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Measurements of 129I carried out on sea ice samples collected in the central Arctic Ocean in 2007 revealed
relatively high levels in the range of 100–1400 � 107 at L�1 that are comparable to levels measured in the
surface mixed layer of the ocean at the same time. The 129I/127I ratio in sea ice is much greater than that in
the underlying water, indicating that the 129I inventory in sea ice cannot be supported by direct uptake
from seawater or by iodine volatilization from proximal (nearby) oceanic regimes. Instead, it is proposed
that most of the 129I inventory in the sea ice is derived from direct atmospheric transport from European
nuclear fuel reprocessing plants at Sellafield and Cap La Hague. This hypothesis is supported by back tra-
jectory simulations indicating that volume elements of air originating in the Sellafield/La Hague regions
would have been present at arctic sampling stations coincident with sampling collection.
1. Introduction

Oceanic discharges of anthropogenic radionuclides from Euro-
pean nuclear fuel reprocessing plants (mainly Sellafield and La
Hague) have introduced a suite of radionuclide contaminants to
the marine environment (eg. 137Cs, 90Sr, 99Tc, 236U, Pu isotopes
and 129I (AMAP, 2004)) that are useful as tracers for detailed
investigations of ocean processes. These studies include surface cir-
culation and mixing in the Nordic Seas (Alfimov et al., 2013), surface
and intermediate circulation in the Arctic Ocean (Karcher et al.,
2012; Smith et al., 2011) and in the North Atlantic (Casacuberta
et al., 2014), and the descent of the dense overflows from the Green-
land and Norwegian Seas into the deep North Atlantic (Orre et al.,
2010).

The Arctic Ocean is covered by seasonal sea ice that plays an
important role in the global and regional climate system, as well
as in the oceanic circulation. Sea ice is formed during winter,
mostly on the shallow continental shelves of the Laptev, the Kara
and the Barents Seas (Aagaard, 1981). The drifting of sea ice is gov-
erned by the Transpolar Drift (TPD) over the Eurasian Basin and the
anticyclonic Beaufort Gyre in the Canadian Basin (Barrie et al.,
1998). Different chemical species, including radionuclides, can be
incorporated into the sea ice through direct input (uptake from
seawater during its formation and interception of atmospheric
dry and wet deposition). For example, Cámara-Mor et al. (2011)
determined that Arctic sea ice can intercept a significant fraction
30% ± 18% of the atmospheric inputs of the cosmogenic radionu-
clide 7Be, depending on the sea ice coverage, and suggested that
other contaminants could be similarly accumulated via atmo-
spheric pathways. Chemical substances can also accumulate in
sea ice through indirect inputs by uptake from sediments and biota
such as algae entrained into the ice. As sea ice reaches ablation
areas such as the Fram Strait and, to a lesser degree, the Canadian
archipelago, it melts and releases the incorporated chemical spe-
cies, including radionuclides, to the surface water (Pfirman et al.,
1997; Rigor et al., 2002; Masqué et al., 2003). Hence, sea ice has
been identified as playing a potentially important role in the
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redistribution and transport of those chemical species in the Arctic
Ocean (Masqué et al., 2003, 2007; Cámara-Mor et al., 2010).

129I is a highly soluble and long-lived (T1/2 = 15.7 � 106 years)
radionuclide that has been extensively discharged to the environ-
ment since the beginning of the nuclear era. Although large
amounts of this radionuclide were released during atmospheric
nuclear weapons tests and the Chernobyl accident (Raisbeck
et al., 1995; Wagner et al., 1996; Gallagher et al., 2005), nuclear
fuel reprocessing plants, especially Sellafield (UK) and La Hague
(France), are the main sources responsible for recent 129I increases
in the environment. These plants were discharging to the sea about
20 kg year�1 (9.34 � 1025 atoms, 13.2 GBq) between 1965 and the
beginning of the 1990’s. Later, the releases increased up to
300 kg year�1 (1.40 � 1027 atoms, 198 GBq), mainly from La Hague
(López-Gutiérrez et al., 2004; UNSCEAR, 2000). There is some evi-
dence suggesting that contaminated Russian rivers from Siberia
can also be a source of 129I, but this contribution is nevertheless
of minor importance for the large scale distribution of 129I in the
north Atlantic and the Arctic Oceans (Cooper et al., 2001;
Cochran et al., 2000).

It has been shown that coastal currents transport 129I from the
Irish Sea and the English Channel to the North Sea and the Arctic
Ocean along the Norwegian coast (Raisbeck et al., 1995) (Fig. 1).
In the Arctic Ocean, 129I concentrations can be more than an order
Fig. 1. Map showing the major pathways of marine discharges from Sellafield and La H
lines = surface currents, dashed lines = deep currents, LS = Labrador Sea, NCC = Norwegia
Water, NAC = North Atlantic Current, NAW = North Atlantic Water, NIIC = North Icelandic
liquid and gaseous discharges (kg/y) from Sellafield (black line) and La Hague (red li
interpretation of the references to colour in this figure legend, the reader is referred to
of magnitude higher in Atlantic-origin waters compared to Pacific-
origin water, and as a result there is a pronounced tracer front
between waters of Pacific and Atlantic origin in the Arctic Ocean
(Smith et al., 1998, 1999). Transit times of contaminants in surface
water to the Arctic Ocean from the North Sea are 2–4 year to the
Barents Sea, 9–10 year to the North Pole and greater than 14 year
to the Canada Basin (Dahlgaard, 1995; Smith et al., 1999, 2011;
Buraglio et al., 1999; Alfimov et al. 2004).

Due to its high solubility in seawater, 129I concentrations in
seawater reflect the general circulation patterns of the different
water masses (Orre et al., 2010; Alfimov et al., 2004). Hence, in
the Nansen basin 129I is found predominantly in the upper part
(0–500 m) of Atlantic-origin water, reflecting the water mass sup-
ply corresponding to the Fram Strait water branch, whereas in the
Amundsen basin 129I is distributed deeper, down to 1000 m,
reflecting an additional input of 129I labelled water from the
Barents Sea (Barents Sea Branch Water) (Alfimov et al., 2004;
Smith et al., 2011).

Kieser et al. (2005) reported elevated concentrations of 129I in
the range of (80–140) � 105 atoms m�3 in air filters collected along
Canada in 1981–1983. In that case, back trajectory analysis of air
parcels showed transport from Europe and Russia before arriving
to Canada and the Arctic Ocean, and indicated a consistent origin
over nuclear processing sites east of the Urals, presumably
ague nuclear reprocessing facilities to the Arctic and North Atlantic Oceans. Solid
n Coastal Current, EGC = East Greenland Current, ISOW = Iceland-Scotland Overflow
Irminger Current, MEIW = Modified East Icelandic Water. Inset shows history of 129I
ne) Data extracted from López-Gutiérrez et al. (2004) and He et al. (2013). (For
the web version of this article.)



Fig. 2. Up: Geographical distribution of 129I concentrations measured in sea ice samples collected in the Arctic Ocean during expedition ARK XXII/2-IPY-SPACE in 2007. Map
also shows the general circulation of Atlantic and Arctic surface water masses. Bottom: the distribution 129I in surface seawater samples as measured by Karcher et al. (2012)
and Smith et al. (2011).
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associated with emissions of atmospheric 129I. These results indi-
cated that both atmospheric and direct wastewater releases to
the ocean from fuel reprocessing plants might be considered as
possible sources of 129I in the Arctic Ocean environment (Snyder
et al., 2010; Herod et al., 2013).

The only natural stable isotope of iodine is 127I. The marine
environment is the major source of iodine present on the Earth’s
surface, with an average concentration of �60 lg L�1 in seawater.
Although iodine isotopes (129I and 127I) are released to the environ-
ment in their gaseous forms, they tend to attach to other particles
as, e.g. sulphur (Maryon et al., 1991) and their effective dry depo-
sition velocities tend to decrease with time. Wet deposition has
been reported to be the major atmospheric removal process and
a significant source of radioactive contamination in Northern
Europe (Brant et al., 2002; Englund et al., 2010). Although the
anthropogenic sources of 129I to the environment are well known,
the anthropogenic emission mechanisms of 127I are not so clear.
Presently, we have no data about anthropogenic sources of 127I
within Europe, but fossil fuel and biomass burning may provide
insignificant amounts compared with natural sources (ocean,
wetlands, soil and vegetation) (Aldahan et al., 2009).

Much of the Arctic Ocean is ice covered and thus 129I emission
from the water column is highly limited. However, the emission
of 129I from ice free ocean waters enriched in 129I is still a potential
source for the 129I found elsewhere in the Arctic Ocean. Indeed, it is
estimated that approximately 3.53 � 1025 atoms of 129I (5 GBq) are
volatilised from the global oceans every year (Snyder et al., 2010),
and Reithmeier et al. (2010) estimate that the total 129I activity re-
emitted from the ocean’s surface up to 2004 had been of around
180 GBq. Although the 129I annually re-emitted reported by
Reithmeier et al. (2007) is less than about 0.3% of the 129I inventory
in the upper layer of the ocean, its contribution to the tropospheric
129I inventory is presently comparable to that from the gaseous
releases from Sellafield and La Hague (Fig. 1). A fraction of this
129I can be carried to the Arctic Ocean via atmospheric transport
and is deposited both as dry fallout and with precipitation.

The role of the Arctic sea ice in the transport and biogeochem-
ical partitioning of 129I and other atmospheric/water mass tracers
is still poorly understood. Results of measurements of 129I in Arctic
sea ice are reported in this paper and compared with water column
measurements in order to resolve the mechanisms governing 129I
uptake and release from sea ice and to estimate 127I and 129I depo-
sition fluxes in the Arctic Ocean.
2. Methods and sampling

2.1. Sampling

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 (Fig. 2). A total of
20 samples of surface sea ice were collected during the expedition
ARK XXII/2-IPY-SPACE of the German R/V Polarstern from July 28
to October 7, 2007 at locations indicated in Fig. 2, located at dis-
tances of about 200 m away from the ship. Superficial snow was
removed and approximately 100 L of ice from the upper 10 cm
were collected by scraping with stain-steel shovels and/or ice-
hammer. Once onboard, sea ice was melted at room temperature
and samples were stored in polyethylene bottles, in darkness and
inside a fridge for 3 years before chemical treatment and analysis
of 129I and 127I. These storage conditions do not introduce signifi-
cant changes in the 129I concentration, as reported by Buraglio
et al. (2000). Further details about the samples are given by
Cámara-Mor et al. (2011).
2.2. Radiochemical procedure

Iodine extraction from sea ice samples was carried out by the
solvent extraction technique (Suzuki et al., 2008). Each melted
sea ice sample (200 mL) was passed through a 0.45 lm filter and
then iodate was reduced to iodide using ascorbic acid and hydro-
chloric acid. Since the iodine concentration in the samples is too
low to measure the isotopic ratio 129I/127I by AMS (Accelerator
Mass Spectrometry), iodide carrier (2 mg) was added to each sam-
ple. Iodide was oxidized to molecular iodine by sodium nitrite and
extracted three times with 10 mL chloroform and then the molec-
ular iodine was back-extracted into aqueous solution by addition
of 20 mL 0.1 M sodium sulphite. The solution was then stirred
and the SO3

2� and SO4
2� ions were precipitated by addition of

10 mL of saturated Ba(NO3)2 solution followed by centrifugation.
Finally, iodide was precipitated as silver iodide by the addition of
10 mL 0.1 M silver nitrate solution. Silver nitrate was washed with
ammonia solution and distilled water. After drying, it was mixed
with niobium powder (AgI:Nb = 1:1) and then loaded into a copper
target for AMS measurement. Before the addition of the iodide car-
rier to the samples, an aliquot of each was extracted and used to
measure the 127I concentration by ICP-MS (Inductively Coupled
Plasma Mass Spectrometry), as will be explained in Section 2.4.
2.3. Measurement of 129I by AMS

Determination of 129I concentrations was conducted at the 1 MV
multielement compact AMS system at the Centro Nacional de
Aceleradores (University of Seville). Details about the measurement
and the system have been previously described (Gómez-Guzmán
et al., 2012), and thus only a brief description is given here. A beam
of negative iodine ions is extracted from the AgI + Nb target using
the Cs+ high-intensity sputter source at 35 keV. At the terminal of
the tandem (1 MV) negative iodine ions are changed to positive
iodine ions by the stripper (pressure at 6 � 10�3 mbar of argon,
which corresponds to a mass thickness of about 0.15 lg cm�2)
and they are then accelerated. Following acceleration, selected
positive ions (charge state +3) are analyzed by mass spectrometer.

The sequential injection of 127I and 129I is adapted for the isoto-
pic ratio measurement such that the duration of injection is 0.1 ms
and 10 ms, respectively. The 127I3+ current beam is measured at the
offset faraday cup after the high energy analyzing magnet, and
129In+ ions are counted in the gas ionization detector. AMS mea-
surements were performed relative to a standard with a known
129I/127I isotopic ratio, which was made by repeated dilutions from
NIST SRM 3230 Iodine Isotopic Standard Level I.

The isotopic ratios obtained directly by AMS measurement of
the samples (including carrier) were typically of the order of
129I/127I � 10�10–10�11. Chemical blanks to control contamination
in the sample preparation process were prepared in exactly the
same way as real samples but using deionised water (18 MX cm).
The AMS 129I/127I ratios for the blanks were around 3–4 � 10�13,
i.e. of about 2–3 orders of magnitude lower than the isotopic ratios
measured for the real samples.
2.4. Measurement of 127I by ICP-MS

A small aliquot of each sample was taken for analysis of 127I.
After filtering, the samples were diluted 1:2 (v:v) in 1% HNO3

and measured by an ICP-MS system Agilent 7500C at the Servicio
de Radioisótopos (University of Seville). Measurements were made
accordingly to the USEPA 200.8 protocol, excepting that washing
between samples was performed by sequentially aspirating
deionised water and diluted HNO3 instead of just HNO3 in order to
minimize the intense memory effects of iodine within the ICP-MS



Table 1
Concentration of 129I in sea ice samples collected during cruise ARKII/2-IPY-SPACE in 2007 in the Arctic Ocean. Quoted uncertainties are ±1r.

No. Station Date Latitude (�N) Longitude (�E) 129I (�107 atoms L�1)

1 PS70/248 02 Aug 81.952 34.076 332 ± 39
2 Helistation 04 Aug 82.792 33.750 251 ± 24
3 PS70/257 05 Aug 83.505 33.973 267 ± 23
4 PS70/260 06 Aug 84.505 36.085 240 ± 22
5 PS70/264 12 Aug 83.608 60.395 277 ± 28
6 PS70/271 15 Aug 82.502 60.791 434 ± 24
7 Helistation 18 Aug 82.502 65.756 146 ± 21
8 PS70/285 20 Aug 82.143 86.320 434 ± 24
9 Helistation 22 Aug 83.296 86.189 1327 ± 116

10 PS70/301 24 Aug 84.563 89.764 250 ± 18
11 Helistation 25 Aug 85.565 90.439 305 ± 27
12 PS70/309 27 Aug 87.034 104.972 241 ± 17
13 Helistation 28 Aug 87.498 109.556 240 ± 19
14 PS70/322 31 Aug 88.254 150.134 188 ± 15
15 PS70/328 02 Sep 87.827 �170.321 307 ± 22
16 PS70/338 05 Sep 84.694 �145.429 98 ± 8
17 PS70/342 07 Sep 84.499 �137.611 306 ± 28
18 PS70/352 10 Sep 86.642 177.545 1012 ± 59
19 PS70/363 13 Sep 86.393 135.817 461 ± 36
20 PS70/371 16 Sep 84.677 102.779 451 ± 25
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instrument. The limit of detection was 0.24 ng mL�1. As shown
below, only two samples produced concentrations above this level.

3. Results

The geographical distribution of 129I concentrations in the surface
sea ice samples collected in the Arctic Ocean is shown in Fig. 2 and
listed in Table 1. Concentrations ranged between (98 ± 8) � 107

atoms L�1 (sample 16) and (1327 ± 116) � 107 atoms L�1 (sample
9), with a mean value of (378 ± 292)� 107 atoms L�1. The data
were divided into groups according to the sampling regions (i.e.
Makarov and Nansen basins). Those belonging to the Makarov
basin do not follow a normal distribution; hence a Kruskal–Wallis
test (not shown) was applied in order to compare the data distribu-
tion medians. No differences were found at the 0.95 significance
level between the medians of the three data sets. Relative maxima
appear at the Makarov basin (sample 18) and the Nansen basin
(sample 9, located near the ridge of the Nansen basin).

Published data on 129I distributions in sea ice is extremely
limited. To our knowledge, the only 129I concentrations in sea ice
samples have been reported by Aldahan et al. (2007), measured
at different depths in sea ice cores collected across the Fram
Strait during May 2002. Reported concentrations ranged from
(53.2 ± 3.7) � 107 atoms L�1 at 0–20 cm depth to (36 ± 2) �
107 atoms L�1 at 120–140 cm depth of an ice core collected at
81.96�N–14.11�E, and from (36 ± 3) � 107 atoms L�1 at 40–60 cm
depth to (16.6 ± 1.2) � 107 atoms L�1 at 300–320 cm depth of an
ice core collected at 81.44�N–4.07�W. In both cases the 129I concen-
tration in the sea ice core decreased with depth (factors 1.5 and 2,
respectively). Based on those results the authors concluded that
sea ice would make only a small contribution to the total inventory
of 129I in the Arctic Ocean and related seas (the Nordic, the Barents
and the Labrador Seas).

Concentrations of 127I in the sea ice samples were systemati-
cally below the limit of detection (0.24 ng g�1), with the exception
of two samples (1 and 3), with values of 0.761 ± 0.020 ng g�1 and
0.306 ± 0.025 ng g�1 respectively (average 0.53 ± 0.32 ng g�1).

4. Discussion

Sea ice can incorporate atmospheric fluxes of contaminants
(such as radionuclides) and other chemical species. Incorporation
during sea ice formation would be negligible because sea ice
excludes solutes from the water column during its formation.
Where data are available, an approach that could be used to esti-
mate an order of magnitude of the deposition fluxes of iodine
(129I and 127I) in the Arctic sea ice is to assume that iodine present
in sea ice is the balance of iodine deposited by wet or dry deposi-
tion as aerosols, iodine incorporated directly by the sea ice from
the surrounding seawater, and iodine released from sea ice
through different mechanisms.

This approach could then be used to determine the origin of the
iodine present in the Arctic sea ice. In the following sections the
inventories of both iodine isotopes in the different Arctic environ-
mental compartments are estimated and the mechanisms that
govern the fluxes of incorporation/release are discussed in detail.
4.1. Iodine inventory in the Arctic sea ice

As shown by Aldahan et al. (2007), the 129I concentrations mea-
sured in sea ice cores collected across the Fram Strait decreases
slightly with depth (factors between 1.5 and 2), so it is reasonable
to use the 129I concentration in surface sea ice samples to calculate
the depth inventory in sea ice. Taking the measured concentrations
of 129I and the sea ice thicknesses of the sampled sea ice floes con-
sidered here (1.2–2.3 m) (Cámara-Mor et al., 2011), the inventories
in sea ice would range from 3.6 to 20 � 1012 atoms m�2, with a
mean value of (6.5 ± 4.5) � 1012 atoms m�2. A similar calculation
for 127I (measured in two samples) gives an inventory in the sea
ice ranging from 2.6 to 8.3 � 1018 atoms m�2, with a mean value
of (5.5 ± 4.0) � 1018 atoms m�2. Those two results lead to a mean
129I/127I ratio in the Arctic sea ice samples of (1.2 ± 1.7) � 10�6.
4.2. Iodine inventory in the Arctic mixed layer

The elevated concentrations of 129I in many parts of the North
Atlantic and the Arctic Oceans, particularly in the surface layers
of the water column (Orre et al., 2010; Buraglio et al., 2000) has
been linked to several anthropogenic sources including nuclear
weapons testing, nuclear accidents, dumping of nuclear waste
and discharges from nuclear reprocessing facilities (Sellafield and
La Hague). The discharges from Sellafield and La Hague are the
dominant sources, accounting for >95% of the total inventory in
the global ocean until 2000 (Alfimov et al., 2006). It has been well
established that the discharged radioactive effluents from the
reprocessing facilities at La Hague are transferred northwards to
the coast of north-western Europe via the English Channel, mix



Fig. 3. NOAA HYSPLIT examples of forward-trajectories for air parcels originating at Sellafield (red) and La Hague (blue) between July, 31st 2007 and September, 1st 2007.
Note that forward-trajectories are computed at 5-h intervals spanning the 315-h period (the longest provided by the software) starting at 00:00 UTC on the date given. Those
trajectories cover the whole sampling period. The lower part of the figures shows the changes in the vertical movement of the air mass trajectories. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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with effluents from Sellafield in the North Sea, and are then further
transported by the Norwegian Coastal Current (NCC) to the Arctic
Ocean (Alfimov et al., 2004). The inflow of 129I to the Arctic Ocean
occurs via the 129I-enriched surface branch of the North Atlantic
Current (NAC) and the North Sea water masses along the
Norwegian coast (Gascard et al., 2004). In fact, Alfimov et al.
(2004) estimated that until 2001 as much as 45% of the maximum
possible amount of liquid 129I from the Western Europe reprocess-



Table 2
Comparison of 129I and 127I deposition fluxes measured worldwide. Those 129I deposition values with (⁄) are not measured but calculated by Reithmeier et al. (2010) and corrected
for the corresponding local precipitation rates.

No. Sampling 129I deposition
(�1012 atomic m�2 year�1)

127I deposition
(�1018 atomic m�2 year�1)

Refs.

Station Date Sample

1 Denmark and Sweden (55�N–68�N) 2000–
2006

Rain
water

(0.3–30) (1.6–7.0) Aldahan et al.
(2009)

2 Sweden (56�N–68�N) 2001–
2005

Rain
water

(0.3–3) (1.6–8.5) Englund et al.
(2010)

Aerosol (0.008–0.7) (0.03–3)

3 Switzerland (Dübendorf/Zürich) 1994–
1997

Rain
water

(1.1–2.6) Schnabel et al.
(2001)

4 North America Moran et al. (2002)
Alaskan and Canadian rivers 1996 River

water
(0.001–0.004)

US West Coast rivers 1995–
1997

River
water

(0.00008–0.05)

US South Coast rivers 1995–
1996

River
water

(0.00002–0.03)

US East Coast rivers 1995–
1996

River
water

(0.02–7.3)

5 Yukon Territory (Canada, 60�N–67�N) 2010 River
water

(0.003–0.008) Herod et al. (2013)

6 Norfolk (UK) 1996–
1997

Rain
water

1.6 Baker et al. (2001)

Aerosol (2.2–4.0)

7 Europe Reithmeier et al.
(2007)Germany (Ammersee, Bodensee,

Chiemsee)
1998–
2004

Lake
water

(0.6–3.8)

Italy (Como, Garda, Geneva, Lugano,
Maggiore)

1998–
1999

Lake
water

(1.1–9.3)

8 Denmark (Roskilde) 2001–
2004

Rain
water

(0.9–1.5) (2.8–6.1) Hou et al. (2009)

9 Asia Reithmeier et al.
(2010)Russia (Ladoga, Onega, Ilmen, Baikal) 1999–

2001
Lake
water

(0.3–25)

Kyrgyztan (Issyk Kull) 2004 Lake
water

16.2

Mongolia (Khuvsgul) 2001 Lake
water

3.2

Africa
Malawi (Malawi) 2001 Lake

water
0.16⁄

Tanzania (Victoria) 2001 Lake
water

0.14

America
Argentinia (Nahuel Huapi) 2002 Lake

water
9.0

Peru (Titcaca) 2000 Lake
water

0.16

USA (Wonder lake, Alaska) 2002 Lake
water

1.6⁄

Oceania
New Zealand (Rotorua, Taupo) 2003 Lake

water
0.65⁄

10 Arctic Sea (Eurasian, Amundsen and
Makarov basins)

2007 Sea ice (3.6–20) (2.6–8.6) This work
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ing facilities would have reached the Arctic Ocean and presently
resides in the upper 1000 m of the water column.

Recent studies (Karcher et al., 2012; Smith et al., 2011) have
determined 129I concentrations in surface waters (610 m depth)
of the Arctic Ocean sampled in 2007 during the same expedition
ARK XXII/2-IPY-SPACE. Excluding two samples collected in the
Laptev Sea, far away from our sampling stations, the 129I concen-
trations in surface seawater ranged from 23 � 107 to 606 � 107

atoms L�1, with a mean value of (335 ± 210) � 107 atoms L�1.
Algae can concentrate iodine to a high level, with concentration

factors as high as 104 (Hou and Yan, 1998). The greatest fraction of
sea ice algae often reside in the bottom 2–10 cm of the ice floes,
where despite the low light intensities (as low as 0.1% of the
incoming irradiance) the nutrient supply coming from the underly-
ing water supports growth (Michel et al., 2006; Cota et al., 1987).
Iodine could then also be incorporated from the water column by
sea ice algae. Then, the maximum inventory of 129I in seawater that
could be incorporated by sea ice due to marine algae could be esti-
mated by multiplying the average concentration of 129I in surface
seawater, (335 ± 210) � 107 atoms L�1 (Karcher et al., 2012; Smith
et al., 2011), by the depth of the Arctic mixed layer (12–32 m)
(Cámara-Mor et al., 2011) at the sampling stations occupied during
this cruise, giving a range of (40–107) � 1012 atoms m�2 and a
mean value of (74 ± 48) � 1012 atoms m�2. The same calculation
can be performed for 127I using concentrations measured by
Michel et al. (2012) for surface seawater (2 and 9 m depth,



Fig. 4. Geographical distribution and 129I concentrations of sampling sites listed in Table 2 (circles) and major 129I sources, i.e. the European (Sellafield, La Hague, Marcoule),
former Soviet (Mayak, Seversk, Zheleznogorsk) and US (Hanford, Savannah River) reprocessing facilities (squares).

187
respectively) at the coast of Spitsbergen (38 and 36 ng g�1), giving
an inventory range for 127I in the mixed layer of 2.1 to 5.6 �
1021 atoms m�2, with a mean value of 3.4 � 1021 atoms m�2. Those
two results lead us a mean 129I/127I ratio in the Arctic mixed layer
of (2.2 ± 1.4) � 10�8.

During the warm months, the extent of sea ice in the Arctic
basin is reduced by a factor of approximately 2 (for the period
1979–2000; NSIDC). This fact would lead to a potential inventory
of 129I of (3.2 ± 2.2) � 1012 atoms m�2 being available for the sur-
face water. Assuming that the iodine atoms were rapidly released
at the central Arctic area, such a yearly contribution to the Arctic
mixed layer would be in the range of 4% of the Arctic mixed layer
inventory. Thus, this contribution has been neglected.
4.3. Iodine release from sea ice to the Arctic atmosphere

The transfer mechanisms of iodine from the ocean into the
atmosphere are not fully understood, and can depend on solar radi-
ation, ocean water temperature and chemistry, biological activity
(micro- and macro-algae), physical parameters (waves, tides and
currents), and spatial extend (open sea/coastal areas and water
depth) (Bell et al., 2002). Volatilization and photooxidation of org-
ano-iodines in air to soluble inorganic forms allow for a significant
fraction of the iodine to partition to the aerosol phase, providing a
route for wet and dry deposition to the ocean (Carpenter, 2003).
Apart from volatilization, inorganic sources of iodine (I2 and/or
HOI) in the polar atmosphere have also been suggested (Saiz-López
and Boxe, 2008). I2 may be formed at the ocean (and ice) surface
by the reaction of iodide with ozone or photo-oxidation by chloro-
phyll. Iodine may then be volatilized to the atmosphere directly, or
react with organic compounds to yield iodocarbons. Another sug-
gested source of inorganic iodine to the atmosphere is the biolog-
ical production of I� and HOI from marine algae contained within
and underneath sea ice, and their diffusion through brine channels
to accumulate on the surface brine layer resulting in the release of
I2, ICl and/or IBr to the atmosphere (Saiz-López and Boxe, 2008).

Iodine release from the sea ice is triggered by the biological pro-
duction of iodine, in the equilibrium form of HOI + I- + H+ ? I2 + H2

O from sea ice algae followed by diffusion through brine channels
to accumulate in the QLL (Quasi-Liquid Layer) of the ice surface
accompanied by deposition and recycling of atmospheric iodine
species on the QLL, as shown in Figs. 1 and 2 of Saiz-López and
Boxe (2008). Simulations reported by Saiz-López and Boxe (2008)
show that the nocturnal gas-phase I2 can reach concentrations of
7 � 108 molecules cm�3 over the course of six days, whereas day-
time I2 concentrations are much smaller due to rapid photolysis
to form I atoms. Thus, an upper limit for the amount of 127I released
from the sea ice by this mechanism could be estimated as the prod-
uct of the nocturnal gas-phase I2 (7 � 108 molecules cm�3), and the
QLL thickness (500 lm) (Saiz-López and Boxe, 2008), leading to a
total amount of 7 � 1011 atoms m�2 of 127I released from the sea
ice.

Taking the mean 129I/127I atom ratio in sea ice of (1.2 ± 1.7) �
10�6, this would correspond to an amount of 129I released from the
sea ice of (8.5 ± 12.0) � 105 atoms m�2. This amount of 129I volati-
lised is negligible in comparison with the 129I inventory in sea ice
calculated above, of (6.5 ± 4.5) � 1012 atoms m�2. The same occurs
with the amount of 127I that is volatilised from sea ice (7 � 1011 vs
(5.5 ± 4.0) � 1018 atoms m�2).
4.4. Origin of iodine in Arctic sea ice

The inventories of 129I and 127I in sea ice can be considered as a
balance of their mass exchanges between the sea ice and the ocean
and atmosphere. Iodine has a fairly short atmospheric residence
time of (12 ± 3) days (Yang and Guo, 2012) and emission of organic
iodide from the ocean provides the main source of atmospheric
127I. Anthropogenic releases of atmospheric 127I (such as fossil fuel
combustion) are believed to be negligible on the global scale com-
pared to natural, oceanic sources (Carpenter, 2003). However, the
129I/127I ratio of (1.2 ± 1.7) � 10�6 in sea ice is much higher com-
pared to that for the surrounding seawater of (2.2 ± 1.4) � 10�8

indicating that the 129I inventory in sea ice cannot be supported
by direct uptake from seawater or by iodine emission from proxi-
mal (nearby) oceanic regimes.

To address this issue it is assumed that there are two sources for
the 129I inventory, 129Itotal

sea�ice, in sea ice: (1) emission from the prox-
imal ocean and subsequent deposition in sea ice resulting in a sea-
water-derived, ice inventory of 129Iwat

sea�ice, and (2) direct
atmospheric transport from European nuclear reprocessing plants
(Sellafield in the UK and Cap La Hague in France) followed by depo-
sition in sea ice, giving a long range atmospherically-derived com-
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ponent of 129Iatm
sea�ice. One can further assume that the total 127I

inventory in the Arctic sea ice of 127Itotal
sea�ice comes solely from ocean

emission, because land-based sources of 127I are minor compared
to ocean sources. The 129I inventory in sea ice derived from ocean
emission is then as follows,

129Iwat
sea�ice ¼ 127Itotal

sea�ice �
129I
127I

� �
water

ð1Þ

where (129I/127I)water is the iodine isotopic ratio in seawater
(2.2 � 10�8; Section 4.2) and 127Itotal

sea�ice is 5.5 � 1018 atoms m�2 (Sec-
tion 4.1) giving a value for 129Iwat

sea�ice of (1.2 ± 1.7) � 1011 atoms m�2.
Therefore, the amount of 129I derived from long range transport
from European nuclear reprocessing plants 129Iatm

sea�ice is the differ-
ence, 129Itotal

sea�ice—129Iwat
sea�ice, equal to (6.4 ± 4.7) � 1012 atoms m�2 or

98.4% of the total 129I inventory in the Arctic sea ice.
This result suggests that most of the 129I measured in sea ice in

this study was derived from long range transport to the Arctic
Ocean from the vicinity of Sellafield and La Hague and/or remote
oceanic regions having very high 129I concentrations. To test this
hypothesis, an air parcel trajectory analysis was performed using
the National Oceanic and Atmosphere Administration (NOAA)
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
atmospheric transport/dispersion model, together with meteoro-
logical data spanning the relevant sampling periods. The model
has been designed to support a wide range of simulations related
to the atmospheric transport and dispersion of pollutants and haz-
ardous materials to the Earth’s surface, and it is used to track and
forecast the releases of various substances to the atmosphere
including radioactive materials, volcanic ash and wildfire smoke
(Draxler and Rolph, 2003).

We have reconstructed five air mass pathways originating at
Sellafield (red) and La Hague (blue) at different dates (as shown
in Fig. 3) that cover the entire sampling period using the HYSPLIT
model. The modelling results confirm that these air parcels origi-
nating in the vicinity of Sellafield and La Hague could reach the
sampling area at the time of sampling and that, in some cases,
the air mass also passed through the Baltic and North Seas. This
would explain the fact that 98.4% of the total 129I inventory in
the Arctic sea ice comes from direct atmospheric transport from
the European nuclear reprocessing plants or through emission in
remote oceanic regions (ie. Baltic and North Seas) having very high
water column 129I concentrations.
4.5. Iodine atmospheric deposition rates

The measured inventory of iodine in the Arctic sea ice can be
used to calculate the atmospheric deposition rates by making an
assumption about the ‘‘age’’ of the sea ice samples. Since the floes
sampled for this work were approximately one year old or even
younger (Cámara-Mor et al., 2010, 2011), then the (net) atmo-
spheric deposition rates for 129I and 127I in the Arctic sea ice
would be of (6.5 ± 4.5) � 1012 atoms m�2 year�1 and (5.5 ± 4.0) �
1018 atoms m�2 year�1, respectively. A comparison of 129I and 127I
deposition rates from other global locations is shown in Table 2.
Fig. 4 illustrates the geographical distribution of the 129I data given
in Table 2 including the major 129I sources associated with
European (Sellafield, La Hague, Marcoule), former Soviet (Mayak,
Seversk, Zheleznogorsk) and US (Hanford, Savannah River) repro-
cessing facilities.

Aldahan et al. (2009) have reported wet deposition rates for
both isotopes in the period 2000–2006 at European latitudes
(55�N–68�N), ranging (0.3–30) � 1012 atoms m�2 year�1 for 129I
and (1.6–7.0) � 1018 atoms m�2 year�1 for 127I. Their results indi-
cate variability for both isotopes associated with generally higher
values at near coastal sites compared to the inland ones. Back tra-
jectories calculated through assigning a region of origin for each
precipitation event revealed that air masses had passed over the
Sellafield/La Hague/North Sea area 3 days before the precipitation
event took place. Englund et al. (2010) have also reported wet
deposition rates of 129I and 127I in the period 2001–2005 in two
localities in Sweden (Northern and Southern) ranging (0.3–3) �
1012 atoms m�2 year�1 for 129I and (1.6–8.5) � 1018 atoms m�2

year�1 for 127I. The correlation found between both isotopes sug-
gested that they originate from a common source, likely the North
Sea; in the case of 129I, due to volatilization of liquid emissions
from the reprocessing facilities in Sellafield and La Hague.

Schnabel et al. (2001) reported 129I wet deposition fluxes in rain
water samples collected in Switzerland between 1994–1997, rang-
ing (1.1–2.6) � 1012 atoms m�2 year�1. They concluded that the
two main sources of 129I in precipitation in central Europe are
the transfer of the liquid 129I released by Sellafield and La Hague
reprocessing plants from the sea to the atmosphere and the gas-
eous 129I releases from the same plants. Similar 129I deposition
fluxes have been reported by Reithmeier et al. (2007) in Germany
and Italy, ranging (0.6–9.3) � 1012 atoms m�2 year�1 in lake water
samples collected between 1998 and 2004.

Reithmeier et al. (2010) calculated the 129I deposition fluence
up to 2004 due to gaseous releases from all facilities shown in
Fig. 4 of this manuscript by using a transport model based on mod-
elling the 129I released from those reprocessing plants. Using the
estimated from Reithmeier et al. (2010) (i.e. Fig. 3 in that paper),
we can infer deposition fluences of about 5 � 1013 atoms m�2 in
the Arctic Ocean. Since the first facility started to operate in
1948, this would correspond to an average annual deposition of
about 1 � 1012 atoms m2 year�1, in good agreement with the
results shown in our study.

The results for 129I fluxes in the Yukon territory (Canada)
reported by Herod et al. (2013) are much lower than those
reported in central Europe, ranging (0.003–0.008) � 1012

atoms m�2 year�1, due to the remoteness of the region and the lack
of nearby 129I point sources. The same applies to other remote sam-
pling locations in the southern hemisphere, like New Zealand
(lakes Rotorua and Taupo) or Africa (lakes Malawi and Tanzania),
where data reported by Reithmeier et al. (2010) show low 129I
deposition fluxes which would be essentially due to fallout from
the atmospheric nuclear explosions. The main exception is a rela-
tively high 129I deposition flux of 9.0 � 1012 atoms m�2 year�1

determined from measurements performed in lake Nahuel Huapi
(Argentina).129I deposition fluxes in rivers from North America
reported by Moran et al. (2002) are in general rather low, in the
range (0.00002–0.05) � 1012 atoms m�2 year�1. These results indi-
cate that 129I fallout from atmospheric test explosions is the only
source and that 129I releases from the US reprocessing facilities is
negligible. The sole exception is a higher 129I deposition flux rang-
ing (0.02–7.3) � 1012 atoms m�2 year�1 on the Southeast coast due
to the gaseous emissions of the Savannah River plant.

The published data for 127I deposition fluxes is comparatively
sparse. 127I wet deposition fluxes reported in the northern hemi-
sphere (Table 2) are in the range (1.6–8.6) � 1018 atoms m�2

year�1 (Baker et al., 2001) with generally higher values being mea-
sured at coastal sites compared to inland ones.

5. Conclusions

Concentrations of 129I in surface sea ice samples from the cen-
tral Arctic Ocean collected in 2007 ranged between (98 ± 8) � 107

atoms L�1 to (1327 ± 116) � 107 atoms L�1, with an average value
of (378 ± 292) � 107 atoms L�1. The 129I inventory in the sea ice
was estimated as (6.5 ± 4.5) � 1012 atoms m�2. The two main
sources for 129I in Arctic sea ice are: (1) emission from the ocean
and subsequent deposition in sea ice; and (2) direct atmospheric
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transport from the European nuclear reprocessing plants (Sellafield
in the UK and Cap La Hague in France) or through emission in
remote oceanic regions having very high 129I concentrations (eg.
North Sea) followed by deposition in sea ice. Our data, supported
by air parcel trajectory analysis for the sampling period, indicate
that long range, atmospheric transport contributes most (up to
98.4%) of the total 129I present in the Arctic sea ice. The results
shown in this work will serve as a basis for future sampling cam-
paigns and warrantees future research about 129I behaviour in
the Arctic area.
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