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Abstract

Data are presented here on the anthropogenic 129I inventory in regions that have been strongly affected by releases from
European reprocessing facilities which, to the authors’ knowledge, presently account for >90% of the global isotope source
in the Earth’s surface environment. The results show that >90% of the isotope inventory occurs in marine waters with the
Nordic Seas and Eurasian basin of the Arctic Ocean containing most of the 129I. Within the terrestrial environment of
Europe, soils contain the largest part of the isotope inventory. However, the inventory of the terrestrial system did not
provide clues on the most plausible atmospheric source of 129I to Europe, thus supply from both gaseous and marine
releases is proposed. The sum of the total inventory in both the marine and terrestrial environments did not match the
estimated releases. This imbalance is likely to relate to unconstrained inventory estimates for marine basins (Irish Sea, Eng-
lish Channel and North Sea) close to the facilities, but also to the occurrence of 129I in the biosphere, and possible over-
estimated releases from the nuclear reprocessing facilities. There is no doubt that the available data on 129I distribution in
the environment are far from representative and further research is urgently needed to construct a comprehensive picture.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

There has been considerable interest in utilizing
anthropogenic 129I (half-life 15.7 Ma) as a geochem-
ical tracer in a wide range of natural reservoirs.
Consequently, a large amount of data has been gen-
erated with respect to the distribution of the isotope
in the hydrosphere and atmosphere and to a lesser
extent in the biosphere and lithosphere. Further-
more, much of the dynamics of anthropogenic 129I
distribution is linked to natural 127I, which may be
partly misleading considering the large variability
in input sources, modes and concentrations. How-
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ever, as with all types of chemical tracers, conserva-
tive behavior (relatively constant concentration in a
reservoir over time) is desirable in order to use the
element or compound as a tracer. In the case of
127I this assumption can be true, but unfortunately
it is not applicable for 129I as the natural concentra-
tion has been strongly overwhelmed by the continu-
ous and sporadic additions from a variety of
anthropogenic sources. This situation complicates
the attempt to assign probabilities based on con-
stant source input scenarios for 129I and the conse-
quences of providing a final assessment of global
distribution and budget inventory. Accordingly, a
continuously revised budget calculation is practi-
cally indispensable to trace existing and future glo-
bal changes in inventories of anthropogenic 129I.
.
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In this report, data on anthropogenic 129I from
the authors’ group and other researchers are used
to elucidate the expected concentrations and inven-
tory in the Earth’s surface environments of the
Northern hemisphere and in particular Europe,
the Arctic and North Atlantic Oceans and related
Seas. These data are further evaluated in terms of
129I mass balance through calculation of input func-
tions and recovered inventories in the surface
environments.

2. Sources of anthropogenic 129I and release rates

The sources of anthropogenic 129I include mainly
two domains (Table 1). Those of a sporadic nature
associated with nuclear weapons testing and nuclear
accidents, while the other domain represents contin-
uous releases from nuclear reprocessing facilities
and nuclear power plants. Within these domains
the characteristics (gaseous or liquid) and annual
rate of release also vary. Furthermore, whereas
clouds from most atomic weapons testing can reach
the stratosphere, no such vertical atmospheric dis-
persal is expected by gaseous releases from other
sources. The residence time of 129I in the tropo-
sphere is estimated to between 2 and 4 weeks, with
a likely longer period in the stratosphere. Conse-
Table 1
Sources of anthropogenic 129I

Source 129I (1026 atoms)

Nuclear power reactors
Nuclear weapons testing 2–7
1945–1970s

Chernobyl accident, April 1986 0.28

Nuclear reprocessing facilities

Hanford, 1944–1972, USAb 12
Marcoule, 1988–1997, Franceb 3
Sellafield, 1952–2004, UK 9

64
La Hague, 1966–2004, France 3

146
Others (Russia, Japan, India, China) –

Total (reprocessing) 237+

a Estimated using data on 129I/131I from Mironov et al. (2002) and th
b Liquid releases from Sellafield and La Hague are discharged into th

into the Columbia and Rhone rivers respectively.
c Reference: (1) Eisenbud and Gesell (1997), (2) Wagner et al. (1996)

(1997), (6) López-Gutiérrez et al. (2004), (7) BNFL (1999-2004), (8) Gr
Presently we have no estimate for the releases from Nuclear power pla
releases from Hanford and Marcoule, which can add to the total sums
quently, dispersal of a stratospheric129I pulse is
expected to be more global than a tropospheric
one. That is also a reason for the global detection
of atomic weapon related 129I pulses, which have
caused elevated concentration about 2 orders of
magnitude above the natural values found in the
Earth’s surface reservoirs. In contrast to that, trans-
port of gaseous releases from sources (e.g. repro-
cessing facilities) other than nuclear weapon
testing would have limited temporal and spatial glo-
bal spread and can take a much longer time. Thus
these general guidelines provide direction for the
consideration of 129I distribution from release
sources to the sink and corresponding inventory.

This report focuses on anthropogenic 129I input
from the European nuclear reprocessing facilities,
which account for more than 90% of the total global
releases (Table 1). There are relatively good data for
the releases from the Sellafield and La Hague facil-
ities until 2004, but less constrained data on releases
from the Marcoule facility. Furthermore, the Sella-
field and La Hague facilities discharge a large part
of their waste directly into marine water, whereas
discharge from other facilities in Table 1 (Hanford
and Marcoule) was into rivers. Part of the 129I in
the Arctic Ocean may also be related to the releases
from the Russian (Siberian) facilities, such as
129I (kg) Release form Referencec

50–150 Gaseous (1)–(3)

6 Gaseous a

260 Gaseous (4)
68 Gaseous (5)
182 Gaseous (6)–(9)
1371 Liquid (7), (8)
68 Gaseous (6), (10)
3119 Liquid (6), (10)
–

5068+

e total 131I from UNSCEAR (2000).
e sea whereas those from Hanford and Marcoule were discharged

, (3) Raisbeck and Yiou (1999), (4) Hanford (1997), (5) Cogema
ay et al. (1995), (9) Jackson et al. (2000), and (10) GRNC (1999).
nts and the so called Others in the table as well as for the liquid
.



Fig. 1. Major pathways of marine discharges from Sellafield and La Hague nuclear reprocessing facilities to the Arctic and North Atlantic
Oceans. Solid lines = surface currents, dashed lines = deep currents, AO = Arctic Ocean, NAO = North Atlantic Ocean, NAC= North
Atlantic Current, NS = North Sea, BS = Baltic Sea, NCC = Norwegian Coastal Current, NoS = Nordic Seas, BrS = Barents Sea,
KS = Kara Sea, LpS = Laptev Sea, BeS = Beaufort Sea, EGC= East Greenland Current, DSOW = Denmark Strait Overflow Water,
ISR = Iceland-Scotland Ridge overflow water, LS = Labrador Sea, DWBC = Deep Western Boundary Current, S = Sellafield, L = La
Hague, M = Marcoule, My = Mayak.
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Mayak (Fig. 1), but presently there is no data that
allows for an acceptable estimate of these contribu-
tions to the inventory in the Arctic Ocean.

3. Type of data

For the sake of uniformity, in at least one param-
eter (analytical technique), the authors chose to use
only 129I data that have been obtained by accelerator
mass spectrometry from both published results and
analyses made in this investigation. Samples ana-
lyzed in this investigation are presented in Table 2
and the analytical details are described below.

The extraction of I from the water and ice was
performed on 100 mL samples that were filtered
through a 0.45 lm membrane filter. About 1 mg of
I was added as a carrier and the sample was then
reduced with NaHSO3 to convert IO�3 to I� and
acidified to pH 2 with further extraction of I into
CHCl3, back extraction into water, and precipita-
tion as AgI.

Extraction of I from sediments was performed on
a sample of about 300 mg that was dried at room
temperature in a desiccator for 12 h. The sample
was put into a quartz boat and about 2.0 mg I
was added as a carrier. The quartz boat was then
placed in the combustion system for extraction of
I. The combustion was conducted in an O2 atmo-
sphere at a final temperature of 800 �C for about
1 h. Iodine was trapped in a KOH–Na2SO3 solution
and precipitated as AgI.

The AgI was mixed with Nb powder and pressed
into cupper holders for the AMS measurement.
Determination of 129I/127I in the samples was con-
ducted at the Uppsala 5 MV Pelletron Tandem
Accelerator. The reference material 4949C. Iodine-
129 of the National Institute for Standards and
Technology (NIST) was used as a standard.



Table 2
Samples and 129I concentrations analyzed in this study

Archive Sampling date Depth 129I (108atoms)

(L�1)
Sea ice (Fram Strait)

Ice core 81.96N �14.11E May 2002
Ice 0–20 cm 5.32 ± 0.37
Ice 60–80 cm 5.54 ± 0.35
Ice 120–140 cm 3.59 ± 0.24
Brine water in ice core (salinity 46) 100–120 22.6 ± 0.11
Sea water (at ice–water interface) 145cm 21.0 ± 0.1
Ice core 82.35N–3.09E, ice May 2002 0–50 cm 2.48 ± 0.16
Ice core 81.44N–4.07W, ice May 2002 0–20 cm 0.41 ± 0.08
Ice 40–60 cm 3.57 ± 0.24
Ice 190–210 cm 1.61 ± 0.18
Ice 300–320 cm 1.66 ± 0.12
Brine water in ice core (salinity 42) 300 cm 12.6 ± 0.5

Snow (Fram strait) May 2002 4.95 ± 0.33, 3.10 ± 0.27

Storfjorden (water depth 10–266m) May 2002 19–23

Greenland ice (72.56�N–37.61�W) (period 1900–1985) 9 samples 0.01–0.1

River water (Iceland) June 2003 (4 samples) 0.05–0.5

Lake water

Lakes Näsijärvi and Orivesi (Finland) July 2004 2 samples Surface 1–5
Lake Vättern (Sweden) March–July 2004 (2 samples) Surface 4–6
Lake Baikal (Russia) August 2001 (3 samples) Surface 0.01–0.1
Lake Biwa (Japan) September 1999 (2 samples) Surface 0.1–0.5

(g�1)
Soil (Uppsala, Sweden) June 2004 2 cm 3–5

Lake sediment (Loppesjön Helsingland, Sweden) February 2003 2 cm 15

Baltic Sea sediment (59.02�N–19.03�E) June 2002 2 cm 25
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Background and memory effects were evaluated
through carrier I blanks that produced a procedural
background 129I/127I value <3 · 10�13. The instru-
ment background was evaluated through use of a
natural AgI (iodargyrite), which resulted in a value
of 10�14. The 129I/127I values of the samples were
50–150 times higher than the blank value thus
resulting in negligible (<2%) background correction.
Further details of the I chemical separation and
AMS measurements are given in Alfimov et al.
(2004a) and Englund et al. (in press).

Because of the relatively large variability in the
published data in terms of number of samples,
sampling method and period, representativeness
for a reservoir and availability as 129I concentration
or 129I/ 127I values, in some cases average expected
value are used without a specific reference.
However, references of critical relevance to the 129I
concentration range in different environmental sys-
tems considered here are mentioned throughout
the text.
4. Modeling and assessment

A variety of approaches are applied in calculat-
ing the amount of anthropogenic 129I in the Earth’s
surface reservoirs for the period 1952–2004. The
inventory calculation has been limited to the north-
ern hemisphere and primarily to regional dispersal
within Europe, the North Atlantic and Arctic
Oceans and related Seas (Fig. 1). The main princi-
ples of the model depend on (1) the recognized
global geochemical cycle of I (Kocher, 1981; Fab-
ryka-Martin et al., 1985; Fuge, 1996) with the mar-
ine reservoir as the main (>90%) sink for I; (2)
gaseous and liquid discharges from the Sellafield
and La Hague nuclear reprocessing facilities are
the main (>90%) source of anthropogenic 129I; (3)
recycling of 129I between the atmosphere, litho-
sphere, hydrosphere and biosphere, as well as
the inventory in the biosphere, is not considered;
(4) the input data for inventory calculation rep-
resent both averaging and scaling of available



Fig. 2. (a) Modeled global anthropogenic 129I inventory for the
period 1952–2000 (Buraglio, 2000). Note the relatively small
variability in the terrestrial compared with the marine reservoir.
(b) Modeled marine distribution of anthropogenic 129I in waters
of the Arctic and Atlantic Oceans and the Norwegian Sea for the
period 1970–2010. Note the rather small differences in the
inventory between 2000 and 2010 (Alfimov et al., 2006).
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measurements on environmental samples to the year
2004; (5) no inventory estimate of the marine atmo-
sphere is considered, but it is expected to represent
only a minor fraction (<1%) of the total inventory
for the marine system and (6) global atmospheric
transport of 129I release from the reprocessing facil-
ities is expected to be both limited and to represent
only minute quantities of the total isotope input to
the Earth’s surface.

Presently there is no evidence for 129I marine
transport beyond the North Atlantic. Additionally,
relative absence of published data on 129I release
from nuclear reprocessing facilities other than those
listed in Table 1 makes tracing of the signal in oceans
other than the Arctic and North Atlantic highly
speculative. Furthermore, two assumptions were
considered for estimating the marine inventory and
include; (1) losses of I from marine surface water
to the atmosphere are on the order of <1& per year
(Wong, 1991; Baker, 2004), which implies a conser-
vative behavior over the time scales considered here;
(2) iodate reduction, a process that may affect I bud-
gets at different depths, is apparently not a signifi-
cant process at high latitudes (Truesdale et al., 2000).

The inventory model calculation adapted here
can be divided into two main portions as land and
marine reservoirs. Most of the published data repre-
sent sampling periods before 2002 and thus scaling
following the models shown in Fig. 2 and actual
129I release data was used to extend the inventory
until 2004. The data and modeling of Hou et al.
(2000) on seaweed also support this scaling
approach. Areas of bare rock surfaces, mountain-
ous regions and big lakes were excluded from the
soil cover inventory. The 129I in dry fallout (air
and aerosols; Santos et al., 2005) has been consid-
ered to be negligible for the inventory observed in
precipitation. The 129I flux in precipitation over
Europe represents <0.01% of the annual total
releases from the reprocessing facilities (Persson
et al., in press). However, model results (Fig. 2a)
suggest rather insignificant changes in 129I atmo-
spheric concentration since the start of releases,
which also seem to agree with the data of Buraglio
et al. (2001a) and Schnabel et al. (2001) and thus
the precipitation inventory was not scaled to vari-
ability in release rate function. The data of Schnabel
et al. (2001) for the years 1994–1997 indicate about
a 10 times higher annual flux of 129I in precipitation
in central Europe compared to the estimate by
Buraglio et al. (2001a) for the years 1998 and 1999
in Northern Europe. In the present study, a recent
estimate by Persson et al. (in press), which is based
on more data sets in Europe and thus provides bet-
ter the representative annual flux value for 129I in
precipitation over Europe, has been used.

Published data on 129I in inland water systems
(precipitation, rivers, lakes and glaciers) of Europe
are scarce both spatially and temporally. The aver-
age value for rivers of the Baltic region (Aldahan
et al., 2006), which is about one order of magnitude
higher than the average for rivers in the USA
(Moran et al., 2002), are used here. However, some
exceptionally high 129I concentrations (about three
times higher than the value used here) have been
reported from the Rhone, Rhine and Thames rivers
as well as in a few small rivers in Southern Sweden
(Moran et al., 2002; Snyder and Fehn, 2004; Alda-
han et al., 2006).

The data on magnitude of 129I in lake waters are
severely limited to some from Northern Europe
(Buraglio et al., 2001b), which form the basis for
an average estimate used here. A more global data
set is available from Snyder and Fehn (2004), but
unfortunately most of the data is on lakes from con-
tinents other than Europe. Furthermore, the data of
Snyder and Fehn (2004) clearly indicate about 2
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orders of magnitude less concentration of 129I than
that expected for European lakes.

Concentration of 129I in glacier ice was estimated
using the available data of Wagner et al. (1996), the
data on the Greenland ice cap is reported in Table 2.

There are some data on 129I occurrence in the
European soil cover (Hou et al., 2003; Ernst et al.,
2003; Michel et al., 2005) and an average estimate,
which is based on these reports, has been used. Sim-
ilarly, the data on 129I concentration in lake sedi-
ments seems to be presently limited to only one
core from a lake in Ireland, which is relatively close
to the Sellafield facility (Gallagher et al., 2005).
River sediment is another reservoir that is expected
to provide 129I input to lakes and marine sediments.
Presently, there are no data on 129I concentrations
of river sediment in Europe, thus the data from river
waters (Aldahan et al., 2006) provided a baseline to
estimate the average concentration used here.

Although distribution of 129I in the marine reser-
voir has been more studied compared to other reser-
voirs, the available data have many gaps with
respect to both spatial and temporal resolution.
Additionally, as with the terrestrial system of Eur-
ope, data on 129I concentrations in marine sedi-
ments of the region considered here are scarce.
The available data include, one core from the Skag-
errak sampled during 1984 (López-Gutiérrez et al.,
2004), one analysis of a sediment sample from the
Irish Sea (Hou et al., 2003), one core from the west
North Atlantic (Moran et al., 1998) and the
authors’ average of two surface sediment samples
from the Baltic Sea (Table 2). Consequently, the
estimate of 129I inventory in marine sediments is
based on averaging and scaling these data, which
provides a gross number. A big problem with esti-
mation of 129I in marine system relates to compli-
cated transport pathways and time needed for the
plumes to disperse and reach an intended destina-
tion. Instead, the marine inventory has been simpli-
fied into integrated accumulations that directly
relate to available measured concentrations, major
water current pathways (Fig. 1) and a numerical
model (Fig. 2; and details in Alfimov et al., 2006)
that takes into consideration transit time from the
sources (Sellafield and La Hague). Thus inventories
of the deep Arctic Ocean and central Nordic Seas
were calculated by integrating representative 129I
depth profiles (Alfimov et al., 2004a,c; and unpub-
lished data for the Norwegian Sea). For the Barents
Sea inventory the estimate has been based on the
data of Alfimov et al. (2004a) and Matishov et al.
(2002). 129I concentration of the Makarov basin
deep water (Alfimov et al., 2004a) was considered
for the Kara, Laptev and East Siberian Seas. In
the case of the Chuckchi, Bering and Beaufort Seas,
an estimate based on the data of Kilius et al. (1995)
and Smith et al. (1999) was used, and data of Meili
et al. (2002) and Smith et al. (2005) for the Labrador
Sea. The obtained inventories were then scaled to
the year 2004 by using a model-derived and time-
dependent inventory (Alfimov et al., 2006). The
poorly quantified 129I in sea-ice cover is another
challenge for the inventory in the Arctic Ocean.
Here an estimate based on some measurements
(Table 2), which demonstrated that sea-ice would
make only a small contribution to the total inven-
tory in the Arctic Ocean and related Seas (the Nor-
dic, Barents and Labrador Seas) was used.

5. Results and discussion

Results of inventory calculation indicate that
most (>90%) of the anthropogenic 129I in the sur-
face environmental systems is located within the
marine reservoir (Table 3). The data show also a
wide range of variability in 129I inventory both on
land and in the marine system. Soil cover contains
most of the continental 129I pool, whereas only
minor quantities occur in the land water system.
In the marine system, the Central Norwegian Sea,
the Arctic Deep Water and the North Atlantic con-
tain most of the marine inventory.

5.1. Inventory of the terrestrial system

Considering a constant 129I concentration in pre-
cipitation between 1952 and 2004 and using the
average annual flux, a total inventory of about
150 kg has been deposited in the terrestrial environ-
ment of Europe. This amount of deposition is com-
parable to estimates presently found in the
terrestrial reservoirs of Europe (Table 3) and seems
also to be corroborated by the relatively small 129I
losses by river runoff, the atmosphere and ground-
water. Data from the Baltic region indicate that
about 10–15% of the 129I deposited by precipitation
was further transported by river water to the Baltic
Sea (Aldahan et al., 2006). Thus transport of 129I
from the terrestrial to the marine environment by
runoff is relatively small even with the addition of
river sediment (Table 3). Accordingly, 129I losses
from the terrestrial system comprise only a minor
part of the residual inventory. The total inventory



Table 3
Inventory data of anthropogenic 129I in the terrestrial system of Europe and in the marine system of the Arctic and North Atlantic Oceans
and related Seas

Region 129I
(108 atoms)

Volume
(km3)

Surface area
(km2)

Depth
(m)

Inventory atoms
(kg)

Europe

Annual precipitation 20 L�1 1.05 · 107 1.3 · 1025(3)
Rivers annual runoff 10 L�1 3.1 · 103 3.1 · 1024(0.7)
Lakes water 10 L�1 1.5 · 103 1.5 · 1024(0.3)
Glaciers (ice) 0.5 kg�1 1.6 · 104 1 6.4 · 1020(<0.01)
Surface soil 3 g�1 8.91 · 106 0.1 7.0 · 1026(150)
Lake sediment 1 g�1 1.5 · 105 0.05 1.1 · 1024(0.2)
River sediment 5 g�1 680 · 106 MT 3.4 · 1023(0.1)

Total 7.5 · 1026(155)
Greenland (ice cape) 0.1 kg�1 2.2 · 106 1 1.8 · 1022(<0.01)

English channel

Water 1000 L�1 3.8 · 104 3.4 · 1026(73)
Sediment 1000 g�1 7.5 · 104 0.05 5.6 · 1026(120)

Irish Sea

Water 1000 L�1 2.4 · 103 2.4 · 1026(51)
Sediment 1000 g�1 4.7 · 104 0.05 3.5 · 1026(75)

Baltic Sea

Water 32 L�1 2.2 · 104 7.0 · 1025(15)
Sediment 10 g�1 4.2 · 105 0.05 3.2 · 1025(7)

Skagerrak

Water 450 L�1 6 · 103 2.7 · 1026(58)
Sediment 75 g�1 6.1 · 104 0.05 3.4 · 1025 (7)

North Sea

Water 100 L�1 4 · 104 4.0 · 1026(86)
Sediment 10 g�1 5.2 · 105 0.05 3.9 · 1025 (8)

Nordic Sea

Sediment 1 g�1 2 · 106 0.05 1.5 · 1025(3)
Watera

NCC southern 114 L�1 6.7 · 104 115 8.9 · 1025(19)
NCC northern 171 L�1 3.2 · 104 115 6.3 · 1025(14)
CNSb 4.6 L�1 4.1 · 106 1.9 · 1027(403)
CNS (maximum)c 9 L�1 4.1 · 106 3.7 · 1027(792)
WSC 40 L�1 1.8 · 105 500 3.6 · 1026 (77)
EGC northern 11 L�1 1.7 · 105 250 4.7 · 1025(10)
EGC central 11 L�1 7 · 104 250 2.0 · 1025(4)
EGC northern 11 L�1 6.3 · 104 250 1.8 · 1025(4)

Nordic Sea (model)d 5.1 · 1027(1100)
Labrador Sea

Water mass1 I L�1 6 · 105 0–3000 1.8 · 1026(39)
Water mass 2 3 L�1 6 · 105 3000–3250 4.5 · 1025(10)

Arctic Ocean

Sediment 1 g�1 1.5 · 107 0.05 1.1 · 1026(24)
Ice 4 kg�1 7.5 · 106 2 4.8 · 1024(1)

Watere

Southern Barnets Sea 90 L�1 1.3 · 105 1.2 · 1027(257)
Northern Barents Sea 22 L�1 2.3 · 105 5.1 · 1026(109)
Kara, Laptev and east

Siberian Seas
26 L�1 2.02 · 105 5.3 · 1026(113)

Chuckchi and Beaufort Seas 0.4 L�1 7.2 · 104 2.9 · 1024(0.5)
Arctic deep water 3 L�1 1.35 · 107 4.1 · 1027(878)
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Table 3 (continued)

Region 129I
(108 atoms)

Volume
(km3)

Surface area
(km2)

Depth
(m)

Inventory atoms
(kg)

North Atlantic Ocean

Sediment 0.1 g�1 4.1 · 107 0.05 3.1 · 1025(66)
Water 0.2 L�1 1.62 · 108 3.2 · 1027(685)

Total (marine) 1.7 · 1028 (3700)

NCC = Norwegian Coastal Current CNS = Central Norwegian Sea, WSC = West Spitsbergen Current, EGC = East, Greenland Current.
Precipitation 600 mm year�1, soil density 2.65 g cm�3, lake and marine sediment density 1.5 g cm�3, density of firn 0.66 g cm�3, density of
ice 0.80 g cm�3. Lake surface area is considered as 1.5% of Europe with an average depth of 10 m (details available in Kristen and Hansen,
1994). Estimate of river runoff is from Global Runoff Data Center, Federal Institute of Hydrology, Germany (Dr. Thomas Maurer) and
from Dai and Trenberth (2002). Estimate of river sediment discharge (million tons) is from Syvitski et al. (2005). MT = metric tons.

a Inventory values for the NCC and WSC waters refer to their surface area multiplied by average 129I concentrations in depth profiles
measured by Alfimov et al. (2004a,c) and unpublished data.

b The inventory of the CNS was estimated from a linearly-interpolated 129I profile sampled in 2002 in the center of the Greenland Sea
(Alfimov et al., 2004c) multiplied with an area of CNS and scaled to 2004 with help of the modeled inventories (see Fig. 2b) by Alfimov
et al. (2006). Hence, the ‘‘129I concentration of CNS’’ is an effective average concentration derived from the estimated inventory and the
volume of CNS and is therefore only for a mere curiosity of the reader.

c For comparison, we give an estimated upper limit for the 129I inventory of the CNS derived from just 129I surface concentration and the
volume of the CNS.

d For comparison, we give 129I inventory in 2004 modeled for the whole region of the Nordic Seas (+NCC, WSC, EGC) by Alfimov et al.
(2006).

e Estimated from the depth profiles by Alfimov et al. (2004a).
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of 129I in the terrestrial system (sediment, water and
ice) represents about 3% of the total releases from
the European reprocessing facilities and about
50% of the gaseous releases (Tables 1 and 3). Appar-
ently, the amount of 129I from gaseous release can
account for the inventory in the terrestrial system
of Europe, but the question is whether this is the
most common source and transport mode of the iso-
tope. Unlike the weapon tests and to a certain
extent the Chernobyl accident, the injection of 129I
into the atmosphere from the reprocessing facilities
is not explosive and does not reach high altitudes. It
may reach up to a few hundred meters and thus its
spread is strongly dependent on wind strength,
direction and moisture content. Accordingly, it is
expected that a large part of 129I from gaseous
release would be deposited in areas close to repro-
cessing facilities as also indicated by a few studies
(Rucklidge et al., 1994; Fréchou and Calmet,
2003). However, even if the exponential decrease
of soil iodine is considered (Ernst et al., 2003) and
the European soil inventory is recalculated to a
depth of 25 cm instead of the 10 cm considered here,
about 30% of the gaseous release will still be
missing.

Another source of 129I to the atmosphere is
releases from oceans and seas as sea spray, organic
and inorganic forms (Wong, 1991; Baker, 2004).
Data concerning environmental 127I and 129I distri-
bution show depletion of I in inland areas away
from coastal regions in both precipitation and run-
off (Moran et al., 1999; Szidat et al., 2000; Persson
et al., in press). This behavior suggests that a por-
tion of atmospheric 129I in the atmosphere of Eur-
ope can be related to marine sources, but it is
difficult to quantify the contribution of each source
(marine or direct gaseous releases from the
reprocessing facilities) to the total terrestrial
inventory.

The amount of 129I stored in glaciers and the
Greenland ice cap is minute due to the low concen-
tration (Table 3). However, it is still expected that
the isotope concentration will be highly variable
depending on the location of the glacier with respect
to latitude, altitude and proximity to coastal
regions. These factors affect 129I concentration in
precipitation and thus it is estimated that more
129I will be accumulated in the glaciers of Scandina-
via than those in the Alps. Furthermore, survey data
(Wagner et al., 1996 and Table 2 of this study) show
relatively elevated concentrations in the top parts of
glaciers and the Greenland ice that can act as ultra
sensitive indicators of the anthropogenic era contri-
bution and eventually provide a new tool for under-
standing glacier dynamics and climate change.

Unlike the water system, regional and local geo-
chemical variability of the soil cover in Europe may
strongly affect the estimated soil inventory (Ernst
et al., 2003). Generally, acid soils may lose more
iodine to the atmosphere and ground water than
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alkaline soils (Fuge, 1996). However, available data
on 129I in soil show that most of the isotope concen-
tration is retained within the upper 5–10 cm (Ernst
et al., 2003; Michel et al., 2005) while there is some
loss to ground water. The inventory of the isotope
in lake sediments, although of small magnitude
(<0.1% of the terrestrial system), must be consid-
ered with caution. Nevertheless, the isotope distri-
bution in lake sediment can provide a new time
marker for atomic-era emissions since the forties
and consequently facilitates estimation of sedimen-
tation rates. The inventory of river sediments can
vary due to the expected depth profile that can be
a few centimeter to a few meters due to the strongly
dynamic sedimentation and erosion processes in riv-
ers and catchment areas. Therefore, data on 129I
concentrations in river sediments are urgently
needed not only for recognition of the isotope
inventory, but also they can provide interesting
information about recent (last 60 a) soil erosion in
drainage basins.

5.2. Inventory of the marine system

As about 90% of the 129I inventory occurs in the
marine reservoir, which, together with relatively bet-
ter data sets and a more homogenous environment
than the terrestrial system, forms a more solid base
for discussing the isotope distribution patterns.
Apart from the generally decreasing concentration
of I with depth in marine waters, there is large var-
iability, by several orders of magnitude, even within
the surface and deep waters. The highest inventory
of the isotope is still, however, within the surface
layers of all the water bodies considered in Table
3, except in the Baltic and the Labrador Seas where
the deep layer is more enriched than the surface
layer (Alfimov et al., 2004b; Smith et al., 2005).
Most of the 129I inventory seems to reside in the
Nordic Seas and the Arctic Ocean that contain
together about 70% of the total inventory. Investi-
gations of these water bodies also suggest both con-
tinuous increase and transport of 129I to the North
Atlantic via mainly the Labrador Sea and Denmark
Strait (Meili et al., 2002; Alfimov et al., 2004b;
Smith et al., 2005). Presently there is relatively more
systematic data about the temporal distribution of
129I in the Arctic Ocean, Nordic, Labrador and Bal-
tic Seas than in the North and Irish Seas. Accord-
ingly, the inventory estimation for the latter seas
are expected to be subject to change if new data
are acquired. It is likely that the part of the basins
in the vicinity of the facilities will contain relatively
larger quantities of the isotope than estimated here.

The disequilibrium between 129I and 127I, and the
relatively long residence time (10 ka) of I in the
oceans strongly affects the dynamics of inventory
within the ocean water layers. Although temporal
variability in 129I concentration between the differ-
ent ocean water layers may exist, it is expected that
the total inventory of a whole water column will be
somewhat representative, at least in response to
transient time of water currents as discussed here.
Based on the general water circulation from
Fig. 1, the plume from the Sellafield marine dis-
charge enters the North Atlantic west of Scotland
and is swept into the North Sea by the NAC. 129I
data have apparently identified the Sellafield plume
NW of the UK admixed into the coastal branch of
the NAC, before it enters the North Sea (Alfimov
et al., 2004b). This is evident from the salinity pro-
file, which maintains values of the NAC whereas the
129I value sharply increases (20 times). This feature
gives a specific character for this surface water par-
cel of the NAC which otherwise seems homogenous
in terms of salinity. The 129I-labelled water diverts
into the North Sea, whereas most of the NAC con-
tinues into the Norwegian Sea. The other marine
source of 129I to the North Sea is the discharge from
the La Hague facility entering through the English
Channel. Surface circulation in the North Sea is
highly variable locally, but a major path of the
129I outflow is along the coast of Denmark and into
the Norwegian Coastal Current (e.g. Dahlgaard
et al., 1995; Alfimov et al., 2004b). The inventory
estimate for the North Sea is rather poor because
of scarce data points and the about 100 kg of 129I
(Table 3) may be dominated by the La Hague
releases. However, at this stage of the investigation,
and without a more detailed data set from the wes-
tern and eastern coasts of the North Sea, it is quan-
titatively difficult to separate the Sellafield and La
Hague contributions to the outflow current and
eventually to changes in the inventory of 129I. For
simplicity, a single surface water outflow (discharge
parcel) from the North Sea has been considered for
the releases from the two facilities and estimation of
transient times and inventory in the Nordic and
Labrador Seas and the Arctic and North Atlantic
Oceans.

The expected flux and transit time for each
compartment of water masses reaching the North
Atlantic Ocean from the Nordic and Labrador Seas,
and the Arctic Ocean were considered in detail by
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Smith et al. (2005) and Alfimov et al. (2006). The
inflow of 129I to the Arctic Ocean is by the 129I-
enriched surface branch of the NAC and the North
Sea water mass along the Norwegian coast (Gascard
et al., 2004). Inventory estimates for the Norwegian
Coastal Current (NCC) sum up to about 35 kg of
129I (Table 3), which is about 30–40% the amount
found in the North Sea. Estimates of inventory for
the Nordic Seas water can vary between 530 and
920 kg, which is about 20–50% less than the esti-
mate made by Alfimov et al. (2006) based on numer-
ical modeling. The 20% difference can be explained
by error estimates, but obviously more data on
129I distribution in the CNS are needed for con-
strained comparison between the model and empir-
ical approach.

Transit time of 129I from the source (considered
here as the ‘‘feeder’’ currents from Sellafield and
La Hague) to the Arctic Ocean through the Norwe-
gian Sea is estimated at about 6–11 a (Buraglio
et al., 1999; Hou et al., 2000; Edmonds et al.,
2001; Smith et al., 2005). However, the estimated
inventory for the different parts of the Arctic Ocean
water is about 1300 kg of 129I, which is about 30%
more than in the Norwegian Sea and represents
about 30% of the total liquid releases from the
nuclear reprocessing facilities (Table 1) until the
year 2004. The estimates for the Arctic Ocean 129I
inventory presented here seem, however, compara-
ble to the data produced by numerical modeling
(Alfimov et al., 2006).

Transport of 129I from the Arctic Ocean occurs
mainly by cold, relatively fresh, waters that enter
the Greenland Sea (East Greenland Current,
EGC) through the Fram Strait. This water mass
overflows the Denmark Strait (Denmark Strait
Overflow Water; DSOW) and together with the cold
water from the Norwegian and Iceland Seas forms
part of the Deep Western Boundary Current
(DWBC) (Pickart, 1992; Dickson and Brown,
1994; Smethie and Fine, 2001). The DWBC com-
prises the return mode of the ‘‘conveyer belt’’ in
the North Atlantic. Inventory data presented
in Table 3 indicate occurrence of about only 20 kg
in the EGC water, which is about one order of mag-
nitude less than that predicted by the numerical
modeling of Alfimov et al. (2006). A possible reason
for the difference is strong influence from the Cen-
tral Norwegian Sea (CNS) and returned WSC that
may rapidly convey high amounts of 129I through
the EGC to the Labrador Sea and the DWBC after
a relatively short residence time. Accordingly, the
inventory of EGC presented in this study is most
likely underestimated. This can also be tested
through comparison with the 129I pool in the Labra-
dor Sea before final incorporation into the DWBC
and the western North Atlantic. A transit time of
1 to a few years (e.g. Smethie and Fine, 2001; Smith
et al., 2005) is attributed to transport of 129I from
the Arctic Ocean to the Labrador Sea, which means
more delay in the inventory signal. However, the
results in Table 3 suggest about 40 kg of 129I in
the Labrador Sea; about double the amounts in
the EGC.

The DWBC may represent the main pathway of
waters enriched with 129I that enter the West North
Atlantic and may form a unique tracer of further
water mass transport along the North American
coast and further into the North Atlantic Gyre,
and the subtropical–tropical exchange water
masses. Data from the Labrador Sea deep water
(Edmonds et al., 2001; Smith et al., 2005), the Mid
Atlantic Bight (Santschi et al., 1996) and the Gulf
of Mexico (Schink et al., 1995) indicate elevated
129I concentration in these water masses and are
thus in agreement with the proposed trend. Further-
more, there are no data on 129I concentration in the
return cold water from the Norwegian Sea (flow
over the Iceland–Scotland Ridge, ISR), but it has
been assumed that these water masses contain an
order of magnitude lower concentration than the
DSOW. A flux of 129I has been estimated, which is
based on mean annual transport rates of about 8
Sv, 4 Sv and 2 Sv (1 Sv = 106 m3/s) for the
NAC-NS, DSOW at south Greenland and ISR,
respectively (Smethie and Fine, 2001; Orvik et al.,
2001). The authors have used 129I values of
2 · 109 atoms/L for the NAC-NS (average of
NAC-NS measured values; Alfimov et al., 2004a)
and 1 · 109 atoms/L for the DSOW (Averaged
measured values; Alfimov et al., 2004c) and
0.5 · 108 for ISR (assuming values similar to the
1000–2000 m deep water of the Greenland and Nor-
wegian Seas; Alfimov et al., 2004c; Gascard et al.,
2004; Smith et al., 2005), although the ISR contri-
bution to the total inventory should be considered
with caution. Average annual flux of 129I, at about
100 kg from the NAC-NS, 26 kg for the DSOW
and 0.5 kg for ISR since 1999, can be estimated.
Using this gross approximation, about 10–20% of
the total 129I entering waters of the Norwegian Sea
may be currently back-ventilated into the DWBC.
The remainder of the 129I emission is most likely
residing in the Arctic Ocean and Nordic Seas.
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10–20% of the total inventory in the Nordic Seas
represents about 100–200 kg 129I, which is only
10–20% of the total inventory for the North Atlan-
tic (Table 3). The inventory estimate for the North
Atlantic Ocean presented in Table 3 seems, how-
ever, to be about 30% lower than the one estimated
from numerical modeling (Alfimov et al., 2006).

6. Conclusions

The total estimated 129I inventory for all compart-
ments or regions considered in Table 3 suggests some
(about 1000 kg) missing amount compared to the
sum of the total releases from Sellafield and La
Hague facilities (Table 1). Most of this difference
between inventory and release data seems to occur
in the marine system. The plausible cause of this dif-
ference may relate to underestimated inventories in
the marine area, particularly the sediment compart-
ment, in close proximity to the reprocessing facilities,
such as the Irish Sea, English Channel and the North
Sea. However, it is important to remember that part
of the isotope inventory occurs within the biosphere,
which has not been considered here. Uncertainty in
release data from the reprocessing facilities may also
contribute to the difference between the inventory
and total releases. Each of these scenarios seems
interesting and further research is urgently needed
in order to better understand and utilize 129I as a
tracer of environmental processes. The long half-life
(15.7 Ma) of the isotope adds a significant advantage
in understanding ocean circulation and eventual
impact on future climate change.
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