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1. Introduction

We collected surface snow samples during three years (2004, 2005, and 2007) in Arctic Alaska and from the
adjoining frozen Arctic Ocean during springtime in environments that span most Arctic terrains including
land, thin and thick first-year sea ice, and multi-year sea ice. The snow was analyzed for Br~, CI~, SO5 -, NO3,
NHZ, Nat, K*, Mg?" and Ca®*. Source fractionation processes and atmospheric influences are important
modification mechanisms that influence the ions. We find that CI-, K* and Mg?* are primarily sourced by
unfractionated sea salt and only show deviations from sea salt composition at low Na® concentrations.
Bromide and Ca®* are highly influenced by atmospheric processes that are evident at low sea salt tracer
concentrations. Calcium enrichments are due to the addition of non-sea salt (nss) Ca>* from dust and possibly
other sources. Bromide enrichments are due to the addition of nss-Br~ and bromide depletions are due to
bromine activation to the gas phase. Sulfate is affected by source fractionation at high Na* concentrations and
by atmospheric addition at low Na™ concentrations. Nitrate and NHj are not correlated with sea salt and show
less concentration variability than sea salt ions. Modifications are related to time-integrated air—snow
exchange fluxes for Br~, S04~ and Ca>" and are in good agreement with observations of related gas-phase and
aerosol species. This work reinforces our understanding of air—snow exchanges and their importance for
atmospheric chemistry in the Arctic.

© 2011 Elsevier Ltd. All rights reserved.

destruction (Barrie et al., 1988; Bottenheim et al., 1990; Fan and
Jacob, 1992; McConnell et al., 1992; Vogt et al., 1996; Tang and

Snow is an important scavenger of pollutants, sea salt, acids and
other chemical species worldwide, but particularly in the Arctic.
Snow can store scavenged species and later liberate the accumu-
lated species into the atmosphere through exchange or can provide
species to terrestrial and marine ecosystems during snow melt
runoff. An example of snow composition influencing Arctic atmo-
sphere chemistry is halogen chemistry, which causes ozone
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McConnell, 1996; Rankin and Wolff, 2002; Platt and Honninger,
2003; Simpson et al., 2007a). The same halogens involved in
ozone destruction are believed to participate in the oxidation of
gaseous elemental mercury, which is then added to the ecosystem
(Schroeder and Munthe, 1998; Lindberg et al., 2002; Khalizov et al.,
2003; Wang and Pehkonen, 2004). Thus, a detailed understanding
of the chemical composition of the snowpack is crucial for a better
understanding of the Arctic atmosphere’s composition and chem-
ical reactions.

Two common sources of ions to the snow in Arctic Alaska and
the surrounding frozen Arctic Ocean are sea salts and acid gases
(Toom-Sauntry and Barrie, 2002; Dominé et al., 2004). Major sea
salt ions include Na*t, CI-, SO3 ™, Ca?*, K+, Mg?*, Br~ and major ions
from acid gases are H*, CI-, Br, SO, NH4 and NO3. The majority
of studies that address the composition of the snowpack investi-
gated interactions between snow and the atmosphere by tracking
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Fig. 1. A conceptual picture of modification patterns of ions in snow shown on log—log correlation plots. Panel a) shows the expected pattern if the source of ion into the snow was
modified to be enriched (dashed line) or depleted (dotted line). Panel b) shows the enrichment (dashed line) and depletion due to exchange with the atmosphere.

modifications to chemical components in snow and the atmo-
sphere (Joranger and Semb, 1989; Davidson et al., 1989; Udisti et al.,
1999; Aristarain and Delmas, 2002; Gragnani et al., 2002; Toom-
Sauntry and Barrie, 2002; Dominé and Shepson, 2002; Nikus,
2003; de Caritat et al., 2005; Benassai et al., 2005; Yalcin et al.,
2006; Dibb et al., 2010). Enrichment factors, correlation coeffi-
cients, ternary plots and non-sea salt abundances are common
tools to identify modifications in snow composition. However, the
mentioned tools do not normally consider the sea salt tracer
concentration range where modification occurs. In this paper we
propose that correlation plots are an effective method to study the
chemical composition of snow. Correlation plots consider the
modifications to sea salt in context of the sea salt tracer concen-
tration and can exhibit important details in enrichment or deple-
tion patterns (Udisti et al., 1999; de Caritat et al., 2005; Simpson
et al.,, 2005). These modification patterns may adopt shapes that
could serve to identify specific processes that alter the chemical
composition of snow, see section 2.

We classify the two most significant modification mechanisms
that alter the ionic content of snow as source fractionation and
atmospheric exchange. Source fractionation is a separation process
in which ions separate before formation of aerosol or brine that is
later incorporated into snow. An example of source fractionation is
the precipitation of sea salts. These precipitation processes become
thermodynamically favorable at certain temperatures. At —2 °C
calcium carbonate precipitates (CaCOs3), possibly as calcite (Sander
et al., 2006) but more likely as ikaite (Weeks and Ackely, 1982;
Dieckmann et al., 2008; Morin et al., 2008), at —8 °C sulfate and
sodium can precipitate as mirabilite (NaSO4-10H,0) (Wagenbach
et al, 1998; Rankin and Wolff, 2002), at —22°C hydrohalite
(NaCl-2H,0) can crystallize (Rankin et al., 2000). When precipita-
tion occurs, the precipitated crystal and residual solution may
physically separate. Aerosol particles that form from the residual
solution are now fractionated in the ion of interest (Rankin and
Wolff, 2003; Alvarez-Avilés et al., 2008).

Atmospheric exchange describes the process of removing or
adding ions via incorporation of aerosols and acids (addition) or
heterogeneous reactions (removal). An example of atmospheric
removal is halogen activation, which results in depleted Br~ in the
snowpack (Simpson et al., 2005). Br~ is removed from the snow-
pack when it reacts with HOBr and yields photoactive bromine
species (Fan and Jacob, 1992; McConnell et al., 1992; Vogt et al.,

1996). The termination step of the gas-phase bromine chemistry
occurs when bromine reacts with hydrocarbons to form HBr, which
can add Br~ to surface snow. In addition to chemical reactions, acids
stronger than HCl can displace Cl~ from aerosol particles or snow
through reactions such as (Finlayson-Pitts, 2003)

2I\IaCI(aerosol) +Hp SO4(aerosol) - 2HCl(gas) +Na 50421(_ (Rl )

aerosol)

NaCl(aerosol) + HNO3(gas) _’HCI(gas) + N3N03(aerosol)- (RZ)

Removal of CI™ as HCl would result in depletions (Yalcin et al.,
2006), but snow or aerosols can scavenge HCl and add it to the
sea salt Cl~ resulting in enrichments (Toom-Sauntry and Barrie,
2002; de Caritat et al., 2005; Benassai et al., 2005). A good acid
candidate to remove Cl~ as HClI is sulfuric acid from Arctic haze,
which can also add SO~ to snow resulting in SOF~ enrichment (Li
and Barrie, 1993).

2. Patterns caused by modification mechanisms

Fig. 1 shows two limiting cases of modification patterns to ions
in snow shown as log—log correlation plots. Snow can vary
approximately six orders of magnitude in Na* concentration from
very pure inland snow ([Na®] ~ 1 uM) to cryo-concentrated sea
salt brine ([Na*] ~ 1 M), so we use log—log axes. Simple dilution of
sea salt with condensed water vapor results in the solid diagonal
lines in each panel of the plot. In Fig. 1a, we consider two source
modifications, where sea salt is fractionated at its source either
enriching (dashed line) or depleting (dotted line) the ion as
compared to the sea salt tracer. Dilution subsequent to this source
fractionation gives diagonal lines parallel to simple sea salt dilution.
A common way to express source modification is through enrich-
ment factors,

().
([I\[Ia]ﬂ ) Seawater.

Here, [X] is the concentration of the ion of interest and [Na™] is the
sodium concentration in snow or seawater. In Fig. 1a, the enriched
line has Ef=10, and the depleted line has Ef=0.1. Thus, the

EfiX] = (1)
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enrichment factor analysis is highly appropriate to describe source
fractionation processes, particularly at high sea salt tracer
concentrations.

Fig. 1b shows modification by exchange of ions with atmo-
spheric aerosols or acids. Processes of this sort would be addition of
atmospheric acidic gases or dust (e.g. sulfuric acid, Ca®*), acid
displacement (e.g. removal of CI~ via addition of SO3"), halogen
activation (affects Br™). Because this modification comes from or
produces relatively limited fluxes between the snow and the
atmosphere, we can model the fluxes as additions or removals of
fixed concentrations of the ion of interest, with little or no corre-
lation with sea salt abundance. The dashed line is the result when
a fixed amount (100 pM) of the ion is added, and the dotted line
corresponds when to fixed amount (100 uM) of the ion is removed.
These lines curve because of the log—log plotting style. Atmo-
spheric exchanges that result in enrichments and depletions are
normally due to addition of non-sea salt (nss) ions to sea salt or
removal of the ion from sea salt. To quantify the magnitude of ionic
exchanges we can calculate the nss-ion (Equation (2)) from those
samples that are affected the most by nss-ion additions,

n5s-[X] = [X]sample — { (%) Seawater x [Na*} Sample} 2)

The non-sea salt concentration for ion X is called nss-[X],
([X]/INa*])seawater iS the ion to Na® molar ratio in seawater,
[Na*]sampte is the Na* concentration in the sample, and [X] is the ion
concentration in the sample. Non-sea salt abundance analysis is
appropriate to describe snow—atmospheric exchange; however,
when the sea salt tracer concentration is high, the removal of sea
salt background (the second term in equation (2)) becomes prob-
lematic due to the magnification of small errors in measurement of
[Na™] and the ion of interest.

From Fig. 1, we can see these limited snow—air exchanges have
little effect in the ion’s behavior at high sea salt tracer contents but
large effects at low tracer concentrations. Conversely, source frac-
tionation affects the behavior at all tracer concentrations. Consid-
ering both panels together, we see that at low tracer concentrations
atmospheric exchange is most evident while at high tracer
concentrations source fractionation is most evident. Therefore, we
see from these examples how log—log correlation plots allow
separation of source fractionation from atmospheric exchange and
provide more information than analyses of enrichment factors of
non-sea salt abundance.

3. Methods
3.1. Sampling

The data set used in this paper is a compilation of three years of
Arctic snow studies for a total of 936 surface snow samples, all ob-
tained in Arctic Alaska and from the nearby frozen Arctic Ocean.
Fig. 2 shows a map of the sampling locations. In 2004 a total of 104
surface snow samples were collected along a 102 km transect inland
from Barrow, Alaska. In March and June 2005, 89 surface snow
samples were collected on land-fast ice North of Point Barrow and
additional samples were taken ~3 km inland from the coast, for
a total of 122 samples. The samples from 2007 were collected from
four different sites, both inland and on the sea ice. The two inland
sites having 222 samples taken during March were located at 3 km
and approximately 15 km from the shoreline in Barrow, Alaska. The
two sea ice sites were in the Applied Physics Laboratory Ice Station
(APLIS) ice camp, approximately 200 km north of Deadhorse, and on
the land-fast ice near Barrow, Alaska. A total of 399 surface snow
samples were collected on sea ice during the month of March and
the first week of April. All of our samples were classified by one of
four different environments: land, thin first-year sea ice (thin FYI),
thick first-year sea ice (thick FYI) and multi-year sea ice (MYI). Thin
FYI was a recently frozen lead (an opening in the sea ice), probably
2—3 weeks old and about 50 cm thick. Thick FYI was on the order of
170 cm thick and was likely formed in the preceding fall/winter. MYI
is ice that has endured at least one summer melt season.

Samples were collected facing the wind wearing powder-free
polyethylene disposable gloves and Tyvek suits. Sampling proce-
dures outlined in Douglas and Sturm (2004) and Douglas et al.
(2008) were used. All sampling vials were cleaned in the labora-
tory using 18.2 MQcm ™! water and were transported to the site
packed in 1-gallon Ziploc bags. Snow was collected using the edge
of the vial to scoop the top 2—3 cm of the surface snowpack. Snow
stratigraphy and depth were measured at all sites, and snow depth
was typical of windblown high Arctic (e.g. low total precipitation)
conditions having depths 10—40 cm. All samples were transported
and stored frozen and away from light until analysis.

3.2. Analytical procedures

The samples were melted and an aliquot was removed to
measure specific conductivity (Oakton Instruments). Based on their
conductivity, the samples were classified in groups for lon

Fig. 2. A map of sampling locations in and near Arctic Alaska used in this study.
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Chromatography (IC) analysis (DionexDX2000). Low concentration
samples were analyzed without dilution, but higher concentration
samples were diluted volumetrically such that the column was
loaded near to but always below saturation of column sites. In this
way, we maximized analytical precision while maintaining optimal
peak shapes. To measure the instrument reproducibility, one
sample was run 23 times for anions and 17 times for cations. The
relative standard deviation for all ions in this analysis was less than
5%. To measure sampling variability we collected some snow in
duplicates and calculated the ratio of the lower value divided by the
higher value. The average for all ions was 0.85 indicating a 15%
sampling variability, which is the same as reported by Dominé et al.
(2004) who attributed the variability to wind deposition differ-
ences. Not all snow was collected in duplicate; 534 samples are
single and 402 are duplicates. For snow that was collected in
duplicates we report the average value.

Complex matrices like these snow samples contain other
chemical species than the ones analyzed for this study. Our chro-
matographs show small peaks that according to their retention
time could be organic acids (e.g. formate and acetate) that were not
present in the standards and therefore were not quantified. The IC
peak resolution for NH4, Mg?* and K* was relatively poor, causing
increased noise associated with their measurement. For a short
period of analysis, the cation suppressor malfunctioned, compro-
mising the quantification of Mg?>* and K*. Most samples were
reanalyzed after instrumental repair, but a few had insufficient
remaining sample volume, so the Na*, Ca>* and NHj} data were
used from the initial runs. Section 3.3 describes the method we
used when various ions were missing in analysis. The ratio of ion to
sea salt tracer was calculated from the standard seawater values
reported by Quimby-Hunt and Turekian (1983).

3.3. Outlier identification

The ratio of the sum of cations to the sum of anions was used to
identify outliers. Charge balance requires that the ratio of the sum
of cations to the sum of anions be equal to one. When this ratio is
not equal to one, anions or cations present in the snow were either
not analyzed or analytical problems occurred. In our analysis,
HCO3/CO%~, OH™, organic acid anions, and H' are unanalyzed
species. Fig. 3a shows the distribution of the charge balance ratio as
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a function of the number of observations of each ratio. When
certain ion concentrations were missing, we added to the charge
balance the expected contribution from sea salt of the missing ion.
The histogram shows a high probability to measure a charge
balance ratio of unity, as expected if the majority of ions are
accounted for in the analysis. If we consider that the majority of the
data appear to be in a normal (Gaussian) distribution, we expect
that a range of the mean +6¢ would encompass essentially all valid
data. We consider data outside this range, mean +6¢ (cation/anion
ratio between 0.48 and 1.61), to be outliers that result from
analytical error. A total of 65 of the 936 (7%) surface snow samples
are considered outliers and are removed from the data set used in
all subsequent analysis. Fig. 3b shows valid and outlier data. We
recognize that samples with low values of anions and cations are
more susceptible to atmospheric exchange. In order not to lose
valuable information from samples at low sea salt tracer concen-
trations we keep all samples that contain less than 30 peq L.

4. Results
4.1. Charge balance and snow ionic content

Inspection of Fig. 3b indicates that the lower ionic strength
samples tend to have more anion sum than cation sum, while as
salinity increases the sums get closer to and may exceed the 1:1
line. To analyze this behavior, the log-averaged cation/anion ratio
was calculated for three classes of ionic content. The least ionic
samples, as defined by cation sum <300 peqL ™' had an average
cation/anion ratio of 0.76. The samples having intermediate ionic
content (cation sum >300 and <30,000 peqL ') had an average
cation/anion ratio = 0.94. The cation/anion ratio was 1.03 for the
most ionic samples (cation sum > 30,000 peqL™'). These results
indicate the presence of acidity (excess unobserved protons) in the
low salinity samples grading to alkalinity (excess unobserved
HCO3) for more saline samples. These observations are in agree-
ment with the concept that atmospheric acid addition to snow will
affect the least saline samples most and that seawater’s alkalinity
should be observed for high salinity samples.

Table 1 summarizes a statistical analysis of each ion’s concen-
trations in all environments: land, multi-year sea ice (MYI), thick
first-year sea ice (thick FYI), and thin first-year sea ice (thin FYI). To

cation sum (peq L)

1 | I | I I

10 10 1w 10t 10t 10°

anion sum (ueq L)

Fig. 3. Quality control analysis plots used to reject outlying data. Panel a) shows the distribution of the totality of 936 surface snow samples (solid line). The Gaussian curve (dashed)
that best fits the data. Outliers are values outside the +/— 64 range. Panel b) shows the outliers as X symbols and valid data as plusses.
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Table 1
Ranges and averages of each ion concentration (micromolar) in the four sampled
environments.

Ion Parameter Land (uM) MYI (uM) Thick FYI (uM)  Thin FYI (uM)
Samples Count 407 74 284 101
Na* Average 2514 206.2 20,164 52,551
Median 59.1 120.1 1569 9229
10% 5.0 1.5 85 490
90% 700.0 379.6 77,064 186,150
Ccl- Average 353.3 305.6 21,058 63,217
Median 106.7 175.5 2115 11,894
10% 8.9 7.6 94 742
90% 921.6 573.8 78,093 227,367
K™ Average 6.5 5.1 318 834
Median 2.8 33 24 95
10% 0.1 0.1 1 6
90% 15.3 111 1302 2345
Mg?* Average 34.8 30.7 1982 5169
Median 13.0 19.6 146 574
10% 0.6 03 6 33
90% 91.1 64.2 8153 13,915
Cca** Average 9.1 6.8 431 1032
Median 4.6 5.2 29 112
10% 1.2 1.2 2 10
90% 213 12.9 1637 3074
Br— Average 0.26 0.32 30.6 92.5
Median 0.15 0.25 2.0 179
10% 0.04 0.06 0.2 1.2
90% 0.56 0.40 108.7 317.3
SO% Average 9.0 8.2 2044 1906
Median 5.1 6.8 62 93
10% 13 2.1 6 8
90% 214 15.7 6426 6260
NO3 Average 7.22 4.09 7.23 7.53
Median 534 3.59 523 2.50
10% 2.50 3.04 2.56 1.80
90% 11.19 6.71 13.59 9.48
NH4 Average 1.60 0.94 1.84 0.40
Median 0.80 0.85 0.46 0.46
10% 0.28 0.51 0.17 0.16
90% 3.40 149 4.81 0.69

show a more representative range of concentrations we report here
the 10th and 90th percentile. The 50th percentile is the median, and
the average is calculated considering all values of the set.

The overall ionic content on land and on MYI appears to be
similar and lower than concentrations on thin and thick FYL. The
range of concentrations found on land is larger than on MYI, but the
median values indicate that land samples have lower ionic contents
than MYI samples. Thin FYI shows higher values in the range of
concentrations, average and median than all other environments,
therefore it has the highest overall ionic content. lons that are
generally low to absent in seawater (NO3 and NHZ) show small
differences within their variability in the various environments.

4.2. Chloride (ClI”) and sodium (Na™*)

Chloride (C17) and sodium (Na™) are the main constituents of
seawater and can be used as sea salt tracers. Fig. 4a shows the
correlation plot of CI™ as a function of Na* in all environments. The
majority of the data (80%) are within a factor of 2 of the seawater
dilution line. The data above 1000 uM Na* is found in close prox-
imity to the seawater dilution line. Considering the samples below
1000 uM Na™, 86% of that subset are enriched in ClI~, with an
average enrichment factor of 1.33 for the enriched samples having
less than 1000 uM Na™. Reasons for the observed deviations and

discussion of use of ClI~ as a sea salt tracer are presented in the
discussion.

4.3. Potassium (K*)

Fig. 4b shows the correlation plot for K*. Potassium is correlated
with sea salt with some scatter below 100 uM Na*. The majority of
the samples (85%) are found between the 2 times enriched and 2
times depleted lines. Of these samples that are between the 2 times
enriched and 2 times depleted, half are enriched and half are
depleted, indicating little net enrichment or depletion of K*.

4.4. Magnesium (Mg”*)

Fig. 4c shows the Mg?* correlation plot. Magnesium is corre-
lated with sea salt with some scatter. The scatter may result from
noise due to analytical errors or atmospheric exchange such as
addition from dust. Similar to CI- and K", the majority of the
samples (86%) are found between the 2 times enriched and 2 times
depleted lines. However, unlike K*, there appears to be a small net
enrichment with 77% of all samples showing enrichment and 23%
showing depletion. The enriched samples have an average enrich-
ment factor of EfMg®*) = 1.4 while the depleted samples show an
average enrichment factor of EffMg?*) = 0.87.

4.5. Calcium (Ca®*)

Fig. 4d is the correlation plot of Ca®* with respect to Na.
Calcium is correlated with sea salt at high Na* (above 100 uM) and
shows enrichment at low Na* (below 100 uM). Almost all of the
data below 100 uM Na™ (91% of this subset) is found above the 2
times enriched line. In addition, a third of the samples below
100 uM are above the 10 times enriched line. At low Na* concen-
trations, the Ca>* concentration becomes uncorrelated with sea salt
and varies within a factor of ~5 of the 1uM concentration.
However, at high Na* concentration (above 100 pM), the Ca®* data
converges to the sea salt dilution line. The addition of Ca®* in these
data appears to be uncorrelated with sea salt, and is very similar to
the atmospheric enrichment model of Fig. 1b.

4.6. Bromide (Br~)

Fig. 5a shows the correlation plot of Br~ as a function of Na'.
Thin FYI is generally correlated with sea salt, while the other
environments show atmospheric exchanges below 1000 uM Na™
and correlate with sea salt above 1000 uM Na'. The data below
1000 uM Na™ represents 68% of the total data set and half of these
samples enriched and half are depleted. Overall, these samples at
less than 1000 uM Na* appear weakly correlated with sea salt and
appear dominated by atmospheric exchanges. The Br~ concentra-
tion reaches an asymptote at low Na* concentration that is within
a factor of 5 of 0.1 uM. Data at high Na* concentration converge to
the sea salt dilution line.

4.7. Sulfate (S03")

Fig. 5b shows SO~ versus Na* in all environments. In contrast to
all other ions, SO~ shows enrichments and depletions at high Na*
concentrations, above 1000 uM, probably from source fraction-
ation. Most samples above 1000 pM belong to thin and thick FYL
There appears to be a difference between thick and thin FYI, with
thin FYI showing more depletion, while thicker FYI is more scat-
tered across the sea salt dilution line. The majority of the thin FYI
samples (84% of thin FYI samples with >1000 uM Na™) are depleted
as compared to 16% of the same subset that are enriched. In
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Fig. 4. Correlation plots of CI-, K*, Mg?*, and Ca?* versus Na* in all four environments: land, thin-first-year sea ice (thin FYI), thick-first-year sea ice (thick FYI), and multi-year sea
ice (MYI).The dashed lines above the seawater dilution line represent enriched snow with enrichment factors of 2, 5 and 10 times more than sea salt. The dashed lines below the
seawater dilution line represents diluted snow with enrichment factors of 2, 5, and 10 times less than sea salt.

comparison, a thick FYI shows 60% of the samples having
>1000 pM Na™ are depleted as compared to 40% of the same subset
that are enriched. Below 100 uM Na*, SO~ appears to reach an
asymptote of approximately 1 uM.

4.8. Nitrate (NO3 ) and ammonium (NHJ)

Table 1 and Fig. 5c and d show that NO3 and NHj are not
correlated with sea salt. Because they are biologically utilized, the
abundance of these two ions is variable and low in seawater; thus,
the correlation plots do not show a seawater dilution line.

5. Discussion
5.1. Sodium and chloride as sea salt tracers

Sodium and CI™ are good sea salt tracers and can be used to track
modifications to sea salt (source fractionation and atmospheric
exchange). Still, Na* and CI~ are subject to modifications, and
consideration of how these modifications affect the sea salt tracer
helps to weigh the importance of these modifications. Chloride can
be modified via acid displacement reactions, (R1) and (R2)

(Finlayson-Pitts, 2003). The observed enrichment in Fig. 4a is due
to the addition of hydrochloric acid to sea salt CI~ in snow. The
effect of HCl addition to snow diminishes as the sea salt tracer
concentration increases. Below 1000 uM Na® most samples are
within a factor of 2 from the sea salt concentration and they get
closer to seawater concentration at higher Na® concentrations
(above 1000 pM Na'), indicating that Cl~ is generally a good sea salt
tracer except for snow of very low marine influence.

Sodium can be modified via mirabilite precipitation, which
removes SO7~ and Na™, but because sea salt contains much more
Na*t than SOj~ (16.6:1, molar ratio), if all the available 5042{ is
removed via mirabilite precipitation, only 12% of the sea salt Na™ is
lost (Rankin and Wolff, 2002), making it difficult to discern from the
sea water dilution line in a log—log plot. Therefore, mirabilite
precipitation is not a large modifier of Na*, and Na* can be a good
sea salt tracer for log—log plots. The same way depletion occurs via
mirabilite precipitation, Na™ enrichment could originate from
addition of the precipitated mirabilite crystals to snow. However,
these effects appear small and we can use either Na™ or CI™ as
a good proxy for sea salt influence. We generally use Na® as the
tracer, but have found that for anions, Cl™ is a lower noise tracer and
as a consequence we use Cl™ in some interpretation plots.
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Fig. 5. Correlation plots of Br~, SO3~, NO3, and NH; versus Na* concentrations. Ammonium was not quantified in most samples having Na* concentrations higher 1000 uM because

the Na* peak overwhelmed the smaller NHj peak.

5.2. lons correlated with seawater: potassium and magnesium

Magnesium and K" are correlated with seawater and show
some values that we attribute to noise and possible addition from
dust or removal via precipitation or substitutional incorporation in
other precipitating minerals (e.g. mirabilite). The lack of net
enrichment in the case of K™ appears to indicate that noise or weak
source fractionation is responsible for its variations. The small net
enrichment of Mg?* appears to argue for a small non-sea salt
source like dust. However, this addition might be at least partially
correlated with sea salt as evidenced by the lack of a plateau at the
lowest Na' concentrations that is seen in Ca2+, Br-, and SOj .
Source fractionation of Mg?* and K* can occur through precipita-
tion that becomes thermodynamically favorable at temperatures
below —34°C (Weeks and Ackely, 1982). However, the minerals
precipitating from freezing sea water as described in Weeks and
Ackely (1982) are pure stoichiometric phases while in reality
solid solutions between minerals, ionic substitution within
a mineral, or non-stoichiometry can greatly modify the actual
composition of the precipitating phases. These processes have been
extensively studied for major minerals of the Earth’s crust (e.g.
alkali feldspars — see Lagache and Carron, 1982). Sea salt minerals
have been less studied, but substitution does take place. For

example, Br~ substitutes for Cl™ in halite and sylvite (Siemann and
Schramm, 2002). Sulfate minerals such as mirabilite also allow
considerable ionic substitution because of their large crystal
structures (Glynn, 2000). It is therefore likely that Mg®* and K* can
substitute for other ions in sea salt minerals, for example for Ca** in
ikaite and for Na' in mirabilite, respectively, and show source
fractionation.

5.3. An ion affected by atmospheric addition: calcium

Sea salt Ca®* is the predominant Ca®* source in snow samples
with Nat concentrations above 100 uM and non-sea salt sources,
possibly dust, dominate the total amount of Ca®* in snow samples
below 100 pM of Na*. Calcium addition is significant at low Na*
concentrations when a small addition carries more influence as
compared to the same small addition to a highly concentrated
sample. Dust sources normally contain both Ca** and Mg?*, but the
Mg?" correlation plot is better correlated with sea salt at low Na*
than the Ca®* plot. One reason for this effect is that there is about 5
times more Mg?* in seawater than Ca®*, allowing enrichments in
Ca®* to be observed more easily over a lower sea salt “background”
and that the amount of Ca** in mineral dust is usually larger than
Mg?*. The molar Ca®>*/Mg?" ratio is between 2 and 10 for snow that
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is not dominated by sea salt influences. Ice cores from Summit, have
molar Ca?*/Mg?" ratios around 2 (Legrand and Mayewski, 1997).
Snow from the French Alps, has a ratio of about 10 (Maupetit and
Delmas, 1994), snow from Alert, is about 5 (Toom-Sauntry and
Barrie, 2002), and snow studies at Longyearbyen, Svalbard, show
aratio of about 2 (Kang et al., 2001). Therefore, observations of cat
enrichment by atmospheric deposition is due to the Mg>*/Ca®*
ratio of sea salt being much larger than 1 and to the addition of
atmospheric dust with Ca%*/Mg?* also much larger than 1 in many
cases. It is also possible that Ca®* is added from non-dust sources
that apparently do not carry Mg>*. Domine et al. (2011) proposed
that exopolysaccharides (EPS) present in the surface microlayer of
leads that open in sea ice could form Ca**-enriched aerosols. These
EPS tend to form gel-like associations, cross-linked by divalent
cations such as Ca** and excluding NaCl while retaining cell-related
ions such as K™ (Decho, 1990). Scavenging of these aerosols by snow
or their deposition to snow could therefore contribute to the
enrichment of snow in Ca** from the atmosphere. The enriched
snow appears to reach an asymptotic Ca®* concentration of around
1.7 uM. We obtained this value from the average of the nss-Ca**
concentration (Equation (2)) in enriched snow at Na® concentra-
tions below 100 uM. Fig. 6 contains a solid line that describes the
overall pattern of Ca®*.

5.4. Anion affected by atmospheric addition and removal: bromide

Snow can be a source and sink of Br~ via heterogeneous reac-
tions that participate in halogen activation chemistry. As Br™ is
removed from the snow (a source of atmospheric Br), the atmo-
sphere transports the reactive bromine species (bromine atoms and
BrO) farther from their removal site. This reactive bromine can react
with aldehydes, HO, and VOCs to form HBr, which is ultimately
returned to the snowpack, often elsewhere. The addition of HBr to
snow with low sea salt Br~ concentration results in enrichments
and the removal due to activation results in depletions. However, it
is likely that the same snow has been subject to removal and
addition of Br~ throughout time, which tends to cloud the overall
picture of snow Br— exchanges for low to moderate salinity snow.
However, at the lowest sea salt tracer concentrations, we expect
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Fig. 6. Calcium modification model shown on a correlation plot of Ca*" versus Na*.
The curvature at low Na* concentrations is the product of non-sea salt sources adding
nss-Ca®* to snow. As the sea salt tracer concentration increases, nss-Ca®* influences
are not significant and sea salt Ca** dominates the total amount of Ca**.

that atmospheric addition dominates over removal. We believe that
the removal rate depends on snow concentration and the avail-
ability of Br™ to react and transform to reactive species, while the
deposition rate should depend on the availability of a surface
(surface snow, falling snow, particulates). We calculated the
average of the minimum concentration range to be 0.2 uM using
the nss-Br~ calculation (Equation (2)). In Fig. 7 the solid line shows
the expected behavior when nss-Br~ is added to snow with low Br™~
concentrations. Chloride was used instead of sodium because the
bromide and chloride peaks are on the same chromatograph. The
depleted samples below 1000 uM of Cl~ are found in the range of
the minimum Br~ concentration and when considering nss-Br~
calculation result in negative values. Depletions below 1000 pM
indicate that this snow served as a source of Br~ to the atmosphere
and that the added HBr is not enough to result in positive nss-Br—
values. We estimated that the maximum removal of Br~ from snow
that is observable on a log—log plot is 3 uM. The dotted line in Fig. 7
represents the removal of Br~, and most of the samples lie between
the enrichment and depletion models shown in this figure.

5.5. An ion affected by all modification mechanisms: sulfate

At low Cl™ concentrations, all snow samples show the same
modification pattern for SOF~, atmospheric addition (see Fig. 8).
Arctic haze and other phenomena may be responsible for SO%~
addition into the snowpack as sulfuric acid (H,SO4) or ammonium
sulfate ((NH4)2SO04) (Shaw, 1995). The addition found at Cl™
concentrations less than 100 uM was calculated by averaging the
nss-SOZ~ concentration in all enriched samples less than 100 puM,
resulting in an asymptotic concentration of around 1.7 pM.

At high Cl~ concentrations, SOF~ demonstrates source frac-
tionation as shown in Fig. 8 by two approximately limiting models
that are represented by dotted and solid lines. Limiting cases of
enrichment and depletion appear to be roughly factors of 5 above
and below the sea salt dilution line (Fig. 8). Sea salt SO~ depletion
occurs when Na* and SO3~ precipitate as mirabilite, which sepa-
rates from the brine that contained sea salt SO~ resulting in
503 -depleted brine. This SOF -depleted brine can be transported
to surface snow by various processes including capillary rise

Br / micromolar
o
1

T T T T T T T
0 1 2 3 4 5 6
10 10 10 10 10 10 10
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Fig. 7. Bromine modification models shown on a correlation plot of Br~ versus Cl~. The

Br~ atmospheric addition is shown in solid line and Br~ removal is shown as a dotted
line.
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Fig. 8. Sulfate fractionation models shown on a correlation plot of SO~ versus Na*
Both dashed and solid lines are enriched at low sea salt tracer concentrations indi-
cating addition from non-sea salt sources. The dashed line models source depletion,
which appears more common in thin first year sea ice. The solid line represents source
enrichment, which appears more common in thicker first-year sea ice.

(Coleou et al., 1999) or wind transport of snow contaminated by
brine, and result in the observed SO3~ depletions in surface snow.

Thin FYI samples are more depleted in SO~ than thick FYI
samples. A possible explanation for this finding is that in young FY]I,
mirabilite precipitates and the brine that wicks up to surface snow
is generally depleted in SO5~. As the snow on FYI ages, wind may
mix up snow layers and scour regions of the sea ice that have little
snow cover. This mixing process could bring up mirabilite crystals
to the surface of the snowpack, where they could enrich the surface
snow samples in SO3~. The fact that both MYI and land samples,
which lack brine wicking as a possible ion transport mechanism,
generally show depletions in their most concentrated Na* and Cl~
samples appears to indicate that aerosol arising from sea salts is
generally depleted in SOF~, as has been observed by Rankin and
Wolff (2003).

Table 2

5.6. Two ions uncorrelated with sea salt: nitrate (NO3 ) and
ammonium (NHY)

Table 2 shows the ratio among NO3, SO%~ and NH in all of the
studied environments. The ratio NH4 to NO3 in all our samples,
around 0.25. Nitrate and ammonium (NO3 and NHZ) are essentially
absent in seawater and thus are not correlated with sea salt,
although weak correlations may be present among various classes
of samples (e.g. there appears to be a weak correlation of NO3 and
Na® for land samples, for unknown reasons). The range of
concentrations in NO3 and NHZ show little variability (see Table 1).
It appears that sources of NO3 and NHj in the snowpack are more
constant than sea salt over the region that covers all sampled
environments and that NO3 and NHj transport similarly to all the
studied environments. Nitrate and ammonium also participate in
biological transformations, which might occur in snowpack and
smooth their distribution and reduce correlation with sea salt.

Because both NO3 and non-sea salt SO~ are anthropogenic
pollutants, one expects that they would be correlated, and previous
aerosol and snow studies have found reasonable correlations
between these two species (Toom-Sauntry and Barrie, 2002; Yalcin
et al., 2006). However, the correlation we find in these data is as
broad as the values reported by others indicating high variability
and different transportation pathways for the sampled environ-
ments. For land snow, which is most comparable to the coastal/
inland studies of Toom-Sauntry and Barrie (2002) and Yalcin et al.
(2006), we find the NO3 to SOF~ ratio ranges from 0.3 to 3.5. This
range is slightly different but overlaps that observed by Toom-
Sauntry and Barrie (2002), who found a range of 0.2—0.6, and
quite similar to Yalcin et al. (2006), who found a ratio of 1.09 that
compares to our median of 1.05. The nitrate concentration is greater
at Barrow than Alert probably because the snow collected in
Barrow is aged in comparison to the referred Alert study, which
analyzed freshly deposited snow. The increased sea salt at Barrow
compared to Alert may also hold the pH more basic and allow more
uptake of nitric acid via reaction R2. Nitrate snow chemistry, which
has been extensively discussed in the literature (e.g. Honrath et al.,
1999, 2000; Grannas et al., 2007), is also expected to be more
dependent upon other ions in snow than sulfate because sulfuric
acid and sulfur salts are not volatile, while nitric acid is semi volatile
but nitrate salts are not. Thus aged particles may convert nitric acid

Molar ratios among NHZ, NO3 and SO~ for sampled environments and literature references. The compared references are samples of surface and/or fresh snow from costal
sites and are most comparable to our land sample class. Analytical problems with detecting low ammonium amounts in the presence of high sodium probably biases the ratios

of ammonium to other ions for highly saline samples (e.g. thin and thick FYI classes).

Ratio Parameter Land MYI Thin FYI Thick FYI Reference value
NH4/NO3 Count 282 72 99 13

Average 0.26 0.25 0.32 0.16

Median 0.15 0.24 0.11 0.15

10% 0.04 0.13 0.04 0.06

90% 0.51 042 0.28 0.31

Yalcin et al. (2006) - - - - 0.735
NO3/SO5~ Count 411 74 281 101

Average 1.62 0.87 0.27 0.10

Median 1.05 0.53 0.10 0.027

10% 0.41 0.24 0.0014 0.0012

90% 3.53 2.19 0.62 0.34

Yalcin et al. (2006) - - - - 1.09

Toom-Sauntry and Barrie (2002) - - - - 0.2—-0.6
NHZ/S0% Count 282 72 99 13

Average 0.52 0.19 0.12 0.08

Median 0.21 0.18 0.04 0.07

10% 0.03 0.05 0.01 0.02

90% 0.98 0.38 0.27 0.18

Yalcin et al. (2006) - - - - 0.943




358 L. Krnavek et al. / Atmospheric Environment 50 (2012) 349—359

to salt forms (e.g. NaNOs) that are less volatile and retained in the
snow. Overall, the case of nitrate is complex, with sources that are
not simply related to sea salt aerosols and chemical loss and
probable recycling into the snowpack. Therefore, the lack of
correlation of nitrate with sea salt tracers found in this study is
probably expected. A more detailed analysis or future study that
also considers likely time history of snow samples and changes in
photochemical conditions is clearly needed.

5.7. lonic abundances in snow in relation to atmospheric
abundance

The abundance of certain ions in snow can be compared to the
atmospheric abundance of related compounds to provide infor-
mation on the role of snow as a source or sink of species in the
atmosphere. The snow sampled here has gone through series of
removal and addition steps of pollutants over time, reflecting
a range of snow—atmosphere exchange extent. For conversion
between snow concentration modifications and atmospheric
abundance (atmospheric concentration) we consider the coupled
part of the atmosphere to be a well-mixed column of 1 km height
and the portion of the snowpack undergoing exchange to be 3 cm
deep and have a density of 0.33 gcm > (Dominé et al., 2004;
Douglas and Sturm, 2004). The water-equivalent height of the
exchanging snowpack is 1 cm under the conditions above and we
assume the air molecular density to be 3 x 10'® molecules cm 3,
Considering that the atmosphere and snowpack height can change
by an order of magnitude, each of these estimates is expected to be
accurate to an order of magnitude.

Calcium exhibits atmospheric addition that we interpret to be
from crustal or possibly biological sources. From the correlation
plot of Ca®* (Fig. 6) we approximated the influence of these crustal
sources to add an average of 1.7 uM of Ca®* to snow. Using the
assumptions discussed above, we calculate the equivalent atmo-
spheric abundance of aerosol-particle-bound Ca®* to be 0.7 pg m 3,
where that concentration from the 1 km atmospheric abundance
would be added to the underlying snow column. Alternatively, one
could get the same addition to snow by a lower atmospheric
abundance depositing to the snowpack over a longer period of
time. Observed aerosol particle Ca>" concentrations at Alert are
~0.046 pgm~> (Kawamura et al., 2007) and at NyAlesund are
~0.032 pg m > (Teinili et al., 2003). If one were to assume that the
snowpack was aged enough to have received the aerosol particle
calcium from roughly 10 to 20 atmospheric columns before the
sampling time, the aerosol abundance at Alert or NyAlesund could
explain the amount of calcium ions added to snow. The difference
between observations of aerosol and snow Ca?* concentrations
could be because different sources of dust bring Ca®* to different
parts of the Arctic. Many of our Ca**-enriched samples are from
inland areas in Alaska near the Brooks mountain range, while Alert
lies at higher latitudes in the Arctic and NyAlesund experiences
more marine conditions due to persistent nearby open water.

Interpretation of the Br~ correlation plot, Fig. 7, provided an
approximation of the maximum atmospheric removal of Br~ from
the snow to be 3 uM (section 5.4) and of maximum addition of Br~
to be 0.2 uM. Again, using the above assumptions, we obtain
a maximum addition of 40 pptv atmospheric bromine (as Br) added
to the snowpack surface and a maximum removal of 600 pptv of
atmospheric bromine leaving the snow. The addition of bromine to
the snowpack is in reasonable agreement with observations of BrO
that indicate peak levels around 50 pptv (Wagner et al., 2001;
Hoéenninger and Platt, 2002). The maximal removal from snow is
an order of magnitude larger than typical atmospheric abundances,
which might indicate that some limited regions of relatively saline
snow produce large amounts of reactive bromine that then spread

over wider geographic regions. Many of these samples that show
decreases in bromide concentration are from samples taken from
the sea ice, particularly the more saline FYI, which is in agreement
with the idea that snow on FYI is a source of reactive bromine
(Simpson et al., 2007b). It is also possible that, if frost flowers
produce large amounts of sea salt aerosol, this aerosol could release
reactive bromine before depositing to the snowpack. This deposi-
tion of concentrated and Br™ depleted sea salt to snow would then
appear in our samples as Br~ depleted snow.

Sulfate at low Na™ concentrations shows atmospheric addition
from sources other than sea salt. This SOF~ addition was approxi-
mated to be 1.4 uM from Fig. 7 in section 5.5. Using the same
considerations as discussed above, the equivalent aerosol N
concentration is 1.3 pgm>. This concentration is in agreement
with observations of nss-SO3~ at Alert (1—2 pg m—>) (AMAP, 1998),
which is in agreement with the idea that Arctic Haze can add N
from non-sea salt sources to the snowpack. However, the discus-
sion of calcium above indicated that the deposition of calcium to
snow might be integrated over time, as represented by multiple
atmospheric columns accumulating in the snow over time. Possibly
particle size differences might cause a difference in the depositional
behavior of sodium and calcium ions to the snowpack. At high Na™
concentrations there are SO~ enrichments and depletions that are
not explained by atmospheric fluxes, and thus we interpret them as
source fractionation of SOF~ through mirabilite precipitation and
sea ice formation processes as explained in section 5.5.

6. Conclusions

Correlation plots of major ions in snow with respect to sea salt
tracers show unique modification patterns for each ion. The
modification pattern’s shape depends on how the ion is affected by
source fractionation and atmospheric exchange. Potassium and
Mg?" are comparable to the values observed in sea salt, and Ca®" is
observably enhanced by dust or other sources. Atmospheric aerosol
Ca* concentrations appear to be in reasonable agreement with
snow enhancements. Bromide is affected by atmospheric
exchanges that both remove and add Br~ through atmospheric
bromine chemistry. Maximum depletion of bromine from snow is
roughly an order of magnitude larger than maximum enhance-
ment, indicating that bromine may be sourced from limited
geographic regions, and the resulting atmospheric bromine is
deposited over wider geographic regions. Sulfate modifications
suggested that SOF -depleted brine is the main source of SO~ for
surface snow and that SO -enriched brine is unique to first-year
sea ice. Addition of non-sea salt SO~ at atmospheric aerosol
abundances accounts for enrichment of SO~ in surface snow that is
observed at low sea salt tracer abundance. These observations
provide valuable insight into the chemical composition of surface
snow and snow—air interactions.
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