (mm2) Time (seconds) 
5 0.00 0 
5 0.007 5 
5 0.02 15 
5 0.03 25 
5 0.02 35 
5 0.03 75 
5 0.03 125 
5 0.03 175 
5 0.03 225 
6 0.000 0 
6 0.003 20 
6 0.06 40 
6 0.09 80 
6 0.1 120 
6 0.1 150 
6 0.2 170 
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Table 3.4 Velocity of the toe of the brine lens for experiments one, two, five, and six.  

Exp. Trajectory  Velocity (microns/second) 
1 A 10.4 
1 A 6.3 
1 A 3.6 
1 A 0.00 
1 B 4.5 
1 B 4.2 
1 B 0.0 
1 B 4.7 
1 C 4.0 
1 C 5.7 
1 C 1.4 
1 C 0.0 
1 D 4.8 
1 D 7.9 
1 D 9.0 
1 D 0.9 
2  A 4.8 
2 A 21 
2 B 5.4 
2 B 4.2 
2 C 6.5 
2 C 10.3 
2 D 15.6 
2 D 16.3 
2 E 6.8 
2 E 18.6 
3 A 5.8 
3 A 3.2 
3 A 0.3 
3 A 0.0 
3 B 9.4 
3 B 1.1 
3 B 0.2 
3 B 0.0 
5 A 56 
5 A 37.3 
5 A 14.1 
5 A 0.0 
5 B 14.0 
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Table 3.4 continued. 

5 B 0.0 
5 B 0.0 
5 B 0.0 
5 C 35 
5 C 0.0 
5 C 0.0 
5 C 0.0 
5 D 29 
5 D 0.0 
5 D 0.0 
5 D 0.0 
6 A 5.9 
6 A 1.0 
6 A 1.1 
6 A 0.6 
6 A 0.0 
6 B 5.6 
6 B 2.6 
6 B 1.8 
6 B 0.5 
6 B 1.7 
6 C 1.1 
6 C 0.3 
6 C 0.3 
6 C 2.3 
6 C 0.0 
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Table 3.5 Velocity of particles in brine lens for experiments three and four.  

Exp. Particle Type Velocity 
(microns/second) 

3 Salt #1 in grain boundary 12 
3  12 
3  5.9 
3  5.7 
3 Salt #2 in grain boundary 7.4 
3  6.1 
3  3.4 
3  2.7 
3  3.9 
3  2.4 
3  1.8 
4 Particle one 7.0 
4  12 
4 Particle two 7.4 
4  31 
4 Particle three 8.9 
4  16 

 

Table 3.6. Bulk salinity required for particle-derived brine to completely coat the surface under 

conditions of experiment six.  

Snow Type SSA (m2/kg) SSA/BAR NaCl Mass % Salinity (PSU) 
New 120 0.0409 4.09 40.9 
Aged 30 0.0102 1.02 10.2 
Old 5 0.0017 0.17 1.7 
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Figure 3.1. Transmitted light microscopy images of sodium chloride deliquescing on ice 

(experiment 1). The field of view (FOV) is 177 microns by 222 microns. The temperature is 

below the eutectic in panel A and above the eutectic in panel B through D.  The edge of the 

advancing brine lens is indicating with black arrows in panel B. 
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Figure 3.2. Transmitted light microscope image of brine on laboratory ice (experiment six). The 

brine lens perimeter is marked over time (green to white). The initial temperature was -30°C. 

The temperature was increased to -20°C and held there for the duration of the experiment. The 

field of view is 724 micron x 904 microns. The background image shown here was recorded at 

120 seconds.  
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Figure 3.3. Transmitted light microscope image of brine on laboratory ice (experiment five). The 

brine lens perimeter is marked over time (green to white). The initial temperature was -28°C. 

The temperature was increased to -18°C and held there for the duration of the experiment. The 

field of view is 724 micron x 904 microns. The background image shown here was recorded at 

75 seconds.  
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Figure 3.4. Brine lens area on the air-ice interface as a function of time for experiments five (red 

crosses) and six (blue filled diamonds).  
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Figure 3.5. Transmitted light microscope images of brine on laboratory ice to longer time scales 

(experiment six). The temperature was held at -20°C for the entire experiment. Panel A is at 2.5 

minutes after initial deliquescence, panel B at 17.5 minutes, panel C at 47.5 minutes, and panel D 

at 62.5 minutes.  The image’s field of view is 724 micron x 904 microns. 
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Figure 3.6 Transmitted light microscope image of a grain boundary and brine on laboratory ice 

(experiment three). The leading edge of the brine lens is marked over time (green to cyan). The 

initial temperature was -26°C. The temperature was increased to -16°C and held there for the 

duration of the experiment. The brine lens moves out of the field of view after 16 seconds (green 

outline).  Vectors A and B mark transects along which brine edge velocities were calculated. The 

field of view is 177 microns x 222 microns. The background image shown was recorded at 28 

seconds. 
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Figure 3.7. Histogram of brine velocities for toe of the brine lens for experiments one, two, three, 

five and six.   
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Figure 3.8.  Histogram of velocity for particles within brine lens for experiments three and four. 
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Chapter 4: Conclusions and outlook for future work 

4.1. Conclusions 

In the experiments contained in this thesis, we observe brine residing at the air-ice 

interface on the time scale of minutes. This result shows brine is present at the ice-air 

interface and would be available to react with gases and contribute halides for 

heterogeneous chemistry. This result is particularly important in the context of snow and 

other environmental ices. Sea-salt aerosol particles can deposit onto the snowpack. If the 

temperature is above the sodium chloride-water eutectic (-22°C), brine will form and 

according to our results that brine will remain at the air-ice interface, at least on short 

time scales (minutes to hours).  Calculations based upon typical snow properties and 

observed brine area indicate that the snowpack could be partially covered with brine. 

Pratt et al., (2013) showed that acidic snow from the tundra and first year sea ice was a 

major source of reactive bromine. The presence of brine on the surface of snow grains is 

a possible explanation for bromine production in the snowpack.  

Thermodynamics predicts that the brine resides in the location of lowest energy, 

which in our system is the grain boundary (Hobbs 1974).  Because of thermodynamics 

previous studies searched for impurities at grain boundaries. However, perhaps to their 

surprise impurities were not always located at the grain boundaries (Cullen and Baker, 

2001; Domine et al., 2013; Mulvaney et al., 1988). Mulvaney et al., (1988)  found no 

measurable chloride at triple junctions, despite the presence of measureable chloride in 

the bulk sample analysis. This indicates that the majority of the chloride is located 

somewhere in the microstructure. Cullen and Baker (2001) observe solid sodium chloride 
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at the grain boundaries but they also find it at the crystallographic faces.  Domine et al., 

(2003) did not validate the presence of impurities or liquids at the grain boundary in the 

majority of their ice core samples. Clearly, brine/impurities do not reside at the grain 

boundary 100% of the time. These findings suggest that there must be a kinetic barrier 

that slows the migration of brine and precludes impurities from accessing grain 

boundaries on the timescale of our experiments. From our experiments we can conclude 

that on shorter time scales, it is more kinetically favorable for brine to exist at the air-ice 

interface.  

In multiple experiments we observe brine moving over a grain boundary and 

continuing to spread across the air-ice interface. On short time scales, the kinetic barrier 

for moving down a grain boundary must be greater than the kinetic barrier for spreading 

across the air-ice interface. It is more kinetically favorable for the brine to spread at the 

air-ice interface on the time scale of minutes to hours.  

The presence of brine on the surface of ice changes its physical and chemical 

properties. Atomic absorption, cross-sections, actinic flux, and quantum yield for mineral 

ions and organics may change when measured in a brine rather than as a solid solution of 

precipitates and ice (Domine et al., 2013). Current atmospheric chemistry models and 

snow models may not account for the presence of liquid brine on the surface of snow. 

This work indicates that it is necessary to include at least partial coverage of snow by 

brines.  
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4.2. Future outlook  

Further work is imperative for understanding the physical and chemical properties of 

ice-impurity systems and thus their effect on atmospheric chemistry. From this work, we 

see that the role of brine at the air-ice interface may be more important than previously 

believed.  

Future experiments should first attempt to image brine on the air-ice interface at 

longer time scales. It would be interesting to begin with experiments that lasted a few 

hours and then progressing to experiments that lasted a full day or more.  This endeavor 

is made difficult by sublimation and condensation cycles. It would be valuable to try and 

experiment where the sample was in a chamber that was saturated with respect to the 

vapor pressure of ice. Such a setup is described by Ketcham and Hobbs (1969).   

It would also be interesting to change the size of the initial salt particle. With our 

current sieving method it is hard to select an exact number of particles and particle size. 

Imaging smaller particles could allow the use of higher magnification without as much of 

the brine migrating out of the field of view. Particles of a few microns diameter would be 

excellent for this purpose, and they would be a better mimic of sea salt than the larger 

particles used in these studies.  In the beginning of this work we attempted to use aerosol 

particle generating equipment such as a vibrating orifice aerosol generator (VOAG) 

constant output atomizer aerosol generator. We were not able to use these particle 

generators due to the challenges faced when setting them up in the cold room. We 

attempted to set them up outside the cold room and direct aerosols to the ice samples via 

long tubes. The tubes were about eight feet long and made of clear plastic. We never 
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observed aerosol particles on the ice surface via this method. We suspect that all aerosol 

particles were sticking to the inside of the tube.  This setup could be attempted again with 

aerosol tubing or with the generators adjacent to the sample (in a warmed box, to prevent 

solution freezing, inside the cold room).   

Further work is also need on the grain boundary experiments. It would be good to 

repeat our experiments and to observe them over longer time scales. It would be 

interesting to see if the temperature affects the spreading of brine across the grain 

boundary. It would also be interesting to examine such a system by NMR or X-ray 

tomography in attempts to see if there was migration of brine down the grain boundary.  

In addition to these laboratory experiments, it would also be extremely interesting to 

look at the environmental snow and ice samples with the transmitted light microscope. 

The microscope is small enough that it could be transported to a field site and used at a 

location such as Barrow, AK. 

Early in the exploratory phase of this project, experiments were attempted with a 

FTIR microscope and a cold stage.  That FTIR microscope was unfortunately not located 

in a cold room, and attempts to use a commercial cold stage proved unsuccessful, largely 

because the working distance of the microscope was too short to allow for the ice sample 

to be imaged.  It is recommended that all imaging instrumentation be brought into the 

cold room, where temperature control is easier.  The working distance and temperature 

gradients in the setup are both critical parameters for this design.  Additionally, we 

attempted to follow brine motion by epifluorescence microscopy using the fluorescein 

dye tracer.  However, as the NaCl particle deliquesced, the apparent fluorescence seemed 
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to decrease.  Colleagues (D. J. Donaldson, U. of Toronto, Canada, personal 

communication, 2014) indicated that sodium chloride can quench fluorescence in some 

dyes, and this effect may have been responsible.  Harmine dyes have been used 

successfully, and experiments could be attempted with these dyes.  The Donaldson group 

and Anastasio group also indicate that flatter ice samples can be made by freezing ice in a 

dish and then popping the ice out of the dish and flipping the ice over.  Use of these 

flatter surfaces could address questions of the role of surface roughness in enhancing 

surface wetting.     
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