Chapter 2

Background

Chemical and Physical Properties of Ice and Snow
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2.1 Physical Properties of ice/snow

2.1.1 Ice Fundamentals
Ice in its various crystalline morphologies consists of interconnected water
molecules with an elemental composition of 2:1 of hydrogen and oxygen. The molecular

arrangement for a single water molecule is shown below in Figure 1.'

The water molecule
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H

Figure 2.1. The geometry of a free H,O molecule.'

The near tetrahedral bond angle defines the bent configuration of water and
determines its degree of accommodation in a crystalline structure. Furthermore, the bent
configuration induces an electric dipole moment, which is the result of an asymmetrical
distribution of electronic charge due to the electronegativity of the oxygen.

Water has several unique characteristics in that it forms by far the most distinctly
different solid phases of any identified matter.” For instance, between ~ 273 and 193 K
water vapor deposited on a surface forms a crystalline solid with hexagonal symmetry,

known as hexagonal ice or ice I). This structure was the first high-pressure phase of ice to
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be identified.” The deposition of water vapor on a base between ~ 193 and 143 K yields a
cubic crystalline ice structure, referred to as cubic ice or ice I.. This mode of ice is a
metastable form of ice ;. Below ~ 133 K, when water vapor is allowed to settle on a
surface, the accumulation is called vitreous or amorphous ice, consisting of either a
noncrystalline glass or very small crystals. Moreover, there are eleven other high-
pressure phases of ice (ices II-XII) that are commonly acknowledged as high pressure
polymorphs of ice.
2.1.2 Elastic, Thermal, and Lattice Vibrational Properties

2.1.2a Elasticity

An uncomplicated representation of a crystalline solid, such as ice, displays the
atoms as point masses connected by coils. The coils are stretched or compressed and the
network is deformed when the arrangement is subjected to an external stress. This
deformation comprises an elastic strain.

For an elastic distortion of ice, the stress, o, as a product of the strain, ¢, and the
elastic modulus F, is given in following equation:

o=FEe (1)

However, this simple treatment neglects the tensile stress, which causes both an extension
and a lateral contraction given by ve, where v is Poisson’s ratio. Although the tensor
expressions can describe the elastic deformation of anistropic materials (e.g., single ice
crystals), the matrix formulation can also be utilized.

In matrix notation, the elastic properties of ice are characterized by the following

six equations:

6
g = Zsljo-j (2)
1

Jj=



11-4

or by the inverse suite of equations:
6=y, 3)

where c;; and s;; are termed the elastic constants or stiffness and the elastic compliances,
respectively. It is apparent that the stresses and strains each have six components o; and ¢;
that are distinct with respect to the axis of the crystal. Hexagonal crystals have five
autonomous compliances:

S11= 822,

8§33,
S12 = 821,
§13 = 8§31 = 8§23 = 832,

S44 = Ss5,

and
566 = 2(s11 — S12).
The equivalence relationships between c;; and s;; are described extensively by Nye et al?
The elastic constants ¢;; and ¢, or s1; and s;, are frequently chosen for isotropic

materials, such as polycrystalline ice. The shear modulus, G, and the bulk modulus, K,
describe how isotropic materials resist changes in volume and shape. In terms of the
elastic compliances, G and K are defined as follows:

1

¢= 2(Sll _Slz) (4)

1

= 3(sy, —2sy,) ©)
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2.1.2b Thermal Characteristics
Figure 2.2 illustrates molar heat capacity C,/R vs. temperature at constant

pressure.
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Figure 2.2. Adapted from Petrenko and Whitworth.! Molar heat

capacity of ice at constant pressure C, versus temperature. D,O data

from Matsuo et al.’ H,O data from Haida et al.,6 where temperature

values (solid circles) are from Flubacher et al.”

For H,O at the lowest temperatures, C,/R fluctuates as T, while at higher temperatures
the mass of the hydrogen atom is the crucial factor causing an increase in molecular
motion and thus considerable excitation of modes. This is reflected in the larger heat
capacity of D,O compared to H,O.

Heat expansivity also needs to be considered when describing the thermal
properties of ice. Data on the thermal expansion of ice shows that the process is isotropic.
The lattice parameters of H,O and D,O are used to calculate their respective mean linear
expansion coefficents a(7).® Moreover, the mode of thermal expansion is dependent on

the anharmonic nature of the inter-atomic forces of a particular crystalline phase.”"
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Thermal conductivity measurements on ice show that there is no anisotropy'' "

and that the conductivity above 60 K is given by the relationship:

-1
/1:6511;17171 ’ ©)

where W is watts.
2.1.2¢ Lattice Vibrational Properties

A crystal matrix of n’ H,O molecules consists of 37 atoms that exert forces on
each other. This arrangement, therefore, exhibits 3 x 3n normal modes of vibration. Three
techniques have been used to gain information about the frequency of these modes in ice.
They are infrared absorption, Raman spectroscopy, and inelastic neutron scattering. The
spectra acquired from these techniques depend on the density of states of the vibrational
modes in ice.

Ice is translucent in the visible and near infrared, but its absorption rises for
wavelengths 4 > 1300 nm. The permittivity of H,O ice decreases as the square of the
refractive index for visible light, from 3.16 to 1.70, when passing through the frequency
range of the infrared absorption bands. The reduction in permittivity is due to the minute
dislocations of atoms from their equilibrium positions in an electric field, which cause an
enhancement in the electrical polarizability of ice. Infrared absorption data for H,O ice in
the frequency range 30 - 4000 cm™ is given by Bertie ez al."*

Raman spectroscopy entails the use of a beam of monochromatic light (e.g., from
a laser) to pass through a sample, where the scattered light is analyzed to form a
spectrum. Spectra actually represent frequency-shifts of low-intensity components by the
quanta required to excite appropriate modes of vibration in the lattice. Raman spectral

data on polycrystalline ice is provided by Wong and Whalley.'>'¢
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Inelastic neutron scattering involves the use of a mono-energetic beam of
neutrons of near-thermal energy to pass through a sample. The scattered neutrons’ energy
distribution is then determined as a function of the scattering angle. Li ef al.'” and Li'®
present the most recent data on neutron scattering of H,O ice.

2.1.3 Electrical Properties

Several processes occur when an electric field is applied to an ice specimen. First,
the movement of electrons in relation to the nuclei and small distortions of molecules
under restoring forces cause single molecules to become polarized. Second, the
reorientation of bonds or molecules induces polarization within ice, and third, current,
which flows according to Ohm’s law in ice, is due to the movement of protons,'” which
can be measured with appropriate electrophysical devices.

The electric polarization, P, for processes 1 and 2 is related to the electric field E
through the equation

P=coyE, (7)
where &0 is the ‘permittivity of free space’ and y the electric susceptibility. The current

density, J, for process 3 is given by the following

J=0E, (8)

where o, is the steady-state conductivity. Both of these characteristics are anistropic in
ice Ij.

A specified Debye relaxation process can describe how polarization in a material
(e.g., process 2 above) moves toward equilibrium. This mode of Debye relaxation

behaves in accordance with the following equation:
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dP 1
—=—(F-P), )
dt

where 7,,, which is dependent on the purity of ice and temperature, is termed the Debye
relaxation time and P, = &oy E.
In both ice and liquid water the static permittivities, &, are similar and are due to

the dipole moment of the water molecule, which exists in both liquid and ice water. The

primary difference is 7, , the time scale for polarization to occur (i.e., for liquid water at
10°C 7, = 1.2 x 10" s and for water ice at -11 °C 7, = 5.0 x 10” s). This ~ 6 order of

magnitude difference arises from the fact that water molecules in ice are fixed in the
lattice, whereas water molecules in liquid water are in dynamic motion.

The above theory pertains to the thermal equilibrium polarization of an
arrangement of molecules in an applied electric field. However, ice crystals deviate from
the theoretical representation since ice rules are strictly followed and equilibrium is never
achieved. Bjerrum® recognized that polarization and conduction occur in ice if defects
exist that deviate locally from the ice rules. These defects, which are called protonic point
defects, allow the reorientation of molecules along their path and, in essence, alter a
particular molecular configuration from one form into another. Therefore, the mobility
and concentration of such defects determine the Debye relaxation time.

There are four kinds of protonic point defects specific to ice-like structures: L-
and D-defect (Bjerrum defects);”' HsO™ and OH ™ (ionic defects) which presumably arise
from the self-dissociation of water in the QLL domains followed by diffusion back into
the crystalline matrix. Figure 2.3 shows how protons and hydroxide ions are accomodated

in the ice structure.
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Figure 2.3. Adapted from Petrenko and Whitworth." Bjerrum and ionic
defects introduced into an a layer of ice structure projected on the (1010)
plane.

In addition, Bjerrum defects arise when a single molecule (i.e., A as shown in Figure 2.3)
is turned into a new orientation and produces one bond with two protons pointing towards
each other and another bond with no protons. To rectify this unstable scenario,
neighboring molecules undergo additional turns to disconnect the flawed bonds. In this
scheme ionic defects are created from the transfer of a proton from one molecule to a
neighboring molecule. The transfer process is divided by consecutive jumps of protons
from one end of a hydrogen bond to another. The movement of both the Bjerrum and
ionic defects follow a zig-zag course along suitably oriented bonds in a crystal, while
bonds and molecules in their path are reoriented. These defects bear effective charges of
magnitudes e,, (Bjerrum defects) and e, (ionic defects). Moving a proton of charge e is
equivalent to the net effect of moving a D- and H;O" defect along a path. The charge
properties of the Bjerrum and ionic defects are given in the following equations:

e, +e, =, (10)



mot —  Con- = G (11)

L = €pL> (12)
2.1.4 Diffusion Through Ice

There are five categories of point defects in ice that describe the movement of
atoms or molecules from one site to the next: molecular defects, protonic defects, ionic or
atomistic impurities, electronic defects, and combined defects.! Molecular defects involve
the displacement of entire H,O molecules, leaving a vacancy (region where a molecule is
absent from its usual site) or an interstitial (an extra molecule occupying a site in a
cavity). Protonic defects entail the two ionic and Bjerrum defects. Impurity atoms involve
the substitition of one atom for another. Electronic defects involve the behavior of
ionized molecules or trapped electrons. Combined defects entail the occurrence of two or
more of either the molecular defects, protonic defects, impurity atoms or ions, and
electronic defects. Point defects can travel to an adjacent site via thermal activation.
Bjerrum defects move from one site to another by the rotation of a water molecule,
whereas ion defects travel by the skipping of a proton along a hydrogen bond. Interstitials
can just hop into a neighboring site, while for vacancies a molecule leaves a new site
vacant after hopping into a vacant site. The amount of jumps made by a particular defect

per second is given by the following Arrhenius equation

E
v, :vexp[—K’”Tj, (13)
B

where v = the order of frequency of vibration of the defect in the potential well and E

= the height of the barrier. For a particular point defect traveling in a one-dimensional

potential of period a the diffusion coefficient D is defined as
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D=a’v,. (14)

. . 22 . . .
Based on experimental observations™ on ice, equation 14 is deduced to

E
D. =D, exp| —=|. 15
i io p( K T] ( )

B

D, refers to the diffusion coefficient of a specific point defect i (e.g., for protonic
defects, vacancies, and interstitials), D, is the diffusion coefficient pre-factor, and E, is

the activation for motion.
The diffusion of isotopically-labeled molecules in ice is described by its self-
diffusion coefficient; it may take place by either the interstitial or vacancy process. The

interstitial and vacancy mechanism are both expected to abide by the following equation,

K, T

B

D =D, exp(_i]. (16)

D, refers to the self-diffusion coefficient, D, refers to the self-diffusion pre-factor, and
E_ refers to the activation energy for self-diffusion. One of the primary findings of self

diffusion experiments is that self-diffusion occurs by the movement of whole
molecules.”>**

The significance of point defects and self-diffusion to atmospheric chemistry and
occurrences in the snowpack are widespread (e.g., analysis of ice cores for the

reconstruction of paleoatmospheric compositions™ >’

). Atmospheric gases, which are
trapped in ice as air bubbles at relatively shallow depths, are slowly transformed into
clathrate hydrates at lower depths.’**' The dynamic process controlling the formation of

various clathrates may affect the distribution and composition of atmospheric species in

ice cores resulting in a variable fractionation of atmospheric air in ice cores. For
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example, there are significant differences between the Vostok and Dome Fuji ice core
data, which have been attributed to the faster diffusion of O, than N2,32'34 In this regard,

Satoh ef al.*’

determined that the diffusion coefficients of He, Ne, and Ar, which were ~
10° m* s, ~ 10" m* s™!, and ~ 10" m? s™', respectively, between 258 and 268 K. The
order of estimated diffusion coefficients appeared to be a function of their molecular
radii. In addition, protons, electrons, hydroxyl radicals (OH) and hydroxide (OH ) ions

36,37

exhibit high diffusion coefficients in ice, while solutes, such as, nitric acid (HNO3),

hydrogen chloride (HCIl), and formaldehyde (HCHO) exhibit lower diffusion

38-46 . . . . . .
These results have serious implications for ice core records, since the

coefficients.
relative diffusion of major and minor impurities in ice cores may smooth their chemical
profiles with depth.*
2.1.5 Optical Properties of Ice/Snow

Scattering and absorption are the two mechanisms by which light interacts with
snow grains, where their significance is wavelength dependent. According to Warren,*’
there is minimal light absorption in the visible and UV regions, where scattering
dominates, while in the near-infrared the relative extent of absorption and scattering is
approximately equal. At short wavelengths (e.g., UV radiation) the effective pathlength
of photons in snow will be increased by multiple scattering.

The variation of light intensity with depth is complex. In the upper few
centimeters of snow, the depth-dependence of the light intensity is convoluted by the

albedo (reflectivity) of the snow surface and the fact that a certain fraction of light is

scattered back to the atmosphere. At lower depths, light becomes isotropic from multiple
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scattering; the Bouger-Lambert Law describes the exponential variation of light with

depth by
I(d*) = I(d")e =), (17)
where I(d") and I(d’) are light intensities at depths d' and d’, respectively, and k(1)

is the asymptotic flux extinction coefficient.

Warren has shown that the optical properties of snow in the visible and IR
depend on several factors including: 1) the geometry of the ice grains; 2) liquid-water
inclusions; 3) snow density; and 4) the nature and concentration of the solid and soluble
impurities. Warren then established that the extinction coefficients in the visible and UV
range are similar;* thus it is possible to extrapolate extinction coefficients determined in
the visible region to estimate extinction coefficients in UV region for snow/ice. In order
to verify these factors, Beaglehole et al.*’ investigated UV to IR (350 to 900 nm) light
transmittance through snow as a function of layer thickness and determined that thickness
inhomogeneity may cause thicker snow layers to follow an extinction that is larger,
compared to thinner snow layers, which may be due to the fact that the top 5 to 10 cm has
a higher scattering coefficient. King and Simpson® determined that the e-folding depths
in snow over the wavelength range of over 300 — 548 nm varied greatly between
sampling sites, which they attributed to the variation in impurities at the sites. They™° also
suggested that ~ 85 % of the possible photochemistry occurs in the top 10 cm of a
snowpack.

2.1.6 Ice Plasticity
The flow of glaciers down mountain slopes has been explained in terms of some

51-53

of the specific properities of ice (e.g., ductility and brittleness). For example, ice will
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not rupture when it is slowly deformed plastically by tension or compression.54 The
importance of understanding the mechanical properties of ice are multifold. They are
essential for 1) modeling the movement of of glaciers on ice sheets; 2) the proper design
of structures with or on ice; 3) the effect of floating ice on drilling platforms; and 4) the
construction of ice-breaking ships.

Single ice crystals are highly malleable under mild stress (e.g., ~ 0.1 to 0.5 MPa)
and slow creep. For example, Glen and Perutz transformed ice rods into ribbon-shaped
ice structures by applying specified strains.”® The plasticity of single ice crystals is
anisotropic,' but polycrystalline ice may exhibit both anisotropic' and isotropic®®>®

deformation.

2.1.7 Quasi-liquid layer (QLL) on Ice Surfaces and Subusrface-Subeutectic Solutions in
Ice

The ice-air interface of solids is an area that exhibits characteristics different from
those of the bulk material. This is primarily due to the fact that atoms (or molecules) at
the surface only encounter bonding forces with other molecules from one side;
simultaneoulsy, there is a similar imbalance at other interfaces. Furthermore, this
behavior causes the dislocation of atoms from their original locations, alterations in their
associated force and engergy constants, and effects on layers below the ice-air

demarcation. Michael Faraday”'62

in 1850 first suggested that the ice-air interface
consists of a thin wet film, variously called the quasi-liquid layer (QLL), premelting
layer, liquid-like layer, or surface melting layer, by showing “that a particle of water

which could retain the liquid state whilst touching ice on only one side, could not retain

the liquid if it were touched by ice on both sides.”
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Other substances, such as solid rare gases, molecular solids, metals, and
semiconductors, contain a liquid-like layer on their surfaces. The fact that the boundary
between the solid and vapor phase is wetted by a thin liquid film causes the free energy
of the boundary to be lower than it would be if the thin liquid film were absent.®® In other
words, if the surface of ice were initially dry, then it would reduce its interfacial free
energy by converting a layer (e.g., the surface) of the solid to liquid. Hence, a liquid-like
layer should exist over some limited temperature range on the surface of ice, below its
bulk normal melting temperature. The existence of the QLL is not prohibited due to its

thinness and closeness to the normal melting temperature of ice. The thickness (d) of the

QLL is present at a state where the free energy of the ice system is at a minimum and is
governed by the competition between the free energy of the ice surface and the energy
required to melt a solid layer.

As shown below (eqn. 17), the free energy of the QLL per unit area,

Gy, (T, P,d), consists of both surface and bulk terms.”

Go (T, P,d) =[p,u4(T, P)ld +y(d) (18)
It is assumed here that a solid is in equilibrium with a vapor at temperature (7) and
pressure (P), where p, is the density potential, g, is the chemical potential, and y(d) is
the interfacial coefficient (=Ay f(d)+y,, ). It follows that Ay =y, +y, -y, and f(d)
is the interfacial potential, which increases from 0 to 1 as d goes from 0 to oo.
Gy, (T, P,d) ranges from the interfacial free energy of the dry solid-vapor interface, y,,,
(at d =0)to y, + y, (at d = ); y, and y, are the interfacial free energy of the liquid-

vapor interface and the interfacial free energy of the liquid-solid interface, respectively.
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The interfacial potential f(d) causes the chemical potential of the bulk solid and
the QLL to be unequal, which in turn, relocates the thermodynamic coordinates from the
normal phase boundary.”” The difference in chemical potential of the solid and liquid

(Apu=p,— ), compounded with the interfacial potential f(d), allows for the
theoretical equation for the thickness of QLL. For dispersion or van der Waals surface

. : d’ .
forces acting at the interface f (d):(ﬁj, where o is a normal molecular
+0

diameter, the thickness of the QLL is given by

1/3
d =[_202 Lj (19)
P4 (T, =T)

For equation 19, p, is the bulk liquid density, ¢, is the latent heat of melting/molecule,
T represents the ambient temperature, and 7, is the normal melting temperature of the

bulk solid. Dash® and Takagi® also derived the theoretical expression for the thickness

(d) of the QLL in the case of short range forces:

AyT
4] , (20)
0,9, AT, =T)

d :ﬂ,ln[—
where A is the decay length of the short range forces.
The thickness of the QLL as a function of temperature has been quantified both

66-76

experimentally and theoretically.”* With the single exception of Elbaum et al.”’

whose experiments were done on exposed horizontal facets in the prismatic orientation
(1010), these studies have shown that the QLL layer increases with increasing

temperature. As the melting point is approached, the QLL appears to be indistinguishable

from the liquid phase in its uppermost layers. However, the QLL transitions to an
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apparent crystalline order within several molecular layers below the surface (1 molecular
layer ~ 0.3 nm).””** In addition, solutes accumulate in the internal water-vein system at
triple junctions (three-grain intersections) and nodes (four-grain intersections).*®” This
effect was demonstrated by Fukazawa et al*’ using micro-Raman spectroscopy to
analyze ice below the pore close-off depth from two Antarctic sites. In ice collected from
the Nansen, Antarctic site (-35 < T/°C < -8), NO; and HSO4 were discovered in the
quasi-liquid phase at triple-junctions, while in ice collected from the South Yamamoto
site, SO4> was found in a distinct liquid phase between —8 and —20 °C. Fukazawa et al.®’
concluded that Antarctic ice is a non-static environment with fluid-like domains both at
the ice-air interface and deep within subsurface regions.

The thickness of the QLL is a function of both 7 and 7. As stated previously,

the thickness of the QLL increases with increasing temperature, approaching its limiting

dimension (i.e., V/A or volume/flat surface area) as 7 —7 . Additionally, impurities

enhance its thickness.”>®

The addition of impurities at constant pressure will shift the normal melting point
of the bulk solid, which is directly dependent on the concentration of the impurity. As

defined by Raoult’s law, ‘this shift’ is expressed as

TC=TO( __sz,n,.j, 21)
qmn

where T, is the freezing temperature, R is the gas constant, g, is the heat of fusion of

the solvent, n, is the number of moles of solute, and » is the number of moles of solvent.



11-18

The QLL plays a pivotal role in environmental phenomena such as 1) controlling
the friction of ice and snow; 2) soil freezing, permafrost formation, and frost heave; 3)
sintering and sliding of glaciers, sea ice, and snow fields; and 4) behavior of atmospheric
ice. For instance, the slipperiness of ice and snow imply that they are covered by a thin
water film on their surfaces, which in turn reduces their coefficient of friction.®®*® The
QLL has also been suggested to contribute to the electrification of the thunder clouds via
charge transfer at the liquid-ice interface.”*” Abbatt et al.”® even proposed that polar
stratospheric clouds are able to accommodate HCI by dissolution in multilayer-thick
quasi-liquid films, where they can efficiently participate in ozone destruction during
winter and spring months in Antarctica and the Arctic.
2.1.8 Segregation of Impurities During the Freezing of Liquid Solutions

Most solutes are too large to be molecularly incorporated within the ice lattice

97-105

during the freezing of aqueous solutions. Therefore, the majority of solutes (e.g.,

NO;~, HSO, ", and SO4>) are partitioned to the quasi-liquid layer (QLL) and subsurface

85-87

water channels (or veins). The degree of ion segregation during the freezing of dilute

solutions depends on the solute concentration and freezing rates.'*

It has been known and assumed that, generally, chemical reactions occur faster in
the liquid phase relative to the solid phase since the migration or diffusion of molecules is
severely inhibited in the solid phase. Surprisingly, certain chemical reactions are

107-120 117 .
Fennema ' described the five

accelerated in partially frozen aqueous solutions.
factors significant for acceleration: freeze concentration effect, catalytic effect of ice

crystals, enhanced proton migration in ice than in water, more ideal catalyst-substrate

orientation due to freezing, and greater dielectric constant for water than for ice.
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Furthermore, solute cations and anions exhibit an unequal distribution in the ice
and solution phase during the freezing process. This inequality induces an electric
potential, also known as the “freezing potential,” between the solution and the growing
ice. The electrostatic force generated causes anions or cations to accumulate in the water
contiguous to the interface, where the potential is neutralized by extremely mobile H;O"
and OH™."*! The pH of the solution phase changes, accordingly. For example, Takenaka

1'% showed that, compared to the liquid phase, the reaction of nitrous acid with

et a
dissolved oxygen was acclerated by a factor of ca. 10° by freezing. This finding was
attributed mainly to the freeze concentration effect. They'®* also showed that specified
salts (e.g., NaCl, KCI, Na,SO4, and HCI) either prevented or allowed the reaction of
nitrous acid and dissolved oxygen to occur, which was a direct function of whether these
salts caused a positive or negative freezing potential in the remaining liquidus or solidus.
The reduction of pH in the unfrozen solution was also inferred from their results. These

occurrences have direct environmental implications, such as the postulated protonation of

NO, in acidic snowpack regions, where after HONOy) can readily be released.'*
2.2 Nitrate in Polar Ice Sheets

2.2.1 Nitrate Abundance in Polar Ice and Its Implications

3 124

Logan'> and Platt'** have argued that the deposition of inorganic nitrate (e.g.,
gaseous HNO; and aerosol NOs ) on ice surfaces is one of the main sinks for atmospheric
nitrogen oxides. If nitrate concentrations within ice cores were conserved, they would
provide pertinent paleoclimatic and paleoatmospheric information. In addition, they

would also provide further understanding of the nitrogen cycle in the atmosphere (e.g.,

how NO, (NO + NO,) mixing ratios affect the primary tropospheric oxidants, OH, HO»,
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and Oj3). Simultaneoulsy, extrapolating past atmospheric conditions and further
elucidating the nitrogen cycle is complicated by extremely inconsistent HNO3 and NO,
global distributions and their respective variable source and sink trends.

At Summit, Greenland, nitrate accounts for approximately 50% and 43% of the
total inorganic anions in pre-industrial and contemporary polar ice, respectively.'> At the
South Pole, nitrate accounts for about 34% of the total anions.'?

2.2.2 Origin of Nitrate at Polar Ice Regions

There are numerous sources of nitrate to polar ice regions. These sources,

originating as nitrogen oxides, are combustion of fossil fuels,'”” biomass burning,'*® N,

130,131

fixation by lightning,'” oxidation of NHj, the oxidiaton of atomic nitrogen

produced during the irradiation of molecular nitrogen by galactic cosmic rays,'*’ and
microbrial processes in soils (e.g., soil exhalation).'**'*

The deposition of nitrate to south polar snow is relatively small. Furthermore,
there appears to be no correlation between solar activity (e.g., solar proton events and 11-
year solar cycle) and measured nitrate concentrations at south polar snow-covered

27 In contrast, Legrand and Kirchner'?” proposed that lightning at mid-low

regions.
latitudes and NO, generated in the lower stratosphere contributes about 33 to 50% and
about 33%, respectively, to the nitrate content at south polar snow-covered regions. It
was also suggested that electron fluxes may cause a greater contribution to nitrate profiles
in polar snow."** Polar stratospheric clouds also contribute to nitrate concentrations to the
polar snowpack by way of deposition. Anthropogenic emission of NO, in the northern
hemisphere also has caused greater Arctic nitrate snow concentrations than the

. 25135
Antarctic.”™
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2.2.3 Nitrate’s Postdepositional Processing and Its Seasonal Deposition Cycle

Average nitrate levels in polar ice cores range from 20 to 80 ng g (0.45 to 1.78
uM), where surface-snow has been known to contain up to 300 ng g” (6.70 uM)."*° The
Vostok ice-core nitrate record illustrates clearly near-surface increases, which have been
attributed to post-depositional processing and redistribution within the snowpack."”’ A

multitude of other'*¢1%

studies have illustrated the rapid loss of nitrate at the snow-
surface within just days of deposition; nitrate at the snow-surface is reduced less rapidly
(e.g., a few years) in areas that experience lower accumulation rates. Still, the
mechanisms governing nitrate’s postdepositional behavior is still under debate. Legrand
et al."*' suggested, for example, that post-depositional loss of nitrate is likely limited in
the presence of high concentrations of mineral dust, and that significant scavenging of
HNO; by mineral dust occurs based on the observation showing coincident elevated
levels from glacial periods of nitrate in Antarctic ice'*! and at the High Qinghai-Tibetan

Plateau'*?

with mineral dust concentrations. Other proposed mechanisms include:
volatilization of HNO;, scavenging of nitrate by wind-blown gases or particles,
photochemical destruction of nitrate, and the blowing of wind on the snow/ice surface.
Regardless of the post-depositional processing of nitrate, ice core measurements
have shown that NOj™ exhibits a seasonal cycle.143 Certain time frames in nitrate’s ice
core records bare remnance to specific sources. For example, Legrand et al.'*' deduced
that nitrate maximums between spring to summer are due to stratospheric inputs and a
peak in late winter is due to sedimentation of polar stratospheric clouds. On the other
hand, Greenland ice core records consistently show a summer peak in nitrate levels,

which may be caused by the thermal decomposition of peroxyacetyl nitrate (PAN).'*
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2.3 Nitrate Photochemistry and Related Chemical Processes in Ice
2.3.1 Nitrate Photochemistry in the Aqueous Phase

The photochemistry of nitrate in the aqueous phase has been studied
extensively.'**'* Dissolved nitrate has two primary absorption bands in the UV. The first
occurs in the far UV via the strong 7 — 7 * transition, centered at 201 nm (g = 9500
M" cm™), and the second is a weaker absorption band that occurs via the highly
forbidden n — 7 *, centered at 302 nm (gma = 7.14 M cm'l). Furthermore, it was
proposed that the weaker absorption band may occur from the combination of a singlet
150,151

and triplet » —» 7 * and o — 7 * transition.
Mack and Bolton'*’ showed that the overall stoichiometry for nitrate irradiation is

NO,” —— NO, + 1/20,. (22)

In the absence of ‘OH scavengers this stoichiometry is maintained over the entire pH
range.””>'> For A < 280 nm, the major reaction pathway is through the isomerization of
[NO; ]*, generated via reaction 23, to form ONOO , peroxynitrite, and at low pH,
peroxynitrous acid, HOONO (eqn. 24). HOONO can also be produced from the
recombination of OH and NO, within a solvent cage as shown in reaction 25. HOONO

isomerizes rapidly back to NOs~ (eqn. 26).'*

NO, — [NO,J* (23)
[NO, ]* —— ONOO +H' —— HOONO (24)
OH +NO, —— HOONO (25)

HOONO —— NO, +H' (26)
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At A > 300 nm, photolysis of nitrate in aerated aqueous solutions at pH < 6 has been
shown to have two primary photolytic pathways as shown in reactions 27 and 28. O

readily hydrolyzes to form OH and OH (eqn. 29).

[NO, |* —— NO, +O(P) $~1x107 (27)
[NO, ]* —— NO, +O $~1x10" (28)
O +H,0 —— OH+OH" (29)

Atomic oxygen produced in reaction 27 can react with molecular oxygen ([O2]water ~ 0.3
mM) via reaction 30 or with nitrate by way of reaction 31 at [NO3 | >5 mM.'*
0, +0('P) — O, ky, ~4.0x10°M™" s (30)

NO, +OCP) ——> NO, +0, k,=224x10°M"s" (31)
According to Hoigne et al.,"** ozone, which is generated by reaction 30, is either
consumed by reaction with NO; ™ (eqn. 32) or by decomposition to ‘OH.'>*!**

NO, +O, —— NO, + O, k,=3.7x10°M" s (32)
The UV absorption spectrum of nitrite displays three absorption bands: the first peak is at
220 nm, and the latter two peaks are maxima at 318 nm (gmax = 10.90 Mm! cm'l) and 354
nm (€max = 22.90 M cm'l). Analogous to NOs , nitrite undergoes direct photolysis as
shown in reaction 33, to produce the hydroxyl radical. It is also oxidized subsequently by
OH via reaction 34.

NO, +H" — NO + OH $~6x107 (33)

NO, +OH —— NO, +OH k, =2.0x10"M"s"  (33)
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2.3.2 Nitrate Photochemistry in Ice
A number of recent studies"®'® have shown that NO, is produced within

156,166-168

snowpack interstitial air and is released to the overlying boundary. Based on

nitrate’s aqueous phase photochemistry, the release of NO and NO; has been attributed to

66-83

the photodecomposition of nitrate. Due to the existence of the QLL at the ice-air

8587 in ice, the chemical reactions

interface and subeutectic subsurface solution phases
governing nitrate’s photochemistry in the aqueous phase are extrapolated to the ice
media, where nitrate photochemistry in ice is presumed to be dictated by analogous
photochemical reactions. In other words, nitrate’s aqueous phase photochemistry can
serve as basis to assess its photochemistry in the ice phase.

Overall, the implications of nitrate photolysis are multi-fold. For instance, it has
been assumed that if nitrate levels were preserved, after encapsulation within ice cores,
they would provide reliable information pertaining to Earth’s paleo-atmospheric

o - 136,169
composition and paleoclimate. ™

Therefore, nitrate photolysis could alter ice core
records of other trace species (e.g., CO,, H,O,, and CH4), which would affect the
elucidation of past atmospheric conditions."**'”" In addition, NO, and “OH produced in
snowpack interstitial air and released to the overlying boundary layer, as a result of
nitrate photolysis, could greatly influence the mixing ratios of the tropospheric oxidants,
O3, OH, and H02.156’166'168 Acidic snow/ice environments should readily cause the
protonation of nitrite produced during nitrate photolysis, which would enhance ‘OH levels

in the overlying boundary layer.'> ‘OH generated during nitrate photolysis will oxidize

organic matter contained in the snowpack,'®”'®® releasing products, such as formaldehyde
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(HCHO) and acetaldehyde (CH3CHO). Nitrate photochemistry may also be important in

the production of NOj in cirrus clouds since HNO; and NO, is rapidly removed by cirrus

171-174

clouds. Lastly, the photolysis of nitrate may have some significance to

photochemical reactions that are believed to occur on ice particles in the interstellar

. 175-
medium. 718
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