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Abstract

Humanity is currently using more than 200000 synthetic organic compounds
in many industrial, agricultural and domestic applications. Many of these
chemicals reach the environment and have a harmful effect on ecosystems and
humans. Among them, the group of persistent organic pollutants (POPs)
comprises several families of compounds that have physical and chemical
properties that give them the ability to be distributed and impact globally
(semivolatility, high persistence and bioaccumulation capacity due to their

hydrophobicity).

In the present thesis, the coupling of atmospheric transport and
biogeochemical cycles in the Arctic and Southern Ocean has been studied for
Hexachlorocyclohexanes (HCHs), Hexachlorobenzene (HCB) and
Polychlorinated Biphenyls (PCBs). Three oceanographic cruises were conducted,
one in the North Atlantic and the Arctic Ocean (2007) and two in the Southern
Ocean surrounding the Antarctic Peninsula (2008 and 2009). During these
campaigns, air (gas and particulate), water (dissolved and particulate) and biota
(phytoplankton) were sampled simultaneously allowing to report a complete
picture of POPs cycling in polar areas. In the case of the Southern Ocean, the

largest data set available for PCBs, HCH and HCB has been generated.

The atmospheric and seawater concentrations were low, among the lowest
reported for the Polar Oceans, and in the case of the Southern Ocean there is a
clear historical trend of decreasing concentrations, consistent with reduced
emissions in source regions. Long range atmospheric transport was identified as
the main POPs input to polar ecosystems agreeing with previous works. However,
it has been found that secondary local sources from soil and snow influences
strongly the atmospheric concentrations overland in the Antarctic region, and over
the adjacent Southern ocean in the case of HCHs. Atmospheric residence times
calculated from the measurements were in agreement with the prediction from
environmental fate models. The atmospheric residence times were longer for the
less hydrophobic PCBs and shorter for the more hydrophobic, consistent with the
role of the biological pump sequestering atmospheric PCBs. Once POPs reach the

Polar regions the main route of entry of these compounds to surface waters is by



atmospheric deposition, mainly by diffusive exchange between the gas and
dissolved phase with minor contributions from dry deposition of aerosol bound
POPs. Estimated bioconcentration factors revealed that concentration of POPs in
phytoplankton were correlated with the chemical hydrophobicity, but some
discrepancies with model predictions were observed. The biological and
degradative pumps are identified as the two main processes that control the fate
and occurrence of POPs in the surface water column, and also are able to
modulate the atmospheric transport of POPs to remote areas. POPs such HCHs
are prone to be efficiently degraded by bacterial communities in surface waters,
depleting the seawater concentrations and increasing the diffusive air-water
exchange to the Arctic and Southern Ocean. Conversely, the biological pump
decreases the dissolved phase concentrations of the more hydrophobic PCB
congeners increasing the air to water fugacity gradients and enhancing the
diffusive air-water exchange fluxes. This is the first time that the influence of the
biological pump on POP cycling is demonstrated for Oceanic waters. Finally,
HCB was close to air-water equilibrium showing that neither the biological and
degradative pumps are efficient sequestration processes for the highly persistent
and mid-hydrophobic compounds. Overall, the results show clearly that
biogeochemical processes occurring in the water column affect the atmospheric
deposition and long range transport of POPs to remote regions.The magnitude of
these processes may show a clear seasonality and are suitable to be perturbed

under the current scenario of climate change.



Resumen

En la actualidad se usan en aplicaciones domésticas mas de 200.000
compuestos organicos sintéticos. Muchos de estos compuestos quimicos que se
liberan al medio ambiente son nocivos para el medio ambiente y los humanos.
Entre estos compuestos se encuentran los contaminantes organicos persistentes
(COPs) que comprenden una serie de familias de compuestos que comparten una
serie de caracteristicas fisico-quimicas que les permiten estar distribuidos
globalmente (semivolatilidad, elevada persistencia y capacidad de

bioacumulacion por sus caracteristicas hidrofobicas).

En la presente tesis doctoral se ha estudiado en profundidad el
acoplamiento entre el transporte atmosférico y los ciclos biogeoquimicos
Hexaclorociclohexanos (HCHs), Hexaclorobenceno (HCB) y Bifenilos
Policlorados (PCBs) en los Océanos Polar Artico y Polar Antartico. Durante esta
tesis se han realizado tres campafias oceanograficas, una al Atlantico Norte y al
Océano Polar Artico (2007), y dos en el Océano Polar Antartico y en aguas
circundantes a la Peninsula Antartica (2008 y 2009). Durante estas tres campanas
oceanograficas se han tomado muestras de aire (gas y particulado), agua (disuelto
y particulado) y biota (fitoplankton) de forma simultanea lo que permitié tener
una amplio conocimiento de el ciclo de los COPs en zonas polares. En el caso de
el Océano Polar Antartico y en aguas circundantes a la Peninsula Antartica se ha
generado la mayor cantidad de datos en un mismo trabajo, incluso se han
generado datos que hasta ahora no se habian publicado como las concentraciones

de fitoplankton.

La concentraciones medidas en el la atmosgera y aguas superficiales
fueron bajas, siendo en algunos casos las concentraciones mas bajas jamas
encontradas en el océano polares, en el caso de el Océano Polar Antértico se ha
encontrado una significativa tendencia historica de concentraciones decrecientos
lo cual es consistente con la reduccion de emisiones de COPs en origen. El
transporte atmosférico a larga distancia ha sido identificado como la via de
entrada principal de entrada de los COPs a sistemas polares. Sin embargo, se ha
encontrado que hay fuentes secundarias provenientes de el suelo y la nieve con

una clara influencia sobre las concentraciones atmosféricas en zonas de el



continente Antartico y aguas costeras adyacentes en el caso de los HCHs. Los
tiempos de residencia atmosférica calculados estan en los mismos rangos con los
modelos predictivos. Los tiempos de residencia atmosférica fieron mas largos
para los compuestos menos hidrofobicos y mas cortos para los mas hidrofobicos
lo cual es consistente con la bomba bioldgica. Una vez estos compuestos alcanzan
las regions polares la principal ruta de entrada de estos compuestos al agua
superficial es por deposicion atmosférica, principalmente por intercambio difusivo
entre la fase gas y la fase disuelta, se ha comprobado que la contribucion de la
deposicidon seca es significativamente menor. Los factores de bioconcentracion
revelaron que la concentracion de COPs en el fitoplankton se correlacionaba con
la hidrofobicidad quimica, pero se encontraron discrepancias con los modelos
predictivos. Las bombas biologica y degradative han sido identificadas como los
dos procesos principals que controlan el destino y ocurrencia de COPs en la
columna de agua superficial e incluso son capaces de modular el transporte
atmosférico de COPs a areas remotes. COPs como los HCHs son eficientemente
degradados por las comunidades bacterianas de aguas superficiales disminuyendo
su concentraci¢on aumentando los flujos difusivos de deposicion entre la fase gas
y la superficie disuelta en el Océano Polar Antartico y en aguas circundantes a la
Peninsula Antartica. Por otro lado, la bomba bioldgica disminuye las
concentraciones de el disuelto de los COPs mas hidrofobicos aumentando el
gradiente de fugacidades y favoreciendo la deposicién por intercambio difusivo
aire-agua. La presente tesis es la primera que ha demostrado la influencia de la
bomba bioldgica influye de forma significativa el ciclo de los COPs.El HCB se ha
encontrado en equilibrio en ambas zonas de estudio y no se ha demostrado que
hubiera influencia de la bomba bioldgica o de procesos degradativos en aguas
superficiales. Como conclusion final se ha demostrado a través de los resultados
que los procesos biogeoquimicos en la columna de agua afectan a la deposicion
atmosférica y el transporte a larga distancia de COPs a regiones remotas. La
magnitud de estos procesos muestra una clara estacionalidad que puede ser

perturbada en un actual escenario de cambio climatico.
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Introduction

Chapter 1

Introduction

1. Anthropogenic global change and organic pollutants

Since the first steps of humanity, notably since the Neolithic revolution,
(5000-8000 years ago), the composition of the biosphere has been modified, first
slightly (Ruddiman, 2003), but these changes that have increased exponentially
during the last 200 years (Steffen et al. 2007). In fact, as human population grows
the anthropogenic impact increases markedly. First societies were formed by
small groups of hunters, nomads and scavengers and their environmental impacts
were negligible compared to modern and industrial ages. During the beginning of
humanity, the time needed to increase the population by 10 million was a hundred
thousands years, nowadays it only takes 6 weeks (McMichael, 1993). With this
growth rates in population, it is projected that human population will reach 11

billion people in the next 50 years (Lutz et al., 2001).

The population has increased markedly since the industrial revolution
around 1750 and even at a higher rate during the last 50 years (Figure 1). There is
also an increase of use of water, fertilizers, fossil fuels, and chemicals (Dachs and
Mejanelle 2010). Indeed, there 1is a direct relationship between the
industrialization and greenhouse gasses atmospheric concentration (IPCC 4"
assesment), and also on the use and emission of synthetic organic chemicals to the
environment. Crutzen defined the last 250 years as Anthropocene (Crutzen and
Stoermer, 2000; Crutzen, 2002; Kirch, 2005). Actually, anthropocene could be
divided in two different recognized stages. The early stage goes from 1800 to
1945 (2" World War) comprising the early industry development. The later stage
goes from 1945 to present comprising an unprecedented development of heavy

industry, human development and resources demand.
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Figure 1. Increasing of the world population in billions of persons during the anthropocene and for other indicators (Steffen

et al. 2007)

During the Anthropocene, there are direct human impacts on ecosystems
by means of mining, land-use change, ecosystem fragmentation, ecosystem
destruction, population migration events; or indirect by means of greenhouse
gasses and pollutants emissions. As an example it has been noted that human
activities induce changes in the biogeochemical cycling of the principal elements
in the earth (C, N, S, O and P) and the increase of pollution levels and number of
pollutants. In the case of the pollution emissions is important to mention the case
of greenhouse gasses (CO2, CH4...), atmospheric acidifiers (SO4-2, NO-3, NOx),
ozone depletion catalyzers (CFCs, BrO3), heavy metals (Cd, Pb, Hg, Co...), and
legacy and emerging persistent organic pollutants (PCBs, HCHs, PAHs, DDTs,
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Dioxin...). Even though organic pollutants are at trace levels in the environment,
there are thousand of them already identified, and a larger number still to be
studied. All these perturbations of the composition of the atmosphere induce an
adverse effect on ecosystem and human health. Therefore, chemical pollution is
just another vector of global change, that goes beyond the climate and temperature
rise, and which effect has not been quantified in terms of the Earth system

(Rockstrom et al. 2009).

Remote Polar Regions, such as the Arctic and Antarctica, are considered
sentinels of global change (IPCC 2007, Summary for Policymakers, in Climate
Change 2007: Synthesis Report, p. 11). While there is an important body of
literature on organic pollutants in the Arctic, the Antarctica has received much
less attention. In addition, there are few studies on the cycling of organic

pollutants in the Polar Oceans.
2. Persistent Organic Pollutants (POPs).

The increase in production and use of organic chemicals is correlated to
the increase of human population and its industrial development. The use of
synthetic organic chemicals is coupled to the development of chemical and
agrochemical industry, and includes chemicals used in industry, agriculture,
domestic and health products, and the use of fossil fuels. So far, there are 71
million of compounds that have been registered (www.cas.org), but about 297,000
are in use by the contemporaneous human society (<0.01%). Recently, it has been
reported that at least 100,000 of these compounds are in commerce and used in a
myriad of “domestic” and industrial applications with an increasing demand
(Muir and Howard, 2006). Even though, many of these chemicals have beneficial
applications for human health and security (fragrances pharmaceuticals, flame-
retardants), once in the environment they can pose a risk for the environment
(Morley et al., 2006). Among the synthentic organic chemicals used during the
last century, some have raised a notorious concern for their effects to wildlife and
humans once released to the environment, leading to national and international
legislations controlling or banning their use. Especially relevant are those known
as persistent organic pollutants (POPs), which are characterized by its persistence,

potential for bioaccumulation, and capacity for long range transport which allow
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them to be distributed globally. They are hazardous to the environment due to its
toxic effects at both organism and at ecosystem level. Many POPs are semi-
volatile, so they have the capacity to be atmospherically transported and
redistributed across different environmental media to proximate and distant
ecosystems. In fact, POPs are distributed globally in biotic and abiotic
compartments (Klanova et al., 2011; Dachs and Mejanelle 2010; Gioia et al.,
2006; 2008; Jaward et al., 2004), reaching remote areas like the Arctic and
Antarctic ecosystems (Wania and Mackay, 1996). Within POPs, there are
industrial chemicals and by-products, such as polychlorinated biphenyls (PCBs)
and hexachlorobenzene (HCB), a number of organochlorine pesticides (aldrin,
chlordane, dieldrin, dichlorodiphenyltrichloroethane (DDT), endrin, heptachlor,
mirex, toxaphene and hexachlorocyclohexane). In addition, there are by-products
of combustion processes such as polychlorinated dibenzo dioxins and furans
(PCDD/Fs). The POPs that are currently banned are called “legacy POPs”.
Emissions of legacy POPs are linked to past use of them in many applications (for
example PCBs in transformers), or to a remobilization of historical resevoirs in

soils, vegetation, seawater and sediments.

The first public awareness of the consequences of POPs usage came from
Rachel Carson book “Silent Spring” (Carson, 1962). In this book, she reflected
the fact that some compounds such as DDTs not only affected mosquito
populations, but also it was associated with a high mortality of birds. However,
this book contains the writer’s reflection with a lack scientific perspective, which
led to an important criticism to her conclusions (Figure 2). Unfortunately, her
hypotheses were not far away from reality, and nowadays contaminations by
POPs is recognized as a primary concern of the environmental health (Tanabe,
2002), and there are thousands of reports on their widespread in the environment
and harmful effects (Iwata et al., 1993; Meijer et al., 2003, Wania and Mackay,
1993; 1995).

The United Nations Environmental Program (UNEP) and the World
Health organization (WHO), through resolution 18/32 initiated a consultative
process to evaluate an initial POPs list in 1997 (Table 1), in collaboration with the
Intergovernmental Forum on Chemical Safety (IFSC). IFSC recommendations

gave a first step to negotiate an international treaty on POPs.
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Figure 2. Using a children’s nursery rhyme to suggest an ecological food chain. J. W. Taylor, ‘This is the dog that bit the
cat that killed the rat that ate the malt that came from the grain that Jack sprayed.,” Punch Magazine, March 6, 1963
In subsequent years, followed a series of international negotiation
meetings in different countries (i.e Montreal 1998, Bangkok 1998, Nairobi 1999,
Vienna 1999, Geneva 1999, Bonn 2000, Johannesburg 2000). Finally, the
Stockholm convention on POPs was signed in 2001. Taking the final step toward

regulating the production and use of some POPs with the objective of:

"..protect human health and the environment from persistent organic

pollutants..."
Extract from the article 1of Stockholm Convention on Persistent Organic Pollutants

By signing and ratifying the Stockholm protocol, parties are committed to
reduce / eliminate the production, use or release of 12 families of POPs (Table 1).
In 2011 this list was actualized and now includes 25 families of compounds.
However, there are previous/contemporaneous efforts of UNEP for international
legislation on pollutants. The United Nations Economic Commission for Europe
(UNECE) in 1979 met in Geneva for the Convention on Long-range
Transboundary air pollution (CLRAT). While at first this convention was focused
on the emission of sulphurs and its effects on the acidification of the medium,
there were additional protocols regulating several air pollutants (nitrogen oxides,

volatile organic compounds and POPs). The protocol on POPs came from the



Introduction

Aarhus convention in 1989 and was adopted in 2003. The protocol objective was
to eliminate production, usage, discharges, emissions and release of POPs to the
environment. Despite of having an intention similar to the Stockholm Convention,
the Aarhus protocol includes a list of 16 POPs and additional 7 compounds have
been added recently (Table 1). Moreover, the European Commission (EC)
developed the European Community regulation on chemicals and their safe use
(EC 1907/2006). It deals with the registration, evaluation, authorisation and
restriction of chemical substances (REACH), this law entered into force in 2007.
The adoption of REACH normative implies a quality step forward in international
chemicals regulation because it sets the usage approval prior to commercial
exploitation. Manufacturers and importers are required to gather information on
the properties of their chemical substances allowing safe handling and registering
the information in a database centre run by the European Chemicals Agency
(ECHA) in Helsinki. The contribution of all these international legislation
provided an international dimension to the environmental problematics on POPs,
even though the regulated POPs are a very small fraction of all potential organic

pollutants.

Both the Stockholm Convention and REACH use the current knowledge
of the long-range transport, bioaccumulation processes, and persistence to
prioritize chemicals to be considered as pollutants (and POPs), and as a screening
criteria before they are introduced in the marked, respectively. Therefore, the
scientific knowledge developed during the last three decades is used in the current
legislation of organic pollutants. In addition, the Stockholm convention aims at
controlling and monitoring the global occurrence and temporal trends of POPs in
the environment. Therefore, the study of the environmental fate and cycling of
POPs, it is not only important of its implicit scientific interest, but also because
current legislation is based on scientific knowledge, even though science is often
20 year ahead of legislation. The environmental fate and impact of organic
pollutants can be predicted from their physical chemical properties, such as
vapour pressure, the solubility in water and the octanol-water partition
coefficients. Thus, criteria used to prioritize POP is based on these chemical

properties and current knowledge of POP cycling in the environment (table 2).
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Nowadays, it is imposible to assess the environmental fate and cycling of POPs

without a consideration of their properties and partitioning behaviour.

Table 1. List of persistent organic pollutants included in the Stockholm convention and the Convention on Long-

Range Transboundary air-pollution (CLRTAP)

Stockholm Convention

Insecticide Industrial Chemical Unmtentl‘o nal
Production
Aldrin PBDEs" HCB
Dieldrin Hexachlorobenzene PCDDs
Endrin Pentachlorobenzene® PCDFs
Chlordane PCBs Pentachlorobenzene®
Chlordecone® Perfluorooctane sulfonic acid® PCBs
Heptachlor Perfluooctanated sulfonyl fluoride®
Hexachlorobenzene
Hexachlorocyclohexane(a and b)*
Lindane®
Mirex
Pentachlorobenzene®
Endosulfan®
Toxaphene®
Pentachlorobenzene®
Convention on Long-Range Transboundary Air Pollution
Insecticide Industrial Chemical Unmtentl‘o nal
Production
Aldrin PBDEs" HCB
Dieldrin Hexachlorobenzene PCDDs
Endrin Pentachlorobenzene” PCDFs
Chlordane PCBs Pentachlorobenzene”
Chlordecone Perfluorooctane sulfonic acid" PCBs
Heptachlor Perfluooctanated sulfonyl fluoride®
Hexachlorobenzene Brominated dioxins and Bromo-Chloro dioxins®
Hexachlorocyclohexane(a and b) Octachlorostyrene”
Lindane Organometals®
Mirex Polychlorinated Naphtalenes®
Pentachlorobenzene PAHs
Endosulfan Short Chain Paraffins®
Toxaphene
Pentachlorobenzene”

“Included in 2011 amendments
*Included in 2009 amendments
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Table 2. POPs definition under the UNECE criteria as proposed in the Aarhus protocol

Property Criteria for definition as POPs
. Py*<1000Pa or
P"‘I‘i‘l‘;ﬁf"r Half-Life in air>2 d and
Presence in remote regions
Half-Life in water>2 months or
Persistence Half-Life in soils>6 months or
Half-Life in sediments>6 months
LogKow™>6 or
Bioaccumulation BCF*>5000 or

evidence of high toxicity

* Vapor Preassure
® Octanol-water partition coefficients
¢ Bioconcentration Factors
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3. Physical Chemical Properties and environmental Partitioning of

POPs.
3.1 Relevant Physical-chemical properties for non-ionic POPs

The physical chemical properties of POPs play a key role on the
environmental partitioning of POPs, on the potential for long-range transport
through the atmosphere and oceans, on their persistence, and on bioaccumulation
processes. The relevant physico-chemical properties that need to be considered
when studying the environmental partitioning and cycling of POPs are the vapour
pressure (Py), solubility in water (Sy), Polarity (Sp), hydrophobicity, air-water
partition coefficients (LogK,w), octanol-air partition coefficients (LogKo4) and

octanol-water partition coefficients (LogKow).

Vapor pressure (Py): The vapour pressure is the atmospheric pressure
exerted by a vapour in a closed system that is in thermodynamic equilibrium with
its condensed pure phases (solid or liquid) at a given temperature. It informs about
the tendency of the chemical to escape from the liquid (or a solid) phase and its
units are Pascals (Pa). The organic compounds with higher Py will have higher
tendencies to partition to the atmosphere and undergo atmospheric transport. Py
for most legacy POPs range from 0.0001 to 0.01 Pa. Py depends on temperature,

so at higher temperatures, Py is higher.

Solubility in water (Sw):. The solubility in water is the maximum
concentration of a chemical in water when it is in contact with the pure compound
(solid, liquid, or gas). Non-ionic organic compounds tend to have low solubilities
in water, and its value depend on the polarity of the solute and temperature. Its
units in the international system are mol m™. For example compounds with higher
solubility will tend to be in the surface waters from the continent or oceans, while
lower solubility compounds tend to be in sediments, bound to particles or in the
air depending on the vapour pressure. Legacy POPs have very low Sy values

because they are either non-polar of have low polarities.

Solubility in organic matter and octanol (So.): The solubility in organic
matter is the saturated concentrations of the solute as dissolved in the organic

matter (absorption) when it is in contact with the pure compound. Since most
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legacy POPs are highly hydrophobic (low Sy), they have high tendency to
partition in organic matter and lipids of particles and organisms. However, the
composition of organic matter pools in the environment can vary, and by
tradition, octanol has been taken as a surrogate of organic matter. Therefore,
physical chemical properties for organic compounds are tabulated for the partition
to octanol, and the environmental partitioning of chemicals is referred to the

octanol-water and octanol-air partition coefficients.

3.2 Octanol-water partition coefficients (Kow) and estimation of partitioning

between water and organic matter.

Octanol-water partition coefficient (Kow): Kow 1s the ratio between So.

and Sy

K, =0 [1.1]

Therefore, Kow 1s dimensionless. Ko has been tabulated for thousands of
organic compounds and can also be predicted from chemical structure. Koy
depends on temperature, with lower values at higher temperatures. Koy are
usually tabulated at 298K and it can be temperature-corrected to environmental

conditions by (Harner and Bidleman, 1996),:

~AUpy (1 1
KOWTO _e{ R \T, 298.15}}

K = [1.2]

0WT298.15
Where Kowr, and Kowrsare the octanol water partition coefficients at Ty
and at 298.15 K, -4Upy is the enthalpy of phase change from octanol to water (kJ

mol™), and R is the ideal gas constant (kJ mol™ K™). Typical values of -4 Uy for
hydrophobic organic pollutants are of 35 KJ mol™.

Characteristic values of Koy for most legacy POPs, such as PCBs and
HCH, range from 10> to 10® at 298 K. These values are more than one order of

magnitude higher in the polar oceans.

10
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Dissolved organic carbon—water partition coefficient (Kpoc): Since the
dissolved organic carbon (DOC, KgC m™) is the major pool of carbon in oceanic

waters, it is important to assess how Kpoc is predicted. Kpocis given by:

C
K pp = —poc [1.3]
C, DOC

Where Cyioc and Cy are the concentrations of the selected compound
associated to dissolved organic carbon (ng KgC™) and the concentration of the
selected compound found in the trully dissolved phase (ng m™). DOC is an
heterogenous mixture of organic compounds, and has a lower sorption capacity
than octanol, particulate organic carbon, or lipids. Experimental measurements
have reached experimental values for Kpoc, but with an important variability, but
an average correlation between Kpoc and Kow is usually used (Totten et al.,

2001):
Koo =0.1K,, [1.4]

Phytoplankton-water partitioning or bioconcentrations factors (BCFs):
Phytoplankton and bacteria do not have known active mechanisms for the uptake
of POPs from water. Therefore, the bioconcentration of POPs in phytoplankton is
due to passive uptake due to molecular diffusion. Conversely, Bioaccumulation
refers to the accumulation of chemicals in organisms due to ingestion, which is

not relevant for phytoplankton. BCFs (L kg) are given by,

BCF — CPhyto
Cy [1.5]

Where Cppy, 1s the concentration of the chemical in the phytoplankton (ng
kg') and Cy is the concentration in the dissolved seawater (ng L) when the
chemical is at equilibrium. Theoretically, only the chemicals in the truly dissolved
phase are bioavailable for bioconcentration, thus, very often BCFs are estimated
using Cypocto derive the truly dissolved Cy. An analogous approach can be used
to estimate the partitioning between particulate organic matter (POM) and water.
POP can be estimated from the particulate organic carbon (POC, Hedges et al.,
2002).

11



Introduction

Kow has been found to be an important predictor of the BCF' (Mackay and
Fraser, 2000; Voutsas et al., 2002). Generally, BCF are related to Kow by,

BCF = focKoy [1.6]

Where foc is the fraction of organic carbon in phytoplankton. Therefore,
the more hydrophobic is a chemical, the higher is its BCF value. However, in the
case of the more hydrophobic POPs (log Kow >7), the predictions are weak and
there is lack of correspondence between predicted results and field derived BCF
values, Some explanations have been suggested for this phenomenon, such as
deviations from equilibrium due to the uptake kinetics (lack of equilibrium), or
the low permeability of the membranes to big molecules (Skoglund et al., 1996,
Del Vento & Dachs 2002). The uptake of chemicals in phytoplankton can also be
estimated by:

dC,,.
— 0 = ke Cyy — (ki + k6 )C
" [1.7]

Where ky, kp and kg are the first order rate of uptake, depuration and

growth rates for the studied organisms. Under steady state conditions

dc

Phyto — O
dt [1.8]
Thus
BCF — CPhyto — kU
C, k,+tk;

[1.9]

Therefore, during a phytoplankton bloom (high %¢), the BCF will be lower.
Under field conditions, it is quite unusual to find steady state conditions, and there
are deviations of a direct relationship between BCF and Koy due to lack of
equilibrium or grow dilution (Skoglund et al., 1996; Axelman et al., 1997;
Jeremiason et al.,, 1999; Baker, 2002). In addition, in phytoplankton,
bioconcentration of POPs can occur at the surface and inside the cell (Del Vento
and Dachs, 2002). It was revealed that in the case of phytoplankton the absorption

into the cell is the most important process (Skoglund et al., 1996) and in the case

12
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of bacteria the opposite dominates due to the high surface to volume ratio for
bacteria (Axelman et al., 1997; Sobek et al., 2006). However, further research is
needed in order to study the uptake, depuration and growth kinetics for bacteria

and phytoplankton and their influence on POPs cycling.
3.3 Henry's Law Constant (HLC) and Air-water partition coefficient (K w).

The partition coefficient between air and water (given by the Henry's Law
Constant, HLC) is the ratio defined by:

HLC:;D—V [1.10]

w

HLC has units of Pa m’ mol”. Usually HLC constant is used as

dimensionless (/)

_HLC
RT

[1.11]

Where H' is the dimensional Henry’s law constant, R is the gas constant
(8.31 Pam’ mol' K™) and T is the sea surface temperature (K). This equation is
analogous to the dimensionless calculated air water partition coefficients K p

following:

[1.12]

Where Cgand Cy are the concentrations in the air and water (ng m™) at
equilibrium. HLC and H’ depend on the environmental conditions and they should

be corrected for temperature [4] and salinity [5] following:

~AUw [
Hzécro =e{ AZ leo 29;.15ﬂ 3]

T298.15

HLC,=13HLC,, [1.14]

Where HLCr,, HLC795 15 and HLCs are the HLC corrected by temperature,
the HLC at 298.15 K, and the HLC corrected by temperature and salinity,

13
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respectiviely. -4Uyyy is the enthalphy of phase change (kJ mol™), T} is the sea
surface temperature (K), and 1.3 is the correction factor for accounting the effect
of salinity on POP solubility in seawater. Briefly, HLC increase at higher

salinities and for higher temperatures (Rice et al., 1997).

3.4 Octanol-air partition coefficients (Ko4) and Gas-particle partition
coefficients (Kp)

The octanol air partition coefficient (Ko,) is defined by:

COct

K,, = [1.15]

G

Where Co. and Cg are the concentration of the chemical in the octanol
phase and in the gas phase (ng m™) at equilibrium. Since there are very few
measurements of Koy, it is usually derived from HLC and Kow following (K&mp

and McLachlan, 1997; Harner and Bidleman, 1998; Shoeib and Harner, 2002):

_ Koy (RT)

K
o HLC

[1.16]

However, there is a non-negligible uncertainty in the measurements and
estimations of Kow, HLC, Ko4, the influence of temperature on their values, and
also differences in the activity of dry and wet octanol used for the estimation of

Kow (Meylan and Howard, 2005).

Kou 1s appropriate for predicting the gas-particle partitioning of organic
compounds, which in turn it is also important to predict the magnitude and
relevance of the different atmospheric deposition processes. The gas-particle

partition coefficient (Kp), (Pankow, 1994) is defined by:

— __—Aero
K,=

C_TSP (1.17]

14
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Where Cg, (ng m~) and Clero, (ng m~) are the gas and aerosol phase
concentration, and 7SP is the total suspended particulate matter in the atmosphere

(mg m™). The fraction of aerosol bound POPs is calculated following:

C

Aero

CAem +CG [118]

Combining equation 12 and 13 results:

K ,(TSP)

"1+ K, (TSP) [1.19]

Kp has been reported to correlate with Koy (Pankow, 1994; Finizio et al.,
1997). Further, it has been described that aerosol soot carbon influences Kp
(Dachs and Eisenreich, 2000; Buchelli and Gustafsson, 2003). So, Kp is also
driven by the adsorption to soot phase, using the soot air partition coefficient (K,
m” kg™') and elemental carbon resulting. However, the influence of soot carbon is
only relevant for planar compounds, such as dioxins and polycyclic aromatic

hydrocarbons (PAHs), but not for other legacy POPs such as PCBs. Thus,

K, = fou COCT otk K0A+fECa£KSA
Cou MWoy Pocr doc [20]

Where fou and fzc are the mass fraction of organic matter and elemental
carbon in the atmospheric particles, MWocr and MW, are the molecular mass of
the octanol and organic matter respectively, pocr is the octanol density, agc and
aoc are the surface area of elemental carbon (field and reference values). This

equation is usually simplified assuming that:

MW,

=1
MWop Pocr [1.21]
and
COCT :1
Cowm [1.22]
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Kp 1s important in order to estimate the contribution of the particulate and
the gaseous phase to depositional inputs to the ocean (Jurado et al. 2004, 2005),

and it is temperature dependent, becoming higher in cold environments.
3.5 Fugacity as a criterion for equilibrium between environmental media

Fugacity (f) is a concept widely used to investigate the environmental
partitioning of non-ionic organic chemicals, including the air-water equilibrium or
dis-equilibrium (Mackay et al. 1979). The word fugacity comes from the Latin
word fugere that means fly or run away from a determined place. Fugacity is
commonly defined as the escaping tendency of the studied compound from a
phase (water, air, soil, biota, sediments,...). In environmental modelling, fugacity
gives us information about the tendency for diffusion of a selected chemical
compound from one phase to another phase (for example, air and water). At
equilibrium, the fugacity of the chemical is equal in the different compartments.
There is a net diffusion of chemicals from high to low fugacity phases until
equilibrium is reached. Fugacity in the case of gases is equal to the partial
pressure (Pa) and in consequence it is directly related with the concentration of
the selected compound, in the gas phase. The fugacity of a chemical in a given

environmental compartment or phase (fy) is estimated by

— CX
MWZ,

fi [1.23]

Where Cy is the concentration of a selected compound in the studied phase
(g m™), MW is the molecular weight of a selected compound (g mol™) and Zy is
the fugacity capacity (mol m™ Pa™), which describes the capacity of the phase or
environmental compartment to retain the selected compound. In the case of the air

and water, Z4 and Zy are:

1
7 =— 1.24
AT RT [1.24]
Z, :—I;LTC = HLC’ [1.11]
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The advantage of working with fugacities instead of concentrations is
because the direct comparison of fugacities in the different compartments provide
information on the direction of the net exchange or the occurrence of equilibrium
conditions. The fugacity ratio between the air and water (fify”) is widely used in

the literature on POPs cycling in the environment, and it is given by,

S _ G [1.25]
fi Cs

When fyfs" is close 1, it means that the compounds are close to
equilibrium between air and water. fyfy’ <l indicates that there is a net
deposition from air to water, while for f;f;” >1 there is a net volatilization from
water to air. It is noteworthy that the ratio of fugacity has some critics (Hoff,
1994; Bruhn et al., 2003) because of the uncertainties associated to the fugacity
estimations. It is assumed that uncertainties associated to values of R, T and MW
are negligible compared to those associated to Cg, Cy and HLC (Bruhn et al.,
2003). The uncertainty associated to Cg and Cp measurements for a single
laboratory is of =0.15. HLC uncertainty has been considered larger =1 (Bruhn et
al., 2003), however Li and collaborators (2003) recently estimated a more
appropriate value of =0.3 for the uncertainty of HLC. In light of the above
uncertainty on the fugacity estimations, it was proposed a more appropriate range
of fugacity ratios for assessment of the direction of exchange in which ff;'<0.3,
0.3< fufi'<3.1, and fufy">3.1 points that there is net deposition, close to
equilibrium conditions, and net volatilization between the air and water,

respectively.

In figure 3 are summarized all the physicochemical properties (vapour
preasure, solubility in water and octanols) and partition coefficients among air,

water, octanol, organic and inorganic phases.
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Figure 3. Summary of the partition coefficients among air, water, octanol, organic and inorganic phases

4. Global transport and dynamics of POPs: Role of the atmosphere and

oceans
4.1 Sources of POPs to the Environment

In the last fifty years, the amount of studies investigating the sources and
emissions of POPs has been increasing considerably at both regional and global
scales (Nizzetto et al. 2010). Despite all this research effort, considerably
discrepancy and uncertainty exist for the emissions and source type for POPs,
even for those that have been studied for 50 years, such as PCBs. There are two

main types of sources of POPs:

Primary sources. Primary sources for POPs include all the sources that
involved intentional or unintentional release of POPs to the environment by
humans or anthropogenic activities. Among them, we can mention industrial and
agrochemical use for PCBs and Pesticides as a source to the environment due to
intentional use. Conversely, during combustion processes at high temperature it is
possible that there is the release of PCDD/Fs, which is unintentional. Other
unintentional primary sources are, hazardous waste incineration (Th acker et al.,

2013), waste landfills (Gioia et al., 2011; Breivik et al., 2011), by products of
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certain industrial processes or products (Lundin et al., 2013). The study of
primary sources from a quantitative point of view has been very difficult due to
the lack of information on production, types of use, waste procedures, etc, for the
different organic chemicals used by humans. Even the estimated emissions of
legacy POPs such as those for PCB (Breivik et al. 2002a, 2002b and 2004), the
uncertainty is high, and current though is that the real emissions were higher than

the higher end estimates given in that assessment.

Secondary sources: Secondary sources of POPs are those that involve
remobilization of POPs from environmental compartments where they were
accumulated or trapped after environmental release from primary sources. These
reservoirs can be soils, sediments, vegetation, ice, surface waters... It is well
known that due to international legislations the primary sources have clearly been
reduced (Li et al., 2005; Breivik et al., 2007; Schenker et al., 2008; Hassanin et
al., 2005) and the remobilization from the environmental compartments
(secondary sources) become more important. In addition, changing environmental
conditions due to human activities, or climatic change in particular, are also
increasing the secondary sources of POPs to the environment. (Dalla Valle et al.,
2007; Nizzetto et al., 2010, Ma et al. 2011). The secondary sources of POPs are
more relevant in remote regions where primary emissions have always being of

limited magnitude
4.2 Global transport of POPs

The atmospheric compartment is critical in the global distribution of POPs,
even more for the remotest environments. Emissions from primary and secondary
sources to the atmosphere and the subsequent transport by atmospheric circulation
(Barrie, 1992), provide a very efficient mechanism to distribute POPs globally,
followed by deposition. Atmospheric deposition is the major process of POPs
input to oceans especially in open sea and the remote oceans (Bidleman, 1988;
Iwata et al., 1993; Macdonald et al., 2000, Jurado et al. 2004, 2005). Even though
oceanic currents play a role on the long range transport of non-volatile organic
pollutants such as perfluorinated acids (Prevedouros et al., 2006), they role as a
transport vector of semivolatile organic compounds is thought to be of minor

magnitude when compared with the atmosphere. However, oceans also play a key
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role in the cycling of POPs globally. First, oceans are an important reservoir of
POPs (Jurado et al. 2004), second in importance after soils if we consider the
surface oceans (Dalla Valle et al 2005), but it could be the main reservoir if the
deep ocean was considered. In addition, the ocean is thought to be one of the main
sinks for most POPs (Dachs et al., 2002, Lohmann et al. 2013). The other main
global sink is degradation, and the main “chemical reactor” of planet Earth is the

atmosphere.

Once POPs are atmospherically deposited to the ocean, they enter the
biogeochemical cycles occurring in the surface ocean. Since POPs are
hydrophobic, these cycles are closely linked with the cycle of organic carbon.
Thus, once in the water column, POPs may bioconcentrate and bioaccumulate in
planktonic organisms, and thus enter the food chain. In order to understand the
sources of semivolatile POPs to the ocean, it is key to quantify the atmospheric
deposition of POPs. In the atmosphere, POPs cand be found in the gas and the
aerosol phases, and POPs can be removed from the atmosphere following three
main mechanisms that affect differently those POPs found in the gas and aerosol
phase. The three main mechanisms are; diffusive air-water exchange, dry
deposition or aerosol-bound POPs, and wet deposition by scavenging of gas and
aerosol phase POPs. The diffusive exchange is a bidirectional process while the
dry and wet depositions are unidirectional. Once POPs enter the water
compartment, POPs can be found either in the dissolved phase (Cy), sorbed to
particles (Cp), or in other major pools of marine organic carbon such as
phytoplankton (Cppy). Since the direction of POPs diffusive exchange is
bidirectional POPs can revolatilize back to atmosphere, remain in seawater, or
they could be exported trough the water column to sediments. As a final sink
sediments are an important reservoir of POPs, and even though there are virtually
no measurements, it is though that meso-pelagic and deep waters could also be
important reservoirs of POPs. The proximity of coastal or ice-covered areas may
account for additional sources of POPs to oceans. For example, freshwater
discharge from rivers and seasonal ice melting is an important input of POPs to
the Arctic ocean (Carrizo and Gustafsson., 2011). Also, ice could act as an
important secondary source to the atmospheric compartment in polar areas during

the summer periods (Gioia et al. 2008, Cabrerizo et al. 2013).
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At local, regional and global scale, the partitioning processes driven by
diffusion, such as air-water diffusive exchange, tend to drive the concentrations in
the different compartment to equilibrium. However, other processes not driven by
diffusion such as advection, degradation or sedimentation drive the system away
from equilibrium. Thus the distribution of POPs in the environment is a dynamic
process influenced by climatic conditions, biogeochemical processes, air and

water mass movement and geographical range.

One of the first environmental variables being studied was temperature,
and it was found that gas phase concentrations tend to increase during warm
periods. This phenomena and the ubiquitous occurrence of POPs in polar areas,
led Wania and Mackay to suggest the global distillation theory in a seminal paper
(Wania and Mackay 1996). In this theory, the earth system was treated as a
distiller, and it was suggested that semivolatile chemicals would show a net
volatilization from warm regions (sources) and a net deposition to cold areas
(sinks). Another major driver of the POP reservoirs and cycling is organic matter.
Regions where there is higher organic matter content in soils or the surface ocean
will tend to act as main reservoirs of POPs, thus trapping POPs during their
atmospheric transport. The more volatile POPs, which are also the less
hydrophobic may have a higher capacity for long range transport, which is
consistent with their higher abundance in the Arctic (Macdonald et al. 2000). This
was called the global fractionation, first though to be due to cold trapping leading
to a latitudinal fractionation, also observed in other regions with gradients in
temperature and organic matter (Wania and Mackay, 1996, Beyer et al., 2000;
Bignert et al., 1998; Ockenden et al., 1998; Agrell et al., 1999; Grimalt et al.,
2001; Wengman et al., 2006). Latitudinal fractionation over oceans and soils has
been observed only in the case of latitudes higher than 60° N (Sobek and
Gustafsson, 2004; Meijer et al., 2003). The study of the influence of organic
matter on the global distribution of POPs have gained importance during the last

decade, and it was first observed in soils (Meijer et al., 2003).
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Figure 4. Schematics of the global Distillation and fractionation of POPs (Wania and Mackay, 1996). Adapted

from Environmental Canada

In the ocean, phytoplankton is an important pool of organic matter, and in
addition plays a key role in the biological pump. Several field studies have
described the occurrence of POPs in sinking organic matter particles (Dachs et al.
1999, Dachs et al., 2000 Lipiatou et al. 2003). This sinking flux of POPs bound to
organic matter may decrease the POP concentrations in the surface ocean, thus
modifying the magnitude of the diffusive air-water exchange. Dachs et al. (2002)
suggested that this process was an additional control on the global distribution of
POPs, but this work was based on environmental models. The same models can
be used to assess the atmospheric residence time and grasshoping potential of
POPs (Jurado and Dachs, 2008), which have showed that the atmospheric
residence time of hydrophobic POPs are lower in the high productive regions in
the North Atlantic/Arctic Ocean, and the souther Ocean (Figure 5). Also it was
suggested that exportation of POPs bound to particles trough the food chain are an
important loss system over productive areas (Scheringer et al., 2004). All the
mentioned processes have in common one concept, the organic matter plays a key
role in the distribution of POPs in oceans, but unfortunately this process was
studied more in depth for terrestrial ecosystems (Eisenberg et al., 1998; Wania
and McLachlan, 2001; Cabrerizo et al., 2011) or lakes (Nizzetto et al., 2012)
rather than oceans. Only recently, field studies have been pointed out that organic
matter is an important driver of POPs fate in the environment (Nizzetto et al.,

2010; 2012, Berrojalbiz et al. 2011).
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Figure 5. Atmospheric residence times for PCBs 28 and 180 over the global Oceans. The short atmospheric residence times

over the Polar Oceans were due to the influence of the biological pump (Jurado &Dachs 2008).

4.3 Carbon cycle and biogeochemical controls on POPs

According to the foregoing, it is clear that the organic carbon is a
significant driver of POPs biogeochemical cycling. Most of the aquatic
partitioning coefficients for POPs correlate with Koy Organic carbon in the sea
has been considered to be in two operational fractions (Figure 6) i) the dissolved
organic carbon (DOC) and ii) the particulate organic carbon (POC). The
difference between these two phases is purely operational and due to the methods
used for their isolation; DOC has been defined as the carbon that flows trough a
0.4-0.7 um pore size diameter filter and the fraction retained in the filters is the
POC (Lalli and Parsons, 1997; Valiela, 1995). Also DOC could be separated in
two fractions, the truly dissolved and the colloidal phase (Gustafsson et al., 2001)
being the truly dissolved the most abundant ranging from 50% to 80% of total
DOC (Wells and Goldberg, 1992; Kepkay, 1994; Kepkay et al., 2000)
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The DOC phase covers a vast number of nano-particles and agregates of
different sizes ranging from humic acids to proteins, lipids or even viruses and
small bacteria. Important progresses had been made recently about the potential
role of DOC on POPs cycling in freshwater and seawater systems and also its
influence on the accumulation of POPs (Gustafsson et al., 2001, Garcia-Flor et al.,
2005; Katsoyiannis and Samara, 2007; Nizzetto et al., 2010; 2012). However, due
to methodological limitations, there is still a gap in our knowledge of the role of

the colloidal fraction on POPs cycling.

The POC fraction includes larger particles from biogenic origin like big
bacteria, phytoplankton and zooplankton, fecal pellets, detritus... All of these
particles could be dead or alive. Meanwhile, while DOC lacks of migration
capability, a fraction of POC is able to move through water column (i.e migration
movements or by gravitational settling). In effect, the influence of POC on POPs

cycling has received more attention than DOC.
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Figure 6. Carbon Cycle in marine systems, adapted from Valiela (1995)

Over-simplifying the carbon cycle, there are two principal processes of the
organic carbon cycling in the oceans, the fixation of dissolved CO, and the
grazing over phytoplankton by the zooplankton or the grazing of the microbial
community over phytoplankton and zooplankton (Figure 6). The interaction of
these three compartments generates DOC and POC. So far, the incorporation of

POPs in the marine organic matter as coupled to these processes has not been
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assessed deeply, and only until recent years these processes have received some
attention. Thus there is an important uncertainty regarding the processes involved
in the biogeochemistry of POPs (Arnot and Gobas, 2006). However, published
results in the last decade highlighted the potential role of the different OC pools
on POPs cycling. For example, Berrojalbiz et al. (2011) has shown that POP
concentrations in phytoplankton from the Mediterranean Sea are lower when the
biomass is higher, a result consistent with the role of the biological pump.
Recently, Nizzetto et al.,, in 2011 assessed the coupling between the
phytoplankton biomass dynamics and the distribution and fate of persistent
organic pollutants (POPs) in a lake pelagic ecosystem, concluding that during
high productivity periods (algal blooms) the food web transfer of POPs is less
efficient than the exportation of POPs to deep waters by means of the biological
pump and POC sedimentation. Also it has been found that copepods are able to
sequester considerable amounts of POPs trough the water column due to its
vertical migration (Pucko et al., 2013; Bidleman et al., 2013) and through faecal
pellets production and sedimentation (Borga et al., 2002a; 2002b; Hoekstra et al.,
2002; Fowler and Knauer, 1986; Dachs et al., 1996), thus exporting POPs to deep
water and sediments, and also transferring POPs through the food chain (Sobek et
al., 2006b; Berrojalbiz et al., 2009). Little is known about the role of microbial
communities’ effect on POPs cycling, regardless that on the other hand it has
been demonstrated that their role is one of the most important in organic matter
cycling over DOC and also over POC (Wallberg and Andersson, 2000). Most of
the work on the microbial influence on oceanic POPs has focused on HCHs. It has
been reported that microbes could degrade HCHs in the water column (Harner et
al., 1999; 2000) and contribute as a significant sink of HCHs (Pucko et al., 2011).
Besides of this pioneering studies, there are gaps in our knowledge, such as a

quantitative assessment of the role of OC reminaralization on POP cycling.

Global change is an important modulator of the carbon cycling, and it is
logical to think that the POPs cycling will be affected in a similar way by
remobilizing POPs from reservoirs or altering the food chain transfer, and so
forth. Because of that is important to investigate the linkages between these two
cycles. This is especially relevant in the Polar Oceans, where global change is

clearly apparent
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5. POPs cycling in the Polar Oceans

Figures 7 and 8 summarize the major contaminant pathways between the
atmosphere and the polar surface environments including sea surface, snow/ice
and lakes. The study of POPs cycling in the environment is complex due to
constant changing of the environmental conditions (ice melting, ice break-up...).
Here we examine the main pathways for POPs in polar environments including
degradation in the atmosphere and surface waters, and exchange processes
between the atmosphere and seawater, and the transport of POPs from surface
waters to the deep ocean. Even though these processes have been assessed
individually for the Polar oceans, mainly the Arctic, there are very few previous
studies that consider the different atmospheric deposition processes and their

coupling with the water column biogeochemical processes affecting POPs.
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Figure 7. Representation of the POPs distribution and cycling during Spring/Summer and Winter in the Arctic
environment. This example is also applicable for the Antarctic region. Reproduced from AMAP Assessment Report

(AMAP, 1998).

5.1 Atmospheric degradation of POPs

The main degradation process of POPs in the atmosphere is by reaction of

gas-phase compounds with hydroxyl radicals (OH). It has been hypothesized that
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reaction with OH is a dominant loss flux over water masses (Anderson and Hites,
1996). In addition, it has been shown that PCBs are depleted significantly due to
the oxidative attack of hydroxyl radicals in temperate regions (Mandalakis et al.,
2003). Later studies reported that hydroxyl radical oxidation was overestimated
(Axelman and Gustafsson, 2002). Further, Jaward and colleagues (2004) reported
that diurnal variations on POPs concentrations in the oceanic atmosphere were not
related to OH radicals influence, only, revealing that there are another underlying
process which influence strongly the atmospheric concentrations, probably related

to atmosphere-ocean exchange driven by the organic carbon cycling.

The atmospheric degradation due to OH radicals process is parameterised (ng m™

d™) by:

F Degoy hk oy ConC

[1.26]

Where /4 is the averaged atmospheric boundary layer (m), kom is the
degradation rate constant in the air (m’ molec” d'), Coy is the OH radical
concentration (molec m™) and Cg is the POPs concentration in the gas phase (ng
m™). OH radical concentrations are strongly influenced by the sunlight being
higher during the day and negligible during the night. It has been reported that
concentrations in the North Atlantic are 25 times lower than at mid-latitudes. The
concentrations of atmospheric OH hydroxyl radicals in the air can be estimated
from the temperature following (Beyer et al., 2003):

Coy =(0.5+4(T —273.15))-10 [1.27]
However, the atmospheric degradation by other atmospheric free radicals

has not been assessed although there are reported considerable concentrations of

BrO, Cl0, IO (Barrie and Platt, 1997).
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Figure 8. Schematics of the processes of atmosphere-surface exchange (Barrie et al., 1997)

5.2 Atmospheric-surface exchange and ice melting.

Figure 7 summarizes the POPs pathways between the atmospheric
compartment and the surface including terrestrial and oceanic compartments. The
cycling of POPs in Polar areas is more complex than in other oceans due to the

presence of intermediate compartments (i.e. snow and ice).
5.2.1 Diffusive exchange between the atmosphere and oceans.

Diffusive exchange between the atmosphere and water is a two-direction
process. The diffusive exchange between water and air is traditionally described
by the two-film model (Liss and Slater, 1974). The rate of transfer is assumed to
be limited by molecular diffusion across the thin air and water films at the

interface. It can be estimated by:

C
Fyw =Fus—Fyop :kAW(—G,CW)
HLC [1.28]

Where Cg and Cyy are the concentrations of dissolved and gaseous POPs in

water and air (mol m™), k4 is the mass transfer coefficient (m d™') between the air
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and water, H" is the dimensionless Henry's law constant. These relationships have
been applied extensively to study the exchange of POPs in the Arctic, such as
those of HCHs (Bidleman and McConnell 1995; Cotham and Bidleman, 1991;
Jantunen and Bidleman 1995) or PCBs (Gioia et al., 2008). It is important to note
that gas exchange takes place even under equilibrium conditions, when absorption
and volatilization are balanced and the net air-water diffusive flux is zero. Thus
the mass of material transported by gas exchange is much larger than is apparent
from the net flux. For this reason Murphy (1995) suggested that gas exchange
must be calculated as two separated terms one for volatilization and one for
absorption. The Arctic Ocean represents the largest reservoir of contaminants in
the Arctic with a total burden thousands of times greater than air, thus the air-
water exchange represents the most important potential source of POPs for the

Arctic atmosphere (Jantunen and Bidleman, 1995).
5.2.2 Dry deposition

The dry deposition flux is the deposition of aerosol bound contaminants in
the absence of precipitation. Also, dry deposition can account for a large portion
of the removal of trace chemicals from the troposphere (Weseley and Hicks,
2000). The atmospheric transport and subsequent sedimentation brings airborne
particles to the surface layer (snow, ice, land, ocean) coming from the
atmosphere. Then, due to processes of convection, diffusion and impactation,
aerosols are trapped on the surface (Voldner et al., 1986). Particle transport rate
depends on the type of surface, POPs properties and atmospheric state. Dry
deposition can be calculated following (Baker and Hites, 1999):

Frp =vpCa [29]

Where Fpp is the dry deposition flux (ng m™ d™), vp is the dry deposition
velocity (m d) and Cle, is the concentration of POPs in the aerosol phase (ng m™
%). vp depends on particle size, wind speed, atmospheric stability, and particle
composition and properties (Williams, 1982, Jurado et al. 2004). The only field
measurements of dry deposition of aerosol bound organic pollutants over the
ocean suggest that vp has a value around 0.1 cm s (Del Vento & Dachs 2007). In

the case of the Arctic, most of the aerosols that reach the region are smaller than
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Ium and for this size the vpreported from different studies ranged from 0.05 to
0.1 cm s (Ibrahim et al., 1983; Davidson 1989), consistent with the
measurements done over the subtropical ocean (Del Vento et al. 2007). This vp
values have been used to estimate the dry deposition of POPs in the Arctic and

Subarctic areas (McVeety and Hites, 1988; Jantunen and Bidleman, 1995).
5.2.3 Wet deposition

Wet deposition is a process that includes the deposition of contaminants
incorporated to the rain or falling snow (Barrie et al., 1992). Rain and snow
scavenges both POPs from the gas and aerosol phase. It is a very efficient process,
but with an intermittent intensity. Wet deposition (Fyp) can be estimated

following (Bidleman, 1988):
Fyp = PoCris = PWp(Cp +C5) [30]

Where py is the precipitation rate (m s™') and Cgssis the concentration of
contaminants in the rain or snow defined by:

CR/S :WP(CAem +CG) [131]

Where Wp is the scavenging ratio for POPs defined as the ratio of POPs
concentration in the rain/snow and the total atmospheric concentrations
(CuerotCq). Wp could be considered as a partition coefficient defined based on the
particle and gaseous washout (Wpw and Wgw) (Ligocki et al., 1985a;1985b,
Bidleman, 1988), and it can be estimated by:

W, =Wg,, (1=6)+W,, (6) [1.32]

Where 6 is the fraction of POPs bound to aerosols. Wgy is the ratio of the
rain/snowflake dissolved phase to gas phase POP concentrations, rapid
equilibrium 1s assumed between the gas phase and the dissolved phase in the rain
drops or snow flake. Therefore, Wgy equals the inverse of the HLC. Conversely,
reported Wew from field measurements have been found to be higher than
estimated using the HLC (Dickhut and Gustafsson, 1995), maybe due to the
adsorption of POPs to the rain-drop surface (Jurado et al. 2005). On the other
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hand, there is a considerable variability in Wpy estimates (Jurado et al. 2005), but
a value of 2x10’ is commonly used for rain (Mackay et al., 1986). Snow has a
higher surface area than rain-drops, and thus snow scavenging is even a more

efficient deposition process than rain.
5.2.4 Snow and ice melting

Runoffs from snowpack melt, and sea-ice melt delivers water and
particulate matter to Polar Oceans. Thus, it is expected that dissolved and particle
bound POPs would be delivered too from their winter reservoirs to freshwater and
later to oceans or directly to oceans. But recently it has been described that during
high wind speed events and/or summer periods, HCHs and PCBs could
revolatilize from ice and snow to the atmosphere (Cabrerizo et al., 2013; Kang et

al., 2012; Halsall, 2004, Gioia et al. 2008).
5.3 Water column processes.
5.3.1 Degradation.

POP degradation can follow two paths, the biotic (biodegradation by
means of microbial activity) and abiotic (hydrolysis and photodegradation).

Degradation fluxes (ng m™~ d™) are given by:

Froer = Fro, + Fpeg, T F) [1.33]

Degry, Deg, eSm Degp

Where Fpegri, Fpegw and Fpegp are the hydrolysis, microbial and

photochemical degradation fluxes (ng m™ d™') defined as follows:

Fre, =hkpe Cy . [1.34]
ez = Pk peg, Cw,, [1.35]
Degp = theg,,CWDUC [1 36]

Where £ is the surface water column depth (m), kpeerr, kpegrs and kpegp are
the hydrolysis, microbial and photochemical degradation rates (d™), and Cypoc is

the POPs truly dissolved concentrations (ng m™). The hydrolysis rate under
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environmental conditions is extremely low and usually is neglected (Sinkkonen
and Paasivirta, 2000). Degradation rates have shown to have a correlation with
temperature (Ngabe et al., 1993) being rates much lower in cold surface waters
than in temperate or warm waters. The biodegradation by means of microbial
communities is presumably highly dependent on the kind of community, even
though it has not been studied. Photodegradation in water includes reaction with
OH radicals, ozone, nitrogen oxides and other radicals photochemically produced.
Photolysis on surface waters occurs mainly in the upper mixed layer and is
especially important on coastal waters (Sinkkonen and Paasivirta, 2000).
However, Cop is too low to be an important degradation driver in natural waters
(Haag and Yao, 1992),. It has also been investigated the photodegradation rates
for PCBs showing that the half lives of POPs in surface waters ranges from 0.25
to 27 years (Sinkkonen and Paasivirta, 2000). Biodegradation by microbial
communities 1S more important in anaerobic matrices like sediments. But on the
other hand, it has been reported that microbial degradation in surface waters is the
responsible for the depleting of HCHs in Arctic surface waters and in the water
column (Harner et al., 1999; 2001; Pucko et al., 2011), showing that microbial
biodegradation is more effective than photolysis in oceanic surface waters (Ngabe
et al., 1993) and also responsible of the enantiomeric ratio reported for surface

waters (Harner et al., 2000 and Pucko et al., 2011).
5.3.2 Water column exportation processes to deep ocean
5.3.2.1 The biological pump

In the open ocean, the particulate pool is dominated by biogenic matter in
the water column. This suspended matter includes two types of particles present in
variable proportions and having different spectral properties: living pigmented
algal cells, and weakly pigmented or non pigmented particles mainly derived from
phytoplankton as well as other living heterotrophs such as bacteria (Brickaud and
Stramski, 1990). POPs bound to these two kind of particles. A fraction of the
particulate pool sinks to deep water, and because the composition of these
particles is rich in organic matter, they scavenge the surface water column of
POPs, thus leading to lower concentrations in the dissolved phase. This process

enhances the air-water diffusive exchange, a process known as biological pump
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(Dachs et al., 2002, Jurado & Dachs 2008, Nizzetto et al. 2012). Predicting the
flux of organic matter in the ocean is not a simple task, and even though it has
received considerable attention by the organic carbon scientific community, there
is not an accepted parameterization. Therefore, when available, it is always useful
to predict the settling fluxes of POPs from the measured or reported fluxes of
organic or biogenic matter (Fou Or Fpiogenic, Kg m> d']), and the concentration of

POPs in particles or phytoplankton (Cpow, Criywo, NE Kg™) by:

FSink = FBiogenic ’ CPhyto [1 37]
Fi = CoonFon [1.38]

Sinking fluxes of POPs through the water column has been pointed as the
most important removal process depleting POPs from surface waters (Gustafsson
et al., 1997; Dachs et al 2002; Scheringer et al., 2004). The sequestration of POPs
by the biological pump, not only controls the concentrations of POPs in
phytoplankton, and enhances the fluxes from air to water, but also controls the
atmospheric residence time of POPs during their global transport and dispersion
processes (Fowler and Knauer., 1986; Gustafsson et al., 1997; Dachs et al., 1999;
Dachs and Eisenreich, 2000; Berglund et al., 2001a; 2001b; Dachs et al., 2002;
Scheringer et al., 2004; Jurado & Dachs 2008, Berrojalbiz et al., 2011).

5.3.2.2 Turbulent flux and water mass subduction.

Turbulent eddy diffusion fluxes are responsible of the concentration
gradients through the water column in stratified waters (Lohmann et al. 2013).
This flux causes a homogeneous distribution of pollutants influenced by the effect
of eddy diffusion in the water body. This flux is dependent on the turbulent
diffusivity of the water mass, and the direction of the flux depends on the
concentration gradient from the most concentrated to the less concentrated.
However, even though this process is responsible for the vertical transport of non
hydrophobic compounds, it is negligible when compared to sinking fluxes for

hydrophobic POPs (E. Jurado, personal communication).

Subduction of surface waters associated to the thermohaline circulation, is

perhaps the most important physical process in the transport of legacy POPs from
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the surface to deeper waters (Lohmann et al., 2006). During subduction, the
profile of the organic pollutants does not change, since this the magnitude of this
process is the same for all compounds regardless of their hydrophobicity
(Lohmann et al., 2006). So this process is relatively more important for water-
soluble PCBs such as lower chlorinated PCBs (mono, di, tri or tetra-chlorinated)
which are not very effectively transported by the biological pump. However, the
subduction is a local/regional process associated to deep water formation areas in
the Arctic and Antarctic (Lohman et al., 2006). While this work focused the study
of subduction transport trough the water column in the Norwegian, Labrador,
Weddell and Ross Seas, there are other deep water formation areas both in the
Arctic and Antarctica (Hay, 1993). The subduction process has been pointed to be
an important sink pathway regionally for PCBs HCHs and HCB (Lohmann et al.,
2006). The subduction of water masses (Fsyng, kg m> yr'l) could be estimated

following Lohmann et al., 2006:

F,,, = Sulw 3 15,105 [1.39]
a
Where Cy is the dissolved seawater concentration of POPs (pg L™), rusa is
the rate of deep-water formation in the chosen area (Sy), a is the studied area (m™)

and 3.15x107 is a conversion factor (yr L s'm™).

Recently, Stemmler and Lammel (2013) pointed that POPs transport
associated to deep-water formation is not a final sink but rather an horizontal and
vertical global distribution process. Highlighting that finally POPs will be
transported to surface in other oceanic regions, or may eventually enter the food
chain and reach human population due to development of deep-fisheries (Payne,

2013; Bailey et al., 2009; Domingo et al., 2007).
6. Selected POPs for study

The compounds selected for this study were hexachlorocyclohexanes
(HCHs), hexachlorobenzene (HCB) and polychlorinated biphenyls (PCBs). All of
them are legacy POPs, thus currently not in use, and cover a wide range of
physico-chemical properties. The interest for they study is due to the concern

raised by their toxic impacts to organisms and humans, their persistence,
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bioaccumulation potential and capacity to undergo long range atmospheric
transport. They are considered “classic POPs” and even though they were banned
or have had a restricted use for decades, they are still globally distributed in the

environment.

Even though there are thousands of articles reporting the abundance and
cycling of these compounds in the environment, the number of them covering the

oceanic environment is much reduced, and of only dozens for the Polar Oceans.

6.1 Hexachlorobenzene (HCB)

Hexachlorobenzene’s molecular formula is C¢Cle (see Table 3). It is a
fungicide formerly used in wood and seed for crop production. The industrial
production of HCB started in 1945 in the USA and it is believed that the
production peak of 10000 tonnes per year was in the 70s and 80s (Barber et al.,
2005). The highest production during the 70s was in Europe (Rippen and Frank,
1986). It was also a by-product and impurity in many industrial chemical
processes (Jacoff et al., 1986). In addition, it has been released to the environment
from old dumps and incomplete combustion. However, production and emission
data reported in the bibliography are scarce and it is difficult to know the total
amount of HCB produced and used in the last 60 years. Its environmental
behaviour is determined by its physic-chemical properties. HCB has higher
volatility and moderate values of Koa and Kow compared to other legacy POPs.
These properties determine that HCB can be considered a “multi hopper” and can
be distributed globally in a series of multiple deposition-volatilization steps
(Wania and Mackay, 1996, Lohmann et al., 2007). In addition, HCB is highly
persistent in the environment, and there is not known degradative process that is

relevant for its environmental fate in aerobic conditions.
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Table 3. Molecular structure and physico-chemical properties of Hexachlorobenzene (HCB). Py: Vapor pressure, HLC:

Henry’s Law Constant, LogKow: octanol-water partition coefficient, LogKy4: octanol-air partition coefficient.

. P HLC Log K, Log K,
Compound Chemical Structure (P;) (Pa m™ mol") Dimer%siotinul/ess Dimefsio?ﬁess
cl
Cl_A__cl
HCB ﬁ 0.303° 5.07° 5.64° 6.78¢
cl 7 cl
Cl

*Hincley et al., 1990
"Mackay and Shiu, 1981
“Shen & Wania, 2005
Harner & Mackay, 1995

6.2 Hexachlorocyclohexanes (HCHs)

Hexachlorocyclohexanes molecular formula is C4HsCL¢ (see Table 4 and
Figure 9). Its main use and introduction vector to the environment has been as a
pesticide, but in the World War II was used as smog bomb. HCHs area harmful
and toxic. It has been reported that chronic exposure is linked to neurological and
immunological deficiencies in humans and it has been linked to cancer in rats too
(Schulte-Hermann et al., 1981) HCH 1is usually presented as two commercial
formulations, Lindane and technical hexachlorocyclohexane (HCH). Lindane
consists almost entirely of y-HCH and technical HCH contains a total of eight
HCH isomers, among which only the a, B, v, & and ¢, isomers are stable and
commonly identified. Technical HCH contains a quite constant isomer proportion
a, 60—70%; B, 5-12%; v, 10-12%; 5, 6—10%; and &, 3—4% (Kutz et al., 1991 and
Iwata et al., 1993). Around 10,000,000 tons of technical HCH has been released
in the last 60 years (Li, 1999a), and 84% was emitted by Northern Hemisphere
countries (Li, 1999a). Although technical HCH is no longer generally used,
applications of Lindane still continue in many countries and its emissions has
been estimated to be 720,000 tons for the last 40 years (Voldner, 1995). In the
case of HCHs, there has been a clear trend in the reduction of primary emissions
and this trend was clearly correlated with gas phase concentrations measured in
the arctic atmosphere for a-HCH (L1 and Bidleman, 2003), and for a-HCH and -
HCH concentrations in the air measured at Alert Arctic Station (Li and

Macdonald, 2005).
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Figure 9. Chemical structure of four isomers of HCHs

HCHs are more soluble in water than HCB, but both have a similar
volatility, thus HCH have a lower HLC values. HCH also have the potential to be
atmospherically transported by successive steps of deposition and revolatilization.
a and vy isomers are the most abundant in the environment and their principal
distribution vector in the environment is the Long Range Atmospheric transport,
but in the case of B it has been reported that the most important transport way to
the arctic was the transport by water masses. This compounds are less persistent
than HCB and several processes have been identified that could degrade HCHs in
the environment (microbial degradation, atmospheric OH degradation). In
addition, it has been noted that isomerization as a result of solar radiation is an
important process in the cycling of HCHs.

Table 4. Molecular structure and physico-chemical properties of Hexachlorocyclohexanes (HCB). Py: Vapour pressure,

HLC: Henry’s Law Constant, LogKoy: octanol-water partition coefficient, LogKo,: octanol-air partition coefficient.

Py HLC
Compound (Pa) (Pa mol-1 m-3) Log Kow Log Ko 4

o-HCH 0.1° 0.36° 3.94° 7.464°
B-HCH 0.053° 0.023¢ 3.92° 8.74°
8-HCH 0.3° 0.165¢ 4.14F 8.848¢2
y-HCH 0.073° 0.0825° 3.83° 7.74°

*Mackay et al., 1992 dSashuvar et al., 2003

®Xiao and Wania, 2004 ‘Majewsky and Capel, 1995

‘Willwet et al., 1998 Hansch et al., 1995

Sashuvar et al., 2003 £Shoeib & Harner, 2002

6.3 Polychlorinated byphenyls (PCBs)

Polychlorinated byphenils are a family of isomers with the molecular
formula of Ci2H;oxCli (x = 1-10). The PCBs family includes 209 isomers, even
though not all of them are found in the environment. PCBs are formed by

electrophillic chlorination of biphenyl with chlorine gas. It was synthetized for the
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first time in 1865, and later it was produced in low quantities in 1881. The
production at large scale was initiated in the 1920s and ended in the 1980s
(Breivik et al. 2002a and 2002b). PCBs where produced as complex mixtures with
different isomers and different grades of chlorination. PCBs were used in a
myriad of applications as coolants and insulating fluids (transformer oil) for
transformers and capacitors, as plasticizers, coatings of electrical wiring and
electronic components, pesticide extenders, cutting oils, reactive flame-retardants,

lubricating oils, hydraulic fluids, sealants, among others.

3 2 2" 3
4 4'
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Figure 10. Chemical structure of a generic PCB

From the physical properties point of view, they have high dielectric
constants, very high thermal conductivity, high flash points (from 170 to
380 °C)[8]. In addition, they are chemically fairly inert, being extremely resistant
to oxidation, reduction, addition, elimination, and electrophilic substitution. Even
though the toxicity of PCBs was not recognized initially, later on, many studies
reported a direct link between PCBs and Non-Hodgkin Lymphoma (Hardell et al.,
1996a; 1996b; 1997; Rothman et al., 1997, Kramer et al., 2012). During 1968,
there was an episode of 1800 people sick in Japan caused by the consumption of
rice oil contaminated with industrial coolant containing PCBs. Poisoned people
suffered of chloracne, intestinal problems and nervous disorders and effects
continued during five years after the poisoning event. It was called the Yusho
disease (Tsukimura et al., 2012) and similar incident occurred in Taiwan in 1979
(L1 et al., 2013). It has been reported that PCBs are also present in human milk,
blood and cord blood samples (Carrizo et al., 2006; Vizcaino et al., 2010), with

significant effects on child development.

From the point of view of chemical properties (Table 5), the lower

chlorinated PCBs have higher volatility and lower Kp4 and Ko than the more
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chlorinated PCBs. Therefore, the environmental fate and transport will depend on
these different properties. Most PCBs are “multihoppers”, but the most
hydrophobic congeners are considered as “single hoppers” (Lohmann et al. 2006).
The congeners with higher Koy also tend to bioaccumulate and biomagnify more
in biota.

Table 5. Molecular structure and physico-chemical properties of Hexchlorobenzene (HCB). Py: Vapour pressure, HLC:

Henry’s Law Constant, LogKop: octanol-water partition coefficient, LogKo,: octanol-air partition coefficient.

PV HLC LOg KOW LOg KOA
Compound
(Pa) (Pamol' m®)  Dimensionless Dimensionless
PCB28 0.0234° 30.2° 5.66 7.85°
PCB52 0.0107° 25.12° 5.91° 8.22°
PCB99 0.00029° 51.8¢ 6.97° 9.06"
PCBI151 0.00019¢ 73.59 6.85¢ 9.68¢
PCB180 0.000013* 37.3¢ 8.51° 10.52°
*Li et al., 2003
®Hardy, 2002

‘Fischer et al., 1992
4Bamford et al., 2002
“Hansch et al., 1995

Harner and Bidleman, 1996
£Chen et al., 2002

7. Polar Oceans and the regions of study
7.1 The Arctic

The Arctic region extends across North America, North Europe and North
Asia, including the Arctic oceans in between, covering an area of 13.4x10° km®.
Formerly it was accepted that the Arctic was delimited by the Arctic Circle from
66° N to 90° N. But also there are other definitions based on temperature,
vegetation, ecosystems types, ... Attending to temperature, Arctic is usually
defined as the region where the average temperature during the warmest month is
below 10 °C (Stonehouse, 1986), and the northernmost tree line roughly follows
the isotherm boundary of this region (Linell and Tedrow, 1981). The Arctic is
known as one of the most fragile ecosystems in the world (Laxon et al., 2003).
The raising awareness of the threats to the Arctic has led to the development of
several international actions to protect it. The first action was taken in 1996 with
the formation of the Arctic Council promoting the Arctic Environmental
Protection Strategies (AEPSs) by means of five international programs. These
programs by themselves are not independent and also they overlap in an effective

network of collaborations. However each has a different purpose.
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Arctic Monitoring and Assessment Program (AMAP). This program
focuses on monitoring and assessment of levels and effects of anthropogenic

pollution in the Arctic.

Conservation of Arctic Flora and Fauna (CAFF). This program 1is
responsible of coordination in research on species and habitats of Arctic flora and

fauna.

Emergency Prevention, Preparedness and Response (EPPR). This
program has the objective to provide a framework for future cooperation in

responding to future threats to Arctic environment.

Protection of the Arctic Marine Environment (PAME). This program has
the objective to protect and prevent the arctic marine environment from pollution

independently of the origin (i.e Oil Spills, diffuse pollution..).

Sustainable Development and Utilization (§DU). This program focuses on
the proposition of a sustainable development of the Arctic including the use of

renewable resources by Arctic indigenous population.
7.2 Antarctica and Southern Ocean

Antarctica is the Earth’s southernmost continent in the South Pole and it is
surrounded by the Southern Ocean covering an approximate area of 14x10° km®.
The Antarctic region ranges from 60°S to 90°S. The most important difference
between the Arctic and Antarctica is that Antarctica is a continent by itself while
the Arctic not. The Southern Ocean around Antarctica has a larger sea ice cover,
but this is seasonal and thinner than Arctic’s ice. However, variations in the
formation and destruction of sea ice are less abrupt than in the Arctic (Laxon et
al., 2003). The Antarctica, from a climatic point of view is the coldest, driest, and
windiest continent on earth. Antarctica is considered a desert, with one of the
lowest precipitation of only 200 mm m” y"' along the coast and far less inland.
Conversely, the maritime Antarctica is a highly productive region, especially
around the Antarctic Peninsula. The yearly average temperature of Antarctica is -
57 °C but during austral summer is quite higher and similar to Arctic temperature,

with averaged values of -12.9°C. However, in the maritime Antarctica the climate
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is much warmer. The Antarctica, as well as Arctic, has been considered a fragile
ecosystem. While the international concern about the fragility of Arctic
ecosystems, started in the early 90, the Antarctic treaty was proposed in 1957 and
signed in 1961. This treaty regulates the international relations with respect to
Antarctic Continent. Antarctic Treaty sets aside Antarctica as a scientific reserve
establishing freedom of scientific investigation and banning military activity on
that continent (Moore, 2008). During the International Geophysical year (1957), it
was proposed that there was a need for further international organization of
scientific activities in Antarctica and a regulating committee. In 1957, it was also
created the Scientific Committee on Antarctic Research (SCAR). Nowadays,
SCAR develops many programs and actions promoting and funding Antarctic and
Southern Ocean research. SCAR by means of the Antarctic secretariat acts as a
consultive expert council during negotiations and policy making related to

Antarctic continent and Southern Ocean waters.

7.3 Regions of study in the Arctic and Southern Ocean

The Southern ocean and the Atlantic sector of the Arctic Ocean are ideal
regions to study the coupling between atmospheric deposition and biogeochemical
cycling of POPs. These regions have a high primary productivity (Figure 11), and
the extent of the biological pump is especially relevant. Therefore, the study of the
POP cycling in these regions allow to assess for the first time in the marine
environment, the biogeochemical controls that the biological pump exert on the
atmospheric transport of POPs, and on the occurrence of POPs in the atmosphere

and seawater.
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Figure 11. Primary productivity in the Arctic Ocean (g C m™upper panel) and in the Southern ocean around the Antarctic

Peninsula in 2009 ( mg Chl a m™ lower panel).

This PhD thesis reports the results from one sampling cruise in the Arctic
(ATOS 1), and three sampling cruises in Antarctica (ICEPOS, ESSASSI, ATOS
IT). Figures 12 and 13 depict the ship trajectory during the fourth cruises. The PhD
candidate participated in the cruises ATOS I, ESSASSI, and ATOS II, and

generated the oceanic and atmospheric POP results for these cruises. The Arctic
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cruise allowed to study POPs in the North Atlantic and the ice margin region of
the Arctic Ocean. The three Southern Ocean cruises, allowed to study the POP
transport and cycling in the Bramsfield Strait, and the South Scotia,
Bellingshausen and Weddell Seas.

30°00"W 20°00"W 10°0'0"W 0°0'0" 10°0'0"E 20°0'0"E 30°0'0"E

90°0'0"
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60°0'0"N
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Figure 12. Trajectory of the ship during the ATOS I campaign in the Arctic
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Drake Passage
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Figure 13. Trajectory of the ship during the ICEPOS (A), ESSASSI (B) and ATOS 1II (C) campaigns in the Southern

Ocean.
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Objectives

Chapter 2

Objectives

The overall objective of the present PhD thesis is to study the coupling of

persistent organic pollutants between the lower atmosphere and surface

ocean in the Arctic and Southern Oceans. Specific objectives of the present

thesis are:

1l.

1il.

1v.

To report the simultaneous measurements of
hexachlorocyclohexanes (HCHs), hexachlorobenzene (HCB) and
polychlorinated biphenyls (PCBs) in the atmosphere, surface
waters and phytoplankton from the North-West Atlantic and Arctic
Ocean, and from the Southern Ocean surrounding the Antarctic
Peninsula. In the case of the Southern Ocean, to contribute to the

generation of the largest data set on POP occurrence for the region.

To investigate and measure the air-water diffusive exchange and
the dry deposition of PCBs, HCHs and HCB in the Arctic and

Southern Oceans.

To assess, for the first time from field studies in the marine
environment, the influence of the “biological pump” on the
sequestration of atmospheric POPs, and its influence on the

atmospheric residence times of POPs in the Polar Oceans.

To propose the “degradative pump” as a key process controlling
the atmospheric deposition of HCHs in the Arctic and Southern

Ocean.

To identify the relative importance of secondary sources from
Antarctica, and long range transport on the occurrence of POPs in

the Southern Ocean and Antarctic atmosphere.
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Chapter 3: PCBs in the North Atlantic and the Arctic Ocean

Chapter 3.
The Oceanic Biological Pump Modulates the
Atmospheric Transport of Persistent Organic

Pollutants to the Arctic

The results obtained in the present chapter were published as Galban-Malagén et

al., 2012 in Nature Communications, 3, 2012, 862.
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Chapter 3: PCBs in the North Atlantic and the Arctic Ocean

Abstract

Semivolatile persistent organic pollutants have the potential to reach
remote environments, such as the Arctic ocean, through atmospheric
transport and deposition. Here we show that this transport of
polychlorinated biphenyls to the Arctic ocean is strongly retarded by the
oceanic biological pump. A simultaneous sampling of atmospheric,
seawater and plankton samples was performed in July 2007 in the
Greenland Current and Atlantic sector of the Arctic ocean. The atmospheric
concentrations declined during atmospheric transport over the Greenland
Current with estimated half-lives of 1-4 days. These short half-lives can be
explained by the high air-to-water net diffusive flux, which is similar in
magnitude to the estimated settling fluxes in the water column. Therefore,
the decrease of atmospheric concentrations is due to sequestration of
atmospheric polychlorinated biphenyls by enhanced air—water diffusive
fluxes driven by phytoplankton uptake and organic carbon settling fluxes

(biological pump).
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1. Introduction

The occurrence, transport and impact of persistent organic pollutants
(POPs), such as polychlorinated biphenyls (PCBs), in the Arctic Ocean (AO) has
been an issue of concern due to the enhanced bioaccumulation potential of POPs
in cold environments and their impact on the Arctic ecosystem and the health of
human inhabitants! 3. The processes driving the transport of POPs to the AO and
their occurrence have been the subject of several studies over the last two
decades' 1%, including the presence of POPs in the atmosphere, seawater and to a
lesser extent plankton of the AO. Chemicals such as PCBs are highly

hydrophobic, as measured by the octanol-water partition coefficients (Kow) rang-

ing between 10% and 108, and are semivolatile. Therefore, PCBs and other POPs
can effectively undergo volatilization from primary and secondary sources, and
via atmospheric transport, accumulate in aquatic organisms once deposited in the
Arctic. Regardless of the multi-phase cycling and partitioning of PCBs during
their transport to the Arctic, none of the previous studies performed in high-lati-
tude oceanic regions had sampled simultaneously the gas, aerosol, seawater
(dissolved and particulate) and plankton phases, nor has quantified the role of the
biological pump as a control of transport of POPs to the Arctic. The biological
pump is known as the process by which primary producers (phytoplankton) fix
carbon dioxide, and a fraction of the new organic matter produced is exported to
the deep ocean by settling particles!”. In the context of POPs, the biological pump
has been used to name the air—deep ocean transport of POPs?, driven by the
process of accumulation of POPs in phytoplankton organic matter, which depletes
the dissolved concentrations of POPs, thus enhancing the air-to-water flux of
pollutants. Part of the organic matter sinks carrying POPs to deep waters. While

2,9,18,19

this process has received considerable attention , its role as a modulator of

the Arctic pollution and atmospheric trans- port has not been assessed in the field.

In previous Arctic field studies, Sobek and Gustafsson and Gioia et al.!!
reported concentration gradients of dissolved PCBs in seawater off northern
Europe, extending from the North Sea to off-shore waters of western

Scandinavian, to Eastern Svalbard and to the ice-covered Arctic regions. These
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authors found decreasing concentrations at higher latitudes and evidence of
fractionation processes with increasing concentrations of less chlorinated PCBs at
high latitudes, which are less prone to cold trapping and being sequestered by
settling particles rich in organic matter (biological pump). Gas-phase
concentrations have also been reported to decrease from Northern Europe to the
Arctic Atlantic sector'!, with higher concentrations near the ice-margin zone,
presumably due to enhanced volatilization induced by ice melting, which could be
cur- rently enhanced due to climate change!?. However, the North-West Atlantic
Ocean, a region with dominating south west air masses carrying pollutants from
industrial/population influenced areas upwind, has not been studied before in
terms of PCB occurrence and cycling, and none of the previous studies reported

concentrations of POPs in air, water and plankton simultaneously.

Previous studies have suggested that there are several processes affecting
the atmosphere-land and atmosphere-ocean exchange that may reduce the
transport potential of POPs to the polar regions. These include sequestration by
high organic carbon (OC) soils?>?2!, the role of forests as filters of POPs?2, and
based on the results of modelling studies>!8, the oceanic biological pump. Models
suggest that plankton uptake and settling fluxes of organic matter reduces the
atmospheric half-lives of POPs by enhancing atmospheric deposition fluxes, thus

sequestering atmospheric POPs to the deep ocean.

Water column biogeochemical processes are key factors driving the
occurrence and settling of PCBs and other POPs in the Arctic and other oceanic
regions® %1%, The accumulation of hydrophobic POPs in planktonic organisms
and the subsequent settling of particle and plankton bound PCBs have the
potential to deplete dissolved-phase concentrations of POPs. The resulting
enhanced air—water disequilibria of gas and dissolved-phase concentration drives
a net diffusive absorption flux from the atmosphere to the water column'8. When
this happens, the atmospheric transport is strongly retarded, and even reduced,
because atmospheric deposition fluxes deplete the atmospheric levels of POPs?2.
However, field evidence for the influence of the biological pump on the

atmospheric occurrence and transport of POPs has not been previously reported.

The objectives of the work presented here were to study the occurrence,
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long-range transport potential, atmospheric deposition and the role of the
biological pump on the cycling of PCBs in the sub-Arctic and AO. A
simultaneous sampling of atmospheric (gas and aerosol phase), seawater
(dissolved and particulate phases) and plankton samples was performed in July
2007 in the Greenland Current (GC) and Atlantic sector of the AO. The gas-phase
concentrations of PCBs declined during atmospheric over the GC with estimated
half-live ranging from 1 to 4 days. The atmospheric depositional fluxes are
quantified showing a high air-to-water net diffusive flux of PCBs driven by large
air—water disequilibrium in their concentrations. This flux is similar in magnitude
to the esti- mated settling flux of PCBs in the water column. The results show the
first evidence from a field study of the important role that the biological pump has
modulating the atmospheric transport over the ocean. The meta-analysis of the
air-water disequilibrium reported in the literature for various POP families
suggests that this phenomenon is generalized in high latitude/high productivity

oceanic regions.
2. Results

2.1 Occurrence of PCBs in the GC and AO

Simultaneous sampling of the atmosphere (gas and aerosol phases),
seawater (dissolved and particulate phases) and plankton was carried out between
Iceland and the Arctic ice-margin zone and Svalbard archipelago in July 2007 as
part of the ATOS I cruise on board R/V Hespérides. The sampling area can be
divided in two different zones; the GC between Iceland and Greenland sayling
flowing northeast, and the Atlantic sector of the AO (Supplementary Fig. S1 on
Appendix A.1l), as the R/V Hespérides is not an icebreaker, ice-covered regions
were not sampled during the ATOS I cruise. Figure 1 shows the latitudinal trends
of PCB concentrations in the gas, aerosol, dissolved, particulate and plankton
phases in the GC and AO (See supplementary Tables Sla, SIb and S2 for

individual congener concentrations on Appendix A.2).

In brief, higher dissolved concentrations were found near Iceland, and
lower concentrations were found near the Svalbard islands (close to the ice

margin), but with some variability in this region. Dissolved PCB concentrations

71



Chapter 3: PCBs in the North Atlantic and the Arctic Ocean

were below 1 pg L™! for most samples, consistent with other studies'!"!3, even
though this is the first report of PCB concentrations in the GC. Particulate phase
concentrations in ice-free surface seawater from the GC and AO showed
considerable variability (0.01-12.29 and 0.004-9.73 pg L', respectively).
Finally, PCB concentrations in phytoplankton showed an increasing trend with

latitude but also with a remarkable variability in concentrations close to the ice

margin.
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Figure 1. PCB concentrations versus latitude in the (a) gas, (b) aerosol, (c) dissolved, (d) water particulate and (e)
phytoplankton phases. Bioconcentration factor (BCF) measured for selected PCBs are shown in the f panel. The
concentrations of PCBs are the sum of congeners 18, 17, 31, 33, 52, 49, 44, 99/101, 87, 110, 82, 151, 153, 132/105, 158,
187, 183, 128, 177, 171/156, 180, 169, 201/199, 195 and 208.

2.2 Decreasing PCB concentrations during atmospheric transport.

The sum of total PCB concentrations (27 congeners) in the gas phase (Cg)
ranged from 15.7 to 86.9 and 3.5 to 81.7 pg m 3 in the GC and AO atmospheres,
respectively. The aerosol-phase con- centration ranged between 1.6 to 17.3 and
0.7 to 11 pg m™3 in air over the GC and AO atmospheres, respectively. The
aerosol-bound concentrations of PCBs represents on average 23% of the total
atmospheric concentration due to enhanced sorption of POPs to aerosols at low

temperatures. The measured gas-phase concentrations of PCBs are comparable to
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those reported in Bear Island (North Atlantic-Sub Arctic Region)® for the low
chlorinated congeners, and those reported by Gioia et al.!! for the eastern North
Atlantic (3.5-22 pg m 3 for £;PCBs). The higher concentrations found by the
latter in the ice-margin zone, and the climate change modulation of atmospheric
POP concentrations recently described!?, is consistent with the higher variability
reported here for some congeners in the ice-margin zone, and when air masses
came from coastal and ice- covered areas. The summer of 2007 holds the record
for the melting of sea-ice around the North Pole?3, which may have contributed to
enhanced volatilization of POPs to the atmosphere as has been sug- gested
recently for periods with minimum ice cover extention!?. For some of the
sampling periods (those in the GC and one close to the ice margin), the estimated

air masses?*

were consistently from the southwest (North Americas origin,
Supplementary Fig. S2 on Appendix A.l). Among this subset of measurements,
higher PCB concentrations were found in the southernmost sample near Iceland
(Fig. 1a, Supplementary Fig. S1 on Appendix A.l), suggesting that atmospheric
concentrations reduced during transport northwards. Indeed, measured
concentrations in the gas phase showed a significant statistical decrease
northwards (Friedmann test p<0.000005). The application of the Wilcoxon rank
test to the data set shows that the differences of atmospheric concentrations
between the sampling points are significant and establishes a gradient in the
concentrations with latitude, where Cg at 67°N is higher (p<0.05) than at 74°N
and significantly higher (p<0.05) than at 78 and 81°N. It is possible to estimate
the travel time (7, days) needed for the atmospheric transport from 67°N to 81°N
using the measured wind speed and wind direction (Supplementary Table S3). If
gas-phase concentrations are plotted against 7, the atmospheric residence time (R;),
or half-lives, can be estimated by fitting equation (3.1) to the measured gas-phase

concentrations (see Supplementary Methods S1 on Appendix A.3 for details).
_r
C,=C,e ™ [3.1]
Where Cyand C;are the gas concentrations near Iceland (initial) and after
a time period 7. R,can be related to physical-chemical properties that are relevant

in the environmental partitioning of POPs, such as the octanol-water partition

coefficient (logKow) by R, = 1/(0.943—-0.195 logKow) (Fig. 2 and Supplementary
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Table S4 on Appendix A.2). Examples of R;estimations are 4, 2.6 and 1.4 days
for PCB congeners 18, 87 and 187, respectively.

3. Discussion

The estimated R, for gas-phase PCBs over the GC, ranging from 1 to 4
days (Fig. 2), are consistent with those predicted in this region during the summer
using a model of the atmospheric residence time of POPs? (Supplementary Fig. S3
on appendix A.1). In the latter modelling study, the short atmospheric residence
times were driven by the important role that the biological pump has enhancing
the air—water exchange of PCBs in this region. Indeed, vertical settling of water
column OC and associated pollutants depletes the photic zone dissolved
concentrations, driving a net absorption flux of POPs from the atmosphere?. R;
range from a few days for the less hydrophobic congeners to around 1-2 day for
the more hydrophobic PCBs (Fig. 2), consistent with the influence of the
biological pump sequestering more effectively the more hydrophobic POPs from
the atmosphere!®. The air—deep water transport is the result of coupled air—water,
phytoplankton uptake and settling fluxes'®. The limiting step, or bottle neck, for
this transfer is the diffusive air—water exchange!8. Thus, even though the affinity
to phytoplankton (or Kow) is orders of magnitude higher for the more
hydrophobic PCB congeners, the transfer of PCBs between air and deep water is
limited by the air—water mass transfer coefficient that only change by a factor of
2—4 among congeners. Further support for air—water enhanced fluxes driven by
the biological pump, as an explanation for the rapid decrease of atmospheric
concentrations, is provided by the field measurements of dissolved, particulate

and plankton concentrations and estimated air—water—plankton exchange fluxes of

PCBs.
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Figure 2. Atmospheric residence times, R; (in days), estimated for each congener using equation (1) during their transport

over the Greenland Current and Arctic ocean.

Bioconcentration factors of PCBs (BCF) in plankton were estimated by?>

BCF = g—v’; [3.2]

Where Cp and Cyy are the plankton and dissolved-phase concentra- tions,
respectively. The study of bioconcentration of POPs, such as PCBs, in the lower
levels of the trophic web is important as well to understand the factors that control
the bioaccumulation and magnification of PCB concentrations in the Arctic food
web, where due to the low temperatures, some POPs have longer persistence and

magnification potential, leading to high concentrations in the higher predators

with the associated impact on health3.

The BCF for phytoplankton, shown in Fig. 1, increased slightly at the
northern sector of the GC, and showed higher variability near the Svalbard
archipelago (Fig. 1). These trends in BCF values are due in part to changes in
phytoplankton community and abundance, which was dominated by colonies of
Phaeocystis pouchetti, and followed by diatoms, the abundance of which showed
a dependence with temperature?®2’. Indeed, PCB concentrations in
phytoplankton were significantly correlated with biomass abundance
(Cp=2.99%xPhaeocystis Biomass + 43.5, R>= 0.76, p< 0.01), and the variability in
seawater and plankton-phase concentrations was higher in the ice-margin zone.
The influence of the ice-margin zone on the concentration of PCBs in water (and

thus particle and phytoplankton phase concentrations) is an issue that has not been
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resolved. As in this study, some reports have not observed changes in water
concentrations due to ice melting!!?%, but the influence of ice melting on
atmospheric concentrations is more conclusive!"!2. A modification of gas-phase
concentrations due to volatilization during ice melting has the potential to modify
the seawater concentrations in proximate areas by air—water exchange inputs. The
GC and Fram Strait are always regions with high phytoplankton primary
productivity and chlorophyll concentrations during spring—summer. Chlorophyll a
concentrations were 2.3 mg m 3 (range 0.3—6.7 mg m )28 for the cruise stations
and were high for all the GC and North Atlantic region as discerned from satellite
images (See supplementary Fig. S4 on Appendix A.1). Primary productivity and
the gross community production were also high during the sampling period®2°.
Periods with high phytoplankton growth can induce lower BCF values for the
more hydrophobic compounds in comparison with the BCF values for low growth
25

conditions®?, thus introducing further wvariability in the water column

concentrations, consistent with the observations.

Bauerfeind and co-workers® have shown that most sinking fluxes of OC
in the Eastern Fram Strait occur during the summer (the June—September period
accounts for more than 60% of the annual export of OC) and the export of OC at
300-m depth accounts for ~10% of the gross primary productivity. It is then
possible to estimate the removal of PCBs associated to sinking particles using
these reported summer fluxes of OC and biogenic material for the Arctic summer
(May to September), and the PCB concentrations measured in particles and

plankton. Thus, the settling fluxes of PCBs (F'setling, N per m? per day) are given

by:

Fsoting = FringenicC [3.3]

Where Fiogenic 18 the sinking flux of biogenic material as reported
elsewhere (from 35 to 40 mg per m? per day)3? and Cp are the PCB concentrations
measured in plankton. Figure 3 shows the estimated sinking fluxes for the GC and
Fram Strait, respectively (See supplementary Table S5 on Appendix A.2). These
fluxes can be compared with the atmospheric deposition fluxes of PCBs, which

are the sum of net diffusive air—water exchange (Faw) and dry deposition (Fpp),

estimated in the traditional manner by:
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C
F :kAW[FG,_CW] [3.4]
Fp ZVDCA [3.5]

Where Cg and Cy are the gas and aerosol-phase PCBs concentrations,
respectively, H' is the dimensionless Henry’s Law constant, kaw is the air—water
mass transfer coefficient, and vp is the deposition velocity (0.1 cm s™) of aerosol-
bound POPs. Estimated values and details of methodology and assessment of

2,11,18,19

uncertainty for the Faw and Fpp can be found elsewhere and in

Supplementary Methods S2 on Appendix A.3

The estimated diffusive air-water exchange shows a significant net
deposition of most PCB congeners in both the GC and Arctic region (Fig. 3 and
Supplementary Table S6 on Appendix A.2). The dry deposition fluxes (Fig. 3 and
Supplementary Table S7 on Appendix A.2) of aerosol-bound PCBs are lower than
the net diffusive fluxes, but account for up to 30% of the total deposition fluxes
for some congeners due to the low temperatures enhancing the sorption of PCBs
to aerosols, thus increasing the dry deposition fluxes. The comparison of
atmospheric deposition and sinking fluxes (Fig. 4) shows that approximately the
same amount of PCBs that enter the ocean from the atmosphere are settling to the
deep ocean, taking into account the factor of 2—3 uncertainty in these estimations
for individual compounds (see Supplementary Fig. S6 on Appendix A.1).
Therefore, the air—water—plankton—deep water system was presumably close to
steady state during the sampling period with a significant coupling between the
biological pump and atmospheric deposition. The high fluxes of biogenic matter
during the Arctic summer depletes the water column concentrations driving a
strong air-to-water fugacity gradient in the GC, which increase the diffusive flux
from the atmosphere to water. This removal from the atmosphere as a depositional
flux is on average of the order of 0.44 ng per m? per day for individual PCB
congeners. A flux of this magnitude will remove an important fraction of
atmospheric PCBs during their transport to the Arctic. Those PCB congeners with
higher BCF values show a stronger association with phytoplankton organic
matter, with higher potential for being transported to deep waters and depleting
water column concentrations, thus driving a higher air—water diffusive flux.

Indeed, there is a significant correlation between Faw and BCF for the data set
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— 0.15 LogBCF + 1.07, R = 0.26, p < 0.05,

generated in this study (Faw

Supplementary Fig. S5 on Appendix A.1).
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Figure 3. Atmospheric deposition and settling fluxes. net diffusive air-water exchange fluxes (Fy, ng per m’ per day) for

the (a) Greenland Current and (b) Arctic ocean. Dry deposition fluxes (Fpp, ng per m* per day) for the (c) Greenland
Current and (d) Arctic ocean. settling fluxes (Fsettling, ng per m’ per day) of PCBs for the (e) Greenland Current and (f)

Arctic ocean.
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Figure 4 Sequestration of PCBs in the Greenland Current. schematics of the coupled fluxes of ZPCBs* involved in the
sequestration of atmospheric pollutants by the biological pump. Cs(gas-phase concentration), C,(aerosol-phase
concentration), Cp (dissolved-phase concentration), C» (phytoplankton-phase concentrations),Fs{(net air-to-water diffusive
flux), Fpp (dry deposition flux) and Fsyk(settling flux). *sum of PCBs 18, 17, 31, 33, 52, 49, 44, 99/101, 87, 110, 82, 151,
153, 132/105, 158, 187, 183, 128, 177, 171/156, 180, 169, 201/199, 195 and 208.

The atmospheric deposition fluxes can be used to give estimates of
atmospheric residence times that complement those derived from the decrease of
atmospheric concentrations (Fig. 2). Taking PCB congeners 153 and 180 as
examples (see Supplementary Fig. S6 on Appendix A.l), the total atmospheric
concentrations (gas+aerosol) are in the range 0.9-4.7 and 1.2-4.0 pg m 3,
respectively. Considering a height of 500 m for the boundary layer, then the
atmospheric inventory of PCBs 153 and 180 in the atmospheric boundary layer is
0.45-2.3 and 0.6-2.0 ng m™2, respectively. The atmospheric residence time can be

estimated by R,=inventory/net deposition?. The total net deposition is 0.33 and 0.2

ng per m? per day for PCBs 153 and 180, respectively. Then the atmospheric
residence time estimated from the atmospheric concentrations (inventory) and
deposition fluxes are in the ranges 1.4—7 days and 1.8—-6 days for PCBs 153 and
180, respectively. These ranges of atmospheric residence times are of the same
magnitude, when considering the uncertainties, than those predicted for high-

chlorinated PCBs from the decrease of concentrations during atmospheric
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transport (Fig. 2), and supports the fact that the high air—water disequilibrium can
account for the rapid reduction of atmospheric concentrations over productive
oceans. This also suggests that the depletion of atmospheric PCBs by other
processes is not relevant in comparison to atmospheric deposition. One potential
candidate process might be degradation due to reaction with OH radicals, but this

is negligible in this region due to low OH concentrations?.

An important issue is whether there is remineralization of PCBs in the
surface ocean, or the role that remineralization of organic matter has in the fate of
PCBs and other POPs. There is no field, laboratory, nor modelling evidence of
effective degradation processes for PCBs in surface seawater even in warmer
regions!®3!. Therefore, PCBs should be considered as persistent compounds in
the oceanic water column, although sinking organic matter will be partly
remineralized during sedimentation. When this happens, the fugacity capacity of
the settling particles will decrease, and a fraction of PCBs will be redissolved in
the meso-pelagic zone or in deep waters. Owing to sampling limitations for POPs,
there are no meas- urements of PCBs from deep waters in the Arctic to evaluate
the importance of this process. Subduction of cold surface waters has also been
identified as a potential process for removing POPs from the surface ocean in the
Greenland Sea’?, but this process will only be effective regionally during winter

when temperatures are low.

This study provides the first field evidence of the role that the biological
pump has sequestering atmospheric POPs over productive oceanic regions, and
confirms that the biological pump reduces and minimizes the transport of PCBs to
the Arctic during the summer. This is the first field study that reports the
occurrence of PCBs in the atmosphere, seawater and plankton, simultaneously,
enabling for an assessment of coupled air—-water—deep water fluxes that cannot be
performed with other data sets. However, the biological pump drives air and water
away from equilibrium conditions for hydrophobic compounds, and thus it is
possible to perform a meta- analysis of published data sets of gas and dissolved-
phase concen- trations of organic pollutants to further confirm the important role
that the biological pump has driving a marked air—water disequilibrium in

concentrations. We compiled data sets describing the gas- and dissolved-phase
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concentrations of organic pollutants in oceanic regions characterized by a high
primary productivity and relevant for assessing the transport of POPs to the
Arctic. These regions are mainly the North Atlantic and Atlantic sector of the
Arctic and the regions proximate to the Bering Strait, but not the central Arctic
that is covered by sea-ice, or coastal arctic regions that have land influenced
dynamics in terms of POP cycling. Fugacity (Pa) is a useful descriptor for
assessing the air—water disequilibrium. The fugacity ratio of POPs between air

and water (f4/fw) 1s given by,

Juw = CuH [3.6]
Lo G
For the data set generated in this study, the fugacity ratios were higher
than 3, showing an air—water disequilibrium driven by the biological pump with a
significant net deposition. If this process is important at the hemispheric scale,
then high fugacity ratios should have been observed in other assessments of POPs
in the North Atlantic, North Pacific and the regions in the AO that show a high
primary productivity. Figure 5a shows the PCB air—water fugacity ratios for this
study and those reported by Gioia et al.!! in the North Atlantic. In both cases,
there is a high air-water fugacity gradient consistent with an air—water
disequilibrium. Consistent with this study, Gioia et al.'! reported higher fugacity
gradients (or fluxes) for the more hydrophobic PCB congeners (higher Kow),
indicating that the biological pump has depleted the more hydrophobic com-
pounds. Further confirmation of the role of the biological pump can be obtained
from assessment of the relative abundance of the different congeners. The less
hydrophobic low-chlorinated congeners are more abundant at higher latitudes! 113,
a pattern that is consistent with the lower efficiency of the biological pump in

removing these POPs from the water column'®,

The biological pump may also modulate the air—water disequilibrium and
atmospheric transport of other POPs than PCBs. The compilation of the few
existing studies on POPs, such as phthalates®3, polybrominated diphenyl ethers

and other brominated organics3+3>

shows ubiquitous high air—water fugacity
gradients in the high productivity regions around the AO (Fig. 5b). Therefore, all

the field studies reporting simultaneous air and water concentrations of
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hydrophobic POPs show a significant disequilibrium between air and water
fugacities. This further confirms the important role that the biological pump has in
sequestering atmospheric POPs in the high-latitude oceanic regions, as there is no
other potential mecha- nism that can account for these high air—water fugacity
ratios. Conversely, in oligotrophic regions such as the oceanic gyres, several
studies have reported volatilization of PCB in the subtropical gyres of both the
south and north basins of the Atlantic and Pacific®!3%37 where the biological

pump has a negligible role®'®

. In addition, these subtropical regions are
characterized by higher atmospheric degradation of PCBs due to reaction with OH
radical (lowering their fugacity in the gas phase)?, and with warmer environments
that enhances volatilization. Therefore, the modulation of atmospheric transport
by the biological pump does not occur everywhere over the ocean, but only in the

high productivity regions as those in high latitudes.

The sequestration of atmospheric POPs by the biological pump at high
latitudes is likely to be a seasonal phenomenon. Sinking fluxes of biogenic
material are ten times lower during the winter3?, thus as predicted elsewhere?, the
atmospheric residence times during winter are expected to be much longer due to
a lack of sequestration by the biological pump, with a consequent efficient
transport to the AO. This will be facilitated by the fact that during the winter the
Arctic atmosphere is more permeable to the Atlantic Ocean atmosphere3®.
However, transport of PCBs during the winter can not be quantified here because
gas-phase concentrations in the temperate urban/industrial, rural and coastal
regions upwind also depend on temperature, showing minimal concentrations
during winter>®40. The temporal and geographical extent of the biological pump
in northern latitudes may be modified by climate change, affecting the balance,
cycling and occurrence of POPs in the AO*!. The modulation of atmospheric
transport by the biological pump is presumably also occurring in other oceanic
regions globally, and both its strength and variability in space and time is

currently not accounted for in models of regional/global transport of POPs.
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Figure 5. Air—water fugacity ratios in the Arctic region. Map of the Arctic ocean, North Atlantic and North Pacific showing
(a) air-to-water fugacity ratios (log f;fy')for PCBs, estimated from the gas and disolved phase concentrations from this
study and those reported in Gioia et al.'' and (b) air-to-water fugacity ratios (log fify') for other hydrophobic organic
pollutants in high productivity regions from the north Atlantic and Arctic ocean®>’. For all these hydrophobic chemicals,
there is a strong disequilibrium between air and water (high) consistent with the role of the biological pump lowering water
column concentrations of organic compounds. The acronyms for the chemicals stand for DmP (Dimethyl phthalate), DEP
(Diethyl phthalate), DiBP (Di-i-butyl phthalate), DnBP (Di-n-butyl phthalate), BBP (n-Butylbenzyl phthalate), DEHP
(Diethylhexyl phthalate), PBDE (poly-brominated diphenyl ether), PTB (pentabromotoluene), DPTE (2,3-dibromopropyl-

2,4,6-tribromophenyl ether) and PCB (polychlorinated biphenyl).
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4. Methods

Sampling: Air sampling was performed using a high-volume sampler
(MCV: CAV-A/HF, Collbaté, Spain) operating at 40 m’ h' located in the upper-
deck of R/V Hespérides (mean + SE sampled air volume 1124 + 381 m®). The
high-volume sampler was only operated when the air mass was coming from the
ocean, thus avoiding potential ship contamination. With the aim of sample
aerosol and gas phase separately we used a precombusted (4 h at 450 °C) and
preweighed Quartz Microfibre Filter (QMA 203x254 mm 1 pm nominal pore
size, Whatman, England) for the particulate phase followed by a Polyurethane
Foam (PUF) plugs (100 mm diameter x 120 mm, Klaus Ziemer GmbH,
Germany). Both polyurethane foams (PUF) and QMA filters were precleaned
before the sampling. PUF was precleaned using soxhlet with Hex:DCM (1:1)
during 24 h and QMA filters were precombusted for 4 hours at 450°C.

Surface seawater samples (4 m depth) was sampled using the on board
continuous sampling system and transferred into an overflowing 15 L stainless
steel container during all the sampling period to avoid contamination from the
ship. Seawater was pumped from this 15 L recipient with a peristaltic pump fitted
with teflon tubes through Whatman glass fiber filters (142mm diameter, 0.7 pm
pore size) to obtain the particulate phase and through solvent-rinsed stainless steel
columns, packed with XAD-2 resin (SUPELCO,USA) to obtain the dissolved
phase. The XAD columns had been previously cleaned with Methanol and
dichlroromethane and were kept in Methanol (MeOH) at 277K.

Phytoplankton sampling was performed using a net trawl with a pore size
of 200 pm. Sampling depth was from below the maximum of chlorophyll density
depth (MCD) to surface. Then the phytoplankton was filtered through a glass fiber
filter (47 mm 0.7 pm pore size). Copepods were removed from the sampler before

filtering. GFF filters were pretreated as described as for QMA filters.

Sample extractions: Prior to the extraction, 10 ng of PCBs 65 and 200
were added to samples to be used as surrogates to control the analyte extraction
recovery and losses during sample handling. PUFs and filters corresponding to the
gas, aerosol, particulate and phytoplankton were soxhlet extracted for during 24 h.

For the PUF extraction Ac:Hex (3:1) was used, while Hex:DCM (1:1) was used
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for the aerosol, particulate and phytoplankton filters. All the samples were then
concentrated using a rotary evaporation unit. Dissolved seawater samples were
extracted eluting XAD columns using 200mL of MeOH followed by 300mL of
DCM. Afterwards the MeOH fraction was liquid-liquid extracted with hexane.
The Hex and DCM fractions were merged and concentrated using rotary
evaporation. All solvents used: Acetone (AC), hexane (HEX), MeOH and
dichloromethane (DCM) were gas chromatography quality branded (Merck,
KGaA).

Clean up and fractionation was done for all extracts (PUF, aerosol,
dissolved seawater and particulate matter) using glass columns filled with neutral
alumina (3g 3% deactivated) and anhydrous sodium sulfate (1g). The extract was
eluted and fractionated using Hex (12mL) for the first fraction containing the
PCBs. Finally the Hexanic fraction was concentrated under a gentle N, stream to
150 uL and sealed in amber vials. The phytoplankton samples were cleaned using
Silica, Alumina and Anhydrous Sodium Sulfate and eluted using Hex:DCM (1:2
40 mL) followed by MeOH:DCM(1:2 40 mL). The Hex:DCM fraction was used
to analyze PCBs concentrations on phytoplankton. More information about the
analytical process is presented on Appendix A.l in the supporting info and has

. 1
been described elsewhere '®.

Quantification of PCBs: Analysis were conducted using an Agilent 7890
coupled to a uECD detector (Agilent Technologies) using a Wcot Sil 8CB 60 m
capillary column (inner diameter 0.25mm, film thickness 0.25um). Setting
program starts from 90 °C holding during 1 min, then temperature raises from
90°C to 190 °C at 20°C/min and from 190°C to 310°C at 3°C minute holding 310
°C during 18 min. Retention time was used for the identification of the analytes.
Internal standard quantification method was used adding 5ng of PCB 30 and 142
prior to injection.

Quality assurance and Control. Detection limits (DL) were calculated
using mean plus 3 times standard deviation of noise in the blank samples and
mean plus 10 times standard deviation for quantification limits (QL). The median
and range of Detection Limits (DL) for selected PCBs in different matrix are
0.015 (0.004-0.07), 0.015 (0.004-0.07), 0.007 (0.001-0.048), 0.008 (0.002-0.167)
and 0.019 (0.01-0.069) ng on column for gas, aerosol, dissolved, particulate and
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phytoplankton respectively. Detection limits and quantification limits (QL) values

for single PCBs are presented on Appendix A.2 in the supporting information.
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Chapter 4

The “degradative” and “biological” pumps
controls on the atmospheric deposition and
sequestration of Hexachlorocyclohexanes and
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The results from the present chapter were published as Galban-Malagon et al.

2013b in Environmental Science and Technology, 2013,47 (13), 7195-7203.
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Abstract

The cycling of Hexacholorobenze (HCB) and Hexachlorocyclohexanes
(HCHs) have been studied in the North Atlantic (Greenland Current) and Arctic
Ocean. Concentrations of HCHs and HCB were measured simultaneously in the
atmosphere (gas and aerosol phases), seawater (dissolved and particulate phases),
and phytoplankton. The atmospheric concentrations of HCHs decrease during
transport over the Greenland Current with estimated e-folding times of 1.6 days.
This strong decrease in atmospheric concentrations of HCHs is consistent with the
estimated atmospheric depositional fluxes driven by strong air-water
disequilibrium. The removal of HCHs from the surface ocean by hydrolysis,
microbial degradation, and settling of particle-associated HCHs is estimated; the
removal fluxes are within a factor of two of the atmospheric inputs for most
sampling events, suggesting an important role of the degradative pump in the
overall oceanic sink of HCHs. Conversely, the lack of degradation of HCB in
surface waters, and its relatively low hydrophobicity, implies a lack of effective
removal processes, consistent with the observed air and water concentrations
close to equilibrium. This work is the first that estimate the relative importance of
the biological and degradative pumps on the atmospheric deposition of non-
persistent organic pollutants, and points out the need for further research for

quantifying the magnitude of degradative processes in the environment.

93



94



Chapter 4: HCHs and HCB in the North Atlantic and Arctic
Ocean.

1. Introduction

Organochlorine pesticides (OCPs), such as hexachlorobenzene (HCB)
and hexachlorocyclohexanes (HCHs), have been widely used in the past as
fungicides and pesticides, and distributed globally through atmospheric transport.
HCHs were used in two commercial formulations: technical HCH and Lindane. It
is estimated that ~ 10 Mt of technical HCH and 720kt of Lindane were used from
1948 to 2000 . The production of HCB has been estimated to be of ~100.000 t
*. Because of their effects on the human health and the environment they were
included in the Long Range Transboundary Air Pollution protocol (LRTAP) of
the United Nations Economic Commission for Europe (UN ECE) in 1998, and the
Stockholm Convention in 2001 7. In addition, these chemicals are regularly
assessed in Polar environments such as within the Arctic Monitoring and

Assessment Programme (AMAP) s

HCHs and HCB share some of the properties of other persistent organic
pollutants (POP) in terms of potential for long range transport due to its semi-
volatile properties, and in the case of HCB due to its persistence. However, these
compounds differ in properties of the widely studied polychlorinated biphenyls
(PCBs), usually considered as surrogates of POPs, since they are less
hydrophobic, and HCHs are also less persistent in the environment. The
distribution of OCPs in the environment has been widely reported close and far
from source regions **'°. An especially extended body of literature exists for the
occurrence and cycling of HCHs in the Arctic showing that atmospheric
concentrations of HCHs in the Arctic have decreased over the last decade in
response to decreasing primary sources > ">, However, HCHs and HCB are still

1621 of the Arctic environment.

present in soils 14, ice, Snow 15 , and surface oceans
The Arctic has been regarded as one of the ultimate sinks of OCPs, including a-
HCH, y-HCH and HCB ** %, even though recent studies suggest these may be

remobilizing from historical reservoirs **.

The understanding of the cycling of HCHs and HCB in the Arctic and
adjacent oceans is important due to the large capacity of oceans as a reservoir of

organic pollutants and for the role of oceans as sink of POPs **’. HCHs and HCB

95



Chapter 4: HCHs and HCB in the North Atlantic and Arctic
Ocean.

have reached the Arctic and North Atlantic oceans through atmospheric transport
and the subsequent deposition. Due to the relatively high solubility of HCHs,
ocean currents are also important transport pathways for a-HCH '*'"-?'. Several
studies have assessed the air-water exchange of HCB and HCHs '® '% 2% %,
reporting net deposition in most studies, and a reversal in the exchange direction
in the Pacific Arctic during the last 15 years *°. However, the drivers of air-water
exchange have not been comprehensively studied for HCHs and HCB as they
have been studied for other POPs. It has been predicted that atmospheric
residence times of the more hydrophobic POPs would be reduced by the role of
the biological pump sequestering atmospheric pollutants ', a process observed
recently for PCBs in the Atlantic sector of the Arctic Ocean **. This process is less
efficient for chemicals with intermediate hydrophobicities (3 < LogKow < 5) *°,
theoretically implying that the biological pump may play a minor role in
sequestering HCHs and HCB. Recently, field studies have suggested that the

biological pump is not an efficient process for depleting a-HCH, y-HCH and HCB

20 33

in surface waters in the North Atlantic = and in the Mediterranean Sea
However, HCHs are known to be degraded in the water column, either by bacteria
or abiotically. If degradation in the water column is faster than air-water exchange
under certain environmental conditions, a decrease of concentrations in surface
waters would be driving air and water far from equilibrium conditions. This
“degradative pump”, as opposed to the “biological pump”, could play a role on
the cycling of non-persistent organic pollutants. Previous studies sugested that
HCHs settling in the water column is a slower pathway compared to degradation
334 Moreover, recently, it has been modelled that degradation could be the
responsible of the a-HCH depletion in the surface water in the Beaufort Sea *°,
but there is still little known about the importance of degradation of HCHs on

their environmental cycling.

The objectives of this work are: 1) to report the simultaneous
measurements of HCHs and HCB in five different environmental matrices (gas
and aerosol phases, dissolved and particulate phases, and phytoplankton) in the
North-West Atlantic and Arctic oceans, ii) to investigate the air-water exchange

of HCHs and HCB in the Greenland Current (GC) and the Arctic Ocean (AO) ii1)
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2. Material and methods
2.1 Sampling cruise

The sampling was carried out during the ATOS I cruise on board the RV
Hespérides on July 2007 in the North Atlantic and Arctic Ocean between Iceland
and Svalbard (Figure la). The sampling area can be divided into two different
regions: Arctic Ocean (AO) and the Greenland Current (GC). Both areas are
influenced by high phytoplankton productivity during summer with ice melting
affecting more directly the AO (Figure 1). During the cruise, simultaneous
samples of air (gas and aerosol phase), surface water (particulate and dissolved
phases), and phytoplankton were taken. Ancillary data including physical and
chemical characterization of air and water were obtained from the automatic
continuous water system and the meteorological station on board of the ship. In
addition, vertical profiles of temperature, density and fluorescence were obtained
from the CTD casts. Samples’ ancillary data are reported in Table S1 on
Appendix B.1 in the supporting information.

2.2 Sampling procedures.

Air samples were collected using a high-volume sampler (MCV: CAV-
A/HF, Collbatd, Spain) deployed over the vessel bridge connected to a wind
direction sensor in order to avoid contamination from the ship. Air was sampled
only when the wind direction was from the bow (90° to -90°). Sampling flow rate
was set at 40 m® h' and the sampling volumes were 1124+381 m’. The gas phase
was collected on a polyurethane foam (PUF) plugs (100 mm diameter x 120 mm,
Klaus Ziemer GmbH, Germany) and the aerosol phase was trapped on a quartz

microfiber filters (QM/A) 203x254 mm, 1 pm pore size (Whatman, England).

Seawater dissolved and particulate samples were collected at 5 m depth
using the ship on line water system and transferred into a 25 L stainless steel
container overflowing during the sampling period. Water was pumped through a
glass fibre filter (GF/F) 142 mm © 0.7um pore size (Whatman, England) followed
by a stainless steel column filled with cleaned XAD-2 (SUPELCO, USA),

collecting the particulate and dissolved phases, respectively *°.
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Phytoplankton samples were collected using a net trawl provided with a

50 um mesh. The sampling depth was chosen based on the CTD chlorophyll
density profiles acquired before sampling and deploying the net 10 meters below
the depth of the maximum chlorophyll density (MCD) and obtaining integrate
samples from this depth to surface. Several net casts were performed ensuring
collection of sufficient biomass for subsequent analysis. Phytoplankton was then
filtered using a (GF/D) 142 mm © 2.7um pore size (Whatman, England) on board.
The aerosol, particulate and phytoplankton filters were stored at -20° C wrapped
in aluminium foil inside sealed bags. PUFs were placed in a wrapped aluminium
foil and stored inside zip sealed bags. Both XAD-2 columns and PUFs were kept

at 4°C until analysis.

Prior to the sampling cruise, PUFs had been pre-cleaned using a Soxhlet
extraction with acetone:hexane (3:1) for 24 h. They were then dried, wrapped in
aluminium foil and sealed using 2 ziplock bags. Filters were pre-combusted for 4
hours at 450°C. Filters were pre-weighed and wrapped in aluminium foil before
sampling. XAD-2 resin was cleaned by eluting the column with 200 mL of
methanol, 200 mL of dichloromethane, 250 mL of acetone and plus 200 mL of
methanol. XAD-2 columns were sealed and stored at 4°C until sampling. All the
stainless steel tools used during the sampling were pre-cleaned by rinsing with

acetone before use.
2.3 Chemical analysis.

Prior to extraction a recovery standard was added to all samples (10 ng of
PCBs 65, Dr Ehrenstorfer, GMBH, Germany). PUFs were Soxhlet extracted
during 24 hours using acetone:hexane (3:1) as solvent. Then, the samples were
concentrated by rotary evaporation (R-200, Biichi, Italy) until 1-2 mL, followed
by a clean up and fractionation using a glass column filled with 3g of neutral
alumina (3% deactivated) and 1 g of anhydrous sodium sulphate. The first fraction
was collected using 12 mL of hexane, while the second fraction was collected

using 15 mL of hexane:dichloromethane (1:2). All fractions were concentrated
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until 1-2 mL by rotary evaporation. Finally the extracts were concentrated, under
a purified N, stream, until 150 pL and solvent exchanged to isooctane. Both
aerosol and particulate phase filters were Soxhlet extracted using
methanol:dichloromethane (1:2). Extracts were transferred into hexane and
concentrated to 1-2 mL. The extracts were then purified following the same

method described for PUFs.

XAD-2 columns were extracted with 200 mL of methanol followed by
300 mL of dichloromethane. The methanol fraction was liquid-liquid extracted
with hexane three times. Both extracts (the dichloromethane and hexane extract)
were combined and evaporated in a rotary evaporation to 1-2 mL. The samples

were purified as described for PUFs and filters.

Phytoplankton samples were freeze dried for 4 hours. Thirty minutes
after the freeze dry step, 10 ng of recovery standard (PCBs 65) was added to the
samples. Freeze dried samples were Soxhlet extracted for 24 hours using
hexane:dichloromethane (1:2). Samples were purified using a 350 mm long and 8
mm O glass column filled with 5 g of silica gel (silica 60, 200 mesh) activated at
250 °C for 24 hours prior to purification, 3 g of deactivated neutral alumina (3%)
and 1 g of anhydrous sodium sulphate. Every sample was fractionated into 2
fractions: The first fraction was eluted with 40 mL of hexane:dichloromethane
(1:2) and the second with 40 mL of methanol:dichloromethane (1:2). Both
fractions were concentrated by rotary evaporation until approximately 1 ml and
then the first and second fractions were solvent exchanged to isooctane and ethyl
acetate, and further concentrated until 150 pL under a N, stream. Prior to

injection, 5 ng of PCB 30 was added as internal standards to all samples.

Identification and quantification were done using an Agilent 7890 Gas
chromatograph coupled to a u-ECD detector (Agilent Technologies), provided
with a HP-5MS 60m capillary column (inner diameter 0.325 pm, film thickness
0.25 pum). The elution ramp started from 90 °C holding during 1 min, next the
temperature raised from 90 to 190 °C (20 °C min™") and from 190°C to 310°C (3°C
min™) holding 310 °C for 18 min. o-HCH, y-HCH and HCB were analysed in the

merged first and second fraction for the gas and dissolved phase. For the aerosol,
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particulate matter and phytoplankton only the first fraction was injected.

Identification and quantification was done using the retention time of the a-HCH,

v-HCH and HCB.
2.4 Quality assurance and quality control.

Detection and quantification limits (DL and QL) were calculated using 2
field blank samples from each matrix. DL was calculated as the average of the
blank concentration plus three times the standard deviation, while the QL was
derived as the average plus 10 times the standard deviation of the field blanks
(Table S2 in Appendix B.1). Recovery of PCB 65 averaged 70% (47-92%) for all
matrices (Table S3 in Appendix B.1). Final concentrations were corrected by the

recovery of PCB 65.
3. Results and Discussion
3.1 Occurrence of HCHs and HCB in seawater and phytoplankton.

Seawater concentrations did not show a clear spatial trend for the sum of
HCH isomers and HCB (Figure lc, and Figure S2 and Table S4a in Appendix
B.2). Dissolved phase y-HCH concentrations ranged from 2.1 to 6.5 pg L and
from 0.05 to 2.1 pg L™ in the GC and AO, respectively, while the a-HCH
concentrations ranged from 0.03 to 6.3 pg L™ and from 0.002 to 0.81 pg L™ in the
GC and AO, respectively. Particulate phase o—HCH concentrations ranged from
0.55 to 0.82 pg L™ and from 0.26 to 0.61 pg L' for the GC and AC respectively,
while particle phase Yy HCH concentrations ranged from 0.35 to 0.89 and from
0.02 to 0.48 pg L™ for the GC and AO, respectively. These concentrations are in
the same range of those reported in the NE Atlantic and Arctic Oceans ', but
significantly lower (Kruskal-Wallis, p<0.05) than those reported in the Greenland,

Irminger and Bering seas, and the North Pacific/Arctic Ocean % 2"-2%3°,

Dissolved phase HCB concentrations ranged from 0.94 to 4.8 pg L™ and
0.03-2.6 pg L' in the GC and AO, respectively. Seawater particulate phase
concentrations were in the range of 0.23-0.39 pg L™ and 0.18-0.36 pg L™ in the

GC and the AO. Reported dissolved phase concentrations in the present work are
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similar to those reported for the Arctic Ocean '°, Irminger and Greenland Currents
2 and Pacific sector of the Arctic Ocean *'. However, higher concentrations
(Kruskal-Wallis, p<0.05) have been reported in other studies " **. The HCB
particulate phase concentrations are comparable to those reported by Lohmann et

al.l’.

HCHs where found in all the phytoplankton samples while HCB was
only found in 7 out of the 13 phytoplankton phase samples analysed (Figure 1d,
and Figure S1 and table S4b on Appendix B.2). Phytoplankton phase
concentrations of a-HCH ranged from 0.13 to 3.1 ng g and from 0.06 to 1 ng g
in the GC and AO, respectively, while for y-HCH, these ranged from 0.42 to 1.8
ng g' and from 0.55 to 2.4 ng g' for the GC and AO, respectively. HCB
concentrations were 0.05-1.4 and 0.04-1.2 ng g”' in the GC and AO.

There are no previous reports of HCHs and HCB concentrations in

phytoplankton for the North Atlantic and Arctic Ocean.
3.2 Atmospheric occurrence of HCHs and HCB.

Atmospheric (gas and aerosol phases) HCHs concentrations are shown in
Figure 1 and the complete data set given in table S4c in Appendix B.2. Both o and
vy HCH gas phase concentrations showed a one order of magnitude variability with
higher concentrations at lower latitudes along the GC and a significant decrease
(p<0.005) at higher latitudes in the AO (Figure 1, Figure 2, and Figure S2 in
Appendix B.2.

6 - Ceas v-HCH = -0.33Lat + 26.4 © 10

R?=0.92
. p<0.005

Ceyy 0-HCH = -0.57Lat + 48.5 -8
R*=0.88
p<0.005

Cg, of v-HCH (pg m*)
w
Cg,s of e-HCH (pg m)

65 70 75 80 85
Latitude (°N)

Figure 2. Relationship between the gas phase concentrations (pg m™) of o-HCH and y-HCH and latitude during the ATOS I

cruise
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Conversely, HCB gas phase concentrations were not correlated with

latitude (Figure S1). The aerosol phase concentrations mimic the trends observed
for the gas phase with HCHs decreasing at higher latitudes and a lack of
latitudinal trend for HCB (Figure S1). HCHs were found predominantly in the gas
phase (>93% of total atmospheric HCHs). Gas phase concentrations of a-HCH in
the GC ranged from 1.17 to 8.96 pg m™, and from 0.18 to 2.9 pg m™ in the AO,
while y-HCH concentrations were in the range of 1.33 -5 pg m™ and 0.1 -0.77 pg
m” in the GC and AO, respectively. These concentrations of HCHs are in the
same range of those described previously in the Atlantic sector of Arctic Ocean '°,
the Subpolar North Atlantic Ocean *°, the Pacific Ocean sector of the Arctic *', the
North Pacific Ocean *, the Northern Canadian Archipelago *', and the Irminger
and Greenland Current *°. However, higher concentrations have been reported for
other Arctic regions (Kruskal-Wallis p<0.05) '® ?* *(Table S5a on Appendix
B.2).

HCB was found mainly in the gas phase (approximately 99% of total
atmospheric concentrations). Concentrations in the gas phase ranged from 36 to
77 pg m™ and from 0.40 to 61 pg m™ in the GC and OC, respectively. Aerosol
phase concentrations were two orders of magnitude lower (Table S4c on
Appendix B.2) than those in the gas phase. HCB gas phase concentrations are
19-21, 39,

comparable to concentrations described for the Arctic and Subarctic areas

1.4 (see Tables S5b in Appendix B.2).

3.3 Field derived atmospheric residence times.

The decrease of concentrations with latitude allows to estimate the
atmospheric residence times, or e-folding times, for HCHs. This approach has
been previously used and described for PCBs in this region *%, and other POPs in
other oceanic regions ****. The air mass back-trajectories *° for the sampling
periods show that four samples were influenced by the same source upwind (from
the SW) with a wind direction matching the trajectory of the ship (Figures S2a
and S2b on Appendix III). Hence, the travel time (f) needed for atmospheric

transport to move the air mass from the first sampling period (West of Iceland) to
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the other sampling sites along the Greenland current and Arctic Ocean can be
estimated using the wind speed. The least squares fitting of these pairs of gas
phase concentrations (Cg, pg m™) and ¢ will provide the rate of decrease in
concentration. Indeed, the variation of atmospheric gas phase concentrations is

significantly correlated with 7 (p<0.001 R*=83.3%) following

LnC,, =-0.61(+0.07) +1.92(+0.22) [4.1]

The atmospheric e-folding times (Rf?, d) equals the inverse of the slope of
equation [1], thus R~=1.6 days (from 1.4 to 1.8 days) for HCHs. There are no
statistically differences in the Rf values for a-HCH and y-HCH. Conversely, HCB
does not show a significant decrease in concentrations during its transport to the
Arctic. The Rt estimated here for HCHs are higher than field derived Rt for HCHs
in the South Atlantic and Indian Ocean but lower than those reported for the East
and South China seas **. The relatively short e-folding times suggest that the
atmosphere in the North Atlantic and the Arctic is rapidly depleted of HCHs.
Degradation by OH radical may not be important since OH radical concentrations
are low in this region '. Air-water exchange should be the main driver of the

decrease in atmospheric concentrations of these pollutants.
3.4 Atmospheric deposition of HCHs and HCB.

Atmospheric input fluxes are the sum of diffusive air-water exchange
(Faw, ng m™> d™") and dry deposition (Fpp, ng m™ d™') fluxes. Prior to estimating
F 4w, it 1s useful to test if there is a significant net air-to-water diffusion of HCHs.
This can be achieved by estimating the chemical fugacity in the gas (f,;, Pa) and
dissolved phases (fi,urer, Pa) by,

fuir =CousRT [4.2]
fwuter = CDisH,RT [4'3]

Where R is the ideal gas constant (8.314 Pa mol” K'), T is the surface
water temperature (K), H’ is dimensionless Henry’s Law Constant (HLC)
corrected by temperature and salinity, and Cp; is the dissolved phase

concentration. Estimated fugacity ratios were calculated dividing fyaer by fuir (see
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table S8 in Appendix B.4). Due to uncertainties associated with the air/seawater

concentrations and HLC, fugacity ratios need to be assessed within a range of
values *’; ratios between 0.3 and 3 indicate that compounds are close to
equilibrium conditions, ratios under 0.3 indicate a significant net deposition and
over 3 indicates net volatilization from the sea. The fugacity ratios were lower
than 0.3 for HCHs pointing to a significant net air-to-water exchange (Figure S3
and table S7 in Appendix B.4). Previous studies have also reported net deposition
in the East Greenland and Irminger Current, and in the Eastern Arctic Ocean "
29,3437 419 - Cconversely, fugacity ratios show that HCB is close to air-water
equilibrium (Figure S3 and table S7 on Appendix B.4), which is in agreement
with previous work in the Beaufort Sea, the Labrador Sea and the Arctic Ocean -
20.41.93 ' Therefore, the lack of decrease of atmospheric concentrations for HCB is
consistent with a lack of strong depositional fluxes. Whether the net deposition of
HCH is enough to explain the decreasing concentrations during atmospheric
transport can only be assessed after estimating the atmospheric depositional

fluxes.

F 4w was calculated in the traditional manner by

C...
Fy = kAW[ Ijlf _CDi.vJ

[(4.4]

Where kyy is the air-water mass transfer coefficient (m d™'). Details of
assessment of uncertainty for the F,» and estimations methods for k4 can be

26,2
found elsewhere 2% %",

Aerosol phase concentrations (Cg.,,) Were used to calculate Fpp using the
only available field measurement of aerosol deposition velocity of POPs over the

ocean (vp=0.1 cm s™) * by:
Fip =VpCero [4.5]

Estimations of Fyws; and Fpps for each sampling period are shown in
Appendix B.4 (Table S9a) and summarized in Figure 3. The main input of HCHs
to the AO and GC is the atmospheric diffusive gas exchange, which is two to
three orders of magnitude higher than dry aerosol deposition (Figure 3). The
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estimates of atmospheric depositional fluxes can be used to provide alternative
estimates of the e-folding times. With atmospheric concentrations over the GC of
about 5 and 3 pg m™ for a-HCH and y HCH, respectively, and assuming a height
for the atmospheric boundary layer of 500 m, the atmospheric inventory is of 2.5
ng m™~ and 1.5 ng m™ d”' for a-HCH and y HCH, respectively. The atmospheric
residence time of HCHs is given by this atmospheric inventory divided by the
atmospheric deposition flux, which is of about 1.7 ngm™ d" and 0.7 ng m™ d”' for
a-HCH and y HCH (Figure 3). Then the e-folding times are of 1.5 and 2.1 days
for a-HCH and y HCH, respectively, similar to the 1.6 days estimated above from

the decrease of gas phase concentrations.

It is important to elucidate the processes that drive the low concentrations
of HCHs in the water column, which induce a high air-to-water disequilibrium
and short atmospheric residence times. Previous modelling efforts of the role of
the biological pump for chemicals with intermediate hydrophobicity, such as
HCHs and HCB, have suggested that it is not strong enough to result in such a
high depositional flux ****. The determination of concentrations of HCHs and

HCB in phytoplankton allow to determine their bioconcentration factors (BCF, L
Kg') by

C
BCF = 2
CDis [4.6]

Where Cppyo (ng kg' ) is the concentration in the phytoplankton phase
(see table S4b on Appendix B.3). The obtained BCFs for HCB were similar to the
temperature corrected LogKow (See Table S8 and Figure S4 on Appendix B.4),
while BCFs for HCHs were significantly higher than those predicted from Kow.
The higher BCF for HCHs points to a potential higher influence of the biological
pump than previously predicted by models. Indeed, the determination of HCHs
and HCB in phytoplankton allows to estimate settling fluxes and to compare

them, for the first time, with estimated degradation fluxes in surface waters.

106



Chapter 4: HCHs and HCB in the North Atlantic and Arctic
Ocean.

Faws Fops Faws Fops
-0.19(-0.0 1to -1.9) <0.01 (<-0.01 to0 -0.03) -1.74 (-0.69 to -3.63) -0.04 (-0.03 to -0.04)
ngm3d* ng md! ng mid? ng mid1

0.03 (0.12-0.01) 0.05 (<0.01-0.06) 0.12(0.02- 0.37) 0.07 (0.06-0.09)
ngmid! ngmid! ngmid? ngmd*

23 (2-103)% 23 (1-30)% 17 (2-40)% 5(3-13)%

FAM
-0.18 (-0.06 to -0.4)
ngmid*

Fops
-0.02 (-0.02 to -0.03)
ngmid?

Foink Foeg Fink Foeg
0.16 (0.07-0.29) 0.1 (<0.01-0.19) 0.15 {0.05-0.22) 0.19 (<0.01-0.84)
ng mid? ng mid?t ngmid? ngmid?

99 (26-230)% 124 (41-130)% 18 (11-219)% 15 (1-39)%

Figure 3. Mass Balance for a-HCH (a) and y-HCH (b) during ATOS I cruise for the Greenland Current and Arctic Ocean.
C.s 1s the atmospheric concentration in the gas phase, C.., is the atmospheric concentration in the aerosol phase, Cp;, is
the dissolved phase concentration, Cpyy, is the concentration in the phytoplankton phase, F is the air-to-water diffusive
flux, Fpp is the dry deposition flux, Fi; is the sinking flux, and Fp., is the total degradation flux for a-HCH and y-HCH.
Figures in % indicate the proportion of the atmospheric input removed by the biological and degradative pumps.
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3.5 Removal fluxes from the water column.

Biotic and abiotic degradation, the biological pump and subduction of
water masses are the main mechanisms responsible for removing organic

25,26, 33. 34 4% Pormation of deep water by

chemicals from surface waters
subduction is not a relevant process during summer in the northern hemisphere,
thus it is not considered here. The biological pump is driven by the partitioning of
organic chemicals to settling organic matter, including phytoplankton, resulting in
a net sinking flux to deeper waters (Fsi, ng m™ d), a process especially relevant
for hydrophobic POPs in productive regions such as the North Atlantic region
adjacent to the Arctic ocean *2. Transport through the water column of the less
hydrophobic compounds, such as HCHs and HCB, by the biological pump, is not
very efficient ***® . However, the occurrence of HCHs and HCB in Arctic Ocean

#9-30 "and despite the modest magnitude of

sediments has been reported previously
the biological pump for HCHs and HCB, it is the responsible for their transport to

sediments. Fi;,; can be estimated by

Fou =F C

Biogenic

Phyto [7]

Where Fgiogenic 18 the biogenic matter sinking fluxes (g m'zd'l). Fiogenic
has been reported elsewhere >' for the studied region and a value of 0.06 g m™ d’!

was considered here.

The overall degradation fluxes for the mixing layer of the top ocean
(Fpeg, g m? d), including microbial degradation (F, Degm» NE m? d') and
hydrolysis (Fpegn, ng m? d'), have usually not been explicitly estimated for
surface waters despite field studies provide evidence of its importance ** .
Conversely, it has been identified as a key process for deeper waters. Harner et al.
3% estimated the microbial degradation constants (kue+, kme- and ky,) for a(+)-
HCH, o(-)-HCH and y-HCH for the Arctic deep waters from water mass age,
assuming they are constant for most of the top 1000 m of the water column.
Hydrolysis constants (k. and k) for a-HCH and y-HCH have also been reported
2334 The bacterial abundance and activity in deep waters is much lower than that
observed in the surface mixing layer *2. Thus, the microbial degradation constants

reported at 1000 m depth should be scaled using either the prokaryote biomass
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abundance or activity in the epipelagic zone, which was the zone sampled in the

present work (top 26 m), in comparison to that observed in deep waters.
Prokaryote biomass production is four to five times higher than in the epipelagic
zone (*250-265 mmol C m™) than in the mesopelagic zone (=50-75 mmol C m?)
>2_ a similar relation to that of microbial (prokaryote) abundance. It is reasonable
to assume that the microbial degradation rates are higher in the upper epipelagic
layer than in the mesopelagic layer with a proportionality given by the microbial

biomass, thus,

K — KmlOOOBms [8]
" B m1000
Where K,,; and K900 are the microbial degradation rates at the surface
mixing layer and at 1000 m depth, and B,,, and B,,;p00 are the microbial biomass
in the water-column at surface and at 1000 m depth. These scaling of degradation

constants could be done as well using the prokaryote heterotrophic production

with similar results for the estimated K, (see table S9 on Appendix B.4).

Therefore, Fp.g in the water column for organic compounds is given by

Foey = Fpgg, + Foe, [9]
Where
Fpeg, =k C ol [10]
Fpp,, =k, C il [11]
Thus
Fppe, = (K, 0.5C i+ ki 0.5C i + K, C i )1 [12]
FD% = (K, Cois + K1y Cyig ) [13]

Where Fpe, o and Fpe, are the total degradation fluxes (ng m? d") of o-
HCH and y-HCH, kuno+s kmho- and ki, (d") are the scaled microbial degradation
rate constants for a-HCH (+ and -) and y-HCH, respectively, in the mixing layer

with depth % (26 m), 0.5Cg4 is the dissolved phase concentration (ng m™)
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corrected by the proportion of a-HCH (+ and -) of the atmospheric input "°. The
estimated settling and degradation fluxes for each sampling period are shown in

Appendix B.4 (Tables S8 and S9) and summarized in Figure 3.
3.6 Importance of the degradative and biological pumps.

The biological pump drives the fate of the less degradable and

3

hydrophobic compounds, such as PCBs **, but HCHs are more prone to

degradation than PCBs *>*

and thus the biological pump may not be the only
important removal process of HCHs from the surface water *°. In the Arctic
ocean, the removal of HCHs by the biological pump account on average 23% and
99% of the atmospheric inputs for a-HCH and y-HCH, while total degradation
fluxes for a-HCH and y-HCH accounted of average for 23% and 124% of the
atmospheric inputs (Figure 3 and table S10 on Appendix B.4). Therefore, in the
North Atlantic sector of the Arctic Ocean, diffusive fluxes are enhanced by the
low concentrations in seawater driven in part by the high primary production, as

. . 4
measured during the cruise **°

, inducing an important role of the biological
pump, and also in part by degradation fluxes which is enhanced by the elevated
microbial proliferation reported during this cruise > *°. It is not possible to
estimate to which degree the low concentrations of HCHs and HCB are due to ice
melting freshwater inputs, but these freshwater inputs may introduce nutrients >

>¥ which may enhance the microbial degradation and the biological pump.

In the Greenland Current, the higher gas-phase concentrations induced
higher atmospheric inputs. Calculated Fs;x shows that the biological pump
accounts for an average of 17% and 18% of the total atmospheric input fluxes for
a-HCH and y-HCH (Figure 3 and tables S9a,b and S10 on Appendix B.4). The
estimated Fp., accounts for an average of 5% and 15% of atmospheric inputs for
a-HCH and y-HCH respectively (figure 3 and table S10 on Appendix B.4). The
biological pump and microbial heterotrophic activity are influencing together the
water-column depletion of HCHs along the Greenland Current. However, the
estimated removal fluxes due to the biological and degradation pump are a factor
of two-four lower than the estimated depositional fluxes, but these discrepancies

are within the uncertainties associated for the estimates of depositional fluxes,
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biological pump and degradation fluxes, and thus the removal fluxes are not

significantly different than the input fluxes. It is also feasible that the important
depletion of water column concentrations may have occurred previously to the
sampling events, when a higher extent of the biological pump and degradation

fluxes were occurring.

Therefore, the sequestration of atmospheric pollutants driving the
decrease of atmospheric concentrations is consistent with the predicted removal
fluxes in the water column. However, further research should be done in
determining the microbial degradation constants of organic pollutants such as
HCHs in natural communities in order to quantify with higher accuracy the extent
of the degradation pump. Other studies have suggested that the degradation pump

could also be important for other non-persistent pollutants such as PAHs .

As for HCB, which is a chemical highly persistent in the environment
with not known effective degradation processes *, the removal due to the
degradative pump is negligible. The only removal from the water column will be
by sinking, but this contribution is also small. These results are consistent with the
lack of significant decrease in HCB concentrations during atmospheric transport,
and the close to equilibrium conditions between the gas and dissolved phases
(Figure S4 and table S8 on Appendix B.4). HCB was seldom found in the
phytoplankton samples with low BCF values, and sinking fluxes account for 3-4%
of the maximum atmospheric input estimated when there was a net deposition
(figure S5 and table S8 on Appendix B.4). Therefore, both the degradative and
biological pumps are not effective removal processes of HCB from surface
waters, while they play a significant role for HCHs. The important role of the
degradative pump may be responsible in part for the described decrease of HCHs

. . 2
occurrence 1n oceanic waters 9.
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Abstract

The Southern Ocean is one of the most pristine environments in the world
but is nonetheless affected by inputs of persistent organic pollutants (POPs). In
the present work we report the concentrations of hexachlorocyclohexanes
(HCHs), hexachlorobenzene (HCB) and 26 polychlorinated biphenyl (PCBs)
congeners in seawater and phytoplankton from samples obtained during three
Antarctic cruises in 2005, 2008 and 2009. The levels of PCBs, HCHs and HCB
are low in comparison to the few previous reports for this region and studies from
other oceans. The long term decline of POP concentrations in the Southern Ocean
seawater since early 1980 is consistent with half-lives of of 3.4 and 5.7 years for
HCHs and PCBs, respectively. There is a large variability of PCBs, HCHs and
HCB concentrations in water and phytoplankton within the Bransfield Strait,
South Scotia, Weddell and Bellingshausen Seas that masks the differences
between the studied Seas. However, the variability of PCBs concentrations in
phytoplankton is significantly correlated with phytoplankton biomass with lower
concentrations in the most productive waters. This trend is more apparent for the
more hydrophobic congeners consistent with the role of settling fluxes of organic
matter decreasing the concentrations of hydrophobic POPs in productive waters.
The present work reports the most extensive dataset on concentrations in seawater
and phytoplankton for the Southern Ocean, and points out to the important
biogeochemical drivers, such as settling and degradation, influencing the

occurrence of POPs in the ocean.
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1. Introduction

Persistent organic pollutants (POPs) are bioaccumulative and toxic organic
synthetic chemicals, with long half-lives in the environment, which have received
increased attention over the last decades. The concern of their impact to
ecosystems and human health led to the inclusion of some of them in the
Stockholm convention on POPs approved in 2001, whose objective was to reduce
the production and use of these harmful compounds'. Semivolatile POPs, such as
polychlorinated biphenyls (PCBs) and other organochlorine compounds, have
reached Polar environments through long-range atmospheric transport and
deposition®®. Due to increased persistence and bioaccumulation potential at low

temperatures, there is a need of understanding their fate and impact in Antarctica’
11

Even through Antarctica 1s usually considered a pristine region, also in
terms of POPs contamination, there is a long history of scientific assessments of
organic pollutants in Antartica, which started as early as in the late sixties'>">. The
atmosphere is the main vector for the introduction of semivolatile POPs to
Antarctica through long-range atmospheric transport (LRAT) and deposition®.
Inputs from oceanic transport are thought to play a minimal role due to the
Antarctic Circumpolar Current, which acts as a physical barrier®'*. Transport of
pollutants to Antarctica due to oceanic current can only be significant regionally,
as described in the Ross Sea due to the modified circumpolar deep water

1
current > .

The fate and cycling of POPs such as PCBs, hexachlorobenzene (HCB)

and hexachlorocyclohexanes (HCHs) have been extensively studied in the Arctic

2,5,16-21

polar environment and other marine environments. This contrasts with the

few assessments on POPs available for Antarctica and the adjacent Southern

6, 15,23-24

Ocean . The study of POPs in Antarctica has been mainly confined to the

17, 22-35

coastal atmosphere and seawater . The few studies avalaible for biotic

matrixes were focused on the occurrence of organic pollutants in krill, penguins,

6, 9-11,32,36-39

seals and whales , but none of the previous studies reported

concentrations for phytoplankton, which is the basis of the trophic food web and
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plays an important role on the cycling of POPs in the oceanic environment” *> **-

2. Recent modeling efforts for the Southern Ocean highlight the importance of
phytoplankton in the POPs cycling in Antarctic marine food webs®. However,
there is only one report on the concentration for HCB and HCHs in phytoplankton

for coastal waters adjacent to western Antarctic Peninsula®.

The absence of field studies in the Southern Ocean implies a gap in the
knowledge of the physical and biogeochemical controls on POP occurrence, as

22,42,4546

reported for other regions . Recenly, it has been shown that POP

concentrations in phytoplankton in temperate marine regions and lakes are higher

when the abundance of phytoplankton is lower *'**

. This is due to a coupling of
air-water exchange and settling fluxes of particle associated POPs, which leads to
the depletion of the more hydrophobic compounds in the photic zone, when the
primary productivity or phytoplankton biomass is higher. It is important to
explore the validity of these trends in different ecosystems, such as the polar
marine environment, which has different physical conditions (temperature, mixing
due to high wind speeds, formation of deep oceanic waters...) and different

phytoplankton species. In addition, the southern ocean has been poorly

characterized in terms of organic pollutants.

The objectives of this study are, 1) to report the largest data set of PCBs,
HCHs and HCB concentrations in seawater and phytoplankton, covering for the
first time a large area of Southern Ocean (South Scotia Sea, the Weddell Sea, the
Bransfield Strait, Drake Passage, and Bellingshausen Sea), and ii) to explore the
processes influencing the occurrence of legacy POPs in phytoplankton from the

Southern Ocean.
2. Materials and Methods
2.1 Sampling

Sampling was conducted on board R/V Hespérides during the ICEPOS
(2005), ESSASI (2008) and ATOS-II (2009) sampling cruises in austral summer
(January-February) around the Antarctic Peninsula (Weddell Sea, Bransfield
Strait and Bellingshausen Sea), South Scotia Sea and Drake Passage (See

Appendix C.1). This oceanic region is influenced by the Antarctic Circumpolar
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Current (ACC), specifically by the Antarctic Circumpolar Current Front (ACCF)
and the Southern Boundary of the Antarctic Circumpolar Current (ACCSB).
Primary production in this area is highly variable®’ but it is high and spatially

. . . . 4
extended over large regions compared with surrounding oceanic waters™.

Surface dissolved seawater and particulate phases were sampled only
during the ESSASI and ATOS-II cruises (Figure 1, upper panels for location of
samples), while phytoplankton was sampled in all cruises. Ancillary data
(temperature, fluorescence, salinity, radiation...) were provided by the Automatic
Data Adquisition System on board of RV Hespérides and vertical profiles by CTD
deployments (Information available in Appendix C.1, Tables S1, S2a and b).
Briefly, surface seawater samples were taken from 5 m depth using the ship on
line sampling system and pumped into a precleaned overflowing stainless steel
container. From this container, seawater was pumped using a peristaltic pump
with a flow rate of 150-200 mL min™' through a precombusted (4 hours at 450 °C)
142 mm GF/F filters (Whatman GE, UK) and a XAD-2 column separating the
particulate and dissolved phases. Sampling volumes ranged from 175 L to 378 L
with a median value of 237 L. After sampling, XAD-2 columns were kept at 4 C

and filters were frozen (-20 °C) until extraction and analysis.

Phytoplankton in the photic zone was sampled using a single net trawl
system with a 50 pum mesh size. The sampling depth was always from 10 meters
below the deep chlorophyll maximum depth (DCM), which ranged from 20 to 100
m depth (averaging 54 m depth, see Appendix C.1), to surface. Several
consecutive net trawls were carried out ensuring enough biomass for analysis.
Copepodes were removed from the samples and most of the material was
phytoplankton with minor contribution of zooplankton. The 50 um mesh net
effectively samples phytoplankton cells, even those smaller than 50 um in size,
due to the aggregation of cells (diatoms, dinoflagellates) and the partial clogging
of the net during the sampling. Phytoplankton biomass was transferred into a
clean glass and inmediately filtrered using a precleaned glass system with
precombusted (4 hours at 450°C) 47 mm GF/F filters (Whatman GE, UK). After

filtering, filters were frozen (-20 °C) until extraction and analysis.
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2.2 Chemical Analysis

Water samples were extracted following the procedure proposed
elsewhere*'***’. Briefly, the XAD columns were eluted with 200mL of methanol
followed by 300 mL of dichloromethane. Surrogate standards were added to each
fraction (5 ng of PCBs 65 and 200). The methanol fraction was liquid-liquid
extracted with hexane, the eluted hexane was dried with anhydrous sodium
sulfate, merged with the dichloromethane fraction and finally concentrated using
rotary evaporation. The clean-up step was done using a glass column filled with 3
g of 3 % deactivated neutral alumina and 0.5-1 g of anhidrous sodium sulfate. The
extract was fractionated by elution using hexane (12 mL) and a mixture of
hexane:dichloromethane 1:2 (15 mL) for the first and second fractions,
respectively. The first fraction was used for the analysis of HCHs, HCB and
PCBs.

The filters containing the particulate and phytoplankton samples were
freeze-dried for 4 h and weighed obtaining the dry weight of biomass. Surrogate
standards were added before the extraction (10 ng of PCB congeners 65 and 200).
Filters were soxhlet extracted for 24 h using hexane:dichloromethane (1:2).
Extract purification was done using two different methodologies. Particulate
phase extracts followed the same clean up procedure performed for the dissolved
phase. Phytoplankton clean up was performed using a glass column filled with 0.5
g of anhidrous sodium sulfate over 3 g of 3% deactivated alumina and 5 g of silica
gel (silica 60, 200 mesh) activated at 250 °C for 24 h. The fractionation followed
the procedure described in Galban-Malagon et al*>. The first fraction was used for

the analysis of HCHs, HCB and PCBs.

Sewater samples were analyzed for o-HCH, B-HCH, 6-HCH, y-HCH,
HCB and 41 PCB congeners, even though only 26 of these congeners were
detected and quantified (PCBs 18, 17, 31, 28, 33, 52, 49, 99/101, 110, 82, 151,
149, 118, 153, 132/105, 138, 158, 187, 183, 128, 177, 171/156, 180). All samples
of phytoplankton were analyzed for PCBs, while HCHs and HCB were only
analyzed in samples taken in 2008 and 2009. Analyses for seawater and
phytoplankton samples were carried out using a GC-pECD (Agilent
Technologies) with a HP-5MS capillary column (60 m x 0.25 mm i.d. x 0.25 pm)
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internally coated with Poly-di-methyl-syloxane (Agilent Technologies). Splitless
injection mode quantification was selected as injection procedure. Oven
temperature was programmed from 90 °C (holding time 2 min) to 190 °C at 15 °C
min™ (holding time 1 min) to 203 °C at 3 °C min"' (holding time 5 min), then to
290 °C at 3 °C min™' (holding time 1 min), and finally to 310 °C at 5 °C min™

keeping the final temperature for 10 min.
2.3 Quality control and assurance.

All sampling material (nets, filter holders, Teflon tubes, glass
containers...) were cleaned rigurously after sampling to avoid potential
contamination between different samples. Sampling devices were made of glass,
stainless steel and Teflon and they were rinsed with acetone (3 times) after and
before sampling. All the analytical procedure was validated by the recovery rate
of the surrogate standards. Three laboratory and three field blanks were analyzed
following the same proccess and in parallel to field samples. Field blanks for the
dissolved phase were from XAD-2 columns that were inserted in the sampling
system during 30 minutes and analysed following the same procedures as
samples. All concentrations were corrected using the recoveries (Table S3 on
Appendix C.2) and substracting the chromatographic signal of blanks previously
to quantification proccess. Concentrations in particulate phase samples are not
shown here because they fell below the instrumental limit of quantification (Table
S4 on Appendix C.2). Limits of detection and quantification were calculated by
averaging the blanks concentration plus three times standard deviation for
detection limits and ten times the standard deviation for the quantification limits

(Table S5 on Appendix C.2).
2.4 Characteristic decreasing or e-folding times.

E-folding characteristic decreasing time (time needed to decrease the
dissolved phase concentrations to e of initial value) for the sum o and y HCHs
and the sum of PCB congeners, since individual congeners were not reported in
early studies, was calculated by fitting equation [1] to all the concentrations

reported for the studied region:

LnC =—k,t+b [4.1]
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Where ky is the inverse of the e-folding time Tp (in years), ¢ is time in years and b
is the independent term. TD could not be estimated due to lack of reports of its
occurrence during the last decades. The half-lives, defined as the time needed to
decrease the dissolved phase concentration to half of its initial concentration, are

given by 0.697p.
2.5 Bioconcentration factors

Bioconcentration factors (BCFs) were estimated by

BCF = S [4.2]
Com

Where Cp is the POP concentration in phytoplankton (pg kg™) and Cyrp is
trully dissolved concentration (pg L™). The sampling of dissolved-phase
concentration using XAD-2 adsorvents concentrates the truly dissolved
compounds and the chemicals associated with the dissolved organic carbon
(DOC). Burkhard®® has reviewed the partitioning between DOC and the dissolved
phase proposing a DOC-water partitioning coefficient (Kpoc, L Kg™) of Kpoc=
0.08 Kow for natural DOC, where Koy is the octanol-water partition coefficient
(LogKow), and a slightly different relationship of Kpoc= 0.11Koy when Aldrich
humic acid is considered. Here we used the relationship Kpoc = 0.1 Kow, which

has been used previously to estimate Cwrp ' -. Therefore, Cwrp was estimated as:

Cpp = ——— w0 [4.3]
(1+ K, DOC)

Where C,, is the measured dissolved phase concentration (pg L™). Koy was
corrected by temperature. DOC concentration show a low seasonal and temporal
variability even during booms. In the Southern Ocean, DOC has a mean value of

6x107 Kg L' and range from 40 x10° to 100 x10° Kg L'
3. Results and Discussion

3.1 Occurrence of organochlorine pesticides (OCPs) in Seawater and

phytoplankton
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The concentrations of ) HCHs in seawater are shown in Figure 1, and the
compound specific values are reported in the supplementary material (Tables S6
and S7 in Appendix C.3). Higher concentrations of ZHCHs were found in the
Bransfield Strait (maximum of 12.3 pg L") while the lowest concentration was
found in the Bellingshausen Sea (1.2 pg L™), although there was no statistical
significant difference among basins. Concerning individual HCH isomers, the
concentration of a-HCH was higher in the transect from the Drake Passage to the
Weddell Sea with a value near 1 pg L™ The p-HCH isomer showed the highest
concentrations in the Bransfield Strait (5.9 pg L") and the Weddell Sea (5.6 pg L
") while concentrations were lower in the South Scotia Sea. 8-HCH has never
been reported previously in Antarctica and the highest concentration found was of
57 pg L' in the Bransfield Strait. Conversely, the maximum y-HCH
concentration was found in the Weddell Sea (1.1 pg L") and the lowest
concentration was found in the Bransfield Strait (0.3 pg L™). Profiles of isomeric
composition of HCHs show that the  -HCH dominates the water samples located
in the Weddell and Bransfield Seas and y-HCH dominates the profiles in the
South Scotia and Bellingshausen Seas. Conversely, in the Drake Passage, similar
abundances of the four isomers were found. Regarding HCB, the highest and
lowest concentrations were found in the Weddell Sea (1.6 pg L) and

Bellingshausen Sea (0.2 pg L), respectively.

There are a few previous studies on the occurrence of HCHs in Antarctic

waters (See Table 1). The HCHs concentrations reported here (Table 1) are much

1,32
1'% and open sea areas™. However, the

23,24,34,35

lower than early reports from coasta
HCHs levels reported in recent reports show similar or slightly higher
concentrations than this study. HCB concentrations reported here are also one

order of magnitude lower than the only report available*.

The measured OCP concentrations in phytoplankton are summarized in
Table 1 (complete data set in Appendix C.3, Table S8). For example, OCP
concentrations in phytoplankton in the Weddell Sea ranged from 0.006 to 0.8 ng
g for a-HCH, and between 0.1 to 5.7 ng g”' for y-HCH. In the Bellingshausen
Sea, the concentrations ranged from 0.008 to 0.4 ng g for a-HCH, and 0.05 to
0.6 ng g' for y-HCH. Finally, in South Scotia Sea, the concentrations in

131



Chapter 5: POPs in Antarctic Seawater and Phytoplankton

phytoplankton ranged from 0.2 to 0.6 ng g'1 for a-HCH, and between 0.2 to 2.4 ng
g for y-HCH (See Table 1).

In the case of HCB, concentrations in phytoplankton ranged from 0.01 to
7.1ng g, from 0.01 to 3.5 ng g, from 0.02 to 11 ng g, and from 0.4 to 16 ng g°
"in the Weddell, Bransfield, Bellingshausen and South Scotia Seas, respectively.
v-HCH dominates the HCH isomeric profiles representing from 43% to 68% of
total HCHs.

HCHs and HCB concentrations in phytoplankton from the Southern Ocean
were previously reported only once in coastal waters of Anvers Island", situated
between the Bransfield and the Bellingshausen seas. This study reported
concentrations for HCB (0.6-9 ng g'llipid), a-HCH (0.2 to 1.3 ng g']upid) and v-
HCH (0.3 to 5.6 ng g'llipid) lower than the lipid normalized concentrations in this
study (the lipid content for phytoplankton samples ranged from 2 to 2.5%
averaging 2.3%)).
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TS7 in Appendix C.3). There are no statistically
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L' in Bellingshausen Sea, and from 0.7 to 1.9 pg L in the South Scotia Sea
South Scotia seas. ZjcgsPCBs congeners contribution ranged from 22% to 61% of
the total PCBs concentrations with a median value of 50% (see table TS6 in

(Table 1 and Tables TS6,
significant differences in concentrations among the Weddell,
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Appendix C.3). Profiles of PCBs were generally dominated by the penta-
chlorinated congeners, except for the sample DA1 which was dominated by thri-
chlorinated congeners. The total PCB concentrations are lower than those reported

15,25,31 . 2
52331 and coastal sites® , even

in previous studies for the open Southern Sea
though the number of congeners reported in this study is higher The dissolved
phase concentrations at 4 m depth reported here are two orders of magnitude
lower than those reported for the surface microlayer'”, consistent with other
reports of enrichment of organic pollutants at the marine surface film™.
Comparing with similar polar areas, the dissolved concentrations in the Southern

Ocean are similar to those reported for the Sub-Arctic and Arctic Oceans '*2"%.
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Table 1 summarizes the PCBs concentrations in phytoplankton from the
different seas around the Antarctica peninsula (Tables S6, S7). Concentrations of
¥,6PCBs in phytoplankton were in the range of 0.5 to 33 ng g, 0.4 to 56 ng g”',
0.5t023.4ngg’, and 1.5 to 3.8 ng g for the Weddel, Bransfield, Bellingshausen
and South Scotia seas, respectively. PCBs profiles were generally dominated by
tri and tetra-chlorinated congeners. These concentrations are similar to those
reported for the Arctic Ocean™, even though the phytoplankton species
dominating in this study were diatoms and dynoflagelates™, while for the arctic
study was Phaeocystis pouchetti. Different species have different shape, outer
chemical and physical structure, aggregation strategies, and lipid content, which
all may influence the accumulation of POPs in phytoplankton. The similarity in
POP concentrations and BCFs, in Arctic and Southern Ocean phytoplankton may
indicate a minor role of the phytoplankton species on POP levels since the
dissolved phase concentrations are similar at both regions. Generally, there are

22,41-42 .
’ . There is

very few reports of POP concentrations in oceanic phytoplankton
a larger number of studies reporting POP concentrations in the particulate-phase
from surface waters”>*'“***°_ but PCBs were not above LOQ in the particle phase
analyzed here. However, concentrations of POPs in the particulate phase cannot
be compared with the concentrations in the phytoplankton samples reported in this
study, since these are integrated samples for the water column. Phytoplankton
does not show a constant abundance with depth, and the maximum of abundance

was normally bellow the thermocline, where the dissolved concentration may be

different than at surface.
3.3 Decrease of PCB and OCP in the Southern Ocean seawater

The lower concentrations of HCH and PCBs in this work in comparison to
previous studies suggest that there has been an important decrease in the dissolved
phase POP concentrations in the Southern Ocean. Figure 2 shows the decrease of
HCHs (sum of a and y isomers of HCH) and PCB concentrations in Antarctic
seawater. Tp was of 5 years for HCHs, and 8.75 years for PCBs and estimated
half-lives were 3.4 and 5.7 respectively. The uncertainty of 7p for PCBs is higher
due to the few studies in this region (See Table 1). The scatter trends could be due
in part to the different analytical methods involved. Chiuchiolo et al.** reported

half-lives of 2 years for the sum of a and y isomers of HCHs concentrations in
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zooplankton****® Conversely, Tanabe and Tatsukawa® reported longer half-
lives (5-10 years) in the oligotrophic ocean (subtropical oceanic gyres). This is
probably due to the lower bacterial abundance in these waters (for HCH
congeners) and lesser influence of the biological pump as a removing process in
oligotrophic waters from oceanic gyres*’. Our estimated e-folding time and half-
lives for PCBs were similar to those described for the Baltic Sea®' (see table S10
on Appendix C.4). The Baltic Sea presents a higher eutrophy than the Southern
Ocean, which would lead to shorter e-folding times due to efficient removal by
settling particles. The potential influence of inputs from adjacent land or sediment
resuspension may have attenuated this decrease in the Baltic Sea. In the Souther
Ocean, the decrease of water column concentrations is the result of an imbalance
between atmospheric inputs, which may have decreased due to lower primary
sources of HCH and PCBs in source regions, and the loss processes from surface
waters. Loss processes are settling to deeper waters due to the role of the

20,39

biological pump, which is important for PCBs in productive waters or

degradation, which is known to be important for HCHs®***.
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Figure 2. Dissolved phase concentrations of PCBs and HCHs (a+y) versus sampling date. Correlations

obtained by least squares fitting of equation [1] and used to derive the e-folding time are shown.
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3.4 Factors driving PCBs, HCHs and HCB concentrations in phytoplankton

There are few previous reports for HCHs, HCB and PCBs concentrations
in marine phytoplankton, and also for other aquatic environments. However, there
have been some studies focusing on the processes driving the variability of POPs
in phytoplankton. For example, lower POP concentrations in phytoplankton at
high biomass have been described for the Baltic Sea®', the Mediterranean Sea™
and in lakes®™®’. The recent work by Berrojalbiz et al.*'** has provided the
framework to interpret this variability of POP concentrations in phytoplankton in
terms of inputs to surface waters, mainly diffusive air-water exchange and losses
due settling of particle bound POPs and degradative processes. Indeed, POP
concentrations in phytoplankton strongly depend on the trophic status and how
this affects the inputs and losses of POPs from surface waters’"**. Similar to the
approach performed by Berrojalbiz'', HCHs, HCB and PCBs concentrations in
phytoplankton (Cp, ng g) were plotted against the phytoplankton biomass density
in the water column (B, mg m™) as shown in Figure 3. As Cp and B showed little
variability for the other cruises, only the samples from the ATOS-II cruise were
plotted (26 out of 39 samples). Consistent with the trends reported by
Berrojalbiz*!, Cp values for PCBs were correlated with B by a power function

such as,
LogC, =—-mLogB+a [4.4]

Where m and a are the slope and independent term from the least squares
linear regression. HCB, PCB 31, 99/101 and 183 are plotted in Figure 3a (and
Table S11 on Appendix C.4), where Cp showed a significant inverse correlation
with B, especially for the more hydrophobic compounds. If this trend was a
manifestation of a simple dilution effect resulting in lower concentrations at high
biomass, then the apparent decrease of concentrations (or m value) would be the
same for all compounds, however, this trend is not observed for all congeners. In
fact, m values obtained by applying equation [4.4] to all congeners specific
concentrations are directly correlated with Kow (Table S9 on Appendix C.4) as
shown in Figure 3b. Thus, the more hydrophobic the congener, the stronger is the
decrease of Cp at high biomass. The fact that the same trend has been observed in

the Southern Ocean and the Mediterranean Sea **, which havedifferent eutrophy
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and settling fluxes of organic carbon®*®

, suggests that this is a general trend for a
wide range of trophic conditions and phytoplankton species. This trend can
adequately be explained by the influence of the biological pump influence on the
concentrations of PCBs in the photic zone*. Higher settling fluxes are associated
with high biomass. The flux of particulate organic matter removes preferentially
the more hydrophobic POPs from surface water. At the same time, due to
phytoplankton growth, phytoplankton uptake can not be maintained by
atmospheric inputs since diffusive air-water exchange is not fast enough,

especially for more hydrophobic POPs***

. This imbalance between inputs (air-
water diffusive exchange) and outputs (settling fluxes) reduces the concentrations
in the water column in regions with higher biomass, especially for more
hydrophobic congeners. PCBs and HCB are both persistent in the water column,
so they lie in the same line in Figure 3b. In fact, for HCB and low chlorinated
PCBs, m is smaller than for the more hydrophobic compounds because the extent
of the biological pump is less important for these compounds****"°. This
depletion of concentrations is not reflected in the dissolved phase at surface
because this water mass is isolated from the depth of the maximum of
phytoplankton by the thermocline and atmospheric inputs of PCBs maintain the

concentrations at surface. Only after intense mixing episodes the decrease of

concentrations will be apparent at surface.

Conversely, for HCHs, Cp and B showed significant correlations only for B
and y HCH isomers, while m was not different than zero for a-HCH and 6-HCH
(Table TS11 on Appendix C.4). In the case of HCHs, the importance of the
biological pump is low due to their low hydrophobicity and the dependence of Cp
on B for these compounds is due to, according to Berrojalbiz*', decreasing
concentrations driven by bacterial degradation. HCHs are less persistent than
PCBs and HCB, and are more susceptible to biotic and abiotic degradation

2-64,71- : i
62-6471-73  Bacterial abundance increases when

proccesses in the water column
phytoplankton biomass is higher. However, due to the low temperatures,
degradation will be slower, and the apparent dilution in the Southern Ocean due to
degradation is less important (lower m) than that observed in the temperate

: 42
Mediterranean waters .
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Nizzetto et al.” has pointed out that these changes of POP concentrations
in phytoplankton (and zooplankton) due to the influence of the biological pump
may have implications on the accumulation of POPs at higher levels of the food
web. BCFs in polar regions have previously being calculated for zooplankton,

mainly in the Arctic’*”’

, and here we estimated (Equation [4.2]) the BCFs for
southern ocean phytoplankton. There is a significant correlation between LogBCF
and LogKow for most samples, but the slope is not significantly different from
zero for some time periods (see Figures Sla and b in Appendix C.4). These BCFs
should be examined with caution, because the dissolved phase concentrations
were measured at surface, and the phytoplankton phase concentrations were
determined for samples that integrate the photic zone of the water column (from
below phytoplankton maximum to surface). Nonetheless, the results would point
to lower values in BCF than predicted from models for the more hydrophobic
compounds for some of the sampling periods, which as suggested in other
studies®” would be due to the role of the biological pump. Further research is
needed to elucidate the ecological and physical factors that drive the

dynamics of phytoplankton, bacteria and zooplankton and its coupling with the

cycle and occurrence of POPs.
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Figure 3: Influence of phytoplankton biomass (B) on POP concentrations in phytoplankton (Cp, ng g" dw.).
Panel a shows the least squares regressions of LogCp versus B for HCB and PCB congeners 31, 101 and 183.
Panel b shows the relationship between m (slope of regresions of LogCp versus B as shown in equation [2])
versus the octanol water partition coefficients (LogKyy) for all the PCB congeners and HCB. Kow has been
corrected for temperature.
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Abstract

Despite the distance of Antarctica and the Southern Ocean to primary
source regions of organochlorine pesticides, such as hexachlorobenzene (HCB)
and hexachlorocyclohexanes (HCHs), these organic pollutants are found in this
remote region due to long range atmospheric transport and deposition. This study
reports the gas- and aerosol- phase concentrations of a-HCH, y-HCH, and HCB in
the atmosphere from the Weddell, South Scotia and Bellingshausen Seas. The
atmospheric samples were obtained in two sampling cruises in 2008 and 2009,
and in a third sampling campaign at Livingston Island (2009) in order to quantify
the potential secondary sources of HCHs and HCB due to volatilization from
Antarctic soils and snow. The gas phase concentrations of HCHs and HCB are
low, and in the order of very few pg m~. a-HCH and y-HCH concentrations were
higher when the air mass backtrajectory has “touched” the Antarctic continent,
consistent with the net volatilization fluxes of y-HCH measured at Livingston
Island. In addition, the Southern Ocean is an important net sink of HCHs, and to
minor extent of HCB, due to high diffusive air-to-water fluxes. These fluxes are
presumably driven by the role of the settling fluxes of organic matter-bound
HCHs and HCB, but especially due to the role of bacterial degradation, depleting
the water column concentrations of HCHs in surface waters. This is the first field
study that has studied the coupling between the atmospheric occurrence of HCHs
and HCB, the simultaneous air-water exchange, soil/snow-air exchange, and long
range atmospheric transport of organic pollutants in Antarctica and the Southern

Ocean.
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1.Introduction

Persistent and semivolatile organic pollutants can reach remote oceanic
regions through atmospheric transport and deposition (Iwata et al. 1993, Dachs et
al. 2002). The study of organochlorine pesticides (OCPs) and other persistent
organic pollutants (POPs) in the northern hemisphere and Arctic Ocean has
received more attention than the assessment of atmospheric deposition in the
southern hemisphere, and especially to its remote regions such as Antarctica and
the Southern Ocean (Jantunen et al., 2004, Bengtson-Nash, 2011). OCPs are
ubiquitous in the environment and have been detected in all the environmental
compartments (water, air, snow, ice and biota) of Polar Regions (Tanabe et al.,
1983, Iwata et al., 1993, Cabrerizo et al. 2012, MacDonald et al., 2005).
Although there are previous reports of the atmospheric concentrations of OCPs,
such as hexachlorobenzene (HCB) and hexachlorocyclohexanes (HCHs), in the
Southern Ocean (Tanabe et al., 1983, Larsson et al., 1992, Iwata et al., 1993,
Bidleman et al., 1993 and Kallenborn et al., 1998,Jantunen et al., 2004, Montone
et al., 2005, Dickhut et al., 2005, Cincinelli et al., 2009, Baek et al., 2011 and Xie
et al., 2011), these studies usually cover a small sub-region. Historical production
of HCHs and HCB mainly occurred in the northern hemisphere (Breivik et al.,
2004), and the occurrence and temporal trends of OCPs in the Arctic reflect its
production and usage in the northern hemisphere. Conversely, the occurrence of
OCPs in Antarctica reflects their efficiency for long-range atmospheric transport
in addition to production trends (Bengtson-Nash, 2011, Dickhutt et al., 2005).
Since 1990 there was a restriction and reduction of the global production and
usage of HCHs and HCB (UNEP 2001). Consequently, the primary sources have
been reduced during the last decades (Breivik et al. 2004), which have also lead to
a decrease of OCPs seawater concentrations in the Southern Ocean (Galban-

Malagon et al. 2013).

Long range atmospheric transport and deposition are usually considered
the main source of POPs to the Antarctic continent and Southern Ocean
(Bengtson-Nash et al. 2011, Cabrerizo et al. 2012). Ultimately, these compounds

may experience ‘“‘cold-trapping” at polar regions, where the low temperatures
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further prolong persistence (Wania and Mackay 1995) and enhance their
deposition and accumulation in water, soil, snow or biota. In the current scenario
of decreasing primary sources, it has been suggested that remobilization of
historical polar terrestrial reservoirs (snow, soil) of PCBs and HCB may also be
feasible (Ma et al 2011, Cabrerizo et al. 2013) due to changes in climate. Previous
attempts to study the cycling of HCHs in Antarctic waters have revealed that net
deposition predominates over net volatilization (Dickhut et al., 2005, Cincinelli et
al., 2009, Jantunen et al., 2004 and Xie et al., 2004). Conversely, close to air-
water equilibrium conditions have been reported for HCB (Cincinelli et al., 2009).
Regardless of these pioneering studies, there is a lack of comprehensive studies
covering the atmospheric occurrence and deposition in a large region of
Antarctica and Southern Ocean. Therefore, the objectives of the present work are:
1) to study the occurrence of HCHs and HCB in the atmosphere over the South
Scotia Sea, the Weddell Sea, Bransfield Strait and Bellingshausen Sea during two
Antarctic oceanic campaigns in 2008 and 2009, ii) to assess the diffusive air-water
exchange of HCHs and HCB and the factors driving the air-water cycling of
OCPs in the Antarctic Region, and iii) to identify potential local sources of

atmospheric HCHs and HCB due to volatilization from soil and snow.
2. Material and Methods
2.1 Sampling and site description

Atmospheric sampling was conducted during the ESSASI and ATOS-II
Antarctic cruises in austral summer of 2008 and 2009, respectively, on board of
R/V Hespérides. In addition, and simultaneously to the ATOS-II campaign, a field
terrestrial sampling campaign was performed at Livingston Island (Southern
Shetland Islands) in January-February 2009. The ESSASI campaign sampled the
region of the South Scotia Sea between Elephant Island and South Orkneys
islands (Figure 1 and Figure S1 in Appenix D.1). The ATOS-II cruise covered the
region around the Antarctic Peninsula including the Weddell Sea, the Bransfield
Strait and the Bellingshausen Sea (Figure 1 and Figure S1 in Appenix D.1). The

terrestrial sampling campaign was carried out at Livingston Island, at the
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surroundings of the Spanish Research Station (Juan Carlos I) (62° 34°S, 61° 13'W,
South Shetland Islands) (Figure S2).

During the cruises, simultaneous samples of air (gas and aerosol phase)
and surface water (particulate and dissolved phases) were taken. The methods and
occurrence of HCHs and HCB in seawater has been described previously in a
companion paper (Galban-Malagén et al. 2013), and we describe here only the
sampling and analytical methods for the atmospheric samples and land samples.
Ancillary data including physical and chemical characterization of air and water
were obtained from the automatic continuous water system and the
meteorological station on board of the ship. Samples’ ancillary data are reported

in Table S1 in Appenix D.1 of the supporting information.

Air samples (gas and aerosol phase) were collected using a high-volume
air sampler (MCV: CAV-A/HF, Collbatd, Spain) deployed over the vessel bridge
connected to a wind direction sensor in order to avoid contamination from the
ship. Air was sampled only when the wind direction was from the bow (90° to -
90°). Sampling flow rate was set at 40 m’ h™' and the sampling volumes averaged
1000 m® and 1400 m’ for the gas phase samples of the ESSASI and ATOS II
cruises, respectively. During the ATOS- II cruise, a second high-volume air
sampler was operated in parallel for the sampling of aerosol-phase only, with
longer sampling periods, so higher volumes of air were sampled (around 1800
m’). This was part of an attempt to determine POPs in aerosols, since aerosol
concentrations are extremely low in Antarctica (Weller et al. 2012). The gas phase
was collected on a polyurethane foam (PUF) plugs (100 mm diameter x 100 mm,
Klaus Ziemer GmbH, Germany) and the aerosol phase was trapped on a quartz

microfiber filters (QM/A) 203x254 mm (Whatman, England).

The fugacities of OCPs in soil and snow were measured using the fugacity
sampler (Cabrerizo et al. 2009, 2011a and b, 2013) in which the air is forced to
flow below a stainless-steel chamber with a surface of 1 m” and separated 3 cm
from the soil/snow surface. This sampler allows the air to equilibrate with the
surface soil/snow in terms of the chemical fugacity. Four soil-fugacity samplers

were operating simultaneously and distributed above soil covered with lichens
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(Usnea Antarctica) in Pico Radio Hill (one sampler), bare soil at Polish beach
(one sampler) and snow in Sofia Mountain (two samplers) (See Figure S2). In
these samplers, the air, after it has been equilibrated with snow or soil, passes
through a glass fiber filter to remove dust particles and a polyurethane foam plug
(PUF) in which the compounds from the gas phase are retained. In addition to the
air equilibrated from the surface (snow and soil), ambient air at a height of 1.5 m
is also analyzed. The comparison of the fugacity in the soil/snow, and the fugacity
in ambient air, provides the direction of the air-surface exchange. A high-volume
air sampler was also deployed at Livingston Island in order to determine HCB and
HCHs concentrations in the aerosol phase. Filters and PUFs used in this sampler
were quartz fiber filters (GF/F) of 47 mm of diameter and the dimensions of PUFs
were 10 x 2 cm. Details of the sampling strategy and conditions at Livingston

Island are given elsewhere (Cabrerizo et al. 2013).

Prior to the sampling campaigns, PUFs were pre-cleaned using a Soxhlet
extraction with acetone:hexane (3:1) for 24 h. They were then dried under
vacuum, and kept well sealed until the sampling. QMA filters used for aerosol
sampling were initially pre-combusted at 450°C during 24h, pre-weighed and
wrapped in aluminum foil before sampling. After the sampling, PUF and QMA

filters were kept at 4°C and -20 °C, respectively, until chemical analysis.
2.2 Analytical Methods
2.2.1 Atmospheric and aerosol extraction and fractionation of OCPs

Briefly, all samples were Soxhlet extracted for 24 h using acetone:hexane
(3:1) for gas-phase samples collected on PUFs and using
methanol:dichloromethane (1:2) for aerosol-phase samples collected by QMA
filters. Prior to extraction, samples were spiked with PCB 65 (Dr Ehrenstorfer,
GmbH, Germany), which was used as a recovery standard. Extracts were reduced
in a rotary evaporation unit (R-200, Biichi, Italy) until 0.5 ml and fractionated on
a 3% deactivated alumina column (3 g), with a top of 1 g of anhydrous sodium
sulphate. The first fraction containing PCBs and some OCPs was collected using

12 mL of hexane, while the second fraction containing PAHs and the rest of OCPs
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was collected using 15 mL of hexane: dichloromethane (1:2). All fractions were
concentrated until 1 mL by rotary evaporation and solvent exchange to isooctane
under a purified N, stream until a final volume of 150 pL. a-HCH, y-HCH and
HCB were analyzed in the merged first and second fraction for the gas and
dissolved phase. For the aerosol phase samples, only the first fraction was
analyzed. Identification and quantification was done using the retention time of
the a-HCH, y-HCH and HCB peaks. The details of the methodology used for
analyzing the PUFs from the sampling of the fugacity in soil/snow and ambient
air using the fugacity sampler at Livingston Island have been described elsewhere

(Cabrerizo et al. 2013).
2.2.2 OCPs ldentification and Quantification

OCPs were analyzed by a gas chromatograph coupled to a p-ECD
detector (Agilent Technologies, model 7890), provided with a HP-SMS 60m
capillary column (inner diameter 0.325 pm, film thickness 0.25 pum). The
instrument was operated in splitless mode (close for 1.5min). The oven
programmed temperature started from 90 °C (hold for 1 min) to 190 C at 20 °C
min™ and then to 310°C (3°C min™) (holding time 18 min). Injector and detector
temperatures were 280 and 320°C, respectively. Helium and nitrogen were used as
carrier (1.5 ml/min and makeup (60 ml/min) gases respectively. Prior to injection,

5 ng of PCB 30 was added as internal standard to all samples.
2.3 Quality Control and Quality Assurance.

All analytical procedures were monitored using strict quality assurance
and quality control measures. Sampling equipment were cleaned rigorously prior
to sampling and between samples to avoid sample cross contamination.
Laboratory and field blanks constituted 20 % of total number of samples
processed at a rate of one blank for every. Blank signal accounted for an average
of 5(£8)% of the amount detected in samples and was subtracted after
quantification for all samples. Limits of detection (LODs) and quantification
(LOQs) were estimated from the average plus three times the standard deviation,
and average plus ten times the standard deviation from blanks, for LOD and LOQ),

respectively. The estimated LODs and LOQs for a-HCH, y-HCH and HCB were
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0.059-0.16, 0.15-0.46 and 0.14-0.37 pg on column. Instrumental detection limits
were also calculated from the lowest standard detected and considering the
average sampling volumes, resulting in a value of <0.001 pg m™ for the ESSASI
samples, and <0.002 pg m™ for the ATOS II samples. The recoveries of PCB 65,
used as surrogate standard, ranged from 53 to 78 % for ESSASI samples, and
from 67 to 76 % for ATOS II samples. Quality control and quality assurance
parameters regarding samples taken at terrestrial campaign are reported elsewhere

(Cabrerizo et al, 2013)
2.4 Statistical Analysis

Differences in concentrations were analyzed using a non-parametric
statistical approach using the Mann Whitney U test for the comparison of the
ESSASI and ATOS II atmospheric concentrations of a-HCH, y-HCH and HCB
(Figure 2A, B and C). The influence of air-mass backtrajectories on OCP
atmospheric concentrations was discerned using the Kruskal-Wallis test for 3 or
more groups followed by a post hoc Dunn’s Multiple Comparisons test (Figure

2D, E and F)

3. Results and Discussion

3.1 Atmospheric occurrence of HCHs and HCB
3.1.1 Gas phase concentrations of a-HCH and y-HCH

During the ESSASI cruise (January-February 2008), gas phase
concentrations of a-HCH and y-HCH ranged from 0.06 to 5.8 pg m™ and from 1.5
to 7.1 pg m>, respectively. Conversely, the gas phase concentrations from the
ATOS II cruise (February 2009) ranged from 0.04 to 0.5 pg m™, and from 0.07 to
3 pg m” for o-HCH and y-HCH, respectively (see Figure 2). The concentrations
of a-HCH and y-HCH in 2008 were higher (Kruskal Wallis test, p<0.05) than in
2009. These inter-annual differences may be due to the different regions sampled
in the different cruises, to differences in the air mass trajectories, or to other

factors as discussed below.
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In general, the concentrations of y-HCH were higher than those of a-HCH
in both cruises (see Table 1 and Table S4). During the sampling campaign
performed at Livingston Island, only y-HCH was detected with ambient air
concentrations ranging from LOQ to 2.73 pg m™ (Table S5). a-HCH was always
below LOQ due to the low sampled volumes of the land-based samples (around
70 m’). These concentrations are in agreement of previous reported studies for the
atmosphere over the coastal Antarctic continent and Islands (Dickhutt et al., 2005
and Cincinelli et al., 2009), or over the Southern Ocean (Jantunen et al., 2004,
Dickhutt et al., 2005 and Montone et al., 2005 and Xie et al., 2011). However, the
concentrations reported in this study are significantly lower than the
concentrations reported over Antarctic land and waters during early sampling
efforts in the 1980s and 1990s (Tanabe et al., 1983., Larsson et al., 1992, Iwata et
al., 1993 and Bidleman et al., 1993) (See Table 1 for a comparison of HCHs and
HCB concentrations reported in this study in comparison to previous reports),
suggesting a decrease in atmospheric concentrations in agreement with the
reported temporal trends for seawater concentrations of HCH (Galban-Malagon et
al. 2013, Lakaschus et al. 2002). This decrease in atmospheric concentrations
reflects the restriction in the use/emissions of these chemicals from source
regions. Latitudinal gradients have been reported previously for a-HCH and vy-
HCH (Bidleman et al., 1993). However, in the present study, in which a smaller
latitudinal range was sampled, this trend was not significant, consistent with other

recent reports (Jantunen et al., 2004).
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Table 1. Atmospheric concentrations (gas-phase) of HCH and HCB reported for the Southern Ocean and Antarctic region

(pg m”).
. o-HCH v-HCH HCB
Location Year Mean SD  Mean SD Mean SD Reference
Sabrina Coast 1981 120 120
Balleny Islands 1981 170 170 a
Syowa Station 1982 49 49 Tanabe et ., 1983
Amundsen Bay 1982 44 44
Cape Evans (Ross Island) }ggg (7);3(5) 43.69 Larsson et al., 1992
Southern Ocean 1990 26.00 12.00 Iwata et al., 1993
Gondwana cruise (New Zealand to Antarctica) 1990 4.15 1.19 5.80 5.60 62.60 20.00 Bidleman et al., 1993
Signy Island 1995 3.50 244  33.01 20.13 Kallenborn et al., 1998
Transect Brazil-Antarctica 1995 3.77 0.64 3.00 4.60 23.90 1.79 Montone et al., 2005
Agulhas Cruise (South Africa-Antarctica) 1997-1998 1.01 0.31 Jantunen et al., 2004
Antarctic Peninsula 2001-2002 0.32 0.10 0.78 0.80 20.59 6.51 Dickhut et al., 2005
Terra Nova Bay 2003-2004 0.22 0.08 0.56 0.32 11.36 5.35  Cincinelli et al., 2009
2005
King George Island 2006 2.28 0.27 2.85 0.46 Bacek et al., 2011
2007 1.72
Southern Ocean Cruise 2008 0.75 0.21 0.70 0.28 Xie etal., 2011
South Scotia Sea 2008 1.70 2.16 1.63 1.52 49.71 8.19
Bellingshausen 2009 0.26 0.18 1.14 1.61 32.19 18.63
Bransfield 2009 0.14 0.09 0.12 0.07 35.03 14.55
Weddell 2009 0.16 0.14 087 0.88 11.93 15.77 This Study
Livingston Island (Polish Bluff) 2009 0.93 0 11.97 2.67
Livingston Island (Radio Peak) 2009 2.27 0.68 10.30 4.81
Livingston Island (Sofia Mountain) 2009 0.79 0.77 11.79 1.82
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Figure 1. Gas phase concentrations (pg m™) of HCHs (A) and HCB (B) in samples taken during the ESSASI (GE) and

ATOS II (GA) cruises in 2008 and 2009, respectively. Average and range is also shown for the gas-phase samples taken at

Livingston Island.

3.1.2 Gas phase concentrations of HCB

Over the Southern Ocean, ambient air concentration of HCB were in the

range of 2.2-15.8 pg m™, 2.4-30.1 pg m™, 25.9-51.8 pg m™ and 12.6-49.7 pg m™

in the South Scotia, Weddell, Bransfield and Bellingshausen Seas, respectively.

The highest concentrations were found in the Bransfield and Bellingshausen Seas,

while the lowest concentrations were found in the Weddell Sea during the ATOS
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IT cruise. The results of the Kruskal Wallis test (p<0.05) indicate that there are no
significant differences between the concentrations measured in 2008 and 2009
(Figure 2). At Livingston Island, the HCB gas phase concentrations ranged from
4.19 to 15.73 pg m™ (Table S5), comparable to those determined over the ocean.
The gas-phase concentrations of HCB reported here are in the same range than
those reported in the atmosphere from the open and coastal Southern Ocean (See
Table 1) (Montone et al., 2005, Bidleman et al., 1993, Dickhut et al., 2005), and
from the Antarctic continent and islands (Dickhutt et al., 2005 and Cincinelli et
al., 2009). HCB concentrations are also comparable to those measured in the
Arctic Ocean (Galban-Malagon, 2013, Lohmann et al., 2008, Su et al., 2006 and
Wong et al., 2011). Gas phase concentrations over the ocean were not correlated

with temperature.
3.1.3 Aerosol phase concentration of a-HCH, y-HCH and HCB

The aerosol phase concentrations over the Southern Ocean during the
ATOS 2 cruise ranged from 0.01 to 0.1 pg m™, 0.03 to 0.1 pg m™ and from 0.04
to 0.08 pg m™ for a-HCH, y-HCH and HCB, respectively (Table 1). At Livingston
Island, the aerosol-phase HCB concentration was in the range of 0.0035-0.004 pg
m™. To the best of our knowledge, there are no previous studies reporting aerosol-
phase concentrations of HCHs and HCB for the Southern Ocean or Antarctica.
However, these concentrations were lower than the aerosol-phase concentrations

measured in the Arctic and Subarctic atmosphere (Galban-Malagén et al. 2013b).
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3.2 Influence of the air-mass backtrajectories on atmospheric concentrations of

HCHs and HCB

ACC Ant C WS

NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 0000 UTC 30 Jan 09 Backward trajectories ending at 0000 UTC 19 Feb 09 Backward trajectories ending at 0000 UTC 01 Feb 09
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Figure 3. Characteristic air-mass back trajectories for sampling periods influenced by the Antarctic Circumpolar water
Current (ACC), the Weddell Sea (WS) and the Antarctic Continent (AC).

The air-mass back-trajectories were assessed using the NOAA HYSPLIT
model (Draxler and Rolph, 2011). The back trajectories were estimated at 25
meters height and were computed for the initial, middle and final time of the
sampling period to ensure clear and coherent information about the air mass
origin during sampling, since air masses can be highly variable close to the
Antarctic continent. The three characteristic air mass backtrajectories encountered
are shown in Figure 2 (all the backtrajectories are shown in Figures S4 and S5 in
Appenix D.2) and belongs to the Antarctic Circumpolar Water Current (ACC)
accompanying air masses, those coming from the Antarctic Continent (AntC), and
air masses coming from the Weddell Sea (WS). Non-parametric tests were
performed to establish differences in gas phase concentrations between the
different sampling events revealing that for a-HCH and y-HCH, gas phase
concentrations were significantly different (p<0.05) for those samples influenced
by WS and AntC air masses, but the concentrations for these groups of sampling
events were not significantly different than when the sampling events were
influenced by the ACC air masses (right panels of Figure 3). Generally,
concentrations of HCHs were higher when the air mass has “touched” the

Antarctic continent or they came from the NW seawater in the ACC, while
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concentrations were lower when the air mass came from the Weddell Sea. In the
case of HCB, there were no significant differences between the gas-phase
concentrations for the different air mass backtrajectories (right panels of Figure
2). The analysis of the air-mass backtrajectories did not allow to discern a direct
source of HCHs or HCB originating in South America, thus affecting the
Antarctic atmosphere as a result of a lack of direct transport from mid-latitudes to
higher-latitudes (Dickhut et al., 2005). This result agrees with the trends described
recently for perfluorinated compounds (Del Vento et al., 2012).
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Figure 3. Box-Plot comparing gas-phase concentrations during the ESSASI (2008) and ATOS II (2009) cruises for a-HCH
(A), y-HCH (B) and HCB (C). Box-Plot comparing the influence of the air mass origin (based on backtrajectory analysis)
for a-HCH (D), y-HCH (E) and HCB (F). For figures A, B and C differences (p<0.05) are marked numbers 1 and 2 over
the box in the case of the figures D, E and F. 1, 2 over the box means that there are no statistical differences with 1 and 2.
ACC: Antarctic Circumpolar Water Current influence, WS: Weddell Sea origin and AntC: Antarctic Continent Influence.

3.3 Antarctica as a secondary source of HCHs and HCBs
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The potential influence of the Antarctic continent as a secondary source of
HCHs and/or HCB inducing higher gas phase concentrations, as observed in the
AntC dominated air masses in comparison to WS air masses (Figure 2), require
further attention. Recently, it has been suggested (Ma et al., 2011, Cabrerizo et al,
2013, Kang et al., 2012) that Arctic and Antarctic seawater, snow and/or soils are
becoming important secondary sources, remobilizing POPs and modulating the
trends of legacy pollutants in the Arctic and Antarctic atmosphere. Indeed, this
process could be more intense during periods of high wind speeds influenced by
the katabatic winds coming from the continents (speed>10 m s™'), enhancing the
release of contaminants to the atmosphere (Hallsall et al., 2004). The deployment
of fugacity samplers at Livingston Island allows determining the soil-air and
snow-air fugacity ratios and thus the determination of the occurrence of local
sources of atmospheric HCHs and HCB from Antarctica. The ambient air fugacity

(f2, Pa) and the snow or soil fugacity (f;, Pa) were calculated by (Mackay, 1979):

107"*C,. RT
f = ———Gu—l [6.1]
10"2C.,RT
fo=——aT [6.2]

Where Cg, 1s the measured ambient air gas-phase concentration at 1.5 m
height (pg m™), R is the gas constant (8.314 Pa m’ mol”’ K™), T is the air
temperature (K), MW is the chemical molecular weight (g mol™), and Cs4 (pg m™)
is the gas phase concentration that has been equilibrated with the soil or snow
surface (Table S5 in Appenix D.3) as measured using the fugacity sampler
(Cabrerizo et al. 2009, 2013). The re-volatilization of HCHs and HCB from the
surface reservoirs can be confirmed by comparing f4 and f;. When f; is higher than
f4 there is a net volatilization of the chemical. In contrast, if f4 is higher than f;
there is a net deposition of the chemical. However, since there is an uncertainty in
the measurements, equilibrium would be represented by log f/f4 in the range of
+0.23 and -0.52 (Cabrerizo et al., 2009, 2011b, 2013). Figure 4 shows that HCB
and y-HCH in snow and soil were close to equilibrium with the over-lying

atmosphere but with a tendency for a net volatilization for more than half of the
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sampling periods. These results suggest that during the austral summer, Antarctica
is a secondary source of y-HCH and HCB to the atmosphere, especially due to
volatilization from snow. The “signal” from the Antarctic secondary sources may
be more important for HCHs than HCB, as suggested by the comparison of gas-
phase concentrations for different air-mass backtrajectories, because HCB is more
persistent in the atmosphere than y-HCH and thus long-range atmospheric

transport may be more effective in comparison to secondary sources.
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Figure 4. Surface/Air fugacity ratio (Log fs/f4) of HCB and y-HCH for the different sampling sites and periods at
Livingston Island (Antarctica). The black lines indicate the surface-air equilibrium range for Log fs/fs (+0.23, -0.52).

3.4 Air-Sea diffusive exchange and dry deposition processes

The low concentrations over the Weddell Sea, and the high variability of
concentrations when the air-masses are from oceanic regions, suggest that
atmospheric deposition may be an important removal process for atmospheric
HCHs and HCB. The net direction of the diffusive air-water exchange can be

determined by comparing the chemical fugacity in water (fw, Pa) and air (fa, Pa).

_10"°C,,H'RT,,
MW

Jw [6.3]
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Where Cpis is the truly dissolved concentration estimated from the
measured dissolved concentrations corrected by dissolved organic carbon (DOC)
as reported elsewhere (Galban-Malagon et al., 2013), R is the ideal gas constant
(8.314 Pa mol™' K™), Ty is the water surface temperature (K), H~ is the surface
temperature and salinity corrected dimensionless Henry’'s Law Constant (HLC)
for each compound (Table S2 in Apendix C), and MW is the molecular weight of
the studied compound. f; over the ocean was estimated from equation [1] using
the Cg,s measured during the cruises. More information about the truly dissolved

concentration and HLC corrections is given in the supporting info (Appenix D.3).

Fugacity ratios (fy/f4) should be considered with caution due to the
uncertainties associated with the Cgys, Cpis and HLC. The uncertainties associated
to Cgas and Cp;s were estimated to be 0.15 (15% error in analytical measure).
Another source of uncertainty is the estimation of HLC, and a factor of 3 was
chosen (Li et al.,, 2003). Following the approach of Briihn et al., 2003, if
fw/f4<0.76 indicates net deposition, fy/f4 >3.23 indicates net volatilization, and
0.76< fu/fy <3.23 indicates that the gas-phase and dissolved-phase are close to
equilibrium. fy/fy are shown in Figure 5A. During the ESSASSI cruise, the
fugacity ratios indicate a net deposition for a-HCH and y-HCH, while HCB
showed conditions of close to air-water equilibrium to net deposition (South
Scotia Sea). In the case of the sampling events during the ATOS II cruise
(Weddell, Bransfield and Bellingshausen seas), there was a net deposition of
HCHs and HCB for all the sampling events except for 2 samples (Table S5 on
Appenix D.3). The fugacity ratios reported here for HCHs agree with those
reported in the Antarctic Peninsula coastal waters (Dickhutt et al., 2005), the Ross
Sea (Cincinelli et al., 2009) and Southern Ocean (Jantunen et al., 2004 and Xie et
al., 2011) indicating that there is a strong disequilibrium between the air and water
in the Southern/Antarctic Ocean. Conversely, HCB has been reported to be close
to equilibrium in the Ross Sea (Cincinelli et al., 2009) but this study shows that
there is significant air-water disequilibrium in some areas, especially for those
samples from the ATOS II cruise that covered the marine regions around the

Antarctic Peninsula (Weddell Sea, Bransfield Strait and Bellingshausen Sea).
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The magnitude of the net diffusive air-water fluxes (Fy, ng m™ d') were

estimated using the two-film model as follows

CGas

P =K (7 ) CD”) [6.4]

Where k4 (m d™) is the estimated air-water mass transfer coefficient. The
diffusive air-water fluxes are shown in Figure 5B. The highest depositional fluxes
of a-HCH and y-HCH were estimated for the Bransfield Strait (0.3 ng m™ d' and
1.9 ng m™ d™, respectively) and the lowest were found in the Weddell Sea for a-
HCH (0.02 ng m™ d'") and in the Bellingshausen Sea for y-HCH (0.04 ng m™ d™).
HCB fluxes were significantly higher than those measured for HCHs (Kruskal-
Wallis p<0.05) in the South Scotia and the Bellingshausen Seas. The highest
HCB diffusive flux was obtained in the South Scotia Sea samples (5.5 ng m™ d™)
and the lowest in the Bransfield Sea (0.1 ng m™ d™).

The dry deposition was calculated from the aerosol-phase concentrations

by:
F,,=107C,v, [6.5]

Where C, is the acrosol-phase concentration (pg m™) and vp, is the particle
deposition velocity of 258 m d™' (or 0.3 cm s™') measured in Antarctica (Grénlund
et al., 2002). Dry deposition fluxes ranged from 0.003 to 0.009, from 0.008 to
0.03, and from 0.01 to 0.02 ng m™d" for a-HCH, y-HCH and HCB respectively
(see Table S7 on Appenix D.3).
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Figure 5. (A) Water-air fugacity ratio (f;/f;) and (B) air-water diffusive exchange fluxes (ng m” d) for the air-water pairs
of samples obtained during the ESSASI and ATOS II cruises against latitude for a-HCH (red dots), y-HCH (black dots)
and HCB (blue dots). fy/f; values over 3.23 means volatilization, fy/f; values under 0.72 means deposition, and fj/f; values
between 3.23 and 0.72 means that concentrations in the gas and dissolved phases were close to equilibrium.

The seawater around the Antarctic Peninsula has low concentrations of

POPs due to the distance from sources and isolation of Antarctic waters by the

Antarctic Circumpolar Current (ACC) (Bengtson-Nash et al., 2010, Rintoul.,

2000). The low concentrations of POPs in surface waters can also be due to loss

processes in the water-column like the biological pump (Dachs et al., 2002,

Galban-Malagon et al. 2012) and the degradative pump (Galban-Malagén et al.,
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2013b). Figure 6 schematizes the major processes affecting the occurrence of
HCH and HCB in the Antarctic atmosphere and waters. The biological pump
occurs when the settling flux of organic matter-bound POPs depletes the dissolved
concentrations at sea surface, inducing higher air-water diffusive exchanges
(Dachs et al. 2002, Galban-Malagon 2012). This process is highly efficient for the
transport of hydrophobic POPs, such as some PCBs (Dachs et al., 2002, Galban-
Malagon et al., 2012), but is not very efficient for the less hydrophobic PCBs and
compounds like HCHs and HCB (Zhang et al., 2012, Berrojalbiz et al., 2011 and
Galban-Malagon et al.,, 2013b). Conversely, in the degradative pump, the
depletion of the dissolved phase concentrations is due to degradation. Degradation
of HCHs is driven by hydrolysis and bacterial degradation (Harner et al., 1999
and 2000, Helm et al., 2002) and it is the most important removal process in the
Arctic water column (Li et al., 2004), followed by ocean currents. A recent
modelling study has also suggested that microbial degradation and hydrolysis
could be the responsible of a-HCH depletion in surface waters from the Beaufort
Sea (Pucko et al., 2011), and it has been demonstrated that degradation is an
important process in the cycling of HCHs in the upper water column of the North
Atlantic and Arctic Oceans (Galban-Malagon et al. 2013b). Degradation constants
have been reported for a-HCH and y-HCH in the Arctic Ocean (Harner et al.,
1999 and Harner et al., 2000) at a 1000 m depth, and these constants can be scaled
for surface waters using the bacterial biomass as reported elsewhere (Galban-
Malagon et al., 2013b, see Appendix D.3 for estimation of degradative fluxes).
Degradation fluxes accounts, on average, for 12% and 28% of a-HCH and y-HCH
atmospheric inputs to the open Southern Ocean, but this percentage is higher in
areas near to coast line, where up to 40% for a-HCH, and around 100% of y-HCH
of atmospheric inputs are lost by degradation in the photic zone (See tables S6, S7
and S8 Appendix C). Therefore, in the Southern Ocean, the strong net diffusive
fluxes are driven in part by the degradative pump depleting the dissolved phase
concentrations. It has been reported that bacterial production is strongly correlated
with the phytoplankton biomass in the Southern Ocean (Ortega-Retuerta et al.,
2008), thus during periods of high phytoplankton growth and abundance, the

degradative pump would be more efficient in the depletion of HCHs in the water-
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column. This loss process occurs in parallel to the losses due to the biological
pump, which are small for compounds such as HCHs. In the case of HCB, there is
not any known process that could degrade HCB in the surface waters. So
depletion of HCB concentrations in surface waters could be related to the

exportation of HCB associated to particles (Barber et al., 2005 and Lohmann et

al., 2009) but this removal process is considered small for HCB due to its low

Kow, consistent with air and water fugacities closer to equilibrium.
4. Conclusions

This work describes and discusses the first comprehensive study of the
atmospheric occurrence and transport, soil/snow-air exchange and water-air
exchange of HCHs and HCB for the Antarctic Peninsula and Southern Ocean
(Figure 6). Despite the importance of secondary sources of HCHs from land-
compartments (soils, snow) affecting the levels of some sampling events, long
range atmospheric transport is the main input of HCHs and HCB to the Antarctic
Peninsula region. The high air-water net diffusive deposition of HCHs to the
Southern Ocean is enhanced by the role of the degradative pump depleting the
water column concentrations. Conversely, for HCB, which is persistent in the
water column, air and water are closer to equilibrium conditions. Further research
is needed to close the mass balance of these compounds in the region, and
delimitate the role of zooplankton and macrozooplankton in Antarctic waters,
which recently has been revealed as an important transport pathway trough the

water-column in Arctic waters (Pucko et al., 2013)
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Figure 6. Scheme of POPs cycling in Antarctica and Southern Ocean showing the influence of local secondary sources,
such as soils and snow (Csii and Cgpow), and the long range atmospheric transport (LRAT), to gas-phase (Cg,s) and aerosol
phase (Cacro) HCB and HCHs. Main input fluxes to the surface waters are the diffusive air-water exchange (Faw) and to
lower extent dry deposition (Fpp). Ultimate sinks are the transportation trough the water column by settling particles (Fsinx,
Biological Pump) and the microbial and hydrolysis degradation (Fpcg). Cpis is the dissolved phase concentrations, Cpyy is

the particulate phase concentration and Cppy, is the Phytoplankton concentration.
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Abstract

Persistent organic pollutants, such as polychlorinated biphenyls, reach the
Southern Ocean atmosphere through long-range atmospheric transport. In this
study we report the largest data set available for the atmospheric occurrence of
PCBs in the Southern Ocean surrounding the Antarctic Peninsula from samples
obtained during three cruises in 2005, 2008 and 2009. The gas phase
concentrations of total PCBs (Z,sPCBs) ranged from 1 to 70 pg m™, while the
aerosol phase concentrations were significantly lower (0.04 to 0.4 pg m~). The
aerosol phase is enriched in the more hydrophobic congeners consistent with the
model predictions of gas-particle partitioning. There is a net air to water diffusive
flux of PCBs to the Southern Ocean, up to 50 times higher than the dry deposition
flux of aerosol-bound PCBs. The air-water disequilibrium is higher for the more
hydrophobic congeners consistent with the role of the biological pump removing
PCBs from the water column by settling of PCBs bound to organic matter. The
atmospheric half-lives of PCB 52 and 180 are of 3.8 and 1 days, respectively, as
predicted from the measured atmospheric concentration and depositional fluxes.
The volatilization of PCBs from Antarctic soils during the Austral summer drives
higher gas phase concentrations in the atmosphere over Antarctica during the
warmer periods. This temperature dependence is not observed for PCBs over the
adjacent Southern Ocean, probably due to the importance of long-range
atmospheric transport and atmospheric deposition modulating the atmospheric

occurrence of PCBs.
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1. Introduction

Polychlorinated biphenyls (PCBs) are distributed in the global atmosphere
(Gioia et al. 2008, Gioia et al. 2012, Bogdal et al., 2012) due to their persistence,
semivolatility, and potential for long-range atmospheric transport. In addition,
their low degradability, toxicity, and ability to bioacumulate/biomagnify along
food chains raise concern on their impact on ecosystem health (Jones and De
Voogt, 1999). Its introduction into the environment is the result of their use for
decades, mainly in the Northern Hemisphere (Breivik et al. 2004). The Stockholm
Convention on Persistent Organic Pollutants (POPs) approved in 2001 bans the
use, production and export of several families of POPs, including PCBs

(chm.pop.int).

PCBs are considered as a surrogate of the behaviour of hydrophobic
organic contaminants because PCBs comprise congeners with a wide range of
physical chemical properties. The fate, transport and sinks of PCBs in different
global regions and environments have received considerable attention during the
last decades (see for example Lohmann et al. 2007). The occurrence of PCBs have
also been reported in remote regions such as Antarctica and the Southern Ocean
atmosphere (Tanabe et al., 1983, Iwata et al., 1996, Kallenborn et al., 1998, Fuoco
et al., 1996, Montone et al., 2003 and 2005, Gambaro et al., 2005), seawater
(Tanabe et al., 1983, Galban-Malagén et al. 2013), soils (Cabrerizo et al. 2012,
Kang et al., 2012) and biota (Larsson et al., 1992, Bengtson-Nash et al., 2008,
Galban-Malagon et al., 2013a, Cabrerizo et al., 2012,). The atmospheric long-
range transport of PCBs occurs through successive steps of volatilization and
deposition (hops) and PCBs can reach eventually Polar Regions like the Arctic
and Antarctica (Wania and Mackay 1996, Jurado and Dachs, 2008). This process
is known as “grasshopping” and POPs with physical-chemical properties like
those of PCBs are known as hoppers (Wania and Mackay, 1996, Lohmann et al.
2007). Therefore, the quantification of atmospheric deposition and volatilization
processes is important to understand and predict the long-range atmospheric

transport of POPs and their impact to remote regions.
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The low temperatures in Polar Regions favours partitioning of organic
pollutants to soils, vegetation and seawater through “cold trapping” (Wania and
Mackay 1996). However, this process is not irreversible, and re-volatilization as
the consequence of declining levels in the atmosphere due to lower primary
emissions, or climate change, can occur in Polar Regions (Ma et al. 2011,
Cabrerizo et al. 2013). In addition, the Southern Ocean is characterized by high
primary productivity and biomass during the Austral summer (Tréguer and
Jacques 1998, Boyd 1992), driving high settling fluxes of organic matter and
organic matter-bound hydrophobic pollutants to deep waters, and enhancing the
atmospheric deposition of POPs such as PCBs by a process known as biological
pump (Dachs et al.2002, Jurado and Dachs, 2008). The influence of the biological
pump on air-water diffusive fluxes of PCBs has been assessed in lakes (Dachs et
al. 1999, 2000, Meijer et al. 2009, Nizzetto et al. 2012), the Mediterranean Sea
(Berrojalbiz et al. 2011), and the Arctic Ocean (Galban-Malagén et al. 2012). A
recent companion study has shown that the biological pump can also affect the
levels of PCBs in the Southern Ocean water column (Galban-Malagon et al.
2013), but its influence on the PCB occurrence in the Southern Ocean atmosphere
is still limited to estimates from environmental models (Dachs et al. 2002, Jurado

and Dachs, 2008).

Previous reports on PCBs concentrations in the Antarctic and the Southern
Ocean atmosphere are scarce compared to the Arctic and its surrounding oceans
(Bengtson-Nash et al., 2011). These studies pointed out that the atmospheric
concentrations in Antarctica are influenced by meteorological conditions, like
temperature (Ockenden et al., 2001) and by the synoptic atmospheric circulation
in the Antarctic region (Montone et al., 2003). Also, the direct transport of PCBs
from South America was evidenced by temporal series at Signy Island
(Kallenborn et al., 1998). However, the previous studies on the atmospheric
occurrence of PCBs in Antarctica covered small geographic areas and most were
restricted to sites near Antarctic scientific bases (Larsson et al., 1992, Kallenborn
et al., 1998, Ockenden et al., 2001, Gambaro et al., 2005, Baek et al., 2011, Li et
al., 2012 and Cabrerizo et al., 2013). In the present study, we report the

atmospheric gas and aerosol phase PCBs occurrence from samples taken during
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three Antarctic cruises (2005, 2008 and 2009) covering a large region including
the Bransfield Strait, the Weddell, Bellingshausen and South Scotia Seas. In
addition, a terrestrial campaign was carried out, simultaneously to the 2009 cruise,
at Livingston Island in which PCBs were measured in the gas and aerosol phase
over land. Therefore, the objectives are 1) to report the largest data set available of
PCB concentrations in the Southern Ocean atmosphere, and i1) assess the different
factors driving the occurrence of PCBs, such as long-range atmospheric transport,
volatilization from Antarctic snow and soils, and atmospheric deposition to

seawater.
2. Materials and Methods
2.1 Sampling

The atmospheric samples (gas and aerosol phase) were collected on board
the R/V Hespérides during three Antarctic surveys around the Antarctic Peninsula
(ICEPOS, February 2005 and ATOS 11, January-February 2009), and in the South
Scotia Sea (ESSASI, January 2008). In addition, a terrestrial sampling campaign
was carried out in January-February 2009 at Livingston Island (Southern
Shetlands, Antarctica) where atmospheric samples (gas and aerosol phase) were
collected at two sites. The air samples were collected using a high-volume air
sampler (MCV: CAV-A/HF, Collbato, Spain). The sampling sites were Polish
Beach (13 m of altitude), a bare soil area located near the coast, and Pico Radio
Hill (131 m of altitude) with soil covered by lichens. Atmospheric conditions
during the sampling periods were obtained from the meteorological stations
deployed on board the ship and at Livingston Island. Details of sampling events,
locations and ancillary data for each sample are given in Figures S1 and S2, and
Table S1 in Appendix E.1. The sampling methodology has been described
previously (Galban-Malagon et al., 2012, Cabrerizo et al., 2013). For the sampling
of oceanic air, the high-volume sampler was deployed over the vessel bridge
connected to a wind direction sensor in order to avoid contamination from the
ship. Sampling flow rate was set at 40 m’> h™' and the sampling volumes averaged

600 m’, 1000 m® and 1400 m’ for the gas phase samples of the ICEPOS, ESSASI
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and ATOS II cruises, respectively, and 800 m® for the samples taken at Livingston
Island. During the ATOS II cruise, a second high-volume air sampler was
operated in parallel for the sampling of aerosol phase only, with longer sampling
periods, so higher volumes of air were sampled (around 1800 m®). The gas phase
was collected on a polyurethane foam (PUF) plugs (100 mm diameter x 100 mm,
Klaus Ziemer GmbH, Germany) and the aerosol phase was filtered on a quartz

microfiber filters (203x254 mm, QMA, Whatman, England).

Previous to the sampling campaigns, PUFs were cleaned in the laboratory
by soxhlet extraction with acetone:hexane (3:1), dried under vacuum, packed in
aluminium foil envelopes and introduced into two zip-sealed bags until sampling.
The QMA filters were placed inside aluminium foil envelopes and were
combusted for 6 hours at 450°C. After combustion, filters were kept inside two
zip-sealed bags until sampling. After sampling, the PUFs and QMA filters were
packed similarly and kept at 4°C and -20°C, respectively, until their analysis in the
laboratory.

2.2 Chemical Analysis

Briefly, all gas phase samples collected on PUFs were Soxhlet extracted
for 24 h using acetone:hexane (3:1 v/v), while QMA filters were extracted using
methanol:dichloromethane (1:2 v/v). Prior to extraction, samples were spiked with
PCB 65 and PCB 200 (Dr Ehrenstorfer, GmbH, Germany), which were used as
recovery standards. Extracts were reduced in a rotary evaporation unit (R-200,
Biichi, Italy) until 0.5 ml, and fractionated on a 3% deactivated alumina column
(3 g) with 1 g of anhydrous sodium sulphate on top. The first fraction containing
PCBs was collected using 12 mL of hexane, a second fraction containing other
compounds was collected using 15 mL of hexane: dichloromethane (1:2 v/v). All
fractions were concentrated until 1 mL by rotary evaporation and solvent
exchange to isooctane under a purified N, stream until a final volume of 150 pL.
Identification and quantification was done using the retention time of individual
PCB congeners. The details of the methodology used for analyzing the samples

taken at Livingston Island has been described elsewhere (Cabrerizo et al. 2013).
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PCBs were analyzed by a gas chromatograph coupled to a u-ECD detector
(Agilent Technologies, model 7890), provided with a HP-5MS 60m capillary
column (inner diameter 0.325 pum, film thickness 0.25 um). The instrument was
operated in splitless mode (close for 1.5 min). The oven programmed temperature
started from 90 °C (hold for 1 min) to 190 C at 20 °C min™, and then to 310°C
(3°C min™") (holding time 18 min). Injector and detector temperatures were 280
and 320°C, respectively. Helium and nitrogen were used as carrier (1.5 mL min™)
and makeup (60 mL min™") gases respectively. Prior to injection, 5 ng of PCB 30
and PCB 142 were added as internal standards to all samples. The analysed
congeners were PCB 18, 17, 31, 28, 33, 52, 49, 99+101, 110, 151, 149, 118, 153,
132+105, 138, 158, 187, 183, 128, 177, 171, 156 and 180. Organic and elemental
carbon in the aerosol phase was determined using the thermal-optical
transmittance in a Sunset Laboratory Carbon Analyzer using the NIOSH

temperature protocol (Birch et al. 1996).
2.3 Quality Control and Quality assurance

One blank was collected every five field samples and followed the same
extraction process than samples. During quantification, the chromatographic
blank signal was subtracted from the sample’s signal. Blank levels were always
below 5% of sample values. The range of recoveries for PCBs 65 and 200 for the
gas phase samples were 51-75% and 51-81 for the ICEPOS cruise, 53-78% and
57-87% for the ESSASI cruise, and 67-76% and 51-81% for the ATOS II cruise.
The recoveries for samples taken at Livingston Island were 53-76% and 58-101%
for PCB 65 and 200, respectively. The recoveries for the aerosol phase samples
were in the range 52-78% and 69-115% for PCB 65 and 200, respectively (Table
S2 in Appendix E.2). Instrumental detection limits (IDLs) were calculated using
the less concentrated quantifiable standard divided by the averaged volume of
samples. IDLs ranged from 0.001 to 0.023 pg m™. Limits of detection and
quantification (LODs and LOQs) were from 0.006 to 0.85, and from 0.019 to 2.83
pg on column. More information about the IDLs, LOQs and LODs is given on
Table S3 in Appendix E.2.
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2.4 Atmospheric back trajectories

The air mass back trajectories were retrieved from the NOAA HYSPLIT
model to study the source region of the atmospheric samples (Draxler and Rolph,
2011). Three 24 hours back trajectories were calculated for each sample
corresponding to the initial, middle and final sampling time. Back trajectories
were estimated for each sampling period at 25 m height, an example of the

dominant source back trajectories is given in Figure S3 in Appendix E.3.
3. Results and Discussion
3.1 Occurrence of PCBs in the Southern Ocean Atmosphere

Concentrations of X;sPCBs in the gas and aerosol phase are depicted in
Figure 1A and B, respectively. Figure 2A and B shows the average profiles of
PCB congeners in the aerosol and gas phase samples, respectively, and the
congener specific concentrations for each sampling event are given in Tables S4-
S9in Appendix E.4. Gas phase concentrations of X,sPCBs ranged from 7.1 to 45.2
pgm™, 6.2 to 78.9 pg m>, and 5.2 to 39.9 pg m™ for the ICEPOS, ESSASSI and
ATOS II cruises, respectively. The gas phase concentrations at Livingston Island
ranged from 2.1 to 3.1 pg m™, and from 4 to 29 pg m™ at Polish Beach and Pico
Radio Hill, respectively. The contribution of the seven ICES congeners to the
>,sPCBs concentrations averaged 52%, 51.7% and 50.5% and 45.7% for the
ICEPOS, ESSASI, ATOS II and Livingston Island samples, respectively. A
Kruskall-Wallis test revealed that the median values of the samples were different
among the different cruises (p<0.0l). A post hoc Dunn’s test showed that
>,sPCBs at Polish Beach were significantly lower (p<0.05) than the
concentrations measured in the South Scotia Sea atmosphere, but not significantly
different than the concentrations in the other campaigns (Figure S4 in Appendix
E.4). These gas phase PCBs concentrations are lower than those reported in the
early 1980s (180 pg m™) for the Southern Indian and Pacific Oceans (Tanabe et
al., 1983), but comparable to those reported in other regions of the Southern
Ocean (Larsson et al., 1992, Iwata et al., 1993, Kallenborn et al., 1998, Montone
et al., 2005 and 2003, Gambaro et al., 2005, Baek et al., 2011 and Li et al., 2012).
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However, the number of congeners is not the same for the different studies, and

since we report the concentrations for a higher number of congeners (see Table 1),

atmospheric PCBs concentrations may have decreased during recent decades.
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Figure 1. Atmospheric occurrence of PCBs. Spatial distribution of gas (A) and aerosol (B) phase concentrations of
polychlorinated biphenyls (Z,;PCBs, pg m™) around the Antarctic Peninsula in 2005 (ICEPOS), 2008 (ESSASI) and 2009
(ATOS II cruise and Livingston Island samples). GI1-GI11 are samples taken during the ICEPOS cruise (2005), GE1-GE6

are samples taken during the ESSASI cruise (2008), GA1-GA9 are samples taken during the ATOS II cruise, and GLI1-
GL18 are samples in Livingston Island (* indicate the samples taken at Polish Beach) . A1-A4 are aerosol phase samples
taken during ATOS II cruise and AB1-AB10 are samples taken at Livingston Island (* indicate aerosol phase samples
taken at Polish Beach).
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Only four and ten of the aerosol phase samples taken during the ATOS II
cruise and at Livingston Island, respectively, had levels of PCBs above LOQ (see
Figure 1B, and Table S8 in Appendix E.4). Aerosol phase concentration ranges
for £,sPCBs were 0.2 to 0.7 pg m™ during the ATOS II cruise, and 0.06 to 0.4 pg
m™ and 0.04 to 0.07 pg m™ at Pico Radio Hill and Polish Beach in sites from
Livingston Island, respectively. There were no significant differences among the
aerosol phase X;sPCBs concentrations over the southern Ocean and those in the
Livingston Island atmosphere (Kruskall-Wallis test). Aerosol phase
concentrations accounted for 1 to 4% of the total atmospheric (gas+aerosol)
burden. This is the first time that PCBs concentrations in the aerosol phase are
reported for Antarctica and the Southern Ocean. These concentrations are
significantly lower (Kruskal-Wallis, p<0.05) than the aerosol phase PCB
concentrations reported for other oceanic regions like the North Atlantic and
Arctic Ocean (Galban-Malagén et al., 2012). The pattern of PCB congeners in the
aerosol phase has a higher contribution of the more chlorinated congeners in

comparison to the gas phase (Figure 2).
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Figure 2. Congener specific occurrence of PCBs. Average profiles of PCB congeners in the acrosol (A, pg m™), gas (B, pg
m™) and dissolved phase (C, pg L) in the Southern Ocean. Dissolved phase concentrations are taken from Galban-
Malagon et al., 2013a
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3.2 Gas-particle partitioning of PCBs

The understanding and quantification of gas-particle partitioning is
important to predict and assess the atmospheric deposition, atmospheric
degradation/transformation processes, and the long-range atmospheric transport of
PCBs in the environment (Bidleman 1988, Scheringer, 1997). Since this is the
first report of aerosol phase concentrations in the Southern Ocean atmosphere, it
is useful to evaluate the gas-particle partitioning of PCBs in this remote
atmosphere in order to compare it with model predictions. A common approach to

predict the aerosol-gas partition coefficients is (Finizio et al. 1998),

K = CA :1.8x10_12foc[7/0a2\4-%w}K0A (7.1)

" CJISP YourMW,,,

Where C, and Cg are the aerosol and gas phase concentrations (pg m™) of
PCB congeners, TSP is the concentration of total suspended particles (ug m™), foc
is the fraction of organic carbon in the aerosol, yo. and yoy are the activity
coefficients of PCBs in octanol and the aerosol organic matter, MWocr (g mol™)
and MWoy (g mol) are the molecular weight of octanol and aerosol organic

matter, and Ko, is the temperature corrected octanol-air partition coefficient.

Measured Kp was calculated using the measured C4, Cg, and TSP values
for the Southern Ocean and Livingston Island atmosphere (Figure 3). These
values can be compared with the predicted Kp obtained from the right side term of
equation 6.1, assuming that the ratio yo. MWoc/you MWou equals the unity
(Finizio et al., 1998), an assumption that does not affect the discussion below. foc
was measured in the aerosols taken at Livingston Island and it ranged from below
detection limit to 0.31pg m™. The average was 0.28 pg m™for all samples above
LOQ. Measured and predicted Kp (see equation 6.1) for each sampling period are
shown in Tables S15, S16 and S17 in Appendix E.S.

Measured and predicted Kpwere significantly correlated among them in
the four sampling periods for which the aerosol phase concentrations over the
Southern Ocean are available (Figure 3, upper panels), and for the pairs of aerosol
and gas phase concentrations taken at the coastal site of Polish Beach (Figure 3,

lower panels) at Livingston Island. Conversely, at Pico Radio Hill, which is a site

195



Chapter 7: PCBs in the Antarctic and Southern Ocean
Atmosphere

further in land, the measured Kp did not correlate with the predicted Kp (figure
S10 in Appendix E.5). The slopes of the correlation between measured and
predicted Kp was always significantly lower than unity (Figure 3), similar to those
reported in continental environments (Mandalakis and Stephanou 2007, Radoni¢
et al., 2011), but lower than the slopes reported for PCBs in urban atmospheres
(Harner and Bidleman, 1998). The low slopes observed over the ocean and coastal
sites can be due to various factors. First, you can be different for the different PCB
congeners inducing a slope lower than unity when measured Kp is regressed
against predicted Kp (see equation 6.1). Another possibility is that PCBs in the gas
and aerosol phase are not in equilibrium. This lack of equilibrium can be driven
by recent entries and losses of PCBs to the atmosphere. At the Polish Beach and
Pico Radio Hill sites there was a net volatilization of PCB from soils as reported
in a companion work (Cabrerizo et al. 2013). The lack of correlation between
predicted and measured Kp at Pico Radio Hill would be due to the fresh inputs of
PCBs from soil, which have had no time to equilibrate with the aerosol phase.
Conversely, the atmosphere at the coastal is more influenced by the ocean, and
while there is a volatilization of PCBs from soils at Polish Beach, over the
adjacent seawaters there is a net deposition to close to air-water equilibrium (see
below). Indeed, the occurrence of PCBs in the aerosol and gas phase is the result
of the interactions of various factors such as volatilization from local secondary

sources, long-range atmospheric transport, and deposition.
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Figure 3. Gas-particle partition of PCBs. Measured versus predicted particle-gas partition coefficients (Log
Kp) estimated for samples taken over the Southern Ocean (samples Al and A3 in upper panels) and at
Livingston Island (samples GLI1 and GLI2 in lower panels).

3.3 Air-water diffusive exchange and dry deposition of PCBs

Diffusive air-water exchange is the dominant process for the transfer of

PCBs from the atmosphere to seawater (Jurado et al. 2004). The air-water

fugacity ratios (fi f1”') describes the direction of the net diffusive flux. The PCB

fugacity in air (f4, Pa) and water (fj, Pa) are given by

fa=

10" C,RT,,
MW

10"°C,, H'RT,,

Jw =

Mw

(7.2)

(7.3)

Where Crp (pg m™) is the truly dissolved-phase concentration in seawater,

which has

been obtained by correcting the apparent dissolved phase

concentrations measured during the ESSASSI and ATOS II campaigns (Galban-
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Malagon, et al., 2013), using the Dissolved Organic Carbon (DOC) as a surrogate

for the colloidal phase as commonly done (Nizzeto et al., 2011, Rowe et al., 2007,
Totten et al., 2001 and Garcia-Flor et al., 2009). Values of Crp are given in Figure
2C and Table S11 on Appendix E.4, while the discussion of these concentrations
has been given in a companion paper (Galban-Malagon et al. 2013). H' is the
dimensionless Henry’s Law Constant corrected for temperature and salinity
(Table S10 in Appendix E.5), R is the ideal gas constant (8. 314 Pa mol” K), Ty
(K) is the water surface temperature, and MW (g mol™) is the molecular weight of
the studied compound. The uncertainties associated to the fugacity ratio are
derived from uncertainties on Cg, Crp and H’ (Bruhn et al., 2003). Uncertainties
associated to measured gas and dissolved phase were estimated to be of 15%. The
uncertainty on the Henry’s Law Constant is especially relevant (Bruhn et al.,
2003): a 30% uncertainty on /'’ has been assumed in this study (Li et al. 2003).
Therefore, the logarithm of fify” ranging from -0.11 to 0.5 indicates that the
compounds are close to air-water equilibrium, fugacity ratios below -0.11 indicate
that the direction of the exchange between air and water is net deposition, and

over 0.5 indicates a net volatilization.

The calculated water-air fugacity ratios showed that deposition dominates
over volatilization for most compounds and sampling periods (Figure 4A), and
thus there was a net absorption of PCBs during the ESSASI (South Scotia Sea)
and ATOS II (Weddell, Bransfield and Bellingshausen seas) cruises (Figure 4A,
and Table S12 in Appendix E.5). At the seawater adjacent to the coastal Polish

Beach site, air and water were close to equilibrium conditions.

The low PCB levels in seawater, driving the air-water disequilibrium, are
the consequence of two factors 1) the isolation of Antarctic water masses (Rintoul
et al., 2000, Bengtson-Nash et al., 2010) from oceanic waters at northern latitudes
which have higher concentrations (Nizzetto et al. 2010), and ii) the action of the
biological pump that actively sequesters surface water contaminants lowering
their concentrations in the photic zone (Galban-Malagén et al., 2013a). The
influence of the biological pump on air-water dis-equilibrium is evidenced by
plotting Log fifx’ versus the temperature corrected octanol-water partition
constant (log Kow), showing a lower value of fif;" for the more hydrophobic

congeners (p<0.05) (Figure 4B and Figures S6 and S7 in Appendix E.4). This
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trend is consistent with the role of settling organic carbon lowering the dissolved

phase concentrations for the more hydrophobic congeners, thus increasing the air-
water fugacity gradients, pointing out the important role of phytoplankton as one
of the controlling factors in the biogeochemical cycling of PCBs in the highly
productive Southern Ocean around the Antarctic Peninsula (Dachs et al. 2002,

Galban-Malagon et al., 2013a).
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Figure 4. Air-water dis-equilibrium of PCBs. Estimated congener specific air/water fugacity ratios (log fy/f;) calculated for
the ESSASI and ATOS 1I cruises versus latitude (A), and versus the temperature corrected octanol water partition
coefficient, Log Kow (B).

199



Chapter 7: PCBs in the Antarctic and Southern Ocean
Atmosphere
The air-water net diffusive fluxes (Fy, ng m™ d') were estimated for the

oceanic samples using the two-film model as follows,

Far =k €= S5
(7.4)

Where kg (m d) is the air-water mass transfer velocity that depends on
the compound’s physical-chemical properties, wind speed and Ty (Dachs et al.
2002, Jurado et al. 2004). F  for each sampling period and PCB congener are
given in Table S13 in Appendix E.4. F 4 for £,sPCBs ranged from -0.32 to -7.67
ng m~ d"' and from -0.89 to -7.01 ng m™> d”' during the ESSASI and ATOS II
cruises, respectively. Figure 5A shows F,» for each PCB congener and no
significant differences with latitude were observed. Figure 5B shows the average
diffusive fluxes for individual PCB congeners. Even though the fugacity gradient
is higher for the more hydrophobic congeners (Figure 4B), F,» do not
significantly increases for the more chlorinated congeners because the abundances
of the less chlorinated congeners is higher in the gas phase, and k4 is higher for

lighter congeners.
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Figure 5. Air-water exchange of PCBs. Net diffusive air-water exchange (ng m™ d™') fluxes during the ESSASI and ATOS
II cruises versus latitude (A), and congener-specific diffusive fluxes for the Southern Ocean (B).

Atmospheric dry deposition was estimated by

Fop ==vpCy (7.5)

Where vp is the aerosol deposition velocity, which for the Antarctic
atmosphere a value of 258 m d' has been reported (Grénlund et al., 2002). Dry
deposition fluxes for ¥,sPCBs ranged from -0.05 to -0.2 ng m~d™, and from -0.01
to -0.1 ng m”> d' in the Southern Ocean (Weddell Sea, Bransfield Strait,

Bellingshausen Sea) and in Livingston Island, respectively. These dry deposition
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fluxes are from 9 to 50 times lower than air-water diffusive fluxes. In addition, the
dry deposition fluxes calculated here for the Southern Ocean are also one to two
orders of magnitude lower than the dry deposition fluxes estimated for the Arctic
atmosphere (Galban-Malagon et al., 2012). As discussed above, the measured
gas-particle partitioning is consistent with the model predictions. Thus, the low
dry deposition fluxes are solely due to the very low concentrations of PCBs in the
aerosol phase, as a consecuence of the low amounts of aerosol organic carbon in

the atmosphere.

To better understand the fate of PCBs once they are deposited to seawater,
it could be useful to compare these atmospheric deposition fluxes with the
sediment accumulation fluxes of PCBs reported recently for the Bellingshausen
Sea (Zhang et al. 2013). The ratio of air-water diffusive exchange of the ICES
PCB congeners measured here to the sediment accumulation fluxes for the four
sites reported by Zhang and co-workers are 9, 12, 14 and 1800 (dimensionless).
Therefore, atmospheric deposition of PCBs to the Bellingshausen Sea is from one
to three orders of magnitude higher than the accumulation in sediment. The
biological pump is likely to be the major removal process of PCBs from surface
waters as showed by the trend depicted in Figure 4B, and by the decrease of PCB
concentrations in phytoplankton at high biomass (Galban-Malagon et al. 2013).
Once in the mesopelagic zone, an important fraction of organic matter is
remineralized driving the re-dissolution of PCBs in deep waters. In addition,
remineralization of organic matter and partitioning to the dissolved phase can also
occur at the sediment-water interface. Therefore, a small amount of PCBs that

enter the Southern Ocean will be accumulated in the sediments.
3.4 Temperature dependence of gas phase concentrations

Higher temperatures favours the displacement of the air-water, air-snow
and air-soil partitioning towards the atmospheric side, thus inducing higher gas
phase concentrations of POPs. Recently, higher gas phase concentrations of PCBs
for the warmer periods have been described in the atmosphere at Livingston

Island, consistent with the measured volatilization of PCBs from soils and snow
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(Cabrerizo et al. 2013). Similarly, hexaclorocyclohexanes, (HCHs) also show

higher concentrations at higher temperatures in the Antarctic atmosphere (Kang et
al., 2012, Galban-Malagoén et al., 2013b). Other studies carried out in the Arctic
have also shown that volatilization from seasonal snowpack is enhanced during
high wind speed events, affecting the concentrations in the gas phase (Hallsall et
al., 2004). Figure 6 (right panels) shows the significant correlation of gas phase
concentrations of PCBs with air temperature at Pico Radio Hill site (data from
Cabrerizo et al., 2013). Conversely, over the Southern Ocean, gas phase
concentrations of PCBs are not correlated with temperature (Figure 6, left panels).
The absence of this relationship over the Southern Ocean agrees with previous
results from Polar Regions in the Arctic (Oehme et al., 1996, Stern et al., 1997,
Galban-Malagon et al., 2012) and in Antarctica (Kallenborn et al., 1998) for
PCBs. The lack of temperature dependence of atmospheric concentrations is
consistent with an important contribution of long-range atmospheric transport
(Wania et al. 1998). During transport, the atmospheric concentrations are
modulated by dilution, and the net deposition to the ocean. Conversely, the
temperature dependent gas phase concentrations dependency on temperature tends
to occur when the surface contamination and/or temperature are high (Wania et
al., 1998), supporting a volatilization, and thus an important contribution from
local secondary sources as described for Livingston Island (Cabrerizo et al. 2013),

especially for the less hydrophobic compounds.
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Figure 6. Temperature dependence of atmospheric concentrations of PCBs. Natural logarithm of atmospheric
gas phase concentrations concentration of PCBs (Ln Cg, pg m'3) versus inverse of air temperature (1/T, K™
in the Southern Ocean Atmosphere (left panels) and in the Antarctic atmosphere at Livingston Island (right

panels). *Data taken from Cabrerizo et al., 2013.

3.5 Factors affecting the atmospheric occurrence of PCBs in the Southern

Ocean

The 24 hours air-mass back-trajectories for the air (gas and aerosol phase)
samples showed three main origins (Figures from S2) 1) oceanic air masses from
the west following the Antarctic circumpolar water current (ACC), i1) air masses
from the Weddell Sea (WS), and iii) air mass that had “touched” the Antarctic
continent or islands (AntC) during the previous 24 hours. There are no significant

differences between the PCB concentrations measured in air samples influenced
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by the three characteristic air masses (Figure S7 in Appendix E.4). This

observation is consistent with the trends observed during the same cruises for
perfluorinated compounds (Del Vento et al., 2012) and hexachlorobenzene
(Galban-Malagon et al. 2013b). However, for compounds such as
hexachlorocyclohexane (HCHs), which are degraded/sequestered faster during
transport, there was a significant influence of the AntC air masses supporting

higher levels of HCHs (Galban-Malagoén et al., 2013Db).

The lack of differences among the concentrations for the different air mass
back trajectories is due to the large variability in gas phase concentrations for
AntC air masses, suggesting that the influence of secondary sources of PCBs on
the Antarctic continent cannot be ruled out. However, the air mass analysis cannot
provide the information on the relative influence of secondary sources because of
the high air-to water diffusive fluxes, which modify the atmospheric
concentrations during transport. The atmospheric half-lives of PCBs over the
southern Ocean can be estimated using the atmospheric deposition fluxes reported
above. The average atmospheric concentrations of PCBs 52 and 180 are 1.4 and
0.5 pg m>. Assuming an atmospheric mixing layer height of 500 m, the
atmospheric inventory of PCBs 52 and 180 is 0.72 and 0.25 ng m?, respectively.
Their calculated atmospheric deposition flux is 0.14 and 0.17 ng m? d”,
respectively, as shown in Figure 5B. The atmospheric e-folding time or time
needed to decrease the concentration to 1/e of initial concentrations, is given by
the ratio of the inventory and atmospheric flux. The e-folding times for PCB52
and PCB180 are 5.2 and 1.5 days, which are similar to those predicted in this
region when considering the influence of the biological pump sequestering
atmospheric PCBs (Jurado and Dachs, 2008). These values are also comparable
with those determined over other productive oceanic regions (Galban-Malagon et
al. 2012). The half-lives, the time to half the initial concentrations, are shorter,
and yield 3.8 and 1 days for PCB52 and PCB180, respectively. During the Austral
summer, when the warming of soil and snow induces volatilization of PCBs,
especially the less hydrophobic compounds (Cabrerizo et al. 2013), there is a
continuous cycling of PCBs from the continent to the ocean. However, Once

volatilized, lighter PCB congeners will have higher capacity for long-range
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atmospheric transport as they are sequestered by the biological pump to a lower

degree.
4. Conclusions

The present study reported the largest data set on the atmospheric
occurrence of PCBs in the Southern Ocean surrounding the Antarctic Peninsula.
Concentrations are low in comparison to other oceanic regions and the estimations
of atmospheric deposition show a net flux from the atmosphere to the ocean. The
large air-to-water disequilibrium for the more hydrophobic compounds is
consistent with the role of the biological pump driving the sequestration of
atmospheric PCBs in the region. The concentrations in the aerosol phase are
extremely low due to the small concentrations of organic aerosol in the Antarctic
atmosphere, and dry deposition accounts for a small fraction of the total
deposition fluxes. Atmospheric concentrations are not correlated with temperature
over the Southern Ocean, contrasting with the clear temperature dependence of
gas phase PCB concentrations over land. These distinct trends suggest the major
contribution of long-range atmospheric transport and local secondary sources for

the marine and terrestrial atmosphere, respectively.
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Chapter 8

Conclusions

The Conclusions from the present thesis were:

. Atmospheric HCHs and PCBs concentrations found were in the
lower range of concentrations reported for Polar Oceans confirming the continued
decreasing tendency of atmospheric concentrations of HCHs and PCBs since its
production and commercialization control. Atmospheric concentrations of HCHs
and PCBs found in the Antarctic Peninsula surrounding waters were lower
compared to the Arctic and those reported for the South Scotia Sea. Conversely
HCB concentrations did not present this decreasing tendency and were in the
same range of concentrations reported in the last 20 years in the Arctic and
Antarctica.

. Aerosol concentrations of HCHs, HCB and PCBs found were the
first reported in the Arctic and Antarctic Oceans atmosphere. Aerosol
concentrations did not represent more than the 4% of total atmospheric
concentrations (sum of aerosol and gas phase concentrations), which agrees with
model predictions.

. Dissolved seawater concentrations for HCHs and PCBs were in the
lower range of those found in the Arctic and Antarctica. Antarctic Peninsula
surrounding waters concentrations were lower than concentrations found in the
South Scotia Sea and Arctic Ocean. HCB concentrations found in the Arctic
surface waters where one order of magnitude higher than those measured in the
Antarctic surface waters. Particulate HCH, HCB and PCBs concentrations found
where in the same range of the concentrations given in the literature for the
Arctic.

. Phytoplankton HCHs, HCB and PCBs concentrations given in the
present thesis were the first presented for the Arctic and Antarctica showing that
concentrations in the Arctic where higher than concentrations from the Antarctic
phytoplankton. However, HCB was not found in all the phytoplankton samples in
the Arctic.
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= Long-range atmospheric transport has been pointed as the main
input of HCHs, HCB and PCBs to the Arctic and Antarctic Ocean atmosphere due
to lack of correlation with environmental temperature. In the case of the Arctic the
biological pump is able to reduce and modulate the transport due to active
sequestration of POPs from surface waters enhancing the atmospheric deposition
to surface waters. In the case of Antarctica it has been found that secondary local
sources, like soil or snow, are important inputs of HCHs, HCB and PCBs in the
Antarctic islands atmosphere.

. Field derived atmospheric residence times for PCBs and HCHs had
been estimated following different approaches and all the results obtained were in
agreement with the model predictions for PCBs revealing that atmospheric
residence times is higher for less hydrophobic PCBs than for the more
hydrophobic PCBs.

= The assessment of gas-particle partition constant in the Antarctic
atmosphere showed a strong correlation among the field derived gas-particle
partition coefficients estimated and model predictions. However, field derived
gas-particle coefficients estimated inland did not presented this tendency. These
differences could be due to the input of PCBs volatilized from soils and snow for
inland samples where their influence is higher than the long range atmospheric
transport. In the case of coastal and oceanic samples there is a strong net
deposition of the more hydrophobic compounds from the gas phase to the oceans,
which compensates the slightly inputs of PCBs from secondary sources.

= The air to water diffusive exchange fluxes were dominant during
all the sampling campaigns, being the principal input of POPs to the Arctic and
Antarctic surface waters. Dry deposition was identified as a secondary input that
represents less than 5% of total atmospheric inputs. However, HCB showed a
close to equilibrium state in the Arctic and Antarctic Polar Oceans. These results
points that HCB is close to the equilibrium between the studied phases in the
Arctic and Antarctic atmosphere.

. Estimated bioconcentration factors obtained in the present work for
the hydrophobic PCBs were lower than the estimated from models pointing that
the biological pump sequestration of POPs from the water column is occurring
during high productivity periods as well as higher Bioconcentrations factors found

for less chlorinated PCBs and HCHs. For the HCB bioconcentrations factors were
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in the same range of values predicted from models pointing that HCB is in
equilibrium between the phytoplankton and the dissolved seawater.

= The estimated diffusive exchange fluxes of PCBs between the air
and water, and the PCBs sinking fluxes by means of the biological pump in the
water column points that the sequestration of PCBs in the upper water column
depletes the concentrations in surface waters and enhances the input of PCBs
from the atmospheric compartment especially during productive periods. The
sequestration in the water column process is more efficient for the more
hydrophobic compounds and also it has been demonstrated that in the case of less
hydrophobic and degradable compounds like HCHs there are another
biogeochemical factors that control their cycling in Polar surface waters.

= For HCHs it was suggested that microbial communities area able to
degrade these compounds. In the present thesis we concluded that this factor is
occurring during high productivity periods coupled to the biological pump
revealing the action of a degrative pump. The degradation of HCHs coupled to the
biological pump action points that there is an active depletion process in polar
oceans surface waters. These results were confirmed by the lower atmospheric
residence time found in the Arctic and Antarctic atmosphere compared with PCBs

with similar characteristics prediction models.

217



218



Appendix A

Appendix A
Supplementary Information to Chapter 3.

The Oceanic Biological Pump Modulates the
Atmospheric Transport of Persistent Organic

Pollutants to the Arctic

Appendix A.1: Supplementary Figures
Supplementary Figure S1. Cruise course during the ATOS-1 sampling campaign
and sample locations ...221
Supplementary Figure S2a. Backtrajectories for dominating air masses for each
sample in July 2007...222
Supplementary Figure S2b. Backtrajectories for dominating air masses for each
sample in July 2007...223
Supplementary Figure S3. Modelled atmospheric residence time PCBs in the North
Altantic...224
Supplementary Figure S4. Surface chlorophyll concentrations for the sampling
period...225
Supplementary Figure S5. Diffusive air-water flux (F,,, ) versus bioconcentration
factors (LogBCF) ...226
Supplementary Figure S6. Schematics of the PCB 153 and 180 air-water-deep water
fluxes...227

Appendix A.2: SupplementaryTables:
Supplementary Table Sla. Concentrations of PCBs in the different sampled
matrixes ...228
Supplementary Table S1b Concentrations of PCBs in the different sampled
matrixes...229
Supplementary Table S2 Summary of concentrations for the different phases...230
Supplementary Table S3 Ancillary data for each sample...231
Supplementary Table S4. Predicted atmospheric residence times from atmospheric
concentrations...232
Supplementary Table S5. Averaged summer sinking fluxes...233
Supplementary Table S6. Diffusive net flux estimations for PCBs...234
Supplementary Table S7. Dry deposition flux estimations for PCBs...235
Supplementary Table S8. Air-water fugacity ratios for PCBs ...236

Supplementary Table S9 Limits of quantifications and limits of detection for the

219



Appendix A

studied PCBs...237
Supplementary Table S10 Physico-chemical propierties...238
Appendix A.3 Supplementary methods
Supplementary Method S1: Atmospheric transport statistical analysis and Regression
analysis...239
Supplementary Method S2: Estimation of air-water diffusive exchange and dry deposition
fluxes of PCBs...241
Supplementary Method S3: Estimation of fugacity ratios...244
Additional References...245

220



‘(31 ‘[oued 1omo)) sojdwres uopyueidoifyd ‘(3yo] [oued 10moO])

endix A

sordwes 191em ‘(31 [oued 1oddn) sojdwes ouoydsowne ayy 105 suoneoo] Jurjdwes pue (Yo [oued 1oddn) £ 0oz An[ ut sapradsapy 41y pieoq uo udredwed

Surdwes DI LY V-SOLV Suunp 2s1nod asini) ‘suonedo] ojdwes pue usredwes Jurjdwes [-§OLV 2y} SuLmp as1nod asimi) "1 231 Areyuowsddng

A

i
.
—— =
o
mwﬁiga»ﬂw&u
. ,w,a.. P
.
4D PUDINIZID .«“ﬂnﬂf\
- 128
& -
=] o =5 e
- - — .
Vi P = - TR—
-z == - - == SEE
P,m.vﬂ,!k:_p_m.ww/vu\uwv ke =z — v_...%,mlﬂw.zmﬂlyuwﬂ« o ) e
N s T ) | — = L RN T =
= A W llnL%INwl e e —
i w0220 sF - \\hftﬂ.mﬂﬂwy — = mw=T = |
—_— ] B, S

SATIINVS NOLMNVTdOLAHd

7 \\.m. 3
2 e
1[.«..1&% s ) ,\

STTAINVS HALVAL

- . \lhl]

- . B
Pl = g
| !”urrm%[..dmv.uﬁﬂ.ﬁﬂm‘ul

STTIINVS DTITHISONLY

JSINHD OTIHV-SOIV

Appendix A.1: Supplementary Figures

221



Appendix A

Backtrajectories
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Suplementary Figure S2a. Backtrajectories for dominating air masses for each sample in
July 2007
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PCB 28

PCB 180

Jurado and Dachs, 2008 GRL

Supplementary Figure S3. Modelled atmospheric residence time for PCBs in the North
Atlantic. Atmospheric residence times of PCB 28 (upper panel) and PCB 180 (lower
panel) as predicted using a model that accounts for the influence of the biological pump
on atmospheric concentrations. Results shown are for July for a climatological year as

reported elsewhere”.
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(mg/m?)
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Supplementary Figure S4. Surface chlorophyll concentrations for the sampling period.

Reproduced from http://neo.sci.gsfc.nasa.gov
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Fpw= -0.15 LogBCF + 1.07
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Supplementary Figure S5. Diffusive air-water flux (¥ ) versus the bioconcentration
factor (LogBCF). The diffusive air-water flux versus the BCF is shown for all the PCB

congeners and for the sampling events corresponding to the Greenland Current.
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c, PCB153 c, PCB180
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Supplementary Figure S6. Schematics of the PCB 153 and 180 air-water-deep water

fluxes
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Appendix A

Supplementary Table S2. Summary of concentrations for the different phases. > PCBs:

Sum of concentrations of detected PCBs, > PCBsjcgs: Sum of PCBs

28,52,99/101,138,153 and180.

IPCBs ZPCBsices
Sample Type MEDIAN MEDIAN
AVERAGE  \iinomax)  AVERAGE  iinomax)
37.95 11.804
A heri 46.861 .
GC Atmospheric Gas 6.86 (15.701-86.932) 15.684 (7.760-28.109)
. 12.446 3285
AO Atmospheric Gas - 24.661 (3.487-81.734) 12317 (0.699-47915)
. 7.748 1.076
GC Atmospheric Aerosol 8.893 (1.637-17.295) 1.309 (0.171-2.680)
1.669 0.617
AO A heric A 1 682 .
O Atmospheric Aerosol 3.68 (0.709-11.014) 1.296 (0.109-3.976)
7.207 1.88
Dissol 13. E
GC Dissolved Seawater 3.712 (3.379-37.054) 5.406 (1.671-16.193)
4.657 1.865
AO Dissolved S t 5729.000 2.38
issolved Seawater (pe L (1310-10.726) 3 (0.259-4.913)
GC Seawater Particulate 42.205 34.091 25.202 20.508
(17.286-83.349) (10.682-49.110)
. 13.672 6.723
AO Seawater Particulate 14.078 (10.225-21.741) 7.210 (3.959-12.781)
4583 17.704
Ph; lank 46. .
GC Phytoplankton g 6.597 (2524278 871) 18.315 (9.628-34.857)
AO Phytoplankton 75.049 7901 28.386 2

(23.885-110.729)

(10.696-55.105)
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Appendix A

Supplementary Table S4. Predicted atmospheric residence times from atmospheric
concentrations. Atmospheric residence times for each PCB congener obtained from the

measured gas phase concentrations (in days) during PCB transport over the Greenland

Current.
0.943-0.195 logKow R¢
Compound 4 .
d d (max - min)
PCB18 0.24 4.2 (6.5-3.1)
PCB17 0.28 3.6 (4.9-2.8)
PCB31 0.29 3.5(4.6-2.8)
PCB28 0.24 4.1(6.1-3.1)
PCB52 0.29 3.5(4.6-2.8)
PCB49 0.36 2.7(3.2-2.4)
PCB44 0.34 2.9 (3.5-2.5)
PCBS87 0.38 2.6 (3.0-2.3)
PCB151 0.49 2.1(2.2-1.9)
PCB153 0.57 1.8 (1.8-1.7)
PCB138 0.69 1.5(1.5-1.4)
PCB187 0.68 1.5(1.5-1.5)
PCB183 0.92 1.1 (1.2-1.0)
PCB171/156 0.79 1.2 (1.3-1.2)
PCB191 0.87 1.2 (1.2-1.1)
PCB170 0.85 1.2(1.2-1.1)
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Appendix A

Supplementary Table S9. Limits of Quantification and limits of detection for studied

PCBs. DL:Limit of detection, QL: Limit of quantification

ng GAS AEROSOL DISSOLVED PARTICULATE PHYTOPLANKTON
oncoumn p;, QL DL QL DL QL DL QL DL QL
PCBI8 0055 0.139 0011 0026 0008 0012 0016  0.036 0.051 0.124
PCB17 0015 0029 0010 0026 0016 0039 0029 0078 0.033 0.079
PCB31 0036 0093 0004 0007 0007 0019 0004  0.008 0.056 0.153
PCB28 0034 0090 0004 0008 0003 0004 0009  0.022 0018 0.046
PCB33 0021 0049 0026 0071 0009 0020 0021  0.054 0.047 0.122
PCB52 0016 0035 0008 0016 0024 0060 0010 0018 0.031 0.074
PCB49 0016 0035 0048 0.134 0007 0011 0033 0078 0013 0018
PCB44 0017 0038 0008 0017 0045 0121 0010 0018 0.024 0.046
PCB99/101 0013 0021 0024 0062 0036 0086 0057  0.144 0.068 0.187
PCB87 0008 0016 0013 0035 0016 0035 0026  0.066 0013 0018
PCB110 0004 0005 0007 0018 0004 0004 0007 0012 0.033 0.082
PCB82 0018 0047 0007 0018 0006 0012 0009  0.020 0.023 0.046
PCB151 0016 0037 0016 0044 0012 0024 0007  0.007 0015 0.026
PCB153 0014 0022 0017 0044 0013 0025 0009 0011 0.022 0.061
PCB132/105 0010 0017 0.008 0018 0.005 0005 0009 0015 0015 0.023
PCB138 0008 0014 0005 0009 0007 0013 0002  0.004 0017 0.037
PCB158 0009 0023 0005 0012 0005 0011 0009  0.020 0.010 0018
PCB187 0004 0005 0004 0009 0008 0020 0009  0.020 0011 0.017
PCB183 0027 0070 0.005 0009 0008 0020 0004  0.008 0.027 0.065
PCB177 0071 0.112 0002 0002 0207 0585 0002  0.004 0.020 0.051
PCB171/156 0009 0015 0002 0002 0.004 0004 0007 0016 0013 0.023
PCB180 0007 0014 0002 0002 0005 0011  0.167 0465 0015 0.037
PCB191 0025 0061 0010 0019 0003 0003 0013 0033 0.023 0.041
PCB169 0016 0021 0005 0009 0016 0040 0007 0016 0.010 0018
PCB170 0009 0010 0.003 0004 0005 0011 0004  0.009 0.010 0018
PCB201/199 0008 0014 0004 0009 0.005 0011 0007 0016 0013 0.023
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Appendix A

Supplementary Table S10. Physicochemical properties. Values of octanol-water partition
coefficients, Henry’s Law constant and enthalpy of phase change for PCBs reported in

the literature and used in this study.

H
Log Kow AH
Compound Ref . (Pa-m3/mol) Ref
P 298K (Kj/mol) 208K

PCB18 5.600 35.0 253
PCB17 5.760 39.0 32.1
PCB33 5.870 42.0 292
PCB49 6380 Lo 250 39.9
PCBS87 6.370 ol 19957 33.0 36.5
PCB151 6.850 37.0 735

PCB 132/105 7.040 61.0 59.4
PCB128 7.320 118.0 327

PCB171/156 7.570 101.0 37.0
PCB31 5.780 41.0 30.7
PCB28 5.660 33.0 36.5
PCB52 5910 Lietal. 31.0 313
PCB153 6.870 2003% 66.0 54.0
PCB138 7.220 87.0 452 Bamford et
PCB180 8.510 144.0 373 *1‘”;5’(;24‘2
PCB44 6.260 26.0 28.1 ak
PCB 82 6.730 Ran et al. 42.0 40.3
PCB183 8.270 2002* 100.0 61.5
PCB158 7.690 80.0 49.9

PCB99/101 6.980 I;g(r)ng 16.0 51.8
PCB110 6.200 S‘;gg;ﬁi‘ 38.0 42.0
PCB187 7.046 ‘ 96.0 65.9
PCB177 6.921 ]\’1';1‘;‘8‘3,9 112.0 50.6
PCB191 7.325 149.0 28.8
PCB169 7.010 Yeh & 162.0 23.4

PCB201/199 7.320 2%12%5* 145.0 975
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Appendix A

Appendix A.3: Supplementary Methods
Supplementary Method S1: Atmospheric transport statistical analysis and
Regression analysis

In order to investigate the differences of the gas phase concentrations at
different times (C, as C,, C, ;, C;, and C, 55) during the Greenland current transect,
were all samples are influenced by the same Air Mass from the SW (See Fig S2a
and S2b), the non-parametric Friedman test for dependent variables was
performed. Travelling times of the dominant air mass during all the transects were
considered as the independent variable and the compound concentrations as the
dependent. Differences were observed for the four sampling points (p<0.0005).
Observed concentrations in C, are higher than observed concentrations in C, 5, C,¢
and C, s (Wilcoxon test p<0.05), Concentrations in C, ;are higher than observed in
C,sand C,sand (Wilcoxon test p<0.05) and C,and C,did not differ among them
(Wilcoxon test p=0.074).

Atmospheric concentration decay was modeled in the classical form

following the equation:

t

C,=Cpe ™ [A.1]
Where C, and C, are the initial and final concentrations (ng m™), ¢ is the
time in days (d) and R,” is the decay rate, while R, is the residence time in the

atmosphere. Then:

InC, =InC, —Ri [A2]

t

Thus, a correlation matrix was done between the natural logarithm of the
concentrations in each sample (/nC,), the sampling time transcurred from the
“source point” (first sampling station) in days (f), the temperature corrected
octanol-water partition constant in logarithmic form (LogK,,,) and the product of
LogK,y, and t (tLogK,y). The correlation matrix showed that the [nCr was
correlated with all the mentioned variables (p<0.001) when only one variable was
introduced in the least square regression. Conversely, multiple parameter least
squares linear regressions were tested using the three descriptors (¢, LogK,y ,
tLogK,y ), revealing that only ¢ and tLogK,,, fitting parameters were significative
(p<0.001). The obtained equation was

LnC, = 0943t —0.195tLogK,,,, —5.687 [A.3]
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thus:
C :anoe(o.%yo.losmgkow ) [A4]
Where the independent term equals to LnC,
LnC,=-5.687
Comparing equationl (A.l1) with (A.4) results that the residence time

(inverse of decay rate constant) R, is defined in the transect as follows:

_1% = (0.943-0.195LogK ,,, )t [A5]

thus

1

R = [A.6]
~0.943+0.195LogK

The estimated atmospheric residence times for each studied compound are
shown in Supplementary Table S4 (See Appendix A.4) and in Figure 2 of the main

text.
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Supplementary Method S2: Estimation of air-water diffusive
exchange and dry deposition fluxes of PCBs

Diffusive air-water exchange (Fyw) of individual PCB congeners was
calculated in the traditional manner by:

C
Foy =k [?G,_CW J [A7]

Where Cs and Cy are the gas- and dissolved-phase PCB concentrations,
respectively, H’ is the dimensionless Henry’s Law constant corrected for
temperature and salinity as described above, and k4 is the air-water mass transfer
coefficient. kaw may be estimated as the result of transfer through two layers at

each side of the air-water interface:

1 1 1
=4 —
ky kH ky

[A.8]

Where ka and kw are the POP mass transfer coefficients (m d) in the air
and water films, respectively. k, may be calculated from the mass transfer
coefficient of CO, in the water side (kw.coz2, m d']), which is a function of wind

speed at 10 m height (U;o, m s™).

ki co, = ky co,Uio +0.061U,, [A.9]
5
Sc :
ky =k, COZ[ 60*’8P T [A.10]

Where Scpop 1s the Schmidt number of the POP and 600 accounts for the
Schmidt number of CO, at 298K, respectively. Similarly, ko may be estimated
from the mass transfer coefficient of H,O in the air side (ka w20, m d') that is also

dependent on the wind speed

ks =02U,,+0.3 [A.11]
0.61
ey = Ky | 2202 [A.12]
DHZO a

Where Dpop, and Dpo, are the diffusivity coefficients of the POP and
H,O in air, respectively. From equations A.9-A.12, it is obvious that wind speed
has a great influence on the magnitude of k4. On the other hand, temperature
influences the magnitude of k4 through its influence on diffusivities, Schmidt
numbers and H’. The nonlinear influence of wind speed on kw has been
considered by estimating the weibul parameters of the wind speed distribution,

and correcting the equation A.9 following Simé6 & Dachs 2002°°,
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In order to estimate the air-water fugacity ratios and diffusive exchanges it
is important to have accurate values of the Henry’s Law Constant (H). It is
difficult to establish which of the experimental or observational values presented
in the bibliography for the H are the best option *°'*° (i.e Burkhard et al., 1985,
Bamford et al., 2000, 2002; ten Huschler et al., 1992, 2006; Tateya et al., 1998;
Gioia et al., 2010). In any case, it is important that all the H values for the PCB
congeners are consistent among them. In this study, we use the H values proposed

149,52

by Bamford et al”~", (Supplementary Table S10). Another important issue is the
enthalpy of phase change used, AHy, since the reported H values are referred to
25°C and sampling temperature ranged from -0.5 to 3.5 °C, a moderate change in
these enthalpies induce a significant change in the H values at low temperatures.
The AHj, selection values were those published on Bamford et al., 2002*. Values
reported in the most recent papers are higher than those reported previously”
(Tateya et al., 1988) which assumed a constant value of AH for all 209 PCB
congeners (28 KJ mol™"). The Bamford et al., 2002* study proposed values for
AHy; under the 30 KJ mol'.for few compounds and are higher for other
compounds. Zhang”’ proposed a higher value of 49.9 KJ mol™ obtained from the
experimental results published in ten Hulscher et al., 1992 for PCBs 9, 28 and
52. Following the recomendations proposed by Totten et al., 2003 we choose the
AH,, values from Bamford et al., 2002*. Other studies have shown lower
enthalpies, which would lead to higher HLC at the field temperatures than those
used here. The H term introduce an important uncertainty on the estimation of the
fugacity gradients and fluxes, which is about 2-3 orders of magnitude.

Therefore, H values were corrected for temperature (equation A.13) and
salinity following Schwarzenback et al., 1993, For the T correction we used the

surface water temperature™*°',

Hy ) [A.13]

=e
H298.15

Where H;,, Hy,ys ;s and Hy,g are the HLC value temperature corrected, the HLC at
298K and HLC corrected by temperature and salinity, -AU,,, is heat of phase
change (KJ mol") and R is the ideal gas constant (KJ mol' K'). With the

temperature and salinity corrected H, H” was calculated following:

pr= s [A.14]
RT
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Where H,, from equation 9 is the temperature and salinity corrected value of
HLC in KJ, T represents the temperature (K) of the water surface and R is the
ideal gas constant in KJ mol' K. Selected values for the different physico-
chemical properties are summarized on Supplementary Table S10 on appendix
A3
Dry deposition (Fpp) of aerosol bound PCB congeners was estimated as
F,, =v,C, [A.15]

Where C, is the aerosol phase individual PCB concentrations, and vp is the
deposition velocity of aerosols. There are very few measurements in the literature,
and the only field determination of vp values were made in the field are for the
subtropical Atlantic ®*. This study showed that v had a value of 0.1 cm s except
in high wind conditions. Therefore, in this study we assume 0.1 cm s as

deposition velocity for aerosol bound PCBs.
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Supplementary Method S3
Estimation of fugacity ratios

Fugacity gives information about the escaping tendency of a compound
from one matrix to another adjacent matrix. Fugacity is widely used as
equilibrium criteria, thus if the fugacity in water equals the fugacity in air, then

there is air-water equilibrium. For the gas phase and dissolved phase fugacities are

given by:
Fou = C s RT [A.16]
e Mw
Fon = Cou grpr [A.17]
P Mw

Where f;,, and f,, represent the fugacity in the gas phase and water
dissolved phase, which have units of pressure (Pa). C,, and C,, are the
concentrations in the gas phase and the water dissolved phase in g m”>, R is the
ideal gas constant in Pa m’ mol" K™, T is the temperature of the surface water (K)
and finally H" is the dimensionless temperature and salinity corrected HLC. Then
the fugacity quotient was obtained by f;./f.uer» Which is dimensionless and
represents the ratio between fugacity in the dissolved phase and the gas phase.
The fugacity ratio provides the direction of the air-sea net exchange® and depends

619393 and above. Due to the uncertainties in

on H values, as discussed elsewhere
the H values, usually a factor of 3 is considered as the uncertainty of the fugacity
ratios, thus a value >0.47 (log 3) indicates net deposition, a value <-0.52 (log 0.3)
indicates net volatilization and a fugacity ratio between log 0.3 to log 3 indicates
that air and water are close to equilibrium. Supplementary Table S8 (See appendix
A.2) shows the fugacity ratios for this study, and most of them are higher than
0.47, thus pointing to a net deposition of PCBs in the Greenland current and

Arctic Ocean.
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Table S2. Detection and Quantification Limits (DL and QL) for the studied
matrixes during the ATOS I cruise

Gas Dissolved Aerosol Particulate =~ Phytoplankton
pg on column
DL QL DL QL DL QL DL QL DL QL
o-HCH 0.01 0.04 0.01 0.01 0.02 0.04 0.01 0.03 0.01 0.03
v-HCH 0.01 0.02 0.02 0.04 002 0.03 005 0.15 0.01 0.02
HCB 0.02 0.07 0.01 0.05 001 0.05 0.004 0.01 0.04 0.10

Table S3. Average recoveries of the surrogate PCB 65 for the samples from the
ATOS I cruise. SD: standard desviation, min: minimum value, and max:
maximum value.

PCB 65
mean sd min max
Gas 73% 12% 58% 92%

Aerosol 75% 9% 66% 88%
Dissolved 70% 11% 55% 88%
Particulate 70% 8% 62% 90%
Phytoplankton 64% 11% 47% 79%

Recovery %
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Appendix B.2: Concentrations of HCHs and HCB for the gas, aerosol,
disolved, particulate and phytoplankton phases, and comparison with
previous reports.

Tables S4a. Concentrations of HCHs and HCB in the dissolved and particulate
phases (pg L) from the Greenland Current (GC) and Arctic Ocean (AO)
sampling events. The position, date and ancillary data of the samples can be found
in Appendix B.1.

GC AO

Dissolved(pg L) D1 D2 D3 D4 D5 D6 D7 D8 D9
a-HCH 16.505 2.502  3.428 2.135 | 0.051 2,112 0974 1.823 1.462
v-HCH 6.350  0.028 1.456 1.417 | 0.150 0.002 0.417 0.769 0.806
ZHCHs 22.855 2.530 4.884 3.551 | 0.201 2.114 1391 2592 2268
HCB 4816 2276 0937 1.059 | 2.596 0.722  1.251 0.025 1.629

Particulate (pg L™) P1 P2 P3 P4 PS5 P6 P7 P8 P9
a-HCH 0.824 0.624 0552 0562 | 0.607 0256 0499 0351 0.381
v-HCH 0349 0858 0517 0.887 | 0.224  0.024 0.480 0.310 0.266
XHCHS 1.174  1.482 1.069 1.449 | 0.831 0.280 0980 0.661 0.647
HCB 0.385 0.235 0.282 0.260 | 0.363  0.184  0.250 0.233  0.197

Table S4b. Concentrations of HCHs and HCB in the phytoplankton phase samples
(ng g) from the Greenland Current (GC) and Arctic Ocean (AO) sampling
events. The position, date and ancillary data of the samples can be found in

Appendix B.1. nd: not detected

Phyto GC | AO

(ngg") F1 F2 F3 F4 F5 Fé6 F7 F8 F9 F10 F11 F12 F13

o-HCH 0.743 1276 3.122 0.564 1.994 0.131]0.285 0.424 1.000 0.171 0.898 0.065 0.096
v-HCH nd 0592 1.613 0.416 1.798 1.278|2.131 1.558 1.343 0.549 0.891 2.455 0.873
Xpcns 0.743 1.868 4.735 0981 3.792 1.410|2.416 1.982 2.343 0.720 1.789 2.520 0.969
HCB 0.047 =nd nd nd 1.443 0.203| nd 0.069 1.229 0.037 nd 0.065 nd

Tables S4c. Concentrations of HCHs and HCB in the gas and aerosol phase
samples (pg m”) from the Greenland Current (GC) and Arctic Ocean (AO)
sampling events. The position, date and ancillary data of the samples can be found
in Appendix B.1. nd: not detected

GC AO
Gas (pg m™) G1 G2 G3 G4 G5 G6 G7 G8

oa-HCH 8.962 5.520 1.172 0.506 0.395 0.182 2.969 0.374

v-HCH 5.065 1.966 1.328 nd 0.313 0.100 0.124 0.768

Y HCHSs 14.027 7.486 2.500 0.506 0.708 0.282 3.093 1.142

HCB 77.427 35.858 46.460 | 56.095 10.134 43.051 40.265 60.834
Aerosol (pg m™) Al A2 A3 A4 AS A6 A7 A8

o-HCH 0.430 0.325 0.519 0.022 0.011 0.050 0.214 0.308

v-HCH 0.295 0.204 0.130 0.062 0.052 0.002 0.019

Y HCHSs 0.725 0.325 0.204 0.152 0.073 0.050 0.217 0.019

HCB 0.122 0.158 0.315 0.029 0.034 0.059 0.090 0.065
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Appendix B.3: Back-trajectories of the air masses during the sampling

cruise.

Backtrajectories

NOAA HYSPLIT MODEL
Backward trajectories ending at 0000 UTC 01 Jul 07
GDAS Meteorological Data
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Backward trajectories ending at 0000 UTC 03 Jul 07
GDAS Meteorological Data
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Figure S2a. Backtrajectories of the air masses estimated for the ATOS I samples

G1+Al (A), G2+A2(B), G3+A3(C) and G4+A4 (D). HYSPLIT back-trajectory

Model from NOAA was used to estimate the source of the air masses during the
sampling period. Each back-trajectory was calculated every 6 hours.
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Figure S2b. Backtrajectories of the air masses estimated for ATOS I samples
G5+AS (E), G6+A6(F), G7+A7(G) and G8+AS8 (H). HYSPLIT back-trajectory
Model from NOAA (Draxler and Rolph, 2011) was used to estimate the source of
the air masses during the sampling period. Each back-trajectory was calculated
every 6 hours.
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Appendix B.4: Supplementary information on the estimation of fluxes and
cycling.

Table S6: Physical-chemical constants used for the estimations of the fugacities,
fluxes and correlations in the present study.

Compound L(;gg;g)“’ Ref. (Kﬁ?nvz}‘) Ref.  (Pa mglmol") Ref.
298K
o-HCH 3.4 Xl;(())g‘t‘al. 503 Sz??é\gz)r;t 0.360 Sahsgx(/)e:)r;t al.,
y-HCH 3.83 Xi;‘(’)gf‘al' 61.4 Szﬁf%&et 0.165 Sahs%‘g3et al,
AR ity L S 1
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Table S8. Estimated Bioconcentration Factor (BCFs, L Kg™') from the
concentrations in the dissolved and phytoplankton phases during the ATOS 1
cruise. These are apparent BCFs since the dissolved phase concentrations was

measured at 5 m depth, and the phytoplankton phase concentration is and
integration from the depth with maximum of biomass to surface. nd: not
determined due to one of the concentrations below the quantification limit.

L Kg'

o-HCH 7y-HCH HCB

F1
F2
F3
F4
F5
Fé6
F7
F8
F9
F10
F11
F12
F13

4.6
5.7
5.9
5.2
5.7
4.5
5.1
53
6.4
4.9
5.8
4.6
4.8

nd
7.3
6
55
6
6
6.2
6
6.5
8.5
6.2
6.5
6

4
nd
nd
nd
6.2
53
nd
4.8
5.9
4.7
nd
5.5

nd
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Table S9. Total degradation flux (ng m™>d™") for a-HCHs and y-HCH. The
microbial degradation flux was estimated with two approached obtaining similar
results. The first scaled the microbial degradation constant by using the
differences in the microbial biomass at different depths, the second approach
scaled the degradation constant by using the heterotrophic production at different
depths. The total degradation flux also includes the flux due to hydrolysis, which

makes a small contribution to the total degradation flux.

Fpeg Compound D1 D2 D3 D4 DS D6 D7 D8 D9
corrected b); Bilomass a-HCH 0.432 0.065 0.090 0.056 0.001 0.055 0.025 0.048 0.038
ngm-d y-HCH 0.840 0.004 0.193 0.187 0.020 <0.001 0.055 0.102 0.107
corrected by a-HCH 0.474 0.072 0.098 0.061 0.001 0.061 0.028 0.052 0.042
Heterotophic Production
ng m?d’ v-HCH 0.951 0.004 0.218 0.212 0.022 <0.001 0.062 0.115 0.121

Table S10. Comparison of the degradation and sinking fluxes with atmospheric
inputs. The table gives the percentage of degradation (Fpgg ) and sinking flux
(Fsink) when compared with the atmospheric deposition (Faw+Fpp) for each

sampling event.

% Atmospheric input D1 D2 D3 D4
Fonk o-HCH 2% 9% 40% 25%
GC v-HCH 11% 18% 219%
Forc o-HCH 12% 4% 3% 6%
v-HCH 39% 1% 23% 6%
D4 D5 D6 D7 D8 D9
Fonk o-HCH 35% 55% 11% 107% 2% 6%
AO v-HCH 36% 174% 231% 26%
Forc o-HCH 28% 1% 28% 24% 13% 19%
v-HCH 130% 124% 41%
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a-HCH

Deposition

D1 D2 D3 D4 D4 D5 D6 D7 D8 D8 D9

y-HCH
0.2
Deposition
0.15 -
<
< 01 -
0.05 -
0 _—. T T -_I_. T T
D1 D2 D3 D4 D4 D5 D6 D7 D8 D8 D9
HCB
1.6 Equilibrium
1.2 -
QO
EO.S .

D1 D2 D3 D4 D4 D5 D6 D7 D8 D8 D9

Figure S3. Water-air fugacity ratios for a-HCH, y-HCH and HCB. Fugacity ratios
(fw/f1) between 0.3 and 3 show that the studied compounds are close to
equilibrium, values below 0.3 indicate that there is a net deposition, and values
above 3 indicate a net volatilization.
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Log BCF (L Kg™1) and LogK,,,,

HCB Log KOW- |

HCB LogBCF+ = 4
v-HCH LogKqy |
p<0.05
y-HCH LogBCF
a-HCH LogKg |
p<0.05
a-HCH LogBCF Hl H—d
' I I I I !
0 2 4 6 8 10

Figure S4. Box-Plot comparing the measured LogBCF (L Kg™) for the studied
compounds with the temperature corrected LogKow .
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F AWs F DDs F Al FDDs

Ws
-1.78 (-3.47 t0 0.08) -0.01 (<-0.01 to -0.01) -0.21 (<-0.01 to -2.42) -0.01 (<-0.01 to -0.03)
ng m2d?! ng m2d? ng m2d? ng m2d?

F Sink
0.02 (0.01-0.17)
ng m2d?!

F Sink
0.01 (0.01-0.15)
ng m2d?!

3(0.2-26)% 4(0.4-9)%

Figure S5. Mass Balance for HCB during ATOS I cruise. Where Cg,s is the
atmospheric concentration in the gas phase, Cu.r, is the atmospheric concentration
in the aerosol phase, Cp;s is the dissolved phase concentration, Cppyy, is the
concentration in the phytoplankton phase, F 4y is the air-to-water diffusive flux,
Fpp is the dry deposition flux and F; is the sink flux of HCB calculated in the
Arctic Ocean and Greenland Current. Numbers in percentage (%) represent the
proportion of the atmospheric input that are removed by the biological pump.
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" NATIONAL AERONAUTICS
AND SPACE ADMINISTRATION
0 0 1 3 1 3 10 3060
Figure S6. Surface chlorophyll concentrations in the North Atlantic and Arctic

ocean for the sampling period (July 2007). Reproduced from
http://neo.sci.gsfc.nasa.gov.
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Ancillary data for the samples taken in the ICEPOS, ESSASI

and ATOS-II cruises
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Appendix C

Appendix C.2. Information on the Quality Control and Assessment
Cleaning procedures during the preparation of the sampling devices and

during sampling.

Sampling equipment and materials were cleaned carefully. PUFs were
conditioned prior to sampling by a soxhlet extraction during 24 hours with
acetone:hexane (3:1), later PUFs were dried under vacuum and wrapped in
precombusted (450°C 4h) aluminium foil envelopes. Wrapped PUFs were
introduced into two zip-sealed bags before sampling. XAD-2 columns were
cleaned by elution with 200mL of methanol followed by 300 mL of DCM and
finally followed by 200mL of methanol, once the column was full of methanol
was sealed and kept at 4°C until sampling. All the filters used for the
phytoplankton (47 mm @ GF/D, Whatman, GE, UK) and for particulate matter
(142 mm O GF/F, Whatman, GE, UK) were precombusted before sampling
(450°C for 4 hours) and them were enveloped in precombusted aluminium
envelopes (450°C for 4 hours), which were kept into a zip-sealed bags until
sampling.

Stainless steel sampling devices were rinsed with acetone three times before
packing the material, before their use for sampling and between samples. All the
glass material was precombusted (450°C for 4 hours) and rinsed with acetone 3x
and wrapped in aluminium foil before transport to the ship. Once at the ship, all
the devices were cleaned by rinsing with acetone before sampling and between
samples. The net for sampling of phytoplankton was cleaned with distilled water,
dried and packed in a zip sealed bag until sampling. During sampling the net was
cleaned with seawater followed by unsalted water before and after sampling.
Phytoplankton samples were transferred from the sampling net to a clean screw-
cap glass jar until filtration (never more than 10 minutes after sampling). All the
solvents (Acetone, Hexane, Dichloromethane and Methanol) used during the
cleaning and extraction procedures of samples were Gas Chromatography quality

branded (Merck, KGaA).
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Quality Control and Assessment for the analysis of Seawater and
Phytoplankton samples

Recoveries were assessed adding 10 ng of PCBs 65 and 200 prior to
extraction (Supporting table S4). Quantification was done adding 5 ng of PCBs 30
and 142 as internal standard prior to injection and subtracting the blank signal
prior to quantification. HCHs, HCB and PCBs analyses for seawater and
phytoplankton samples were carried out using a GC-uECD (Agilent
Technologies) with a HP-SMS capillary column ( 60 m x 0.25 mm i.d. x 0.25 pm)
internally coated with Poly-di-methyl-syloxane (Agilent Technologies). Splitless
injection mode was selected as injection procedure. Oven temperature was
programmed from 90°C (holding time 2 min) to 190°C at 15°C/min (holding time
I min) to 203°C at 3°C/min (holding time 5 min), then to 290°C at 3°C/min
(holding time 1 min), and finally to 310°C at 5°C min" keeping the final
temperature for 10 min.

Three field blanks and three laboratory blanks were collected for each
matrix, average and standard deviation of blanks are given on table S3. Field
blanks (adsorbents or filters) were placed in the sampling devices for 30 minutes
to measure the cross contamination from the sampling devices and them followed
the same process as the field samples. All the concentrations were corrected
using the recovery values of PCB 65 and 200 (Summary table S4). Instrumental
detection limits (IDLs) are provided in Table S5. Limits of detection (LOD) and
quantification (LOQ) were calculated using field and laboratory blanks following
equations 1 and 2 from the mean and standard deviation (LOD and LOQ values

are given in Table S6).

LOD = X+ 3sd [C.1]

LOQ =X +10sd [C.2]
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Table S3. Average and standard deviation of blank values (ng on column) for
each compound.

Compound Dissolved Phyto
ngoncolumn  ayerage sd  average sd
o-HCH 0.003 0.0002 0.025 0.001
B-HCH 0.005  0.0003 0011  <0.001
o-HCH 0.003 0.0002 0.020 0.001
v-HCH 0.002 0.0001 0.013 0.001
HCB 0.006 0.0006 0.034 0.004
PCB18 0.008 0.0001 0.034 0.002
PCB17 0.005 0.0003 0.029 0.002
PCB31 0.004 0.0003 0.036 0.003
PCB28 0.003 0.0000 0.018 0.001
PCB33 0.006 0.0003 0.045 0.003
PCBS2 0.002 0.0001 0.017 0.001
PCB49 0.006 0.0001 0.038 <0.0001
PCB99/101 0.003 0.0002 0.139 0.011
PCB110 0.004 0.0000 0.025 0.002
PCBS2 0.005 0.0002 0.028 0.001
PCB151 0.001 0.0000 0.073 0.002
PCB149 0.003 0.0002 0.009 <0.001
PCB118 0.003 0.0001 0.054 0.001
PCB153 0.001 <0.0001 0.029 0.002
PCB132/105 0.004 <0.0001 0.010 <0.001
PCB138 0.007 0.0003 0.019 0.001
PCB158 0.003 0.0002 0.009 <0.0001
PCB187 0.005 0.0004 0.009 <0.001
PCB183 0.006 0.0004 0.033 0.002
PCB128 0.004 0.0003 0.028 0.002
PCB177 0.003 <0.0001 0.021 0.001
PCB171/156 0.004 <0.0001 0.014 <0.001
PCB180 0.002 0.0001 0.001 <0.001
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Table S4. Recoveries of surrogates PCBs 65 and 200 for phytoplankton and
dissolved phase samples. Recoveries are given for the three sampling cruises
separately.

% Recovery

PCB65

PCB200

Average Min Max Average Min Max

ICEPOS cruise

Phytoplankton 46 29 72 58 43 91
ESSASI cruise

Dissolved 69.3 60.2 90 69.4 56.5 83.8

Phytoplankton  69.2 42.1 88.6 69.2 42.1 101.6
ATOS-2 cruise

Dissolved 77.2 65.5 85.6 70.2 553 819

Phytoplankton  72.3 512 97.7 71.2 514 97.7
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Table S5. Instrumental detection limits as concentrations (estimated using a

volume of 250 L for dissolved phase and 0.5 g of biomass for phytoplankton)
Compounds pg L' ng g"

HCHs and HCB 0.0016 0.0079

PCB17 0.0080  0.0401
PCBI18 0.0016  0.0079
PCB28 0.0016  0.0079
PCB31 0.0012  0.0060
PCB33 0.0016  0.0079
PCB49 0.0016  0.0080
PCB52 0.0016  0.0080
PCBS82 0.0004  0.0020

PCB99/101 0.0032  0.0159
PCB132/105 0.0004  0.0020

PCB110 0.0016  0.0079
PCB118 0.0016  0.0080
PCB128 0.0016  0.0080
PCB138 0.0016  0.0080
PCB149 0.0016  0.0080
PCB151 0.0016  0.0080
PCB153 0.0016  0.0079
PCB171/156 0.0016  0.0079
PCB158 0.0004  0.0020
PCB177 0.0016  0.0079
PCB180 0.0016  0.0079
PCB183 0.0016 _ 0.0079
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Table S6. Calculated Limits of detection (LOD) and quantification (LOQ) from
the field blanks.

Compound Dissolved Phytoplankton
ngoncoumn LOD LOQ LOD LOQ
o-HCH 0.004 0,005 0.028 0.033
p-HCH 0.006  0.007 0.012 0.015
8-HCH 0.004  0.006 0.023 0.029
v-HCH 0.002 0,003 0.016 0.023
HCB 0.008  0.012 0.045 0.070
PCB18 0.008  0.009 0.040 0.055
PCB17 0.006  0.008 0.034 0.047
PCB31 0.005  0.007 0.045 0.066
PCB28 0.003  0.003 0.021 0.030
PCB33 0.007  0.009 0.055 0.077
PCB52 0.002  0.003 0.020 0.027
PCB49 0.006  0.007 0.040 0.043
PCB99/101 0.003  0.004 0.172 0.249
PCB110 0.004  0.004 0.030 0.041
PCBS2 0.006  0.008 0.032 0.040
PCB151 0.001  0.001 0.080 0.095
PCB149 0.004  0.006 0.010 0.012
PCB118 0.003  0.004 0.056 0.062
PCB153 0.001  0.001 0.036 0.053
PCB132/105 0.004 (004 0.010 0.011
PCB138 0.008  0.010 0.022 0.028
PCB158 0.004 0,005 0.010 0.012
PCB187 0.006  0.008 0.010 0.011
PCB183 0.007  ¢.010 0.040 0.054
PCB128 0.005  0.007 0.033 0.046
PCB177 0.003  0.003 0.023 0.027
PCB171/156 0.004  0.004 0.015 0.019
PCB180 0.002 0,003 0.001 0.001
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Appendix C 4. Additional tables and figures

Appendix C

Table S10. Physico-Chemical properties of PCBs, HCH and HCB used in the
present study. Kow is the octanol-water partition coefficient. MW is the molecular

weight.

Compound Log K,y (298 K)

Reference

MW (g mol") # Cl

o-HCH 3.94 290.83 6
f-HCH 392 Xiao et al. 2004 290.83 6
v-HCH 3.83 290.83 6
HCB 5.64 Shen & Wania. 2005 284.782 6
0-HCH 4.14 290.83 6
PCB18 5.6 257.543 3
PCB17 5.76 257.543 3
PCB33 5.87 257.543 3
PCB49 6.38 Hansch et al. 1995 291.988 4
PCB151 6.85 360.878 6
PCB128 7.32 360.878 6
PCB132/105 7.04 360.878 6
PCB171/156 7.57 360.878 6
PCB31 5.78 257.543 3
PCB28 5.66 257.543 3
PCB52 591 291.988 4
PCB118 6.69 Liet al. 2003 326 433 5
PCB153 6.87 360.878 5
PCB138 7.22 360.878 6
PCB180 8.51 395.323 7
PCB149 647 368.99 5
PCB187 7.05 Makino 1998 395.323 7
PCB177 6.92 395.323 7
PCBS82 6.73 326433 5
PCB158 7.69 Ran et al. 2002 360.878 6
PCB183 8.27 395.323 7
PCB99/101 6.98 Hardy 2002 326.433 5
PCB110 6.2 Sangster 1993 326.433 5
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Appendix C

Table S11. Seawater Half-lives (or e-folding times) for PCBs and HCHs as
estimated in previous studies.

Compound  Half-Live (d) Reference
o-HCH 145 )
Wohrnschimmel et al., 2012°
p-HCH 437.5
PCBI18 1000
PCB17 1000
l‘;gi;; iggg Sedlak & Andren 1991
PCB49 1000
PCB110 1000
PCB28 60
PCB52 1250
PCB99 /101 2500
PCB118 2500 Sinkonnen and Passivirta, 2000
PCB153 5000
PCB138 5000
PCB180 7500

PCBs averaged 2293

a: Based on organic matter mediation process
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Appendix C

Table S12. Relationship between concentrations in phytoplankton versus biomass.
Compound specific values of the slope (m) obtained by fitting equation [4] (log
Cp=-m log B +a) to the measured concentrations. Cp is the concentration in
phytoplankton. B is the water column average phytoplankton biomass (mg L™). P-
values of the least square linear regression are given. n.s. means no significant

regression (p>0.05).
Compound m P
o-HCH 0.304 n.s.
p-HCH 0.896  0.025
6-HCH 0.398 n.s.
v-HCH 0.583 0.0011
HCB 0.703 0.0154
PCBI18 0.220 n.s.
PCB17 0.994 0.0001
PCB31 0.665 0.0153
PCB28 0.671  0.0003
PCB33 0.090 n.s.
PCB52 0.575 0.0017
PCB49 0.694 0.0215
PCB99 /101 0.833 0.0002
PCB110  0.897 0.0001
PCBS82 1.028 0.0206
PCBI151 1.020 0.0001
PCB149  0.543 n.s.
PCB118  0.608 0.0158
PCB153 0.861 0.0039
PCB132 /105 0.986 0.0001
PCB138  0.695 0.017
PCB158  0.493 n.s.
PCB187 1.158 0.0001
PCB183 1.116  0.0049
PCB128 1.320 0.0006
PCB177 0.596 0.016
PCB171/156 0.879 0.001
PCB180  0.906 0.0053
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Appendix C

Table S13a. Biocentration factors (BCF) for phytoplankton, as described by
equation [4.2] of the main manuscript, for samples from the ESSASI cruise
against the temperature corrected Log Kow. m: slope, b: independent term and N:
number of compounds in sample.

Sample m b R’ (%)  p-value N
FE1 0.7 2.4 53 <0.0005 21
FE2 0.52  3.3l1 20 <0.05 24
FE2 0.52  3.72 20 <0.05 23
FE3 049 4.01 32 <0.005 23
FE4 0.62 3.23 40 <0.005 19
FE5 0.74 2.5 57 <0.0001 23
FE6 0.71 2.29 42 <0.005 17
FE7 0.71 2.44 59 <0.0001 20
FE7 0.68 2.74 72 <0.0001 20
FE8 046 4.11 31 <0.005 22
FE8 042 448 32 <0.005 21
FE8 0.41 4.68 27 <0.005 21
FE9 047 451 30 <0.05 17
FE9 0.62  3.39 32 <0.05 16
FE10 0.71 2.64 61 <0.0001 21

Table S13b. Biocentration factors (BCF) for phytoplankton, as described by
equation [4.2] of the main manuscript, for samples from the ATOS-2 cruise
against the temperature corrected Log K. m: slope, b: independent term and N:
number of compounds in sample. n.s. means that the regression is not significant

(p-value>0.05).

Sample m b R’ (%)  p-value N
FA1l 0.13 4.615 n.s n.s 15
FA2 1.2 -1.53 52 <0.005 15
FA3 0.87 0.84 23 <0.05 16
FA4 0.96 -0.32 50 <0.005 15
FAS 0.49 3.8 n.s n.s. 20
FA5 0.66 3.04 48 <0.0005 20
FA6 0.5 345 44 <0.005 18

FA7 5.7 0.07 n.s n.s 18
FAS8 3.54 0.34 n.s n.s 19
FA9 0.24 5.02 n.s n.s. 20

FA10 0.62 2.87 35 <0.005 20
FAll 0.41 39 21 <0.05 16

FA12 0.25 6.09 n.s n.s 18
FA12 0.2 6.46 n.s n.s 17
FA13 0.41 2.82 n.s n.s 17
FA14 0.26 5.19 n.s n.s 18

FA14 0.51 3.4 35 <0.005 20
FA15 0.53 3.29 19 <0.05 18
FA16 0.62 2.54 32 <0.05 14
FA16 0.51 3.33 19 <0.05 16
FA17 0.28 5.18 n.s n.s 21
FA18 0.06 7.38 n.s n.s 18
FA19 0.39 4.55 21 <0.05 23
FA19 0.65 2.73 42 <0.001 23

FA20 0.19 5.38 n.s n.s 16
FA21 0.14 4.65 n.s n.s 14
FA21 0.01 5.49 n.s n.s 14
FA22 0.28 8.1 n.s n.s 13
FA23 0.21 4.99 n.s n.s 16
FA23 0.3 4.48 n.s n.s 14
FA24 0.38 3.55 n.s n.s 19

FA25 0.86 0.61 47 <0.005 16
FA26 1.21 -1.7 61 <0.0001 20
FA26 1.12  -1.43 59 <0.0001 20
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Appendix D.1

Table S1: Ancillary data for the atmospheric samples taken during the ESSASI
and ATOS 11 cruises. Long: longitude, Lat: latitude, Vol: total volume sampled,
TA: air temperature (25 m height) and TS: sea surface temperature during
sampling. Only aerosol phase samples where HCH and HCB concentrations

above limits of quantification are shown.

Matrix Cruise CODE Long Lat Date V(;l wind sgeed wind direction TA TS
m s ° °C °C

GE1 -54.06 -60.53 4/2/08 975.00 7.63 203.29 1.29 0.02

_ GE2 -5141 -61.45 11/2/08 745.00 5.25 252.18 0.58 -0.36

% GE3 -51.31 -61.30 14/1/08 1024.00 6.69 204.90 0.26 -0.25

z GE4 -50.65 -60.19 16/1/08 862.00 7.94 249.20 0.92 0.32

GE5 -47.04 -60.20 18/1/08 1556.00 6.20 155.56 0.12 -0.49

o GE6 -52.38 -61.67 20/1/08 865.00 9.97 307.63 1.04 -0.04
E GAl1 -57.87 -62.43 29/1/09 1006.00 8.25 245.03 1.19 0.92
3 GA2 -51.78 -63.84 1/2/09 890.00 6.36 144.73 -1.44 -0.04
(3 GA3  -55.85 -64.20 4/2/09 1414.00 7.60 207.31 1.47 1.34
E} GA4  -71.36 -67.62 8/2/09 1691.00 6.56 101.84 2.19 2.40

E GAS -71.40 -67.64 13/2/09 1145.00 4.36 138.76 -2.01 0.23

< GA6 -74.41 -69.54 15/2/09 1414.00 8.73 104.41 1.38 0.73

GA7 -57.38 -63.05 19/2/09 1940.00 7.90 118.78 -1.50 -0.23

GA8 -63.62 -64.83 21/2/09 1990.00 4.70 204.49 1.60 1.47

GA9 -55.81 -64.53 24/2/09 1500.00 5.00 172.54 -2.79 -0.36

= — Al -51.51 -62.76 4/2/09 2724.00 7.49 196.06 0.07 0.49
§ 8 A2 -58.40 -62.20 6/2/09 1899.00 7.08 247.26 2.81 2.25
é’ : A3 -72.34 -67.98 12/2/09 1043.00 7.05 134.64 0.54 1.04
A4 -66.38 -65.50 19/2/09 1114.00 8.84 130.22 1.10 2.20
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Figure S4a. Air mass backtrajectories for the ESSASI cruise samples calculated

using the HYSPLIT model from NOAA (Draxler and Rolph, 2011).
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Figure S4b. Air-mass backtrajectories for the ESSASI cruise calculated using the
HYSPLIT model from NOAA (Draxler and Rolph, 2011).
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Figure S5a. Air-mass backtrajectories for the ATOS II cruise calculated using the

HYSPLIT model from NOAA (Draxler and Rolph, 2011).
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Figure S5b. Air-mass backtrajectories for the ATOS II calculated using the
HYSPLIT model from NOAA (Draxler and Rolph, 2011).
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Figure S5c. Air-mass backtrajectories for the ATOS II cruise calculated using the
HYSPLIT model from NOAA (Draxler and Rolph, 2011).
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APPENDIX D.3

Text 1. Henry’s Law Constant (HLC) correction for temperature and salinity
HLC used in the estimations of air-to-water fugacity ratios and diffusive

exchange fluxes must be corrected by temperature due to the low temperatures in

the Southern Ocean. We followed the approach described in Schwarzenbach et

al., 1993 (Equations D.1 and D.2). For the T correction we used the surface water

temperature (Achman et al., 1993 and Bruhn et al., 2003).

Hy e _ALI:AW[TLO_ZQQ.IS)} D.1]

Tr98.15

H,s=13H, (2]

Where H 79, Hz9s.15 and Hrys are the temperature corrected HLC, the HLC
at 298K and HLC corrected by temperature and salinity, -4U, is heat of phase
change (kJ mol"), and R is the ideal gas constant (KJ mol' K™). The

dimensionless HLC (H") was calculated following:
= s [D.3]

Text 2. Degradation Flux estimations

Degradation Fluxes were calculated from the microbial and hydrolysis
degradation rates proposed for a and y in Arctic waters (Harner et al., 1999 and
2000). Microbial degradation rates were scaled by the bacterial abundance at
surface following the approach previously reported for the Arctic (Galban-
Malagon et al., 2013b). The relative bacterial abundance at surface and at 1000 m
depth was taken from the assessment of bacterial abundance for the global oceans

(Aristegui et al., 2009).

kmlmoBmh

= [D.4]

kmh B
M 1000

Where k,,, 1s the microbial degradation constant in a 25 m depth water-
column, and k., 000 1s the microbial degradation constant in a 1000 depth water-
column, B, 1s the bacterial biomass in the upper water-column and B,,;900 1s the
bacterial biomass in a 1000 m depth water column. The degradation flux was

estimated following equation D.5 for a-HCH and equation S6 for y-HCH.
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Fp, =(k

‘mha+

0.5C ; + Ky 0.5C, + Ky ) [D.5]

2

mhy

FDegy = (k Cpi + khyCDis)h [D.6]

Where Fpeg, and Fpeg, are the total degradation fluxes (ng m? d") for a-
HCH and y-HCH; kupo+, kmno- and kypy are the corrected microbial degradation rate
constants for the a-HCH racemic mixture (+/-) and y-HCH; kj, and k;, are the
hydrolysis rate constants for a-HCH and y-HCH, 0.5Cp; is the dissolved
concentration reported for ESSASI and ATOS II cruise in ng m™ (See table S3 on
Appendix D.3) corrected by the enantiomeric fraction (Jantunen et al., 2004) and
h is the 50 m average depth of the surface mixed layer as determined during the
cruise based on CTD measurements. Results are shown in Table S7 on Appendix

D.3.
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Table S2. a-HCH, y-HCH and HCB physico-chemical properties used for the
fugacity ratio calculations and the fluxes estimated in the present work. Mw:
molecular weight (g mol™), Mv is the molar volume, AUy is the heat of phase

change (kJ mol™) and HLC is the Henry's law constant (Pa m’ mol™).

Compound Mw Mv -AUxw Ref HLC Ref
o-HCH 290.83 2436 593 Sahsuvaret 0.360 Sahsuvar et al.,
v-HCH 290.83 243.6 65 al., 2003 0.165 2003

284.78 Cortés et al. Jantunen and
HCB 2 221.4 3 1998 5 Bidleman 2006

Table S3 Truly dissolved seawater concentrations used for the estimations of
fugacity ratios and air-water diffusive fluxes. Details on methods and discussion
of these concentrations have been reported elsewhere (Galban-Malagon et al.,

2013).
Cruise CODE o-HCH 7y-HCH HCB Surface Temp (°C)
DE1 0.986 0.380 0.645 3.136
DE2 0.280 0.709 0472 1.054
DE3 0.329 0.616 0.352 0.520
—_ DE4 0.188 1.034 0.375 0.404
Zg) DES 0.209 0.808 0.335 -0.350
4 DE6 0.226 0.837 0.288 -0.355
- DE7 0.126 0.675 0.263 0.418
DES8 0.245 0.735 0.420 0.119
DE9 0.370 1.203 0.542 -0.259
DE10 0.201 1.003 0.448 -0.073
DAI1 0.917 1.192 0.208 1.221
DA2 0.212 0.442 0.366 -0.092
DA3 0.092 0.360 0.215 2.201
= DA4 0.278 0.326 0.420 2.628
8 DAS 0.141 0.539 0.179 0.650
> DA6 0294 1262 0294 0.873
DA7 0.158 0.823 0.318 2.206
DAS 0.197 0.796 0.531 1.482
DA9 0.316 1.680 1471 2.523
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Table S4. Gas and aerosol phase concentrations (pg m™) over the Southern Ocean
in 2008 and 2009.

Matrix Area Sample o-HCH y-HCH HCB
GE1 0.87 3.89 9.33

GE2 5.84 5.11 13.54

South Scotia Sea GE3 0.06 3.93 2.18

GE4 0.18 5.84 3.28

GES5 1.20 7.10 5.01

GE6 2.09 1.47 15.82

GAl 0.31 0.54 2.35

Gas Phase Weddell GA2 0.14 1.87 30.13
GA9 0.05 0.11 25.98

GAS 0.04 0.20 3.31

Bransfield GA4 0.23 0.25 34.24

GA3 0.46 3.00 12.62

GA6 0.22 0.19 51.82

Bellinghausen GA7 0.16 0.07 27.31

GAS 0.10 0.16 49.71

Weddell Al 0.009 0.029 0.040

Aerosol Phase Bransfield A2 0.012 0.045 0.039
Bellinghausen A3 0.031 0.127 0.075

A4 0.023 0.107 0.080
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Table S5. Gas phase concentrations for HCB and y-HCH (pg m™) in ambient air
as measured at 1.5 m height and in the gas phase equilibrated with soil and snow

as measured with the soil fugacity sampler.

y-HCH HCB
Area
Mean SD Min Max | Mean SD Min Max
Polish Bluff  0.94 0 log 094 | 11.97 2.67 841 13.02
Ambient Air (1.5 m) Radio Peak 227 0.68 logq 2.73 10.3 481 4.19 1573
Sofia 079 077 loq 229 | 1179 1.82 9.74 13.94
Mountain
Polish Bluff 2.7 1.27 143 434 | 16.82 291 13.13 19.69
Gas phase equilibrated  Radio Peak 203 2.08 0.13 4.79 208 105 142 362
with soil and snow Sofia
. 191 1.04 1.17 3.76 124 38 81 186
Mountain
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Table S6. Estimated air-water fugacity ratios (f/fy) for the ESSASI and ATOS

cruises.
Cruise Area Code o-HCH vy-HCH HCB
GEI 00014  0.0020 02785
GE2  0.0008  0.0006 0.4022
, GE3  0.0695  0.0008 2.4224
ESSASL  South ScotiaSea — ~p/ 00176 00007  0.8869
GE5  0.0048  0.0004  1.3990
GE6 00169  0.0005 1.3413
GAI 00291  0.0393  0.1093
Weddell GA2 00614 00216 0.1011
GA9  0.0464  0.0071  2.0297
GA3  0.0248  0.0084  0.1469
ATOS II Bransfield GA4  0.1214 00205 2.1552
GA8  0.0307  0.0647 02627
GAS  0.1527  0.0603  0.6546
Bellingshausen ~ GA6  0.0091  0.0029  0.2912
GA7  0.0356  0.0010  0.2022

Table S7 Air-Sea diffusive exchange fluxes (ng m~d™") for each gas-phase
sampling event during the ESSASI and ATOS cruises. Code referes to the gas-
phase sample code as in Tables S1 and S4.

Cruise Area Code o-HCH <y-HCH HCB
GE1 -0.1866  -0.3449  0.4436
GE2  -0.0618 -0.8868 -0.9949
ESSASI South Scotia GE3  -0.2582 -1.7276 -0.3943
Sea GE4  -0.1495 -0.1650 -2.2788
GE5  -0.0532 -0.0835 -2.2919
GE6  -0.0797 -0.1246  -5.4825
GAIl -0.2001  -0.3678  0.1930
Weddell GA2  -0.0720 -1.0336 -1.3839
GA9  -0.0184 -0.0478 -0.3921
GA3  -0.2882 -1.9202 -0.6599
ATOS 11 Bransfield GA4  -0.1281 -0.1421 -1.8912
GA8  -0.0151 -0.0873 0.1123
GA5  -0.0394 -0.0637 -1.3117
Bellingshausen  G46  -0.1538 -0.1372  -5.0109
GA7  -0.1003 -0.0401 -1.8843

Table S8 Dry deposition fluxes (ng m™>d™) estimated for each one of the four
aerosol-phase samples where HCB and HCH could be quantified. Codes refer to
aerosol phase samples as shown in Table S1 and S4.

Dry Deposition Flux

o-HCH 7y-HCH HCB

ngm?d’
Al 0.003 0.008 0.011
A2 0.004  0.013 0.011
A3 0.007  0.030 0.023
A4 0.009  0.036 0.021
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Table S9. Estimations of the total degradation flux (microbial plus hydrolysis
following Equations S5 and S6) using the dissolved phase concentrations reported
for surface waters during ESSASI and ATOS 1I cruises (Galban Malagon et al.,
2013). See table S3 on Appendix D.3. Codes refer to each one of the gas-phase
samples, for which the corresponding degradation flux in water was estimated.

Cruise Area Code o-HCH v-HCH
GEI -0.016 -0.081
GE2 -0.006 -0.106
South Scotia GE3 -0.007 -0.025
ESSASI Sea GE4 -0.008
GES -0.006
GEG6 -0.006
GAl -0.03 -0.208
Weddell GA2 -0.008 -0.102
GAY -0.014 -0.315
GA3 -0.01 -0.054
ATOS IT Bransfield GA4 -0.01 -0.049
GAS8 -0.01 -0.113
GAS -0.013 -0.101
Bellingshausen GA6 -0.011 -0.125
GA7 -0.008 -0.209
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Appendix E.1

Table S1. Ancillary data for samples taken during the ICEPOS, ESSASI and
ATOS II surveys around the Antarctic Peninsula and South Scotia Sea, and for
samples taken at Polish Beach (Livingston Island). Long: longitude, Lat: latitude,
Vol: total volume sampled, TA: air temperature (20 m height) during sampling.

wind wind
Vol . . TA
Matrix Cruise CODE LONG LAT DATE speed direction
m’ ms" ° °C
GI1 -68.40 -64.50 02/02/05 469 6.57 -

GI2 -70.01  -66.57 03/02/05 362 6.66 -
GI3 -70.40  -67.00 04/02/05 422 6.65 -
Gl4 -67.10  -65.69 06/02/05 590 10.64 -
GI5 -60.44  -63.80 09/02/05 432 9.19 -
ICEPOS GI6 -56.23  -64.46 10/02/05 909 12.47 -
GI7 -56.31  -64.71 12/02/05 872 17.34 -
GIS -58.93  -62.20 13/02/05 814 13.78 -
GI9 -60.68  -62.97 16/02/05 541 11.63 -
GI10 -60.44  -62.97 20/02/05 928 11.33 -
GIl1 -60.00  -62.97 21/02/05 676 11.32 -

GE1  -5406 -60.53 04/02/08 975 7.63 203.29 1.29
GE2  -51.41 -61.45 11/02/08 745 5.25 252.18 0.58

ESSASI GE3  -5131 -6130 14/01/08 1024  6.69 204.90 0.26

Gas GE4  -50.65 -60.19 16/01/08 862 7.94 249.20 0.92
GE5  -47.04 -6020 18/01/08 1556 620 155.56 0.12

GE6  -5238  -61.67 20/01/08 865 9.97 307.63 1.04

GAl  -57.87 -62.43 29/01/09 1006 825 245.03 1.19

GA2  -51.78 -63.84 01/02/09 890 6.36 14473 -1.44

GA3  -55.85 -6420 04/02/09 1414  7.60 207.31 1.47

GA4  -7136 -67.62 08/02/09 1691  6.56 101.84 2.19

ATOS I GA5 7140 -67.64 13/02/09 1145 436 138.76 -2.01

GA6  -7441 -69.54 15/02/09 1414 873 104.41 1.38

GA7  -5738 -63.05 19/02/09 1940  7.90 118.78 -1.50

GA8  -63.62 -64.83 21/02/09 1990  4.70 204.49 1.60

GA9 5581  -64.53 24/02/09 1500  5.00 172.54 2.79

ATOS 11 GLI1  -60.39 -62.66 11/02/09 816 4.4
LANDBASE  GLI2Z 6039 -62.66 12/02/09 833 3.1

GLI3  -60.39  -62.66 13/02/09 897 3

Al 5151 -62.76  04/02/09 2724 7.49 196.06 0.07

ATOS II A2 5840  -62.20 06/02/09 1899  7.08 247.26 2.81

CRUISE A3 7234 6798 12/02/09 1043  7.05 134.64  0.54

A4 -66.38 6550 19/02/09 1114  8.84 130.22 1.10

AB1 -60.4  -62.67 22/01/09 1129 3.3

Aerosol AB2 -60.4  -62.67 23/01/09 1651 1.9
AB3 -60.4  -62.67 27/01/09 2608 2.9

ATOS I AB4 -60.4  -62.67 30/01/09 2612 3.6
LANDBASE — ABS 604 6267 0202009 2786 24

AB6 -60.4  -62.67 05/02/09 2426 0.4

AB7 -60.4  -62.67 09/02/09 2815 26

ABS -60.4  -62.67 12/02/09 2515 3
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ABY'
AB10'

-60.39
-60.39

-62.66 24/01/09 2204
-62.66  13/02/09 2596

3.4
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Appendix E

Table S2. Recovery percentages for surrogates PCBs 65 and 200.

% Recovery

PCB65 PCB200
Mean Min Max Mean Min Max
ATOS II Gas 706 669 762 768 67.1 848
Aerosol 706 618 777 784 692 85.1
ESSASI Gas 672 533 779 710 572 813
ICEPOS Gas 590 510 750 590 510 81.0
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Table S3. Instrumental detection limits (IDLs), limits of detection (LODs) and
limits of quantification (LOQs). x: blank averaged ,SD: blank standard deviation.

pgon column IDLs X SD LODs LOQs

PCBI18 0.004 0.015 0.024 0.089 0.260
PCB17 0.02 0.021 0.090 0.291 0.921
PCB31 0.003 0.032 0.043 0.162 0.465
PCB28 0.004 0.131 0.090 0.401 1.031
PCB33 0.004 0.037 0.088 0.302 0.920
PCB52 0.004 0.021 0.056 0.190 0.584
PCB49 0.004 0.012 0.031 0.106 0.326
PCB99/101 0.008 0.153 0.200 0.753 2.153
PCB110 0.004 0.018 0.141 0.440 1.425
PCB151 0.004 0.005 0.283 0.855 2.838
PCB149 0.004 0.128 0.178 0.663 1.910
PCB118 0.004 0.038 0.078 0.273 0.821
PCB153 0.004 0.025 0.229 0.713 2317
PCB132/105 0.001 0.006 0.036 0.114 0.365
PCB138 0.004 0.028 0.151 0.481 1.537
PCB158 0.001 0.009 0.013 0.049 0.141
PCB187 0.004 0.003 0.160 0.482 1.601
PCB183 0.004 0.011 0.015 0.054 0.157
PCB128 0.004 0.000 0.002 0.006 0.019
PCB177 0.004 0.001 0.005 0.017 0.056
PCB171/156 0.004 0.008 0.026 0.085 0.267
PCB180 0.004 0.006 0.073 0.224 0.734
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Appendix E.3

Table S4. Gas phase concentrations of PCBs (pg m™) for samples taken during the
ICEPOS cruise in 2005.

ICEPOS 2005
GIl1 GI2 GI3 GI4 GI5 GI6 GI7 GI8 GI9 GII0 Glll
PCB18 043 236 062 039 197 0.13 070 0.80 1.64

PCB17
PCB31 041 1.15 048 091 040 020 1.75 0.19 0.73 093 132
PCB28 141 107 262 202 088 053 259 060 156 271 1.82

PCB33 062 3.17 1.08 1.08 0.40 3.39 085 253 146

PCB52 3.86 484 501 373 1.53 238 510 535

PCB49 142 390 1.60 149 125 058 268 057 183 211 218
PCB99/101

PCB110

PCBI151 090 3.02 090 070 042 036 0.85 047 041 075 047

PCB149 1.97 1.73 146 1.09 0.80 1.87 0.96 1.00 1.58 1.01

PCB118 068 197 051 062 057 025 139 038 051 079 0.58
PCB153 1.02 238 280 1.06 0.71 049 228 0.69 093 1.08 0.56
PCB132/105 | 0.24 134 1.76 096 0.56 026 1.73 037 048 0.54 041
PCB138 088 191 259 094 059 042 192 0.65 1.01 1.10 0.56

PCB158 0.08 0.09 0.04 0.13 0.11 0.07

PCB187 056 0.73 034 0.16 0.12 050 0.18 023 029 0.14

PCB183 0.03 0.23 0.12  0.05

PCBI128 1.08 226 1.01 094 054 1.43 1.04 120 0.79

PCB177 0.04 0.23 0.06 0.10 0.01
PCB171/156 0.19

PCB180 051 035 0.18 0.13 052 020 030 034 0.17

LsPCBs | 14.56 20.47 24.83 20.29 12.17 7.12 25.65 7.78 16.73 22.43 13.23
ZicesPCBs | 7.84 7.33 13.87 10.00 6.65 335 870 490 942 1137 3.69
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Table S5. Gas phase concentrations of PCBs (pg m™) for samples taken during the

ESSASI cruise in 2008.
ESSASI 2008
GE1l GE2 _ GE3 GE4 GE5 GE6
PCBIS | 590 038  0.06 0.05 2.72 475
PCB17 248  0.12 0.13 7.78 2.53
PCB31 | 7.19 032  0.10 0.12 17.34 255
PCB28 | 3.89 511 039 0.58 1296 293
PCB33 | 938 340  0.14 0.25 1.96 491
PCB52 | 6.10 056  0.09 0.09 1.77 456
PCB49 | 2.62 044 024 0.05 1.43
PCB99/10
1 756 790 995 2.02 9.10
PCB110 | 123 140  0.17 0.18 0.66 0.73
PCB151 | 125 1.10 024 0.26 2.86 1.57
PCB149 | 6.02 3.05 0.75 0.77 7.19 5.33
PCB118 | 227 407 0.9 0.26 1.80 0.89
PCB153 | 2.87 268 022 0.48 1.75 11.21
PCB132/1
05 552 086 026 0.13 2.15 1.59
PCB138 | 439 275  0.17 0.37 1.94 2.17
PCB158 | 0.83 0.86 0.07 0.75 0.63
PCB187 | 131 429 021 0.14 0.96 0.62
PCB183 | 1.14 276 0.04 0.90 0.60
PCB128 | 0.82 0.66  0.01 0.41 0.85
PCB177 | 0.92 092 0.03 0.53 0.98
PCB171/1
56 128 102 005 0.08 0.59 0.39
PCB180 1.90  0.03 0.12 0.75 1.41
¥,sPCBs | 72.48 4890 13.77 6.18 7829  51.18
T.cesPCBs | 27.08 2497  11.44 3.91 30.05  23.16
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Table S6. Gas phase concentrations of PCBs (pg m™) for samples taken during the
ATOS II cruise and concurrent sampling at Polish Beach in Livingston Island
during 2009.

ATOS II Cruise ATOS II Polish

Beach
GAl GA2 GA3 GA4 GA5 GA6 GA7 GA8 GA9 GLI1 GLI2 GLI3
PCBI18 0.67 0.73 2.55 1.24 037 1.21 1.07 0.28 0.26 0.27 0.07
PCB17 0.94 0.50 1.48 0.62 024 0.72 050 045 024 024 097 052
PCB31 1.18  0.59 1.46 0.88 1.17 1.03 0.74 0.60 0.29 035 0.15 0.12
PCB28 1.05 1.97 5.10 200 1.18 150 3.14 1.58 0.89 0.16 021 020
PCB33 0.89 1.17 089 036 122 0.76 0.29 0.15 0.08 0.14
PCB52 1.29  0.78 2.92 0.29 0.10 1.15 0.36 023 043 130 0.60
PCB49 0.80 045 1.59 0.53 006 0.89 0.34 0.36 0.07
PCB99/101  2.99 1.56 5.43 2.07 242 490 2.16 1.03 0.66 0.03
PCB110 0.32 0.91 0.34 030 0.63 0.18 0.14 0.02 0.07
PCBI151 1.99 039 1.27 0.45 021 0.61 028 025 0.79 0.01 0.04 0.04
PCB149 2.57 1.09 3.58 040 069 170 0.80 1.03 0.44 0.10 0.03 0.04
PCB118 0.43 0.14 1.19 033 038 1.00 033 0.15 0.17 0.02 0.02 0.02

PCB153 1.55 0.71 2.57 091 055 071 0.75 087 045 012 007 0.08
PCB132/105 0.68 0.25 0.95 033 004 040 039 037 0.04
PCB138 122 0.53 2.01 0.74 021 072 0.70 041 023 005 001 0.02

PCB158 0.10 0.03 0.63 0.06 0.04 0.09 0.06 0.07 0.06 0.00
PCB187 0.64 032 1.20 043 020 033 035 043 039 010 007 0.08
PCB183 023 0.09 0.51 0.15 0.06 0.11 0.14 0.11 0.09 0.00 0.01 0.01
PCB128 0.09 0.02 0.16 0.04 0.07 0.07 0.01

PCB177 022 0.07 0.50 0.14 0.01 0.10 0.12 0.15 0.02

PCB171/156 0.21  0.11 0.09 0.06 0.14 0.12 0.06 0.04

PCB180 039 0.13 0.89 026 0.18 023 027 032 0.17 004 001 0.02
%sPCBs 1956 1134 38.09 13.18 8.73 1838 1422 899 6.07 209 3.11 1.80
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Figure S4. A) BOX-PLOT graph comparing the gas phase atmospheric
concentrations from the different sampling campaigns showing that mean levels
ofsamples taken at Polish Beach (a) were different (Kruskall-Wallis p<0.05) and
significative lower (post hoc Dunn’s test p<0.001) than the rest of the surveys (b)

for Z,sPCBs. B) BOX-PLOT graph representing the obtained aerosol phase
atmospheric concentrations, comparing the different sampling locations and
showing that the median levels of samples taken at Polish Beach during values
were different (Kruskall-Wallis p<0.05) and significative lower (post hoc Dunn’s
test p<0.001) than samples from Radio Peak and over the Ocean (b) for X,sPCBs.
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Figure S5. BOX-PLOT graph representing the obtained gas phase concentrations
for the three characteristic origins of air masses identified. Obtained results show
that samples influenced by the Antarctic Circumpolar water Current (ACC),
Weddell Sea (WS) and Antarctic Continent (AC) were not different among them
for 225PCBS.
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Table S17. Measured Log Kp and predicted Log Kp estimated using the Log Koy
corrected temperature for samples taken during the ATOS II cruise. Code refers to

the gas phase sample code as in Table S1.

Measured Log Kp GA3 GAad GAS GA6 GAS Predicted Log K» Al A2 Ada A4
Al A2 A3 A3 A4 and b
PCBI18 -3.143  -2.826 -3.597 -4.112 -3.351 PCBI18 -5.514  -5.664 -5.540 -5.571
PCB17 -3.922 PCB17 -5.884  -6.034 -5910 -5.941
PCB31 -3.694 4494 -5.139 -5.081 -4.719 PCB31 -5.054 -5204 -5.080 -5.111
PCB28 -3.857 -4.442 -4.547 -4.442 PCB28 -5.144  -5294  -5.170 -5.201
PCB33 PCB33 -4964 -5.114 -4990 -5.021
PCB52 -3.739 PCB52 -4.673  -4.836 -4.702 -4.735
PCB49 -3.953 PCB49 -4323 -4486 -4352 -4.385
PCB99 /101 -3.395  -4.023 -4249 -4556 -3.754 PCBY99 /101 -3.796  -3.961 -3.825 -3.859
PCB110 -2.866 -3.082 -3.707 -4.024 -3.360 PCB110 -3.675 -3.841 -3.704 -3.738
PCBI151 -3.171 PCB151 -3.705 -3.871 -3.734  -3.768
PCB149 -2.989 PCB149 -3.172 -3.339 -3.201  -3.236
PCB118 PCB118 -3.085 -3.251  -3.114 -3.148
PCBI153 -2.701 -4.114  -4.537  -3.590 PCB153 -3.037  -3.202  -3.066 -3.100
PCB132 /105 -3.525  -4.651 -4.274 -4.388 PCB132 /105 -3.130  -3.296  -3.159  -3.193
PCB158 -2.709 PCB158 -2.834 -3.001 -2.863 -2.898
PCB138 -4.087 PCB138 -3.040 -3.207 -3.069 -3.103
PCB187 -2.246 PCB187 -2.572 -2.739  -2.601 -2.636
PCB183 -3.864 PCB183 -2.233 2410 -2.264  -2.300
PCB128 -3.270 PCB128 -1.943  -2.120 -1.974 -2.010
PCB177 -2.678 PCB177 -2.922  -3.089 -2951 -2.986
PCB171/156 -2.843 3,135 -2.186 -3.437 -3.494 PCB171/156 -2.143  -2.320  -2.174  -2.210
PCB180 -2.812  -3.162  -2.706 PCB180 -2.599 -2.766  -2.628  -2.663

339



Appendix E

Antarctic Coastal Atmosphere

0 GLI1 0 GLI2 07 GLI3
-1 414 414
Log Kp=0.47(20.13) Log(1.5*fp*K,) - 2:0.4) Log Kp=0.47(:0.1) Log(1.5%,c*K,,) - 2.1(:0.4) Log K, = 0.48(:0.1) Log(1.5%,c*K,,) - 2(:0.5)
R?=0.65 p<0.01 R?=0.64 p<0.01 R:= 0.01
<29 24 2
< . . .
%0
3 34 =31 * . 3 - g
=
£ 44 * o 44 . . 44 b .
H .
I .
s 5 5 5
S 5 - -
-6 4 -6 4 6 4
-7 T T T T ™ -7 T T T T ™ T -7 T T T T T ™ 1
-7 -6 -5 -4 -3 =2 0 -7 -6 -5 -4 -3 -2 -1 0 -7 -6 -5 -4 -3 -2 -1 0
Predicted Log K, Predicted Log K Predicted Log K,
Southern Ocean Atmosphere
i Al ) A2 i A3aand b
14 414 14
Log K, = 0.21(20.09) Log (1.5%fc*Ky,) - 2.5(0.4) Log Kp=0.17 Log (1.5%pc*Ko,) - 3.8 Log K, = 0.54(20.08) Log (1.5, *K,,) - 1.8(:0.2)
R?=0.22p<0.05 R*~ s p=n.s R = 56% p <0.05
-2 . -2 1 24 .
&
Aad . .
= ’/.‘/:./' 3] * * 3
~ .
T 4 T . . ° 49 / 4
s
z . ‘ .
S 51 -5 4 5 o
. Log K, =0.38(0.07) Log (1.5%fpc*K,) - 2.7(:0.2)
-6 4 -6 4 % 1 R® =56% p<0.05
-7 v v - - - ) -7 - 7
-7 -6 5 -4 3 2 0 7 6 5 4 3 2 1 [ 6 5 4 3 2 1 0
Predicted Log K Predicted Log K, Predicted Log K,
01
A4
] Log K, = 0.28(+ 0.1) Log (1.5%,c*Ko, ) - 257(203)
R? = 0.4 p<0.05
24
<& .
2 -3
3 . . 5 .
=
24 .
H .
3 .
S 5
=
6 1
-7 ™
-7 6 5 -4 3 2 1 0

Predicted Log K,

Figure S18. Measured versus predicted gas-particle partition constant (Log Kp)
from gas and aerosol phase samples from the Antarctic coastal atmosphere
(Livingston Island) and from Southern Ocean atmosphere taken during 2009.
Code refers to the gas phase sample code as in Table S1.
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Figure S19. Measured versus predicted gas-particle partition constant (Log Kp) for
gas and aerosol phase samples samples taken at Radio Peak in Livingston Island
in 2009 austral summer (Cabrerizo et al., 2013) and aerosols samples reported in

the present work. Code refers to the gas phase sample code as in Table S1 and
TS7.
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Appendix F

List of Acronyms

-AU,w: Heat of phase change from liquid to
gas.

a: Surface area

ACC: Antarctic Circumpolar Current
AEPSs: Arctic Environmental Protection
Strategies

AMAP: Arctic Monitoring and Assessment
Program

AntC: Antarctic Continent Airmass Origin
AO:Arctic Ocean

BCF: Bioconcentration factor

Bpnyto: Phytoplankton biomass in the whole
mixes layer depth

Caero: POPs concentration in the
atmospheric aerosol

CAFF: Conservation of Arctic Flora and
Fauna

Cg: POPs concentration in the gas phase
ChlA: Chlorophyll a

CLRAT: Convention on Long-range
Transboundary air pollution

Coci: POPs concentration associated to
octanol

Con: OH atmospheric concentration

Cp: POPs concentration associated to water
particulate matter

Cphyto: POPs associated to phytoplankton
Cpom: concentration of the POPs in the
particulate organic phase

Crss: Concentration of contaminants in the
rain or snow

Cw: POPs concentration in the dissolved

seawater
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Cwrp: POPs truly dissolved seawater
concentration

DDT: dichlorodiphenyltrichloroethane
DOC: Dissolved organic carbon

DOM: Dissolved organic matter

EC: European Commission

ECHA: European Chemicals Agency
EPPR: Emergency Prevention, Preparedness
and Response

Fgiogenic: Sinking flux of Biogenic matter
Fpp: Dry deposition flux

Fpegn: Hydrolytic degradation flux
Fpegv: Microbial degradation flux

Fpegp: Photolytic degradation flux

fgc: Fraction of elemental carbon

foc: Fraction of organic carbon

Foc: Organic carbon flux

fom: Fraction of organic mater

Fom: Organic matter flux

Fsink: Exportation flux from surface to deep
waters of POPs associated to organic
particles (phytoplankton, bacteria,...)
Fgsupa: Flux of POPs transported to deep
waters by subduction process

Fwp: Wet deposition flux

GC: Greenland Current

h: height of the atmospheric boundary layer
or water column mixer layer depth
HCB: Hexachlorobenzene

HCHs: Hexachlorocyclohexanes

HLC: Henry’s Law Constant

IFSC: Intergovernmental Forum on

Chemical Safety
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IPCC:Intergubernamental panel for climate
change

kaw: Mass transfer coefficient between the
air and water

Kaw:Air-water partition coefficient

kp: First order POPs depuration rate

kpegn: Hydrolytic degradation rate

kpegm: Microbial degradation rate

kpegp: Photolytic degradation rate

Kpoc: Water-dissolved organic carbon
partition coefficient.

kg: First order growth rate

Koa: Octanol-water partition coefficient
kon: OH degradation rate

Kow: Octanol-water partition constant.

Kp: Gas-Particle partition constant

Kga: Air-soot carbon partition coefficient
Ksink: Mass transfer coefficient between the
surface and deep waters of POPs associated
to organic particles.

ky:First order POPs uptake rate

kwp: mass transfer coefficient between
phytoplankton and water

LRAT: Long Range Atmospheric Transport
MLD: Mixed Layer depth

MWgcr: Octanol molecular weight
MWjnm: Organic matter molecular weight
OC: Organic Carbon

Po: Precipitation rate

PAME: Protection of the Arctic Marine
Environment

PCBs: Polychlorinated biphenyls

POC: Particulate organic carbon

POM: Particulate organic matter

POP: Persistent organic pollutant

Py: Vapour preassure

R: Ideal gas constant

R/V: Research Vessel
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REACH: registration, evaluation,
authorisation and restriction of chemical
substances normative

Isuba: Tate of deep-water formation

R¢: Atmospheric residence time

SCAR: Scientific Committee on Antarctic
Research

SDU: Sustainable Development and
Utilization

So:Polarity

Sw: Solubility

T: Environmental temperature
Tw:Surface water temperature

TSP: Total suspended particules
UNECE: United Nations Economic
Commission for Europe

UNEP: United Nations Environmental
Programme

vp: Aerosol deposition velocity

W: Weddell Origin Airmass

Wew: Gas washout

WHO: World Health Organization

W;p: Rain/Snow contaminant scavenging
ratio

Wpw: Particle washout

0: Fraction of atmospheric POPs bound to

aerosol

Poc






