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Abstract

Mercury is a globally distributed contaminant that exists in the atmosphere in its elemental
form as a stable monoatomic gas. Having a residence time of around one year in air allows it
to be transported far from emission sources and end up in polar ecosystems. Gaseous
elemental mercury (GEM) can in air be oxidized by photo-induced processes which produce
water soluble oxidized forms of mercury which are more easily deposited. Deposited mercury
can in the environment be transformed to organic and bio-accumulating compounds which are
neurotoxic, making mercury a global concern.

Deposited oxidized mercury into the sea can be reduced back to the elemental form (GEM) and
be re-emitted to air. This re-evasion constitutes of around 30% of the total emissions of
mercury to air and originates from both natural and anthropogenic sources. Models have
estimated that the yearly mercury emission from global sea surfaces is between 2000 and 3000
tonnes. The mercury flux rate at the interphase between air and water depends on the Henry’s
law constant, the concentration gradient and the gas transfer velocity. How to properly account
for weather parameters such as wind speed, and how to accurately adjust the flux model to
mercury (originally developed for CO.) has been debated in the literature and have resulted in
diverse results of mercury flux rates.

In this work, mercury has been measured in air and in seawater during several campaigns in
Antarctica, the Mediterranean Sea, the west coast of Sweden, Northern Finland and in the
Arctic. From measured concentrations of mercury, the mercury flux rates from the studied
areas were calculated using the gas exchange model described in Johnson (2010). Large spatial
and seasonal variations of measured mercury concentrations were found which resulted in
similar variations in calculated flux rates.

In Antarctica and the Arctic, high concentrations of mercury were also measured in the sea ice
environment. Seasonal variations in mercury concentrations were found and a correlation
between solar radiation and the photo-production of elemental mercury in sea ice was
discovered. The sea ice was suggested to affect the global marine cycling of mercury in several
ways: acting as a cap preventing elemental mercury to evade from sea surfaces in Polar
Regions, acting as barrier against direct atmospheric deposition and being a significant
reservoir of mercury.

Climate change will likely affect the cycling of mercury in global marine environments due to
an increase in temperature, leading to enhanced mercury evasion, and diminishing and
melting sea ice causing an increased input of mercury into polar oceans. Results presented in
this thesis bring new insights about how mercury is cycling in the global marine environment
and the new collected mercury data from remote and inaccessible areas are valuable for future
modeling. However, more research is needed to further understand and quantify the
accumulation of mercury in vulnerable marine ecosystems.

Keywords: Mercury cycling, mercury flux, seawater, air, sea ice, snow, seasonal and spatial
variation
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Popularvetenskaplig sammanfattning

Kvicksilver ar ett globalt spridet miljogift som existerar i luft i elementir form som en stabil
monoatomar gas. Det har en uppehallstid i luft pa ca 1 ar vilket gor att det kan spridas till
avlagsna platser langt fran naturliga och antropogena utslappskallor. Gasformigt elementart
kvicksilver kan oxideras i luft genom foto-inducerade processer som producerar vattenlosliga
oxiderade former av kvicksilver som lattare deponeras till land och vattenytor. Deponerat
kvicksilver kan omvandlas i naturen till organiska och bioackumulerande former som verkar
som ett nervgift. Detta gor att kvicksilver ar ett globalt problem.

Kvicksilver som deponerats i havsvatten kan reduceras tillbaka till sin elementira form och
ateremitteras till luft. Denna ater-emission bidrar globalt till ca 30 % av de totala arliga
utslappen av kvicksilver till luft och bestar ursprungligen av kvicksilver som tidigare slappts ut
fran bade naturliga och industriella kallor. Globala modeller har uppskattat att de arliga ater-
emissionerna av kvicksilver frdn havsytor uppridknas till mellan 2000 och 3000 ton.
Fluxhastigheten av kvicksilver i gransskiktet mellan luft och vattenytan bestims av Henrys lags
konstant, koncentrationsgradienten och gasoverforingshastigheten. Hur man bést tar hansyn
till olika vaderparametrar sdsom vindhastighet och hur man bor justera redan existerande
fluxmodeller (som forst designades for gaser som CO,) till kvicksilver har diskuterats i
litteraturen och har resulterat i varierande resultat av beraknad fluxhastighet.

I detta arbete har kvicksilver matts i luft och i havsvatten under olika kampanjer utforda i
Antarktis, Medelhavet, Sveriges vastkust, i norra Finland och i Arktis. Utifr&n matta
koncentrationer av kvicksilver si har fluxhastigheten berdknats for de olika studerade
havsytorna med hjilp av fluxmodellen som beskrivs i Johnson (2010). Stora geografiska
skillnader och sidsongsvariationer av kvicksilverkoncentrationer hittades, vilket resulterade i
liknande variationer i berdknade fluxhastigheter.

I Antarktis och i Arktis maittes hoga koncentrationer av kvicksilver i havsismiljon.
Kvicksilverkoncentrationerna i havsis uppvisade siasongsvariationer och en korrelation mellan
solljus och photo-produktion av elementart kvicksilver i havsis uppticktes. Har foreslas att
havsis paverkar the globala kretsloppet av kvicksilver i havsmiljoer pa flera sitt: genom att
fungera som en kapsyl som hindrar emissioner av elementirt kvicksilver fran polara havsytor,
genom att fungera som en barridr mot direkt atmosfarisk deposition och genom att vara en
signifikant reservoar av kvicksilver.

Klimatforandringar kommer troligtvis paverka kretsloppet av kvicksilver i havsmiljoer genom
att en 0kad temperatur leder till 6kade ater-emissioner fran havsytor och en minskande och
smaltande havsisutbredning resulterar i 6kad input av kvicksilver till polarhaven. Resultat
presenterade i denna avhandling bidrar till nya insikter om hur kvicksilver cirkulerar i globala
havsmiljoer och de nya samlade data fran avlagsna och svartillgingliga platser ar vardefulla
for framtida globala modelleringar. Mer forskning behovs dock for att fullt forstd och kunna
kvantifiera hur stor ackumulation av kvicksilver ar i vara 6mtaliga marina ekosystem.
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KVICKSILVER OCH DOD

i floderna som forgiftas
kvicksilver och dod

ilektiden som stympats
kvicksilver och dod

i det vatten som ar de fordomdas
kvicksilver och dod

1 fiskarna som svalter
kvicksilver och dod

i skorstenarna i staden
kvicksilver och dod

i lungorna hos de elindiga
kvicksilver och dod

i spadbarnen utan huvud
kvicksilver och dod

i regnets bittra droppar
kvicksilver och dod

i orden som gor dikten
kvicksilver och dod

-Eliakin Rufino
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Preface

Background

Mercury is a toxic pollutant, that due to its long residence time in atmosphere can be dispersed
long distances around the world.* Both anthropogenic and natural sources are important for
the release of mercury to air and 60% of the total emissions are believed to be due to re-
emission of mercury from sea surfaces on a global scale. Most of the mercury originate from
mercury previously deposited into the oceans.2 Previous global models have estimated the
yearly mercury evasion from sea surfaces to be around 2700 tonnes.34 The estimated numbers,
however, hold large uncertainties such as unaccounted for seasonal and spatial variations.3
There also exist several different methods to estimate the flux of mercury between air and sea
surfaces which have been found to lead to substantially diverse results. Since the global re-
emission of mercury from sea surfaces accounts for the majority of the annual emissions of
mercury to air, these uncertainties must be addressed and acknowledged when studying the
global cycle of mercury in the environment.

Several international conventions have reported about mercury as a global pollutant including
UNEP, UNECE-LRTAP, HELCOM, MERSA and AMAP, and international projects such
MAMCS, AME, MOE and MERCYMS have been focused on to measure and study mercury in
the environment.

The work presented in this thesis was accomplished within the framework of the Global
Mercury Observation System project (GMOS, www.gmos.eu), funded by the European
Commission 7t Framework Programme. The project was active between year 2010 and 2015
and involved 23 partner organizations from 18 different countries, also including eight external
partners. The aims of the GMOS project included to:

# Establish a global monitoring system for mercury observations over land, water
and on aircraft.

Improve and validate regional and global scale models for atmospheric mercury.
Develop models to evaluate and identify source-receptor relationships, temporal
trends and scenarios.

Develop systems and tools for sharing output data produced by GMOS for policy
development and research.

#

GM-%S

SEVENTH FRAMEWORK Global Mercury Observation System
PROGRAMME

Within the GMOS project several monitoring stations around the world were engaged in
common measurement programs including e.g. Ny-Alesund (Svalbard), Pallas Matorova
(Finland), Alert (Canada), Ra6/Rorvik (Sweden), Mace head (Ireland), Cape Point (South
Africa), Amsterdam Island (Indian Ocean), Cape Grim (Australia). Several over-water
campaigns and aircraft measurements have also been performed within the GMOS project and
have together provided a unique set of high resolution mercury data presented in numerous
publications and databases.


http://www.gmos.eu/

My contributions to mercury research

During my PhD studies I have measured mercury species in air and measured Hg(0)
concentrations in the marine environment at diverse latitudes and climate zones in order to
study global and seasonal variations of mercury in air- and in the water phase.

I have participated in several oversea campaigns in Antarctica (papers I-IV, VII, VIII), the
Mediterranean Sea (paper V) and in the Arctic (ongoing project).

I measured mercury species in air during a one month long field campaign at the Pallas
Matorova station in northern Finland where a mercury depletion event was detected in air
masses originating from the Arctic and transported to the Pallas site (paper IX). I have also
been responsible for the maintenance of the air measurements of mercury species in air at the
GMOS master site R46/Rorvik, located on the west coast of Sweden (paper VI). At this site I
have also worked with the development of an automatic method for measuring Dissolved
Gaseous Mercury (DGM) in surface seawater using an in situ purging system together with my
supervisor at IVL — Swedish Environmental Research Institute.

Aim and research questions

This thesis presents a summary of mercury measurements performed in the marine
environment at various locations from the far South to the far North. The aim of this work was
to study how mercury is transported between different marine media such as air, seawater, sea
ice, snow and brine and investigate how spatial and seasonal variations influence the mercury
cycling in the marine environment globally.

The stated research questions were:

f(
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What are the concentrations of mercury species in air in different parts of the world?

Are there any spatial or seasonal variations of elemental mercury (Hg(0)) in surface
seawater? Is surface seawater generally over-saturated or under-saturated with respect
to Hg(0)?

If(
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What is the estimated mercury flux between the air-seawater interphase and how is this
varying with season and location?

If(
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How does the choice of flux model affect the estimate of mercury re-evasion from sea
surfaces in global modelling?

Which parameters influence the distribution of different mercury species in seawater
columns?

If(
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&
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How is the sea ice environment affecting the global budget of mercury?

How is the cycling of mercury in marine environments affected by climate change?

If‘
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Chapter 1

“A night with Venus, a lifetime with Mercury.”
(Mercury was for centuries used to treat syphilis.)

-Anonymous, saying. In Michael J. O'Dowd and Elliot Philipp, The history of obstetrics
and gynaecology (2000), 227.

Mercury — The Element

Properties

Mercury (Hg) is a chemical element belonging to the heavy metals in the periodic table of
elements (8°Hg, d-block)). The chemical symbol Hg originates from the Greek word
hydrargyrum (“liquid silver”) which hints as to why mercury sometimes is referred to as
quicksilver. Mercury has a higher molar mass than gold (200.59 g mol?) and is a metal with
many fascinating properties. For example, mercury is the only metal that exists as a stable
monoatomic gas in air and is also the only metal that is liquid at standard temperature and
pressure, being a heavy (denisty~13.5 g cm3) silver-white liquid, see Figure 1. It has a boiling
point of 356.73°C and a freezing point of -38.83°C, which can be explained by its unique
electron configuration, behaving almost like a noble gas. Mercury has a poor heat-, and a
moderate electrical conductivity, and is known to form alloys with other metals such as gold,
silver, copper and tin which are called amalgams.5°¢

Figure 1. Liquid elemental mercury at standard temperature and pressure.

Mercury species

Mercury exists naturally in the environment as the red mineral cinnabar (HgS, as Hg(II)), often
found in volcanic regions.5> Mercury exists in three different oxidation states: o, +I and +II
where 0 and +II are the two most common oxidation states in the environment.”8 Hg(I)
compounds are rare and are believed to include the dimeric cation Hg}!!, found in for example
the compound Hg.Cl..9 Examples of common inorganic mercury(II) compounds are mercury
halides such as HgCl,, HgBr, and mercury oxide (HgO).®

Organic mercury compounds (MeHg) are often written with the general formula CH;HgX and
are all toxic. The most common MeHg species in the environment are monomethyl mercury
(CH3Hg*) and dimethylmercury ((CH;).Hg).t°

~3~



The predominant form of mercury in air is Hg(0), also called gaseous elemental mercury
(GEM).1=12 Different types of gaseous oxidized divalent mercury may also occur in the
atmosphere. This far only indirect methods exists for measurements of these species and the
measurement appears to be dependent of the methods used, i.e. be operational defined. To
some extent is also particulate bound mercury dependent on the method of measurement.
These species/fractions of airborne mercury will further be referred to as gaseous oxidized
mercury (GOM) and particulate mercury (HgP) in this thesis and will further be described in
more detail in Chapter 3, page 19.

Toxicity

Inorganic gaseous elemental mercury (Hg(0)) are toxic when inhaled in high concentrations
in combination with long-term exposure. It can cause neurological symptoms such as sleeping
problems, emotional instability or peevishness and in higher concentrations it can also cause
more severe symptoms such as respiratory distress, kidney problems, bronchitis and
interstitial pneumonitis; problems that could lead to death.:3 Hg(0) was in 1989 (at the time
being used in teething powder) acknowledged to be the cause of the pink disease, acrodynia,
which showed symptoms such as insomnia, rashes, loss of hair and numbness.5

Another toxic inorganic compound is the salt mercury chloride (HgCl.) that exists in some
antiseptics and in dry cell batteries and that was previously used to treat syphilis. It is toxic
when ingested in high concentrations. However, cases of high dose ingestions are rare.

The toxic effects of dental fillings have been debated for many years, causing a concern among
the public. Dental amalgam normally consists of mercury (50%), silver (20-30%), tin (~14%)
and copper (~8%) and has been used globally as a dental filling due to its manageability and
durability once hardened.* The earliest records of the use of dental amalgam date as early as
during the Tang Dynasty (618-907) and have also been mentioned in texts from 1505. It was
introduced to the Western World in the 1830’s where is has been regularly used since, until it
got banned in many countries (banned in Sweden 2009 and in Denmark and Norway 2008).15-
17

Health concerns regarding the use of dental amalgam containing elemental mercury have been
raised both for the patients and for the dentists. A recent study found elevated mercury
concentrations in the urine of children having more than one amalgam filling.'8 In a literature
review by Mutter (2005) it was suggested that the release of elemental mercury from dental
fillings could causes problems such as nephrotoxicity, neurological conditions, autoimmunity
and autism. Other studies have also shown a link between low-exposure levels of elemental
mercury and the development of Alzheimer’s disease and Multiple Sclerosis.? However, in a
Swedish study no elevated risks of neurological symptoms or illnesses could be found among
children of mothers working as dentists during the 1960s-1980s.2°

The organic Hg(II) compounds such as mono- or dimethyl mercury (CH;Hg or (CH3).Hg) are
the most toxic forms of mercury. Methyl mercury is bio accumulating in food chains resulting
in high concentrations ending up in top predators.

Organic mercury compounds are more dangerous due to their ability to cross the blood-brain
barrier and reach the central nervous system. Organic mercury has a strong affinity for sulphur
atoms in cysteine residues and can therefore interfere with the functions and structures of

~4~



proteins.2»22 High exposure to MeHg could lead to a disturbed nervous system with sense
losses and mental disturbances, which are symptoms of the Hunter-Russell syndrome. High
levels of MeHg poisoning can also lead to death. People living near the coasts existing primary
on a marine diet are at higher risk. Special caution is addressed to pregnant women since MeHg

can cross the placenta and cause intellectual disability and neurological damage to the unborn
child.2=3

Some severe events of mercury poisoning exist in history. One well-known example is what
happened to a small factory town in Minamata Bay, Japan. The Chisso factory in the town was
producing acetaldehyde using mercury sulfate as a catalyst between 1932 and 1968. As a
byproduct of the reaction, MeHg was produced which was directly released to the bay via the
wastewater. In total around 80 tonnes of MeHg was released into the seawater, parts of which
entered and bio accumulated in the local food web, ending up in fish and shellfish which were
the population’s most important food sources. Neurological symptoms were first found among
local rats and cats, and later also among humans. The disease that gained the local name “The
Minamata disease” was first suspected to be contagious, leading to people showing symptoms
being moved to a distant treatment house. In 1959 it was discovered that the symptoms were
the cause of MeHg poisoning. A total of around 2200 people suffered from the poisoning
whereof around 1700 died. It has also been shown to affect succeeding generations, causing
infertility among women.24

Another example of mercury poisoning in history is the grain disaster in Iraq in 1971. Seed
grains for planting were treated with a fungicide containing MeHg and sent from Mexico to
Iraq. Poor labelling resulted in the unawareness of the fungicide treatment leading to that the
rural people believed the grains could be directly consumed. The ingestion of the seeds resulted
in severe neurological damage. Around 6500 people were hospitalized and more than 500
people died.25:26

In nature MeHg bio-accumulates in food webs and is a threat to ecosystems. For every
increasing trophic level in a food chain, the MeHg concentration increases around 2-7 times.
If a food chain is very long, the increases of MeHg concentrations per trophic level at the end
of the food chain can be even higher. Ingested MeHg is stored in the kidneys of land living
mammals and in the liver of marine mammals and birds. MeHg can be excreted over time as
feces, urine and in growing fur. For mammals without fur, such as toothed whales, the
excretion of MeHg is not as high as in other mammals with fur, therefore whales tend to
accumulate higher levels of MeHg in their bodies, especially in muscle and brain tissues.

MeHg has similar neurotoxic effects for mammals as for humans. For predatory fish higher up
in the food chain the toxicity of MeHg can cause difficulties in spawning, that is to say
difficulties in egg production and fertilization. For birds, MeHg can cause eggs that do not
hatch, smaller clutches and deformed embryos. The levels of MeHg in top predators in the
Arctic are today 10 times higher than before the industrialization.2s

Historic and Modern uses

The first evidence that mercury was used as a material by humans was found in 3500 year-old
Egyptian tombs. It is however suspected that mercury was used much earlier than that in

~5~



China.527

The red mineral cinnabar is known to have been used as a color pigment since prehistoric times
and at around 1000 BC cinnabar was mined to extract mercury. The mineral was placed on
windy and warm places proposedly leading to degassing of the sulphur in the mineral. What
was left on the spot was liquid mercury. This liquid metal certainly attracted people’s interest
and it was even believed to have magical properties. At around 200 BC the Chinese emperor
Shi Huangdi thought that drinking liquid mercury would give him eternal life. This was
obviously not the case.

The knowledge that mercury is toxic already existed in 50 BC.2” During the Roman imperium
era, slaves were used to mine mercury. Unfortunately the slaves did not usually survive more
than 6 months of working in the mines, possibly an effect of mercury poisoning.5 The demand
for mercury increased during medieval times when mercury started to be used as a reflective
media in mirrors. It was also used in medicines and was used to extract gold. From the end of
the 15t century until the 20t century mercury was used as a treatment for syphilis.26

During the industrialization hat makers used the metal to strengthen the fabric used to make
hats. Rumor has it that the crazy hat maker in Alice in Wonderland was an icon of the mental
disturbances hat makers often showed due to mercury poisoning.

Modern uses of mercury (also counting already banned uses) include applications such as in
cosmetics, medicines (in vaccines), fluorescent lamps, thermometers, manometers,
electronics, chloralkali-production, dental fillings and gold mining.5-26-27

Emissions and regulations

Mercury is cycling between different natural reservoirs such as surface soils (1 005000
tonnes), deep and surface waters (350 000 tonnes), the atmosphere (5600 tonnes) and
vegetation. It is more easily transported between different reservoirs in its oxidized form and
the highest transportation of mercury in nature occurs between surface soils, surface oceans
and deep oceans. The fastest transportations, however, occur in the atmosphere due to that
atmospheric reactions are fast. The main sink for mercury is in deep ocean sediments, a
transportation that takes around 3000 years.28 The increased anthropogenic emissions since
the industrialization have disrupted the natural equilibrium of the mercury cycle, leading to
changes in the different natural reservoirs.23.29

The total annual emissions of mercury into the atmosphere were estimated in 2013 to be
between 5500 to 8900 tonnes. These numbers include natural and anthropogenic sources as
well as the re-emission of previously emitted mercury deposited into natural waters. Natural
sources of mercury include for example volcanic and geothermal activities, weathering of rocks
and account for around 10% of the total yearly emissions.223

Anthropogenic sources accumulatively account for around 30% of the total annual emissions
and include (in the order of magnitude) gold mining, burning of fossil fuels, metal production,
cement production, waste incineration, contaminated sites, chloralkali industries and the
production and end-use of dental amalgam. The global anthropogenic mercury emissions



estimated for 2010 are presented in Figure 2, showing that Asia is a large contributor to
atmospheric mercury.

The re-emission of mercury from oceans and lakes is accounting for around 60% of the total
annual emissions of mercury to air. It is often put in a separate group due to that the origin of
the re-emitted mercury could be either natural or anthropogenic.223 The re-emission of
mercury from sea surfaces will be further discussed in Chapter 2, 3, 4 and 5.

e "

Mercury emission 2010, g/km?

0 2 5 10 100 1000
Figure 2. Global anthropogenic mercury emissions estimated for 2010.2

In the 1990’s, Sweden’s wildlife received in around 5.4 tonnes of transported and deposited
mercury, of which one third was believed to originate from European countries. The European
implementation of the Large Combustion Plants Directive, adopted in 1987, led to an
improvement of industrial techniques and resulted in the installation of efficient particulate
filters and desulphurization equipment in coal combustion plants. The improved cleaning
techniques installed in Europe have shown to be efficient. In 2011 the total mercury deposition
in Sweden was estimated to have been reduced to 4 tonnes. However, this includes an
increased input of mercury from countries outside Europe. Of mercury deposited in Sweden
around 1.5% was estimated to originate from Swedish sources, 10.5% from European sources
and 86% from global sources.

Since the acknowledgement of mercury being a risk to humans and wildlife due to its toxicity
and global distribution, many policy agreements have been initiated in different parts of the
world, aiming to decrease the use and fabrication of mercury-containing products. In Europe
a legislation for the use and transportation of mercury was signed in October 2008 and
initiated in March 2011.3° In the US, The Mercury Export Ban Act was signed in October 2008
aiming to stop all exports of mercury after the 15t of January 2013. The act also prohibits sales
and transfers of mercury and includes a plan for the long-time storage of elemental mercury.3!

The use of mercury amalgams as a dental filling was banned in Norway and Denmark in 2008
and in Sweden in 2009.32 In memorial of the mercury catastrophe in Minamata Bay, and the
awareness of the environmental risks with mercury pollution that has been evident since then,
the 25t Governing Council of UNEP initiated a Minamata Convention aiming to phase out the
mercury mining and use of mercury and to control anthropogenic mercury emissions globally.
The Minamata Convention was agreed on in January 2013 and to date, 102 countries have
signed it including the US, UK, Sweden and Japan.s3
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Chapter 2

“IMercurial medicines] affect the human constitution in a peculiar manner, taking,
so to speak, an iron grasp of all its systems, and penetrating even to the bones, by
which they not only change the healthy action of its vessels, and general structure,
but greatly impair and destroy its energies; so that their abuse is rarely overcome.
When the tone of the stomach, intestines, or nervous system generally, has been once
injured by this mineral ... it could seldom be restored.”

-Thomas Graham, quoted in Wooster Beach, A Treatise on Anatomy,
Physiology, and Health (1848), 177.

Mercury — The Behaviour

Reactions in air

Mercury in the atmosphere consists of up to 90-99% of the gaseous elemental form (GEM),
Hg(0).2 GEM is a stable and monoatomic gas that has a residence time in the atmosphere of
between 6 months to 2 years. Due to its long lifetime it can be transported long distances and
end up far away from emission sources.® The long lifetime also leads to GEM concentrations
in the atmosphere being relatively well-mixed within the two hemispheres.

In the Northern hemisphere the monitoring of mercury in air started in the middle of the
1990’s at Mace Head, Ireland, measuring a background concentration of total gaseous mercury
(TGM) of 1.8 ng m=3.8

Recent measured averages recorded at stations within the GMOS project showed background
concentrations in the Northern hemisphere of 1.55 ng m-3in 2013 and 1.51 ng m3 in 2014. This
indicates that the concentrations of mercury in air have decreased in the Northern hemisphere
since the 1990’s.12

In the Southern hemisphere the average background concentration of TGM showed a
maximum of 1.5 ng m-3 in the beginning of the 1990’s, decreasing to around 1.1 ng m-3 in 2005.34
At Southern GMOS sites average concentrations of 0.93 and 0.97 ng m3 were measured in
2013 and 2014, respectively. The highest background concentrations of GEM/TGM within the
GMOS project were found in the Tropical Zone. In 2013 and 2014 average concentrations of
1.23 and 1.22 ng m3 were measured, respectively.”> The in general higher concentrations of
mercury in air found in the Northern hemisphere are mainly due to higher numbers of
emission sources.28

Even though dry deposition of GEM has been found to be significant, the major pathway for
mercury to be deposited from the atmosphere to the environment is through oxidation, leading
to oxidation products such as gaseous oxidized mercury (GOM) and particulate mercury
(HgP). Oxidized forms are more water soluble and deposit faster (days to weeks) and closer to
the emission source through wet and dry deposition.28:35

Figure 3 summarizes the mercury cycle in the environment and its fate in Polar Regions. The
mercury is released from anthropogenic and natural sources as Hg(o), Hg(II) and as
particulate mercury (HgP).
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Figure 3. The major pathways and reactions of elemental and oxidized forms of mercury in the marine and polar
environment.

In the atmosphere Hg(0) can get oxidized to Hg(II) or be adsorbed onto particles. Possible
oxidants in the atmosphere have been suggested in the literature to be primarily ozone and
OH-radicals, oxidizing Hg(0) according to reactions 1 and 2, respectively.36:37

Hg(0) + 03 » HgO + 0, ,k =(3+2) x 102°cm3 s.3¢ (D
Hg(0) + OH - HgOH, k = (8.7 + 2.8) x 104 cm3 molecule? s.38 (2)
These reactions have however been found to be unlikely during atmospheric conditions, as
concluded from kinetic and enthalpy change calculations.39 The major oxidant for Hg(0) in the
atmosphere has also been suggested to be bromine. Measurements and chemical box models
have shown that halogen radicals can oxidize Hg(0) at mid-latitudes according to reaction 3.4°
Hg(0) + Br x— HgBr, k = 12.4 x 102c¢m3 molecules.38 (3)
Other suggested oxidants for Hg(0) in the atmosphere found in the literature are Cl, NO3, BrO
and H,O,. Confirming the main oxidant of Hg(0) in the atmosphere through laboratory

experiments has been problematic, as the oxidation products formed are often hard to detect
and due to problems with reactor wall condensation.4
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Small fractions of organic mercury species also exist in air, in the form of dimethylmercury
(DMHg) and monomethylmercury (MMHg). However they are not of toxicological importance
since they only exist in such low concentrations. The existence of these organic forms of
mercury in air is mainly due to their formation and release in gas phase from for example
oceans and landfills.4 It has also been shown that they can be formed in the atmosphere from
Hg(II) and acetic acid.#2 MMHg can be found in rain, possibly due to a formation in the
atmosphere or due to the decomposition of DMHg.41-43

Atmospheric mercury depletion events in Polar Regions
The environmental conditions in Polar Regions are different from the rest of the world

regarding climate and solar conditions, switching from 24 hours of sunlight during summer to
24 hours of darkness in winter.23

In 1988, Barrie et al. (1988) reported that during springtime in the Arctic tropospheric ozone
concentrations were depleted or completely destructed. The phenomenon they named ‘ozone
depletion events’ (ODE) was found to occur in the surface boundary layer, around 2 km above
the Arctic sea ice. It was suggested to be caused by photo produced halogen radicals formed by
early sunlight that just returned after the long dark winter.44

Bromine radicals are formed via photolysis (reaction 4) from Br, released from sea salt, see
Figure 3.

Br, + hv - 2 Br *, k = 1.2 x 102 cm3 molecule* s1.4445 4)

During springtime in Polar Regions the so called ‘bromine explosion’ is initiated by the uptake
of gaseous HOBr in the quasi-liquid layer of sea ice and in surface snow, producing Br.
according to reaction 5 (see also Paper I).46-48

HOBr(aq) + Br™ + H* - Br, + H,0,k = 1.6 x 102 M* 514648 (5)

Br. can also be produced in the dark by the absorption of tropospheric ozone in surface sea ice
brine which reacts with bromine ions to form HOBr, producing Br. via reaction 5 (see Figure
3 and paper I).49

The bromine radicals produced in reaction 4 are highly reactive and destruct tropospheric
ozone via reaction 6.

O3 + Br*— BrO + 0,, k = 1.2 x 102 cm3 molecule s.44 (6)

When measuring GEM at Alert, Canada in early spring 1995 the concentrations of GEM
suddenly dropped under the detection limit, simultaneously to a detected ODE.! Since their
discovery, atmospheric mercury depletion events (AMDE) have been observed during
springtime at several polar sites in the Arctic and in Antarctica.50-53

The bromine radicals formed in reaction 4 and BrO formed in reaction 6 are the two most likely
oxidants for GEM during AMDEs.54# Bromine radicals can oxidize GEM during AMDEs
according to equation 7.

Br * + Hg(0) —» HgBr, k = 2.4 x 102 molecule cm3 s.55:56 (7)

The reaction between BrO and GEM can form several products according to reactions 8-10,



which have been confirmed in laboratory studies. 7

BrO + Hg(0) —» HgO + Br (8)
BrO + Hg(0) - HgBr+ 0O (9)
BrO + Hg(0) — HgBrO (10)

BrO concentrations in air can be measured by satellite (e.g. the SCTAMACHY UV-vis-NIR
spectrometer onboard the European Environmental Satellite (ENVISAT)) or by measurements
with multi axis differential optical absorption spectroscopy (MAX-DOAS). The detection of
BrO can serve as evidence that reaction 6 has occurred, hence showing evidence of where an
ODE and possibly a simultaneous AMDE have occurred.

AMDEs are influencing the mercury cycle in Polar Regions due to the sudden formation of
oxidized mercury in large quantities, which deposits more quickly into the Polar environment.
Despite that around 60-80% of the deposited Hg(II) onto surface snow has been estimated to
be reduced back to Hg(0) and re-emitted to air as GEM within 2 weeks after the deposition. It
has been estimated that around 100 tonnes of mercury are accumulated per year in the Arctic
solely due to the AMDEs. These events are therefore believed to play an important role for the
cycling of mercury in Polar Regions.5457:58

Reactions in water

The residence time for mercury in the ocean water column has been estimated to be 350 years
and the majority of mercury exists as Hg(II) in inorganic and organic compounds.59-61
Inorganic aqueous mercury species have been suggested to principally be different complexes
with OH ([Hg(OH)]+, Hg(OH)., [Hg(OH),]*) and chloride ([HgCl]+, HgCl,, [HgCl;]-, [HgCl,]>,
HgCI(OH)).* Halogen ions in the aquatic environment are important as stabilizers acting as
ligands for mercury.62

Redox reactions and reactions that are too slow to be relevant in the atmosphere could occur
in the water phase, such as reactions involving electron transfer that are important for free
radicals.®3 For example, reaction 2 is about 50 times faster in water than in the atmosphere.64

Oxidized mercury deposited into waters can be reduced to Hg(0), forming dissolved gaseous
mercury (DGM), see Figure 3. Reduction of Hg(II) species in water could occur due to photo-
reduction and it has been shown that the formation of Hg(0) in surface water has a positive
correlation to solar radiation.®% Reduction can also occur during dark conditions due to biotic
reduction involving heterotrophic bacteria and algae. However, the rates of the reactions are
about 2-20 times lower than during light conditions.®* In freshwater only around 40% of Hg(11)
complexes have been estimated to be reducible and dissolved organic carbon has been
suggested to be important for the reduction.¢7:68 In seawater there exist more chloride Hg(II)
complexes that are not as easily reduced photo-chemically.® It has been hypothesized that for
the reduction of Hg(II) complexes in aquatic systems, Hg(II) possibly needs to be complexed
with dissolved organic matter due to the electron transfer from the organic ligand to the
mercury atom.7°

The general formation of Hg(0) in seawater is described by reaction 11.



Hg(II) 4+ photo — reductants < Hg(0) + photoxidants.®! (11)

This redox reaction is reversible as also presented in Figure 3. However, it has been found that
reaction 11 might involve an intermediate specie Hg*, which is produced by the oxidation of
Hg(0).62

Hg(0) — Hg * (12)

The intermediate specie Hg* can become either Hg(o) or Hg(II), via two pathways that have
different rate constants. However, from experiments it was not possible to distinguish which
pathway is more likely. UV-A (315-400 nm) and UV-B (280-315 nm) are the most important
wavelengths for mercury redox reactions of which UV-B has been found to be more important
for the reducible form of mercury.62

Dissolved gaseous mercury (DGM) in seawater consists mainly of gaseous Hg(o) and DMHg
and makes up 10-30% of the total mercury in the water column.” Of the DGM in the water
DMHg is mostly found in deeper water columns. In the surface layers higher shares of Hg(0)
are found due to photo-reduction processes.”> DGM concentrations in seawater, measured at
different geographical positions during different seasons, found in the literature are presented
in Table 4 in Paper II.

Hg(0) can also be oxidized in the water column by photochemical processes. The main oxidant
has been suggested to be the OH radical that can be formed via photolysis of nitrate/nitrite or
organic acid coordination compounds with the involvement of halides.®¢4 Dark oxidation of
Hg(0) also occurs in water and was shown to have higher rates in the presence of chloride ions,
particles and colloids. However, the dark oxidation was found to be dependent on previous
light exposure in order to photo-produce hydrogen peroxide, and was also found to have a rate
about 10 times lower than photo-oxidation.®* Mercury oxidation rate constants found in the
literature are equal or greater compared to found reduction rates, indicating that the oxidation
of Hg(0) occurs in equal or greater magnitudes than the reduction of Hg(II).¢*

Hg(II) species can in aquatic environments be transformed to DMHg or MMHg either
abiotically (by photochemical reactions) or biotically (by microbial metabolism), involving
organic matter.43 An abiotic reaction is referred to whenever a reaction occurs outside a living
organism, even though organic material is needed. MMHg is the most toxic form of mercury
in aquatic environments due to its ability to bio-accumulate and bio magnify in food chains.
The biotic formation of MMHg is believed to be the most important and is occurring both in
aerobic and anaerobic conditions. Abiotic methylation has been found to be not as important
and is primarily due to photolytic processes occurring in the presence of suitable methyl donors
such as acetic acid or small alcohols. In sediments the production of MMHg is believed to
involve sulfate-reducing bacteria.®

The methylation rate depends on several factors such as the concentrations of Hg(II), sulfide,
total organic carbon and chloride complexes and the redox potential. In Polar Oceans the
methylation rate has also been observed to correlate with chlorophyll a. The production of
MMHg has been found to be more efficient in acidic conditions and high mercury
concentrations, while the production of DMHg was found to be higher in more basic conditions
and lower mercury concentrations. Of organic mercury concentrations the share of DMHg is
often higher in intermediate and deeper water compared to MMHg where the share is often
higher in the surface waters. The production of MeHg has been indicated to vary seasonally
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due to higher rates having been observed at higher water temperatures and high nanoplankton
concentration.

A demethylation of MeHg species in aqueous system occurs with time and transportation
distance. The demethylation is believed to be mediated by biological and abiotic pathways
during both dark and light conditions via redox processes. Results have shown that around
90% of produced MeHg is demethylated at a distance of 20-2000 km from source. This
indicates that the bioaccumulation of MM Hg likely occurs locally where it was produced.®

Exchange between air and water

Dissolved gaseous mercury (DGM) is volatile and if surface waters gets supersaturated with
respect to Hg(0) and DMHg it can partly be re-emitted to air, which consequently decreases
the load of mercury in the water compartment, see Figure 3 (Figure 3 does not present the
cycling of DMHg).2373

The re-emission of Hg(0) from sea surfaces to the atmosphere is a significant source of GEM
to air. Global models show estimations of yearly emissions of mercury from sea surfaces
varying between 2600 and 2800 tonnes.34 Due to different existing methods and approaches
to calculate the flux rate of mercury between the air and the water interphase, large differences
in results can be found in the literature leading to uncertainties in global models, further
discussed in Paper IT and V. A literature survey of measured Hg flux in various geographical
areas and seasons are presented in Table 4, Paper II.

Reactions in snow and sea ice

In Polar Regions the deposition of Hg(II) onto surface snow is enhanced during AMDEs due
to a large and fast production of Hg(II) in air. A large part of the deposited Hg(II) is generally
reduced via biotic and abiotic processes to Hg(0) and re-emitted to air.t5525874 If deposited
mercury is trapped by precipitated or blowing snow, the reduction and re-emission of
deposited Hg(II) could be hindered and mercury could possibly be transported further down
into the snow column and reach the sea ice.7576

Reduction of Hg(II) in snow has been found to be possible in the dark through photolytic
induced reactions or via total dark mechanisms.?57¢ However, the majority of the reduction has
been found to occur in the presence of solar radiation where UV-B has been found to be more
efficient than UV-A.151525874 The photo-reduction in snow was also found to possibly be
dependent on the presence of reductants such as H.O,, HO.*, oxalic acid, humic acids and
sulphite based compounds.”57¢ Also oxidation of Hg(0) has been found to occur in the polar
snowpack via proposed oxidants such as H,O., bromine radicals (in light conditions), Br. (in
dark conditions), ozone and OH.7¢

Hg(II) in the snowpack has been found to be able to methylate via proposed aerobic and
anaerobic  processes with the involvement of a substrate used during
dimethylsulfoniopropionate (DMSP) cycling.7” Sulphate-using bacteria survive at low oxygen
levels and temperatures and have been found in Arctic snow and ice. The bacteria are believed
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to be able to convert inorganic Hg(0) to MeHg in snow and sea ice.23

Brine is a solution of sea water and salt that forms during the freezing process of sea ice when
the salt is pushed out into cavities in the ice. The brine solution is very saline and is gathered
in ice pockets that can connect to each other to form brine channels.”® The permeability of sea
ice depends on the brine volume and the microstructure of the ice. The dynamics and presence
of brine pockets and drainage channels are believed to be important for the transportation of
mercury in polar sea ice. 7579

Mercury can enter the sea ice either from the atmosphere or from the underlying sea water.
There are three major processes by which mercury can enter the sea ice: freeze rejection from
seawater, scavenging of airborne mercury by non-snow covered ice surfaces and downward
leaching from the overlaying snow cover. During freeze rejection, dissolved species within the
ice are rejected together with the sea salt and form a crystal matrix in the ice. This rejection
could lead to an enrichment of mercury in brine. When new sea ice is formed and the top-layer
is directly exposed to the atmosphere, the sea ice can take up mercury from the surrounding
atmosphere. This atmospheric uptake is however more important and significant when frost
flowers are formed.7s

Once in the ice, mercury can likely undergo transformations to other compounds, such as
MeHg or can be transported further within the ice.”s Similar reactions as in seawater have been
suggested to also occur in sea ice, especially in the saline environments such as in brine
channels. Hg(0) within brine could oxidize in the presence of solar radiation and chloride ions.
In brine, which is an anaerobic environment, methylation of Hg(II) could occur with the
involvement of sulfate-reducing bacteria.’s Methylation has been suggested to occur in the
lower part of sea ice involving methylation bacteria.?
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Chapter 3

“The mercury light doesn't show red. It makes the blood in your skin look blue-
black. But see how splendidly it brings out the green in the plants.”

-Charles Proteus Steinmetz, From George MacAdam, 'Steinmetz,
Electricity's Mastermind, Enters Politics', New York Times (2 Nov 1913), SM3.
Answering the reporter’s question about why he lit the cactus collection in his
conservatory with the blue light from a mercury lamp, which makes a man look like a
corpse.

Mercury — The Measurements

Mercury detection techniques

Mercury is known to form alloys and amalgams with noble metals, a property that is used in
for example the gold industry to extract gold from ore.23:8¢ This property can also be used to
collect and trap mercury for detection. A gold trap used for mercury collection generally
consists of a heat resistant tube (e.g. quartz glass) that is packed with small beads of gold, see
Figure 4.

/ Tl

Figure 4. Picture of a gold cartridge from Tekran Instruments Cooperation® used for collecting GEM/TGM in air.

The collection of GEM and TGM in air is mainly performed by using gold traps and the
principle is to let a known amount of air pass through the gold trap. The mercury in the air
passing through the gold will form an amalgam with the gold and gets trapped. The gold trap
is then heated up to around 500°C ,which will release the trapped mercury due to desorption.
A mercury-free carrier gas flowing through the gold trap will transport the released mercury to
a detector. This method has been proven to be an easy and reliable method for air sampling of
mercury'8,11,81783

For detection of mercury two main detection techniques are used: atomic absorption
spectroscopy (AAS) and atomic fluorescence spectroscopy (AFS).58
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The general principle of Zeeman AAS used in the Lumex RA-915+ mercury analyzer is
presented in Figure 5. A mercury lamp is placed in a magnetic field which makes the resonance
line for mercury split into three Zeeman components; two o components and one 7t component,
which remains at the same position as the original absorption line. The three components will
propagate along the magnetic field. The m component is removed using a polarization
modulator and the signal from the o component, that has the proper absorbance line for
mercury, will be absorbed by the mercury atoms in the sample, making this component smaller
than before entering the multi-path cell. The photodetector detects the magnitudes of the two
o components and the mercury concentration is then proportional to the difference between
the two components, calculated based on Beer-Lamberts law. The multipath cell of the Lumex
RA-915 + instrument has an optical length of 9.6 m and a cell volume of 0.7 L. Zero corrections
are performed automatically by the instrument to set the baseline for the measurements using
mercury-free air. The detection limit of the instrument was estimated to be around 0.5 ng m-3
during measurements. Some advantages of the Lumex instrument are the mobility due to the
low weight and the low cost compared to other analyzers.
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Figure 6. The Tekran 2537A mercury analyzer and the different components of the instrument (picture adapted
from the Tekran manual).85
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Also widely used within the GMOS project for GEM and TGM measurements is the Tekran
2537A/B/X mercury analyzer, see Figure 6. It uses the technique of cold vapor atomic
fluorescence spectrometry (CV-AFS) for detecting mercury. It uses dual subsequent gold
cartridges which allow continuous measurements of mercury in air. While the first gold trap is
collecting mercury from air, the second one is heated for desorption and analysis. After the
sample period is finished the gold traps switch and mercury starts collecting on the second
trap, whilst the first one is heated. The CV-AFS technique is based on a mercury lamp emitting
light at 253.7 nm (the absorbance line for mercury). The mercury atoms in the desorbed sample
air absorb the light, and the re-emitted light (the fluorescence) is detected by a detector
consisting of a photodiode.

The Tekran instrument generally costs more than the Lumex instrument and uses argon gas
as a carrier gas during desorption. However it has the advantage of having a higher sensitivity
(<0.1 ng m3) which makes it able to detect mercury species in air at pg range.85

Calibration of the Tekran instrument is performed by injecting a known amount of mercury
from either an external source or using the internal permeation source that is kept at constant
temperature.

When measuring mercury in air using the Tekran 2537 instruments the gold traps are not only
collecting gaseous elemental mercury (GEM). It has been shown in some studies that gold traps
are also collecting some oxidized forms of mercury.5>86-88 Hence, without a PTFE filter at the
sample air inlet of the Tekran instrument, total gaseous mercury (TGM) is measured.8?

Alr measurements

To be able to measure oxidized forms of mercury in air, fractionation of the oxidized forms
existing in air is needed. The fractionation of mercury species in air was performed using the
Tekran 1130/35 speciation unit in addition to the Tekran 2537 analyzer. The Tekran 1130/1135
system is shown in Figure 7. The system is measuring three mercury species in air; GEM
(Hg(0)), GOM (Hg(I1)) and HgP (Hg(II)) which are operationally defined. GOM is collected in
the denuder module (the 1130 system) and HgP is collected in the re-generable particulate
filter system (the 1135 system).

The 1130 denuder module has an impactor at the sample air intake which will remove particles
larger than 2.5 um. The air then passes through an annular quartz glass denuder coated with
potassium chloride (KCI). The Hg(II) species in air that are not attached to particles (HgP) are
trapped by the chloride ions and are trapped and collected on the walls of the denuder. It is not
certain exactly what Hg(II) species are collected using this method but they could comprise of
HgCl,, HgBr,, HgO, HgSO,, Hg(NO.). and Hg(OH),.8:39:90-92 Air is then passed through a
column with embedded quartz chips and a quartz re-generable filter that collects Hg(II) on
particles (HgP) smaller than 2.5 pm.93

Since GOM and HgP exist in much lower concentrations than GEM in air longer sampling
times are needed to be able to collect enough to exceed the detection limit. The sampling time
can be adjusted and should be at least 1 hour when having a total sampling flow rate of 10 L
min (Tekran analyzer pumps air at 1 L min* and the pump module pumps air at 9 L. min).
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Figure 7. The Tekran 1130/1135 mercury fractionation unit used to measure oxidized species in air. Pictures of the
system installed at the R46/Rorvik station and a picture of the components showing the principle of the system.

Longer sampling time is needed at locations with very low concentrations.’ A sampling time
of three hours was chosen when measuring mercury species in air in Antarctica, at the
R&0/Rorvik station, in Finland and in the Arctic. GEM that is not trapped in the fractionation
unit is measured every 5 min with the Tekran analyzer during the sampling cycle of GOM and
HgP.

After three hours of sampling, the pump module switches from pumping 9 L. min-to flush 7 L
min™ of zero air through the system instead (Figure 7). Zero air is produced from indoor air
that first has been dried and then passed through several coal canisters that absorb mercury in
the air. After 15 min of flushing the pyrolyzer oven is heated to thermally destruct organic
compounds. The particulate filter is heated to 800°C to decompose collected HgP to GEM. The
GEM released is then following the zero air stream to the Tekran analyzer for analysis. The
obtained concentration is recalculated using a conversion factor to represent the average 3
hours value. Then the denuder oven is heated to 500°C to decompose the collected GOM to
GEM while the pyrolyzer oven is still heated. The decomposed GOM is following the zero air
stream and is analyzed in the analyzer as GEM, recalculated by the conversion factor. After
desorption of HgP and GOM zero air is flushing through the system for another 10-15 min.
When the analysis cycle is finished, the pump module starts to pump air through the inlet again
at 9 L min" and another 3 hours sampling period starts. During sampling, the denuder and
particulate filter are kept warm at a temperature of 50°C.

Every second week the denuder needs to be cleaned and re-coated with new KCl. The
particulate filter needs to be cleaned and replaced once per month. Glassware and plastic
connectors inside the outdoor equipment need to be cleaned and sample filters and soda lime
filters need to be replaced every second week.

When measuring in cold places (for example in Polar Regions) extra care should be taken to
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ensure the correct air flow volumes and sampling times. Since there is a large difference
between the outdoor and the indoor temperature there is also a risk of mercury adsorbing on
the walls of the heated line.94 Other possible problems using this setup for collecting and
detecting mercury species in air have been discussed in the literature; the passivation of gold
traps with time and the impact of ozone and water vapor when collecting GOM and HgP. The
denuder collects some parts of Hg(II) compounds which so far have not been identified.’ Since
uncertainties exists using this method, the results of GOM and HgP obtained using the Tekran
1130/35 system are hereafter operationally defined.

Water measurements

Manual method

Seawater samples for dissolved gaseous mercury (DGM) analysis were collected at selected
depths in the sea using a CTD/Rosette system, see Figure 8. CTD (conductivity, temperature,
density) denotes the measurements performed by the instruments that are sent down to get
information about the physical properties of the water column and are often used by
oceanographers to be able to identify different water layers. Other measureable parameters
could be for example the oxygen concentration and the fluorescence.

A Rosette system consists of a metallic ring holding up to 24 Teflon Niskin bottles that can hold
7-12 L of water. The bottles are initially opened at both ends and the whole CTD/Rosette system
is sent into the water. While going down in the water column, seawater is flowing through the
open bottles. The bottles are often closed manually on the way up at depths selected by the
operator.

Once the CTD/Rosette had returned to the deck the Niskin bottles were gently tapped via a
FEP tubing either directly into the analysis flasks (Fenice 2011 + 2012) or into cleaned
conditioned glass bottles filled to the rim (ANTXXIX/6&7 + AO16). It is important that the
water sampling for DGM analysis is performed from full Niskin bottles. If head space is created
some DGM in the water might degas into the air leading to a loss of DGM in the water. Samples
collected in the analysis flasks were directly analyzed. The samples collected in glass bottles
were kept in a cold temperate bath prior analysis keeping approximately the same temperature
as the seawater.

Dissolved gases in seawater can be degassed by purging air through the water. This technique
was used to analyze the DGM concentration in the seawater samples by analyzing the samples
using a purging system (Figure 9). Approximately 0.4 L of the water sample was gently
transferred from the glass bottle to a clean and conditioned analysis flask. A glass frit of pore
size 0 or 1 was inserted into the analysis flask, connected to a Tekran 2537A mercury analyzer.
A coal canister was installed at the air inlet to create mercury-free air. The pump in the Tekran
2537A analyzer, pumping air with a flow rate of 1 L min=, was used to suck air through the
purging system, creating small gas bubbles that purged the sample.

Once degassed from the water sample, the mercury gases followed the air stream to the
analyzer where the mercury concentration was detected.



Figure 8. A CTD/Rosette system used to sample seawater obtaining deep water profiles of DGM concentrations.
The system on the picture was used during the Fenice 2011 and Fenice 2012 campaigns.

The results of the analyses were then divided by the measured sample volume. According to
calculations by Gardfeldt et al. (2002), 9 min purging time is enough to allow DGM in the
sample to be depleted.o The detection limit for this method was on average 0.3 pg L%,
calculated as the standard deviation of the total blanks.

The precision measured in field was between 1 to 20%, varying between the campaigns.
Wingberg et al. (2001)9 calculated the statistical reproducibility of the method to be + 6 % for
DGM concentrations between 15 to 20 pg L. A soda lime trap was used to protect the Tekran
analyzer from humidity.
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Figure 9. Principle of the purge and trap system used to measure DGM in seawater samples and melted ice and
snow samples.




Automated methods

Continuous equilibrium system
DGM can be measured continuously in flowing water in for example seawater using the ship’s
bow water system. This was obtained by using a similar purging method, see Figure 10.
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Figure 10. Principle of the continuous equilibrium system and the set up for measuring DGM continuously in
surface seawater.

The device was developed by Andersson et al. (2008)97 and consists of two cylinders of pyrex
glass of which the outer cylinder is used as insulation and as the outflow of water. The seawater
enters the device through the inner cylinder from above and flows through the holes in the
bottom of the inner cylinder, entering the outer cylinder from below. The water exits at the top
of the outer cylinder and is led to a sink. Mercury free air is purged at a controlled air flow rate
through a glass frit installed at the bottom of the inner cylinder. Instead of depleting the DGM
concentration in the water, an equilibrium concentration of DGM between water and air phase
is created. The air exits the system at the top of the inner cylinder, bringing an equilibrium
concentration of gaseous mercury to the analyzer. A Tekran 2537A was used for detection
during all campaigns. The purging flow rate is set higher than the pump flow rate of the Tekran
analyzer (1 L min™) and the excess air exits through a t-coupling.

In the continuous equilibrium system it is important to ensure that the DGM concentration in

the water and air phases are at equilibrium. The flowrates of air and water were chosen
according to calculations presented in Andersson et al. (2008)97 and Gérdfeldt et al. (2002)%.
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The concentration of DGM in the water was calculated with equation 13:
CO = DGM = f{— +(Ca—CYE (13)

where H’ is the dimensionless Henry’s law constant which describes the partitioning of an atom
or compound between the gaseous and aqueous phase. The dimensionless Henry’s law
constant is described in equation 14:

r— Ga
H' = > (14)
where for mercury it describes the ratio between the concentration of mercury in the air phase
and the concentration of mercury in the aqueous phase. The Henry’s law constant for mercury
was determined by Andersson et al. (2008)98 to be calculated as:

—2404.3
H = e /T [K] +6:92 (15)

In equation 13, C, is the equilibrium concentration of mercury in the outgoing air and C.° is the
mercury concentration in the incoming air. During all campaigns pressurized air was used to
create an air flow for purging. Before the air entered the system it was scrubbed using a zero
air canister. Hence, in this study the term C,°was equal to zero. In equation 13, r, is the purging
air flow rate controlled by a mass flow controller and ry is the water flow rate, adjusted by a
water valve.

The continuous equilibrium system is further described in paper II, paper V and in Andersson
et al. (2008a).97

In situ purging system

A system for in situ purging of DGM in surface seawater was developed and tested at the
R&0/Rorvik station in 2015. A funnel in stainless steel was constructed and attached to a life
buoy and a stand for tide and wave motion support, see Figure 11. The funnel was installed in
the water, and attached to the pier via a rail, in which tubing for inflowing and outflowing air
was installed. Mercury free air was pumped at 1-2 L min™ through a FEP tubing leading to a
glass frit installed under the funnel at approximately 20 cm under the sea surface. The air
bubbles thus created, purged through the surface seawater leading gaseous mercury into the
outgoing air, collected by the funnel. The outgoing air was led to a Lumex RA-914+ analyzer
for analysis, installed in a shed ashore (Figure 11).

The DGM concentration in surface water was calculated with equation 14. C, is adjusted to the
prevailing temperature and pressure in the water and measured in the instrument according
to equation 16;

TLumex ><l)Seawater
Ca ~p <T Ca,Lumex (16)
Lumex Seawater

where C, Lumex iS the concentration of Hg(0) measured by the Lumex instrument.
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Figure 11. The principle of the in situ purging system for DGM detection in surface seawater. The device consists
of a funnel and a glass frit. The gas passing through the glass frit purges the surface seawater, and the outgoing air
is collected by the funnel and led to the Lumex RA-915+ analyzer for analysis (pictures: Ingvar Wéangberg).

Snow and sea ice sampling

During the campaigns performed in Antarctica and in the Arctic, samples of snow, sea ice,
brine and under-ice water were collected during ice stations on ice floes close to the ship and
on ice floes reached by helicopter. The nearby ice floes were reached by the gangway or, if the
floe was not stable to walk on, by a mummy chair (Figure 12a).

The sampling areas were chosen in clean areas not contaminated by the ship, the helicopter or
Snow scooters.

Ice cores were sampled from clean areas that were shovelled to remove snow just prior to
coring. During the winter and spring campaigns in Antarctica coring was performed using a
Mark II coring system from Kovacs Enterprise, consisting of a Teflon coated corer having
aluminium cutting shoes and a diameter of 9 cm (Figure 12c). The corer was powered by an
electrical drilling machine powered either by a diesel generator or by a battery. When the diesel
generator was used it was placed downwind of the sampling site to avoid contamination.
During the summer expeditions to Antarctica and the Arctic ice corers made of stainless steel
were used with a diameter of 12 cm, powered by a gasoline motor.

The ice core was obtained from inside the corer which had a catch to prevent the core from
falling out during coring. The ice core was often cracked into several pieces that were ordered
and aligned in blank-tested LD-PE bags for the transportation back to the lab on board the
vessels, see Figure 12b. The packed ice cores were put in black plastic bags to reduce the risk
of photo-reduction or oxidation within the ice during transportation.
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Figure 12. a) Sampling frost flowers using a mummy chair, b) cored ice packed for transportation to the lab, c)
drilling an ice core using an electrical drill and a Mark II coring system from Kovacs Enterprise, d) cut section of
the ice core, vacuum packed and ready to melt, e) melted ice core sample ready for analysis (pictures: myself and
Anna Granfors).

Back in the lab the ice cores were sawn into approximately 10 cm long sections using a stainless
steel saw. The surface of the cut ice samples was scraped with a Teflon scraper to remove
possible contaminated surfaces. The ice samples were put into gas tight blank-tested LD-PE
bags. The bags were sealed airtight and air was removed using a syringe (Figure 12d). This was
completed in order to prevent gaseous mercury evading from the sample during melting. The
ice samples were left to slowly thaw at room temperature in the dark until totally melted
(Figure 12e). The melted ice samples were analysed for Hg(0) concentrations using the manual
purge and trap method described on page 21.

The volume of brine within sea ice is a function of the sea ice temperature in °C (Ti.) and the
salinity in ppt (Siee) according to equation 17;

Virine = Sice(0.0532 — 4919/ o9 (17)

Ice

The temperature of the ice was measured in a reference ice core that was cored in conjunction
to the sample core. The temperature measurements were performed by drilling small holes
every 5 to 10 cm in the reference core and inserting a temperature probe. During the winter
campaign in Antarctica and the summer campaign in the Arctic a RTD thermometer with a
Pt100 element (precision +0.1° C) was used. An Amadigit (digital thermistor, resolution 0.1°
C) was used during the summer campaign in Antarctica. The salinity of the ice was measured
in melted and analysed cut sections of the ice. During the winter and summer expeditions to
Antarctica the salinity was measured using a WI'WCond330i or 3210 instrument having a
precision of £0.1. During the summer campaign in the Arctic the salinity was measured using
a XS Instruments Cond 70 instrument.
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Snow samples were placed in blank-tested LD-PE bags using an acid-cleaned plastic shovel.
The snow was sampled at varying depths and was handled and analyzed in the same manner
as the ice samples using the manual purge and trap method.

Under ice water (UIW) was sampled in the hole of the sampled ice core. A FEP bottle attached
to an elongated bar was quickly inserted through the hole down to the under ice water. When
the bottle was filled to the rim it was quickly brought back up. The UIW samples were analysed
using the purge and trap method.

Sea ice brine was sampled by drilling partially through the ice with the ice corer to chosen
depths varying from 20 to 80 cm. The hole was covered to avoid contamination. When enough
brine had leaked from the surrounding ice into the hole yielding enough volume, the brine was
sampled using a plastic syringe and put into FEP bottles. At occasions with high brine volume
the brine could be collected using the same technique as for UIW. Sea ice brine was analysed
using the manual purge and trap method.

Mercury flux calculation and the gas transfer velocity

The transfer of a gas between air and water is limited by diffusion, driven by the solubility of
the gas and the concentration gradient according to Henry s law (equation 14). The kinetics of
the diffusion is controlled by the gas transfer velocity which is representing the physical
turbulence and the diffusivity of the gas.

To estimate the mercury flux at the air-water interphase two different approaches are normally
used for mercury, one is the direct flux chamber method and the other is by using gas exchange
models. The direct flux chamber method measures the mercury flux in situ using a chamber
with a constant air flow passing through. The concentration change of mercury over a fixed
water surface inside the chamber is measured, from which the flux rate can be calculated. This
method is only applicable during calm weather conditions. A disadvantage of this method is
that it creates a closed environment, possibly creating an unnatural environment and an
artificial flux rate. It has been discussed in the literature that measuring mercury flux using a
flux chamber generally results in lower flux rates than when using gas exchange models.00:101

In studies presented in this thesis a gas exchange model was used to estimate the mercury flux
from seawater (Paper II and V). Gas exchange models were first developed for trace gases and
are well established for gases such as oxygen and CO..°2 The developed models for CO, can be
adjusted for mercury and the first two-phase film model for mercury was introduced by Liss
and Slater (1974).203 This model takes into account that the resistance due to the molecular
diffusion against gas transfer exists on both sides of the air-water interphase.

In this study the flux of Hg(o) was calculated using equation 18, described in Johnson
(2010).104
Hgnux = —Ka X (GEM — H' x DGM) = -K(GEM/,,, — DGM) (18)

K. and Ky are the total gas transfer velocity constants expressed on the air side and the water
side of the interphase respectively [m h], GEM is the measured concentration of Hg(0) in air
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[ng m=3], H' is the Henry’s law constant calculated with equation 15 and DGM is the measured
concentration of Hg(0) in seawater [pg L].

The total gas transfer velocities were calculated by; 104

Ka = [+ ! (19)
Kw = [ﬁ + H,lka] - (20)

where ky and k, are the gas transfer rates on the water [cm h'] and air [m s] sides, respectively.

The procedures for calculating k. and k. are described in papers II and V. The gas transfer rate
on the water side (ky) is a function of the wind speed and the Schmidt number for mercury in
seawater.’4 The Schmidt number is a function of the kinematic viscosity, the density of
seawater and the diffusivity of mercury in seawater which was calculated according the
equation described in Kuss et al. (2009).105

The gas transfer rate on the air side (k) is a function of the friction velocity, the drag coefficient
and the Schmidt number for mercury on the air side, which is a function of the kinematic
viscosity and the density of air and the diffusivity of mercury in air.20¢ The diffusivity of air is a
function of the molar volume of air and mercury, the temperature and the relative molar mass.
The dynamic viscosity and the density of air were calculated according to the scheme presented
in Tsilingris (2008).107
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Chapter 4

“Satire is a composition of salt and mercury; and it depends upon the different
mixture and preparation of those ingredients, that it comes out a noble medicine, or
a rank poison.”

-Lord Francis Jeffery, in Tryon Edwards (ed.), A Dictionary of
Thoughts (1908), 502.

Mercury — Measurements in the Marine
Environment

Measurements in Antarctica

The Antarctic Circle is drawn at 66.5 degrees south and comprises of a total area of 70 million
km?.108109 The continent is surrounded by the Southern Ocean and the main sea bays are the
Weddell Sea and the Ross Sea. The sea ice extent varies with season, having around 20 million
km? in winter and 4 million km? in summer. However, the total sea ice extent has in recent
years been observed to decrease.94°8 Antarctica is a cold continent having an average
temperature in winter of -60°C and -28.2°C in summer. It receives limited heating from the
surrounding Southern Ocean is the continent with the highest elevation on earth. 109
Antarctica is uninhabited except for around 4000 people working at scientific research stations
from all over the world, having no significant emission sources. Air pollutants found in
Antarctica have most likely been emitted from countries in the southern hemisphere.10911° Low
mercury concentrations were found in marine sediments at Terra Nova Bay in a study by
Bargagli et al. (1998). However, Antarctic marine food webs are normally short and mercury
has been found in tissues and feathers of many different organisms and animals, at similar
levels as found in the northern hemisphere.

The Weddell Sea was visited during two subsequent expeditions onboard the German research
vessel and icebreaker Polarstern. The winter campaign (ANTXXIX/6) begun on the 6t of June
in Cape Town, South Africa and ended the 12t of August 2013 in Punta Arenas, Chile. The
spring expedition (ANTXXIX/7) started 14 of August in Punta Arenas and finished in Cape
Town 16™ of October 2013. The routes of the two campaigns are presented in Figure 1, Paper
I. The analyses were performed onboard by Katarina Géardfeldt and myself during
(ANTXXIX/6) and myself during (ANTXXIX/7).

Another expedition to Antarctica was performed between 8/12 2010 and 14/1 2011 onboard IB
Oden during Antarctic summer (OSO 10/11). The study area consisted of the Amundsen and
Ross Seas and all Hg(o) analyses were performed by Katarina Gardfeldt and Sarka Langer
onboard the ship. The results of analysis from this campaign have been treated, handled and
interpreted by myself and are presented in Paper II, III and IV.
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Air measurements

Mercury species in air were measured continuously during the winter and spring campaigns
using a Tekran 1130/35 system described on page 19. The outdoor equipment with the air
intake was installed on the top deck, on the starboard side in the fore of R/V Polarstern. The
results from the air measurements are mainly presented in Paper 1. The average concentrations
of GEM, HgP and GOM measured during the two campaigns are presented in Figure 32 and in
Paper I, and were found to correlate well with earlier measurements in the Southern
hemisphere. 12113

Atmospheric mercury depletion events in this study were detected for the first time over sea
ice in the Weddell Sea, as early as the middle of July during the Antarctic winter (Paper I).
Bromine produced in the dark or photo-induced reactions at early twilight are processes
suggested to be involved during the dark oxidation of Hg(0). Reactions suggested to be
involved are presented in Figure 3 and in Paper I, beginning with the dark production and
release of Br.. First, ozone is absorbed at the surface layers of the ice and reacts with bromine
ions to form OBr- according to reaction 21.49

Br~ + 03 = OBr~ + 0, (k=53 M-1s1).114 (21)

OBr further reacts with H+*in the ice to form HOBr(aq) (k=108) which forms Br,that is released
to air (Figure 3 and Paper I). Br, has been found in laboratory studies to oxidize Hg(0), forming
HgBr.. It has however been discussed in the literature that this reaction is not important in
atmospheric conditions due to it being so slow (k = 0.9 x 106 cm3 molecule s).38 However, if
Br, exists in great enough concentrations it could play a role in the observed winter depletions.
CH3Br was found in high concentrations in sea ice during Antarctic winter (Paper I) and since
HOBErr is also the starting material needed to form CH3Br, this indicates that HOBr probably
existed in high concentrations, possibly leading to a high production and release of Br..

During the summer expedition onboard IB Oden air measurements of total gaseous mercury
(TGM) were performed using a Tekran 2537A. The results are presented in Paper II and the
average concentration is presented in Figure 32.

Water column profiles of DGM

During the three campaigns mercury was measured in the water columns of the Weddell,
Amundsen and Ross Seas using the CTD/Rosette system onboard the vessels. A total of 63 CTD
stations were sampled for DGM (see Paper III).

Seawater samples were also collected and sent to partners at the Jozef Stefan Institute in
Ljubljana, Slovenia for analysis of MeHg (12 stations) and HgTot (8 stations). The results from
the mercury measurements are presented and discussed in Paper III in the context of the
different water masses of the Southern Ocean.

Mercury concentrations in the waters of the Southern Ocean were found to vary spatially and
seasonally. The average DGM concentrations in the water columns of the Weddell, Amundsen
and Ross Seas were found to be higher than the concentrations of MMHg, opposing what has
previously been observed on the Eastern side of the Antarctic continent in autumn 2008.115
Significant variations of mercury concentrations were also found in these identified water
masses. All results from the measurements are presented in Paper III.



Surface water measurements of DGM

DGM was measured continuously (5 min resolution) during the three Antarctic expeditions
using the continuous equilibrium system, described on page 23. The results of the
measurements are presented in Paper II, showing 3-5 times higher DGM surface
concentrations under sea ice compared to when measuring in open sea. This is due to a
‘capping’ effect of sea ice, resulting in a build-up of Hg(0) under the ice. This has previously
been described by e.g. Andersson et al. (2008).116:117

Mercury flux calculations

By using the measured GEM and surface DGM concentrations together with the ship
measurements of wind speed, water and air temperatures and the seawater salinity, the flux of
Hg(0) at the air-water interphase could be calculated using equation 18 (procedures are further
described on page 27 and in Paper II and V). The results of the mercury flux calculations for
the three expeditions are presented in Paper III showing an average net evasion of Hg(0)
during winter (0.4 ng m2h-) and spring (1.1 ng m2h-) in the Weddell Sea and a net deposition
during summer (-0.2 ng m2 h*) in the Amundsen and Ross Seas. Accounting for seasonal
changes in sea ice extent and using estimated flux rates for autumn, the total annual mercury
evasion from the Southern Ocean was estimated to 30 tonnes.

Hg(0) in the Antarctic sea ice environment

Sea ice, snow, brine, under ice water, pancake ice and frost flowers were collected during the
three campaigns at a total of 25 ice stations. The samples were analyzed for Hg(0) onboard the
vessels using the methods described on page 21. Samples for HgTot analysis were collected
during the campaigns in the Weddell Sea and were sent to partners at Laboratoire de
Glaciologie et Géophysique de 'Environnment (LGGE) in Grenoble, France for analysis. The
results from the mercury measurements in samples collected in the Antarctic sea ice
environment are presented in Paper IV. Seasonality of Hg(o) and HgTot concentrations in
snow and sea ice was found in this study, and was concluded to be due to varying factors such
as solar radiation, atmospheric deposition, temperature and the brine volume of the ice. Spatial
variations could also explain the varying mercury concentrations in the sea ice environment in
the Southern Ocean.

Solar radiation and Hg(0) in sea ice

A photo-reduction experiment was performed during the three Antarctic expeditions to study
how solar radiation influenced the concentration of Hg(0) in sea ice. Cores of one year old sea
ice were drilled at different times of the day (usually every 6 hours) to obtain ice cores sampled
at varying solar radiation intensities. Solar radiation was measured using sensors installed on
the ships. The ice cores were melted and analyzed for Hg(0) (see page 21) and the experiment
showed that generally higher Hg(0) concentrations were found in sea ice at higher solar
radiation intensity.

Statistical analyses were performed to examine the consistency of the data and to study the
correlation between the two parameters. For data set comparisons the radiation intensities
were divided into three groups: 0-300 W m-2, 300-600 W m2 and 600-2000 W m-2. The Hg(0)
concentrations obtained in the ice within these radiation spans were divided into three
different groups; the average Hg(0) concentrations in the whole ice core, in the top third of
the ice core and in the top 10 cm of the ice core. This grouping was chosen in order to study
where the influence of solar radiation in the sea ice is largest.
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Figure 13. Average Hg(0) concentrations in a) the whole sea ice profile, b) the top third of the sea ice core and c)
in the top 10 ¢cm of sea ice cores drilled at solar radiation spans of 0-300 W m-2, 300-600 W m-2 and 600-2000 W
m2.

The results from the photo-reduction experiments are presented in Figure 13 and Tables 1 and
2. Figure 13 shows that the average Hg(0) concentration was highest in the highest radiation
span (600-2000 W m) and that generally higher Hg(0) concentrations were found in the top
10 cm of the ice. The solar radiation is most likely strongest in the top layer of the ice due to
the light scattering in air bubbles and brine pockets within the ice. Sea ice is a crystalline
material and in one year old ice the crystals in the top part of the ice are small and disorganized,
leading to more scattering of incoming light. Further down in the ice the crystals gets larger
and more ordered and less light is scattered.8

The average and median values and standard deviations of the Hg(0) concentrations in sea ice
as a function of solar intensity are presented in Table 1. The Pearson and Spearman correlation
coefficients are also presented in Table 1, showing generally low correlation coefficients
between Hg(0) and solar radiation. However, by studying the frequency distributions of the
data, our data sets were found not to be Gaussian distributed.

For non-Gaussian distributed data sets other statistical analyses than Pearson and Spearman
are generally used, such as Student’s T-test, ANOVA and Wilcoxon.

A Student’s T-test is a hypothesis test where two datasets are compared with respect to the null
hypothesis, which is normally stated as “there is no difference between the two studied
datasets”. ANOVA tests are similar to Student’s T-tests but allow comparisons of several
datasets in the same statistical analysis. The test yields F-values which are compared to table
values that are a function of the degrees of freedom. A Wilcoxon test is a non-parametrical test
that compares if the values with the middle rank differ between the two test groups.
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Table 1. Average, median and standard deviations of Hg(0) concentrations in sea ice sampled during the photo-
reduction experiment, divided into the averages of the whole ice core, the top third and the top 10 cm of the ice core.
The Pearson and Spearman correlation coefficients for the data sets are also presented.

Solar Average Median Pearson Spearman
radiation N (no. of Hg(o) conc Hg(o) conc correlation correlation

[W m-2] samples) [pg L] [pg L] StDev Rz R2
Hg(o)

0-300 average 31 66 50 40 0.02 0.16
Hg(o)

Top 1/3 31 93 66 82 0.13 0.31
Hg(o)

Top value 31 105 92 84 0.09 0.31
Hg(o)

300-600 average 15 107 73 71 0.02 0.06
Hg(o)

Top 1/3 15 114 107 50 0.03 -0.30
Hg(o)

Top value 15 139 121 92 0.10 -0.36
Hg(o)

600-2000 average 8 133 95 74 0.41 0.30
Hg(o)

Top 1/3 8 212 160 141 0.32 0.27
Hg(o)

Top value 8 331 210 326 0.32 0.42

Table 2. Results from the statistical analysis of the correlation between solar radiation and the Hg(0) concentration
in sea ice, using Student’s T-test, ANOVA and Wilcoxon. The analysis was divided into three test groups; the average
Hg(0) concentration in the whole ice core, the top third and the top 10 cm of the ice core.

Max (600-2000)

0.092 Min-Max

Solar radiation Wilcoxon
[W m-=2] Student’s T-test ANOVA F-value p-value

Hg(o) average Min (0-300) 0.051 Min-Med *5.90 *0.006 Min-Med
Med (300-600) 0.429 Med-Max Min-Med-Max 0.208 Med-Max
Max (600-2000) *0.039 Min-Max *0.012 Min-Max
Hg(o) Top 1/3 Min (0-300) 0.301 Min-Med *6.07 *0.017 Min-Med
Med (300-600) 0.092 Med-Max Min-Med-Max 0.123 Med-Max
Max (600-2000) 0.050 Min-Max *0.012 Min-Max
Hg(o) Top value Min (0-300) 0.216 Min-Med *8.25 0.100 Min-Med
Med (300-600) 0.145 Med-Max Min-Med-Max 0.327 Med-Max

*0.012 Min-Max

H, = There is no difference
between the two datasets

*Hois rejected

If p-value
< 0.05

Ho, is rejected

Table F-value: 2,51

40=3.2317

60=3.1504
If F-value > table value
Hois rejected

If p-value
< 0.05

H, is rejected

The results from the statistical evaluations are presented in Table 2. The ANOVA tests showed
that there exists a significant difference in the Hg(0) concentration between the three radiation
spans. The Wilcoxon tests showed that the largest difference in Hg(0) concentration existed
between the ice sampled at minimum (0-300 W m=2) and maximum light intensities (600-

2000 W m2).

The statistical evaluations show that there exists a link between the Hg(0) concentration in sea
ice and solar radiation. This is hypothesized to be due to a photo-reduction, forming Hg(o)




from oxidized Hg(II)-complexes within the ice.

During the spring and summer expeditions a snow layer experiment was also conducted to
study how light diffusion through snow affects the photo-reduction of mercury within sea ice.
At ice stations of longer duration, one area was shoveled free of snow to expose the ice surface
directly to the atmosphere and to direct solar radiation. After a couple of hours a core was
sampled from the uncovered area and in conjunction, an ice core from an un-shoveled area
was cored for comparison. The sampling of the two ice cores was performed several times at
maximum light conditions at midday and during minimum light conditions at midnight. The
results of the snow layer experiment are presented in Figure 14.

The highest average Hg(0) concentrations were found in uncovered ice sampled at maximum
light during both spring and summer, showing higher values than in ice cored from covered
areas. This indicates that the snow cover does influence the light diffusion and is probably
affecting the photo-reduction of mercury within sea ice.

An opposite trend was observed during minimum light at midnight with higher Hg(0)
concentrations in the snow covered ice than the uncovered ice. This might signify that the
evasion of Hg(0) from the uncovered ice surface directly to the atmosphere was larger than the
production of Hg(0).
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Figure 14. Results from the snow layer experiment showing average Hg(0) concentrations in the whole ice profile
of ice cored from an uncovered areas and snow-covered areas under minimum and maximum light intensities
during a) the spring expedition and b) the summer expedition.

Measurements in the Mediterranean Region

Around 132 million people live along the Mediterranean Sea which is a region having many
natural and industrial emission sources. The area is known to have a high volcanic and tectonic
activity and has historically been used for mercury mining due to the large cinnabar deposits.
The Mediterranean seawater consists of four major water masses which originate from the
Atlantic Ocean via the narrow strait of Gibraltar and the Black Sea via the
Dardanelles/Marmara Sea/Bosporus system. Increased levels of mercury have been found in
soil, fish and vegetation in the area.9:20 The average measured air temperature in autumn
2011 was 19 + 1.4°C and during summer 2012, 26 + 2.2°C.

Two overwater campaigns were conducted in the Mediterranean Region aboard the Italian
Research vessel Urania. The first campaign was performed in the Tyrrhenian Sea during
autumn from 25/10 to 8/11 2011 (Fenice 2011). The second expedition Fenice 2012 (11/8 to



29/8 2012) was carried out during summer in the Mediterranean Sea, passing through the
Strait of Gibraltar to the Atlantic Ocean. The routes of the two expeditions are presented in
Paper V.

Air measurements

GEM in air was measured during the two Mediterranean campaigns using a Lumex RA-915+
analyzer, see page 18. The instrument was installed on the bridge deck on the starboard side of
R/V Urania during both expeditions to avoid influences from the ship“s exhaust funnel. The
measurements were performed with 5 second resolution and the results of the air
measurements are presented in Paper V, showing higher average values during autumn (1.7 ng
m-3) than during summer (1.5 ng m-3). These measurements are in good agreement with what
has previously been measured in the Mediterranean Sea.0%121-123

Water column profiles of DGM

Deep water profiles of DGM concentrations were obtained during the two campaigns by
collecting seawater samples using the ship’s CTD/Rosette system, see Figure 8. A total of 8
CTD stations were sampled during Fenice 2011 with results presented in Figure 15. The two
deeper stations So2_b and So2_3 showed generally higher DGM concentrations in the deeper
water column (>100 m) with highest concentrations found close to the bottom.

The strong tectonic activity and volcanism in the area could lead to a degassing and upwelling
of Hg(0) from the sea bottom, possibly explaining the higher concentrations of DGM observed
close to the bottom.”2 Enhanced DGM concentrations were also found in the bottom layers of
the So5_05 station located close to the volcanic Island Stromboli, which is probably due to
similar upwelling processes.

During Fenice 2012 a total of 12 CTD stations were sampled, see Figure 16. Generally higher
DGM concentrations were found in the water columns during the summer campaign of Fenice
2012, with an average of 51 + 38 pg L, compared to during the autumn campaign of Fenice
2011, with an average of 36 + 24 pg L. This is mainly due to that deeper water columns were
sampled during the summer campaign and generally higher DGM concentrations are found in
deeper waters.”2

The highest DGM concentrations during Fenice 2012 were found at stations So7, S08 and So9.
The observed variations could be due to the water circulation of the four different water masses
in the Mediterranean Sea.72124

Surface water measurements of DGM

DGM concentrations were measured every 5 min in the ship’s bow water having a seawater
intake at a depth of 4 m. The continuous equilibrium system (described on page 23) was used
for the sampling and a Tekran 2537A was used for the analysis.

The average DGM concentrations obtained during the two campaigns were found to correlate
well with values presented in the literature (see Table 2, Paper V). Substantial spatial variations
of surface DGM concentrations were found in the Mediterranean Sea, with the highest
concentrations in the surface waters of the Tyrrhenian Sea. Seasonality of DGM concentrations
was also found in this study and in the literature, showing highest values in autumn and lowest
during winter.

The results of the surface DGM measurements performed during the two expeditions are
presented in Paper V.
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Figure 15. Deep water profiles of DGM concentrations sampled at 8 CTD stations during Fenice 2011 (25/10 to
8/11 2011) in the Tyrrhenian Sea.
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Figure 16. Deep water profiles of DGM concentrations sampled at 12 stations during Fenice 2012 (11/8 to 29/8
2012) in the Mediterranean Sea.
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Mercury flux calculations

The results from the GEM and DGM measurements were used to calculate the fluxes of Hg(0)
from the Mediterranean Region. The waters of the Mediterranean Sea were found to be
supersaturated to around 400-500% with respect to Hg(0), during both autumn and summer.
The Hg(o) flux was found to be higher in the Tyrrhenian Sea due to higher surface DGM
concentrations. Calculated Hg fluxes in the Mediterranean Sea found in the literature were
found to vary substantially. Due to the chosen gas exchange model the estimated Hg flux could
vary up to 50%, even at low wind speeds (section 3.5, Paper V).

Solar radiation and Hg(0) in surface seawater

At coastal stations during Fenice 2011, CTD casts were executed down to around 20 m depth
at different times of the day in order to study the influence of solar radiation in shallow
seawater.

The solar radiation experiment performed at station S01C close to Piombino is presented in
Figure 17. No significant variations in DGM concentrations were found in the whole 20 m water
column. However, the surface concentration (2 m depth) showed a clear decrease in DGM
concentration from a maximum at 12:25 to a minimum at 04:20, decreasing from 37 pg L'to
28 pg L. Diurnal variations of DGM in surface water are due to the balance between photo-
reduction, oxidation and evasion processes have previously been observed and described in
the literature.65:119:125-127
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Figure 17. DGM profiles in surface seawater (20 m) sampled at different times of the day at the coastal station
So01C (Piombino, Fenice 2011).

The continuous surface measurements of DGM using the continuous equilibrium system
showed no diurnal variations (Paper V). However, the water intake for the bow water system
is placed at around 4 m depth and as can be observed in Figure 17, the diurnal variations of
DGM were only clearly visible in the top 2 m of the water column. Additionally, the diurnal
variations of DGM in surface water have previously been found to be more pronounced at
coastal stations compared to in the open sea.’?” Factors that have been proposed in the
literature to affect the diurnal variations in the DGM concentration in surface water include
the total water depth, wind speed, wave motion and the concentration of DOC.127-129



Measurements in Sweden

The Ra6/Rorvik station is situated on the west coast of Sweden close to Onsala (57°23’37.76 N,
11°54°50.73 E), around 50 km south of Gothenburg. The air monitoring station is located in a
natural reserve within the area of the Onsala Space Observatory and is one of the GMOS master
sites, situated far away from direct emission sources (approximately 150 km). Based on the
measuring period the average temperature, humidity and wind speed (+ 1 standard deviation)
at the site were 9 + 7°C, 76 £ 12 % and 6 + 4 m s, respectively. Mercury measurements in air
at the site began in the middle of the 1980’s and during my PhD studies continuous
measurements of GEM, GOM and HgP were performed from 2012 to 2015. Back trajectories
were used to study the origin of air masses bringing mercury in air to the site.

Surface DGM concentrations in seawater were measured using the in situ purging system (see
page 24) during a trial period in spring 2015.

Air measurements

Mercury species in air were measured using the Tekran 1130/35 system (page 19) between 15/5
2012 and 3/7 2013 and between 1/2 2014 and 29/4 2015. The outdoor equipment with the air
intake was installed on the roof-top of the measuring station, at approximately 7 m above sea
level, and about 20 m from the coast (see Figure 7). The site was cleared of nearby vegetation
in order to avoid any vegetal influence. The site primarily measures background concentrations
of the three mercury species in air (Paper VI). All results from the air measurements of GEM,
GOM and HgP are presented in Figure 18. The average GEM concentration during the
measurement periods was 1.41 ng m-3 and the average GOM and HgP concentrations were 0.23
and 2.21 pg m3, respectively. These averages were found to be comparable to measurements
performed in northern European countries.*30:13

Back trajectories were produced using the Hybrid Single-Particle Lagrangian Integrated
trajectory (HYSPLIT) 4-0 model that was run together with meteorologically analyzed fields
from NCEP/NCAR. The 72-hours back trajectories were created at 5 different heights (10, 50,
100, 250 and 500 m) every four hours to be matched with the sampling cycles of GOM and
HgP.
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Figure 18. Air measurements of gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM) and
particulate mercury (HgP) from 3/7 2013 to 29/4 2015 at the Ra6/Rorvik station close to Gothenburg, Sweden.
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Figure 19. Results from the back trajectory evaluation of the Ra46/Rorvik air measurements presented as a) relative
frequency of air mass origin within each sector, b) GEM, ¢) HgP and ¢) GOM as a function of air mass origin direction
arriving at the R46/Rorvik station.

An imaginary 150 km wide circle with the Ra6/Rorvik station centered was divided into 16
geographical sections of 22.5 degrees each (16 x 22.5° = 360°), see Figure 19. The back
trajectories were evaluated and matched with the geographical sections using specifically
developed Excel VBA software. The concentrations of GEM, GOM and HgP were plotted as a
function of air origin direction and only trajectories with limited variations in direction during
the last 72 hours were used for the evaluation. The results from the back trajectory analysis is
presented in Figure 19.

Figure 19a shows that about one third of the air masses reaching Ra6/Rorvik entered from a
direction between 202.5° and 270°. As presented in Figure 19b, elevated GEM concentrations
(average concentration: 1.51 ng m=3) were observed coming from sectors between 90° and
247.5°, possibly representing polluted air masses (e.g. coal combustion and industrial
activities) coming from Poland, Romania, Greece, Bulgaria and other Balkan countries. The
average GEM concentration in air coming from the remaining sectors was lower (1.36 ng m-3),
and was considered as being associated with the background concentration of GEM in the
Northern hemisphere. The anthropogenic contributions to mercury in air coming from
between 90° and 247.5° were further supported by the elevated HgP and GOM concentrations
found in air coming from these sectors, see Figures 19c and 19d. The finding of high HgP
concentrations in air has previously been used as a special marker to denote polluted air
masses.'32 Low concentrations of HgP and GOM from remaining sectors further support that
mercury in air entering Rao/Rorvik from the sectors between 0° and 90° and between 247.5°
and 360° could be considered as well-mixed background concentrations.

Surface water measurements of DGM

An in situ purging system for measuring DGM concentrations in surface water was developed
(described on page 24) and used during a trial period in spring 2015 at the R46/Rorvik station.
The measuring station is situated about 100 m away from the Tekran 1130/35 instrument in
the same area. Data from the period 19/3 to 24/3 2015 are presented in Figures 20 and 21.

The average DGM surface concentration during the trial period was 13 + 5 pg L?, which is

substantially lower than what has previously been measured in surface water at 16 stations in
the North Sea in 1991 (52 + 20 pg L).133 The differences could be due to yearly, seasonal or
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Figure 20. Measurements of GEM in air, DGM in seawater, wind speed and calculated mercury flux for the period
19/3 to 24/3 2015.

spatial variances. It could also be due to the placing of the glass frit in the in situ purging system
being only at 20-30 cm depth. As presented in Figure 17, the DGM concentrations in shallow
water profiles can vary significantly. DGM in seawater consists of both Hg(o) and DMHg.
However, the analysis method of the Lumex RA-915+ instrument only allows the detection of
gaseous Hg(0), which also could explain the low values measured in comparison to the
literature values.

Mercury flux calculations

The GEM measurements from the Tekran 2537B instrument and the DGM concentrations
obtained using the in situ purging system were used to calculate the flux of Hg(0) from the sea
surface at the site.

The average Hg flux during the trial period was calculated to be 0.13 + 0.25 ng m2 h,
indicating a net evasion of Hg(0) from the coastal waters of the North Sea. Coquery and Cossa
(1995) estimated the Hg Flux from the North Sea to be between 0.92 and 1.87 ng m= h,
calculated based on a similar gas exchange coefficient to that calculated for this study.'s3 The
differences in Hg flux is mainly due to the lower DGM concentrations measured during this
study. The calculated Hg fluxes for the period 19/3 to 24/3 2015 are presented in Figure 20,
showing a clear relationship to the measured DGM concentrations, as expected from equation
18. The connection between the Hg flux and different measured parameters is further
discussed in Paper V.

Solar radiation and Hg(0) in surface seawater

The surface concentrations of DGM are plotted against measured solar radiation in Figure 21.
A diurnal variation in surface DGM concentrations was observed, showing a positive
correlation with solar radiation (R2 = 0.38). The correlation was especially evident during the
solar eclipse on the 20t of Mars 2015 which lead to a sudden decrease in DGM concentration
from 19 to 15 pg L. Similar observations during a solar eclipse have previously been made by
Gardfeldt et al. (2001).6¢
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Figure 21. Measurements of surface DGM concentrations and solar radiation at the R46/Rorvik station from 19/3
to 24/3 2015, showing a decrease in DGM concentration and solar radiation during the solar eclipse on the 20t of
Mars 2015.

Measurements in Finland

The Pallas-Matorova station in northern Finland (68°00°N, 24°14"E) is located in a natural
park close to the Pallasjarvi Lake. It is situated at the Matorova hilltop at a height of 340 m
above sea level, is surrounded by forest and is located far away from potential pollution
sources. The station is reached by foot or by snow scooter in winter. The average winter
temperature in the area is about -14°C in winter and about 14°C in summer.!34

Measurements of mercury species in air were performed at the site during a one month long
campaign in Spring 2012.

Air measurements

GEM, GOM and HgP were measured at the Pallas-Matorova station from 2/4 to 26/4 2012
using a Tekran 1130/35 system. The aim of the campaign was to monitor mercury species in
air during springtime in the Scandinavian Arctic. The average GEM, GOM and HgP
concentrations during the entire campaign were 1.4 + 0.2 ng m3, 1.5 + 1.4 pg m3and 2.2 + 1.5
pg m3, respectively. Ozone was measured during the campaign by Katriina Kyllonen using a
Thermo Scientific Os-analyzer, model 49i, yielding an average concentration of 43 + 3 pptv.
Selected results of the air measurements are presented in Figures 22a and 22b. On the 7/4 a
decrease in GEM from around 1.3 ng m-3 to below 1 ng m3was observed, indicating an detected
atmospheric mercury depletion event (see description on page 11). A simultaneous ozone
depletion event was detected with concentrations decreasing from around 35 pptv to below 25
pptv, see Figure 22a.

Since no elevated concentrations of HgP and GOM were detected and the depletions of GEM
and ozone were minor, the event probably occurred at another location bringing depleted air
masses transported over long distances to the Pallas-Matorova station.

To track the origin of the air masses entering the station, 48 h back trajectories were
constructed using the NOAA hybrid single-particle Lagrangian integrated trajectory model.

~ 41~
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Figure 22. Results from the air measurement campaign at Pallas-Matorova in April 2012. a) Measurements of
GEM and Ozone in air from 4/4 and 12/4 showing a clear depletion event on the 7/4. b) Measurements of HgP and
GOM during the depletion event on the 7/4. ¢) 48 h back trajectories calculated for the depletion event detected on

the 7/4.

The back trajectories for the 7/4 are presented in Figure 22¢, showing that the air masses
transporting the GEM and ozone depleted air masses to Pallas originated from Svalbard and
the north east coast of Greenland.

BrO that is normally formed during ozone depletions (reaction 6) was detectable with satellite
Differential Optical Absorption Spectroscopy (DOAS) measurements. Figure 23a shows the
BrO concentrations in the Arctic from the 4/4 to 6/6 2012. High concentrations of BrO were
found on the 5/4 in the area in which the air masses originated from, reaching Pallas 48 hours
later on the 7/4. This indicates that bromine chemistry was active in the origin area of the air
mass.

Furthermore, Br, which can form bromine radicals via photolysis (equation 4) is generally
released from newly formed sea ice. Sea ice concentration maps from The Cryosphere Today
show that between 3/4 and 6/4 an increase in sea ice concentration was detectable at the north
east coast of Greenland (Figure 23b). This suggests that Br. released from the newly formed
sea ice was photolyzed by reaction 4 to bromine radicals which destroyed ozone according to
reaction 6. The bromine radicals and the BrO formed, could have oxidized GEM in air
according to reactions 7-10. Hg(II) (GOM and/or HgP) formed was probably deposited near
the area of the depletion event, which could explain why neither elevated GOM nor HgP were
detected at the Pallas-Matorova station (Figure 22b).

~ 42 ~
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Figure 23. a) BrO maps from the GOME-2/ SCTAMACHY DOAS nadir data browser, University of Bremen (IUP
DOAS), showing BrO concentrations in the area of air mass origin of air reaching the Pallas-Matorova station on
7/4 2012. b) Sea ice concentration maps from The Cryosphere Today (http://arctic.atmos.uiuc.edu/cryosphere/)
showing an increase in sea ice extent from 3/4 to 6/4 2012.

Measurements in the Arctic

The Arctic is defined as the area north of the Arctic Circle, drawn along latitude 66.5 degrees
north. It has a total area of around 70 million km2 and has been inhabited for almost 20 000
years. Indigenous people living in the Arctic are still relying on fish and hunting as their
primary source of food.231°9 It is estimated that around 80-140 tonnes of mercury are
accumulated annually in Arctic food chains, originating from sources in the northern
hemisphere.23 The Arctic is warmer than Antarctica having a winter average temperature of -
40°C and a summer average temperature of 0°C. The main differences between the Arctic and
Antarctica in terms of temperature is that the Arctic consists of mainly seawater which is
surrounded by many continents, and that the Gulf Stream keeps the Arctic warmer.1°9

A summer expedition was performed to the Arctic Ocean (AO16) onboard IB Oden departing
from Longyearbyen the 8/8 and returning on the 20/9 2016. The route of the expedition is
presented in Figure 24. Mercury species in air were measured continuously using the Tekran
1130/35 system (page 19) and the continuous equilibrium system was used to measure DGM
concentrations in surface seawater along the cruise track (page 23). Samples from the
CTD/Rosette system were collected to obtain deep water profiles of DGM concentrations.
Samples of sea ice, snow, brine, under ice water, frost flowers and newly formed sea ice were
collected at ice stations mainly reached by helicopter but also at stations on ice floes close to
the ship, reached by a mummy chair (Figure 12a). The Hg(0) analyses were performed onboard
by Katarina Gardfeldt and myself. Selected results obtained during the campaign are presented
in this section.
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Figure 24. The cruise track of the Arctic Ocean 2016 expedition (AO16) starting and ending in Longyearbyen,
Svalbard (8/8 to 20/9 2016).

Air measurements

GEM, GOM and HgP concentrations in air were measured using a Tekran 1130/35 mercury
speciation unit. The outdoor equipment with the air intake was installed on the 4t deck in the
fore of the ship to avoid influences from the exhaust gases from the ship’s funnel. The results
from the air measurements are presented in Figure 25.

The average concentrations for the period 9/8 to 18/9 of GEM, HgP and GOM were 1.4 + 0.2
ng ms, 2.4 + 2.0 pg m3, and 1.6 + 2.4 pg m3, respectively. These values are similar in range as
what has previously been measured during an oversea campaign in the Arctic in 2004 and
estimated by GRAHM modeling for the Arctic Ocean.!35:136

Elevated GEM concentrations were found in an area 1 north of Svalbard at around 85°N, 13°E
(1.6 + 0.1 ng m3) and lower concentrations were found in area 2 at 86°N, 135°W (1.1 + 0.05 ng
m-3), see Figure 25a. In area 1, a simultaneous smaller increase in HgP concentrations was
observed (~2 pg m3), see Figure 25c¢, indicating a possible transportation of polluted air
masses. In area 2 where lower GEM concentrations were observed, increased GOM
concentrations were also found (~10 pg m=3). Back trajectories were composed for the two
events (area 1 and 2 in Figure 25) and are presented in Figure 26.

Back trajectories for the event in area 1 on the 13/8 (Figure 26a) show that air masses reaching
IB Oden were originating from the west, possibly bringing polluted air masses from North
America and/or Canada. During the event in area 2 on the 26/8, the air masses bringing
decreased GEM concentrations and increased GOM concentrations were found to originate
from the south (Figure 26b). Since GOM mainly is formed in the atmosphere via the oxidation
of GEM and is not very long-lived, this event was possibly a local phenomenon due to the
oxidation of GEM over sea ice.'37
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Figure 25. Results from the continuous measurements of a) GEM, b) GOM and c) HgP in air using the Tekran
1130/35 system during the AO16 expedition in the Arctic. (Data from 9/8 to 18/9 2016).
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Figure 26. Back trajectories for a) area 1 of Figure 25 (13/8 03:00 at 85°N, 13°E) showing elevated GEM and HgP
concentrations, b) area 2 of Figure 25 (26/8 16:00 at 86°N, 135°W), with lower GEM and higher GOM
concentrations.
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Figure 27. Deep seawater profiles of DGM concentrations in the Arctic Ocean during the AO16 campaign sampled
at a total of 16 CTD stations.
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Figure 28. Results from the continuous measurements of a) DGM in surface seawater, b) calculated
supersaturation grades and c) calculated Hg Flux in the Arctic Ocean during the AO16 campaign. (Data from 8/8-
28/8 2016.)
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Water column profiles of DGM

DGM concentrations were measured in discrete seawater samples obtained using the
CTD/Rosette system at a total of 16 CTD stations in the Arctic Ocean, see Figure 27.

The results are presented in Figure 27 having an average water column concentration in the
Arctic Ocean of 50 + 35 pg L. No previous studies of DGM concentrations in deep water
profiles were found in the literature for comparisons.

The Arctic Ocean is divided into two basins by the Lomonosov Ridge; the Eurasian Basin and
the Amerasian Basin, see Figure 27. The spatial differences were studied, showing no
significant variations in water column DGM concentrations between the Eurasion Basin (47 +
21 pg L 1) and the Amerasian Basin (47 + 26 pg L*). However, in the East Greenland Rift Basin
the average water column concentration of DGM was found to be significantly higher (68 + 98
pg L1). The data will be further investigated in terms of different water masses and the
circulation of water in the Arctic Ocean. Results will be presented in future publications.

Surface water measurements of DGM

DGM concentrations in surface seawater were measured continuously with 5 min resolution
using the continuous equilibrium system (page 23). Results from the expedition are presented
in Figure 28, as far as they have been treated when writing this thesis.

The average DGM concentration in surface seawater measured between 8/8 and 28/8 2016
was 40 + 19 pg L%, which is in good agreement with previous measurements using the same
equipment in the Arctic during 2005 (44 + 22 pg L*).16 Surface DGM concentrations were
found to be higher when passing through sea ice (48 + 15 pg L) compared to when passing
through open water (19 + 4 pg L). This is due to the capping effect of sea ice which hinders
evasion of gaseous mercury from the sea surface, also observed by Andersson et al. (2008).116

Mercury flux calculations

The continuous measurements of DGM in surface seawater and GEM in air were used together
with ship data of needed parameters to estimate the supersaturation grade and the Hg flux
from the Arctic Ocean for the period 8/8 to 28/8 2016.

The calculated supersaturation grades and Hg fluxes are presented in Figure 28b and 28c,
respectively. The average supersaturation grade was calculated to be 438 + 196 % and was
higher within the sea ice margin (536 + 152 %) than in open water (233 + 92 %). The average
supersaturation grade calculated here, was in good correlation with calculations made by
Andersson et al. (2008) (410 + 220 %), who used a similar experimental setup in the Arctic
Ocean in 2005.1"% The high values show that the investigated parts of the Arctic Ocean were
supersaturated with respect to Hg(0).

Since sea ice is preventing gaseous mercury from evading directly from the seawater surface to
the atmosphere the calculations of the Hg flux are not applicable for periods when the boat is
operating in sea ice."® By studying time lapse videos of the ship’s movements in the ice, periods
when the ship was operating in open water could be distinguished and used for Hg flux
calculations, see Figure 28c. The average Hg flux calculated for the AO16 campaign was 1.52 +
2.27ngm2h, indicating a net evasion of Hg(0) from the surfaces of the Arctic Ocean. Previous
calculations of the flux rate in the Arctic Ocean in the literature have shown diverse results



ranging from 0.42 + 0.36 ng m2 h'to 5.42 + 5.75 ng m2 h.73.17.138 The observed differences
are hypothesized to be mainly due to different approaches for Hg Flux calculations.

Hg(0) in the Arctic sea ice environment

Samples for Hg(0) analysis were collected at a total of 26 ice stations whereof 21 stations were
reached by helicopter and 5 stations were reached by Mummy chair or via the gangway from
the ship. The locations of the ice stations are presented in Figure 29 together with the measured
lengths of the obtained ice cores.

Sea ice thickness [em]

M.06

Figure 29. Map showing the locations of the 26 ice stations visited for sampling during the AO16 campaign. The
colors represent the sea ice thickness obtained by measuring the length of the obtained ice cores.

All results from the AO16 expedition will be presented in future publications. Selected results
from ice station 160911-1 are presented in Table 3, presenting Hg(0) concentrations measured
in brine, frost flowers, under ice water, sea ice, snow and new sea ice formed in refrozen sea
ice leads.

The highest Hg(0) concentrations were found in sea ice brine. When new sea ice is formed,
dissolved species within the brine are being rejected during the freezing process and these form
a crystal matrix, leading to an enrichment in brine pockets. According to Chaulk et al. (2011)75,
mercury is primarily residing within the brine channels in sea ice, which could explain the
higher Hg(o) concentrations found brine. However, brine normalization calculations
performed and presented in Paper IV indicate that Hg(o) in ice probably exists not only in
brine channels, but also in cavities in the bulk phase.

Table 3. Average Hg(0) concentrations (+StDev) and salinities in the Arctic sea ice environment in samples
collected at ice station 160911-1 during the AO16 campaign.

Hg(o) [pg L] Salinity [ppt]
Brine 358 £ 41 1.75
Frost flowers 86 + 39 4.40
Under ice water 60 £ 0.2 6.55
Seaice 2449 0.56
Snow 9+t5 0.04
New ice 38 £ 27 1.9
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Gases within sea ice are also, according to Crabeck et al. (2014)39, likely to be transported in
air bubbles within sea ice cavities. The fraction by volume of air bubbles in sea ice was
estimated to be around 0.6-2%.139

The brine volume of the ice was calculated from measured temperatures and salinities of the
ice according to equation 17. The salinity, temperature and brine volume of an ice core sampled
at ice station 160905-1 are presented in Figure 30, having an average brine volume of 0.9%.
The low brine volume recorded is mainly due to the low salinity measured, see Table 3 and
Figure 30.

Ice station 160905-1
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Figure 30. Measured temperatures and salinities and calculated brine volumes [%] in the ice core sampled at ice
station 160905-1.

Elevated Hg(0) concentrations were found in frost flowers, however in substantially lower
concentrations than what was found during the three campaigns in Antarctica (Paper IV). Frost
flowers are normally up to three times more salty than seawater and grow kinetically directly
from the vapor phase on frazil young sea ice.14> However, in this study the salinity of the UITW
was higher than in the harvested frost flowers. Frost flowers are considered efficient scavengers
of atmospheric mercury due to their large surface area and have been found to be able to
accumulate mercury with time.24

Hg(o) in UIW in the Arctic were found to be in the same range as measured during the
Antarctic expeditions (Paper IV). However, the Hg(0) concentrations measured in snow and
sea ice were found to be 18 times and 4 times lower than concentrations measured in
Antarctica, respectively. This could be due to spatial differences in atmospheric deposition of
mercury.

The distribution of Hg(0) in the Arctic sea ice environment is visualized in Figure 31, showing
the concentrations of Hg(0) in air, snow, meltwater, sea ice and in the deep water column of
the sea. The samples were collected at ice station 160905-1 and at the nearby CTD station
S160905-1. The highest average Hg(0) concentration was found in melt pond water (55 + 35
pg L) followed by the deep water column (45 + 25 pg L), sea ice (22 + 18 pg L*) and snow (8
+ 3 pg L. The salinity of the meltwater was similar to what was found in the sea ice (~0.40
ppt), indicating that the meltwater mainly originated from melting sea ice. The higher Hg(0)
concentrations found in meltwater compared to sea ice could be due to an in situ photo-
reduction in the shallow ponds that probably are more exposed to solar radiation than the sea
ice.
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Figure 31. A picture of the distribution of Hg(0) concentrations in the Arctic sea ice environment including
measurements in air, snow, sea ice and seawater measured at ice station 160905-1 and CTD station S160905-1.



Chapter 5

“He, who for an ordinary cause, resigns the fate of his patient to mercury, is a vile
enemy to the sick; and, if he is tolerably popular, will, in one successful season, have
paved the way for the business of life, for he has enough to do, ever afterward, to
stop the mercurial breach of the constitutions of his dilapidated patients. He has
thrown himself in fearful proximity to death, and has now to fight him at arm's
length as long as the patient maintains a miserable existence.”

-Nathaniel Chapman, quoted by William M. Scribner, '"Treatment of
Pneumonia and Croup, Once More, Etc,' in The Medical World (1885), 3, 187.

Mercury — The Global picture and
Climate change

Global comparisons

Results obtained from measurements performed during my PhD studies are here compared
and put in a global perspective. Historic and future changes of the mercury cycle in the marine
environment are also discussed. A summary of results, obtained during the measurement
campaigns accomplished during my PhD studies, is presented in Figure 32.

Measured mercury species in air

Generally higher GEM concentrations were found in the Northern hemisphere than in the
Southern hemisphere, as also presented in the literature study in Table 4, Paper II. The lower
GEM concentrations found in Antarctica is mainly due to less emission sources in the Southern
hemisphere, and due to the fact that air masses normally do not mix between the two
hemispheres. The highest GEM concentrations were found in the Mediterranean region which
is acknowledged to be surrounded by many emissions sources, both natural and
anthropogenic.119:142.143 At the R46/Rorvik station a seasonality in GEM concentrations was
observed with higher average values during winter and spring. This is likely due to
anthropogenic influences because of higher electricity demand during winter and spring in
Europe. Similar GEM concentrations were found in the Arctic and in Pallas, northern Finland,
which implies a well-mixed GEM concentration in the atmosphere in the far north, due to less
impacts of direct emission sources.

The highest values of particulate mercury (HgP) concentrations in air were found in Antarctica
due to the large production of HgP during observed winter and spring AMDEs (Paper I). At the
R&6/Rorvik station on the west coast of Sweden a seasonality in HgP was observed with highest
concentrations during winter and spring and lowest during summer, likely due to a seasonality
in anthropogenic influences as also observed for GEM (Paper VI). In springtime lower HgP
concentrations were found in Pallas compared to the Rd6/Rorvik station. This is likely due to
R&0/Rorvik being more influenced by anthropogenic emissions but it could also be due to
yearly differences.
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Figure 32. A summary of all measurements of GEM, HgP and GOM in air, DGM in surface and deep waters,
calculated supersaturation grades and Hg fluxes, and measured Hg(0) concentrations in polar sea ice environments
performed during my PhD studies.

The highest GOM concentrations were found in Polar Regions, indicating a large formation of
GOM due to photo-induced halogen chemistry in the atmosphere.5* The higher concentrations
found in Antarctica are likely due to the formation of Hg(II) during detected AMDEs.
The average HgP and GOM concentrations in the Arctic and at the Pallas station were found
to correlate well, indicating that also the oxidized forms of mercury are well mixed above the
north polar circle. However, a seasonality in the concentrations of GEM, HgP and GOM was
observed during a study in the Arctic station Ny Alesund (Svalbard). 4 Steen et al. (2011)
measured mercury species in air using the Tekran 1130/35 system from April 2007 to
December 2008 and found lower GEM and higher HgP concentrations during spring which
was explained by the occurrence of AMDEs. Higher GOM concentrations were found during
summer, as also observed at the Ra6 station, and it was hypothesized that this is due to ozone
mediated oxidation in the atmosphere. 44

Measured DGM, supersaturation and fluxes

The highest average surface DGM concentrations were found during winter and spring in
Antarctica which is in good agreement with what was measured in the Arctic during summer.
This is mainly due to the sea ice cover that hinders evasion of gaseous mercury from the sea
surface.*¢ Substantially lower average DGM concentrations were measured during summer in
Antarctica which is probably due to less sea ice coverage or by reason of spatial differences in



Antarctic Seas. The highest open water concentrations of surface DGM were found in the
Mediterranean Sea. By studying the global literature comparison in Table 4 (Paper II) it was
found that generally higher surface DGM concentrations were found in polluted areas. The low
measured DGM concentrations in the surface seawater at the R0 station are believed to
mainly be the reason of the measuring depth, further discussed on page 39.

DGM concentrations in deeper water columns were found to be lower in the Mediterranean
Sea compared to in Polar Regions. In Antarctica a seasonality in water column DGM
concentration was found with highest values during winter and lowest during summer,
following a negative correlation to the seasonality in Antarctic sea ice extent.*45 This suggests
that sea ice not only influence the surface DGM concentration but also the concentrations
deeper in the seawater column. Lower summer column concentrations in the Arctic compared
to in Antarctica could be due to spatial differences but could also indicate a higher
accumulation of mercury in Antarctic Seas.

In the Mediterranean Sea higher water column concentrations of DGM were found in summer
than in autumn, which could be due to spatial variations or due to a seasonality in photo-
production of Hg(0). The lower DGM concentrations in the surface water in summer, however,
could be the result of higher evasion. Seasonal variations in surface DGM concentrations in the
Mediterranean Sea, resulting in variations in calculated supersaturation grades and Hg fluxes,
were also found in the literature, see Table 2 (Paper V).

Spatial and seasonal variations of calculated supersaturation grades and Hg flux were found,
as presented in Figure 32. The variations are mainly the cause of found variations in
concentrations of surface DGM, GEM and measured weather parameters (Paper V).

Measured Hg(0) in the sea ice environment

Large variations in Hg(o) concentrations were found in the sea ice environment between
Antarctica and the Arctic.

The high concentrations found in snow in Antarctica are likely due to the atmospheric
deposition and reduction of Hg(II), formed during AMDEs. However, the concentrations of
Hg(0) in snow during summer in Antarctica were almost 30 times higher than during the same
season in the Arctic, which shows that also the summer atmospheric deposition and/or
reduction is higher in Antarctica.

Hg(0) concentrations in under ice water were found to be in the same range in both Polar
Regions, see Figure 32. The concentrations of both Hg(o) and HgTot, however, were found to
be substantially lower in the Arctic than in Antarctica, which implies existing geographical
differences in the uptake and reduction of mercury in polar sea ice (Table 2, Paper IV). The
reasons for the found differences need further investigation.

Implications for global modelling

Chemistry models have been widely used in the literature to, for example, try to estimate the
total yearly emissions of mercury from the ocean surfaces globally. The models often take into
account the whole cycle of mercury in the environment including, for example, emissions




(natural and anthropogenic), oxidation processes, atmospheric deposition, cloud chemistry
and variations in meteorological conditions. The cycling of mercury in seawater also includes
processes such as biological and chemical methylation/demethylation processes, riverine
inputs, remineralization and sedimentation.34:8:59146 The results of the different used models
have been found to vary extensively, presenting a yearly net evasion of mercury from sea
surface varying between 800 to 3000 tonnes.34:8:59

No modeling was performed in this study. However, the calculated flux rates obtained from
the different campaigns were used to estimate the annual net evasion of Hg(o) from the
different study areas. The results are presented in Figure 33.
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Figure 33. Estimations of the annual net evasion of Hg(0) from the Southern Ocean, the Mediterranean Sea, the
Kattegat coast and the Arctic Ocean, calculated from obtained flux rates presented in Figure 32.

The procedures for calculating the annual fluxes from the Southern Ocean and the
Mediterranean Sea are described in Paper II and Paper V, respectively.

The area of the Kattegat Sea was estimated to be 30 000 km2 and was not considered to be
particularly covered by sea ice in winter time'47. By excluding any sea ice coverage and seasonal
variation in Hg flux rate, the yearly net evasion of Hg(0) from the Kattegat Sea was calculated
to be 0.03 tonnes.

The total area of the Arctic Ocean is 14 060 000 kmz2, and the sea ice extent has in recent years
varied from a low summer extent of approximately 4 000 000 km? to a maximum extent in
winter of about 13 000 000 km2.145 By accounting for the seasonality in sea ice extent, and
using the calculated flux rate for summer, extended for the whole year, the total annual net
evasion of Hg(o) from the Arctic Ocean was estimated to be 63 tonnes. The total area of the
studied oceans and seas presented in Figure 33 (36 568 000 km2) represents about 10% of the
area of the world’s seas and contributes to between 3.5-13% of the modeled annual
emissions.34859 This shows that the estimations made in this study are in good agreement with
previous modeled results.

By modeling the mercury cycle in the environment, a larger understanding of the dynamics of
mercury can be achieved. Modeling can also provide information about possible future changes
due to, for example, climate change and changes in natural and anthropogenic emissions.



Models are thus very useful tools to fill the gaps in our knowledge. However, models used in
the literature are often complex and can bring uncertainties due to made approximations of
different parameters.*48 For instance, Dastoor and Dunford (2013) used two different models
to estimate mercury deposition and evasion to and from the Arctic Ocean, leading to
considerably different results. The GEOS-Chem model estimated a net evasion of mercury of
45 tonnes year* while the GRAHM model showed a net atmospheric deposition of 75 tonnes
year-1,138

The models are often based on limited measurements and, as also pointed out by Strode et al.
(2007)3, more measurements are needed to be able to also account for spatial and seasonal
variations in the global marine environment. Results presented in this thesis bring new
insights about spatial and seasonal variations from areas previously considered inaccessible
and could be of importance for future modeling.

Changing climate — changing mercury cycle

Historic changes

The effects of climate change are more visible in Polar Regions. The surface temperature in the
Arctic has increased due to global warming. As an effect, the sea ice extent decreased by 17%
between 1980 and 2005. A minimum in sea ice extent was found in 2012 and another minimum
was recently observed in summer 2016.49 Expanding vegetation in the lower Arctic has led to
more trapping of snow that has isolated the ground, giving a positive feedback to the increasing
temperatures. The Arctic has also experienced more storms and melting permafrost.:s° Also in
Antarctica the winter sea ice extent recently (2016) reached its lowest point since 1979.15!

In 1985, when mercury measurements were initiated in Antarctica, low concentrations of GEM
in air were recorded (0.23 ng m=3). Within the short time frame between 1987 and 1988
measurements showed an increase in GEM concentrations from 0.52 + 0.14 ng m3 to 0.60 +
0.4 ng m3. Between 1990 and 1995 an increase in mercury emissions from the African
continent, Australia and South America was recorded, leading to observed increased mercury
concentrations in air. Since 1995, however, the background concentrations have been relatively
constants and in 2003 the levels of GEM in the Southern hemisphere was estimated to be 1.2
ng m3.34110 Despite the large increase in concentration since 1985, the background levels of
GEM are still lower in Antarctica compared to the Arctic.

Generally, more mercury studies have been conducted in the Arctic than in Antarctica, likely
because the Arctic is more accessible and closer to civilization and research centers. Between
1995 and 2007 at Alert (Canada), a negative trend in GEM concentrations of 0.6%/year was
observed.’52 Similar decreasing trends have also been observed at other sites in the Arctic.136:153

A negative trend in GEM concentrations, with rates between 1-2% year?, have also been
observed in North America and Europe from the 1990’s to 2016.154 Long-term monitoring of
TGM in the Mediterranean region was initiated in 1998. Between 1998 and 1999 the average
concentration was between 1.3 to 2.4 ng m3. Measurements performed from year 2000 to
2007 showed no significant increasing or decreasing trend.’”9 Among studies presented in
Table 2 (Paper V) a decreasing trend in GEM concentrations of -1.244% year was calculated




for the time period 1998 to 2012 (Paper V).

At the Ra6/Rorvik station an 8% increasing trend in TGM concentration (~1.5 to ~1.6 ng m3)
was observed between the two time periods 1995-1998 and 1999-2002.4* However, the
measurements of GEM performed at the site between 2012 and 2015 showed no significant
trend.

Not enough measurements of surface DGM concentrations, in the study areas presented in
Figure 32, were found in the literature to study any historical changes in concentrations. A
summary of performed surface DGM measurements in the Mediterranean Sea are presented
in Table 2, Paper V. From reported data for the time period 1998 to 2012 a decreasing trend
was found having a rate of -1.243% year-.

Future changes

Also in the future the effects of climate change will probably be most evident in Polar Regions.
Increasing temperatures would lead to higher rates of sea ice and land ice melts, melting of
permafrost and glaciers and more riverine outflow to the oceans. More open sea surface areas
would lead to albedo changes, which would cause a negative spiral with increased
accumulation of heat in polar oceans.!s5

The sea ice extent is important for the cycling of mercury in Polar Regions since it is believed
to partly reduce the re-emission of mercury from the sea surface to the atmosphere.!16:156
Decreasing sea ice extent would therefore initially lead to a larger re-emission of Hg(0) from
sea surfaces, which would cause an increased global spread due to the long life-time in air.8 Sea
ice is also believed to reduce the amount of solar radiation available for photo-chemical
reactions in under ice water, such as the primary production and breakdown of MeHg.23.108

Sea ice is believed to play an important role during springtime atmospheric mercury depletion
events. It influences the timing and magnitude of atmospheric deposition into aquatic systems
by slowing down the uptake of mercury in marine ecosystems.879:157 Cole and Steffen (2010)
observed a time shift in the occurrence of AMDEs from before starting in May to later have
been observed as early as in April at Alert, Canada. They also found a negative correlation
between AMDEs and temperature and increasing temperatures due to climate change, which
suggest a change in atmospheric oxidation rates of GEM and a lower frequency of AMDEs in
Polar Regions in the future, possibly leading to less deposition of atmospheric mercury to polar
oceans. 52156

In this study it was found that significant amounts of mercury are presently stored in the polar
sea ice environment. The melting of sea ice and snow (and also land ice and glaciers) would
thus lead to an increased input of mercury into polar oceans.’5¢'55 In the Arctic the ongoing
transition from multiyear old ice to first year old ice will probably continue, possibly leading to
an increased volume of brine in the ice, in which a large part of mercury is accumulating.75156
Many melt ponds were observed during summer 2016 in the Arctic, which were found to
contain elevated concentrations of Hg(0). However, in a study by Aspmo et al. (2006), low
HgTot concentrations were found in melt ponds in the North Atlantic Ocean.35 It could imply
that mercury is depleted in melt ponds by reduction and evasion processes. However, more
research is needed to study the effects of increasing melt ponds and how they will affect the
mercury cycling in the marine environment in a warming climate.
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Climate change might affect the global marine cycling of mercury in other ways. Higher winds
would increase the circulation and transportation velocity of mercury in air. Higher
precipitation could lead to higher rates of wet deposition, increasing the input of mercury to
land and oceans. Larger run-off and erosion would lead to a larger movement of terrestrial
mercury to the oceans and a suggested increase in wild-fires would increase the emissions of
Hg(0) and HgP to air.15558

Concentrations of different mercury species in water columns were in this study found to vary
in different Antarctic water masses and were also suggested to be affected by the water
circulation in the Southern Ocean (Paper III). Climate change could cause changes in oceanic
circulations worldwide and could also lead to changes in productivity and methylation rates
and affect the future distribution of mercury in the water column.s8

Future possible changes in anthropogenic emissions could also influence the cycling of
mercury in the global marine environment. In a global anthropogenic emission scenario it was
estimated in a best-case scenario that anthropogenic sources could decrease to about 800
tonnes year® in 2050 from present-day yearly emissions of about 2000 tonnes year-.159 It is
however unknown how future technologies will develop.

The largest future non-anthropogenic contributor to atmospheric mercury, in the scenario of
a warming climate, is here hypothesized to be the re-emission of previously emitted and
deposited mercury through Hg evasion from land and oceans. Increased number of storms and
escalated winds would highly affect the Hg flux disregarding the choice of gas exchange model
used for calculations, see Figure 5, Paper V. The heating of the surface oceans would also affect
the Hg flux. The almost linearly dependence (R2=0.99) of the seawater temperature to the
calculated flux rate was in this study found to cause an increase of almost 9%/°C increase of
the water temperature.

Many environmental effects of climate change have been suggested, leading to several
hypotheses of how the global marine mercury cycle will be affected. However, too many
uncertainties exist in the predictions to fully draw any conclusions on how future marine
ecosystems will be influenced by these possible changes.
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Chapter 6

“Learning is like mercury, one of the most powerful and excellent things in the
world in skilful hands; in unskilful, the most mischievous.”

-Alexander Pope, Thoughts on various Subjects', The Works of Alexander

Pope (1806), Vol. 6, 406.

Mercury — The Conclusions and Future

work

Research questions — The answers

A number of research questions were stated in the beginning of this thesis which are here tried
to be answered:

E What are the concentrations of mercury species in air in different parts of the world?

The concentrations of different mercury species in air were found to be well-mixed in
the Northern hemisphere. Measurements in Sweden, Finland and the Arctic showed
average concentrations of GEM, HgP and GOM of 1.3 - 1.5 ng m3, 2.2 - 5.1 pg m-3 and
0.3-1.6 pg m3, respectively. Higher GEM concentrations were found in the
Mediterranean due to local emission sources. The lowest GEM (1.0-1.1 ng m3) and
highest HgP (15-20 pg m3) and GOM (4.6-5.0 pg m3) concentrations were found in
Antarctica. This was due to observed AMDEs during winter and spring.

yj Are there any spatial or seasonal variations of elemental mercury (Hg(0)) in surface

seawater? Is surface seawater generally over-saturated or under-saturated with
respect to Hg(0)?

Spatial variations of DGM concentrations in surface waters were found, having the
highest average concentrations in Polar Regions. This is due to that sea ice acts as a cap,
preventing re-evasion of Hg(o) from sea surfaces. It was found that the measuring
depth influence the results, yielding lower concentrations in the top 30 cm of the water
column.

The seawater surfaces in the studied areas were nearly all found to be over-saturated
with respect to Hg(0), having saturation grades varying between 158 and 1100%. Parts
of the Amundsen and Ross Seas in summer were found to be under-saturated.



E What is the estimated mercury flux between the air-seawater interphase and how is
this varying with season and location?

Mercury flux rates were found to vary spatially and seasonally ranging from -0.2 to 5.3
ng m2 h. The highest flux rates were found in the Mediterranean Sea during summer
and the lowest rate was found during summer in Antarctic Seas. The calculated flux
rates were mainly depending on the spatial and seasonal variations of measured DGM
and GEM concentrations. Local variations in temperature and wind speed were also
found to influence the calculated flux rates.

‘V; How does the choice of flux model affect the estimate of mercury re-evasion from sea
surfaces in global modelling?

The consequences of the choice of gas exchange model to estimate the Hg flux were
studied and discussed in Paper V. Depending on the gas exchange model, the results in
Hg flux could differ as much as 43% even at lower wind speeds (7 m s). At higher wind
speeds (25 m s?) the differences between models resulted in large diversities in
calculated flux rates of up to about 700%.

‘V; Which parameters influence the distribution of different mercury species in seawater
columns?

DGM, HgTot and MMHg concentrations were measured in the water columns of the
Weddell, Amundsen and Ross Seas (Paper I1I). The DGM concentrations in the water
column were found to vary seasonally, possibly due to changes in sea ice extent,
seawater temperature and solar radiation. The general DGM profile showed an increase
along the thermocline with lowest concentrations in the Antarctic Surface Water
(AASW).

The concentrations of HgTot in seawater columns showed to be relatively well-mixed
with variations mainly visible in the surface layer and close to the bottom. This was
hypothesized to be due to processes such as re-evasion from sea surfaces and sediment
fluxes. A seasonality was observed for HgTot with higher values in spring than in
winter, which could be because of meltwater discharge from sea ice floes.

The concentrations of MMHg in the water columns showed no seasonal variations. The
largest variations were found in the top 500 m of the water column. The lowest
concentrations were found in the AASW, possibly because of photo-induced
demethylation. Highest MMHg concentrations were found close to the Dotson and Getz
ice shelfs in the MCDW water layer, which contains water from melted sea ice and snow
and is associated with high phytoplankton blooms.
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‘v_; Houw is the sea ice environment affecting the global budget of mercury?

Sea ice was found to act as a cap preventing gaseous mercury at the surface to evade.
Since a higher average water column concentration of DGM was observed in winter in
Antarctica it was suggested that the sea ice also affects the DGM concentrations further
down in the water column.

Sea ice also act as a barrier for atmospheric deposition, as was observed during AMDEs
when high concentrations of mercury were found in surface snow. The high
concentrations of mercury found in the sea ice environment (especially in Antarctica)
suggest that sea ice could be a present significant reservoir of mercury. It has also been
found in previous studies that sea ice can influence the timing of AMDEs which have
an impact of the atmospheric deposition of mercury in Polar Regions.

. How can the cycling of mercury in marine environments be affected by climate

\—V: change?

Many different changes have been proposed in the literature to happen in the future
due to climate change such as increased surface temperatures, higher winds and
precipitation, larger run-off, more erosion, increased wild fires, melting sea ice, land
ice, permafrost and glaciers. These changes might affect the global marine cycling of
mercury in several ways. Previously stored mercury in the sea ice environment, land ice
and glaciers could initially increase the input of mercury into polar oceans. On the
contrary; increased winds and temperatures could lead to a larger re-evasion of gaseous
mercury from sea surfaces. On one hand, this is leading to an increased spread of
mercury in the atmosphere. On the other hand, it is decreasing the load of mercury in
the world’s oceans.
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Outlook

More measurements of GEM, GOM and HgP at different geographical locations would be
beneficial to further study interannual variations and to monitor future atmospheric trends.
The performed measurements of mercury species in air over sea ice during winter and spring
in Antarctica showed a large production of HgP during observed AMDEs. These observations
have previously not been detected at coastal stations in Antarctica. It is therefore suggested
that more measurements of GEM, GOM and HgP over sea ice are needed in Polar Regions to
further study the formation and deposition of Hg(II) species occurring within the sea ice
margin.

Measurements of mercury in sea ice are sparse and to our knowledge no previous studies have
presented Hg(0) concentrations in the sea ice environment. Speciation of mercury in sea ice
provides valuable information of how mercury enters, transforms and transports within the ice
and more field measurements are therefore needed in both Polar Regions. Laboratory
experiments are necessary to examine and further support the field experiments performed in
this work, to study the uptake of mercury in newly frozen sea ice and the photo-production of
Hg(0) within sea ice. The study of mercury in polar sea ice environments are important for
future modelling and for the predictions of how the approaching melting of sea ice will affect
the load of mercury in polar marine ecosystems.

Spatial and seasonal variations of measured DGM concentrations in surface and deep waters
were found to be substantial in this study. The variations cause large fluctuations in calculated
mercury flux rates, which in turn affect the global estimates of mercury evasion from sea
surfaces globally. Previous global models have been based on limited measurements of DGM
and GEM in different parts of the world. It is therefore suggested to expand the measurements
to support future modelling. Surface DGM could be measured continuously during
oceanographic campaigns or by permanently installing, for example, a continuous equilibrium
system (page 23) or an in situ purging system (page 24) on board cargo and passenger ships or
installing them on oil rigs, at wind power station platforms at sea or at coastal stations.
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