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Abiotic pathways for the formation of ozone-depleting
and other trace gases in the polythermal glacier
on Galindez Island, Maritime Antarctica

Abstract. The study aims to analyze trace gases in the composition of the polythermal glacier on Galindez Island in
Maritime Antarctica (65°14" S, 64°16' W) and possible pathways for their abiotic formation in the snowpack and the
superimposed or old cold ice. Polythermal glaciers are the most sensitive indicators of climate change. They are ideal
for studying chemical post-depositional processes that alter the trace gas composition of the ice core air and the mech-
anisms involved under the current climate warming. This study is the first attempt to assess the concentration range
of a large number of trace gases (except the previously studied O,, N,, Ar, and CO,) in polythermal and temperate
glaciers, which are widespread in Greenland, Svalbard, Canadian Arctic, Alaska, Alps, Andes, Tibet, Altai, and Mari-
time Antarctica. The ice porosity varies from 0.6% to (unique to superimposed ice) 7%. Qualitative analysis by GC-MS
was done for more than 200 organic and inorganic trace gases. A quantitative analysis of 27 compounds was performed
along the vertical profile of the glacier, including CO, and N,O, freons, chlorine-based solvents that are prohibited
by the Montreal Protocol, F-, Cl-, Br- and I-containing halocarbons, COS, CS,, CH,SCH,, CH,SSCH,, and pro-
pene. Statistical data (mean, minimal, and maximum values) for ten horizontal levels of the glacier were calculated for
their mixing ratios compared to background air. Most halocarbons, sulfur-containing compounds, and propene are
characterized by high enrichment factors. This suggests that the species can be formed in the snowpack and firn of
the glacier or its deep bubbling superimposed and old cold ice. Possible pathways of the gases formation include direct and
indirect photochemical reactions of the triplet state dissolved organic matter (DOM) in snowpack without or in the
presence of X~ ions (X = Cl, Br, I), dark redox reactions of Fe**, Mn*, Cu**, O,, H,0, or radicals HO, (HO, = HO-,
HO,’) with DOM in the presence of X~, reactions of HO, with DOM (with the participation of HO , H,0, or O,),
free radical reactions with alkenes, alkynes, and alkyl radicals, and miscellaneous reactions of methylmethionine and/or
S-containing peptides.

Keywords: firn, halocarbons, hydrocarbons, S-containing peptides, snowpack, superimposed ice

1 Introduction Lithi et al., 2008), CH, (Brook et al., 1996), and

N,O (Sowers et al., 2003) during industrial and
Firn and ice hold air entrapped in the past. Analy- | pre-industrial periods. However, the cores were
sis of this air enabled to study the change of main | recovered from cold sites that experience little or
greenhouse gases, such as CO, (Petit et al., 1999; | no melting, i.e., in the central regions of the large
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ice sheets of Antarctica and Greenland. Thus, it
is necessary to consider the atmospheric chemistry
data available from those glaciers where summer
melting is significant. Fortunately, the ice core re-
cords are also available from polythermal glaciers
(Arctic (Koerner & Fisher, 1990), the Andes, Africa
(Mt. Kilimanjaro), and Central Asia (Thompson,
2000)) that experience moderate melt.

Fowler and Larson (1978) were the first who pro-
posed the term polythermal glacier, which con-
sists of both temperate ice (i.e., ice at the melting
point) and old cold ice (i.e., ice below the melt-
ing point). They are the most available indicators
of climate change and chemical post-deposition-
al processes that alter the trace gas composition
of the ice core air and the mechanisms involved
under the current climate warming. However,
the original composition of firn air and ice core
bubbles of glacier can be changed by meltwater.

The meltwater in polythermal glaciers can per-
colate through the firn layers and the solution of
the chemicals can be enriched in the firn layers if
the temperatures are low for refreezing or at the
impermeable ice layers. Such a process may even
increase with the number of freeze-thaw cycles
(Davis, 1991). Studying these glaciers would sig-
nificantly extend the areas of the world accessible
for climate and atmospheric chemistry research.

The atmosphere above West Antarctica is war-
ming at 0.14 °C decade™!, and over the Western
Antarctic Peninsula (WAP) at 0.4 °C decade™;
the trend is stronger than anywhere else in the
world (Vaughan et al., 2003; Turner et al., 2005;
Vaughan, 2006; Steig et al., 2009). One of the
strongest trends was detected at the Ukrainian
Antarctic Akademik Vernadsky station (formerly
the UK British Antarctic Survey station Faraday):
0.56 °C decade™! (1951—2000), especially during
winter seasons in the 1990s. Since then, the trend
seems to have plateaued or decreased (Turner et
al., 2005; Chapman & Walsh, 2007). Of the 244
marine glacier fronts on the Antarctic Peninsula,
87% are retreating (Cook et al., 2005). The mass
balance of the AP is negative, with a loss of
~38.1 Gt yr!, mostly in the central and northern
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regions (~ —28.6 Gt yr~') (Chen et al., 2009). The
AP has greater similarity to subpolar glacial sys-
tems (e.g., coastal Greenland, Svalbard, Patago-
nia, and Alaska) known to be more sensitive to
atmospheric warming than to the cold ice sheets
over the rest of the continent.

The Argentine Islands are located between
65°12" S and 65°16" S and 64°11' W and 64°21’
W ~8 km from the Graham Land’s coast. From
observations at the islands during 1934—1937,
Fleming (1940) believed that the ablation of ice
caps far exceeded accumulation and that the ice
caps were ephemeral features and would quickly
disappear. Glaciological studies were carried out
by Roe from 1958 to 1960 (Thomas, 1963) on
Galindez Island (65°14" S, 64°16" W); he found
the formation of superimposed ice to be impor-
tant in maintaining the ice caps, even during a
warm summer. Thomas (1963) conducted more
in-depth glaciological observations from 1960 to
1962. He showed that over a few years, the budg-
et state of the island was one of equilibrium with
minor oscillations in surface level. Sadler (1968)
showed that ablation removed 66% of the gross
accumulation and that 22% of this resulted from
calving at the ice cliffs. Thomas (1963) and Sadler
(1968) suggest a relict nature for the ice cap be-
cause the very low elevation should not support
the ice cover present. From the observations, the
ice cap lies exclusively below the saturation line,
and the facies present are soaked, superimposed
ice, and ablation. As the initial volume of the
glacier (2002) was 2 038 367 m? and the volume
in 2019 was 1 750 317 m?, the total loss of the
initial volume (2002—2019) was 14% (Cisak et al.,
2008; Tretyak et al., 2016; Karuss et al., 2019).
According to Karuss et al. (2019), the maximum
ice thickness of the glacier is 35 m. The glacier
is thus related to typical polythermal glaciers,
which are depleted under the action of present-
day climate change in the AP region.

When glacier ice is formed by cold-snow com-
paction, 3 to 10% of air volumes are incorporated
as bubbles into the ice, and high polar glaciers
might give information about atmospheric com-
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position when the ice was formed (Coachman
et al., 1956). This condition is changed, however,
if melting occurs. The components dissolve in pro-
portions different from those present in the at-
mosphere. While O, composes 20.9% of the air,
it becomes 34.9% when air dissolves in ice-cold
water. Likewise, Ar and CO,, which are 0.9%
and 0.03% in air, respectively, become 1.9% and
1.8% of the air dissolved in water (Scholander et
al., 1961). Therefore, if air-equilibrated melt wa-
ter seeps through the snow and freezes, the dis-
solved gases separate and enrich any entrapped
air with CO,, Ar, and O,. In polythermal glaciers,
the composition of trapped gases may be altered
due to the different solubilities of the gases in
meltwater. The gases in glaciers subjected to par-
tial melting were preferentially depleted in order
of their solubilities: CO, > Ar > O,> N,. Alder
et al. (1969) presented two quantitative models
(bulk process and Rayleigh process) consistent with
the N,, Ar, and O, variations they observed. Thus,
depending on the temperature in the glacier, one
can expect either an enrichment of trace gases in
the firn air or air bubbles in the ice as the tempe-
rature decreases and water freezes, or a signifi-
cant decrease in their concentration due to their
dissolution and leaching from the glacier with
melt water.

The firn air and ice cores have been used to
examine the atmospheric variability of less abun-
dant trace gases such as CH,Cl, CH,Br, CH,I
and COS (Butler et al., 1999; Sturges et al., 2001a,
b; Montzka et al., 2004; Trudinger et al., 2004;
Saito et al., 2007; Williams et al., 2007; Saltz-
man et al., 2008; Aydin et al., 2008). The measu-
rements of trace gases in air trapped in polar firn
from Greenland and Antarctica show natural sour-
ces of chlorofluorocarbons, halons, persistent chlo-
rocarbon solvents, and SF, in the atmosphere to
be minimal or non-existent (Butler et al., 1999).
CH,Br concentrations at the top of the firn air
profiles at the two Antarctic sites are 20% higher
than at the bottom. More disturbing, however,
are the samples from seasonally warm and coast-
ally influenced Greenland site (Tunu): the CH,Br
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concentration reaches mixing ratios of nearly 50 pptv
at the firn-ice transition. This enrichment at depth
is not an artifact of analysis, storage or sample
collection. Concentrations of CH,Br, and CH,I
also increased at depth, although the anomalies
were smaller than for CH,Br, and the abiotic che-
mical transformation cannot be ruled out. Sturg-
es et al. (2001a) measured brominated, bromo-
chlorinated, and iodinated methanes in air ex-
tracted from deep firn at three polar locations
(two Antarctic and one Arctic) and showed that
the Arctic firn also contained extremely high lev-
els of CH,Br and numerous other organic gases,
evidently produced in situ. Carpenter et al. (2005)
performed observations of CH,I,, CH,IBr, and
CH,ICI in Arctic air and snowpack, as well as
other volatile organohalogens (VOXs), including
CHBr,. The VOXSs in snowpack were present at
the highest levels yet reported in the air. Swan-
son et al. (2002) showed significantly enhanced
concentrations of several trace gases in the snow-
pack (firn) pore air relative to the atmosphere at
Summit, Greenland. The alkenes, VOXs, and alkyl
nitrates are typically 2—10 times higher in con-
centration within the snow air than in the ambi-
ent air above the snow.

Swanson et al. (2007) compared two high-lati-
tude locations (Summit, Greenland, and the South
Pole) and two mid-latitude ones (northern Mi-
chigan and Niwot Ridge, the USA). At each site,
CH,I and C,H,I were more enriched within the
interstitial air near the snow surface than in the
boundary layer air. Except for the Niwot Ridge,
CH,Br was released from surface snow to the at-
mosphere. The methyl halide mixing ratios in firn
air were significantly greater at the Summit than
at the South Pole, with the Summit showing a
strong diurnal cycle in the production of VOXs
that was well correlated with actinic radiation
and firn temperature. Jacobi et al. (2004) perfor-
med measurements of trace gases in air filtered
through the pore spaces of the surface snowpack
at Summit, Greenland. The firn air concentrations
of NO, NO,, HONO, HCHO, HCOOH, and
CH,COOH (but not HNO, and H,O,) were en-
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hanced compared to the atmospheric boundary
layer above the snow. The differences were highest
during the day hours and lowest during nighttime.
Kos et al. (2014) measured halogenated, aromatic,
and oxygenated volatile organic compounds (VOCs)
in snowpack in Alert, Canada. Maximum concen-
trations in snow were 39 ug L' (styrene). Snow
profiles showed an enrichment of most VOCs close
to the surface. Maximum VOC concentrations
were up to 1.3 ug L' (acetophenone). Bromo-
form in frost flowers averaged 0.19 ug L', indi-
cating the potential to contribute to bromine
generation. Abrahamsson et al. (2018) measured
bromocarbons in sea ice, snow, and air during the
Antarctic winter. They found an unexpected new
source of organic bromine in the atmosphere dur-
ing periods of no sunlight. The Antarctic winter
sea ice provides ten times more bromocarbons to
the atmosphere than the Southern Ocean waters
and much more than summer sea ice. In the ice
core record from the remote sub-Antarctic Island
Bouvet (3 °E, 54 °S), it was quantified the pres-
ence of many organic compounds and chemicals
more commonly measured in ice cores (King et
al., 2019). Chloride, bromide, nitrate, sulfate,
potassium, calcium, magnesium, ammonium, me-
thanesulfonic acid (MSA), oxalate, formate, ace-
tate, oleic acid, D-malic acid, pimelic acid, meso-
erythritol, and B-nocaryophyllonic acid were all
detected in significant concentrations in the core.
The above observations of trace inorganic and
organic volatile compounds, in higher than usual
amounts in the bottom layers of ice cores, firn
air, and in snowpack in polar regions with mod-
erately warm conditions, can be evidence of for-
mation of the species as a result of the abiotic or
biotic transformations of their precursors in such
media. These compounds can then be concentra-
ted in deeper layers of the glaciers during their
transport with infiltration water and the repetition
of freeze-thaw cycles in the glaciers in moderately
warm regions of coastal Antarctica (Bazylevska
& Bogillo, 2003; Bogillo et al., 2003). An increase
in the intensity of iceberg calving from outlet and
shelf glaciers of coastal Antarctica and an increase

ISSN 1727-7485. Yipaincokuii anmapkmuynui acypran, 2023, T. 21, Ne 2, https,//doi.org/10.33275/1727-7485.2.2023.715

in the rate of glacier ablation with an increase in
temperature in these regions can enhance the
emission of these substances into the atmospher-
ic boundary layer and coastal surface waters.
This paper presents the results of analyzing trace
gases in the composition of the polythermal gla-
cier on Galindez Island in Maritime Antarctica.
It considers possible pathways for their abiotic
formation in the snowpack and the superimposed
or old cold ice. Preliminary results of the study for
the trace gases in the upper and bottom layers of
the glacier only were reported in (Bogillo et al.,
2003). However, the applied approach for estima-
ting atmospheric mixing ratios for the gases with
Xe, possessing relatively high solubility in water,
as a measure of relative air amount in the ice
sample, was more appropriate for high polar gla-
ciers than for the superimposed ice in polythermal
glaciers. Also, our choice of a standard gas such
as CO, could have been unfortunate. This gas is
the final product of numerous abiotic and biotic
organic matter decomposition processes of in oxic
conditions. Therefore, its concentration in ice sam-
ples can exceed the atmospheric concentration
due to its dissolution and refreezing of meltwater
and the dissolved organic matter (DOM) fate
following the photochemical and dark redox re-
actions in the snow and ice (Jaworowski, 1994).

2 Materials and methods

Ice was sampled in February—March 1998 on the
ice cliff of the main glacier (Galindez Island, Ar-
gentine Islands, West Maritime Antarctica) 40 m
above sea level. The procedure included the sam-
pling of ice blocks for 9 levels of sloping glacier
from levelling holes (horizontal ice tunnels) at 1
to 2 m from the vertical outer wall of the glacier,
using a chain saw to cut out large blocks of solid
ice (40 x 40 x 30 cm). The sample from the top
of the glacier was taken using a chain saw to cut
out the ice block from the vertical borehole (2 m)
on the plateau of the upper part of the glacier at
~2 m from the outer wall. The surface of all walls
of the selected samples was thoroughly cleaned
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with a metal scraper (up to 3 cm); they were
packed in plastic containers, sealed, and kept in a
freezer at the Akademik Vernadsky station. Their
transportation to Odesa and further along the route
Odesa — Kyiv — Frankfurt on Main — Katlen-
burg — Lindau was carried out, respectively, by
the RV Ernest Krenkel and cars at T < —10 °C.

The extraction and cryogenic concentration of
trace gases in the ice samples and their analysis
by gas chromatography-mass spectrometry were
carried out under the direction of Dr. Reinhardt
Borchers in his laboratory in the former Max-Planck
Institute for Aeronomy, Katlenburg-Lindau, Ger-
many (Max-Planck Institute for Solar System
Research after June 2002). Ice samples were stored
in sealed containers (high-density polyethylene)
in a Liebherr freezer at —25 °C. Before analysis,
ice blocks were cleaned by cutting ice layers 4—5 cm
thick from all walls with a special steel saw. Up
to approximately 2.5 liters of crushed ice sample
was taken for analysis. The analyzed part of the
sample was placed in a cylindrical glass vessel with
a capacity of more than 3 liters, equipped with a
steel lid with pipes and valves. The lid was sealed
with steel clips and an intermediate O-shaped
silicone rubber gasket.

In the initial experiments, a wet extraction
procedure (repeated melting of ice samples from
—20 °C to 5 °C and their subsequent freezing
under vacuum) was used for an ice sample from
the upper layer of the glacier. This procedure con-
tinued for almost 10 hours. Volatile compounds
released from the walls of the sample during the
warming cycles were collected using a vacuum pump.
The control of volatile impurities adsorbed on
the outer walls of the ice sample was carried out
by gas chromatography with a mass spectromet-
ric detector (GC-MS: Varian 3300/Saturn 4D).

Due to the possible emission of some gases (COS,
hydrocarbons, organosilicon compounds, etc.) from
the ring used for sealing under the lid of the glass
vessel, in further experiments, this vessel was replaced
by a steel one. The connection of the vessel with
a steel top cover was carried out without silicone
rubber. This improved the quality of further GC-MS
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analysis. The procedure of repeated melting and
freezing of ice samples described above was re-
placed by continuous melting of samples from
—25 °C to 0 °C for six or more hours.

During the melting process, analysis of desor-
bing gases was periodically performed. This change
in the procedure was due to the high adsorption
and dissolution of the trace gases in thin water
films from the air falling on the outer walls of ice
samples during their preparation and operations
in the laboratory. The level of freons produced
after 1931 (CFC-11, CFC-12, and HCFC-22)
in the air released during the melting of samples
was used as an indicator of their contamination
from modern air. Full gas extraction by helium
and analysis were performed only after establish-
ing a constant minimum signal of these com-
pounds in the mass spectra. The average amount
of air extracted from ice samples ranged from 10
to 30 cm?® per kilogram of solid sample.

Before the analysis, the carrier gas (ultrapure
He) passed through the sample vessel and a short
trap filled with a water vapor absorber (dry mag-
nesium perchlorate) at a constant flow rate. After
this trap, the gas containing extractable gases
from the ice fell into a steel concentration loop
(0.7 ml) filled with glass beads and immersed in a
Dewar vessel filled with liquid nitrogen at —196 °C.
After the most volatile gases (helium, etc.) were
pumped out, this loop was heated to 80 °C in a
desorber filled with boiling water, and its con-
tents were transferred by the carrier gas to the
next small empty focusing loop placed in a De-
war vessel at —196 °C. The sample was injected
into the gas chromatograph by rapidly heating
this loop in the next desorber.

Chromatographic separation was done on a cap-
illary column filled with OV-101 silicone statio-
nary phase (60 m x 0.32 mm, film thickness 1 um)
using the following temperature program: initial
temperature —60 °C, rate of its increase from
10 °C min™' to 150 °C. MS analysis of indivi-
dual peaks in the chromatogram was performed
in the scanning range of 48—200 amu. They were
identified by the most characteristic ion of the frag-
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ment for compounds and based on the ratio be-
tween the number of scan cycles (directly propor-
tional to the retention time of the gas, t,) and the
gas’s boiling point at a given temperature program.

Calibration for CH,I, C,H.I, CS,, CH,SCH,,
CH,SSCH,, and COS was performed by three-
fold dilutions of standard compounds (Aldrich)
in artificial air prepared in the laboratory. For
quantitative analysis of other compounds, the in-
tensities of their characteristic peaks in the mass
spectra were compared with those known for these
compounds in a calibrated air standard (Max Planck
Institute for Chemistry, Mainz, Germany, 1997)
under the same chromatographic conditions.

In subsequent calculations of atmospheric mi-
xing ratios of the gases with respect to air, xenon
(1**Xe isotope in the mass spectra) was used as a
standard. It was assumed that the current atmos-
pheric mixing ratio for this gas (7.1 ppbv) in the
coastal Antarctic atmosphere has not changed over
the past 4 000 years, and its concentration in ice
samples is proportional to the total air concen-
tration from the samples studied. Therefore, to
calculate the enrichment factor for the gases in
ice samples, we used data on the relative con-
centration of xenon, atmospheric mixing ratios
of gases in calibration mixtures, and the peak in-
tensities in the mass spectra of gases in ice samples.
Xe, CO,, and CF, analysis in air from ice samples
was performed on a gas chromatograph with a
GC ParaPlot capillary column and a Baltzers quad-
rupole MS detector. The following temperature
program was used: the initial temperature was
—20 °C, the heating rate was 15 °C min~', and
the final temperature was 155 °C. N,O analysis
was performed by GC with a helium discharge
detector under isothermal conditions at 30 °C on
a GC ParaPlot Q column. The relative error in
determining the atmospheric mixing ratios using
these methods was 15—20%.

Ice cores from boreholes at the top of the gla-
cier were obtained in February 2019 with a thermal
core drill. Measurements of electrical conductiv-
ity and pH values of melt from the ice samples of
the cores (the core overall length was 400 cm, and
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the length of each ice sample was 10 cm) were
performed with conductometers EZDO (KUSAM-
MECO, India), SX-650 (UK) and pH-meter Han-
na pH 211 (UK). The density of the ice samples
was determined using the volumetric and gravi-
metric methods.

3 Results

More than 200 VOCs have been identified in the
upper layers of the glacier, including saturated and
unsaturated hydrocarbons, alcohols, phenols, al-
dehydes, ketones, carboxylic acids, ethers and es-
ters, heterocyclic compounds, F-, ClI-, Br-, I-, S-
and Se-containing acyclic, aromatic, and heter-
ocyclic compounds. Most compounds have known
natural sources (emission by land and ocean ve-
getation, from the lithosphere) or are formed in
reactions with reactive radicals, H,0, and O, in
the troposphere (Seinfeld & Pandis, 1997).

In the subsequent analysis of ice samples tak-
en from different levels of the glacier, the com-
pounds present in Table 1 and Figure 1, as well as
N,O, CH,SCH,, CH,SSCH,, CF,, CH,Br,, CHBr,,
and CH,=CHI, were quantified. Besides the gas-
es, many other compounds were identified in the
ice sample from the upper part of the glacier, such
as VOXs (CIC=CH, BrC=CH, CH,CH,CHCI,
CH,CH=CHCI, CH,CH,Br, CIC=C(], CICH,CH=CH,,
CH,CHCICH,, CH,CIBr, CICH=CH-CH,CH,,
CH,C(CH,)=CHCI, CH,CH=CHCI, CICH,CH=CHCH,,
CICH,CH,Cl, CH,CCI=CHCH,, CH,CH,CH,CH,CI,
2-CI-C,H,0, 3-CI-C,H,0, CHCLBr, CL,C=CHCI,
CH,CH,CH,CH,Br, CH,CII, CICH,CH(CI)CH,CH,,
Br-C,H,0, CCIL,Br, CHBr,CI, BrCIC=CHCH,,
Cl-C,H,S,C H,C],CH,CICLC=CCICH=CH,,
CHBr,CI-CH,CH,,1,4-CLCH,,1,2-CLCH,,
CH,C(=0)Cl, CH,C(=0)Br) as well as S- and
Se-containing compounds (COSe, CH,S,
3-CH,C,H,S, 2-CH,C,H.,S, 2-C,H,CH,S,
2,3(CH,),CH.S, 3,4-(CH,),C,H,S, 2-C,H,C,H.S,
2-C,H,-5-CH,C H,S). Also, we identified C -C,
saturated carboxylic monoacids; 11 alcohols, phe-
nols, ethers, and esters; 24 heterocyclic compo-
unds, including substituted furans and thiophenes;

155



CH,CI, CHC, CCl,

e

0 1x10* 2x10* 3x10* 0 20 40 60 80 100 0 200 400 600 0 100 200 300
C,, pptv C,, pptv C,, pptv C,, pptv
(a) (b) ()] (d)
H, m
40 | CH,Br CH,I C,H,Cl C,H.I
35+
30 F
25 F
20
15+
10 1 1 1 1 1 1 1 1
0 100 200 300 400 0 200 400 600 800 0 100 200 300 0 200 400 600
C,, pptv C,, pptv C,, pptv C,, pptv
(e) (® (&) (h)
H, m
40 CL,C=CCl, CH,=CHCI CH,CCl, CFC-11
35
30
25
20
15
10 1 1 1 1 1 1 1 1 1 1
0 100 200 300 0 2000 4000 6000 0 100 200 0 400 800 1200
C,, pptv C,, pptv C,, pptv C,, pptv
() 0); (k) )
H, m
40 - CFC-12 CFC-113 CFC-114 HCFC-22
10 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 0 100 0 1000 2000
C,, pptv CA, pptv CA, pptv C,, pptv
(m) (n) (0) (p)

156 ISSN 1727-7485. Ukrainian Antarctic Journal, 21(2), 2023, https://doi.org/10.33275/1727-7485.2.2023.715



M. Bazylevska, V. Bogillo: Abiotic pathways for formation of trace gases in glaciers

H, m
40 Co, CH,=CH—CH,
35+
30 -
B 0<’
20
15 H
10 — —,
0 5,0x10°  1,0x10 20><10 40><10 0 50><10 10><10 50><10 10><10
C,, pptv C,, pptv C,, pptv C,, pptv
()] (r) (s) (t)

Figure 1. Atmospheric mixing ratios of trace gases in ice samples taken along the vertical profile of the glacier on the
Galindez Island: CH,CI (a), CH,Cl, (b), CHCI, (c), CCl, (d), CH,Br (e), CH,I (f), C,H,Cl (g), C,H.I (h), CLC=CCI, (i),
CH,=CHCI (j), CH,CCl, (k), CFC-11 (1), CFC-12 (m), CFC-113 (n), CFC-114 (0), HCFC-22 (p), CO, (qg), COS (1),

CS, (s), CH,=CH—CH, (t)

18 aromatic hydrocarbons; 3 substituted ethynes,
and 35 acyclic and cyclic alkenes.

The atmospheric mixing ratio of CF, found in a
sample from the bottom part of the glacier, which is
50% lower than its current content in the atmos-
phere, is close to that obtained from pre-industrial
firn air and ice cores, ~34.05 £ 0.33 pptv (Trudinger
et al., 2016). It confirms the natural origin of CF,. In
addition, a three-fold enrichment was found in ice
samples from the bottom of the glacier for a green-
house gas such as nitrous oxide (N,0), which has
both natural and anthropogenic sources. A quantita-
tive analysis of air from an ice sample taken from the
upper part of the glacier showed the presence of
other VOXs: CH,=CHI, CH,Br,, and CHBr,.

Measured profiles of atmospheric mixing ratios
for 20 trace gases in the ice samples along the
height of the glacier are shown in Figure 1 (a)—(t).

One of the probable reasons for the enrichment
of trace gases in the ice of a polythermal glacier
after deposition on the snow surface may be their
dissolution in meltwater during summer, percola-
tion in dissolved form into pores of deeper layers
of snow and firn in the upper part of the glacier,
the formation of a hard impermeable ice crust over
these layers during the cold seasons, the repetition
of such freeze-thaw cycles, and mixing of dissolved
gases with a part of the gases that were in a ga-
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seous and adsorbed state in the pores. During the
firn-ice transition, these pores close, and the air
bubbles formed in the ice already contain these
gases in concentrations that can far exceed their
levels in the atmosphere.

As follows from (Butler et al., 1999), the freon
CFC12 is of fully technogenic origin. It has not
been detected in the air of polar firn older than
100 years and does not decompose in the tropo-
sphere, seawater, soils, or bottom sediments. Thus,
CFC12 was selected as a standard in our subse-
quent calculations. The enrichment factor (EF) for
each gas is calculated as the C,/C ratio, where
C, is the apparent mixing ratio of the gas in the
air space of an ice sample, and C is the mixing
ratio of the gas in modern boundary atmospheric
layer or air in the upper firn. The C, values for
the gases were taken from (Berresheim, 1987; Ru-
dolph et al., 1989; Reifenhiuser & Heumann, 1992;
Langenfelds et al., 1996; Berresheim et al., 1998;
Lewis et al., 2001; Sturges et al., 2001a; Fischer et
al., 2002; WMO, 2002; Sturrock et al., 2002; Kep-
pler et al., 2002; Low et al., 2003; Trudinger et al.,
2004; Read et al., 2008; Bonsang et al., 2008; At-
kinson et al., 2012; Sander & Bottenheim, 2012;
Lennartz et al., 2020).

Table 1 shows C ¢ values for the trace gases and
statistical data for apparent C, values, the ratios
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of enrichment factors (EF) for the gas (X) to EF for
CFCI2 (EF,/EF,,,,), and those normalized to the
water/air partition coefficients for gases at 0 °C
(K,,,) for X and CFCI2 (EFX/KW/EFCFCIZ/KW) in ice
samples from layers of the glacier. The dimension-
less K,,, values were obtained using Henry’s law
constants for the gases in water (in Pa m? mol™)
and their water/air partition enthalpies (in kJ mol™")
for the gases from (Sander, 2015).

As evident from Table 1, most VOXs, S-contai-
ning gases, CO,, and propene demonstrate high me-
dian EF,/EF,,.,, ratios (except for CFC (11, 113,
114), HCFC22, CCl,, CH,Cl,, and C ,H,Cl,). This
can be interpreted as evidence of the possible for-
mation of the gases in the snowpack, firn, and/

or ice of the glacier or, again, for the effect of the

gases’ high solubility in the cold water of the gla-
cier on the apparent mixing ratios in ice samples
(C). Exact estimation of the solubility effect is
impossible without knowledge of the distribution
of liquid water in the polythermal glacier. To con-
sider the effect of gas solubility, we used an em-
pirical ratio as EF, . /EF ... ... From Table 1,
these ratios for most gases are substantially lower
than the previous EF,/EF,, ., ratios. This demon-
strates the necessity of accounting for the contri-
bution of the gas solubility to the apparent atmo-
spheric mixing ratio of a gas in an ice sample. High
enrichment factors in comparison with their con-
tent in background air over Antarctic Peninsula
are also found for such trace gases as CH,SCH,

(12 000), CH,SSCH, (>15 000), CH,Br, (25), CHBY,

Table 1. C values for the trace gases and statistical data for apparent C, values, the ratios of enrichment
factors for the gas (X) to EF for CFC12 (EF,/EF,,.,,), and those normalized to the water/air partition

coefficients at 0 °C (K,,,) for X and CFCI12 (EF, , /EF,

X/Kwa

CFC12/Kwa

) in ice samples

co CA’ pptv EF, x/ EF, CFCI2 EF, X/Kwa/ EFCFCIZ/Kwa
Trace gas pﬁ‘t\)/ . . . . ‘ ‘

Min Max Median Min Max Median Min Max Median
CH,CI 538 725 34148 6053 2.60 147 14.8 0,06 3.44 0.35
C,H,Cl 1.60 64 303 176 73 1200 113 3.12 51.2 4.80
C,H,Cl 25 528 5459 2914 53 941 156 4.48 80 13.26
CH,Br 8.00 12 364 158 3.00 183 21 0.06 3.5 0.39
CH,I 2.00 7.00 758 283 7.00 3040 197 0.10 42 2.74
C,H.I 0.20 35 664 378 350 24050 1903 5.38 370 29.24
CO, (ppmv) 370 635 10000 3529 1.56 70 11 0.19 8.5 1.30
COS 325 2862 376311 44761 17.6 2316 197 2.55 335 28.56
CS, 10 1016 10377 6324 203 6733 769 8.53 283 32.28
HCFC22 120 6.20 2231 102 0.40 37 1,00 0,03 3,22 0,09
CFCI12 540 37 1824 276 1.00 1.00 1.00 1.00 1.00 1.00
CFCl11 260 68 1135 177 0.39 8.8 1.45 0.10 2.36 0.39
CFC113 82 28 126 66 | 0.21 4.00 1.00 0.02 0.29 0.07
CFCl114 17 0.00 14 0] 0.00 1.00 0.00 0.00 393 0.00
C,H.Cl, 80 0.00 249 79 | 0.00 6.20 1.20 0.00 0.28 0.05
CH,CI, 9.0 0.00 87 46 | 0.00 15.0 4.73 0.00 0.10 0.04
CHCI, 6.0 0.00 692 49 | 0.00 91 15.60 0.00 0.76 0.13
CCl, 98 0.00 262 50 | 0.00 1.50 0.63 0.00 0.10 0.05
C.Cl, 1.50 0.00 258 42 | 0.00 344 | 35.34 0.00 11.70 1.20
C,H, 46 13860 | 905405 | 144867 416 49207 5052 168 19858 2039
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Figure 2. The density (a), porosity (b), electrical conductivity (melt) (c), and pH value (melt) (d) of the ice samples
taken along the ice core drilled in the top of the glacier on Galindez Island

(360), and CH,=CHI (600) in the upper part of
the glacier.

Figure 2 (a)—(d) shows profiles of density (py),
porosity (P), electrical conductivity (EC, melt), and
pH value (melt) of the ice samples taken along
the ice core drilled at the top of the glacier. The
porosity of the samples (P) was calculated as P =
= (1 = py/p,) x 100%, where p is the density of
clear ice (0.917 g cm™). The ionic concentra-
tions (proportional to EC values) vary with depth,
implying that percolating water does not destroy
primary seasonal and storm variations in soluble
aerosols in the snow and ice. The ice core consists
of alternating layers of superimposed ice and nor-
mal glacier ice containing air bubbles. The density
of the layers varies between 0.85—0.91 g cm™3,

In contrast to cold glaciers, where density increa-
ses gradually down to 50 m, in the polythermal glacier,

the density reaches 0.8 g cm™ at 0.5—3 m. Surface
melting on the glacier affects the fractionation of trace
gases between ice, liquid water, particulate phase, and
air, resulting in spatial redistribution of gases.

Statistics for the parameters (p,, P, EC, and pH)
along the ice core profile (400 cm deep) at the
top of the glacier are presented in Table 2. Between
total dissolved substances (7DS, mg L') and
electrical conductivity (EC, in pS cm™), there
exists a simple relation: 7DS = 0.64 x EC. On the
other side, NaCl in the sea spray aerosols con-
tributes the main part of the total dissolved sub-
stances in snowpack in this coastal region (up to
80%) (DeFelice, 1998; Jammoul et al., 2009; de
Leeuw et al., 2011; Nowak et al., 2018). A crude
relation between EC value (uS cm™!) and NaCl
concentration (80% of TDS, mg L") in the melt
of coastal snow is TDS(NaCl) = 0.55 x EC.

Table 2. Statistics for parameters along ice core profile (400 cm deep)

on the glacier (Galindez Island, Maritime Antarctica)

Parameter Unit Min Max Mean s. d. Median
Density gcm™? 0.853 0.912 0.891 0.011 0.892
Porosity % 0.550 6.980 2.827 1.147 2.730
Porosity Volume fraction 0.0055 0.0698 0.0283 0.0115 0.0273
Conductivity uS cm™! 12.6 55.0 32.57 11.10 31.70
TDS(NaCl) mg L™! 6.3 27.5 16.29 5.55 15.85
TDS(NaCl) mmole L™! 0.108 0.471 0.279 0.095 0.271
pH - 5.55 6.29 5.80 0.16 5.79
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All total ionic concentrations and pH values vary
with depth, implying that the percolating water
does not destroy primary seasonal variations in
impurities and storm events in the ice core. If melt-
water had a significant effect on conductivity and
pH values along the glacier’s vertical profile, we
would obtain smooth curves of conductivity and
pH increasing or decreasing with ice core depth.
In addition, an increase in the amount of melt-
water in the glacier is usually observed in the
spring-summer season, which affects the electri-
cal conductivity of the ice (probably reducing it,
which may indicate a change in season).

The density of the samples ranges from 0.85 to
0.91 g cm™3, which is characteristic of infiltration
ice bands and lenses, superimposed or refrozen
infiltration, and dynamically metamorphized ice.

The porosity of ice samples varies in a narrow
range (0.6—7.0%; mean P = 2.8%); this is below
the mean ice porosity in polar glaciers (P~ 10%).
Because the ice sample consists of three phases:
bulk ice with relative volume 6, liquid water with
0,,, and gaseous air with 0, their sumis 6, + 0, +
+ 6, = 1. Then, the ice sample’s relative total
porosity is P~ 6, + 6,. Marchenko et al. (2021)
calculated the volumetric water content of firn as
1.0—2.5 vol.% above the depth of 5 m and <0.5
vol.% below the accumulation zone of Lomono-
sovfonna, Svalbard. Pettersson et al. (2004) ob-
tained a mean water content of 0.8% of Storgla-
cidren, northern Sweden. Then, possible gas phase
reactions of VOXs precursors, and especially li-
quid-phase reactions, can occur in very confined
spaces of air bubbles in the superimposed ice sam-
ples from polythermal glaciers. The possible impacts
of such bubbles’ geometry on the rate and direc-
tion of chemical reactions are discussed below.

4 Discussion

4.1 Abiotic pathways of the trace gases’
formation in the environmental compartments

Photochemical pathways

The sea surface microlayer (SML) concentrates ma-
ny chemical compounds, such as amino acids, pro-
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teins, fatty acids, lipids, sugars, phenols, and hu-
mic substances, compared to the sub-surface wa-
ter (Liss & Duce, 1997). Sea spray aerosols (SSA)
contain a large fraction of the organic compo-
unds in the SML (Clark & Zika, 2000). They are
also clearly enriched in dissolved organic matter
(DOM) with chromophoric dissolved organic mat-
ter (CDOM), containing carbonyls and aromat-
ics with multiple double bonds, enabling them to
absorb light (McNeill & Canonica, 2016). Such
compounds will act as photosensitizers for other
dissolved compounds, which are photochemically
inactive (by absorbing irradiation and transferring
this energy) (Canonica et al., 1995). Such pho-
tosensitized processes can bring about the pro-
duction and emission of VOCs from the air-sea
interface (Ciuraru et al., 2015; Fu et al., 2015;
Briggemann et al., 2017; Mungall et al., 2017;
Kaur & Anastasio, 2018).

Halide anions (Cl-, Br—, and 1) are present in
seawater (Carpenter & Nightingale, 2015), in the
SML, and marine aerosols. The aqueous phase
oxidation of halides can occur by electron trans-
fer from the halide anion to the excited state of
photosensitizer (e.g., aromatic ketones) (Jam-
moul et al., 2009; Tinel et al., 2014).

As it follows from (Grannas et al., 2007), radia-
tion scattering leads to the high albedo of snow
in the visible and UV regions, and enhances the
absorption probability and photochemical rates for
photosensitizers and other absorbers in the snow-
pack. The e-folding depth of the radiation in the
UV-B to visible part of the spectrum in snowpack
is in the range from 5—25 cm, however more larg-
er values around 50 cm are observed in temper-
ate snowpacks with large grains formed by melt-
freeze cycles (Domine et al., 2008).

The formation of reactive halogen atoms may
lead to the formation of VOXs that may par-
tially degas in the air aloft. Under simulated
solar irradiation, different VOXs were detected
when a proxy of DOM, i.e., 4-benzoyl benzoic
acid, was excited into its triplet state (Roveretto
et al., 2019). These photochemical reactions oc-
cur at the air/sea interface and can potentially
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supply VOXs to the atmosphere. Such transfor-
mations are also possible at a glacier’s air/snow
interface during sunny days (Domine et al.,
2008; Grannas et al., 2007). Liu et al. (2020a)
established the photochemical production of
CH,Br from syringic acid (SA) as a model com-
pound for DOM. Two pathways have been pro-
posed for CH,Br formation from SA in the
Br -enriched water under sunlight irradiation:
via attack of Br~ on the protonated SA in the
excited state and via the recombination of CH,
radical and Br- when Fe(III) was present. Also,
Liu et al. (2020b) investigated how CH,CI is
produced from the humic acid (HA) in sunlit
saline water and how it is affected by the con-
centration of HA, CI-, Fe(Ill), and pH. CH,Cl
was generated upon irradiation, and its amount
increased with increasing irradiation time and
light intensity. Mendez-Diaz et al. (2014) es-
tablished the formation of organobromine and
organoiodine during solar irradiation of DOM
in artificial and natural seawaters. Increasing 1~
concentrations promoted increases of up to
460% in organoiodine content at the expense of
organobromine formation under the same con-
ditions.

The TiO, nanoparticles (NPs) can photocat-
alytically halogenate DOM to form a large num-
ber of organobromine (OBCs) and organoiodine
compounds (OICs) (Hao et al., 2018). Various
OBCs and OICs were detected in freshwater
and seawater under sunlight irradiation, even
in the presence of 1 mg L~! NPs, indicating the
photocatalytic roles NPs played in DOM halo-
genation. The OBCs in freshwater were found
to be formed mainly via substitution or addi-
tion and accompanied by other reactions such
as photo-oxidation. In contrast, the OBCs in
seawater and OICs were formed primarily via
substitution.

The oceans are a net source of light nonmeth-
ane hydrocarbons (NMHCs) to the atmosphere,
being likely relatively more important in the So-
uthern Hemisphere, where land and industrial so-
urces are less abundant. According to (Ratte et al.,
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1998), alkenes are not directly produced by ma-
rine organisms but are formed by the photoche-
mical degradation of DOC. The likely source of
propene, found in high concentrations in ice sam-
ples from the upper and lower parts of the glacier,
is the photochemical decomposition of DOC pro-
duced from macro- and/or microalgae during their
growth or death and transferred on the glacier
surface as well as emitted by primary sea aerosols
enriched by sea microfilm DOC. It is described
by a type II Norrish photoreaction scheme (a-
cleavage of carbonyls in aqueous solution) (Ratte
et al., 1998):

R(C=0)CH,CH,CH,+ iv —
— RC=0' + CH,CH,CH,
RC=0' + CH,CH,CH, —

> R(C=0)H + CH,=CHCH,

It can be assumed that a DOC transported from
the ocean surface in stormy weather towards the
surface of a coastal glacier will behave similarly to
the oceanic SML. Propene can dissolve in quasi-
liquid layer on the ice particles surface, in perco-
lating water, etc. Its formation in the photochem-
ical reactions in snowpack is well-confirmed
(Swanson et al., 2002). Therefore, propene can
also be formed directly during the photolysis of
the oceanic DOC deposited on the surface of the
upper part of the glacier.

The main natural source of COS in the atmos-
phere above the oceans is the photolysis of DOM
in the SML, which is described by (Fléck & An-
dreae, 1996):

R(C=0)R’ + Av — [RC=0- + R’|
[RC=0+ ‘R’] + R”SH —
—R”S-+ RC=0- + '\R’'H
R”S- + RC=0- - RC=0-SR”
RC=0-SR” + v - R-R” + COS

The most probable pathway for the formation
of CS, can also be the photolysis of DOM in the
ocean’s surface layer (Xie et al., 1998). Such com-

ponents of DOM in the surface layer of seawater
as cysteine and cystine can serve as precursors of
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CS,, and OH radicals are important intermedi-
ates of this process:

HSCH,CH(NH,)C(=0)OH 2 ,
_mo: , HSCH,CHO + NH, + CO,
HSCH,CHO _¢%_, HCS + CO,
2HCS — CS, + CH,:

Thus, CS,, like COS and propene, is formed in
the ocean along a similar path of photolysis of DOM
of biogenic origin in the surface water layer. By
analogy with the formation of propene found by
Swanson et al. (2002) during the photolysis of DOM
on the snow surface, we can assume the same
source for the formation of CS, and COS in the
glacier snowpack.

Since the pathway of most considered trace
gases can be the photochemical decomposition
of DOM of biogenic origin in the snowpack and
subsequent free-radical transformations of the
intermediates, it is necessary to consider such a
source for the chlorohydrocarbons.

The results of numerical simulation (Herrmann
et al., 2003) indicate that the main contribution to
the formation of Cl atoms in the marine bound-
ary layer (MBL) includes such liquid-phase pro-
cesses as: CIOH™ + H* —» Cl + H,0O, SO,” +
+ CI" - CI + SO, and NO, + CI" - NO,” +
+ Cl, as well as the gas-phase reactions: HCI +
+ OH — CI + H,0, HOCI + v — Cl + OH,
Cl, + Av —» 2Cl and BrCl + Av — CI + Br. The
interaction of the Cl atoms formed in these trans-
formations with DOM in the snowpack can lead
to the formation of CH,Cl, C,H,Cl, and CH,=CHCI
due to addition and substitution radical reactions.
An argument in favor of the assumption about
the predominant formation of CH,CI as a result
of radical reactions initiated by the photolysis of
DOM can be the observed relationship between
its amount in ice samples and that of COS for-
med in this way: [CH,CI] = (0.080 £ 0.006) x
x [COS]J; r = 0.973.

The volume mixing ratio of CH,Br in ice sam-
ples from the glacier, as well as in the firn air
from the Arctic (Butler et al., 1999; Sturges et al.,

162

2001a), significantly exceeds its ratio in the present
atmosphere, and its enrichment factor in these
samples varies from 10 to 45. From a compari-
son of changes in the ratios of CH,Br and other
trace gases in ice samples, positive trends were
found: [CH,Br] = 120 £ 30 + (0.005 £ 0.003) x
x [CH,CI]; r = 0.617, [CH,Br] = 110 £ 30 +
+ (0.09£0.06) x [CH,I]; r = 0.493 and [CH,Br| =
=120 % 30 + (0.0006 £ 0.0002) x [COS]; r = 0.745.
These trends may indicate a common source
of formation of these compounds in the ice sam-
ples. We can assume the free-radical pathway for
the formation of CH,Br, initiated by solar irradia-
tion of a DOM containing carbonyl groups and/
or methyl thiol groups (Swanson et al., 2002):

R’(C=0)CH, + Av -»R’C=0- + CH,;
OH: (RO, ROO') + Br —

— OH™ (RO~, ROO") + Br-
CH; + Br- - CH,Br
CH,SCHO + OH: - CH,S(OH)CHO-
CH,S(OH)CHO" + Br- —»

— COS + CH,Br + H,0

Thus, the role of solar irradiation is reduced to
the photochemical dissociation of a-carbonyls
(the Norrish reaction of type II) and the photo-
chemical formation of Br- atoms and OH- radi-
cals. The common source of CH,I and C,H,I in
samples from different layers of the glacier is in-
dicated by the obtained trend of an enhance-
ment in the mixing ratio of C,H,I with an in-
crease of that for CH,I: [C H,I] = (0.8 £ 0.6) x
x [CH,I]; r = 0.600.

The observed higher enrichments of iodinat-
ed hydrocarbons compared to bromine deriva-
tives can be explained by significant enrichment
of the atmosphere of coastal Antarctica with
inorganic iodine compounds in soluble form
and associated with solid particles (Vogt, 1999)
and a higher reactivity of ions and radicals con-
taining I, compared with similar species includ-
ing Br in photolysis processes (Swanson et al.,
2002) as well as in the redox reactions (Keppler
et al., 2000; 2003).

ISSN 1727-7485. Ukrainian Antarctic Journal, 21(2), 2023, https://doi.org/10.33275/1727-7485.2.2023.715



M. Bazylevska, V. Bogillo: Abiotic pathways for formation of trace gases in glaciers

Pathways with the participation
of hypohalogenous acids/molecular halogens

Martino et al. (2009) observed the formation of
CH,I,, CHCIIL, and CHI, when seawater was
exposed to ambient ozone levels. They are pro-
duced from the reaction of marine DOM with
hypoiodous acid (HOI)/molecular iodine (1),
formed at the sea surface in the reaction of ozone
with dissolved iodide. A possible mechanism for
the release of gaseous iodine compounds from
the ocean is the production of molecular iodine
and hypoiodous acid in the surface seawater by

the reaction of ambient ozone with iodide:

0, + I + H,0 - HOI + O, + OH"
HOI + I + H* - I, + H,0

A common source for the formation of the
C1/C2-chlorohydrocarbons can be the reaction
of H,0, and CI~ ions with organic compounds
containing a C—H group activated by a carbonyl
group (Walter & Ballschmiter, 1992):

H,0, + CI- > H,0 + OCI-
OCI- + H* - HOCI - HO™ + (CI%)
R’(CO)RH + (CI*) - RCI + R(CO)H*
(R = CH,, C,H,, CH,=CH)

It is unlikely that the photolysis of DOM and
its redox reaction with Fe** ions were the sourc-
es of high concentrations of CH,Br, and CHBr,
in ice samples since these processes result in the
formation of only monohalogenated bromine-
and iodoalkanes (Keppler et al., 2000; 2003). Al-
though the mechanism of formation of polyhaloal-
kanes is still poorly understood, it is assumed
that they are formed as a result of the reactions
of electrophilic halogen compounds, such as hy-
pohalogenous acids (HOX, X = Cl, Br, I) (Urhahn
& Ballschmiter, 1998). Subsequent halogenation
of the methyl group activated by the neighboring
carbonyl group leads to the formation of trihalo-
or dihalomethanes (haloform reaction):

R—C(=0) + Br¢» + H,0, -
—» R-COOH + CHBr,
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A similar reaction (halogen-sulfonic rearrange-
ment) is possible with the participation of methyl
sulfones:

R-S(0,)CH, + Br¢" — R-S(0,)CBr,
R—-S(0,)CBr, + OH™ —»
— RS(=0)O0H + CHBr,

Redox pathways

In soils and sediments, halide ions can be alky-
lated during the oxidation of DOM by an electron
acceptor such as Fe(IlI) (Keppler et al., 2000).
When the available halide ion is Cl-, the reac-
tion products are CH,Cl, C,H,Cl, C;H,CI and
C,H,Cl. The corresponding alkyl bromides or alkyl
iodides are produced when Br~ or I~ are present.

Until now, vinyl chloride (CH,=CHCI) was be-
lieved to be exclusively man-made or resulting
from the degradation of other anthropogenic sub-
stances, such as CICH,=CCl, and Cl,C=CCI,.
We identified this compound with a high EF value
in the ice samples from the upper and bottom
layers of the glacier. Keppler et al. (2002) inves-
tigated soil air and ambient air from a rural area
in Northern Germany for VOXs. Vinyl chloride in
the soil air was significantly more concentrated than
in ambient air, which is evidence of its natural
formation in the soil. This compound is highly re-
active; it can be formed during the oxidative deg-
radation of DOM in the soil, for example, when
humic substances react with chloride ions and an
oxidant (Fe(IIl) or OH- radicals.

It is shown that the highly reactive chloroethy-
ne (CIC=CH) is also a product of natural processes
in soil (Keppler et al., 2006). We also identified
this compound in the ice sample from the upper
layer of the glacier. Keppler et al. (2006) used re-
dox-sensitive catechol as a discrete organic mod-
el compound to show the formation of chloro-
ethyne when Fe(III) and H,O, were added to the
system. Different organic-rich soils and humic acid
were investigated for releasing volatile organo-
iodides (Keppler et al., 2003). The CH,I, C,H.I,
1-C,H,I, 2-C,H.I, 1-C,H,l, and 2-C H,I were iden-
tified, and their release rates were determined.
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The abiotic reaction mechanism was induced by
the oxidation of organic matter by Fe(III).

Synthetic manganese oxide (birnessite, MnO,)
can also catalyze the formation of CH,[ in the pres-
ence of natural organic matter (NOM) and 1.
CH,I formation was only observed at acidic pH
(4—5) where I™ is oxidized to iodine and NOM
is adsorbed on MnO, (Allard et al., 2010; Allard &
Gallard, 2013). The Lewis-acid property of MnO,
leads to a polarization of the iodine molecule and
catalyzes the reaction with NOM. Jiao et al. (2022)
investigated the effect of Cu(II) on CH,Br and
CH,CI production from soil, seawater, and mod-
el organic compounds. CuSO, enhances CH,Br
and CH,CI production from soil and seawater;
hydrogen peroxide (H,0,) or solar radiation may
further amplify it.

Du et al. (2022) reported that reactive iodine
(RI) and OICs are produced from I~ oxidation
in the presence of Fe(IIl) and NOM in frozen
solution. In contrast, their production is insig-
nificant in aqueous solution. Thawing the frozen
solution induces production of OICs. They de-
tected 352 OICs in the freeze-thaw cycled reac-
tions of Fe(IIl)/I~/humic acid solution, which is
five times as many as OICs in aqueous reactions.
Using model organic compounds (e.g., phenol, ani-
line, o-cresol, and guaiacol) induces higher OIC
yields (10.4—18.6%) in the freeze-thaw Fe(I1I)/1~
system than those in aqueous (1.1—2.1%) or fro-
zen (2.7—7.6%) solutions. The formation of RI is
enhanced in the frozen solution but its further
reaction with NOM is hindered. Thus, the freeze-
thaw cycle of RI being formed in the frozen me-
dia and being consumed by reaction with NOM
in the subsequently thawed solution produces OICs
more efficiently than the continuous reaction in
the frozen solution.

Besides the above process in frozen solution,
Jeong et al. (2012) investigated the dissolution of
iron oxide particles trapped in ice as a new path-
way of iron supply. The dissolution of iron ox-
ides in ice is mainly enhanced by the “freeze con-
centration effect”, which concentrates iron oxide
particles, organic ligands, and protons in the lig-
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uid-like ice grain boundary region and accelerates
the dissolution of iron oxides. The ice-enhanced
dissolution effect gradually decreased when the
freezing temperature went from —10 °C to —196 °C,
implying a critical role of the liquid-like ice grain
boundary region. The reaction between iron oxides
and I~ was markedly accelerated to produce bioa-
vailable iron (Fe(II)aq) and tri-iodide (I,™: evapora-
ble in the form of 1) in frozen solution (both with
and without light irradiation). At the same time, it is
negligible in the aqueous phase (Kim et al., 2019).
A possible way for the formation of CH, X (X =
= (I, Br and I) in snow and firn which makes it
possible to explain the accumulation of CH,Br in
deep ice and firn layers established in (Butler et
al., 1999; Sturges et al., 2001a), i.e., its formation
in the absence of solar irradiation, is the oxidation
of DOM by Fe’" ions, similarly to the reaction
occurring in soil (Keppler et al., 2000; 2003):

PhOCH, + Fe** - PhOCH,*- + Fe**
PhOCH,* + Br~ - CH,Br + Ph=0

Miscellaneous pathways

Mulder et al. (2015) present data about terrestrial
sources for atmospheric VOXs and volatile orga-
nosulfur compounds (VOSCs) in hypersaline salt
lakes. They checked whether methionine or me-
thylmethionine could be a precursor for CH,Cl and
CH,SCH, (DMS) formation in salt-lake environ-
ments. Next to CH3CI, hypersaline soil samples
incubated in headspace vials emitted an array of
VOSCs, including DMS and CH,SSCH,. An abio-
tic mechanism for their formation is possible, gi-
ven the fast response of emission to heating free-
ze-dried samples at 40 °C.

DMS is a product of base-catalyzed hydrolysis of
dimethylsulfonium propionate ((CH,),S*CH,CH,COO",
DMSP), which is synthesized by various marine
phytoplankton species, in particular, ice micro-
algae (van Rijssel & Gieskes, 2002). This process
is described as follows:

(CH,),$*CH,CH,COO~ + OH~ -
— (CH,),S + CH,=CH-CHO
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In addition to DMSP, other natural precursors
of VOSCs include methionine, cysteine, glutathio-
nine, dimethyl sulfoxide, dimethylsulfoniopenta-
noate, dimethylsulfonioacetate, methionine sulfo-
xide, methionine sulfone, S-methylcysteine and
mercaptopropionate.

2R-O-CH, + H,S - 2R-OH + CH,SCH,
[C,H,OH(OCH,),COO] + HS + H,0 -
— [C,H,(OH),(OCH,)COO"] + CH,SH + OH~ —
— 3CH,COO~ + CH,SCH, + HCO,~ + 2H*

The formation of dimethyl disulfide is possible
as a result of the following transformations:

(CH,),$*CH,CH,CO0~ -

— CH,SCH,CH,COO- + CH,0H

CH,SCH,CH,CO0~ ** , CH,SH +

+ CH,CH,COOH

(CH,),S ==, CH,SH + CH,OH

2 CH,SH - CH,SSCH, + H,0
CH,SH + CH,SH + O, - CH,SSCH, + H,0

CH,SH + Fe(Ill) > CH,S- + Fe(Il) + H*
CH,S- + CH,S- - CH,SSCH,

Precursors for abiotic pathways of trace
gases’ formation in the Antarctic snow
and ice environment

If we assume that the trace gases are formed as a
result of natural abiotic processes in the snowpack of
the glacier, then, based on the above results, we can
assume the following pathways for their formation:

(a) Direct and indirect photochemical reactions
of triplet state dissolved organic matter (DOM?*)
without (C,H,, COS, CS,), or in the presence of X~
ions (X = Cl, Br, I): RX (R = CH,, C,H,, CH,=CH).

(b) Redox reactions of Fe**, Mn*, Cu**, O,, H,0,
or HO- and HO,' radicals (assisted by Fe** and
TiO,) with the DOM in the presence of X~ ions:
RX. Those include cleavage of alkoxy- and al-
kylgroups, benzene rings of DOM, and, possibly,
CH,SCH, and CH,SSCH, release.

(c) Reactions of HOX (X = Cl, Br, and I) with
DOM (with the participation of HO-, HO,-, H,O,
or O,): CH,Br,, CHBr,.
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(d) Free-radical reactions of CI-, CIO-, Br,
BrO-, I- and 10- with alkenes, alkynes and alkyl
radicals.

(e) Decomposition of methylmethionine or S-
containing peptides: CH,SCH, and CH,SSCH,.

These reactions can be greatly accelerated if
they occur in quasi-liquid layers of aqueous so-
lution on the grain surface of ice in the confined
space of microcavities and trenches of snow and
firn. This may be due to the well-known “concen-
tration freezing effect”, the change in the freez-
ing potential, the variation in pH values, and the
“cage effect” of cryochemistry (Grant & Alburn,
1967; Cobb & Gross, 1969; Park et al., 2010;
Watanabe et al., 2014). Such transformations can
be even more accelerated by the repetition of free-
ze-thaw cycles, characteristic of temperate or po-
Iythermal glaciers.

Thus, for the aforementioned reactions to oc-
cur in a snowpack, firn, and ice, the presence of
the following precursors is necessary: DOM, ions
(Fe**, Mn**, Cu**, Ti**, CI-, Br~, I), and H,0,.
The concentrations of metals in ice samples from
the glacier on Galindez Island (determined by ICP
AES) were 0.012—0.020 mg L' (Mn), 0.010—
0.090 mg L' (Fe) and 0.007 mg L~' (Cu). The
maximum concentrations of the metals in the
snowpack on neighboring islands (Adelaide, Ale-
xander, and Anchorage) are 0.00095 mg L' (Mn),
0.00075 mg L7t (Cu), 0,0012 mg L! (Ti) and in
the snowmelt: 0.013 mg L' (Fe), 0.023 mg L™!
(Mn), 0.0081 mg L' (Cu) and 0.0062 mg L'
(Ti) (Nowak et al., 2018). The estimated atmo-
spheric iron flux on the snow surface in East
Antarctica varies from 0.03 to 0.11 mg m=2 yr!
(Edwards & Sedwick, 2001).

The concentration of DOM in ice samples from
the glacier on Galindez Island was not determined.
However, its maximum concentration in the snow-
pack on neighboring islands (Adelaide, Alexander,
and Anchorage) is 1.26 mg L' and 4.45 mg L™!
in the snowmelt (Nowak et al., 2018). The DOC
concentration in the fresh snow on neighboring
Anvers Island was 9.7 mgC L™! (DeFelice, 1998).
The higher concentrations of the organic com-

165



M. Bazylevska, V. Bogillo: Abiotic pathways for formation of trace gases in glaciers

pounds (propene, CH,ClI, C,H.Cl, CH,Br, CH,I,
and C,H.I) in the glacier of Maritime Antarctica
in comparison with their content in snowpack of
Central Greenland (Swanson et al., 2002; 2007) may
be due to the higher content of DOC in the An-
tarctic snow, which is an order of magnitude higher
than in the snow of Central Greenland (0.1 mg
C L") (Swanson et al., 2002), and higher tem-
perature and snowmelt index in Maritime Ant-
arctica compared to Central Greenland.

The CI- and Br~ concentrations in the fresh
snow on Anvers Island are 4.54 and 0.025 mg L1,
respectively (DeFelice, 1998). Heumann et al.
(1987) measured a maximum iodine concentra-
tion of 1800 ng L' in snow samples near the
coastal Neumayer station in February 1985. They
found I/Cl ratios in snow samples 10—190 times
higher than in seawater. The MAX-DOAS mea-
surements of 10, together with total iodine mea-
surements from snow pits at Neumayer Station,
Antarctica, suggest that the snowpack represents
a strong source of iodine radicals in the bounda-
ry layer of coastal Antarctica (FrieB et al., 2001).
The total bromine, iodine, and sodium concen-
trations were examined in a series of 2 m snow
cores collected during a traverse from Talos Dome
to the GV7 site (Maffezzoli et al., 2017). Iodine
shows average concentrations of 0.04 ppbm with
little variability. The average iodine concentration
in an ice core collected at Dome C (East Antarc-
tica), covering the period of 1800—2012, for
the period of 1800—1974 remains constant at
0.060 ng g!, decreasing by almost half to an
average concentration of 0.032 ng g~' from 1975
to 2011 (Spolaor et al., 2021).

The results from (van Ommen & Morgan, 1996)
show mean H,O, concentrations of approximately
37 pptv over the past 4 kyr and a tendency for
concentrations to decrease with age. The H,O, con-
centration in the surface snow ranges from 300
to 1200 ppbv, whereas that in firn ranges from
2.1 ppbv (1000 yr) to 1.0 ppbv (2400 yr). The H,O,
content varies in the Palmer ice core (1621—2011
C.E., one of the oldest Antarctic Peninsula cores)
from 20 to 80 ppbv (Emanuelsson et al., 2022).
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5 Conclusions

The currently observed intense increase in ambient
temperature in the coastal Antarctic Peninsula
leads to an increase in the ablation rate of outlet
and shelf glaciers due to their melting and an in-
crease in the volume of calved icebergs. Since these
glaciers contain many trace gases and other im-
purities that are formed in bio- and/or abiotic
reactions on their surface, they can be sources of
secondary emission of sulfur- and halogen-con-
taining species, and the current global warming
should amplify the role of this local source.

Until now, CH,Cl was considered the most sig-
nificant natural-origin chloroalkane in the strato-
sphere, contributing up to 13% of organic chlorine
(Khalil, 1999). Since the mixing ratios of C,H,Cl
and CH,=CHCI, also formed from natural sour-
ces, are an order of magnitude lower than CH,Cl,
these gases are responsible for more than 1% of
organic chlorine in the stratosphere. In addition
to them, several naturally occurring bromoalkanes
(CH,Br, CH,Br,, and CHBr,) were also found in
the ice samples. Bromine atoms are 50—60 times
more efficient ozone depletion catalysts than chlo-
rine atoms. From 20 to 25% of ozone layer de-
pletion over Antarctica during the austral spring,
about a third of the winter depletion of the ozone
layer in the northern middle and high latitudes,
and almost 100% of the destruction of surface ozone
in the Arctic with the onset of the polar day are
explained by the occurrence of the correspond-
ing reactions involving bromine atoms (Singh &
Fabian, 1999). The most significant sources of or-
ganic bromine in the stratosphere and troposphere
are CH,Br (50%), CH,Br, (15%), and CHBr,
(15%) identified in the glacier. It follows from
the above estimates that the Cl- and Br-hydro-
carbons from natural sources can be responsible
for 40% of the destruction of the ozone layer
over Antarctica during the austral spring, and
temporal variations in their atmospheric content
must be taken into account when interpreting
stratospheric ozone trends.

CH,I, C,H.I, and CH,=CHI found in high mix-
ing ratios in the ice samples can also significantly
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contribute to the destruction of surface ozone,
especially in the oceanic MBL (Vogt, 1999). The
10- radical formed in these reactions is the pre-
cursor of effective cloud condensation nuclei over
the oceans, and its level in the ocean boundary
layer largely determines the content of clouds
over the oceans and, thus, the temperature of
MBL (O’Dowd et al., 2002).

Let us consider the effect of climate warming
in the coastal Antarctic Peninsula on the emission
of trace gases from polythermal glaciers. It can
be assumed that an increase in temperature and
UV-B radiation (arising from the depletion of the
stratospheric ozone layer) in this region leads to
the following changes in the environment:

1. An increase in the rate of photochemical,
thermal, and biochemical processes of the gases’
formation in snowpack, firn, and ice.

2. Increasing evaporation of the gases from the
snowpack.

3. An enhancement in the liquid water content
in the snowpack and increase of the water-solu-
ble gases amount in meltwater.

4. A rise in the ablation rate of glaciers in the
Antarctic Peninsula and the islands, leading to the
washing out of gases with meltwater into the ocean-
ic coastal zone and atmosphere.

5. An increase in the number of icebergs calved
from the coastal shelf and outlet glaciers and mel-
ted releases the gases into the atmosphere and ocean.

The current warming of West Maritime Ant-
arctica leads to a redistribution of chemicals in
snowpack and ice between their soluble and ad-
sorbed forms towards solutions and the gas phase.
Due to the large volume of icebergs formed from
the temperate degrading glaciers of the coast of
Antarctica and the melting of these glaciers in
recent years, coastal waters will be enriched with
haloalkanes and sulfur-containing gases of natu-
ral and anthropogenic origin. Although the flux-
es of the gases into the environment from the
considered sources (glaciers + icebergs) do not
exceed a few percent of their global fluxes (Bo-
gillo et al., 2003), nevertheless, they can have a
significant local effect on the chemical composi-
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tion of the troposphere, stratosphere, and, form-
ing I- and S-containing tropospheric and strato-
spheric aerosols, on the radiation balance of the
atmosphere over the Southern Ocean.
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Pedepar. MeToro 10oCImipKeHHS € aHaJli3 CIiIOBMX Tra3iB y CKJajli MOJiTepMabHOTO JIbOJOBMKA Ha OCTpoBi [aniHne3
Yy MOPCBKiit AHTapkTHUIi (65°14' mm.a., 64°16’ 3aX.1.) Ta MOXJIUBUX IIISAXIB iX aGiOTUYHOTO YTBOPEHHST B CHITOBOMY
MOKpPOBi Ta B HakJIaAeHOMY ab0 cTapoMy XoJomgHOMY Jbofdi. [loxiTepManbHi TbOTOBUKM € HAUOUIBII YyTIMBUMU
iHAMKATOpaMu 3MiHM KJIiMaTy Ta ifeaJbHMMU perioHaMM JIsl BUBUEHHS XiMiUHOIO CKjIaay aTMocepu, CHiry, (ipHy
Ta JIbOAY IIiJi BIUIMBOM MOTOYHOIO MOTEIUIiIHHS KiiMmaTy. Lle mociimkeHHs € Mepliol ciopodoi0 OLIHUTHU Aiana3oH
KOHLIEHTpALlil BEJIMKOI KiJIbKOCTI CiifoBux rasis (kpim paniue pocuimkenux O,, N,, Ari CO,) y nonitepMaabHuXx i
MOMIpHUX JIbOJOBUKAX, s1Ki nomupeHi B ['pennanmii, [lminoepreni, Kanancekiit Apktuii, Ansicii, Anbnax, AHaax,
Tuberi, AnTai i B MopchbKiii AHTapkTuLi. [TopucticTh boay KonmuBaeThesd Bim 0.6% mo (xapakTepHUX JUIsT HaKJIa-
neHoro Jbony) 7%. SxicHuit ananiz 3a moromoror GC-MS 6yno mposeneHo Wit Ginbie HiX 200 opraHidyHUX i
HEOPraHiYHUX CJIiIOBUX ra3iB y CKJadi IIbOIO JIbOIOBUKA. Byslo mpoBeneHO KiabKiCHMI aHali3 27 CIIOIYK Y3TOBXK
BEPTUKAJILHOTO Mpodimo nbon0oBKKa, Brovaroun CO, i N,O, (ppeonu, XIOpBMICHI PO3YMHHMKM, SKi 3800pOHEH]
MonpeanbcbkuM npotokosiom, F-, Cl-, Br- Ta I-BmicHi ranorenosyrnesonni, COS, CS,, CH,SCH,, CH,SSCH, i
npornijeH. biblIicTh raJoreHOBYIJIEBOAHIB, CIpKOBMICHUX CITOJYK i MPOIIiJIEH XapaKTepU3yIOTbCS BUCOKMMM KOEe-
¢inientamu 36arayeHHs. Lle cBiqUUTBL PO MOXJIMBICTD iX YTBOPEHHSI B CHIrOBOMY ITOKPOBIi Ta (ipHi J1bo0BHKa 2060
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B oro riambokoMy Jibodi. MOXIIMBI 1IUISIXM YTBOPEHHS Ta3iB BKIIOYAIOTh MPsIMi Ta HEIpsMi (OTOXiMiuHI peakiiii
TPUIUIETHOTO CTaHY po3unMHeHoi opraHiuyHoi peyoBuHu (POP) 6e3 a6o B mpucyrHocTi ioniB X (X = Cl, Br, I),
OKMCHO-BiIHOBHI peakuii Fe*, Mn*", Cu**, O,, H,0, a6o panukanis HO, 3 POP y npucyrnocti X~, peakuii HOX
3 POP (3a yuactio HO,, H,O, a6o O,), BilbHOpanuKaibHi peakilii 3 alKeHaMH, aJIKiHAMU Ta aJIKiIbHUMM PaauKa-
JIaMM, a TaKOX Pi3HOMaHIiTHI peakiiii METUJIMETIOHIHY Ta/a00 S-BMiCHUX TENTHUIIB.

Kimouosi cioBa: S-BMicHI menTuau, BYIJIEeBOAHI, raJIOTeHOBYIJICEBOIHI, HAKJIaIEHUA JIiJl, CHITOBUI1 MOKPOB, (hipH
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