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ABSTRACT

Buraglio, N. 2000.  Accelerator Mass Spectrometry of 129I and Its Applications in
Natural Water Systems.  Acta Universitatis Upsaliensis.  Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Science and Technology 570. 53 pp.
Uppsala.  ISBN 91-554-4819-4.

During recent decades, huge amount of radioactive waste has been dumped into the
earth's surface environments.  129I (T1/2 = 15.6 My) is one of the radioactive products
that has been produced through a variety of processes, including atomic weapon
testing, reprocessing of nuclear fuel and nuclear accidents.  This thesis describes
development of the Accelerator Mass Spectrometry (AMS) ultra-sensitive atom
counting technique at Uppsala Tandem Laboratory to measure 129I and discusses
investigations of its distribution in the hydrosphere (marine and fresh water) and
precipitation.  The AMS technique provides a method for measuring long-lived
radioactive isotopes in small samples, relative to other conventional techniques, and
thus opens a new line of research.  The optimization of the AMS system at Uppsala
included testing a time of flight detector, evaluation of the most appropriate charge-
state, reduction of molecular interference and imporvement of the detection limit.
Furthermore, development of a chemical procedure for separation of iodine from
natural water samples has been accomplished.

The second part of the thesis reports investigations of 129I in natural waters and
indicates that high concentrations of 129I (3-4 orders of magnitude higher than in the
pre-nuclear era) are found in most of the considered natural waters.  Inventory
calculations and results of measurements suggest that the major sources of radioactive
iodine  are the two main European nuclear reprocessing facilities at Sellafield (U.K.)
and La Hague (France).  This information provides estimates of the transit time and
vertical mixing of water masses in the central Arctic Ocean.  Results from
precipitation, lakes and runoff are used to elucidate mechanisms of transport of 129I
from the point sources and its pathways in the hydrological environment.  This study
also shows the need for continuous monitoring of the 129I level in the hydrosphere and
of its future variability.
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In this thesis, the following abbreviations have been used:

ADC  Analog to Digital Converter
A.M.  Analyzing Magnet
AMS  Accelerator Mass Spectrometry
a.m.u.  Atomic mass unit
AWL  Atlantic Warm Water Layer
BNFL  British Nuclear Fuel Laboratory
CFD  Constant Fraction Discriminator
DOL  Deep Ocean Layer
GT1  Groupe Radioecologie Nord-Cotentin
IAEA  International Atomic Energy Agency
L.E.  Low Energy
LLNL  Lawrence Livermore National Laboratory
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NAA  Neutron Activation Analysis
NIST  National Institute for Standard and Technology
PML  Polar Mixed Layer
SRM  Standard Reference Material
TAC  Time to Amplitude Converter
TL  Transition Layer
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INTRODUCTION

Testing of nuclear weapons, nuclear reactor activity and accidents, and
reprocessing of nuclear fuel have been among the main sources of environmental
radioactive contamination.  These contaminants may be divided into high and low
radioactivity sources depending on their half-lives.  The high radioactivity sources
include, for example, 131I (8 days), 3H (12.3 years), 137Cs (30 years) and 90Sr (29
years) and represent strong potential health hazards.  The low radioactivity sources
include, among others, 14C (5730 years), 36Cl (3.1×105 years) and 129I (15.9 million
years).  Both the former and the latter ones have been used as environmental
tracers.   For example, they have been employed for labeling bomb peaks in a
variety of archives (sediment and ice), for dating groundwater, and for tracing flow
path movements of water and air masses.  In addition to their low radioactivity
level, the long-lived radionuclides offer the advantage that they can be used to
reconstruct the magnitude of radioactivity induced by the short-lived radionuclides
in cases where they have decayed.

129I is a very low source of radioactivity, and thus can be handled as a stable
element that can be used for prediction of pathways of the hazardous 131I.
Furthermore, the biophyllic nature of iodine has increased the interest in
understanding the distribution of the anthropogenically introduced 129I in the
earth’s surface environments.  Presently, the main sources of this isotope are the
discharges from the two European nuclear reprocessing facilities at Sellafield
(England) and La Hague (France) which account for about 95% of the total 129I
anthropogenic inventory (BNFL, 1998; GT1, 1999; UNSCEAR, 1988; Yiou et al.,
1995; Raisbeck & Yiou, 1999).  This quantity has overwhelmed the natural 129I/127I
ratio by 4-5 orders of magnitude.

In spite of the strong interest in studying 129I, a limit was set by the
analytical methods used before the introduction of AMS during the early eighties
as a measurement technique for 129I (e.g. Elmore et al., 1980).  Until then, 129I was
measured by using the conventional decay counting technique and the Neutron
Activation Analysis (NAA) (e.g. Studier et al., 1962).  Decay counting requires
large amounts of sample, in the orders of 105 l compared with the few hundreds of
milliliters required by the AMS for routine measurements.  In addition to being a
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complex analytical procedure, NAA also requires handling relatively large
amounts of radioactivity.

With the extensive advantage of AMS, a project for measuring 129I was
initiated at the Uppsala tandem accelerator in 1995 and the first results were
obtained in 1997 (König, 1997).  A dedicated beam line, a time of flight detector
and a spherical electrostatic deflector were installed for this purpose.  At the same
time, a standard procedure for extracting iodine from water samples was developed
(paper I).

With the above described technical arrangements (papers I and II),
investigations of the 129I distribution in a variety of reservoirs became possible and
the results are presented in this thesis.  The investigations were focused mainly on
understanding and evaluating the level of 129I in the hydrosphere covering some
marine and continental reservoirs. Most of the radioactive release from the
reprocessing facilities enters the North Sea from Sellafield, and the English
Channel from La Hague.  Swept away by the marine current flow, the waste is
transported along the Norwegian coast to the Arctic Ocean.  With the aim of
following and quantifying marine discharges from the facilities through water
mass movement, a study of the distribution of 129I in the Arctic Ocean (sampled in
1996) was carried out (paper III).  Seas and oceans are the major sources of iodine
in the atmosphere, in addition to the direct gaseous releases from the facilities.
Therefore, monitoring 129I in precipitation can be used to investigate mechanisms
of spreading iodine in the environment.  Levels of 129I in rain and snow in central
Sweden (and in some rain samples of northern Italy) have been recorded for this
purpose since 1998 (paper IV).  Further investigations on how 129I is spread into
the hydrological reservoir and on the importance of the different sources (mainly
reprocessing facilities and the Chernobyl accident) were carried out by studying
the level of 129I in lakes (paper V), rivers and run-off waters (paper I, paper IV)
located in central Sweden.



3

SOURCES AND OCCURRENCE OF 127I AND 129I

______________________________________________________

In this chapter, sources and occurrence of anthropogenic 129I in the earth’s surface
environment are discussed.  Before introducing these topics, a short review of
stable iodine in nature is presented.

2.1 Stable iodine in nature

The main reservoirs of iodine in the earth’s surface environment are oceans and
seas with concentrations in the range 40-65 µg/l.  The major forms of dissolved
iodine in the marine environment are iodide (I -) and iodate (IO3

-) (e.g. Wong,
1991; Hou et al., 1999).  Even if the oxidation potential of the iodine-iodate system
in marine waters would favour mainly the presence of iodate, this situation is not
always encountered in reality.  It has been shown that in the sea surface water
iodide speciation occurs in significant proportions (up to 50 % of the total iodine)
and its concentration decreases with depth (e.g. Takaianagi & Wong, 1986; Wong,
1991; Hou et al., 1999).  To explain this behaviour, it has been suggested that IO3

–

is reduced to I – at the surface by marine bacteria reducing nitrate (Tsunogai &
Sase, 1969) and by diatoms (Wong, 1991).  In deeper water, iodate becomes more
abundant (from 50% to 100%).  In marine water characterised by strong anoxic
conditions, however, such as the Baltic Sea and the Black Sea, iodide is the major
form while iodate is almost undetectable (Wong, 1991; Hou et al., 1999).

From oceans and seas, iodine seems to enter the atmosphere mainly as CH3I
(Whitehead, 1984).  This assumption is sustained by measurements on ocean water
samples found to be saturated with CH3I that is produced at significant levels in
algae and phytoplankton and abundantly released at the time of mortality
(Chameides & Davis, 1980).  Another suggested mechanism for iodine to enter the
atmosphere is by transformation of iodide into elemental iodine through
photochemical oxidation (Miyake & Tsunogai, 1963) or through reaction with
atmospheric ozone (Whitehead, 1984).

The photochemistry of iodine in the troposphere is not yet fully understood.
However, once transferred into the atmosphere, photolytic dissociation of I2 and
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CH3I most likely produces I atoms through the reactions (Chameides & Davis,
1980)

IIhI2 +→ν+    (2.1)
and

      ICHhICH 33 +→ν+    (2.2)

Possible chemical interactions of I atoms with O3, NOx and HxOx such as

23 OIOOI +→+    (2.3)

lead to the production of several inorganic compounds, that recycle back to I, as,
for example,

2NOINOIO +→+    (2.4)

and result in the atmospheric iodine being distributed in gaseous and particulate
forms (Chameides & Davis, 1980).  The residence time of iodine in the atmosphere
is 14, 10 and 18 days for particulate, inorganic and organic gas (mainly CH3I),
respectively (Rahn et al., 1976; Whitehead, 1984).  Concentrations of iodine in the
atmosphere range from a few ng/m3 up to a few hundreds of ng/m3 and average at
20 ng/m3 for the global atmosphere (Whitehead, 1984 and references therein).

Re-distribution of iodine from the atmosphere to the earth’s surface (oceans
and continents) occurs as dry and wet deposition, with the former taking the
leading role in providing iodine to arid regions (Fuge & Johnson, 1986 and
references therein).  Water-soluble iodine species (elemental and particulate
iodine, and highly polar HI or HOI) are incorporated into rain and snow or
adsorbed to aerosols and removed by precipitation (Chameides & Davis, 1980;
Whithead, 1984).  In rainwater the concentration of total iodine is usually in the
range 1-5 µg/l and the value decreases with the distance from the ocean
(Whitehead, 1984 and references therein; Moran et al., 1999).  Data concerning the
speciation of iodine in rain still need to be implemented.  About 45% of the iodine
in some rain collected in the United Kingdom was found to be iodide and 55%
iodate (Jones, 1981).  However, the concentration of iodate seems to be dependent
on the distance from the sea.  For example, in a study by Luten at al. (1978) about
45% of the total iodine in rain over the Netherlands was present as iodate, but only
about 5% for rainwater collected at least 70 km inland from the coast.  There is
also evidence that rain might instead contain high concentrations of organic iodine,
mainly derived by disintegration of algae and plankton in sea spray (Dean, 1963).

The iodine content in igneous rocks shows a rather uniform concentration
averaging at 0.24 mg/kg, while sedimentary rocks (i.e. recent sediments,
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sandstones, shales and carbonates) have a higher concentration ranging from a few
mg/kg up to 200 mg/kg (Fuge & Johnson, 1986).  Soils associated with organic
matter, clay, aluminium and iron oxides are usually rich in iodine (mean value = 5
mg/kg).  Vegetation seems to take up iodine more from the atmosphere than from
soils and fixes even more iodine upon mortality (Fuge & Johnson, 1986).  The pH
of the soil influences the form of iodine, as has been shown in several studies (e.g.
Fuge & Johnson, 1986; Fuge, 1996).  Generally, in acidic soils I - is converted into
I2 which easily evaporates, while in alkaline soils iodine is present as iodates that
do not escape through volatilisation.  Sources of iodine in soils are atmospheric
precipitation, evaporation of subsurface water (especially in arid regions),
weathering of bedrock and to some extent agricultural practices (Fuge & Johnson,
1986).  Losses of iodine from soils are due mainly to removal by groundwater and
transfer to the atmosphere as gaseous iodine.

Iodine concentration in groundwater (mainly present as iodide) is usually
less than 5 µg/l, with peaks of 50-100 µg/l reported for groundwater with high
salinity or with a high admixture of seawater (Whitehead, 1984 and references
therein).  The concentration of iodine in subsurface brines and thermal and mineral
waters is much higher (up to more than 100 times) than in surface waters, probably
because of breakdown of organic materials (especially in brines where formation
of petroleum takes place) and leaching from sediments (Fuge & Johnson, 1986 and
references therein).

The concentration of iodine in surface fresh water (rivers and lakes) is
lower than in seawater.  Results of several studies on river water show that the
total iodine ranges between 2.2 and 42.4 µg/l and the main speciation of iodine is
iodide (Wong, 1991 and reference therein; Rao & Fehn, 1999).  The concentration
of iodine is also connected with salinity as iodate and total iodine concentration
drops almost to undetectable level when the salinity is approaching zero (Wong,
1991).  Studies on lakes have not been so numerous but in some British lakes, both
iodide and iodate have been detected and it seems that there is a conversion of
iodate to iodide during summer (Jones et al., 1984).

2.2. Sources of 129I

Although all the 129I produced during the primordial nucleosynthesis has now
decayed into 129Xe, 129I is continuously produced by natural processes in the
earth’s atmosphere and crust.  In the stratosphere, cosmogenic 129I is produced by
cosmic-ray-induced spallation of xenon and, in minor quantities, by neutron
bombardment of tellurium.  In the earth’s crust, the main source of 129I is
spontaneous fission of 238U (cumulative yield = 0.027 %).  Thermal neutron
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induced fission of 235U (cumulative yield = 0.54 %) represents another minor
natural source of 129I in the lithosphere.  Most of the 129I resulting from the fission
process arises from the decay of its short-lived precursors, whose half-life ranges
from 0.99 seconds to 33.4 days.

The amount of natural 129I in the hydrosphere is about 210 kg (1027 atoms),
with almost equal contributions from fissiogenic and cosmogenic processes
(Fabrika-Martin, 1984).  The 129I/127I pre-nuclear-era (before 1945) value in the
marine environment has been estimated to be about 10-12 (Fehn et al., 1986).

2.3. Anthropogenic sources

The three main anthropogenic sources of 129I have been bomb tests, nuclear
accidents and reprocessing of nuclear fuel.  The release of 129I from these sources
has increased the natural 129I/127I ratio from 10-12 to as much as 10-5 (Rao & Fehn,
1999).

2.3.1.  Nuclear weapon tests

Fission of uranium and/or plutonium isotopes in a nuclear explosion leads to the
production of 129I.  It has been estimated that ~ 64 kg (3×1026 atoms) of 129I have
entered the atmosphere as a consequence of surface and atmospheric detonation in
the Northern Hemisphere since the fifties (Rao & Fehn, 1999; Wagner et al.,
1996).  After 1973, detonations were mainly subsurface and did not contribute
significantly to the 129I dose.  The level of the 129I/127I ratio has increased to about
10-10 in the Atlantic Ocean as a consequence of the fallout from nuclear weapon
tests (Edmonds et al., 1998).

2.3.2.  The Chernobyl accident

Among the nuclear accidents of the 20th century, the release from the nuclear
power plant at Chernobyl (26 April 1986) was the most serious in terms of
radioactivity.  Plutonium isotopes, 123Xe, 85Kr, 131I, 129I, 132Te, 134Cs, 137Cs, 95Zr,
103Ru, 106Ru and 90Sr were among the released radionuclides.  After the explosion,
the most volatile elements such as cesium, iodine and tellurium easily entered the
atmosphere.  During the days following the accident, the radioactive cloud was
carried by winds towards Scandinavia, contaminating mainly Sweden and Finland,
before reaching other parts of Europe.  About 1.3 kg (6×1024 atoms) of 129I were
released into the atmosphere after the Chernobyl accident (Yiou et al., 1994),
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which is only about 2 % of the total 129I emission from weapon tests.  However, the
release was quite well localised in space and time, and some parts of Europe such
as Scandinavia, for example, received considerable doses.

2.3.3.  Nuclear reprocessing facilities

Spent nuclear fuel consists of about 95% 238U, a small portion of 235U that has not
undergone fission, plutonium and radioactive fission products (among these 129I).
In a reprocessing facility, the spent fuel is separated into three components:
uranium, plutonium and waste (fission products).  The two main nuclear fuel-
reprocessing plants in Europe are Sellafield (UK) and La Hague (France).  At the
present, about 99% of the 129I reprocessed is extracted in liquids that are
discharged into the Irish Sea and the English Channel (Baetsle, 1990).  The total
amount of 129I liquid discharges is about 789 kg from Sellafield and 1830 kg from
La Hague up to 1998 (BNFL, 1998; GT1, 1999; Yiou et al., 1995; Raisbeck et al.,
1999) giving a total of 2619 kg or 1.2×1028 atoms.  Airborne 129I discharges
amount to 57 kg from La Hague until 1996 (GT1, 1999).  Nowadays, the
reprocessing facilities at Sellafield and La Hague are the main sources of
anthropogenic 129I.

Figure 2.1.  Yearly liquid (filled diamonds, from BNFL, 1998 and GT1, 1999, and
open circles from Yiou et al., 1995 and Raisbeck & Yiou, 1999) and atmospheric
(open squares) discharges (BNFL, 1998 and GT1, 1999) from nuclear
reprocessing facilities at La Hague (a) and Sellafield (b) since 1966.
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2.4.  The global cycle of 129I

In 1981 Kocher presented a dynamic linear box model of the global 129I cycle
based on available data for stable iodine (to define inventories in the different
sections) and on data on the global hydrological cycle (to define fluxes between
compartments).  In his model the flux (Fi,j) from the ith compartment to the jth
compartment is represented mathematically by the relation

Fi,j = ki,j Yi                                  (2.5)

where Yi is the iodine inventory in the ith compartment and ki,j the fractional
transfer rate from i to j of iodine per unit time.  Therefore, using Fi,j as expression
for fluxes, the inventory of the ith compartment at a time t can be expressed as

 dYi(t)/dt = Ii(t) + 
j i≠� kji Yj(t) – ( 

j i≠� ki,j +  ) Yi(t)                  (2.6)

where Ii is the flux of an iodine source (natural or anthropogenic) and  is the
radioactive decay constant.  If, for the description of each nth compartment, we use
equation (2.6), the inventory of iodine as a function of time can be monitored in
each section by solving a system of n linear differential equations.

Fabrika-Martin (1984), Liu & Gunten (1988) and Wagner et al. (1996) have
slightly modified the global model of Kocher both by updating inventories and
fluxes on the basis of new available data and by dividing some of the
compartments while adding/removing others in order to adapt the model to the aim
of their work.  Wagner et al., for example, added the stratosphere compartment to
account for 129I resulting from bomb tests, and removed compartments that are not
relevant to effects occurring on a few-decades time scale.

Considering the model in figure 2.2 and using as input sources the
anthropogenic 129I injected by the reprocessing facilities (figure 2.1), the bomb
tests (Wagner et al., 1996), and the Chernobyl accident (6×1024 atoms of 129I), it is
possible to predict how 129I would spread in the earth’s environment over time.  As
starting conditions, the inventory of 129I (kg) in each compartment has been
calculated by considering the stable iodine inventory and setting the ratio between
129I and 127I equal to 10-12 (Fabrika-Martin, 1984; Fehn et al., 1986).  The
calculated values (129I in kg) of each compartment, for the year 1998, are reported
in table 1.1 and the evolution over time in figure 2.3.

It is worth to observe that this model has several limitations.  The main one
is the assumption that 129I input would distribute uniformly in the compartment
into which it is dropped.  This is not completely true for the liquid releases from
the facilities into the ocean.  Another limitation is the fact that the residence time
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and the pre-antropogenic ratio of some compartments may need to be significantly
improved by measuring natural samples.  Furthermore, a local model, with more
suitable transfer fluxes between the boxes, would be more appropriate.  The
presented (figure 2.2) calculation, however, aims at providing a general picture of
how 129I would be distributed in the different natural compartments and of where it
will most likely accumulate over time.

Stratosphere
       2

71 29

Troposphere 49 Troposphere 11  Biosphere
(ocean)  0.1 38 (land)  0.09  (land)    20

        62    1     51          1 89

           Upper Ocean  12 Soil Water 100       Soil
  20  0.05  87 1000

             99    100

Deep Ocean
1000

Figure 2.2.  Box model for the global cycle of iodine.  The numbers in each box
represent the residence time in years.  The numbers close to the arrows represent
the percentage of iodine leaving each box (Wagner et al., 1996).

Table 1.1. 129I (kg) in each compartment, using the box model for year 1998

Ocean
Atm.

Land
Atm.

Bio-
sphere

Soil
water

Soil Upper
Ocean

Deep
Ocean

1.12 0.38 0.31 0.11 70.2 1999 877
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Figure 2.3. 129I inventory in different compartments from the European
reprocessing facilities, bomb tests and Chernobyl accident calculated using the
box-model in figure 2.2.

a = upper ocean
b = deep ocean
c = soil
d = biosphere
e = ocean atmosphere
f =  land atmosphere
g = soil water
h = stratosphere
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CHEMICAL ANALYTICAL PROCEDURE

In order to be able to perform AMS measurements of 129I, iodine has be extracted from
natural samples and converted to silver iodide.  In this chapter, extraction of iodine
from natural water is described and discussed.

3.1. Extraction of iodine from water

In this study, the chemical extraction of iodine from water samples exploits the
property of molecular iodine, I2, to be soluble in carbon tetrachloride, CCl4, while
iodide, I –, is soluble in water (Moran et al., 1995).  The procedure used for extracting
iodine is the following (figure 3.1).  A water volume of 50-1500 ml is passed through a
0.45 µm glass fibre filter and mixed with 0.5-2 mg of iodine carrier, in the form of
potassium iodide, KI, or I2.  The amounts of carrier and of water used depend on the
natural isotopic ratio of the sample, and they are combined in order to obtain an
isotopic ratio of one or two orders of magnitude higher than the analytical background
(10-14-10-13).  Typically, 2 mg of iodine carrier is dissolved in 200 ml of water sample.
As pointed out in an earlier chapter, iodine in water is present mainly as iodide and
iodate, and therefore it is important to ensure that there is isotopic equilibrium between
129I (often both in the iodide and iodate forms) and the carrier (iodide form).  In order
to achieve this, 2 ml of 0.1 M sodium sulfite hydrogen, NaHSO3, is added to the
sample to convert all the iodate into iodide.  The sample is then acidified with nitric
acid, HNO3, transferred into a flask where 15 ml of CCl4 and 4 ml of the oxidizing
agent water peroxide, H2O2, are added.  After shaking, the iodine gets into the organic
phase forming a purple solution that is transferred in a clean beaker.  This purification
step is repeated several times until, after the addition of CCl4, the pink color is not
observed, indicating that most part of the iodine has been extracted from the water
phase.  The pink organic phase is now transferred into another clean separation funnel
and reduction of iodine is achieved by addition of 10 ml of 0.1 M NaHSO3 and of a
few drops of 50 % sulfuric acid, H2SO4.  The solution is then transferred into a clean
tube and 1.5 ml of 0.01 M silver nitrate, AgNO3, is added to precipitate silver iodide,
AgI.  An excess of AgNO3 is not recommended because undesired silver-sulpha
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compounds precipitate.  Washing of AgI with super-pure ammonia NH3 followed by a
wash with double-distilled water is carried out in order to dissolve any silver chloride,
AgCl, or small amounts of the silver-sulpha compounds.  At this point, the tube
containing AgI is covered with aluminium foil and placed in an oven (50º C) to dry
overnight.  The recovered AgI is mixed with a double amount in weight of niobium or
silver powder and afterwards pressed into a copper holder for AMS measurements.
The recovery of AgI is usually better than 70 % and the major losses most likely occur
during the precipitation of AgI and the washing stages.

Water

  Addition of carrier

         NaHSO3
     

      Transformation of iodates
HNO3 (pH = 2)        into iodides
         H2O2

           Oxidation of I- into I2

         CCl4

    Extraction of I2

       NaHSO3
         H2SO4
              Reduction of I2

            into I-

       AgNO3

     Precipitation of
  AgI

Figure 3.1.  Flow chart showing the basic steps of chemical extraction of iodine from
water samples.
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The step performed to ensure isotopic equilibrium (early addition of NaHSO3)
was made during a later stage of the project.  In the beginning, in fact, a slightly
modified procedure, where iodide and iodate were recovered separately, was used.
After recovery of iodide, any possible iodate was transformed into I2 by using 5 ml of
1 M hydroxylamine hydrochloride, NH2OH.HCl.  Molecular iodine was then dissolved
into CCl4 and collected.  After this step, the procedure continued as the one previously
described.  In order to compare the two methods, the same water was prepared
according to the two approaches.  The results (table 3.1) agree within the 5%
measurement error (paper I).

Table 3.1.  Results of 129I/127I from the same samples prepared using the two chemical
extraction procedures described in the text.  A = with addition of NaHSO3 before
acidification by HNO3, B = with addition of NH2OH.HCl.  The snow sample and the
river Fyrisån water were collected in Uppsala (Sweden)

SAMPLE A B

Baltic Sea (40 m) (1.3±0.07)×10-11 (1.2±0.07)×10-11

Baltic Sea (100 m) (5.4±0.3)×10-11 (5.5±0.3)×10-11

Snow (991212) (6.9±0.3)×10-12 (6.8±0.3)×10-12

Fyrisån (000202) (5.1±0.3)×10-12 (5.2±0.3)×10-12

North Sea (2) (6.5±0.2)×10-10 (6.0±0.3)×10-10

North Sea (3) (7.2±0.3)×10-10 (7.7±0.3)×10-10

3.2. 129I interlaboratory comparison

An interlaboratory comparison exercise on 129I was organized and conducted by the
Lawrence Livermore National Laboratory (LLNL) on behalf of the International
Atomic Energy Agency (IAEA).  A total of eleven samples were delivered to the
laboratories participating in the exercise.  Four samples were synthetic standard AgI
(LL samples), one was water containing iodine in the form of KI (250 mg I per gram
of water) and the others were environmental materials (pine needles, maple, weeds,
soils).

The iodine in the water from the interlaboratory comparison was extracted
using the procedure described above.  The result is in good agreement with values
reported by the other laboratories (table 3.2).
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Laboratory 129I atoms/gram

Uppsala (1.21±0.09)×107

B (1.20±0.03)×107

W (1.22±0.06)×107

G (1.21±0.08)×107

K (1.83±0.05)×107

M (1.12±0.05)×107

3.3. Standard and blanks

AgI powder precipitated from a bulk solution obtained after successive dilutions of
Standard Reference Material (SRM) 4949C.Iodine 129 (National Institute for Standard
and Technology, NIST) was used in this study.  The standard was prepared with
several isotopic ratios, namely (0.21±0.02)×10-11, (1.17±0.02)×10-11 and
(5.00±0.17)×10-11.  In most cases, the standard with isotopic ratio 1.17×10-11, prepared
and delivered by the late Dr. Kilius from the Isotrace Laboratory in Canada, was used.
The other two standards (prepared at Uppsala) were used for measurements of samples
with higher or lower ratios than 10-11.

The blanks (129I free samples) used in this study include super-pure KI,
Woodward iodine (I2) and a natural Precambrian (> 300 Ma old) iodargyrite crystal
(AgI).  The former two materials were also used as carrier.  The 129I/127I value of the
blanks indicates that iodargyrite crystal has the lowest ratio (see appendix).

3.4. Storage and acidification

For logistic reasons, the samples were sometimes stored for weeks or months before
being chemically treated.  This may introduce changes in the original 129I
concentration due to adsorption on the walls of the container and on particles, or due to
bacterial growth and photolysis reactions.  To reduce these effects, the water samples
in polyethylene bottles were stored in a dark and cold (4o C) room.  Several tests were
made to evaluate the effect of storage (paper I) and the results are summarized in table
3.3.  Although the storage effect seems to vary depending on the type of water (from
oceans, lakes, rivers etc.), the results show that leaving the sample without any
treatment and in a dark cold room does not change the 129I concentration more than
10 % irrespective of the storage period (up to 15 months). Among the several factors
that could eventually modify the samples upon storage, we checked the effect of pH,
with an experiment carried out on river water (river Fyris in Uppsala) having a natural
pH of about 7.  A sample of the river water was portioned to 8 equal volumes and the

Table 3.2.  Results of 129I in the
water sample used in the
interlaboratory comparison exercise.
The letters refer to the different
laboratories that participated in the
exercise (Roberts et al., 1997)
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pH was adjusted to values between 3.5 and 8.5 through the use of HNO3 and sodium
hydroxide, NaOH.  These portions were kept at constant pH in closed beakers at room
temperature for 12 days and then analyzed.  The results of this test indicate that for
pH < 7 the 129I concentration increases as the pH decreases and this most likely is due
to release of iodine by dissolution of particulate matter (paper I; Kaplan et al., 2000).
Further results on the effects of acidification and filtration are reported in table 3.3.

Table 3.3. 129I (atoms/liter) in samples stored at different conditions.  Water from the
Fyris River was stored after filtration and acidification (pH = 3) for 3 months.  FyrX
(where X is a number) stands for water collected at different locations along the
course of the river.  Fyr6 has been stored for 10 months after acidification. Lakes 1
and 2 have been stored for 15 and 11 months, respectively, without any treatment.  The
Baltic Sea samples have been stored for 1 month without any treatment (paper I)

After sampling After storage

Fyr1 (2.2 ±0.2)×108 (2.8 ±0.3)×108

Fyr2 (2.0 ±0.2)×108 (2.3 ±0.3)×108

Fyr3 (2.8 ±0.3)×108 (2.8 ±0.4)×108

Fyr4 (2.9 ±0.2)×108 (3.2 ±0.4)×108

Fyr5 (3.4 ±0.3)×108 (3.8 ±0.3)×108

Fyr6 (3.8 ±0.3)×108 (4.6 ±0.3)×108

Lake1 (3.3 ±0.2)×108 (3.3 ±0.1)×108

Lake2 (4.9 ±0.3)×108 (5.1 ±0.2)×108

Baltic1 (3.0 ±0.1)×109 (3.1 ±0.1)×109

Baltic2 (3.8 ±0.1)×109 (4.0 ±0.1)×109

Baltic3 (2.6 ±0.1)×109 (2.9 ±0.1)×109
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AMS SYSTEM AND MEASUREMENTS

In this chapter, the AMS technique for 129I and the Uppsala tandem accelerator facility
are described.

4.1  General

The 129I AMS measurements were performed at the Uppsala Tandem Laboratory.  The
accelerator system (figure 4.1) is a shared facility where 14C, 10Be and 129I are routinely
measured for 50% of the time while the remaining time is dedicated to ion beam
materials analysis and modification besides basic studies of ion interactions with
matter.

Figure 4.1.  Drawing of the Uppsala tandem facility, where A is the accelerator hall,
hosting the accelerator high-pressure vessel (yellow), B is the control room and C is
the experimental hall.  For an approximate scale, the size of the yellow tank is 11.5 m
× 1.5 m.



17

4.2  The ion source

The ion production in a system used for AMS must fulfill special requirements
(Middleton, 1984; Kilius et al., 1997a) mainly related to the fact that the isotopic ratios
to be measured can be very low (down to 10-15 or less).  With respect to this, cesium
sputter ion sources are the most commonly used in AMS.  The main reason for this is
that they have negligible memory effects.  A schematic layout of the cesium sputtering
ion source at the Uppsala Tandem Laboratory is shown in figure 4.2.

Figure 4.2.  Principle drawing of the cesium sputtering ion source showing the
principles of the negative ion beam current extraction ( ström & Possnert, 1983).

Metallic cesium is contained in a reservoir cavity and heating the cavity to a
temperature of about 200-300 °C produces cesium vapour.  Cesium is diffused through
a porous tungsten crystal (kept at a temperature of about 1100 °C) where the cesium
atoms undergo surface ionization.  The ionizing electrode is kept at a potential of
about 6 kV to accelerate the cesium beam towards the sample target, while the
accelerated beam is focussed and steered by two Einzel lenses.  The central electrode
of each Einzel lens is divided into four parts allowing focussing and steering
simultaneously.  When the cesium ions collide with the sample surface, sputtering
ejection of neutral atoms and positive/negative ions takes place.  The negative ion
beam current is strongly dependent on the ionization.  In the most favorable cases,
such as for carbon, iodine and chlorine, ionization efficiency in the range 5-8 % can be
obtained.  For other elements, such as beryllium and aluminum, not easily forming
negative ions, molecular beams BeO- and AlO- are preferably used.  The extracted

Cs reservoir

Ionizer

Einzel lens

Einzel lens

Einzel lens

Einzel lens
Steering

Towards
low energy
deflector

Sample holder~ -30 kV

~ + 6 kV
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negative ion current from the cesium sputter ions source is typically in the order of 1-
10 µA, allowing a statistical precision of about 1-5 % within 1 hour of measuring time
(assuming an accelerator transmission of about 20 % and charge state +1, see
following paragraphs).

In order to have stable measurement conditions, a beam emittance smaller than
the acceptance of the subsequent optical elements (flat top) has to be achieved.  For
this reason, among other things, asymmetric cratering on the target during the
sputtering process has to be avoided.

The negative ion beam is extracted from the ion source at an energy of about 30
keV and focussed to a waist at the slits before the electrostatic deflector (figure 4.3).

Figure 4.3.  Schematic drawing showing pertinent ion optical elements of the low
energy side of the accelerator system.

4.3. The injector

A schematic drawing of the injector and the low energy side of the accelerator is
shown in figure 4.3.  The negative ion beam produced in the ion source has a spread in
energy of the order of tens of eV with a tail at the high-energy side.  Besides negative
129I ions, such molecules as 128TeH- and 127IH2

-, the isobar 129Xe-, 127I- and 128Te- ions
are part of the beam.  The number of interfering ions and molecules is several orders
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of magnitude higher than the number of 129I, making the detection of the element of
interest impossible, without the use of an accelerator.

In order to suppress the unwanted ions and molecules, an electrostatic and
magnetic separation (the physics of which is based on the Lorentz formula,

Eq)Bv(qF +×= ) is performed.  The double focussing 90° spherical electrostatic
deflector (radius = 0.4 m and electrode distance = 40 mm) is dispersive in energy
according to

                                             )r(
q
E ε=

2
1                                                        (4.1)

where E and q are the energy and the charge (-1) of the beam, respectively, ε the value
of the electric field, and r the electrostatic deflector radius.  Part of the high-energy
127I-, 128Te- ions that would mimic 129I- ions after the injector magnet are thus rejected
by the dispersive action of the electrostatic deflector.  The ion beam trajectory in the
90° double focussing fringing field dipole injector magnet (bending radius = 0.376 m
and maximum value of the magnetic field = 1.1 T) follows the equation

                                          
qB

)mE(
qB
p

qB
mvr

/ 212===                                                (4.2)

where m is the mass, v the velocity, q the charge, p the momentum of the particle and
B is the magnetic field strength.  The magnetic deflector is thus dispersive with respect
to the momentum.

Theoretical ion optic calculations and measurements showed the importance of
the electrostatic deflector in suppressing most of the interfering ions or molecules
(figure 4.4).  The suppression of 127I relative to 129I ions by the injector is about 3
orders of magnitude (König, 1997).

Before entering the tandem accelerator, the beam is pre-accelerated to 75 kV in
order to reduce the strong lens effect at the entrance of the accelerator.  A smaller
waist at the stripper channel and an improved transmission is thereby obtained.

4.4.  The tandem accelerator

The tandem Van der Graaf machine is a type of particle accelerator in which the high-
voltage at the terminal (nominal value = 6 MV) is used twice to increase the energy of
the injected ions.  Negative ions are accelerated by the positive potential of the
terminal.  When reaching the terminal, electrons are stripped off in a thin foil or gas,
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and a second acceleration takes place by repulsion back to ground potential (the
tandem principle).  Molecular interference is eliminated by Coulomb explosion after
the charge exchange process in the stripper, if the charge-state of the molecules is
higher than +2.  The high energy obtained after the acceleration allows for a unique
identification of each ion by conventional nuclear detection techniques such as E-∆E
or time of flight-energy detector systems.

Figure 4.4.  Ion current measured after the slits (before the Low Energy (L.E.) cup in
figure 4.3) for different masses before and after the installation of the spherical
electrostatic deflector (König, 1997).

The charge state distribution of a beam of ions passing through a gas or foil
depends on the velocity and type of the ions and on the stripper composition (Betz,
1972).  The charge state distribution for chlorine and iodine, acquired at our system for
different values of the ion velocity, is shown in figure 4.5.  In order to have the highest
possible count rate at the detector, the charge state to be chosen should be the most
probable one.  However, this choice is limited by other factors such as the magnetic
rigidity of the analyzing magnet and the possible presence of interfering molecular
fragments.

Mass (a.m.u.)

without electrostatic
deflector

with electrostatic
deflector
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Figure 4.5.  Charge state distribution for chlorine (a) and iodine (b) measured at
different energies for an argon gas stripper.  The current is measured at the Analyzing
Magnet (A.M.) cup and it is normalized to the L.E. cup current.

4.5.  The post-accelerator system

At the exit of the accelerator tube, the energy of the ions is given by the equality

)q
M
m(eVE +=                                               (4.3)

where e is the elementary charge, V is the terminal voltage value, m is the mass of the
ion, M is the injected mass of the ion or molecule and q is the charge state.  The beam
is deflected through the 90° double-focussing fringing analyzing magnet and deflected
through the 30° switching magnet before entering the 20° cylindrical electrostatic
deflector and the detection region (figure 4.6).  The bending radius (r = 1.016 m) and
the limited maximum value of the magnetic field (B = 1.6 T) in the analyzing magnet
restrict the charge state that can be selected at a fixed energy of the ions, according to
equation 4.2.  For iodine, for example, it is not possible to select a charge state lower
than +4 because that would require an analyzing magnetic strength that our present
system cannot reach.

After acceleration and stripping, the beam, in addition to ions of interest,
consists of different components, such as background isobars, molecular ions and/or
molecular fragments.  Some of these latter ions have the same magnetic rigidity as
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129I+5 ions and, therefore, cannot be separated solely by magnetic deflection.  An
additional electrostatic separation is therefore applied (figure 4.6), resulting, for iodine,
in a suppression of 127I relative to 129I of about 7 orders of magnitude (König, 1997).
According to the diagram of figure 4.7 (Purser et al., 1979), all ions having the same
m/q value as the 129I+5 ions will then reach the detector system.  In order to uniquely
separating ions having the same m/q one has to employ an energy detector ( E-E gas
counter or solid state), a time of flight-energy detection system and an absorber or a
gas-filled magnet.

Figure 4.6.  Schematic drawing showing pertinent ion optical elements of the high-
energy side of the accelerator system.

An example demonstrating the problem of distinguishing ions with the same
m/q is the following:
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If the charge state +2 is chosen for 36Cl then
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Figure 4.7. m/q plotted against the variable E/q, showing a hyperbolic line
representing magnetic selection, a vertical line representing electrostatic selection, an
horizontal line corresponding to m/q = constant and a straight line through the origin
representing particles of constant velocity.

129I presents a similar problem when charge state +4 is chosen, due to 97Mo+3

derived from molecular dissociation of 97Mo16O2
- (Kilius et al., 1997b).  It is therefore

preferentiable to employ other charge states. With our system, we have evaluated +5
and +7 and have chosen +5 because of the higher 127I current and lower background
interference (figure 4.8).

4.6.  The detector system

For 129I the main sources of interference are 128Te and 127I while the isobar 129Xe- does
not represent a problem because it is not metastable (e.g. Boaretto et al., 1990). Most
of the 128Te- and 127I- ions are likely to be eliminated already at the injector, while
128Te- and 127I- ions originating from molecular dissociation in the stripper represent
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the main source of interference at the detector.  By using the m/q relation, possible
interfering ions can be predicted.  For charge state +5 the following ions represent
potential interference:

q = 1   M = 25.8   a.m.u.  (26Mg+1)
q = 2   M = 51.6   a.m.u.  (52Cr2+)
q = 3   M = 77.4   a.m.u.  (77Se3+)
q = 4   M = 103.2 a.m.u.  (103Rh+4)

Figure 4.8.  Time-energy spectra recorded by the acquisition system when the selected
charge state was +5 for a target having an 129I/127I ratio of 10-11.

When silver was used as a binder (see paper II and chapter 3), 103Rh+4 represented an
undesirable interference to 129I, while no interference was detected when niobium was
employed (figure 4.8).

In order to identify the different ions, a combination of time of flight and
energy detection is employed (velocity filter).  The basic idea of the time of flight-
energy detector system is shown in figure 4.9.  The time detectors are made of thin
carbon foils (5 µg/cm2 of thickness and 20 mm in diameter) in which secondary
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electrons are produced when the ion beam passes through.  The created secondary
electrons are thereafter accelerated by a grid system (figure 4.10) and deflected
towards the two Microchannel Plates (MCP).  The function of the MCP is to amplify
the signal.  For each output pulse from the MCP that is above the Constant Fraction
Discriminator (CFD) threshold, each CFD creates a fast

Figure 4.9.  Principle drawing of the time of flight and energy detector.  The time of
flight information is produced by the signals delivered by two carbon foils (the start
and stop detector) when the ions pass through.  The ions reaching the energy detector
are counted as significant events if they are in coincidence with the signal from the
time of flight detector.  The time of flight difference between 129I (286.4 nsec) and 127I
is of 4.43 nsec for our present detector setup and for ion beam energy of 21 MeV.

signal (figure 4.11).  The time difference between the signals from the start and stop
detectors is converted by the Time to Amplitude Converter (TAC) to an analog pulse
that is analyzed by the ADCs in the acquisition system.  A silicon-charged particle
detector performs the energy analysis.

The overall efficiency of the detector system is limited by the efficiency of the
two time of flight detectors, while the energy detector can be assumed to be 100%
efficient.  The efficiency of one time of flight detector has been measured to be about
60% for alpha particles of 5.5 MeV (König, 1997).
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Figure 4.10.  Electrostatic-mirror carbon foil time detector (after Busch et al., 1980).
The advantage of this arrangement is isochronity, meaning that the time of flight from
the foil to the channel plates is independent of the point from which the electrons
originated.

4.7. Measuring procedure

During routine sequential measurements, 129I particles are counted for 300 seconds at
the detector and the stable isotope 127I current is measured for 5 seconds at the Faraday
cup after the analyzing magnet.  The 129I/127I ratio of the sample is calculated by
dividing the 129I counts by the average between the two measured 127I values of the
current, in order to compensate possible changes in 127I current delivered from the
sample.  Each of these measurements (cycles) is repeated at least three times before
switching to the next sample.  The sequence in which the samples are measured
includes a standard sample, 4 unknown samples, and a standard sample again.  The
obtained 129I/127I ratio of each unknown sample is normalized to the 129I/127I ratio
measured for the standard whose nominal value is known.  The value of the relative
ratio is used to calculate the amount of 129I in atoms/liter in the sample.  The procedure
adopted for the data analysis is presented in the appendix.
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Figure 4.11.  Electronic set-up of the detector system for the data acquisition.

Typical currents of 127I at the analyzing magnet Faraday cup range at 300-600
nA when charge state +5 is selected and the corresponding accelerating transmission is
4%.  Precision as good as 3% is normally achieved for samples having a ratio of the
order of 10-12-10-11.  One or two blanks are regularly measured to check the overall
background in the system.  The system background is limited to 4×10-14 (see
appendix).

4.8.    Quality assurance

The performance of the Uppsala AMS system with respect to application of 129I
measurements was controlled through an inter-comparison test carried out in
collaboration with the LLNL and Zurich-Hannover laboratories (see section 3.2).  Our
measurements of the LLNL exercise are comparable with the reported expected values
and with the ranges of the results of the other laboratories (table 4.1).  Also the results
of measurements of the samples chemically prepared at Hannover University show
good agreement between the two laboratories (table 4.2).
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Table 4.1. Results of measurements on the AgI samples prepared for the 129I inter-
laboratory comparison.  The table reports 129I/127I ratios measured at Uppsala
compared with the ranges of the ratios measured by the other laboratories that joined
the exercise (Roberts et al. 1997).  The estimated expected values are based on the
dilution of the NIST standard

Uppsala Range of
 other laboratories

expected
value

LL1 (8.26±0.17)× 1110− (8.20-9.40) × 1110− 9.03× 1110−

LL2 (4.20±0.097)× 1110− (4.22-4.80) × 1110− 4.55× 1110−

LL3 (2.09±0.077)× 1110− (2.03-2.95) × 1110− 2.17× 1110−

LL4 (0.46±0.017)× 1110− (0.48-0.53) × 1110− 0.492× 1110−

Table 4.2. 129I/127I ratio in samples measured at the ETH tandem accelerator facility in
Zurich and at our laboratory. The samples were chemically extracted at the Zentrum
für Strahlenschutz und Radioökologie of Hannover University

Code Zurich Uppsala

SW5Ø12D (1.46±0.19) ×10-11 (1.39±0.04) ×10-11

SW0Ø28A (4.29±0.18) ×10-11 (3.94±0.18) ×10-11

SW5063A (9.72±0.49) ×10-11 (9.50±0.21) ×10-11
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129I IN MARINE AND FRESH WATER

Part of the present study has been devoted to investigations of 129I in a variety of natural
waters.  These include the central Arctic Ocean (paper III) and Baltic Sea (paper I),
precipitation over Sweden and Italy (paper IV) and some surface waters such as lakes
(paper V), rivers and creeks (papers I, IV) located in central Sweden and northern Italy.
In this chapter, a summary of these investigations is presented.

5.1 Marine water

During the recent decades, the reprocessing facilities at Sellafield and La Hague have
been continuously discharging liquid effluents in the Irish and English Channel,
respectively (BNFL, 1998; GT1, 1999; Yiou et al., 1995; Raisbeck & Yiou, 1999).  The
129I discharges from Sellafield were rather constant before the nineties and they have
increased of 3-4 times by 1998 while discharges from La Hague have increased
exponentially since 1966.  Numerous measurements of 129I on seaweed and seawater in
the North Atlantic have been performed since 1991 (Yiou et al., 1994; Raisbeck et al.,
1995; Raisbeck & Yiou, 1999; paper I; Hou et al, 2000) in order to improve estimates of
129I discharges and to evaluate the possibility of using 129I as a time marker and a tracer of
water masses movement.  Reported marine concentrations in the vicinity of Sellafield and
La Hague were of the order of 1011 atoms/liter (or of 10-6 for the 129I /127I ratio) in 1991-
1992 (Yiou et al., 1994) but are presumably much higher at the present time.  From the
two point sources, water streams drive the liquid effluents into the North Sea, which is
now already heavily contaminated as shown by recent studies.  The same high
concentrations, measured outside the facilities in 1991-1992, were found, indeed, in the
waters of the North Sea in 1999 (paper I; Szidat et al., 2000).  Apparently, from the North
Sea, a small portion of water enters the Baltic Sea (Paper I; Hou et al., 2000).  A
preliminary sampling survey of the North and Baltic Seas indicates a gradient in the 129I
concentration in the surface water, with the lowest value at latitude 61.05˚ N and
longitude 19.35˚ in the Baltic, and the highest in the North Sea (figure 5.1).
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Figure 5.1.  Map showing the concentrations of 129I (atoms/liter) measured in 1999 in
several locations of the North and Baltic Seas.  Filled circles represent our
measurements, while filled squares have been measured by Hou et al., 2000.  The value of
4×1011 atoms/liter was measured by Szidat et al., 2000.

From the North Sea the path of the discharges follows mainly the general water
masses movement towards the Barents Sea along the Norwegian Coast (129I /127I of 4×10-8

in Bergen and 1×10-8 in Kirkenes, Raisbeck et al., 1995).
The investigations of the Arctic Ocean (figure 5.2) indicate 129I concentrations of

the order of 108-109 atoms/liter that are much higher than the natural background (105-106

atoms/liter) level (e.g. Kilius et al., 1995; Beasley et al., 1995; Smith et al., 1998; paper
III).  Besides the discharges from the reprocessing facilities, Russian riverine (Ob,
Yenisey and Lena rivers) input (Moran et al., 1995), direct dumping from submarine
nuclear reactors (Strand & Holm, 1993) and nuclear bomb tests at Novaya Zemlya
represent other sources of radioactive waste into the Arctic.

In particular, data from the Arctic Shelves display a decreasing trend in 129I
concentration in the surface water from about 109 atoms/liter in the Barents and Kara Seas
(Raisbeck et al., 1993; Smith et al., 1998; Josefsson, 1998) to about 108 and 107 in the
East Siberian (Josefsson et al., 1995) and Chukchi Sea (Kilius et al., 1995; Beasley et al.,
1995), respectively.  This seems to agree with the pattern in the Norwegian Sea (figure
5.3) that reflects intrusion of Atlantic water masses from the Norwegian Coastal Current
into the Barents Sea through the Fram Strait (e.g. Smith et al., 1990).  Once the water
masses have entered the Arctic Ocean, the circulation proceeds eastward and splits into
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the Eurasian and Canadian Basins at the Lomonosov Ridge to merge again towards the
Fram Strait.

Figure 5.3. 129I /127I values in surface water, sampled in 1993, along the Norwegian
coast from Bergen to Kirkenes (Raisbeck et al., 1995) and in the seas of the Arctic Ocean,
sampled in 1994 (Josefsson, 1998).

Figure 5.2. Map of the Arctic
Ocean. The white area shows
the permanent ice cover and
black arrows illustrate ice
movement (Hilmer et al.,
1998). The gray arrows show
the surface water circulation
from the Eastern North
Atlantic and the central Arctic
(paper III).
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This circulation pattern has strongly controlled the 129I distribution in the central
Arctic and is well illustrated in paper III.  During the Arctic Ocean Expedition of August
1996, water samples were collected in the central Arctic at three different stations, namely
064 (Lomonosov Ridge, latitude 86-25.0, longitude 144-29.6), 069 (Makarov Basin,
latitude 86-10.3, longitude 155-00.3) and 081 (Eurasian Basin, latitude 82-29.9, longitude
134-36.3) (figure 5.2).
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The results (figure 5.4) indicate that the highest 129I concentrations (> 70×107

atoms /liter) occur within the first 100 m from the surface and that the 129I concentration
drops gradually and reaches values of  20×107 atoms/liter at depth of 800-1000 m.
Below 1300 m, the concentration drops as low as 3×107 atoms/liter while at depths of
about 3000 m and 4000 m, the 129I values drop to about 7×106 atoms/liter.  129I /127I ratio
measured for the deepest samples are one order of magnitude higher than the pre-
anthropogenic predicted background (table 5.1).  This suggests that the anthropogenic
contamination may have already reached the deepest part of the Arctic Ocean.

An attempt is made in paper III to evaluate the transport pathways from the sources
to the Arctic.  The results show that > 95% of the 129I was transported through ocean
currents and the rest through riverine input and direct precipitation.  Based on this
conclusion and on a calculation of a total inventory of 2.7×1027 atoms of 129I in the Arctic
(35% of the total discharges from Sellafield and La Hague until 1996) a maximum
transport time of 11 years from the sources to the central Arctic is estimated.

Figure 5.4.  The measured
distribution of 129I in major
ocean layers in the central
Arctic Ocean. Polar Mixed
Layer (PML), Atlantic Warm
water Layer (AWL), Transition
Layer (TL) and Deep Ocean
Layer (DOL), (paper III).
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Table 5.1.  Basic data and natural 129I/127I values in the central Arctic Ocean

Latitude
Longitude
(deg.-min.)

Depth

(m)

129I/127I

(10-10)

064
86-25.0
144-29.6 59.8 35.8

249.9 16.5

497.5 14.0

815.3 10.8

862.7 10.3

069
86-10.3
155-00.3 61.1 41.1

250.4 13.1

600.4 9.6

1239.5 1.6

1287.7 1.5

081
82-29.9
134-36.3 20.7 57.7

274.6 9.8

1000.1 7.0

2999.6 0.3

4028.2 0.3

5.2 Precipitation

The main sources of natural 129I to the atmosphere are the oceans, through evaporation
(e.g. Miyake & Tsunogai, 1963; Chamaides & Davis, 1980 and references therein;
Whitehead, 1984).  As described above, most of the 129I discharges from the European
reprocessing facilities are released into the western North Atlantic and have reached the
Arctic Ocean, which are important sources of precipitation to Scandinavia and Northern
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Europe.  Furthermore, direct discharges (between 2 and 20 % of the total liquid 129I
discharges) into the atmosphere have been documented (BNFL, 1998; GT1, 1999;
UNESCAR, 1988).  To gain some understanding of the atmospheric transport and fallout
of 129I in Europe, an investigation on the 129I concentration in precipitation over central
Sweden and northern Italy was carried out (paper IV).  The results for the years 1998 and
1999 show 129I concentrations at 4-40×108 atoms/liter in rain and at 0.4-3×108 atoms/liter
in snow over central Sweden, and at 0.3-9×108 atoms/liter in rain over northern Italy
(paper IV).  Correlation with factors such as wind direction, air temperature and
chemistry of rain, for the day when the precipitation event occurred, was not strong (paper
IV).  Preliminary correlation with backward trajectories showed instead that the highest
129I concentrations between September and October (figure 5.5) were measured when the
source of precipitation was located around Sellafield and La Hague.  However, the
specific periodic enhancements in the 129I concentration could eventually also be related
to an increase of deciduous material, such as leaves or organic residues from the soils
(paper IV).

By using our data and an annual precipitation rate of 600 mm, we have estimated
the flux of 129I from precipitation over Sweden (paper IV) to be 2×1023 atoms (0.043 kg)
in 1998 and 4×1023 atoms (0.086 kg) in 1999.  A similar estimation of the total deposition
over Europe during 1998 can be done by considering an average of the 129I measured in
precipitation collected in other European countries (figure 5.6).  The results show that in
1998 the total 129I deposition amounted to about 1.3 kg, that represent about 85% of the
total inventory of 129I (1.5 kg) in the atmosphere (ocean + land), as calculated for 1998 by
using the global model in chapter 2.  Calculations performed using the model, without
considering the atmospheric discharges lead to a 129I inventory in the atmosphere of only
0.2 kg, suggesting that the main contribution of 129I to precipitation might be the gaseous
discharges into the atmosphere.  This estimation seems to be consistent with results
reported for rain over Germany, where the 129I/127I ratios is constant since 1987 (Szidat et
al., 2000), reflecting more the behavior of the atmospheric rather than the one of the
liquid discharges.  However, this figure must be considered with precaution because it is
based on a global iodine evaporation rate of 1% of the total inventory in the surface ocean
while, on a local scale, the evaporation rate could be higher.  Further measurements and
research are therefore necessary before a final conclusion can be reached.
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Plotted together with other recent data of 129I in rain in Europe (figure 5.6), it is
apparent that the highest concentrations (1010 atoms/liter) occur in northern Germany
(Szidat et al., 2000).  A simple explanation of this could be that the origin of the
precipitation is often located in the vicinity of the two point sources.  The considerable
distance from the contaminated eastern north Atlantic is, instead, well reflected by the
two orders of magnitude lower concentrations of 129I in precipitation over the U.S. (Moran
et al., 1999).

Figure 5.6. 129I in rainwater
samples from different
locations in Europe.  G  =
Germany, Sp = Spain, Sw
(Lopez-Gutiérrez, 1999) =
Switzerland (Lopez- Gutiérrez,
1999), S = Sweden, I = Italy
(paper IV).  G* is precipitation
collected in Germany below
trees.

Figure 5.5. 129I concentration
in precipitation (filled
diamonds = rain and open
squares = snow) for 1998 and
1999 plotted on a single year
x-axis starting from April (A)
to May (M), showing a clear
cycling change (paper IV).
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5.3 Lakes, rivers and underground water

In order to evaluate sources of 129I to the inland surface water, a study of 129I in lakes
located in Sweden and in Italy, in the river Fyrisån in Uppsala and in a few alpine creeks
from the Alps was presented in paper V.

The lakes are located in central Sweden along a transect joining Stockholm to
Gävle, where the Chernobyl fallout was ranging from a few to more than 120 kBq/m2 for
137Cs, offering a unique possibility of evaluating the contribution from the Chernobyl
source.  129I concentration in the water of 15 lakes was measured.  Even though flushing
and renewal of the lake water have most likely removed 129I from the lakes 12 years after
the accident, desorption of 129I from soil might have enhanced the 129I concentration,
especially in those areas heavily contaminated by the accident.  The results revealed
instead that the 129I concentration of the lakes was negatively correlated to the Chernobyl
fallout pattern, suggesting that 129I has mainly become fixed in the soil.  The
concentrations measured in the lakes are, instead, comparable to 129I concentrations
measured in precipitation (figure 5.7).

Figure 5.7. 129I measured in lakes of central Sweden in different months of the year 1998
and ranges of rain and snow concentrations measured during 1998 and 1999 over
Sweden (papers IV and V). Cross = June, open squares = March, filled circles =
November concentration. The numbers on the x-axis label the lakes according to paper V.
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Water from the river Fyrisån located in Uppsala shows values for the 129I
concentration at 2-5×108 atoms/liter that are rather constant along the river course and that
reflect underground water contribution (paper V).

Lakes located in northern Italy (Pianura Padana), where the Chernobyl deposition
was much lower than in Scandinavia, have concentrations of 129I (ranging at 1-20×108

atoms/liter) similar to the ones measured in central Sweden (paper I).  The tendency of
having slightly lower values, however, displayed by the lakes in Northern Italy compared
with central Sweden, might reflect a barrier effect exerted by the Alps.  The European
atmosphere seems, however, to be rather homogenized with respect to 129I, in accordance
with the short residence time (about 14 days) of iodine in the atmosphere.  Small lakes or
creeks located in the Alps show concentrations of 129I of less than 107 atoms/liter (paper
I), that mainly reflect contributions from groundwater.
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CONCLUSIONS

In this thesis I have reached the following conclusions with respect to 129I analytical
methods and results, and applications in natural water systems:

- Contribution of unwanted ions observed for 129I+7, 28 MeV, is totally eliminated
by using 129I+5, 21 MeV.

- The use of niobium as a binder, instead of silver, improves the detection limit of
1 order of magnitude to the value of 10-14 through background reduction.

- A procedure for chemical extraction of iodine from water, allowing extended
investigations of a large number of samples (> 1000 per year), is developed.  A
sample to carrier ratio of 50ml/1mg can be used at 129I concentration > 108

atoms/liter.

- Storing samples (up to a period of 15 months) in dark and cold (4 ºC) room
without any treatment does not change the concentration of 129I.

- The central Arctic Ocean exhibits 129I concentrations in the order of 108-109

atoms/liter in the top layer and significant amounts are also measured in deeper
parts (4000 m).  The nuclear reprocessing facilities at Sellafield and La Hague
are the main sources of 129I in the Arctic Ocean through movement of water
masses.  The estimated transit time of 129I from the sources to the central Arctic
is less than 11 years.

- Fresh water environment in Europe, including precipitation, lake and runoff
water, has a 129I concentration of 108-109 atoms/liter.  Lakes located in regions
heavily contaminated by the Chernobyl accident do not show exceptional
concentration ranges.  The 129I signal in precipitation seems to be related to
atmospheric discharges from the nuclear reprocessing facilities in addition to
the likely release from the North Atlantic and the North Sea.
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- The reprocessing releases from Sellafield and La Hauge are the major sources
of 129I in the hydrological environment.  Distinction between the role played by
different emissions (e.g. liquid and atmospheric discharges) is presently not
fully evaluated.  In order to quantify the impact of the atmospheric releases,
continuos and systematic monitoring of 129I in precipitation, fresh water and
marine environment is needed.
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APPENDIX.  Data analysis

A.1. Measurement of the ratio of a sample

One cycle consists of one 129I measurement preceded and followed by a measurement
of the current of the stable isotope 127I.  After each cycle the ratio 129I/127I is calculated
as

i

i
i I

CR =

Ci is the number of 129I ions counted at the detector and Ii is

( )
2

III 1i1i
i

+− +=

where Ii-1 and Ii+1 are the 127I currents measured at the Faraday cup after the analyzing
magnet before and after the 129I measurement, respectively.

The error (dRi) on the ratio Ri is assumed to be due to statistical errors associated with
129I measurements, so that
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and the standard deviation by
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A.2. Normalization to the standard

The ratio of the standard and its error are calculated as presented above.  Each sample
ratio is normalized to the ratio of the standard.  A standard is measured after every 4
unknown samples.  The standard ratio value used for normalizing each unknown
sample is the result of a linear interpolation of the two measurements (before and after
the 4 unknown samples) of the standard in function of the time.

The ratio (S) between the sample (Rsam) and the standard (Rst) is
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and the error is found by applying the propagation error rule
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When the sample is measured more than one time (n sequences), the weighed mean of
the “n” ratios is calculated as
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ratio in the standard, that in most cases was 1.174×10-11.

A.3. Calculation of the numbers of 129I atoms in the sample

The number of 129I in atoms per liter of water is calculated according to the following
formula

sample
127

12923
129

I
I

)liter(Volume
)liter/g(Carrier

)mol/g(945.126
)mol/atoms(10022.6)liter/atoms(I �
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The error is calculated by considering the measurement error on the 129I/127I ratio of the
sample as
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A.4. The background correction

In AMS measurements, a background correction is necessary because the samples
usually acquire an amount of contamination either from the environment or during the
chemical treatment.  Instrumental background is also present but is much less than the
contamination mentioned above.  In order to be able to make a background correction,
“blank” targets are chemically prepared in the same way as the samples.  The
measured isotopic ratio of a blank provides the background limit and isotopic
sensitivity of the AMS measurement and can be expressed in the case of iodine as
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where the subscripts b, std and c symbolize blank, standard and contamination.  By
expressing the measured ratio Fm of the samples as
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where s signifies sample, the real value of the ratio F in the sample is derived by the
following equality (Winkler et al., 1997)

f1
fFF m

−
−=

If f << 1 then the background correction is simply done by subtracting the blank from
the measured ratio.

Table A.1.   Values of f (together with standard deviation from the mean of the values
obtained after many measurements) and 129I/127I for different carriers. Woodward
iodine is extracted from a deep underground brine source 300 million years old
(Woodward Corporation, Oklahoma) while the old Precambrian (> 300 Ma old)
natural crystal is iodargyrite

f 129I/127I(×10-13)
KI 0.02±0.01 2
AgI (from KI) 0.06±0.008 2 –  20
Woodward 0.02±0.003 0.4 – 3
Iodargyrite 0.008±0.002 0.5 – 2

Results of numerous measurements of blank targets during the last 3 years show
different values of f depending on the different kinds of carrier used to prepare the
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blank targets.  The average values of f and the ranges of 129I/127I ratios of a super-pure
potassium iodide (KI), AgI targets prepared from KI, Woodward iodine (I2), and an
old natural crystal (AgI) measured in Uppsala are summarized in table A.1.
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