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Abstract
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129I is a radioactive isotope (T1/2= 15.7 million years) produced through natural and
anthropogenic pathways, but the anthropogenic production is presently dominating the Earth’s
surface environments. Sparse data from previous investigations in the Baltic Sea clearly
indicated the occurrence of 129I at levels 3-4 orders higher than natural pre-atomic era (before
1940) without comprehensive evaluation of distribution and inventory. In this thesis extensive
data on the distribution and inventory of iodine isotopes, 129I and 127I, and their species in waters
of the Baltic Sea, Kattegat and Skagerrak are presented and used for estimation of water masses
exchange and impact on the environment.  To fulfill these objectives seawater samples were
collected in August 2006 and April 2007 in the Baltic Proper, Kattegat and Skagerrak as well
as in December 2009 in the Bothnian Sea. After elaborative chemical separation of total iodine
and iodine species, the analysis was performed using ICP-MS for 127I and AMS for 129I. The
results reveal considerable differences in 129I concentration in terms of spatial and temporal
variability and expose relatively high concentrations in the deep waters. Inventory estimates
show higher amounts of 129I in August 2006 (24.2 ±15.4 kg) than in April 2007 (14.4± 8.3 kg)
within the southern and central Baltic Proper, whereas almost a constant inventory is found in
the Kattegat Basin. Relatively high 127I-/127IO3

- and 129I-/129IO3
- values in water of the Baltic Proper

suggest effective reduction of iodate at a maximum rate of  8×10-7 (127IO3
-) and 6×10-14 (129IO3

-) (g/
m3.day). The combination of 129I and 127I as tracers of water circulation in the Baltic Sea suggest
that upwelling deep basinal water occurs into the surface along the Gotland deep and intrusion
of North Atlantic water into southern Baltic. Furthermore, 129I-based model inventory reveals
inflow of 330 km3/y (230-450 km3/y) water from the Kattegat into the Baltic Proper. Water
exchange between the Baltic Proper and the Bothnian Sea and vice versa is estimated at 980 km3/
y (600-1400 km3/y) and 1180 km3/y (780-1600 km3/y) respectively. Finally, an environmental
assessment of radioactivity associated with 129I burden in the Baltic Sea region is discussed.
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1 Introduction 

1.1 Background   
 

Since the beginning of the nuclear era in the 1940s, many types of anthropo-
genic radioactive isotopes have been released into the environment, such as 
137Cs (T1/2 = 30.1 y), 90Sr (T1/2 = 28.5 y), 14C (T1/2 = 5730 y) and 129I (T1/2 = 
1.57x106 y). 129I is one of many radionuclides occurring in the used nuclear 
wastes and these wastes represent the dominant sources of the isotope to the 
Earth’s surface environments. The Northern Hemisphere is the main reser-
voir comprising more than  99%  of anthropogenic 129I  inventory which 
primarily resides in the North Atlantic Ocean (Snyder et al., 2010). As a 
consequence of the human nuclear activity, 129I/127I was raised at least two 
orders of magnitude compared to the natural pre-atomic era abundance.   
Documentation and recognition of distribution and transformation of iodine 
species in seawater are of importance for the following reasons: 1) Iodine is 
an essential nutrient element in the human diet and deficiency of iodine will 
result in goiter and brain damage. It controls metabolism's basal rate and 
builds nerve cells in the brain.  It has been reported that almost two billion 
people suffer from iodine deficiency disorders (IDD) both in undeveloped 
and developed countries (Andersson et al., 2007). Iodine is abundant in sea-
water and seafood, therefore sea salt was used as a treatment of  IDD in the 
early 19th century (Rosenfeld, 2000). Furthermore, iodine from the sea is 
transferred to the atmosphere and further to land by precipitation to reside in 
soils. Iodine is subsequently be incorporated into plants and animals and thus 
provides the secondary source of natural iodine for the human population; 2) 
Radioactive iodine produced in  the nuclear fission may follow the same 
path as stable iodine and accumulated in the thyroid. Therefore comprehen-
sive knowledge of  129I radioactivity in the environment is fundamental to 
assess potential radiotoxic risks for humans; 3) Since iodine species plays an 
important role in volatilizing into the atmosphere where iodine affects at-
mospheric ozone depletion and particle formation reactions (Von-Glasow, 
2005), it is important to understand iodine species transformation in sea-
water. This in turn has a direct impact on the oxidizing capacity of the at-
mosphere and the Earth's radiative heat balance and consequently climate. 
One of the mechanisms supplying iodine to the atmosphere from the oceans 
is suggested to be iodide release by microalgae (Kupper et al., 1998; Kupper 
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et al., 2008). 4) Understanding the speciation transformation of iodine in 
seawater can add information on the nutrients biogeochemical cycling of 
carbon and nitrogen. Iodine can provide complementary data for estimation 
of primary organic and inorganic production rate and nitrogen assimilation 
rate in seawater (Campos et al., 1996a; Wong, 2001; Farrenkopf and Luther, 
2002). 5) Iodine isotopes (129I and 127I) have proven to be potential tracers of 
water mass exchange and circulation pattern in the marine environments, 
parameters that are essential for the ecosystem management and global cli-
mate change (Edwards, 1962; Raisbeck et al., 1995; Dunton, 1998; Buraglio 
et al., 1999; Fehn et al., 2000; Hou et al., 2001; Alfimov et al. 2004a; 
Gascard et al., 2004; Santschi and Schwehr, 2004; Alfimov et al. 2012). 

 

1.2 Study objectives 
The objectives of this study are to initiate a comprehensive time series about 
129I and 127I isotopes and their species (iodide and iodate) in the Baltic Sea 
and related basins in order to: 
 
1) Identify spatial and temporal distribution of 129I and 127I and their geo-

chemical relationship. 
2) Specify main processes that control the distribution of the isotopes and 

identify major sources.  
3) Explore the dynamics dominating iodine speciation transformation with 

respect to different environmental conditions. 
4) Use anthropogenic 129I and natural 127I as tracers of water mass ex-

change, circulation and effects on the ecosystem.  
5) Develop a 129I mass balance model that can be integrated with other nu-

trients models in the Baltic Sea for future ecosystem monitoring.  
6) Assess possible environmental impact of radioactivity hazards associat-

ed with 129I in the Baltic Sea. 
 
In order to fulfill these objectives an extensive seawater sampling program, 
chemical separation and analyses of iodine isotopes and their species were 
conducted. A summary of all these activities and discussion of the results are 
presented in the next sections together with an introduction to the geochem-
istry of natural and anthropogenic sources and levels of iodine isotopes in 
seawater and the Baltic Sea. 
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1.3 Iodine and its speciation 
Iodine as a non-metal solid chemical occurs in the Earth's crust (average 
abundance about 0.45 mg/kg) and in the hydrosphere, atmosphere and bio-
sphere. Oceans are the main reservoir (>70%) for iodine with concentration 
ranging from 45-60 ng/ml. In the terrestrial water system such as rivers and 
lakes, the concentrations of iodine are comparatively low (0.1-20 ng/ml). 
Iodine is one of the halogens and a prominent anion in the environment, 
which tends to form compounds or ions complexes with other elements. 
Although iodine is highly soluble chemically, the biophilic nature of the 
element tends to enrich it in the organic fraction (Hou et al., 1997; Hou et al., 
2000).  

 Iodine may be present in natural environments in various states -1, 0, +1, 
+3, +5 and +7, the main species of iodine in seawater is iodate, iodide and a 
minor organic iodine (Hou et al., 2009b). Iodine species response to sea-
water redox conditions is manifested by iodate as a thermodynamically sta-
ble form in oxic seawater which transforms to iodide in anoxic seawater 
(Luther and Campbell, 1991). The mechanism of conversion of iodate to 
iodide in highly oxygenated surface seawater or iodide to iodate in anoxic 
water is not yet fully understood. It is suggested, however, that organically-
mediated reactions (Spokes and Liss, 1996; Wong and Cheng, 1998; Wong 
and Zhang, 2008) are dominant pathway in conversion of iodine species. In 
tropical regions, transformation of marine iodine species was suggested to be 
more effective (Jickells et al., 1988; Campos et al., 1996b) than in polar and 
temperate regions (Truesdale, 1978; Truesdale and Bailey, 2000; Truesdale 
et al., 2000; Truesdale and Jones, 2000; Truesdale et al., 2003; Truesdale and 
Upstill-Goddard, 2003; Waite et al., 2006). In view of iodate predominance 
in the marine systems, oxidation of iodide to iodate should be a common 
process (Butler et al., 1981; Edwards and Truesdale, 1997). Also, even pos-
sible oxidation of iodide in the surface waters of the Black Sea was indicated 
by Truesdale et al. (2001). Some studies suggest that the oxidation of iodide 
to iodate is an extremely slow chemical process, whereas modeling based 
estimation on time series data suggests relatively rapid rates (Campos et al., 
1996b; Edwards and Truesdale, 1997).   
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Figure 1.1: Depth profiles of 127I species in selected locations in the in the North 
Atlantic (Bluhm et al., 2010), Skagerrak (Truesdale et al., 2003) and Baltic Proper 
(Truesdale et al., 2001).  

 
Iodide and iodate concentration in ocean water are in the  range of 1-25 

ng/ml and 25-60 ng/ml (Hou et al., 2009b), respectively. Organic iodine may 
occupy a fraction of up to 40% of total dissolved iodine in costal and estuary 
areas (Schwehr and Santschi, 2003).  

Iodine species (iodide and iodate) may convert into each other depending 
on several conditions, for instance, pH, Eh, water chemistry and organic 
productivity (Hou et al., 2009b). Therefore, different seawater environments 
probably results in diverse vertical distribution of iodine species. In ocean 
water (Figure1.1), iodide exhibits the maximum concentration in the surface, 
contrasting to iodate where concentration generally rises with depth (Bluhm 
et al., 2010). Iodine species were also investigated in August 2000 and Feb-
ruary 2001 at 12 stations from Skagerrak (Truesdale et al., 2003). Iodide and 
iodate follow a pattern similar to those in the Atlantic water (Figure 1.1). 
The pattern was related to either phytoplankton growth or photochemistry 
that can explain transformation of iodine species. In the Skagerrak, changes 
in iodine species were attributed to mainly advection and mixing of water 
masses. Truesdale et al. (2001) measured iodate and total inorganic iodine 
concentrations in the Baltic Proper during August 1999. Iodate concentra-
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tions showed little change in the water above 100 m,  but decreased below 
100 m (Figure 1.1) . 

 

1.4 Anthropogenic 129I  
There are 37 known isotopes of iodine of which 127I is naturally occurring 
and the only stable isotope. The radioactive 129I has a specific activity of 
6.55×109 Bq/kg (Wilhite, 1998). 129I is naturally produced by the interaction 
of cosmic rays with xenon atoms in the atmosphere, and by the spontaneous 
fission of 238U in the subsurface. However, since 1945 large amounts of 129I 
have been produced and released to the environment by human nuclear ac-
tivities, including nuclear bomb tests, nuclear accidents and nuclear fuel 
reprocessing. The anthropogenic concentrations of radioactive 129I were re-
ported to be voluminous and far exceeding natural abundance  by 3-8 orders 
of magnitude compared to the pre-nuclear era level (Aldahan et al., 2007a; 
Snyder et al., 2010) (Figure 1.2). 
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Figure 1.2: Concentrations of 129I are plotted relative to latitude (Snyder et al., 
2010). 

 

 
 
Figure 1.3: Marine discharge of 129I from the two nuclear facilities Sellafield and La 
Hague. 
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129I has been released to the atmosphere from these two reprocessing 
plants with a relatively constant rate (2–10 kg/y). The marine discharges of 
129I from La Hague and Sellafield were , however, small and relatively con-
stant before 1990 (<50 kg y−1), while later on these discharges increased 
significantly to reach up to  250 kg y−1 for La Hague and 80 kg y−1 for 
Sellafield (Figure 1.3). So far, about 5500 kg 129I were released to the envi-
ronment since the atomic era, but it is estimated that around 70 000 kg of 129I 
are still pending in unprocessed nuclear fuel (Aldahan et al., 2007a). 

In addition, globally less than 10% of spent fuel is reprocessed and most 
of the rest is left in repository for future reprocessing. Furthermore, new 
nuclear power plants and even reprocessing facilities are being or going to 
be built worldwide. These anthropogenic activities mean that 129I concentra-
tion will increase in the environment with time and thus might become a 
serious problem for future generations.    

 

1.5 129I distribution in the Baltic Sea water 
The first analysis of 129I in the Baltic Sea included two samples which were 
collected in the south Baltic and Kattegat respectively during 1992 by Zhou 
(1995) (Figure 1.4). The result showed 129I concentration of 11×108 atoms/L 
and 56×108 atoms/L, respectively. Hou et al. (2002) presented a relatively 
detailed study on 129I distribution in the Baltic Sea for seawater samples col-
lected during 1999-2000 (Figure 1.4). The samples covered mainly the 
coastal regions of the southern Baltic Proper, Kattegat and Skagerrak.  129I 
concentrations in Kattegat were measured both in surface and deep water 
while only surface water was measured in the other parts.  129I concentration 
increased with depth in the Kattegat and a value around 28×108 atoms/L was 
observed in southern Baltic. Different sources contribution (Chernobyl acci-
dent, nuclear power plants, nuclear reprocessing facilities, natural occur-
rence) were also discussed. A study by Alfimov et al. (2004b) was carried  
out  for 129I distribution from 1999 (Figure 1.4) covering 1) one continuous 
transect in surface from the North Atlantic to  the Baltic; 2) three depth pro-
files (one in the Bothnian Sea and two in the Baltic Proper). The results 
showed that 129I concentration range from 107-1011 atoms/L.  The western 
branch of the North Atlantic Current was labeled with the lowest concentra-
tion of 129I while water in the Skagerrak exhibited the highest value.  129I in 
the three depth profiles from the Baltic Sea showed one order of magnitude 
increase with depth, which agrees with the position of the halocline. The 
study concluded the main source of 129I to be the nuclear facilities at La 
Hague and Sellafield.  During the years of 2000-2001, a relatively systematic 
sampling for the whole Baltic Sea was conducted by Aldahan et al. (2007b) 
(Figure 1.4). Within the Baltic Sea, the expedition mainly covered the west-
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ern coast of Sweden. A decreasing trend in 129I concentration (×1011~ ×107 
atoms/L) was observed from the Kattegat basin to the Baltic Proper. Also, 

 
Figure 1.4:   129I concentration in the Skagerrak (red circle), Kattegat (blue star) and 
Baltic Proper (green dot) based on published data from 1992 to 2001 (Zhou , 1995; 
Hou et al., 2002; Alfimov et al.,  2004b; Aldahan et al., 2007).  

 

a significant relationship was observed between salinity of surface water and 
129I, with a correlation coefficient of 0.9. Finally, an inventory based on sur-
face water concentration was calculated for the Baltic Sea, indicating that > 
95% of the isotope supply is from the North Sea marine water via Skager-
rak–Kattegat and only minor part is from riverine inflow and the Chernobyl 
accident.   
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2 Sampling and analytical techniques  

2.1 The Baltic Sea  
 

The Baltic Sea (Figure 2.1) has been considered as a semi-enclosed marginal 
sea located in Northern European extending from 53°N to 66°N latitude and 
from 20°E to 26°E longitude.  It consists of five sub-basins, Baltic Proper, 
Gulf of Finland, Gulf of Riga, Bothnian Sea and Bothnian Bay. There are 14 
countries located around the Baltic Sea with about 90 million people living 
in this region. Despite extensive observation and research, the issues of the 
Baltic Sea circulation, heat flux and water masses exchange between the 
sub-basins, as well as the net volume exchange with the North Sea are still 
disputed. Furthermore, since the early 1960s, accelerated industrialization 
and exploitations of natural resources contributed to the ecosystem degrada-
tion in the Baltic Sea, such as eutrophication, overfishing, and toxic contam-
inants. Recent concern over the environmental conditions in the Baltic Sea 
has derived many governmental agencies and scientists to focus their re-
search on providing suggestions for remedial measures. 

Water exchange between the Baltic Sea and the North Sea is via the Kat-
tegat and Skagerrak basins along the Öresund, the Great Belt and the Little 
Belt (Figure 2.1). The Baltic Sea region is one of the largest brackish water 
areas in the world with a mean salinity of about 10 in the southern Baltic 
Proper, but reaching down to 2  in the northern Bothnian Bay. The Baltic 
Proper is the largest basin in the Baltic Sea, where a halocline around 75 m 
deep and a long-term cyclonic current circulation pattern occur in the central 
part (Magny et al., 2009). Water masses in the Baltic Proper are permanently 
stratified, brackish water (7-8) in the upper layer above halocline around and 
more dense saline water (11-13) in the deep layers (Zillen et al., 2008). A 
seasonal thermocline, varying from 10 to 30 m deep, is developed during 
summer, which disappears during winter due to strong wind and convection 
(Matthäus, 1984). Relatively long stagnation period of up to 10 years and 
anoxic conditions have occurred in the deep basins (Meier, 2005). The 
Bothnian Sea water represents a large reservoir of brackish water mass that 
can be divided into two layers blocked by a weak halocline around 60 m. 
When surface water becomes warmer during summer, a thermocline is 
formed at around 15 m. Most nutrients in the Bothnian Sea are supplied by 
the inflow from surrounding rivers (Brugmann, 1981).  
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Figure 2.1 : General circulation in the Baltic Sea (Elken and Matthäus, 2008) where 
green and red arrows refer to surface and bottom layer circulation, respectively. The 
light green and beige arrows show entrainment and the gray arrow refers to diffusion 
effects.  

The dominating circulation pattern is derived by the Baltic haline con-
veyor belt where incoming water through the Öresund and Belts is upwelling 
in the Baltic and return out as brackish water (Döös et al., 2004). The dy-
namics of the process could be roughly outlined as outflow produced by 
freshwater surplus compensating inflow of saline water (Lehmann et al., 
2002). Surface circulation in the Baltic Sea is greatly controlled by atmos-
pheric conditions, especially the wind field over the central and eastern 
North Atlantic (Hurrell and Vanloon, 1997; Lehmann et al., 2002). Lehmann 
and Hinrichsen (2000) used coupled sea ice-ocean model based on four years 
simulation to show that a prevailing circulation pattern in the Baltic Proper is 
characterized by recirculation, normally within east of the Gotland deep. 
However, a branch of the main current may leave from the northern part of 
Gotland deep into western Gotland deep, which eventually returns back to 
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eastern Gotland deep. Deep water in the east of Gotland deep normally con-
sists of several cyclonic and counter cyclonic baroclinic eddies (Stigebrandt 
et al., 2002). An eddy-permitting coupled with ice-ocean model of the Pan-
Arctic region was performed to study the large scale circulation of the Baltic 
Sea (Maslowski and Walczowski, 2002). In the surface layer (above 33m), 
the main current from eastern Gotland deep moves towards the southwestern 
coast of Finland, but then only a small part continues to enter into the Gulf 
of Finland and Bothnian Sea and dominating portion re-circulates towards 
the south. During winter, this re-circulated current bifurcates into two flows 
towards eastern and western Gotland deep.  

2.2 Sampling sites 
Depth-profiles of seawaters were collected from 16 sites in August 2006, 19 
sites in April 2007 and 3 sites in December 2009 (Figure 2.2). Sampling was 
carried out by the research Vessel Argos, operated by the marine division of 
the Swedish Meteorological and Hydrological Institute.  Water samples from 
different depths were collected in Nansen bottles (Hydro Bios). Meanwhile, 
a CTD automatic sampler (CTD- model SD204) was launched to measure 
hydrologic parameters such as salinity, temperature, depth and dissolved 
oxygen. Salinity was also measured on board, using an AEG MINISAL 2100 
salinometer based on relative conductivity. Oxygen was determined by Win-
kler titration method using an automated potentiometric titration system.  
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2.3 Analytical procedures  
 

2.3.1 Extraction of total 129I  
The samples were filtered through a 0.45 μm membrane (Sartorius AG, 
Gottingen, Germany), tightened and stored in clean polyethylene containers  
in dark conditions until analysis. All chemical reagents used were of analyti-
cal grade, and all solutions were prepared using deionized water 
(>18.2M ∙cm).   

The extraction of iodine from seawater was based on the method by Hou 
et al. (1999; 2001).  20 ml seawater was taken to a separation funnel, 0.2 ml 
of 200 Bq/ml 125I- (NaI) as chemical yield tracer and 2.0 mg of stable iodine 
(Woodward Iodine Company, USA) as a carrier were added. After addition 
of 0.2 ml of 2.0 M NaHSO3, 3 M HNO3 was added to adjust pH1-2 to con-
vert all inorganic iodine to iodide.   After addition of 10 ml CCl4, NaNO2 was 
added to oxidize iodide to iodine which was extracted to CCl4 phase by 
shaking.  The CCl4 phase was separated and transferred to another separation 
funnel, 10 ml water and 0.1 ml of 0.1 M NaHSO3 were added to back-extract 
iodine to water phase, and the extraction procedure was repeated. Finally, 
iodine (iodide) was precipitated as AgI by adding AgNO3. A blank sample 
was prepared in the same way. After drying, AgI precipitate was ground and 
mixed with niobium, which was then pressed into copper holder for 129I 
measurement.  

2.3.2 Extraction of 129I and 127I species  
A diluted 129I standard (prepared from NIST SRM 4949C) with a 129I/127I 
ratio of 1.1 x 10-11, 125I tracer (Amersham Pharmacia Biotech, Little Chal-
font, Buckinghamshire,UK), 127I carrier (Woodward iodine, MICAL Special-
ty Chemicals, New Jersey) and  Bio-Rad AG1-× 4 anion exchange resin 
(Bio-Rad laboratories, Richmond, CA) were used in the extraction and 
measurement.  

A modified chemical procedure of Hou et al. (2007) was used for the sep-
aration of different species of iodine (Figure 2.3). Bio-Rad AG1- 4 strongly 
basic anion exchange resin, 50–100 mesh, converted to NO3

- form was 
packed in a column of ø 1.0  20 cm. 100-300 ml of seawater spiked with 
about 50 Bq of 125I- tracer was loaded onto the column at a flow rate of 1 ml 
min-1, and the column was washed with 30 ml of distilled water and then 50 
mL of 0.2 M KNO3. The effluent and the washes were combined for the 
determination of iodate. Iodide on the column was eluted using 40 ml of 
10% NaClO. 
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About 50 Bq of a 125I- solution was added to effluent plus washes from the 
anion exchange chromatographic separation procedure above (iodate frac-
tion) as chemical yield tracer. About 2.0 mg of stable iodine (prepared from 
Woodward iodine) was added to all separated fractions as a carrier. To con-
vert all iodine to iodide, 0.2 ml of 2.0 M NaHSO3 was added and pH was 
adjusted to 2 using 3.0 M HNO3. Iodine was first extracted with CCl4 after 
oxidation of iodide to molecular iodine using NaNO2, and then back-
extracted with NaHSO3 solution. The extraction and back-extraction were 
repeated to purify the iodine in the solution. The chemical yields of iodide 
and iodate were measured by counting 125I in the separated solution using a 
NaI γ-detector, and were found to be 50-71% and 63-91% respectively. Io-
dine in the separated solution (as iodide) was afterwards precipitated as AgI 
by addition AgNO3. After dried at 70°C, AgI was mixed with niobium pow-
der and pressed into a copper holder for measurement of 129I by accelerator 
mass spectrometry (AMS) at the Tandem Laboratory, Uppsala University.   
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Figure 2.3:  Analytical scheme for chemical speciation analysis of 129I and 127I in 
seawater (modified after Hou et al., 2007).    

 
 

2.3.3 ICP-MS measurement  
Seawater (127I), effluent (127IO3

-), and eluate solution (127I-) were diluted by a 
factor of 20 using 0.015 M NH4OH, and Cs+ (CsCl) was added as an internal 
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standard to the concentration of 2.0 ng/ml. The concentration of iodine was 
determined using an X SeriesII ICP-MS (Thermal Electron Corporation), 
under hot plasma conditions, with the Xt interface. Iodine standard solutions 
were prepared using KI and KIO3. No difference of signal intensity between 
iodide and iodate was observed. The detection limit, calculated as 3SD, of 
blanks was 0.27 nM.  

2.3.4 The Uppsala accelerator mass spectrometry (AMS) system 
129I was measured by AMS at the Tandem Laboratory at Uppsala University.  
The injector is equipped with a Cs+ sputter ion source for negative ion pro-
duction that can be loaded with up to 32 samples. Ion beam acceleration is 
achieved by a 5 MV tandem accelerator (NEC 15SDH-2 Pelletron) working 
at a terminal voltage of 3.5 MV.  Setups for beam diagnostics consist of a 
Faraday cups for 127I beam current and a gas detector for 129I counts.   

129I standard with the 129I/127I ratio of 1.10 10-11 was prepared by using 
129I standard solution (NIST SRM 4949C) and 127I carrier (Woodward Io-
dine). The measured 129I/127I values in processing blanks were (1.5 ± 0.5) × 
10-13, which is more than 2 orders of magnitude lower than the values in the 
samples. The time interval for a single sample measurement normally takes 
300 seconds. Total analytical uncertainty was normally less than 10 %.  
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3 Results and Discussion 

A summary of the results achieved in this work is given in this chapter and 
detailed results and discussion can be found in the published papers en-
closed. 

3.1 Total iodine isotopes (129I and 127I) 
In the two sampling periods (August 2006 and April 2007), 129I concentra-
tion in surface water preserve high values in the Skagerrak basin with a max-
imum reaching up to 1693 ×108 atoms/L (or 106× 10-8 for 129I/127I atomic 
ratio, Figures 3.1 and 3.2). This concentration level decreases rapidly from 
the Skagerrak to Kattegat, but remains rather constant (25-36×108 atoms/L) 
in the Baltic Proper.  When it comes to the depth profile distribution, a 2-19 
times decrease in concentration is observed from the surface down to bottom 
layer in the transition zone between the Kattegat and Skagerrak (locations 
17-19, Figure 2.2). In the Kattegat (locations 12-16), 129I concentration grad-
ually increases with depth above halocline, however, while a decreasing 
trend occurs below 35 m. In terms of 129I distribution in the central Baltic 
Proper (locations 5-10), an obvious stratified layer was found where the con-
centration  increases with depth and attains a maximal value 150 × 108 at-
oms/L in the bottom water in August 2006. 

The 129I concentrations in the Bothnian Sea water (stations #1, #2 and #3, 
Figure 2.2) above 60 m are fairly homogeneous, at about 21 ×108 atoms/L. 
In the deeper water, 129I concentrations, are slightly different showing a val-
ue of 32×108 atoms/L at station #1 (Figure 2.2), which is  somewhat higher 
than that at station #2 (Figure 2.2; 28×108 atoms/L). In terms of depth pro-
files, 129I concentrations in the Bothnian Sea water increases with depth.   

Similar to 129I, 127I distribution in surface water indicates decreasing 
trends from the Skagerrak-Kattegat to the Baltic Proper (Figures 3.1 and 
3.2).  In general, 127I concentration increases with water depth, averagely 
from 30±5 ppb to 45 ± 9 ppb in the Kattegat and Skagerrak basins and from 
12±4 ppb to 18 ± 7 ppb in the Baltic Proper.  

The ratio of 129I/127I (Figures 3.1 and 3.2) is reduced in surface water from  
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Figure 3.1:  Distribution of 129I, 127I, 129I /127I in surface and deep 
waters of August 2006. 

 



 27 

 

 
Figure 3.2:  Distribution of 129I, 127I, 129I /127I in surface and deep 
waters of April 2007. 
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the Skagerrak to Kattegat, 50-20×10-8 in August 2006 and 100-11 × 10-8 in 
April 2007. In the Baltic Proper, the 129I/127I of surface waters shows a wide 
range (3-22 × 10-8) in August but rather homogeneous in April (7 ± 2 × 10-8). 
129I/127I in the deep water indicates ratio that is normally around 18 × 10-8 in 
the Kattegat during the two sampling periods.  

3.2 Iodine isotopes species  
Variability of 127I- concentrations is in general within 4-33 ppb in the Skager-
rak and Kattegat and the whole range of 127I- is 5-33 ppb in the Baltic proper. 
The concentrations of 127IO3

- vary at 1-54 ppb in the Skagerrak-Kattegat and 
at 0.3-10 ppb along the Baltic water profiles. 129I- concentrations range at 11-
215×108 atoms/L in the Baltic Proper and show wider span (31-1137×108 

atoms/L ) in the Skagerrak-Kattegat.  The same behavior is also observed for 
the 129IO3

- concentration variability where a smaller range (1-45×108 at-
oms/L) is exhibited  in the Baltic Proper compared to the  Skagerrak and 
Kattegat (4-777 ×108 atoms/L). Changes in the 127I-/127IO3

- values along the 
different depth profiles vary between 0.4 and 10 in the Skagerrak-Kattegat 
and 1-43 in the Baltic Proper. The ratios of 129I-/129IO3

- in these depth profiles 
are 0.4-16  and  2-96, respectively. In general, the 129I-/127I- values are rela-
tively lower (2-150×10-8) than the 129IO3

-/127IO3
- values (0.4 -235×10-8). 

Concentrations of 129I- (iodide) and 129IO3
-  (iodate) in water from the 

Bothnian Sea range from 1× 108 atoms/L to 32 × 108 atoms/L.  

3.3 Salinity, temperature and dissolved oxygen 
Salinity distribution pattern in August and April are rather similar with a 
declining plume from Skagerrak basin (32-35) toward the southern Baltic 
and a rapid decrease to 17-20 in the Arkona Basin and to further 12-16 in the 
Baltic Proper. Temperature depth profile in the Baltic Sea appears nearly 
uniform in April down to one hundred meter depth, whereas a distinct gradi-
ent emerges in August, typically descending from 17 °C to 5 °C with depth. 
Water temperature during sampling period (December 2009) in the Bothnian 
Sea varied from 4 to 6 °C. In the surface water, dissolved oxygen concentra-
tion in the Baltic Proper is higher by 2.0 ml/L in April compared with that in 
August. Anoxic conditions were detected in the bottom water of Baltic Prop-
er with dissolved oxygen concentration below 2 ml/L. The dissolved oxygen 
concentrations in Bothnian Sea are relatively higher, at 7–8 ml/L. 
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3.4 Inventory of iodine isotopes (129I and 127I) and their 
species 
Inventory of total 127I and 129I and their species are estimated for the two 
sampling periods in the Kattegat and Baltic Proper basins.  The inventory 
was calculated by averaging concentrations in each seawater layer and mul-
tiplying by corresponding water volumes. The water column is divided as 
surface and deep water for the Kattegat and as surface, intermediate and 
deep waters in the Baltic Proper following theoretical wave base approxima-
tion (Hakanson and Eckhell, 2005). The average depth of halocline (75m) 
was used to separate intermediate and deep waters of the Baltic Proper.  The 
two depth layers in the Kattegat are surface above 40 m depth and deep be-
low 40 m, while the three ones for the Baltic Proper are surface (above 45 
m), intermediate (45-75 m) and deep (below 75 m). The results show that 
inventory for each water layer in August from the Baltic Proper is generally 
higher than that in April. 129I inventory in August 2006 is 8.2 kg in surface 
layer, 7.4 kg in middle layer and 8.6 kg in deep  layer while in April 2007 it 
is 5.2 kg in surface layer, 3.6 kg in middle layer and 5.5  kg in deep  layer. 
The high August inventory feature is also well reflected by the iodide where 
differences of 5×107 kg and 5 kg are observed  for  127I-  and 129I- , respec-
tively, in the whole basin of Baltic Proper. 129IO3

- show comparable inven-
tory between Baltic Proper and Kattegat. In the Kattegat, a similar inventory 
of 129I for August (5.5±1.8 kg) and April (5.1±3.8 kg) was obtained. The 
inventory of 127I- in the Kattegat basin is estimated to be 7×106 kg which is 
slightly higher than 127IO3

-  (5×106 kg), but  inventory of 127IO3
- is generally 

one order of magnitude less than that of 127I- in Baltic Proper.   
For the 129I inventory in the Bothnian Sea, a two-layer structure separated 

by the depth of halocline at 60 m was considered. Based on data at stations 
#1 and #2 (Figure 2.2), 129I inventory of 1.1×1025 atoms (2.4 kg) in Decem-
ber 2009 was estimated for the Bothnian Sea.  

3.5 Sources of 129I in Baltic Sea and related basins 
Results of Hou et al. (2007) for 129I concentration in costal water of Jutland 
suggests that a large portion of 129I pool in the Skagerrak is contributed 
through the Jutland currents. Relatively, low 129I concentration (9 × 109 at-
oms/L) and 129I/127I value (average 4 × 10-8) were, however, found in the 
bottom waters of Skagerrak where salinity was over 35. These features are 
attributed to that part of deep waters in the Skagerrak originates from 129I-
poor Atlantic water mass. 129I pool in the Kattegat represents a mixture of 
three water masses, namely surface and intermediate water of Skagerrak and 
outflow low salinity Baltic Proper water via the Öresund. Mixing of the in-
termediate and deep waters in the Skagerrak may control source of 129I to 
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bottom water of the Kattegat. Water upwelling processes, resulting from 
temperature difference between the surface (range at 16-21 °C) and the deep 
waters (4-6 °C), probably lead to  the difference in iodine concentration be-
tween the two sampling periods in the Eastern Gotland deep (Siegel et al., 
2008). Sediment diagenetic release also provides a source for 129I in the Bal-
tic Proper. 

3.6 Iodine species in the Skagerrak-Kattegat and Baltic 
Proper 
A plume of high iodide and iodate, of both isotopes, occupies the central 
part, down to 150 m, between the Skagerrak and Kattegat during both sam-
pling periods. The origin of the plume is related to upwelling Jutland current 
that is rich in 129I, which is gradually mixed with the North Atlantic deep 
water characterized with abundant 127IO3

-, but poor in 129I- and 129IO3
-. This 

feature is also reflected by higher 129I-/127I- compared to 129IO3
-/127IO3

- values 
in deep water of the Skagerrak-Kattegat.  

The ratio of iodide to iodate of both isotopes in water masses from the 
Kattegat into the Arkona basin, during both sampling campaigns, generally 
increases. This may result from either mixing with iodide dominated-Baltic 
water or a rapid iodate reduction process during transport.  In paper II, a 
calculation was performed to explore the main reason for this iodide domina-
tion. It appears that the consequence of environmental conditions for 127I and 
129I in the Kattegat is mainly response for water mixing process rather than 
speciation transformation. 

The values of 127I-/127IO3
- and 129I-/129IO3

- in the Baltic Proper are relative-
ly higher than those in the Kattegat and Skagerrak, as well as in the North 
Sea, suggesting effective reduction of iodate in the Baltic Proper. These ob-
servations could also be supported by appreciable  losses of 127IO3

- (2.9×107 
kg) and 129IO3

- (2 kg) from August 2006 to April 2007,  which point out a 
reduction effect in the Baltic Proper with maximum rates of 8×10-7 and 
6×10-14 (g/m3.day) respectively. However, calculation in paper II also indi-
cates a remarkable discrepancy between the response of 127I and 129I in the 
Baltic Proper to the reduction effect. This may be related to water masses 
mixing and stratification, oxidation-reduction process and residence time of 
each isotope. 
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4 Applications of 129I and 127I and their species  

The applications of anthropogenic 129I and natural 127I as tracers of water 
exchange and circulation in the Baltic Sea are investigated. Also, potential 
usages of 129I and 127I species are also discussed in this chapter.  

4.1 Water circulation  
Water circulation patterns in the Baltic Sea are vital to the understanding of 
changes in physical, chemical and biological properties that occur in this 
water body. Despite many previous investigations regarding the Baltic Sea 
water mass circulation (Lehmann et al., 2002; Meier, 2007), a number of 
open questions are still remained. For example, there is no clear consensus 
about how the entrainment of deep water into surface currents of the Baltic 
Proper happens and the actual regions where upwelling of deep water occurs 
are poorly delimited. Model simulations could help identify water circulation 
in the Baltic Sea. Nevertheless, some conditions are not easy to satisfy in 
models such as the boundary conditions and initial driving variables (such as 
atmospheric data). By using assumed conditions instead, the uncertainties 
emerged limit confidence in final results and thus, the reliability of the mod-
el itself becomes questionable.   

Isotope tracer technology, on the other hand, may be useful when applied 
to water circulation studies, especially for characterizing the flow fluxes with 
irregular and small velocities. In paper III, the data set of iodine isotopes are 
used to interpret water circulation in the Baltic Sea. Combinations of new 
findings from 129I and 127I, which are not well exposed by the other tracers 
such as salinity, were achieved as described below. 

There are two pathways of inflow seawater from the Kattegat into the 
Baltic, either spilling over the Drogden Sill or through the Belt Sea (Figure 
2.2). For the inflow water from the Drogden, significant decrease (> 40%) in 
the salinity, concentration of 129I and 127I and  129I/127I from the Drogden Sill 
(station 12, Figure 2.2 ) to Arkona basin (stations 1 and 2, Figures 2.2 and 
4.1-arrow 1) was observed. This feature suggests a strong dilution process as 
the water moves from the Drogden to Arkona basin.  

During the period of April, deep water in the Arkona Sea has doubled its 

129I concentration (averagely 184×108 atoms/L) relative to value in the sur-
face water of Drogden Sill (average 74×108 atoms/L). This feature reflects 
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substantial contribution of the saline and 129I-rich, relatively deep water, 
from the Belt Sea.  

 
 
 
 
 
 
 

 
Figure 4.1: Sketch of water masses pathway as labeled by iodine isotopes in August 
2006 (for details of numbers see text). Red and yellow arrows refer to surface and 
deep waters, respectively. Black arrows refer to Kattegat water masses. Green and 
blue arrows refer to entrainment and vertical upwelling processes, respectively.   

During August sampling period, 129I poor-water (about 100×108 atoms/L less 
than that from April) pervades the bottom layer of Arkona basin, but with 
relatively abundant concentration of 127I (32 ppb) and relatively high salinity 
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(20). The relatively high concentration of 129I in the surface water of 
Drogden Sill seems inappropriate supplier for 129I poor-water in deep Arkona 
basin. The almost identical 129I concentration in the surface water of Born-
holm basin seems to be the source for the Arkona deep through entrainment 
(Figure 4.1-arrow 2)  or upwelling above halocline (Lass and Mohrholz, 
2003).  However, the fairly low 127I concentration (7 ppb) and salinity (about 
7.5) in surface water of the Bornholm basin makes this explanation doubtful. 
Water masses characterized by 129I values as those found in the Arkona basin 
have been reported from the North Atlantic by Alfimov et al. (2004b). The 
possibility that small portion of North Atlantic waters may reach the Arkona 
Deep (Figure 4.1-arrow 3) is not out of the question. The signature of North 
Atlantic water is also observed in the Skagerrak Deep water with exception-
ally low concentration of 129I (Yi et al., 2011). 129I concentration in the deep 
water of the Arkona basin during August (averagely 35×108 atoms/L) dis-
tributed uniformly, pointing out that cyclonic circulation pattern (Figure 4.1-
arrow 4) may most likely happen, which is also indicated from former study 
(Lass et al., 2005).  

The location of station 11, around 14.5°E, together with relatively low  
concentrations of 129I and 127I in August (averagely 20×108 atoms/L and 7 
ppb, respectively), reveal considerable freshwater input from the north 
(Bothnian Sea and Bothnian Bay). The strength of this freshwater plume, 
dispersed continuously along the Swedish coast, could reach the Arkona 
basin (Figure 4.1-arrow 5). In April, the intensity of the freshwater plume 
seems to be attenuated as noted by elevated concentrations of iodine isotopes 
compared with those in August. One possible cause of the attenuation is the 
limited supply of freshwater to the Baltic Sea during April compared with 
August, as part of the freshwater still captured by ice on land in April. For 
the deep water in the Bornholm basin, the iodine isotopes show different 
behavior from that of the surface water during August and April when a zone 
of high concentration exists at station  4 (16°E) in August. This zone disap-
pears during April and is replaced by high concentrations at station 11.  The 
explanation to this change is a possible deep water gyre that extends from 
Arkona basin to the Bornholm basin and is deflected northward in April due 
to warmer conditions at the southern Baltic (Figure 4.1-arrow 6). 

 At latitude 57°N (station 6), the 129I concentration above 20 m and below 
60 m maintains similar values (>80×108 atoms/L ), while lower concentra-
tions are found at 20-60m  (<30×108 atoms/L).  The explanation is dilution 
by water masses from the Gulf of Finland and Gulf of Riga (Figure 4.1-
arrow 7). The freshwater dilution feature was also observed in April, but the 
dilution seems weaker as magnitude of 129I difference with water depth de-
creases.  

The relatively high 129I concentration in the western Gotland surface wa-
ter is difficult to explain by ambient concentrations in water masses input 
from the Bothnian Sea, Gulf of Finland and Gulf of Riga, where the magni-
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tude of 129I concentration is supposed to be relatively low. Comparable 129I 
concentration, in the close distance to the western Gotland surface water, 
exists in eastern Gotland. This phenomenon further supports an upwelling of 
129I that is merely shown by the eastern Gotland section. The observation, to 
some extent, agrees with the hypothesis of vertical current displacement 
initiating from eastern Gotland deep, breaking through halocline and further 
moving towards the Bothnian Sea (Figure 4.1-arrow 8) (Reissmann et al., 
2009). It has been suggested that a branch of this vertical plume circulates 
towards western Gotland and the 129I data presented here provide evidence 
for this branch current. This circulation pattern is more or less consistent 
with the Baltic haline conveyor belt (Döös et al., 2009). Baltic deep water 
may incorporate some iodine at the bottom through diagentic releases from 
sediments. The diagenetically-released iodine occurs, however, at the water-
sediment interphase and has marginal effect (<5%) on 129I variability when 
compared to water circulation sources (Aldahan et al., 2007b; Yi et al., 
2011).   

4.2 Water mass exchange between the Bothnian Sea and 
Baltic Proper   
While estimate of water exchange between the Bothnian Sea and Baltic 
Proper is difficult, the results of previous literatures did not reach an agree-
ment.  The early estimation of inflow rate from the Baltic Proper to the 
Bothnian Sea was about 900 km3/y and the outflow rate about 1100 km3/y 
(Fonselius, 1971). Subsequently, these values were raised to 1380 km3/y and 
about 1570 km3/y respectively by Dahlin (1976), and even to larger values of 
2200 km3/y for inflow rate and 2400 km3/y for outflow rate (Ehlin and 
Ambjörn, 1978). Wulff et al. (2001) estimated a mean inflow rate of 1000 
km3/y and outflow rate of 1223 km3/y for the period  1971-1990. The recent 
estimation by Myrberg and Andrejev (2006) suggests that inflow and out-
flow rates  vary within 255-3480 km3/y and 424-3648 km3/y, respectively.  

In paper IV, anthropogenic signal of the radioactive isotope 129I as is used 
a new tracer to estimate water exchange between the Bothnian Sea and Bal-
tic Proper. The relative differences in concentration of 129I among different 
seawater masses provide a new independent tool to measure the exchange 
fluxes compared to data based on for example salinity.  

The water fluxes (Q) in the Bothnian Sea are shown in Figure 4.2A, in-
cluding exchange with Baltic Proper, Bothnian Bay and atmosphere. A mod-
el based on the mass balance of 129I is performed to estimate water exchange 
between the Bothnian Sea and Baltic Proper (Figure 4.2B).  129I inventory in 
the Bothnian Sea water is mainly abstracted  by four processes: 1) exchange 
flux of 129I between Bothnian Sea and Baltic Proper [FBPBS (t) and FBSBP (t)]; 
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2) exchange flux of 129I between Bothnian Sea and Bothnian Bay [FBBBS (t) 
and FBSBB (t)]; 3) precipitation [FpreBS (t)], evaporation [FevapBS (t)] and river 
contribution of 129I [FrivBS (t)] and 4) 129I loss from the water body by sedi-
mentation [Fsedimentation (t)]. A detailed description of each compartment is 
given in paper IV.  

Combing the four processes above, 129I inventory in the Bothnian Sea 
(BS) in time t [MBS (t)] could be expressed by mass balance equation 1.  
 

 =FBPBS (t) + FBBBS (t) + FpreB (t)+ FrivBS (t) -FBSBP (t)-FBSBB (t)-

FevapBS (t)- Fsedimentation (t)    (1)   

The mass balance equation 1 can be expressed as equation 2 after includ-
ing equations which describe the detail four processes given in paper IV. 
 
 

= [CBP (t) ×QBPBS] +[ ×  ×(25×1012 L/month)]+ [ 2 

×108 atoms/L ×QrivBS
 (t)]- [  × (QBPBS +17×1012 L/month)]- 

[  × 14×1012 L/month] - [22 × 108 atoms/g ×42 
g/(m2.month) ×11880 m2]   (2) 
 

This differential equation is integrated with different boundary conditions 
by using the software STELLA (Structural Thinking, Experiential Learning 
Laboratory with Animation, http://www.iseesystems.com). The fourth-order 
Runge–Kutta method was used to integrate the differential equation (equa-
tion 2) with time step (dt) of 0.025 (month). The simulation period (127 
months) starts in June 1999 [MBS (t=0)] and ends in December 2009 [MBS (t= 
126 months)]. The initial inventory [MBS

 (t=0)] of 2.8×1024 atoms (0.6 kg) 
used in the calculation was derived from data by Alfimov et al., (2004b). 129I 
inventory of 1.1×1025 atoms (2.4 kg) was calculated in December 2009 
[MBS(t=126 months)]. The initial inventory was used as a starting value in 
the model in order to iterate water influx from the Baltic Proper to Bothnian 
Sea (QBPBS) until achieving 129I inventory as close as possible to the value of 
2.4 kg. The model result shows QBPBS  value at  82×1012 L/month  (980 
km3/y).   
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Figure 4.2:  Part A: water fluxes (Q[L/month]) to, from basins of Bothnian Sea and 
Bothnian Bay; Part B: 129I fluxes F(t)[atoms/month] to, from Bothnian Sea; Part C: 
129I fluxes to Bothnian Sea based on 10-year model simulation. Where QrivBS  is river 
water transport to Bothnian Sea QrivBB is river water transport to Bothnian Bay  
QevapBS is evaporation from Bothnian Sea; QevapBB is evaporation from Bothnian Bay; 
QpreBS is precipitation to Bothnian Sea; QpreBB is    precipitation to Bothnian Bay;  
QBPBS is water transport from Baltic Proper to Bothnian Sea ; QBSBP is water transport 
from Bothnian Sea to Baltic Proper; QBSBB is water transport from Bothnian Sea to 
Bothnian Bay; QBBBS is water transport from Bothnian Bay to Bothnian Sea; FrivBS is 
129I flux from river to Bothnian Sea; FevapBS is 129I volatilization from Bothnian Sea; 
FpreBS is 129I flux from precipitation  to Bothnian Sea; FBPBS is 129I flux from Baltic 
Proper to Bothnian Sea;  FBSBP is 129I flux from Bothnian Sea to Baltic Proper; FBSBB :     
129I flux from Bothnian Sea to Bothnian Bay; FBBBS is 129I flux from Bothnian Bay to 
Bothnian Sea; Fsedimentation is 129I sedimentation flux.  

 
  
In the model, we assumed negligible 129I precipitation flux. It is possible 

to roughly estimate this contribution of 8.9×10-3 kg per year, by an average 
value of 8.9 ×108 atoms/L (Aldahan et al., 2009) in precipitation over north-
ern Sweden and an average annual precipitation for the Bothnian Sea of 47 
km3/y (Håkanson and Bryhn, 2008). The ten-year contribution from precipi-
tation ends at <0.1 kg, which is negligible considering the total 129I inventory 
(2.4 kg) in the Bothnian Sea. Others sources that are considered insignificant 
are 129I releases from sediment (<0.05kg during 10-year), riverine flux 
(<0.05kg) and exchange with Bothnian Bay (<0.1 kg) (Figure 4.2C). There-
fore, the main uncertainty in the 129I inventory (MBS ) estimation in the 
Bothnian Sea depends on uncertainties in the concentration (CBP) of 129I in 
inflow water and water flux (QBPBS) from the Baltic Proper to the Bothnian 
Sea. In turn, accurate MBS and CBP are essential to acquire a better estimation 
of  QBPBS.  Taking both uncertainties (MBS and CBP) into account results in a 
model uncertainty range for QBPBS  at 600-1400 km3/y for the inflow water 
and 780-1600 km3/y for the outflow water (QBSBP).  

The 129I-based estimates of inflow (980 km3/y) and outflow (1180 km3/y) 
water to the Bothnian Sea are close to the values given by Fonselius (1971) 
(inflow 900 km3/y and outflow 1100 km3/y) and by Wulff et al. (2001) (in-
flow 1000  km3/y and outflow 1223 km3/y). Additionally, the uncertainty 
range estimates of 600-1400 km3/y for inflow and 780-1600 km3/y for out-
flow  lie within the ones given by Wulff et al. (2001) (inflow: 687-1912 
km3/y, outflow: 508-1673 km3/y).  

Water retention is a crucial parameter for evaluation and improvement of 
the ecosystem of the Baltic Sea, e.g. nutrients, chemical parameters (oxygen, 
carbon dioxide) and pollutions. Water retention in the Bothnian Sea could be 
estimated as a residence time (T, equation 3) (Döös et al., 2004) using:   

  
T=V/ (QBPBS+ QBBBS+ QrivBS+ QpreBS)   (3) 
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where V is the volume of the Bothnian Sea (4889 km3 ) and the values used 
for fluxes were listed in Table 3A.  The result indicates a water retention 
time in the Bothnian Sea of about 4 years, which is comparable to the one 
(4.2 years) estimated by Meier (2005) who tracked specific water masses as 
a passive tracer,  but just over  half of the number (7.2 years) estimated by 
Myrberg and Andrejev (2006). All results, however, point out that water 
retention time in the Bothnian Sea is relatively long.  
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4.3 Estimate of water exchange between the Baltic Sea 
and Kattegat 
The model in section 4.2 was further developed  to facilitate a more compli-
cated case where water exchange between the Baltic Sea and Kattegat was 
estimated using 129I as the tracer. Only preliminary results are presented here 
since the work has not been completed yet (under revision by journal of Ap-
plied Radiation and Isotopes).  
 

 

Figure 4.3: Maps of the Baltic Sea as well as its five sub-basins (Baltic Proper, Gulf 
of  Finland, Gulf of Riga, Bothnian Sea and Bothnian Bay). Arrows represent 129I 
transport from Sellafield and La Hague, respectively.   
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The Baltic Sea in the model was divided into twelve compartments 
(j=SWBP, MWBP, DWBP, SWGF, MWGF, DWGF, SWGR, DWGR, 
SWBS, DWBS, SWBB, DWBB, Figure 4.3) (Hakanson and Eklund, 2007). 
Water fluxes (Q[volume/time]) to and from each compartment j are shown in 
Figure 4.3 as arrow lines. In order to estimate the extent of water inflow 
from the North Sea to the Baltic Sea using 129I, mass balance of 129I was ap-
plied in each compartment j. The variability of 129I inventory in each com-
partment j at time t [Mj (t)] could be expressed as 

 
 = Fin (t) - Fout (t)   (4) 

where Fin (t) and Fout (t) represented total 129I fluxes ([mass/time]) to and 
from compartment j at time t, respectively. Fin (t) and Fout (t) could expand 
into the specific processes that affect 129I inventory in each compartment j, 
including: 1) 129I fluxes to and from compartment j [F→j

 (t) and Fj→ (t)] by 
seawater transport; 2) 129I contribution from precipitation (Fpre_j) and river 
(Friv_j ),  as well as 129I escaping by volatilization (Feva_j); 3) 129I loss by sedi-
mentation (Fsedimentation_j ). 

Like equation 4, there are totally twelve differential equations in the mod-
el and 129I inventory in each compartment j can be estimated at time t. Sum-
ming  them together, the total modeled 129I inventory [M model

 (t)] in the Bal-
tic could be obtained,   

 
M model

 (t) = ƩMj (t)   (5) 

The twelve differential equations were integrated by using the software 
STELLA (Structural Thinking, Experiential Learning Laboratory with Ani-
mation, http://www.iseesystems.com). The fourth-order Runge–Kutta meth-
od was used to integrate the differential equation (equation 5) with time step 
(dt) of 0.025 (month). The simulation period (240 months) starts in January 
1980 [ƩMj (t=1980-01)] and ends in December 1999 [ƩMj (t=1999-12)]. As 
the inflow flux (QKABP) was used by a series of testing values, we employed 
the model, fitting a value for QKABP, to achieve the modeled 129I inventory 
(kg) in 1999 [Mmodel (t= 1999-12)] as close as the measurement at 11.8 kg 
[Mmeasurement (t= 1999-12)]. The result shows that the QKABP is 330 km3/y, 
with an uncertainty  range of 230-450 km3/y.  

 

4.4 Application of 129I and 127I species  
129I and 127I species can be used to investigate environmental conditions and 
biovariability. Both high 127I-/127IO3

- and 129I-/129IO3
-  indicate prevailing ex-
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tensive reducing environment in the Baltic Sea. The remarkable discrepancy 
in distributions of  129I and 127I species also reflects water mixing, stratifica-
tion, residence time of Baltic water and recharge pulses and identification of 
new spillover from the Kattegat to Baltic.  

Recognizing speciation of iodine isotopes can provide further characteri-
sation of water masses interaction.  127IO3

- is expected to be the dominant 
species of iodine in the North Atlantic water  while 129I- is the predominant 
species in the Jutland current water. Water masses interaction in the Skager-
rak-Kattegat basins is related to upwelling Jutland currents that are rich in 
129I-, which are gradually mixed with North Atlantic deep water labeled with 
abundant 127IO3

-, but poor in 129I- and 129IO3
- when it moves towards the Bal-

tic Proper. 
Furthermore, 129I species could be used to estimate transformation rate 

and water masses interaction from the source to the sink basin. The transit 
time of water mass from the La Hague to Baltic Sea was estimated to be 2 
years. The signal of 129I in the English Channel sampled in August-
September 2005 (Hou et al., 2007) would arrive at the Skagerrak around our 
sampling date in April 2007, thus encompassing comparable discharge 
events for the two sets of samples. Similarly, the 129I signal from the middle 
of Dutch coast and German Bight would arrive at the Kattegat  around our 
sampling date in August 2006. Two assumptions are made for the calcula-
tion of iodine transformation rate : 1) contribution of 129I from the Sellafield 
is insignificant; and 2) 129I- was not oxidized during the transport. Two alter-
native estimation methods (details in paper II) were carried out and both 
results reveal that annual reduction rate of iodate at  ≤ 10% and ≤ 2% as the 
surface water moves from the English Channel and from the middle of 
Dutch coast and German Bight to the Skagerrak and Kattegat, respectively. 

Moren et al. (2008) indicates that marine fish larvae accumulating iodide  
in their body. Estimating content of iodine species in seawater is important 
to sustain the iodine requirement during larval development and metamor-
phosis and also the possible incorporation of 129I in the process. This 129I 
pathway is further into food chain and likely into the human body.  

Therefore, continuous monitoring of iodine species together with analysis 
of 129I in biota of the Baltic Sea are needed for accurate estimate of 129I flux-
es and water mass exchange rates in the ecosystem of the Baltic Sea.    
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5 Environmental impact  

Although radiation threat of 129I for the human health is not evident as that 
for 131I, an extremely poisonous and short-lived isotope, it has been revealed 
that 129I characterized by high mobility and preferentially residing in the 
biological systems (Fréchou et al., 2002; Hou et al., 2003a). This feature will 
pose a potential risk in the long term. In addition, globally less than 10% of 
spent fuel is reprocessed and most of the rest resides in repository for future 
reprocessing. Furthermore, new nuclear power plants and even reprocessing 
facilities are being or going to be built worldwide. These practices mean that 
129I concentration will increase in the environment and may become a source 
of health hazard in the future. 

The ratio of 129I/127I is somehow a good indicator of transport efficiency in 
the environment and sources for intake pathways by the human body. The 
natural pre-atomic era 129I/127I concentration in the marine environment was 
estimated at 1-2×10-12 (Moran et al., 1998). Recent review by He et al. (in 
press) indicates that  129I/127I values in the marine waters are always above 
10-10 and may reach up to 10-5 in marine waters close to discharges sources 
(Hou et al., 2007). 129I concentrations in rivers, seaweeds, precipitation, and 
human urine  collected from available references in the Baltic Sea region are 
displayed in Figure 5.1. The 129I/127I values in human urine range from 0.86 
to 2.86×10-8 in 2000 (average 1.86×10-8) in samples taken from Denmark 
(Hou et al., 2003b). The pathways of iodine to the human body are via water, 
diet and inhalation. Measurements of tap water and table salts (Aldahan  et 
al., 2006) in Uppsala show that  129I radioactivity ranging at 1-4×10-6 Bq/kg, 
which was ten times higher than the value in tap water (0.3×10-6 Bq/kg). 
However, due to the larger average daily consumption of water (1.5L) rela-
tive to salt (1-3g) by human, the radioactivity from drinking water (3×108 
atoms) poses more risk than that from salt (1-3×106 atoms) intake [Aldahan  
et al., 2006]. The source of iodine in fresh water system and eventually tape 
water is precipitation. The incorporation of radioactive iodine in precipita-
tion over Sweden has been demonstrated to be mainly through marine re-
lease, mainly from the North Sea, Skagerrak-Kattegat and the Baltic Sea 
(Aldahan et al., 2009). Englund et al. (2010) also suggest that about 80% of 
the iodine atmospheric deposition is via wet mode. Variability in the iodine 
isotopes (129I and 127I) species in precipitation were investigated by Hou et al. 
(2009a) and they found that iodate is predominant species of 127I molecules 
whereas for 129I, iodide is the predominant one. This finding is interesting 
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Figure 5.1:  Comparison and cycling of 129I/127I  in  river water, seaweed, rainwater, 
seawater and human urine in the Baltic Sea region. Data were collected from 
Aldahan  et al. (2006; 2007b;2009), Alfimov et al. (2004b) , Englund et al. (2010) , 
Hou et al. (2000; 2003a),  Yi et al. (2011)  and Zhou (1995) .  
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and the effects of it on the incorporation of iodine in freshwater systems and 
bioavailability are not yet investigated. Irrespective of iodine species, it 
seems that marine water is the main contributor to the 129I in freshwater sys-
tems, rivers and lakes in the Baltic Sea region.  For diet, then it is mainly 
seafood, particularly from the Baltic Sea and North Sea that can contain high 
129I concentrations. Also, the iodine concentration has reported to be in-
creased in milk by 80% (may include 129I) from 1973 to 1996 in Sweden 
because of largely iodine-fortified feeding to cows in order to prevent infec-
tions. Assuming that iodine concentration in the milk is 140μg/kg which has 
same ratio of 129I/127I as grasses of 22×10-8 (Hou et al., 2003), then the radio-
activity from milk is 2.0×10-4 Bq/kg. On Average, human daily diet includes 
0.25 kg milk, which is equivalent to 5.0×10-5 Bq (4×1010 atoms), two orders 
of magnitude higher than that from drinking water and 10000 greater than 
that from salt intake. Another source of 129I is the air which enters the human 
body directly by inhalation. Main sources (>90%) of the 129I in the air origi-
nated from sea surface and partly from the La Hague and Sellafield gaseous 
releases (Aldahan  et al., 2009). Furthermore, recent study in the Baltic Sea 
reveals that 129I has good correlation with chlorine (R2=0.61) and bromine 
(R2=0.62) where the primary sources of chlorine and bromine are supposed 
to be from sea spray and salt-aerosols (Hou et al., 2009a). Although there are 
still a lot of debates whether sea spray directly brings iodine to land (Moran 
et al., 1999), it maybe another pathway for 129I absorption by human, espe-
cially around coastal cities.  To approximately estimate radioactivity of 129I 
by inhalation, concentrations of 129I in aerosols are adopted here, which show 
a range from 1 to 400×104 atoms/m3 depending on geographic location and 
generally decreasing with latitude (Englund et al., 2010). Based on a daily 
air inhalation volume of 20 m3, inhalation associated radioactivity is estimat-
ed at 3.0×10-10 to 1.1×10-7 Bq.  

The sievert is the dose equivalent measure of whole body irradiation (SI 
unit)  that represents the  effects of ionizing radiation. In order to evaluate 
intake (internal) dose for the human, the same principles as those applied by 
Moeller and Ryan (2004) were adopted here. Typically 10 mg of iodine and 
a value of 129I/127I (1×10-8, (Hou et al., 2003a)) are taken into account for the 
human thyroid (ICRP, 1979), and the amount of 129I would be 1×10-13kg 
(6.5×10-4 Bq) at a state of equilibrium. Applying the factor estimated by 
Soldat et al. (1973) that deals with a burden of (3.7×10-2 Bq) for 129I in the 
thyroid would be equivalent to 6×10-7 Sv/y. Using the same factor for calcu-
lation,  then 129I radioactivity (6.5×10-4 Bq) in the thyroid is equivalent to 
1×10-8 Sv/y. The effective dose equivalent limit for the whole body should 
not exceed 1×10-3 Sv/y according to the guidelines by the European Nuclear 
Society (http://www.euronuclear.org) and that for thyroid is 3×10-5 Sv/y as 
the thyroid normally weighs 0.03 of the whole body. Therefore, the present 
annual effective dose equivalent of 129I in the thyroid is three orders of mag-
nitude less than the effective dose equivalent limit suggested by the Europe-
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an Nuclear Society, but five orders of magnitude higher than the pre-
anthropogenic value of  ~×10-13 Sv/y.  

Although apparently the expected dose equivalent limits are still not ex-
ceeded by the amount of 129I in the Baltic Sea environment, it is vital to un-
derstand that presently there is 1000 times more 129I in this environment than 
the values of natural concentration before the 1940. This means that either 
the effects of this 129I increase in the environment are not foreseen or not 
hazardous. Whatever the case, research on the subject needs to be enhanced 
due to preferable scavenging  of iodine by the biological cycle. In addition, 
radioactive iodine in the aquatic environment can be absorbed by biological 
species, especially brown algae with concentration factor as high as 104 (Hou 
and Yan, 1998). Algae and, other biological species such as fish and lichen 
enter the foodweb and can end in the human body (Pham et al., 2006; 
Gómez-Guzmán et al., 2011).  

Use of 131I in thyroid diagnostics and therapy of hyperthyreosis  is popular 
nowadays (Mattsson et al., 2006). When 131I is generated, it may also incor-
porate 129I. Unfortunately we do not know the exact 129I concentration in 131I-
based medicine, but it is probably another important source for 129I in the 
environment.   
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6 Conclusions  

Many conclusions are reached from the research presented here and include 
the followings:  

 
1. 127I concentration in waters of the Baltic Sea and related basins 

reflects strong control of seawater salinity and water depth 
where high concentrations are found in the Skagerrak-Kattegat 
compared to the Baltic Proper. This salinity control is less ob-
vious for 129I concentration which can vary with respect to wa-
ter depth.  

 
2. 129I reservoir in the Skagerrak is largely derived from the 

North Sea through the Jutland currents while part of deep wa-
ter is contributed to from the 129I-poor North Atlantic water 
mass.129I pool in the Kattegat indicates a mixture of three wa-
ter masses, namely surface and intermediate water of Skager-
rak and outflow low salinity Baltic Proper water via the 
Öresund.  
 

3. Evidence for entrapment of North Atlantic water in the bottom 
of Arkona basin during August was traced by extremely low 
concentration of 129I . This finding is crucial for the local eco-
system environmental condition that suggest possible replen-
ishment of otherwise sluggish water circulation. 
 

4. Occurrence of upwelling water plume in eastern Gotland 
which contains high 129I comparable to the values found in the 
western Gotland surface water. 129I provides further evidence 
for cyclonic water upwelling currents breaking through the 
halocline, much similar to the Baltic haline conveyor belt 
around Gotland. 
 

5. Water supply from the Gulf of Finland and the Bothnian Sea 
to the Baltic proper is characterized by relatively low 129I con-
centration reflecting insignificant addition to 129I pool in the 
Baltic Proper. 
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6. 129I-based water mass exchange model suggests inflow of av-

erage 330 km3/y (range 230-450 km3/y) from the Kattegat into 
the Baltic Proper. For the water exchange between the Baltic 
Proper and the Bothnian Sea, the model indicates average val-
ues of 980 km3/y (range 600 1400 km3/y) for inflow into the 
Bothnian Sea and 1180 km3/y (range 780-1600 km3/y) for out-
flow to the Baltic Proper. 
 

7. The 129I-iodate annual reduction rate is estimated at ≤ 10% 
during transport from the English Channel along the Dutch 
coast and German Bight into the Skagerrak and Kattegat. 
  

8. High ratio of iodide to iodate of both isotopes in the waters of 
Kattegat mainly responses to water mixing process rather than 
speciation transformation. Effective species transformation 
becomes, however, significant in the Baltic Proper at maxi-
mum iodate reduction rates of 8×10-7 g/m3.day (for 127IO3

-) and 
6×10-14 g/m3.day (for 129IO3

-).  
 

9. Discrepancy in species variability of 129I and 127I in the Baltic 
Proper reflects complex effects of several factors including 
water masses mixing and stratification, oxidation-reduction 
process and residence time of each isotope in the water.  
 

10. Calculation of radio-toxicity from 129I internal doses to popula-
tion in the Baltic region suggests that it is not hazardous. The 
present annual effective dose equivalent of 129I in human thy-
roid is estimated to be 1×10-8 Sv/y which is five orders of 
magnitude higher than the ~×10-13 Sv/y pre-atomic era level, 
but three orders of magnitude less than the 3×10-5 Sv/y maxi-
mum effective dose equivalent set by the European Nuclear 
Society.  
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8 Summary in Swedish  

129I är en radioaktiv isotop (T½ = 15.7 miljoner år) som produceras genom 
naturliga och antropogena processer. Den antropogena produktionen är för 
närvarande dominerande i Jordens ytmiljöer, till största delen beroende på 
utsläpp i samband med olyckor och upparbetning av kärnbränsle.  Studier av 
Östersjön har påvisat 129I koncentrationer på nivåer som är 3-4  magnituder 
högre än den naturliga nivån innan kärnteknologin (vapen och 
energiproduktion) introducerades (innan 1940), men datamängden har hittills 
varit för gles för att tillåta en utförlig utvärdering av fördelning och 
förekomst av isotopen inom olika delar av Östersjön och angränsande 
bassänger. Den här avhandlingen behandlar fördelning och förekomst av 
jodisotoperna 129I och 127I och deras olika kemiska former (species) i vatten i 
Östersjön, Kattegatt och Skagerrak, och användning av dessa data för att 
uppskatta vattenutbyte och miljöpåverkan. För att möta dessa mål har 
havsvatten provtagits från sammanlagt 16 platser under augusti 2006 och 
från 19 platser under april 2007 från Östersjön, Kattegatt och Skagerrak. 
Dessutom analyserades olika species av 129I i havsvatten insamlat från tre 
platser i Bottenhavet under december 2009. 

Koncentrationen av jod i vattenproverna bestämdes med en X SeriesII 
ICP-MS (Thermal Electron Corporation) under hetplasmaförhållanden, med 
Xt-gränssnittet. Standardlösningar för jod preparerades från KI och KIO3 
med  en detektionsgräns på 0.27 nM. Analyserna av127I, 127IO3

- och 127I- 
utfördes på havsvatten. Speciella extraktionsprocedurer användes för att 
separera 129I och dess species från havsvatten efter tillsats av radioaktivt 125I- 
(NaI) för att kontrollera den kemiska behållningen och med stabil jod 
(Woodward Iodine Company, USA) som carrier. Jod fälldes som AgI, som 
blandades med niobium för att sedan pressas ner i kopparbehållare för 
masspektrometrianalysen. 129I mättes med AMS vid Uppsala universitets 
Tandemlaboratorium. Mätningarna normaliserades mot en internationell 
standard med en 129I/127I-kvot om 1.10×10-11. Blankprover preparerades på 
samma sätt som havsvattenproverna och de gav 129I/127I-värden på 
(1.5±0.5)×10-13, som är mer än två magnituder lägre än provvärdena. Den 
totala analytiska osäkerheten var  <10%. 

Resultaten visar avsevärda skillnader i 129I-koncentration vad gäller såväl 
rum som tid. De relativt högsta koncentrationerna återfinns generellt i 
djupvattnen. Variationen av 129I-koncentrationer ligger inom intervallet (11-
215)×108 atomer/L i Östersjön, medan ett bredare intervall, (31-1137)×108 
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atomer/L, erhålls för Skagerrak-Kattegatt. Djupfördelningen av 129I avtar 2 
till 19 gånger ytan ner till bottenlagret i övergångszonen mellan Kattegatt 
och Skagerrak. I centrala Östersjön finns en tydlig stratifiering av 129I, då 
koncentrationen ökar med djupet och ett maximalt värde om 150×108 
atomer/L uppmättes i bottenvatten från augusti 2006. Variationerna i 
koncentration av 129IO3

- uppvisar ett mindre intervall, (1-45)×108 atomer/L, i 
Östersjön jämfört med Skagerrak och Kattegatt som är (4-777)×108 

atomer/L. Koncentrationer av 129I- (jodid) i Bottenhavet ligger mellan 14×108 
atomer/L och 32×108 atomer/L, medan koncentrationer av 129IO3

- (jodat) är 
relativt låga och varierar runt 1×108 atomer/L. 

Uppskattningar av 129I-mängden i augusti 2006 (24.2±15.4 kg) är högre 
än i april 2007 (14.4±8.3 kg) inom södra och centrala Östersjön, medan en 
närmast konstant förekomst föreligger i Kattegatt-bassängen. Relativt höga 
värden av 127I-/127IO3

- och 129I-/129IO3
- i vattnen i Östersjön indikerar en 

effektiv reduktion av jodat med en maximal takt av 8×10-7 g/m3dag (127IO3
-) 

och 6×10-14 g/m3dag (129IO3
-). Djupvariationen av de olika kemiska formerna 

av jod i Östersjön är relaterat till effekter av blandning och stratifiering av 
vattenmassor, oxidations- och reduktionsprocesser, och residenstider för 
varje isotop. Reduktionsprocesser för jodat tycks vara relaterat till 
nedbrytning av organiskt material och fotokemiska reaktioner. Relativt hög 
förekomst av jodat i vissa yt- och djupvatten i Östersjön kan ha samband 
med förekomst av starka oxidanter och biologiska aktiviteter. Studier av 129I 
och 127I visar tydligt att övergången mellan olika jodspecies i havsvatten är 
styrd av flera komplicerade och samverkande processer. Detta komplexa 
beteende hos jod i havsvatten skulle också kunna påverka dess 
biotillgänglighet, utsläpp till atmosfären och förhållande till aerosoler och 
dess effekter på klimatförändringar i egenskap av kondensationskärnor.  

Antropogent 129I och naturligt 127I användes i denna avhandling som 
spårämnen för studier av vattencirkulationen i Östersjön. Förutom att 
resultaten konfirmerar tidigare studier som baserar sig på modeller och 
mätningar av havsströmmar, påvisas också nya observationer. Som exempel 
kan nämnas: inflöde av vattenmassor genom Drogden rännan kan nå ända till 
sydöstra Arkonahavet, uppvällning av djupbassängvatten till ytan 
förekommer längsmed Gotlandsdjupet, nordatlantiskt vatten tränger in till 
södra Östersjön men även att vatten med relativt låg 129I halt från 
Bottenhavet och Finska viken når södra Östersjön. 

En massbalansmodell har utarbetats som kan användas för att uppskatta 
vattenutbytet mellan Östersjön och Skagerrak, och mellan Östersjön och 
Bottenhavet baserad på uppmätta 129I koncentrationer. Inflödet från Kattegatt 
till Östersjön uppskattas genom denna modell till 330 km3/år (230 450 
km3/år), medan vattenutbytet mellan Östersjön och Bottenhavet och omvänt 
uppskattas till 980 km3/år (600 1400 km3/år) respektive 1180 km3/år (780
1600 km3/år). Dessa värden utgör en viktig kvantifiering av vattenutbytet 
mellan de olika bassängerna inom havsområdet som är av stort värde vid 



 52 

bedömning av miljöförhållanden och relaterade ekosystemeffekter i 
Östersjön.  

I avhandlingen diskuteras och bedöms även miljörisker utifrån ett 
radiotoxiskt perspektiv specifikt för 129I i Östersjöområdet. Beräkningar på 
radiotoxicitet från interna doser av 129I hos populationen antyder att ingen 
risk föreligger enligt de gränsvärdenormer som fastställts internationellt. Den 
nuvarande effektiva årliga dosekvivalenten av 129I i human sköldkörtel 
uppskattas till 1×10-8 Sv/år, vilket visserligen är fem magnituder högre än 
nivån innan atom-eran men vilket ändå är tre magnituder lägre än den 
maximala effektiva dosekvivalenten på 3×10-5 Sv/år som satts av European 
Nuclear Society. 

Slutligen i den här avhandlingen diskuteras och bedöms kortfattat 
miljörisker från radioaktivitet i samband med 129I i Östersjön. Beräkningar på 
radiotoxicitet från interna doser av 129I hos populationen i östersjöregionen 
antyder att ingen risk föreligger. Den nuvarande effektiva årliga 
dosekvivalenten av 129I i human sköldkörtel uppskattas till 1×10-8 Sv/år, 
vilket visserligen är fem magnituder högre än nivån innan atom-eran som var 
i storleksordningen 10-13 Sv/år, men vilket ändå är tre magnituder lägre än 
den maximala effektiva dosekvivalenten på 3×10-5 Sv/år som satts av 
European Nuclear Society. 
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