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Abstract

The volatilisation of iodine from the ocean and release to the atmosphere in the ice-
covered polar regions has been studied. Laboratory experiments involving sea ice-
and ice associated- diatoms have shown how the extreme conditions experienced in
sea ice brine channels may lead to an increase in production of organic forms of
iodine. Trends were observed in production by different classes of enzymes, active in
the oxidative metabolism of the cell. An enhancement in trace gas concentrations due

to the concentration effect of solvent volume reduction has also been demonstrated.

Field campaigns have been undertaken in both the Arctic and Antarctic. Ship-based
measurements in the Weddell Sea have implicated 1> as a key species in the
mechanism of enhancement of atmospheric iodine in this region. Organic and
inorganic forms of iodine were measured in seawater, sea ice and the atmosphere. On
the Brunt ice shelf, enhanced concentrations of CHsl and C2HsI were measured in the
snow firn air, with a diurnal profile, suggesting the snow may be a source of these
compounds. These measurements have implications for atmospheric mixing ratios of
[0, measured from the ship and validated by satellite data, and new particle
formation. This is the first combined in situ study in Antarctica of organic and

inorganic iodine compounds in sea water, ice and air.

On the Western Antarctic Peninsula, 10 was detected in the atmosphere, and seawater
measurements of iodocarbons have demonstrated how organic compounds of iodine

are enhanced during the phytoplankton bloom; these measurements are also a first.

lodine emissions in the sea ice zone were also quantified in two campaigns in the
Arctic environment. High concentrations of halocarbons were measured in the brine
of sea ice, with respect to the water below, in the Arctic Ocean. High atmospheric
halocarbon mixing ratios and flux calculations have demonstrated the effect on the
atmosphere above. In the Canadian sub-Arctic, where the ice had quite different
physical properties, halocarbon concentrations were the highest ever recorded for

some compounds, due to extreme concentration in very cold ice.

The enhancement of organic forms of iodine in sea ice has therefore been
demonstrated. Iz has been implicated as a key species in iodine emissions. Therefore,
understanding has been furthered on the chemistry of iodine in sea ice and polar

atmosphere.
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Chapter 1. Iodine, sea ice and diatoms

Iodine is essential to mammalian health, being a necessary element in thyroid
hormones; deficiency of this element in the human diet can lead to goitre and mental
retardation [Hetzel et al., 1987]. The source of iodine is ultimately the ocean; it is
transferred via the atmosphere to land, where it is taken up by plants and so works

its way up the food chain [Fuge and Johnson, 1986].

One way in which iodine is transferred from the ocean to land is via sea ice. lodine
may be concentrated by sea ice formation processes, or by reactions related to the
metabolism of marine organisms [Manley, 2002]. In the atmosphere, iodine may be
responsible for depleting tropospheric ozone [Chameides and Davis, 1980], contribute
to new atmospheric particle formation [0'Dowd et al, 2002], and subsequently

impact climate.

The role of sea ice in concentrating iodine, the marine biological processes which may
result in production of volatile forms of iodine, and the atmospheric chemistry
following release of these compounds, are discussed in this section, and investigated

further in this study.
1.1 The atmospheric chemistry of iodine

The enhancement of iodine in the atmosphere above the sea ice of the Weddell Sea
has been the subject of investigation since ground based [Saiz-Lopez et al., 2007a] and
satellite measurements [Saiz-Lopez et al., 2007b; Schonhardt et al., 2008] revealed
this region as having the highest global atmospheric concentrations of iodine
monoxide (I0). An iodine-selective mechanism must exist which concentrates and
volatilises iodine in preference to bromine in the ocean: bromide is at least 1000
times more abundant than iodide in seawater, whereas atmospheric mixing ratios of

(up to 20 pptv) 10 are similar to those of bromine monoxide (BrO) in Antarctica.

I0 has only recently been measured in the Arctic, during the COmbined iodine and
Bromine Release on the Arctic atmosphere (COBRA) field campaign [Mahajan et al.,
2010b] at levels of up to 3.4+1.2 pptv. These 10 mixing ratios are however almost an

order of magnitude lower than Antarctic concentrations.

BrO has been detected in similar amounts over both Southern- and Arctic Ocean sea

ice [Schénhardt et al., 2008], implying similar release mechanisms exist in both polar
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regions for compounds of bromine. These are assumed to be heterogeneous reactions
involving sea-salt bromide on sea-ice, snow or marine aerosol surfaces [eg Barrie et

al., 1988; McConnell et al., 1992; Vogt et al., 1996].

I0 and BrO are formed by the reaction of iodine and bromine radicals with ozone
respectively, and these reactions lead to ozone depletion in the troposphere
[Chameides and Davis, 1980; Davis et al., 1996] which is particularly pronounced
when both halogens are present [Read et al., 2008; Saiz-Lopez et al., 2007b].

The oxidising capacity of the atmosphere may also be altered by reactions involving
HOx (OH + HO2) and NOx (NO +NOz) [Chameides and Davis, 1980]; examples of ozone
depletion mechanisms are given in cycles 1 to 3. That is not to say that ozone
depletion events will always occur when high concentrations of the halogen oxides
are present — there must be a well defined and long lived boundary layer to hold these

reactive species in the same air parcel.

Cycle 1 [+032>10+0;
10 + HO2 & HOI + 02
HOI+hv > OH +1
net: O3+ HO2 > OH + 20>

Cycle 2 [+032>10+0;
10 + NO2 (+M) - IONO: (+M)
IONO2 + hv 2> 1+ NO3
net: 03+ NO2-> 02+ NO3

Cycle 3 [+032>10+0:
[0+10=2>1+0
net: 203->30;

Identical reaction cycles to the above exist for bromine, and these cycles are
especially effective at depleting ozone in the polar spring. Reactive forms of bromine
build up on the surface of the snowpack and frozen aerosol surfaces during the long
polar night. When the sun comes up and photolysis can occur, these compounds are
broken down to release halogen radicals and the ozone depletion cycles can be
responsible for the complete removal of all the ozone in the boundary layer. This well
known phenemenon, termed the bromine explosion [Platt and Janssen, 1995], has

been observed in both the Arctic [Barrie et al., 1988] and Antarctic [Kreher et al.,
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1997]; a simplified scheme is shown in figure 1, and a full review of the history of

ozone depletion and the mechanisms involved can be found in Simpson et al. [2007].

v

Brl)  t— aldehydes,

Q, alkenes
Gl
HQ, v
L ]

¥ :
HOBr BrC| HBr Br:.
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Figure 1. The bromine explosion, taken from Simpson et al. [2007], where the shaded area

represents the aerosol and the area above the atmosphere.

1.2 New particle formation

I0 may self react to form stable clusters of iodine oxides, which have the potential to
grow to form new particles [0'Dowd et al, 2002]. This makes the atmospheric
chemistry of iodine extremely interesting with respect to the potential for new

particle formation in the marine atmospheric environment.

It has long been known that iodine is enriched in marine aerosol [Duce et al., 1963;
Reifenhauser and Heumann, 1992], and bursts of new particles have been observed in
temperate coastal areas where high concentrations of atmospheric iodine are also
present [Allen et al., 1999; Carpenter et al., 1999; O'Dowd et al., 2002]. The potential
for growth of these new particles to become cloud condensation nuclei (CCN) makes
understanding this pathway an important aspect of climate change research, as
marine aerosols and clouds scatter incoming solar radiation, and hence have a

negative effect on global radiative forcing [Slingo, 1990].

A number of field campaigns, laboratory experiments and modelling studies aimed at
determining the pathway of new particle formation via iodine oxides have previously
been undertaken. Smog chamber experiments carried out by O’Dowd et al. [2002]
under marine atmospheric conditions showed new particle formation from the

photolysis products of a mixture of CHzIz and ozone in air. The production of new
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particles proceeded in two steps: first, a thermodynamically stable cluster on the nm
scale formed by homogeneous nucleation of iodine oxides. Rapid growth due to
condensation and/or coagulation then caused the particle to grow to 3-4 nm in size;
these quasi-stable particles then collided by diffusion with larger, pre-existing

particles.

Recent work has postulated the OIO self reaction to be a dominant pathway leading to
particles with the stoichiometry 1,04 [Burkholder et al., 2004; Pechtl et al, 2006;
Pirjola et al., 2005]. An alternative modelling study showed 1,05 [Saunders and Plane,
2006] to be the dominant species, but it is now believed that stable dimers of 1204

reacting with itself and with 1,03 are the key pivotal species [Saunders et al., 2010].

Saiz Lopez et al. [2006] used a coupled photochemical - aerosol growth model to
investigate the role of Iz in new particle formation at Mace Head, and showed the
I2/10 ratio could only be explained if I> was emitted at the coast; this was supported
by observations of I; by broadband cavity ring down spectroscopy (BBCRDS) and
inductively coupled plasma mass spectrometry (ICP-MS) [Saiz-Lopez et al., 2006].
Iodine-induced new particle formation has also been reported at Roscoff, France
[McFiggans et al., 2010] and O Grove, Spain [Mahajan et al., 2010a]; at the latter,
simultaneous measurements of [, Iz and ultrafine particles were made; the

importance of I is discussed further in section 1.7.

The aforementioned locations are all coastal sites where beds of kelp are exposed at
low tide, and it has been suggested that stress to the macroalgal species following
exposure to sunlight and ozone triggers the release of volatile forms of iodine as a

defense mechanism [Kiipper et al., 1998].

The iodine content of aerosols over the Southern Ocean and Weddell Sea has not been
measured, though Davison et al. [1996b] observed particle bursts during a cruise in
the Weddell Sea, and the presence of 10 over the Antarctic continent suggests reactive

iodine recycling from the snowpack via aerosol [Saiz-Lopez et al., 2007b].
1.3 Sea ice formation and the presence of brine channels

As the temperature of the atmosphere drops in autumn, the surface of the ocean
cools. If the temperature falls below -1.8°C, ice crystals begin to form [Weeks and
Ackley, 1982]. These crystals coalesce to form frazil or grease ice; when a continuous

sheet of ice has built up this is known as nilas. This will only remain on calm water, in
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more turbulent seas motion will cause the nilas ice to break into ‘pancakes’, so called
due to the ridges around the edges of large ice floes formed as they move against one
another [Eicken and Lange, 1989; Weeks and Ackley, 1982]. As the temperature drops
further, the pancakes grow and are brought together until eventually pack ice is
formed [Lange et al., 1989]. Growth of the ice can now only occur vertically. Columnar
ice grows, increasing the thickness of the ice from the bottom, as heat is transported
from the warm ocean to the cold atmosphere. The bottom of the growing columnar
ice is known as the skeletal layer, and is characterised by its high porosity and
relatively high temperature, just below that of the water underneath which is fixed at

the freezing point of seawater (-1.8°C) [Weeks and Ackley, 1982].

The formation of ice crystals causes the expulsion of salts as pure water freezes out of
the mixture of water and salts in seawater. This leads to an increasingly concentrated
brine which is expelled both vertically and horizontally. Thus sea ice is a mixture of
ice crystals, brine inclusions at grain boundaries between the crystals, and brine
channels [Eide and Martin, 1975]. The latter range in size from a few yum to a few cm
in diameter (but normally less than 1 mm) [Weissenberger et al., 1992] and form a
three-dimensional network in the ice, providing a unique habitat for life, and a

transport route for ions and trace gases dissolved in the brine.

The brine and ice are in equilibrium; as the temperate drops, the brine becomes more
concentrated and the relative volume taken up by the matrix is reduced. As the
concentration of the brine increases, it will melt the ice around it and the brine will
tend to melt its way down through the ice, assisted by gravity. This equilibrium
between ice and brine leads to a gradient in brine volume, which can be represented

by equations 1 and 2 [Frankenstein and Garner, 1967].

— when (D

— when (2)

Where Vy is brine volume, S; is salinity and 0 is temperature.

Thus by measuring the temperature and bulk salinity of the ice, the brine volume can
be calculated. It has been ascertained that below ~-5°C and below ~5%0 total bulk
salinity, which corresponds to a brine volume of ~5%, the brine channels close off to

form pockets. When this percolation threshold has been passed, transport of
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compounds though the brine channels is not possible. This is known as the ‘rule of 5s’

[Golden et al., 1998].

Equations 1 and 2 are empirical expressions which are widely used in sea ice work.
An alternative method of brine volume calculation is to use the theoretical density-
volume fraction equations of Cox and Weeks [1983] which would allow for the
calculation of gas volume and porosity. However, this requires the bulk density of the
ice sampled as an input, which can be difficult to ascertain in the field. Therefore, the

Frankenstein and Garner equations have been chosen.
1.4 Brine channel biology

Sutherland [1852] was the first to describe life in sea ice, as "minute vegetable forms
of exquisite beauty”. It is probable that Sutherland was referring to diatoms, which
make up a substantial component of the sea ice community [Buinitsky, 1977]. The
brine channels within sea ice provide a habitat for a specialised community of
bacteria, algae and plankton - mainly phytoplankton and picoplankton, with some
zooplankton able to swim into the larger channels to graze [Bergstréom et al., 1990;

Daly, 1990].

There is some debate as to how biological organisms are incorporated into sea ice
[Horner et al, 1992 and references therein]. Laboratory experiments by Garrison
[1989] showed that frazil ice crystals rising through the Southern Ocean as the ice
forms around Antarctica in the autumn scavenge cells from the water column, thus
concentrating them in the ice. Tidal motion forcing water through the brine channels
may also result in the deposition of microalgae [Ackley et al, 1987] as may smaller

scale circulation features such as Langmuir cells [Garrison and Buck, 1989].

Some species thrive in the ice and have adapted physiologically to the conditions in
this network, where favourable conditions such as protection from grazers and less
variable light levels than may be experienced in the upper turbulent layer of the
ocean are present [Horner et al, 1992]. The sea ice community forms a large
component of the food web in ice covered areas. It would appear diatoms are
particularly well suited to life in the ice - as sea ice ages, the population shifts to
favour psychrophilic organisms such as small pennate diatoms as well as other algal

species, bacteria and viruses [Thomas and Dieckmann, 2002].
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Sea ice present in the summer in Antarctica is a large area of primary productivity,
providing an area hugely supportive of algae and krill. It is also used by seals and

penguins as a breeding area [Ackley et al., 2003].

Sea ice assemblages can be split into 3 main types: surface, interior and bottom,
which are further sub-categorised by their characteristics depicted in figure 2 and

described below.
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Figure 2. Sea ice communities, taken from Horner et al. [1992].

Surface communities were first described as a yellow to brown layer, 15-20 cm thick
on Antarctic pack ice by Meguro [1962], who suggested its presence to be due to the
weight of snow depressing the ice, allowing the surface to become flooded by sea
water and resulting in infiltration of the snow by organisms in the seawater. Often
these surface areas have chlorophyll a (Chl a) concentrations much higher than that

of the seawater however, which would imply an in-situ bloom.

Freeboard or gap layer communities result from brine drainage from the top most
layer of the ice as the surface warms. Algal growth increases, heat may be trapped by
this biomass (by metabolism or trapping of incoming solar radiation due to the layer
being darker than the surrounding ice) and so the ice melts further, allowing the
phytoplankton to bloom in an area 10-30cm below the surface of the ice [Haas et al.,

2001]. Gap layers have only been observed in the Antarctic.

The most common habitat in sea ice for diatoms is the brine channels. When the ice

starts to melt and the channels enlarge they are flushed with water from the sea
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below which brings a fresh supply of nutrients and the phytoplankton bloom. The
diatoms secrete an exopolymeric substance (EPS) [Deming, 2002; Krembs et al., 2002]
which allows them to remain attached to the ice and in some cases each other (see
section 1.3.2). Band communities, more common in the Antarctic than in the Arctic,
are formed when new ice is added underneath an existing bottom ice community by
accretion [Hoshiai, 1977], or by incorporation from the biologically-rich water during

freezing after the autumn phytoplankton bloom [Ackley et al., 1979].

The interstitial assemblage is in the very bottom layer of the ice, which is congelation
ice, and extends from the skeletal layer upwards as much as 20 cm. The vertical
extent is controlled by decreasing nutrient availability and increasing salinity [Arrigo
and Sullivan, 1992]. This well studied community is usually dominated by pennate
diatoms in fast ice and centric diatoms in pack ice [Horner et al., 1992 and references

therein].

Platelet ice forms underneath congelation ice layer and is home to algal species which
have been scavenged from the water column as platelets rise close to ice shelves
[Dieckmann et al., 1986]. The platelet layer forms due to the decreasing currents and
sheer near an ice shelf. Nutrient supply in the platelet area is higher than in the
interstitial area above, whereas radiation is lower; the differing physical environment
owing to the nature of the ice crystals also contributes to making these quite different
environments. Thereby, unique species flourish which are suited to these conditions,
which they do in abundance, as has been observed in McMurdo Sound and the
Weddell Sea [Bunt, 1964; 1968; Palmisano and Sullivan, 1985]. Platelet ice is the most
porous of the sea ice-types; it ranges from a few cm to several m thick and is
approximately 20% ice and 80% seawater. It is characterised by rapid nutrient
exchange, high porosity and Chl a concentrations exceeding 1000 pg 1-1 [Bunt and Lee,
1970].

1.4.1 Chlorophyll and diatom concentrations associated with sea ice

The open waters of the Southern Ocean are relatively low in phytoplankton due to
deep mixing, variable light levels, low iron and silicate concentrations and grazing
pressure [Boyd, 2002; Daly et al.,, 2001; Moline and Prezelin, 1996]. Typical Chl a
concentrations range between 0.05 and 1.5 pg ' [Arrigo et al., 1998; El-Sayed, 2005],
however Chl a concentrations are higher (1 to > 30 pg I'1) in continental shelf and ice

edge areas [El-Sayed, 2005]. The area around the Antarctic Peninsula in particular,
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one of the most productive areas of the Southern Ocean, is home to large
communities of phytoplankton, which form the base of a food web which includes

zooplankton, birds and mammals.

In much of Antarctic pack ice the Chl a concentration is normally less than 10 pg 11
[Horner et al., 1992] but communities such as those described in section 1.4 can be
responsible for concentrations of 100 pg I'1 [eg Garrison et al.,, 2003], and 10 times
this in platelet ice which is the most diatom rich. Surface communities with snow
cover have been reported to have Chl a concentrations of up 400 pg Chl a 11

[Kristiansen and Syvertsen, 1990; Meguro, 1962].
1.4.2 Survival by extremophiles

Recent work [Deming, 2002; Krembs et al, 2002] has shown that psychrophilic
diatoms survive in the unique environment of sea ice brine channels by the
production of EPS, which acts as a cryoprotectant. EPS contains mycosporine-like
amino acids which act to protect the organisms from the low temperatures [Hannach
and Sigleo, 1998]. Concentration of dissolved organic material (DOM) has been

closely linked to the production of EPS.

Diatoms are auto- and hetero-trophic, allowing them to live in these sealed off
environments once the conditions are such that the ‘rule of 5s’ determines the brine
network is no longer connected to the seawater below which would provide a supply
of nutrients. Diatoms held inside brine pockets will multiply until all the nutrients
have been used up. Following this it is possible resting spores may be formed until

more nutrients become available.

Grant and Horner [1976] reported Arctic ice diatoms able to withstand salinities of
5%o0 to 60%o0. Barlow et al. [1988] demonstrated how diatoms living in brine channels
adapt to the decreasing light levels experienced as the ice thickness increases and the
habitable channels become further removed from the sunlight, which will also be in
short supply during the coldest months - the number of photosynthetic units is
increased and the flow of electrons through the electron transport chain is decreased
in order to maintain an effective absorption cross section. The concentration of light

harvesting pigments Chl g, Chl ¢ and fucoxanthin remain constant.

Thus diatoms living within sea ice must endure extreme conditions - limited light and

nutrients, high salinity and low temperatures. The chemical environment may also
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become quite hostile to life - low COz and high O; concentrations combined with pH
levels as high as 11 [Thomas et al, 2010]. Species which live, and indeed thrive, in
these environments must therefore be able to photosynthesise in an alkaline
environment, and in the presence of harmful oxidants such as H202 and OH, the toxic
photochemical products of high 02 concentrations [Vincent and Roy, 1993]. Diatoms
have antioxidative enzymes, and those isolated from sea ice have been shown to have
high activities of these enzymes [Arrigo and Thomas, 2004] which may have

implications for this study.
1.5 Sea ice diatoms as a source of volatile iodine

A mechanism of enhancement, volatilisation and release of iodine may be provided by
sea ice diatoms. Diatoms which live in brine channels may release halogenated
volatile organic compounds, the so-called halocarbons, which, following release from
the ice surface and photolysis, may contribute to the presence of halogen radicals in
the atmosphere. Whilst it is possible that other organisms living in sea ice brine
channels also release halocarbons, little evidence for this exists in the literature, and

such considerations are beyond the scope of this thesis.

The production of halocarbons by diatoms is well established [Sturges et al., 1992;
Tokarczyk and Moore, 1994], via enzymes active in the oxidative metabolism of the
cell [Manley, 2002; Moore et al., 1996]. It is not known what physiological function the
halocarbons perform, however iodine is a useful anti-oxidant; it is a large, easily
polarisable atom which may be of particular use in the harsh environment
experienced by sea ice diatoms [Arrigo and Thomas, 2004]. Therefore, halocarbon
production may be a by-product of the use of iodine in the oxidative metabolism of
the cell. Halocarbons may also be produced as a defence mechanism in response to

grazing [Manley, 2002].

It has been shown that the polyhalogenated compounds are produced via a different
mechanism to those with only one halogen atom; different anti-oxidative enzymes are
responsible. Monohalogenated organic compounds are produced by methyl
transferase activity, and polyhalocarbons are proposed to be by-products of

halogenation of organics by haloperoxidases [Manley, 2002; Moore, 2003].

Halocarbons emitted by sea ice diatoms may permeate through sea ice if the brine

channels are interconnected (section 1.3). On the surface of the ice, halocarbons may
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be released into the atmosphere, and thus the flux from source to atmosphere is
driven by a concentration gradient. Once in the atmosphere, the halocarbons are
photolysed and iodine atoms are released, to be involved in atmospheric chemistry as

described in sections 1.1 and 1.2. This process is depicted in figure 3.

Alteration of HO, and

NO, partitioning New particles through

_~ higher iodine oxides

b

\\‘ //,
w +0;>10+ 0,
CH;l, CHyls, (Ozone depletion mechanism)
C;Hsl etc

1, 1(7)

Transport of
compounds
through brine
channels driven
by
concentration
gradien‘cik

Figure 3. The mechanism of biological sources of iodine emissions in the sea ice zone. Left
insert shows a cast of the 3-dimensional structure of brine channels [Weissenberger et al.,
1992] and the right insert shows a photograph of a diatom inside a brine channel [Krembs et

al,, 2002].

Laboratory experiments have sought to further understand and quantify these
halocarbon emissions. Polar diatoms, and in particular the ice-associated diatom
Porosira Glacialis, which has a bipolar distribution [Hasle, 1976], have consistently
been shown to emit more halocarbons, and accumulate more iodide, than other
diatom species. Tokarczyk and Moore [1994] measured production of CHBr3, CH2Br,
CHBr2Cl and CH:ICl from Porosira Glacialis, rates of CHBr3, CHBr,Cl and CH2Br:
production were 211 - 347, 0.25 - 5 and 31 - 34 x 10-2 pmol cell-1 hour-! respectively.
Further work by Moore and co-workers [Moore et al., 1996] showed iodocarbon
production by the Arctic diatoms Nitzschia sp. (CCMP 580), Nitzschia arctica, Porosira
glacialis, and Navicula sp. (CCMP 545). Production rates were found to be higher than

those of phytoplankton in temperate waters. Porosira Glacialis was shown to produce
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CHBr3, CH2Brz, CH:ICI, CH3sl, C2Hsl and CH:IBr, with the highest production rates

observed during exponential growth.

Manley and de la Cuesta [1997] tested 15 species of diatom for CHsl production and
found it in 5. Their study used enhanced iodide concentrations (0.5uM) to ensure
iodocarbon production was not iodide limited. Hill and Manley [2009] measured the
production of reactive bromine and iodine, in the form of HOBr and HOJI, in cultures of
11 species of diatom, 5 of which were polar. 6 of the 11 produced significant
quantities of reactive iodine, most of them polar. De la Cuesta and Manley [2009]
investigated iodide assimilation and efflux in 10 species of diatom, Porosira Glacialis
gave the highest cellular release rates with values of 7916 x 10-° pmol cell-! hour-!
under nitrate replete conditions. Where halocarbon production has been monitored
over the life cycle of diatoms, rates have been highest during exponential growth
[Moore et al.,, 1996], and less during stationary and dying phases, which could help
account for the higher atmospheric mixing ratios of IO in the spring when the ice

melts, the phytoplankton bloom is seeded, and the growth of diatoms begins.

Whilst alternative pathways of iodocarbon production have been proposed, involving
light [Spokes and Liss, 1996], humic material [Carpenter et al, 2005] and ozone
[Martino et al., 2009], biological production is thought to be the dominant source.
Enzymatic production of HOI and HOBr by diatoms has also been suggested [Hill and
Manley, 2009], which may then react with dissolved organics to produce the
halocarbons. Diatoms have been shown to be capable of accumulating iodide [de la
Cuesta and Manley, 2009], and to play a role in the conversion of iodate to iodide
[Chance et al., 2007]. lodide and iodate concentrations in seawater are discussed
further in section 1.9. I emissions from sea ice algae have also been suggested by a
recent modelling study [Saiz-Lopez and Boxe, 2008] to be the main precursor of the
observed 10 in coastal Antarctica, the pathway and release mechanism involved
biology as the iodine source, iodine accumulation in sea ice and subsequent release

from the ice surface. I emissions are discussed in more detail in section 1.7.
1.6 Polar field measurements of halocarbons

There have been numerous studies aimed at measuring halocarbons in the polar
regions, and previous measurements in polar waters and air are summarised in

tables 1 and 2 respectively.



Page 27 of 238

Enhanced halocarbon concentrations have been measured in sea ice brine and ice
covered waters. Fogelqvist and Tanhua [1995] measured enhanced concentrations of
CHsl, CzHsI and 1- & 2-C3Hy7I, and the presence of CH2ICl and C4Hol, in sea ice brine in
the Weddell Sea. Fogelqvist [1985] found bromoform to be supersaturated (above the
expected equilibrium between trace gas concentrations in surface seawater and the
atmosphere above) in the Arctic Ocean, with the highest concentrations found in
waters next to ice, suggesting a strong source from the ice or the ice edge, and
Carpenter et al. [2007] found enhanced iodocarbon concentrations in Southern Ocean
waters from ice melt characterised by low salinity. Work by Hughes and co-workers
as part of the long term monitoring Rothera Time Series data [Hughes et al., 2009] has
shown the seasonality of bromocarbon production to be correlated to the
phytoplankton bloom on the Antarctic Peninsula, which is in turn dependent on sea
ice conditions. Environmental factors which may influence halocarbon production by

sea ice algae include light intensity, nutrient availability, salinity and temperature.

Atmospheric halocarbon concentrations are not especially enhanced in the polar
regions however. For example, a global study by Rasmussen et al. [1982] showed
mean (and range) CH3l concentrations of 2 (1-3) pptv. To date, halocarbon
measurements have been unable to account for the iodine atom flux necessary to
maintain the high concentrations of 10 found in Antarctica [Carpenter et al., 2007 and

references therein].

Extremely high mixing ratios of atmospheric halocarbons were measured in the
Canadian sub-Arctic [Carpenter et al., 2005] close to the town of Kuujjuarapik, on the
east coast of Hudson Bay. These measurements are especially interesting as they
were made in the absence of open leads and, for the iodocarbons, were the highest
concentrations ever recorded in the atmosphere. The authors proposed an abiotic
mechanism, supported by laboratory experiments, for the production of CH3l, C2Hsl
and CH:I via the reaction of HOI with humic material in the quasi-liquid layer (QLL)
on the surface of sea ice. The origin of HOI in the QLL was suggested to be

atmospheric deposition or from reactions of the type HOBr + I- > HOI + Br-.

Kuujjuarapik was revisited for the COBRA field campaign, and results for halocarbons
in sea ice will be reported in this study. Mixing ratios of atmospheric halocarbons
have previously been reported elsewhere [Mahajan et al, 2010b] and the fluxes

necessary to account for these were also much larger than have ever been measured.
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However simultaneous 10 measurements and a subsequent modelling study
suggested open leads in the sea ice were the origin of the halocarbons, which were in

turn the precursors for the IO.



Reference

Dyrssen and Fogelqvist
[1985]

Fogelqvist [1985]

Klick and Abrahamsson
[1992]

Moore and Tokarczyk
[1993]

Krysell [1991]
Reifenhauser and
Heumann [1992]
Schall and Heumann
[1993]

Fogelqvist and Tanhua
[1995]

Happell and Wallace
[1996]
Schall et al. [1997]

Moore and Groszko
[1999]
Chuck et al. [2005]
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Compound Location Mean Range
CHBr3 Arctic 29
CHBr3 Arctic 38 22-54
CH:ICI Southern Ocean (Atlantic) 1.44 <22.7
1-C3H7l 0.76 <15.9
2-C3H7l 0.71 <21.2
CHBr3 10.7 4-245
CHal NW Atlantic 60-32°N <0.7-61.3
CHICI 0.57-21.7
CHBr3 39-79
CHBr3 Arctic 16 12 -27
CHal Antarctic 60-66°S 18.3 1.4-52.8
CH:ICI <1.37
CHal Arctic algae field 7.25 <0.07 - 38
CH2I; 23.10 <2-102
CHIC] 0.40 <0.02 -1.03
1-C3H7I 7.00 <0.47 - 29
2-C3H7I 8.82 <0.55-50.2
CHal Arctic coastal water 78°N  3.52 <0.07-10.56
CHIC] 1.71 0.63-3.82
CH:I; 6.34 <0.93-12.7
1-C3H7I 2.35 0.35-6.06
2-C3H71 3.53 0.41-12.6
CHsl Weddell Sea ice pore 38.0 34.5-40.9
C2Hsl water 27.3 26.2-17.6
1-C3H7I 235 218-259
2-C3H71 7.06
CHBr3 22 21-23
CHBrCl 2.6 2.5-2.6
CHsl Greenland/Norwegian 0.43 0.18-0.88
seas
CHsl Southern Ocean 62-72°S 2.1 0.07-8.8
CHIC] 0.56 0.05-1.8
CH:lI; <0.75
1-C3H7I 1.18 <0.29-1.94
CHBr3 15 <0.2-59
CHBrCl 1.9 03-7
CHsl NW Atlantic <0.7-7
CHsl Atlantic 50N-65S 4.37 0.25-18.7
CHICI 2.54 0.09-14.2
CHBr3 5.1 0.1-30.7
CHBrCl 0.7 0.1-12.2

Table 1. Previous measurements of halocarbons in polar waters (all values in pM) (continued

on next page)



Carpenter et al. [2007]

Hughes et al. [2009]

CHBr3
CH:l,
CHIBr
CH:IC]
CHBr3
CHzBrz

Southern Ocean
(Weddell)

Antarctic Peninsula

57
4.2
0.8
0.7
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44-78
1.7-8.2
0.2-1.4
0.2-2.4
<276
<30

Table 1 (continued). Previous measurements of halocarbons in polar waters (all values in

pM)

Reference
Rasmussen [1982]
Reifenhiduser and
Heumann [1992]

Schall and Heumann
[1993]

Yokouchi et al. [1996]

Moore and Groszko
[1999]
Carpenter et al. [2003]

Carpenter et al. [2005]

Hughes et al. [2009]

Mahajan et al. [2010]

Compound
CHsl
CHsl
CHBr3
CHBr,Cl
CHzBI‘Z
CHsl
CH:I;
CH:ICI
1-CsH7I
2-C3H7I1
CHBr3
CHBr,Cl
CHzBI‘z
CHBr3
CHBF2C1
CH:ICI
CHsl

CHal
CH2ICI
CHBr3
CHBr,Cl
CHzBI‘z
CH:l,
CH:IBr
CH2ICI
CHBr3
CHzBI‘z
CHal
CH:IBr
CH2ICI

Location
Global

Antarctic 60-66°S
Antarctic Peninsula

Arctic

Alert, Canada

NW Atlantic

Cape Grim

Hudson Bay, Quebec

Antarctic Peninsula

Hudson Bay, Quebec

Mean
2
2.4
6.3
3.8
3.7
1.04
0.46
0.07
0.2
2.0
0.45
0.33
0.45
1.9
0.24
0.01
1.7

2.6
0.04
2.6
0.19
0.43
1.4
3.7

2.7
0.4

Range
1-3
0.6-7.9

<0.004-2.12
<0.08-1.02
<0.004-0.18
<0.02-0.28
<0.02-5.98
<0.02-1.19
<0.01-1.00
<0.008 -1.00
0.25-5.7
0.07 - 0.51
<0.005 - 0.05

1.0-7.3
0.0-0.39
0.7-8.0
0.05-0.78
0.10-1.39
<3.3

<3.7

<04

<3.83
<0.11
<0.165

Table 2. Previous measurements of halocarbons in the polar atmosphere (all values in pptv)

1.7 The importance of I; and inorganic iodine species

Field measurements in ice covered waters are rare; as was discussed in section 1.2,

most have been made in temperate coastal locations [eg Carpenter et al., 1999;
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Furneaux et al., 2010] and here the link between iodocarbons, 10 and new particle

bursts has been demonstrated [Allen et al., 1999; Carpenter et al., 1999].

The importance of Iz in supplying an iodine atom flux to the atmosphere has recently
become apparent [Huang et al.,, 2010; Mahajan et al., 2010a] with suggestions that it
dominates the flux and is the most important precursor for new particle formation in
the marine environment [Mahajan et al., 2010a; McFiggans et al., 2004; Saiz-Lopez
and Plane, 2004; Saiz-Lopez et al., 2007b]. Iz is a highly reactive species, reacting
quickly with organic material in seawater [Truesdale and Spencer, 1974; Wong, 1991]

and being photolysed quickly in the atmosphere to provide two iodine atoms.

A study at O Grove, Galicia, Spain [Mahajan et al., 2010a] showed I, to be present at
levels of 350 £100 pptv. Huang et al. [2010] also detected up to 300 pptv Iz at Mace
Head, where HOI and ICl (collectively termed activated iodine compounds (AIC))
were also measured. AIC showed a maximum concentration of 30.2 pptv at night and

6.0 pptv during the day.

HOI and ICI are also involved in ozone depletion cycles; HOI is formed from the
reaction of 10 with HO2, uptake onto aerosol and reaction with Cl- may then yield IC],
the release of which may further enhance ozone depletion [Vogt et al., 1999]. If HOI is
taken up onto sea salt aerosols it liberates Cl- at a significant rate [McFiggans et al.,
2002]. HOI may also react with Br- present in fresh sea salt aerosol, producing BrO
and HOBr. HOBr may then react with sea salt which leads to autocatalytic release of
Brz [Vogt et al, 1996]. Hence this heterogeneous iodine chemistry may lead to

liberation of chlorine and bromine from sea salt aerosols.

Some debate exists as to how [ may be released into the polar atmosphere. A
modelling study suggested that the enhancement of iodine compounds over Southern
Ocean sea ice proceeds via accumulation of [ by sea ice algae followed by I, release
via the reaction HOI + I- + H* = 12 + H20 [Saiz-Lopez and Boxe, 2008]. The equilibrium
will be driven in favour of the products by the high volatility of I> and thus iodine is
removed from seawater, volatilised and released into the atmosphere. An alternative
abiotic mechanism has been proposed by O’Driscoll et al.[2008]. A solution of nitrite
and iodide, both present in sea salt, releases Iz and NO if the solution undergoes a
freeze thaw cycle. This reaction had previously been known to occur in weakly acidic
solutions, the authors of this study have suggested H* ions rejected from the ice phase

are concentrated in liquid micropockets, allowing the reaction to proceed.
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1.8 Why the difference?

Different conditions in Arctic and Antarctic waters and sea ice may contribute to the
inhomogeneous distribution of atmospheric I0 and BrO in the polar regions
[Schonhardt et al., 2008]. The Arctic Ocean is a deep basin of seawater (figure 4),
which, until recently, was ice covered year-round. It is surrounded by large
continental shelves and shallow smaller seas which are ice covered only in winter.
Most of the water exchange occurs with the North Atlantic. Until recently, between 50
to 90% of Arctic ice was multi-year and over 2 m thick, though these numbers are
declining rapidly as the global climate warms. More than 90% of the sea ice of the
Southern Ocean is first year and up to about 1 m thick, averaging 0.4 m, though some
multi-year ice of much greater thickness is present, especially in the Weddell Sea
which stays ice covered even in summer [Arrigo and Thomas, 2004]. Southern Ocean
waters are influenced by deep waters from more temperate areas of the globe and
thus have a larger supply of nutrients. These differences, summarised in table 3, have

important implications for the sea ice biota.

Property Arctic Antarctic

Maximum ice cover 14 x 106 km? 20 x 106 km?
Minimum ice cover 7 x 106 km? 4 x 106 km?

Age of ice mainly multi-year = mainly one year

Ice thickness >2m ~0.4m

Ice salinity low high

Ice type mainly columnar  mainly granular
Space for organisms low high

Melting process at air-ice interface  at water-ice interface
Platelet ice absent present

Land fastice over shallow water mainly over deep water

Table 3. Comparison of Arctic and Antarctic sea ice properties (modified from Spindler

[1990]).

Granular ice contains about twice as much brine volume than columnar ice and so
Antarctic sea ice is richer in biology than that of the Arctic [Horner et al., 1992]. In ice
packs not attached to land, snow aids primary production by depressing the ice
surface, causing flooding, which may lead to the formation of gap layers. Snow only

serves to reduce primary production in land fast sea ice by reducing available light



Page 33 of 238

[Welch and Bergmann, 1989]. Surface flooding due to heavy snow cover occurs on 15-
30% of pack ice in Antarctica [Wadhams et al., 1987], subsequent algal growth is a
function of reduced light intensity due to the snow cover and increased nutrient
supply due to the flooding caused by its weight. The ice of the Arctic, held as it is by
the continental shelves, is thick and mainly columnar, and has little chance of surface
flooding so gap layers are not common. In contrast, Antarctic sea ice is characterised
by high porosity and high biological activity [Garrison and Buck, 1989], and the sea ice
of the Weddell Sea is particularly prone to gap layer formation. The presence of algal
species known to concentrate and emit volatile compounds of iodine close to the ice-
atmosphere interface may result in an increased flux of these compounds to the

atmosphere.

Figure 4. Images showing the marked difference in the bathymetry of the Southern and Arctic

Oceans [courtesy General Bathymetric Chart of the Oceans]

As has been discussed, the atmospheric chemistry of iodine oxides is complex and
involves recycling on aerosol and the snowpack in the polar regions. In the Arctic,
where the sea ice area is surrounded by land on which vegetation grows, it is possible
for iodine to be absorbed by plants and so work its way up the food chain. Conversely,
in Antarctica the iodine lands on the snow, is reactivated (as shown by
extraordinarily high concentrations of 10 in the Antarctic snowpack [Friefs et al,
2010]) then is deposited again and the cycle continues. The lack of plants to absorb
the iodine, and animals to eat them, prevents the removal of iodine in the Antarctic

environment.
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1.9 lodide / Iodate

As alluded to briefly in section 1.5, diatoms have been shown to play a role in the
conversion of iodate to iodide [Chance et al., 2007]. The concentration of total iodine
in the open ocean ranges from 0.44 to 0.49 uM [Kiipper et al, 1998]. This is in the
form of iodate (I03°), iodide (I-), molecular iodine (I2), hypo-iodous acid (HOI), and
various iodocarbons [Truesdale, 1995]. lodine mainly exists in the first two forms, the
thermodynamically stable form, iodate, dominates in the open ocean. However, in the
photic zone iodide can account for up to 50% of total iodine [Wong, 1991], and it is
kinetically stable once formed [Luther et al., 1995]. High iodide concentrations have
been reported in biologically rich waters by numerous studies [Campos et al., 1996;

Jickells et al., 1988; Nakayama et al., 1989; Tsunogai and Sase, 1969].

In the Southern Ocean, a study by Bluhm [2010] measured high iodide concentrations
after the phytoplankton bloom, but depleted concentrations during it, indicating a
correlation between iodide production and seasonal variations in diatom distribution.
Chance et al. [2007] demonstrated the ability of cold water diatoms to reduce iodate
to iodide. The ability to do so varied between species, with Nitzschia sp. cultures able
to remove all of the iodate present in the medium, followed by production of iodide of
up to 3nmol I- pg Chl a1 day-! (under enhanced concentrations of iodate - which may
be present in hypersaline brine channels). Not all of the iodate could be accounted for
however, suggesting another pathway of iodine conversion, presumably iodocarbon
production or uptake to the diatom particulate. Other diatom species took up iodate,

only some produced iodide.

However, no clear correlation has been found between the highest iodide/iodate
ratios and the highest concentrations of biomass [Spokes and Liss, 1996]. Possible
alternative pathways are via photochemistry or bacteria. A laboratory study in
deionised seawater in the presence of light and organic matter concluded the
conversion of iodate to iodide can be driven by radiation, is not biologically driven,
but organic matter must be present. The reaction proceeded with a lag time of two
hours, suggesting iodide production is a secondary process following some initial
photochemical product [Spokes and Liss, 1996]. Francois [1987] showed humic
material may reduce iodate to form iodine-containing organic matter; it is possible

that photodissociation of this would yield I-.



Page 35 of 238

1.10 The concentration effect

When considering the concentration of ions and trace gases dissolved in sea ice brine,
the effect of reducing the volume of the liquid phase of the medium must be
considered. Any enhancement in concentrations due to this effect may then be
separated from production processes occurring within the ice. Furthermore, when
compounds become supersaturated, bubbles may nucleate, which are then included
along ice crystal boundaries [Bari and Hallett, 1974; Cox and Weeks, 1982]. If the ice is
not porous enough to allow these gases to escape they will remain trapped in the ice.
The diffusivity of halogenated gases is sea ice has been measured to be 1.3 x 10-4 cm?
s1 (x40%) [Loose et al, 2011], however at low temperatures (-15°C) this can be as
low as 4 x 10 cm? s'1 [Gosink et al., 1976] in sea ice and through freshwater ice is
~10-10 cm? s1 [Hemmingsen, 1959] which is 5 orders of magnitude slower than

molecular gas diffusion in water.
1.11 Summary

If diatoms capable of accumulating iodide, releasing iodocarbons or volatile inorganic
forms of iodine reside in sea ice, reactive forms of iodine may thus build up in sea ice
brine channels. If the ice is porous enough to allow these compounds to escape, the

brine channel community may be a source of atmospheric iodine.

Once released into the atmosphere, these iodine compounds are broken down by
solar radiation to yield iodine radicals. lodine oxides may then form when iodine
reacts with ozone, via catalytic ozone depletion mechanisms. IO may self react to form
higher iodine oxides which are insoluble - these may contribute to an increased
number of small particles in the atmosphere. A larger number of small particles
scatters sunlight more effectively, and hence the presence of iodine oxides in the

atmosphere may impact global radiative forcing.

The sea ice formation process itself may also contribute towards increased fluxes of
iodocarbons, by concentrating the trace gases into a small volume of brine. Therefore
the physical properties of the sea ice may play a role in controlling how easily these

compounds are released.
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1.12 Aims of this study

The overarching aim of this study is to investigate why such high mixing ratios of 10
are present over Antarctica, with particular focus on the Weddell Sea area where the
highest 10 levels are found. Measurements will also be made in other polar locations

in order that a comparative study can be undertaken.

The hypothesis that sea ice diatoms concentrate and volatilise iodine from the ocean
will be investigated. Halocarbons will be measured in seawater, sea ice and air in
order to ascertain whether ice which contains diatoms is a source of halocarbons.
Concentrations of inorganic compounds of iodine will also be measured in the sea ice,
and compared to seawater concentrations. Chl a analysis will be used as an indication
of algae distribution in the ice. Physical properties of the ice will determine the
continuity of the brine channel network, providing a pathway for the iodine

compounds from sources to the atmosphere.

The relative contribution of organic and inorganic iodine compounds to the 10 budget
will be investigated; the importance of Iz and AIC has recently been shown in
temperate locations but is as yet unknown in the polar regions. Simultaneous
atmospheric measurements of I, AIC, halocarbons and 10 will quantify the emission
of compounds of iodine into the atmosphere in the sea ice zone. New particle

formation will be measured to assess the impact of these emissions.

Saturation anomalies, flux calculations and a modelling study will be used to interpret
the measurement of organic and inorganic iodine compounds in sea water, ice and
air, and the resultant IO and new particles which arise. Being able to compare these
measurements to similar measurements in the Arctic will further understanding, and

potentially raise more interesting questions.

In the laboratory, controlled experiments on sea ice and polar diatoms will
investigate factors which may cause an enhancement in halocarbon concentrations
under sea ice conditions. The combination of field measurements and laboratory
experiments will help determine whether any enhancement in concentration of
iodine compounds in the polar regions can be explained via the biological [Saiz-Lopez

and Boxe, 2008] or abiotic [Carpenter et al., 2005] mechanisms discussed above.
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Work presented in this thesis

Chapters 3 and 4 report results from laboratory experiments aimed at determining
the effect of the extreme sea ice environment on halocarbon production by diatoms.
Various aspects of brine channel conditions were simulated; halocarbon
concentrations were monitored whilst changing halide ion concentrations, and
during sea ice formation at low temperatures and relevant light intensities.
Experiments were also carried out on a naturally occurring ice algae community on
the Antarctic Peninsula, demonstrating these results are not confined to laboratory
conditions which may not be representative of the natural environment, but rather

may be applied to natural systems.

Chapter 5 reports results from a cruise in the Weddell Sea, where organic and
inorganic compounds of iodine were measured and quantified. Chl a analysis was
used an indication of algae distribution in the ice. The physical properties of the ice
determined the continuity of the brine channel network, providing a pathway for the
iodine compounds from source to atmosphere. 10 and new particle formation were
also measured to assess the impact of compounds released from the ice on the
atmosphere above. Saturation anomalies, flux calculations and a modelling study have
been used to interpret the measurements. This is the first combined in situ study in
Antarctica of organic and inorganic iodine compounds in sea water, ice and air, and

the resultant 10 and new particles which arise.

Chapter 6 reports results from a second ship-based field campaign which was carried
out in the Arctic Ocean north of the Greenland and Norwegian seas, as a melting ice
floe on the edge of the Arctic pack was followed for 9 days while it drifted south-west
and melted. Halocarbon concentrations are also reported from the sea ice brine, the
water below the ice, and the air above. This ice may represent that of all Arctic ice in
the future, being first year, less than 1m thick and very porous. Results are also
reported from ice of the Canadian sub-Arctic in early spring, which was thicker,
colder, and less porous. Fluxes, loss processes, production pathways, and effects of ice

conditions are discussed.

Chapter 7 presents a small data set of field measurements collected on the Antarctic
Peninsula, which shows the presence of iodocarbons in seawater. Detailed depth
profiles through the water column of iodocarbons, and bromocarbons, are presented,

alongside atmospheric measurements of 10.
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Chapter 8 summarises the results from chapters 3-7, and by comparing the
measurements made it is hoped the understanding of the chemistry of iodine
associated with sea ice and diatoms has been furthered. Work is suggested which may

continue to improve this understanding.
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Chapter 2. Materials and methods

Four field campaigns were carried out during this study, and a summary of the
locations and measurements made is given in table 5. Where measurements were
made in collaboration with other groups, these are denoted in brackets in the table
and discussed in the relevant results chapters. Laboratory studies were carried out at
UEA in the UK and at Rothera, a research station on the Antarctic Peninsula, which
involved subjecting sea ice- and cold water diatoms to the conditions they may
experience in sea ice brine channels; results are reported in Chapters 3 and 4.
Chapter 5 reports results from the Weddell Sea cruise, and Chapter 6 summarises
results from the two Arctic field campaigns, COBRA and JR219. Chapter 7 reports field
data from Rothera, a small data set which was collected whilst the laboratory
experiments of chapters 3 and 4 were being out. Sampling and analysis techniques
common to multiple studies are discussed in this chapter, whereas experiment-

specific materials and methods are included in the relevant results chapters.
2.1 Halocarbons in sea ice, water and air
2.1.1 Gas chromatography mass spectrometry

Gas chromatography-mass spectrometry (GCMS) is a means by which a mixture of
volatile compounds can be separated and quantified. A gaseous sample is carried in a
flow of inert gas (in this case helium) along a column. Differing affinities between the
compounds and the coating of the column means each compound is retained inside
the column for a different length of time, and thus the compounds are separated. A
mass spectrometric detection technique allows for identification of the compounds
which exit the column, based on the mass / charge ratio of the ions of which the
compound is composed. After ionisation and fragmentation, the sample is deflected
by a magnet, and scanning the magnetic field preferentially directs ions to the

detector.

In this study, halocarbon analysis was carried out with an Agilent GC 6890N and Mass
Selective Detector 5975. The GCMS method had been developed by previous users

(Claire Hughes and Frances Hopkins, UEA) and optimised for halocarbon analysis.

The GC was fitted with a 60 m, 0.32um film thickness capillary column (DB-VRX,

J&W). The GC oven was held at 36°C for 5 min at the start of the GC run, then heated
up to 200°C at 20°C min-l, held at 200°C for 2 min and then heated to 240°C at 40°C
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min-l. In total 10 halocarbons were measured: CHsl, C2Hsl, CHBr3;, CH2ICl, 2-CsH7I,
CH2I», CH2IBr, CHBr2Cl, 1-CsH7I and CH2Br>.

The MS operated with an electron ionisation detector in single ion mode (SIM). SIM is
a selective detection technique - only selective ions are measured, and thus the time

available to measure each is increased, and a higher precision is achieved.

Limits of detection (LoD) and retention times were different during different
experiments and are given in the relevant chapters. Calibrations were carried out at
the start and end of every campaign and experimental period, and an example of the
calibration curves obtained are shown in figure 5. Liquid standards were used for the
calibration, injecting (with a Hamilton microlitre syringe) a known concentration of
standards (Sigma) dissolved in methanol (Fisher) into 40 ml pre-purged seawater in
a gas-tight glass syringe. The standards were prepared in the UK, and stored in amber
glass vials with Thames Restec mini-inert valve caps. The primary standard was
prepared gravimetrically, the second and tertiary (working) standards were prepared
by serial dilution of microlitre volumes. When used in the field they were stored at -

20°C, for a maximum of 8 months.

The performance of the GCMS was validated by tuning with the inbuilt autotune
function. The autotune was carried out at the start of every field campaign and
experimental period. The method uses an internal calibration compound,

perfluorotributylamine (PFTBA).

The sensitivity of the instrument was monitored in between calibrations by injecting
every sample with a known concentration of deuterated 1-iodopropane and
deuterated methyl iodide dissolved in methanol, which was checked for
contamination at regular intervals. System sensitivity drift may occur due to a build
up of deposition products on ion source walls, ion repeller and lens; the analysis of

the deuterated compounds ensures quality control and consistent data.



Field
campaign

COBRA

Weddell

Sea

Rothera

Arctic

JR219)

Location

Kuujjuarapik,

Quebec

Southern
Ocean,
Weddell Sea,
Brunt Ice
Shelf

Antarctic

Peninsula

Arctic Ocean
/ Greenland /
Norwegian

seas

Date

February -
March 2008

January -

March 2009

Dec 2009 -
March 2010

June - July
2010

Measurement

Halocarbons
Diatom distribution
Chla

Sea ice physics
(brine volume)
Halocarbons

I, HOI and ICI
Diatom distribution
Chla

Sea ice physics
(brine volume)

lodide

[odate

10

Halocarbons
Diatom distribution
Chla

Laboratory

experiments
10
Halocarbons
Chl a

Sea ice physics

Table 4. Summary of field campaign measurements
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Technique

GCMS (York)
Microscopy
Fluorometry

Temperature and

salinity measurements
GCMS

Denuder tubes (Mainz)
Microscopy
Fluorometry

Temperature and

salinity measurements

Cyclic voltammetry

(York)
Spectrometry (York)
Mini max DOAS
GCMS

Microscopy
Fluorometry

See details in text

Mini max DOAS
GCMS
Fluorometry (Oxford)

Temperature and

salinity measurements
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Air samples were collected directly onto Markes (Ltd) three-bed solid sorbent tubes
containing Tenax, Carbograph and Carboxen were used, details of how ambient air
was drawn through these tubes are given in the relevant results chapters. In order to
extrapolate from concentrations in pM for water samples to pptv in air, the following

formula was applied:
[pptv] = (([pM]*0.04*extraction efficiency)/volume of air)/n

Where 0.04 is the volume of the water sample used for calibration in litres, n is the
number of moles per litre of air at the relevant atmospheric temperature and
pressure, and extraction efficiencies are CHzl = 1; C2Hsl = 1; CHBr3 = 0.5; CH2ICI = 0.6;
2-C3H7I = 0.6; CHzI2 = 0.4; CH2IBr = 0.6; CHBr2Cl = 0.6; 1-C3H7I = 0.6; CH2Br2 = 0.6

(Claire Hughes, personal communication).
2.1.2 Purge and trap

In order to transfer the halocarbons present in a water sample into the GCMS, a
technique called purge and trap is used. This involves bubbling up to 1 L oxygen-free
nitrogen (OFN) through the filtered water sample (40 ml unless otherwise stated) in
a custom-made glass purge tube. The halocarbons were then trapped in one of two

ways.

In the first method, Markes adsorbent tubes were used, held between 0°C and 4°C by
a Peltier cooler. The tubes were then loaded into an UltrA autosampler connected to a
Markes Unity thermal desorption unit, which is in turn connected to the GCMS.
Halocarbons are desorbed from the tubes in the Ultra system, re-focussed on a cold
trap held at -10°C in the Unity system, and transferred to the GC column in a stream

of helium at a flow rate of 2 ml min-1 by rapidly heating the cold trap to 290°C.

In the second method, a trap cooled to -150°C by suspension above liquid nitrogen
was used to trap and focus the halocarbons; the trap was heated with boiling water to

extract the compounds for halocarbon analysis, with helium at the same flow rate.

OFN flow rates through the purge tube were 95 ml min-! for 10 mins in the former
method and 40 ml min-! for 15 mins in the latter. Particles and water vapour were
removed from the purge-gas stream using glass wool and a counterflow Nafion dryer

respectively.
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Figure 5. Examples of straight line fits to known standard concentrations obtained with

similar GCMS instruments in August (blue diamonds) and November (red squares) 2010.
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2.2 Iodide and iodate concentrations in seawater and ice

Iodide and iodate concentrations in seawater and sea ice were measured at UEA
within 9 months of the relevant field campaign. The water samples were frozen in

plastic centrifuge tubes, transported at -20°C and stored at -20°C at UEA.

lodide concentrations were measured using cathodic stripping square wave
voltammetry (CSSWV) as detailed in Luther et al. [1988], LoD was 0.08 nM and
precision, determined by errors in duplicate water samples, was between 0.4% and
4.7%. An Eco-chemie pAutolab Type II voltammeter was used, with an IME 663

control unit and a Metrohm 663 VA hanging mercury drop electrode in SMDE mode.

Iodate concentrations were measured spectrophotometrically using the method of

Jickells et al. [1988], LoD was 30 nM and precision was between 6.1 and 12.9%.
2.3 Chlorophyll a concentrations in seawater and ice

For all experiments except the COBRA field campaign, Chl a was measured using a
Turner AU-10 fluorometer fitted with a red-sensitive photomultiplier tube (10-AU-
600), a blue lamp (10-089, equivalent to F4T4.5B), a blue excitation filter (340-500
nm) and a red emission filter (>665 nm). Fluorescence was measured following
extraction of the sample from the filter paper overnight (in darkness at 4 °C) in 10 ml
of 90% acetone buffered with MgCO3. Unless otherwise stated, filter papers used
were Whatmann GF/F glass fibre filters, 47mm diameter. Chl a concentrations were
corrected for interference from phaeophytin a (a breakdown product of Chl a) by
measuring fluorescence before and after acidification with 8% HCI and calibrated
using a pure Chl a standard (Chl a from Anacystis nidulans - 1mg diluted in 90%
buffered acetone, Sigma-Aldrich), the concentration of which was determined

spectrophotometrically.
2.4 Cell numbers and volumes, and photosynthetic efficiency

Cell volumes and numbers were measured on the Coulter Counter, and a phyto-
pulsed amplitude modulation (phyto-PAM) fluorometer was used to measure
fluorescence before and after laser excitation. Briefly, a cuvette containing DRS is
subjected to a pulse of light which saturates the PSII reaction centres of the
chlorophyll, suppressing photochemical quenching which reduces fluorescence yield.

The ratio of variable to maximal fluorescence (Fy/Fm) gives an indication of the
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photosynthetic efficiency of the diatoms, which in turn is an indication of their health

[Genty et al., 1989].
2.5 Atmospheric mixing ratios of Iz, ICl and HOI

Molecular and inorganic iodine compounds were measured using denuder tubes as
detailed in Huang and Hoffman [2009]. Briefly, 1,3,5-trimethoxybenzene (1,3,5-TMB)
coated brown borosilicate glass (50 cm length x 6 mm internal diameter) denuder
tubes were used for the collection of gaseous HOI and ICl (collectively termed AIC),
and o-cyclodextrin/129- (a-CD/12°") coated denuder tubes were used for the

collection of gaseous I5.

The denuder tubes were mounted on the foremast of the ship at a height of
approximately 10 m above sea level, connected to a pump and mass flow controller,
and air was sampled for 3 hours at a rate of 500 ml min-1. The denuder tubes were
then capped with polypropylene end-caps, stored at -20°C, transported back to Mainz
University, and analysed within 8 months by GCMS by Ru-Jin Huang.

The samples were analysed using a GCMS (Trace GC / PolarisQ, Thermo Finnigan
[talia S.p.A, Rodano, Italy) with a 30 m x 0.25 mm and 0.25 um film thickness fused-
silica capillary column (Rtx®-5MS, Restek Co., Bad Homburg, Germany). Helium
(99.999% purity) was used as a carrier gas, with a flow rate of 1.0 mL min-1. 1 uL of
the sample (or standard) was injected by an AS 3000 Thermo Finnigan autosampler.
The temperature of the injector was set to 250°C and the temperature of the transfer
line was set to 300°C. The GC oven temperature was held at 50°C for 3 min, ramped at
30°C min! to 220°C and held there for another 3 min. The MS was in EI mode, data
acquisition was performed in full scan mode (m/z range 45-450) for identification
and characterization of the derivatives, and in selected ion monitoring (SIM) mode for

quantification.

Triplicate analyses by GCMS on the same tube gave a relative standard deviation
(RSD) of 0.12% or less for AIC and 0.054% or less for Iz analysis. On the basis of 90
litre sample volume, the LoD obtained for previous but similar measurements to this
work was 28.6 ppqv for AIC and 94.6 ppqv for I, respectively. However, samples
prepared to correct for interference, by treating tubes in a similar manner to the
sampling tubes without drawing any air through them, gave a background ‘blank’ of

1.2 ppt for Iz and 0.25 ppt for AIC.
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2.6 Column densities and mixing ratios of 10

[0 was monitored using a mini-MAX DOAS, a miniature Multiple Axis (i.e. vertically
scanning) UV-visible Differential Optical Absorption Spectrometer, whose spectra are
analysed by the method of Platt et al. [1979]. The instrument [Hénninger and Platt,
2002] of the Hoffman-Heidelberg design, using an Ocean Optics USB-2000, was set to
measure at wavelengths from 337 to 481 nm with a spectral resolution of about 0.7

nm. [0 was analysed from 409 to 474 nm, and BrO from 341 to 356 nm.

The DOAS analyses were performed by Dr Howard Roscoe (BAS) with the WinDOAS
program, analysed with references near local noon at 90° elevation. Median slant
amounts during each day with prolonged sunny periods were calculated, at four
different elevation angles. During the Weddell Sea cruise, elevation angles of 4°, 8°,
15° and 50° were chosen. 4° was the lower limit chosen to avoid looking at the ice
surface as the ship rolled a little, though the ship’s movement was very restricted
when surrounded by sea ice. 50° was the upper limit as this was the maximum
permitted by the mounting location. At Rothera, where no such restrictions were

necessary, the elevation angles ranged from 2° to 90°.

Median slant amounts at the three lowest elevations were subtracted from that at the
highest elevation value, and divided by the appropriate differences in air mass factors
(AMFs) to produce the vertical amounts. AMFs were supplied by Francois Hendrick of
BIRA (personal communication). Mixing ratios were then calculated within an

assumed boundary layer height, see relevant results chapters for more details.

I0 column densities as measured by satellite during the campaign period are also
presented for comparison. Measurements were made from the ENVISAT satellite-
based SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric
ChartographY) instrumentation [Schénhardt et al, 2008]. The technique measures
the absorption by 10 of backscattered radiation upwelling from the atmosphere with
a UV-Vis-NIR spectrometer. The data was analysed by Anja Schénhardt at Bremen

University.
2.7 Brine volume of sea ice

The temperature (handheld temperature probe) and bulk salinity (Hach sensION5
ISFET conductivity meter with internal temperature correction, resolution of 0.1 g 1-1

and accuracy of 0.1 psu between -2.0 and 35.0°C) of the sea ice were measured in
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order to calculate brine volume, according to the empirically derived equations 1 and

2 of Frankenstein and Garner [1967] as discussed in section 1.3.
2.8 Normalisation of bulk ice concentrations

Different methods were employed during this study to sample sea ice brine, and
details are given in the relevant materials and methods sections in the results
chapters. Where the bulk ice, rather than the liquid brine, was sampled, it is then
necessary to normalise the bulk ice concentrations to liquid brine volume in order

that the two methods can be compared.

As it is assumed that the biological and chemical activity of interest is occurring in the
liquid phase of the sea ice, the change in volume of this liquid phase must be
accounted for. Therefore where bulk ice was sampled, equation 3 gives initial

concentrations in the brine
[X]brine = [X]bulk / brine volume (3)

where [X]brine is the concentration of the compound of interest in the brine and [X]buik

is the measured concentration in the bulk ice sample.

It is then necessary to correct for brine salinity to allow for concentration or dilution
effects within and between cores and relative to the underlying seawater, as changes
in concentration may be correlated with salinity variations in the brine channels.
Equations 4 and 5 are used, the latter is employed when it was not possible to

measure brine salinity
R[X]brine = ([X]brine / Sbrine)*sref (4)
Sbrine = Spulk/brine volume (5)

where R[X]urine is the normalised and salinity corrected concentration of compound x,
Sbrine is brine salinity, Srer is the salinity of the underlying seawater and Spuix is the

salinity of the bulk ice sample.

There are a number of different methods of normalising concentrations in bulk ice
samples to concentrations in the brine. One can either normalise solely to brine
volume, or solely in line with salinity. However it was felt that the above method took
into consideration all aspects of how trace gases may become concentrated in sea ice.

Thus by applying these equations and looking at the vertical profiles of halocarbon
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concentrations throughout the ice depth, any variation in compound concentration
must then be due to chemical and biological processes occurring in situ in the brine

channels.
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Chapter 3. Halocarbon Production by Polar Diatoms During Sea Ice

Formation

3.1. Introduction

In order to study the factors affecting halocarbon production by polar diatoms,
seawater containing Porosira Glacialis, an ice-associated diatom which has a bipolar
distribution [Hasle, 1976], was frozen in Tedlar sampling bags. Halocarbon
concentrations were monitored during the freezing and melting of the seawater, and
physiological measurements were made to understand how diatoms survive when
seawater freezes and they are incorporated into the brine channels. The change in
conditions experienced by the diatoms is not simply the temperature - as the
seawater freezes the concentrations of dissolved ions and trace gases will increase as

the volume of the liquid phase decreases.

For each experiment, a filtered ‘control’ bag was used to account for this reduction in
brine volume. Though it is possible to estimate what halocarbon concentrations may
be in the liquid phase of the ice simply by multiplying by brine volume, loss processes
may be occurring, such as uptake by bacteria and loss to the walls of the bag. The
filtered control accounts for these. Another control, a bag held at ambient
temperature, was also used, to assess halocarbon concentrations by the same

subculture of diatoms which were not frozen.

Similar experiments were also carried out on cultures of two Antarctic ice diatoms,
Fragilariopsis Cylindrus and Fragilariopsis sp., collected from the Weddell Sea and
Antarctic Peninsula respectively, and on a naturally occurring ice algae community on
the Antarctic Peninsula to show these results are not confined to the laboratory, but
rather may be applied to natural systems. This chapter aims to further understand

how halocarbon concentrations become enhanced in sea ice brine.
3.2. Materials and methods

Cultured diatom stocks of Porosira Glacialis (kindly provided by Sophie Chollet, UEA),
Fragilariopsis Cylindrus (collected from the Weddell Sea and kindly provided by Jan
Strauss, UEA) and Fragilariopsis sp., (collected from the Antarctic Peninsula and
kindly provided by Claire Hughes, UEA) were grown in F/2 medium. F/2 is a widely
used seawater medium enriched with nitrate (NaNO3), phosphate (NaH2P04:H20),
silicate (Na2Si03:9H20), trace metals (FeCl3:6H20, NaEDTA:2H20, CuS04:5H:0,
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Na;Mo004:2H20, ZnS04:7H20, CoCl2:6H20 and MnCl2:4H20) and vitamins (thiamine
HCl (vit. B1), biotin (vit. H) and cyanocobalamin (vit. B12)) and was made up
following the method of Guillard and Ryther [1962] and Guillard [1975], at 4°C in 3
litre glass conical flasks (experiment 1 and Rothera experiments) or 25 litre

polycarbonate flasks (experiments 2 and 3).

Diatom-rich seawater (DRS) was transferred into 5 litre SKC Tedlar sampling bags
with dual stainless steel fittings (experiments 1 - 3) or 3 litre SKC Tedlar sampling
bags with a single polypropylene fitting (Rothera experiments). Tedlar is a polyvinyl
fluoride film, and the bags are made from two sheets of the film glued together. DRS
was transferred to the bags via a ~2 m long piece of Teflon tubing, after rinsing three
times. Any air in the bag was then carefully removed by holding the valve open at the

top of the bag and applying pressure to the liquid.

For the filtered experimental controls, DRS was filtered under a vacuum of 130 Pa. All
equipment and glassware were kept on ice to try to maintain cold temperatures
during filtration and preparation. Once prepared, and the first sample had been taken
for halocarbon analysis, the bags were moved to incubators as detailed in

experimental description sections 3.2.1 to 3.2.4.. Four incubators were used:

Incubator 1: a 4°C cold room with a 12 hour light cycle and a photon flux of 85 pmol

photon m-2s-1 from fluorescent tubes.

Incubator 2: a -15°C freezer with an LED array of blue, white and UV light, designed
to be representative of the light in polar regions, with a photon flux of 15 pumol

photon m-2s-1.

Incubator 3: a culture incubator which had an adjustable temperature setting, and a
24 hour light cycle with a photon flux of 35-40 pmol photon m-2 s-1 from fluorescent

tubes.
Incubator 4: a freezer set to -10°C, with the same LED array used in incubator 2

It is known that halocarbon production rates vary with light intensity [Moore et al,
1996] and the light intensities in the incubators were designed to be similar to those
which may be experienced in open water and sea ice conditions at the relevant

temperatures.
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At the sampling time (0, 24 and 48 hours after sample preparation unless otherwise
stated, see results section 3.3), 50 ml (or 30 ml for -15°C samples where brine
volumes were very much reduced) of the seawater / brine was drawn into a gas-tight
syringe through the valve via a 2 cm length of Tygon tubing, after rinsing. Where
much ice formation had occurred, it was first ensured that sufficient brine had
drained down to the valve opening (by gravity), to avoid creating a vacuum inside the
bag as the brine was removed. Duplicate samples from the same bag were used,
except in experiment 1, where single samples were only possible at some times, and
Rothera experiment 2 where duplicate bags were also used, and duplicate samples

taken from each bag.

10 ml of the 50 ml removed was used for physiological measurements - cell volumes
and numbers were measured on the Coulter Counter, and a phyto-PAM fluorometer
was used to measure fluorescence before and after laser excitation as described in

section 2.4.

The remaining 40 ml (or 20 ml) sample was then injected through a 25 mm Whatman
GF/F filter paper, held in a gas tight plastic filter paper holder, directly into the
custom-made glass purge tube at the start of the GCMS analysis set up as described in
section 2.1.2. The liquid nitrogen method of trapping was used in experiments 1-3,
whereas the Markes system of trapping on adsorbent tubes was used in the Rothera

experiments.

Ten halocarbons were measured, shown in table 5, with retention times and limits of
detection. A calibration was carried out approximately once every two months during
the experimental period as detailed in section 1.2, agreement between calibrations
was good and RZ? values of regression lines fit to the data were 20.94. Any drift in
instrument sensitivity between the calibrations was accounted for by the addition of

deuterated standards to every sample as described in section 2.2.1.

A summary of the experimental controls is given in sections 3.2.1 to 3.2.4 and table 6.
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CHzI Cz2Hsl CHBr3 CH:ICI 2-C3H~1
m/z 142 156 173 176 170
LoD 0.10 0.02 0.10 0.08 0.003
RT 4.05 6.3 10.7 8.3 7.5

CH:I: CH:IBr CHBr:Cl  1-CsH~I CH2Br:
m/z 268 222 129 170 174
LoD 0.15 0.22 0.24 0.001 0.10
RT 11.1 9.7 9.5 8.4 7.95

Table 5. Halocarbons analysed by GCMS, showing mass / charge ratio (m/z), limit of

detection (LoD) in pM, and retention times (RT) in minutes.
3.2.1 Tedlar bag experiment 1

A preliminary experiment was carried out to determine whether the Tedlar bags
were suitable experimental reaction vessels, as there were concerns over the Tedlar
material being a source or a sink of halocarbons. Three controls were used, two of
which were bags of seawater containing Porosira Glacialis (approx 5000 cells ml1),
one (labelled Ambient) was placed in incubator 1, and the other (labelled Low T) in
incubator 2. This allowed a comparison of halocarbon production at varying
temperatures and light intensities. The third control bag containing identical, but
filtered, seawater to remove the diatoms (labelled Low T (F)) which was also placed
in incubator 2 in order to check that there were no emissions from the bag during the
freezing process, to check for loss of any compounds to the bag walls, and also to
ascertain if any other reactions were occurring during the freezing process which did
not involve the diatoms. 1 litre DRS (or filtered DRS) was added to each bag. Due to
the large reduction in brine volume in the low temperature bags, duplicate samples
were only taken from the Ambient bag at 24 hours, and the percentage error

associated with these halocarbon concentrations was applied to data from all bags.
3.2.2 Tedlar bag experiment 2

In Experiment 2, the effect of low temperatures on halocarbon production by Porosira
Glacialis and Fragilariopsis Cylindrus was studied. 3 litres DRS was added to two bags
for each species, (Ambient at +4°C, Low T at variable temperature, -3°C to -5°C) and 3

litres filtered DRS was added to a third bag to be used as a low temperature control
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(Low T (F)). The Ambient bags were placed in incubator 1 for 4 days, then moved to

incubator 2 for one night, then moved back to incubator 1.

The low temperature bags were held in incubator 3, the temperature of which was set
to -3°C for the first 3 days of this experiment. However little ice formation was
observed (see section 3.3.2 for further discussion), so the temperature was lowered
to -5°C for 3 days. Following this, as the diatoms were still healthy, the temperature of
the incubator was raised to +4°C for 3 days, in order that further observations could

be made on temperature variations on the same population of algae.
3.2.3 Tedlar bag experiment 3

Fragilariopsis sp. was used for a study of halocarbon production at +4°C (Ambient)
and -5°C (Low T), and a low temperature filtered control was used (Low T (F)). 3
litres DRS was added to each bag. The Ambient bag was kept in incubator 1, the Low
T and Low T (F) bags were kept in incubator 3 at -5°C for the first 48 hours, and at +4
°C for the remaining 24 hours of the experiment, so that a comparison between the

two conditions could be made.
3.2.4 Rothera tedlar bag experiments 1 and 2

During the austral summer of 2009 / 2010, similar experiments were carried out on
algae collected from pieces of sea ice found in Ryder Bay, shown in figure 6. The ice
(~50 cm3 pieces) was collected from the side of a small boat and the liquid inside the
brine channels was allowed to drain into a bucket. The brine which drained was

collected, and inoculated in F/2 medium as described in section 3.2.

Two glass conical flasks were prepared with this inoculated natural community, in
which algae then began to grow. The flasks were kept outside in flowing seawater
tanks. Cultures were not made, so the resulting assemblages will have been a mixture
of species present in the ice. As the light intensity and temperature may have been
different in the tanks to that found in the ice, a different species may have come to
dominate the community than was originally present. However, two assemblages of
diatoms were successfully grown, labelled ] and K, and Tedlar bag experiments were
carried out. The assemblages were dominated by a Fragilariopsis species, and under
inspection below the microscope appeared to be monocultures (figure 7), however

the presence of other species is likely for the reasons mentioned above.
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Figure 6. Map of Ryder Bay, where sea ice samples were collected, from which diatom

assemblages were grown.

A different GCMS was used for halocarbon analysis, but the model, column, method
and technique were identical. A calibration was carried out at the start and end of the
experimental period, and instrument sensitivity drift was accounted for by the

addition of deuterated standards to every sample (section 2.2.1).

Assemblage ] was used in Rothera Tedlar bag experiment 1. Three bags were filled,
each with 1.5 litres DRS (or filtered DRS). Bag ‘Low T’ was placed in incubator 4, a
freezer set to -10°C. Bag ‘Low T (F)" was a filtered low temperature control also
placed in incubator 4, and the ‘Ambient’ bag was placed outside in the flowing
seawater tanks. Here the temperature was approximately 0°C and light intensities
corresponded to solar radiation. Day light hours were between 22 to 24 hours during

the experimental period.
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Rothera Tedlar bag experiment 2 was a repeat of Rothera Tedlar bag experiment 1,

only 2 litres DRS was added to each bag, diatom assemblage K was used, and

duplicate bags were placed under each control (Low T, Low T (F) and Ambient). In

this way, errors associated with both natural variability and experimental technique

were accounted for.

Exp Species
1 PG
2 PG & FC
3 Fsp
Rotheral J
Rotheral K

Time
(days)
3

Labels

Ambient
Low T
Low T (F)
Ambient
Low T
Low T (F)
Ambient
Low T
Low T (F)
Ambient
Low T
Low T (F)
Ambient
Low T
Low T (F)

Incubator

1/2

W = W W

3
Outdoors
4
4
Outdoors
4
4

Temperature
Q)
4
-15
-15
4/-15

-3to-5
-3to-5

-5to4
-5to4
0
-10
-10
0
-10
-10

Table 6. Experimental controls in Tedlar bag experiments. PG = Porosira Glacialis, FC =

Fragilariopsis Cylindrus, Fsp = Fragilariopsis sp., ] = Rothera assemblage ] and K = Rothera

assemblage K.
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Figure 7. Diatom assemblages ] (top panel) and K (middle and bottom panel), grown from a

naturally occurring ice algae community from Ryder Bay, under the microscope.



Page 57 of 238

3.3. Results
3.3.1 Physiological measurements

Information on the photosynthetic efficiency of the diatoms, and cell density and
volume, help us to understand how the diatoms cope with the conditions in these
extreme environments. In Tedlar bag experiment 2 in the Low T bags, the
photosynthetic efficiency of the Porosira Glacialis remains stable at -3°C, drops a little
at -5°C, and drops further at +4°C (figure 8), though it should be remembered that the
high cell counts at this stage may mean the diatoms are coming towards the end of
their growth stage, so a loss in photosynthetic efficiency is to be expected. This can be
seen in the cell density plots in figure 9. The photosynthetic efficiency of the
Fragilariopsis Cylindrus in the Low T bag (figure 8) seems more sensitive to
temperature change, dropping down to Fy/Fm = 0.32, but increases again once the

bags have been bought back to +4°C.

The results for photosynthetic efficiency in the Ambient bags are very interesting: the
Porosira Glacialis drop in efficiency a little (from Fv/Fm = 0.67 to 0.5) over the first 4
days of the experiment, the large reduction in Fy/Fn, then suggests cell death when the
medium is frozen to -15°C, with a small increase in photosynthetic efficiency as some
cells survive and start to grow again upon ice melt. The Fragilariopsis Cylindrus
however show a similar reduction in photosynthetic efficiency at -15°C, but instantly

recover upon ice melt.

As can be seen from figure 9, Porosira Glacialis stops growing at about 8000 - 9000
cells ml-! at both temperatures. Fragilariopsis Cylindrus grows very slowly initially in
the low temperature bag, despite being healthy, then shows a short lived growth
spurt. Growth is seen in the ambient bag, which slows a little after the -15 °C freeze.
Of particular interest is the large enhancement in cell numbers of Fragilariopsis
Cylindrus when frozen to -15 °C, as they are incorporated into the reduced volume of
the brine channel network, whereas the Porosira Glacialis cells are not as
concentrated. This discrepancy could be due to the larger volume of the Porosira
Glacialis cells; they are not as easily expelled from the ice matrix as it forms as the

tiny Fragilariopsis Cylindrus are.
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Figure 8. Photosynthetic efficiency represented by F,/F. for Porosira Glacialis and

Fragilariopsis Cylindrus in Tedlar bag experiment 2. The Ambient bags were held at +4°C with

the exception of the point denoted by the green arrow, which was taken after the seawater

had been frozen down to -15°C overnight. Average and range of duplicate samples are shown.
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Figure 9. Cell densities of Porosira Glacialis and Fragilariopsis Cylindrus
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Cell volume measurements (figure 10) also tell an interesting story. In the low
temperature bags, as would be expected during the exponential growth phase (at
which the diatom stocks should have been at the start of the experiment), Porosira
Glacialis reduces in volume over time (due to cell division) whereas Fragilariopsis
Cylindrus cell size increases, which must be due to some reproductive growth. Cell
volume results for the Ambient bags show how the different diatom species are
affected by the freezing process. When Porosira Glacialis is frozen to -15°C, cell death
results as the cells break open and cell volume is subsequently halved. The cell
volume of Fragilariopsis Cylindrus however is unaffected by the freezing. This
explains why the latter diatom species regain photosynthetic efficiency immediately
after ice melt (figure 8), and higher cell densities are recorded at -15°C (figure 9) as
the small Fragilariopsis Cylindrus are easily incorporated into the brine. The larger
Porosira Glacialis, however, is not as easily expelled by the ice crystal formation; they

are crushed within the ice lattice, cell lysis and death results.
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Figure 10. Cell volume of Porosira Glacialis and Fragilariopsis Cylindrus in Tedlar bag
experiment 2. The Low T bags were held at the temperature shown in blue below the data
points. The Ambient bags were held at +4°C with the exception of the point denoted by the
green arrow, which was taken after the seawater had been frozen down to -15°C overnight.

Average and range of duplicate samples are shown.
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3.3.2 Halocarbon concentrations
Tedlar bag experiment 1

Halocarbon concentrations in cultures of Porosira Glacialis at -15°C and +4°C, and a
filtered control at -15°C, are shown in figure 11. Some loss of C2Hsl, CHBr3, CH2ICI,
CHzlI2, CH2IBr, CHBr2Cl and CH2Br; in the filtered control is possibly due to the walls
of the bag, however halocarbon production is well in excess of this loss. A small
amount of CH3l, 1-C3H7I and 2-C3H7I appears to be produced in the absence of the
diatoms, this could be due to emissions from the bag, or bacteria could be

responsible, however the quantities emitted are small.

The concentrations which would be expected from the concentration effect in the low
temperature bag, that is by the reduction in the volume of the liquid phase of the sea
ice, is accounted for by the filtered control, as are any loss processes during the
freezing process. At -15°C, at constant bulk salinity, brine volume is 6.1%; hence if all
halocarbons are concentrated in the brine, a 16 fold increase in initial halocarbon
concentrations is expected due to this phenomenon. However such a strong
enhancement is not seen, indeed in the filtered control the concentrations often drop
to 0. Where any enhancement in concentrations of halocarbons occurs, it is assumed
to be due to diatom activity under the extreme conditions experienced in the sea ice

brine.
Tedlar bag experiment 2

Porosira Glacialis and Fragilariopsis Cylindrus were used to study the effect of
temperature on halocarbon production. For each species, a low temperature (Low T)
a filtered low temperature control (Low T (F)) and an ambient control (Ambient)

were prepared as detailed in section 3.2 and table 6.

The Low T and Low T (F) bags were held at -3°C in the incubator for the first 3 days of
the experiment, and at -5°C for next 3 days. Very little ice formation was observed at -
3°C, approximately 10% of the water was frozen in the bag containing Porosira
Glacialis, and only a small number of frazil ice crystals were observed in the bag
containing Fragilariopsis Cylindrus. This is interesting as Fragilariopsis Cylindrus is an
ice diatom, and, as was discussed in section 1.4.2, ice diatoms secrete EPS, containing

anti-freeze agents which may have prevented the bags from freezing. When held at
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Figure 11. Halocarbon concentrations in Tedlar bags containing Porosira Glacialis held at -
15°C and +4°C. A bag containing the same medium which had been filtered at 0.2um was also

held at -15°C.
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-5°C, approximately 40% and 20% of the water was frozen in the bags containing
Porosira Glacialis and Fragilariopsis Cylindrus respectively. The bags were then held
at +4°C for the next 3 days, so as to ensure that the 4°C results are comparable: it may
not be possible to compare the results from the bags in the 4°C degree cold room to

the ones at -5°C in the incubator as the light intensities and cycles were different.

The diatoms in the bags remained healthy (a drop in Fy/Fm of <0.25) during the
timescale of the experiment, though, as can be seen in figure 9, the diatoms reached
the stationary growth phase and halocarbon production could have reduced as a
result of this, as has been suggested by previous studies [eg Tokarczyk and Moore,

1994].
Porosira Glacialis

Halocarbon concentrations in cultures of Porosira Glacialis are shown in figures 12 to
16, with the upper panels showing halocarbon concentrations in the Low T and Low
T (F) bags, and results for the Ambient bags shown in the lower panels, respectively.
The halocarbon concentrations expected from the concentration effect of solvent
volume reduction in the Ambient bags are shown by the dashed line. The
concentration effect is not shown for the Low T bags as this is accounted for by the
Low T (F) bag. Where concentrations do not increase in the Low T (F) bag at lower
temperatures, other loss processes must be occurring, such as loss to the walls of the

bag or uptake by bacteria.

Other than a slight increase in CH3I concentration in the Low T (F) bag in the first 24
hours, concentrations decrease in all bags, possibly due to loss to the walls of the bag
or uptake by bacteria. The initial production of CH3I in the Low T (F) bag could be via
chemical reaction with other species, or biological production from enzymes released
from cell lysis during filtration. The release of CH3sl after the Ambient bag has been
frozen and thawed supports release from cell lysis during freezing, supported by high
concentrations of this compound at low temperature in Tedlar bag experiment 1

(figure 11)

After initial loss of CzHsI to the walls of the bag, production is then seen in the Low T
bag at -3°C. This production stops at -5°C and values remain constant. When the Low
T bag is moved to +4°C some production of C2Hsl is observed, followed by some loss.

The Ambient bag also shows a release of C2Hsl after thawing from -15°C. The cause of
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production of C2Hsl after ice melt in all bags is not known, but release from the bag

wall is possible.

CHBr3; and CH2Br2 concentrations follow a similar trend, production is observed to
be independent of temperature in the Low T bag, and production in the Ambient bag
is very similar. In Tedlar bag experiment 1 (figure 11), CH2Br; production was
observed at low and ambient temperatures, but CHBr3 production was not observed

at 4°C, the reason for this discrepancy is not known.

CH:ICl and CHBr:Cl production is not observed, but the effect of the trace gases being
concentrated in the brine when the Ambient bag is frozen to -15°C is clearly seen.
These compounds also showed little or no production at 4°C in Tedlar bag

experiment 1 (figure 11).

CH:Iz and CH:IBr concentrations show a similar pattern, increasing over time at low
temperature, but no production is observed at 4°C. These compounds also showed

little or no production at 4°C in Tedlar bag experiment 1 (figure 11).

1-C3H~7I concentrations fall over the first 24 hours in the Low T and Low T (F) bags,
then some production is observed, with highest production rate being seen at -3 °C.
There is some release following the freeze-thaw of the Ambient bag, but
concentrations are very low in all samples, and close to the limit of detection of the

instrument.

2-C3H7I was not observed above the limit of detection in any of the experimental

controls.

In the Ambient bag, the effect of freezing the medium clearly results in an increase in
concentration of the dissolved trace gases. The magnitude of this increase is
compound dependent; this may be due to loss to the walls of the bag, uptake by
bacteria, or compounds being trapped in brine pockets which were sealed off from
the brine network and thus were not sampled. For most compounds, the
concentrations returned to their pre-frozen values upon ice thaw, however the
concentrations of C2Hsl and 1-C3H7I increased, possibly due to cell lysis as observed
in figure 10. The trends between the different compounds are also apparent, with the
bromocarbons CHBr3 and CH:Br;, and the poly-iodocarbons CH:Iz and CH:IBr

showing similar patterns of production.
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The trends between different compounds are interesting as different enzymes are
thought to be responsible for production of different classes of compounds. Methyl
transferases are thought to be responsible for monohalogen production whereas
haloperoxidase enzymes have been shown to be responsible for production of
polyhalocarbons.  Haloperoxidases can be further sub-classified into
bromoperoxidase and iodoperoxidase enzymes, responsible for production of
bromocarbon and iodocarbon compounds respectively. Results from this experiment
would suggest compounds produced by methyl transferase enzymes are more likely

to be released after a freeze-thaw cycle (CHzl, C2HsI and 1-C3H7I).
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Figure 12. Concentrations of CHszl and C:Hsl in cultures of Porosira Glacialis in the low
temperature bag (top panel, with filtered control) where the temperature is shown above the
data, and in the ambient bag (bottom panel) which was held at 4°C except for the point
denoted by the green arrow, which denotes concentrations after freezing to -15°C. The
dashed line represents concentrations expected via the concentration effect. Average and

range of duplicate samples are shown.
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Figure 13. Concentrations of CHBr3 and CH:Br; in cultures of Porosira Glacialis in the low

temperature bag (top panel, with filtered control) where the temperature is shown above the

data, and in the ambient bag (bottom panel) which was held at 4°C except for the point

denoted by the green arrow, which denotes concentrations after freezing to -15°C. The

dashed line represents concentrations expected via the concentration effect. Average and

range of duplicate samples are shown.
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Figure 14. Concentrations of CHzICl and CHBr:Cl in cultures of Porosira Glacialis in the low

temperature bag (top panel, with filtered control) where the temperature is shown above the
data, and in the ambient bag (bottom panel) which was held at 4°C except for the point
denoted by the green arrow, which denotes concentrations after freezing to -15°C. The
dashed line represents concentrations expected via the concentration effect. Average and

range of duplicate samples are shown.
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Figure 15. Concentrations of CHzl; and CH:IBr in cultures of Porosira Glacialis in the low
temperature bag (top panel, with filtered control) where the temperature is shown above the
data, and in the ambient bag (bottom panel) which was held at 4°C except for the point
denoted by the green arrow, which denotes concentrations after freezing to -15°C. The
dashed line represents concentrations expected via the concentration effect. Average and

range of duplicate samples are shown.
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Figure 16. Concentrations of 1-C3H7I in cultures of Porosira Glacialis in the low temperature
bag (top panel, with filtered control) where the temperature is shown above the data, and in
the ambient bag (bottom panel) which was held at 4°C except for the point denoted by the
green arrow, which denotes concentrations after freezing to -15°C. The dashed line
represents concentrations expected via the concentration effect. Average and range of

duplicate samples are shown.
Fragilariopsis Cylindrus

Concentrations of CzHsl, CH2IBr and CH2ICI in cultures of Fragilariopsis Cylindrus in
Tedlar bag experiment 2 are shown in figures 17 and 18. No production of any of the
other halocarbons measured was observed, and the concentrations over time show

no change except for the concentration effect of freezing the ambient bag to -15°C.

As with the Porosira Glacialis cultures, there is a release of C2HsI upon ice melt at 168
hours. CHzIBr production is observed at -5°C, less than expected via the
concentration effect, but concentrations drop then increase after the freeze-thaw.
CH:I2 concentrations decrease over time, but remain higher in the low temperature
bags than in the ambient bag. However, the concentrations in the low temperature
bags do not differ between filtered and unfiltered bags, suggesting loss processes are
occurring which are not due to the diatoms, such as uptake by bacteria or loss to the

walls of the bag.
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Figure 17. Concentrations of C;Hsl and CH:IBr in cultures of Fragilariopsis Cylindrus in the
low temperature bag (top panel, with filtered control) where the temperature is shown above
the data, and in the ambient bags (bottom panel) which were held at 4°C except for the point
denoted by the green arrow, which denotes concentrations after freezing to -15°C. The
dashed line represents concentrations expected via the concentration effect. Average and

range of duplicate samples are shown.
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Figure 18. Concentrations of CH:l; in cultures of Fragilariopsis Cylindrus in the low
temperature bag (top panel, with filtered control) where the temperature is shown above the
data, and in the ambient bags (bottom panel) which were held at 4°C except for the point

denoted by the green arrow, which denotes concentrations after freezing to -15°C.
Tedlar bag experiment 3 Fragilariopsis sp.

The effect of temperature on halocarbon production by Fragilariopsis sp. was studied
in Tedlar bags held at -5°C and +4°C for the Low T and Ambient controls respectively,
and a Low T (F) control was also used. Considerably more ice formation occurred at -
5°C in the bags containing Fragilariopsis sp. than in the bags containing Porosira
Glacialis or Fragilariopsis; approximately 60% of the water was frozen after 48 hours.
Fragilariopsis sp. is also an ice diatom, if the anti-freeze agents in EPS do prevent ice

formation, it must be produced in different amounts by different species of diatom.

The Low T and Low T (F) bags were then moved to the 4°C cold room in order that a
direct comparison between the two controls could be made. Figure 19 shows
halocarbon concentrations in all bags. Increased halocarbon production occurs in the
Low T bags, above that measured in the filtered control. However, once the ice has
melted the concentrations drop to match those in the ambient bags, apart from CzHsI
which once again shows substantial increase upon ice melt, and CH2ICl which showed

a significant increase in production in the low temperature bags.
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Figure 19. Halocarbon concentrations in Tedlar bags containing Fragilariopsis sp.. Low T was
held at -5°C for the first 48 hours of the experiment then moved to +4°C (Low T) and a
filtered control bag (Low T (F)) was held under the same conditions, to check emissions from,
or deposition to, the bag. The Ambient bag was constantly held at +4°C. Average and range of

duplicate samples are shown.
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3.3.3 Results from experiments on a naturally occurring Antarctic ice algae

community

In order to study how applicable these laboratory experiments are to the natural
environment, similar experiments were carried out on a naturally occurring Antarctic
ice algae community. Diatom assemblages (] and K) were grown from sea ice brine
collected in Ryder Bay (figure 6). The average and range of halocarbon
concentrations in the sea ice pore water from which assemblage ] were taken were
2.4 (1.9 to 3.1) pM CHzl, 1.0 (0.7 to 1.3) pM CzHsl, 18.5 (17.9 to 18.8) pM CHBr3, 0.6
(0.5 to 0.6) pM CH2ICI, 0.1 (<LoD to 0.3) pM CHzl, 1.6 (1.4 to 1.7) pM CH2IBr, 1.1 (0.6
to 1.6) pM CHBr2Cl and 4.8 (4.2 to 5.3) pM CH:2Brz. The concentrations of all
iodocarbons except CHsl are higher than those in the underlying seawater at the time,
whereas bromocarbon concentrations in the ice brine are lower (average seawater
concentrations at 7 depths from 0 to 100m, triplicate samples for each, were 4.1 pM
CH3sl, 0.6 pM CzHsl, 33.1 pM CHBr3, 0.4 pM CH2ICI, 0.2 pM CHzl; and 14.9 pM CH2Br3;
CH:2IBr concentrations were below the LoD). This data supports iodocarbon, but not

bromocarbon, production by algae living in sea ice.
Rothera Tedlar bag experiment 1

Initial cell densities of the Antarctic ice algae community, measured back in the UK
after preservation with Lugol’s iodine, were approximately 1500 cells ml-l. Three
bags were used, a low temperature bag (Low T) filled with DRS at -10°C in a freezer
under the same LED array used in previous experiments, a filtered low temperature
control (Low T (F)), and an Ambient bag placed outside in the flowing seawater tanks
at approximately 0°C. Halocarbon concentrations are shown in figure 20. Due to time
constraints, it was only possible to run this experiment for 24 hours, by which time
approximately 60% of the water in the bags had frozen. Concentrations of CH3l,
Cz2Hs1, CH:ICl, 1-C3H7I, CH:2I2, CHBrz2Cl and CH:IBr are all higher in the low

temperature bags which contain diatoms (Low T).

Of particular interest is the much greater enhancement in iodocarbon concentrations
compared to the bromocarbons in the Low T bags; the compounds may be released
upon cell lysis during freezing, or production may increase due to the stresses of the
freezing process. CHzIBr concentrations are particularly high, which is interesting as
very high concentrations of this compound were measured during the COBRA field

campaign (see Chapter 6). CHzI2 concentration results are also interesting; loss is
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observed in the ambient bag, no production is seen in the filtered bag but there is

some production in the frozen DRS.
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Figure 20. Concentrations of halocarbons a naturally occurring Antarctic ice algae community
(Assemblage ]) at -10°C (Low T), 0°C (Ambient), and a low temperature filtered control (Low

T (F)). Average and range of duplicate samples are shown.
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Rothera Tedlar bag experiment 2

The second Tedlar bag experiment at Rothera was a repeat of the first, but with
duplicate bags used for each control. Duplicate samples were taken from each bag.
Diatom assemblage K was used; 2 litres DRS (or filtered DRS) was added to each bag.
Initial cell densities were approximately 1700 cells ml-l. Concentrations of CHBrs3,
CH:I2, CHzIBr, CHBr:Cl, 1-C3H7I and CH:Br: are shown in figures 21 to 26
respectively; no significant production of the other halocarbons was observed. CHBr3
concentrations were higher in the ambient bags, CHzIBr concentrations were higher
in the frozen bags, whereas production of the other halocarbons shown in the figures
was independent of temperature. However losses to the bag are significant at low
temperature, as can be seen in reduction in concentrations in the Low T (F) bags, so
enhanced concentrations in the bags containing DRS represent significant production
by diatoms. The two assemblages (] and K) at Rothera showed different trends in
iodocarbon and bromocarbon production. Whether this is due to a different species
dominating the community, or whether the assemblages were at a different stage in

their growth is not known.
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Figure 21. Concentrations of CHBr3 in a naturally occurring Antarctic ice algae community
(Assemblage K) at -10°C (Low T), 0°C (Ambient), and a low temperature filtered control (Low
T (F)). Average and range of duplicate samples from duplicate bags (4 samples at each time

point) are shown.
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Figure 22. Concentrations of CH:l; in a naturally occurring Antarctic ice algae community
(Assemblage K) at -10°C (Low T), 0°C (Ambient), and a low temperature filtered control (Low
T (F)). Average and range of duplicate samples from duplicate bags (4 samples at each time

point) are shown.
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Figure 23. Concentrations of CH:IBr in a naturally occurring Antarctic ice algae community
(Assemblage K) at -10°C (Low T), 0°C (Ambient), and a low temperature filtered control (Low
T (F)). Average and range of duplicate samples from duplicate bags (4 samples at each time

point) are shown.
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Figure 24. Concentrations of CHBr:Cl in a naturally occurring Antarctic ice algae community
(Assemblage K) at -10°C (Low T), 0°C (Ambient), and a low temperature filtered control (Low
T (F)). Average and range of duplicate samples from duplicate bags (4 samples at each time

point) are shown.
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Figure 25. Concentrations of 2-C3H7I in a naturally occurring Antarctic ice algae community
(Assemblage K) at -10°C (Low T), 0°C (Ambient), and a low temperature filtered control (Low
T (F)). Average and range of duplicate samples from duplicate bags (4 samples at each time

point) are shown.
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Figure 26. Concentrations of CHzBr; in a naturally occurring Antarctic ice algae community
(Assemblage K) at -10°C (Low T), 0°C (Ambient), and a low temperature filtered control (Low
T (F)). Average and range of duplicate samples from duplicate bags (4 samples at each time

point) are shown.
3.4. Discussion

CH3I concentrations are higher in cultures of Porosira Glacialis at low temperature (-
15°C) in experiment 1. The sharp increase in production in the first 24 hours,
followed by a smaller increase between 24 and 48 hours, may a reflection of the
amount of ice formation, subsequent reduction in volume of the brine and hence
concentration of the halocarbons produced. It is also possible that halocarbon
production by the diatoms under the stresses imposed by the freezing process slows;
photosynthetic efficiency was not measured in this experiment so it is impossible to
ascertain how this subculture reacted to the freezing process. CHsl production is also

observed in the Ambient bag, at a rate of approximately 0.02 pM hour-1.

A loss of CHsl over time in both bags containing Porosira Glacialis is observed in
experiment 2. Although the concentration effect is clearly seen in the ambient bag, it
is not as concentrated as would be expected from brine volume calculations (figure
12), and the increase is smaller in magnitude than for most other halocarbons. This
may be due to nucleophilic attack by CI;, the rate of which increases with salinity
[Elliott and Rowland, 1993]; bacterial consumption or loss to the walls of the bag
could also be responsible. No production of CHzl is observed from either
Fragilariopsis species in experiments 2 and 3. An increase in CHsl concentration at -

10°C is observed in the Antarctic ice algae community in Rothera experiment 1,
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though the concentration effect is again smaller than expected, so similar loss
processes could be occurring. Nevertheless, this leads to CH3l concentrations of 26
pM, in reasonable agreement with field measurements of 35 - 41 pM in Weddell Sea

ice brine [Fogelqvist and Tanhua, 1995].

Cz2H;sI concentrations are higher in cultures of Porosira Glacialis at low temperature (-
15°C) in experiment 1, though the much larger increase from 24 to 48 hours than in
the first 24 hours of the experiment suggest C2Hsl is first concentrated in the brine,
and then released by diatoms under brine conditions. The maximum rate of change of
C2HsI concentration in experiment 1 is 0.2 pM hour!, compared to an average
production rate of 0.01 pM hour-l under ambient conditions. In experiment 2, for both
Porosira Glacialis and Fragilariopsis Cylindrus, there is a significant increase in
concentrations of C2Hsl after ice melt, also observed in the filtered control, so an
abiotic mechanism to do with the freezing process may be responsible, as may
emissions from the bag. Experiment 3 shows a similar trend, though the reason for
the increase in concentrations in the ambient bag, which had not been frozen, is
unclear. Results from the Rothera experiments show an increase in concentration of a
magnitude expected when the brine volume is 11%, though the lack of a similar
increase in the filtered control suggests some link to diatoms. Maximum
concentrations recorded in the first Rothera experiment were 6.1 pM; lower than
field measurements of 26 - 29 pM in Weddell Sea ice brine [Fogelqvist and Tanhua,
1995].

CHBr3 concentrations are higher in cultures of Porosira Glacialis at low temperature
(-15°C) in experiment 1, though the much larger increase from 24 to 48 hours than in
the first 24 hours of the experiment suggest CHBr3 is first concentrated in the brine,
and then more is released by the diatoms under conditions experienced in the sea ice
brine. Production is independent of temperature for Porosira Glacialis in Tedlar bag
experiment 2, and CHBr3 is not produced by either Fragilariopsis species in
experiments 2 and 3. Maximum concentrations of up to 2000 pM were measured in
the low temperature bags, and up to 7575 pM upon freezing to -15°C when brine
volume is 6.1%. Results from the first Rothera experiment show an increase in CHBr3
concentration in both frozen bags (filtered and unfiltered) suggesting no increase in
production due to the diatoms under brine conditions for the naturally occurring
Antarctic ice algae community. High production rates are seen in Rothera experiment

2, with the maximum rate of 27 pM hour! in the ambient bags which showed a
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greater increase in concentration than the frozen bags, despite the solvent volume
reduction in the latter. Maximum CHBr3 concentrations in the Rothera experiments
were 820 pM. CHBr3 production by Porosira Glacialis is well documented, Tokarczyk
and Moore [1994] recorded concentrations of up to 990 pM, though their experiments
ran over several weeks, and Moore et al. [1996] recorded concentrations of up to
1400 pM. CHBr3 production by naturally occurring communities at Rothera has
previously been demonstrated as part of the RaTS data project [Hughes et al., 2009].
The highest concentration of CHBr3 measured in Arctic ice was 1451 pM when
normalised to liquid water content [Sturges et al, 1997]; Our results for the low
temperature samples in experiment 2 are in good agreement with previous

measurements.

CH:ICI concentrations are high (up to 37 pM) at -15°C in experiment 1, well in excess
of obvious loss processes observed in the other two bags. Low production is observed
by Porosira Glacialis in the second experiment at -5°C, whereas no production is
observed for Fragilariopsis Cylindrus. Fragilariopsis sp. show production of CH:IC],
both at -5°C and 4°C, more so at the lower temperature. Whilst concentrations in the
first Rothera experiment increase in both frozen bags, the unfiltered assemblages
show a larger concentration increase, suggesting some increase due to the diatoms.
Maximum production rates were recorded in Rothera experiment 1, of 0.23 pM hour-
1. CH:2ICl concentrations are high compared to field measurements where
concentrations are up to 3 pM [Chuck et al., 2005] but lower than those measured in

the laboratory by Moore et al. [1996]) (up to 200 pM).

2-C3H7I concentrations are higher in cultures of Porosira Glacialis at low temperature
(-15°C) in Tedlar bag experiment 1, though concentrations are very small. 2-C3H7I
production was not observed above the limit of detection in any of the other
experiments at UEA. In the first Rothera experiment, the concentrations in the low
temperature bags do not differ between the unfiltered and filtered control. However,
in the second Rothera experiment 2-C3H7I production was observed independent of
temperature in a naturally occurring Antarctic ice algae community, with an average
production rate of 0.003 pM hour-! leading to a maximum concentration of 0.88 pM,
much lower than field measurements of 7 pM in Weddell Sea ice brine [Fogelqvist and

Tanhua, 1995].
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CH:I2 concentrations show large errors in the frozen bag containing Porosira Glacialis
in experiment 1, though concentrations are higher (up to 19 pM) than in the ambient
bag and the filtered control, where some loss is seen. Porosira Glacialis also shows a
higher production of CH:I; at low temperatures in Tedlar bag experiment 2;
Fragilariopsis Cylindrus shows no production over time though concentrations are
higher in the low temperature bags. Fragilariopsis sp. shows no production of CH:l>.
In the first Rothera experiment, a loss is observed in the ambient bag, no production
is seen in the filtered bag but there is some production of CH:l; in the frozen bag
containing assemblage ]. However, when assemblage K was used in the second
experiment, CHzI; production was observed at both temperatures. This is the first
report of CH:Iz production by an Antarctic ice algae community, with average
production rates of 0.016 pM hour! for both assemblages | and K. Any processes
which lead to increased production of this highly labile compound are of interest to
atmospheric chemists seeking to understand the release of reactive iodine. CH:lI;
concentrations of 4.2 pM (1.7 - 8.2 pM) have been recorded in Antarctic waters
[Carpenter et al, 2007], of a similar magnitude to concentrations measured during

these experiments.

CH:IBr concentrations are higher in cultures of Porosira Glacialis at low temperature
(-15°C) in experiment 1, though the much larger increase from 24 to 48 hours than in
the first 24 hours of the experiment suggest CH2IBr is first concentrated in the brine,
and further production occurs when the diatoms are subject to the extreme
conditions in the brine channels. The average increase in CH:IBr concentration
between 24 and 48 hours was 0.46 pM hour-!leading to a maximum concentration of
14.3+4.1 pM. In experiment 2, low production was observed at -3 °C, there is a
significant increase at -5 °C, which then stops at 4 °C. However, some production is
observed in the ambient bag at 4 °C, which suggests the different light intensities of
the two incubators may have an effect on production, or production may have
stopped in the low temperature bags due to the diatoms coming towards the end of
their exponential growth phase. Results from the Rothera experiments are
interesting, showing increased concentrations of CHzIBr when both assemblages ]
and K are frozen. CH2IBr is a labile compound and, as with CH:l, is of particular
interest in the study of the volatilisation of iodine. The concentrations measured here

are in excess of those measured by Carpenter et al (2007) in Antarctic waters of 0.8
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pM (range 0.2-1.4 pM), but in good agreement with high concentrations in Arctic sea

ice (up to 33 pM) measured by this group (paper in preparation).

CHBr:Cl concentrations show an enhancement in the low temperature (-15°C) bags
containing Porosira Glacialis in experiment 1, well in excess of observed loss in the
filtered control. Concentrations were high (63 - 188 pM) but did not change
significantly over time in any sample bags at any temperature in experiments 2 and 3,
except due to brine volume reduction where concentrations reached 1178 pM. In the
Rothera experiments, a concentration effect due to brine volume reduction was
observed as expected in the first experiment, but the results for the second
experiment are interesting - production of CHBr;Cl is observed independent of
temperature in a naturally occurring Antarctic ice algae community, at an average
rate of 0.48 pM hour-l. Tokarczyk and Moore [1994] noted extremely low production
of CHBr2Cl in their study of halocarbon production by Porosira Glacialis, and to our

knowledge no other reports of its production exist.

1-C3H7I concentrations show a similar pattern to C2HsI concentrations - higher in the
low temperature bags containing Porosira Glacialis in experiment 1 with a further
increase after 24 hours, due to the diatoms under brine channel conditions. In
experiment 2 some loss, possibly to the walls of the bag, is observed in all bags
containing Porosira Glacialis, production is then observed at low temperature for 3
days, though concentrations are low, followed by some loss. In the Ambient bag,
concentrations increase upon freezing to 0.42 pM at -15°C but then remain high upon
ice melt, possibly due to cell lysis and compound release. No production of 1-C3H7l is
observed from either Fragilariopsis species in experiments 2 and 3, and the only
increase in concentrations in the Rothera experiments is due to the concentration
effect of brine volume reduction, which resulted in maximum 1-CsH7I concentrations
of up to 1.3 pM. These concentrations are much lower than field measurements of

217 - 259 pM in Weddell Sea ice brine [Fogelqvist and Tanhua, 1995].

CH:2Br: concentrations show a similar pattern to CHBr3, though concentrations are an
order of magnitude lower. CH2Br2 concentrations are higher in cultures of Porosira
Glacialis at low temperature (-15°C) in experiment 1, though this could be due to the
concentration effect. Production is independent of temperature for Porosira Glacialis
in experiment 2 where average change in concentration over time of 0.86 pM hour-!

leads to maximum concentrations of 224 pM. CH:Brz is not produced by either
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Fragilariopsis species in experiments 2 and 3. Results from Rothera experiment 1
show an increase in concentration in both frozen bags (filtered and unfiltered)
suggesting no increase in production due to the diatoms under extreme conditions in
brine channels for the naturally occurring Antarctic ice algae community assemblage
J. Assemblage K show CH2Br; production independent of temperature an average rate
of 0.2 pM hour-l. These results are in reasonable agreement with those of Tokarczyk
and Moore [1994] who measured CH2Br; concentrations of up to 350 pM in Porosira
Glacialis cultures, though less than those of Moore et al. [1996] who measured

concentrations of up to 1600 pM, albeit over a longer experimental timescale.
3.5. Conclusions

Of particular interest to this study are the labile iodocarbons which are broken down
rapidly by solar radiation to yield iodine radicals. The lifetimes for the most reactive
iodocarbons on the Antarctic Peninsula at noon in summer are approximately 20
hours for CH:ICI, a few hours for CHzIBr and 20 minutes for CHzI,. These compounds
can yield substantial amounts of reactive iodine, the longer-lived iodocarbons such as
CH3l cannot sustain a significant amount of iodine during their photolysis as the
radical lifetime is limited by deposition to the surface or within aerosol on a shorter
timescale. The potential for these reactive iodine species to be enhanced in

concentration under sea ice conditions has been demonstrated.

Antarctic sea ice grows and recedes over an area of approximately 15 x 106 km? every
year [Cavalieri et al., 1999]. The halocarbons in this water are concentrated in the sea
ice brine during ice formation, and the concentration effect may play a role in the
transport of these compounds from the ocean to the atmosphere. Where
phytoplankton communities are present in the water, this effect may be further
enhanced by increased halocarbon production by the algae under the extreme
conditions in the brine channels. To estimate the global contribution from such
processes is beyond the scope of this thesis. However it has been demonstrated that
both the concentration effect and increased halocarbon production by sea ice algae
play a role in concentrating halocarbons in sea ice brine. More work is needed to

understand fully the processes which lead to halocarbon release from sea ice.

When monitoring halocarbon concentrations in seawater containing diatoms,

bromocarbon production rates were observed to be mostly independent of
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temperature; increases in concentration at very low temperatures may be due to the

concentration effect of brine volume reduction during sea ice formation.

CHsI concentrations at low temperature were lower than those expected via the
concentration effect; the enhancement which did occur was less than that of the other
iodocarbons. This may be due to nucleophilic attack by Cl-, the rate of which increases
with salinity. C2Hsl concentrations consistently increased upon ice melt, abiotic
reactions could be occurring, but release of this compound from the material of the
bag is also possible. The more reactive iodocarbons, CH:ICl, CHzIz, CH2IBr, 1- and 2-
C3H7I all showed the potential to be produced in larger quantities under sea ice

conditions, exceeding concentrations expected via the concentration effect.

CH2ICl production increased under frozen conditions in the naturally occurring
Antarctic communities, concentrations of CHzI; and CH2IBr increased in both Porosira
Glacialis cultures and the naturally occurring community on the Antarctic Peninsula,

whereas 1- and 2-C3H7I production only increased in Porosira Glacialis cultures.
3.6 Summary

It has been demonstrated that

Porosira Glacialis, which is a relatively large diatom, does not survive when

frozen in a seawater medium to -15°C.

e The much smaller Fragilariopsis Cylindrus is more easily incorporated into the
brine channel network when seawater freezes, and though the photosynthetic
efficiency is greatly reduced at -15°C, the diatom recovers upon ice melt.

e Both the increase in halocarbon production by diatoms under sea ice
conditions and the concentration effect of solvent volume reduction provide a
mechanism by which halocarbons may become concentrated in sea ice brine.

e lodocarbons in seawater have the potential to be enhanced in concentration
under sea ice conditions.

¢ Bromocarbons become less concentrated than iodocarbons in sea ice brine.

e Trends can be seen between concentrations of mono- and poly-halogenated
organics, which can be traced back to their production by different classes of
enzyme.

o (Hsl is released after ice melt, though this may be due to emissions from the

sampling bags
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The increase is iodocarbon concentrations in the sea ice brine may be due to
increased production by diatoms under stressful conditions as they utilise iodide in
this extreme environment. Concentrations may also become enhanced in the
seawater medium when the diatom frustules break open upon cell death, and

intracellular compounds are released.

These findings are important in understanding how the concentrations of iodine
compounds are enhanced in sea ice brine channels. The measurements made on sea
ice collected from Ryder Bay on the Western Antarctic Peninsula showed enhanced
concentrations of iodocarbons, but not bromocarbons, in the brine. When the sea ice
is porous enough to allow these compounds to escape, this provides a mechanism by

which iodine may be enhanced in the atmosphere above sea ice.
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Chapter 4. Production of Halocarbons by Polar Diatoms

Subject to Salinity Stress

4.1 Introduction

Chapter 3 investigated halocarbon emissions during the freezing of a seawater
medium containing diatoms; this chapter explores what factors of the freezing
process may be responsible for a change in halocarbon concentrations. Cultures of the
same three species of diatom used in chapter 3, Porosira Glacialis, Fragilariopsis
Cylindrus and Fragilariopsis sp., were used. These diatoms were placed under
conditions of varying salinities, iodide and bromide concentrations, and halocarbon
concentrations were monitored. Similar experiments were once again carried out
carried out on a naturally occurring Antarctic ice algae community on the Antarctic

Peninsula.
4.2. Materials and methods

Stocks of the cultured diatoms, Porosira Glacialis, Fragilariopsis Cylindrus and
Fragilariopsis sp., were grown in an incubator at 4°C and light intensity of 85 pphoton
m-2 s1 (measured in a flask of distilled water at the bench level) on a 12 hour light
cycle, in the F/2 medium detailed in section 3.2, in 1 litre glass conical flasks.
Seawater collected from the Weddell Sea was used, which was filtered and autoclaved
before use. Axenic conditions were maintained during sample preparation, and all

glassware was also autoclaved.

The Antarctic ice algae community (Rothera experiments) were grown in 3 litre glass

conical flasks in flowing seawater tanks outside as detailed in section 3.2.4.

In order to prepare the samples used for the experiment, 25 ml diatom rich seawater
(DRS) was added to a 50 ml culture tube containing 25 ml pre-purged distilled water
(PPDW) or 25ml pre-purged seawater (PPSW) + a known quantity of baked NaCl
(NaCl (Sigma Aldrich), baked in furnace to remove any organic material, at 300°C in
pre-weighed (to +0.01g precision) foil packages) + KI (Sigma Aldrich) or KBr (Sigma
Aldrich) where relevant. The tubes were filled completely without a headspace to

ensure trace gases remained in solution, and returned to the incubator.

After the appropriate time had elapsed, 40 ml of the solution was drawn into a gas

tight syringe via a piece of Tygon tubing placed at the bottom of the culture tube to
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avoid sampling water which had chance to de-gas when the tube was opened. This 40
ml sample was then injected through a 25 mm Whatman GF/F filter paper, held in a
gas tight plastic filter paper holder, directly into the purge tube at the start of the
GCMS analysis set up as described in section 2.1.2. The liquid nitrogen method of
trapping was used in experiments involving Porosira Glacialis, Fragilariopsis Cylindrus
and Fragilariopsis sp., whereas the Markes system was used in the Rothera
experiments. The remaining 10 ml DRS in the culture tube was immediately used for
physiological measurements: cell volume, cell density and photosynthetic efficiency
as detailed in section 3.2, except at Rothera where this was not possible. Three tubes

were used for each control unless otherwise stated.
4.3. Experimental description and hypotheses
4.3.1 Experiments using Porosira Glacialis

During sea ice formation, diatoms in the ocean are incorporated into brine channels
within the ice, experiencing salinity stress as the temperature drops and the brine
becomes more concentrated. This results in increased concentrations of bromide and
iodide. The following experiments subjected diatoms to variations in these
conditions, and were carried out consecutively on sub cultures from the same stock of
Porosira Glacialis. The experiments are summarised in table 7 and described in more

detail below

Experiment 1 was designed to study the effect on halocarbon production of
increasing salinity (35%0 to 65%o, from average seawater salinity to the maximum
salinity of natural diatom habitats [Grant and Horner, 1976]). Experiment 2 was a
repeat of experiment 1, but at high iodide concentrations, as the assumption is made
that iodide is being accumulated in some way. If microalgae are capable of
accumulating iodide in the same way macroalgae have been shown to [Kiipper et al.,
1998] then iodide concentrations in brine channels could be 30 000 times that in the
underlying seawater, and could reach 10-3M, which is the high iodide value used in

this experiment.

Experiments 3 and 4 were tests designed to ensure these results were comparable:
changing salinity and iodide in the same experiment, both with a salinity which

caused the diatoms to be stressed (65%0), and another which was so extreme that
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cell lysis (rupture) occurred (85%o), respectively. Experiment 3 also investigated the

effect of low salinity stress.

Experiment 5 varied bromide concentrations, which allows an insight into
competition between the halogens for the enzyme active site. Following these
extreme scenarios, experiment 6 used more reasonable levels of salinity (25%o0 -
45%o0) and iodide (10> M to 10*M) to be more representative of the natural

environment.
4.3.2 Experiments using Fragilariopsis Cylindrus and Fragilariopsis sp.

Fragilariopsis Cylindrus, a Weddell Sea ice diatom, was subject to conditions of
varying salinity, bromide and iodide concentration, to ascertain whether this species,
which had not previously been known to produce halocarbons, could be encouraged
to do so under the stressful conditions they may find in sea ice brine channels. One
set of samples was held at ambient concentrations, one was subjected to high salinity
(55%o0), one to high salinity and high bromide (2400 puM) and another to high salinity
and high iodide (10-4).

A second Fragilariopsis species, Fragilariopsis sp., collected from the Antarctic
Peninsula in 2008, was checked for halocarbon production, and subjected to varying
bromide concentrations (400 - 2400 pM) as bromocarbon production has been

recorded in this area associated with ice melt [Hughes et al., 2009].

Further experiments were not carried out with either Fragilariopsis species, following
affirmation that neither species was of particular interest with respect to halocarbon

production.
4.3.3 Experiments using a naturally occurring Antarctic ice algae community

During the austral summer of 2009/2010, similar experiments were carried out on
algae collected from pieces of sea ice found in Ryder Bay, shown in figure 6. Details of
the collection and growth of the diatom assemblages are identical to that described in
section 3.2.4; only assemblage ] was used. The assemblage was subjected to
conditions of high salinity and high iodide concentrations, and halocarbon
concentrations were monitored. The purpose of these experiments was to ascertain
whether a natural community, not previously known to produce iodocarbons, could

be encouraged to under sea ice conditions.
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4.4. Results from experiments using Porosira Glacialis

Table 7 gives an overview of six experiments aimed at elucidating which conditions
associated with sea ice may affect halocarbon production by Porosira Glacialis and a

brief introduction to which compounds were affected by the changes.

Exp Hypothesis Compounds affected by changing

experimental conditions

1 Increasing salinity increases CHBr3, CH2IBr and CH2Br; production
halocarbon production suppressed by increasing salinity
2 Increasing salinity at high I CHsl, C:HsI and 1-C3H7I production
concentration increases iodocarbon enhanced by increasing salinity, CHzlI2
production and CH2IBr production suppressed. 2-
C3H7I production is independent of
salinity. Bromocarbon production is
now not observed
3 Low salinity stress may also CHsl, CzHsl, and 2-C3H7l production
increase iodocarbon production at increases with high or low salinity
high I- stress
4 Cell lysis at high salinity and high I- CHsl, CzHsl, 1-C3H;I and CHIBr
releases halocarbons concentrations increase upon cell
lysis. CHz:Iz and CH:ICl production

observed at high I- regardless of cell

lysis
5 Bromocarbon production is affected No significant change in halocarbon
by Br- concentrations production observed

6 Less extreme salinity, iodide and CH3sl, CzHsl, 2-C3H7I and 1-C3H7I
bromide concentration changes production is highest when iodide
influence halocarbon production concentrations are high; and all except

CHsl increase with increasing salinity.
Varying bromide concentration does
not affect halocarbon production.

Table 7. Summary of all experiments using Porosira Glacialis
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4.4.1 Physiological measurements

Cell numbers were monitored as the cultures were being grown up, and the diatoms
were in their exponential growth phase before each experiment commenced. The
Fy/Fm ratio obtained via fluorometry (section 3.2) was used as an indication of the
photosynthetic efficiency of the diatoms, which is in turn an indication of their health.
During exponential growth when the diatom stocks are at their most healthy, typical
Fyv/Fu ratios for Porosira Glacialis are between 0.5 and 0.65. Before each experiment
reported in this study commenced, the photosynthetic efficiency of the Porosira
Glacialis was above Fy/Fn = 0.53, and cell densities were between 2100 + 210 and
5500 = 550 cells ml-1. Production rates have been corrected for this variation in cell

density by taking the total average of cell numbers during the experimental period.

Physiological measurements enable us to understand how diatoms cope with the
extreme conditions in the brine channels. For example, in experiment 1, at a salinity
of 35%0 and 45%o0 the photosynthetic efficiency of the Porosira Glacialis is not
adversely affected (figure 27). At 55%o0 an effect due is seen - the photosynthetic
efficiency of the diatoms is adversely affected by the increase in salinity, but recovery
is swift as the diatoms adapt to their environment within a few hours (the Fy/Fn ratio
increased from 0.21 to 0.35 within the experimental sampling time between the
triplicate samples, data not shown). However at 65%o recovery from the salinity

stress is not observed within the timescale of the experiment.

Cell volume measurements allow an insight into the effect on the cell size of the
experimental conditions. For example in experiment 2, cell volume can be seen to
decrease during the experiment with increasing salinity (figure 28). Figure 29 clearly
shows the cell lysis which occurred in experiment 4 at high salinity (85%o), as cell

volume halved. Split diatom frustules were also observed under the microscope.

Experiment 5, in which bromide concentrations were varied, gave unexpected results
for diatom photosynthetic efficiency - though the salinity was held at 55%o, the Fy/Fn
of the Porosira Glacialis was very variable, and decreased in all controls (figure 30).

Whether this was due to the addition of the bromide is unclear.

In experiments 6 and 7, where salinities were altered by a small amount, neither the
cell volume nor growth rate was altered by the change in experimental conditions,

and the Fy/Fmn values were not different between samples (data not shown).
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Figure 27. Photosynthetic efficiency of Porosira Glacialis in experiment 1. A decrease in

photosynthetic efficiency is observed at higher salinity. The average and range of triplicate

samples at each time is shown.
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Figure 28. Porosira Glacialis cell volume after 48 hours in experiment 2. The average and

range of triplicate samples is shown.
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Figure 29. Cell volume of Porosira Glacialis in experiment 4, where S = salinity, L = low, | =

iodide concentration and H = high. The average and range of triplicate samples at each time is
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Figure 30. Photosynthetic efficiency of Porosira Glacialis shows a dramatic decrease during
the first 24 hours of experiment 5 in all controls, where S = salinity, L. = low, I = iodide
concentration and H = high. The average and range of triplicate samples at each time is

shown.
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4.4.2 Halocarbon measurements

During the exponential growth phase of Porosira Glacialis cultures, before these
experiments were started and when the diatoms were not stressed in any way,
average production of CHBr3, CH2ICI, CH2IBr, CHBrzCl and CH2Brz was 1755, 0.025,
0.075, 0.675 and 0.6 x 10-° pmol cell! hour! respectively. Production of the other

halocarbons was not observed.

Several blanks were prepared during the experimental period, made up of PPSW,
PPDW, and a mixture of the two. F/2 nutrients were added, as were NacCl, KI and KBr,
as per experimental conditions. Tubes were analysed after incubation for 0, 24 and 48
hours. No significant change in halocarbon concentrations was observed in any of the

blank samples.

In the results presented below, halocarbon concentrations were measured at 0, 24
and 48 hours after diatoms were subjected to the stresses they may experience in sea
ice brine channels, as listed in table 7. Production rates have then been calculated
using data at 0 and 48 hours, with the full range of possible changes in concentration
represented (maximum concentration at 0 hours deducted from minimum
concentration at 48 hours and vice versa). Average cell numbers during the

experiment were used to calculate a production rate per cell.

An alternative method is to calculate a halocarbon concentration per cell at both 0
and 48 hours, and divide by time to determine a production rate, however this
method leads to negative production rates in most samples, as diatom growth rates
far exceed halocarbon production rates, and thus the data is distorted. Where
negative production rates are shown with the method chosen, this reflects an overall
loss of halocarbon concentrations in the sample tubes during the experiment. This
could be due to bacterial consumption as has been observed in culture experiments

involving diatoms (Claire Hughes, private communication).
Experiment 1

When a salinity of 35%0 was maintained (figure 31), Porosira Glacialis produced
CH2IBr, CHBr3 and CH2Br;. Production of these compounds was slightly suppressed
when salinity was increased to 45%o, and the data was much more spread. When the
salinity was increased further, production stopped. From the spread of data at 45%o

it looks as though a tipping point in the system responsible for production of CH2IBr,



Page 94 of 238

CHBr3 and CH2Br; was reached at this point. As enzymatic production of halocarbons

has previously been demonstrated in work by other groups [Manley, 2002; Moore et

al, 1996], it is likely that the salinity stress caused denaturing of these enzymes.

When CH2Br; and CHzIBr concentrations are studied (figure 31), it can be seen that at

higher salinities, initial (though reduced) production is seen during the first 24 hours

of the experiment, after which loss processes dominate. This may represent a gradual

shutting down of the anti-oxidative enzymatic systems responsible for halocarbon

production [Manley, 2002].

Significant production of other halocarbons was not observed. Results from

experiment 1 would suggest a decrease in production of CHBr3, CH2Br2 and CHIBr in

saline brine channels in sea ice.
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Figure 31. Concentrations of CHBr3;, CH:IBr and CH;Br; in seawater containing Porosira

Glacialis in experiment 1 under conditions of

S =35%o, @ S = 45%0, A S=55%0and ® S =

65%o0. The average and range of triplicate samples at each time is shown. Concentrations of

other halocarbons were not affected (data not shown).



Page 95 of 238

CHEBr, CH,Br,

= B0 - =
5 = r
a o 2
= 500 £
o g o
'_éu A0 —g'“ 150 |
5 300 - a . m
= (=TT
— — {X]
= i
n L]
g 1 - 5 5
E (] ? - m E m |
i 2 } t ﬁ'
8 .3 B |

200 0

) 1 1 ; 15 a5 45 65 7
Salinity %) Salinity {5]

L CH,IBr
: o |
] o
g 1
=
= :
=
% i} o g
E
: |
% |
-]
=]
=

15 4% &t ] i

Salinkty ||
Figure 32. Production rates of CHBr3, CH2Br; and CH:IBr by Porosira Glacialis in experiment 1,
deduced from halocarbon production between 0 and 48 hours from data as shown in figure

31. Production rates of other halocarbons were not affected (data not shown).
Experiment 2

Experiment 2 is a repeat of experiment 1 but with an artificially high iodide
concentration (10-3M). It would appear that production of the bromocarbons is
suppressed due to the addition of the iodide, as no significant production of CHBr3,
CH2Br2 and CHBr:Cl is observed in any of the samples (data not shown). Production
of some iodocarbons is however now observed (figures 33 and 34). CHsl and 2-C3H7I
are produced, but rates are unaffected by the change in salinity. Production of CH:I
and CH:IBr, the most reactive of the iodocarbons, is highest when salinity is 35%o,
then decreases with increasing salinity. Production of C2Hsl and 1-C3H7I is increased

with increasing salinity, at these high iodide concentrations.

Agreement between the triplicate samples (error bars in figure 34) is good except in
the S = 55%0 samples after 48 hours for CHzI and C;Hsl. This may represent a tipping
point in the system responsible for production of these compounds being reached at

this salinity. As discussed previously, this may be due to denaturing of enzymes.
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Once again, changes in concentrations of some compounds (CH:I2, CHzIBr and 2-
C3H7l, figure 33) are time dependent - a slight increase in concentration occurs
during the first day of the experiment but then loss processes dominate as production

stops due to the stresses imposed by the experimental controls.
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Figure 33. Concentrations of CHsl, C;Hsl, 1-CzH7I, CHzI;, CH:IBr and 1-C3H;I in seawater

containing Porosira Glacialis in experiment 2, under conditions of high iodide concentration

and © S =35 %o, ™S =45 %o, A S =155 %0 and ® S = 65 %o. The average and range of
triplicate samples at each time is shown. Concentrations of other halocarbons were not

affected (data not shown).

The different production pathways of the mono- and poly-halogenated compounds
can be seen by the different responses of the two types of enzymes. The
haloperoxidases, assumed to be responsible for production of polyhalocarbons
[Manley, 2002; Moore, 2003], appear to utilise the additional iodide, however

polyhalocarbon production is suppressed with increasing salinity. Methyl
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transferases, responsible for monohalogen production, also utilise the additional

iodide and high production rates are seen at ambient or slightly enhanced salinities.

The production of iodocarbons by diatoms, when iodide is available, is important in
understanding how iodocarbon concentrations come to be enhanced in sea ice brine
channels. Furthermore, the increase in production of C2Hsl and 1-C3H7I when Porosira
Glacialis is salinity stressed is an important result, and implies monoiodocarbon

concentrations would be enhanced under conditions found in sea ice brine channels.
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Figure 34. Production rates of halocarbons by Porosira Glacialis in experiment 2, deduced
from the total change in concentration of halocarbons over 48 hours, with error bars

representing maximum and minimum possible changes in concentration.
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Experiment 3

The conditions in experiment 3 were designed to represent the environment diatoms
may experience during ice melt (low salinity as the brine channels are infiltrated with
fresh melt water, then a return to ambient seawater concentrations) and ice
formation, allowing an insight into halocarbon production during the melting and

freezing of sea ice.

Porosira Glacialis were used; One sample set was first subjected to a low salinity
(17.5%0) for 2 hours; NaCl was then added to return the salinity to 35%o. In the
second set of samples the salinity was increased to 65%o. High and low iodide

concentrations were used for both salinity conditions.

Interestingly, the low salinity and high iodide samples produce the largest amounts of
all mono-iodocarbons, showing it is stress and the presence of iodide which results in
higher production of these compounds, as opposed to simply the increase in salinity.
The production of bromocarbons was suppressed in all samples with an increase in
either iodide concentration or salinity. CHBr3 and CHBr2Cl concentrations were
highest at lowest iodide (data not shown), again showing that bromocarbon

production is suppressed at higher iodide concentrations and high salinity.
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Experiment 4

Questions which have yet to be answered involve the production routes of the
different compounds, whether the enzymes are intra- or extra-cellular, and how the

stress to, or health of, the diatoms affects production.

An extreme salinity of 85%o salinity was used in experiment 4 to break open all the
diatom frustules, the resultant Fy/Fn was <0.1, confirming cell death. Cell lysis
occurred at high salinity in this experiment (figure 29) and broken frustules were

also observed under the microscope.

High concentrations of CHsl, C2Hsl, 1-C3H7I, and CH2IBr were observed at high salinity
and high iodide concentration (figures 36 and 37). The spread of data is large for the
other halocarbon compounds and, although the tendency is for higher concentrations

at high iodide, the difference is not significant.

Once again in this experiment the responses of the different types of enzyme can be
seen clearly. Methyl transferase produces CHsl, C2Hsl, and 1-C3H7I when salinity and
iodide are both high, whereas iodoperoxidase enzyme activity is more likely to
produce polyhalocarbons (CHzIz, CH:ICI and CH:IBr) at high iodide, with less

dependence on salinity.

A very interesting observation in this experiment is the high concentrations of CHzI>
upon cell lysis, which has not been shown to increase in concentration in previous
experiments. A tentative conclusion is that Porosira Glacialis has high intracellular
concentrations of CHzI2. The release of this compound upon cell death would have
implications for iodine emissions in the sea ice environment, as this compound is the

most labile of the iodocarbons, being photolysed rapidly to release two iodine atoms.
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Figure 36. Concentrations of CHsl, C;Hsl, CH2IBr and 1-C3HyI in seawater containing Porosira
Glacialis in experiment 4 under conditions of © low salinity and low I-, M high salinity and
low I-, A low salinity and high I- and ® high salinity and high I- in experiment 4 (where high

salinity was 85%o). The average and range of triplicate samples at each time is shown.
Experiment 5

It has thus far been ascertained that changing iodide concentrations in a medium
which contains Porosira Glacialis which have been salinity stressed affects the
production of iodocarbons. Experiment 5 investigates whether the production of
bromocarbons is affected by varying bromide concentrations. The salinity was held at
55%o, and the bromide changed from 400 to 2400 pM. As can be seen in figure 30, the
photosynthetic efficiency of the diatoms was very variable and lower than in previous
experiments at this salinity, and the reason for this is unclear. The experiment
resulted in very little production of any halocarbons, but a very small amount of C2Hsl
was produced when bromide concentration was double that of seawater (1600 pM)
and CH:lz production seems to decrease with increasing bromide concentration
(figure 38). The results of this experiment suggest that changing bromide

concentrations does little to affect halocarbon production.
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Figure 37. Production rates of halocarbons by Porosira Glacialis in experiment 4, where S =

salinity, L = low, [ = iodide concentration and H = high. The range of maximum and minimum

possible production rates over 48 hours is shown.
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Figure 38. Production rates of C;HsI and CH:l2 by Porosira Glacialis experiment 5, with error
bars representing maximum and minimum over 48 hours. Production rates of other

halocarbons were not affected (data not shown).
Experiment 6

In experiment 6, the salinity was varied only slightly to reduce the stress experienced
by Porosira Glacialis, and to be more representative of natural conditions, as although
the salinity may reach 65%o in brine channels, this increase does not occur
instantaneously. Bromide and iodide concentrations were then either adjusted to be
in line with salinity, or enhanced as detailed in table 8. A value three times that
expected in line with salinity was chosen for bromide, as this is the highest bromide
concentration recorded to date [Rankin et al, 2002]. A higher value of iodide was
chosen, as the assumption is made that the iodine is being concentrated in some way,
whether it be by the biology, by the cold conditions, or by concentration in the sea ice

brine.

Experiment 6 brought together many of the variables from previous experiments, and
was designed to test questions which had arisen in an environment more

representative of natural conditions. The key questions asked were:

e do mild changes in salinity affect iodocarbon production?

e within this less extreme salinity range, is iodocarbon production affected by
the addition of iodide (or bromide)?

e how is bromocarbon production affected by the addition of bromide (or

iodide)?

Due to the large number of variables in this experiment it was only possible to take

measurements from duplicate samples.
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The results from experiment 6 are shown in figure 39. Whilst bromocarbon
production is slightly higher at high bromide and high salinity, the difference is not
significant. Polyiodocarbon production shows no clear trend. The exciting result is in
production of monoiodocarbons, which all show an increase in production when
iodide concentrations are high. CHsl production is highest at low salinity, whereas
CzHsI, 1-C3H7I and 2-C3H7I production is all highest at high salinity and high iodide
concentrations, This is another example of increased methyl transferase activity at

high salinity and high iodide.

This experiment has shown how shows brine channel conditions may increase

production of CHsl, C2Hsl, 2-C3H7I and 1-C3H7I.

Salinity Br (pM) I (pM)

23 603 7.14 control

23 603 71.4 high iodide
23 1810 7.14 high bromide
33 844 10 control

33 844 100 high iodide
33 2530 10 high bromide
43 1090 16.3 control

43 1090 163 high iodide
43 3260 16.3 high bromide

Table 8. Bromide and iodide concentrations used in experiment 6. Seawater used to grow
diatoms is north Atlantic seawater, where literature values for iodide concentrations are
100nM in areas of high algal density (Wong [1995]). The highlighted cells in the table are the
values of bromide in line with salinity. The second sample in each salinity range is enhanced
iodide, 1000 times the salinity normalised value. The lower iodide concentrations used in the

control and high bromide samples is 100 times the salinity normalised value.
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Figure 39. Halocarbon production rates by Porosira Glacialis in experiment 6, with error bars

representing maximum and minimum possible production rates after 48 hours.
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4.4.3 Discussion and comparison to literature values

CHsl concentrations increased when Porosira Glacialis was salinity stressed and
subject to high iodide concentrations in this study. The highest concentrations were
recorded in experiments 2 and 3, with values of 58 (53 - 68) pM and 37 (29 -49) pM
respectively. This compares to field measurements of 38 pM in Weddell Sea ice brine
[Fogelqvist and Tanhua, 1995]. The highest production rate measured was 332 (230 -
496) x 102 pmol celll hour! in experiment 3. Manley and de la Cuesta [1997]
recorded values of 34.6 x 10-° pmol cell! hour! for Porosira Glacialis in exponential
growth phase which is in good agreement with our value of 10.9 x 10-° pmol cell!

hour-! for the low salinity low iodide control in experiment 3.

Cz2HsI concentrations follow a similar trend to CHsl concentrations in this study,
suggesting similar production mechanisms. Concentrations were highest in
experiments 2 and 4 (60.2 (55.8 - 62.8) pM and 62.4 (60.3 - 64.5) pM respectively
when Porosira Glacialis was salinity stressed and iodide concentrations were high.
This compares to field measurements by others of 27 pM in Weddell Sea ice brine
[Fogelqvist and Tanhua, 1995]. The highest production rates of 460 (305 - 712) x 10-°

pmol cell- hour! were found in experiment 3.

CHBr3 production was lower than expected during these experiments, and addition
of any salts suppressed it. The highest recorded concentrations were in experiments
1 (118 (105 - 140) pM) and 5 (up to 120 pM but no production). The exception to the
trend was in experiment 6, where high concentrations 509 (262 - 756) pM and a high
production rate (2688 (-69.6 - 5447) x 102 pmol cell'1 hour!) were recorded under
conditions of high salinity and high bromide concentrations but the spread of data is
large. CHBr3 production by Porosira Glacialis is well documented, Tokarczyk and
Moore [1994] recorded concentrations of up to 990 pM, though their experiments ran
over several weeks, and Moore et al. [1996] recorded concentrations of up to 1400
pM. The lower concentrations in this experiment could be due to the stresses of the

experimental controls.

CH:2IClI concentrations were highest in experiment 2 where some production
occurred in the first 24 hours, followed by loss, in all samples. The high salinity, high
iodide samples had CH:ICI concentrations of 13.8 (13.0 - 14.8) pM, which is close to
maximum CH2ICI values recorded in North Atlantic seawater of 17 pM [Moore and

Tokarczyk, 1993]. Total production of CH2ICl was highest in experiment 6 however,
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under conditions of high salinity and high bromide concentration where rates of 27.2
(1.1 - 53.3) x 10-° pmol cell'* hour! were measured, though again the spread of data
in this experiment was large and a more modest value of 9 x 10-° pmol cell* hour
was recorded in both experiments 3 and 4. CHzICl concentrations are high compared
to field measurements where concentrations are up to 3 pM [Chuck et al., 2005] but

lower than those measured in the laboratory by Moore et al. [1996] of up to 200 pM.

2-C3H7I concentrations were highest in all experiments which subjected Porosira
Glacialis to high salinity and high iodide concentrations with values of 0.39 (0.34 -
0.44) pM in experiment 3, and values of up to 0.8 in all controls at high iodide
concentrations in experiment 6. This compares to field measurements of 5.8 pM in
Weddell Sea ice brine [Fogelqvist and Tanhua, 1995]. In experiment 6, maximum

production rates were 8.74 x 10-° pmol cell-1hour-1.

CH:Iz concentrations were suppressed by increasing salinity, but highest
concentrations were recorded when iodide concentrations were high in experiments
2, 4 and 6. In experiment 2, CHzI; concentrations reached 43.6 (32.1 - 55.0) pM and
production rates were 250 (181 - 318) x 10-° pmol cell-1 hour-1in the low salinity high
iodide samples. CHzI2 concentrations of 4.2 (1.7 - 8.2 pM) have been recorded in

Antarctic waters [Carpenter et al., 2007].

CH:IBr concentrations showed a tendency to be highest at low salinity and high
iodide concentrations, with highest concentrations (4.98 (4.32 - 6.01) pM) recorded
in experiment 2, where production rates were 23.6 (18.1 - 30.9) x 10-° pmol cell
hour-l. Concentrations are higher than those of CH:IBr by Carpenter et al. [2007] in
Antarctic waters of 0.8 (0.2-1.4 M).

CHBr:Cl was not produced in significant amounts throughout the experimental
period, concentrations reached 303 (41 - 565) pM in experiment 4, and calculated
production rates were 1968 (51.3 - 3858) x 10-° pmol cell-1 hour-1, though the spread
of data is too large for any conclusions to be drawn. Tokarczyk and Moore [1994] also
noted extremely low production of CHBr2Cl in their study of halocarbon production

by Porosira Glacialis.

1-C3H7I production was consistently shown to be highest in samples subject to high
iodide and salinity, with the highest values recorded in experiment 6 of up to 4 pM in

all high iodide samples. This compares to field measurements of 235 pM in Weddell
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Sea ice brine [Fogelqvist and Tanhua, 1995]. Production rates measured in
experiment 6 were 19.9, 16.8 and 43.5 x 10-° pmol cell'* hour! for salinities of 23, 33

and 43%o respectively.

CH:2Br: production followed a similar trend to that of CHBr3 in this study, which was
expected as these two compounds have been suggested to be produced via a similar
mechanism [Manley, 2002]. At low salinity in experiment 1, concentrations reached
98.2 (97.3 - 100) pM during production at 167 (78.9 - 218) x 10-° pmol cell'? hour-.
Concentrations (up to 250 pM) in experiment 6 were higher, though no significant
production was observed. These results are in reasonable agreement with those of
Tokarczyk and Moore [1994] who measured CH2Br; concentrations of up to 350 pM in
Porosira Glacialis cultures, though Moore et al. [1996] measured concentrations of up

to 1600 pM.
4.4.4. Summary of results from experiments using Porosira Glacialis
The key findings from experiments 1 - 6 can be summarised as follows:

e Salinity-induced stress to Porosira Glacialis resulted in decreased
bromocarbon production.

e Production of the bromocarbons is also suppressed by the addition of iodide,
suggesting iodide is able to outcompete bromide for the active site of the
enzymes responsible for halocarbon production.

e Increasing bromide concentrations did not increase bromocarbon production.

e Whilst increasing salinity without increasing iodide concentrations also
suppressed iodocarbon production, as soon as additional iodide was available,
iodocarbon production increased.

e At high iodide, increasing salinity increased monoiodocarbon production, but
decreased polyiodocarbon production.

e Low salinity controls show it is a change in salinity, as opposed to an increase,
which results in increased iodocarbon production.

o Cell lysis caused CHsl, CzHsl, 1-C3H7I and CH:IBr concentrations to increase.
suggesting these compounds reside within the diatom cell.

o Different responses of different enzyme types were clear, with the same
patterns of production for monoiodocarbons (methyl transferase) and

polyiodocarbons (iodoperoxidase).
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These results have implications for the sea ice environment. As seawater freezes,
trace gases and dissolved ions are concentrated in the brine channels. Brine channels
are home to diatoms, which may use iodide as a cellular anti-oxidant. lodide may be
especially useful by survival mechanisms in this extreme environment. It has been
shown that salinity changes and the presence of iodide cause iodocarbon
concentrations to increase, hence iodocarbons may be a byproduct of the anti-
oxidative metabolism of the cell. Bromocarbon production does not appear to be
affected. Hence these processes may help us to understand why iodine compounds
are concentrated and released in the sea ice environment, as any labile compounds
released by sea ice diatoms may be released to the atmosphere if the ice is porous

enough to allow the compounds to escape.

4.5. Results from experiments using Fragilariopsis Cylindrus and Fragilariopsis

Sp-

The Fv/Fm ratio obtained via fluorometry (section 3.2) was used as an indication of
the photosynthetic efficiency of the diatoms. During exponential growth when the
diatom stocks are at their most healthy, typical Fy/Fm ratios for Fragilariopsis
Cylindrus are between 0.45 and 0.55. In this experiment, the Fy/Fn, ratio was greater
than 0.47 before the experiment commenced. Cell numbers were much higher than in
the Porosira Glacialis experiments as this species is much smaller, initial cell numbers
were 113 x 103 cells ml-l. Production of halocarbons was extremely low, a little
CH2IC], CH2I», CH2IBr, 1-C3H7I and CH2Br; under ambient conditions, but net loss of all
compounds as soon as concentration of any of the salts was increased. Production
rates of CH2ICl, CHzI,, CH2IBr, 1-C3H7I and CH2Brunder ambient conditions were 83 +
56, 17 £ 36, 46 + 65, 0.07 + 0.05 and 0.013 = 0.024 x 10-12 pmol cell'! hour!

respectively.

Fragilariopsis sp. was subjected to varying bromide concentrations (400 - 2400 uM).
Production of CHBrClI (864 (486 - 1125) x 10-° pmol cell- hour1) and CH2Br2 (3.57 (-
1.43 - 8.47 x 102 pmol cell'! hourl) was observed when bromide concentrations
were equal to those of seawater (800 uM) but production decreased at other bromide
concentrations (figure 40). No significant production of any other halocarbons was

observed.
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Figure 40. Bromocarbon production by Fragilariopsis sp. subject to varying bromide
concentrations with error bars representing maximum and minimum possible production
rates after 48 hours, production rates of other halocarbons were not affected (data not

shown).

4.6. Results from a naturally occurring Antarctic ice algae community
4.6.1 Halocarbon measurements

Rothera experiment 1

Rothera experiment 1 was a repeat of experiment 4, using high and low salinity (35 to
65%o0) and iodide concentrations (ambient and 10-3 M) in the same experiment.
Production of CHzl, CHzI2, C2Hsl, CH2ICI, 1-C3H7I and 2-C3H7I increased when salinity

and iodide concentrations were high, production of bromocarbons was not observed.
Rothera experiment 2

Rothera experiment 1 showed increased concentrations of iodocarbons in seawater
containing diatoms when salinity and iodide concentrations were high. Is this due to
production by diatoms, or are abiotic reactions occurring, such as the reaction of I-
with organics in solution? To answer this question, KI and NaCl were added to
assemblages of DRS, and DRS which had been filtered, at concentrations equal to the
high salinity and high iodide control in Rothera experiment 1. Figure 42 shows
enhanced production rates of CH3l, C2Hsl, and 1-C3H7I in seawater containing an ice
algae community. CHzIz, CHzICl and 2-C3H7I are produced in equal amounts in both
DRS and filtered DRS. Whilst every care was taken to ensure diatoms frustules were
not broken during filtration, it is possible that some enzymes were released into
solution during the filtration process; these enzymes could then be responsible for

halocarbon production. Abiotic reactions between dissolved organic material and
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iodide in the medium could also be responsible; such reactions are discussed further

in section 6.1.
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Figure 41. Concentration of halocarbons in an Antarctic ice algae community (assemblage ])

under conditions of

low salinity and low iodide, Mlow salinity and high iodide, A high

salinity and low iodide and ® high salinity and high iodide. The average and range of

triplicate samples at each time is shown.
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Figure 42. Concentration of halocarbons in seawater containing B an Antarctic ice algae

community (assemblage K) and 0.2 um filtered seawater under high salinity and high

iodide conditions. The average and range of triplicate samples at each time is shown.
4.6.2 Summary of Rothera experiments

Results from the Rothera experiments show enhanced iodocarbon production in an
Antarctic ice algae community under conditions of high salinity and high iodide
concentrations. Increased production of the monoiodocarbons CHsl, C2Hsl, and 1-
C3H7I is dependent on the presence of diatoms, so biotic production has been
demonstrated. Production of CH2Il2, 2-C3H7I and CH:ICl increases in seawater when
iodide and salinity are high after removal of the diatoms, so may be due to a reaction
of iodide with humic material. However it is also possible that enzymes released
during filtration may be responsible for halocarbon production, so these results do
not allow any firm conclusions to be drawn, and more experiments are needed. It is
interesting that once again the monoiodocarbons exhibit a different trend to the

polyiodocarbons.
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4.7. Discussion

It has been demonstrated that under the conditions experienced by diatoms in the sea
ice environment (varying salinity, and high bromide and iodide concentrations),
iodocarbon production increases. It is not known whether these compounds are
produced directly by the diatoms, or whether they are the secondary compounds of
other emissions. For example, HOI emissions may react with dissolved organics to
produce the iodocarbons. Enzymatic production of HOI and HOBr by diatoms has
previously been suggested [Hill and Manley, 2009]. The release of iodocarbons upon
cell lysis suggests these compounds are formed within the cell, or formed rapidly

from compounds within the cell.

Trends were observed between monoiodinated and polyiodinated compounds; this is
significant as these different classes of compound have previously been shown to be
produced by different types of enzyme. [Manley, 2002]. The methyl transferase
enzyme responsible for monohalogen production activity and the haloperoxidase
enzyme responsible for polyhalocarbon production are both antioxidative enzymes,

likely to be particularly active in the harsh sea ice environment.

If diatoms are able to accumulate and concentrate iodine then this may be an iodine
selective mechanism of volatilisation in the sea ice zone. The release of some
compounds is due to salinity-induced stress, and production of these compounds may
help the diatoms to survive in this extreme environment. It is also possible that
another survival mechanism is occurring, such as the production of anti-freeze
compounds, or the production of resting spores, of which iodocarbon production is

simply by-product.

Whilst the cultures of Porosira Glacialis, Fragilariopsis sp., and Fragilariopsis Cylindrus
were not free from bacteria (some bacterial contamination was observed via DAPI-
staining), sterile technique was used during the experiments and autoclaved
seawater was used for the medium. In this way, bacterial contamination was
minimised in the experiments using cultures, whereas bacteria will be much more
prolific in natural seawater communities. It is not known what effect bacteria may

have had on halocarbon concentrations in these experiments.
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4.7.1 Discussion of alternative production pathways of iodocarbons

Moore and Zafirou [1994] reported CHsl production via photochemistry in seawater
involving photolysis of humic material to yield methyl radicals which react with
iodine atoms produced by oxidation of I. However the authors caution that this
process would not be efficient due to competition for methyl radicals with the more
abundant oxygen present in sunlit surface waters. An abiotic mechanism proposed by
Swanson et al. [2002] following observations of iodocarbons above snow involves the
photolysis of carbonyl compounds to produce alkyl radicals which react with iodine
atoms formed from the reaction of iodide with OH. This mechanism may also be

occurring in seawater and may explain monohalocarbon production.

Recent measurements of iodocarbons in the Canadian sub-arctic [Carpenter et al,
2005], close to the coast of Hudson Bay but in the absence of open water or leads
detectable by satellite, were postulated to be abiotic in origin. The mechanism,
supported by laboratory experiments, suggested for the production of CHzl, CHI3 and
CHzI2 proceeded via the reaction of HOI with humic material on the surface of sea ice.
It is possible that similar reactions could be occurring in the experiments in this
study. It is also possible that the increased concentration of halocarbons in these
experiments is due to the reaction of I- with organics. However the lack of
enhancement of iodocarbons in the Fragilariopsis cultures when iodide
concentrations are high would suggest this is not the case. Rothera experiment 2 also
demonstrated the necessity of diatoms (or anything larger than the 0.2 pm filter pore
size) in seawater for enhanced production of CH3sl, C;Hsl and 1-C3H7I. CH:ICI
formation could be due to photolysis of CH:I>, this reaction proceeds with a yield of

25-35% [Jones and Carpenter, 2005; Martino et al., 2009].
4.8. Summary

The highest concentrations of atmospheric 10 and BrO, which result from the
presence of reactive halogen radicals in the atmosphere, are observed over the sea ice
of the Southern Ocean during spring when the ice is melting [Schénhardt et al., 2008],
with another peak in autumn during ice formation. In this study, experiments were
carried to ascertain whether sea ice diatoms produce reactive halogenated
compounds, and whether the stresses of the extreme environment experienced

within the brine channels caused an increase in production.
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In these experiments, maximum production rates of CHzl, CzHsl and 1-C3H7],
produced by methyl transferase activity [Manley, 2002; Moore et al., 1996], were
observed when Porosira Glacialis were salinity stressed and iodide concentrations
were enhanced. CH2ICl, CHzI, CHzIBr and 2-C3H7l, production also increased when
iodide concentrations were enhanced, though very high salinities suppressed
production. Polyhalogenated compounds are produced by haloperoxidase enzymes
[Manley, 2002; Moore, 2003]. The trend in production within a similar class of

compound is an interesting result.

Production of the bromocarbons tended to be greatest when salinity, bromide and
iodide were all low. It may be that iodide is able to outcompete bromide for the active
sites of enzymes responsible for halocarbon production. Therefore, enhancement in
halogen ions increases production of iodocarbons but not bromocarbons. This may be
because iodide is a useful cellular anti-oxidant; it is a large, easily polarisable atom, so
of particular use in the harsh environment experienced by sea ice diatoms [Arrigo and
Thomas, 2004]. The increase in concentrations of iodocarbons under sea ice
conditions is in good agreement with the work of Fogelqvist and Tanhua [1995] who
found enhanced iodocarbon, but not bromocarbon, concentrations in sea ice brine in

the Weddell Sea.

By varying temperature, salinity, iodide and bromide concentrations, many aspects of
the freezing process which may affect halocarbon production have been studied in
chapters 3 and 4. The emerging picture is one of increased iodocarbon production by

diatoms under sea ice conditions.
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Chapter 5. Iodine Emissions from the Sea Ice of the Weddell

Sea

5.1 Introduction

As discussed in chapter 1, the motivation for this research came from measurements
of the highest global atmospheric concentrations of 10 above the sea ice of the
Weddell Sea and continent close by [Saiz-Lopez et al., 2007a; Saiz-Lopez et al., 2007b;
Schonhardt et al.,, 2008]. Chapters 3 and 4 have shown how sea ice formation may
concentrate volatile compounds containing iodine into the ice brine, and how diatoms
living in the brine channels may produce more iodocarbons due to the stresses of the
sea ice environment. If the sea ice is porous enough to allow these compounds to

escape, it may be a source of volatile iodine, and hence atmospheric iodine oxides.

From January to March 2009 a field campaign was undertaken on board a ship in the
Southern Atlantic Ocean and Weddell Sea in order to further investigate in these
processes. Organic and inorganic compounds of iodine were measured and
quantified. Chl a analysis was used as an indication of algae distribution in the ice.
The physical properties of the ice determined the continuity of the brine channel
network, providing a pathway for the iodine compounds from sources to the
atmosphere. IO and new particle formation were also measured to assess the impact
of compounds released from the ice on the atmosphere above. Saturation anomalies,
flux calculations and a modelling study have been used to interpret the
measurements. This study is the first combined in situ study in Antarctica of organic
and inorganic iodine compounds in sea water, ice and air, and the resultant 10 and

new particles which arise.
5.2. Description of field campaign

Measurements were made from 28t January to 5t March 2009 (figure 43) on the ice-
strengthened RRS Ernest Shackleton (cruise ES033) sailing from Stanley in the
Falkland Islands (51.6°S 57.6°W), via Signy (60.7°S 45.6°W), to the ice covered
Weddell Sea. Several weeks were spent in the sea ice, which was up to 2 m thick,
followed by three days moored against the Brunt Ice shelf (75.4°S 26.8°W), then
returning via Signy to Stanley. Ice cores were taken between 5t and 14th February.

Seawater and air were sampled at irregular intervals during the course of the



Page 116 of 238

campaign. Between 19th and 22nd February, an experimental site was set up on the

Brunt Ice shelf where air was continuously monitored.
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Figure 43. Cruise path of ES033 in the Southern Ocean and Weddell Sea, and ice cover on 21st
February 2011. Ice cores were made between the 5t and 13t of February, and the ice shelf

experiment was set up close to Halley.
5.3. Materials and methods

A summary of the measurements made during the field campaign is given in table 9.
Where measurements were made in collaboration with other groups, this is denoted

in brackets.
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Analyte Medium Technique

Halocarbons Air, water and ice = GCMS

I, HOI and IClI Air Denuder tubes (R.]. Huang; University
of Mainz)

Chla Water and ice Fluorometry

lodide Water and ice Cyclic voltammetry (R. Chance;

University of York / UEA)

lodate Water and ice Spectrophotometry (R. Chance;
University of York / UEA)

I0 Air Mini-MAX-DOAS (H. Roscoe; BAS)
Sea ice physics Ice Temperature and salinity

(brine volume etc) measurements

Ozone Air 2B 205 ozone analyser (B. Davison;

Lancaster University)

Particles Air Grimm 5.401 particle counter (B.

Davison; Lancaster University)

Table 9. Measurements made during cruise ES033
5.3.1 Sample collection

Ice cores. Cores were made with a 1 m long, 9 cm diameter SIPRE corer (Mark II
coring system, Kovacs Enterprises Inc). The cores were made within 50 m of the ship,
ice was between 80 - 180 cm thick, and all but the first core (5t Feb) represent the
full thickness of the ice; the first core was only the top metre of thicker ice, the
remainder of the core could not be retrieved due to a temporary problem with the
corer. Once brought up, the cores were immediately cut into 10 cm or 3 cm long
sections in order that vertical profiles of concentrations through the ice could be
ascertained. The middle section of the ice core was removed with a custom-made
stainless steel ‘mini-corer’ with dimensions to exactly match those of the inside of a
100ml gas-tight syringe. The mini core was then immediately transferred to a syringe
and left to melt at room temperature in the dark. It is acknowledged that cells could
have been stressed due to the salinity changes experienced during ice melt. The
conventional technique is to melt ice samples in seawater, however this was not

appropriate for this study due to the necessity of keeping the ice in a gas-tight
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container, in order to limit escape of the compounds. Furthermore, it would not be
desirable to dilute halocarbon concentrations which are already close to the limit of
detection of the GCMS. 4 ice cores were made during the campaign, from which a total

of 43 samples were analysed.

Diatom-rich ice (DRI). On three occasions a small boat was used to collect ice
samples where discolouration due to the presence of diatoms could clearly be seen
(shown in figure 44); the presence of the ice algae was confirmed my microscopy. By
leaning over the side of the boat, a total of 12 gas-tight syringes were filled with ice
with a stainless steel scoop, and left to melt in the dark at room temperature. These

diatom rich ice samples were in contact with lead water and were very porous.

Underway seawater (USW). Water samples from the ship’s USW supply, which
pumps water in to the wet lab from a depth of 6 m, were sampled at irregular
intervals during the campaign. Samples were taken with a 100 ml gas-tight syringe
directly from the pump outlet in the wet lab on the ship. This method ensured limited
exposure to air of the water, and no bubbles were visible in the water after it had

been allowed to run for a few minutes.

Air. A pump and vacuum gauge (-1 to +1 bar) were used to draw air through Markes
sorbent tubes or denuder tubes for halocarbon analysis or I and AIC in air
respectively. A Tylan mass flow controller (MFC) (model F260-V) connected to a
Tylan RO-32 power supply/display box was used to control the flow, the control box
was modified to include a yellow/black twisted pair MFC output signal pickup on its
front panel. This allows logging of the MFC flow read with a Gemini TinyTalk 2
logger. The pumping equipment was all set up below the bow of the ship and Tygon
tubing was connected to an air sampling site on the forecastle, 10 m above sea level.
The flow rate was checked with a flow meter regularly on both the inlet of the Markes
sorbent tube (halocarbons) and the denuder tube (I2 and AIC), which were deployed
for 40 mins at a flow rate of 25 ml min!, and 3 hours at a rate of 500 ml min-!

respectively.

Air samples for halocarbon analysis were collected at irregular intervals throughout
the duration of the cruise, when time permitted. Air samples for I and AIC analysis
were collected daily providing conditions permitted. Adverse conditions which

prevented sampling on occasion were very rough seas which prevented the sampling
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site being accessed, or wind direction being such that the air was directed past the

ship’s stack, thus potentially contaminating the sample with emissions from the ship.

Figure 44. Ice floes broken by the ship’s passage through the sea ice of Weddell Sea, where an

area of high algal biomass was clearly visible close to the surface of the ice.
5.3.2. Sample preparation and analysis

Melted ice and water samples for Chl a and iodide / iodate analysis were filtered
through a 47um Whatman GF/F filter paper, the filtered water was stored at -20°C on
the ship and transported back to the UK for analysis. Water samples for halocarbon
analysis were filtered through a 47pym Whatman GF/F filter paper directly into the
glass purge tube at the start of the GCMS run as detailed in section 2.1, with the
Markes thermal desorption unit used as the trapping method. The filter papers were
wrapped in aluminium foil and stored at -80°C on the ship for Chl a analysis back in

the UK.

Although the focus of this study is iodocarbons, the bromocarbons CHBr3, CHBr2Cl
and CH2Br; were also measured and results for these are presented as supplementary
information. In total 9 halocarbons were measured, shown in table 10, with retention
times and limit of detection. CHzI> unfortunately could not be measured due to a
contamination problem, and this will be discussed further in section 5.5. A calibration
was carried out at the start and end of the campaign as detailed in section 2.1. R?
values for all calibration curves were above 0.96. The standards were prepared in the
UK, and stored at -20°C. Measurement precision, determined by errors in duplicate

water samples, was between 0.9% and 14.0%.
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CHslI Cz2Hsl CHBr3 CH:ICl1 2-C3H7I
m/z 142 156 173 176 170
LoD 0.15 0.28 1.82 0.18 0.34
RT 6.4 8.5 12.8 10.4 9.6
CH:IBr CHBr:Cl1 1-C3H~I CH:2Br:
m/z 222 129 170 174
LoD 0.12 0.83 0.33 0.77
RT 11.9 11.6 10.4 10.0

Table 10. Halocarbons analysed by GCMS, showing mass / charge ratio (m/z), limit of
detection (LoD) in pM, and retention times (RT) in mins. The LoD improved during the course

of the campaign for most compounds, LoD at the start of the campaign is given.

Iodide and iodate concentrations were measured by cyclic voltammetry and
spectrophotometry back in the UK within 9 months of the field campaign as detailed

in section 2.2.

Chl a was measured by fluorometry as detailed in section 2.3 within 15 months of the

campaign, samples were stored at -80°C during this time.

Molecular and inorganic iodine compounds were measured via denuder tubes as

detailed in section 2.5.

10 was monitored by mini-MAX DOAS as detailed in section 2.6 with references of: 9th
Jan (for spectra from 7th to 15t Jan); 5th Feb (for spectra from 25t Jan to 10t Feb);
21st Feb (for spectra after 16t Feb) near local noon at 90° elevation. Median slant
amounts during each day with prolonged sunny periods were measured at elevation
angles of 4°, 8°, 15° and 50° Those at 4°, 8° and 15° were subtracted from the 50°
value, and divided by the appropriate differences in AMFs to produce the vertical
amounts. Mixing ratios were then calculated within an estimated boundary layer
height of 200 m [Renfrew and King, 2000] which is typical of that over sea ice next to
an ice shelf. The mini-MAX-DOAS was mounted on the bridge of the ship, looking out
through a port-facing window, a height of approximately 15 m above sea level. 10
column densities were also measured by satellite during the campaign period as

detailed in section 2.6.

Particles were counted with a Grimm 5.401 particle counter attached to a differential

mobility analyser to give particle size information.
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Ozone was measured using a 2B Technology dual beam 205 ozone analyser. 10

minute averaged data is presented.
The brine volume of the sea ice was calculated as detailed in section 2.7.

Wind speed and direction were recorded with a Kestrel 4500 weather tracker when
the ship was sailing, with compensation made for ship speed and heading. For the
time period the ship was moored, and the ice shelf experiment was set up (see section
2.2.3 for details), the wind speed and direction data was that recorded at Halley, the
BAS base located 12 km SSW of the ship.

Whilst on board the ship, wind direction was always monitored via the ship’s
instrumentation to ensure the ship’s stack did not affect the integrity of any

atmospheric samples.
5.3.3.Ice shelf experiment

The ship moored against the Brunt ice shelf close to Halley from 19th - 23rd February
2009. During this time an experimental site was set up on the ice shelf at 75.4°N,

26.6°W.

Denuder tubes were deployed to sample air at a height of 1 m above the snowpack,
attached to an aluminium pole outside a tent housing a battery and pump, and
connected to the denuder tubes via Teflon tubing. The pumping system used in this
experiment was a BAS ex-ASSAY pumping/logger unit, with mass flow meter and
miniature air pump. These units were modified to provide connection of Gemini
TinyTalk 2 data loggers to the front panel. The air pump exhaust was also plumbed to
a front panel bulkhead fitting for monitoring the air flow via an external flow meter.
The ex-ASSAY pumping unit uses a Honeywell (MicroSwitch) airflow sensor Model
AWMS5101-VN (RS part number 395-184), which has a 1-5Vdc linear voltage output
for the mass flow range 0 - 5 SLPM, with a #3.0% reading linearity error. Near-

continuous ambient air samples were taken for 3 days.

Ambient air was sampled for halocarbons regularly from a height of 1m above the
snowpack by drawing air through a sorbent tube with a gas-tight syringe via a piece
of Tygon tubing. Halocarbon emissions from the snowpack were also measured using
a Teflon-lined plastic tube, 0.6m long, 0.1m diameter, pushed 20 cm into the snow
with a valve at the top, through which air was drawn, through a Markes sorbent tube,

with a gas-tight syringe.
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5.3.4 Saturation anomalies, flux calculations and modelling of data

Saturation anomalies and fluxes were calculated in order to estimate the importance
of the regional chemistry on the atmosphere above. Saturation anomalies, defined as
the percentage departure from the expected equilibrium between trace gas
concentrations in surface seawater and the atmosphere above were calculated via
equation 6 where Cw is the seawater concentration, C, is the atmospheric
concentration and H is the temperature dependent dimensionless Henry’s law

constant (taken from Sander [1999]).

Saturation anomaly = 100% x (Cw - Ca/H)/(Ca/H) (6)

The statistical language R was used for flux calculations as detailed in Johnson [2010].
Briefly, equation F = Ky(Ca/H - Cw) was used where F is the flux, Ky is the transfer
velocity, C, is the air concentration, Cw the simultaneous water concentration, and H
the Henry’s law constant as above. Transfer velocities are dependent on wind speed,

salinity and water temperature.

To calculate the flux of iodine necessary to reproduce the observed levels of I; and IO,
the one-dimensional photochemistry and transport Tropospheric Halogen Chemistry
Model (THAMO) was used by Alfonso Saiz-Lopez and Anoop Mahajan at the
Laboratorio de Ciencias de la Atmédsfera y el Clima (CIAC), details of which are given
in Saiz-Lopez et al. [2008]. The model was run at a vertical resolution of 1 m up to a
boundary layer height of 200 m. The vertical transport in the model is constrained
using wind shear, calculated from wind speed measurements during the campaign
and a surface roughness length, which was set at 5 x 10-5 m according to long-term
observations at Halley Bay, Antarctica [King and Anderson, 1994]. The eddy diffusion
coefficient (K;) increased from 8 x 102 cm?2 s'1 at 1 m to a maximum of 3.2 x 105 cm? s°1
at 32 m. In addition to photochemical, gas-phase and heterogeneous reactions,
THAMO also treats the formation of new iodine oxide particles (IOPs) using
coagulation of higher oxides of iodine and uptake of condensable vapours on these
new particles. A further description of the IOP formation routines can be found in

Mahajan et al. [2010].
5.4. Results

As it is assumed that the biolgical and chemical activity of interest is occurring in the

liquid phase of the sea ice, and bulk ice was sampled, values have been normalised to
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sea ice brine volume and corrected for salinity as described in section 2.8. Chl a and
halocarbon concentrations are reported in sections 5.4.1 and 5.4.2 respectively. Table
14 summarises complementary measurements to the halocarbon analysis, the results

are discussed in section 5.4.3 to 5.4.8.
5.4.1 Chlorophyll a concentrations

Chl a data is only available for a limited number of samples. Two ice cores, each
comprising 8 discrete sections, contained between 0.1 to 101.1 pg1-'* Chl a and results
are shown alongside halocarbon concentrations in figures 45 and 46. The presence of
diatoms in the ice was confirmed via microscopy, small pennate diatoms dominated
the community. Chl a concentrations in 3 samples of diatom-rich ice were 11.4, 32.2
and 6.6 pg I'l, much higher than that of the underlying seawater, where Chl a

concentrations ranged from 0.05 to 0.22 pg 1-1 (average 0.14 pg -1 across 4 samples).
5.4.2 Halocarbon concentrations

An overview of halocarbon concentrations across all samples (water, air and ice)
collected during the campaign is presented in table 11; the results from ice samples
are then broken down into sample type: concentrations in diatom rich ice are shown
in table 12, and those from ice cores in table 13 and figures 45 and 46. Halocarbon
concentrations measured in the ship’s USW supply are presented in figure 47, and
box-whisker plots show a summary of concentrations in ice and water in figure 48.
Atmospheric halocarbon mixing ratios in air are shown in figure 49. Results from the

ice shelf experiment are presented in section 5.4.4.

Ice samples

Halocarbon profiles are shown in figures 45 and 46 alongside Chl a data where
available. The core of the 5t February shows a peak in halocarbon concentrations
close to the surface of the ice, and a corresponding peak in Chl a, supporting
production of halocarbons by diatoms in surface communities as described in section
1.4. CHBrs, CHICI, 1-CsH7I and CH2Br: concentrations all show enhanced
concentrations from 60 - 70 cm, just below another area of high Chl a. The significant
peak in mono-iodocarbons close to the surface of the ice is in good agreement with

ice core data from the COBRA field campaign (see Chapter 6).



Compound

CHsl

C2Hsl

CHBr3

CH:ICI

2-C3H7l

CH:IBr

CHBI‘zCl

1-CsH7I

CHzBI‘z

Sample

type

Ice
Water
Air
Ice
Water
Air
Ice
Water
Air
Ice
Water
Air
Ice
Water
Air
Ice
Water
Air
Ice
Water
Air
Ice
Water
Air
Ice
Water
Air

20th

percentile

1.2
0.03
0.01
5.3
0.1
0.0
46.2
5.9
0.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
<LoD
0.0
2.1
0.1
0.0
2.5
0.0
0.0
2.8
0.0
0.6

Average

4.8
0.1
0.1
30.6
1.1
0.2
270
19.0
3.3
9.6
0.2
0.07
9.9
0.2
0.03
6.3
<LoD
0.03
6.7
0.6
0.4
14.3
0.7
0.07
22.0
2.2
1.1

8(0th

percentile

4.2
0.2
0.11
24.4
1.8
0.4
363
26.5
3.3
5.0
0.3
0.0
4.6
0.36
0.0
0.0
<LoD
0.0
10.0
0.8
0.4
13.3
1.2
0.0
12.1
2.9
1.7
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Max

149
0.3
0.5
739
5.0
2.1
6850
71.3
41.0
455
1.1
4.3
311
0.9
0.6
406
<LoD
1.0
49.4
2.1
5.7
258
2.9
2.9
1270
6.7
5.3

Table 11. Halocarbon concentrations measured by GCMS during the cruise. In total, 55 ice

samples, 37 water samples and 99 air samples were analysed, average and maximum values

are given , minimum values are below LoD. Values are in pM for all ice and water samples,

normalised to brine volume and corrected for salinity where relevant; values are in pptv for

air samples.
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CH3l C:HslI CHBr; CH:ICI 2-C3H7I CH:IBr CHBr:Cl 1-CzHs;I CH:Br:

20t % 0.9 7.3 16.1 0.6 0.7 0.0 2.2 2.5 2.2
Average 3.9 30.9 189 3.2 3.36 3.2 5.8 14.4 5.3
80t % 8.6 30.5 166 4.8 35 3.2 9.4 12.2 7.9
Max 10.9 207 937 11.0 21.9 28.9 15.1 98.3 10.7

Table 12. Halocarbon concentrations in 12 samples of visibly discoloured diatom-rich ice
from the Weddell Sea. Values have been brine volume normalised and salinity corrected.

Minimum values are below LoD except for CHsI (0.28 pM) and C;Hsl (3.1 pM).

CHs3l C:Hsl CHBr: CH:ICl 2-Cz3Hs1 CH:IBr CHBr:Cl 1-CzH;1 CH:2Br:

20th % 1.3 5.3 56.3 0.0 0.0 0.0 21 2.5 3.8

Average 5.7 304 351 16.1 16.4 9.4 7.5 14.3 38.7
80t % 3.5 23.2 368 4.9 55 0.0 10.1 14.1 13.5
Max 149 739 6850 455 311 406 49.4 258 1270

Table 13. Halocarbon concentrations in 43 samples from 4 ice cores from the sea ice of the
Weddell Sea. Values have been brine volume normalised and salinity corrected. Minimum

values are below LoD. Data from table 12 is not included in table 13.

The core of 7th February shows good agreement between halocarbon concentration
profiles. Concentrations of most compounds are enhanced in the top 20 cm of the ice.
This could be due to emissions from the ice algae community or photochemical
reactions, unfortunately Chl a data is not available for this core. Another peak in

halocarbon concentrations is seen at a depth of 70 -80 cm.

The core of 9th February shows enhanced concentrations of CHsl, C2Hsl, CHBr3 and
CH2Br; at the ice-atmosphere interface. Another peak in halocarbon concentrations is
also seen at a depth of 1 m, however this data should be treated with caution. Where
the ice is over 1 m thick, two cores must be taken as the SIPRE corer is only 1 m long.
It is possible that the peak in concentrations at 1 m for this core corresponds to
processes associated with having to make two cores, i.e. brine pouring into the core
hole from the surrounding ice, brine draining out of the first core as it removed from
the ice, and the pressure of the seawater below the ice pushing water / brine up
through the lower section of the ice before it is removed. Thus this ‘peak’ may be an

artefact of the sampling method.
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Figure 45. Vertical profiles of Chl a and halocarbons in sea ice on 5th Feb (left panel) and 7t
Feb (right panel), Values have been normalised to brine volume and salinity corrected as

described in the text. CH2IBr concentrations were below the LoD. Note the change in scale.
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Feb (right panel). Values have been normalised to brine volume and salinity corrected as
described in the text. CH2IBr concentrations were 406 pM in the top section of the core of 13t

Feb and below the LoD in all other samples. Note the change in scale.
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The core of 13th February shows an enhancement in most compounds close to the
surface of the ice. This core was collected in a slightly different way to the others - the
small boat was used to get close to an ice floe where an area of high algal biomass was
visible close to the ice-air interface. The core remained inside the corer until back on
board the ship, where it was then cut up and subsamples were taken as before. Whilst
the halocarbon concentrations would suggest that the diatom rich layer was sampled,
the Chl a concentrations do not support this. However different species will dominate
throughout the ice thickness which may not contain the same amount of Chl a so a
comparison of the vertical profiles must be undertaken with caution. Also, horizontal
migration of brine through the ice from the ice edge bloom may have occurred. Good
agreement between CHzl and C2Hsl concentrations can be seen in the profiles for this

core.
Water samples

Concentrations of halocarbons measured in samples taken from the ship’s USW
supply are shown in figure 47. CHBr3 is the dominant bromocarbon and CzHslI is the
dominant iodocarbon. Concentrations of bromocarbons and 1-CsH7I are similar to, or
within the lower range of, measurements made by others in this area [Chuck et al,
2005; Fogelqvist and Tanhua, 1995], whereas concentrations of the other iodocarbons

are low (Table 1).

Concentrations of most compounds decrease as the campaign progresses, in
agreement with declining atmospheric halocarbon concentrations (figure 49). The
cluster of points on 5t March corresponds to the ship’s passage through the Antarctic

convergence zone, where concentrations of CHBr2Cl and CHsl are enhanced.

Figure 48 compares halocarbon concentrations in water and ice samples; the
potential for halocarbon concentrations to be enhanced in sea ice is clear. Mann-
Whitney statistical analysis was carried on the water and ice data, iodocarbon
concentrations in ice core and DRI samples are statistically similar (p values 0.32 -
0.49), whereas bromocarbon concentrations show less similarity (p values 0.029 -
0.32) whereas neither type of ice sample are similar to the seawater for any

halocarbon (p values <0.0001 - 0.0044).
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Air samples

Mixing ratios in air of those halocarbons which were above the LoD are shown in
figure 49. The measurements made on the Brunt ice are discussed in more detail in

section 5.4.4.

The concentrations of halocarbons in air appear to steadily decrease during the field
campaign, with the exception of measurements made on 5t March. The steady
decrease could be due to a reduction in freshly melted ice as the summer season
progressed, and hence less release of halocarbons which had previously been stored
in the ice. However, as the ship was moving around through variable ice cover, many
other influencing factors on halocarbon release may have changed, such as

phytoplankton productivity, seawater temperature, wind speed and wind direction.

On 5% March the ship sailed through the Antarctic convergence zone, the region
where Antarctic seawater flowing north meets the warmer waters of the sub-
Antarctic. As the cooler waters sink and the warmer waters rise, the subsequent
upwelling brings nutrients to the photic zone and thus this region is very biologically
productive. A wide range of halocarbon concentrations was measured on this day
(figure 47), the higher concentrations may be reflective of the increased biological
activity of the seas. However no clear trends were found along the ship’s course or

between compounds.
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Figure 48. Box whisker plots of halocarbon concentrations in water and ice samples. Boxes

represent 20th to 80th percentiles and the median is shown by the dash within the box. Where

no cap is present on the range bars, the value is off the scale and given above.
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Figure 49. Halocarbon mixing ratios in air over the Weddell Sea and Southern Ocean.

Measurements were made on board the ship except those denoted —— which were made on

the Brunt ice shelf.
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Measurement No of LoD Average Max Min
samples

I in air (pptv) 24 x 3hours 0.095 9.8 30.9 5.9
AIC in air (pptv) 24 x 3 hours 0.029 1.9 3.8 0.7
Chlainice (ng /L) 22 0.01 2.27 9.03 0.004
Chlainwater (ng/L) 4 0.01 0.14 0.22 0.05
Iodide in ice (nM) 10 0.08 10.0 38.0 3.9
lodide in water (nM) 2 0.08 61.3 97.6 251
lodate in ice (nM) 10 30 19.1 50.0 5.5
Iodate in water (nM) 2 30 358 364 351
[0 in air (pptv) 36 days 0.3 5.1 6.6 2.7

Table 14.Complementary measurements to the GCMS analysis during the Weddell Sea cruise.
5.4.3 Inorganic iodine compounds measured with denuder tubes

AIC (HOI + ICl) and I mixing ratios in air were measured via denuder tubes
throughout the campaign. Results are shown in figures 50 and 51 respectively.
Concentrations remained reasonably constant throughout apart from a peak during
the ice shelf experiment, discussed in more detail in section 5.4.4. Concentrations of
the inorganic iodine compounds are two orders of magnitude higher than iodocarbon

concentrations.

The mixing ratios of I; are similar to previous measurements in coastal locations
where macroalgae beds are a known source of iodine. Up to 25 pptv I was measured
during the day at Mace Head, Ireland [Saiz-Lopez and Plane, 2004] with concurrent
measurements of up to 7 pptv I0. Also at Mace Head, Huang et al. [2010] report
daytime concentrations of Iz of up to 29 pptv, with concurrent IO concentrations of up
to 9.5 pptv. This however is the first time that such high I> concentrations have been

made away from macroalgae beds exposed at low tide.

This technique is very new and it is not known whether some other species could be
acting as an artefact in the measurement, causing artificially high data. Similar I;

concentrations observed over open water and ice covered areas would suggest some



Page 134 of 238

other species is giving a high background reading. If the source of the I; is the sea ice,
then huge amounts would need to be produced for such high concentrations to be
present at a height of 6 m (the height of the sampling tube on the ship). For the ice
shelf experiment, the source strength would have to be higher than ever recorded.
These questions are discussed further in section 5.4.9, where a modelling study has
been carried out to further understand the data. If the data is to be believed, effective
recycling mechanisms must be occurring which are not yet fully understood. Such
large amounts of Iz, along with its much shorter photolytic lifetime, would mean this

species is the dominant source of volatile iodine in the atmosphere above the Weddell

Sea.
4K - HOI and IC! measurements during Weddell Sea Cruise 2008
4.0 l
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Figure 50. Atmospheric HOI and ICl concentrations during ES033. Measurements were made
on board the ship except those denoted ' which were made on the Brunt ice shelf. Each
point denotes a 3 hour sample. Average values of pseudo-triplicate samples are shown, error

bars represent 1 standard deviation.
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35 |; measurements during Weddell Sea Cruise 2008
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Figure 51. Atmospheric [, concentrations during ES033. Measurements were made on board
the ship except those denoted '~ which were made on the Brunt ice shelf. Each point
denotes a 3 hour sample. Average values of pseudo-triplicate samples are shown, error bars

represent 1 standard deviation.
5.4.4 Air sampling on the Brunt ice shelf

Average mixing ratios of CHzl, C:HsI, CHBr3, CH2ICl, CHBrzCl, and CH2Br; in air
measured on the Brunt Ice shelf were 0.09, 0.13, 0.89, 0.11, 0.48, and 0.87 pptv
respectively, shown in more detail in figure 52. The iodocarbons 1- and 2-C3H7I were
only observed above the LoD twice during this period, values were <0.3 pptv, and
CH:IBr was only observed above the LoD once at 0.06 pptv. The lower concentrations
of the more labile iodocarbons are undoubtedly due to their shorter atmospheric
lifetimes with respect to photolysis. CH3l mixing ratios are in good agreement with
those measured by Graham Mills (unpublished data via private communication, Anna
Jones, BAS) during the CHABLIS field campaign, 13 km away from the sampling site
used in this study (at the CASlab, 1 km SW of Halley) during 2004-2005. AIC and I;
mixing ratios above the Brunt Ice shelf are shown in figure 53. Concentrations of AIC
remain reasonably constant during the experiment; average mixing ratios are 2 pptv.
[ mixing ratios also remain constant at around 8 pptv with the exception of the

measurement made from 09:11 to 12:11 GMT on 20th February.
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When the iodocarbon emissions are compared to wind direction and I
concentrations (figure 54), it looks as though the organic and inorganic iodine
compounds have a similar source. When the wind is from the east concentrations of
all compounds are low. The wind then swings round, via the south (and over the open
water in between the ice shelf and the sea ice), to the south-west. This momentary
southerly wind corresponds to a burst of I,. AIC concentrations are enhanced during
south westerly winds, concentrations of I> and iodocarbons remain low until another
change in direction, again via the south, which corresponds to a burst in iodocarbons.

Concentrations then drop back down to a low level.

It is possible that the peak in I> concentrations during the first burst of southerly
wind had a corresponding enhancement in atmospheric iodocarbon concentrations
which was not detected due to the different sampling times and frequencies (samples
for halocarbon analysis were taken for 10 minutes once every 3 hours whereas air
samples for I, analysis were continuous, with a new tube deployed every 3 hours).
However a peak in halocarbon concentrations does not correspond to a peak in I,

though a small peak may have been disguised by the longer sampling time.

As can be seen from figure 60, an area of open water is present in between the sea ice
of the Weddell Sea and the ice shelf flowing off the Antarctic continent. Unique
species of diatom flourish is this environment which may be responsible for I;
emissions, this is discussed further in section 5.5. As the lifetime of I, is a few seconds
or less at noon at this latitude, the source has to be extremely close to the sampling

site, so the ice edge or the snowpack must be responsible.

The source of iodine compounds remains unknown over the Antarctic continent, but,
whilst it is accepted that it is difficult to draw definite conclusions from one point,
these measurements support the hypothesis that the continental snowpack may
release reactive iodine, as inferred by recent measurements of extremely high
concentrations of 10 in Antarctic snow firn air [Friefs et al., 2010]. One possible source
is aerosol deposition and recycling on the snowpack, as suggested by a recent
modelling study [Saiz-Lopez et al., 2008] on data from IO concentrations of up to 20
pptv measured close to this location on the Brunt ice shelf [Saiz-Lopez et al., 2007a].
Back trajectories, shown in figure 55, are in agreement with the wind direction data

in figure 53.
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Figure 52. lodocarbon (top panel) and bromocarbon (bottom panel) concentrations in air
measured on the Brunt ice shelf at 75.4°S 26.6°W. Each sample represents average

concentrations of a 10 minute sampling period.
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Figure 53. Concentrations of AIC (red squares) and I, (blue diamonds) in air measured on the
Brunt ice shelf at 75.4°S 26.6°W. Each point denotes a 3 hour sample, the mid-sampling time

is shown.

There are no pulses in ozone (figure 54) which would cause a burst in I; due to an
increase in the reaction of iodide with ozone in surface seawater, instead, short ozone
depletion events are witnessed, as would be expected from such high concentrations
of atmospheric iodine. No major ozone depletion event is associated with the burst in
I, but the ozone was measured from the ship, upwind of the air sampling site on the
Brunt ice shelf; if the I, is being emitted from the snowpack the ozone depletion
would thus not have been detected. Any I2 emissions from the ice edge may not have

yet depleted the ozone in the air mass before it reached the ship.

HOI+ ICI {ppiv)
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Air sampling on the Brunt Ice Shelf - lodocarbon burst with change in wind
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Figure 54. Atmospheric iodocarbon (top panel) and I, (bottom panel) concentrations with
corresponding wind direction and ozone concentration. Back trajectories are shown in figure

55 for comparison.
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Figure 55. Hourly back trajectories for air masses reaching the Brunt ice shelf from 1200 GMT
19t Feb to 1200 GMT 21st Feb. The movement of the air parcels for 6 hours previous to: Nl
the time shown in the chart title, and llll 1 hour, Bl 2 hours, ™8 3 hours, lll 4 hours

and , 5 hours before this, respectively. Courtesy of the NOAA HYSPLIT model
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Emissions from the snowpack?

Halocarbon concentrations measured via a sampling tube pushed 20 cm into the
snowpack on the Brunt ice shelf are shown in figure 56. CHzl and C:Hsl
concentrations show a diurnal profile with values of up to 0.48 and 0.98 pptv
respectively. These concentrations are enhanced with respect to those measured 1 m
above the snowpack (figure 54) at the same location. These results suggest the
snowpack is a source of these compounds, and the lower concentrations at night are
due to the lower solar flux as the sun is lower in the sky and lifetimes of the
compounds will be longer. These measurements are in good agreement with those of
Swanson et al. [2007], who measured enhanced concentrations of CHzl and CzHsl in
the snow interstitial air at the South Pole compared to the atmosphere above.
Bromocarbon concentrations are similar to those in the boundary layer, and

concentrations of the other halocarbons were below the LoD.

e e = CH3I « CHBr3
Indocarbon mixing ratios in the snowpack C3H8) Bromacarbon mixing ratios in the snowpack 1 CHZBr2
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Figure 56. Halocarbon concentrations measured by drawing air through a Teflon-lined tube

pushed 20cm into the snowpack of the Brunt ice shelf.
5.4.5 10 by mini MAX-DOAS

Figure 57 shows 10 vertical column densities of 0.16 - 0.37 x 1013 molecules / cm? in
the boundary layer on sunny days. If [0 were evenly distributed in a well mixed
boundary layer, to 200 m altitude similar to that given by Renfrew & King (2002), this
would result in 3 - 7 pptv 10. However, if the main contribution to 10 is I then the 10
may not be well mixed in the boundary layer. Also, the assumption would have to be
made that no recycling was occurring on snow and ice surfaces, and the results

presented here suggest otherwise. It is however useful to consider 10 mixing ratios
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when the modelling study was employed (section 5.4.9) and when comparing this

data to those of others.

Gaps in the I0 measurements are due to bad weather, ship’s motion causing the
instrument to be directed at the water or ice, instrument failure, or the passage of

people in front of the instrument, being positioned as it was close to a doorway.

10 measured by MaxDOAS
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Figure 57. 10 vertical column densities above the sea ice of the Weddell Sea.

5.4.6 10 by satellite

[0 concentrations measured by the SCHIAMACHY instrumentation are shown in
figures 58 and 59. Values of up to 1.8 x 1012 molecules cm2 are lower than those
measured by the ship-based MMD (of up to 3.7 x 1012 molecules cm2), the possible
reasons for this are discussed in section 5.5. The satellite results reveal the striking
agreement between 10 mixing ratios (figures 58 and 59) and average ice area (figure

60) of the Weddell Sea during the campaign period.
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Figure 58. Average 10 vertical column densities over Antarctica measured by satellite for the
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Figure 59. Average 10 vertical column densities over the Weddell Sea measured by satellite

for the campaign period 25t% January - 7th March 2009.
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Figure 60. Average ice coverage (left hand panel) and extent (right hand panel) for February
2009, courtesy of NSIDC. The circle denotes the location of the sampling site.

5.4.7.1odide / iodate concentrations

A selected number of samples were analysed for iodide and iodate concentrations by
Rosie Chance (University of York and UEA). One ice core (13%* Feb) comprising 8
samples corresponding to discrete 10 cm depths through the ice, 4 diatom-rich ice
and 2 water samples from the ship’s USW supply. Results from the core are shown in
figure 61 and from the seawater in table 15. In the diatom-rich ice samples, iodide
concentrations were 18.8 + 9.9 nM (brine volume normalised and salinity corrected)
in one sample, and below the LoD in the other three; iodate concentrations were
below the limit of detection in all diatom-rich ice samples. lodide concentrations in
the underlying seawater were 25.1 *+ 3.2 nM whereas iodate concentrations were 351
- 364 + 9 nM. Therefore there is no enhancement of iodide in this ice, but there is
severe depletion of iodate. This has been observed previously by others in sediments

[Francois, 1987], and marine aggregates (Hughes et al. manuscript in preparation).

Results from the ice core show a C-shaped profile for iodide concentrations, typical of
compounds produced by diatoms in Southern Ocean sea ice which is biologically rich
both close to the surface and the ice-water interface. The converse is true for iodate
concentrations, which are similar to those of the underlying seawater at 10-30 cm
depth where Chl a is low, but depleted close to the surface and below 30 cm where

Chl a is higher.
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In the seawater samples, iodate remains constant at around 350nM, iodide
concentrations are much higher on the 24t February than on the 16t February; this
is interesting as the ship was sailing north up the ice edge on the 24th February,
whereas on 16t February the ship was surrounded by sea ice. Chl a concentrations
were four times higher on 24th February, 0.22 pg 11 compared to 0.54 pg 11 on 16t
February.

In the most biologically rich samples (this core and DRI samples) total iodine is
depleted by half or more with respect to background seawater concentrations. This
could be due to previous volatilisation by the sea ice community as has been
suggested by Saiz Lopez and Boxe [2008], uptake to the diatom particulate, or
reaction with organics. The results are consistent with ‘missing iodine’ observed by
Chance et al. [2007] and measurements made by Bluhm et al. [2010] which showed
iodide depletion in surface waters when Chl a levels were high, the bloom was in
progress and diatoms will have been in their exponential growth phase, backed up by

laboratory studies.
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Figure 61. Rationalised iodide, iodate and Chl a concentrations in the ice core of 13th March.
Values have been normalised to brine volume and corrected to salinity. Total iodine (iodide +

iodate) and iodide / iodate ratios are also shown.

Date iodide error iodate error total error iodide / error
iodate

16thFeb  25.1 3.2 364.1 9.7 389.2 50.4 0.069 0.009

24thFeb  97.6 6.3 351.2 9.6 449.8 31.4 0.278 0.019

Table 15. lodide and iodate concentrations in two Weddell Sea water samples, all values are

in nM.
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5.4.8. Particles

A previous field campaign [Davison et al, 1996a] in the Weddell Sea along a similar
path found increased new particle formation in areas of broken Weddell Sea pack ice,
and no clear correlation to dimethyl sulphide, which was assumed at that time to be
the controlling chemical species in new particle bursts. It is now know that iodine
oxides are capable of growing to form new particles [0O'Dowd et al, 2002]. lodine
emissions from sea ice diatoms disturbed by passage of the ship may be responsible,
with a clear implication in polar regions if they become CCN and thus have a positive

climate feedback role.

A few words about the effect on the ice as the ship travels thorough it are prudent
here. The ice breaker forges a path through the ice by driving its bow up onto the ice,
and the ice is broken under the weight of the ship. This often causes the surface of the
ice to become flooded with seawater which is coloured orange-brown by diatoms.
Often, the snow and upper ice layer slide off, exposing the gap layer beneath, and
large blocks of ice may also be overturned, exposing bottom communities. Therefore,

any compounds produced by the diatoms will have chance to escape.

Particle number and size data was measured throughout the cruise (by Dr B Davison,
Lancaster University) using a Grimm SMPS with size measurements range of 9.8 to
1000 nm. Periods of particle production were identified by aerosol size spectra on
nine days, with periods of known contamination and slow ship movement being
taken into consideration. New particle production was observed generally as the ship
travelled through sea ice. Figure 62 shows particles growing into the measured range
>9.8nm followed by growth over approximately 30 minutes to an aerosol size of

approximately 40 nm, in line with classic “banana-shaped” aerosol growth.
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Particle number size distribution,13 Feb 2009
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Figure 62. Particle number size distribution showing new particle formation the ship broke
through the sea ice of the Weddell Sea on the 13t February. Courtesy B. Davison, Lancaster

University.

5.4.9. Saturation anomalies, flux calculations and modelling results

Saturation anomalies are shown in table 16 and results from the flux calculations are
shown in table 17. Average (and range) fluxes calculated for the iodocarbons were 0.6
(-0.1 to 3.8), 1.5 (-0.1 to 2.8), -1.3 (-15.2 to 2.9), 0.7 (-0.1 to 4.8) and 1.0 (0 to 3.8)
nmol/m?/day for CHzl, C:Hsl, CH:ICl, 2-C3H7I and 1-C3H7I respectively (CH:IBr
concentrations were below the LoD in most air and water samples) whereas average
(and range) bromocarbon fluxes were -6.6(-130 to 110), -5.4 (-62 to 4.6) and -4.2 (-
39 to 13) nmol/m2/day for CHBr3;, CHBr2Cl and CH2Br; respectively. A negative flux
represents an atmosphere to sea flux. The predominant trend is for iodocarbons
(with the exception of CHzICI) to be released from the ocean and bromocarbons to be
deposited from the atmosphere. This result may also go some way towards explaining

the enhancement of iodine over bromine in the polar atmosphere.
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CH3l CzHsI CHBr3 CH:ICI 2-C3H7I CHBr:Cl 1-Cz3H71 CH:2Br:

Ave 351 247 -21 -64 595 -37 479 95
Max 1683 674 31 -32 1761 240 715 954
Min -38 -464  -67 -97 4 -305 243 -77

Table 16. Saturation anomalies (%) based on simultaneous air and water concentrations

CHsl C:HsI  CHBrz CH:ICI 2-C3H;s1 CHBr:Cl 1-C3H7zI CH:Br:

31/01 0.012 1.54 -11.5 -152  0.372 0.773 0.811 -1.48
01/02 3.82 2.80 -129  -0.424 0.137 -62.5 3.78 -38.8
03/02 0.596  2.18 -81.4 0.000 191 0.531 0.000 -12.3
09/02 0.667  2.25 110 0.000 4.76 2.77 3.25 -7.62

12/02 -0.101 -0.053 -9.32 0.000 0.008 -0.010 0.607 -2.94
16/02 0.511 0.175  -34.7 -0.828 -0.097 -2.23 0.000 5.82
20/02 0.052 0.844 1.86 0.124 0.326 -1.11 0.431 0.020

24/02 0.274 131 -6.73  0.000 0.000 2.31 1.15 -10.0
26/02 -0.153  2.28 62.8 1.179 0.000 0.878 0.000 13.2
05/03 0.463 2.00 32.6 2.890 0.000 4.64 0.000 12.7
Ave 0.614 1.54 -6.60 -1.23  0.742 -5.40 1.00 -4.15

Table 17. Results from flux calculations on the dates where simultaneous air and water

measurements were made, all values are in nmol m-2 d-1.

Flux calculations were also carried out using halocarbon concentrations in the
uppermost sections of ice cores, or in samples of diatom rich ice. As the ice is very
porous under these conditions, the brine in the channels is likely to be in contact with
the atmosphere and thus halocarbon concentrations in the brine are assumed to be
effective aqueous phase concentrations. Same-day air concentrations were used, and
calculations were repeated as above. The total iodine atom flux to the atmosphere
was then calculated, assuming steady state concentrations for atmospheric
halocarbons, so that the sum of halocarbon fluxes from ice and water, Fi and Fw
respectively, are equal to the iodine atom flux to the atmosphere. As can be seen from
figure 63, there is potential for sea ice brine to provide a larger flux of iodine to the
atmosphere, provided the same factors affect fluxes from a brine layer on the surface
of sea ice as the surface microlayer on seawater, and providing the assumption of
interconnected brine channels is valid. Whilst the latter is likely, the former is not at
all known, and so these calculations are subject to large uncertainties. However to a

first approximation it provides a useful comparison.
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Quantifying halocarbon fluxes and understanding factors which control them is an
important aspect of atmospheric modelling, but huge uncertainties still exist in
halocarbon source strengths, atmospheric processes and sinks. For CHBr3, the most
studied of the halocarbons, the range of sea-to-air fluxes in the literature is 240-1760
Gg CHBr3 a1 [Fogelqvist and Krysell, 1991; Liss, 1986; Quack and Wallace, 2003] with
large geographical and seasonal variations. Current estimates of iodocarbon fluxes

are given in section 5.5.
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Figure 63. Total iodine atom flux to the atmosphere, based on the sum of all fluxes of
iodocarbons from ice, F;, and water, F., assuming atmospheric halocarbon concentrations

maintain a steady state.
Contribution of reactive iodine species to 10 budget

When calculating the contribution of volatile organic and inorganic compounds of
iodine to 10 mixing ratios in the boundary layer, the following considerations must be
made: sources of iodine atoms to the atmosphere, assumed to be dominated by I,
with some contribution from the iodocarbons. The breakdown of these compounds
depends on photolysis rates; at the location of Halley at noon these rates are 0.853,
1.224x 102, 4.046 x 107, 4.046 x 107, 1.268 x 106, 1.238 x 10-5, 8.426 x 10-* 571 for I,
ICl, CH3l, C2Hsl, C3H7I, and CHzI; respectively (calculated using the model MISTRA, Zak
Buys, BAS, personal communication), giving respective lifetimes of 1.2 s, 82 s, 29
days, 29 days, 9 days, 22 hours and 20 mins respectively. The reaction of iodine
atoms with ozone will then form I10; the rate of this reaction is 2.3 x 101! cm™3 s'1
[DeMore et al., 1997]. Loss processes of 10 include photolysis, self reaction to form

higher iodine oxides, uptake to aerosol, and dry deposition. Photolysis of 10 to reform
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[ is rapid, with a rate of 0.201 s-! (at Halley at noon) so a constant recycling between

[0 and I occurs.

The THAMO model was run, by Alfonso Saiz-Lopez and Anoop Mahajan at CIAC, to
answer the following questions: what concentrations of IO result from the halocarbon
fluxes in table 17?7 What atmospheric mixing ratios of I would be necessary to
reproduce the measured vertical column of 10 (equal to 2.5 x 1012 molecule cm,

which, if evenly distributed over 200 m, would be 5 pptv of 10)?

As CHzI2 was not measured during this field campaign, an average previous CHzI> flux,
close to Southern Ocean sea ice, measured by a similar measurement technique and
subsequent calculations, was used [Carpenter et al., 2007]. CHzI; is the most labile of
the halocarbons, being photolysed in about 20 mins at this latitude at noon, and thus

will contribute substantially to the iodine atom flux.

Results from the model runs are shown in figures 64 and 65. The maximum IO mixing

ratio resulting from halocarbon fluxes is 0.035 pptv, much less than was observed.

In order to reproduce measured IO, the I predicted at 10 m, at night time is 1 pptv,
but during day time is only 0.2 pptv. This result would suggest the denuder tube

method is massively overestimating I> mixing ratios.

The I2 flux used was 2 x 1019 molecules cm2 s-1. This value is higher than previous
fluxes based on similar measurements: a flux of 10% cm-3 s-1 1 atoms was necessary to
account for 4 pptv 10 at Mace Head [McFiggans et al., 2004], a flux of 5 x 107 cm3 s-1
for new particle formation rates at Mace Head, and 10° cm2 s-1 [ atoms [Saiz-Lopez et
al, 2007a] for up to 20 pptv of 10 in Antarctica. The I; concentrations suggested by
the model are lower than observed, and using the same model it was estimated that
170 pptv 10 (equally distributed over 200 m) would result from the observed I

concentrations.

New particle formation predicted by the model shows more agreement with
measurements, with both predicting number densities of up to 1 x 10> cm-3 (figures
62 and 65). The field measurements however show particle growth to larger sizes
than the model, the clusters produced in the model are formed rapidly but do not

grow.



Page 151 of 238

The model results also show that the assumption of well mixed IO in the boundary
layer is flawed. This, and the discrepancies between modelled and measured values
discussed above indicate the large gap in current understanding of atmospheric

iodine chemistry, and more work is certainly needed to further interpret these

measurements.
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Figure 64. THAMO model results showing [0 mixing ratios as a result of measured halocarbon

fluxes. Courtesy CIAC.
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5.5. Discussion
Sea ice measurements

The brine volume of the ice taken from ice cores ranged from 1.8 to 28% (average
11.8%) and from diatom-rich ice samples from 19 to 29% (average 25%). Whilst
recent work by other groups has suggested gas transport though ice is negligible
compared to that from open leads and cracks in the ice [Loose et al., 2011, Shaw et al.,
submitted], the measurements reported in this study were made in the warm austral

summer month of February. The ice was very porous and well broken with many

open leads.

The core of the 5t February, where only the first 1 m of much thicker ice could be
retrieved due to a temporary problem with the corer, was the only core where brine
volume was less than 5%, the threshold at which the brine channels close off to form

isolated pockets. This happens at -5°C (the so-called rule of 5s, [Golden et al., 1998]);
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the porosity of sea ice increases exponentially above this temperature [Cox and
Weeks, 1988]. The average ice temperature during this campaign was -1.8°C. This ice
has survived much of the melt season and brine has had chance to drain, therefore its
salinity is low and its melting point is close to 0°C. Thus, in all diatom-rich ice samples
and 3 of 4 cores, the brine volume was such that the channels are assumed to be
interconnected. Brine migration within the channels may then allow transport of
dissolved ions and trace gases, providing a route from their sources in the ice to the

atmosphere above.
Iodocarbons

Despite a pathway being present from sources to the atmosphere, high
concentrations of halocarbons were measured in the sea ice brine, suggesting a local
source. Ice core data show a trend for halocarbon concentrations to peak close to the
ice/air interface, consistent with the distribution of algae in the ice in this area, where
diatom-rich bands are seen in the ice close to the surface in so called ‘gap layers’ or
infiltration layers, formed when sea water floods the surface of the ice, bringing fresh
nutrients and thus promoting diatom growth. Enhanced halocarbon concentrations

were also measured in diatom-rich ice samples.

The core of the 13t February in particular shows what enhancement in halocarbon
concentrations is possible in these communities, this core was made from the small
rescue boat and thus it was possible to make a core close to the edge of a small ice
floe which was visibly discoloured by the sea ice community. Very high levels of
halocarbons were found in this upper layer of ice, especially important as any
halocarbons produced close to the surface of the ice will have more opportunity to
escape to the atmosphere above. The prevalence of diatom bands close to the surface
of the ice in the Weddell Sea could explain the high concentrations of atmospheric
iodine observed in this region, though it may be that inorganic iodine compounds

play a larger role than the iodocarbons.

Whilst bromocarbons were measured and have been discussed above, the focus of
this study is on iodinated compounds, and the discussion in this section will cover
iodocarbon concentrations measured, their significance, and comparison to previous
measurements. Whilst the most studied iodocarbons are the mono-iodocarbons, and

in particular CHsl which was first measured by Lovelock [1975], the more labile poly-
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iodocarbons are potentially more important in atmospheric processes due to their

shorter photolytic lifetimes.
CH3l

Average CHsl concentrations in ice were 4.8 pM, enhanced with respect to the
underlying water concentrations of average 0.4 pM. These measurements are much
lower than similar previous field measurements of 38 pM in Weddell Sea ice brine
(Fogelqvist and Tanhua 1995). Mixing ratios in air were average 0.08 pptv.
Concentrations in firn air from the snowpack of the Brunt ice shelf showed a diurnal
profile with mixing ratios reaching 0.5 pptv. In this region, previous measurements of
CHsl atmospheric mixing ratios have ranged from 0.3 to 7.9 pptv [Bell et al., 2002 and
references therein; Reifenhauser and Heumann, 1992]; our results are at the low end
of this range. Despite the low concentrations, our flux calculations suggest average

fluxes to be 0.6 (-0.5 to 3.8) nmol m-2 day-1.
CzHsI

Average C2Hsl concentrations in ice were 31 pM, higher than the underlying water
concentrations of average 1.2 pM. These measurements are in agreement with those
of Fogelqvist and Tanhua [1995] who measured CzHsl concentrations of 27 pM in
Weddell Sea ice brine, 10 times higher than in the water below. Mixing ratios in air in
this study were average 0.2 pptv. Concentrations in firn air from the snowpack of the
Brunt ice shelf were correlated to CHsl concentrations, showing a diurnal profile with
mixing ratios reaching 1 pptv. C2Hsl fluxes were more likely to be positive than those
of the other halocarbons measured, with positive fluxes on 9 out of 10 occasions.

Average fluxes were 1.5 (-0.05 to 2.8) nmol m-2 day-1.
CH:IC]

Average concentrations of CHzICI in ice were 9.6 pM, enhanced in comparison to the
average underlying water concentration 0.2 pM (up to 1.1 pM). These measurements
compare to those of Carpenter et al. [2007] (up to 2.4 pM, mean 0.7 pM). Schall et al.
[1997] also measured CHICI in the Southern Ocean, average values were 0.6 (range
0.05 to 1.8) pM, whereas Klick and Abrahamsson [1992] measured a mean Southern
Ocean concentration of 1.4 (up to 22.7) pM. Thus our water concentrations are low,
but the measurements in ice show how concentrations of this compound may be

enhanced. Mixing ratios of CH2ICI in air were on average 0.07 pptv. Flux calculations
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show small positive fluxes on 3 occasions, but the potential for the flux of this
compound to be strongly negative is shown by a negative flux of -15 nmol m-2 day-! on
one occasion. Chuck et al. [2005] found CH2ICI flux to be positive in the open Atlantic,
but close to zero in the Southern Ocean, whereas Carpenter et al. [2007] calculated a

flux for CH2ICl of 0.034-0.036 nmol m-2 day-1.

CH2ICl is formed in seawater via photolysis of CH:I2 with a yield of 25-35% [Jones and
Carpenter, 2005], and field studies have investigated the relationship between these
two compounds [eg Carpenter et al., 2007]. It was a disappointment not to be able to
measure CH:I; concentrations during this campaign, but the presence of CH:ICI

suggests it may have been present.
2-C3H~7I

Average 2-C3H7I concentrations in ice were 9.9 pM, enhanced with respect to the
underlying water concentrations which were mostly below the LoD of 0.34 pM. This
is in good agreement with measurements of 5.8 pM in Weddell Sea ice brine
[Fogelqvist and Tanhua, 1995] who failed to measure 2-C3H7l above the LoD in
seawater. 2-C3H7l was measured in air, average mixing ratios were 0.03 pptv, and
fluxes were calculated to be positive on 6 out of 10 occasions, with an average (and

range) flux of 0.7 (-0.1 to 4.8) nmol m-2 day-1.
CH:IBr

CH2IBr was below the LoD of 0.12 pM in all water samples, and only detected in 9 of
99 air samples, where mixing ratios were average 0.03 pptv. A very high
concentration (406 pM) was however detected in the top section of the ice core of
13th Feb, and CH:IBr was detected in the diatom rich ice samples, where average
concentrations were 3.22 pM (up to 28.9 pM). To our knowledge the only previous
measurement of CHzIBr in Antarctic waters was that of Carpenter et al. [2007] who
measured concentrations of 0.7 (0.2 to 2.4) pM. These results show the importance of
sea ice in the production of this compound, which may have a significant contribution

to the iodine atom flux due to its short atmospheric lifetime.
1-C3H7I

Average ice 1-C3H7I concentrations were 14.3 pM, higher than average seawater

concentrations of 0.9 pM. This is much lower than previous measurements of 235 pM
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in Weddell Sea ice brine [Fogelqvist and Tanhua, 1995] where 1-C3H7l was not
detected above the LoD of 0.33 pM in water samples. Average mixing ratios in air in
this study were 0.08 pptv, and fluxes were calculated to be positive on 6 out of 10

occasions, with an average (and range) flux of 1.0 (0 to 3.8) nmol m2 day-1.
CH:I:

It was not possible to measure CH:lz during this field campaign due to a
contamination causing interference in the region of the chromatogram at which CHzI
appears. A previous study at the ice edge of the Southern Ocean showed CH:l
concentrations to range from 1.7 to 8.2 pM, and a range of fluxes of 0.02 to 6.1 nmol

m-2 day-1[Carpenter et al., 2007].

I> and AIC

A unique feature of the campaign was the simultaneous measurement of Iz and AIC
(HOI and ICl) on board a ship in the sea ice zone. I; is unstable in seawater, reacting
rapidly with organic material [Truesdale, 1974]. In the atmosphere I is rapidly
photolysed, subsequent iodine radicals may be taken up onto sea salt aerosols, and
HOI may form, subsequent reaction with Br- and Cl- may produce further compounds

of volatile iodine in the form of IBr and ICl.

High concentrations of both I> and AIC were observed, average mixing ratios were 9.8
(range 5.9 - 30.9) and 1.9 (range 0.65 - 3.76) pptv respectively. As discussed
previously, these values are much higher than expected by consideration of the
known atmospheric chemistry, and the modelling study employed has not been able

to consolidate the Iz and 10 measurements.

The measurement of such high atmospheric concentrations of I, if this is what was
measured with the denuder tubes, suggests processes are occurring in the sea ice
zone which result in I; emissions. The depletion in total iodine in diatom-rich ice
samples (compared to the underlying seawater) suggests the sea ice community may
be able to volatilise and release iodine from the ocean. However the lack of a strong
signal from ice covered areas, the presence of atmospheric I over open water, and
the high concentrations of I measured above the snowpack of the Brunt Ice shelf,
suggests other mechanisms are occurring which are not yet fully understood. These

mechanisms may involve recycling on aerosol surfaces.
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One source of 12 could be the distinct types of diatom community found close to ice
shelves. Platelet ice forms underneath congelation ice layer and is home to a unique
array of ice algal species, which have been scavenged from the water column as
platelets rise close to ice shelves [Dieckmann et al., 1986]. The platelet layer forms
due to the decreasing currents and sheer near an ice shelf. Nutrient supply in the
platelet area is higher than in the interstitial area above, whereas radiation is lower;
the differing physical environment owing to the nature of the ice crystals also
contributes to making these quite different environments. The species which under
these conditions do so in abundance, as has been observed in McMurdo Sound and
the Weddell Sea [Bunt, 1964; 1968; Palmisano and Sullivan, 1985]. Platelet ice is the
most porous of the sea ice-types; it ranges from a few cm to several m thick and is
approximately 20% ice and 80% seawater. It is characterised by rapid nutrient
exchange, high porosity and Chl a concentrations exceeding 1000 mg m-2 [Bunt and
Lee, 1970]. If this significant habitat for sea ice biota contains diatoms capable of
emitting Iz, this could be the source of high levels of I; recorded on the ice shelf, and
the source of the high concentrations of 10 in this region. Unique meteorology also
occurs over open leads, where warm water is exposed, causing rapid vertical
entrainment. This will be especially pronounced close to the cold Antarctic continent,

and may explain such high levels of I2 on the ice shelf ~27 m above sea level.

The results of this study show the potential for ice covered areas to be a source of
reactive iodine in inorganic forms. Our understanding of the chemistry and

mechanisms involved is far from complete, and further work is needed.
| (0]

Atmospheric 10 was measured via the ship-based MMD and via satellite throughout
the campaign, mixing ratios by MMD were 5.1 (range 2.7-6.6) pptv assuming a
boundary layer height of 200m. Vertical columns by MMD were up to 3.8 x 1012
molecules / cm?, higher than vertical columns measured by satellite of up to 1.8 x
1012 molecules / cm2. The MMD was a point source measurement, located close to
assumed sources, so it is expected that measurements will be higher than those
averaged over a larger area. Further differences between the two measurement
techniques may arise from the different geometries used to compensate between
slant- and vertical- column densities and the quite different locations of the two

instruments. Whereas the satellite-based instrument may struggle to see scattered
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radiation from 10 molecules in the lowest level of the atmosphere when much of the
radiation has been scattered by the large volume of atmosphere above it, the MMD is
ideally placed close to sea level. The SCHIAMACHY instrumentation has a much better
signal/noise ratio for measurements over sea ice than open water, due to the
different reflectivity of the two surfaces. Because of this, some of the signal over areas
where much open water was present may not have been detected. Our results are in
reasonable agreement with previous measurements of 10 of up to 20 pptv on the
Brunt ice shelf close to the location of this field campaign [Saiz-Lopez et al., 2007a],

backed up by satellite measurements [Schonhardt et al., 2008].
The mechanism of iodine release

When sea ice forms, diatoms incorporated into the brine channels may accumulate
iodine from the ocean. The production of halocarbons by diatoms was discussed in
chapter 1, and it is likely that the compounds are emitted as a by-product of normal
cell metabolism, possibly enhanced in the sea ice zone due to the stresses imposed by
the harsh conditions. Haloperoxidase enzymes differ in their halogen specificity, and
in the rate at which they are able to oxidise the halides. Bromoperoxidases catalyse
the reaction of Cl, Br- and I- with organic material to produce poly-halogenated
compounds, iodoperoxidases are I- specific [De Boer et al., 1986]. It is possible that
the diatoms which colonise the sea ice of the Weddell Sea have iodoperoxidase
enzymes, which favours the production of volatile iodine over volatile bromine, and

more work is needed in order to ascertain this.

Furthermore, iodide is concentrated in the brine channels via the concentration effect
of solvent volume reduction, and is a useful and easily available cell antioxidant in
these extreme conditions. Any compounds of iodine which build up in reactive forms
in sea ice brine channels will be released as the sea ice melts, in the form of
iodocarbons and Iz, which are then photolysed, and high atmospheric concentrations

of 10 result.

The lack of a significant correlation between Chl a and halocarbon concentrations is
not surprising, in ice cores or very diatom-rich ice samples. Species which reside
close to the ice surface will be photo-adapted and therefore have less chlorophyll.
Halocarbons may have escaped from this very porous ice, and the field campaign was
carried out during the summer season when phytoplankton are at their stationary

growth phase. Light and nutrient limitation influence Chl a, but not halocarbon
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concentrations, and spot measurements such as these rarely show correlations as
they give no indication of the history of the water and no account is taken of loss
processes. For example, diatoms in the ice which could be responsible for halocarbon
production could have since died off, and bacteria could be present which utilise
halocarbons. Also both carbon/Chl a ratio and halocarbon production has been
shown to vary widely between species [Moore et al., 1996], and different species will
be present at different levels in the ice. Halocarbon concentrations are a result of
temporal variations in production and loss rates. It is also possible that the higher
halocarbon concentrations are due to photochemical production and are not linked to

diatoms.

The sea ice of the Weddell Sea is unusual for Antarctica in that some of it is multi-
year; the Weddell Sea has a gyre system into which ice drifts and circles. Brine within
this ice may not have been exposed to the atmosphere for some time. The low
diffusivity of halogenated compounds through ice as opposed to through migration of
brine and open leads [Loose et al., 2011, Shaw et al,, submitted] therefore keeps the

reactive iodine held in the ice until the ice is warm enough to allow brine migration.

Thus, the Weddell Sea may provide a constant source of 10 to the atmosphere,
trapping as it does very diatom rich ice. The presence of gap layers in this ice, held as
they are close to the surface of the ice but often with a fresh-ice cap which will be very
impermeable, may also facilitate a build up of reactive iodine, which will be easily
released upon ice melt and break up. The high atmospheric levels of 1> and IO,
enhanced halocarbon concentrations in the sea ice brine, low total iodine in diatom-
rich ice, and new particle formation as the ship moved though and broke up the ice all

support this hypothesis.

A discussed in Chapter 1, recent work has however suggested that the enhancement
of iodine compounds over Southern Ocean sea ice proceeds via accumulation of I- by
sea ice algae followed by I> release via the reaction HOI + I- + H* = > + H20 [Saiz-
Lopez and Boxe, 2008]. If this equilibrium exists, it will be driven in favour of the
products by the high volatility of I,. The total depletion in iodine in diatom rich ice

and the high atmospheric concentrations of Iz support this mechanism.

An alternative mechanism of I, release has been proposed from frozen seawater
surfaces by O’Driscoll et al.[2008]. The mechanism involves nitrite and iodide which

are both present in sea salt; protonation of HONO by H* ions, rejected from the ice
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phase and concentrated in liquid micropockets, leads to H2ONO* which may then
react with I- to release Iz and NO. This reaction, had previously been known to occur
in weakly acidic solutions, may therefore occur in neutral solutions which undergo a

freeze thaw cycle. Our measurements therefore also support this mechanism

5.6. Summary

A large amount of data has been brought together during this field campaign. Sea ice
rich in diatoms was sought out in the Weddell Sea, known to be an area in which
iodine is effectively volatilised and released. Production of organic forms of iodine by
sea ice diatoms was suggested by higher concentrations of iodocarbons in the sea ice
brine than the underlying seawater. The influence of algal activity on the ratios of the
inorganic forms of iodine in seawater, iodide and iodate, was also studied. The sea ice
properties were measured to ascertain the continuity of the brine channel network,
providing a pathway for compounds produced by ice algae to the atmosphere.
Measurements were made of atmospheric mixing ratios of iodocarbons and I, the
latter was found to dominate the budget of iodine atoms. The products of these
reactions were also measured: 10 was measured by ship-based instrumentation and
qualified by satellite data; new particle formation, proposed to result from high
atmospheric concentrations of 10, was observed as the ship broke through sea ice. On
the Brunt ice shelf, enhanced concentrations of CHsl and C2Hsl were measured in the
snow firn air, with a diurnal profile, suggesting the snow may be a source of these
compounds. Saturation anomalies, flux calculations and a modelling study were used

to interpret the measurements.
The key findings of this study are:

e Inorganic iodine compounds may be responsible for a larger iodine atom flux
to the atmosphere than organic iodine compounds.

e Inorganic iodine compounds may thus provide a large contribution to IO
formation, and may explain the high mixing ratios of IO observed over
Antarctica.

e Higher concentrations of halocarbons in sea ice containing diatoms suggest
the sea ice community is able to volatilise iodine from the ocean.

e Depletion of total iodine in sea ice containing diatoms suggests iodine which
has been converted into volatile forms has subsequently been released to the

atmosphere.
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o Enhanced mixing ratios of halocarbons in snow firn air with respect to the
atmosphere above suggests the snow may be a source of these compounds.

e Measurements of new particle formation as the ship broke through the sea ice
have clearly shown the effect on the atmosphere of this reactive iodine
chemistry.

¢ A modelling study has highlighted that our understanding is far from complete

in this area, and further work is certainly needed.
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Chapter 6. Halocarbons Associated with Arctic Sea Ice

6.1. Introduction

Halocarbons were measured in the brine of sea ice in the Arctic Ocean above the
Greenland and Norwegian seas (~81°N, 2-5°E), as a melting ice floe was followed for
9 days. Halocarbon concentrations are also reported from the water below, and air
above, the ice floe as it drifted southwest and melted. Chl ¢ was measured as an
indication of ice algal biomass, and physical measurements of the sea ice were made.

Ocean-atmosphere fluxes of halocarbons were calculated.

This ice was less than 1 m thick and very porous. As the Arctic ice melts, thins and
retreats as the planet warms, the ice sampled is representative of that which will be
typical in the Arctic, despite being sampled from the edge of the pack. Results are also
reported from the COBRA field campaign where measurements were made on ice of

the Canadian sub-Arctic in early spring, which was thicker, colder, and less porous.

This chapter includes a comparison of the ice properties, biomass and halocarbon
concentrations in these two types of Arctic ice, and the results are further compared
to the Antarctic data presented in chapter 5. This chapter enables further insight into
how the brine volume and porosity of the ice influences the concentrations of trace
gases in the brine, and how this may subsequently impact the products of

atmospheric reactions involving halocarbons.
6.2. Materials and Methods
6.2.1. The Arctic Ocean - JR219

Measurements were made from 18t June to 10t July 2010 from the ice-strengthened
RRS James Clark Ross, cruise JR219, legs 2 and 3, as shown in figure 66. During leg 2
the ship sailed from Longyearbyen, Svalbard 78°13’N, 15°36’E into the Arctic pack ice
where the approximate average ice thickness was 1 m. The ship moored against a
large ice floe (approximately 1300 m diameter) at 80°54’N, 5°25’E on 215t June 2010
where an ‘ice station’ was set up. Ice cores were made, sea ice brine was collected, air
and water samples were taken regularly, until 1st July 2010, by which time the floe
had drifted to 80°14’N, 2°70’E. Only air and water samples were collected during leg
3, in between Longyearbyen and the pack ice east of Greenland at 77°44’N, 005°38'W.
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Figure 66. Cruise path of JR219, legs 2 (top panel) and 3 (bottom panel).

In order to understand where halocarbon production occurred, water samples were

taken from the open ocean, approaching, underneath and within the sea ice.
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Temperature-salinity profiles and Chl a data were used to interpret the trace gas
measurements. Total halocarbons ejected to surface waters by melting sea-ice were
estimated by multiplying halocarbon concentrations in ice brine with brine volume
and ice melt. Using ice and water concentrations and simultaneous mixing ratios in

air, saturation anomalies and ocean-atmosphere fluxes were calculated.
Sample collection - sea ice brine from ice cores

Collection of brine from sea ice without escape of volatile trace gases from the sample
presents a considerable challenge. As an ice core is lifted out of the floe, the brine
begins to drain out of the channels immediately. Two techniques were used to collect
the brine during this campaign - a 9cm diameter SIPRE corer (as detailed in section
5.3.1) was used to make cores in the sea ice. The corer was then lifted from the ice,
and immediately placed into a small plastic bucket. The hole left after core removal
filled with brine from adjacent brine channels and pockets, which took between 2 and
32 seconds, depending on the depth of the core. The brine from the hole was collected
into a 100 ml gas-tight syringe via a piece of Tygon tubing placed at the bottom of the
hole to prevent collection of brine exposed to the atmosphere. The core remained
inside the corer, and the bottom of the corer was in contact with the sides of the
bucket until the brine had drained, the brine was then sampled from the bottom of
the bucket as before. The two brine collections shall henceforth be known as

‘drainage brine’ and ‘hole brine’.

Cores were made to different depths in the ice in order that a vertical profile of
halocarbon concentrations through the ice could be made. Concerns regarding the
drainage brine include the contribution from the entire length of the core, and the
possibility of escape of the compounds during brine drainage. The issues surrounding
the hole brine include the contribution from brine from anywhere in the surrounding
ice, and the underlying seawater pushed up through the more porous ice below, and
compound escape. For this reason, both techniques were used and the results were
compared. In the shallower cores, concentrations of halocarbons were similar in both
drainage brine and hole brine, whereas in deeper cores the hole brine concentrations
were much lower. This is most likely due to the increasing porosity of ice with depth,

leading to seawater being pushed up more easily.

The salinity of the sea ice brine was lower than that of the underlying seawater under

these conditions, as freshwater ice melt infiltrates the brine channel network and
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dilutes the brine. Figure 67 shows how the salinity of the hole brine is higher than
that of the drainage brine, again confirming hole brine dilution by seawater. It is
therefore clear that dilution of the hole brine by seawater from below may result in a
dilution of the halocarbons, and results will only be reported from the core brine
drainage. The values reported are not from discrete depths but are rather from the
entire ice core removed, however this is preferable to being influenced by an

unknown quantity of brine from the surrounding ice and underlying seawater.
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Figure 67. Salinity measurements of drainage brine and hole brine from ice cores made to
discrete depths. The hole brine salinity is closer to that of the underlying seawater, which
demonstrates the tendency for the hole brine to be influenced by seawater pushed up

through the brine channel network from below.

The temperature of the ice was measured with a handheld temperature probe after
drilling small holes in the side of the core with a cordless drill. The salinity of the bulk
ice samples was measured after ice melt as described in section 2.7. The melting point
of sea ice is higher than its freezing point due to it being more less saline after brine

drainage.
Sea ice brine for incubations

1 m? holes were made in the sea ice to allow access for the dive team. These holes
were made by chainsawing through the ice and manually hauling out blocks
approximately 0.25 m3 volume. Whilst this work was being carried out, the

opportunity was taken to collect large volumes of sea ice brine. The ice blocks were
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placed in large plastic containers, allowed to drain, and transferred to gas tight

syringes within 10 minutes in order that incubations could be carried out.
Water samples

Water sampling was carried out in a number of different ways during the campaign.
Samples were taken from Niskin bottles used for routine CTD (conductivity,
temperature, depth) measurements, results are also reported from under-ice
seawater collected via a dedicated sampling site and from samples collected by the
dive team. These results have been separated out and will be discussed individually,
then a comparison of all water samples will be undertaken in order that the different

processes which contribute towards halocarbon concentrations can be assessed.

CTD water samples were collected from the surface and from the depth of
chlorophyll maximum (DCM) which ranged from 14 to 57 m. Though the CTD Niskin
bottles were sampled by other cruise participants, samples for GCMS analysis were
taken first, to limit the exposure of the water to the atmosphere. A 100 ml gas-tight
syringe with a piece of Tygon tubing attached was connected to the bottom valve of
the Niskin bottle. Samples were taken occasionally when time permitted during leg 2
and daily during leg 3. CTD water measurements were made in ice covered waters
during leg 2 on 25t and 28t June (Arctic Ocean) and during leg 3 on 8th and 9t July
(Greenland Shelf).

Under-ice water samples were collected from a dedicated water sampling site,
labelled ‘hole A’, set up away from other activities at the ice station. This comprised of
a 2.5 m long Teflon tube going from the ice-water interface, up through the ice,
attached to bamboo pole, with a plastic valve on the end. A gas-tight syringe was used
to draw water up from underneath the ice. A triplicate sample was taken daily whilst

the ship was moored against the ice floe.

Under-ice water samples from the dive team were collected as depicted in figure
68. Two types of diatom community were present underneath the ice: the epontic
community which reside within the bottom layer of the ice (the lighter brown patches
in figure 68) and those which hang underneath the ice, and are comprised of dead and
decaying plankton which clump together after draining from the melting ice (as seen
in figure 68 insert). Three types of water sample were collected by the divers: (A)

under ice water; (B) water / brine collected by drawing water into a gas-tight syringe
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held against the underside of the ice which was visibly discoloured by diatom
communities, and algae could be seen to be entering the syringe during sample
collection; and (C) large mats of dying diatoms placed into the syringe with the

surrounding seawater.

Therefore measurements made during this study are representative of different types
of sea ice diatom community: core drainage water containing brine channel
communities; under-ice water samples which may represent algal blooms
underneath the ice (or water from ice melt); bottom ice samples collected by the dive
team represent the epontic community and the dead and dying algae communities
which have drained from the brine channels. In total 23 water samples from CTD
bottles and 9 under-ice water samples were collected, 18 brine samples from 3 ice
cores and 9 samples collected by the dive team were also analysed. Most sea ice brine
samples were made in duplicate, except where limited by sample volume in the
shallowest cores. CTD water samples, water from underneath the ice, and air samples
were made in triplicate, except for the full CTD profile of the 28t June, where

duplicate samples were made due to time constraints.

Figure 68. Sample collection by the dive team - under-ice water and brine samples collected
from: (A) water underneath the ice, (B) ice algae communities associated with the bottom of

the ice and (C) algae mats from draining brine channels (picture shown in insert).
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Air samples

An air sample was collected daily (on 19 days) from the deck of the ship facing into
the wind by drawing air through a Markes sorbent tube at a rate of <100ml min-1 with
a gas-tight syringe. Triplicate samples were made; results are presented as average

and range.
Sample preparation and analysis

Brine and water samples were gently filtered through 47um Whatman GF/F filter
papers directly into the glass tube at the start of the GCMS run as detailed in section
2.1, with the Markes thermal desorption unit used as the trapping method, for
halocarbon analysis. Care was taken to avoid introduction of bubbles into the
sample. The filter papers were wrapped in aluminium foil and stored at -80°C on the

ship for Chl a analysis back in the UK.

In total 8 halocarbons were measured, shown in table 18, with retention times and
limit of detection. A calibration was carried out at the start and end of the campaign.
RZ values for all calibration curves were above 0.98. Liquid standards were prepared
in the UK, as detailed in section 2.1, stored at -20°C, and used within 3 months.
Measurement precision, determined by repeat analysis of known concentrations of

halocarbons in water, was between 0.5% and 8.0%.

CHsl Cz2Hsl CHBrz CH:ICI 2-C3H7I CH:IBr 1-C3H7I CH:2Br:

m/z 142 156 173 176 170 222 170 174
LoD 1.6 0.094 1.5 1.2 0.49 1.08 1.1 0.06
RT 6.74 8.7 12.8 10.5 9.8 11.8 10.5 10.1

Table 18. Halocarbons analysed by GCMS, showing mass / charge ratio (m/z), limit of
detection (LoD) in pM, and retention times (RT) in minutes. The LoD improved during the

course of the campaign for most compounds, LoD at the start of the campaign is given.

Chl a was measured on ice core and under ice water samples as detailed in section
2.3 within 6 months of the campaign, samples were stored at -80°C during this time.
Chl a concentrations for CTD water samples were measured with a Chelsea Aqua 3
fluorometer on board the sampling rosette which was not calibrated, so values should
be taken as relative values only. The brine volume of the sea ice was calculated as
detailed in section 2.7; Sea surface temperature and salinity data used for flux

calculations were taken from the ship’s underway seawater (USW) supply logger at a
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depth of 6m; salinity measurements on water samples agree with CTD sampler within
0.7%o0. Chl a was also monitored via fluorescence by the USW logger, and this data is
shown in figure 69. Wind speed and wind direction data recorded by the ship are

also shown.
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Figure 69. Supporting information from the ship’s logger, with SST and Chl a recorded via the
USW supply. The dashed line represents the transition from leg 2 to leg 3 of the cruise, and

the annotation in red denotes water and ice conditions.
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Incubations

Brine collected from ~0.25 m3 pieces of sea ice was incubated for 48 hours under
semi-transparent plastic screens which allowed transmission of 100%, 14% and 1%
solar radiation, designed to be representative of light intensities in surface waters,
mid way and underneath one metre thick sea ice respectively. For each light intensity,
a gas tight syringe was filled with 100 ml brine, and a replicate was filled with brine
which had been filtered at 0.2 um under a light vacuum to remove phytoplankton.
The syringes were held in flowing seawater tanks on the ship’s deck, the water

temperature was -1.8°C to -1.5°C.
6.2.2. COBRA

The site at which extremely high concentrations of atmospheric halocarbons had
previously been measured [Carpenter et al, 2005] was close to the town of
Kuujjuarapik, on the east coast of Hudson Bay in the Canadian sub-Arctic (figure 70).
As discussed in section 1.6, these measurements were made in the absence of open
leads and an abiotic mechanism was proposed for their production. The site was
revisited and in this study results are reported of halocarbon concentrations in the
sea ice sampled during the 6 week COBRA field campaign which took place during
January - March 2008. Mixing ratios of atmospheric halocarbons and IO have been

reported elsewhere [Mahajan et al., 2010b]
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Figure 70. The location of the COBRA field campaign, red triangles denote the location of the

ice cores from which samples were taken for halocarbon analysis
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Sample collection -ice cores

The ice properties and meteorological conditions during the COBRA field campaign
necessitated a different method of sea ice brine sample collection. As mentioned
previously, the ice was much thicker here (up to 1.8 m) and the influence of the
outflow of the Great Whale River close by reduced the salinity of the underlying water
and hence the ice. This weakly saline and very cold ice did not contain interconnected
brine channels, and any channels or pockets of brine which may have drained froze
up instantly upon core removal, as the air temperature was mostly below -25°C. For
this reason, bulk ice samples were collected. Cores on the 6th March 2008 (at 55°18’N,
77°44’'W) and 9th March 2008 (at 55°21'N, 77°44'W) (see Figure 70) were made with
same corer as described in section 2.1.1, and cut into 10 cm or 3 cm long sections
with a stainless steel saw. The middle section of the ice core was removed with a
custom-made stainless steel ‘mini-corer’ with dimensions to exactly match those of
the inside of a 100ml gas-tight syringe. The mini core was then immediately
transferred to a syringe and left to melt at 4°C in the dark. This method limited escape

of the compounds as much as possible before the ice was placed in the syringe.
Sample preparation and analysis

Water (and melted ice) samples were gently filtered through a 0.47 pm mini-sart
filter in a nylon housing with a luer-lock fitting directly from the gas-tight syringe into
the purge tube. Halocarbon analysis was carried out in collaboration with York
University using a Perkin Elmer (USA) Clarus 600 GCMS interfaced with a Perkin
Elmer Turbomatrix Thermal Desorption Unit (TDU). The GC incorporated a 60 m x
0.53 mm internal diameter wall coated open tubular (WCOT) non polar DB-5
(Supelco) capillary column and used CP grade helium (BOC gases) as a carrier gas
(3.0 ml min-1). Following injection, the GC oven temperature was held at 35°C for 3
minutes, ramped up to 180°C at a rate of 10°C min-1, held at 180°C for 1 min, ramped
up to 200°C at a rate 25°C min, and held at 200°C for 1 minute for adequate

conditioning between sample runs.

The sensitivity of the GCMS was monitored with a National Physics Laboratory
standard containing 14 chlorinated hydrocarbons, of which only CHCI3 and CCls were
monitored. The GCMS was calibrated with stock standard solutions (>99% purity,
Sigma Aldrich), in methanol (Fisher HPLC grade), diluted with sparged H:0, and
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applied to a pressurised, heated gas-tight purge tube and sparged into a passivated

10 L electropolished aluminium lined cylinder (Aculife) with zero grade nitrogen gas.

Following removal of the sample used for halocarbon analysis, the remainder of the
core was left to melt at room temperature in the dark, then gently filtered under
vacuum through a 0.47 pm Whatman GF/F filter paper. The filter papers were stored
at -20°C at the research station before frozen transport back to the UK for Chl a
analysis. Some filter papers were used to confirm the presence of diatoms via

microscopy: a small number were seen, no other organisms were found in the ice.

Chl a measurements were made with a Turner TD-700 fluorometer following the
method of Strickland and Parsons [1968] following overnight extraction in 10 ml
acetone (Sigma-Aldrich) at 4°C. Chl a from spinach (Fluka) dissolved in acetone
(Sigma-Aldrich) was used as a standard for calibration, the concentration of the
standard was determined with a Unicam 5625 UV/Vis spectrophotometer. The Chl a
values were not corrected for pheopigments due to the low salinity of the samples.
Measurement precision, determined by repeat analysis of identical standard
concentrations, was <1% error. Errors due to random and pseudo-random effects on
calibration averaged to 18%, determined by standard deviation from straight-line fits

to calibration curves.
6.3. Results from the Arctic cruise (JR219)

The temperature of the ice ranged from -0.1 to -1.6°C, and brine volumes in the ice
ranged from 11 to 51% (figure 71), well above the 5% threshold for brine network

connectivity in columnar ice.

Chl a concentrations ranged from 0.006 - 0.094 pg 11 in the ice, 0.013 to 1.09 pg 11 in
the water underneath and up to 3.35 pg 11 at the DCM in waters in which the
phytoplankton bloom was well underway. The diatom communities in the ice and in

the water were dominated by small pennate diatoms (figure 72).

Halocarbon concentrations in the sea ice brine are presented in section 6.3.1,
concentrations in seawater and air are discussed in sections 6.3.2 and 6.3.3
respectively. Saturation anomalies, flux calculations and the relative contributions of
the physical and biological processes affecting halocarbon production in sea ice and

the impact on the surrounding ocean are then discussed.
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Figure 71. Brine volume in three ice cores collected during cruise JR219.

Figure 72. Four photographs of diatoms under the microscope from cruise JR219.
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6.3.1. Halocarbon concentrations in sea ice brine

Vertical profiles of halocarbons throughout the ice are shown in figure 73. The
concentrations which would be expected from the concentration effect, that is by the
reduction in the volume of the liquid phase of the sea ice, are shown for comparison.
The seawater concentrations used to calculate this are surface water values close to
the ice, given in table 19. Whilst these concentrations may have been affected by
emissions from the ice, the values are as close to a representation of the water frozen
when the ice formed as it is possible to obtain. Under-ice water concentrations were
not used as these are more likely to be influenced by emissions from the under-ice
bloom. As well as the errors intrinsic in this estimation, further errors due to brine
drainage i.e. rejection of the hypersaline solution and dissolved halocarbons from the
ice column to the underlying water during freezing, and fresh water melt influx to the
brine channels make these concentration effect calculations an educated guess at
best. However, it is useful to qualitatively consider whether halocarbons are
enhanced or reduced compared to that expected solely from passive transport of
seawater through sea-ice brine to the sea-ice surface. Where concentrations are
larger than those expected by the concentration effect, in-situ production of
halocarbons could be occurring, whereas loss processes may dominate when values

are lower.

Compound CHal C:Hsl  CHBrs; CH:ICI 2-C3HsI CH:IBr  1-CsHs1  CH2Br:
Concentration 2.3 0.3 20 0.1 0.4 0.1 1.2 10
(pM)

Table 19. Seawater concentrations which have been multiplied by brine volume to give brine

concentrations expected via the concentration effect.

Chl a concentrations are also shown in figure 73 as an approximate indication of
diatom distribution in the ice. Average halocarbon concentrations in the core brine
drainage are shown in table 20, previous similar measurements are shown for

comparison.

In the cores of the 25t Feb (left panel of figure 73), CHBr3 and CH2Br2 concentrations
were enhanced beyond the concentration effect close to the surface of the ice and
close to the ice water interface, as was Chl a. C2HsI and CHzICl were slightly enhanced,

with CH2ICI showing a similar pattern to CHBr3, but the other iodocarbons (1- and 2-
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C3H7I and CH:IBr) were either similar or depleted compared to calculated

concentrations, possibly indicating specific loss processes for these compounds.

An interesting feature of the cores of 27t Feb (middle panel of figure 73), is the high
Chl a close to the surface. Only CH:ICI concentrations closely match this trend,
although as before, CHBr3 and CH:Br: are generally enhanced compared to the
“concentration effect” calculations, whereas CHsl, 1- and 2-C3zH7I and CH:IBr show

variability around the calculated profile.

The cores of the 29th Feb (right panel of figure 73), show a different trend, with the
mono-iodocarbons showing a much larger enhancement than the bromocarbons, but
no enhancement of CHzICI and strong depletion of CHzIBr. These results show how
complex this system is, with many different factors competing to influence
halocarbon concentrations, which are a product of both production and loss
processes. Production by the sea ice community and photochemical reactions
compete with uptake to the diatom particulate, consumption by bacteria, loss to the
water below and gas exchange with the atmosphere; therefore the brine channels are

not inert pathways.

CH3I CszI CHBrg CHzICl 2-C3H7I CHzIBI‘ 1-C3H7I CHzBl'z

Ave(A) 309 277 128 2.1 5.6 2.8 4.8 172
Max (A) 145 225 593 148 25.8 26.1 29.8 573
Ave(W) 57 304 351 161 16.4 9.4 14.3 38.7
Max (W) 149 739 6850 455 311 406 258 1270
Ave(F) 380 273 22 7.1 235
Max (F) 409 262 23 259

Table 20. Average (Ave) and maximum (Max) halocarbon concentrations (pM) measured in
sea ice brine during this study (labelled A), measurements made in the Weddell Sea as
presented in Chapter 5 (labelled W), and by Fogelqvist and Tanhua [1995] in the Weddell Sea
(labelled F).
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Figure 73. Halocarbon concentrations in sea ice brine from cores made on 25t June (left
panel), 27t June (middle panel) and 29t June (right panel), the lower point on each graph
represents halocarbon concentrations in the underlying seawater. Average and range of
duplicate samples are shown. The dashed line shows the expected halocarbon concentrations

via the concentration effect as described in the text. Note the change in scale.
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6.3.2 Halocarbons in seawater

Halocarbon concentrations in water underneath the ice floe taken from hole A are
shown in figures 74 and 75. The decrease in thickness of the ice floe, observed by
other cruise participants (Gavin Turner, private communication) confirmed the ice
was melting at a rate of approximately 3 cm day-1. CH2ICI concentrations increased
during the time spent at the ice station. For the other compounds, an increase in most
concentrations is observed, followed by a gradual decrease towards the end of the
time spent at the ice station. This can be explained by consideration of the ice melt
and water currents. The end of the Teflon tube used to sample the water was set up
be level with the ice-water interface on the 22nd June. As the ice melted from below,
the water sampled will have been ever further away from the ice-water interface. If
under-ice blooms produce halocarbons, the peak in concentrations will occur a little
distance from the ice, as ice meltwater has the greater influence closer to the ice, and
loss to deeper waters occurs at depth. Therefore a concentration gradient moving
away from the ice can be calculated (an example of this is shown in the lower panel of
figure 75). The exception to this trend is CH2ICl, which steadily increases as the ice
floe melts. This is consistent with production of this compound by algae not

associated with the ice.

These data are compared to CTD water samples taken throughout the cruise in
figures 74 and 75. The larger range bars on the under-ice water samples reflect the
variability in the water as 3 discrete samples were taken, whereas samples taken
from the CTD Niskin bottles are triplicate samples of the same water mass. Chl a

concentrations in the water samples are shown in figure 76.

The full depth profile of halocarbons through the water column, taken during a CTD
cast whilst moored at the ice station is shown in figure 77. The profiles of C2Hsl, 1-
and 2-C3H7I concentrations show a strong peak at 10 m, just above the mixed layer
depth at 12 m. Previous measurements [Hughes et al., 2008] have shown these
compounds to be produced by marine aggregates which are likely to collect here, as
they sink from the upper photic zone due to gravity, but are prevented from sinking
further due to the pycnocline barrier. CH2Br; is the only compound which shows a
similar profile to Chl a. lodocarbon concentrations in seawater are lower during leg 3
when away from the Arctic pack ice, apart from CH2ICl which shows a significant

increase in concentration at the DCM in open waters. CH2ICl shows a good correlation
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to Chl a throughout the campaign (Figure 78). Concentrations of the other

halocarbons tend to be higher in water underneath the ice, especially the

iodopropanes. No correlation was seen between the other compounds and Chl a.
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Figure 74. Halocarbon concentrations in water sampled via CTD Niskin bottles within the top

1m of the water column and the DCM. Water samples from underneath the ice are also shown

from the time period the ship was moored at the ice station, from 21st June to 1st July. On 8t

and 9t July the ship was close to the pack ice east of Greenland.
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1m of the water column and the DCM. Water samples from underneath the ice are also shown
from the time period the ship was moored at the ice station, from 21st June to 1st July. On 8th
and 9t July the ship was close to the pack ice east of Greenland. CH2IBr only measured above
LoD in one under-ice water sample on 27t June where concentration was 35 (32.5 - 36.5)
pM, and in 4 CTD water samples, made from 4t - 7th July where concentrations were up to 2.2

pM.
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Figure 76. Chlorophyll a concentrations of water samples. The open water samples taken on
19t June and 4t — 7t July show a clear difference in biomass between surface and DCM,
whereas concentrations in ice covered waters are similar at the different depths, and are on

average lower.
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Figure 78. Chlorophyll a and CH:ICl concentrations in water samples

The water sampled during the campaign (depicted in figure 74 - 76) can be
subcategorised as follows: 19t June is open water west of Svalbard; 22nd June - 1st
July is water sampled while the ship was surrounded by the Arctic pack ice; 4th - 7th
July is open water sampled during the transect from Svalbard to Greenland; 8th - 9th
July again represents ice covered waters, this time east of Greenland. In figure 69, the
sea surface temperature can be seen to drop when in ice, and the Chl a concentrations

show much less variability.

The only compound which follows the same trend as Chl a concentrations in water
samples is CH2ICI, this compound seems to be produced by organisms not associated
with the ice. Concentrations of all other halocarbons are higher in sea ice brine and in
ice covered waters. This may be due to production of halocarbons by different
phytoplankton species, with higher production rates by ice diatoms, or by processes
occurring in the ice itself which is not related to diatoms, for example the
concentration effect. Work by other groups has shown that the activity of the
enzymes responsible for halocarbon production is more active in polar and ice-

associated diatoms [Arrigo and Thomas, 2004; Hill and Manley, 2009]

Waters in which CTD casts were made can be separated into 4 distinct types, as
depicted in figures 79 and 80: CTD casts made whilst the ship was moored at the ice
station; station KF3, close to Svalbard as shown in figure 66; station KF4 in deeper
waters further out to sea; and over the Greenland shelf. As can be seen, CHsl and
C2HsI concentrations are variable and values overlap across all water masses.
Concentrations of the iodopropanes are higher in water close to the Arctic pack ice,

and CH:ICl show much higher concentrations at KF4, especially at the DCM.
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Figure 79. Box whisker plots showing halocarbon concentrations in water samples from CTD

casts of different areas. The boxes represent the 20th and 80t percentiles, the dash represents

the median and the range bars show the maximum and minimum concentrations.
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As can be seen from the Chl a concentrations in figure 76, the most biologically
productive waters were sampled west of Svalbard, and the ice edge algae bloom in
this region is clearly seen in the satellite image in figure 81 (courtesy Andrew

Fleming, BAS, from the SeaWifs dataset).

Chiniophyll o Concentration {maim®)
oo o 1.0 o &0

Figure 81. Satellite imagery showing the phytoplankton bloom west of Svalbard in June 2010
(courtesy Andrew Fleming BAS, from SeaWifs data)

Halocarbon concentrations in the dive samples are shown in table 21 and figure 82.
The larger concentrations of CHBr3, CH2Br2 and CH3zl suggests these compounds are
released from dead /dying algae draining from the ice. Concentrations of the other
halocarbons are not enhanced in these diatom-rich samples. Previous work
monitoring production of halocarbons over the life cycle of diatoms has shown the
production is highest during exponential growth, and less during stationary and
dying phases [Moore et al., 1996], which explains a lower halocarbon concentration

ratio between the ice brine and dense algae mats than the cell density ratio.



CHsl

C:Hsl

CHBr3

CH:ICI

2-C3H71

1-C3H~I

CHzBl‘z

close to ice
bottom ice algae
algae mats
close to ice
bottom ice algae
algae mats
close to ice
bottom ice algae
algae mats
close to ice
bottom ice algae
algae mats
close to ice
bottom ice algae
algae mats
close to ice
bottom ice algae
algae mats
close to ice
bottom ice algae

algae mats

Average Max

30.0 33.5
23.8 30.7
49.3 70.4
16.3 20.3
11.5 15.5
21.0 26.6
32.3 36.6
28.6 30.7
203.2 309.4
3.7 4.0
3.2 3.9
6.1 9.9
5.4 7.7
4.3 4.5
6.2 7.4
3.8 4.2
3.9 4.2
6.0 7.7
119 12.4
12.5 17.3
39.7 58.4

Min
25.8
15.6
37.9
11.0
6.1
17.1
29.7
25.3
72.4
3.1
2.8
3.1
3.7
3.8
5.2
3.2
3.4
4.2
11.5
9.4
24.9
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Table 21. Halocarbon concentrations (pM) in water samples collected by the dive team, as

depicted in figure 68. Three samples of each type were collected.
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Figure 82. Halocarbon concentrations in the three types of water samples collected by the
dive team. (Concentrations of CHBr3; from two algae mat samples are off the scalee at 309 and

228 pM).

When halocarbon concentrations in the different sample types collected at the ice
station are compared (figure 83), the potential for some halocarbons to be enhanced
in the sea ice brine channel network is clear, though the range is large and overlaps
with the water concentrations. Production underneath the ice, flushing of the brine
channels with seawater and fresh ice melt all contribute to halocarbon
concentrations, along with consumption by bacteria and loss to the atmosphere.

These processes are discussed further in section 6.4.
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6.3.3. Halocarbons in air

Triplicate air samples were made every day, results are shown in figure 84. Higher
mixing ratios are observed above the sea ice of the Arctic Oceans. As can be seen from
back trajectories in figure 85, and wind direction data in figure 69, the wind was
predominantly from the north. The low air concentrations for all compounds on the
19t June (figure 84) could be due to the air mass having originated over Svalbard

(figure 85) where potential halocarbon sources are less likely.

Bromocarbon mixing ratios are similar to previous measurements by others [Chuck et
al, 2005; Class and Ballschmiter, 1987; Quack and Wallace, 2003]. CH3l mixing ratios
are higher than previous measurements in polar regions (table 2), but similar to
measurements made at Mace Head [Carpenter et al., 1999] close to kelp beds. C2Hsl
and CH:ICl concentrations are very high compared to previous measurements,
though the latter are in the same range as those of Jones et al. in the Outer Hebrides,

also close to kelp beds.

The larger variability of halocarbon concentrations in air samples over ice (figure 84)
potentially reflects temporal variation in source strengths in the ice area. For example
open leads in the ice pack may cause a ‘hot spot’ in concentrations in the air mass
reaching the ship, which may not be sampled during all three air samples which are
taken over approximately 15 mins each, total sampling time approximately 45 mins.
The smaller error bars for air measurements made over open water reflect the more
well mixed air parcel, as source strengths will be less variable from the ocean.
However open ocean data does exhibit fairly large variability between sampling
events. This is because concentrations are dependent on wind speed, wind direction,

boundary layer height, temperature and solar radiation as well as source strength.
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Figure 84. Atmospheric mixing ratios of CHsl, CH2Br2, C2Hsl, CH2ICl and CHBrs; during the
JR219 field campaign. CH2IBr was only measured above the LoD on 21st and 22nd June, and

from 5th — 7th July, 1- and 2-C3H7I were below the LoD in all air samples.
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Figure 85. 24 hour back trajectories for each of the air
samples in figure 83, courtesy of NOAA (HYSPLIT model). Air

masses are predominantly from the north during the field

campaign. Permanent ice cover was present above 81° north.
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6.3.4. Incubations

Brine collected whilst holes were being made in the ice to allow access for the dive
team was incubated for 48 hours. The conditions were designed to be representative
of those in surface waters, and also mid way and underneath one metre thick sea ice

(as detailed in section 6.2.1).

No enhanced levels of iodocarbons or bromocarbons were observed in the brine
samples, compared to the filtered controls. However, algae colonies were visible in
the ice long after the brine had drained (figure 86) suggesting the brine collected did
not contain the brine channel communities, so the lack of halocarbon production in
the brine is not surprising. A better way of repeating these incubations would be to
melt the lower ice sections in the ice pore water collected and some underlying
seawater, thus simulating sea ice melt. These results do however indicate halocarbon

production is not occurring in the sea ice brine by abiotic processes.

Figure 86. Large pieces of sea ice cut to make holes for the dive team. Large volumes of brine
were collected from these ~0.25m3 pieces of brine for incubation studies, however as is clear

from the photograph, the diatom colonies did not drain from the ice with the brine.
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6.3.5 Saturation anomalies and flux calculations

Results from this study show that halocarbon concentrations may be enhanced in the
sea ice brine and in under-ice water samples. This may be due to emissions from
algae within- and underneath the ice. Saturation anomalies and fluxes were
calculated in order to estimate the importance of this regional chemistry on the

atmosphere above, as detailed in section 5.3.4.

Results from the calculations of saturation anomalies are shown in table 22. CHzI and
C2HsI are always supersaturated in surface waters, which will lead to an ocean-
atmosphere flux. CHBr3, CH2ICl and CH2Br; are predominantly supersaturated in
surface waters, though occasions do exist when undersaturation occurs and therefore
these halocarbons may be deposited to the ocean. These results show how CH3I and

C2HsI have the highest mixing ratios in air (figure 84).

Saturation anomalies were also calculated using concentrations measured in water
underneath the ice to assess whether exposure of these waters would lead to greater
fluxes of halocarbons. The flow of water underneath the ice flow will ensure these
waters do become exposed to the atmosphere. Results, shown in table 23, show a
slight increase in saturation anomaly in the under-ice water, with the exception of

CH2Br».
Saturation anomaly = 100% x (Cw - Ca/H)/(Ca/H) (7)

CHsl C:HsI CHBrs CH:ICl CH:Br:

ave 1290 869 143 355 107
max 2198 2528 334 753 203
min 136 28 -39 -60 -10

Table 22. Saturation anomalies (%) based on simultaneous air and surface water
concentrations. CHzIBr 1- and 2-C3H;l were not measured above the LoD in enough air

samples for these calculations to be carried out.

CH3sI C2HsI CHBr; CH:ICI CH:2Br:

ave 1845 656 186 585 51
max 4698 1902 422 745 109
min 391 -93 9 426 8

Table 23. Saturation anomalies (%) based on simultaneous air and under-ice water

concentrations.
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The statistical language R was used for flux calculations as detailed in Johnson [2010].
Briefly, equation F = Kw(Ca/H - Cw) was used where F is the flux, Ky is the transfer
velocity, C, is the air concentration, Cw the simultaneous water concentration, and H
the Henry’s law constant as above. Transfer velocities are dependent on wind speed,

salinity and water temperature; 7-day average wind speed values were used.

Simultaneous (same day) air and surface (CTD) water samples were used in flux
calculations. For the period of time the ship was moored at the ice station, under-ice
water concentrations were used, in order to calculate a flux at the ice edge when
these water masses are exposed to the atmosphere. Fluxes were also calculated using
halocarbon concentrations in the uppermost sections of the ice cores, in order to
calculate fluxes from the ice to the atmosphere. The assumption is made here that the
concentrations in the brine channels in the top 10 cm of the ice are representative of
the concentrations in the liquid film on the ice surface, as under these conditions the
brine channels are connected and brine migration transports dissolved ions and trace
gases to the ice-atmosphere interface. This method assumes the same factors affect
fluxes from a brine layer on the surface of sea ice as affect the surface microlayer on
seawater. This is not known, but to a first approximation it provides a useful

comparison.

Results (figures 87 and 88) show how ocean-atmosphere fluxes are potentially much
larger when waters underneath the ice are transported to the ice edge and become
exposed to the atmosphere. Also, fluxes from the surface of sea ice to the atmosphere
may be much larger than those from the ocean. Both of these higher fluxes explain
why atmospheric mixing ratios of halocarbons are higher in air which has travelled

over sea ice (figure 84).
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Figure 87. Fluxes of halocarbons using under-ice water concentrations (blue diamonds),
surface seawater concentrations (red squares), uppermost ice core brine concentrations

(green triangles) and same day air mixing ratios.
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surface seawater concentrations (red squares), uppermost ice core brine concentrations
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Fluxes from the ice to the water below

When sea ice forms, salts are expelled from the growing ice matrix and hyper-saline
brine drains from the ice, forming a network of channels. When the ice starts to melt,
freshwater dilutes this brine, eventually making it less saline than the seawater
underneath. When this point is reached, brine no longer drains from the channels and
a stratified regime takes over. From this point onwards, solute exchange is mainly

controlled by molecular diffusion [Tison et al., 2010].

From the ice core data in figure 73, it would appear that a concentration gradient
exists in the core of the 29t June (right panel) for all compounds except CH2ICI and
CH2IBr. This would result in a flux of halocarbons from the higher concentrations
within the centre of the core to the lower concentrations in the underlying seawater,
controlled by molecular diffusion and driven by the concentration gradient. For this
reason, the concentration gradient in these cores, and the molecular diffusion
coefficient of seawater at 0°C of 1 x 10-° m2 s-1 [Yuan-Hui and Gregory, 1974] was used
to calculate a flux due to brine channel drainage. From Fick’s first law of diffusion, flux
= -D(8C/6t), where (8C/6t) is the concentration gradient and D is the diffusion
coefficient. The results range from 9.1 x 10-8 to 8 x 10-® nmol m-2 day-1, much slower
than sea to air and ice to air fluxes. Therefore, it is expected that following brine
drainage (when the brine salinity was higher than that of the underlying seawater),
the very slow process of molecular diffusion then keeps halocarbon concentrations
relatively constant in the ice. To calculate the contribution from the brine channels
due to ice melt, the average concentration in the lower section of the ice brine has
been multiplied by brine volume and the average rate of ice melt (3 cm day-1). Results
range from 0.003 to 2.4 nmol m2 day-l, much larger than those due to molecular

diffusion discussed above.

The results from the two brine channel fluxes were then compared to the flux
calculated from the concentration gradients, calculated from the measured fluxes
from hole A. This latter flux was calculated by multiplying the change in under-ice
water concentrations from hole A by the distance the sampling tube moved away
from the ice. This measured flux should take into account the ice melt, brine channel
contribution from molecular diffusion and production by the bottom- and under- ice
water community. Therefore by calculating the difference between the two values, in-

situ production (possibly by diatoms) underneath the ice can be inferred. It is
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accepted that the values are only an approximation and certain factors have not been
taken into account, such as water currents and exchange with the underlying
seawater. This last approximation is valid as a stratified water column was observed
during the depth profile of the 28t June. Production by diatoms underneath the ice is
therefore calculated to be 0.2, 0.06, 0.9, 0.004, 0.02, 0.03, 0.02 and 2.4 nmol m-2 day!
for CHsl, C2HsI, CHBr3, CH2ICI, 2-C3H7I, CH2IBr, 1-C3H7I and CH2Br; respectively.

6.4. Discussion of halocarbon concentrations and fluxes during JR219

A complex ecosystem network affects halocarbon concentrations, including
production by diatoms [Sturges et al., 1992], uptake by bacteria [Goodwin et al., 1997;
Goodwin et al., 1998], and fluxes between the ice, air and atmosphere. Results from
the ice cores show how halocarbon concentrations are enhanced in the sea ice brine,
and enhanced concentrations in under-ice water samples show how the under-ice
bloom may also produce halocarbons. In order to estimate the contribution of these
processes, the various production and loss processes have been considered as

depicted in figure 89.

Fi and Fyw have been calculated in section 6.3.5, along with contributions from the ice
algae. Assuming similar factors affect fluxes from a liquid brine layer on the surface of
sea ice, ice-atmosphere fluxes have the potential for a greater contribution to the
atmospheric halogen budget than the seawater, however the flux at the ice edge due
to waters influenced by the ice edge and under-ice communities may supply a similar

flux.

Factors affecting fluxes from the ice are however not known, much more work is
needed in this area. One factor which could affect these fluxes is the presence of a
snow layer. Whilst one may think that the presence of snow would suppress fluxes,
snow is very porous, and very cold temperatures and ice surfaces may actually
increase halogen reactivity [Cho et al., 2002]. The presence of halogen radicals or ions
in the so-called quasi-liquid layer may make them more available for reaction due to
their highly polarisable electron field, which will be particularly pronounced for the

large iodide ion.

The largest halocarbon flux to the water underneath the ice is from ice melt and
under-ice diatom community production, whereas brine channel drainage

contributes little under these conditions. The reasons for halocarbon production have
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not been conclusively determined, but one possibility is in response to grazing
[Manley, 2002], and enhanced halocarbon concentrations in the sea ice brine
channels may occur as ice melts and brine channels widen, hence allowing small

zooplankton to enter and grazing pressure on the ice communities to increase.
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Figure 89. The different processes contributing to halocarbon concentrations, where F; and
F. are ice- and water-atmosphere fluxes respectively, U is production by the under-ice bloom,
D is brine channel drainage, B is production by the bottom ice community and L is loss to the

underlying seawater and other loss processes as discussed in the text.
6.4.1. Correlations between halocarbon concentrations

Within the sea ice brine, a correlation was found between concentrations of the
iodocarbons CHsl, C2Hsl, 1- and 2-C3H7I (R2 values 0.76 to 0.94); a similar trend was
found between these compounds across water samples but R2 values are lower (0.42
to 0.62). Schall et al. [1997] showed a correlation between CHBr3 and CH2Br2, no such

correlation was found between the bromocarbons in this study.

Others have noted a low correlation between the bromocarbons close to sources
[Carpenter and Liss, 2000; Hughes et al, 2009]. Schall et al. [1997] showed
bromocarbon concentrations were linked to Chl a but iodocarbons were not, however

in this study only a correlation between Chl a and CH:ICl is found. The difficulty in
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this comparison is that Chl a is not necessarily a reliable indication of total biomass as
different species fluoresce by different amounts, and halocarbon production is also
species dependent. The picture is further complicated when studying the ice, as when
the brine drains from the ice the diatoms remain stuck to the walls of the brine

channel network, as has been observed by others [Krembs et al., 2002].

Though it was not possible to measure CHzI; on this campaign, CH:ICI can be formed
by a reaction of CHzI2 + Cl- [Class and Ballschmiter, 1987; Moore and Tokarczyk, 1993].
Moore et al. [1996] showed a decline in CHzIz and concurrent increase in CH:ICI
concentrations in Porosira Glacialis stocks after diatom growth. Jones and Carpenter
[2005] have recently reported CH2ICI production from CH:I> photolysis in a yield of
35%£20%, so the presence of CH2ICl may be indicative of the presence of CHzIz, and it
can be estimated that CHzI2 concentrations would have been at least double those of
CH:ICl. Quantum yield of photodissociation of CH:l> is 0.62 = 0.09 [Jones and
Carpenter, 2005].

6.5. Results COBRA

As depicted in figure 70, the core of the 6th March 2008 was made close to shore
where the salinity of the seawater was very low (range 3.7 to 5.9 psu), due to the
outflow of the Great Whale River and other smaller tributaries close by. The stretch of
islands approximately 2.5 km out to sea, the southern-most of which being Bill of
Portland Island, closes in an area known as Manitounuk Sound where the brackish
water is prevented from mixing with the more saline waters in Hudson Bay. The core
of the 9th March was made on the west side of Bill of Portland Island where the water
was more saline (19.1 to 21.7 psu). Bulk salinity was 0.9 - 2.8 psu and 3.4 - 7.4 psu,
and brine volume was 0.6 - 1.6% and 0.8 - 8.2% for the cores of 6th and 9t March
2008 respectively (figure 90). All brine volume measurements except the lowermost

section of the core of 9th March were below the percolation threshold of 5%.

As described in section 6.2.2, bulk ice was sampled during the COBRA field campaign,
and values have been normalised to sea ice brine volume and corrected to salinity as
described in section 2.8. This then allows a comparison of concentrations in the two
types of Arctic ice. In order to further compare the ice concentrations, the expected
concentrations in the ice due to the concentration effect have been calculated, using
the seawater values used for similar calculations in the JR219 data. It was not deemed

appropriate to use the seawater concentrations in water sampled below the ice
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during the COBRA campaign as the values were mostly below the limit of detection.
Also, as the ice was very thick here, very little sunlight will have penetrated through
the ice, therefore under-ice water halocarbon concentrations will not have been

representative of the water from which the ice formed.

Agreement between measured and expected halocarbon concentrations is good for
some compounds (figure 90), especially for the bromocarbons. CHzl, C2Hsl and

CH2IBr are enhanced beyond the concentration effect, suggesting local sources.

Average concentrations of Chl a were 0.5 (range 0. 1 to 1.4) pg I'? and 0.32 (range
0.01 to 2.5) pg I'1 in the ice cores, and 0.25 and 0.34 pg I'1 in the underlying seawater,
on 6t and 9t March respectively. These measurements compare well with those of
Gosselin et al. [1986] who measured Chl a in the ice of this area (both in Manitounuk
Sound and west of Bill of Portland Island) in April and May; the range was 0.1 to 25 pg
I-1. The measurements made in this study are at the low end of this range, which is to
be expected earlier on in the season where the ice is thicker and solar radiation is less
intense; these measurements were made well before the ice melt and start of the

spring bloom.

Hsiao [1980] studied species of microalgae in brackish ice and waters similar to this
environment the Canadian Arctic. The sea ice communities (consisting mainly of
diatoms, mostly of the pennate form) were found to develop in late fall when the ice
started to form, growing slowly through the winter months, increasing exponentially
in early spring to peak just before the ice thaw and declining rapidly in summer as the
ice melts. The most biologically abundant area of the ice was the bottom, where the
concentrations of species, mainly diatoms, were one to two orders of magnitude
greater than in the upper levels of the ice, and between 50 and 500 times greater than
the seawater below. Figure 91 shows how, even this early on in the season, Chl a

concentrations are highest in the lowest ice section.

As the core of the 9th March is believed to be more representative of the ice of Hudson
Bay due to the environmental conditions discussed above, discussion will be limited
to these concentrations (see figure 90 bottom panel). C;Hsl, and CHBr3 follow a
similar profile, the enhancement in concentrations close to the bottom of the ice could
be due to production by diatoms at the ice-water interface. The enhancement at the
top could be due to brine being expelled upwards during freezing, or surface flooding

due to tidal cracks. CHzI2 and CH:IBr have a similar profile through the ice, implying a
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common source. The concentration of CH2IBr is surprisingly high, this is interesting
as this compound was the most abundant iodocarbon in the atmosphere in the 2005

campaign.

CH3l and 1-C3H7I are only present close to the surface of the ice, suggesting a
photochemical source. No enhanced concentrations are seen in areas of high Chl a
biomass at the ice—~water interface, for the same reasons as discussed in section 6.4.1.
Photochemistry has previously been suggested as a route to alkyl iodides, for
example on snow surfaces in Greenland [Swanson et al., 2002]. Sea ice is much more
opaque to UV than seawater (1/kp seawater (300 nm) ~ 5 m) so any photochemical
reactions will be confined to the uppermost part of the ice; the presence of any snow

will further reduce the light transmission.

Halocarbons were detected in air during the COBRA field campaign [Mahajan et al.,
2010b], mostly during the night-time, with concentrations of 3.83 pptv CHzl, 0.11
pptv CH2IBr, CH2ICl 0.165 pptv, in air masses which had passed over open leads or
polynyas. I0 was also measured in amounts up to 3.4+1.2ppt in the boundary layer in
the same air masses. Hence it is likely that halocarbons remain trapped in the ice, and

may only escape when the ice is melting and porous, or when leads open in the ice.
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Figure 91. Chl a concentrations in the ice cores collected during the COBRA field campaign,

error bars represent one standard deviation across repeated calibration curves.
6.5.1. Potential ice-seawater fluxes during ice melt

The maximum rate of ice melt in Hudson Bay is 4.2 cm day-! [Wang et al., 1994]; using
the maximum halocarbon concentrations found during the COBRA campaign, ice-
water fluxes of CHzl, C2HsI, CHBr3, CH2IBr, 1-C3H7I and CH2Br; during ice melt could
be as high as 4.3, 1.2, 1.0, 0.7, 0.4 and 0.3 nmol m-2 day-l. These values are similar to
those calculated for the JR219 campaign, as, although the concentrations in the ice of
Hudson Bay are high, this is due to their extreme concentration in the brine channels
of this very cold ice, so the compounds become very much diluted upon ice melt. If the
brine were to be pushed up to the surface of the ice by the pressure of the water
below once the ice had melted enough for the brine channels to be interconnected,
then the potential impact on the atmosphere above will be greater. This may well
have been the source of the atmospheric halocarbons measured in the earlier

campaign in the same location [Carpenter et al., 2005].

Flux calculations carried out on COBRA 10 and atmospheric halocarbon data
[Mahajan et al., 2010b] estimate fluxes from open leads of CH:IBr, CH2ICl, CH3l (and

CHzI> which was not measured here) required to sustain the observed halocarbons
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were 2880, 72, 293 (and 1.4) nmol m2 day-1. These values are much larger than the

estimated fluxes from the measurements in this study.

Leads opening in the ice may allow the escape of some compounds from the water
below, but until brine channel connectivity is re-established, compounds in the ice
will remain trapped. New ice formation following the opening of leads, and the
subsequent concentrating of dissolved trace gases in the brine, may provide one
mechanism by which halocarbons are released from patches of open water in the ice,
as brine is expelled upwards as well as downwards during ice formation, resulting in
a concentrated brine on the surface of the ice which may be rich in dissolved

halocarbons.
6.6. Summary

Average halocarbon concentrations in sea ice brine of the Arctic Ocean were 30.9,
27.7,128, 2.1, 5.6, 2.8, 4.8 and 172 pM for CHsl, CzHsl, CHBr3, CH2ICI, 2-C3H7I, CH2IBr,
1-C3H7I and CH2Br; respectively. The ice was warm, very porous and halogenated
gases will have had chance to escape. Nevertheless, the high concentrations in the sea
ice brine suggest a local source. One possibility is the concentration effect of brine
volume reduction. Another is production by anti-oxidative enzymes in organisms
which make up the sea ice community, which may be particularly active in the harsh
environment experienced in the brine channels. Halocarbon production may also be
related to a defence mechanism, in response to grazing [Manley, 2002], so enhanced
halocarbon concentrations in the sea ice brine channels may occur as ice melts and
brine channels widen, hence allowing small zooplankton to enter and grazing

pressure on the ice communities to increase.

Ice- and water-atmosphere fluxes were calculated; it is clear that the ice-atmosphere
flux has the potential for a greater contribution to the atmospheric halogen budget
than the seawater, however waters influenced by the ice edge and under-ice

communities may supply a similar flux.

Estimations of halocarbon fluxes from the sea ice to the water below have suggested
the largest contribution is from ice melt and under-ice diatom community production,

whereas brine channel drainage contributes little under these conditions.

The halocarbon concentrations in sea ice brine are similar to those measured in sea

ice with similar physical properties in the Weddell Sea, Antarctica, as presented in
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Chapter 5. The water below the ice also showed high halocarbon concentrations, due
to ice melt and production by underwater diatom communities. 1-C3H7I, CHBr3, C2Hs],
2-C3H7I, and CH2Br; showed significant enhancement in concentration in the sea ice
brine, of an average order of 2.5, 3, 7, 7, and 23 times respectively, when compared to
the water below the ice. lodocarbon concentrations in the under-ice water were
enhanced with respect to concentrations in surrounding waters in the Arctic Ocean.
Open ocean measurements showed enhanced halocarbon concentrations may also be
found in areas influenced by the phytoplankton bloom associated with the melting

sea ice.

The sea ice studied during JR219 was very porous first year ice. These results have
been compared to thicker, less porous ice from Hudson Bay, in the Canadian sub-
Arctic. The much higher halocarbon concentrations in Hudson Bay ice are due to the
concentration effect of brine volume reduction for the bromocarbons, whereas
additional sources must be present to account for further enhancement of CHzl, C2Hsl
and CH:IBr. Photochemical reactions or biological production may be responsible, but

the Chl a biomass in this ice was very low.

Halocarbons remain concentrated and trapped in this cold, weakly saline ice, where
brine channels do not form a continuous network. This is not the mechanism by
which halogenated compounds are released into the atmosphere under these
conditions. Percolation through sea ice may provide a route, but rates are slow and
not sufficient to account for atmospheric concentrations. Measurements of
halocarbons in air during the COBRA campaign [Mahajan et al, 2010b] suggest
halogenated compounds may be released into the atmosphere when leads open in the

ice, allowing compounds to be released.

During JR219, concentrations of halocarbons were high in the Arctic atmosphere,
especially whilst at the ice station when the wind was predominantly from the north.
Recent work has suggested trace gas transport though ice is negligible compared to
that from open leads and cracks in the ice ([Loose et al., 2011], Shaw et al., submitted).
However the ice station was situated on the edge of the Arctic pack ice in the warm
summer months of June and July, the ice was very porous and well broken with many
open leads. Hence any volatile dissolved gases in the liquid brine and ice meltwater

will have had chance to escape to the atmosphere.
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As the Arctic warms and the ice becomes thinner and more porous, the potential for
trace gases dissolved in the brine to be released to the atmosphere above is greater.
Also, processes occurring within and underneath the ice such as diatom growth,
grazing pressure, and photochemical reactions, which cause halocarbon formation,
will have more impact on the overlying atmosphere if the brine channels are
interconnected and the trace gases may travel with brine migration. The enhanced
concentrations of the halocarbons due to the concentration effect may also lead to
increased halocarbon fluxes to the atmosphere in an area which contains porous ice,
especially if the brine is pushed up to the surface of the ice by the pressure of the

underlying seawater.
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Chapter 7. lodocarbons on the Antarctic Peninsula

7.1 The Rothera Time Series

Chapters 2 and 3 include results of controlled laboratory experiments carried out at
Rothera, a research station on the Antarctic Peninsula shown in figure 6. Field
measurements were also carried out, as part of the Rothera Oceanographic and
Biological Time Series (RaTS) data set. Previous measurements made by others
during the RaTS project have shown bromocarbon concentrations in the seawater
and atmosphere to be correlated to the phytoplankton bloom in Ryder Bay (Hughes et
al. 2009). Ongoing work aims to elucidate the impact of climate change-induced sea

ice retreat on halocarbon emissions.

Whilst the data for surface and 15 m depth seawater bromocarbon concentrations,
and atmospheric mixing ratios, will be reported elsewhere (Hughes et al, in
preparation), the opportunity to present more detailed profiles of bromocarbon
concentrations through the water column has been taken in the form of this thesis
chapter. lodocarbon concentrations in seawater are also reported; this the first time

such measurements have been made in the waters of the Antarctic Peninsula.

Atmospheric mixing ratios of 10 were also measured, in order to further understand

the distribution of IO in Western Antarctica. These measurements are also a first.
7.2 Materials and methods

The Rothera research base is located on Adelaide Island on the Western Antarctic
Peninsula as shown in figure 6. Measurements were made from mid November 2009
to early March 2010. Seawater samples have been collected from the RaTS sampling
sites (figure 6) at surface at 15 m depth since October 2004, and bursts in Chl g,
indicative of the phytoplankton bloom, have shown a strong correlation to bursts in
seawater bromocarbon concentrations. A full description of the project and the
measurements made can be found in Hughes et al. [2009]. The collection, preparation
and analysis of the Chl a samples are as detailed in Clarke et al. [2008]. The data
presented here is complimentary to these measurements, and helps understand how
iodocarbon emissions may be concurrent with bromocarbon emissions, in a region in

which the presence of atmospheric iodine was not previously known.



Page 208 of 238

For halocarbon analysis, the Markes adsorption tube method of trapping and thermal
desorption system, and Agilent GCMS set up was identical to that detailed in section

3.2. LoD and retention times are identical, as are calibration details.

Water samples were collected in triplicate from the side of a small boat. Surface water
samples were collected by lowering a 500 mL amber glass stoppered bottle to just
below the water surface, rinsing three times, and filling whilst ensuring no bubbles
were introduced. Water samples at 5 m, 10 m, 15 m, 25 m, 50 m and 100 m were
collected using Niskin bottles hand-winched to the required depth. Water was
drained from the bottom of the Niskin bottle via a section of Tygon tubing which ran
to the bottom of the 500 mL amber glass stoppered bottle, which ensured the bottle
was filled from the bottom up. Once full, the bottles were allowed to overflow for a
few seconds. This filling method avoids losses and contamination. Samples were
collected between 19t November 2009 and 22" February 2010, and were analysed
within 4 hours of collection. Full depth profiles were made when time and weather

permitted, on other occasions it was only possible to sample at surface and 15 m.

Atmospheric I0 mixing ratios over Ryder Bay were monitored during the course of
the campaign with a mini-max DOAS, as detailed in section 2.6. The instrument was
mounted on the roof of a shipping container at 67°34’12.72"S, 68°07°30.69"W with a
custom-made steel support, levelled, and set to face south across Ryder Bay. The
instrument was protected from precipitation with a plastic sheet with a hole cut out

for the viewing lens. Elevation angles were 2°, 4°, 15° and 90°.
7.3 Results

CHBr3 and CH2Br: profiles throughout the water column from surface to 100 m are
shown in figure 93. The phytoplankton bloom was very late in this season, occurring
mid to late February 2010. Up until this time, bromocarbon concentrations
throughout the water column varied little with depth and values were less than 74
pM CHBr3 and less than 17 pM CH2Br2. On the 15t Feb, when samples were only
taken at surface and 15 m, CHBrs3 concentrations reached 243 pM CH:2Br;
concentrations reached 21 pM, with both compounds slightly enhanced at 15 m. On
the 22nd February, the increase in CHBr3 concentrations is huge, with values reaching
744 pM. It is clear from the depth profile that CHBr3 production is occurring in the
upper 25 m of the water column, with a pronounced peak at 5 m. CHzBr; production

also increases, though by a smaller degree of magnitude; concentrations reach 32 pM.
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CH2Br; concentrations peak at 15 m, this could be due to production by different

species of phytoplankton which reside at a slightly lower depth in the water column

to those which produce CHBrs.
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Figure 92. Bromocarbon profiles through the water column throughout the 2009/10 field

campaign. Dates the water samples were collected are shown in the legend.
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Seawater iodocarbon concentrations were also measured throughout the field
campaign. CHsl and C2Hsl were present all season, at levels of up to 5 pM and up to 2
pM respectively. No increase in C2Hsl concentrations was observed to be coincident
with the phytoplankton bloom and subsequent increase in bromocarbon
concentrations. CHsl concentrations did however peak during the bloom, with up to
14 pM measured at 25 m depth on 22nd February 2010. Figure 94 compares a typical
profile through the water column, made on 21st December 2009, with measurements

made on 221 February 2010.

The iodocarbons CHzI, CH2IBr, CH2ICl, 2-C3H7I and 1-C3H7I were not observed above
the limit of detection of the GCMS until 2274 February 2010. On this date values
reached 0.3 pM, 0.5 pM, 0.3 pM, 0.2 pM and 0.8 pM respectively (figure 95). All
compounds show a maximum between 15 m and 25 m depth; CH2IBr is present only
in the region 10m - 25 m. CHzIz and CH:ICl concentrations show a similar profile. The
sub-surface maximum is typical of biotic halocarbon concentrations, as production

occurs in the upper photic zone, but loss to the atmosphere depletes surface waters.
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Figure 93. Seawater iodocarbon concentrations in Ryder Bay at the start of the summer

season (December 2009) and during the phytoplankton bloom (February 2010).
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Figure 94. Seawater iodocarbon concentrations in Ryder Bay during the phytoplankton

bloom.

Results for atmospheric I0 mixing ratios are shown in figure 96, alongside Chl a
concentrations at 15 m depth, in order to determine whether 10 concentrations
increase due to the increase in iodine atom precursors which may result from an
increase in iodocarbon emissions from phytoplankton. No correlation is seen
between atmospheric 10 mixing ratios and Chl a concentrations in seawater. However
10 concentrations will be affected by many factors, the most important of which will
be air mass origin and history. The mini MAX-DOAS was located within a few hundred
metres of the water sampling sites, so any iodocarbons emitted from the water may
not have been photolysed by the time the air mass was sampled. Therefore, any 10
which may have formed following emissions of iodine from the seawater may not

have been detected by the mini-max DOAS.
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Figure 95. [0 mixing ratios measured on the Antarctic Peninsula with the mini MAX-DOAS Jan
- March 2010, compared to Chl a concentrations at 15 m depth seawater which is indicative

of the phytoplankton biomass.
7.4 Summary

It has been shown that CHBr3 and CH:Br: production increases during the
phytoplankton bloom in Ryder Bay, with a larger increase observed for CHBr3 than
CH2Br; concentrations. Furthermore, CHBr3 concentrations show a pronounced peak
at 5 m, whereas CH2Br2 concentrations peak at 15 m, this could be due to production
of the two bromocarbons by different species of phytoplankton which reside at

slightly different depths in the water column.

It has also been demonstrated that iodocarbon production occurs in the waters of the
Western Antarctic Peninsula. CHzl, present throughout the season, increased in
concentration during the phytoplankton bloom. C2HsI was the only other iodocarbon
consistently found in seawater, this compound showed no increase in concentration
during the bloom. The iodocarbons CH:l;, CH2IBr, CH2ICI, 2-C3H7I and 1-C3H7I were
only observed during the phytoplankton bloom, where all compounds show a
maximum between 15 m and 25 m depth; the sub-surface maximum is typical of
compounds produced by phytoplankton, as production occurs in the upper photic

zone, but loss to the atmosphere depletes surface waters.
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The presence of atmospheric 10 on the Antarctic Peninsula has also been
demonstrated, with no increase in mixing ratios associated with the phytoplankton

bloom.

This is a small dataset, but it nevertheless shows the presence of compounds of iodine
in the region of the Antarctic Peninsula. Furthermore, the enhancement of

iodocarbons due to the phytoplankton bloom in the bay has been demonstrated.
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Chapter 8. Synthesis and further work

8.1 Conclusions

In Chapter 1, an introduction was given to the atmospheric chemistry of iodine, and
the importance of its study. Reactive atmospheric iodine species are broken down in
the atmosphere to yield iodine radicals. The radicals react with ozone, destroying it
catalytically to form 10 [Chameides and Davis, 1980]. 10 may self react to form stable
clusters, these may grow to become CCN and hence impact climate via increased

scattering of sunlight [0'Dowd et al., 2002].

The ability of algal activity to concentrate and volatilise iodine from the ocean was
discussed, and it was shown how diatoms living in sea ice may play a role. Diatoms
are known to emit iodocarbons [Sturges et al., 1992; Tokarczyk and Moore, 1994], and
the focus of many previous measurements of atmospheric iodine has been on organic
precursors. Such measurements made in the polar regions were summarised (tables

1 and 2).

Recent work [Huang et al., 2010; Mahajan et al., 2010a] has shown the importance of
molecular iodine in so-called ‘hotspots’, coastal areas where kelp beds exposed at low
tide emit pulses of iodine compounds, and where ozone depletion and new particle
formation have been demonstrated. Phytoplankton, and in particular diatoms, have
been shown to have similar iodine-pathways in their metabolism, though their
biomass is much more disperse than kelp in the oceans, leading to lower release
rates. Diatoms are however ubiquitous throughout all bodies of water, so the
emission of these compounds is potentially more significant due to their widespread

distribution.

One area of high emissions of volatile forms of iodine may be those covered in sea ice,
where diatom numbers have the potential to become more concentrated. If similar
mechanisms are occurring in micro-and macro-algae then sea ice could be another

iodine hotspot.

The high atmospheric mixing ratios of I0 measured over Southern Ocean sea ice by
satellite [Schénhardt et al., 2008], and in particular the Weddell Sea, would suggest
this is the case. The lack of high concentrations over Arctic sea ice may be due to the
physical properties of the ice and the oceanography in the polar regions. These

factors, along with differences in the communities within the ice were discussed in
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chapter 1. For example, the presence of gap layers in the sea ice of the Weddell Sea -
diatom rich layers close to the surface of very porous ice [Meguro, 1962]- may go
some way to explaining why iodine emissions from ice algae are more easily released
into the Antarctic atmosphere. Previous studies, both of concentrations of iodine
compounds made during polar field campaigns, and production rates of iodocarbons

by polar diatoms in the lab, were summarised.

The overarching aim of this study was to investigate why such high mixing ratios of
I0 are present over Antarctica, with particular focus on the Weddell Sea area where
the highest IO levels are found. An iodine-selective mechanism must exist which
concentrates and volatilises iodine in preference to bromine in the ocean: bromide is
at least 1000 times more abundant than iodide in seawater, whereas atmospheric
mixing ratios of (up to 20 pptv) IO are similar to those of bromine monoxide (BrO) in

Antarctica.

Competing theories exist as to how iodine compounds may become enhanced in the
atmosphere above sea ice. One proposed mechanism is iodocarbon or I, emissions
from sea ice algae, migration of these compounds through the sea ice, driven by a
concentration gradient [Saiz-Lopez and Boxe, 2008], and subsequent release from the
ice surface. Diatoms have also been shown to be capable of accumulating iodide [de la
Cuesta and Manley, 2009], releasing hypoiodous acid (HOI) [Hill and Manley, 2009],

and to play a role in the conversion of iodate to iodide [Chance et al., 2007].

An alternative abiotic mechanism has recently been proposed [Carpenter et al., 2005],
supported by laboratory experiments, for the production of CHsl, C2HsI and CHzI2 via
the reaction of HOI with humic material in the quasi-liquid layer (QLL) on the surface
of sea ice. The origin of HOI in the QLL was suggested to be atmospheric deposition or

from reactions of the type HOBr + I- > HOI + Br-.

With a view to investigating these competing theories, laboratory experiments on sea
ice and associated diatoms have been carried out which have aimed to elucidate how
halocarbons may become enhanced in sea ice. To further understand the
enhancement of iodine in sea ice and the polar atmosphere, field measurements have
been carried out in four different polar areas, with a focus on sea ice diatoms, ice

properties, and measurements of an array of iodine compounds.
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Laboratory Experiments

As the highest concentrations of atmospheric IO are observed over the sea ice of the
Weddell Sea during spring when the ice is melting [Schonhardt et al., 2008], with
another peak in autumn during ice formation, a logical place to start this investigation
was with the formation of sea ice. As the sea ice forms, diatoms which live in the brine
channels will be subjected to decreasing temperatures and an increase in availability
of halide ions. Therefore, experiments were carried out to ascertain whether it was in
response to this stressful environment that forms of volatile iodine compounds were

produced.

These stress experiments were carried out under controlled laboratory conditions on
Porosira Glacialis, an ice-associated diatom which has a bipolar distribution [Hasle,
1976], two Antarctic ice diatoms, Fragilariopsis Cylindrus and Fragilariopsis sp.,
collected from the Weddell Sea and Antarctic Peninsula respectively, and on a
naturally occurring ice algae community on the Antarctic Peninsula. The experiments
using the latter community were important, to show these results are not confined to
the laboratory, which may not be representative of the natural environment, but
rather may be applied to native systems. These diatoms were first frozen in Tedlar
sampling bags, and halocarbon concentrations were monitored during the freezing

and melting of the seawater.

Further stress experiments then explored what factors of the freezing process may be
responsible for a change in halocarbon concentrations. Cultures of Porosira Glacialis,
Fragilariopsis Cylindrus and Fragilariopsis sp. were subjected to varying salinities,
iodide and bromide concentrations, and halocarbon concentrations in the medium
were monitored. Physiological measurements were made to understand how the

diatoms survive under these extreme conditions.

Another question investigated during this study was whether higher concentrations
of iodocarbons may be found in sea ice brine due to a “concentration effect” of volume
reduction of liquid in which compounds are dissolved, or whether diatoms subjected

to the stresses of a sea ice environment may be more likely to emit halocarbons.
Field measurements

Field campaigns were then carried out in the ice of the both Arctic and Antarctic,

where the concentrations of compounds of iodine (and bromine) were measured in
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sea ice, brine, seawater and air, as detailed in table 4. Physical measurements of the
ice were made to determine whether the brine channels form a continuous network
which could provide a transport route from organisms living in the ice to the ice-

atmosphere interface.
8.2 Summary

Results from the freezing of seawater containing diatoms in Tedlar bags, carried out
both at UEA and on the Antarctic Peninsula, were presented in chapter 3.
Bromocarbon production rates were observed to be mostly independent of
temperature; increases in concentration at very low temperatures were due to the
concentration effect of brine volume reduction during sea ice formation. Some
iodocarbon concentrations showed a greater potential to become more concentrated

in sea ice.

CHsl concentrations at low temperature were lower than those expected via the
concentration effect, suggesting loss processes are occurring. One such loss
mechanism could be nucleophilic substitution by Cl-, the rate of which increases with
increasing salinity [Elliott and Rowland, 1993]. C;Hsl concentrations consistently
increased upon ice melt which is an interesting result - abiotic reactions could be
occurring which are not understood, but release of this compound from the material

of the bag is also possible.

The more reactive iodocarbons, CH2ICl, CH2I2, CH2IBr, 1- and 2-CsH7I all showed the
potential to be produced in larger quantities under sea ice conditions, exceeding
concentrations expected via the concentration effect. CH2ICl production increased
under frozen conditions in the naturally occurring Antarctic communities,
concentrations of CHzI; and CH2IBr increased in both Porosira Glacialis cultures and
the natural community on the Antarctic Peninsula, whereas 1- and 2-C3H7I

production only increased in Porosira Glacialis cultures.

Both the increase in iodocarbon production and the concentration effect provide a

mechanism by which halogens may be volatilised and released in the sea ice zone.

Porosira Glacialis, which is a relatively large diatom, did not survive when frozen in a
seawater medium to -15°C. After the seawater was melted again, cell volume had
halved and cell number doubled, suggesting the diatoms were crushed during ice

formation. However, the much smaller Fragilariopsis Cylindrus, which may be more
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easily incorporated into the brine channel network when seawater freezes, did
survive. Though the photosynthetic efficiency was greatly reduced at -15°C, the

diatom recovered upon ice melt.

Less ice formation was observed in bags containing Fragilariopsis Cylindrus than
Porosira Glacialis at the same temperature. This suggests the ice diatom Fragilariopsis
Cylindrus secretes an ant-freeze agent which helps it to survive in the sea ice brine

channel network.

The increase is iodocarbon concentrations in the sea ice brine may be due to
increased production by diatoms under stressful conditions as they utilise iodide in
this extreme environment. Concentrations may also become enhanced in the
seawater medium when the diatom frustules break open upon cell death, and

intracellular compounds are released.

These findings are important in understanding how the concentrations of iodine
compounds are enhanced in sea ice brine channels. The measurements made on sea
ice collected from Ryder Bay on the Western Antarctic Peninsula showed enhanced
concentrations of iodocarbons, but not bromocarbons, in the brine. When the sea ice
is porous enough to allow these compounds to escape, this provides a mechanism by

which iodine may be enhanced in the atmosphere above sea ice.

Chapter 4 sought to understand what aspects of the freezing process may contribute
to an increase in halocarbon concentration, by varying salinity and concentrations of
bromide and iodide independently. The key findings from experiments using Porosira
Glacialis were the decreased bromocarbon production but increased iodocarbon
production when diatoms were salinity stressed halide ion concentrations were

increased.

Production of the bromocarbons was greatest when salinity, bromide and iodide
concentrations were all low. In contrast, salinity changes and the presence of iodide
cause iodocarbon concentrations to increase. Maximum production rates of CHzl,
C2HsI and 1-C3H7I were observed when Porosira Glacialis was salinity stressed and
iodide concentrations were enhanced. CH:ICl, 2-C3H7I, and CH:IBr production
increased with increasing iodide concentration, though very high salinities

suppressed production.
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Cell lysis at extreme salinity caused CHzl, C2Hsl, 1-C3sH7I and CH2IBr concentrations to

increase. suggesting these compounds reside within the diatom cell.

The different responses of different enzyme types were clear, with the same patterns
of production for monoiodocarbons (methyl transferase) and polyiodocarbons

(iodoperoxidase).

These results have implications for the sea ice environment. As seawater freezes,
trace gases and dissolved ions become concentrated in brine. The channels which
form as the brine drains from the ice are home to diatoms, which may use iodide as a
cellular anti-oxidant, and the anti-oxidative enzymes which utilise iodide and produce
iodocarbons may be particularly active in this harsh environment. The iodocarbons

may be a byproduct of the anti-oxidative metabolism of the cell.

Therefore, the conditions inside the brine channels may lead to increased production
of iodocarbons, but not bromocarbons, by sea ice algae. These processes may help us
to understand why iodine compounds are concentrated and released in the sea ice
environment, as any labile compounds released by sea ice diatoms may be released to

the atmosphere if the ice is porous enough to allow the compounds to escape.

This work agrees well with that of Fogelqvist and Tanhua [1995] who found enhanced

iodocarbon, but not bromocarbon, concentrations in sea ice brine in the Weddell Sea.

No increase in halocarbon production was observed in cultures of Fragilariopsis
Cylindrus and Fragilariopsis sp. under any experimental conditions in chapter 4. This

result shows how halocarbon production is dependent on species and environment.

Chapter 5 reported results from a ship-based field campaign in the Weddell Sea,
Antarctica. Organic and inorganic compounds of iodine were measured in the

seawater, ice brine and the atmosphere.

Concentrations of halocarbons in the sea ice were enhanced with respect to the water
below. Enhancement ratios in the ice were greater for the iodocarbons than the
bromocarbons, with average ice concentrations being 48, 26, 25, 16, 12, 11, 8 and 7
times higher than average seawater concentrations for CH2ICl, C2Hsl, 2-C3H7I, 1-C3H7I,
CHsl, CHBr3;, CH2Brz and CHBrz2Cl respectively. Physical properties of the ice

determined the continuity of the brine channel network, providing a source-to-
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atmosphere pathway for the iodine compounds, and halocarbons were detected in

the atmosphere.

Atmospheric mixing ratios of inorganic iodine compounds, especially I2, were much
higher than those of the iodocarbons, suggesting this compound is the main source of
atmospheric 10 above the sea ice of the Weddell Sea. Doubts do however exist as to
the validity of the measurement technique. The pulse of I> over the ice shelf was
particularly unexpected. Mechanisms may be occurring which are yet unknown

which involve recycling over the snowpack.

I0 and new particle formation were measured to assess the subsequent impact of
these iodine emissions on the atmosphere. 10 concentrations measured from the ship
were in reasonable agreement with satellite data, and new particle formation was

observed as the ship broke through sea ice.

Saturation anomalies, flux calculations and a modelling study were used to interpret
the measurements. Flux calculations on simultaneous water concentrations and
mixing ratios in air showed the predominant trend was for iodocarbons (with the
exception of CH2ICl) to be released from the ocean to the atmosphere, but
bromocarbons to be deposited to the ocean. Furthermore, there is potential for
iodocarbons, enhanced in concentration in the brine channels of sea ice, to be
released to the atmosphere if the brine is pushed up to the surface of sea ice by the

pressure of the underlying seawater.

A modelling study was used to further interpret the measurements. The 10 mixing
ratio resulting from measured halocarbon fluxes was less than was observed;
whereas that resulting from the measured 12 was much greater than observed. In
order to reproduce the measured 10, the 1> mixing ratio was less than that measured.
These results suggest an additional iodine atom source to the halocarbons must exist,
which is probably Iz, however the denuder tube method seems to be massively
overestimating mixing ratios. New particle formation predicted by the model showed
more agreement with measurements, however field measurements exhibited particle

growth to larger sizes than the model.

Measurements of iodine (iodide and iodate) in seawater showed total iodine is
depleted by half or more in diatom rich ice samples with respect to background

seawater concentrations. This finding supports the mechanism proposed by Saiz
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Lopez and Boxe [2008] as the iodide could have been previously volatilised and

released by the sea ice community.

The results from chapter 5 may help explain the larger enhancement of iodine than
bromine from the ocean to the polar atmosphere. The atmospheric mixing ratios of Iz,
AIC and IO are similar to measurements made at coastal iodine ‘hot spots’ close to
exposed macroalgae beds. It has been demonstrated that, like these coastal locations,
iodine chemistry may be responsible for bursts of new particles. Thus, the Weddell
Sea is another iodine ‘hotspot’. The modelling study used to interpret this data has
highlighted that further work is needed to further our understanding of the complex

chemistry of this region.

Chapter 6 presented results from two field campaigns in the Arctic -JR219, a ship-
based campaign in the Arctic Ocean above the Greenland and Norwegian seas, and
COBRA, in the Canadian sub-Arctic on the east coast of Hudson Bay, Quebec. The focus
of these campaigns was halocarbon concentrations in sea ice brine, measurements

were also made in seawater and air.

The ice properties in the two campaigns were quite different: the ice in JR219 was
less than 1 m thick and very porous, whereas the ice in the COBRA field campaign was
thicker, colder, and less porous. These different ice properties enabled a further
investigation of the concentration effect, and higher concentrations of halocarbons
were found in the brine of the colder ice, despite much lower algal activity. The
halocarbon measurements during the COBRA campaign demonstrate how the
halogenated trace gases, concentrated by brine volume reduction during sea ice
formation, remain trapped in the ice when the ice is fresher, colder and in which

brine channels are not interconnected.

The ice in the JR219 campaign was very warm and very porous and ever-more typical
of the ice of the Arctic as the planet warms and sea ice retreats. Despite its high
porosity, high concentrations of halocarbons were measured in the sea ice brine

suggest a local source, one possibility is in response to grazing pressure.

Flux calculations carried out on simultaneous halocarbon concentrations in sea-water
/ ice brine and mixing ratios in air on the JR219 data again showed the potential for
enhanced fluxes from the sea ice, though a number of assumptions have been made

regarding the factors which affect such halocarbon fluxes. There is some debate as to
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the correct methodology for these calculations, and this will be discussed further in

section 8.2.

During JR219, very high atmospheric mixing ratios of halocarbons were measured,
for some compounds the highest ever recorded. Mixing ratios were especially high
whilst the ship was moored at the ice station, when the wind was predominantly from
the north and hence originating from over the Arctic pack. As the Arctic warms and
the ice becomes thinner and more porous, the potential for trace gases dissolved in
the brine to be released to the atmosphere above is greater. Thinner ice also leads to

more light penetration and hence more algal growth.

An increase in the number of diatoms and their subsequent halocarbon emissions,
along with photochemical reactions which cause halocarbon formation, will have
more impact on the overlying atmosphere if the brine channels are interconnected
and the trace gases may travel with brine migration. The enhanced concentrations of
the halocarbons due to the concentration effect may also lead to increased halocarbon
fluxes to the atmosphere in an area which contains porous ice, especially if the brine

is pushed up to the surface of the ice by the pressure of the underlying seawater.

Similar concentrations of halocarbons in Antarctic and Arctic sea ice brine with
similar physical properties (Weddell Sea and JR219) suggests similar processes are
occurring involving organic halogens associated with sea ice in both polar regions.
However, species of diatom present will be quite different in these two areas, and
many other factors affect halocarbon concentrations. CHzICI for example showed the
greatest enhancement in the sea ice of the Weddell Sea, but showed the greatest
enhancement in waters away from the sea ice during the Arctic cruise. This again
demonstrates how different species are produced in different amounts by different

species.

As the climate warms and the ice of the Arctic becomes more like that of the Antarctic
(thin, porous and mostly first year) it is interesting to consider how this may affect
halocarbon concentrations associated with the ice brine. As discussed in chapter 1,
the enhancement of iodine over the sea ice of the Weddell Sea may be partly due to
ice properties. More porous ice has additional space for algal colonisation, thinner ice
lets more light penetrate to under-ice diatoms. Furthermore, gap layer formation may

become more likely in Arctic sea ice which is no longer one consolidated pack. If the
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production of halocarbons by diatoms is increased due to the stresses of the sea ice

environment then there is potential for increased fluxes to the atmosphere.

It could be argued that less ice leads to more open water and an increase in sunlight
penetration, which may lead to an increase in phytoplankton growth, resulting in
increased halocarbon production. However, in the polar regions, the phytoplankton
bloom is often preceded by the retreat of sea ice; if the warming climate leads to a
greater inter-annual variability in sea ice cover, this increases the area potentially
affected by a bloom, and so may lead to bursts of halocarbon fluxes associated with
the bloom as the ice-edge retreats. An increase in iodine atom flux to the atmosphere
will result, with a subsequent increase in tropospheric ozone depletion and new

particle formation.

Chapters 3 and 4 showed how the stresses of the sea ice environment may increase
iodocarbon production by diatoms, especially mono-iodocarbon production by the
anti-oxidative methyl transferase enzymes. Chapter 5 showed how the volatilisation
of iodine in seawater may release iodocarbons and result in depletion of total iodine
in diatom-rich ice. Measurements of Iz, though as yet invalidated, hint as to the
potential of the Weddell Sea to be another iodine “hot-spot”. I0 measurements and
new particle formation demonstrated the impact on the overlying atmosphere.
Chapter 6 reported high concentrations of halocarbons in sea ice brine and the
overlying atmosphere of the Arctic. Flux calculations have suggested an increase in

halocarbon emissions from thinning Arctic sea ice which is more porous.

Another interesting area of investigation of this study was that of the concentration
effect on trace gases of brine volume reduction. Chapter 3 demonstrated how this was
possible in the laboratory, and results from the COBRA field campaign showed how
these higher concentrations may remain trapped in the ice when the ice is fresher,

colder and in which brine channels are not interconnected.
8.3. Further work
8.3.1. Laboratory experiments

The controlled laboratory experiments carried out in this study have involved three
species of cultured diatoms and a natural community from one area, with particular
emphasis on Porosira Glacialis, which was already known to produce halocarbons.

This work and studies by other groups [Moore, 2003] have shown a variety of
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halocarbons are produced in different quantities by different species. More work is
needed on a wider range of species from a variety of locations in order that these
results can be extrapolated to the global scale. It is not known what fraction of diatom
species produce halocarbons, and though there is more evidence in the literature for
production by polar species, this could simply be a reflection of the variety of species

tested.

Many more experiments could be carried out with the Tedlar bags used as reported in
chapter 3, involving a wider range of temperatures and light intensities. It would also
be useful to investigate the effect of freezing known concentrations of halocarbon
standards in seawater with no marine organisms, to separate out the processes which
are due to diatom activity. The release of C2Hsl upon ice melt in the experiments
involving the Tedlar bags could be due to reactions not yet understood, and it would

be interesting to investigate this further using reaction vessels of different materials.

Stress experiments have been carried out during this study, which have often
involved sudden changes in conditions. Whilst diatoms may experience this during
ice melt as they drain from a weakly saline brine channel, influenced by melting ice,
into the ocean, for most of their life cycle they will experience milder and more
gradual changes. Experiments carried out over long time scales with more gradual
changes in conditions would ascertain how halocarbon production would be affected.
It would be interesting to grow diatoms under different conditions and then measure
halocarbon production, for example growing diatoms at high iodide concentrations to

check for iodide accumulation and the subsequent effect on halocarbon production.

As recent work, here (Chapter 6) and by others [Huang et al.,, 2010; Mahajan et al.,
2010a] has suggested I; emissions play a large role in the transfer of iodine from the
oceans to the atmosphere it would also be interesting to repeat these experiments
with a focus on inorganic iodine compounds. An experiment to measure I; emissions
from diatoms collected from the Weddell Sea, and particularly the waters close to the
Brunt Ice Shelf, should be carried out. It is possible that the diatoms which colonise
the sea ice of the Weddell Sea have iodoperoxidase enzymes, which favours the
production of volatile iodine over volatile bromine, and more work is needed in order

to ascertain this.

As discussed in Chapter 6, the transfer velocity used in ice-atmosphere flux

calculations is not known, and though some work by the York group [Shaw et al,
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submitted] has improved our understanding of the factors which may affect it, these
were carried out on artificial sea ice grown in a laboratory chamber, and more work
is needed in the field. The flooding of the surface of sea ice by ice brine pushed up
through the ice by the pressure of the underlying seawater is a particularly important
aspect, further laboratory experiments could be designed to investigate how this may
affect fluxes. An artificial sea ice chamber could be made in which porous ice was
grown. A pressure applied to underlying seawater containing halocarbons in order to
flood the surface, and simultaneous halocarbon analysis of the air above, would

enable further quantification of the factors affecting fluxes form sea ice.
8.3.2. Field measurements

An uncertainty in the discussion of halocarbon concentrations in sea ice brine is the
initial concentrations in seawater at the point of ice formation. A useful way to
resolve these questions is a field campaign in the marginal ice zone spanning a year.
Halocarbon concentrations could be monitored in the water before freezing, in sea ice
brine as the brine becomes more, and then less concentrated as the ice grows and
then melts, and again in the seawater following ice melt. Halocarbon measurements
in air would determine whether increased fluxes to the atmosphere resulted from
concentrating the halocarbons in the sea ice brine, this would be especially important

during initial ice formation when brine is expelled upwards.

The measurement of high concentrations of I; close to an ice shelf next to an open
lead in sea ice was a significant finding of this study. More work is definitely needed
to validate these measurements. As discussed in chapter 5, this region has unique
types of ice and of diatom species, so experiments measuring Iz emissions from
diatoms collected in this area of the Weddell Sea would resolve how such high

concentrations of I> come to be present in the atmosphere.

It would be useful to carry out another field campaign on board a ship in the Arctic
Ocean to measure the fluxes of CHzI2, which unfortunately could not be measured
during cruise JR219, as this compound may have a more significant contribution to
iodine fluxes than the other iodocarbons due to its shorter photolytic lifetime.
Simultaneous measurements of 10 in the Arctic sea ice zone would give more
information as to the impact of iodine chemistry. Furthermore, I, and AIC
measurements would also be useful to assess the impact of inorganic iodine

compounds in the Arctic atmosphere. Much more work is needed to understand how
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the changing ice properties of the Arctic Ocean ice will impact the marine and

atmospheric chemistry of this region.
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