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Preface

Preface

At high latitudes the ocean is characterized by being covered by sea ice, its extent presenting a large
degree of variability from summer to winter the year. In the Arctic Ocean, the average sea ice extent in
summer and winter for the period 1979-2000 was of 1.28-10° and 15.86-10° Km®, respectively.
Nowadays, the Arctic Ocean is experimenting a strong impact of global warning, of which some
obvious signs are the decline of sea ice extent, with a rate of 3% per decade for the period 1979 — 2007,
and the shrinking of the sea ice thickness, with an average rate of -18 cm-y” [Stroeve et al., 2008; Kwok
and Rothrock, 2009]. Some studies predict that the Arctic Ocean will be a free ice ocean in summer
seasons by 2030 [e.g. Holland et al., 2006; Maslowski et al.,2007].

Sea ice is a key component of the Arctic Ocean. It is a thin, fragile, heterogeneous and dynamic
layer, which acts as a barrier between two of the major Earth fluids: the ocean and the atmosphere. The
presence or absence of sea ice controls the climate through the interactions between the atmosphere and
the ocean, limiting heat and energy flux, as well as the interception of solar light contributes to limit the
arctic primary production. Sea ice also modifies the amount of solar radiation absorbed by the surface
ocean, as a fraction of it is reflected back to the atmosphere as a consequence of its high albedo. The
freezing-melting processes cause vertical redistribution of salts in the ocean, leading to the formation of
deep bottom water or the stratification of the surface water during melting [Dieckmann and Hellmer,
2003].

The dynamic character of sea ice makes it a relevant agent for the transport and distribution of
chemical species and particulate matter [Kempema et al., 1989; Pfirman et al., 1989; Dethleff and
Kuhlmann, 2010]. During its formation, mainly in the continental shelves, it incorporates particulate
matter (sea-ice sediments) and is exported to the central Arctic Basin. During the drifting sea ice also
incorporate chemical species. Subsequently, all incorporated components, both SIS and chemical
species, are released to the water column by sea ice melting. Therefore, sea ice melting would markedly
dictate biogeochemical element distribution in the water column in the ablation area.

Given the swiftly changes that Arctic sea ice is facing and the projections of sea ice extent in the
future, as well as the poor understanding of the interaction of chemical species between the different
compartments (ocean, sea ice and atmosphere) and the magnitude of these interactions [Melinkov, 1991;
Grankrog, 2003; Lannuzel et al., 2010; Tison et al., 2010], it is of special interest to improve the
knowledge of the role of sea ice in the biogeochemical cycling of chemical species (trace metals,
radionuclides and other chemical species) and the transport and distribution of these chemical species
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and particles. These shifts may entail several implications and effects: changes in sedimentation rates,
enrichment of chemical concentration in surface waters in the ablation areas, impacts in the primary
production, contaminant redistribution and perturbation of the biogeochemical cycling in the water
column.

Scientific community has attracted by the Arctic Ocean due its extreme and inhospitable
environment. In 1882-83, for the first time worldwide scientists banded together to organize exploring
programs in the polar Arctic region: it was the first International Polar Year (IPY). 50 years later, the
second International Polar Year took place and 75 years after the first IPY, the first International
Geophysical Year was celebrated. Even though it was mainly focused on the geophysical and dynamic
parameters of sea ice and meteorological research, it lead to a considerable improvement in the
understanding of the Arctic Ocean and the Arctic sea ice. Notwithstanding, none of these programmes
focused much efforts on the sea ice biogeochemistry, which have received more attention during the
last decades, although still less than works on other sea ice aspects. During the International Polar Year
(IPY) performed during 2007/09 (www.ipy.org), the GEOTRACES program (www.geotraces.org)
proposed to study trace elements in the Arctic Ocean to establish the baseline of geochemical data for
studying the constant changes and further shifts in the Arctic Ocean. Even though GEOTRACES
focuses on the geochemistry in the water column of the ocean, some works were executed in relation to
sea ice.

This dissertation is based on the consideration that all physical, chemical and structural processes that
sea ice undergoes during the whole life cycle determine its role and the final fate of the sea-ice
sediments and the chemical species dissolved or associated to particulate matter. The present rapid
changes might disturb all these processes and the whole Arctic ecosystem as a consequence of sea ice
feedbacks. Due to the large uncertainty about the presence of Arctic sea ice during summer in the
coming years, it is essential to improve the knowledge on the interactions between the different
compartments, atmosphere-sea ice-ocean, which shall allow to better understand the possible
implications of the current shifts associated to climate change in the Arctic Ocean.

The different processes that sea ice undergoes (physical, chemical, geologic, biological, etc.) take
place at the same time. Understanding, quantifying and predicting them may be benefit from using
internal tracers, such as radionuclides. The radionuclides, natural or artificial in origin, are characterized
by different half-lives and by having distinct chemical properties. As a result they participate in
different degrees in those processes that control their distributions in the environment. Likewise, they
are powerful tools to study all these processes that occur in the nature, in this case in the Arctic sea ice,
at different time-scales. The variation in their concentrations, which are caused by transport, diffusion,
association, decay, scavenging processes, allows attempting to answer the aims of the PhD dissertation.

Alms

The primary objective of this dissertation is to provide with some insight and evaluate the relevance of
the Arctic sea ice as an agent of the transport and distribution of chemical species and particulate matter
along the Arctic Ocean through the use of a set of radionuclides, both natural ('Be, *'°Pb and *'°Po) and
artificial ('*’Cs, *Pu and **’Pu). The specific aims are:

i) Study the feasibility of the use of this set of natural and artificial radionuclides to evaluate and
quantify the importance of several processes that sea ice undergoes during its lifespan. These processes
are related to interception, accumulation, transport and distribution of particulate matter and chemical
species.

i) Elucidate which are the main mechanisms by which radionuclides ('Be, *'°Pb, *°Po '*’Cs, **Pu and
**%Pu) are incorporated into sea ice, and ascertain which processes cause their enrichment in sea ice
sediments (SIS): atmospheric inputs or scavenging from seawater.
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iii) Use "’Cs, **?*°Pu and the ***Pu/*’Pu atom ratio in SIS to assess the origin of sea ice floes.

iv) Understand the interaction of sea ice with the ocean and the atmosphere through the study of the
interception of atmospheric fluxes of 'Be and investigate the mechanisms and the efficiency by which
sea ice accumulates chemical species from the atmosphere.

v) Determine the distributions of radionuclide with an atmospheric component, such as Be, in the
Arctic Ocean and investigate the processes that regulate their presence in the different compartments
(sea ice, sea water, sea-ice sediments, atmosphere flux) in particular define the role that sea ice plays.

Thesis structure

This dissertation is organized in seven chapters. The first chapter details the most relevant aspects of the
Arctic Ocean, in particular regarding Arctic sea ice. The first subsection frames the study area,
presenting its general features on bathymetry, hydrology and water circulation. The second part
summarizes the sea ice properties and the characteristics of drifting, extent, thickness and points to its
role in the transport and redistribution of particulate matter along the Arctic Ocean.

General considerations on the sources and distributions of the radionuclides of interest ('Be, *'°Pb and
*%Po and *'Cs and ****°Pu) in the Arctic Ocean are given in the second chapter.

Chapter 3 is devoted to the description of the field protocols followed to sample sea ice, seawater,
precipitation and sediments and the analytical methods used to determine and quantify the suite of
analysed radionuclides: gamma emitters (‘Be and "“’Cs) by gamma-spectrometry, *°Pb and *'°Po by
alpha spectrometry and plutonium isotopes (*’Pu and **Pu) and the ***Pu/*’Pu atom ratio by mass
spectrometry.

In chapter 4, we present and discuss the data on *’Cs and ****’Pu activities and the ***Pu/**Pu atom
ratio in SIS in the Arctic Ocean, including previously published data. We show that the distribution of
both *’Cs and ****’Pu concentrations in SIS mirrored the main sea ice drift patterns, reflecting the
transport of particulate matter by sea ice. Through a direct comparison of the concentrations measured
in SIS samples against those reported for the potential source regions, the usefulness of these
radionuclides as tracers of sea ice origin is studied. The **’Pu/*’Pu atom ratio is a fingerprint of the Pu
source, and it is used to distinguish between different continental shelves, and ¥Cs data permitted to
constrain the source of SIS'.

The efficiency by which sea ice intercepts atmospheric inputs is studied by using the data on "Be in
Chapte 5 Be, an atmospheric natural radionuclide with a short half-life and well-known sources, is
analysed in all compartments of the sea ice system: surface sea ice, sea-ice sediments, water beneath
ice, surface water and atmosphere, and the efficiency of interception-accumulation is assessed through a
mass balance of "Be, The data is also used to estimate the amount of sediments that are transported and
released by sea ice in the Fram Strait at/on an annual basis’.

Chapter 6 focuses on the discussion of the mechanisms of radionuclide enrichment in SIS. Previous
work has suggested that scavenging from surface seawater is the main source of *'°Pb in SIS, while
other studies claimed atmospheric deposition to be the main mechanism. In order to do that, a set of

' Camara-Mor P., P. Masqué, J. Garcia-Orellana, J.K. Cochran, J.L. Mas, E. Chamizo, C. Hanfland (2010).
Arctic Ocean sea ice drift origin derived from artificial radionuclides. Science of the Total Environment 15:
408(16):3349-58.

2 Camara-Mor P., P. Masque, J. Garcia-Orellana, S. Kern, J.K. Cochran and C. Hanfland (2011). Interception
of atmospheric fluxes by Arctic sea 1 ice: evidence from cosmogenic 'Be. Journal Geophysical Research
16:C12041,d0i:10.1029/2010JC006847.
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radionuclides, natural and artificial in origin, with different sources, half-lives and geochemical
characteristics, is used to assess the relative significance of each process

The general and most significant conclusions of this work are synthesized in Chapter 7.
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Chapter 1.

The Arctic Ocean and Sea ice

The first studies related to Arctic sea ice were mainly focussed on its geophysical properties and its
dynamics. However, in the recent years other environmental questions have become relevant, and
studies on ecological and biogeochemical aspects of sea ice are increasingly receiving attention by the
scientific community. In this first chapter we provide with an introduction to the main characteristics of
the Arctic Ocean, with especial emphasis on those aspects that are directly related to our thesis. Firstly,
Arctic Ocean features: bathymetry and circulation; secondly, sea ice, as a key component of the Arctic
Ocean, describing its properties such as salinity and temperature, thickness and drift patterns.

1.1. The Arctic Ocean

The Arctic Ocean, also called Mediterranean, occupies 14-10° km®. It is surrounded by several shallow
marginal seas with depths lower than 500 m, comprising about 1/3 of the total area. These shallow areas
are the Eurasian Seas (Barents, Kara, Laptev, East Siberian) and the North American Seas (Chukchi,
Beaufort, and Lincoln). The central Arctic Basin consists of two main basins, the Eurasian and
Canadian Basins, with depths up to 4200 m and 3900 m, respectively. Both basins are separated by the
Lomonosov Ridge, which stretches from Siberia to Greenland through the North Pole. Both basins are
further divided by others ridges: the Gakkel Ridge divides the Eurasian Basin into the Amundsen and
Nansen Basins, and the Alpha-Mendeleyev Ridge subdivides the Canadian Basin into the Canada and
Makarov Basins (Figure 1.1).

The Arctic Ocean is connected with the Pacific and the Atlantic oceans mainly through the Bering
and the Fram Straits, respectively (Figure 1.1). Both straits have quite distinguishable features. The
Fram Strait reached,3000 m of depth and is approximately 440 km wide, being the only deep passage in
the Arctic Ocean. The majority of water mass exchange with the world oceans takes place through it;
furthermore it is the only place where deep-water mass exchange occurs. The Bering Strait is only 50 m
deep and 85 km wide, and the water exchange is reduced to surface waters. The Barents Sea and the
narrow straits in the Canadian Arctic archipelago are other connections with the Atlantic Ocean,
without deep-water exchange
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Figure 1.1 Topography and bathymetry of the Arctic Ocean based upon the data set, IBCAO [2004].

Figure 1.2 Circulation of the surface waters in the Arctic Ocean (Beaufort Gyre and
Transpolar Drift), represented in orange arrows. Warm Atlantic Currents are indicated in
red, Pacific water inflow in light blue and re-circulated currents in green. The typical winter
and summer sea ice extent of the recent years are represented as black dashed and dots lines,
respectively. [Gunnar, 2009].
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The Atlantic water is the main inflow of water into the Arctic Ocean (Figure 1.2). This water mass is
characterized by being a warm (temperature above 0°C) and saline (35) inflow and the major oceanic
heat source for the Arctic Ocean. It enters into the Arctic Ocean divided in two branches: the West
Spitzbergen Current (WSC), which goes through the Fram Strait, and the Norwegian Atlantic Current
(NAC), which enters through the Barents and the Kara Seas (Figure 1.2) [Gerdes and Schauer, 1997].
The Pacific water enters through the Being Strait into the Arctic Ocean, presenting a seasonal cycle: its
inflow is greater in summer than in winter. This water mass is characterized by being less dense and
fresher (32.5) than the Atlantic water and supplies water to the Chukchi Sea and to the upper layers of
the Canadian Basin (Figure 1.2) [Coachman and Barnes, 1961]. This Pacific inflow is approximately
10% of the Atlantic water inflow.
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Figure 1.3 A schematic representation of the three-layer structure of the Arctic Ocean, the Arctic Surface Water (Polar
Mixed Layer and Halocline) above the Atlantic Water and Arctic Deep Water [Aagaard and Carmack, 1989]. The
residence time of each water mass is also shown [Bdénisch and Schlosser, 1995]. Figure from AMAP [1998].

A scheme of the vertical structure of the water column in the Arctic Ocean is shown in Figure 1.3.
The Arctic Ocean is normally divided in three layers, characterized by different water masses and
circulation patterns: the Arctic Surface Water, the Atlantic Water and the Deep Water [Aagard et al.,
1985; Carmack, 1990; Anderson et al., 1994].

The Surface Water (0-200 m) is subdivided in the Polar Mixed Layer (PML) (upper 30-50 m) and the
Halocline (50-200 m). This water layer constitutes 17% of the total volume of the Arctic Ocean
[Aargaard et al., 1985]. The PML is characterized by a temperature close to the freezing point due to
presence of the sea ice cover. Its salinity exhibits a seasonal fluctuation as a consequence of sea ice
melting and freezing and the inputs from the river runoff. The salinity varies geographically, being
lower in the Canadian Basin (30-31) than in the Eurasian Basin (32-33) [Rudels, 2001]. The Halocline
is markedly characterized by being stratified, insulating the Atlantic Water. This implies advective
sources [Schlosser et al., 1995] and inhibits vertical transport of properties such as heat [Carmack 1990;
Rudels et al., 1996]. The Halocline is subdivided in the Pacific Halocline Water (PHW) and the Atlantic
Halocline Water (AHW). The PHW is originated in the Bering Strait and the Chukchi Sea. It is less
saline (33.1) and thicker (200 m) than the AHW, whose thickness reaches 100-150 m depth and its
salinity is 34.2. This water mass is originated in the Eurasian shelves (Figure 1.3).

Surface water circulation has been deduced from the sea ice drift [Carmack and Swift, 1990; Rudels
2001]. The main surface patterns are the Transpolar Drift (TPD) and the Beaufort Gyre (Figure 1.2).
The TPD is a current that flows from the Siberian shelves along the Eurasian Basin, close to the North
Pole, to the Fram Strait. Velocity in the TPD increases towards the Fram Strait, being the mean drift
speed 5-20 cm's”, where the water leaves the basin to become part of the East Greenland Current
[Carmack, 1986]. The Beaufort Gyre has a clockwise motion within the Canadian Basin, with a drift
velocity of 1-3 cm-s™ [Thornike, 1986]. This circulation pattern depends upon atmospheric circulation
and is restricted to the upper surface layer.

Below the upper layer are the intermediate water that comprises the Atlantic Water (AW) and the
upper Artic Deep Water (uPDW) (Figure 1.3). The AW extends from 200 to 900 m, representing 46%
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of the total volume of the Arctic Ocean. When the AW enters into the Arctic Ocean, its temperature is
above 3 °C and its salinity is 35; nonetheless its temperature decreases along its path through the Arctic
Ocean: at the Canadian Basin the maximum temperature is below 1 °C and decreases down to 0.5 °C in
the Canada Basin, reaching the lowest temperature just before existing through the Fram Strait. These
alterations are caused by diffusion and mixing with shelf waters and the overlying halocline water
[Schauer et al., 1997]. The uPDW is the intermediate water placed below the AW and above the Deep
Arctic Water. It is colder than 0 °C and its salinity is greater than 34.85 [Rudels, 1994]. In this layer,
salinity increases while temperature decreases with depth, as a result of the merging of entraining shelf
plumes and the Arctic water column [Rudels, 2001]. Geographically, it is warmer and more saline in the
Canadian Basin than in the Eurasian Basin (Figure 1.4).
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Figure 1.4 Schematic representation of the distribution of the potential temperature,
salinity and density in the section across the Arctic Ocean from Alaska (A) to Norway
(B). [AMAP, 1998].

A schematic representation of the AW and the intermediate water circulation is given in Fig. 5. The
AW enters into the Arctic Ocean through the Fram Strait and the Barents Sea (1 - 3 Sv, [Rudels, 2001])
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and flows eastward along the Eurasian Basin. At the eastern part of the St. Anna Trough both branches
merge [Rudels et al., 1994] and continue flowing eastward as a boundary current, although a fraction,
predominantly of the branch that entered through the Fram Strait, returns toward the Fram Strait within
the Nansen Basin [Coachman and Barnes, 1963; Anderson et al., 1989]. At the Lomonosov Ridge 50%
of the boundary current turns northward to the Fram Strait into the interior of the Amundsen Basin and
the rest goes eastward [Aagaard, 1989]. At the Mendelev Ridge and further in the Chukchi Cap, the
boundary current is again divided [Aagaard et al., 1996; Carmack et al., 1997]. The boundary current
continues flowing along the American continental slope, in which is again splits at the Alpha Ridge and
the Lomonosov Ridge. North of Greenland, one fraction of the boundary current returns to the Eurasian
Basin and the rest flows toward the Fram Strait into the East Siberian Current [Coachman and Barnes,
1963, Aagaard, 1989]. The boundary current formed by the AW mass gets denser by cooling while it
travels cyclonically around the perimeter of the Arctic Ocean and sinks down, mainly in ice growth
regions as a result of the additional brine rejection input that contributes to the intermediate waters and
also modified them (Figure 1.5). Finally, the boundary current formed by the AW mainly leaves the
Arctic Ocean again via the Fram Strait, being now colder and fresher than the surrounding waters
[Rudels et al., 2000] (Figure 1.4).

The temperature and salinity characteristics of the Arctic Deep Waters continue to diverge in both
basins. The Arctic Deep Water is subdivided into the Canadian Basin Deep Water (CBDW) and the
Eurasian Basin Deep Water (EBDW) [Aagaard et al., 1985]. This water layer represents 60% of the
total volume in the Artic Ocean, and it is the oldest water of the Arctic Ocean [Schlosser et al., 1995]
(Figure 1.3). The EBDW is again subdivided in the Deep and the Bottom Waters [Aagaard et al.,
1981]. The main difference is that the CBDW is warmer and salty (-0.5°C, 34.95) than the EBDW (-
0.75,34.92 and -0.95 °C, 34.93 for deep and bottom, respectively) (Figure 1.4). The difference between
bottom waters, >2000 m, in the Canadian and the Eurasian Basins is shown in Fig. 1.4. That difference
is caused because the Lomonosov Ridge prevents deep-water exchange below the crest and only
shallow, warmer and deeper waters of the Eurasian Basin can enter into the Canadian Basin [Coachman
and Aagaard, 1974]. However, Rudels [2001] and Woodgate et al. [2001] stated that colder water from
the EBDW passes into the Makarov Basin through gaps in the central part of the Lomonosov Ridge.

Figure 1.5 Schematic representation of main currents entering in the Arctic Ocean and their
circulation along the Arctic Ocean [Macdonals et al. 2000] Atlantic and intermediate waters
are shown as solid arrows. The dashed arrows indicate runoff from the major rivers. The
numbers given are the estimated inflows and outflows in Sverdrups (1Sv=10°m?*s™). Sea ice
extent is also represented. White colour represents permanent pack ice, light grey identifies
seasonal ice and dark grey indicates permanent open water.
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The Arctic Deep Water circulation follows the same pattern than the Arctic Intermediate oceanic
circulation in the Arctic Ocean, which is controlled by: i) the boundary current along the continental
shelves, which flow cyclonically around the basin [Rudels, 2001], ii) the topography features of the
Arctic Ocean, as parallel ridges split the basins and cause flows into their interior [Rudels, 2001] and iii)
the thermohaline forcing, in contrast to the major oceans. The exception is the strong influence of the
Lomonosov Ridge in blocking any direct flow between the deep basins [Woodgate et al., 2001; Rudels,
2001].

1.2. Seaice

Arctic sea ice has been studied since the Nansen expedition in the earlier 1900s. At the beginning
studies were only focused on the geophysical and dynamic properties of the sea ice, such as salinity,
temperature, thermodynamic and dynamic processes. Since 1980s a number of studies evidenced the
importance of sea ice as a transport agent of particulate matter [e.g. Pfirman et al., 1990; Reimnitz et al.,
1991]. Nevertheless, the role of sea ice in cycling of chemical species has received poor attention.
Recently, some works have studied the content of nutrients, metals and radionuclides in sea ice, the role
of sea ice sediments (SIS) as a significant source of Fe, for instance, when those are released into
surface waters, the implications of the transport of chemical species and particulate matter along the
Arctic Ocean by sea ice, etc. [e.g. Garkrong, 2003; Measures, 1999; Masqué et al., 2007; Tovar-
Sanchez et al. 2010]. In order to appreciate the relevance of sea ice in cycling of chemical species and
transport agent, a general introduction of the main aspects of sea ice is provided here.

1.2.1. Growth and classification

According to the World Meteorological Organization [WMO, 1970] sea ice consists of all forms of ice
found at sea that have been originated from freezing of seawater. The main characteristics of the sea ice
differ significantly from fresh water ice due to presence of salt in the seawater. Salt content in seawater
influences the freezing points and maximum density of seawater, as shown in the Figure 1.6.
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Figure 1.6 Temperature of the density maximum and the freezing points of the
seawater are function of the salinity. Seawater density is shown in blue lines. The
black dashed line is showing the seawater freezing point and in red the maximum
density line is marked. Adapted from Maykut, [1985].

Among all sea ice types, the most common are summarized in Table 1.1. These categories reflect the
sea ice age, the forms and the thickness at various stages of its development. The Arctic sea ice is
categorized into three main categories; new sea ice, first year-ice or multiyear-ice. The new sea ice is a
generalist category that gathers frazil, slush, etc. The first year ice is a floating ice younger than one
year’s growth developing or that has not survived one summer season. The multiyear ice corresponds to
ice that has survived at least one melting period. After the first summer, sea ice is then called residual
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first-year ice until 31 December of that year. As from the next year it is called second-year ice and all
following years multi-year ice.

Table 1.1 Most common sea ice types for different stages of development, WMO [1989].

Development Ice type Ice thickness
frazil ice, grease ice, dark nilas <5cm
New ice/nilas light nilas 5-10cm
pancake ice up to 10 cm
. grey ice 10-15cm
Y .
oung ice grey-white ice 15-30 cm
thin first-year ice 30-70 cm
First-year ice medium first-year ice 70 - 120 cm
thick first-year ice 20 —200 Cm

Old ice

second-year ice
multi-year ice

approx. 250 cm
300 cm or more

Formation

As the temperature of the upper ocean drops below the freezing point, approximately between -1.8 and -
1.9°C for salinity of 34, ice crystals begin to form (Figure 1.6). Instantaneously to first ice crystals
formation, salts are rejected to the surrounding waters, increasing salt concentrations and the water
density, while the freezing point drops simultaneously. The first type of sea ice forming under
turbulence conditions is frazil ice, small ice needles and plates suspended in the water [Osterkamp,
1978]. If freezing continues, frazil ice coagulates to form grease ice (transition zone). The next kind of
ice growth depends upon the ocean swell. On the one hand, under calm conditions like in leads, frazil
crystals freeze together to form a continuous thin, closed ice cover called nilas (congelation ice). At the
beginning these forms are transparent, however, when ice grows thick, nilas take on a grey colour and
finally a white appearance. On the other hand, if swells prevail by wind action, small ice floes, called
pancake ice, form from grease ice or nilas [Eicken, 2003] (Figure 1.7).
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Figure 1.7 Schematic summarizing the main sea ice textures, growth conditions and time
scales, and also typical Winter temperatura and salinity profiles for first-year ice [Eicken,
2003].
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Once this first layer of sea ice is formed, turbulence by wind and thermohaline mixing are reduced
and a solid ice cover is formed by freezing of seawater at the ice-water interface (static conditions). Sea
ice changes its microstructure and texture since both rely on the growth rate and boundary conditions
(Figure 1.7). The feature of ice growth under static conditions is the establishment of a super-cooled
layer beneath sea ice, formed as a consequence of the advancing of the ice-water interface. Sea ice
grows into ordered patterns of lamellae structure: blades of ice separated by narrow layers of brine,
which are the supersaturated liquid inclusions entrap within the solid ice matrix (Figure 1.8) [Maykut,
1985]. This structure is also called congelation ice, hence grown is determined thermodynamically and
ice crystals become vertically aligned [Eicken, 2003].

Figure 1.8 Sea ice structure with the main components; brine pockets, lamellae interface,
brine. From Kovacs [1996].

Another type of ice derives from snow and it is called superimposed ice. It is formed by freezing of the
snow (precipitation) at the ice-snow interface on the top of an existing sea ice sheet [Haas et al., 2001].
Normally this sea ice presents low porosity and thereby low brine volume fraction.

1.2.2. Properties: Salinity and temperature

The ice crystal lattice structure is responsible of the most relevant properties of sea ice and determines
its role in the environment. The exceptional and the most important property of sea ice is its lower
density than seawater, approximately 10% of it. Its geophysical properties (thermal, mechanical,
electromagnetic) are governed by its temperature and salinity that control the brine volume fraction,
morphology of the brine inclusions and microestructure [Weeks and Ackley, 1986; Eicken, 2003].

Sea ice is a heterogeneous medium in which solid, liquid and gas phases coexist at the same time.
The phase relations in sea ice are function of bulk salinity and temperature [Assur, 1960]. Figure 1.9
shows the phase relations in sea ice assuming a close system and a thermodynamic equilibrium between
all phases all time [Assur, 1960]. When ice fraction increases, the temperature drops whilst the brine
salinity increases steadily due to salt rejection. At the same time, the freezing point of the brine
decreases, co-evolving with the increasing of salinity of the liquid phase, and therefore density
increases. At one point, the brine solution is supersaturated respect to a chemical component as a result
of the increase of salt concentration in brine, causing its precipitation. Unfrozen liquid within ice matrix
is always present, being essential for the microorganisms as it allows their survival during the
overwintering.
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Figure 1.9 Representation of the brine, salts and ice phase relation in function of tem-perature.

The sea ice properties (mechanical, electrical, optical and acoustical, thermal conductivity, etc.) are
function of the phase relations that are controlled by both salinity and temperature. Comprehending
how these properties, in particular mechanical ones, change with salinity and temperature variations is
essential to improve the understanding of the role of the sea ice in biogeochemical cycling and as agent
for transport, redistributing and cycling of chemical species and particulate matter.

Salinity

Bulk salinity is a fundamental property of sea ice. Sea salt ions dissolved in seawater cannot be
incorporated into the ice crystal lattice structure. Although a large fraction of the ions is rejected into
the underlying water column, some are trapped in liquid inclusions in the solid ice matrix (brine)
(Figure 1.8). Other chemical species are expected to behave similarly and these would be neither
entrained in sea ice crystal [Weeks and Ackley, 1986]. Isolated brine inclusions are e called brine
pockets, with usually present an ellipsoid shape (Figure 1.8).

The sea ice bulk salinity is a function of different processes that contribute to the loss of salt from sea
ice during all stage of its life cycle: formation, growth and melting. Salinity evolves from an initial C-
shape to lineal shape at the end of melting season (Figure 1.10).

SEP

Figure 1.10 Salinity profiles evolution for first year Arctic sea ice. During the winter, the
salinity profile presents C-shape, with higher salinity on the top and bottom parts. Salinity
decreases on surface and its shape changes to S-shape (August) and finally lineal shape when
the season advances. Adapted from Malmgren [1927].
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The first process in determining salt content in sea ice is the segregation at the ice-ocean interface that
is controlled by growth rate [Weeks and Ackley, 1986]. It is constant in new sea ice and proportional to
the ice-growth rate in columnar ice [Nakawo and Sinha, 1984; Cox and Weeks, 1983]. At high growth
rate, ice platelets are randomly orientated, and more brine and gas are trapped within ice crystals. This
growth rate is related to low segregation coefficients and, therefore, high ice salinity [Wakatsuchi,
1983]. At low growth rate, ice platelets are ordered and can grow wider, thus less brine is trapped
among the ice crystals.

After the initial fractionation of salt at the ice-ocean interface, other mechanisms contribute to the
loss of salt within sea ice consolidation and ageing. These are gathered in two groups: cold (brine
diffusion, brine expulsion and brine drainage) and warm (flushing) conditions.

The first mechanism that contributes to desalination after initial formation is brine diffusion or
brining pocket migration [Whitman, 1926]. It is based on the fact that all sea ice phases trend to be in
equilibrium. Sea ice temperature gradient, cold in the upper part and warm in the bottom part, is
translated in a salinity gradient within brine pockets, in which salinity increases toward its top. That
causes downward diffusion of salt ions within brine pockets. Since its velocities are too small, its
relative significance in the total sea ice desalination is low [Notz and Worstern, 2009].

Brine exclusion consists on any change in temperature that causes changes in the brine volume
fraction, by freezing or melting, originating a pressure gradient within sea ice. In the growth season,
decrease in temperature triggers the freezing of the brine, resulting in a build-up of pressure in isolated
pores. This pressure increase drives brine downward through microcracks or microscopy pore networks.
This process is independent of ice porosity and it is considered to be the dominant mechanism of
desalination during the first stage of sea ice formation [Notz and Worstern, 2009].

Gravity drainage is the most effective desalination mechanism under cold conditions [Eicken, 2003].
Sea ice is cooled in the upper parts during aging, causing changes in brine pockets to maintain phase
equilibrium. As a result, brine density profile is unstable, decreasing density downward. This gradient
causes a displacement of cold and saline brine by warmer and less saline seawater or brine. This process
relies mainly on the connectivity and size of pores, which in general are proportional to the brine
volume fraction [Weeks and Ackley, 1986; Golden et al., 1998].

The combination of the segregation coefficient and these three processes leads to the C-shape, typical
for first year ice before the summer season (Figure 1.10). The most effective process of losing salt is
under warm conditions. Sea ice porosity and permeability become greater as brine pockets are
connected. The hydrostatic head produces surface melting that is capable to percolate downward into
the ice cover, displacing high salinity brine from within ice. Thus salinity profile changes from a C-
shape typical for cold season to the characteristic lineal shape in summer, with values close to zero at
the surface as of a few per mil in the lower ice layers (Figure 1.10). That is the reason why multi-year
ice is less saline than young and first-year ice [Untersteiner, 1968].

These mechanisms would likely affect the distribution of dissolved chemical species, such as tracer
metals, nutrients, PCBs, radionuclides in the sea ice, as it happens with salts. In fact, Tisson et al.
[2008] and Lannuzel et al. [2010] studied Fe distribution in Antarctic sea ice and found a relation
between Fe distribution and the different stage of sea ice.

Temperature

Ice temperature is also a controlling factor of the relation amongst phases, solid, brine and salts, and of
the entire ice physical properties. Cox and Weeks [1983] described the brine volume fraction, which is a
key parameter to deduce transport properties and ice microstructure, as function of ice temperature.
Other parameters, such a density of pure ice, brine salinity and brine density, are also function of
temperature.

Ice temperature varies annually, with a nearly linear profile in winter season, with low values on the
top and higher temperature at the bottom part where temperature is the freezing point, to the inverse
profile in summer (Figure 1.11). When sea ice begins warming, the morphology of the ice
microstructure is modified, particularly brine size enhances. Given that all phases tend to
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thermodynamic equilibrium, brine salinity and chemical contents are also affected. However, ice
macrostructure does not vary until when ice temperature is higher than the freezing point, when sea ice
starts melting and its thickness begins declining. Sea ice can melt from top by solar radiation and from
bottom parts when seawater is warmer than the freezing point. Sea ice is considered permeable when
ice temperature and salinity are greater than 5°C and 5, respectively, as brine inclusions converge into
vertical brine channels.
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Figure 1.11 Temperature profiles in Antarctic sea ice from November to December
2004. Temperature in the upper part changes from cold to warm during summer season.
Bottom temperature remains almost constant. From Tison et al. [2008].

1.2.3. Sea Ice Circulation

Drift of sea ice is mainly driven by local surface winds and ocean currents, tending to drift about 35° to
the right of the direction of the surface wind. Thorndike and Colony [1982] indicated that geostrophic
wind-stress explains more than 70% of the variance of daily sea ice motion away from coastal
boundaries in both winter and summer, whereas seasonal drift variations have been related to changes
in the sea level pressure and the Arctic Oscillation (AO) and the North Atlantic Oscillation (NAO),
parameters derived from the difference and variability of sea level pressure in the Arctic and at lower
latitudes [Thompson and Wallace, 1998, Rigor et al., 2002].

The mean sea ice large-scale drift patterns are the TPD over the Eurasian Basin and the anticyclonic
Beaufort Gyre in the Canadian Basin [Thorndike, 1986] (Figure 1.2). Both drift patterns are fed by sea
ice formed in the continental shelves and then exported to the central Arctic Basin. The continental
shelves are the main source of sea ice. Identifying sea ice origin is relevant to estimate the most
probable drift path of an ice floe from a particular area, such as potential pollution source, validate sea
ice drift models or assess the relevant sources of sediment transport. Figure 1.12 shows the
approximately net annual exchange flux of sea ice from shelves to the central Artic and through the
Fram Strait. The TPD transports sea ice to the West Arctic Ocean over the Eurasian Basin across the
North Pole to the North Atlantic through the Fram Strait, which is one of the main sea ice ablation
areas. The transit time of sea ice from shelves to the Fram Strait is approximately 2 to 4 years [Paviov
et al., 2004]. The Eurasian shelves, principally the Laptev Sea following by the Kara Sea, are
considered the main source areas of the sea ice that constitutes the pack ice of the TPD [Pfirman et al.,
2004; Paviov et al., 2004] (Figure 1.12). Sea ice formed in the Eastern Arctic Ocean is largely
influenced by the presence of the Beaufort Gyre. Sea ice incorporated within the Beaufort Gyre remains
there for 5 to 15 years before joining the TPD through the Polar Branch and arriving finally to the Fram
Strait [Thorndike, 1986]. The East Siberian Sea can contribute to both regimes depending upon
atmospheric conditions [Pfirman et al., 2004].
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m@ﬂﬁln ,
Figure 1.12 Estimates of the annual net flux of sea ice (km?) exchange in the Arctic Ocean. Size of

the squares indicates the annual flux exported and arrows indicate the export direction. [AMAP,
1998].

Both motion drifting regimens change the typical localization, extent, strength and transit time
required to arrive to the Fram Strait according to variations in the pressure fields that in turn are
function of the polarity of the AO and the NAO (Figure 1.13) [Rigor et al., 2002, Walsh et al., 1996,
Kwok, 2000].

Under low-index AO conditions, a high-pressure cell is placed over the Beaufort Sea (anticyclonic
phase). The Beaufort Gyre is rather strong and occupies a large area of the Arctic Ocean, reaching the
North Pole, whilst the TPD is restricted to the Eurasian Basin (Figure 1.13 a). Under these conditions,
sea ice in the Beaufort Gyre takes at least a year longer from the west to the east than under high-index
conditions (Figure 1.13 b). This anticyclonic circulation favours a convergent sea ice motion [Walsh et
al., 1995; Mysak, 2001; Rigor et al., 2002, Rigor and Wallace, 2004].

When high-index AO conditions are present, the anticyclonic circulation of the Beaufort Gyre
reduces its size, becomes weaker and its influence in the Eurasian Arctic decreases. Thereby less sea ice
recirculates within it. The TPD, instead, is strengthened and its influence moves westward, resulting in
an advection increase of multi-year ice away from the Eurasian coast towards the Canadian Arctic and
out through the Fram Strait. The sea ice transit time into the Eurasian Basin decreases as a consequence
of the increase of the TPD strength (Figure 1.13 ¢ and d) [Polyakov and Johnson, 2000; Mysak, 2001;
Rigor et al., 2002]. This dominant cyclonic circulation of the sea ice is related to divergent ice motion,
being able to create open water areas over the central Arctic Ocean. Thus albedo is reduced, favouring
sea ice melting [Walsh et al., 1996]. This phase favours the thinning of sea ice in the Eurasian Basin
and the increase of the sea ice areal flux through the Fram Strait. For example, between 1994 and 1995
(under high-index AO) sea ice areal flux rose up to 4700 km™y" due to old and thick sea ice being
exported. Instead, under low index AO, sea ice effluxes were around 2050 and 2700 km3~y'1 for the
period 1990-1991 and 1986-1992, respectively [Vinje et al., 1998; Kwok and Rothrock, 1999; Rigor and
Wallace, 2004; Nghiem et al., 2007].
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a) b)

c) d)

Figure 1.13 Sea ice drift pattern under low-index AO and high-index AO. a) Geographical distribution of
the TPD and Beaufort Gyre under low-index AO; b) transit time in year to reaching the Fram Strait area
under low-index AO; circular line indicates the recirculation of sea ice within the Beaufort Gyre; c)
geographical distribution pattern under high-index AO; d) transit time in year in reaching the Fram Strait
under high-index AO. Figures Rigor et al. [2002].

These variations in the AO index have relevant implications in the whole Arctic Ocean, since any
slight change is translated into variations in the drift patterns which are in turn translated to changes in
sea ice thickness distribution, sea ice extent, sea ice mass balance, sea ice transit time and to all
processes related with sea ice. The amount of ice transported, the localization and the main production
areas that fed each drift pattern, transport of particulate matter, chemical species of sea ice would result
disturbed [Zhang et al., 2000, Rigor and Wallace, 2004; Pfirman et al., 1997].

1.2.4. Sea ice extent and thickness- age

Sea ice extent has been monitored since the 1970s using satellite-based sensors. It is characterized by
presenting a seasonal variability between winter and summer (averages of 15.7-10° and 7.0-10° km* in
sea ice extent for the period 1979-2000, respectively, National Snow and Ice Data Center, NSIDC). Its
maximum extent is in March, at the end of the freezing season, and the minimum extent is in
September, at the end of the melting season. This monitoring has shown that the sea ice extent has been
decreasing for the past few decades, being one of the most obvious signs of climate change. Annual sea
ice extent has decreased by approximately 4% per decade from 1979 to 2007. This decrease is more
significant in the summer, with a decrease rate of 10% per decade (1979-2007). In September 2007, sea
ice reached its minimum extent, 23% lower than the previous minimum record in 2005 and 39% lower
than average extent for the period 1979-2000 [Comiso et al., 2008; Stroeve et al., 2008] (Figure 1.14).

The sea ice extent is controlled by the effects of the atmosphere and the ocean on the sea ice at
different time scales. Variations on scales of days and weeks can be related to the wind stress from
storms that can create ridges of sea ice or open water [Shy and Walsh, 1996]. On seasonal time scales,
the AO explains most of the variation in sea ice drift and, therefore, in sea ice extent [Thompson and
Wallace, 1998]. Rigor and Wallace [2004] stated that more than half of the variance in summer sea ice
extent is explained by the age or thickness of the sea ice, which also declined in the last years [Kwok
and Rothrock,2009].
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Figure 1.14 Sea ice age at the end of the melting season (September) and minimum sea ice
extent. Sea ice age is represented in colours: purple corresponds to first year ice (<1 year
old), second year ice is represented with light blue, older ice (>2 years) with green and
dark blue represents open water (NSIDC).

Sea ice thickness also presents large seasonal and spatial variations. The sea ice drift pattern controls
the sea ice regional thickness: the thickest sea ice is mostly concentrated in the western Arctic Basin,
under the influence of the Beaufort Gyre, while the thinnest ice is located in the Siberian shelves, from
where sea ice is permanently exported into the TPD [Haas, 2003].
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Figure 1.15 Changes in mean draft from 1958-1976 to 1993-1997. The change at each
crossing is shown numerically. Each square covers about 150 km, the typical sample size.
Figure from Rothrock et al. [1999].

All available ice thickness measurements from submarines, drilling and electromagnetic sounding
reveal that the Arctic sea ice has thinned substantially since the late 1950s [Rothrock et al., 1999; 2003;
2008; Wadhams and Davis, 2000; Haas, 2004; Tucker et al., 2001]. A comparison of draft, sea ice
thickness below the waterline, acquired from submarine measurements indicated that mean sea ice draft
at the end of the melt season has decreased in about 1.3 m between 1958-1976 and 1993-1997. This
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decline corresponded to a reduction of 42% of ice thickness and to a trend of -0.10 m-y"' (Figure 1.15).
Recently, time series of satellite measurements (ICESat) have shown that sea ice is thinning with an
average rate of -0.18 m-y" [Kwok and Rothrock, 2009]. Nonetheless, it has not declined equally in all
regions. The largest reduction has been observed in the North Pole and the Canadian Basin, as a
consequence of the decrease of multi-year ice cover by the increased export of older ice out of the Fram
Strait and ice compression toward the western Arctic [Nghiem et al., 2007; Comiso, 2002].

Each kind of sea ice is defined by ice growth and thickness, which are closely related to sea ice age.
The sea ice extent and age at the end of the melting season along different years is shown in Fig 1.14.
After the minimum record in 2007, sea ice extent seems to recover even though extent much less than
the average for the period 1979-2000, but sea ice age has decreased (NSIDC). The region covered by
old and thick sea ice has dropped substantially and was replaced by younger and thinner ice. At the end
of the melt season in 2009, the fraction of thin—one year ice increased up to 49% of the ice extent,
whereas the old sea ice represented an average of 48% of the sea ice extent during the period 1981-2000
and only 19% in 2009. The presence of thin, young ice entails significant consequences, because it is
more vulnerable to survive the following summer, contributing to the shrinking of the sea ice cover
extent [Rigor and Wallace, 2004].

The decrease of sea ice extent, the shrinking of the sea ice thickness and the warming of the water
has wide physical, biological, political, social to economical, etc. implications. Physically, one of the
first effects is a shift in the albedo, and the atmosphere-ice-ocean feedbacks would be drastically
disturbed: a larger influx of solar radiation into the surface water will change the characteristics of the
mixed layer and the ocean stratification. When heat penetrates below the ice draft, it warms the
boundary layer and is available for melting the bottom ice, declining sea ice thickness. If heat remains
above the draft, it will contribute to melting the ice edge, which could cause a shrinking of the sea ice
extent and an increase of lead — open waters. Furthermore, freeze-up is delayed in the season and ice
breaks-up earlier, water is less salty and warmer, etc. These changes in the Arctic marine physical
environment are also generating changes in the marine ecosystems related to primary production,
carbon export to the deep sea and biodiversity [Grebmeier et al., 2004]. The reduction in extent and sea
ice thickness causes an increase in the total phytoplankton production in the Arctic, since greater light
penetration favours ice algae growth [Pabi et al., 2008]. However, the ice metazoans community
decreases since they rely on the occurrence of multi-year ice for their development stages. All these
shifts can be translated in a profound impact in the structure of the marine ecosystem and the Arctic
biodiversity that might be substantially reduced. A number of studies have denoted that a strong
stratification of the ocean can reduce nutrients availability, causing a reduction in primary production
[Carmack et al., 2006; Murray et al., 2010] The warming of seawater can benefit the invasion of
warmer water species in the Arctic Ocean, replacing cold adapter species, as it has been observed with
copepods [Hirche and Kosobokova, 2007]. These changes in biota have effects in the biogeochemical
cycles: for example, Damm et al. [2009] pointed out that biota changes modify the biogases
concentration in ice and water. Other shift is the acceleration of sea ice drift, as a consequence the sea
ice flux through the Fram Strait has increased. This is probably the cause of an increase sedimentation
rate in that area, since large amount of particulate matter is related to the arrival of the sea ice edge
when sea ice melts [Hebbeln and Wefer, 1991]. From the point of view of social implications, the Inuit
community is vulnerable to this sea ice changes, since its culture, subsistence and economy depends
principally on the natural resources of marine and terrestrial systems. These shifts are causing a
decoupling between freeze-up, ice break-up and caribou calving, seal whelping, etc. and could not only
impact the reproductive success of the species, but also can hamper the ability of the communities to
obtain food by hunting and fishing. The predictions of summer free ice in the near future has increased
the interest for natural resources exploitations together with the shipping routes across the Arctic Ocean
from the Atlantic to the Pacific Ocean, activities that might largely disturb the Arctic ecosystem
[Perovich and Richter-Menge, 2009].
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1.2.5. Sea Ice Sediments

Sea ice Sediments (SIS) are widespread over the Arctic Ocean [Niirnberg et al., 1994; Pfirman et al.,
1990; Dethleff et al., 1998; Lisitzin, 2002]. Its presence is not homogenous along the Artic Ocean: in
areas close to the Siberian continental shelves SIS is present on about 10% of the total ice, and its
concentration increases along the TPD until occupying 50 - 70% of the total sea ice extent at the Fram
Strait [Niirnberg et al., 1994; Pfiman et al. 1989].

SIS are essentially entrapped within sea ice during its formation in the shallow continental shelves
during late fall and winter under turbulence conditions. Among all entrainment mechanisms, suspension
freezing is identified as the most effective process [e.g. Kempema et al., 1989; Reimnitz et al., 1992,
Eicken et al, 2005; Dethleff, 2005]. Recently, Dehtleff and Kempema [2007] identified the Langmuir
circulation, a wind driven helix circulation in the ocean with the axis almost parallel to the wind, as an
important contributor to the process of the suspension freezing. It promotes the entrainment of silt and
clay-sized particulate material into the newly formed ice cover. Other incorporation processes are the
slush ice formation and the anchor ice formation [Kempema et al., 1989; Reimnitz et al., 1993]. This
last process leads to the incorporation of coarse particles, and it requires that the whole water column is
supercooled [Kempema et al., 1989; Reimnitz et al., 1992; 1993; Dethleff et al., 1993].

Aeolian deposition might be another source of particulate matter in sea ice. Nevertheless, its
contribution to particulate matter amount is insignificant, since the deposited amount of aerosols are
orders of magnitude lower compare to the high particulate load observed in sea ice [Niirnberg et al.,
1994; Pfirman et al., 1989]. Some studies have measured the fluxes of atmospheric dust, varying from
33to021 Mg~cm‘2-y" [Windom, 1969; Muller et al. 1972; Darby et al., 1974]. Therefore, the presence of
SIS indicates that sea ice has been formed in the continental shelves since those are entrained into sea
ice during its formation in shallow areas and therefore, one can used them to identify sea ice source
areas [Pfirman et al., 1989; 2004].

Sea ice contains large amounts of particulate matter, ranging from 5 to 56000 g-m” [Niirnberg et al.,
1994; FEicken et al., 1995; 1997; Pfirman et al., 1995], or from a few mg per liter to maximum
concentrations of 3000 mg-L"' [Kempema et al., 1989; Reimnitz et al., 1993; Stierle and Eicken, 2002].
The average SIS concentration is considered to be 20-30 mg-L", similar to the average concentration of
suspension matter in the waters of the Arctic rivers, and several orders of magnitude higher than the
suspension matter in the Arctic seawater, 5 ug-L"' [Bacon et al., 1989; Lisitzin, 2002]. This wide
variability in sediment load and concentration is related to the different entrainment processes, as well
as to meteorological and ocean conditions. SIS consists mainly of silt and clay (<63 pm), representing
approximately the 60-90% of the total weight [Reimnitz et al., 1987; Kempema et al., 1989; Eicken et
al.2005].

1.2.6. Sea ice as a transport and redistribution agent

Sea ice is considered the major mechanism of transport and distribution of particulate matter and
chemical species in the Arctic Ocean [Pfirman et al., 1999; Hebbeln and Wefer, 1991; Eicken et al.,
2005; Dethleff and Kuhlmann, 2010]. Some processes during sea ice transit may enhance the intitial
concentrations of chemical species incorporated during sea ice formation such as the interception of
atmospheric fluxes by sea ice and in a less extent scavenging from surface waters by SIS contributes to
increase their concentrations while the brine flushing contributes to decrease their concentrations [e.g.
Grankrog, 2003; Masqué et al., 2007; Baskaran, 2005].
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Figure 1.16 Arctic Ocean with average maximum (blue) and minimum sea ice extent (dark blue). The numbered line
denotes the expected transit time in years that sea ice needs to reach the Fram Strait, based on drifting buoy data during
1979-1990. Schematic representation of different processes that sea ice undergoes from its formation in Laptev Sea (A) to
melting in the Fram Strait (B). [AMAP, 1998].

During its drifting, sea ice undergoes continuous melting and freezing cycles, apart from intercepting
and accumulating atmospheric fluxes. Each summer, surface and bottom ice melts. That melted water
can i) percolate downward through brine; ii) accumulate in melt ponds; iii) run off the ice floe; or iv)
refreeze inside the ice floe. The flushing is the most relevant process of losing salt, and other chemical
species would be also removed from ice and released to the underneath water. One would also expect
that particulate matter would be removed from ice too, but, given that particle are accumulated on
surface ice as a result of this seasonal melting and freezing cycles [Barrie et al., 1998; Pfirman et al.,
1989], SIS release along the drift path seems to be unlikely [Pfirman et al., 1989] (Figure 1.16). Thus,
the greatest potential deposition of the vast majority of transported particulate matter and chemical
species associated to them takes place in the marginal areas and in the ablation areas, such as the Fram
Strait.

Eventually, sea ice melts and thus SIS and chemical species transported by sea ice are discharged
onto the surface water, linking their final fate to that of sea ice (Figure 1.16). That happens in relatively
short-time scales, releasing a massive particle and chemical species flux onto surface water. Besides,
that process coincides usually with biological blooms [Melnikov, 1991]. One effect of this transport and
release is the redistribution of transported chemical species and particulate matter from one area to other
area. According to Wollenburg [1993], Larssen et al. [1987] and Dethleff and Kuhlmann [2010],
between 7 and 158 Mt of SIS are annually exported through the Fram Strait, contributing significantly
to the sedimentation rate in that area [Hebbeln and Wefer, 1991]. As a reference, the discharge of
sediment load from Arctic rivers is of about 115-10° tons per year [AMAP, 1998]. In fact, sedimentation
traps placed at the Fram Strait have registered these events [Hebbeln and Wefer, 1991]. Another effect
is the potential increase in the concentration of released chemical species in surface waters: in the case
of nutrients this can promote or increase biological production, and contaminants (PCBs, etc.) can
inhibit biological productivity and be accumulated by organisms.
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2. Radionucluides in the Arctic Ocean

Chapter 2.

Radionuclides in the Arctic Ocean

Radionuclides have both natural and artificial sources. The natural radionuclides, produced in the
environment without human intervention; are formed by interaction of cosmic rays in the atmosphere
(cosmogenic radionuclides) or produced during Earth formation (primordial radionuclides) or by
disintegration of them (including the natural decay chains). Artificial radionuclides have been
introduced in the Earth by human activity.

2.1. Natural Radionuclides ("Be, *'°Po and *'°Pb)

2.1.1. 'Be

’Be is a cosmogenic radionuclide produced in the upper part of the atmosphere, mostly in the
stratosphere (70%) and in the upper part of the troposphere (30%). It is the result of the interaction of
cosmic rays with nitrogen, carbon and oxygen nuclei when they absorb protons and even neutrons of
the primary component of cosmic radiation (reference within Papatefanou, [2008]) (Figure 2.1). Be-7 is
produced continuously and globally. However, its production rate does not remain constant owing to
variations in the flux of cosmic rays [Lal et al., 1958; Lal and Peters, 1962]. The fact that the flux of
cosmic rays is anti-correlated with solar activity makes that 'Be production rate varies according to the
11-yeas solar cycle [Lal and Peters, 1962, 1967]. 'Be production is also affected by latitude and
altitude, increasing its production rate as latitude increases, and for all latitude production rate decreases
approximately two orders of magnitude between the lower stratosphere and the surface air [Lal and
Peters, 1962].

"Be has a relatively short half-life, 53 days, and decays to 'Li by electron capture emitting gamma
rays (477.6 keV, 104% yield). Once it is produced in the atmosphere, it is rapidly attached to
submicronsized aerosols particles (reference within Papatefanou, [2008]). The mean residence time of
"Be in the troposphere is 21 days, although this value varies as a function of the region, with shorter
residence time for the tropic (10-15 days) and longer in polar and dry regions (25-40 days)[Koch et al.,
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1996, Yu and Leem, 2002]. In the stratosphere, the 'Be residence time is about 1 year, which is much
longer than its half-life and thus equilibrium between decay and production is assumed to occur [Staley,
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Figure 2.1 Some diagram of the "Be formation through the interaction of cosmic
rays with nitrogen and oxygen nuclei.

Table 2.1 Average "Be surface air concentration at different localcations.

Localization Latitude ?:qu':’) Period Study

Jungfraujoch, Switzerland 46°N 70 1996/99 Gerasopoulos et al. [2001]
Nagaro, Japan 36°N 6.4 2000/05 Muramatsu et al [2008]
Midway, North Pacific 28°N 29 1985 Uematsu et al. [1994]
Enewetak, North Pacific 11°N 1.7 1985 Uematsu et al. [1994]
Nauru, South Pacific 1°S 14 1985 Uematsu et al. [1994]

Fiji South Pacific 18°S 1.6 1999/00 Garimella et al. [2003]
Hokitika, New Zeland 42°S 3.1 1985/86 Harvey and Mathews [1989]

The concentration of 'Be in surface air is not homogeneous neither latitudinally nor temporally, since
it depends on production rate, mean residence time in the atmosphere and decay rate. Greater values are
present in the middle latitudes of both hemispheres, and lower concentrations are observed at high
latitude sites, and also at sites in the Pacific under the inter-tropical convergence zone (Table 2.1). The
troposphere and stratosphere exchange, vertical mixing within the troposphere, air mass transport from
middle latitudes to high latitudes or rainfall cause a seasonal variability in surface air concentration. The
average concentration in the troposphere is 12.5 mBgq'm™ [UNSCEAR, 2000], while in surface air in
temperate zones is 3 mBq-m'3 [UNSCEAR, 1982].

"Be enters to the marine and terrestrial environments via wet or dry deposition. Wet deposition is the
most efficient removal process, accounting for approximately 90% or more of the total 'Be deposition
in temperate zones [loannidou and Papastefanou, 2006].

Following deposition, 'Be trends to associate rapidly with particle material (it is a particle-reactive
element, K,>10° L-kg", [You et al., 1989]). In terrestrial environment, 'Be is concentrated in the first
centimetres of the soil and in the surface ocean, 'Be is diluted within the mixed layer and the attachment
to particles produces its distinct depletion in open surface waters. At the SHEBA station (Arctic
Ocean), Kadko et al. [2004] observed in as 'Be concentration drops substantially downward the mixed
layer depth.
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Distribution in the Arctic Ocean

Given that "Be has not been routinely measured in the Arctic Ocean, sparse data is available. One of the
first studies of "Be in the Arctic Ocean was performed by Dibb [1990], who estimated an atmospheric
flux of "Be ranging from 0.31 to 0.36 and from 0.45 to 0.89 Bq'm™d" from June to July 1989 at the Dye
3 and at the Summit stations (Greenland), respectively. Kadko [2000] reported an atmospheric flux of
0.33 Bq'm™d", with daily values ranging from 0.0083 to 0.53 Bq-m™d", in October 1997 at the
SHEBA station, located in the Canada Basin. At the same station, the 'Be atmospheric flux varied from
0.46 to 3.8 Bq'm™d" from July to August in 1998, with a mean value of 2.03 Bq-m™d" [Kadko and
Swart, 2004]. Cooper et al. [2005] reported fluxes ranging from 0.95 to 1.04 Bq'm™d" between July
19" and August 21* 2002 in the Chukchi Sea.

The first measurements of "Be in seawater were carried out in 1997 at the SHEBA station by Kadko
[2000] and Kadko and Swart [2004]. They quantified "Be activities in a seawater profile in one lead. It
showed a rapid decline of activity with depth, from 44 Bq'm™ at 0.5 m depth to 0.8 to 1.5 Bq'm™ at 7 -
10 m depth. Kadko [2000] stated that mixed layer depth is a critical parameter that largely determines
the 'Be surface activity, since 'Be is mixed the in mixed layer with respect to its radioactive decay.
Below the mixed layer depth, "Be activities were lower due to its isolation from its input.

Sea ice present the highest 'Be concentrations in the upper parts (42 Bq:m™in the brine of the upper
10 cm), and decrease downward the ice core since these layers have not been exposed to the atmosphere
for at least several months (8.3 Bq'm™ at 1.2 m depth) [Eicken et al., 2002]. Melt ponds presented
similar concentrations as brine channels (16 - 183 Bq-m™), although the activities changed between
early July and early August. A time series study at the SHEBA station between early July and early
August 1998 revealed that the 'Be activities in melt ponds decreased due to input of old ice and the
drainage, and in late August those increased in one order of magnitude because the formation of a
stratified surface layer derived from surface heating and meltwater input [Eicken et al., 2002]. Cooper
et al. [1991] measured snow samples from the Chukchi Sea in which "Be activities ranged between 41
and 123 Bq'm™. "Be is also associated to the particulate matter present in the sea ice. Concentration in
SIS showed variability from 20 to 212 Bq-kg"' that can be ascribed to time exposed to the atmosphere
[Masqué et al.,2007].

2.1.2. *'°Pb and *'’Po

*Pb and *'°Po are natural radionuclides that belong to the **U decay chain. *'°Pb is produced by the
decay of *’Rn (T,,,= 3.8 y) through its short-lived daughters (*'*Po, *'*Pb, *"“Bi and *'*Po) (Figure 2.2).
*Pb decays to *'’Bi by beta decay with a half-life of 22.3 years, which in turn produces the alpha
emitter *'°Po, with a half-life of 138.4 days.

*!%Pb is formed in the atmosphere as a decay product of the *’Rn exhaled from the Earth crust after
alpha decay of **Ra. *’Rn can escape to the atmosphere either by diffusion or alpha recoil following
radium decay. In addition, **Rn produced in water column of the oceans or lakes can also escape to the
atmosphere. However, given that the *Ra concentration in seawater is several orders of magnitude
lower than in soils, the *’Rn flux from the water bodies to the atmosphere is considered to be negligible
[Turekian and Graustein, 2003].

The distribution of *°Pb in the atmosphere depends upon the landmass distributions in the Earth.
Thus, the greatest *'°Pb activities are mostly measured in the Northern Hemisphere [Turekian et al.,
1989]. Once in the atmosphere, *'°Pb is rapidly associated to aerosols due to its strong affinity for
particles (K, = 1-10" L-kg", [IAEA, 1985]) and is removed from the atmosphere in days or weeks by dry
and wet deposition. Wet deposition drives approximately 90% of the total *'’Pb depositions on the
surface earth [Turekian et al., 1989].

25



Arctic Ocean

214Poy
(13 16 = 0's i
L83 - L&} (€}
6.003 214Bj | [7.687 5.304
MeV 197 min MeV MeV
214ph # ¢ PhH
268 min

Figure 2.2 Schematic diagram of the natural **U decay chain. Vertical arrows
indicate alpha-decay, while diagonal arrows indicate beta-decay. The half-lives of
each radionuclide is noted below the name of the isotope. Energies of emission are
also indicated..

In seawater, *'°Pb is produced by in situ disintegration of **Ra, which has a conservative behaviour.
In shallow waters of coastal areas in situ production of *°Pb is almost negligible compared to the
atmospheric flux, while this via represents a much greater contribution in the open water ocean,
although excess of *'°Pb respect to ***Ra can be influenced by atmospheric flux [Cochran et al., 1992].

Concerning *'°Po, and since the residence of *'°Pb in the atmosphere is shorter compared to the half-
life of *'°Po, this isotope has little time to grow towards equilibrium with its parent, and thus the
atmospheric flux to the Earth surface is of about 10 to 20% that of *°Pb [Lambert et al., 1982].
Likewise, the main source of *'°Po in the surface Earth is the in situ decay of *'°Pb.

Distribution in the Arctic Ocean

Atmospheric deposition rates of *'°Pb in the Arctic Ocean are very low compared to other regions due to
the reduced exhalation of *’Rn from the limited soil coverage and the low precipitation rates [Dibb,
1992]. Near Point of Barrow, the atmospheric *'°Pb flux was 13.3 Bq:m™y™ in 1979 [Weiss and Naidu,
1986]. Atmospheric fluxes ranging from 6.67 to 45 Bq-m™y" were estimated in several Arctic lakes and
in Greenland ice cores in 1975-1987 [Kipphut, 1978; Cornwell, 1985; Baskaran and Naidu, 1995].
Dibb et al. [1990] estimated *'°Pb fluxes in Greenland between Juny - July 1989 of 8.7 = 0.7 Bq'm™y™
at the Summit station and of 12.5 = 6.5 Bq'm™y" at the DYE-3 station. Lower atmospheric fluxes were
measured in the interior of the Canada Basin, 4.2 Bq-m'z-y'1 in 1985 [Moore and Smith, 1986], and Huh
et al. [1997] determined a *'°Pb atmospheric flux of 10 Bq'm™y™ in the central Arctic Ocean.

Once can expect that atmospheric fluxes are intercepted by sea ice. Thereby sea ice would show the
highest *'’Pb and *'"°Po activities in the upper layers, as shown by Masqué et al. [2007], that reported
concentrations ranging from 43 tol186 and from 45 to 90 Bq'm™ in the upper 10 cm of sea ice,
respectively. The interception of atmospheric fluxes is corroborated by low salinity values found in
these sections. Downward the sea ice cores their activities dropped down to 1-2 Bg'm™. The *°Pb and
*%Po activity profiles mostly mirror the salinity, with the exception of the first 20 cm, suggesting that
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the same processes that regulate salt contents do apply to *'°Pb and *'°Po [Masqué et al., 2007]. *°Pb
concentrations in SIS showed a large variability, ranging from 19 to 3000 Bq-kg" [Baskaran, 2005;
Masqué et al.,2007].

Figure 2.3 Concentration profile of 2'°Pb in seawater at the
Nansen Basin. Cochran et al. [1995a].

%Pb and *'°Po activities in surface seawater range from 0.6 to 0.9 Bq'm™ (Moore and Smith, 1986;
Smith ef al., 1995; 2003), decreasing from the Eurasian Basin (0.67 Bq-m'3) across the Makarov Basin
to the continental slope of the Chukchi Sea (< 0.083 Bq'm™) [Smith et al., 2003]. The typical *'°Pb and
*%Po seawater profile showed in the upper part concentration decrease as depth increasing, reaching a
minimum approximately at 200 m from in which activities remain fairly constant in deep waters (0.5
Bq-m?) (Figure 2.3) [Smith et al., 2003, Cochran et al., 1995a].

*Pb in seawater is scavenged and transported downward by sinking particles. Its concentration in
bottom sediments varies according to the water column depth, sedimentation rate and decay rate. High
activities in the central Arctic Basin and the Fram Strait, of up to 1400 Bq-kg"' [Masqué et al., 2003; Not
et al., 2008] contrast to those measured in continental shelves: in the Kara Sea, activities in the upper 3
cm varied from below detection limit to 109 Bq-kg"' and in the Chukchi Sea ranged from 24 to 127
Bqkg' [Lepore et al., 2008, Baskaran et al., 1996; 2000]. The *'°Pb inventory is correlated to water
column depth, although boundary scavenging might alter it [Lepore et al., 2009]. Focussing factors
showed greater values in the Makarov Basin and lower in the Eurasian Basin, indicating a net lateral
export of *'’Pb between both basins (Smith et al., 2003). At the North Western Polynya, Robert et al.
[1997] compared the *'°Pb in excess in bottom sediments to the in situ production and atmospheric
deposition: lateral *°Pb inputs might account for the observed difference, but they suggested the
contribution of *°Pb associated to sea ice as the most likely cause. This was further investigated by
Masqué et al. [2007].

2.2. Artificial Radionuclides (**’Cs and *¥*-*°Pu)

Since the 1950s, anthropogenic radionuclides such as "*’Cs and Pu isotopes amongst others have been
introduced and distributed worldwide, including the Arctic Ocean. During the past two decades
numerous national and international programs have been carried out to study the distribution, sources,
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transport and behaviour of anthropogenic radionuclides in the Arctic Ocean [e.g. JNREG, 1994, 1996;
AMAP, 1998].

The main source of anthropogenic radionuclides in the Arctic Ocean has been global stratospheric
fallout [JNREG, 1996; Oughton et al., 2004]. However, secondary sources have also been significant.
Regional or tropospheric fallout resulted from nuclear weapons tests carried out by the former Soviet
Union (FSU) at the Novaya Zemlya archipelago (85 atmospheric, 3 underwater, 2 surface water tests
between 1955 and 1990) and at Semipalatinsk (86 atmospheric, 30 ground surface and 340 underground
tests; [Salbu, 2001]). Nuclear wastes from reprocessing facilities also contributed to the overall
inventories of *’Cs and Pu in the Arctic Ocean, including discharges from Sellafield (UK) and, to a
lesser extent, from La Hague (France) [Holm et al., 1994; Aarkrog, 2003]. Also, the Ob and Yenisey
rivers contribute terrestrial run-off which has received radionuclides from weapons testing at
Semipalatinsk and discharges from nuclear facilities located near or on the rivers (Tomsk-7 and Mayak)
[e.g. JRNC, 1994, 1996, Oughton et al., 1999; Smith et al., 1995]. For example, it has been documented
the release of about 100 TBq of liquid waste from Mayak, including about 2 TBq of alpha emitters, to
the Techa River during 1948-1951 [Christensen et al., 1997; Vorobiova et al., 1999]. Other
reprocessing plants such as Krasnoyarsk-26, located close to the Kara Sea discharged about 30 to 100
TBq of "’Cs into the Kara Sea between 1958 and 1993 [Vakulovsky et al., 1995]. Finally, the FSU also
carried out dumping of liquid and solid radioactive wastes into the Barents and Kara Seas between 1960
and 1991. Overall, the total amount of nuclear waste dumped in the Arctic Ocean was estimated by
IAEA [1998] to be approximately 37 PBq. Nuclear accidents have also contributed artificial
radionuclide into the Arctic environment, such as those occurred in Kyshtym in 1957 and in Tromsk-7
in 1993 [Kabakchi et al., 1995; Waters et al., 1999].

2.2.1. Plutonium isotopes (239 and 240)

Plutonium is the most abundant transuranium radionuclide into the environment (Goldberg et al.,
1980). Trace amount of Pu isotopes are produced naturally in uranium ores by neutron capture
however, in environmental studies those concentrations can be considered negligible compare to the
amount of Pu injected by human activities. Pu isotopes are produced by the activation of **U present in
the nuclear combustible with neutrons.

Among all 20 isotopes, the most abundant are **Pu (T,,= 24110 y) and ***Pu (T,,= 6563 y). Both
isotopes are alpha-emitters with energies of 5.157 MeV (70.8% yield) and 5.168 MeV (72.8% yield),
respectively.

Distribution of ****Pu isotopes from the global fallout, material injected to the stratosphere, showed
latitudinal dependence [Hardy et al., 1973]. Pu was mainly deposited in the North Hemisphere since
most of the atmospheric tests took place there, and the highest values are also found there. Temperate
regions also presented large deposition given the preferential air exchange between stratosphere and
troposphere in the mid-latitude and the air circulation pattern in this troposphere, whereas deposition
decreases in the equatorial and polar regions by a factor of two [UNSCEAR, 2000]. However, the
integrated ***Pu/**’Pu atom ratio in soil is 0.18 remaining constant along the Earth [Kelley et al., 1999]
since it depends upon the weapon design and the parameters of the test. Some exceptions, for example,
are the place around 35° due to Nevada Test Site, Novaya Zemlya, Semipalatinsk, etc. where
tropospheric nuclear test took place whose deposition is confined regionally to those areas proximal to
the test site [Smith et al., 2000; Yamamoto et al., 2001].

In the marine environment, Pu entered mostly by deposition and as secondary source as runoff from
rivers. However, nowadays, the atmospheric flux of Pu is negligible, but it was relevant in the last
decades [e.g. UNSCEAR, 1982; AMAP, 2000; Masqué et al., 2003]. Once in the ocean, Pu is associated
to particles due to its particle reactive behaviour (K, 1-10°L-kg™"; [IAEA, 1985]). The fraction of Pu
associated to particles ranges from 1 to 10 % of the total amount of Pu [Hirose et al., 2001b; Livington
et al., 1987]. As a result, Pu moves downward with sinking particles and finally it is deposited in the
seabed [Fowler et al., 1983]. The Pu distribution profile shows a surface minimum, a mid-depth
maximum and, thereafter, a decrease with increasing water depth. Physical processes, such as advection
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and upwelling, also affect Pu distribution [Hirose et al., 2002]. The residence times for ****°Pu in the
water column varies from tens of days in turbid shallow coastal systems to tens of years in open ocean
waters [Hirose et al.,2001].

The relative abundance of the Pu isotopes depends upon the practices and sources of Pu during
production, reactor type and nuclear fuel burn-up. Thus the isotope ratio is used to identify the specific
Pu source, since in the environment it is not affected by differential geochemical behaviour (Table 2.2).
However, the isotope ratio can vary as a function of the localization and time. Given that each isotope
has a different half-life, the isotope ratio can vary with time, excepting **’Pu/**Pu atom ratio. For
example, the *’Pu/**'Pu or **Pu/****Pu atom ratios have changed throughout the time since **'Pu and
**Pu have shorter half-lives (14.3 y and 87.7 y, respectively) than **Pu and **’Pu.

Table 2.2 ***Pu/**’Pu atom ratios for different sources and reactor type.

20pyu/ Py Study
‘Weapon Pre 1960 0.01 Rokop et al., [1995]
‘Weapon modern 0.055-0.065 Rokop et al., [1995]
Weapon grade <0.075 Rokop et al., [1995]
Power Water Reactor 043 Carlson et al., [1988]
Boiling Water Reactor 0.40 Carlson et al., [1988]

Distribution in the Arctic Ocean

Current ****"Pu concentrations in the Arctic waters are dominated by the contribution from global
fallout, except for some areas, like the Novaya Zemlya archipelago, where local sources have had a
significant impact [Livingston et al., 1984; Holm et al., 1996; Mitchell et al., 1998; Smith et al., 2000].
The total concentrations of ****’Pu in seawater have changed with time. For instance, at the LOREX
station situated in the North Pole (Makarov Basin), the surface activity was 14 mBq-m™ in 1979
[Livingston et al., 1984], eight year later the ****Pu activity was 17 - 18 mBq'm™ in the Nansen Basin
[Cochran et al., 1995]. In 1996, the *****Pu activity dropped to 4.2 - 9.8 mBq-m™ in the Eurasian Basin
[Josefsson, 1998]. Holm et al. [1991] calculated an effective half-life of 7 - 8 yeas for the surface
plutonium in the northeast Atlantic Ocean, which was in good agreement with the activity decrease
from 1987 to 1996 in the Nansen Basin. Along the Eurasian Shelf, the ****Pu activities in the PML
decreased in an eastward direction: from 7 - 9 mBq-m'3 in the eastern Barents Sea [Herrmann et al.,
1998], to average concentrations of 3.0 = 0.9 mBq-m” and 2.6 = 0.7 mBq'm™in the Kara and Laptev
Seas, respectively, and 1.5 = 0.7 mBq-m'3 in the East Siberian Sea [Ledn Vintro et al., 2002]. This
pattern was attributed primarily to losses of Pu to bottom sediments via vertical transport in these
shallow waters.

Concentration profiles of ****Pu in the water column show a depletion in the surface due to
scavenging by particle matter and a subsurface maximum as a result of remineralization below the
halocline. A secondary maximum of **?*Pu is associated to the Atlantic Water, derived from Sellafield
(Figure 2.4): the **?**Pu concentrations in the Atlantic Water at the LOREX station in 1979 was 10.2 -
18.3 Bq'm™ [Livingston et al., 1984], while they were of 24.2 mBg'm™ and 28.3 mBq'm™ in the Nansen
Basin and the Barents Sea in 1987 [Cochran et al., 1995a], and ranged from 14 to 22 mBq~m'3 in 1996
in the central Arctic Ocean [Jossefson, 1998]. This distribution was attributed to the advection of
Atlantic Water contaminated by both global fallout and discharges from the European reprocessing
plants (mainly Sellafield) along the same path. A comparable trend has been found for *’Cs [Kershaw
and Baxter, 1995; Holm et al., 1996].

Overall, the **Pu/*’Pu atom ratios in surface waters are approximately 0.18 [Josefsson, 1998;
Cooper et al., 1999; Ledn-Vintro et al., 2002], consistent with global fallout [Krey et al., 1976] and with
the discharge-weighted from Sellafield ratio during 1966-1985 [Cooper et al., 1999]. However,
*°Pu/**Pu atom ratios lower than global fallout were measured in the less saline waters of the Laptev
Sea, likely revealing the impact of the Russian rivers discharge [Cochran et al., 1995b; Josefsson, 1998,
Cooper et al., 1999].
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Figure 2.4 Concentration profiles of 2**?*°Pu in the water column at
the North Pole in 1979 (white circles) and in 1994 (black circles).

The ultimate sink for Pu present in the marine environment is bottom sediments. The *****Pu
concentrations in sediments decrease with depth, although it is mostly concentrated in the first cm. The
Pu inventory should increase with time as more Pu is scavenged to the bottom sediments from the water
column. In Arctic bottom sediments the *****Pu in the shelves and slopes (27.4 - 48.5 Bq'm™) were two
orders of magnitude greater than in the deep basins (0.15 - 0.74 Bq'm™) [Huh et al., 1997]. That is
consistent with low scavenging rates in the central Arctic Basin. Masqué et al. [2003] reported
inventories ranging from 1.90 to 16.7 Bq-m™”at the Fram Strait, with the exception of one core with an
inventory as high as 35.9 Bq'm™. Concerning to the **Pu/**Pu atom ratios, all Arctic continental
shelves exhibit ratios comparable to global fallout [Skipperud et al., 2004] except some areas of the
Kara Sea, Laptev and Barents shelves where lower ratios have been measured [Smith et al., 1995; 1999;
Oughton et al., 2004]. Slightly higher values than global fallout have been found in the Chukchi shelf
[Cooper et al., 2000]. The **Pu/**’Pu atom ratio decreased from global fallout to values down to 0.10
with increasing latitude. Huh et al. [1997] suggested that this is due to a mixture of global fallout
inputs, which decreases with increasing latitudes, and discharges from reprocessing plants in Russia and
in the Atlantic area. At the Fram Strait, the distribution of ***Pu/**’Pu atom ratio in bottom sediments
mirrors the sea ice drift patterns. Each drift pattern is fed with sea ice formed in the continental shelves
and thus it is labelled with distinct **Pu/*’Pu atom ratios. Low **’Pu/*’Pu atom ratios were measured in
the area of the Fram Strait where the ice transported by the TPD melts [Masqué et al., 2003], consistent
with the general patterns of sea ice formed in the Siberian continental shelves and the Kara Sea,
characterised by low ***Pu/**Pu atom ratios [e.g. Pfirman et al., 1999; Smith et al., 2000], and that feed
the TPD.

In sea ice, there is any data about the concentration of Pu and ***Pu/**’Pu atom ratios however, several
studies [Landa et al., 1998; Cooper et al., 1998 and Masqué et al., 2003; 2007] measured Pu and
*%Pu/**Pu atom ratios in SIS. Specific activities of ******Pu SIS ranged over four orders of magnitude,
from 18 up to 1824 mBq-kg™. The highest activities were mainly measured in SIS samples collected in
the Eurasian Basin, with the exception of two SIS samples that were collected in the Canada Basin. The
back-trajectory analysis indicated that these samples were formed in the Western Arctic Ocean. The
*9pu/*°Pu atom ratios in SIS ranged from 0.138 to 0.201. Most of the *pu/P°Pu atom ratios are
comparable to the typical global fallout ratio (0.18), suggesting that source areas for most of the
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sampled sea-ice sediments are only affected by fallout-global. Geographically, the ***Pu/*’Pu atom
ratios lower than global fallout were measured in the Eurasian Basin, while the higher “pu/?**Pu atom
ratios in the Canadian Basin. In fact, bottom sediment in the Arctic continental shelves also reflected
this distribution.

2.22. %Cs

Caesium-137, with a half-life is 30.07 y, is the major product produced by fission of the nucleus (fission
yields: 6-7%) [UNSCEAR, 2000]. "*’Cs decays to “"™Ba (T,,= 2.6 min) by emitting {3 particles and
’"Ba decays by y emission (661.7 keV, 85.0 %).

Global fallout is the main responsible of the presence of *’Cs in the Earth [UNSCEAR, 2000]. Its
deposition on the surface has not been homogenous, being higher in the Northern Hemisphere due to
the occurrence of most nuclear weapon tests in the 50s and 60s. The deposition also presented
differences by latitude driven by the air exchange between the stratosphere and the troposphere and the
global circulation patterns. In particular, the band between 40-50 received the highest '*’Cs deposition
in both hemispheres (3600 Bq-m™ in the north and 810 Bq'm™ in the south), whereas the lowest inputs
were registered in the band 60-70° (1600 and 400 Bg'm™ in the north and the south, respectively)
[UNSCEAR, 2000; Aoyama et al., 2006]. Nuclear accidents, like Chernobyl, and nuclear weapons tests
in the troposphere also contributed to increase the "*’Cs deposition locally [AMAP, 1998; UNSCEAR,
2000].

The incorporation of "’Cs in the marine environment is mostly driven by deposition as well as
through rivers runoff. Given that *’Cs is characterized by a high solubility and low affinity to particles
in seawater, it is mainly present in dissolved form, and only 0.1% of the total activity in the seawater is
associated to particulate matter [Livingston et al., 1977]. The "’Cs distribution in the marine system is
function of the mechanisms that governs the vertical transport of soluble substances, mainly mixing and
advection of water masses. The combination of these processes makes that the typical '*’Cs seawater
profile shows a continuously decreasing activity with depth. Bottom sediments are the ultimate fate for
"Cs present in the marine environment. Activity concentrations and inventories of '*’Cs in bottom
sediments are function of sedimentation rates, water column depth and type of particles.

Distribution in the Arctic Ocean

The main sources of '’Cs in the Arctic Ocean are global fallout, the Chernobyl accident in 1986 and
discharges from the Sellafield reprocessing facility [Livingston et al., 1984; Cochran et al., 1995].
Nowadays atmospheric deposition of *’Cs can be considered negligible [UNSCEAR, 2000; AMAP,
1998].

The activity of '“’Cs in seawater has changed with time due to different processes; vertical transport,
advection, mixing and decay. Surface *'Cs activities in the central Arctic Basin showed high activities
in the Eurasian Basin and low activities in the Canadian Basin [Josefsson, 1998]. In the Eurasian Basin
at about the Gakkel Ridge, a gradient from low activities (5.1 Bq'm™) in the south to high activities in
the north (11.3 Bq'm™) was observed in 1994 [Ellis et al., 1995]. The same pattern was observed in
1996 in the same area, increasing from 5.2 to 10.7 Bq'm™ [Josefsson, 1998]. These differences reflect
the input derived from Chernobyl and the releases from nuclear reprocessing plants. Concentrations of
"’Cs in surface seawater have decreased with time, but punctuated with the increase after Chernobyl
accident. For instance, *’Cs concentrations ranged from 9 to 14 Bq'm™ in the Nansen Basin in 1987
[Cochran et al., 1995] and from 11 to 14 Bq'm™ in 1994 [Ellis et al., 1995] and in 1996 dropped to the
similar values than those observed at the North Pole in 1979 (around 6.5 -m~) [Josefsson, 1998].
Comparable results were observed in the Canadian Basin, even through "*’Cs concentrations were lower
than in the Eurasian Basin [Smith et al., 1995a; 1998; Livington et al., 1988; Cooper et al., 1999].

All published concentration profiles of *’Cs seawater in the open Arctic are characterized by fairly
similar patterns, with a continuous decrease in activity with depth (Figure 2.5), even though with slight
differences between basins: concentrations in the Atlantic Water in the Eurasian Basin were about 5
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Bg'm” higher than in the Canadian Basin [Jossefson, 1998]. Still, the AW represented the highest
percentage of '*’Cs in the water column in both cases, more markedly in the Makarov Basin than in the
Nansen basin.

Figure 2.5. Concentration profiles of '*’Cs in the water column in
the North Pole [Livingston et al., 1984], the Beaufort Sea [Cooper et
al., 1999], the Nansen Basin [Cochran et al., 1995] and the Makarov
Basin [Smith et al., 1998].

Studies in the distribution of '“’Cs in bottom sediments have been mainly devoted to continental
shelves. Its distribution in the Siberian continental shelves showed a decrease in the eastward direction:
the highest activities in surface sediments have been determined in the Kara Sea, with an average of
about 15 Bq-kg™, with the exception of the Novaya Zemlya Archipelago where reported concentrations
of up to 100 Bq-kg "' have been measured [AMAP, 1998]. These high activities reflect the impact of the
nuclear testing (85 atmospheric-tropospheric, 3 underwater, 2 surface water tests from 1955 to 1990)
and nuclear waste dumping that took place in this area [JNREG, 1994; Baskaran et al., 1996; Smith et
al., 1995b; 2000]. Average concentrations in surface sediments of the shelves of the Laptev and the
East Siberian Seas averaged 7 and 4 Bq-kg', respectively [Johson-Pyrtle et al., 2001]. The average
concentrations in the Chukchi-Bering Seas were of about 1.5 Bqkg' [Cooper et al., 1998]. In general,
¥1Cs is concentrated in the first cm of the sediment; however, mixing due to bioturbation leads to detect
"ICs at deeper layers of the sedimentary column. The '’Cs inventories in bottom sediments from
estuary areas tend to be higher than in marine sediments: the *’Cs inventory in the Kara Sea was on
average 580 Bq-m™, while it was of 1600 and 515 Bq'm™ in the estuaries of the Ob and Yenisey rivers
respectively [Baskaran et al., 1996]. A similar pattern was observed in the Laptev Sea, where an
average of about 1000 Bq'm™ was estimated in the estuary, slightly higher than in marine sediments
(875 Bq'm?) [Johson-Pyrtle et al., 2001]. Elevated inventories were also measured in the Kolyma River
in the East Siberian Sea (695 Bq'm™), while in the east Chukchi and East Siberian marine sediments it
was of about 350 Bq-m’2 [Cooper et al., 1998; Baskaran and Naidu, 1995].

In the sea ice compartment, the only available data of '*’Cs is in SIS [Meese et al., 1997; Landa et al.,
1998; Cooper et al., 1998; Masqué et al., 2003 and 2007, Baskaran, 2005; Cota et al., 2006]. SIS
contained a large variability of '*’Cs activity, varying from measured <0.2 up to 2522 Bq-kg™. Although
most of the samples, 85%), contained '*’Cs concentrations lower than 40 Bq-kg™. The highest activities,
> 40 Bq-kg', were mainly measured in SIS samples collected in the Eurasian Basin, along the TPD,
although Cota et al. [2006] found two SIS samples with highest *’Cs activities in SIS, > 2000 Bqkg™,
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in the Canadian Archipelago. These '“’Cs activities in SIS were accountable for enrichment during sea
ice drifting, however other authors indicated that concentration of PICs in SIS is predominantly a
function of the radionuclide load of bottom sediments in the region where sea ice was formed [Cooper
et al., 1998 and Landa et al., 1998]. .
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Chapter 3.

Sampling and analytical methods

A detailed description of the field protocols for sampling during the ARK XXII/2 cruise in the Arctic
Ocean in 2007 and the analytical methods used to analyse and quantify the natural and artificial
radionuclides studied here ("Be, *'°Po, *'°Pb, *'Cs, **Pu and **’Pu) is presented in this chapter, divided
in two sections. We first address the methods and equipment used to sample each compartment of the
Artic sea ice system; in the second part we describe the analytical methods: 'Be, *’Cs (and ***Ra) by
gamma-spectrometry and *'’Po and *'°Pb by alpha-spectrometry at UAB, and *****Pu and the ***Pu/**’Pu
atom ratio by ICP-MS and AMS at the Woods Hole Oceanographic Institution (WHOI), the Centro
Nacional de Aceleradores (CNA) the and Lamont Doherty Earth Observatory (LDEO).

3.1. Sampling

In summer 2007, from 28" July to 7" October, the ARKXXII/2 Arctic expedition took place on board
the German research vessel Polarstern during which we gathered samples of surface sea ice, sea ice
cores, sea-ice sediments, surface sea water, melt ponds, water beneath sea ice (Figure 3.1, Table 3.1).

Atmospheric input

& 4 .° °© Aerosols
(o]
WA

—

Sea water beneath ice

Figure 3.1 Schematic representation of the compartments of the Artic sea ice system from
which samples for analyses were collected
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Table 3.1 Number of samples and radionuclides analysed for each type of sample.

Matrix Number of Radionuclides
samples
Melt ponds 10 10pp,
Surface sea ice 20 "Be and '¥'Cs
Sea ice cores 14 Pb
Sea-ice Sediments 64 "Be, 2**Th, 2'°Pb, '*’Cs, **°Pu and **°Pu/**Pu atom ratio
Surface water 56 "Be and '¥'Cs
Water beneath ice 11 Be
Precipitation 16 "Be and *'°Pb

Figure 3.2 Cruise track of the ARK XXII/2 expedition in the Arctic Ocean (blak
line). Sea ice extent and concentration in September 2007 is also shown.

The study area comprises the Eurasian Basin of the Arctic Ocean, from the shelves of the Barents,
Kara and Laptev Seas across the Nansen, Amundsen and Makarov Basins beyond the Alpha Ridge and
the Canada Basin (cruise track is shown in Figure 3.2). Sea-ice sediment samples from previous cruises
ARK XIV/la (n= 12, 1998), ARK XIV/2 (n=13, 2001) and ARK XIX/4 (n=23, 2003) were also
analysed. These samples were obtained from the Nansen Basin and the Fram Strait.

3.1.1. Sea Ice Station

Samples of surface sea ice, melt ponds, sea ice cores and seawater beneath ice were collected at several
ice stations. In order to minimize any alteration and contamination due to the vessel activities
(particularly by fumes), samples were collected at distances of about 200 m away from the vessel.
Given the low concentrations of "Be, *'°Pb, '*’Cs, **Pu and **°Pu in these matrixes, sampling of large
volumes was necessary. Other participating teams measured sea-ice thickness by drilling and also by
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towing a kayak over the sea ice in whose interior electromagnetic sounding equipment was installed
[Haas et al., 2003] [Schauer, 2008].

Surface sea ice was sampled to determine the concentrations of 'Be, '’Pb and "*’Cs in order to study
the interception and accumulation of atmospheric flux by sea ice. We assumed that the atmospheric
deposition is accumulated in the upper 10 cm of sea ice, on the basis of previous test carried out by us
(unpublished data). Before sampling the sea ice, the snow thickness was measured using a calibrated
pole and then it was removed. Approximately between 60 and 100 L of sea ice from the upper 10 cm
were collected using stainless shovels and transferred to 30 L polypropylene containers. Once onboard,
ice was transferred to a 120 L polypropylene container and left to thaw at room temperature for
analysis.

A representative integrated ice core sample was sampled to determine the amount of *'°Pb. This
integrated ice core sample consisted of approximately between 4 and 8 ice cores which were collected
within an area of 1 m’ using a stainless steel ice corer of 10 cm of diameter. Firstly the upper parts of
the sea ice cores (first 90 cm) were sampled and immediately transferred to plastic bags to minimize
brine loss. There after, bottom parts were drilled following the same procedure as upper parts. Once on-
board, sea ice cores were transferred to a 120 L polypropylene container to be processed as an
integrated sample. Sea ice cores were thawed at room temperature for several days.

Water beneath sea ice (1 m depth) was sampled using a peristaltic pump through a hole drilled in the
sea ice with a stainless steel ice corer. Samples volumes were of about 100 L, and were collected in 30
L polypropylene containers and once onboard were transferred to 120 L polypropylene containers.

Melt ponds were also collected to measure *'°Pb. Between 15 and 25 L of water from melt ponds
were sampled from the closer melt pond to where the rest of sea ice samples were collected.

3.1.2. Sea-ice sediments

Most sea-ice sediments were sampled in heli-stations that were reached with helicopter, after detecting
dirty ice during recognition flights. Between 10 and 200 g of SIS were collected from the upper surface
of the ice floes, usually from ridges or cryoconites holes. Sampling was carried out by scraping with a
stain-steel shovel or an ice-hammer in order to obtain blocs of turbid sea ice. Once on-board, samples
were thawed and SIS were isolated from the supernatant liquid by careful decantation. Afterwards, SIS
samples were stored in plastic bags and kept frozen until their analysis in the laboratory. A fraction of
each sample was dried to constant mass in an oven at 60 °C for 48 - 72 hours and subsequently
grounded to a powder before analysis.

3.1.3. Seawater

Approximately 100 L of water were collected using the water intake line of the RV Polarstern, placed at
8 m depth. for determination of 'Be and "*’Cs concentrations in surface seawater.

3.1.4. Precipitation

Samples of atmospheric deposition were collected using two precipitation collectors placed on the top
of the RV Polarstern’s bridge. Each collector consisted in a polypropylene container in which a plastic
funnels with an effective surface area of 0.19 m* was connected to a polyethylene bottle placed beneath
the funnel.

One of the collectors remained opened at all times to obtain total (dry and wet) precipitation, whilst
the wet precipitation was collected in the second system, which was only opened at the beginning of
every rain-snow event. At the end of each rain-snow event both collectors were closed. the collectors
taken to the laboratory and the surfaces of the funnels and interior walls of the collection bottles washed
with a known volume of 1 N HCI. Samples were stored in 500 mL polypropylene bottles.
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3.2. Analytical methods

This subsection describes the methods used to determine 'Be, *'°Pb, **Ra (natural radionuclides) and
7Cs,*?*Pu and the **Pu/*’Pu atom ratio (artificial radionuclides) in the samples studied here. The
analytical procedures to determine *'°Pb and the gamma emitters such as 'Be, ***Ra and "’Cs and are
based on methods developed in our research group [Merino, 1997; Sanchez-Cabeza et al., 1998;
Masqué, 1999]. The analyses of Pu were carried out in collaboration with other institutions and the
methods were adapted as required depending on the matrices of the samples.

3.2.1. 'Be

Liquid samples

The concentrations of "Be in seawater and sea ice were determined in approximately 100 L of sample,
while volumes precipitation samples were more variable, ranging from 12 to 202 mL. Samples were
acidified with HC1 (37%) to pH of about 1 — 2 and spiked with a known amount of stable Be (10 mg) as
an internal tracer of the analytical procedure. 300 mg of Fe** were added as carrier. Then samples were
vigorously stirred and stored for 12 - 24 hours for chemical equilibration, after which the pH was
adjusted to 8.5 with NaOH to allow the precipitation of Fe-hydroxide (Fe(OH),), that scavenges 'Be
from solution. Once the precipitate settled down, the supernatant was carefully removed by siphoning
and the precipitate was transferred to 250 mL polypropylene bottles and stored until analysis in the
laboratory.

Once in the laboratory at UAB, the iron precipitates were centrifuged for 5 minutes and the
supernatants were carefully removed by siphoning. The precipitate was rinsed twice with Mili-Q water
to remove salts, it was centrifuged again and transferred to polypropylene vials and dried for gamma
measurement.

Sediment samples

Samples of sea-ice sediments were dried in an oven at 60°C until constant mass. Aliquots of 0.5-11 g of
each dried, ground sea-ice sediment sample were placed into plastic vials for gamma spectrometry.

3.2.2. *Pb

Liquid samples

The analytical method followed for liquid samples to determine the concentrations of *'°Pb was
described by Masqué [1999]. Once samples were collected, they were immediately acidified with HC1
(37%) to pH ~1 — 2, spiked with a known amount of **Po (T,,= 102y, 100 uL, 0.8446 = 0.0339
Bg'mL™") and stable Pb** (85 mg) as yield tracers. Fe** (300 mg) was added as a carrier. After storing
them for 12 - 24 hours for chemical equilibration, pH was adjusted to 8.5 with NaOH to allow the
precipitation of Fe-precipitate (Fe(OH),) that amongst others, scavenges *'°Pb and *'°Po from solution.
The supernatant was removed and the precipitate was poured to 250 mL bottles.

Radiochemical purification and measurement were conducted in the laboratory at UAB. Once in the
laboratory, samples were always analyzed within 6 months after its collection. Samples were
centrifuged and supernatants were carefully removed by syphoning. The precipitates were rinsed twice
with Mili-Q water and were dissolved with HC1 (37%). Samples were evaporated without boiling and
were digested adding 2 mL of HCI (37%) for 3 times. Afterwards, samples were evaporated and
preconditioned with 80 mL 1M HCI. An aliquots of 1 mL was taken from the solution and diluted with
mili-Q water to a volume of 10 mL for determination of stable Pb. The solutions were heated at 80 °C
under stirring. Given that the solutions can contain dissolved iron that could be deposited onto the silver
discs and interfere in the quality of the spectra, ascorbic acid was added to the warm solution until that
became transparent, uncoloured. At this point the solutions were ready for Po auto-deposition onto

38



3. Sampling and analytical methods

lacquered silver discs. Auto-deposition was carried out at 80 °C for 8 hours under constant stirring. The
Po auto-deposition isolates it from other alpha-emitting radionuclides and elements of the matrix. After
that, the discs were dried at room temperature, being ready for measuring. In order to remove any Po
left in solution, although it is typically less than 1%, the remaining solutions were re-plated onto
another silver disc for another 8 hours at 80 °C. The remained solutions were poured to a 125 mL
polypropylene bottle and they were re-spiked with a known amount of **Po (100 uL, 1.0447 = 0.0089
Bg'mL™"). Solutions were stored for at least 6 months for *'°Po ingrowth, and , the same procedure as
first plating was performed in order to determine the *'°Pb concentration in the sample.

Sediment samples

*Pb and *"°Po are in secular equilibrium in sediment samples at the time of analysis. The analytical
procedure used to determine *'°Pb in sediment samples was published by Sanchez-Cabeza et al. [1998].
Briefly, about 150 - 200 mg of sample to which a known amount of **Po (100 uL, 1.0447 = 0.0089
Bg'mL™") was added as yield monitor, were heated and acid digested by using a commercial MDS-2000
microware sampler preparation system. Sediments were digested using two steps: first an acid mixture
digestion HNO,:HCI:HF:H,O (5:2:3:10 mL) and then boric acid was added to complex the Fe ions of
the solution. The resulting solution was transferred into 125 mL Teflon beakers and evaporated to
dryness without boiling and was processed as described in the above sections.

3.2.3. ¥Cs and **Ra

For solid sample, the same analytical method applied to determine "Be in SIS was used for '*’Cs and
226Ra.

In liquid samples, the analytical method followed was described by Merino [1997]. After treating the
sample to scavenge "Be onto the Fe-precipitate (Fe(OH),), the supernatant was then transferred into a
second barrel since cesium stays in solution. By addition of 65% HNO;, the pH was lowered again and
subsequently stable Cs was added as a chemical yield tracer. Then, a pre-weighed sample of ammonium
molybdophosphate (AMP) was added while stirring thoroughly. This produced a yellow precipitate that
scavenges Cs. The precipitate was left to settle and then transferred into vials for gamma spectrometry.

3.2 4. #%?Py and *'Pu/?’Pu atom ratio

The most used analytical method for the determination of the concentrations of plutoniu m in
environmental samples is alpha spectrometry, even through mass spectrometry techniques is receiving
increasing interest, since it allows determining the ***Pu/***Pu atom ratios. Three different methods were
used to determine the *’Pu and **’Pu concentrations here: a magnetic-sector inductively coupled plasma
mass spectrometer (MS-ICPMS) at WHOI; accelerator mass spectrometry (AMS) at the can; and
inductively coupled plasma mass spectrometer (ICP-MS) at LDEO.

Masqué et al. (2003) described the procedure used to determine **Pu and **Pu activities in SIS
samples by MS-ICPMS at, based on the methods developed by Buesseler [1986] and Kenna [2002].
Briefly, a known amount of **Pu was added as an internal yield tracer to 2 - 25 g of sample that was
incinerated at 550 °C for 24 h. The ashes were digested with 8 M HNO,. Pu was separated by ion
exchange, and samples underwent several purification steps in order to obtain an adequate separation
from other transuranic nuclides. Pu was eluted from the final ion exchange column with 10% HNO,/1%
HF and the solution was evaporated to 1 mL.

The chemical procedure for SIS samples measured by AMS is detailed by Chamizo et al. [2008a,
2008b]. About 2 g of dried sample were spiked with 10 pg of ***Pu as a yield monitor, were incinerated
at 600 °C for 6 hours and acid digested with HNO, (65%), H,0,(30%) and HF (40%). The supernatant
was separated from the residue after centrifuging. Prior to ion exchange purification, the solution was
prepared to contain Pu (IV) by adding 0.18 g of NaNO,. Ion exchange separation was performed using
TEVA-columns. The Pu fraction was isolated from the other actinides by washing the column with 6 M
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HCIl and 8 M HNO, to remove Th and U, respectively. Pu was eluted with a mixture of 0.002 M
HF/0.02 M HNO; and the eluate was evaporated to 3 mL. To each sample 0.5 mg of Fe’* (as Fe(NOs)53)
were added, and after evaporation the sample was mixed with pure Al powder (2 mg), making sample.
Then the sample was pressed into Al holders and finally mounted on a sample wheel.

The method used to quantify Pu isotopes in sediment samples by ICP-MS at LDEO was modified
after Maxwell (1997) and Kenna (2002). About 2 g of dry sediment were spiked with **’Pu as a yield
monitor. Sediments were completely digested using a mixture of HNO; (65%) and HF (40%) under
heating at 180°C. After matrix dissolution, HCIO, was added in order to remove HF by fuming. This
step was repeated three times and the solution was evaporated to dryness. After that, Pu was co-
precipitated with Fe(OH),. After centrifuging the solution, the supernatant was separated from the
residue. The iron precipitated was dissolved with HNO, (65%). Prior to ion exchange purification, the
solution was prepared to contain Pu in the IV oxidation state by adding 1.3 g of FeSO,-7 H,O and 2.2
mL 4.2 M NaNO,. Ion exchange separation was carried out with TEVA- resins and TEVA-pre-filter
resin placed on a vacuum system. The Pu fraction was isolated from the other actinides by washing the
column with 9 M HCI and 8 M HCI to remove Th and 8 M HNO, to remove U. Before Pu was eluted, a
pre-filter resin was placed between column and solution collector to minimize the contribution of other
components and then Pu was eluted with 0.13 M HF and 0.02 M HNO;. The elute was prepared for a
second purification adding 0.65 g of FeSO,7H,0 and 2 ml 4.2 M NaNO,. After collecting the final Pu
fraction, a drop of HCIO, was added to remove the resin, the solution was evaporated to dryness and
adjusted to an acid concentration of 1% HNO,/0.1% HF.

3.3. Spectra analysis and activity quantifications

Several spectrometry systems for gamma, alpha and mas, were used for radionuclide determination.
Each radionuclide was measured and quantified considering accuracy, time consumption and
economical costs.

3.3.1. Gamma spectrometry

For gamma spectrometry we used well-type, low-background, high-resolution, high-purity germanium
detectors (HPGe) coupled with a multi-channel pulse height analysis was used to measure gamma
emitters ('Be, *’Cs and **Ra). Detectors were calibrated for energy and efficiency using a MCR 2009-
018 solution standard supplied by the CIEMAT in several counting geometries. This solution consists
in a cocktail of a mixture of **'Am, 'Cd, **Ce, *’Co, '"*Sn, **Sr, ®*Y, “Co and "*’Cs.

All spectra were quantified using the Genie 2000 Gamma Analysis Software. That includes a set of
algorithms for processing the acquired gamma spectra. Each spectrum can be analysed manually
following a step-by-step sequence. The algorithms allow identifying and locating individual peaks,
calculating net peak areas and making efficiency corrections. Once the analytical sequence is
completed, the software provides with a report with the specific activities for each radionuclide present
in the sample. All activities were decay-corrected to the date of collection and the uncertainties were
calculated according to the theory of quadratic propagation quadratic of the uncertainty and is expressed
at lo.

"Be

Measurements of 'Be through its emission line at 478 keV (10.4% yield) were conducted within two
months after collection of the samples to minimize decay. Counting times were set to ensure a
maximum uncertainty of 15% in the concentrations. Chemical recoveries of Be were determined
through measurement of stable Be in aliquots of each sample by optic absorption spectrometry at the
Servei d’Analisi Quimica (SAQ) at UAB. Table 3.2 summarizes the average recoveries of Be for each
type of sample.
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Table 3.2 Average recoveries of stable Be for different type of samples.

Sample Stable Be recovery (%) Range (%)
Surface sea ice 71 =5 (n=20) 61 - 83
Surface seawater 63 £5 (n=129) 52-72
Water beneath ice 62+9(n=11) 54 -72
Precipitation 62 = 13 (n=16) 32-77

]37Cs

Cs-137 was determined in SIS and liquid sample samples through its gamma emission at 661.6 keV. In
order to reach an activity uncertainty lower than 10%, samples were measured for 2 to 7 days.

226R6l

The **Ra activity was quantified based on photopeaks from its daughters (***Pb at 295 KeV and 351
KeV and *“Bi at 609 KeV) in secular equilibrium. Secular equilibrium is reached after 3 weeks since
polypropylene vials are sealed with parafilm to avoid **Rn escape.

3.3.2. Alpha spectrometry

Polonium emissions from the platted disks were counted by alpha spectrometry using silicon surface
barrier detectors SSB (EG&G Ortec Mod. SSB 450 R) coupled to a multi-channel pulse height analysis
system. Discs were measured long enough to achieve uncertainties derived from counting lower than
5%.

The analysis of the spectra was performed using the software MAESTRO™ 1I vs. 1.40 and Genie
2000, for the Ortec and Cmaberra model, rexpectively. The polonium spectrum consists in two single
peaks, which correspond to **Po and *°Po emitting at 4.866 MeV and 5.305 MeV, respectively.
Detector background and reagent blank contributions are subtracted conveniently. Quantification of the
*%Po activity [A,,,] is calculated as:

_ (N210 * Az09)

Aypp= ————— 3.1
210 1\,209 ( )

where [A,,] is the total activity of **Po added to the sample (Bq) and [N,,,] and [N,] are the net
counts of *°Po and **Po, respectively. The chemical recovery of **Po [p] was calculated as

p (%) = o A (3.2)

where [N,,] is the net counts of *’Po, [t] the counting time (s), [¢] the solid angle and [A,,] the total
activity of **Po added to the sample (Bq). Table 3.3 summarizes the average and range recoveries of

*®Po for each type of sample.

Table 3.3 Average recovery of *’Po for different types of samples.

Sample Stable Pb recovery (%) Range (%)
Surface sea ice 66 = 12 (n=14) 43 -83
Whole ice core 88 £20 (n=117) 60-116
Melt ponds 68 + 21 (n=10) 41-98
Precipitation 68 = 13 (n=16) 50 - 87

The *'°Pb activity is quantified with the second plating of the stored solution after at least 6 months of
ingrowth of *'°Po, applying the adequate ingrowth-decay correctionz to calculate the *'°Pb activity at
sampling time. The *'°Po concentration is determined from the first platting measurement, also
correcting for decay and ingrowth [Sylvain et al. 2012]. Potential contamination from the Pb stable
carrier and Pb recovery corrections are also taken into account. The uncertainty in the activity was
calculated using the theory of quadratic propagation of uncertainty, expressed as 1G.
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The analytical recoveries of Pb were determined through measurement of stable Pb from an aliquot
of each sample by atomic absorption spectrometry at SAQ (UAB). Table 3.4 summarizes the average
analytical recoveries of Pb for each type of sample.

Table 3.4 Average recoveries of stable Pb for different types of samples.

Sample Stable Pb recovery (%) Range (%)
Surface sea ice 73 £9 (n=20) 54 -85
Whole ice core 56 = 16 (n=14) 33-75
Melt ponds 83 + 13 (n=10) 51-96
Precipitation 73+ 9 (n=16) 54-93

3.3.3. Mass spectrometry

Mass spectrometry methods differ respect to decay-counting methods because it measures the amount
of each radionuclide in the sample directly instead than waiting for individual decay events to occur.
During the last decades this approach has received increasing interest due to the good sensitivity, low
detection limits, short analysis time and, for Pu, because one can obtain isotopic information (*Pu and
**%Pu) that otherwise it would be difficult to obtain by alpha spectrometry: **Pu and **’Pu isotopes have
alpha-particle energies that differ by only 11 keV in 5.25 keV, and thus the **’Pu /***Pu atom ratio, being
an indicator of the source of the plutonium, is not available for low concentrations.

A solid matrix was used in AMS to minimize both isobaric interferences from polyatomic species
and memory effects, while in ICP-MS a liquid matrix was used. Once sample is ionized, with plasma in
the case of ICP-MS and with Caesium sputter source for AMS, ions are accelerated and mass analysed
by different magnets. Eventually selected ions reach the ionization chambers.

Before measurements, torch position, gas flows and some optical setting of both ICP-MS and AMS
were optimized to gain maximum sensitivity with respect to counts per second per concentration unit in
tuning solution. A ***U signal is normally used to optimize the ICP-MS and AMS. Switching between
isotopes may be accomplished either by changing the magnetic field or by changing the energy of the
ions in the magnetic field while the magnetic field is kept fixed. Each mass, 238,239, 240, 241 and 242
was counted during different time (seconds) reflecting isotope abundance in the sample, and each mass
was counted sequentially 25 times. In order to minimize memory effects and to clean the equipment
between samples, a solution of 1% HNO,/0.1% HF was run for ICP-MS. After each sample, a blank
was measured and every 4-5 samples a **U standard with different concentrations was also run to
determine tailing, interferences in 239 and 240 masses and also to control equipment stability.

The results are obtained as a ratio between masses, 239/242 and 240/242. These ratios were corrected
taking into account the mass discrimination factor determined experimentally by measuring the U
standard solution as well as UH+ and polyatomic species (combinations of Pb, Tl and Hg isotopes with
isotopes of Cl and Ar) and background from instrument and solutions (laboratory and instrument
blank). The combined uncertainty of the measured concentration was calculated taking into account
standard deviations of the measured ratio, background (including instrumental background and
interferences hydrate ions), uncertainty of mass discrimination factor and uncertainty associated with
the activity of the internal standards of ***Pu. The measured atom concentrations of *’Pu and **’Pu have
been converted into activities (see Eq 3.3 for *’Pu, it would be equivalent for **’Pu) and expressed as
#929py in order to facilitate comparison with previous works:

#2py Ty

239p,, 1
242p,, ! 239p, T “ Azazpy (33)
1

2

A239Pu =

where [A*’Pu] is the activity of **Pu (Bq), [A**Pu] is the total activity of ***Pu added to the sample
(Bq), [*’Pu/***Pu] is the measured atom ratio and [T, ,] is the half-life of each isotope.

42



4. Arctic Ocean Sea Ice drift origin derived from artificial radionuclides

Chapter 4.

Arctic Ocean sea ice drift origin derived from
artificial radionuclides

4.1. Introduction

The Arctic Ocean is often considered as a pristine area, but it can not avoid the effect of
industrialization and development. It is thus subject to inputs of contaminants such as heavy metals,
persistent organic pollutants and anthropogenic radionuclides [MacDonald et al., 2005]. Since the
1950s, anthropogenic radionuclides such as "“'Cs and the Pu isotopes (e.g. *’Pu, *’Pu) have been
introduced and distributed worldwide, including the Arctic Ocean. During the past two decades
numerous national and international programs have been carried out to study the distribution, sources,
transport and behaviour of artificial radionuclides in the Arctic Ocean [e.g. Yablokov et al., 1993;
JNREG, 1994, 1996; AMAP, 1998]. The main source of anthropogenic radionuclides in the Arctic
Ocean has been global stratospheric fallout [JNREG, 1996; Oughton et al., 2004]. However, secondary
sources have also been significant. Regional or tropospheric fallout resulted from nuclear weapons tests
carried out by the former Soviet Union (FSU) at the Novaya Zemlya archipelago (85 atmospheric, 3
underwater, 2 surface water tests between 1955 and 1990) and at Semipalatinsk (86 atmospheric, 30
ground surface and 340 underground tests) [Salbu, 2001]. Nuclear wastes from reprocessing facilities
also contributed to the overall inventories of '’Cs and Pu in Arctic Ocean, including discharges from
Sellafield (UK) and, to a lesser extent, from La Hague (France) [Holm et al., 1994; Aarkrog, 2003].
Also, the Ob and Yenisey rivers contribute terrestrial run-off which has received radionuclides from
weapons testing at Semipalatinsk and discharges from nuclear facilities located near or on the rivers
(Tomsk-7 and Mayak) [e.g. JRNC, 1994, 1996; Oughton et al. 1999; Smith et al., 1995]. For example, it
has been documented the release of about 100 TBq of liquid waste from Mayak, including about 2 TBq
of alpha emitters, to the Techa River during 1948-1951 [Christensen et al., 1997; Vorobiova et al.,
1999]. Other reprocessing plants such as Krasnoyarsk-26 discharged about 30 to 100 TBq of *’Cs into
the Kara Sea between 1958 and 1993 [Vakulovsky et al., 1995]. Finally, the FSU also dumped liquid
and solid radioactive wastes into the Barents and Kara Seas between 1960 and 1991. Overall, the total
amount of radioactive wastes dumped in the Arctic Ocean was estimated by the JAEA [1998] to be of
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approximately 37 PBq. Nuclear accidents have also contributed artificial radionuclides into the Arctic
environment, such as those occurred in Kyshtym in 1957 and in Tromsk-7 in 1993 [Kabakchi et al.,
1995; Waters et al., 1999].

Once radionuclides are introduced into the sea they can be scavenged from seawater by particulate
matter and be eventually deposited in sediments in the bottom floor [e.g. Livingston and Bowen, 1979;
Baxter et al., 1995; Aarkrog, 2003]. In the Arctic Ocean, several studies have focussed on studying the
distributions of "*’Cs and *****’Pu and the ***Pu/*’Pu atom ratio (which is a useful indicator of Pu origin
[Masqué et al., 2003]) in bottom sediments from the central Arctic Basin [Huh et al., 1997; Cooper et
al., 2000] and from the Fram Strait [Masqué et al., 2003]. However, most studies have paid attention to
the continental shelves, particularly along the Siberian shelves, as they are the most affected areas by
introduction of artificial radionuclides [e.g. Baskaran et al., 1996, 2000; Cochran et al., 2000; Smith et
al., 2000].

The Arctic continental shelves, especially in the Siberian area, are one of the main sources of sea ice
(Figure 4.1). During sea ice formation in these shallow areas, sediments and suspended particles are
mainly incorporated by suspension freezing into the ice. As a result, sea ice can contain a significant
amount of sediments (sea-ice sediments, SIS) ranging from a few grams to tens of kilograms per cubic
meter [Niirnberg et al., 1994]. Although aeolian deposition onto the ice is also possible, field evidence
for such a process is very sparse and its deposition rate on the central Arctic ice cover appears to be
several orders of magnitude less than the other contributions to SIS loads [Pfirman et al., 1989, 1990;
Niirnberg et al., 1994]. Thus in general it is assumed that “dirty ice” (ice with high concentrations of
sediment) has been formed on shallow shelves.

Figure 4.1 Arctic Ocean topography and sea ice drift pattern.

The particulate matter and the associated chemical species contained in sea ice are transported from
continental shelf areas to the central Arctic basin in association with the physical circulation. The mean
sea-ice drift patterns are controlled by the Transpolar Drift (TPD) over the Eurasian Basin and the
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anticyclonic Beaufort Gyre in the Canada Basin [Thorndike, 1986]. Sea ice formed over the western
Siberian shelves is carried by the TPD with a transit time of 2-4 years to the Fram Strait [Thorndike and
Colony, 1982]. Sea ice which rotates in the Beaufort Gyre may circulate there for ~5 to 15 years, and is
generally thought to be formed in the Beaufort, Chukchi and East Siberian Seas, although it is also
possible to find sea ice from the TPD in the Beaufort Gyre [Thorndike, 1986]. As sea ice reaches
ablation areas such as the Fram Strait and, to a lesser degree, also along the central Arctic Ocean or in
the Canadian archipelago, it melts and releases the entrained particulate matter to the surface water
[Pfirman et al., 1997; Rigor et al., 2002]. Hence, sea ice has been identified as playing a potentially
important role in the redistribution and transport of particulate matter and chemical species in the Arctic
Ocean [e.g. Niirnberg et al., 1994; Landa et al., 1998; Masqué et al., 2003].

In this work we use new and published data on concentrations of *'Cs, ****Pu and the **Pu/*’Pu
atom ratio in in the Arctic Ocean to assess the possible origin of the sea ice, which forms the ice
t t SIS in the Arctic O i the possibl gin of th hich f th
pack.

4.2. Sampling

A total of 63 SIS samples were collected during several cruises of R/V Polarstern (Table 4.1). Samples
were recovered from annual or multi-year sea ice and icebergs from the central Arctic Ocean, the
Nansen Basin and the Fram Strait. Approximately 10 to 200 g of SIS were collected from the upper
surface of the ice floes, from ridges and from cryoconites holes (small holes produced by aggregation of
particles in the surface ice by absorption of solar energy) by scraping with stain-steel shovels or/an ice-
hammer in order to obtain blocs of turbid sea ice. Once onboard, sea-ice samples were thawed and SIS
were isolated from the supernatant liquid by careful decantation. Afterwards, SIS samples were kept
frozen and stored in plastic bags until their analysis in the laboratory. Before radionuclide analysis, all
samples were dried in an oven at 60 °C and ground to a powder.

Table 4.1 Data on sampling cruises on board RV Polarstern, year, areas of study and number of
SIS samples collected.

Name Cruise Year Expedition area Number of
samples

ARK XIV/la July 1998 Central Arctic Basin 12

ARK XV 1172 August-September 2001 Nansen Basin 13

ARK XVIII/1 July-August 2002 Fram Strait 10

ARK XIX/4 August-September 2003 Fram Strait 12

ARK XXII/2 July-October 2007 Along Transporlar Drift 16

4.3. Results

The specific activities of artificial radionuclides ("*’Cs and ****°Pu) and the **’Pu/**Pu atom ratios in
sea-ice sediments are summarized in Table 4.2.

Table 4.2 Specific activities (£16) of "*’Cs, ****°Pu and **’Pu/**’Pu atom ratios in sea-ice sediments collected from the Arctic
Ocean. n.m.: not measured.

Lat Long ¥1Cs 239240py
Code Date N E (Bq-kg") (Bq-kg") Hpy/Ppu
ARK XIV/2 —Central Arctic Basin
5 08-jul-98 86.658 7.690 133 + 0.7 026 <+ 0.02 020 =+ 0.04
8 10-jul-98 88.073 -89.887 99 £ 05 0.06 + 0.03 n.m
11 12-jul-98 87.572 -115.094 132 + 09 0.141 + 0.008 0.19 <+ 0.02
12 12-jul-98 87.578 -116.606 155 £+ 09 0.183 + 0.011 0.19 =+ 0.02
14 12-jul-98 87.520 -118.825 143 + 038 0.09 =+ 0.02 n.m
15 13-jul-98 86.992 -143.379 83 + 0.6 0.096 =+ 0.009 0.17 + 0.04
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Table 4.2 (cont.)

Code Date Lat Long YCs (Bq-kg") 29240py (Bq-kg™") Hpy/Ppu
17 13-jul-98 86.457 -147.240 80 + 09 029 <+ 0.03 0.19 + 0.04
18 14-jul-98 86.373 -148.478 129 + 07 0.109 =+ 0.006 0.18 + 0.02
23 18-jul-98 85.673 -176.937 n.m 0.032 + 0.011 n.m
25 18-jul-98 85.653 -177.862 n.m 0.16 + 0.05 017 + 0.11
27 21-jul-98 83.560 144.983 n.m 0.084 + 0.014 0.18 £+ 0.06
29 23-jul-98 81.473 145.065 n.m 0.169 =+ 0.011 017 + 0.11
ARK XV II/2- Nansen Basin
217 05-aug-01 83.950 24.250 37 £ 03 0.136 £+ 0.007 0.18 +  0.02
0.02218 06-aug-01 85.633 17.313 415 + 044 0.083 + 0.010 n.m
220 08-aug-01 84.667 5.100 144 + 1.1 097 =+ 0.04 0.184 + 0.016
222 10-aug-01 84.133 0.017 252 £ 1.6 123 £+ 0.02 0.186 + 0.008
223 11-aug-01 83.636 -2.975 119 + 0.7 0474 + 0.011 0.189 £+ 0.009
228 16-aug-01 83.791 2.199 42 + 04 0211 <+ 0.013 0.118 + 0.019
270-2 27-sep-01 84.289 28.258 142 + 0.8 054 =+ 0.08 0.17 + 0.05
270-3 27-sep-01 83.873 28.258 43 + 03 0.246 £+ 0.005 0.179 + 0.008
270-4 27-sep-01 83.853 27.855 138 + 14 094 £+ 0.05 020 =+ 0.02
Iceberg-1 21-aug-01 85.050 11.040 n.m 0.66 =+ 0.03 0.18 + 0.02
Iceberg-2 29-aug-01 86.333 37.767 L79 + 017 0.021 + 0.002 0.18 + 0.04
Iceberg-5 17-sep-01 86.720 46.653 4001 £ 77 319 + 0.8 0.165 + 0.009
Iceberg-6 23-sep-01 85.800 21.390 42 £+ 03 0.205 + 0.008 025 =+ 0.02
ARK XVIII/1- Fram Strait
01-1 30-jul-02 75.123 -16.528 n.m 0.044 =+ 0.004 n.m
02-1 30-jul-02 75.009 -13.641 10.1 = 04 024 £ 0.09 0.189 <+ 0.015
03-1 8-aug-02 79.200 2.672 61 + 07 0223 + 0.017 0.19 + 0.03
05-2 12-aug-02 78.967 0.655 64 + 05 0.71 £ 0.05 0210 £ 0.024
06-2 13-aug-02 78.782 -2.002 3459 £+ 0243 0.70 =+ 0.03 0217 £ 0.010
07-1 14-aug-02 78.943 -4.600 77 £ 03 0.086 + 0.005 n.m
08-1 14-aug-02 78.756 -7.113 4806 + 23 769 <+ 0.13 0.166 £ 0.007
08-3 14-aug-02 78.756 -7.113 6517 £ 33 9.5 + 04 0.187 £ 0.007
09-1 15-aug-02 78.909 -14.648 48 + 05 0.75 £ 0.05 n.m
10-1 15-aug-02  78.844 -17.657 1363 + 09 252 £ 0.10 0.155 £ 0.009
ARK XIX/4- Fram Strait
PS64 HELI02-2 15-aug-03 76.380 -4.654 39 £ 07 0.144 =+ 0.008 0.187 + 0.017
PS64 HELI04-1 16-aug-03  76.750 -5.480 54 £ 08 0262 =+ 0.017 019 + 0.02
PS64 HELI04-2 16-aug-03 76.747 -5.459 42 + 04 0254 + 0.012 0.193 + 0.013
PS64 HELIOS5-1 20-aug-03 77.150 -1.172 56 + 03 0.144 + 0.011 0.17 + 0.02
PS64 HELIO6-1 20-aug-03 77.150 -1.201 56 + 03 0.186 =+ 0.015 n.m
PS64 HELIO7-1 25-aug-03 75.586 -8.048 45 + 06 0.124 + 0.010 0.16 + 0.03
PS64 HELI09-2a  29-aug-03 75.013 -20.101 224 + 02 0.141 =+ 0.012 n.m
PS64 HELI11-1 5-sep-03 76.115 -8.745 43 £ 06 044 =+ 0.02 0.175 + 0.012
PS64 HELI11-3 5-sep-03 76.216 -8.999 1262 + 84 292 £ 0.13 0.143 £  0.009
PS64-HELI12.2 6-sep-03 75.622 -19.735 231 £ 0.2 n.m n.m
PS64-HELI12.3 6-sep-03 75.261 -20.905 87 £ 15 n.m n.m
PS64 HELI14-2 14-sep-03 73,357 -23,818 n.m 0.018 =+ 0.005 n.m
ARK XXII/2- Along transpolar drift
PS70/1.1 6-aug-07 83.994 34.026 318 + 13 n.m n.m
PS70/1.3 6-aug-07 83.994 34.026 299 + 28 0.78 £ 0.03 0.157 £+ 0.006
PS70/2.C.2 6-aug-07 83.993 34.385 296 + 09 0.68 =+ 0.02 0.177 +  0.007
PS70/2.D.2 6-aug-07 83.993 34.385 192 + 05 0.66 =+ 0.02 n.m
PS70/4.1 12-aug-07 83.605 60.3989 48 + 1.0 0210 =+ 0.018 021 + 0.03
PS70/4.2 12-aug-07 83.605 60.399 9.7 + 14 0210 =+ 0.011 0.188 + 0.014
PS70/5 14-aug-07 83.423 61.986 45 + 1.0 n.m 0.180 + 0.018
PS70/3 11-aug-07 85.145 60.815 112 + 19 n.m n.m
PS70/6 7-sep-07 84.499 -138.389 151 + 6.0 n.m n.m
PS70/7.1.2 8-sep-07 84.450 -147.572 25 + 03 0229 + 0.014 022 + 0.02
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Table 4.2 (cont.)

Code Date Lat Long YCs (Bq-kg") 29240py (Bq-kg™") Hpy/Ppu
PS70/7.2.2 8-sep-07 84.450  -147.572 5148 + 0.7 0246 = 0.017 n.m
PS70/7.3.2 8-sep-07 84.450  -147.572 27 = 09 0.226 =+ 0.018 020 + 0.03
PS70/8.1 17-sep-07  84.261 108.746 16.6 =+ 3.8 n.m n.m
PS70/8.2 17-sep-07  84.261 108.746 81 = 09 n.m n.m
PS70/8.3 17-sep-07  84.261 108.746 72 = 1.5 0233 + 0012 0224 = 0017
PS70/9.2 17-sep-07  84.215 108.916 204 = 1.1 0329 =+ 0018 0216 = 0.019

The "’Cs activities showed a large variability, ranging from 1.8 to 4-10° Bq-kg™, although only 5% of
the samples contained *’Cs activities higher than 38 Bq-kg™. Outliers have been identified by box plot
analysis, based upon inter-quartile differences. Median values were used since the data do not follow a
normal distribution. Excluding these samples, the average *'Cs activity was 9.1 + 7.4 Bqkg' (n=51).
The highest "*'Cs specific activity, 4-10° Bq-kg"', was determined in sediments collected from an iceberg
sampled from the waters near Franz Josef Land. This value is even greater than concentrations of *’Cs
reported by Cota et al. [2006] in sea-ice sediments from the Canadian Archipelago (~2.5 -10° Bq'kg™").

The ****’Pu specific activities also showed considerable variability, varying up to four orders of
magnitude from 0.018 to 31.8 Bqkg", although most of the samples (95%) had *****Pu activities <1.4
Bq'kg'. Excluding the samples with concentrations >1.4 Bqkg™, activities of *****’Pu in SIS averaged
0.32 + 0.25 Bqkg' (n=45). The samples with *****Pu concentrations >1.4 Bqkg' were collected
throughout the Nansen Basin, although mainly in the western part of the Fram Strait. In general, high
#029py concentrations are also characterised by high '*’Cs concentrations (>45 Bq-kg™) (Table 4.2).

The ***Pu/*’Pu atom ratios ranged from 0.118 to 0.253 (Table 4.2). Most of the **’Pu/**Pu atom
ratios in SIS samples were consistent with the atom ratio characteristic of global fallout (0.183 + 0.009)
measured in sediment samples collected at 70°N by Efurd et al. [2005]. 25% of the samples had
*°Pu/**Pu atom ratios lower than 0.174, and they had been mainly collected in the Fram Strait and
north of Franz Josef Land. Another 25% of the samples had ***Pu/**Pu atom ratios >0.195, ranging up
to 0.253, and in most cases were also collected in the Fram Strait. Samples with relatively low
*°Pu/**Pu atom ratios (<0.174) also generally had relatively high concentrations of ******Pu (>1 Bq'kg")
and "’Cs (up to 45 Bq-kg™), except for samples 15,228, 270-2 and PS70/3, which were collected in the
Eurasian Basin. The samples with low **Pu/**Pu atom ratios and high "’Cs concentrations were
collected in the Fram Strait and the Nansen Basin during summer in 2001 and 2002.

4.4. Discussion

In order to study the geographical distributions of '*’Cs and ******Pu concentrations and **’Pu/*’Pu atom
ratios in SIS along the Arctic Ocean it is necessary to consider our data in the context of previous
results such as those by Meese et al. [1997], Landa et al. [1998]; Cooper et al. [1998], Masqué et al.
[2003; 2007] and Cota et al. [2006]. The combined dataset shall be sufficiently detailed to permit
identification of areas of sea ice origin, by comparing the ***Pu/**’Pu atom ratios and “*’Cs, *****Pu
concentrations in SIS with those reported in bottom sediments from the Arctic continental shelves.

The specific activities of anthropogenic radionuclides in SIS can be explained by multiple factors,
including sediment source area, grain-size fractionation during sea-ice formation and addition of
radionuclides to the ice from atmospheric deposition or scavenging from surrounding sea water during
drift [Landa et al., 1998; Cooper et al., 2000; Baskaran et al., 2005]. At the time of collection of the
samples considered here (1998-2007), the atmospheric fluxes of "“’Cs and *****Pu were negligible.
Another process, which might enhance the radionuclide concentration in SIS, is the direct uptake from
ice during seasonal ice melting. However, this process is also likely to be insignificant because
chemical compound solutes are generally excluded from the ice during formation due to the segregation
of ions from the crystal ice (Weeks et al., 1984). Deposition of dust onto sea ice is generally regarded as
unimportant [Pfirman et al., 1989, 1990]. Hence radionuclides associated with SIS are likely to reflect
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dominantly the isotopic signature of sediments in source areas and thus might be used as a source
signature or fingerprint of the area in which the ice incorporated its sediment.

4.4.1. Distribution of  anthropogenic radionuclides
concentrations in sea-ice sediments

The specific activities of both *’Cs and ****Pu in SIS in the Arctic Ocean range over four orders of
magnitude, from 1.8 to 4-10° Bq-kg" for *’Cs and from 0.021 to 31.8 Bq-kg" for ****Pu (Figure 4.2).
The highest activities of "*’Cs and ****’Pu were measured in the same SIS sample collected from an
iceberg close to Franz Josef Land. High concentrations of “’Cs were also measured at Resolute Bay
(Canadian archipelago) (1785 and 2094 Bq-kg™'), in two SIS samples collected from multi-year ice
[Cota et al., 2006]. However, most of the SIS samples contained less than 1.4 Bq-kg" and less than 45
Bq'kg" of **?**Pu and "*'Cs, respectively (Figure 4.2). These values were identified as extreme-outliers
values based upon box-quartile analysis, and thus they were used as criteria to identify samples with
anomalously high activities.

Despite the large variation in activities of both radionuclides, three main sectors could be identified
within the Arctic Ocean based on 'Y’Cs and ****Pu activities: the Eurasian Basin (n=41), the Canadian
Basin (n=30) and the Fram Strait (n=31) (Figure 4.2). The largest variability for both radionuclides was
found in the Eurasian Basin, where "*’Cs and *****Pu concentrations ranged from 1.8 to 4-10° Bq-kg"
and from 0.02 to 31.8 Bq-kg", respectively, and also in the Fram Strait, with *’Cs and ******Pu ranging
from 2.2 to 651 Bqkg' and 0.09 to 9.5 Bgkg', respectively. In contrast, activities in SIS in the
Canadian Basin vary relatively less than in other sectors (0.10-1.82 Bqkg' for *****Pu and 1.7-73
Bqg'kg' for '*’Cs). It is interesting to notice that these three sectors mirror the main patterns described
from the mean field of sea ice motion: the TPD dominates in the Eurasian Basin, the Beaufort Gyre
dominates in the Canadian Basin and the Fram Strait is the principal ablation area.
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Figure 4.2 Box analysis of '*’Cs concentrations (a) and **?**Pu atom ratios (b) in sea-ice sediments in the Arctic Ocean
(including data from this study and from Meese et al. [1997], Landa et al. [1998], Cooper et al. [1998], Baskaran
[2005], Masqué et al. [2003, 2007] and Cota et al. [2006]. The median, first and third percentile, 95% percentile
(vertical line), outliers (filled points), maximum and minimum values (stars) are indicated.

Within the Eurasian Basin, the highest variability of both radionuclides was found in the Siberian
sector, in the Nansen and Amundsen Basins (from 0.4 to 4-10° Bq-kg" for "*'Cs and from 0.018 to 31.9
Bq'kg" for ****Pu). This variability is explained by the fact that this area is a potential convergence
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region of sea ice originated mainly in the Russian shelves, where comparable “'Cs and ****Pu
activities have been reported in bottom sediments [AMAP, 2002]. Also, Paviov et al. [2004], based on a
sea ice drift model, identified the Kara Sea and the Novaya Zemlya archipelago as the most likely
origin for sea ice surrounding Franz Joseph Land and Svalbard; this supports the comparison of "*’Cs
and ****Pu activities reported in SIS and surface sediments from the vicinity of the Novaya Zemlya
archipelago [AMAP, 2002; Smith et al., 1995, 2000].

The Laptev Sea is an area where the highest median '’Cs and ****Pu activities in SIS were
measured: 26 Bq'kg' and 0.515 Bqkg', respectively. Also, variability in concentrations is rather
limited, ranging from 19.5 to 54.8 Bqkg" for ’Cs and from 0.45 to 1.012 Bq'kg" for ****°Pu, and
compare well with reported concentrations in bottom sediments of the Laptev Sea shelf: from 0.01 to 2
Bqkg' for ****Pu [AMAP, 2002] and from 0.86 to 16 Bqkg" for *’Cs [Johnson-Pyrtle and Scott,
2001]. The only other possible source area of these sea-ice sediments is the Kara Sea, reaching the area
through the Vilkitsky Strait. Indeed, SIS collected from a floe in the Vilkitsky Strait had activities as
high as 54.8 Bq'kg' for "'Cs and 1.02 Bqkg' for ***“Pu [Landa et al., 1998]. Both values are
comparable to those measured in bottom sediment from the Kara Sea and hence suggest that this
particular ice floe incorporated the sediments in the Kara Sea.

In the Canadian Basin, a region dominated by the Beaufort Gyre, three subsectors could also be
identified; the Alaskan coast (n=9), the Canada and Makarov Basins (identified as Beaufort in Figure
1.2) (n=8) and the central Arctic Ocean (n=13) (Figure 4.2). Despite the fact that "’Cs and *****Pu
activities vary similarly, slight differences exist in relation to the median activities. For *'Cs, the
median activity in the Canada and Makarov Basins is approximately 3 times greater than that in the
Alaskan continental shelves (4.9 Bq-kg"). In contrast, the median *****’Pu concentration in the Canada
and Makarov Basins) is more than 2 times lower than in the Alaska continental shelves (0.28 Bq-kg™).
These results suggest that the dominant source of sea ice is different for each of these regions. From
comparison of '*’Cs activities in shelf-bottom sediments with those in SIS it can be inferred that sea ice
in the Canada and Makarov Basins is more likely to be formed in the Siberian shelves, while sea ice in
the Alaska continental shelves is formed along the Chukchi Sea and the Canadian archipelago.

Median activities of *’Cs and ****’Pu in SIS from the central Arctic Basin were 12.4 and 0.16 Bq-kg’
', respectively, which compare well with concentrations reported in SIS from the Alaska continental
shelves and the Canadian and Makarov Basins, suggesting a mixture between both areas. This is in
agreement with the findings of Pfirman et al. [1997], who stated that sea ice in the central Arctic Basin
is formed by ice from diverse sources, identifying Alaska, the Canadian archipelago and the East
Siberian Seas as main sources of sea ice.

The distribution of sea ice in the Fram Strait is governed by the oceanographic circulation, and is
formed by a mixture of sea ice floes with distinct origins because the diverse trajectories for sea ice drift
merge here. This fact is reflected in a large degree of variability in "*'Cs and *****Pu activities in the
Fram Strait (Figure 4.2). The highest range of activities of both radionuclides, 10-652 Bq-kg" for "*’Cs
and 0.31-9.5 Bqkg" for ****Pu, were measured along the permanent ice covered region on the western
side. The East Greenland Current flows through this area, and sea ice could have been formed in the
eastern Arctic continental shelves and have been driven by the TPD [Wadhams, 1983]. This is in
agreement with the fact that reported '*’Cs and ****Pu activities in bottom sediments from the Siberian
continental shelves are higher than those in the western Arctic Ocean [e.g. Baskaran et al., 1995; 2000;
Huh et al., 1997; Meese et al., 1997; Smith et al., 2000; Johnson-Pyrle et al., 2001; Oughton et al.,
2004]. *'Cs and **?**°Pu activities in the central-eastern side of the Fram Strait and in the Eastern
Greenland continental shelves vary from 3.8 to 23 Bq-kg" and from 0.018 to 0.71 Bq-kg™, respectively.
However, SIS samples from the Eastern Greenland area consisted mostly of sand (70%) (data not
shown), in agreement with the description of bottom sediments by Berner and Wefer [1990], who
reported that sand accounts for more than 50% of the sediments in the shelf areas of Greenland. Earlier
sea-ice sediment studies carried out in the central Arctic Basin and in the Eurasian shelves [e.g.
Niirnberg et al., 1994; Dethleff et al., 2005; Eicken et al., 2005] suggested that entrained materials
consist of 60-90% fine-grained (<63 mm) silt and clay, with an essentially terrestrial origin. Therefore,
the presence of either high or low concentrations of *’Cs and ****Pu associated with low fine-grained
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content must be driven by the transport of particulate matter for long distances across the Arctic Ocean
and not from Greenland.
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Figure 4.3 Relationship between all ****°Pu vs ''Cs activities in sea-ice sediments from the
Arctic Ocean (including data from this study and from Meese et al. [1997], Landa et al. [1998],
Cooper et al. [1998], Masqué et al. [2003, 2007]. Confidence intervals at 95% are shown
(R?=0.82). Red points are considered as outliers and are not included into the regression.

Overall, and despite the large variability of '*’Cs and *****’Pu activities in SIS along the Arctic Ocean,
a reasonable correlation exists between both radionuclides (R?=0.80, Figure 4.3). As a general trend,
most SIS samples contain "*’Cs and *****Pu in similar proportions, with a median ******Pu/"*’Cs ratio of
32-107. This suggests that the ultimate source of most *****Pu and *’Cs in the SIS, and therefore in the
bottom sediments mostly delivered by rivers of continental shelves, is the same around the Arctic
Ocean. In fact, the average ****’Pu/"Cs ratio is in good agreement with the global fallout value, ~
34-10” in 2007, based upon decay correction of data in Beck and Krey [1983]. This conclusion is
reasonable because global fallout is regarded as the main source of both radionuclides to the Arctic
Ocean [JNREG, 1996, Oughton et al., 1999]. However, it is necessary to use caution when using the
ratio to attribute the source of '“’Cs and ****Pu to global fallout. The ****Pu/**’Cs ratio in bottom
sediments depends on many factors: decay, scavenging of the radionuclides by particles during
sedimentation, water column depth and proximity to river outflows, sediment characteristic and
composition or radionuclide chemical features. In particular the distribution coefficients (K,) for Pu and
Cs in the marine environment are significantly different (1-10° and 2-10°, respectively; [T[AEA 1985]), as
Pu is more particle reactive than *’Cs.

In spite of the good general correlation between '*’Cs and *****Pu concentrations, slight differences
were observed, suggesting that SIS were imprinted by secondary sources in addition to global fallout
(Figure 4.3). This is markedly the case for samples considered as anomalous based on the criteria of
higher activities (>45 Bq-kg™ for *’Cs and >1.4 Bq'kg"' for *****Pu).

4.4.2. Distribution of **°Pu/?’Pu atom ratios in sea-ice
sediments

The ***Pu/***Pu atom ratio can be used to identify local sources of Pu other than global fallout. Although
the main source of Pu isotopes to the Arctic Ocean is global fallout from the nuclear weapons testing

[Oughton et al., 2004; Skipperud et al., 2004], additional local and regional sources, including local
fallout from tropospheric weapons testing, dumping of nuclear waste, marine and terrestrial transport
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from the reprocessing plants, and input from nuclear accidents that occurred in proximity to the Arctic
Ocean (Tomsk-7) have all contributed to enhancing *****Pu and “'Cs activities and modifying the
*°Pu/**°Pu atom ratios in specific areas of the Siberian shelves [Cochran et al., 2000]. In general, the
*°Pu/**Pu atom ratio is relatively uniform in the bottom sediments along the continental shelves of the
Arctic Ocean [Skipperud et al., 2004] and is comparable to the characteristic ratio of global fallout,
(0.183 = 0.009). However, low **Pu/**Pu atom ratios have been reported in bottom sediments from
areas such as Kara Sea and Novaya Zemlya archipelago, ranging from 0.03 at Chernaya Bay to 0.16 +
0.03 at the Kara Gate [Smith et al., 2000; Oughton et al., 2004]. On the other hand, ratios slightly higher
than the global fallout (0.1939 + 0.0013) were measured in sediments at Point Barrow, Alaska [Kelley
et al., 1999].

Huh et al. [1997] suggested that ***Pu/**Pu atom ratios in sediment cores from the deep Arctic Basin
correspond to a mixture of global fallout inputs, which decreases with increasing latitudes, and
discharges from reprocessing plants in Russia and in the Atlantic area. Cooper et al. [2000] suggested
that Pu associated with SIS can be considered as a source of Pu to the bottom sediments, although the
total flux of Pu from SIS to the deep sea would be relatively small. Recent studies of ***Pu/**’Pu atom
ratios in bottom sediments in the Fram Strait have provided evidence of the long distance dispersion of
Pu in the Arctic Ocean associated to sea-ice sediments [Masqué et al., 2003]. This demonstrates that
sea-ice is an efficient transport agent of Pu associated with sediments and the fate of sea ice and
associated radionuclides to sea-ice sediments is closely coupled.

Figure 4.4 Relationship of all available data of '*'Cs activities vs **’Pu/**Pu atom ratios in sea-ice
sediments collected in the Arctic Ocean including data from this study and from Meese et al. [1997],
Landa et al. [1998], Cooper et al. [1998] and Masqué et al. [2003, 2007]. Samples are divided
according to the mean sea ice drift patterns: Fram Strait (circles), Siberian (solid squares), Laptev Sea
(reversed triangle), Polar-central Arctic (triangle), Beaufort (thombus) and Alaska continental shelves
(solid triangle). Five clusters are identified using a **’Pu/***Pu atom ratio of 0.183 + 0.009 and a '*’Cs
activity of 20 Bq kg—1 as limits. These clusters are used to hypothesize source areas for sea-ice
sediments (see text for details).

The **Pu/**Pu atom ratios in SIS are generally comparable to that of global fallout (0.18, [Krey et
al., 1985]). This is expected because most of the continental shelves have been affected by Pu derived
from global fallout (Figure 4.4). Deviations from it have been observed at the Fram Strait (0.14 — 0.21)
and the Eurasian Basin (0.12 — 0.22) due to the fact that the former area is the region where all drift
pathways merge while the latter is influenced by the extensive source areas of the Siberian shelves
[Niirnberg et al., 1994; Eicken et al., 1997]. In the western Arctic Ocean, in contrast, **Pu/**’Pu atom
ratios range from 0.17 to 0.19, showing clearly the signature of global fallout. However, the exceptions
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to this trend are two samples, 218-1 and 234-1, collected close to the North Pole. These samples likely
originated in the vicinity of the Kara Sea, as inferred from their lower **’Pu/*’Pu atom ratios. The ice
floes carrying these SIS could reach the western Arctic as a result of exchange between TPD and
Beaufort Gyre. Also, ***Pu/**Pu atom ratios slightly higher than global fallout were found in SIS in the
Alaska coast [Landa et al., 1998]. Those are comparable to **’Pu/**Pu atom ratios determined in the
sediments of Point Barrow, suggesting that their origin was close to the site of sampling.

4.4.3. Linking radionuclide signatures of SIS to areas of sea
ice origin

As shown in Figure 4.4 and noted above, most SIS samples have **Pu/**Pu atom ratios comparable to
that of stratospheric bomb fallout (0.183 + 0.009), irrespectively of their *’Cs concentrations. In
particular, samples with elevated '“’Cs concentrations are not necessarily characterized by non-global
fallout Pu atom ratios, implying that *’Cs alone cannot be used to identify an origin area of sea ice. The
combination of both datasets may allow us to identify source areas of the SIS and thus of sea ice.
Several clusters of radionuclide signature can be identified according to two criteria (Figure 4.4):
deviations of the **’Pu/*’Pu atom ratios relative to the global fallout value (0.183 + 0.009) and “"Cs
activities higher or lower than 20 Bq-kg”, as it has been reported that concentrations of "*’Cs originated
from global fallout in most continental shelf sediments are <20 Bq-kg" [AMAP, 2002]. These clusters
include: i) samples with ***Pu/**’Pu atom ratios <0.174 and "’Cs activities >20 Bq-kg™; ii) samples with
*Pu/**Pu atom ratios lower than 0.174 and "“'Cs activity <20 Bq-kg™; iii) samples with ***Pu/**’Pu
atom ratios within the range of global fallout and '“Cs activities >20 Bqkg'; iv) samples with
*Pu/**Pu atom ratio greater than global fallout but with low "’Cs activities (<20 Bq-kg") and v)
samples with ***Pu/**Pu atom ratio comparable to the global fallout and '*’Cs activities < 20Bq-kg™.

Kara Sea

As shown in Figure 4.4, cluster (i) (yellow-orange line), a group of SIS samples is characterised by
*°Pu/**Pu atom ratios lower than the global fallout value (< 0.174) and *’Cs activities greater than 20
Bq'kg'. Low **Pu/**Pu atom ratios correspond to a mixture between global fallout and low-yield
nuclear testing fallout or material released from nuclear reprocessing plants. Among the Arctic
continental shelves, low ***Pu/**’Pu atom ratios have been reported only in the Kara Sea and the Novaya
Zemlya archipelago, as a result of local fallout, discharge from rivers and nuclear waste dumping
[Smith et al., 2000; Skipperud et al., 2004]. ’Cs and ****°Pu activities in SIS are greater than those
typical for continental shelf sediment affected by global fallout (20 Bq-kg" for *'Cs and 1 Bqkg" for
#9249py; Smith et al., 2000). Previous studies have reported elevated activities of '*’Cs and ****Pu (>45
Bq'kg' and >1 Bqkg', respectively) in bottom sediments of the Kara Sea [AMAP, 1998; Baskaran et
al., 1995; Smith et al., 2000], and thus this could be a likely origin area for SIS with low **Pu/***Pu
atom ratios and high *’Cs and **?*’Pu activities. The SIS samples showing these isotopic signatures
were collected in the west side of the Fram Strait and in the Siberian Branch of the TPD, regions that
are principally within the drift path for sea ice formed along the western Arctic shelves, particularly
between the Laptev Sea and the Novaya Zemlya Archipelago [Pfirman et al., 2004; Wadhams, 1983].

Another group of samples are characterized by low Pu atom ratios (< 0.174) but also low “'Cs
specific activities (<20 Bq-kg™"), cluster (ii) (Figure 4.4, red line). Given the low **Pu/**’Pu atom ratios
of these samples, the most probable source area would also be the Kara Sea and its surrounding areas.
The low "*’Cs specific activities are likely due to the other factors that affect specific activity (described
in section 4.1), and in any case are within the range of activities found in surface bottom sediments [2-
33 "'Cs Bq-kg', Livingston and Povinec, 2000]. This reinforces the concept that the **’Pu/*’Pu atom
ratio is a better indicator of SIS source than the *’Cs specific activity.

Laptev-Kara Sea

A number of SIS samples display **’Pu/*’Pu atom ratios typical of global fallout and high "*’Cs
activities (>20 Bq-kg™), cluster (iii) (Figure 4.4, green line). The ***Pu/**Pu atom ratios suggest that any
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continental shelf area might be the origin of the sediments. High '“’Cs activities were measured in
bottom sediments in the western Kara and Laptev Seas [AMAP, 1998; Baskaran et al., 1995; Smith et
al., 2000, personal communication by A. Johnson-Pyrle in Meese et al., 1997], although elevated
inventories of "’Cs in bottom sediments could result from a combination of processes related to the
sedimentation dynamics, Johnson-Pyrle et al. [2001] hypothesized that elevated '*’Cs inventories in
bottom sediments may be the result of '*’Cs origin other than direct atmospheric fallout, indicating the
Lena river as a secondary source. In the absence of any other direct source of *'Cs in its drainage basin,
it is likely that *’Cs introduced into the Lena river comes from the erosion of global fallout and
possibly from Chernobyl derived contamination.

Several SIS samples with these characteristics were collected in the Laptev Sea and along the
northwest of Franz Josep Land. The Franz Josef Land is within the Siberian Branch of the TPD. Prior
studies have considered the Laptev Sea as the major source of sea ice to the Siberian Branch of the
TPD, with the Kara Sea as a secondary source [Niinrberg et al., 1994; Pfirman et al., 1997].

Back trajectory analysis of three samples [sample coded PS93-235-1-2; Landa et al., 1998 and 212-2
and 218-1; Cooper et al., 2000] collected in the western part of the Arctic Ocean suggested that they
originated from the Canadian archipelago and the Beaufort Sea [Tucker et al., 1999]. However, the
*Cs and **"**’Pu activities and ***Pu/***Pu atom ratios of these samples argue against these areas as the
origin, as no elevated 'Cs and ****Pu concentrations have been reported in North American
continental shelves [Meese et al., 1997; Landa et al., 1998]. It is more likely that these sediments
originated and were incorporated into sea ice in the Laptev Sea, and reached the western basin by
exchange between the TPD and the Beaufort Gyre. The most likely scenario for the transport of Laptev
Sea-derived SIS into the Beaufort Gyre occurs when a positive Arctic Oscillation (AO), which favours
strong advection of ice away from the Siberian shelves into the central Arctic, is followed by negative
AO conditions, increasing the size of the Beaufort Gyre and capturing sea ice into the Beaufort Gyre.
The three samples from the western part of the Arctic Ocean were collected in 1994 [Cooper et al.,
1998]. The years immediately preceding the sampling activities (1989 to 1995) were mostly years of a
+AO [Mysak, 2001], supporting the hypothesis that they could have originated in the Laptev Sea.
During these years, the TPD would be strengthened and pushed closer to Beaufort Sea, making the
transport of Laptev Sea into the Beaufort Gyre more likely.

North American Shelves

Most of the samples collected in the western part of the Arctic Ocean close to the Alaska coast, as well
as samples collected on the western side of the Fram Strait form another cluster with ***Pu/***Pu atom
ratios greater than global fallout (0.19-0.25) and *'Cs activities mostly below 10 Bq-kg", cluster (iv)
(Figure 4.4, blue line). North American shelves are likely the origin area for such SIS: relatively
elevated **’Pu/**’Pu atom ratios were measured in bottom sediments from Point Barrow [Kelley et al.,
1999], while average activities of *’Cs in surface bottom sediments in the Bering and Chukchi Seas and
in the East Chukchi Sea are low (4.2 = 2.8 Bq-kg", Meese et al.,[1997] and 2.9 = 0.7 Bq-kg"', Baskaran
and Naidu [1995], respectively). The high ***Pu/**Pu atom ratios in samples from the western Fram
Strait highlight the importance of long-distance transport SIS from the Beaufort Sea across the Arctic
Ocean. These sea ice floes and their contained SIS would have originated in the shallow parts of the
Beaufort and Chukchi Seas, close to the shore, and drifted eastward, traversing the Arctic Ocean via the
Beaufort Gyre and being captured by the Polar Branch of the TPD before finally reaching the Fram
Strait. Indeed, this is supported by Pfirman et al. [1997], which concluded that North American shelves
were the origin for sea ice that flows into western Arctic Ocean and the western part of the Fram Strait.

Unidentifiable source areas

Approximately 50% of the analysed samples have ***Pu/**’Pu atom ratios comparable to that of global
fallout and "’Cs specific activities lower than < 20 Bqkg", cluster (v), (Figure 4.4, black line). The
anthropogenic radionuclide distributions in most of the continental shelves of the Arctic Ocean are
typical of global fallout origin, and thus the isotopic signature is not distinct as to identify the source
areas of SIS. Additional analyses, such as Fe oxide mineral grains [Darby, 2003], planktonic diatom
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species [Abelmann, 1992], or smectite and illite analysis [Wollenburg, 1993; Delhleff et al., 1993;
Niirnberg et al., 1994] may help to constrain more accurately the origin of these samples.

4.5. Conclusions

Based on a combined dataset of previously published and new analyses of '*’Cs and ****Pu and the
*Pu/**Pu atom ratios in Arctic sea-ice sediments (SIS), we conclude that these anthropogenic
radionuclides can be used in many instances to determine the geographical source area in which the
sediments were incorporated into the ice. This information, in addition, can be used to elucidate the sea
ice floes formation areas. The **’Pu/*Pu atom ratio, in combination with the "*’Cs or **?*Pu activity, is
especially useful in this regard. SIS originating in the Laptev and Kara Seas have ***Pu/***Pu atom ratios
lower than those imprinted by global fallout (<0.18), while SIS originating from the Alaskan shelf is
characterised by ***Pu/**Pu atom ratios greater than global fallout. The specific activities of '*’Cs and
#929py are less diagnostic of sea-ice origin, because many processes in addition to source can affect
their values; however, sediments of the Kara and Laptev Seas can have markedly elevated specific
activities of '’Cs that are imprinted on SIS originating in those areas. In approximately 50% of the
samples analyzed, the isotopic signatures are not distinctive as to SIS origin and additional approaches
are required to better resolve possible source areas.

54



5. Interception of atmospheric fluxes by Arctic sea ice

Chapter 5.

Interception of atmospheric fluxes by Arctic sea
ice: evidence from cosmogenic 'Be

5.1. Introduction

Sea ice plays an important role in the climate system in the Arctic Ocean, regulating the ocean-
atmosphere interaction and controlling heat exchange [Thomas and Dieckmann, 2003]. It is formed
mainly along the continental shelves and from its formation until its inevitable melting, sea ice is
subject to diverse chemical, physical and structural processes that affect its properties. Initially, during
the formation of new sea ice, solutes are excluded and particulate matter (and associated chemical
species such as nutrients, pollutants, and radionuclides) is entrained [Weeks and Ackley, 1986;
Kempema et al., 1989; Reimnitz et al., 1992]. In the open Arctic Ocean, sea ice also can intercept the
atmospheric fluxes of particles, contaminants and other chemical species that then become incorporated
into the ice. Presumably to a lesser extent, sea ice may also incorporate chemical species by scavenging
them from the surface waters onto sediment carried in the ice [Baskaran et al., 2005]. Thus, sea ice drift
becomes an important transport pathway for both particles and chemical species that otherwise would
not be transported as far away from the source areas [e.g. Pfirman et al., 1995]. These components are
released to the surface ocean as the ice melts, mainly in ablation areas such as the Fram Strait [Masqué
et al., 2003, 2007] but also to a lesser extent in the central Arctic Ocean. This release occurs over a
short timescale and may coincide with a burst in biological activity [Melnikov, 1991]. Indeed, Granskog
et al. [2003] indicated that atmospherically derived nutrients accumulated in sea ice may enhance the
magnitude of ice algae blooms in the Baltic Sea and potentially also in under-ice waters, due to the
downward flushing of surface deposited nutrients during periods when sea ice is permeable.

The Arctic Ocean presently displays significant changes, especially concerning the extent and
thickness of sea-ice [Kwok et al.,2009]: the extent of multi-year sea-ice is decreasing and shifting to the
Western Arctic [Nghiem et al., 2007], the freezing-up period occurs later and sea ice drifting patterns
are subject to changes [Pfirman et al., 2004]. Nghiem et al. [2007] and Gascard et al. [2008] suggest
that an increase in the sea ice flux through the Fram Strait is a consequence of an acceleration of the
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Transpolar Drift (TPD), and as a consequence there is a reduction in the transit time for sea ice to reach
the Fram Strait from its formation areas. The acceleration of the TPD and enhancement of sea ice efflux
can increase the fluxes of ice-borne particles and chemical species in ablation areas. In the event of a
completely ice-free Arctic in the summer, sea ice would release associated sediments and chemical
species all along the central Arctic Basin, likely reducing the fluxes released in the Fram Strait. For
these reasons it is of interest to seek a better understanding of the processes related to sea-ice as an
accumulation and transport medium of atmospheric fluxes of trace metals, contaminants, etc. Here we
use the cosmogenic radionuclide Be (T,,= 53.4 d) to determine the efficiency with which sea ice
intercepts the atmospheric fluxes of chemical species and their subsequent fate as they are released in
ablation areas.

"Be is produced in both the troposphere and the stratosphere through interactions of cosmic-rays with
nitrogen and oxygen at rates that are dependent in both latitude and altitude. It rapidly becomes
adsorpbed with aerosols [Bondietti et al., 1987] and its flux to the Earth’s surface is controlled primarily
by wet precipitation [Brown et al., 1989]. Although 'Be is somewhat particle-reactive and can be
scavenged onto particles in coastal waters [Kadko and Swart, 2004], it tends to remain in solution in
open ocean waters and is rapidly homogenized within the mixed layer with respect to is decay rate
[Silker, 1972; Young and Silker, 1980; Kadko and Olson, 1996]. Indeed, it has been used in this context
to model mixed layer history, oxygen utilization rates [Kadko, 2000; 2009] and upwelling of equatorial
waters of the North Atlantic [Kadko, 2011].

5.2. Methods and area sampling

Figure 5.1 a) Map of the Arctic Ocean showing the sea ice coverage and concentration on
September 2007. The black line denotes that part of the track of the cruise IPY-SPACE-ARK
XXII/2 that was in or close to ice-covered waters (Aug. 1 to Sep. 24). Also shown two
examples of time series of the weekly mean ice concentration at stations SWBe-78 and SWBe-
91 (labelled with b) and c), respectively).
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The study area comprises the Eurasian Basin of the Arctic Ocean, from the shelves of the Barents, the
Kara and the Laptev Seas across the Nansen, the Amundsen and the Makarov Basins beyond the Alpha
Ridge and the Canada Basin (black line, Figure 5.1). A total of 90 samples of sea ice (n=18), sea-ice
sediments (n=16), water beneath the ice (n=10), precipitation (n=18) and surface water (n= 28) were
collected during expedition ARK XXII/2-IPY-SPACE of the German R/V Polarstern from July 28 to
October 7, 2007. Sea-ice sediment samples collected during R/V Polarstern expeditions ARK XVII/2
(n=10) and ARK XV/3 to the Nansen Basin and Fram Strait [n=12, Masque et al., 2007] are also
included for purposes of completeness.

5.2.1. Sea ice concentration analysis

The sea ice coverage at the locations the samples were taken was derived from daily average sea-ice
concentrations, i.e. the percentage areal fraction of sea ice. These were calculated using the ARTIST
Sea Ice (ASI) algorithm [Kaleschke et al., 2001; Spreen et al., 2008] applied to brightness temperature
polarization differences measured at a frequency of 89 GHz by the polar orbiting Advanced Microwave
Scanning Radiometer aboard EOS-Terra (AMSR-E). The grid resolution of the obtained ice
concentration maps was 6.25 km. Details about the algorithm and its performance in comparison to
other ice-concentration retrieval algorithms like the NASA-Team algorithm [Cavalieri et al., 1984] and
its enhanced version [Markus and Cavalieri, 2000] or the Comiso Bootstrap algorithm [Comiso, 1986],
can be found in Kaleschke et al. [2001], Kern et al. [2003], Andersen et al. [2007], and Spreen et al.
[2008].

The sampling position was co-located with the nearest ice concentration data grid cell, which was in
polar-stereographic projection true at 70°N. Ice concentration values of a 3 x 3 grid cell area centred at
the ship’s position were averaged and the respective standard deviation is calculated (from nine values).
Subsequently the weekly average ice concentrations and weekly average standard deviations were
computed for a period of six months previous to the respective sampling date. For each sampling
location the resulting time series of weekly average ice concentration data can be subsequently used to
investigate the temporal variation of the ice cover at that location (see Figures 5.2 - 5.3). Two examples
of such time-series are given in Figure 1 b) and c) for stations SWBe-78 and 91.

5.3. Results

5.3.1. Sea ice environment and weather conditions

During the 2007 cruise, sea ice extent in the Arctic dropped from 8.1-10° km* to 4.3-10° km” from July
to September, the minimum extent of ice coverage ever recorded [NSIDC, National Snow and Sea Ice
Data Center]. Figure la displays the minimum September sea ice extent as given by the ASI algorithm
60% ice-concentration iso-line. Sea ice coverage was above 90% for most of the stations until the
beginning of July, and declined swiftly, falling below 70% in some stations by early August and as low
as 30% from the central Arctic to the Laptev Sea by the end of August - beginning of September
(Figure 5.1 b, ¢).

Sea ice observation was visually and routinely recorded from the R/V Polarstern’s bridge during the
whole cruise [Schauer, 2008]. Sea ice concentration was assessed for the local area surrounding the
ship, estimated to be 5 km diameter in good weather conditions and less than 1 km in foggy conditions.
The average concentration was ~81% of the total track-sampling area, which is comparable with
satellite images showing 70% coverage. However, some variations were observed along the cruise
track, such as consolidated pack ice (100%) around 84°N and low ice concentrations along the St. Anna
and the Voronin Troughs and also along the section from the Amundsen Basin toward the Laptev shelf.
The concentrations of melt ponds on the ice floes ranged widely, from >60% of the ice coverage in the
central Arctic Basin and the Nansen Basin in early August to <10% at the end of September along the
Amundsen Basin toward the Laptev Sea. This low occurrence is coincident with the formation of new
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ice, even though melt ponds generally were frozen from mid-August onwards [Schauer, 2008]. The
average concentration of melt ponds along the cruise track was 30%.

5.3.2. 'Be flux from precipitation

The "Be fluxes in total (wet and dry) and wet precipitation along the cruise track from end of July to
September were 1.6 = 0.3 and 1.7 = 0.2 Bq'm™d", respectively. The agreement between integrated
fluxes of total and wet precipitation confirms that the dry component of 'Be deposition is not dominant
in controlling the atmospheric 'Be fluxes. However, some degree of variability is observed in
comparing single precipitation events; wet precipitation ranged from 0.72 = 0.25 to 4.3 + 1.4 Bgm™d",
while total precipitation ranged from 0.97 = 0.08 to 2.80 = 0.18 Bq-m™>d" (Table 5.1).

Our measured fluxes are in agreement with previous studies: Kadko and Swart [2004] reported a total
atmospheric flux of 'Be to be 2.03 Bq-m™d", with values ranging from 0.46 to 3.8 Bq-m™d"in July-
August, 1998 at the SHEBA station, located in the Canada Basin. At the same station in October 1997,
the "Be flux varied from 0.0083 to 0.53 Bq'm™d", averaging 0.33 Bq'm™d" [Kadko, 2000]. Cooper et
al. [2005] reported fluxes ranging from 0.95 to 1.04 Bqg'm™d" in July-August, 2002 in the Chukchi Sea.
Daily fluxes were measured in Greenland by Dibb [1990], who estimated a mean 'Be atmospheric flux
ranging from 0.31 to 0.36 Bq'm™d"' at Dye 3 station and from 0.45 to 0.89 Bq-m™d" at Summit station
in June-July, 1989. These fluxes were estimated assuming a dry fall was 50% of the total precipitation.
A significant degree of variability in single events was also observed in this study, with daily fluxes
ranging from 0.05 to 3.33 Bq-m™d". Dibb [1990] also suggested that the wet deposition fluxes of 'Be in
June and July might be representative of the flux throughout the year.

Table 5.1 Daily and integrated atmospheric fluxes of "Be (Bq'm™-d") of wet and total (wet
and dry) precipitation in the central Arctic Ocean in August and September 2007.

Code Sampling period "Be (Bq-m>-d™)
‘Wet precipitation

ARKP-1 12 Aug 16:00 - 12 Aug 22:50 43+14
ARKP-2 15 Aug 11:15 - 16 Aug 9:10 0.72 £ 0.25
ARKP-3 18 Aug 11:00 - 19 Aug 9:30 2.17 +0.59
ARKP-6 12 Sept 10:00 - 16 Sept 8:55 0.98 = 0.08
ARKP-7 21 Sept 13:20 - 22 Sept 15:00 1.49 £ 0.16
Integrated wet precipitation flux 1.6 = 0.3

Total (wet +dry) precipitation

ARK W-2 13 Aug 11:30 - 14 Aug 8:30 1.57 = 0.60
ARK W-3 14 Aug 11:36 - 16 Aug 9:10 1.36 £0.22
ARK W-4 17 Aug 15:00 - 19 Aug 9:30 1.94 +0.29
ARK W-7a 29 Aug 0:00 -3 Sept 10:40 1.26 +0.11
ARK W-7b 4 Sept 16:30 - 16 Sept 8:55 0.97 +0.08
ARK W-8 18 Sept 10:25 - 22 Sept 15:00 2.80+0.18
Integrated total precipitation flux 1.7+0.2

5.3.3. 'Be concentration in sea ice, sea water and sea-ice
sediments

"Be concentrations in the upper 10 cm of sea ice ranged from 10 to 427 Bq'm™ (Table 5.2). These
concentrations are comparable to the range reported by Eicken et al. [2002] in the brine channels of sea
ice floes (8.3 to 50 Bq'm™) and in melt ponds (17 to 183 Bg'm™).

"Be concentrations at 8 m water column depth (Table 5.3) ranged between 1.5 and 9.1 Bq-m™, about
1-2 orders of magnitude lower than those in sea ice. There is few water column "Be data from the Arctic
Ocean with which to compare these values. The only data available are from Kadko and Swart [2004],
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who reported "Be concentrations ranging from 0.8 to 1.5 Bq'm™ at 7 - 10 m depth in leads, whereas at
0.5 m the 'Be concentration was significantly higher (44 Bq'm™).

Table 5.3 Concentrations of 'Be in the water column at 8 m depth and inventories in the mixed layer. Samples are
gathered in two clusters according to 'Be inventories in areas where sea ice coverage during the 4 weeks

Table 5.2 Concentrations of "Be in the upper 10 cm of sea ice. Samples are gathered in two
clusters according to "Be concentrations (Student’s t-test, p<0.05).

Code Lat Long Date Cluster "Be (Bq:m™)
SIBe-2 82.792 33750 04 Aug 1 10 =+ 3
SIBe-3 83.505 33973 05Aug ! 33 + 3
SIBe-4 84.505 36.085 06 Aug 1 61 =+ 5
SIBe-5 83.608 60395 12 Aug 1 35 + 3
SIBe-6 82.502 60.791 15Aug 1 99 =+ 3
SIBe-7 82.502 65756 18 Aug 1 105 =+ 5
SIBe-8 82.143 86.320 20 Aug 1 33+ 2
SIBe-9 83.296 86.189 22 Aug 1 99 = 4
SIBe-10  84.563 89.764 24 Aug 2 253 + 11
SIBe-12  87.034 104972 27 Aug 1 60 =+ 2
SIBe-13  87.498 109.556 28 Aug 1 68 =+ 2
SIBe-14  88.254 150.134 31 Aug 1 126 =+ 2
SIBe-15  87.827 170.321 02 Sept 2 427 + 10
SIBe-16  84.694 -145.429  05Sept 2 282 + 3
SIBe-17  88.499 -137.611 07 Sept 1 56 =+ 2
SIBe-18  86.642 -177.545 10 Sept 2 228 + 3
SIBe-19  86.393 135.817 13 Sept 2 288 + 11
SIBe-20  84.667 102.779 16 Sept 1 68 =+ 3

preceding to sampling was >80% (cluster 1) and <40% (cluster 2).

Code Lat Long Date Clust Mixed layer  'Be (Bq-m™) "Be (Bq-m?)
er depth (m)

SWBe-28 81.236 86.288 17 Aug 1 23.4 15205 36 =12
SWBe-39 83.807 87.099 21 Aug 1 21.8 3.0+0.8 65 =18
SWBe-40 85.921 91238 23 Aug 11.9 <94 <112
SWBe-42 86.706 99.272 26 Aug 1 159 3.1+1.8 49 =28
SWBe-43 88.152 119.883 27 Aug 24.0 <9.0 <215
SWBe-51 88.211 139.410 29 Aug 26.7 <9.0 <239
SWBe-53 88.038 169.988 30 Aug 1 22.8 3206 70 = 12
SWBe-56 87.027 -146.384 01 Sept 1 17.8 5714 102 =25
SWBe-65 86.363 -139.321 04 Sept 20.8 <5.0 <104
SWBe-66 85.693 -134971 05 Sept 20.8 <53 <111
SWBe-67 84.499 -138.389 06 Sept 1 18.8 22207 41 = 14
SWBe-68 84.694 -145.429 07 Sept 1 19.8 3008 60 =17
SWBe-74 85.074 -164.550 08 Sept 1 22.8 56=1.8 127 + 40
SWBe-75 85.751 -170.803 09 Sept 1 18.8 39+1.0 74+ 19
SWBe-76 86.642 -177.545 09 Sept 1 320 2.0+0.8 46+ 18
SWBe-77 86.512 151.952 10 Sept 2 14.0 6.8+22 95+ 31
SWBe-78 86.406 140.959 12 Sept 1 22.8 5616 128 + 36
SWBe-79 86.409 127433 12 Sept 1 15.8 40=1.1 48+ 13
SWBe-81 84.667 102.779 15 Sept 1 22.8 1.9+ 1.0 4322
SWBe-82 83.834 112.719 16 Sept 15.8 <45 <71
SWBe-84 82.865 117.833 17 Sept 2 12.9 5206 66 =8
SWBe-86 81.357 120.718 18 Sept 2 17.0 6.1x12 104 = 21
SWBe-88 80.659 122221 19 Sept 2 21.8 72+13 157 27
SWBe-90 79.346 124342 20 Sept 2 13.9 8.6:£2.0 120 = 28
SWBe-91 78.356 124.529 21 Sept 2 14.0 83=+2.1 116 29
SWBe-93 77.365 123.423 22 Sept 2 15.0 9.120.6 1369
SWBe-100  76.181 122.129 23 Sept 2 17.8 77=+1.1 137 +19
SWBe-102  75.201 121.363 23 Sept 2 19.2 77+1.0 147 = 18
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Table 5.4 Concentrations of 'Be in water samples collected at Im beneath sea ice.

Code Lat Long Date "Be (Bq-m™)
WunderBe-1 81.952 34.076 02 Aug 2912
WunderBe-2 83.505 33.973 07 Aug <15
WunderBe-3 88.254 150.134 12 Aug 5312
WunderBe-4 84.505 36.085 15 Aug <27
WunderBe-6 86.642 -177.545 24 Aug 44=+1.1
WunderBe-7 82.143 86.320 28 Aug 45+1.0
WunderBe-8 86.393 135.817 31 Aug 2404
WunderBe-9 84.563 89.764 10 Aug 4709
WunderBe-10 86,393 135,817 12 Sept 48+0.7
WunderBe-11 87.034 104.972 16 Sept 55+09

Table 5.5 Concentrations of 'Be in sea-ice sediments collected during several cruises in the
Arctic Ocean: ARK XV/3 (1999), ARK XIV/1a (2001) and ARK XXII/2-IPY-SPACE (2007).

Code Lat Long Date "Be (Bq-kg™)
ARK XIV/1a -1999 (published in Masqué et al., 2007)
7 80.01 -1.53 18 Sept 1305
8 80.18 -1.02 18 Sept 41 +3
10 78.95 -7.46 22 Sept 212+6
11 79.03 -10.64 23 Sept 1342
12 78.99 -11.55 23 Sept 1542
13 79.07 -8.97 25 Sept 39+£4
16 78.92 -4.35 26 Sept 1355
20 77.46 -7.15 4 Oct 20+2
21 77.46 -6.98 4 Oct 92+6
22 75.64 -10.58 5 Oct 49 +3
23 75.44 -11.39 5 Oct 33+5
27 74.72 -13.67 7 Oct 44+ 4
ARK XV/3 - 2001
217 83.95 24.25 5 Aug 278 + 15
218 85.63 17.31 6 Aug 469 £ 27
220 84.67 5.10 8 Aug 1807 + 84
222 84.13 0.02 10 Aug 1230 + 67
228 83.79 220 16 Aug 709 + 36
270-2 84.29 28.26 27 Sept 110£9
270-3 83.87 28.26 27 Sept 20+3
270-4 83.85 27.86 27 Sept 1924 + 97
Iceberg-5 86.72 46.65 17 Sept 641 + 29
Iceberg-6 85.80 21.39 23 Sept 104+7
ARK XXII/2-IPY-SPACE - 2007
PS70/1.1 83.99 34.03 6 Aug 755 +33
PS70/1.3 83.99 34.03 6 Aug 524 +27
PS70/2.C.2 83.99 34.39 6 Aug 71+ 14
PS70/2D2 83.99 34.39 6 Aug 92+ 14
PS70/3 85.15 60.82 11 Aug 1174 + 94
PS70/4.1 83.60 60.40 12 Aug 1263 + 101
PS70/4.2 83.60 60.40 12 Aug 2441 £97
PS70/5 83.43 61.99 14 Aug 444 + 28
PS70/6 84.50 -138.39 7 Sept 7477 +265
PS70/7.1.2 84.45 -147.57 8 Sept 7245
PS70/7.2.2 84.45 -147.57 8 Sept 135+ 12
PS70/7.3.2 84.45 -147.57 8 Sept 140 + 20
PS70/8.1 84.26 108.75 17 Sept 972 + 54
PS70/8.2 84.26 108.75 17 Sept 92+9
PS70/8.3 84.26 108.75 17 Sept 580 + 31
PS70/9.2 84.22 108.92 17 Sept 514 +20




5. Interception of atmospheric fluxes by Arctic sea ice

"Be concentrations in seawater at 1 m beneath sea ice ranged from 2.4 to 5.5 Bq'm™ (Table 5.4), with

an average of 4.3 = 1.1 Bqm”. The only published concentrations of 'Be in water below ice ranged
from 1.7 to 2.2 Bq'm™ at 25 m depth [Kadko, 2000].

Concentrations of 'Be in sea-ice sediments (SIS) presented a large degree of variability, ranging from
20 to 7477 Bq'kg", with a median of 518 Bq-kg" (Table 5.5). These values encompassed a larger range
than those reported by Masqué et al. [2007] (13-212 Bq-kg"', median = 44 Bq-kg", n=12). Considering
all 'Be published data in SIS (n=32; this study and Masqué et al. [2007]), the median concentration is
138 Bq'kg'.

5.4. Discussion

5.4.1. 'Be concentrations in sea ice

Sea ice acts as a barrier between the ocean and the atmosphere [Granskog et al., 2003], and one would
therefore expect to find a significant amount of ’Be in sea ice. Indeed, the interception and
accumulation of 'Be from the atmosphere appears to be the ultimate source of this radionuclide in sea
ice inasmuch as the ice expels sea-salt together with other solutes during its formation [Weeks and
Ackley, 1986; Eicken, 1998]. This conclusion is reinforced by a correlation between "Be concentrations
and the 8'°0 values (range -9.6%o to -1.1%o) of the surficial (0 - 10 cm) sea ice (R*=0.61, regression not
shown). Although sea ice formed on the shelves can contain a small fraction of river runoff, also
characterized by low 8O values, direct deposition of precipitation on the sea ice contributes water with
light 8"*0 (Bauch et al., 1995; Eicken et al., 2002). The present results suggest that up to 36% of the
water in ice is meteoric.

The highest "Be concentrations ought to occur in the upper part of the sea ice floes, with decreases
with depth due to decay. This distribution pattern was displayed by Eicken ez al. [2002], who measured
"Be concentrations in a multiyear sea ice floe.

Concentrations of "Be in sea ice can be grouped into two significantly different clusters (Student’s t-
test, p<0.05) (Table 5.2). The first sample group, collected mainly in August, has ‘Be concentrations
ranging from 10 to 126 Bq'm™ (average 66 + 34 Bq'm™), whereas the second cluster comprises samples
mostly collected during early September, with higher concentrations ranging from 228 to 427 Bq'm™
(average 295 = 77 Bq-m™). This pattern corresponds to the development of sea ice conditions during the
summer period: from the end of July to mid-to-late August, most sea ice was snow-free and there were
widespread melt ponds. Under these conditions, "Be from melted sea ice could percolate through brine
channels towards the bottom of the sea ice and into the underlying water. Later in summer, snow
accumulated on top of the ice and melt ponds were covered by an ice layer [Schauer, 2008].

Sea ice also can contain significant amounts of particulate matter (SIS), reported to range from 5 to
56000 g-m’2 [Niirnberg et al., 1994; Eicken et al., 1995; 1997; Pfirman et al., 1995]. SIS consists mostly
of silt and clays (<63 wm), entrained during ice formation in the shallow shelves, predominantly
through the freezing process [e.g. Niirnberg et al., 1994; Pfirman et al., 1990; Dethleff, 2005]. We note
that the "Be activities in SIS (Table 5.5) cannot reflect the original ‘Be concentration in sediments at the
time of entrainment in the ice because 'Be has a short half-life, and thus the initial concentrations would
have decayed completely before the ice has arrived at the sampling locations. The large variability in
’Be is thus caused by i) the various processes that the sea ice has undergone during its drifting
(freezing/melting cycles, cryoconite formation), ii) the length of time during which sea ice is exposed to
the atmospheric flux of "Be, iii) characteristics of the sediments (i.e. granulometry) and iv) its
distribution in sea ice.
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5.4.2. "Be concentrations in surface water

"Be activity in the surface ocean is dependent on both atmospheric flux and mixed layer depth, which
varies seasonally [Kadko and Olson, 1996; Silker, 1972]. In addition, sea ice intercepts some of the 'Be
atmospheric flux (see below). In order to minimize the effect of dilution due to variable mixed layer
thickness, we determined "Be inventories in the upper water column by multiplying the measured
surface water 'Be activity by the depth of the mixed layer (Table 5.3). The mixed layer depth was
calculated as the depth at which potential density has increased by 0.125 kg m™ of the surface value
[Kara et al., 2000], varying from 12 to 32 m. Thus, the variation in Be inventory should be related to
the sea ice coverage during the weeks-months before sampling.

a)

-

Be inventory (Bqm"~)
— -+ ® —
-

em e e w e -

b)

Be inventory (Bqgm )

L RN W -
e

4 8

number weeks with sea ice coverage <50%

Figure 5.2 "Be inventory in the mixed layer of the water column as a function of the number of
preceding weeks with a) sea ice coverage <70% and b) with sea ice coverage <50%. Samples
with inventories of "Be below the detection limit are not plotted. The circles indicate samples
SWBe-74 and 78.

The 'Be inventory in the water column increases as the number of weeks with <70% ice coverage
increases (Figure 5.2 a). Maximum inventories are attained after about four weeks of exposure to direct
atmospheric inputs, reflecting a quasi-equilibrium between atmospheric inputs and decay. Similar
results are observed taking as a limit sea ice coverage of <50% (Figure 5.2 b), partly because the sea ice
underwent a rapid decline over nearly two weeks and we have no samples to record this shift. Some
degree of variability of "Be inventories was observed at those stations with ice coverage >70% during
the previous six months before sampling (e.g., SWBe-74 and 78) (Figure 5.2 a.b). Proximity of the
stations to the ice edge and the presence of leads might explain the surface water enrichment and thus
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the divergence from the main trend. However, the apparent lack of agreement between salinity and
water column "Be inventory suggests that ice melt does not contribute significantly to increasing 'Be in
the adjacent waters. In contrast, the presence of leads together with the occurrence of precipitation
events at the time of sampling can explain the water column data (Table 5.1). We conclude that the
decoupling between surface water "Be inventory and ice coverage seen at specific stations can be
explained by the presence of leads that cannot be resolved in the satellite microwave radiometry used to
estimate ice concentrations.

Water column ’Be inventories decrease when average sea-ice coverage during the preceding four
weeks increases, (Figure 5.3). The exceptions to this trend are two samples, which have 'Be
concentrations greater than 120 Bq-m™ yet were collected when ice coverage was above 80% (SWBe-
74 and 78) (Figure 5.3). Two clusters of samples can be identified with significantly different 'Be
inventories (Student’s t-test, p<0.05), taking as a limit any value between 40 and 80%: we note that the
lack of samples with ice coverage of 40 to 80% does not allow being more specific. Taking different
limits within this range leads to variations in the average inventories of less than 5%. For conditions of
extensive ice coverage (i.e. >80% in the preceding four weeks) the inventory is 58 = 20 Bq'm™ (range
32 — 102 Bgq'm™) and in areas with limited ice coverage (i.e. <40%), it is 130 = 19 Bq'm™ (range 94 —
157 Bq'm™) (Table 5.3).

Figure 5.3 "Be inventory in the mixed layer of the water column as a function of the average of sea
ice coverage during the 4 weeks preceding sample collection. Samples with inventories of "Be
below the detection limit are not plotted. The circles indicate samples SWBe-74 and 78.

The "Be concentration in water beneath ice should reflect input from melting snow and ice (Table
5.4). At the time of sampling, sea-ice temperatures exceeded -5°C and salinities were <5. Under these
conditions, water underneath might receive an extra 'Be supply from ice melt. However the 'Be
concentrations measured under the ice are in agreement with values at those locations where sea ice
coverage had been >80% during the previous four weeks (1.9 - 5.7 Bq'm™). As well, no correlation with
salinity was observed for the under-ice samples.

5.4.3. Efficiency with which sea ice intercepts the
atmospheric flux of 'Be

We can use a mass balance for 'Be to determine the efficiency of interception of the atmospheric 'Be
flux by sea ice. Figure 5.4 summarizes the inventories of 'Be in the different reservoirs. For the

atmospheric flux of "Be, we use the integrated value obtained during the cruise from July to October
2007 (1.7 £ 0.2 Bq'm™d") yielding a steady state inventory of 128 = 21 Bq'm™.
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Figure 5.4 Diagram of the "Be mass balance in the Arctic Ocean, including the atmospheric flux and the
ranges and averages (+ SD) of the inventories of 'Be for each compartment: sea ice and mixed layers of the
water column beneath the ice and ice-free water.

The 'Be inventory in sea ice is estimated as the product of the average concentration of 'Be in sea ice,
112 = 92 Bq-m’3 , and the sea ice thickness over which "Be is distributed, 0.35 cm. This latter value is
assessed from the vertical distribution model of "Be in sea ice developed by Eicken et al. [2002], which
takes into account the downward advection of 'Be deposited on the surface, decay and core depth.
Accordingly, the estimated inventory of 'Be in sea ice is 39 + 23 Bq'm™.

As noted above, the 'Be inventory in the surface water is strongly controlled by sea ice coverage, and
two clusters of stations were identified according to the average sea ice coverage during the month prior
to sampling: thus the "Be inventory in surface water is 130 = 19 Bq-m™ when sea ice coverage is <40%,
while under sea ice-covered (>80%) conditions 'Be inventory is 58 + 20 Bq-m” while the 'Be inventory
beneath sea ice ranges from 38 to 108 (70 = 26 Bq'm™).

We note that the 'Be inventory in the water column under conditions of low ice coverage, 130 = 19
Bg'm?, is in good agreement with the inventory derived from the atmospheric flux, 128 = 21 Bq'm™.
Under conditions of greater ice coverage, the "Be is distributed between the ice and water. Our results
show that the sum of the 'Be inventory in these two reservoirs is 97 = 30 Bq'm™, with the uncertainty in
relatively good agreement with that expected from the atmospheric input. Discrepancies in the balance,
especially when considering the ranges of inventories in the ice and water under the ice can be
attributed to 1) the way the inventories were calculated (i.e. using an average depth of distribution of
"Be in the ice and the mixed layer thickness in water below the ice) or 2) the possibility of decay of 'Be
in water beneath the ice and this somewhat isolated from the atmospheric input. Nevertheless, these
inventories provide a means of assessing the efficiency with which sea ice in intercepts the atmospheric
flux of 'Be. The inventory in the ice (39 = 23 Bq:m™) divided by the atmospheric-derived inventory (or,
equivalently, the inventory in surface water when the sea ice coverage is small) (128 = 21 Bq'm™)
yields a value of 30 + 18% for studied period. This result suggests that sea ice can accumulates a
significant fraction of the total atmospheric deposition of 'Be in the Arctic Ocean. Such inputs to the ice
are then subject to transport and ultimate release when melting occurs, largely in the Fram Strait and to
a lesser extent in the central Arctic Ocean. In a previous study, Masqué et al. [2007] also referred to the
role of sea ice intercepting atmospheric fluxes. They showed that the atmospheric fluxes of *°Pb and
’Be to sea ice are effectively imprinted on sea-ice sediments (SIS) through scavenging, and thus the
"Be/*'’Pb activity ratio in SIS can be used to estimate the transit time of the sea ice, assuming that this
ratio is dominated by the supply of both radionuclides to the ice from the atmosphere. Here, we provide
for the first time an estimate of the efficiency of the interception of atmospheric fluxes by sea ice,
supporting the idea that sea ice is a relevant temporal boundary between the ocean and the atmosphere.

We can use our data to calculate the contribution of sea-ice melting to the 'Be flux in the Fram Strait.
The mean annual area of ice fluxing through the Fram Strait has been estimated to be 0.86-10°km™y™
[Smedsrud et al., 2011] and a "Be inventory of 39 = 23 Bq'm”in the sea ice gives a ‘Be flux of 34 = 28
TBq-y'. Taking an ablation area of ~0.5:10° km® in the Greenland Sea [Eicken et al., 2000], the
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dissolved "Be flux to the water column due to sea-ice melting equals 67 = 55 Bq'm™y™. This value is
approximately 50% of the direct 'Be atmospheric flux to the area (113 — 131 Bq-m™y'; Dibb, [1990]),
suggesting that ice transport and melting can significantly elevate the flux of atmospherically
transported chemical species to ice ablation areas.

5.4.4. Load and flux of sediments through the Fram Strait

Sea ice contains 'Be derived from the interception of its atmospheric flux. If particulate matter is
present in the ice, atmospherically supplied "Be can be scavenged onto it via melt-refreeze cycles as the
ice moves. Assuming that SIS scavenge all the "Be supplied to the ice from the atmosphere, a rough
estimate of the SIS load in sea ice can be made by dividing the 'Be inventory in sea ice (39 = 23 Bq'm™)
by the "Be activity in SIS (range 20 - 7477 and median 138 Bq-kg™"). We use the median "Be activity in
SIS, rather than the mean, because the values are not distributed normally. An upper estimate of the SIS
load thus is 284 g'm™ (range 5 — 1960 g'm™), consistent with previous estimates based on individual
measurements in sea ice cores that obtained SIS loads ranging from 8 to 800 g-m™[e.g. Barnes et al.,
1982; Eicken et al., 1997; Niirnberg et al., 1994].

The SIS load estimated from the "Be data, coupled with the mean annual ice area efflux through the
Fram Strait (0.86-10° kmz-y", Smedsrud et al., 2011), can be used to estimate the sediment flux to the
Fram Strait associated with ice melting. In doing so, we acknowledge the uncertainties derived from the
large degree of variability of 'Be activities in SIS and its inventories in sea ice, and thus this becomes a
rough estimate. The annual export of sediments would be 240 (4.5 - 1700)-10° tons, which is
comparable to the range of 7 - 150-10° tons per year reported by Larssen et al. [1987] and Wollenburg
[1993], although FEicken et al. [2000] and Dethleff [2005] suggested that a more realistic figure would
be in the order of 250-10° tons. As a reference, the discharge of sediment load from Arctic rivers is of
about 115-10° tons per year [AMAP, 1998].

The annual sediment flux from sea ice to the surface waters of the Fram Strait, considering the
melting area of 0.5-10° km’ in the Greenland Sea, would be of 489 (9-3371) g'm™y™. This flux
compares well with sediment fluxes measured using sediments traps deployed in the eastern part of the
Fram Strait between 1987 and 1990, which showed fluxes ranging from 122 to 231 g'm™y", with
maximum values of 1300 mg:m™d" [Hebbeln, 2000]. Ramseier et al. [1999] and Hebbeln and Wefer
[1991] noted that the variability in sediment flux is directly related to the sea ice distribution, with
increases in sedimentation rates being linked to the intensity of the melting of sea ice and release of the
sediments. Other measurements using sediment traps across the Fram Strait yielded lower fluxes:
Bauerfeind et al. [2009] measured fluxes varying from 13 to 32 g'm™y" in the eastern side of Fram
Strait (79°02 N, 4°20 E) during the period 2000 - 2005, with a maximum flux about 500 mg-m>d"
during May and April. Our results based on 'Be suggest that present-day sedimentation in the Fram
Strait can be significantly influenced by sea-ice transport and release of particulate matter originating in
the continental shelves.

5.5. Conclusions

This study has shown that sea ice in the Arctic Ocean intercepts and accumulates 30 = 18% of the
atmospheric flux of 'Be for the studied period and that 67 = 55 Bgq'm” of 'Be would be annually
released in the Fram Strait due to ice melting. The transport and release of 'Be in the Fram Strait
augments the direct atmospheric deposition there by ~50%, suggesting that sea ice is an important
source of "Be to ablation areas. Our data also provide a first-order assessment of the sediment load in
sea ice (284 g'm”) and sediment flux in the Fram Strait (489 g'm™y™). The results suggest that sea ice
is an effective accumulation agent of atmospheric fluxes and can be an important factor in
sedimentation rates in ice ablation areas. In the same way that sea ice accumulates and stores "Be, it can
also intercept other atmospherically transported species. Iron is of especial interest in this regard
because it is an important micronutrient: similarly, contaminants that bioaccumulate, such as PCBs, can
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be atmospherically transported by sea ice. As with "Be, which is released into surface waters during
melting, these other species can also be released and their concentration in surface waters can thus
increase over short time periods encompassing ice melt. For Fe and N, at least, such releases can help
trigger blooms and modify biogeochemical cycling [Melnikov, 1991]. However, changes in the timing
over which sea ice melts in ablation areas may produce nutrient releases that are decoupled from
biological blooms, and this decoupling may have consequences in the whole Arctic ecosystem.
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Chapter 6.

Scavenging from seawater or atmospheric fluxes
as mechanisms of radionuclide enrichment in
sea-ice sediments

6.1. Introduction

Sea ice contains chemical species both dissolved or associated to sea-ice sediments (SIS). In fact, recent
studies have pointed out that sea ice and SIS are enriched respect to surface waters in some chemical
species, such as trace metals, nutrients or radionuclides [e.g. Meese et al., 1997; Measures et al. 1999,
Grankrog 2003; Masqué et al., 2007, Tovar-Sanchez et al., 2010]. These SIS and chemical species
transported by sea ice are eventually discharged onto the surface water during sea ice melting, linking
the final fate of sea ice to them. Discharge process takes place in relatively short-time scales, releasing a
massive particle and chemical species flux onto surface water. The current accelerated shifts that Arctic
Ocean is undergoing, in particular changes related to the declining of sea ice extent, later freezing-up, or
the alterations in the melting patterns [e.g. Nghiem et al., 2007; Comiso, 2008; Kwok et al., 2009],
might entail thoughtful consequences which include the detachment between light and nutrient
availability for microorganisms, the increase of toxic chemical species that could inhibit production, the
fostering or inhibiting production of minority communities, impact in the biogeochemical cycles in the
water column [e.g. Arrigo et al., 2008; Melnikov, 1991; Aguilar-Islas et al., 2008; Tovar-Sanchez et al.,
2010]. Consequently, improving the knowledge about the mechanisms through which chemical species
are enriched in sea ice and SIS is required.

During sea ice formation, only between 15 and 30% of seawater salts remain in sea ice due to
segregation process [Ackley and Weeks, 1986]. The amount of particle matter that is incorporated varies
according to the conditions and location in which sea ice is formed. For instance, the suspension
freezing process predominates in the continental shelves (Chapter 2) [e.g. Kempema et al., 1989;
Reimnitz et al., 1992]. During ageing and drifting, sea ice undergoes different physical (atmospheric
interception, melting, flushing), chemical (precipitation) and biological (algaec bloom) processes that
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might contribute to enhance the amount of chemical species, such as trace metals and radionuclides,
contained both in sea ice and SIS [Grankrog, 2004]. In fact, the interception of atmospheric fluxes has
been identified as a relevant source of chemical species to sea ice [Grankrog, 2003; Masqué et al.,
2007; Tovar-Sanchez et al., 2010; Camara-Mor et al, 2011]. For example, Camara-Mor et al. [2011 in
Chapter 5] estimated that about 30% of the atmospheric flux of "Be is intercepted and accumulated into
sea ice While the main source of dissolved radionuclide concentrations into sea ice is relatively well
known, it is not clear which the main process that explain the radionuclide enrichment in SIS. These
mechanisms can be direct uptake in the geographical areas of origin of sea ice, atmospheric deposition
onto sea ice or scavenging from dissolved sea ice and/or surface seawater. Cooper et al. [1998] and
Camara-Mor et al. [2010] stated that bottom sediments from the areas where SIS are entrained in sea
ice are the main sources of 'Cs and ****Pu activity in SIS; Masqué et al. [2007] suggested that
scavenging from atmospheric deposition on sea ice could be considered as the most significant source
of "Be and *'°Pb in SIS. However, Baskaran [2005] stated that surface seawater is likely the major
source of >'*Pb measured in SIS.

The aim of this chapter is to assess the relative significance of the mechanisms that are potentially
responsible for the enrichment of several radionuclides in SIS. These radionuclides are either of natural
or artificial origin, and are instrumental as tracers of a variety of processes in the Arctic:

i) "Be (Ty= 53 d), a natural radionuclide that is formed in the upper part of the atmosphere. Its
presence in the surface of the Earth (continent or ocean) is almost exclusively driven by the
atmospheric deposition [Brown et al., 1989].

i) *1%pp (Ty= 22.3 y), a natural radionuclide that is formed from *6Ra decay. Its presence in the
atmosphere is regulated by the ingrowth from **Rn exhaled from soil and lithogenic dust. Its
distribution in the ocean is governed by atmospheric deposition and by in situ *6Ra decay in the
water column [e.g. Broecker et al., 1967, Moore et al., 1974; Turekian et al., 1977; Cochran,
1992].

iii) 4Th (T,=24.1 d), a natural radionuclide that is continuously produced throughout the oceans
from the decay of 80U at almost a uniform rate. In general, "*Th is in secular equilibrium with
38U in the water column, excluding sites of high particle flux such as productive surface waters,
where a deficit in respect to ~*U can exist [Rutgers van der Loeff and Geibert, 2008].

iv) Artificial radionuclides, such as B (T=30.1 y) and Pu isotopes (mPu, T,=24110y and #0py,
Ty= 6560 y). They were introduced in the Earth in the earliest 50s-60s, albeit nowadays their
atmospheric deposition is negligible [UNSCEAR, 2000, AMAP, 1998]. In the Arctic Ocean,
other sources have been also significant: the Chernobyl accident had a large impact, particularly
of 137Cs; nuclear wastes from reprocessing facilities also contributed to the overall inventories of
"7Cs and Pu, including discharges from Sellafield (UK) and, to a lesser extent, from La Hague
(France) [Holm, 1994; Aarkrog, 2003]. Also, the terrestrial run-off from the Ob and Yenisey
rivers that has received radionuclides from weapons testing at Semipalatinsk and discharges
from nuclear facilities located near or on the rivers (Tomsk-7 and Mayak) [e.g. JRNEG, 1994,
1996, Oughton et al. 1999; Smith et al., 1995].

6.2. Results

The concentrations of 7Be, 210PbXs (mexs = Zlonmml — 226Ra), ¥7Cs and *°***Pu as well as the
#0py/*Pu atom ratios in SIS samples collected from the Nansen and Makarov Basins, the central
Arctic Basin and the Fram Strait are given in Table 6.1.

SIS samples obtained in 2007 were measured by gamma spectrometry after collection and four years
after sampling to determine the excess of 24Th relative to >*U (234Thxs= By 234Th). Concentrations of
U were also determined by alpha spectrometry in a selection of the samples to confirm the gamma
measurements, obtaining a good agreement between the two methods. ¥ concentrations ranged from
16 to 69 Bq-kg‘l, and “*Th,, was not detected in any sample.
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Table 6.1 Activities of "Be, "*’Cs, *'°Pb, ****°Pu (Bq-kg") and **’Pu/**’Pu atom ratios in sea ice sediments collected during several
oceanographic expeditions in the Arctic Ocean: ARK XIV/la (1998), ARK XVII/2 (2001), ARK XVIII/1 (2002), ARK XVIX/4
(2003) and ARK XXII (2007). n.m.: not measured. "*’Cs and *****°Pu data published by Cdmara-Mor et al., [2010]; 'Be data from
ARK XII/2 published by Cdmara-Mor et al., [2011]; "Be, >'’Pb, *’Cs and *****°Pu data from cruise XV/3 published by Masqué et al.,
[2003; 2007]).

7Be 137CS ZWPhxs 239.240P“

Code Lat. Long. Date (Bq-ke™) (Bqke") (Bqke) (Bqkg") Hopyu/ P pu
ARK XIV/1a- 1998 (Central Arctic Ocean)
5 86.658 7.690 8-Jul n.m. 13.3+0.7 228+10 0.26:+0.02 0.20+0.04
8 88.073 -89.887 10-Jul n.m. 9.9+0.5 104+8 0.06+0.03 0.19+0.18
11 87.572 -115.094 12-Jul n.m. 13.2+0.9 144+6 0.14+0.01 0.19+0.02
12 87.578 -116.606 12-Jul n.m. 15.4+0.9 110+4 0.18+0.01 0.19+0.02
14 87.520 -118.825 12-Jul n.m. 14.3+£0.8 117+5 0.09+0.02 0.19+0.09
15 86.992 -143.379 13-Jul n.m. 8.3+0.7 229+8 0.1040.01 0.17+0.04
17 86.457 -147.240 13-Jul n.m. 8.0+0.9 1202+58 0.30+0.03 0.19+0.04
18 86.373 -148.478 14-Jul n.m. n.m. 304+14 0.11+0.01 0.18+0.02
23 85.673 -176.937 18-Jul n.m n.m. 31515 0.03+0.01 0.19+0.13
25 85.653 -177.862 18-Jul n.m. n.m. 2642 0.16+0.05 0.17+0.11
27 83.560 144.983 21-Jul n.m. n.m. 180+10 0.08+0.01 0.18+0.06
29 81.473 145.065 23-Jul n.m. n.m. 288+19 0.17+0.01 0.17+0.02
ARK XV/3- 1999 (Fram Strait)
6 79.921 -1.980 18-Sep 131+5 17.8+0.7 394+19 0.844+0.003 0.138+0.002
7 80.015 -1.537 18-Sep 4143 15.0+0.5 303+13 0.484+0.006 0.185+0.005
8 80.183 -1.022 18-Sep n.m. n.m. 134+5 0.580+0.007 0.187+0.005
9 79.038 -5.733 20-Sep 212+6 15.2+0.7 414+£25 0.862+0.005 0.189+0.002
10 78.947 -7.458 22-Sep 13£2 10.0+0.5 350+17 0.469+0.008 0.177+0.007
11 79.024 -10.644 23-Sep 1542 14.2+0.5 86+4 0.140+0.008 0.183+0.025
12 78.995 -11.547 23-Sep 39+4 15.3+0.5 125+8 0.604+0.010 0.189+0.007
13 79.072 -8.969 25-Sep n.m. n.m. 248+12 0.487+0.007 0.190+0.006
15 78.922 -4.324 26-Sep 135+5 13.5+0.5 337+18 0.612+0.004 0.183+0.003
16 78.915 -4.346 26-Sep 20+6 2.2+0.3 62+3 0.472+0.032 0.190+0.031
20 77.462 -7.151 4-Oct 9243 16.0+0.7 44+6 0.114+0.005 0.183+0.018
21 77.460 -6.984 4-Oct 4945 15.2+0.5 144+5 0.543+0.009 0.185+0.007
22 75.643 -10.576 5-Oct 33+4 13.5+0.7 131£5 0.487+0.007 0.171+0.006
23 75.443 -11.392 5-Oct n.m. 12.5+0.5 83+6 0.318+0.007 0.176+0.009
24 75.336 -11.511 5-Oct n.m. n.m. 47+6 0.315+0.007 0.190+0.009
26 74.759 -13.676 7-Oct 44+4 17.3+0.7 116+8 0.617+0.032 0.180+0.023
27 74.720 -13.667 7-Oct n.m. n.m. 118+5 0.521+0.006 0.178+0.005
28 74.675 -13.878 7-Oct n.m. n.m. 307+12 0.469+0.033 0.180+0.031
ARK XVII/2- 2001 (Nansen Basin)
217 83.950 24.250 5-Aug 278£15 3.7+0.3 669+32 0.136+0.007 0.18+0.02
218 85.633 17.313 6-Aug 469+27 4.1+0.4 783435 0.083+0.010 0.19+0.05
220 84.667 5.100 8-Aug 1807+84 14.4+1.0 62584255 0.974+0.04 0.184+0.016
222 84.133 0.017 10-Aug 1230+67 25.2+1.6 4571184 1.22+0.02 0.186+0.008
2237 83.636 -2.975 11-Aug n.m. 11.9+0.7 1619 0.474+0.011 0.189+0.009
228 83.791 -2.199 16-Aug 709+36 4.2+0.4 359+17 0.21+0.01 0.118+0.019
270-2 84.289 28.258 27-Sep 110+9 14.2+0.8 337+17 0.5440.08 0.17+0.05
270-3 83.873 28.258 27-Sep 2043 4.3+0.3 56+4 0.246+0.005 0.179+0.008
270-4 83.853 27.855 27-Sep 1924+97 13.8+1.4 2853+104 0.94+0.05 0.20+0.02
Icebergl 85.050 11.040 21-Aug n.m. n.m. 190+9 0.67+0.03 0.18+0.02
Iceberg?2 86.333 37.767 29-Aug bdl 1.8+0.2 4743 0.021+0.002 0.18+0.04
IcebergS 86.720 46.653 17-Sep 641+28 4001+78 7126+284 31.9+0.8 0.165+0.009
Iceberg6 85.800 21.390 23-Sep 104+7 4.2+0.3 98+7 0.205+0.008 0.25+0.02
ARK XVIII/1-2002 (Fram Strait)
01-1 75.123 -16.528 30-Jul n.m. n.m 3742 0.044+0.004 n.m
02-1 75.009 -13.641 30-Jul n.m. 10.1+0.4 103+6 0.24+0.009 0.189+0.017
03-1 79.200 2.672 8-Aug n.m. 6.0+0.7 n.m. 0.223+0.017 0.19+0.03
05-2 78.967 0.655 12-Aug n.m. 6.4+0.5 148+7 0.71+0.05 0.210+0.024
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Table 6.1 (cont.)

7Be 137CS 21()1:.b"s 239.2401)“

Code Lat. Long. Date (Bq-ke™) (Bq-ke™) (Bqkg) (Bq-ke) Hopyu/ P pu
06-2 78.782 -2.002 13-Aug n.m. 3.5£0.2 474+19 0.70+0.03 0.217+0.010
07-1 78.943 -4.600 14-Aug n.m. 7.74£0.3 161£8 0.086+0.005 n.m
08-1 78.756 -7.113 14-Aug n.m. 480.6+2.3 705+23 7.69+0.3 0.166+0.007
08-3 78.756 -7.113 14-Aug n.m. 651.7£3.3 751£28 9.5+0.4 0.187+0.007
10-1 78.844 -17.657 15-Aug n.m. 136.3+£0.5 510+18 2.52+0.10 0.155+0.009
ARK XIX/4-2003 (Fram Strait)
01-1B 76.127 -18.602 13-Aug n.m. n.m. 28+2 n.m. n.m.
01-2A 76.114 -18.509 13-Aug n.m. n.m 106+ 8 n.m n.m
02-2 76.380 -4.654 15-Aug n.m. 3.9+0.7 326+ 19 0.144+0.008 0.187+0.017
03-1 76.918 -6.529 16-Aug n.m. n.m. 1295 + 40 n.m. n.m.
04-1 76.750 -5.480 16-Aug n.m. 5.4+0.8 358+ 14 0.262+0.017 0.19+0.02
04-2 76.747 -5.459 16-Aug n.m. 4.2+0.4 1537 0.254+0.012 0.193+0.013
05-1 77.150 -1.172 20-Aug n.m. 5.6+£0.3 133+£7 0.144+0.011 0.17+0.02
06-1 77.150 -1.201 20-Aug n.m. 5.6+0.3 173 +£8 0.186+0.015 n.m
07-1 75.586 -8.048 25-Aug n.m. 4.5+0.6 89+4 0.124+0.010 0.16+0.03
08-1 75.058 -18.764 26-Aug n.m. n.m. 11+£6 n.m. n.m.
08-2 75.100 -17.864 26-Aug n.m. n.m. 24 +£2 n.m. n.m.
09-1 74.976 -19.979 29-Aug n.m. n.m. 65+7 n.m. n.m.
09-2A 75.013 -20.101 29-Aug n.m. 22.4+0.2 141+6 0.141+0.012 n.m
11-3 76.216 -8.999 5-Sep n.m. 126.2+8. 491+ 17 2.9240.13 0.143+0.009
Table 6.1 (cont.)

7Be 137CS 21()1:.b"s 239.2401)“
Code Lat. Long. Date (Bq-kg") (Bq-kg") (Bq-kg") (Bq~kg") 20p, 2¥py
12-1 75.704 -19.602 6-Sep n.m. 23.1+0.2 31+6 n.m n.m
12-2 75.622 -19.735 6-Sep n.m 8.7x1.5 49+3 n.m n.m
12-3 75.261 -20.905 6-Sep n.m. n.m. 49+7 n.m. n.m.
13-1 74.138 -21.430 8-Sep n.m. n.m. 75+£7 n.m. n.m.
13-2 74.170 -22.326 8-Sep n.m. n.m. 12+6 n.m. n.m.
14-1 73.400 -24.257 14-Sep n.m. n.m. 17+6 n.m. n.m.
14-2A 73.357 -23.818 14-Sep n.m. n.m. 20+ 6 n.m. n.m.
ARK XXII/2- 2007 (Along Tanspolar Drift)
1.1 83.994 34.026 6-Aug 755 £33 31.8+1.3 4637 + 140 n.m n.m
1.3 83.994 34.026 6-Aug 524 +£27 29.9+2.8 1747 £ 110 0.78+0.03 0.157+0.006
2.C2 83.993 34.385 6-Aug 71+£14 29.6+0.9 269+9 0.68+0.02 0.177+0.007
2D.2 83.993 34.385 6-Aug 92+ 14 19.2+0.5 243+9 0.66+0.02 n.m.
4.1 83.604 60.399 12-Aug 1174 £ 94 4.8+1.0 2366 =95 0.210+0.018 0.21+0.03
4.2 83.604 60.399 12-Aug 1263 + 101 9.7£1.4 6590 + 243 0.210+0.011 0.188+0.014
5 83.425 61.986 14-Aug 2441 +97 4.5£1.0 274 +£26 n.m 0.180+0.018
3 85.145 60.815 11-Aug 444 +28 11.2+1.9 428 £17 n.m n.m
6 84.499 -138.389 7-Sep 7477 £ 265 15.1+6.0 548 +£29 n.m n.m
7.1.2 84.450 -147.572 8-Sep 72+5 2.540.3 1447 0.229+0.014 0.22+0.02
722 84.450 -147.572 8-Sep 135+ 12 5.240.7 219+9 0.246+0.017 n.m
73.2 84.450 -147.572 8-Sep 140 +£20 2.7+0.9 227+ 14 0.226+0.018 0.20+0.03
8.1 84.261 108.746 17-Sep 972 + 54 16.6+3.8 203+9 n.m n.m
9.12 84.215 108.916 17-Sep 92+9 8.1+£0.9 153+£7 n.m n.m

Results in SIS samples showed a large variability of concentrations for all radionuclides except for
Th,,. Since concentrations do not follow normal distributions, we calculated the median concentration
for all radionuclides.

234,

Measured "Be activities in SIS varied from 20 to 7477 Bq'kg1 (n=25), albeit only 20% of the samples
presented activities higher than 1230 Bq-kg'l. The median concentration of 'Be was137 Bq-kg1 (Figure
6.1a).
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6. Mechanisms of radionuclide enrichment in SIS

The *'°Pb,, activities ranged from 20 to 7125 Bq-kg'l (n=69). The median *'Pb concentration in SIS
was180 Bq-kg1 (Figure 6.1b). The highest concentrations were of the same order of magnitude than
those measured in the Arctic Ocean by Baskaran [2005], who reported *!%Pb activities ranging from 123
to 2916 Bq'kg™" (n=10).

a) b)

Figure 6.1 Box chart of concentrations of "Be (a), >'’Pb (b), *****’Pu (c), '*’Cs (d) and the **’Pu/**Pu atom ratio (e) in SIS
in the Arctic Ocean.

The ****Pu activities varied from 0.018 to 31.8 Bq-kg‘l, with a median value of 0.29 Bq-kg'l. Most
of the samples (88%) had #02%py activities <1 Bq-kg'1 (Figure 6.1c). Previous studies [Landa et al.,
1998; Cooper et al., 1998; Masqué et al., 2007] obtained similar results, ranging from 0.09 to 1.84
Bq-kg'l. The ***Pu/*’Pu atom ratios ranged from 0.112 to 0.224 (Figure 6.1d). Although most of the
published ***Pu/*’Pu atom ratios are comparable to the global fallout value of 0.183 + 0.009 [Krey et
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al., 1976], other studies [e.g. Landa et al. 1998, Cooper et al., 1998] also measured lower #0py/Ppy
atom ratios in some samples. The median of the *pu/*’Pu atom ratios was 0.183. This value is
consistent with the global fallout value, reflecting that 46% of all analysed samples contain Pu
exclusively derived from global fallout.

The "Cs activities also presented a large variability, ranging from <3.5 to 410’ Bq~kg'1, with a
median of 12.2 Bq-kg'1 (Figure 6.1¢). Most B7Cs activities are comparable to previous published data in
SIS from the Arctic [Landa et al., 1998; Cooper et al., 1998; Baskaran, 2005; Masqué et al., 2007], and
the highest P activity is of the same order of magnitude than the greatest activity reported by Cota et
al. [2008] (2528 Bq-kg™).

6.3. Discussion

Radionuclides can be present in sea ice via incorporation during ice formation or from atmospheric
deposition. Sea ice excludes salts together with other impurities during its formation and growth due to
segregation process [Weeks and Ackley, 1986]. For that reason, sea ice is less salty than seawater.
Indeed, salinity values measured in full sea ice cores collected during the expedition ARK XXII/2 in
2007 were one order the magnitude lower than surface seawater, ranging from 0 to 4.4. Assuming that
radionuclides have the same geochemical behavior as salts (REF), only 15 - 30% of the total amount of
radionuclides in sea water would be retained in newly grown sea ice on account of solute segregation:
the ice crystal lattice restricts the accommodation of sea ice ions or ions molecules in the voids or the
structure itself due to the constraints in size and electric charge imposed on these ions. The major ions
present in seawater, such as Na', K, Ca2+, Mg 2+, CI, SO42‘, CO32', are not incorporated into the ice
crystal lattice and therefore, are rejected [Eicken, 2003]. For 7Cs, that does not have an atmospheric
component, we were not able to determine the concentrations but only maximum detectable activities,
which ranged from 0.37 to 0.98, with an median of 0.57 Bq~m‘3 (MDA) (Table 6.2). These
concentrations would correspond to, at most, 30% of the average concentration of ¥7Cs in seawater (2.0
+0.3 Bq-m'3, Table 6.3). This is in agreement with the assumption stated above about incorporation of
radionuclides in sea ice from seawater during formation.

Table 6.2 Minimum detectable activities (MDA) of *’Cs (Bq'm™) and concentration of *'°Pb (Bq:m™) in the
upper 10 cm of sea ice samples collected along the Transpolar Drift (ARK XXI1I/2, 2007). n.m.: not measured.

Sample code Lat. Long. Date 3Cs 210py,
SI 1 81.952 34.076 02-Aug <0.60 87 x5
SI-2 82.792 33.750 04-Aug <0.58 n.m.
SI 3 83.505 33.973 05-Aug <0.98 n.m.
SI 4 84.505 36.085 06-Aug <0.56 n.m.
SI 5 83.608 60.395 12-Aug <0.71 37x2
SI 6 82.502 60.791 15-Aug <0.63 311
SI 7 82.502 65.756 18-Aug <0.53 n.m.
SI 8 82.143 86.320 20-Aug <0.57 42«3
SI 9 83.296 86.189 22-Aug <0.52 n.m.
SI-10 84.563 89.764 24-Aug n.m. 753
SI 11 85.565 90.439 25-Aug <0.76 n.m.
SI 12 87.034 104.972 27-Aug <0.57 753
SI 13 87.498 109.556 28-Aug <0.59 623
SI 14 88.254 150.134 31-Aug <0.52 54x3
SI 15 87.827 170.321 02-Sep <0.40 n.m.
SI 16 84.694 -145.429 05-Sep <0.59 n.m.
SI 17 88.499 -137.611 07-Sep <0.57 n.m.
SI 18 86.642 -177.545 10-Sep <0.37 67 x4
SI 19 86.393 135.817 13-Sep <0.38 713
SI 20 84.667 102.779 16-Sep <0.40 83 x4

72



6. Mechanisms of radionuclide enrichment in SIS

Table 6.3 Concentrations of '*’Cs and *****°Pu and ***Pu/**’Pu atom ratios in surface seawater (upper 7 m) collected along
the Transpolar Drift (ARK XXI1/2, 2007). n.m.: not measured.

S?;:g:e Lat Long Date ¥Cs (Bq'm™) (1:::11:!3) “Pu/TPu
SW236 77.504 33.975 31-Jul 2.03+£0.16 4.39+0.13 0.185+0.005
SW260 84.493 36.089 09-Aug 2.02+0.16 5.38+0.13 0.191 £ 0.003
SW271 82.502 60.791 15-Aug 1.76 £ 0.08 n.m. n.m.
SW273 82.086 68.950 16-Aug 1.60 +£0.13 5.82+0.13 0.189 +0.003
SW276 82.085 68.952 17-Aug 1.83+0.14 5.11+0.13 0.183 £ 0.004
SW279 81.236 86.288 19-Aug 2.13+£0.16 3.33+0.13 0.186 + 0.006
SW310 87.671 111.693 29-Aug 242 +0.15 2.75+0.11 0.174 £ 0.006
SW328 87.827 170.321 02-Sep 240+0.15 2.15+0.11 0.188 £ 0.006
SW342 84.499 -138.389 07-Sep 142 +£0.11 1.20+0.07 0.199 + 0.009
SW400 77.365 123.423 22-Sep 1.90+£0.13 3.12+0.11 0.191 + 0.006
SW4l1 75.201 121.363 22-Sep 240+0.15 1.99+0.07 0.186 +0.005

For radionuclides with an atmospheric input to the sea surface (or sea ice), it would be expected to
observe greater activities in sea ice than those predicted from incorporation during sea ice formation.
For *'°Pb, the average concentration in surface seawater during the expedition ARK XXII/2 in 2007 was
0.81 = 0.22 Bq-m'3 [Roca et al., 2012]. Even through a 100% incorporation of b from surface
seawater took place, this source would represent a small fraction of the ?19pp activities measured in full
sea ice cores: 1.02 to 12.6 Bq~m'3 (average: 5.1 = 3.4 Bq-m‘3, Table 6.4), and even higher lower
proportion compared with the b concentration in the upper 10 cm of sea ice (31 - 87 Bq-m‘3, Table
6.2). Furthermore, *'’Pb sea ice profiles presented larger concentrations in the upper cm corresponding
with low salinity values and d'"®0 too. These *'°Pb concentrations in the upper cm and concentration
profiles in full sea ice core are of the same order as those reported by Masqué et al. (2007).
Concentrations of *'’Pb in melt-ponds were comparable to those the upper 10 cm of sea ice (Table 6.2),
besides salinity values were also lower than surface seawater, ranging from 4 to 6. These results
confirm that atmospheric deposition is the most likely source of the major fraction of %P to sea ice.

Table 6.4 Concentrations of *'°Pb in sea ice cores collected along the Transpolar Drift (ARK
XXI11/2, 2007).

210Pb

Code Lat Long Date (Bq-m'J)
Core 1 81,952 34,076 03-Aug 1.2+0.1
Core 2 83,505 33,973 06-Aug 1.3+0.1
Core 3 84,505 36,085 07-Aug 1.0 0.1
Core 5 82,502 60,791 16-Aug 3503
Core 6 82,143 86,320 21-Aug 29=+0.2
Core 7 84,563 89,764 25-Aug 4.8 0.2
Core 8 87,034 104,972 29-Aug 6.5+0.2
Core 9 88,254 150,134 01-Sep 8.0x0.2
Core 11 84,694  -145,429 06-Sep 6.9 0.6
Core 12 86,642  -177,545 11-Sep 7.1x04
Core 13 86,393 135,817 14-Sep 12.6 +0.6
Core 14 84,667 102,779 17-Sep 48=+0.2

Regarding "Be and **Th,,, and due to their short half-lives, any activity of both isotopes incorporated
during sea ice formation in the continental shelves would have decayed completely at the time of
sampling in the central Arctic Ocean or in the Fram Strait. Even though bottom layers of sea ice
(lamellae structure interface see chapter 1.2.1) could contain both radionuclides, 'Be and **Th, due to
newly sea ice grows from bottom freezing of sea water. It is noteworthy that in the case of "Be with an
atmospheric input surface sea ice exhibits relatively large "Be activities (10 - 427 Bq~m‘3) in comparison
with surface seawater (1.5 - 9.1 Bq-m'3) (Chapter 5). Indeed, Eicken et al. [2002] argued that "Be in sea
ice is derived from direct atmospheric deposition onto the sea ice, showing that the concentrations
decrease exponentially with depth, the penetration depth depending on flushing/freezing period. This
conclusion is reinforced by the correlation between 'Be concentrations and d'*0 (R*= 0.62), as a signal
of direct deposition of precipitation onto sea ice (Chapter 5). Furthermore, "Be concentration in sea ice
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implies that sea ice acts a barrier between atmosphere and ocean, accumulating chemical atmospheric
fluxes. This is corroborated with the fact that 'Be inventory in the water column is regulated by ice
coverage (Figure 5.2a, Chapter 5).

Table 6.5 Concentrations of *'°Pb in melt ponds sampled along the Transpolar Drift (ARK
XX11/2, 2007).

ZlOPb

Code Lat Long Date Bq'm*)
melting_1 81,952 34,076 03-Aug 158 0.7
melting_2 83,505 33,973 08-Aug 37.6 = 1.5
melting 3 84,505 36,085 13-Aug 235=+1.1
melting_4 83,608 60,395 16-Aug 11.8+0.6
melting_5 82,502 60,791 25-Aug 37109
melting_6 82,143 86,320 28-Aug 125+0.3
melting_7 84,563 89,764 01-Sept 23.1+0.6
melting_8 87,034 104,972 03-Sept 63.7+13
melting 9 88,254 150,134 06-Sept 86.6 2.2
melting_10 88,499 -137,611 08-Sept 72.1+1.8

Radionuclide concentration in SIS can be accounted partially by the geographical origin of the SIS
(e.g. artificial radionuclides) [Cooper et al., 1998; Landa et al., 1998; Camara-Mor et al., 2010].
Several processes and mechanisms could modify this initial concentration of radionuclides in SIS
during sea ice formation and sea ice drifting [e.g. Pfirman et al., 1995; Cooper et al., 1998; Masqué et
al., 2003, 2007; Baskaran, 2005]. The potential sources of radionuclides are the entrained concentration
in sea ice during its formation, surface seawater and atmospheric deposition.

Baskaran [2005] suggested that the enrichment of radionuclides in SIS is largely driven by direct
scavenging from surface seawater, on the basis of high activities of *'’Pb in 10 SIS samples (up to
~2900 Bq'kg'l). This mechanism implies that each gram of SIS has to scavenge *'%Pb from a determined
amount of seawater, which contains dissolved *'°Pb, for a prolonged period of time to allow the
equilibrium between dissolved *'°Pb and the fraction attached to SIS. This scavenging was suggested to
occur while SIS are at the ice/water interface, or as a consequence of movement of SIS caused by
collisions or melting or even as a result of submerging of SIS within sea ice due to solar melting that
place them where seawater may pass through. Masqué et al. [2007] argued that atmospheric deposition
in sea ice is the main source of *'’Pb measured in sea ice, being several orders of magnitude higher than
surrounding surface seawater. Therefore, scavenging of *'°Pb deposited onto sea ice by SIS can explain
the activities in SIS.

If this mechanism was predominant for the enrichment of 210PbXS in SIS, the 21OPbXs in SIS would be
generated by the scavenging a certain amount of surface seawater in contact with SIS. Equally, SIS
could also scavenge other radionuclides present in surface seawater such as "Be, **Th, *’Cs and
239240py Taking 21%ph as a reference, a correspondence between the concentrations of the different
radionuclides in SIS and the volume of seawater needed to explain b concentration in SIS should
exist. This relationship should be present despite of differences in the affinity of each of the elements
for particles (expressed using the distribution coefficient, K4), hence we can use the ratio between
respective Kgs (Table 6.6). In order to confirm the relative importance of scavenging from seawater as a
source of enrichment of each radionuclide in SIS, we applied the same reasoning as Baskaran [2005]:
we estimated the volume of seawater per gram of SIS needed to explain all our measured ?10pb,
activities in SIS. The amount of seawater scavenged by each gram of SIS is calculated dividing the
concentrations of *'°Pb in each sample of SIS (Bq-kg'l) by the average concentration of b in surface
seawater along the Transpolar Drift (0.81 = 0.22 Bq-m'3 [Roca et al., 2012] (Figure 6.2). In most of the
cases (88%), the estimated kg is lower than the value reported by I4EA [1985]. It is noteworthy to
mention that this mechanism [Baskaran, 2005] is based on i) the volume required to explain the
concentration in SIS is constantly in contact with SIS during all sea ice lifespan and ii) the activity of
the radionuclide in surface waters does not vary as a function of the sea ice extent, despite of the fact
that sea ice modifies atmosphere-ocean interaction [Camara-Mor et al., 2011]. Therefore, based on

these assumptions these seawater volumes estimated to explain 1%y in SIS per gram would correspond
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6. Mechanisms of radionuclide enrichment in SIS

to the minimum amount of water needed.

The expected activities in SIS for the rest of radionuclides studied here (7Be, 234Thxs, ¥Cs and
23O‘MOPu) (Table 6.6) were determined applying the equation 6.1, where A, is the expected
radionuclide activity in SIS; Vy, corresponds to the required seawater volume per kg to explain 0P,
activity in SIS, A, is the average activity of the radionuclide in surface seawater and ky is the
coefficient distribution value of the radionuclide, R, and 2%h I the case of ‘Be and 234Thex, decay
corrections have to be considered. The correction implies that scavenging by SIS is constant through the
considered period of time, that we take as 1 year for samples collected during ARK XXII/2, and as 3
years for samples collected during ARK XV/3 and ARK XVII/2).

kd R

m Ar—sw[Bq 'm‘3] Eq.6.1

Ar_sis [Bq - kg™'] = Vg, 2'°Pb [m™3] -

Figure 6.2 Histogram of the needed volume of seawater (m®) per kg de SIS in order to explain
the *'°Pb,, activity in SIS. The vertical axis represents the percentage of the total samples
explained by the corresponding range of volume.

Table 6.6 Distribution coefficients (recommended and range) and average concentration in surface
seawater for each radionuclide. Values used to estimate the volume of seawater needed to explain the
?1%Pb concentration in SIS if scavenging from seawater was the main mechanism of enrichment, and
the expected activities in SIS for the rest of radionuclides corresponding to this seawater volume.

Radionuclide K,y (m*kg™) Average activity in surface seawater (Bq-m™)
"Be 100 (37 - 810)' 7.9 = 1.3 [Camara-Mor et al., 2011; Chapter 5]
e 2(0.03 - 3) 20203

210pp 10000 (100 - 50000)° 0.81 = 0.22 [Roca et al., 2012]

P4Th 5000 (500 - 7900)° 32+ 4 [Cai et al., 2010]

29240y 100 (60 - 100)* (3.9 =1.4)-10°

" You et al. [1989], Olsen et al. [1986] and Ciffiog et al. [2003]
? JAEA 422 [1985] and Layton et al. [1997]

* IEAE 422 [1985] and Wei and Hung [1998]

*IEAE 422 [1985] and Layton et al. [1997]

Concerning artificial radionuclides, #9290py and "'Cs in SIS can only be incorporated in sea ice in
formation areas or from scavenging from surface waters, since atmospheric flux is considered
negligible nowadays [e.g. UNSCEAR, 2000; Masqué et al., 2003]. The fraction of Pu and "*’Cs in SIS
explained by seawater scavenging using the recommended values of Ky present a relatively large
variability, even through for most the samples (90%), less than 20% and 7% of the Pu and “’Cs
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activities in SIS are explained, respectively (Figure 6.3 a and b, respectively). However, on median only
4% and 2% for Pu and "*’Cs activities in SIS are explained, respectively (Table 6.7). Whereas if the the
lowest Ky values are considered, the median percentage explained by scavenging increases up to 2% for
7Cs and could be as high as 238% for 2929py This last plutonium result points out that the measured
#920py in SIS would be much lower than the expected ones. Nevertheless, the
medians of the explained percentages are 0.3% and 0.8% for B7Cs and 2**puy, respectively, when the
highest values of K4 were used. Overall, the results imply that a small percentage of the activities of Pu
and "’Cs in SIS are derived from scavenging from seawater (Table 6.7).

a)

concentrations of

b)

Figure 6.3 Histogram of the percentage of measured radionuclide activity in SIS (Bqkg') a)
29249py and b) "’Cs explained from the corresponding seawater volume needed to explain the
measured *'°Pb in SIS according to recommended kqs values. Values greater than 100% indicate
that the measured activities in SIS are lower than the expected.

Table 6.7 Percentage of measured radionuclide activity in SIS (median and range) explained by the
scavenging from corresponding seawater volume needed to explain the measured >'’Pb concentration in
SIS, according to different K4 values: low, recommended and high. For the 234Th, the absence of 2*Th,,
in analysed SIS samples implies that the scavenging from seawater is negligible.

Radionuclide Low K, values Recommended Ky High K, values
values

"Be 68 (5-454)% 2(02-12)% 3(0.08 — 19)%

(e} 2 (0.08 - 50)% 2(0.06 —33)% 0.3 (0.02-10)%

239240py 238 (4 — 11499)% 40.5-191)% 0.8 (0.10 — 38)%
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Figure 6.4 a) Excess *'°Pb,, versus 2****°Pu and b) Excess *'°Pb versus '*'Cs. Red dots correspond to iceberg
samples and were not included into the regression

If scavenging from seawater was the dominant mechanism of enrichment of radionuclides in SIS,
certain relationship between the concentrations of 210PbXS and the other radionuclides could be expected.
However, no correlation is found between the concentrations of *'°Pb, and *****Pu (Figure 6.4 a) or
2%y, and "*'Cs (Figure 6.4b). Indeed, Cooper et al. [1998], Masque et al., [2003] concluded that
#39290py and "*’Cs in SIS derived from continental shelves since were comparable to those in bottom
sediments of the continental shelves and together with the *0pu/?°Pu atom ratios allowed constraining
the geographical source area in which the sediments were incorporated into the sea ice Cdamara-Mor et
al. [2010, in Chapter 4]. This conclusion also reinforced by the following arguments:

i) The geographical distributions of #92py and "'Cs activity in SIS mirror the main patterns of sea
ice motion: the TPD and the Beaufort Gyre (Chapter 4). If scavenging from surface water was a
significant mechanism, it would homogenise the signal from the continental shelves.

ii) The correlation between #929py and ’Cs activities in SIS presented slight differences respect to
global fallout as the ultimate source of both radionuclide in the SIS (Figure 4.3), implying a
contribution from additional sources distinct from global fallout: local sources such as local fallout,

77



Arctic Ocean

dumping of nuclear waste, etc. This finding would be largely masked if scavenging from seawater
was the main mechanism of enrichment.

The **°Pu/*’Pu atom ratio in SIS was proposed as a tracer to distinguish the geographical source area

by comparing it with those in bottom sediments [Camara-Mor et al. 2010, Chapter 4]. Most sediments
in the continental shelves are characterized by #0py/***Pu atom ratios comparable to the global fallout,
0.18 [JRNEG, 1996; Krey et al., 1976]. However, deviations from global fallout were observed in
particular areas of the continental shelves [Smith et al., 2000; Skipperud et al. 2004; Kelley et al., 1999].
The scavenging of Pu from seawater, were it a relevant mechanism, would disturb and homogenise the
#9pu/?’Pu atoms ratio signal to approximately 0.18, since this value is the atom ratio characteristic of
the Arctic surface waters [table 7.3; Josefsson, 1998; Cooper et al., 1999; Leon-Vintro et al., 2002].
Nevertheless, several SIS samples contain 20pyy/239py atoms ratios as low as 0.118 or as high as 0.253
[Cooper et al., 1998; Landa et al., 1998; Masqué et al., 2003, 2007 and Cdamara-Mor et al., 2010].
Besides, these samples were placed in the most probable path of sea ice from those defined continental
shelves with similar range of values (Chapter 4).

The presence of >**Th in SIS can be supported by the decay of ***U, which is present in the SIS since
it is a lithogenic material. Any enrichment of ***Th in SIS in respect to >*U concentrations should be
due to scavenging from surface water or melting of sea ice if any excess *Th present in sea ice at
formation areas would have decayed by the time the samples were collected, since atmospheric
deposition is negligible. Not et al. [2011] measured % in sea ice and sea ice brines from the Arctic
Ocean. Data showed the conservative behaviour of U in relation to changes in salinity during sea ice
formation and melting. For that reason, despite of the fact that sea ice brines contains three times higher
concentrations ~*U respect to surface water, the 80U concentrations in sea ice was 10 times lower than
in surface waters. Similar results were observed for salinity. Therefore, the enrichment of 2*Th in SIS
by the scavenging from sea ice can be ruled out in comparison with seawater. If the scavenging by SIS
from seawater was an enrichment source of ~*Th, according to the estimated volumes of seawater
required to explain the *!%Pb,, concentrations in SIS by this mechanism and using the recommended K4
values, SIS should contain **Th, concentrations ranging from 100 to 5000 Bq~kg'1 (Figure 6.5). Based
on low K values, concentrations of **Th,, would range from 3000 to 150000 Bq~kg‘l, and taking the
high K, values, the concentrations would vary between 100 and 4800 Bq-kg‘l. These results imply that
234ThXS should be present that for any amount of seawater scavenged by SIS. Nevertheless, 234ThXS was
not detected in any of the SIS samples analysed in this work. Consequently, this clearly evidences that
scavenging from seawater by SIS is not a significant mechanism of enrichment of radionuclides in SIS.

Figure 6.5 Histogram of the expected **Th,, activity in SIS (Bq-kg") according to amount of sea water
per gram needed to explain the measured >'’Pb activity in SIS based on recommended kd values .

"Be could be incorporated by SIS by direct scavenging from surface seawater or by scavenging from
sea ice during formation of cryoconite holes, where it would have been deposited by atmospheric
deposition. As for 4T, any initial activity of "Be in SIS from their geographical source area in which
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the sediments were incorporated into the sea ice would have been decayed at the time of sampling. The
fraction of measured 'Be activity in SIS that could be explained by scavenging based on recommended
K4 values is shown in Figure 6.6. In this case, scavenging from seawater would account for 0.2 - 12% of
the measured 'Be activities, with a median of 1.6%. Instead, considering the highest K4 values, the
percentage explained would vary between 0.08 and 19%, with a median value of 3%, while considering
the lowest Ky values, the median percentage increases to 68 with a range 5 - 454% (Table 6.7). These
last estimates, however, are not consistent with the findings for the rest of the radionuclides when
considering their respective lowest K4 values: i) we did not detect excess >*Th in SIS and ii) measured
#3920py concentrations in SIS are much lower than the concentrations expected from the corresponding

seawater volume of *'°Pb according to the lowest Kgs values (Table 6.7).

Figure 6.6 Histogram of the percentage of measured 'Be activity in SIS (Bqkg") explained from the
scavenging of the corresponding seawater volume per kg of SIS needed to explain the measured >'°Pb
activity in SIS according to recommended kys values

The comparison between estimated and measured concentrations of radionuclides in SIS shows that
the needed volume of seawater to explain *!%Pb activities is not consistent with the data for the other
radionuclides studied here, suggesting that the scavenging from seawater is not the main responsible to
enhance their concentration in SIS. Atmospheric deposition and scavenging from sea ice is a plausible
mechanism to explain the % and "Be activities in SIS, as previously proposed by Masqué et al.
[2007].

Sea ice acts as a barrier between the ocean and the atmosphere, intercepting atmospheric fluxes
[Granskog et al., 2003]. In fact, the concentrations of 'Be and *'°Pb in the upper layers of sea ice are
clearly higher than in surface seawater (Chapter 5 and table 6.2 and 6.3) and originate from atmospheric
deposition. SIS, mostly present in the upper layer as a consequence of the continuous freezing/melting
cycles, could scavenge the radionuclides from the surrounding melting sea ice. The amount of melting
sea ice that should be in contact to each kg of SIS to explain the median *'’Pb concentration in SIS (180
Bq-kg'l) if a quantitative scavenging takes place would be approximately 5 m’. This median ky value is
several order of magnitude lower than the recommended value reported by the IAEA [1985] (table 6.6),
showing the large influence of the atmospheric flux in enriching SIS. This required amount of melting
sea ice would also explain the concentrations of "Be measured in SIS. Furthermore, this mechanism
would also explain why #92%py and "*Cs activities in SIS are not significantly enriched, and the signal
of both radionuclides in SIS and the ***Pu/**’Pu atom ratios can be used to determine the regional area
of origin of sea ice floes.

Moreover, "Be and *'°Pb concentration in SIS were used to estimate the transit time of the sea ice

floes in the Arctic Ocean [Masqué et al., 2007], obtaining average transit time ranging from 3 to 5
years, consistent with the sea ice drift patterns [Pfirman et al., 1997]. The back-trajectory model was
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applied for the samples collected in the Siberia branch of the Transpolar Drift, estimating average
transit times of about 3-4 years, and for samples closer to the Kara Sea, for which transit times were of
about half a year, also coherent with the drifting patterns of sea ice [Pfirman et al., 1997].

6.4. Conclusions

Data showed that SIS contained 7Be, 137Cs, 210PbXS and 2**°py concentration, but any 234ThXS was
measured in SIS. These concentrations respond to different mechanisms, which happen along the sea
ice lifespan. Whereas the geographical origin of SIS probably plays some role in determining the
radionuclide activity in SIS; it is not enough to explain the whole content of radionuclide. Scavenging
from surface water is neither accountable for radionuclide enrichment since any 234ThXS is present in
SIS. Furthermore, it would invalidate the use of ***Pu/*’Pu atom ratios in SIS to identify sea ice origin
due to the homogenization to the seawater signal as the same as "Be/*'"Pb, activity ratio to estimate
transit time. Instead, the atmospheric deposition and the scavenging from sea ice endorses all
requirements; since sea ice is almost free for those radionuclide without atmospheric input while it
contains larger concentrations of radionuclides with atmospheric input respect to surface seawater. The
scavenging from sea ice and atmospheric deposition would explain why #92py and "*’Cs activities in
SIS are not significantly enriched, since its atmospheric deposition is negligible, and the signal of both
radionuclides and the **’Pu/**’Pu atom ratios in SIS can be used to determine the regional area of origin
of sea ice floes, and it would also account for the enrichment of "Be and 2'°Pb in SIS but not for Z*Th,,
hence sea ice does not almost contain *U. Atmospheric deposition appears as the most plausible
enrichment source of radionuclides, although scavenging from surface seawater is not the main
mechanism is not discardable and further research should be done in order to constrain/get an accuracy
estimation of the contribution of each mechanism, and determine under which condition each
mechanism is more significant.
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Chapter 7.

Conclusions

The main objective of this thesis was to study the relevance of the sea ice as an important agent of
transport and distribution of particulate matter and chemical species along the Arctic Ocean through the
use of natural and artificial radionuclides.

To evaluate/comprehend the role of the sea ice as a particulate matter transport, it was firstly
necessary to identify the origin of sea ice. Sea ice pack is formed by an aggregation of diverse floes,
most of them formed in the shallow areas of the Siberian shelves, that can incorporate fine sediments
that will named sea ice sediments (SIS). Its final destination is related to sea ice drift path, which relies
on geographical origin of sea ice. Eventually exported sea ice floes from shelves would leave the Arctic
Ocean though the Fram Strait. The necessary time and the path followed to reach the Fram Strait vary
according to both source area and Arctic Oscillation (AO). The origin of sea ice gives us relevant
information to improve the possible implications in the Arctic system of the climate change. If sea ice
does not contain SIS, its origin is difficult to determine since it can be either formed in the continental
shelves or in the deep basin, however that does not happen when sea ice contains SIS. Clay mineralogy,
diatoms, Fe grains are used to distinguish between each one however, no all continental shelves can be
distinguish with these parameters. A combination of artificial radionuclides (especially **’Pu/*’Pu atom
ratio, in combination with the ’Cs or ****Pu activity) measured in SIS allowed constraining the
geographical origin of the sea ice floes. SIS originating in the Laptev and Kara Seas have ***Pu/*’Pu
atom ratios lower than those imprinted by global fallout (0.18), while SIS originating from the Alaskan
shelf is characterised by ***Pu/**Pu atom ratios greater than global fallout. The specific activities of
"*Cs and *****Pu are less diagnostic of sea-ice origin, because many processes in addition to source can
affect their values; however, sediments of the Kara and Laptev Seas can have markedly elevated
specific activities of '*’Cs that are imprinted on SIS originating in those areas. In approximately 50% of
the samples analysed, the isotopic signatures are not distinctive as to SIS origin and additional
approaches are required to better resolve possible source areas.

The second study embraced the evaluation of the mechanisms by sea ice incorporate chemical
species; in particular determine the role in intercepting atmospheric fluxes. To quantify these processes
in the whole sea ice system, a natural radioactive tracer was used. Results showed that sea ice is
enriched in "Be. In fact, any 'Be from sea ice formation is present in sea ice at sampling time due to its
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short half-life (53 days). Therefore, atmospheric interception appears as the most likely source. Based
on 'Be concentration results, we concluded that the sea ice intercepts and accumulates circa 30% of the
atmospheric fluxes of "Be. Although the data is no used to elucidate the transformation processes along
the transport path of the sea ice, it shows that sea ice is an effective accumulation agent of atmospheric
fluxes in the Arctic Ocean. In this context, chemical species in sea ice and SIS are strong influenced by
atmospheric deposition. In the same way that 'Be is accumulated and stored in sea ice, ice floes can also
intercept other atmospherically transported species. Thus, the accumulation of iron is of especial
interest in thisregard because it is an important micronutrient: similarly, contaminants that
bioaccumulate, such as PCBs, can be atmospherically transported by sea ice. The importance of sea ice
as extra source of chemical species as a consequence of its melting was also assessed, on average 67 =
55 Bq'm™” of "Be would be annually discharged in the Fram Strait due to sea ice melts. That value is
comparable to 'Be atmospheric flux in this area, suggesting sea ice is a relevant source of 'Be in the
ablation areas and also in the entire Arctic Ocean. As with 'Be, which is released into surface water
during melting, these other species can also be released and their concentration on surface water can
thus increase in short time periods. For Fe at least and N, this discharge can help trigger blooms and
modify biogeochemistrical cycling [Melnikov, 1991]. However, changes in the timing over which sea
ice melts in ablation areas may produce that nutrient releases are decoupled from biological blooms,
and this decoupling may have consequences in the whole Arctic ecosystem.

Data showed in the present study was also used to provide with a first order assessment of the
sediment load in sea ice; an upper estimate of the SIS load thus would be 284 g'm™ (range 5 - 1960 g'm’
%), consistent with previous estimates based on individual measurements in sea ice cores that obtained
SIS loads ranging from 8 to 800 g'm™[e.g. Barnes et al., 1982; Niirnberg et al., 1994; Eicken et al.,
1997]. These data allowed estimating the annual sediment flux to the surface waters of the Fram Strait
in 489 (9 - 3371) g'm™y"". This flux compares well with sediment fluxes measured using sediments
traps deployed in the eastern part of the Fram Strait between 1987 and 1990, which showed fluxes
ranging from 122 to 231 g'm™y"', with maximum values of 475 g'-m™y" [Hebbeln, 2000]. These results
showed the useful of tracers such as natural radionuclides to determine the importance of sea ice as an
important transport of particulate matter along the Arctic Ocean and a source of particulate matter to the
water column.

In addition, sea ice seems presumably to be a source and transport of chemical species. The
entrainment of these chemical species into sea ice is poorly understood. Once its formed, sea ice starts
undergoing a gathered of chemical and physical processes that contribute to enhance the concentration
of chemical species in sea ice and SIS. The last topic was related to elucidate which are the mechanisms
of chemical species enrichment into sea ice after its formation. Despite of the fact that the geographical
origin of those sediments probably plays some role in determining the radionuclide activity in SIS in the
Arctic Ocean, it is not enough to explain the whole content of radionuclide in SIS. The hypothesis of
the scavenging from surface water proposed by Baskaran [2005] is neither wholly satisfactory since it
does not match between different radionuclides measured in SIS mainly because; i) SIS does not
contain “*Th,, when it should; ii) "*’Cs and ****’Pu does do not show any relationship with *°Pb, and
combination of both is used to identify sea ice origen; iii) *’Pu/**’Pu ratio is an useful tracer to identify
the SIS origin and iv) a small fraction of "Be activity in SIS is explained if all*'°Pb activity in SIS was
explained. Sea ice acts a barrier between ocean and atmosphere, intercepting and accumulating
atmospheric fluxes. Radionuclide activity in sea ice is almost negligible compared with surface
seawater for those radionuclides without atmospheric input (****Pu,**U,**Th and "*’Cs). However,
radionuclides with atmospheric input, such as *'’Pb and Be, sea ice presents activities several orders of
magnitude higher than in surface water [Eicken et al., 2002; Masqué et al., 2007 and Cdmara-Mor et
al.,2010]. Atmospheric fluxes and subsequently scavenging from sea ice appears as a main mechanism
that would explain the radionuclide enrichment in SIS since it responds why SIS does not contain
#Th,, or why ****Pu and '*’Cs activities in SIS can be used to estimate the sea ice origin. Besides, it
would explain the *'°Pb,; and "Be activities, enabling to use the activity ratio between both in SIS to
estimate the transit time of the sea ice [Masqué et al., 2007]. Nevertheless, further investigation should
be done in order to constrain/get an accuracy estimation of the contribution of each mechanism, and
determine under which condition each mechanism is more significant
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