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ABSTRACT

Artificial **’Cs has been introduced into the environment forentioain half a century. Its
first appearance in central European lake sedimsortesponds to the nuclear weapons
testing in the 1960s. The largest contaminatioBwbpean lakes and rivers occurred as a
consequence of the fallout after the Chernobyldeoti in spring 1986. In this work the
migration behaviour of artificiat®*’Cs in Lago Maggiore and other pre-alpine lakes as a
consequence of these fallouts was studied.

Lago Maggiore is one of the largest drinking waeservoirs in the south of the Alps.
After the Chernobyl! accident roughly 20 kB¢fraf *'Cs were deposited onto the lake
surface. From 2003 to 2005 bottom sediment cordsaater samples were collected at 7
different locations of Lago Maggiore. Data on ffi&Cs distribution in tributaries, lake
water, suspended matter, bottom sediments, and™¥i@s association to different

geochemical fractions are presented in this work.

To model the run-off of*'Cs from the watershed into the lake a compartmenteinwas
used. For modeling the input df'Cs into and the vertical distribution within the
sediment a diffusion—convection type model was bgexl. This model takes into
account the uptake of activity by sedimentatiomation and redissolution, retarded
diffusion, the influence of competing ions on tleéarded diffusion within the sediments,
and compaction of sediments. The results of tharpater optimization — mainly the
sedimentation rate and th&Cs distribution coefficient l which determines the uptake
of activity into the sediment — are discussed ammpared with those of other European
lakes characterized by similal’’Cs deposition levels but different limnological
properties.

To estimate the bioavailability df’Cs, its activity concentrations in fish samplesnfro
Lago Maggiore were measured. Combining the existiata with our measurements,
137Cs fish—water concentration ratios were calculated compared with those for other

lakes which were affected by simifs/Cs contamination.






ZUSAMMENFASSUNG

Das kiinstliche Radionuklitf’Cs wurde seit tiber einem halben Jahrhundert ifNeter
eingebracht. Sein erstes Erscheinen in Sedimentm zéntraleuropaischen Seen
korrespondiert mit den Nuklearwaffentests in deer@lahren des 20. Jahrhunderts. Die
starkste Kontaminierung der europédischen Seen uddsd entstand als Folge des
radioaktiven Niederschlags nach dem Unfall in Tsebleyl im Frihjahr 1986. In dieser
Arbeit wurde das Migrationsverhalten des kiinstlich&Cs im Lago Maggiore und
anderen Seen im Alpenvorland als Folge dieses Meldkags untersucht.

Der Lago Maggiore z&hlt zu den grof3ten Trinkwagssemvoiren sudlich der Alpen. Nach
dem Unfall in Tschernobyl gingen ungefahr 20 kB§aes'*'Cs auf die Oberflache des
Sees nieder. Im Zeitraum von 2003 bis 2005 wurdsgingentkerne und Wasserproben
an sieben unterschiedlichen Stellen des Lago Maggentnommen. Diese Arbeit
beschaftigt sich mit Daten tber die Verteilung §&€s in den Zufliissen, dem Wasser
des Sees, in Schwebstoffen und Bodensedimentermiinder Assoziierung von®’Cs
mit verschiedenen geochemischen Fraktionen.

Um den Abfluss ded®’Cs aus dem Wassereinzugsgebiet in den Fluss zulliacete
wurde ein Compartmentmodell verwendet. Zur Modellg der Aufnahmemenge von
137Cs im Sediment und der vertikalen Verteilung inaéistdessen wurde ein Diffusions-
Konvektions-Modell entwickelt. Dieses Modell bergahtigt die Aufnahme von
Aktivitdt durch Sedimentation, Fixierung und Ruddidg, retardierte Diffusion, die
Verdichtung des Sediments sowie den Einfluss kamdm@nder lonen auf die retardierte
Diffusion innerhalb des Sediments. Die Ergebnisse Barameteroptimierung — im
Wesentlichen die Sedimentationsrate und d&4Es-Verteilungskoeffizient i welcher
die Aufnahme der Aktivitat in das Sediment deteiigrin- werden erértert und mit denen
anderer europaischer Seen, die eine &hnli¢i@s-Deposition, aber unterschiedliche
limnologische Eigenschaften aufweisen, verglichen.

Zur Beurteilung der Bioverfiigbarkeit von *'Cs wurde die **Cs-
Aktivitatskonzentrationen von Fischproben aus deagd. Maggiore gemessen. Aus
bereits existierenden Daten und unseren Messesgsiwurden®*’Cs Fisch-Wasser
Konzentrations-Verhaltnisse errechnet und mit ddiielndere Seen, die von &hnlichen

137Cs-Kontaminationen betroffen sind, verglichen.
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LIST OF SYMBOLS

This list contains the most important symbols, tiotes, and abbreviations used. The

dimension is indicated in square brackets [ ].

a — experimentally measured portion of exchangeadmactivity [1];

acs, Pcs, Yos — empirically determined constants of AQUASCOPEIidgm™];

A (x) — activity concentration of unsupporteé®b at a depthx [Bqg-g'];

Ao(t) — initial activity concentration of unsupport&dPb in the sediment [Bq§

A, (x) — total residual activity concentration of unsugpd®'%Pb in the sediment below
the depthx [Bg-cm?;

C. — exchangeable part of radioactivity in the sediniBq- m?-cm’];

C: —¥’Cs activity concentration in fish [Bq Ki

C. — fixed part of radioactivity in the sediment [B¢f-cm'];

CIC — constant initial concentration;

C. —*3Cs activity concentration in the lake water [B&]m

C.(0) — initial mean*'Cs activity concentration in the lake water [Bgjm
Cr —¥'Cs activity concentration in the runoff watek, [Bq-m-J;

CR (CF) - concentration ratio (concentration factor}8€s in fish [| kg';

CRS - constant rate of supply;

d — mean depth of the lake [m];

D — diffusion coefficient of Csions [cnf-a'];

Dc — average deposition to the catchment area [Blj-m

D, — retarded constant 6t'Cs" diffusion [cnf-a’];

D — combined bio- and physical turbation acting omlythe top layers of the

phys
sediment [criral];

D. — average deposition to the lake surface [Bd:m

D..s D, — diffusion coefficients of Csions at temperature T [°C] and 25 °C,

respectively [criral];

€ — porosity of the sediment [1];
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its activity in the liquid phase [1-Ky
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1]’
K & — total distribution coefficient [1-Kg;

ki — rate constant describing the transfet’&s from water to fish fkg™-a’;

A — radioactive decay constant of a radionuclidé;[a
MDA — minimum detectable activity which is defined as sineallest amount of activity
that can be quantified;

M M .. — viscosities of water at temperature T [°C] abd*@, respectively, [cp];

T°C’ 25

r — first order redissolution rate' fh

R - retardation factor, a dimensionless parametaracierizing the retarding effect of
adsorption on solute transport [1];

p, — density of the top layer of the sediment [G%m

p, — experimentally measured bulk density of thesgiment [g-cr;
p, —mean particle density [g-¢iip

R — sedimentation rate [g-¢ra'];
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Xii



List of symbols

T (t<1) — tortuosity factor which describes the deaeeatD_ due to tortuous flow
along the pores of the sediment; it is a measutheopath length of a pore over a
given length of a sediment [1];

15— time constant of 'Cs transfer to the sediments [a];

T — Water residence time of the lake [a];
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GLOSSARY

Allochthonous — originating from outside (used to characterizetemals transported
from the catchment area to a lake).

Amorphous silicates- structure material of diatomic algae.

Benthos—organisms living on, or in, the bottom materialakes and streams.
Catchment area (=watershed=drainage basindrea that contains water that drains into
a stream or river or lake.

Cryptodepression the part of a lake basin that is below sea level.

Drainage basin-seeCatchment area.

Epilimnion — the upper, well-mixed, freely circulating suiaevater of a nearly
isothermal region of a stratified lake.

Eutrophic lake —very productive lake rich in plant nutrients.

Eutrophication — a gradual increase in the productivity of a l@a@system due to
enrichment with plant nutrients, leading to chanigethe biological community as well
as physical and chemical changes.

Fulvic acid — a yellow to yellow-browmumic substancthat is soluble in water under all
pH conditions.

Humic acid— a dark-colouretdumic substancthat is insoluble in acid.

Humic substances- are major components of the natumajanic matterformed in soils
and sediments by the decay of dead plants, micrafgsnimals.

Hypolimnion — dark, cold, bottom waters of a lake that arentadly separated from the
warmer surface waters when a lake is stratified.

Insubric line — a major tectonic line which marks the northerd amstern boundary of
the Southern Alps.

Isobath —a subsurface contour line connecting points of ktgmaperature.

Limnology —the study of freshwater ecosystems

Lithology —the study of rocks.

Mesotrophic lake- lake which is characterized by moderate conctotrs of nutrients,
algae, and water transparency. A mesotrophic lakaat as rich in nutrients as a

eutrophic lake, but richer in nutrients than agatiophic lake.

XV



Glossary

Monomictic — a term used to describe lakes which undergo pmmed of complete
mixing during the year separated by one periodhefrhal stratification. Monomictic
lakes are also relatively deep and do not freeee cempletely in winter.

Oligotrophic lake — relatively unproductive lake which is charaded by low
concentrations of nutrients and algae resultingoiod water transparency.

Organic matter—material containnig carbon, a basic componeatldiving matter.
Relief—change in elevation of a land surface between wwotp.

Residence time- the average time required to completely renéaka's water volume.
Runoff —natural drainage of water away from an area

Secchi depth- measure of transparency of water obtained by ligex 20-25 cm black
and white disk into water until it is no longer iie.

Sediment— solid material including both soil particles antganic matter which is
suspended in the water and gradually depositdaeifottom of a lake.

Stratification —the arrangement of water into distinct layers whddfer by temperature
and density (occurs in the ocean and deep lakexiadly).

Thalweg —a line drawn to join the lowest points along thé&rerlength of a streambed or
valley.

Turbidity flow (turbidite) — the flow which takes place mostly in deep lakesisit
responsible for the redistribution of large amouwftsediment from the steep slopes of
the lake basin.

Turnover — a completamixing of the lake due to spring warming and autwuoaling of
surface water which increases density, and gragumlkes temperature and density
uniform from top to bottom. This allows wind and weaaction to mix the entire lake.
Mixing allows bottom waters to contact the atmospheaising the water's oxygen
content.

Watershed -seeCatchment area.
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INTRODUCTION

According to its location in the relief and systefirunoff, lakes serve as accumulators of
substances which circulate within the drainagerbasd as a result get into lake water
itself. The subsequent “fate” of the chemical eletaencluding radionuclides which are
forthcoming into the lake, can be determined by mgem physical, chemical and
biological processes leading to the considerabldistrbution between different
components of aqueous ecosystem (Ostapenya €t989). There are no destruction
mechanisms of technogenic radionuclides in therenment. Therefore, the studies of
radionuclides distribution in the bottom sedimegitew us not only to specify the dating
of certain events but they also promote the deveéop and implementation of complex
investigations of the lake as a whole. In additiextended studies of lake sedimentation
processes in the conditions of radioactive contation allow to observe and to follow
the regularities of radionuclides migration in techment areas and within the distinct

lacustrine basins.

The largest contamination of most European lakesraers with radiocaesium 2'Cs
(half-life 30.07 years) antf‘Cs (half-life 2.07 years) — occurred as a consecpief the
fallout after the accident at the Nuclear powempl@ Chernobyl (Ukraine) in spring
1986. Before the Chernobyl accident, the depositibt¥’Cs on the territory of Europe
was mainly due to global fallout from the atmosphéesting of nuclear weapons in
1960s.

There are two forms df'Cs — sorbed and dissolved —present in water aitaites and

lakes.®*'Cs sorbed onto solid particles (suspended matter)settle down to the bottom
of the lake being removed by this way from the watelumn. Such processes as
sedimentation and diffusion result in transport‘8€s within the sediment as well as

exchange between the sediment and the overlayiteywa

Artificial radionuclides, in particulal®’’Cs and™%b (half-life 22.3 years, introduced into
the lake with a constant rate from the atmosphelisgppear from the environment only
by radioactive decay with known half-lives. Thusplledge on the distribution of these
radionuclides in the lake allows to date certaiargs and to explore the main processes

in the lake.



Introduction

A large number of studies on the behaviour of nadatides in European lakes have been
carried out during past decades (Davidson et @@31Dominik and Span, 1992; llus and
Saxén, 2005; Kaminski et al., 1998; Konoplev et2002; Monte et al., 2005; Rezzoug
et al., 2006; Robbins et al., 1992; Santschi etl&90; Schertet al., 2006; Spezzano et
al., 1993; Zibold et al.,, 2002). These studies gsbvthat in lakes with different
limnological character*Cs behaves differently and depends on many physical
geochemical and biological factors. However, takthgse characteristics in mind, a
common theoretical description valid f3fCs in many European lakes could be achieved
(Hakanson, 2004; Monte et al., 2003; Smith and &erd, 2005).

Modeling of migration processes in the lake caredhe possibility not only to estimate

the general characteristics and peculiarities dinsent accumulation, but also to reveal
typical and irregular parameters such as compadfosediments, sedimentation rates,
and distribution coefficients. These parameters athdrs can be useful to establish the
correlation between different components, to deiteenthe prevalent processes, and to

make prognosis for the future of the investigateosgstem.

As anobjectof our investigations an Italian lake (Lago Maggijowas chosen. It is one
of the largest drinking water reservoirs in thethoaf the Alps. After the Chernobyl
accident in 1986 roughly 20 kBqgmof *'Cs (Czarnecki et. al, 1986) were deposited
onto the lake surface, about the same amount astbatneighboring Lago di Lugano
(24 kBq-n¥ according to Santschi et al., 1990). Lago Maggisréhe most thoroughly
investigated lake in Italy in terms of the numbdrkey biogeochemical parameters
measured and the duration of their monitoring. Hevenearly no research studies with
respect to radionuclide distribution in this lakeres performed so far. Only some data
about radionuclide activity concentrations in scefédake water are available (Cazzaniga
et al, 1996-1998; Cazzaniga et al., 1997; D'Albe2001-2002; D’Alberti, 2003;
D’Alberti and Osimani, 1995; Dominici, 1989-1990¢pMminici and Risposi, 1990-1993;
Osimani et al., 1994; Radioactivity Environmentadbivtoring (REM) Database, 2005).

Theaimsof this work are the investigation and modelingrogration processes 61'Cs
in the water and bottom sediments of Lago Maggidecording to these aims the

following tasks have been performed during theaese



Introduction

in order to determine the distribution coefficiéqt which is an important parameter
describing sorption process in the lak&Cs activity concentrations in the water
column of Lago Maggiore and its main tributarie®¢&, Ticino and Verzasca) as
well as in the suspended matter were measuredti@ully, other water parameters
such as pH, Kand NH' concentrations, temperature and oxygen contene wer

evaluated;

to get the information about vertical distributionis*’'Cs and®*°Pb in the sediment

gamma-spectrometric analysis of sediment samplegerdormed;

to identify turbidites in Lago Maggiore sedimentee photos of sediment cores
together with the information on the bulk densihdaadionuclides concentration in

the sediments were used;

to study the association 5¥Cs to the different geochemical fractions (exchabtg
ions, organic matter, amorphous silicates, clayemals, etc.) a set of sequential

extractions was performed;

to describe migration processes'dts and it's distribution in the sediment of Lago

Maggiore, a model based on sedimentation-diffusiguations was developed,

additional features such as compaction of sedimedéposition of turbidites,
influence of competing ions on the retarded diffuswithin the sediments were
introduced. The model can cover the time periothftbe nuclear weapon testing to

the present.
to solve the system of differential equations @dielement method (FEM) was used,;

to introduce an independent time scale and to ohaterthe age of sediment layers,
two different versions of th&"°Pb method were used: Constant input concentration
(CIC) and Constant rate of supply (CRS);

finally, to estimate the bioavailability df'Cs, fish samples from Lago Maggiore
were measured. Subsequently, combing the existatg @ith our measurements,

137Cs concentration ratios were calculated.



Introduction

This study is divided into six chapters. Chapteivies an overview on the main chemical
properties of radiocaesium and the sources oppearance in European lakes. Chapter 2
contains the literature review of the present radidogical situation and different
characteristics of Lago Maggiore. In Chapter 3dbscription of the experimental work,
of the equipment and procedure followed to accoshpthe task are given. Chapter 4
gives the description of obtained results conceytime measurements and monitoring of
the studied object. In Chapter 5 the mathematicadeting is discussed in details; main
results of modeling are shown and compared to tfmrsether European lakes. Finally,
in Chapter 6, the results of radiocaesium actigdgicentration in fish in Lago Maggiore
are discussed; fish—-water concentration ratios' @fs are calculated and compared with
those for other lakes which were affected by similantamination with radiocaesium.

The last part of the thesis summarizes the obtaiesadts and gives general conclusions.



1. RADIOCAESIUM IN THE ENVIRONMENT

1.1 Sources of radiocaesium in the environment

Radiocaesium *'Cs (half-life 30.07 years) and’Cs (half-life 2.07 years) — does not
occur naturally on earth, it is exclusively anthwgpnic in origin through nuclear fission.
137Cs has a special significance due to its long hadfand due to the fact that it behaves

in the environment like the important element psitas.

Global fallout

The first appearance df'Cs in central European lake sediments correspondfet
beginning of the nuclear weapons testing with maxim1959 and 1963 (Magnini et al.,
1990). Radioactive materials were released, badgicalvapor form, to an altitude of up
to 12000 m and due to air flows spread in the apinese. When condensed, these
materials led to radioactive contamination of uastitories in the Northern Hemisphere
(UNSCEAR, 2000).

As a result of the atmospheric atomic bomb tesiimghe 1950's and 1960’s the

radioactive isotop&®'Cs is even today present in the environment woddwi

Chernobyl fallout

The largest contamination of most European lakeésriaers with radiocaesium occurred
as a consequence of the fallout after the accialetiie Nuclear power plant in Chernobyl
(Ukraine) in April 1986. Although a wide spectrurhradionuclides was released to the
environment and deposited over Europe during thisident, for the long term
radioactive contaminatiot?’Cs has the largest significance and radioecologisphct.
About half of the released radioactivity settled @athin 60 km of the accident site
(IAEA, 1991), while the remainder was spread ungvewer all of Europe (Fig. 1.1).



Chapter 1

Fig. 1.1. Map of *'Cs distribution after the Chernobyl fallout (fromtl#s of caesium
deposition on Europe after the Chernobyl accidee®3).

During the first period after the Chernobyl accidexdionuclides were deposited both on
soil and water surfaces. Later on, a redistributbradionuclides took place where such
processes as runoff from the catchment area, toainspradionuclides into the sediments
and their migration within the sediments, play thest important role (Hilton, 2001,
Warner and Harrison, 1993).



Radiocaesium in the environment

1.2 Chemical properties of radiocaesium

Being deposited once on the soil or sediment serfeadiocaesium is very fast and very
strong sorbed onto soil particles (Konoplev et aDP2; Owens et al.,, 1996). This
behaviour can be explained by its chemical propgrtCaesium is soluble, existing in
dissolved form as the monovalent catiori.@sbelongs to the alkali metals and it is the
least inert and, therefore, the most reactive efenmethis group. Its chemical reactions

are similar to those of potassium (Davis, 1963).

Sediments are a complex mixture of organic andgiaeic components in which there are
a variety of physical sites available for radiocaesassociation. The most commonly
analyzed geochemical fractions are: exchangealdend to carbonates, reducible,
oxidizable and residual (Tessiet al, 1979; Blancoet al, 2004). One experimental
approach commonly used to identify the speciatiba given radionuclide in a specific
sample is the use of selective sequential extnaghiimcedures. The most widely used
technique for radionuclides extraction is the Tessimethod (Tessier et al., 1979). In
this work a modified Tessier's method (Robbetsal, 1992) was applied (see chapter
3.5.2). It is based on the assumption that in sedismradiocaesium can be associated
with such geochemical fractions as exchangeabls; imnganic matter; oxides and
hydroxides of iron and manganese which are formettie lake as coatings of particles;
carbonates; and amorphous silicates which areetim@ants of diatomic algae and occur
in the waters of the world. The remaining residuainty consists of clay minerals,
feldspars, and quartz. Knowledge of whéttCs resides within sediments can help to
predict its impact because some sites hold it nenaciously than others. #'Cs is
loosely bound to sediment, it is generally morddgially mobile. In Kaminskiet al.
(1998) it is shown that the mobility df'Cs in fresh water lakes depends on the
limnological characteristics of the lakes, sometiregen of the different basins of one

lake.

1.2.1 Binding of radiocaesium on clay minerals

Numerous studies showed that the behaviour of thcial caesium isotopes in the

aquatic environment is controlled by sorption ohdsparticles and depends on the clay
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mineral composition of sediments. Clay minerals2 (gm) are primarily crystalline
aluminum or magnesium silicates with stacked-lasgarctures. Each unit layer is in turn

a sandwich of silica and gibbsite or brucite sh€stsmm, 1981).

There are many different types of clay mineralst the major part of them can be
grouped into four main categories: montmorillonitaflites, kaolinites, and the
vermiculites (Stevenson, 1994). As natural inorgaxichangers, montmorillonites, illites
and vermiculites belong to the 2:1 clay family dhdir basic structural unit is composed
of two tetrahedrally coordinated sheets of silicmms surrounding a sandwiched
octahedrally coordinated sheets of aluminum iohay tare also called three-layer clays.
Kaolinites belong to the 1:1 clay family and hawveodayer crystals (silicon-oxygen
tetrahedral layer joined to alumina octahedral dpydBecause of their structure
characteristics, 1:1 clay minerals have excellenptson properties and possess available

sorption sites within its interlayer space (\afual, 2009).

The potential for specific sorption and fixation cdtions is typical for vermiculite,
montmorillonite and other clay minerals with a 2r¢stal lattice. Regarding Cs sorption,
the group of illites is of special importance.tdk contain (in weight %) about 50-56 %
SiO,, 18-31 % AYO;, and FeOs (2 =5 %), TiQ (0-0.8 %), CaO (0-2 %), MgO (1-4 %),
KO (4-7 %) and N® (0-1 %) (Schachtschabel et al., 1989). They hawdrong
potential for selective sorption of Cs from aquesokition and for almost irreversible
incorporation at specific interlayer sites of thenystalline structure (Alexakhin and
Krouglov, 2001; Comans at al., 1991; Crenedral, 1988). This is one of the reasons for
the strong fixation of Cs in the sediment of maaikels (Kaminski et al., 1998).

Sediment clay content is important because Cs isorgs largely a surface area
phenomenon: the greater the proportion of finergrdiclay particles, the more surface
area there is for Cs to be sorbed to. Howevergthes several different binding sites in

soils which have different selectivity and energésorption (Cremerst al, 1988).

A simplified model of an illic clay mineral partelis shown in Fig. 1.2.
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Fig. 1.2.A model of an illic clay mineral particle.

In Fig. 1.2 the brown lines represent the silidaters and the light blue balls depict the
potassium cations. The Regular Exchange Sites (RES)pcated on the external planar
surfaces of crystal lattice of the clay particlel @me characterized by low selectivity. The
highly selective sorption sites are located onittiernal surfaces of crystal lattice of a
clay particle. They are characterized by the presef wedge-shaped zone with partially
expanded edges and are called Frayed Edge Sit&).(High-Affinity Sites (HAS) are
located in the interlayer space of a clay minesatiple.

Cations such as CsK*, and NH" have low hydration energy, therefore, they carlyeas
loose their hydration sheath and enter the fraydge esites. Only these cations are
competitive for exchange on these sites, becawsgedt cations such as €and Md",
which are surrounded by a large and stable hydraiell, cannot enter the FES zone.
Even for cations with low hydration energies, tbepsion of C3 by the FES is favorable
(Kaminski et al., 1998). The sorption selectivity monovalent ions declines in the
following order: C§> Rb" > NH," > K" > H" > N4

Caesium ions can be desorbed from frayed edge yitésn exchange described by the

following reaction (Cremerst al, 1988):

FES-M" + CS <=> FES-C§+ M",

where the major metal (M competing for ion-exchange sites is generallyiiK soils

(Cremerset al, 1988) and N in anoxic sediments (Comassal, 1991). However, in
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natural environment the influence of WHs more important because the affinity to the
selective sorption sites of NHcations is about 5 times higher than the affioftk™ (De
Preter, 1990; Wauteet al, 1996).

The process of Cs exchanging with the competing isrconsidered to be responsible for
the redissolution from sediments in some lakesg@aply NH," (Kaminskiet al, 1998).

1.2.2 Binding of radiocaesium on humic substances

Clay minerals under natural conditions are assediatith varying amounts of organic
matter. Humic substances are major componentseoh#tural organic matter in lake
sediments. They are complex and heterogeneous neixiof polydispersed materials
formed by biochemical and chemical reactions duthmg decay and transformation of
plant and microbial remains. Humic substances arg important components that affect
physical and chemical properties of the aquatitesys, e.g. pH and alkalinity, as well as
bioavailability of chemical elements (Hessen an@nVik, 1998). They act as soil
stabilizers, sorbents for toxic metal ions and eadclides; when leached into surface
water, they bind and transport metal ions (Cedtlail, 2009).

In soils and sediments humic substances usuallyeativided into three main fractions
distinguished by their solubility and adsorptiomperties: humic acids (soluble in alkali
but insoluble in acid), fulvic acids (soluble intbalkali and acid) and humin (insoluble
under the full range of pH). Structurally the thifegctions are similar, they appear to
differ in molecular weight and functional group temt (Stumm and Morgan, 1981). The
elemental composition of humic substances is apmately 50 % of carbon, 4-5 %

hydrogen, 35-40 % oxygen, 1-2 % nitrogen, < 1%usytius phosphorus (Tipping,

2002).

Despite a very high exchange capacity of humic tauogs, organic fraction of soils and
sediments has a low capacity to fix Cs and sintktions (Alexakhin and Krouglov,

2001). Even though the negatively charged grougsuafic substances sorb Cs ions via
the ion-exchange mechanism, this sorption is muehker as compared to the sorption
of Cs by clay minerals. Caesium adsorption on piayerals is strongly specific, whereas

adsorption on humic substances is non-specificnf€rset al, 1988). Therefore, even if
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organic matter is responsible for a large propartiof soil exchange capacity,
radiocaesium will be preferentially adsorbed ornyatainerals and its association with

organic matter will be relatively unimportant (Abkhin and Krouglov, 2001).

One of the main reasons for slow fixation of Ciganic soils is their high content of
humic substances. On the one hand, being adsonbdteosurface of clay particles,
molecules of humic substances hinder sorption ob@s on the FES and their diffusion
into the interlayer positions. On the other handing adsorbed on the edges of the
mineral crystal lattices or in the edge-expandedezp humic molecules stabilize the
layers in an expanded state and this preventslagter collapse. If interlayer collapse
does not occur, Cs ions adsorbed in the FES areghyrretained on the internal surfaces

of layered minerals but are not immobilized.

Several investigations were done to study the effétumic substances on the fixing
capacity of clay minerals (Maguire et al., 1992ausiton, S. and Rouband, M., 1997). It
was shown that the addition of humic substancateareference clays decreased their
affinity for radiocaesium, and no differences wereealed between the actions of humic
and fulvic acids. The presence of humic substannesoil and sediments could
potentially inhibit Cs sorption onto clay minerddg blocking ion-exchange sites, or,
alternatively, the functional groups of the orgamatter could themselves participate in

ion-exchange processes.
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2. CHARACTERISTICS OF LAGO MAGGIORE

2.1 Origin and morphology

Lago Maggiore, also called Lago Verbano, with afate area 0f212.5 knf is the

second largest pre-alpine lake after Lake Gardis. licated in the southern rim of the
Alps. The maximum length of the lake along its teg (a line drawn to join the lowest
points along the entire length of a streambed deyjais 66 km, the maximum breadth
is 12 km, with a perimeter of 170 km. Lago Maggibes at a latitude of 45°57' North,
at a longitude of 8°33' West (Greenwich) and aakitude of 193.5 m above sea level
(Bonomi et al, 1970). The most important morphometric charastes of Lago

Maggiore are presented in Table 2.1.

Table 2.1.Main morphometric and hydrological characterist€tago Maggiore.

Catchment area (K 6 599
Mean altitude of catchment (m a.s.l)) 1283
Lake area (kif) 212.5
Percentage of glacial areas (%) 1.06
Ice cover in catchment area (Rm 7.3
Lake length (km) 54
Length along the thalweg (km) 66
Mean width (km) 4
Maximum breadth (km) 12
Shoreline length (km) 170
Lake volume (k) 37.7
Maximum depth (m) 370
Mean depth (m) 177.4
Depth of cryptodepression (m) 177

The most interesting feature of all the basinshaf sub-alpine lakes is the effect of
glacial divergence. Thus, Lago Maggiore was forroedr a period of about 100 000
years through excavation by two Wirmian glacierscwhmoved down from the Alps
and along the valleys of the rivers Ticino and Td¢de Bernardiet al, 1984). The

erosive power of these glaciers (approximately 1200 m thick, moving at a speed of

13
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5-10 m per day) is well shown by the depth of el (mean value 177.4 m; maximum
value 370 m, corresponding to a cryptodepressitre-deepest point of the lake bottom
below sea level — of 177 m). However, the Toceiglathe smaller of the two, was less
effective in scouring out its own valley which cegsently overhangs the valley of the
Ticino by about 160 m (Barbardt al,, 1963).

The lake is approximately 15 000 years old and i itypical, very elongate piedmont
lake. In Table 2.2 data about the areas correspgrdi and volumes between, successive

isobaths are presented, which shows a U-shapesivieese profile.

Table 2.2.Areas corresponding to, and volumes between, ssigegisobaths of Lago Maggiore

(Bonomiet al, 1970).

Isobath Area in kim Volume in kn?
+ 193 212.5115
+175 193.5276 j'ggg
+ 150 177.2445 4.262
+ 125 163.9275 3.888
+ 100 147.2500 3.406
+ 75 125.5525 2'974
+ 50 112.5000 2.666
+ 25 100.8800 '
2.409
0 91.8925 5910
- 25 85.0050 2'015
- 50 76.2510 1.761
- 75 64.7650 1'419
-100 49.1350 1'297
-125 35.1550 0l821
-150 30.5400 0.276
-175 18850 0 6019
-177 '
Total volume, km 37.692

The southern end of Lago Maggiore is dammed bynshai moraines which account for
bottom irregularities not present elsewhere inlghe bed. Small islands in the lake are
remnants of a few rocky hills which were not plaaedy by the glaciers (de Bernasdi

al.,, 1984). The abundant amount of clastic or detnitaterials is carried into the lake by

the main tributaries which have modified the oragishoreline (de Bernardt al, 1984).
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2.2 Hydrological and geological features of the dinage basin

The drainage basin of Lago Maggiore covers 6 599 ks much as 50 % of this area lies
above 1283 m above sea level, and 1.1 % of itngpesed of glaciers. The drainage basin
belongs to Italy (3229 kijand to Switzerland (3370 Kjrin equal shares, while 80 % of the

lake belongs to Italy and 20 % to Switzerland.

The basin of the lake is divided into sub-basingctviconsist of several lakes and
reservoirs, nine of them having an area exceedmgref. There are 32 reservoirs and lakes
with the total capacity more than half a milliorbeumeters formed by damming a valley,
and five (Lago Ghirla, Lago d’Orta, Lago di Varekago Comabbio and Lago Monate)
have to be considered as natural lakes. The laofi¢isése lakes — Lake Lugano and Lago
di Varese — are eutrophic. Lago d’Orta has beetiesiufor several decades due to severe

industrial pollution by copper and ammonia (de Bednet al, 1984).

Lago Maggiore is divided into two parts by the sdled ‘Insubric line” which is the most
important tectonic line crossing the southwestemt pf the Alpine system and marks the
northern and western boundary of the Southern Alpss is the result of the collision
between the African and the Eurasian plates whichhéd the Alps. Thus, eastern and
western shores of the lake, south of the Insulme differ from one another in relation
to their lithological features. The catchment aséd.ago Maggiore is represented by a
mosaic of eruptive rocks, in particular mostly gt@s gneiss, phyllads and calcareous
rocks which are the main component of the centaal @f the catchment area, where the
eastern part of the lake and Lake Lugano are sdu@iBonomiet al, 1970). The
lithological and geomorphological characterizatdrthe catchment area is the background
of the chemical characteristics of the waters neacHh.ago Maggiore through the

tributaries and surface washing of the watershed.

Originally, Lago Maggiore was an oligotrophic lak&th a poor supply of nutrients and
organic production but during the 1960s it wasabpeutrophied which caused a shift to
a mesotrophic state a decade later; Since the fiagiof 1990s, it became oligotrophic
again (Calderoni and Mosello, 1996; Prepas and &ftear2003). See also Viel and
Damiani (1985).
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Major tributaries to Lago Maggiore are the riveisifio (drainage basin 1616.31 Rm
Toce (1550.84 kf), Maggia (926.10 kf), and Tresa (754.20 Kin(see Fig. 2.1).
They cover nearly 62 % of the whole drainage bagithe lake and bring to the lake
waters coming from a basin reaching its greatdgtdeés in the mountainous massifs
of Monte Rosa and St. Gotthard (Bonaahial,, 1970).

Ticino

Fig. 2.1.Lago Maggiore and its watershed (Barbgtral., 1999).

The flows of the main tributaries entering Lago Igiage are represented in Table 2.3,
from which it appears that the mean annual watechdirge of the Ticino river (for the
period 1921-2000) is 71.1%s?, of Toce (1936-2000) 80.2°w", of Verzasca (1990-
2003) 10.8 ms’, while the flow of the river Ticino at the outlist (1921-1961) 317.8

m°-st.
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Table 2.3.Surface area and mean annual water discharge ofdhrerivers from the watershed of
Lago Maggiore (Commisione Internationale per lagaimne delle Aque Italo-
Svizzere, 2001; Bonomi et. al., 1970; Swiss FOWG).

River Surface in Mean annual water
km? discharge in n?-s*
Verzasca 263.8 10.8
Tresa 754.2 28.3
Maggia 926.1 40.0
Toce 1550.8 80.2
Ticino 1616.2 71.1
Ticino outlet 6599.0 317.8

The maximum flows correspond to late spring — eatynmer which is the period of
snow melting and of heavy rainfalls. This is corieddo the fact that the mean altitude
of the catchment area is rater high and that dutiegvinter the bulk of precipitations is

captured on the mountains in the form of snow er @€onsequently, the possibility of a

regular and uniform flow of waters into the lakesig off (Bonomiet al, 1970).

The outlet river Ticino is regulated by a dam whighs built in 1942 at a distance of

about 6 km from the outflow of the river from thaké. It is a dam with adjustable

openings which can be operated horizontally allgnhe control of the quantity of

outflowing water.
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2.3 Climatic and meteorological characteristics

Lago Maggiore belongs to the region which is charamed by high humidity and rather
mild winters due to the presence of the lake itaetl the Alps, which provide protection
from northerly winds. The lowest temperatures asehed in January, with an average of
2.58°C (Barbanti, 1975). Maximum temperatures faleee in July, with an average of

21.95°C. Prevailing winds are north-westerly.

From a recent analysis of the meteorological dateected by the Observatory of the
Isituto Italiano di Idrobiologia at Pallanza duritige period 1950 — 1966 it has been
observed that the mean yearly value of precipiatis 1816 mm ranging between 1226
mm (1952) and 3352 mm (1960). At the same timentlean precipitation value for the
Italian territory is only about 1000 mm which medinat particularly heavy precipitations
take place mostly in the catchment area of Lagodiag in Switzerland (Bononet al,
1970).

Annual variations of the lake temperature are Viemged due to the large volume of water.
However, thermal conditions do change along the aiihe lake, with higher temperatures
at the southern end (mean difference is about ZTGholli, 1961). Maximum surface

temperatures are reached during July-August.

Due to the location in the temperate zone, thesldepp lakes in the pre-alpine areas to the
south and north of the Alps are considered as waamomictic lakes. That means that, in
theory, a complete vertical mixing occurs only oacgear, at the end of the limnological
winter (Ambrosettiet al, 2002). However, due to the great depth of the, lak well as to the
peculiar climatic conditions of the area a completgical homogenization of the waters of
Lake Maggiore reaching the bottom before the newcgss of the thermal stratification
begins at the surface, does not occur every ydaat I why Lago Maggiore can be
classified as a holo-oligomictic lake (Ambrosedtial, 2002). According to de Bernardi
(1984), the layer usually involved in the wintereawurn is 100 to 150 m deep, whereas a
complete mixing occurs only every five to sevenrgedn studies of Ambrosetti and
Barbanti, 1999, it is revealed that the 7-yearsesyrecorded up to 1970 were followed by
period of 28 years (until 1999) during which thenter mixed layer only once (1981)
reached a depth of 200 m, with only shallow defileswveen 50 and 150 m) being reached
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in the other years. The complete circulation of A@@curred as a result of a double
mechanism with the motions down to a depth of 20@ma the penetration of colder and
more oxygenated waters of outside provenance hedayers below this level. The last
complete turnover of Lago Maggiore was in winte020- 2005 (Guilizzoni, personal

communication).

If the mixing is complete, a mass of new waterasrfed with defined chemical and

physical characteristics. This newly-formed wat&smcan retain its properties for several
years or for a few months, the duration of its @fgpending on its initial state and on the
kind of external forces that can bring about a geam its properties. This duration has
been revealed for Lago Maggiore by an analysihefhteat content below 200 m depth.
For example, after the complete vertical mixings1863 the water mass retained its
properties for 4 years; and after the mixing of@,9%hich was much less intense than the

earlier one, this maintained only for 14 months pkasetti and Barbanti, 1999).

The theoretical renewal time of the lake water Wwhgcalculated form the ratio between
the volume of the lake and the outlet water disghbafor Lago Maggiore equals to 4
years. This time depends largely on the morphometnaracteristics of the individual
basins and of the lake watershed, as well as ondluene of precipitation over the whole
area. However, Tonolli (Piontelli and Tonolli, 196dfter analyzing the thermal cycles
reached the conclusion that the mean residence dinveater in Lago Maggiore was
around 14.5 years (Ambrose¢t al, 2002). The same results are reported in the efudi
of Bonomiet al, 1970.
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2.4 Knowledge on the present radioecological situan

After the Chernobyl accident roughly 20 kB¢frof *'Cs were deposited onto the lake
surface, about the same amount as onto the neigigbloake Lugano. But in contrast to
Lake Lugano or Lake Constance the faté*&€s in Lago Maggiore was still practically

non-investigated.

With the CNR - Institute of Ecosystem Study (ISB)its shore, Lago Maggiore has the
privilege of being the most thoroughly investigakakk in Italy in terms of the number of
key biogeochemical parameters measured and th&atucd their monitoring. However,
nearly no research studies were performed in réspeadionuclide distribution in Lago
Maggiore. Only some data about radionuclides dgtivithe lake water measured by the
Joint research center in Ispra are available (Deiib 2003; D’Alberti 2001-2002;
Cazzanigaet al, 1996-1998; Cazzanigat al, 1997; D’Alberti and Osmani, 1995;
Osmaniet al, 1994; Dominici and Risposi, 1990-1993; Domini@389 — 1980).

Therefore, in order to examine th&Cs balance in Lago Maggiore and, in particular, its
migration behavior in the sediments by determimatibthe vertical distribution of'Cs
and its association to the different geochemicattfons, water samples and sediment
cores were taken in 2003 — 2005 from different fomss and basins of the lake. Our
measurements helped to get a more or less completeire of the present

radioecological situation of Lago Maggiore whichaisather complicated ecosystem.

An analysis of soil erosion in the alpine watersheaf colloidal activity transport and
colloid coagulation in river and lake water, aslves Cs activity associated with living

objects was outside the scope of this work.
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3. MATERIALS AND METHODS

3.1 Description of sampling positions

Bottom sediment cores from Lago Maggiore were ctdle at 7 locations (Fig. 3.1) in

2003-2005. At each location three cores of aboutnilength were taken and stored at
4 °C in the refrigerator. One of these cores wasl @igr the determination of radionuclide
distribution ¢3'Cs, *“Cs, ?*Pb, >*!Am), another for thé*'Cs sequential extractions (see

chapter 3.5.2), and the third core was archived.

Verzasca
Locarno

Maggia ,.
"
Cannobino i
290 Position 1
Position 2

Giona

Cannobio /‘/
Position 7 Tresa

Tace Verbania- d. _\_\

Pallanza u

7 =)
[} J Position 4

Position
j{Boesio

Position

Ticino

Margorabbia

Position 6

Arona .\'—/

Fig. 3.1.Sampling position (1-7) and main tributaries (e of Lago Maggiore.

Table 3.1 gives the detailed description of sangp$ites including the information about
geographical position, date of sampling, lake deptire length and also about the

measurements which were performed for the parti@gdiment core.
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Table 3.1.Description of the sampling positions on Lago Magg

Position / Date of | Coordinates| Lake depthCore length| Description of the
Core sampling inm incm position
Position 1 In front of the mouths
Core P 46° 10.03 N 110 53 of the rivers Verzasca
Core 4 | 12:0503 "a'55 50 96 54 and Ticino
Core & 110 64
Position Z*f) In the middle of the
Core 46° 05.18 N 285 71 basin of Cannobio
Core 2 | 1205031 "m0 573|290 75
Core 3 290 83
Position 3 In front of the inflow
Core P 26.04.04| 45 5437N 34 35 of the river Toce
Core 2 o & 30.86 E 34 33 close to the city
Core 3 34 36 Baveno
Position 4 o Behind the smal
Core 2 | 26.04.04| 42 24.84N 150 93 island Madre
Core 3 §33.02E 146 89
Position 5* o In the middle of the
Core @ | 26.04.04| 42 50-49N 160 80 southern basin of the
Core 3 §35.15E 160 65 lake
Position 6 o To the south of the
Core P | 18.04.05 458° %455151% 26.3 39 city Arona, close tg
Core 3 : 29.3 38 the outlet of the lake
Position 7* . Deepest position of
Core P | 18.04.05| 4296 70N 1 574 g8 | thelake
Core ¥ & 37.76 E 270 24

1)
2)

* —large volume water samples

— measurement of radionuclides vertical distritmutaind modeling
— extraction experiments and grain-size distriuti

Additionally, at three positions (2, 5 and 7) langgdume water samples were collected
from different depths including the maximum depti380 m.
In spring and autumn of 2004, and also in sprin@@®5 surface water samples were

taken from three tributaries (Ticino, Toce and \&sxa) of Lago Maggiore.
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3.2 Lake water sampling

3.2.1 Sampling of water and suspended matter wita tMidiya” system

Large volume water samples were collected at postR, 5 and 7 from Lago Maggiore
and its tributaries Ticino, Toce and Verzasca uding “Midiya” filtration system
developed in SPA “Typhoon” (Makhonko, 1990) whictables to determine the content

of 13’Cs both in water solution and in suspended material

As shown in Fig. 3.3 the “Midiya” system consistk a0 vibrating submerged pump
(315 W electric power), a filter block (with 10 p#el filter sets), a chamber for
adsorber, and a flow meter. All these units areptamiiby flexible pipes. A transformer
regulates the speed of water pumping via the “Midiffiter unit. The speed of water

pumping is varying between 6 and-®in™.

Fig. 3.3.Large volume water sampler “Midiya” with a pump {ront), a block for filters (in the
middle), a chamber for adsorber (left); and a ti@mnser (right).
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In this system water samples of several hundredslivere filtered through 10 filter sets
working in parallel with the total filtering ared& 6.18 nf. Each composite filter set
consists of 2 paper filters (diameter of 150 mma fast “black ribbon” paper filter

(Schleicher & Schuell Company) with pore size ofZ4m on top and a slow “blue

ribbon” paper filter with an initial pore size ofiédn below.

In Fig. 3.4 the photo of the “Midiya” system pregtion is shown.

=

Fig. 3.4.Installation of filter sets for large volume wasampling using the “Midiya” system.

Dissolved **'Cs was fixed using an ANFEZH coarse-grained sorlbased on wood
cellulose coated with potassium ferrohexacyanadferr@his sorbent material is highly
selective for cesium, and sorption is controlledabyion exchange mechanism (Lehto et
al., 1990). The capacity of the ANFEZH exceeds ¢bacentration of radioisotopes
found in natural waters by many orders of magnitudle important attribute of this
sorbent is that it has very low distribution coa#nts for the major and minor salts (i.e.,
Na', K*, Mg™, Ca™") commonly present in lake water. This means taed volumes of
water can be processed to extract radioisotopeboutitloading the sorbent with

unwanted salts.
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In Semizhon (2005) th€'Cs sorption efficiency (determined from the ratfdts activity
measured in the sorbent to its activity in the sofubeing passed through the sorbent) of
the ANFEZH material was tested. For the lake wateas determined as > 90 % which
is rather high and is in agreement with the vakseged by the producers. This result is
also comparable with the values reported in Bandenhgal (2001) which are
(96.2 £ 0.8) % and (97.9 = 1.4) % for river and seder, respectively.

Steinmann et al. (1999) showed withe as an example that colloids play an important
role in the scavenging of metal-ions from lake acef waters. With a “Midiya-system”
the dissolved activity and the activity bound tdlmds could not be separated. It has to
be kept in mind that in this work the dissolvediatt always includes the colloidal

activity.

Description of handling, storage and measurementsaimple

The quantity of the particulate material (suspendstter) can be estimated by the
difference in mass of the filter before and af@mpling. To get proper results, a special

treatment of the filters and sorbent material caureed.

Beforethe measurement each set of filters is dried seggrat 60°C for 12 hours and
afterwards kept in an exiccator for 1 day to reanhequilibrium in their weight. Ready
filters are placed one by one into the sectionheffilter column in the way that they are
set out in parallel to the water flowfter sampling the composite filters, once delivered
in the laboratory, are dried at 60°C for 24 hourd afterwards kept in the exiccator for 1
day. In fact, weighing of the filter before andeafsampling (with regard to humidity
absorption, accidental dust inclusion) brings tgeést uncertainty in the calculation of

the specific™*’Cs activity.

The preparation of the adsorber is provided imntetlideforesampling and consists in
the saturation of the sorbent with water. Thusa ih litre plastic beaker which is filled
with a 200 g portion of dry adsorber (preliminargasured gamma-spectrometrically for
137Cs-background), hot water (90—100 °C) is pouredniall portions, while constantly
mixing. Afterwards, the wet adsorber is put int@ tthamberAfter sampling the wet

adsorber is put back into the 1 litre plastic beake
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Both filters and used adsorber are measured gamewremetrically for*’Cs using

HPGe detectors as described in chapter 3.5.

3.2.2 Pore water sampling

The top 20 cm sediment layer of a sediment coreusad for the pore water separation
at each sampling position of the lake. The lakeewhdft above the sample in the corer
was carefully removed. Subsequently, the pore waer filtered (0.45 pum) and brought

to the laboratory for the measurement of potassincthammonium concentrations.

3.2.3 Temperature, pH, oxygen concentration measueats

For the determination of temperature, pH, dissolweggen content and concentration of
main competing ions, water samples were taken fildfarent depths of the lake using
Niskin-bottles (Niskin, 1962) shown in Fig. 3.5.

Fig. 3.5.Niskin-bottles used for water sampling from diffierelepths of Lago Maggiore.
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Such water parameters as temperature, pH and oxyggent were measured directly on
the boat. For thexygenconcentration analysis a sensor (Mettler Toledo1®2®) with

automatic temperature balancing was used. DuriagitBasurement, the sample should
be stirred with constant speed of about 20sé¢rrDue to a low accuracy of the oxygen
meter application, the oxygen concentration vakhgseared to be somewhat lower than

they really were (see chapter 4.1).

The pH values were determined using a pH-sensor (Mettldedo MP120) with a
silicaglass membrane. The automatic temperatur@nbialg is controlled by integrated

temperature sensors.

3.2.4 Distribution coefficient and competing ions

The partitioning of*’Cs between solid and liquid phases in the lakestén described
by the distribution coefficient, i which is arequilibrium parameter and can be given as
a ratio of the concentration of adsorbed activaytlie activity in the solution (pore

water):

37Cs (Bq/kg insolidphasg
Ko =37 T : &4
Cs (Bq/ | inliquid phasg

The distribution coefficient varies depending ortiardac composition of the water.
Potassium and ammonium are the main competitive ionCs exchange, especially on

frayed edge sites as described in chapter 1.

The measurements of the concentrations ‘oéukd NH ; in the lake and pore water were

performed in the chemistry laboratory of the Hothde Ravensburg-Weingarten,

(Germany) and in the Spiez laboratory (Switzerland)

The concentration oNH,; was measured in the laboratory using a specbtophetric
technique (Krom, 1980). Such analysis is basedhenférmation of a dyes which is

produced in the reaction dfH, with hypochlorite and sodium salicylate at a pH®$12.
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(in the presence of sodium nitroprussid as a cstfalyhe extinction of light in the dye

solution is a measure for tHéH; concentration.

Potassium was determined using ICP-emission speetrg (Spiez laboratory,
Switzerland) and chromatography methods (Radiogamblaboratory, Weingarten).
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3.3 Sediment sampling

3.3.1 Sampling of sediments with a gravity corer

Bottom sediment cores from Lago Maggiore were ctdlé at 7 locations (Fig. 3.6.A) in
2003-2005 using a gravity sampler (Meischner andandétu, 1974) with an inner
diameter of 5.8cm or 6.0cm. The boat from CNRHu® per lo Studio degli
Ecosystemi (Verbania Pallanza, Italy) was equippét a revolving crane with a steel

rope where the gravity corer was fixed (Fig. 3.6.B)

Fig. 3.6. A: Gravity sampler with a PVC-tub&: Crane with a steel rope used for the bottom
sediment sampling on Lago Maggiore.

The length of the rope and the lake depth are ateld; and when the corer is about 1-5
meters above the ground (depending on the sedistat#), the crane is stopped and
brought then on maximal speed so that the sedigranity corer can bore itself into to

the ground. While boring the valve on the uppet pathe corer is opened so that the

water can pass the PVC-tube without hindrance.rAfte sampler got into the sediment
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the valve will be closed. The mechanism of clodimg valve is performed by an extra
weight which is transported down along the steperdeing closed, the valve prevents
the sediment material of moving out of the PVC-tulkile lifting. Directly after

emerging the lower end of the tube is closed wiphaatic tube cap. To keep the sediment
core undisturbed it is fixed on the top with a do&tm material which absorbs the water

and keeps the sediment material in position (Fig). 3

Afterwards, both ends of the PVC-tube are secudeltianally with adhesive tape.

Fig. 3.7. Closing the PVC-tube with the sampled sedimentenatusing a soft foam material
with absorbing properties.

3.3.2 Sediment samples preparation for gamma-speoetry

In order to determine the vertical distributionraflionuclides in the sediment, first each
sediment core was split longitudinally. For thisrgmse, an empty PVC-tube was cut

lengthwise in advance. To keep both halves togettiere adhesive tape was used.
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After careful pushing the sediment material outttté tube into one prepared half, it
should be tightly closed with the second half. dsiwo thin metal sheets the sediment

core is cut as it is shown in Fig. 3.8. Afterwart& divided parts are photographed.

Fig. 3.8. Preparation of the sediment samples: lengthwiseotthe sediment core using metal
sheets.

Fig. 3.9.Sediment slicing device.

Before slicing the sediment core, the longitudinallit parts should be left for 1-2 days
at open air to make the material drier which makesfurther sample preparation easier.

Later, using the sediment slicing device (Fig. 3tB¢ sediment core was sliced in layers
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of 1 cm thickness as shown in Fig .3.10. Each samls placed in polyethylene boxes
(50 ml), freeze dried, and homogenized by grinding mortar. Before analyses, the dry

weight and accordingly the bulk density of the sk®pvere determined.

Fig. 3.10.Cutting the sediment core into 1 cm thicknessrgwsing the sediment slicing device.

Afterwards, each milled sample was mixed with pgargbowder (1 part of sediment
material and 10 parts of paraffin). After thorougixing, each sample was pressed to a
pellet (diameter of 105 mm) as can be seen inFidL (A—C).

Each pellet was wrapped and glued in aluminum @Bif. 3.12) in order to obtain
equilibrium betweerf”Rn and®**Pb (see chapter 3.6) and to prevent the diffusion o
gaseous?Rn out of the sample. Afterwards, pellets wereestdior a period of more
than five half-lives of?Rn (half-life 3.8 days) in order to obtain equilion between

2Rn and?*Pb.

The described method of sample preparation hasraleadvantages: low amounts of
sediments are distributed homogeneously into a kngaometry, self absorption in the
sample can be calculated as the main material naffppand due to the radioactive
equilibrium there is a choice of radionuclides whican be detected gamma-

spectrometrically (see next subchapter 3.4).
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Fig. 3.12.Photo of an opened paraffin pellet which was weapand glued into aluminium foil.

At each position only one core was studied forvbsical distribution of radionuclides.
At positions 1 and 2, additional sediment coresewsggened and dried and homogenized
samples were measuradspectrometrically for*’Cs in polyethylene boxes (50 ml)

without further treatment.
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3.4 Gamma-spectrometric analyses with BEGe detect®iand LabSOCS

All water and sediment samples from Lago Maggioezenanalyzed-spectrometrically
with Broad Energy Gemanium (BEGe-5030) detectors of Canberra-Eury3ise
detectors have an active surface area of 50 amd a thickness of 30 mm. They are
characterized by large detection efficiency overide range of energies (from 5 keV up
to 2 MeV). This allows detecting radionuclides withv energies such &%b or**Am
(see Table 3.2) as well as nuclides with high ererguch ad’K or “Bi at the same
time.

Table 3.2.Radionuclides measured in the sediment sampleagdf Maggiore, their half-lives,
energies and emission probabilities (yield).

Nuclide name | Half-liveina | EnergyinkeV | Yield in%

Be 0.15 477.60 10.5
569.32 15.4
134cs 2.07 604.70 97.6
795.85 97.6

1¥cs 30.07 661.65 85.1
210pp 22.3 46.52 4.05
609.13 46.3
21 1.7 1120.29 15.1
1764.49 15.8
77.11 10.7
21pp 2.2 295.21 19.2
351.92 37.2

2Am 432.86 59.54 36.3

The measuring times of water samples (adsorberfidecs) varied between 48 and 72
hours (for some samples as much as 96 hours) degeruh the **'Cs activity
concentration. Counting times for the surface lay&rthe sediment were shorter Z4
hours) than those for the deeper layers.

The gamma spectrum analysis was done with the G200€ Spectroscopy Software
(Version 3.0).

A Minimum DetectableActivity (MDA) was always calculated for both thedi@nuclides

which have not been found in the spectrum and thiegehave been found.
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Calculation of single photon peak efficiency of tlietector

The single photon peak efficiency of the detecworcalculated with thd.aboratory
Saurce-lesLCalibration Software (LabSOCS). It takes into account the sledeaption of
y-rays in samples and beakers, and consequentlygeedaccurate quantitative gamma

analysis of samples mostly of any type and size.

The single photon efficiency for specified energiad geometries is calculated by Monte
Carlo method. It is based on the simulation ofitftgvidual photon path (from its origin
inside the source through the material and intoditector). The relative uncertainty of

the calculated efficiency is in the order of 5 %.

The LabSOCS program requires a number of charatitsriof both sample and beaker as
input parameters. Thus, i.e. the geometric fornthef beaker (cylinder, box, Marinelli
beaker, etc.) has to be determined together with parameters as the wall thickness of
the container and density of the material whick ttuntainer is made of. The presence of
absorbers between the source and detector, multgkrs of sources or non-sources
within a container, variable sample densities asthdce from the sample to the detector
active surface are also taken into account.

Thus, during the single photon peak efficiency alaton LabSOCS takes into account
the self-absorption effect of gamma-rays both imga and beaker, by combining the
detector characterization with parameters of tmepda and beaker where in the samples

are measured.

Using this information the LabSOCS program generate efficiency calibration file for
the specified sample characteristics. This fileused in the analysis of the acquired

spectra.

Efficiency calibration was verified with a mixeddianuclide standardized solution
(QCYB12064, AEA Technology QSA GmbH).
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3.5 Particle-size analysis and sequential extracticof **'Cs

3.5.1 Grain-size distribution analysis

Grain size is the most fundamental property of reedit particles, affecting their
entrainment, transport and deposition. Thereforaingsize analysis provides important
information about the sediment provenance, trarigpstory and depositional conditions
(Blott and Pye, 2001).

There are various methods and techniques employgrhin size determination (by laser
granulometry, dry and wet sieving, hydrometer méfhmipette method, etc.), but the
results obtained using different methods may naditectly comparable as they describe
different aspects of particle size. However, atihtéques involve the division of the
sediment sample into a number of size fractionapkmg a grain size distribution to be

constructed from the weight or volume percentageediment in each size fraction.

Fine soil (< 2 mm sieved sample) can be generaibuged into three different soil
fractions such as sand, silt, and clay, but thezeldferent standards for the classification

of the soil by grain size group (Table 3.3).

Table 3.3.Classification of the soil by grain size group@cting to different standards.

USDA (US Department| ISSS (International| DIN 4022 (German
of Agriculture) Soil Society) Standard)
Sand, mm 0.05-2 0.02 -2 0.063 — 2
Silt, mm 0.002 — 0.05 0.002 — 0.02 0.002 — 0.063
Clay, mm <0.002 < 0.002 <0.002

In the present study theydrometer methodccording to Gee and Bauder (Klute, 1992)
was used. This method is based on a measuremtrd sbil solution density at different
times. In a soil suspension, sedimentation of tHferdnt particles takes place with
varying sinking speeds depending on their graie.sfccording to Stoke’s law, larger
particles sediment first. Hence, the density ofghspension is measured after first sand
then silt have settled down below the immersiontliep the hydrometer. Sedimentation

time of sand particles in a special 1 liter cylindgeee Klute, 1992) is between 40 s and
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80 s (depending on temperature and density). Measnts with the hydrometer are
carried out at these times. The percentage of santhe sample is determined by
interpolation between the two measuring points.irSedtation time of silt particles is

between 2.5 hours and 24 hours. Accordingly, mex

nsents with the hydrometer are
taken at these times as well, and the percentagépfin the sample is determined by
interpolation between these measured points. Fintile percentage of silt results from

the difference between sand plus clay and 100 %.

The described method was applied to wet sediments.

3.5.2 Sequential extraction of caesium

Sequential extraction experiments attempt to identihere *'Cs is residing within
sediments giving in that way an explanation for thebility of the radionuclide.
However, it is known that co-extraction from di#et phases and incomplete extraction
in the single steps might occur (Forster, 1985}, Btileast the dominant geochemical
associations and differences between sediments diiffierent positions in the lake can
be determined. For modeling the vertical distribati(chapter 5) the results from
sequential extractions are very informative, fiodtall for the determination of the

fraction of exchangeable and fix€Cs.

In 1979 Tessieret al. suggested an analytical procedure consisting amaotal
extractions for the partitioning of particulate deametals and radionuclides into five
different fractions: the exchangeable fraction,dhes associated to carbonates, to oxides
and hydroxides of iron and manganese, to organitemand the residual fraction. The
procedure has been applied to bottom sedimentsi€res al, 1979). Once the first four
fractions have been removed, the residual solidilshcontain mainly minerals, which

may hold radionuclides within their crystal struetu

In Robbinset al. (1992) a 5-step extraction procedure is descrilvedihich dissolution
of amorphous silicates as an additional step isieghpCaesium radionuclides are soluble,

cationic species, which can be readily taken umfsolution by biological organisms. As
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the amorphous silicates are produced by dying mhiatqmicroalgae) they could
incorporate radionuclides within their structure.

In this work extraction experiments were perforntedwet samples using a modified
five step extraction procedure according to Robbensal. (1992). The procedure
suggested by Robbired al. (1992) was applied to sediments of Lake ConstandelLake
Lugano (Kaminkiet al, 1998; Klemtet al, 2000). In our research we reordered the step
where®*'Cs is extracted with oxides and hydroxides of iaod manganese, and the step
where **'Cs is extracted with organic matter. The reasorsuifh reordering was to
prevent the decomposition of Fe- and Mn-oxides laydroxides together with organic
matter. The modified procedure was successfullyd Use the treatment of sediments
from the river Yenisei (Spasova, 2003). The geim¥dl sequential extraction method
employed is given in Table 3.4.

Table 3.4.5-step sequential extraction procedure.

Chemical Reagent Treatment Phases with target ions
1. CH;COONH, (1 moH™) 24 hours shaking Exchangeable ions
CH3COONH, (1 moH™) +

2. HI\703 (1 mo}f-l), oH 2)5 Shaking to equilibrium Carbonates
3 NH,OH-HCI (0.2 moll™) 3 hours shaking Oxides and hydroxides of

' in CH;COOH (25 %) iron and manganese
4.|H,0, (35 %) + HNQ (1 moH™) | 3 hours stirring at 75-80 °C Organic matter
5. NaOH (0.2 mol™) 40 minutes stirring at 80 °C  Amorphous silicates

The directly exchangeablé'Cs is displaced by ammonium ions (Step 1), carlesnat
were dissolved by the addition of hydrochloric a¢8tep 2), Fe- and Mn-oxides and
hydroxides were extracted by the addition of hygtammonium chloride (NEDH-HCI)

in acetic acid (Step 3), organic matter was decaapdy hydrogen peroxide (Step 4),
and amorphous silicates were dissolved in sodiudrdyde (Step 5). The remaining

residue mainly consists of clay minerals, feldspansl quartz.
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After each of the extraction steps, the treatednsent samples were centrifuged for
30 min, the supernatant liquid was decanted an pinessure filtered through a 0.45 um
cellulose acetate filter. All prepared extracts evput into plastic beakers (Fig. 3.13) for
further gamma spectrometric analyses (see chapter 3

Fig. 3.13.Extracts obtained after the 5-step sequentiabetitm procedure.

The extraction degree was determined as a rativeleet the™'Cs activity concentration
in the extract and its concentration in the sedimen
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3.6 Determining the age of sediments usirfg®Pb method

Lake sediments can be considered as the “diaryd tdke: Each year a new layer is
deposited on top of the sediment. The particle$ bizve settled on the bottom are
covered by new sediment layers and are graduatigdin deeper and deeper sediment
layers. The deposited particles form undisturbedida in a certain sequence on the

bottom, creating in that way an archive recordimghistory of the lake.

The migration behavior of radionuclides can be yaed by modeling the input into and
the vertical distribution within the sediment. Rbis purpose a proper depth-age relation
has to be established. Often &b method is used to determine the age of sediment
layers from the last 50 to 100 years (Robbins, 198y determination of the
accumulation rate, the age of sediment from a qdai depth in the sediment column

can be estimated.

Following the decay of?*Ra which is originally derived froi®®U (Ty, = 4.510° a)
1%} js produced. TH&®Ra chain can be presented as following:

*Ra (T,=1600 a)}—> **Rn (3.8 d—»*"P0o (3.1 m}—»*Pb (27 m}—» *Bi (20m)—»
#pg (160 s}—»*'%Pb (22.3 a)

There are two different ways in whiétPb can be supplied to the sediments.
» Deposition from the atmosphere

When radioactivé*Ra decays (see Fig. 3.14), it produces the radi@aictert gas?’Rn
(T12= 3.8 d). From all over the world radon gas can ratea from the soils into the
atmosphere. Radon concentration integrated overydse is rather constant and it
depends mainly on the latitude. After several de@dence time in the atmosphere,
?22Rn finally decays in the radioactive chairftdPb (Ty,= 22.3 years). Minute quantities
of 2!%b fall constantly onto land and water surfacess Thaterial accompanies and
mixes with sediments which settle down and accutawdathe bottom of the lake. Here it
decays with a 22.3 years half-life and is useddating. This is thaunsupported(or

‘excess’) part of'%Pb.
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222Rn—» 210Ph

222R
4 unsupportedi®b

from atmosphere
226Ra in

eroded

material Water Unsupported®b

; from catchment
Sediments

Fig. 3.14.Pathways in which'%®b can reach lake sediments (by Oldfield and App|&b84).

* Production within the sediment

Another part, thesupported?'%Pb, is produced within the sediment. Here, it is in
radioactive equilibrium witf?°Ra that has been directly washed into the lakeaasap
eroded material. By this wai"Pb is continuously produced and causes a background
activity which must be subtracted from the totabsieed'%Pb activity.

Hence, the unsupportéd®b activity concentration is obtained by subtractiaf the
supported*®Pb (estimated frori*®Ra or its daughters, in particular, BYPb) from the
total measure&™°Pb at its gamma-line at 46.539 kel € 4.25%).

If the sample is sealed so tf&Rn cannot emanate from the sample (see chapt®) 3.3.
in the decay chaiff’Rn, ?**%Po,**Pb,?'Bi, and***Po due to their short half-lives are in
radioactive equilibrium. That means that the memladrthe radioactive chain have the
same activity concentration in the sediment lagad each of these radionuclides can be
chosen for the measurement of the suppoft@db activity concentration. The best
candidate fory-spectrometry iS*Pb with its major gamma lines 295.2 keV (emission
probability E = 19.3 %) and 351.9 keVH = 37.6 %). It can be measured with high

detection efficiency and the summation effect is ks compared to the other candidate

1B,
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In this study two modeling methods are used tarege the sedimentation history from
the unsupported'%Pb: (1) the “constant rate of supply” (CRS) modg); the “constant

initial concentration” (CIC) model.

3.6.1 CRS and CIC approaches

The CRS model assumes that the same amount of unsuppgoPRiulper time interval is
deposited onto the sediments. So, this model doésreguire the rate of sediment
accumulation to be constant over time. In the datmn of the sediment age at a certain
depth, first described in 1978 by Appleby and Qilifj the cumulative unsupport&dPb
below that depth in a core has to be comparededatal unsupportett’Pb in the core.

A series of these age calculations can be useduelab a graph of age versus depth for
the core.

A.(0)

A x)’

where Ar(x) is the residual (cumulated) unsupporté®b in the sediment below the

1
t=="0n 3.2
X (3.2)

depthx in Bg-cn¥; A is the radioactive decay constant f5Pb.

In the case of a constant sediment depositionGR® model becomes equivaleniGtC
model which assumes that there is a constant liritacentration of'*%Pb from the
atmosphere in the top layer of lake sedimentshdfftux of?!%b to the sediment-water
interface has remained constant over time and sbgepositional migration 6f%Pb has
occurred, it is reasonable to suppose that eadr [#ythe sediment will have the same

initial unsupported**Pb activity.

Here the age of sediment layers can be calculated a

1
t==0On—p4%, 3.3
X (3.3)

where A(0) and A(x) are the initial and present activity concentratiof the

unsupported™°Pb in the layer at deptk.

The detailed calculations are given in Appendix E.
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3.6.2%Cs and®**Am method

A complementary method of sediment dating is predithy the fallout nuclide$*'Cs
and **Am with their known deposition pattern resultingrr extensive testing of the
nuclear weapons in the atmosphere in the late 18B6@searly 1960s with maxima in
1959 and 1963. An additional more pronounced peakbe found in the upper part of
the'3'Cs profile, caused by the accident in Chernobyll986. There is no corresponding
peak in the?*Am profile, which in fact was not transported in asarable quantities
from Chernobyl to Western Europ€he two'*'Cs maxima in the fallout related to the
years 1963 and 1986 are usually well preserveddimgent profiles and they can be used

as time markers.

This method of dating requires complete recoveryheftop sediment layer&Be with
the half-life of 53 days is produced in the atmasphoy cosmic rays and it is expected to
be present only in the uppermost sediment layers. pfesence dBe in the sediments
thus ensures complete core recovery. If no mixicguos, the upper layers in the

sediment must be younger than the layers below.

While the?'%b dating method gives an average accumulationfoatthe past 50-100

years,**'Cs is only applicable for the period beginning frtira 1960s.
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4. MONITORING OF WATER AND SEDIMENTS IN LAGO

MAGGIORE

4.1 Water measurements

To have a representative picture of the water bofiy.ago Maggiore, three deep
positions from the center of the northern (positR)nsouthern (position 5) and middle

basins (position 7) of the lake were chosen forewaampling (see chapter 3.2). In the

water column at each position dissolV&Cs, pH, temperature, oxygeK," and NH;

concentrations were measured. The concentratidd ‘oand NH, as main competitors
to **’Cs’ ions on the selective sorption sites (e.g. frageége sites (FES), at clay mineral

particles) were determined both in the lake watet ia the pore water of the top 20 cm
sediment layer.

To get the information about the inflow &f'Cs to the lake via tributaries, its activity
concentration was analyzed in water and transpastegppended material of the rivers
Ticino, Toce and Verzasca.

The distribution coefficientsk , which relate the'*'Cs activity concentration in

suspended matter to the concentration in water ppovd water are discussed in this
chapter.

Additionally, a survey on measurements-8€s in water of Lago Maggiore done by the
Joint Research Centre (JRC) in Ispra, Italy, dutimg period from 1986 till 2002 is

given. These data in combination with our measurgsnare compared to the predictions
of a model for the runoff from the catchment atdakanson, 2004) which was applied to

the conditions of Lago Maggiore watershed (SemizR605).
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4.1.1 Concentration of dissolved and particulat¥Cs in Lago Maggiore and its
tributaries

The concentration of dissolvéd’'Cs activity in water and the specifit’Cs activity of
suspended particles was determined both, in treedakl its tributaries, with the Midiya

system described in chapter 3.2.1.
137Cs in lake water

At position 2 (Fig. 4.1) th&'Cs activity concentration in the lake water incesaslightly
with depth from 0.56 to 1.47 mB@:I(Table 3.1). At other positions it stays rather
constant (Fig. 4.2 and Fig. 4.3) and is less thexBtj-I* (Table 4.1).

Table 4.1.%*'Cs activity concentrations in water and suspendatiemat positions 2, 5, and 7 of
Lago Maggiore in 2003—2005.

137 137Cs act.
Sampled | ~‘Cs act. conc. . Mass of susp.
. Date of | Depth ; . conc. in .
Location sampling | inm vqlume in Waterlm susp. matter matter ml
inl mBqg:| in Bq-kg: g-(100 I
5 606 0.56 + 0.05 18.7+2.1 0.26
50 564 0.58 + 0.05 36.9 + 16.( 0.03
13.05.03
Pas 2 100 540 0.80+0.05 | 180.2+49.4 0.01
196 402 1.00 £ 0.06 116.6 + 33)7 0.02
3.11.03 200 401 0.96 +0.08 114.5 £ 22)9 0.02
o 275 403 1.47+0.12 | 130.1£22.2 0.03
5 423 0.58 + 0.07 16.8+3.1 0.01
51 582 0.74 £ 0.06 205.4 £ 391 0.01
Pos 5 27.04.04
110 600 0.84 +£0.05 | 505.7 +63.5 0.01
154 693 0.69 + 0.05 217.1+43)2 0.22
2 408 0.66 + 0.07 - -
160 402 0.70 £ 0.07 - -
Pos 7 19.04.05
300 398 0.93+0.08 - -
369 410 0.63 +0.06 - -

B7Cs in river water

The'*'Cs activity concentration in tributaries is in ts@me order as in the lake as can be

seen in Table 4.2. The highest value (1.4 niBqid observed in the river Verzasca
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whereas the lowest concentration (0.2 mByjd found in the Toce. A minimum #{'Cs
activity concentration in the rivers is relatedawtumn season whereas a maximum is
observed in spring. Such seasonal variations camexpéained by the snow melting

period, when the transport of caesium from lanaader is rather large.

137Cs in suspended matter

At positions 2 and 5 sampled in 2003 and 2004,'f@s activity concentration of
suspended matter varies from 17 B-kgp to 500 Bq-kg (Table 4.1). A similar
situation is observed in tributaries of Lago MaggidParticularly, in the Ticino, ¥'Cs
activity concentration of about 30 Bg'kgvas measured in a high amount of trapped
suspended material. In contrast, in the river V@aaonly 0.02 g of suspended material
per 100 liters of water was trapped. Probably, shispended material has finer grain size

which explains the increase of tH&Cs activity concentration there up to a factor @f 1

Table 4.2.%*'Cs activity concentrations in the water and suspdnmaterial from tributaries of
Lago Maggiore in 2004—2005 (according to Semizi2005).

Total |[**'Cs act. conc.| '*'Cs act. conc. on| Mass of susp.
. Date of ; ) . T
Tributary samolin volume in water in suspended materiall material in
PING | in | mBq-I" in Bg-kg™ g-(100 I)*
26.03.04 410 0.50 £ 0.06 79.0+5.0 0.25
Ticino 13.10.04 405 0.71 £0.07 331+2.2 0.85
16.04.05 217 1.18+0.13 101.9+6.7 0.45
24.03.04 406 0.83 £0.07 78.3+3.2 0.73
Toce 14.10.04 411 0.86 £ 0.07 128.9+11.6 0.18
17.10.05 137 0.20£0.13 87.2+5.4 1.17
14.10.04 401 1.14 +0.08 297.6 +74.1 0.02
Verzasca
20.04.05 400 1.39+0.10 70.0+11.9 0.05

Sampling at position 7 was done in spring 2005 dfte complete turnover of the lake in
winter 2004—2005. There, it was not possible téecolenough suspended material on the
paper filters for the determination of the mass activity concentration of the suspended

matter even by pumping of large volumes of watbo(# 400 liters).
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4.1.2 Temperature, pH and dissolved oxygen concatimn

At position 2 (Fig. 4.1) in the upper 30 m of tlake there is a warm water layer, the
epilimnion, with a temperature of 11-PZ and 12-13°C in autumn and spring,
respectively. In the layer below, the hypolimnitime water temperature is abot@for
both seasons and it decreases slightly with dpta.thickness of the epilimnion varies
during the season due to the ambient air tempexaivind and internal wave activities.
In our measurements the thickness of the epilimmoabout 20-30 m. At position 5
(Fig. 4.2) the temperature in the surface watéi0is11°C and it decreases down t6Q

in the hypolimnion. At position 7 lower temperatsiref 7—9°C in the epilimnion were

measured (Fig. 4.3).

The dissolved oxygen concentration is rather higioughout the water column at all
positions (Fig. 4.1 to 4.3). Lago Maggiore is amgatrophic lake, so there is only little
organic matter or other material that could consuxygen for decomposition or other
oxidizing processes. The oxygen concentration sar&ween 6 mgtland 11 mg+ with
higher values in the epilimnion. These values atevery accurate and probably a bit too
low due to the low accuracy of the application lué bxygen meter used for our in-situ
measurements, but they clearly show that we haieamnditions throughout the water

column.

The pH value (about 7) stays rather constant thrdhg entire water column. However,
there is a tendency that the pH value slightly dases with depth which is equal to an
increase of the Hconcentration. This increase of‘JHould possibly control the small
increase of th&*’'Cs" concentration with depth (Albrecht, 1998).

4.1.3 Competing ions

At all positions the concentration of competingsdiK *] and [NH}] within the water
column stays nearly constant (Fig. 4.1 to 4.3). Vakles of about 1.5 mg-ffor [K*]
and less than 0.03 mg-for [NH;] are very small. With the transition from the lake

water to the pore water at position 2 these vadmessubstantially increased to 5.2 mg:|
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for K* and more than 9 mg-for NH; . At the other two positions (5 and 7) the increase

of potassium is not so pronounced, it is a factd bigher in the pore water than in the

lake water. But the concentration biH in the pore water is a factor of more than 50

larger than in the lake water and comparable tdkheconcentration (Table 4.3).

Table 4.3.The concentrations of competing ios" and NH; (in mg-I!) in lake water (several
meters above the sediment) and pore water (topr2€ecliment layer) from different positions of

Lago Maggiore.

Competing ion Pos1l| Pos2 Pos3 Pos4 Pos Pas 6 Pos 7
. L lake water - 1.4 - - 2.0 - 1.6
K™ (mg-I)
pore water 5.3 5.2 4.6 2.9 2.6 2.3 3.9
. . | lake water - | 0.003 - - 0.02 - <0.013
NH4" (mg-I)
pore water 8.6 9.6 1.6 1.1 1.2 1.4 1.6
Measured values according to the legend
0 1 2 4 5 6 7 8 9 10 11 12 13 14

40

80

120

160

Lake deptt
inm

200

240

-@—-Cs-137 in mBg/
—>¢pH
—--t,C

02, mg/l
=K+, mg/l
—&— NH4+, mg/|

Pore water

320

Fig. 4.1.Position 2.Vertical distributions ofK * (green),"*’Cs (brown),NH; (red) and oxygen
(yellow) concentrations, pH (blue) and temperafpiek) in the lake and pore water of
Lago Maggiore. Dashed lines — water sampling or03.2003; full lines — water
sampling on 3.11.2003.
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Measured values according to the legend
2 3 4 5 6 7 8 9 10 11 12

L L L L L A L L L j

i\

N\

AN -@-Cs-137 in mBqg/!
—>pH
-t C

ViN 02, mg/l
—— K+, mg/l

—&— NH4+, mg/l

30

60

90

Lake deptt
inm
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150

#‘4‘%»‘\,‘_,)(%

Pore water

180

Fig. 4.2.Position 5.Vertical distributions ofK* (green),"*'Cs (brown),NH (red) and oxygen

(yellow) concentrations, pH (blue) and temperafpiek) in the lake and pore water of
Lago Maggiore. Date of water sampling is 27.04.2004

Measured values according to the legend

0 1 2 3 4 5 6 7 8 9 10 11 12
O I T L Z‘X L L L L L L
o a8
A A —@-Cs-137 in mBq/!
1201 —¢pH
= A N —-t,C
_ga' £ 180 02, mg/l
o c A N —A— K+, mgll
< —A&—NH4+, mg/|
- 2401 ’
A A
300 A
360 1
A 9_ - -
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420

Fig. 4.3. Position 7 Vertical distributions ofK* (green),”*'Cs (brown),NH (red) and oxygen

(yellow) concentrations, pH (blue) and temperafpiek) in the lake and pore water of
Lago Maggiore. Dashed lines — water sampling 084L.2005 (P. Guilizzonpersonal
communicatioh full lines — water sampling on 19.04.2005.
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The main competing ion at all positions is potassiA negligible NH, concentration is

the result of the rather large oxygen concentratitowever, the increaseld” and NH,

concentrations in the pore water have an influencéhe*’Cs migration by increasing

the retarded diffusion in the sediment (see chdgter

4.1.4 Measured distribution coefficientK

Since the activity concentration 6f'Cs at positions 2 and 5 was determined both in
water and in suspended matter (Table 4.1) theildisiton coefficient k in the water

column can be estimated (Table 4.4).

In the surface water (upper 5 m) the value of tisridution coefficient is about
30 000 I/kg for both positions while the weightedege over the rest of the water
column at position 5 — (328 000 + 110 000) T'kgis a factor 4 higher than at position
2 — (98 000 + 12 000) I-Kg Low Kq values of the upper layer could be explained by a
non-reached equilibrium between tHé&Cs activity concentration of settling particles and

dissolved®'Cs activity in the lake water.

Table 4.4.%3"Cs distribution coefficients (§ for suspended matter and top layer of the sedimen
of Lago Maggiore.

Position 2 Position 5

surface wate 33 000 + 5 000 29 000 + 6 000

(top 5 m)

50 m 63000+ 28 000| 51m | 278000 +57 000

100m | 226000+64000| 110m | 602 000 + 84 000
K, water column 196 m | 117 000 +35000 | 154 m | 315000 + 67 000

(I-kg™h) 200m | 119 000 + 26 000

275m 88 000 +17 000

top 1 cm layer
of sediment 72 000 =7 000 136 000 + 10 000
lake water,

Calculating a I as the ratio between the activity concentratiothétop layer of the
sediment and in the deep water results in (72 0D@@0) |-kg" and (136 000 +
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10 000) |-k at positions 2 and 5, respectively. This is ioagh agreement with the
distribution coefficients measured in the watewowmh. As the concentration of botK,”
and NH; , is clearly larger within the sediment thante tvater, lower Kvalues are

expected there as compared to those in the lalker widte direct measurements of the
137cs distribution coefficient Kof about 181-kg™ in the water column will later be
compared to the distribution coefficient which reecof the free parameters of the model

described in chapter 5.

Table 4.5 gives the calculat&dCs distribution coefficients for the tributariestbé lake.

Table 4.5.2*'Cs distribution coefficients (§ for suspended material in the tributaries of Lago
Maggiore.

Tributary Date of sampling (I-ES'l)
26.03.04 161 000 + 22 000
Ticino 13.10.04 46 300 + 5 500
16.04.05 86 000 + 10 800
24.03.04 95 000 £ 8 700
Toce 14.10.04 150 000 + 18 000
17.10.05 435 000 + 230 000
Verzasca 14.10.04 262 000 + 68 000
20.04.05 50 500 £ 9 300

Rather strong variations are observed within eagdr which might be connected with

the fluctuations in the water flow which influendég transported particle size fraction.

4.1.5 Other measurements bfCs in water of Lago Maggiore and its tributaries

A compartment model of Hakanson (2004) which pisdibe run-off of radiocaesium
after the direct single-pulse deposition from th&chment area to the lake via tributaries
was applied for the conditions of Lago Maggiore.isThmodel comprises two

compartments which describe the catchment area:
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* Outflow areas or wetlands (upstream lakes, rivemnses, bogs) with relatively
fast turnover of substances and a horizontal t@ms*3'Cs from land to surface
water;

* Inflow areas or dry land dominated by much slowertical transport processes
(first through the soil horizons, then ground wdtansport, and finally tributary
transport to the lake).

A detailed description of the application of thedabto Lago Maggiore can be found in
the work of Semizhon (2005).

There is a good agreement between empirical datahenmodel predictions of tH&'Cs

activity concentration in the tributaries Ticinapde and Versasca.

Calibrating the model with the measured data thénrparameters were defined for

different tributaries and for the whole catchment:

the initial inventory of*’Cs in the catchment area;
- the percentage of outflow areas in the catchment;

- the soil permeability factor (SPF), which descriltbe processes of fixation and

radiocaesium retention in soil by taking into aatosoil grain size characteristics;

- the seasonal moderator for the water flow in thmitaries, which creates a seasonal
variability in the outflow rate and gives an inced transport of*‘Cs from land to

the lake during peaks in water flow;

the average precipitation.

A rather low average®'Cs inventory in the catchment area of 3000 Bg-was
determined. However, this value is in agreemenh liat which is required for other
models describing the activity concentration inelakater and sediment (chapter 5.2.2).
The fraction of outflow areas in the catchment égjtm5 % and according to Hakanson
(2004) can be used for large cultivated catchmeaasawith a low percentage of
wetlands. The default value for soil permeabilégtbr SPF is 40 but it can vary greatly
between 1 and 80 (Hakanson, 2000). The more petentrabsoil is, the smaller the SPF-
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value, the larger the fixation 6f'Cs which consequently leads to the fewer amounts of

137Cs remained in soils. The mean annual precipitasigd830 + 100) mm per year.

Using these parameters a run-off model was apjliedl to the conditions of the whole
Lago Maggiore watershed. Figure 4.4. shows a casgabetween the measur&dCs
activity concentration in the lake surface watewur(adata in combination with
measurements performed by the Joint Research C@RE) in Ispra, D’Alberti, 20083;
D’Alberti 2001-2002; Cazzaniga et al., 1996-1998zfaniga et al., 1997; D’Alberti
and Osmani, 1995; Osmani et al., 1994; Dominici Rimgposi, 1990-1993; Dominici,
1989 — 1980) and the catchment area predictionth&run-off (Semizhon, 2005).

During the first year after the accident falloué throminent difference between run-off
model predictions and measur&lCs activity concentration in the surface water is
observed. The higher radiocaesium activity conegiotn in the surface water during that
period can be explained by the fact that the impd€’Cs into the lake (in the epilimnion

layer) was not only due to the water flow from thbutaries but also due to the direct

137Cs deposition through the surface of the lakefitsel

110
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70
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50 ° — Runoff model function

e Surface water measurements

40
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= \A
10 -“ r ¥l

0 50 100 150 200 250

137Cs activity concentration in water in mBgel*

Time since Chernobyl accident in month
Fig. 4.4. Comparison between measured data (red point§Y®$ activity concentration in the

surface water of Lago Maggiore and the run-off nhqokedictions (blue line with
seasonal variations).
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A good agreement between measuté€s activity concentration in the lake surface
water and run-off model predictions is observedirduithe subsequent years. Here,
distinct seasonal variations in the tributaries &@n seen which are not so clearly
observed in the whole lake (Fig. 4.4).
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4.2 Vertical *'Cs and?*%b distributions in the sediments

In the following chapter the measured vertical ribstions of radionuclides and bulk
density in sediment cores taken in spring 20034240t 2005 from 7 different positions
of Lago Maggiore are discussed. The measured radides are:**'Cs, unsupported
20pp, 31Cs and®”Am. Whereas®'Cs came into the sediment from the Chernobyl and
after nuclear weapons testing fallouts, the unstppg'®b (see chapter 3.6) is put into
the sediment continuously aftéRn decay in the atmospher&Cs is related to the
Chernobyl fallout in 1986*'Am to the peaks of the nuclear weapons testingualin

the 1960’s. Additionally, in all sediment cores #mivity concentration ofBe (which is

a cosmogenic radionuclide with the half-life of B3 days) was measured for the top 0—

0.5 cm or 0-1 cm layers.

The total inventories were determined by summingheg contribution of all sediment
layers using the decay-corrected (1.05.1986) spedittivity of *‘Cs and the
corresponding specific weight of each layer. Theasneed vertical distribution of the
bulk density is given in Appendix B.

A general classification of the sediment profileeni different positions will be

performed.

4.2.1 Measured vertical distributions of activitpecentration and bulk density of

sediment cores from different positions
Position 1

Fig. 4.5 and Fig. 4.6 show the vertical distribatiof **’Cs in sediment cores taken at
position 1 influenced by the rivers Ticino, Verzasand Maggia. On the right side the
photos and vertical distributions of th&Cs activity concentration within the sediment is
shown. The consistence of the sediment materigdtieer hard so that the gravity corer
could sample only 45 cm depth and the t&t&'s inventory was not completely reached
(inventory > 33 kBg-m, decay-corrected to the 1.05.1986).
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In the top layer*’Cs has an activity of up to 100 Bg-kdDnly one maximum with more
than 600 Bq-Kg of **'Cs is observed at the depth of 24—26 cm for caffeid. 4.5) and
17-18 cm for core 4 (Fig. 4.6). In the same layerses of*‘Cs (not plotted) were found
(2.1 Bq-kd') whereas its activity concentration elsewhere belsw the detection limit.
At the depth of 45 cm the nuclear weapons testafigut is probably not yet reached,

while the™*'Cs activity concentration continues to increasé wipth.

In both sediment cores the vertical distribution*8€s is not a smooth function and
substantial scattering of tH&'Cs activity concentration along to the profile danseen.

In Fig. 4.6 one can find light layers (photo) beénwe8 cm and 7 cm (2 sequential) or one
between 32.5 cm and 36 cm which are characterisedmy by constant*’Cs activity
concentration but also by different bulk densitycampared to the neighboring layers. In
Fig. 4.5 similar layers can be found between 4 ¢ 8 cm (2 sequential) and one
between 37 cm and 40 cm with constaifiCs and clearly different!%b activity

concentrations.

The bulk density practically does not vary with ttegvithin both sediment cores. The
activity concentration of unsupportéd®Pb decreases exponentially with depth (the
dashed line in Fig. 4.5 for ‘Unsupportéd®Pb is an exponential fit to the measured data)
from 150 Bg-kg down to 50 Bg-Kg. No ‘Be was measured in the top 1 cm layer. Its
activity concentration is less than MDA (< 29.5 Biy').

Position 2

The position 2 in the basin of Cannobio with 290lake depth is presented by two
sediment cores. The vertical distributions'8€s, and bulk density (cores 1 and 3) and

unsupported™®Pb (core 1) are shown in Fig. 4.7 and Fig. 4.8.

Two maxima of**'Cs are recognizable which can be assigned to fleits after the
Chernobyl accident and the atmospheric nuclear areapsting fallouts in the 1960's.
The ¥'Cs activity concentration in the Chernobyl peak8(@&m for both cores) exceed
the value of 1200 Bq-kgas compared to that of the maxima after nucleapee testing
peaks (39-43 cm) where its concentration with abbd® Bq-kg is an order of

magnitude less. Als8Am with the activity concentration of 3.5 Bq-kgas detected in
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the layer 38—39 cm. The total inventory 6fCs for both sediment cores is about 30
kBg-m? (decay-corrected to 1.05.1986).

Between 13 cm and 32 cm depth for both cores ikevae layer with uniform colour. In
Fig. 4.7 the activity concentrations bfCs and unsupported®b as well as the bulk
density within this layer are constant, and fromttiwve can conclude that this layer
corresponds only to one single event. A similaratibn is observed in the sediment core
3 (Fig. 4.8).

Excluding the large layer between 13 cm and 32 mmfthe common fit, the bulk
density is linearly increasing with depth (Fig. 4fd 4.8). In the upper 1 cm lay@e
activity concentration was 29.1 Bgkgand 16.9 Bg-k§ for core 1 and core 3,

respectively.
Position 3

The vertical distributions of’Cs,*%b and bulk density of the sediment core taken at
position 3 at depth of 46 m are shown in Fig. ©8e clear peak in thE'Cs activity
concentration (10—4 cm) is recognized which camdb&ted to the Chernobyl fallout in
1986. This maximum is characterized by rather Ipecific activity of **'Cs (450
Bqg-kg"). The layer between 2 cm and 5 cm is charactetizedery low'*'Cs and®*%b
specific activities, and rather high bulk densiftjere is another layer between 18.5 cm
and 20.5 cm (dark layer in the photo) which appéatew the Chernobyl peak. Within
this particular layer the bulk density has a suddecrease while the unsupporfétPb
activity concentration increases as compared Viighnieighboring layers. That is why it
appears to be questionable whether this layer eassigned to the Chernobyl or nuclear
weapon testing fallou?*’Am was not detected as its activity concentratisrbélow
MDA (3 Bg-kg?). This is not surprising as tH&'Cs activity concentration is only about
100 Bg-kg. Below 30 cm thé*'Cs activity concentration decreases to zero, amwh fr
this we conclude that the layer 20—-22 cm can betedlto the nuclear weapons testing
fallout. The tota*’Cs inventory of the sediment core is 20 kB§-fdecay-corrected to
1.05.1986).
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The bulk density stays nearly constant within tééiment profile. The light brown color
of the top 0.5 cm indicates that no sediment was doring sampling although ri@e

was detected.
Position 4

Two distinct'*'Cs peaks in the sediment core taken at positioardctearly be seen in
Fig. 4.10. One occurs at a depth of 7-9 cm withaximum value of more than 900
Bqg-kg’. Some traces df“Cs (up to 2 Bq-k§ were measured in this layer, so it can be
related to the Chernobyl fallout. Another peak watlbroader shape is observed in the
layer between 15 cm and 20 cm. This layer is dudeonuclear weapon testing fallouts
which is proved by the presence?3tAm (6.8 Bq-kd'). No **"Cs was found at depths
larger than 26 cm. In the top 3 cm (light layethe photo) the bulk density is higher and
137Cs activity concentration is constant. The spedifitivity in the top layer is not much
larger than in the layers between the Chernobyl raidear weapons testing maxima.
The total inventory is 15 kBq-f{decay-corrected to 1.05.1986).

The bulk density is linearly increasing with deptin. the vertical distribution of
unsupported**Pb some variations of activity concentration arsevbed in the upper 20
cm. Down to 45 cm it decreases exponentially.’Be was measured in the top 0.5 cm;
nonetheless, the upper layer is well recognizedhen photo by a distinguished light

brown colour.
Position 5

In the sediment core 3 of position 5 taken from h6@epth, thé*'Cs maxima — 2500
Bqg-kg! and 190 Bg-kg— can be found in the layers between 10 — 11 @ir8n- 24 cm
for Chernobyl and nuclear weapon testing fallotgspectively (Fig. 4.11). A very sharp
maximum representing the input in 1986 is followsy a tail of enhanced specific
activity of **'Cs towards the sediment surface where it is instmme order as the
maximum of the nuclear weapon testing pé&am was found only in one layer (24 cm)
where its specific activity is 10 Bg-RgThe total™*'Cs inventory is 19 kBq-t(decay-
corrected to 1.05.1986).
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Although there is a clear distinction between dédfe sediment layers (photo), there is no
clear distribution of unsupportéd®Pb and bulk density in the upper 20 cm. Downwards
from 20 cm to 45 cm a clear exponential decreasgbserved if'%b concentrations

while the bulk density is increasing linearly.

The activity concentration dBe in the layer 0-1 cm was less than MDA (20.1kgd),
nevertheless, in the photo of the sediment in4&ifl it can be seen that the top layer was

not lost.
Position 6

The sediment core taken at position 6 (Fig. 4.123%m depth is characterized by a
considerable broadening of both the nuclear wedpsting peak (10-16 cm) and the
Chernobyl peak (2—7 cm). Very low specifitCs activities (< 330 Bqg-kf) are apparent
at that position. Nd*‘Cs was measured whereas at a depth of 13*&m was detected
with an activity concentration of about 7 Bq'kghich is in the order of the MDA. The
total **'Cs inventory of 7 kBq-i(decay-corrected to 1.05.1986) is very low.

The unsupported*®b is decreasing with depth and can be well-destdriby an
exponential function. The bulk density is incregsdown the sediment profile. In the

upper 0—1 cm layer the specifie activity was measured. Here, it is about 10k&Y-
Position 7

The vertical profiles from the deepest position ithw870 m lake depth are shown in
Fig. 4.13. The activity maxima of the Chernob3fiCs with about 1400 Bg-Kg(21 cm)
and of the nuclear weapon testifiCs with 160 Bg-k{ (35 cm) are well-separated. The
Chernobyl peak is very sharp and it is broadenegrtds the sediment surface with some
visible variations in the activity concentration’8fCs. At a depth of 36 cm the specific
24IAm activity is about 7 Bg-K§ The total**’Cs inventory at this position is about 33
kBq-m? (decay-corrected to 1.05.1986).

The vertical distribution of unsupported®b is varying substantially. Some layers
(10-12 cm, 15.5 — 18.5 cm, and 53-66 cm) can bedfauth very low specifi¢*Pb
activity and high bulk density at the same tirfiRe was measured in the top layer (0—

1cm) and its activity is about 11 Bgkg
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Fig. 4.5. Position 1, from left to right: Photo of the sediment cord@52 cm), the vertical
distributions of**’Cs (decay-corrected to the date of sampling 123)5@nsupported

#%p, and bulk density.
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Fig. 4.6. Position 1, from left to right: Photo of the sediment cord 53 cm), the vertical
distributions of **'Cs (decay-corrected to the date of sampling 123)5.and bulk

density.
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density.

62



Monitoring of water and sediments in Lago Maggiore

1¥ics UnsupportéfPb Bulk density
150 300 £B9kg 0 60 120 18y/kg O 0.4 0.8 gl/cm?
e Qi
- *
R *
R *
- /, . .| *
- - * I.
Chernobyl 1986 - . .
g /T e *
o e/ I o
i F’/Am .0|
¥ % R
B -
+ o
- »
- .
v *e
Y |
w:’é :’ |
] b
-
M IP:
w?’r’ﬂ |:
o | |
W:w,, | :
Y ¢
A S

Fig. 4.9. Position 3 from left to right: Photo of the sediment corg35 cm), the vertical
distributions of**'Cs (decay-corrected to the date of sampling 264)4@nsupported

2%, and bulk density.
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distributions of**'Cs (decay-corrected to the date of sampling 264)4 @nsupported
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Fig. 4.13.Position 7, from left to right: Photo of the sediment cord(0t39 cm), the vertical
distributions of**’Cs (decay-corrected to the date of sampling 185)4 @nsupported

2%, and bulk density.

4.2.2 Introduction of turbidites
One peculiarity of deep lakes, and in particulaLafo Maggiore, is the presence of so
called ‘turbidite layers’ in the sediment profileBurbidity flows can be described as
“underwater avalanches” of sliding sediments frowa $teep slopes of lake basins which

are responsible for the distribution of vast amewftsediment into the deep lake (Fig.

4.14, A).

Fig. 4.14.Different ways of turbidite appearance in the digdges:A - due to steep slopes of the
lake,B — with the incoming allochthonous material.
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In Lago Maggiore the distinctive feature of thebidite layers is that usually they have
higher bulk density in comparison with the neightbog layers and a rather constant
activity concentration of*’Cs and unsupportéd®Pb within this particular layer. Larger
turbidites can be seen in photos of sediment g®fihere the layers of the turbidites

have a uniform colour. An example of such largéitlite layer is shown in Fig. 4.15.

o=
33=

Fig. 4.15.A photos of alternating turbidite layer (T) and fn@l” (N) sediments of the northern
basin of Lago Maggiore.

An important fact is that in the deep basins of d.&daggiore turbidity flows produce
layers which are occasionally deposited on theaserat one instance without mixing the

underlying layers. This is in contrast to turbidifiows, e.g. in the Black Sea
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(Voitsekhovitch, personal communication), where tblepe is not as steep and
underlying layers are mixed heavily by the turhidibw. In that case, the density within
the turbidite layer increases with depth.

Another reason of the turbidity flow appearancehhige a very heavy rain which often
resides in the region of the Southern Alps and lhscpplies large quantities of
allochthonous material into the lake via frequener floods (Fig. 4.14, B). Such
incidents may take place every year or sometimesrgktimes in a year causing regions
of ‘mini-turbidites’ in the vertical sediment prtds (Marchetto and Musazzi, 2001). The
presence of such ‘mini-turbidites’ brings additibonacertainties in the model and makes
it difficult to establish correctly the depth-aggation in the sediment profile.

4.2.3 Discussion on the vertical distributions

In most cores the lamination of the profile duethe seasonal variations in the
sedimentation process or due to specific eventdeanell recognized. For example, in
sediment cores from positions 2 (Fig. 4.7 and 48§}ig. 4.10), 5 (Fig. 4.11) and 7 (Fig.
4.13) in the upper 1-4 cm layer a distinct whitgelais observed. According to
Guilizzoni (2003) this layer corresponds to a largendation in the year 2000.

In this chapter four factors which are used tosifgghe profiles of Lago Maggiore will
be discussed:

» the shape and position of the Chernobyl peak;

« 'Csinventories in the sediment;

* bulk density;

» the appearance of turbidite layers.

Shape and position of the Chernobyl peak

According to the shape of the Chernobyl maximure, pihofiles from the lake can be

grouped into three different types.
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Thefirst groupis characterized by a clear maximum which is olesiin the upper 10
cm with relatively high specific activities. The gleis followed by a monotonously
decreasind®'Cs activity concentration towards the sedimentamf Cores of position 2
(Fig. 4.7 and 4.8) and position 5 (Fig. 4.11) candesignated to this group. They are
located in the center of the northern and soutbasins of Lago Maggiore, respectively,
with water depths larger than 150 m. A similar &iton is observed in the sediment
profile of position 4 (Fig. 4.10). That positionlzcated behind the small island Madre

where there is no influence of inflowing or outflog water.

The second types introduced by a very sharp Chernobyl maximuruoed at a larger
depth (below 17 cm). This group is depicted bydbdiment profiles of positions 1 (Fig.
4.5, 4.6), 3 (Fig. 4.9) and 7 (Fig. 4.13). Profilelsthat type are found in front of
tributaries of the lake: Toce for position 3, Twimnd Verzasca for position 1. The
exception is the deepest position 7 which is lat@&ahe middle of the central part of the
lake. There, the larger depth of the Chernobyl peadk variations in the speciffé’Cs
activities above it might be due to some allochthenmaterial which is transported not
only by tributaries, but also with heavy rains. @wl activity in the Chernobyl peak as

compared with those from the first group is typifcalthese positions.

Thethird typeis represented by a very broad Chernobyl peakwtan be observed in
the sediment profile of position 6 (Fig. 4.12). Td¢wre was taken at a water depth of less
than 30 m close to the outlet of the lake. An eskdndiffusion of**'Cs acting at that

location can lead to such a broad structure (sapteh5.1.3).

137Cs inventories in the sediment

According to the total inventories 6¥Cs Lago Maggiore can be divided into three parts:
1. northern basin with values exceeding 30 kB§-m
2. central part with the inventories varying betwe&rahd 20 kBq:ff;
3. southern basin near the outflow area with 7 kBg-m

Here, a clear tendency of a decrease in t3f@k inventories from the northern basin to

the southern part of the lake can be observed {Fi§, A).
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A. B¥Ccs inventories B. Chernobyl : NWT ratio
Position +— Position

Position 7/

Position 3 g
S5

[ /Position 4

Position 3

Fig. 4.16.A: Arial distribution of total**’Cs inventories (kBq-H) in the sediments of Lago
Maggiore, decay-corrected to 1.05.1988. The ratios of Chernobyl to nuclear
weapons testin§’’Cs inventories calculated at 1.05.1986.

Positions 1, 2 and 7 belong to the first group, nehs positions 3-5 describe the second

group; the third part is presented by position 6.

Additionally, the ratios of Chernobyl to nuclearapens testing>’Cs inventories (both
decay-corrected to 1.05.1986) were determined @&if5, B). The ratio of Chernobyl to
nuclear weapons testiftfCs is about 2 throughout the lake, except for st3, 4 and
5 which are influenced by the inflow of the rivence and where the position of

Chernobyl**'Cs is increased by up to a factor of 4.

Bulk density

The bulk density of the sediment cores varies fofng:cnt up to more than 1 g-chrat
different positions in Lago Maggiore. However, twgroups of profiles can be
distinguished:

» with a relatively high and constant density,

» with a density linearly increasing with depth.
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Thus, sediments taken at positions 2, 4 to 7 aaeackerized by linearly increasing bulk
density. At the same time positions 1 and 3 areesgmted by harder material with

constant density down the sediment profile.

Turbidite layer appearance

In all sediment profiles, except those taken attjpos 2 and 6, many small turbidite

layers appear due to the transport of allochthoneaigrial after heavy rain falls.

Large variations in vertical distributions df'Cs and unsupported'®Pb activity
concentrations are typical for the layers aboveGhernobyl peak at positions 1 and 7
which is probably due to appearance of ‘mini-tuitieidlayers that are rather difficult to

identify and handle.

Positions 3 to5 are characterized by a turbidifgod@gion with a thickness of 2—-3 cm in
the upper sediment layer (Fig. 4.9 to 4.11). Thessitions belong to one basin and

probably provide similar records of the sedimeptatiistory.

A very large turbidite (a single layer with a sieles of about 20 cm) at position 2 (Fig.
4.7 and 4.8) was easily identified in the photonedl as from vertical distributions of
137Cs, unsupportett®Pb and bulk density. This layer is the result obidglity flows which

bring a large amount of material from the steepesoof the lake basin.

The variations of the bulk density and unsuppoft&b specific activities, as observed
in the layer 19-21 cm in profile of position 3 (F&9), may be explained by changes in

sedimentation conditions in the lake. In that dhselayer is not assigned as a turbidite.

Turbidites have a problematic influence on thel@siament of depth-age relation in the
sediment profile (see chapter 4.4) and bring amlubti uncertainties to the parameters

used for modeling the vertical distribution (seajuter 5.6).
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4.3 Association of radiocaesium to different geo-eémical fractions

In the following subchapters the results of gramesdistribution analysis and of
sequential extractions df’Cs from sediments of Lago Maggiore are describedl an

summarized.

The knowledge of binding df'Cs to the different geo-chemical fractions of tdisent
is important as the amount of exchangeable and fcesium will be used in the model

of the vertical migration of’Cs within the sediment (chapter 5).

4.3.1 Grain-size distribution of sediments and orgamatter content

In Fig. 4.17 the percentage of organic matter &edptrticle fractions sand (> 0.05 mm),
silt (2-50 pm), and clay (< 2 um) of the sedimerdfifes from the seven positions of
Lago Maggiore is shown. The experiments are peddron wet sediments, whereas all
values are related to the total mass of the dryptsmincluding the organic matter
content. The fraction of organic matter is of gried¢rest especially due to rather large
percentage of extractabfé’Cs associated with organic matter as will be shamn
subchapter 4.3.2.

The results of grain-size distribution analysis@ixen in a table in Appendix C.

Silt content

The prevalent fraction mostly at all positionsilt ¢ varies between 50 % and 80 % in
most of the sediments, except at position 2 whierg in the order of 20 % increasing
with depth up to 40 %.

Sand fraction

The sediment of position 2 is characterized bytlaerahigh percentage of sand (65 %) in
the top layer. In the layers below down to 50 cnsit factor of 2 less. The opposite
situation is observed at position 4 where the geaation increases with depth from 1 %

to 10 %. At other positions the percentage of sama the order of 10-20 %.
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Clay minerals

A clay minerals fraction of more than 40 % is olbserin the sediments at positions 4, 6,
and 7. At position 2, with a minimum in the layestlveen 2-12.5 cm, it increases with
depth up to 27 %. Other positions (1, 3 and 5)caeracterized by a lower percentage of

clay minerals which does not exceed 17 %.

Organic matter content

At most positions the percentage of organic matierather low (less than 3 %). It
increases with depth at positions 1 and 4, whexepssitions 2 and 7 there is a tendency
that it decreases (to 1 %) down the sediment groRbsition 5 is characterized by the

highest content of organic matter of more than 7 %.

There is the common tendency that the clay conseimiversely proportional to the sand

content in all profiles.

0-9.5cm
Pos 1{ 9.5 24 cm

0-2cm
2-125cm
125-145cm
39-47cm

Pos 2

Pos 3{ 5-18cm [ |- Sand

o Silt
| | | |Oclay
o Organig

0-15cm
15-30cm
30-45cm
45 - 60 cm

Pos 4

Pos5{ 0-20cm

Pos6{ 8-28cm

0-25cm
25-50cm

Pos 7{

Fig. 4.17.Percentage of grain-size distribution and orgamadter content of sediment profiles at
different positions of Lago Maggiore.
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4.3.2 Sequential extraction df'Cs in the sediment

Sequential extractions of the sediments give tiseaation of**'Cs to the different geo-
chemical fractions within the sediment matrix. At & 5-step sequential extraction
experiments was performed with sediment materiabsfiy from the area of the
Chernobyl maximum) from different positions of Laltaggiore as described in chapter
3.5.2. The results of these experiments show {&Xs is very tightly bound to the
sediment at almost all positions and generally anlfew percent of*'Cs could be

extracted altogether. The results are given in&it8 and in a table in Appendix D.

Position 1

At position 1 less than 10 % of the totdiCs could be extracted. Only 0.45 %"fCs
was associated with the exchangeable fraction.v&em smaller percentage 6¥Cs was
extracted with carbonates and oxides and hydroxifiesanganese, respectively. Only
the amount of*'Cs associated to organic matter and to the amospsitioates is in the
order of several percents. More than 90 % is aagsmtito the residue which mainly

consists of clay minerals, feldspars and quartz.

Position 2

The measured percentage of exchangeils at position 2 is about 1 %. Less than a
percent of radiocaesium was associated with catbsnaxides and hydroxides of iron
and manganese, and amorphous silicates, respgctiv&ls was extracted mainly from
the organic matter even though the portion of dggamase was less than 3 % (see

chapter above).

Position 3

The extraction experiments were performed on twiberdint sediment cores from
position 3. Both show a surprisingly low percentafiexchangeablé®’Cs of less than
0.3 %. The portion of about 1 % 6f'Cs could be extracted with the organic matter

whereas the percentage of radiocaesium associatecbwdes and hydroxides of iron
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and manganese is negligible. Thus, about 98 % dibmaclide remains fixed to the

sediments.

Performing the experiments on two sediment corksntdrom one position but several
meters apart, we tested the variability of our test"he measurements show that the
differences between two cores of the same positioithe lake are very small as

compared to the differences between cores froreréifit basins.

Position 4

The highest percentage of extractd(s (4.3 %) is found in the organic matter fraction
which is followed by the fractions of exchangeaibles (1.6 %), carbonates (0.5 %) and
oxides and hydroxides of iron and manganese (0.2T#g 3" step of the extraction
procedure could not be performed completely as wathirifuging it was not possible to
separate the liquid phase from the solid. Thusthalrest was put to the residue. This
explains the question mark “?” in Fig. 4.17. Whetthee white powder swimming on the
liquid phase is amorphous silicates or poly-phosgsas suggested by Dr. Wessels from
the Lake Research Institute at Langenargen, Gernmasystill to be analyzed.

Position 5

Position 5 is characterized not only by the highpstcentage of the measured
exchangeablé®'Cs (9.7 %) but in general, somewhat higher valuesxractable
radiocaesium. More than 20 % bFCs was extracted altogether from the sediments
which belongs to the fractions of exchangeable,ionganic matter (6.6 %), carbonates
(2.4 %), amorphous silicates (1.1 %) and oxides laydtoxides of iron and manganese
(1.1 %). Still, about 80 % df'Cs remains fixed in the residue and cannot be etetleby

the performed 5-step procedure.

Position 6

The highest extraction degrees at position 6 westerchined in the fraction of the
exchangeable ions (4.5 %) and the organic matt2ryg, followed by lower percentage

of extracted™*'Cs with the carbonates (1.8 %), oxides and hydesidf iron and
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manganese (0.7 %), and amorphous silicates (0.9P&).total degree of extraction for
137Cs is about 11 %.

Position 7

The portion of extracte®'Cs in the first step is 0.9 %. With 2 % the largestraction
percentage is measured for the fraction of orgaratter. Steps 2, 3 and 5 have very low
values of extracted radiocaesium which are in tioeroof only 0.2 %. So, again about
97 % of the radionuclide is fixed to the phase Wwhicainly consists of clay minerals,
feldspars and quartz.

Exchangeable ions (input for the model)
Carbonates
Oxides and hydroxides of iron and manganese

Organic matter
Amorphous silicates

Minerals
[

Pos 1 (110 m) 95-24cm

——72003—1

Pos 2 (290 m) 2-125cm

=

Pos 3 (34 m) 8-17cm

Pos 3 (34 m) 8-15cm

Pos 4 (146 m) 25-12cm

Pos 5 (160 m) 8-17cm

Pos 6 (26.3 m) 0-8cm

2004
—
=
e | e | We | W | Wa | We | Wi | W
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Pos 7 (370 m) 0-25cm

5 10 15 20 85 90 95 100 %

*7200541447
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Fig. 4.18.Results of the 5-step sequential extraction erpants for different positions of Lago
Maggiore. Given on the right side is: position, thepf the lake, and the sediment layer
on which the extraction experiment was performed. tBe left side the year of
sediment sampling is marked as explained in thie tex

General conclusions

The results of the 5-step sequential extractiormgutare performed on sediments of Lago

Maggiore show that*’Cs is very tightly bound to the sediment. The pet@ge of
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extractable®*’Cs during five steps is generally very low (1.9 5 86) except at the

position 5 where it is rather high (20.9 %).

The lowest percentage of radiocaesium could beebed in the third step with oxide and
hydroxides of iron and manganese. The extractignedeof this phase is always below
1 % with an exception at position 5 where it ameunt1.1 %. On the contrary, most of
extracted*’Cs was found in the organic fraction, followed Imycaphous silicates and at

some positions exchangeable ions of Cs.

As the portion of exchangeabtd’Cs in the sediment is very low and most of the Cs
radionuclides are fixed to clay minerals, the intaonce of**'Cs diffusion in the sediment
and the danger of its redissolution into the wafdrago Maggiore is very low. Still, the
exchangeable fraction df'Cs which is namedx in the following chapters remains

important for modeling the vertical distribution r@idiocaesium in the sediment.

The measured portion of exchangeabl&’Cs is taken as one of the input parameters of
the model described in chapter 5. THAEs which is associated to carbonates, oxides and
hydroxides of iron and manganese, organic mattegrphous silicates, and the rest is
taken as the fixed fraction in the model.

4.3.3 Classification of positions

From the results of the granulometric compositibiseriiments, organic matter content,
and **'Cs association to the different geo-chemical foasj it is possible to perform
another classification of sediments of Lago Maggjior
Here, the following factors will be discussed:

* oOrganic content;

« measured portion of exchangeabls.

Organic content

In Fig. 4.19 (A) the organic matter content forfeliént positions of Lago Maggiore is
shown. Each position is represented by the valueasared in sediment profiles at a
depth corresponding to the region of the Chernpbgk.
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According to the percentage of organic content,pbsitions of Lago Maggiore can be
divided into three groups:
» organic matter larger than 3 % (position 5);
» content of organic matter varying between 2 % artd Boositions 1, 2, and 7,
representing in that way the northern basin ofdke);

» fraction of organic matter not exceeding 2 % (posg 3, 4, and 6).

A: Organic matter content B: Exchangeable*"Cs
Position 3— Position

Position 7/ Position 7/
Position 3 A 2.9] Position 3 #0.86
Y A y '
| 1.7¥ Position 4 56} Position 4

Fig. 4.19. Percentage of organic matter content in the seusnéA) and percentage of
exchangeabl&'Cs measured at step 1 during the sequential eiximaexperiments (B)
in the sediments from different positions of Lagaddiore.

Measured portion of exchangeablé’Cs

A similar classification of the positions can bendaaccording to the percentage of the
measured portion of exchangeablé&Cs in the sediment profiles. Figure 4.19 (B) shows
the portion of exchangeabl&Cs ions measured in the sediments from differesitipns

of Lago Maggiore.

Roughly, the lake can be divided into three parts:
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» northern and central basins (positions 1, 2, 4@ndith a rather low percentage
of exchangeabl&'Cs (0.45 — 1.56 %);

* southern basin (positions 5 and 6) which is charasd by much larger
percentage of extracted exchangeabi@s ions (4.5 — 9.9 %);

« position 3 which with the lowest portion of measlisxchangeable ions 6f'Cs
(0.24 %).

Generally, Lago Maggiore sediments are mainly atarezed (except position 5) by low

percentage of exchangeable and extractable duristgfb extraction procedufd’Cs at

the same positions.
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4.4 Dating of sediment with?*%Pb

Dating of the sediments was carried out in the sesgres from different positions of
Lago Maggiore. Based on the data on the contenhsdipported*°Pb in individual 1 cm
layers of the depth profile, their age and thersedtation rates were determined. To do
these calculations, two different models were us&dS and CIC (see chapter 3.6 and
Appendix E). Additionally the independent lineaptteage relation based di'Cs is

introduced.

4.4.1 Results and discussion 81Pb dating

Figures 4.22 to 4.28, part A, show the plot?8Pb activity versus the accumulated
weight (calculated from the bulk density and thiegs of the sediment sample) for 7
cores from different positions. In sediment comesrf positions 1 to 5, and 7 the larger
turbidites were taken out. Afterwards, a weighteast-square exponential fit to the data

(pink line) was applied.

At positions 2 (Fig. 4.23), 4 (Fig. 4.25) and 6g(F4.27) thé*Pb activity concentration
can be described by exponential functions (ClQ)enatvell. However, the extrapolation
down to infinity shows very low values as companeth the measured data. The reason
for these higher unsupport&Pb activity concentrations might be the los$’d®n from
the sample of up to 30 % in the worst case. Moabainle is a deviation from the CIC
model Also at other positions significant deviaidnom the best fit-line are observed.
These deviations indicate that the accumulatioa vatied: high activities indicate low
accumulation rates and vice versa. Another reasosuch large scatterings ift°Pb
activity concentration, e.g. at positions 1 (Fig22) and 7 (Fig. 4.28), might be the
presence of many smaller turbidite layers which lmamather difficult to identify and are
therefore not taken out from thEPD fit.

The results of dating the seven cores are givefign4.22 to 4.28, part B. The age of
individual sediment layers is shown as calculatmbading to CIC (thick green line, thin
lines are the uncertainties) and CRS (the red pouth the error bars calculated from the

counting statistics of thé'%b measurement) models. The blue line (points)nis a
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independent time scale based’8fCs dating with maxima indicating Chernobyl fallout
in 1986 and nuclear weapons testing in 1963, mlottersus corrected depth. On the
secondary axis the sedimentation rate calculatad the CRS model is shown as a red

dashed line.

Both, CIC and CRS dating results agree very wetklia about 40 years for cores from
positions 1 (Fig. 4.22), 3 (Fig. 4.24) and 7 (Fig28). Also the location of thE'Cs
maxima confirm these models, whereas at positiofBigt 4.25) and 6 (Fig. 4.27) is
agrees only with the CIC model. Still, thi€Cs model at position 3 gives an indication
that the top layer of the sediment core might besing. This fact is rather surprising
because according to the photo of the profile @sgmwee of the top was indicated by the
layer of light brown colour. Probably, the expldoatof such®®*'Cs slope can be the
presence of the turbidite which was found befoeeG@hernobyl fallout and was not taken

completely from the fit.

At position 5 (Fig. 4.26) rather good agreements ba seen between CRS and CIC
models, but both do not agree witHCs dating. There is a clear disagreement between
three methods of age determination applied fors#gdiment core from position 2 (Fig.
4.23).

Pb-210
RS

Position

Fig. 4.21.Average sedimentation rates ifjogr?-a) calculated using the CREPb model.
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From Fig. 4.21 it can be seen that the averagemsedation rate calculated using the
2%} data varies between 0.8cgt-a)* and 1.2 gcné-a)™.

However, the range of the sedimentation rate isffo7 to 2.2 dcn-a)* (position 1),
0.01 to 1.1 dcna)! (position 2), 0.2 to 1.5 -@n?a)* (position 3), 0.02 to
0.9 g(cn-a)* (position 4), 0.2 to 1.6-(n™a)’ (position 5), 0.04 to 0.6@nr-a)*
(position 6) and 0.4 to 1.4(gn?-a)* (position 7). These values can be compared later
with the output of the modeling tH&'Cs vertical distribution in the sediment (chapters
5.6 and 5.7).
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Fig. 4.22.Position 1.A: Measured unsupportéfPb activity concentration versus accumulated
weight. The pink line is a weighted exponentialtéitthe dataB: Depth-age relation of
the sediment as a result of dating. The dashed dim@vs the sedimentation rate
calculated by the CRS model.
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Fig. 4.23.Position 2.A: Measured unsupportéPb activity concentration versus accumulated
weight. The pink line is a weighted exponentialtfitthe dataB: Depth-age relation of
the sediment as a result of dating. The dashed dimevs the sedimentation rate
calculated by the CRS model.
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Fig. 4.24.Position 3.A: Measured unsupportéPb activity concentration versus accumulated
weight. The pink line is a weighted exponentialtfitthe dataB: Depth-age relation of
the sediment as a result of dating. The dashed dim@vs the sedimentation rate
calculated by the CRS model.
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Fig. 4.25.Position 4.A: Measured unsupportéfPb activity concentration versus accumulated
weight. The pink line is a weighted exponentialtéitthe dataB: Depth-age relation of
the sediment as a result of dating. The dashed dimevs the sedimentation rate
calculated by the CRS model.
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Fig. 4.26. Position 5A: Measured unsupportéPb activity concentration versus accumulated
weight. The pink line is a weighted exponentialtfitthe dataB: Depth-age relation of
the sediment as a result of dating. The dashed dimevs the sedimentation rate
calculated by the CRS model.
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Fig. 4.27.Position 6.A: Measured unsupportéfPb activity concentration versus accumulated
weight. The pink line is a weighted exponentialtéitthe dataB: Depth-age relation of
the sediment as a result of dating. The dashed dim@vs the sedimentation rate
calculated by the CRS model.
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Fig. 4.28.Position 7.A: Measured unsupportéPb activity concentration versus accumulated
weight. The pink line is a weighted exponentialtfitthe dataB: Depth-age relation of
the sediment as a result of dating. The dashed dimevs the sedimentation rate
calculated by the CRS model.
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4.4.2 General conclusions on dating the sediments

For some of the sediment cores from Lago Maggiath ICIC and CRS models show
rather good estimates of the sediments’ age. It sgsposed that due to varying
sedimentation rates CRS version should be muckrbétowever, as the age of sediment
layers is determined via the ratio of integralstioé “‘Pb activity down to infinity,
turbidites which add some maof€Pb to the inventory tend to make the calculatedodge
sediment layers younger.

Of course, large turbidites can easily be iderdifen the photo of sediment cores.
Nevertheless, smaller turbidites within the seakpatiern in the photo of the core which
have an influence on the age determination as avellmore difficult to identify and to
handle. Therefore, dating with radionuclides becona¢her difficult.

In general, together with'Cs, the?*%Pb methods CIC and CRS can provide reliable data

for dating purposes and for sediment accumulatba calculations.
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5. MODELING OF RADIOCAESIUM IN WATER AND SEDIMENTS

OF LAGO MAGGIORE

To predict the long-term behaviour and particuldhlg migration of radionuclides in the
environment, different models were developed aneduso far (Smithet al, 2002;

Kirchner, 1998; Klemtet al, 2002; Monteet al, 2003). Generally, two classes of
migration models can be distinguished. The moddisthe first class —simple

compartment models— use a number of compartments (which are defisgubas with

constant concentrations) associated to soil/sedilagers, and calculate radionuclide
fluxes between them, without making assumptions tlb@ migration mechanisms
(Bossew and Kirchner, 2004). Recently, howeveryas pointed out (Kirchner, 1998)
that this class of models which is using commofedtial equations implicitly assumes
purely convective flow with dispersion charactecstdefined by the number and size of
compartments. The solution of such simple compartmmodels is presented as

integration over time.

The models of the second classaralytical models — result in partial differential
equations for the concentratidd (x,t) of a radionuclide in deptk below soil or
sediment surface after migration tinhe Basically, there are two types of analytical
models. Thefirst type makes assumptions on physico-chemical mechanishishw
govern the migration of radionuclides in soil ameit interaction with soil particles
(Bossew, 2004). Theecond typeries to describe empirical profiles mathematicall
rather than explaining them, but due to their pusshpirical basis, this type of models
should not be used for predictions. Analytical medsan be solved using both, finite
differences (the solution is the averaged actiedpcentration within a certain layer) or
finite element methods (the result is the contimudunction instead of discretised
constant values).

This work is devoted to a particulanalytical model of the first typahich assumes
sedimentation and diffusion as two main processesralling the vertical migration of

137Cs in lake sediments. Another important mechanisrichvdescribes the interaction of
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137Cs between liquid and solid phase is sorption. Phecesses bio- and physical

turbation as well as radioactive decay are takenancount in the model.

Within a joint project of the Radioecological Labtory at the Hochschule Ravensburg-
Weingarten (Germany) and the Spiez Laboratory @&niénd) on the present
radioecological situation of Lago Maggiore, the ofinof radiocaesium from the
catchment area to the lake tributaries after actismgle-pulse deposition was modelled.
It was sufficient to use a compartment model andsdtve the common differential
equations by the finite differences approach (Skariz 2005). In case of our model
which describes migration processes in space amel &nd consists of a set of partial
differential equations, a finite element prograner(ftab) was used instead of finite
differences (programs like ModelMaker, Powersim¢.)et although finite element
programs are usually much more complicated. In\tlag we were able to describe the
migration behavior of radionuclides by modeling ithmput into and the vertical
distribution within the sediment as shown in thisater.

5.1 Main processes in the “diffusion-convection” tge model

In this chapter the main mechanisms controllingrthgration processes of radiocaesium
in the bottom sediments will be discussed in detall

5.1.1 Sorption

In deep lakes one of the processes by which ratiMigdn the water column can be lost

is sorption of radionuclides to particles which seduently settle to the bottom sediment
taking the radionuclide with them. Thus, a transferctivity between the two phases
(dissolved and particulate form) is taking place.

Exchangeable and fixed parts of radioactivity

In the solid phase of bottom sedimem&s exists in two forms — exchangeable and
fixed. The exchangeable form includes th4€s which is most of its time adsorbed on

the surface of particles and only part of its tichesolved in the pore water. The fixed
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part of the radionuclide is bound to solids. Thaegponding concentrations are given as
C: andC; in Bq-n¥ per 1 cm layer of sediment. The interaction betwie two parts

can be described by first-order fixation and realiggon processes using the following

differential equations (Konopleat al, 1996):

Celxt) _ [T, +r[C, (5.1)
ot
—aCFa(tX’t) =f [C, -r[C, (5.2)

where,
f andr are fixation and redissolution rates, respectiviely’.

Schematically, one solution of these equationshews in Fig. 5.1. Fixation and
redissolution rates ardynamic parameters. As we do not intend to model seasonal
variations (the time resolution is in terms of yaan equilibrium between fixation and
redissolution can be assumed (Fig. 5.1). In thig tha actual values of andf become
obsolete and only the ratio of and f is important. The parametdr which is in the

order of 2 & (Spasova, 2003) is reasonable and we have equiiitwithin one year.

C
arbitrary starting \ F
concentrations equilibrium

Ce

Time

Fig. 5.1. A combination of fixation and redissolution proses describing the exchangeable and
fixed parts of activity concentration.

The portion of exchangeable activity is experimentally determined by the first step of
extraction experiments (see chapter 4.3). Taking atcount the statements described

above we finally derive the following equilibriungeation:
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= (5.3)

Distribution coefficient

The distribution coefficient Kis anequilibrium parameter which relates the activity
concentration of the adsorbétiCs to its activity concentration in the pore wafsee
chapter 3.2.4)

There are exchangeabl& {*) and total K") distribution coefficients which can be

calculated from the concentration of exchangeaisis sorbed on solids or from the total
activity of the sediment, respectively. The ratidreese two coefficients gives the portion

of exchangeable activitgy within the sediment:

ex
Kd

a = .
tot
Ky

(5.4)

The value of the total distribution coefficieKt?, is very much sensitive to radionuclide

speciation in the solid phase (Konoplev and Bulgak895). In immediate term only the

exchangeable portion of radionuclide contributesdiad-liquid interphase exchange. The
advantage oK' is that its value is governed by ion exchange @amdin principle be

calculated on the basis of environment charactesistuch as capacity of sorption sites
and cation composition of solution.

Nevertheless, a rather constak{™ for **'Cs (over the period of 11 years after the

Chernobyl fallout) was measured by Klemt al. (2001) for the system “water —
suspended matter” in Lake Lugano which is a neighbg lake to Lago Maggiore. In
our model with the first order fixation and redikgmn processes we also use a constant

distribution coefficientk ;.
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5.1.2 Sedimentation and compaction

Sedimentation is mathematically equivalent to cotiee with the only difference that
convection is connected with dispersion while sedhitation processes take place without
it. This process is described by the following elifintial equation:

oC Bag

at =vg o (5.5)

where v, is a sedimentation speed in cth-a

Fig. 5.2 explains schematically the sedimentatioocgss which describes the
“movement” or transport of the activity with timarbugh the profile. The black line
indicates an arbitrary peak as initial conditiortiate t,. If there are no other processes
in the lake than sedimentation, with time the astiwill be moved down to deeper

layers of the sediment profile which corresponthilighter lines in the figure.

/\A |
Al

Depth

Fig. 5.2. Schematic description of the sedimentation praessthe lake sediments using finite
differences (FD) and finite element methods (FERBuwming a peak distribution in the
sediment. Different colours indicate different time

t3

Activity concentration

Here, it is also necessary to show one of themditins between the two approaches:
finite differences and finite elements methods @se chapter 5.5). The limited number
of layers in the finite differences approach introéls a broadening of the peak (Fig. 5.2).
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Experimentally it was found out that the bulk dénsif the sedimenp, (g-cm) is not

constant and increases with depth for most of tinéiesd positions. Empirically it can be

described as:

pb(X)=(po +$D<j, (5.6)

where p, is the density of the top layer of the sedimemtgicn®; x is depth in cm and

?, in g-cm", defines the slope of the linear function of bdénsity of a certain vertical
X

profile.

The compaction of sediments with depth is takero iatcount by weighing the

sedimentation speetg (cm-&) at depthxwithin the sediment by the measured bulk

densityp, :
vg(x) = v, P . (5.7)

The sedimentation ratBg (g-cn¥ per year) which does not depend on the depthed us
to describe the amount of sediment settling evear ynto the bottom of the lake.

The ratio& gives the sedimentation speggd which is introduced into the differential
Py

equations describing the movement of the activatyoentration due to the sedimentation

process (see equation (5.5)):

0Ce :i &[@ (5.8)
ot oxlp, -

and
ot ox|lp,

In these differential equations the sedimentatjpeed has to be within the gradient as it

is not constant.
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5.1.3 Diffusion and turbation

In terms of fixed and exchangeable activities¥€s, it is evident that the fixed portion

C. cannot diffuse in the sediment as it is bound d¢tidsparticles, whereas the
exchangeable par€C. can be transported upwards and downwards due fligsion

processes in the pore water.

On the other hand, there are bio- and physicahtiob processes which are important for

the top sediment layer and describe the role ohwvspwind, waves, etc. in the lake.

Diffusive transport in sediments

Thus, one of the main transport mechanisms whichtribwte to the mixing of
radionuclides in lake sediment is molecular diftusi Dissolved radionuclides tend to
move from regions of high concentration to regiofidow concentration according to

Fick's first law of diffusion:
F=-D¢ Ba& , (5.10)

where
F is the diffusion flux, in Bq-(cfra)®;

D, is the effective diffusion coefficient, in éra’.
From the conservation of mass we know that

oCe :—iF, (5.11)
ot 0x

Combining this relation with the Fick’s first lawenget Fick’s second law:

aC. _ @ 0
and
0;3: :ai(DE E-)aa—ch. (5.13)
X X
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Only in case wherD_ is independent on depxit can be taken outside the gradient:

2
oCe _ D, Baif (5.14)
ot 0X

In Fig. 5.3 the effect of the diffusion processluehcing a peak distribution of
radioactivity in the sediment is shown schematycalhe longer the diffusion takes place

the broader the peak will be. Different curves shibfferent time intervals.

- b
.
<
c
q),
(8]
o
> 2l
Iy
(@]
< /' l\t3t
A\
Depth

Fig. 5.3.Effect of diffusion on a peak distribution of adty within the sediment depending on
time. Different colours indicate different times.

Retardation factor

The effective diffusion coefficienD. is the diffusion coefficient in an adsorbing system

It is equal to the diffusion coefficient of ionsder non-adsorbing conditionB); divided

by a retardation factor (R) of the adsorbing system

Dp=—. (5.15)
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Here, T (1<1) is the dimensionless tortuosity factor whiclsatées the decrease DBf.

due to tortuous flow along the pores of the sedimri2ms the diffusion coefficient of ions

(in this study C¥ in water of a certain temperature in%af .

The retardation factor is a dimensionless paranattaracterizing the retarding effect of

adsorption on solute transport. Mathematically,ridtardation factor, R, is defined as:
—_ & ex
R=1+ 5 K, (5.16)

where

p, is the measured bulk density of the sediment; ¢mig;

0 is a dimensionless parameter which describesdhenetric content of water.

Hence, it is evident that the larger the distribntcoefficient is, the larger the retardation
factor is. On the other hand, a lower pore watetext can also lead to an increase of the

retardation factor.

Tortuosity and porosity
In sediments, diffusive transport of ions and moles is influenced by two sediment

characteristics — tortuosity and porosity (Maetkal, 2004).

Tortuosity T is a measure of the increase of the path lengtlugih the pores of sediment
as compared to the direct path. It can be calallaseKlute, 1986)

7

T=03 72, (5.17)

where ¢ is the dimensionless porosity of the sediment tisan the order of 80 — 90 %
and 6 is a volumetric content of water. The assumpttaat all pores in the sediment are
filled with water leads to@=¢. Taking this fact into account, the equation fbe t

tortuosity can be formulated as:

T=¢3. (5.18)
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Having the values for particle density and bulk signof the sediment, it is possible to

calculate the total porosity using the following equation:

£= [1—&}. (5.19)
Pp

Here, p, is the mean particle density which according tot&l(1986), typically equals to

2.65 g-crit. This value was also measured on some typicaireeds by Spasova (2003).

The total pore space increases as the bulk deasieases and vice-versa. The r§$o
Py

gives the fraction of the total volume which is opied by solids, thus, by subtracting
this value from unity, one gets the fraction of tb&l volume occupied by pores.

Effective diffusion of**'Cs in sediments

An important remark concerning the distributionfficeent in equation (5.16) should be
mentioned here. As described above, our modeldoties one distribution coefficient

K, which is responsible for the uptake '§fCs into the sediment. But we introduce
another coefficienK gxdif which controls the diffusion within the sedimenhe latter is
decreased due to the enhanced concentration ofetmmggons (NH;, K*) in the pore

water of the sediments as compared to the lakerweleés Kgidif is used to calculate

the retarded diffusion of*'Cs within the pore water. Thus the final equation the

effective diffusion can be given by:

D. =D e (5.20)
1+&DKZX dif
e Ko

In this formula D is the constant of diffusion fiaretal ions in pure water as taken from
Klute (1986) and recalculated to the average teatpex of the lake water using the

equation below:
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M,
Do =7 2Dy, (5.21)
T°C

whereM_._ andM . are the viscosities of water, in cp, at the resped¢emperatures.

In Lago Maggiore the temperature of the lake whetow the epilimnion varies between
6°C and 8°C for spring and autumn seasons. Thagjliffusion constant D for Csat a
temperature of 7 °C (which is an average temperaitithe deepest layers of the lake)
equals to 405.35 cha".

The exchangeabl@”Cs distribution coefficientk Sfdif essentially reduces the effective

diffusion of exchangeablE'Cs in the sediment. The larger this coefficienthis lower

the portion of time in which Can diffuse in the pore water.

Competing ions

The major ions that compete with caesium for bigdiites on illitic clays are NA and
K" (see chapter 1.2.1).

In a simple model we assume that the distributioefficient Kg'g¢ is inversely

proportional to the concentration of competing ionthe pore water:

K ar _ [K+]+5EﬁNHZ] in water
K& |K*|+50NH;| in pore water’

(5.22)

Here, the constant “5” in front of ammonium concetibn reflects the fact that the
affinity of NH," cations to the selective sorption sites is abotim&s higher than the
affinity of K*.

In our model Kgidif is a free parameter which will only later be congohwith the

concentration of competing ions.

Bio- and physical turbation processes

In the top layers of sediment (several cm) two eddht processes may take place:

bioturbation which is the mixing or alteration of sediment pdels or pore water by
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various organisms, or/anghysical turbationwhich is caused by the action of waves,
currents, winds, etc. Both processes influencevéingcal migration of the exchangeable
and non-exchangeable chemical form of radionuclidethe top layer of the bottom

sediments leading to a mixing of this layer.

From a mathematical point of view these processessimilar to diffusion and can be

described by the following equation:

Foys = —D A (5.23)

h ’
p pnys ax

what allows simply to sum it up to the effectivelatular diffusion:

oC. 0 0
=~ |(b.+D.,. )JO=C 5.24
ot ox (( E P“VS) ox Ej (5-24)
and
oC. _ 0 0
E="|D. . O—C 5.25
ot 6x( PYS " x Fj (5:25)

Here, the term oD _, . implies that not only physical turbation but alsioturbation is

phys

included.

5.1.4 Radioactive decay

One of the processes leading to the decreaseivitconcentration of radionuclides in
the sediment is radioactive decay:

oC _

—=-ALT, 5.26
m (5.26)

where A is the decay constant ift.alt can be calculated from the half-life,Ifor a

certain radionuclide:

A=z (5.27)
Tl/Z

Thus, for**'Cs with the half-life T, = 30.07 years\ equals to 0.023a
Graphically this process is presented in Fig. 5.4.
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Fig. 5.4. The law of radioactive decay (a) and its influerme the decrease of activity
concentration with timé on a vertical peak profile (b).

5.1.5 Complete system of coupled differential edgoias

Taking into account all the processes describedelibe vertical distribution of activity
within the sediment and the continuous input®€s into the lake can be comprised by

the following system of two coupled partial diffat@l equations:

aC.(x,t) a( 0 J d(R

=—|D.+D, |JB—C_|+—|—3[C_|-f[C.+r[C.-A[T 5.28

at ax ( E phys) OX E OX pb E E F E ( )

oClt). 0 P01, 9(Reg | r-arT,. (5.29)
ot ox " ox x| p,

C. andC. are the exchangeable and fixed part of radio&gtikespectively, given in
Bg-m? per 1 cm layer of sedimeri;(a®) denotes thé*'Cs radioactive decay constafit,

(@) andr (a%) are first order fixation and redissolution raté®, (g-cm?>d") is the
sedimentation ratep, (g-cn®) is the measured bulk density of the sedimé, .

(cnt-a%) the combined bio- and physical turbation actimyydn the top layers of the

sediment, and . (cnt-a") is the retarded constant GfCs" diffusion.
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5.2 Initial and boundary conditions

To solve the system of partial differential equasianitial and boundary conditions are

needed.

5.2.1 Initial conditions

The model presented in this study can describeonbt the maximum in the vertical
sediment profile related to the fallout in Chernloioy1986, but also those peaks which
are related to the nuclear weapons testing fallitts maxima in 1959 and 1963. In case
that the total inventory in the vertical sedimemfipes was not reached experimentally
(e.g. position 1), modeling was possible only foe Chernobyl peak. Hence, as the time
for the initial condition 01.01.59 (a rough timetbé first nuclear weapons testing fallout
maximum) or 01.05.86 (the time of the Chernobylbiat) were chosen.

For both cases it was approximated that at iniitae the activity concentration in the

sediment was negligible:

C.(t=0) = C.(t=0) = 0. (5.30)

5.2.2 Boundary conditions
To solve the partial differential equations a Chiat boundary condition is used:

C (x=0) = K, [T,. (5.31)

This boundary condition describes the uptake aviggtfrom water to the top layer of
the sediment and - as an alternative interpretatinorcombination with the sedimentation
rate Ry it describes the uptake of settling suspendedembeing in equilibrium with the
dissolved activity in the surrounding water. Inngiple, activity diffusing within the
sediment to its top layer could be taken out friwe $ediment and redissolved again in

the water by this equation.

104



Modeling of radiocaesium in water and sedimentisazfo Maggiore

The radionuclide activity concentration in the lakater, G (Bg-m>), must be known
from the time of deposition (Chernobyl or nucleaapons testing fallouts) until the time
to which the model should be calculated.

MOIRA and AQUASCOPE models as a tool to describe #ictivity concentration in
the lake water

A variety of models predicting the behavior of uliclides (most commonf?’Cs and
*3r) in fresh water ecosystems has been developedested during recent decades
(Monte et al, 2003). Among them there are such models as MO({Rante, 1991;
Monteet al, 2000) and AQUASCOPE (Smitt al, 2005) which give average estimates
for radionuclides in water bodies for all timeseaftadioactive fallout. These are models
which have been intensively calibrated and testedChernobyl-derived radionuclides in

many European lakes. Thus, the output resultsute eeliable.

The above mentioned models are, essentially, elgmitzarhey supply similar outputs for
a suitable choice of their parameters and theyansidered to be not very complicated
in the sense that the information on input paramete usually available and does not

require complicated measurements.

MOIRA

For running MOIRA one has to know such general nmi@tion on the lake and its
watershed as mean and maximum depths, altitudgjtlmie and latitude, lake area,
catchment area, average amount of precipitatiorwell as the deposition on the
catchment area and lake itself. However, additiamf@rmation about soil and bedrock
type can be of great importance. MOIRA calculatee activity concentration of
radionuclides taking into account their seasonalatians by introduction of seasonal
moderator which (in case of Lago Maggiore) givesrmneased transport 6f'Cs during

the late spring — summer period with snow meltingd amaximum amount of

precipitation.
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AQUASCOPE

The AQUASCOPE model takes into account the follapley processes of radionuclide
transfer in a catchment-lake system: fallout to¢htchment and lake surface, runoff of
radionuclide from the catchment to the lake, rerho¥aadionuclide from the lake water

to sediments and removal of radionuclide via the lautflow (Smith et al., 2005).

The **’Cs activity concentration in the runoff waterg Bgm®), is given by the sum of

three exponential functions:
CR(t ) = DC m aCse_()\+k1 ! + BCSe_(M.k2 ! + yCSe_(M.k3 ! ) ’ (532)

where @ is the'®'Cs deposition to the catchment area-(B9; A (a?) is the**'Cs
radioactive decay constantics Pcs vos (M?) and k, ko, ks (@) are empirically
determined constants. The three exponential temntisel equation (5.32) describe a very
fast decrease of thH€'Cs activity due to a rapid washoff processes, @ slecline as a
result of soil fixation and redistribution processeand the very long term of

“equilibrium” situation, respectively.

The initial mean**’Cs activity concentration in the lake water,(@ (Bgm™), can be
estimated by:

D
C.(0)= TL : (5.33)
where Q (Bgm?) is the**'Cs deposition to the lake surface and d (m) thenndepth of

the lake, calculated by dividing the lake volumethy lake area.

Taking into account that the decline of radionuelitbncentration in the lake water is
determined by transfer of radionuclide to the batteediments, losses through the lake
outflow and physical decay constant, the activittCs concentration in the lake can be
calculated as:

0, _Cx Cu_Cu_

C A, 5.34
. T, T, T - (5.34)

w w S

wherert, (a) is the water residence time of the lake ar(d) is the time constant 6f'Cs
transfer to the sediments. The inflow'd{Cs into the lake is given bysGeq. 5.32).
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The simplicity of the structure of the AQUASCOPE deb (implemented in EXCEL) in

comparison with the MOIRA model (based on the pragiPowersim) convinced us to
use the AQUASCOPE model for predictifiyCs in Lago Maggiore and to implement it
as a boundary condition for the set of two padiéferential equations. Fig. 5.5. shows a

comparison of the model outputs.

1000+

100 4

[EEY

©
=

0 50 100 150 200 250

Time since Chernobyl fallout in months

Fig. 5.5.Comparison of the results (concentratio®€s in water of Lago Maggiore) of models
MOIRA (blue curve with seasonal variations) and AERLOPE (green line).

137Cs activity concentration in water, Bq/m
H
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After several runs of the lake models (MOIRA and WASCOPE) two parameters
which have the main influence on the output reselte singled out, these are — the mean
precipitation and the deposition 5fCs on the catchment area. In Semizhon (2005), a
sensitivity analysis of the run-off model for Laitaggiore was performed which also
showed that the most sensitive parameters arenthal ideposition on the catchment

area, the amount of precipitation, and the soihyaability factor (see chapter 4.1.5).

According to “Atlas of caesium deposition on Europiger the Chernobyl accident”
(1998) the inventory of*’Cs on the territory of the watershed of Lago Maggjizaries
largely between 2 000 Bg-frand 40 000 Bq-ih The best fit to the measured data is
shown in Fig. 5.6. As initial deposition on thedahent area of the lake in this case a
value of 3 500 Bg-fhwas taken. This value is in agreement with thg6ad00 + 2 000)

Bqg-m? which was used in the catchment area model destitbSemizhon (2005).
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As the value for the average precipitation for La¢@ggiore and its watershed is known
rather precise, it was not possible to vary it édyg Although the annual precipitations
have rather strong variations (1226—3352 rifip-according to the maps of precipitation
(Carollo, 1985) and data reported in the literatitte Bernardiet al, 1984; Premazzi,
2003) the average rainfall in the watershed ardagb Maggiore is 1833 mni‘a

The other parameters used in AQUASCOPE model aravbrage deposition 6'Cs to
the lake (20 000 Bg-1), the water residence time (3.8 a) and the areatién of organic
boggy soils (0.05).

Nuclear weapon testing and Chernobyl fallout boungaconditions

The AQUASCOPE model was applied to Lago Maggiore fitted to several measured
surface water data points which were available fi@lberti (2003), D’Alberti (2001—
2002), Cazzanig&t al. (1996-1998), Cazzaniget al. (1997), D’Alberti and Osmani
(1995), Osmankt al. (1994), Dominici and Risposi (1990-1993), Domin{tB89 —
1980), from the "Radioactivity Environmental Monitty (REM) database of the
Institute for Environment and Sustainability, DGGREuropean Commission, and also to
our measured data of tH&Cs vertical distribution in the water column (F&§6). The
output of the model gives the result as an aveld@s concentration over the water

column.

The data points taken from the literature corredpnthe surface water measurements,
S0 it is reasonable to have very high values ferfitst months after Chernobyl accident
when most of activity was deposited on the lakdéasgr Within the next months part of
activity was transported with particles down to batom sediments and by this way was
removed from the surface. This fact explains theeiovalues of the®*'Cs activity
concentrations (blue points in Fig. 5.6). The meadyoints at different depths (every 30
— 50 m) of the lake water column are presenteceéhaolour. The higher*'Cs activity

concentration was measured in the deeper layets whithe surface it was rather low.

To model the vertical distribution 6f’Cs over the whole sediment profile including the
Chernobyl and nuclear weapons testing falloutspthendary conditions were derived in

the following way: The activity concentration inethake water after single pulse events
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was calculated with the AQUASCOPE model (Fig. 5B)is result was summed up
three times with different amplitudes for the maainef the weapon testing and
Chernobyl fallouts in 1959, 63 and 86, respectivatyshown in Fig. 5.7.

10000+

137Cs in water in Bg/m®

0.1 T T T T
0 50 100 150 200 250

Time since Chernobyl accident in month

Fig. 5.6. Comparison between empirical data and AQUASCOPHempredictions of**'Cs
activity concentration in the water of Lago MaggioBlue points (D’Alberti, 2003;
D’Alberti 2001-2002; Cazzaniget al, 1996-1998; Cazzanigd al, 1997; D'Alberti
and Osmani, 1995; Osmaet al, 1994; Dominici and Risposi, 1990-1993; Dominici,
1989 — 1980) and pink (REM database of JRC, Idpaity) points are the values of
1¥7cs activity concentration in the surface water, eed the measured values for
different depths in the water column. The blue cdine is the output of the
AQUASCOPE model which is an averdg&s concentration over the water column.

Bg/m3

100 1

1? \\\' .
\

0.1 1959 1963 1986

Fig. 5.7.Boundary condition: Activity concentration in ttake water.
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The ratio of peaks in 1959 and 1963 is known tabeut 2.6 (Bachhuber, 1982). The
ratio of inventories of*'Cs in the catchment area after the nuclear weagsimg fallout
and after the Chernobyl fallout is one more frempeeter of the model. It is sufficient to
describe the nuclear weapon testing fallouts by tstinct incidents. The diffusion
acting for more than 40 years smears these peakslimad feature in the vertical

distribution which is observed nowadays.
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5.4 Introduction of turbidites

As discussed in chapter 4.2.2 a distinctive featfreago Maggiore is the presence of
turbidite layers in the sediment profiles. Thessitlite layers were found nearly at all
studied locations, so while modeling the vertitdCs distribution in the sediments it
appeared to be necessary to describe the rediiaitieand to take turbidites into account

as an instantaneous extra input of sediment.

To model such special events, the following paransetre needed:
» position of the turbidite;
» avery short fixed time interval for the deposition
* avery large deposition speed;

* activity concentration inside the turbidite.

The position of the turbidite layers can be ead#fined from photos of sediment core
and the measuréd’Cs and bulk density vertical distributions. For thedel the position

of the turbidite should be given in terms of tirmelacan be calculated knowing the depth
where the turbidite layer is observed and the sediation speed of the sediment. Within
the turbidite itself a deposition speed which igesal orders of magnitude larger than the
sedimentation speed of the sediment should beduted in order to model the extra

deposition of sediments during one single incident.

In most cases the activity concentration"8€s inside the turbidite layer stays constant
but it differs from that which is measured in thgdrs below and above. So, an additional
coefficient for the*'Cs activity concentration within the turbidite isciuded into the

model.

All these parameters described above give no dpesight into processes but they give

the possibility to model the diffusion into or aaftthe turbidite.
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5.5 Finite-element method for modeling the radiondaes in the

sediment

To get a numerical solution of our model, whichaissystem of two coupled partial
differential equations (5.28) — (5.29), a finitemkent method is used instead of a finite
differences approach which was successfully appdiedar for the calculation of the
vertical *'Cs distribution in sediments of three lakes wittfedent limnological
characters (Klemet al, 2002). In these applications of finite differeacan artificial
broadening of structures in the vertical distribotdue to the sedimentation term could
not be avoided. Also, the used program (ModelMakex3 not able to handle turbidites
and the thousands of compartments which would baes needed to describe not only

the Chernobyl but also the nuclear weapons tefaitguts.

The convection-diffusion type model in a 1-dimemsibgeometry was built using the
MATLAB package FemLab. An example of the mathensdteode of the model can be
found in Appendix F.
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5.6 Results of modeling radiocaesium in the sedimen of Lago

Maggiore from different positions

The model described above is applied to descrileevertical distributions of*'Cs
activity concentrations in sediments of Lago Maggiorhe model is adjusted to each
particular case taking into account such measuaeanpeters as exchangeable portion of

radiocaesiuma and the bulk sediment density, which may vary with depth. The
height and the position of maxima is optimized g parameters: the sedimentation rate

R and the total distribution coefficier ‘. Additionally, the distribution coefficient
K& ar responsible for the retarded diffusion within thediment is optimized. All three

free parameters are optimized together in a “noigiwted least squares fit”. Such
parameters as time of the turbidite, speed andatitivity concentration within the
turbidite, deposition onto the lake surface du¢ht nuclear weapon testing fallout are
optimized by hand to reasonable values.

The results of modeling the vertical distributioh '3'Cs in the sediments of Lago
Maggiore from different positions are shown in B to Fig. 5.16. For positions 1 (Fig.
5.8, 5.9) and 7 (Fig. 5.16) the peak related toGhernobyl fallout is modeled. For other
positions (2 to 6) the model describes the compbetdile with two maxima related to

both, the Chernobyl and the nuclear weapon tesaihguts.

In each figure the colored lines (part A) corregpdo the inventories in single 1 cm
sediment layers which are fitted to the measured dsarked as red dots (the data
corresponds to 2003 (17 years) for positions 1 Ar{#fig. 5.8 to 5.11), to 2004 (45.3
years) for positions 3, 4, 5 (Fig. 5.12 to 5.14) & 2005 (46.3 years) for positions 6 and
7, respectively (Fig. 5.15, 5.16)). The layer ineeies are summed up to the total
inventory of the sediment which is representedhgyupper dark blue curve (Fig. 5.8 to
5.16, part A).

As a shapshot at the times of sampling the measwegital **'Cs distributions in the
sediment are given (part B, columns) and comparéde modeled function (part B, line)

and the layer average as calculated from the n{pdei B, points).
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At present, a continuous decrease of radioactivétly be seen for each position. The
maximum in total inventories of’Cs of most studied sediments profiles is observed
8 — 9 years after the Chernobyl accident and vémeseen 10 kBqg-thand 21 kBg-m.

An exception is position 6 where the tot3lCs inventory is characterized by a maximum
of about 6 kBq:-M reached already in 1988 (30 years in Fig. 5.15)ygars after the
Chernobyl fallout. The modeled totafCs inventories are in a good agreement with our
measurements (see chapter 4.2).

At those lake positions where two maxima are mati@evas necessary to introduce
different sedimentation rates for the regions oe@bbyl and nuclear weapon testing
maxima (Table 5.1). There is no common tendenah®fsedimentation rate to increase
or decrease with time but it is obvious that theditbons in the lake were changed during

the studied period of time.

The turbidity flows (see chapter 4.2.2) are taketo iaccount for the common fit and
shown in figures as “turbidites”. Hence, @sition 1 (Fig. 5.8, A) a turbidite can be
observed as one instance in the year 1999 (13)yaacsin Fig.5.8, B as the region
between 4 cm and 7 cm. In another core from theesposition a similar situation is
expected. Indeed, from Fig. 5.9, A, it can be st a turbidite occurred in the same
year 1999 (13 years) and corresponds to the lst@rden 3 cm and 7 cm in Fig.5.9, B.

In Fig. 5.10, A and 5.11, A, where the modelingtaf**'Cs vertical distributions in two
different sediment cores position 2are shown, a very large turbidite can be seemas o
instance in the year 1976 (17.9 years). In Fig05BLand 5.11, B, it corresponds to the
region between 13 and 32 cm.

At position 3(Fig. 5.12, A) two turbidites are observed in ylears 1963 (4.6 years) and
1999 (41 years) which matches the layers 18.5-@0.8nd 2-5 cm in Fig. 5.12, B.

The small turbidite layers between 0—-3 cm and Imdatpositions 4(Fig. 5.13) and
(Fig. 5.14), can be seen as one instance in ths Y884 (45 years) and 2001 (43 years)
respectively Finally, atposition 7(Fig. 5.16) two turbidite layers between 10-12amd
15.5-18.5 cm are observed in the years 1999 (‘Asyand 1995 (3 years), respectively.
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The main parameters of the model are summarizeétable 5.1 and discussed in the
following chapter 5.7.

Generally, the results of modeling show that maxidug to Chernobyl and nuclear
weapon testing fallouts as well as intermediatbitlites are described quite well, except
those positions where a lot of small turbidites faxend which bring not only additional
uncertainty to the model, but also makes the sdoavery complicated. For other
positions good agreements are observed betweeruraddd'Cs activity concentrations
and model predictions. This means that our modable to describe quite realistically
the distribution of**’Cs in lake sediments and parameters describingmtigeation

processes in the lake can be derived.
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Table 5.1. Measured (bulk density of the top layer of theimedt po and the slope of the bulk densidig/dx, portion of exchangeable
radiocaesiunm), free (sedimentation ratesRtotal distribution coefficient ¥ and coefficient I 4 responsible for the diffusion
within the sediment) and dependent (exchangealsiinlition coefficient K effective diffusion of**'Cs in the sediment £
parameters of the model.

Measured parameters Free fit parameters Dependentgrameters

Bulk density R [g-(cnf-a)’]

Po dp/dx a [1] Kd® [I-kg"] K™ air [1-kg™] K™ [I-kg™] De [en?-d]

- p— Chernobyl NWT

Pos 1 Core 1 0.73 0.0009 0.94 +0.03 - 19 500 &8 ¢ 29.3+15 87.8 +38.7 12.0+6.2
Pos 1 Core 4 0.76 0 00045 0.61 +0.02 - 18 600 + 7 100 25.2+14.§ 83.99€38,| 13.3+7.7
Pos 2 Core 1 0.29 0.009 0.0099 0.12+0.01 0.24+ 0{04 QoW+ 27 000 335+ 107 1030 + 272 34+1
Pos 2 Core 3 0.28 0.009 0.13+0.01 0.25+ 0.04 99 000 £ 9 000 194 + 84 93802 6.1+2.6
Pos 3 Core 3 0.70 0.0002 0.0021 0.42 +0.03 0@D04| 18600 +7 000 9.8+6.7 39.0+ 184 35.8122
Pos 4 Core 2 0.07 0.014 0.0156 0.054 + 0.00R H083 | 110500 + 8500 390 + 83 1724 + 166 3.9%t 0
Pos 5 Core 3 0.08 0.004 0.0968 0.052 + 0.00R H0P2 | 210000+26 100 2865+1 888 13170 +13700.8 £ 0.5
Pos 6 Core 3 0.11 0.004 0.0451 0.06 £0.01 0.3020 70000 *1 200 480 £ 232 3161 +230 5.1+2\5
Pos 7 Core 1 0.22 0.004 0.0086 0.10+0.01 - 444508 700 129+ 77 387 £122 8.4 £5.(
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Position 1 Core 1

A
24000
Turbidite
T~

o~
£
g 12000

6000+ SY

0 ‘
0 2 4 6 8 10 12 14 16 18 20
Time in years
B 12000
I Measured data
¢ Model: layer average

« 9000+ =Model: function
o
g
@
o
N 4
§ 6000
=3
m

3000 -

Turbidite ]
o-0--0+®
0 roTé LS5 Sn s snandid ‘ El'ﬂ*v-o- |

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Depth in cm

Fig. 5.8. Position 1 Core 1. AModeling of the time-dependency of the total imegy (upper
dark blue curve) and the depth inventory"J€s in the sediment (individual layers
with thickness of 1 cm). Zero point of the abscissh.5.1986. The red points represent
the measured®’Cs activity concentration in the vertical profiR: The vertical**'Cs
distribution in the sediment: Measured data (colsj;ymodeled function (line) and the
layer average as calculated from the model (points)
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Position 1 Core 4
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Fig. 5.9. Position 1 Core 4. AModeling of the time-dependency of the total imeey (upper
dark blue curve) and the depth inventory"d€s in the sediment (individual layers
with thickness of 1 cm). Zero point of the abscissh.5.1986. The red points represent
the measured®’Cs activity concentration in the vertical profiR: The vertical**'Cs
distribution in the sediment: Measured data (colsj;ymodeled function (line) and the
layer average as calculated from the model (points)
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Position 2 Core 1
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Fig. 5.10. Position 2 Core 1. AModeling of the time-dependency of the total imeey (upper
dark blue curve) and the depth inventory"d€s in the sediment (individual layers
with thickness of 1 cm). Zero point of the abscissh.5.1986. The red points represent
the measured®’Cs activity concentration in the vertical profiR: The vertical**'Cs
distribution in the sediment: Measured data (colsj;ymodeled function (line) and the
layer average as calculated from the model (points)
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Position 2 Core 3
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Fig. 5.11. Position 2 Core 3. AModeling of the time-dependency of the total imeey (upper
dark blue curve) and the depth inventory"d€s in the sediment (individual layers
with thickness of 1 cm). Zero point of the abscissh.5.1986. The red points represent
the measured®’Cs activity concentration in the vertical profiB: The vertical™*'Cs

distribution in the sediment: Measured data (colsjymodeled function (line) and the
layer average as calculated from the model (points)
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Position 3 Core 3
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Fig. 5.12. Position 3 Core 3. AModeling of the time-dependency of the total imeey (upper
dark blue curve) and the depth inventory"d€s in the sediment (individual layers
with thickness of 1 cm). Zero point of the abscissh 1.1959. The red points represent
the measured®’Cs activity concentration in the vertical profiR: The vertical**'Cs
distribution in the sediment: Measured data (colsj;ymodeled function (line) and the
layer average as calculated from the model (points)
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Position 4 Core 2
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Fig. 5.13. Position 4 Core 2. AModeling of the time-dependency of the total imeey (upper
dark blue curve) and the depth inventory*3€s in the sediment (individual layers
with thickness of 1 cm). Zero point of the abscissh 1.1959. The red points represent
the measured®’Cs activity concentration in the vertical profiB: The vertical™*'Cs
distribution in the sediment: Measured data (colsj;ymodeled function (line) and the
layer average as calculated from the model (points)
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Position 5 Core 3
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Fig. 5.14. Position 5 Core 3. AModeling of the time-dependency of the total imeey (upper
dark blue curve) and the depth inventory*3€s in the sediment (individual layers
with thickness of 1 cm). Zero point of the abscissh.5.1959. The red points represent
the measured®’Cs activity concentration in the vertical profiB: The vertical™*'Cs
distribution in the sediment: Measured data (colsj;ymodeled function (line) and the
layer average as calculated from the model (points)
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Position 6 Core 3
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Fig. 5.15. Position 6 Core 3. AModeling of the time-dependency of the total imeey (upper
dark blue curve) and the depth inventory*3€s in the sediment (individual layers
with thickness of 1 cm). Zero point of the abscissh 1.1959. The red points represent
the measured®’Cs activity concentration in the vertical profiB: The vertical™*'Cs
distribution in the sediment: Measured data (colsj;ymodeled function (line) and the
layer average as calculated from the model (points)
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Position 7 Core 2
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Fig. 5.16. Position 7 Core 1. AModeling of the time-dependency of the total imeey (upper
dark blue curve) and the depth inventory*3€s in the sediment (individual layers
with thickness of 1 cm). Zero point of the abscissh.5.1986. The red points represent
the measured®’Cs activity concentration in the vertical profiB: The vertical™*'Cs
distribution in the sediment: Measured data (colsj;ymodeled function (line) and the
layer average as calculated from the model (points)
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5.7 Discussion on modeling: Free and dependent parameters

Table 5.1 summarizes the measured, optimized aledlaged parameters of the model
which was successfully applied to the verticalribsitions of bottom sediments from 7

different positions of Lago Maggiore. Here, the mparameters will be discussed.

137cs distribution coefficient

In Fig. 5.17 the optimized total distribution coeignt is shown for different positions of
Lago Maggiore.

Kdtot, 1(?

Position

Fig. 5.17. Total **'Cs distribution coefficient K" in 10°1-kg") for different basins of Lago
Maggiore.

The highest values (more thar®1®&g?) are observed at positions 2, 4 and 5. In contrast
at positions 1, 3, 6 and K ;" -values are 5 to 10 times lower. The low valuegositions

1, 3 and 6 can be explained by their locations langr depths as compared with other

positions. For instance, at position 1 and 3 wisigh close to inflows to the lake, one of

the reasons of lovK * could be a non-equilibrium situation between tH€s activity
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concentration of the settling particles aiCs activity dissolved in the lake water as it is
also observed in the surface water of the lakepdsition 6 water plants and reed at the
bank of the lake indicate a more eutrophic statthisf basin as compared to the rest of
the lake.

In chapter 4.1.4 the values of distribution coédfrts measured in the water column are
given for the two deepest positions. The weightedrages over the water column
(without upper 5 m surface layer) are (98000 + I0ekg* and (328000 + 110000)
l-kg" at positions 2 and 5, respectively. Within the eninties these values are in a
good agreement with the total distribution coeéfits which are the output parameter of
the model (Table 5.2).

Table 5.2.Comparison between measured and mod€l€a distribution coefficientsk Jyin

Lago Maggiore.

Position 2 Position 5

50 m 63000 +28 000 51 m | 278 000 =57 000
. 100 m | 226 000 +64 000 110 m | 602 000 + 84 000
196 m | 117 000 =35 000, 154 m | 315 000 = 67 000
200 m | 119 000 + 26 000
275m | 88000+ 17 000
104 000 + 27 000
99 000 +9 000

Kqg Measured values
(kg™ water column

Optimized values 210 000 + 11 300

Another distribution coefficientK {* ;; was introduced into the model to regulate the

retarded diffusion within the sediments. In chaf@dr.3 a simple model which assumes

that the distribution coefficienKg™ ;; is inversely proportional to the concentration of

competing ions (Kand NH;) in the pore ware was described. According to thislel

the diffusion is increasing if the concentrationcoimpeting ions in the pore water is
increased.

Using equation (5.22) and taking into account that concentrations of 'Kand NH;
were measured both in lake water and pore watgositions 2, 5 and 7 (see chapter

4.1.3) we result at ratios betwe&f* ;; and Kg* of 0.03, 0.25 and 0.1, respectively. On
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ex

the other hand, for the same positions the ratioshe coefficient K", and the

correspondent distribution coefficient of exchared®'Cs K obtained from the

model (see Table 5.1) are 0.3, 0.2 and 0.3, raspbct The tendency of a decreased
distribution coefficient within the sediment conm# of the model correctly. The values
are not always in perfect agreement mainly duentedainties introduced by varying
sedimentation rates (mini-turbidites). Moreovem&ipn (5.22) might be a simplification

of the real situation. Generally, our model sholat in sediments from Lago Maggiore

K§ g IS 3 —5times lower thak g*.

Sedimentation rates and effective diffusion

In Fig. 5.18, A sedimentation rates for the regabove the Chernobyl maximum
obtained from the model are shown for differentifpmss of Lago Maggiore. In
sediments of central and northern basin the sedatien rates varies between
0.1 g-(cmh-a)* and 0.8 g-(cma)’. In the southern basin much lower rates (about

0.05 g-(crra)’) of sedimentation are obtained. The largeg of 0.4 g-(crha)’ at

position 3 can be explained by the input of addaianaterial with the inflow of the river

Toce.

To be able to describe the two maximaB€s in the measured vertical profiles, it was
necessary to introduce different sedimentatiorsrgethe periods before the Chernobyl
accident in 1.05.86 and after. Both optimized valfg positions 3, 4, 5 and 6 are given
in Table 5.3.

The values forRg are in a good agreement with those which arauzdatd with the CRS

?%h model and discussed in chapter 4.4.1. Weighiegsedimentation rates for the
region of Chernobyl maximum (obtained from our npdee Table 5.3) with the average
bulk density we get the average sedimentation spatdifferent positions. In Fig. 5.19

the comparison between these sedimentation spégdam( those measured in 1998 at
different basins of Lago Maggiore by L. Langone (bkeetto and Musazzi, 2001) are

shown.
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A:Rg B: Dg

Position

Position

Position 3

Fig. 5.18. A: Sedimentation ratesR in g-(cnf-a)") for the region of Chernobyl maximum and

B: Effective diffusion O in cnt-a’) calculated by the model for different positions
and basins of Lago Maggiore.

A: V¢ (our measurements) B: v, (from Marchetto and Musazzi, 2001)
Position

EEps

="Position 2

Position 3

Fig. 5.19.Sedimentation speed¥{ in cm-&) (A) calculated from our model anB) measured

by L. Langone in 1998 (Marchetto and Musazzi, 20fif) different positions and
basins of Lago Maggiore.
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Both examples show variability of sedimentationesfgenot only for different positions

and basins but large variants within one positiangeneral, the values are in a rather
good agreement. The differences at some positiande explained by the compaction
which is taken into account in case of our measargm(A). Those positions were the

sediment bulk density is constant (e.g. positioalgw perfect agreement.

A parameter which is calculated from th&" ; is the effective diffusion coefficient

D.. It varies between 0.8 &’ and 8.4 crhd' for different positions of Lago
Maggiore (Fig. 5.18, B). However, also larger valaé 12.7 crra® and 35.5 crha at
positions 1 and 3 which are located close to tlilevnof the rivers Ticino and Toce,

respectively, are observed.

Other parameters

Because of low biological activity and a rather skeigonstitution of the sediments, the
physical and bio-turbation is negligible. The ficatratef was set for all cases as2 a
Together with the measured portion of exchangeadal®activity it is used to calculate

the redissolution rate, which was rather low (0.009 — 0.1)a

Parameters which describe the position and theosittee turbidite are optimized by hand

separately for each case.

If together with the Chernobyl maximum also théCs peak related to the nuclear
weapon testing fallout is to be described by thedehothe boundary conditions are
introduced by the three identical sums of threeoegptial functions with different

amplitudes for the different maxima (chapter 5.212) fit the height of the peak related
to the nuclear weapons testing fallout, the rafithe **'Cs inventories in the catchment
area after the Chernobyl and nuclear weapons tefllouts were adjusted additionally

while modeling.
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5.8 Comparison of **'Cs behaviour in Lago Maggiore and other

European lakes

The importance of the sorption properties of patéite matter of**'Cs in Lago

Maggiore can be demonstrated by a comparison ofdheentrations of dissolved'Cs

in three other prealpine lakes (Fig. 5.20) whiclpexienced about the same amount of

direct**'Cs input from Chernobyl fallout. One of them is tisghbouring_ake Lugano

(southern Switzerland, Italy) where roughly abodt kBq-m? of *'Cs was deposited

,|/\/‘9.’Lake
Constance

B

Lago
Maggiore
Lalke @
%} Lugano

Fig. 5.20.Different European lakes.

onto the lake surfacé.ake Constancgea large
and rather deep mesotrophic hardwater lake at
the borders of Germany, Austria and
Switzerland, where the initial fallout df'Cs
was about 17 kBg-f(Mangini, 1990). Finally,
on lakeVorsee which is a small shallow (2.2 m
maximum water depth) eutrophic lake in
southern Germany supplied by a swampy
watershed, the initial fallout df’Cs was about
30 kBqg-n¥ (Kaminskiet al, 1998). Table 5.3
summarizes main characteristics of these lakes.

Table 5.3.Main characteristics of different European lakes.

Lake Lago Lake Lake

Constance| Maggiore | Lugano | Vorsee
Lake surface (kf) 572 212.5 48.9 0.09
Mean depth (m) 85 177.4 134 0.6
Maximum depth (m) 254 370 288 2.2
Residence time (a) 4.1 4 7 0.24
Catchment area (Kin 11 487 6 599 615 1.27
3’Cs deposition in 1986 (kBg-h 17 20 24 28
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5.8.1%'Cs in lake water

Characterized by similar initial depositions LakenStance, Lago Maggiore, Lake
Lugano and Vorsee have differéifCs activity concentrations in the water severatyea
after the nuclear reactor accident in Chernobyf.(H.21). Such differences can be

explained by differences in limnological charaatthese lakes.

The highest*'Cs concentration is observed in lake Vorsee water the whole time
span as compared to the other three lakes. Thisduigtamination levels are caused by a
continuous input of*’Cs from a swampy watershed (Kaminekial, 1994) into the lake
which mainly has organic material in the sedimd®eédissolution of*’Cs from the
sediment which occurs preferentially in winter aadtumn when the ammonium
concentration in the water increases due to therdposition of organic matter. This

leads to a seasonal cycling of the activity coneion.

Lowest **'Cs concentrations were measured in Lake ConstandeRq:I* in 2005), a
large and deep mesotrophic lake. The radiocaesiasrapidly removed from the water
column and strongly bound to clay mineral partidleshe sediment (Kaminslgt al,
1998).

In Lake Lugano with its permanently anoxic northbesin and monomictic (seasonally
anoxic) southern basin, a slower removal of dissbl'Cs activity concentrations from
the water compared to most other deep prealpireslak similar size was observed by

Santschat al. (1990). Here, a lower fixation 6f'Cs to suspended matter takes place due

to ion exchange witiNH; . The strong increase of th&Cs concentration with depth is

controlled by the increasiniyH, concentration.

In contrast, in Lago Maggiore which is an oligotnap lake, the dissolved oxygen

concentration is rather large (6—11 rifg$ee chapter 4.1.2) and stays nearly constant
over the complete water column which results iregligible NH; concentration (Table

5.4). The increase of tH&’Cs concentration with depth by a factor of two (S& 5.21,
where the single measurements in different depthsikaown for Lago Maggiore water

after month 200) is probably controlled by a slightrease of pH.
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Table 5.4.Comparison of main cation compositions of lakeera{The data for lake Vorsee, and
Lake Constance: Konoplet al, 2002; Lake Lugano: Radioecological laboratory at
the Hochschule Ravensburg-Weingarten (1999). Ttefda[C&'], [Mg®], [Na'] in

Lago Maggiore in 2005 are kindly given by Piero zabni).

[K™Tin [NH,'Tin [Ca®lin | [Mg®]in | [Na'lin H

mg-I* mg-I* mg-I* mg-I* mg-I* P
Vorsee 0.9-2.0  0.04-1.0 53-118 6.9-86 3.5-5.0 4-974
Lake Lugano | 4 ¢ 511 0007-0.028 29-39 7891 | 50-63 7.7
(Southern basin
Upper 1.1-1.3 <0.01 48.7-54.1  6.7-9.7 4.4-4l7 7581
Lake Constance
Lago Maggiore | 1.42.4 0.003-0.045 22.6-22.7 3.7 28 | 6.2-7.7

As can be seen from Table 5.4, all lake waters Inatbeer similar ionic compositions. All

four lakes are characterized by relatively highceortrations of calcium and relatively

low concentrations of potassium. However, the saniitl difference between the lakes is

the different ammonium concentrations which haygreat influence on the mobility of

B37Cs in the lake.

The'*'Cs concentration in the water column of four diéferlakes is shown in Fig. 5.21.

Lake Constanct

0.00001

0

50

100

150

Time in month
Fig. 5.21. Time-dependency of*'Cs activity concentration in the water of Lake Ganse

(Santschiet al, 1990; database of the Radioecological laborasérthe Hochschule
Ravensburg-Weingarten), Lake Lugano (Dominik an@drdl992; database of the
Radioecological laboratory at the Hochschule RawergsWeingarten), Vorsee
(Zibold et al, 2001), and Lago Maggiore (data from JRC in Isarad our

measurements). Zero point of the abscissa is 186.19

133

200

250



Chapter 5

The time-dependency of tH&'Cs specific activities in lake water for Lake Camste,
Lake Lugano and lake Vorsee is described by a dutwamexponential functions (non-
weighted least squares fit). In Lago Maggiore @diocaesium in the lake surface water
is described by the AQUASCOPE model.

5.8.3%Cs in sediments

The comparison of extractability ¢f’Cs from the sediments measured by sequential
extraction experiments shows some differenceshedakes with different limnological
characteristics. Thus, for example, in Lake Coretanith high self purification capacity,
137Cs is strongly bound to illites and the percentagéstotal extracted (5 steps)
radiocaesium is a factor of 2 to 8 lower than thotéake Lugano (Kaminsket al,
1998; Konoplewet al, 1996).

In the glacially formed shallow eutrophic lake Veescaesium is mainly bound to
organic material in the sediment and the percestafi@¢otal extracted caesium exceed

those of Lake Lugano.

In Lago Maggiore'®*'Cs is tightly bound to the clay minerals. The loartipn of
exchangeablé®'Cs of only about 1 % at some positions as comparesbout 5 % in

Lake Constance and Lake Lugano (Klexnal, 2000) is astonishing.

According to the model described above, in Lake dngg and Lago Maggiore the
maximum of total®*'Cs inventory was reached about 9 years after tieer©byl accident
as compared to 5 and 15 years in Lake Constancdnatite shallow eutrophic lake
Vorsee, respectively. Before the maximum is reacteslinput into the sediments is the
dominating process. Only afterwards the radioactieeay dominates the continuous
input of activity into the lakes (Klenett al, 2000, 2005).

For comparison, in Table 5.5 measured and optimmedel parameters of different
European lakes are presented. The main differemege found for the distribution
coefficients which are dependent on the amountlaf minerals in the system, for the

sedimentation rates, and the bulk densities of#atment.
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Table 5.5.Comparison of bulk density of sedimempt)( portion of exchangeable activitg)
sedimentation rate @R total **'Cs distribution coefficient (') and retarded diffusion
of exchangeabl&'Cs activity () in Lago Maggiore and other European lakes.

Measured Optimized
parameters arameters
H tot H
p, ingen? | a Rgin 1 Kg in DEIS
g-(cnf-a) l-kg™ cm-&
Lake Constance 0.27 0.04 0.12 165 000 0.18
Lake Lugano 0.17 0.05 0.06 49 100 0.82
Vorsee 0.02 0.04 0.10 17 600 23.80
Lago Maggiore (P2) 0.28 0.01 0.12 99 000 6.1
Lago Maggiore (P4) 0.21 0.02 0.05 110 000 3.9

A principal difference for the lake can be foundtle bulk density of the sediments: in
Lake Constance and Lago Maggiore the measuredtdefsiypical sediment is rather
high, especially in comparison with lake Vorsee wh# is more than one order of
magnitude lower. For most positions of Lago Maggitre sedimentation speed is not
constant. The second parameter — portion of exaeng*'Cs — as discussed above is
rather similar for all lakes except Lago Maggiorbene at some positions very low

percentage (< 1 %) of exchangeable Cs ions wasurezhs

Concerning optimized parameters, it can be seeh lthhke Constance and Lago
Maggiore are characterized by a tot¥lCs distribution coefficient of about 10-kg*

which is twice or three times larger than that eké Lugano and about a factor 6-9
larger than that in the shallow lake Vorsee. Thinmgason for high values &€} area
high content of clay minerals in the lake sedimeatsl very low concentration of
competing ions (Kand NH}).

The values of the distribution coefficient give tpessibility to calculate the effective
diffusion in the sediments which is negligible fake Lugano, Lago Maggiore and Lake

Constance but it is important for lake Vorsee. Hesve in Lago Maggiore some

positions exist (especially close to the tributgrhere diffusion cannot be neglected.
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5.9 General conclusions on modeling

The suggested convection—diffusion model describescontinuous input of'Cs into
the sediment and the vertical distribution B8fCs within the sediment of the deep
prealpine Lago Maggiore reasonably well which adows a prediction of its future

conditions.

The model takes into account such basic processeékeaexchange df'Cs between
water and the top sediment layer via the distributtoefficient K, first-order**'Cs

fixation and redissolution, the retarded diffusioh **'Cs within the sediment, and

radioactive decay.

The main parameters determining the vertical distion of **'Cs in bottom sediments

are the sedimentation rafe; and two distribution coefficientk ;. The location of the

maxima of the"*'Cs is mainly dependent on sedimentation rate, had*{Cs activity

concentrations in sediments are determined by #hgevof one distribution coefficient.

These parameters plus the distribution coefficisrit ;; which is responsible for the

retarded diffusion within the sediment are the dndg parameters of the model.

In the model a compaction of sediments with deptlalso taken into account via the

measured sediment density distribution.
Also modeling of turbidites as an instantaneousagriput of sediment is provided.

Taking the activity concentration of the water & tboundary condition for the
differential equation a good agreement is achielvetiveen experimental results and

model predictions.

In case of Lago Maggiore, the development of thal {3'Cs inventories in the sediment
with time shows that the maximum in total invengsris reached after 8-9 years after the

Chernobyl accident.

There is a strong influence of the tributaries (inpf Cs, organic matter, clay minerals)
on the behavior of radiocaesium in the lake. RaisiB which is located in front of the

mouth of the river Toce is one of the examples wiltleis influence is observed.
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Our model describes well the verti¢aiCs distributions in the sediments, it also gives an
idea about the importance of processes taking @ackfferent positions and basins of
the lake.
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6. RADIOCAESIUM ACTIVITY CONCENTRATION IN FISH

Fish is one of the food resources for men. Theammation of an aquatic ecosystem,
and patrticularly lakes, by radionuclides can thaeefgive rise to significant doses to
man. After the Chernobyl accident, due to high sedéesium bioaccumulation factors,
fish remained contaminated despite relatively lagiocaesium levels in water. In that
respect it is important to get an idea about thsigeence and bioavailability ¢f'Cs in

the aquatic environment.

6.1 Dynamic model for**’Cs uptake by fish and the concentration ratio

It is known that the bioaccumulation of radioadivin fish is determined by numerous
ecological and environmental factors such as figties, the length of the food chain,
water temperature and others (Smith and Beresg0@5). Also the trophic level of the
lake system is of great importance.

After the initial fry stage, many fish species goga typical food niche. They may either
feed on plankton, benthos (non-predatory group, elgtefish, roach and carp) or
smaller fish (predatory group, e.g. pike and ddbwever, several species change their
habitat during their life, often in relation to bodize (Brittain and Hakanson, 2002).
Many investigations (Smith and Beresford, 2005)vshbat the'*'Cs accumulation in

fish results in an increasing contamination wittr@asing fish size.

The uptake of radioactivity by aquatic biota is eoomly described by the concentration
ratio, CR, also known as concentration factor (Qe concentration ratio CR (I Rpof

BICs in fish is:

¥7Cs activityconcentrabn perkg of fish (freshweight)
CR = 137 . . . . (6'1)
Csactivityconcentraon perliter of water

CR is an equilibrium parameter which means thatif@s activity concentration in fish
is assumed to be in equilibrium with that of water,example during long times (years)
after a fallout. In short-term releases when théldxgium conditions are not yet reached,

a dynamic approach is required.
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A typical dynamic modelor **'Cs uptake by fish (Thomman, 1981; Smith and Berdsfo
2005) can be described in the following way:

Change of ] _ , )
137 =+ input from water — excretion — radioactive deca
Cs concentration in fish

Assuming first order processes, this model in nratitecal terms can be presented as:

dc
t‘ =+ k,C, —k,C, —\C,, (6.2)

where

k, —the rate constant describing the transférf‘@fs from water to fish, in fg™*a®);
k, —the backward rate constant describing the éreref radioactivity from fish, ing

A — decay constant 6f'Cs, in &.
C: and G are activity concentrations 6f'Cs in fish (Bq kg) and lake water (BqY),

respectively.
By making the assumption that the rate consténtsand k, are much larger than the
decay constani\, the equation for the change BfCs activity concentration can be
simplified to:

dc,
dt

=k,C, —k,C,. (6.3)

In equilibrium conditions the activity concentratiof fish does not Changeqd%:o,

and therefore, the ratio of ratés and k, gives the equilibrium concentration ratio CR

(I"kg™):
ki _Cq

— (atequlibrium)=CR. (6.4)
kb L

3

Typical values fork, and k, according to Smittet al. (2000) are given in Table 6.1.

The equilibrium betweel®’'Cs activity concentration in fish and water will beached
after several time constants (the inverse of the ganstants) have passed. In this case it

is appropriate to talk about a long-term time seslemated in years.
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Table 6.1. Typical values (according to Smitt al, 2000) of rate constants describing the
transfer of**’Cs from water to fishK, ) and excretion of radioactivityk(,) from the

non-predatory and predatory fish. These valuesgaren for the concentration of
potassium in the lake water of 1.56 riig:|

Fish kpina® ks in (I©kg™a™)
Non-predatory 8.4 11.510°
Predatory 0.5 3.310°

In several studies it was found that the conceintratatio of **'Cs in fish is inversely

proportional to the potassium content in the lakeith and Beresford, 2005). As
radiocaesium is chemically similar to potassiuminaportant nutrient, the increase of the
137Cs concentration in fish takes place via the saowmiraulation mechanisms as for
potassium. This fact leads to the higher conceatrattio of radiocaesium in the lakes

with low content of potassium.

6.2%'Cs in fish from different lakes

The dynamics of radiocaesium in water and diffeientls of fish (Table 6.2) from the
eutrophic Lake Vorsee (Zibolét al, 2001) and the mesotrophic Lake Constance
(Kaminski et al, 1998; Ziboldet al, 2002) is illustrated in Fig. 6.1 and Fig. 6.2,
respectively.

The time-dependency of tH&'Cs specific activities in predatory and non-predafish
and lake water in each case is described by a $umcoexponential functions (non-
weighted least squares fit). To perform essentalhon-weighted least square fit for the
137Cs specific activities in predatory fish in Laker@e@ance, the data fof'Cs activity
concentration measured before 1987 were not useduidng the first months after the
Chernobyl fallout the accumulation in the food chaias not complete.

It can be seen that after the Chernoby! fallowt,'ffCs uptake and excretion processes
reached a steady state and the radiocaesium gpaontcentrations in fish changed at the
same rate as in the water. So, an equilibrium bEtt&Cs in water and fish can be

assumed. Using this information, the fish—watercemtration ratios CRs were calculated

141



Chapter 6

as the ratio of the individual measurements of'#@s activity concentration in fish and
the'*'Cs specific activity in the lake water taken frdme £xponential fit.

In Fig. 6.3. and Fig. 6.4. it can be seen thailGRevalues stay more or less constant with
time and are in agreement with earlier resultspfle (Ziboldet al, 2001). The red and
green lines on the diagrams show the calculatethgge of concentration ratios CRs for

predatory and non-predatory fish, respectively (@ #&b3).

Table 6.2.Non-predatory and predatory fish studied in différi€uropean lakes.

Non-predatory fish
Bleak Alburnus alburnus
Bream Albramis brama
Carp Cyprinus carpio
Perch Perca fluviatilis
Roach Rutilus rutilus
Rudd Scardinius erythropthalmus
Siver bream | Blicca bjoerkna
Tench Tinca tinca
Whitefish Coregonusspp

Predatory fish

Eel Anguilla anguilla
Pike Esox lucius
Wels Catfish | Silurus glanis

Table 6.3.Concentration factors of predatory and non-pregdtsh in lakes.

Lake Fish CRin I-kg"
Predatory 4 630 =220
Vorsee
Non-predatory 1120+ 30
Predatory 12880 +1 570
Lake Constance
Non-predatory 5 040 £ 240
Lago Maggiore | Non-predatory 4 360 + 880
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The concentration ratios off'Cs in predatory fish, both from Vorsee and Lake
Constance, are a factor of 2 to 4 higher than thHoseon-predatory fish. A similar
tendency, however, is observed for CR values betvse lakes for one fish group. In
lake Vorsee CRs of radiocaesium are lower than akeLConstance which can be

explained by the different trophic levels of thieda.

6.3'"Cs in fish in Lago Maggiore

For Lago Maggiore some data 8Cs accumulation in fish for the period 1986 — 2002
were available from the Joint Research Centerpralsin 2005, we measured rather low
levels of the™*'Cs specific activity in fish. The results of our aserements are given in
Table 6.4.

Table 6.4.%*'Cs specific activities in fish of Lago MaggioredA05.

Fish 137Cs act.conc. in Bg-kg (fresh weight)
1.05+0.33
Whitefish Coregonus lavaretus 2.12 £0.36
1.15+0.29
Zander Gtizostedion Luciopercal <0.37

In Fig. 6.5. the time-dependencies’diCs activity concentration in different species of
fish (perch, whitefish, rudd and others) and in lddee surface water are shown. Here,
radiocaesium in the water is described by the AQUABBE model, while essentially a
non-weighted least squares fit is applied for thk fata. It can be seen that the decrease
in the **'Cs activity concentration in fish follows the demse of radioactivity in the
surface water. In Lake Constance as compared te Mérsee very low'*'Cs
concentrations in fish of less than 1 Bqkgere measured in 2002. Similar levels as in

Lake Constance are observed in Lago Maggiore i®200
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Lake Vorsee
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Fig. 6.1. Time-dependency of th€'Cs specific activities in water and fish (predatand non-
predatory) in lake Vorsee (Zibokt al, 2001).
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Fig. 6.2. Time-dependency of th€'Cs specific activities in water and fish (predatand non-
predatory) in Lake Constance (Zibatlal, 2002).
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Fig. 6.3. The concentration ratios (CRs) f&fCs in predatory (red triangles) and nonpredatory
(green dots) fish from lake Vorsee. The lines heedalculated averages.
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Fig. 6.4. The concentration ratios (CRs) f0fCs in predatory (red triangles) and nonpredatory
(green dots) fish from Lake Constance. The linegl calculated averages.
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Lago Maggiore
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Fig. 6.5. Time-dependency of tHé'Cs specific activities in fish and lake surfaceavah Lago
Maggiore. The data for*'Cs activity concentration in fish are taken frogreen
triangles- Radioactivity Environmental Monitoring (REM) dbtse of the Institute for
Environment and Sustainability, DG JRC, Europearmfgsion; green squares—
D’Alberti (2001-2002), Cazzaniga et al. (1996-19%¥®¥)zzaniga et al. (1997), D’'Alberti
and Osmani (1995), Osmani et al. (1994), Dominid Risposi (1990-1993), Dominici
(1989-1980); green points —our measurements in.2005
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Fig. 6.6.Fish—water concentration ratios (CRs) f8€s in non-predatory fish in Lago Maggiore.
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The fish—-water CRs df’Cs in Lago Maggiore are shown in Fig. 6.6. Here, rtreasured
activity concentration of non-predatory fish isidied by the activity concentration in the
lake water as calculated with the AQUASCOPE moldi¢he fish species was undefined
the data was taken out from the common fit. Theaye CR value (4360 + 880kd™
for Lago Maggiore agrees within the uncertaintigthvthe average CR (5040 £ 240)
|-kg™ calculated for non-predatory fish in the mesotiopgtake Constance (Table 6.3).
This is a good indication that the CR can be tremetl from one lake to another provided
the trophic level of the lake is the same. The seha lower fish—-water CR df'Cs in
Lago Maggiore can be explained by the higher patassoncentration of 1.4—2 mg:|
(Guilizzoni, 2003—-2005; our measurements — seetehdj) as compared to that in Lake
Constance with 1.1 — 1.3 mg-bf potassium measured during the period 1976-1995
(RoRRknecht, 1998).

As a conclusion the following statements can betdated for the 3 lakes with different
limnological properties. The concentration factan de used several months after the
fallout and it can be transferred from one lakeatwmther considering the following
dependencies:

« A factor 3 lower fish-water concentration ratio @R **'Cs is found in the
eutrophic lake Vorsee as compared to those whiehobserved in mesotrophic
and oligotrophic lakes, Lake Constance and Lagoditaig, respectively.

» Within one lakethe concentration factors for different fish greuwgary largely.
For example, in Lake Constance the CR for preddtsinyis 2.6 times higher than
CR for non-predatory fish. In lake Vorsee the CRugdaor predatory fish is a
factor of 4 larger than for fish from the non-prextg group.

« The variability of CRs of*'Cs withinone fish groumandone lakeis rather high.
The values of CR vary within one order of magnituake observed in Lake

Constance and Vorsee and even more in Lago Maggiore
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CONCLUSIONS

This work contains the present state of knowledgeutithe behaviour of the artificial

caesium radionuclides introduced into the pre-aljhiago Maggiore as a consequence of

atmospheric nuclear weapons testing and the adcdd¢ine nuclear reactor in Chernobyl.

Particularly, it provides a complete survey of digtribution of**'Cs in the sediments of

the lake and its participation in the sediment dé@mm processes. The most important

results of field investigations, laboratory expesits and modeling are summarized as

follows:

During 2003 — 2005 the water sampling from the e, southern and middle
basins of the lake and its tributaries was dondake water as well as in tributaries
the'3'Cs activity concentration is rather low with ab&unBgl™. The increase of the
137Cs activity concentration with depth by a factotwb is probably controlled by a
slight decrease of pH. The'Kconcentration is constant in the water column; the
oxygen concentration is also constant and rathgelavhich results in a negligible

NH," concentration.

The *'Cs activity concentration in the tributaries is g@red to a run-off model
(Hakanson, 2004) where one of the free paramesetisei initial deposition on the
catchment area. According to our measurementsst beiin the order of 5 kBg/fm

Sediment cores were taken at 7 different locatimihkago Maggiore in spring of
2003, 2004 and 2005. They were analyzed gamma repeatrically for *'Cs,
unsupported*’Pb, 1*Cs and®’Am content. At most positions two maxima'8fCs
were recognized which can be assigned to the tallafier the Chernobyl accident

and the atmospheric nuclear weapons testing fallouhe 1960's.

In bottom sediments of Lago Maggiore a considerdblgease of Chernobyl-derived
137Cs inventories is observed between northern anthsou positions, high values
exceeding 30 kBg-fhin the northern and central basins and, low legelsBq-:n¥)

near the outflow. The maximum in total inventorissreached 8-9 years after the
Chernobyl accident as compared to 5 and 15 yeatsake Constance and in the

shallow eutrophic Lake Vorsee, respectively.
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Conclusions

The results of the 5-step sequential extractiorcgutare performed on sediments of
Lago Maggiore show thdf’Cs is very tightly bound to the sediment. The petage

of exchangeablé®'Cs extracted during the first step is only abou¥%lat some
positions as compared to about 5 % in Lake Consetamtl Lake Lugano (Klemt
et al, 2000). Most of extractetf’Cs was found in the organic fraction, followed by

amorphous silicates.

A model based on coupled sedimentation-diffusiomatigns was developed to
describe migration processes'8fCs and it's distribution in the sediment of Lago
Maggiore. This model can cover the time period fritve nuclear weapon testing to
the present and takes into account compaction afimsmts, fixation and
redissolution, influence of competing ions on trearded diffusion within the
sediments. The results of the model were compariéd tve water and sediment
measurements from seven positions at differentnbadEstimated™'Cs activity

concentrations are in good agreement with measiatd
The free parameters of the model are the sedimentatte R ) and two distribution

coefficients: one (K which is responsible for the uptake '8fCs into the sediment

and another oneK(g" ;) which controls the diffusion within the sedime@ur model
shows that generally in sediments from Lago Maggi¢f* ;; is 3 — 5 times lower

than the exchangeable distribution coeffici&it

Estimated and measured values of a tbtals distribution coefficient< ' which

characterizes the positions from the main basirthef lake are very large, about
10° I-kg*. Similar values are also observed in lake Constavttich are twice larger

than those in Lake Lugano and about a factor Zetatman those in the shallow lake

Vorsee. The main reason for high valueKdf area high content of clay minerals in

the lake sediments and low concentration of comgetins K and NH ;. However,

the positions with lower depth which are locateokel to the tributaries have lower
distribution coefficients of about 20 000 IkgThere is a strong influence of the

tributaries on the behavior of radiocaesium inléke.
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Conclusions

A lot of large and smaller turbidites which are g@nsequences of the underwater
landslides of sediments due to the steep slop#sedike basin or of the input of the
allochthonous material with heavy rains or riveofls are found in Lago Maggiore.
An important improvement of the model is that icéme possible to model turbidites
as an instantaneous extra input of sediment. Howebweir presence makes it
difficult to establish correctly the depth-age tiela in the sediment profile and brings

additional uncertainties into the model.

A depth-age relation was established using a coaibim of the"*’Cs model with the
?%p CIC and CRS models. Together withBe check of the presence of the top
layer it became sufficient to provide a reliabletiouous time-scale and to verify the
completeness of the sediment profile. The CRS madalell as the model which
describes thé*'Cs vertical distribution showed the varying seditaéon rates over
time. Higher sedimentation rates of 0.1 — 0.9 g?(ajhare found in the southern and
central basin while the northern basin is charadrmostly by lower rates of about
0.05 g-(cri-a)™.

In 2005 very low™'Cs concentrations of less than 1 B¢-kgere measured in non-
predatory fish from Lago Maggiore. Consequently>’&s fish—water concentration
ratio (CR) of (4360 + 880}YKkg™ was calculated for Lago Maggiore. It agrees within
the uncertainties with the average CR (5040 + 24@)" calculated for non-predatory
fish in the mesotrophic Lake Constance. The deereas the **'Cs activity

concentration in fish follows the decrease of radiivity in the surface water.
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APPENDIX A:

Activity concentration of radionuclides in the sedments of Lago

Maggiore

Activity concentrations (decay-corrected to the edatf sampling) of different
radionuclides in sediment samples from differendifpans of Lago Maggiore evaluated
with the software Genie 2000 and LabSOCS, stadistincertainties of the spectrometric
measurement and MDA (minimum detectable activigéyels are given in the following
tables.

Sampling dates:

Positions 1 and 2 — 12.03.2003
Positions 3, 4 and 5 — 26.04.2004
Positions 6 and 7 — 18.04.2005
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Table A.1. Activity concentrations (in Bg-Kg of radionuclides in sediments frdRosition 1
Core 1(lake depth 110 m)

Cs-134 Cs-137 Pb-210
Act. unc. MDA Act. unc. MDA |Act. unc. MDA
0-1 1.09 0.24 1.85 71.48 1.34 2.1f  185.65 5.72 18.50
1-2 -- - 3.02 88.52 2.14 3.83 200.68 8.58 28.70
2-3 -- - 3.54 106.35 2.44 3.72 197.11 8.81 29.1D
3-4 -- - 2.92 77.71 1.98 3.70 157.24 7.76 27.88
4-5 -- - 2.92 38.48 1.41 3.35 79.42 6.36 25.90
5-6 -- - 2.22 42.05 1.36 2.95 80.52 5.84 23.10
6-7 -- - 2.34 37.50 1.24 2.81 88.16 5.64 23.50
7-8 -- - 2.61 44.27 1.40 2.77 79.77 5.85 22.90
8-9 -- - 2.77 102.99 2.18 3.39 116.50 6.71 26.20
9-10 -- - 2.16 131.35 2.48 3.23 118.5p 6.95 26.8D
10-11 -- - 291 196.35 3.46 4.25 184.2p 9.35 33.90
11-12 - - 251 135.03 2.38 3.10 97.61 6.22 25.30
12-13 -- - 2.60 161.86 2.72 3.17 120.28 6.71 25.10
13-14 -- - 2.77 173.64 2.88 3.21 127.54 7.18 27.50
14-15 -- - 2.54 154.56 2.53 2.91 120.7P 6.45 24.80
15-16 -- - 2.12 133.51 2.32 3.06 101.3B 6.01 24.00
16-17 -- - 2.16 122.14 2.24 3.40 109.88 6.46 25.90
17-18 -- - 2.98 144.28 2.69 3.65 113.99 7.1¢ 29.50
18-19 -- - 2.63 265.14 3.54 3.13 94.12 6.27 25.20
19-20| 1.39 0.35 3.04 161.83 2.76 3.39 77.24 6.04 25.40
20-21 -- - 2.18 130.57 2.06 2.61 79.84 5.05 21.00
21-22 -- - 2.83 133.04 2.48 3.43 74.84 6.11 226.30
22-23 -- - 2.61 194.89 3.01 3.24 93.41 6.36 24.00
23-24| 2.08 0.43 3.66 607.17 6.56 3.97 133.68 8.13 30.80
24-25 -- - 3.60 654.86 6.88 5.4Q 137.28 8.3( 33.4D
25-26 -- - 3.12 166.92 2.90 3.43 111.24 6.88 26.90
26-27 -- - 3.11 42.99 1.52 3.42 116.4y 7.23 25.40
27-28 -- - 3.11 20.88 1.13 3.82 132.15 7.63 28.50
28-29 -- - 3.07 10.05 0.87 3.38 107.54 6.82 25.30
29-30 -- - 2.56 8.75 0.70 2.81 99.13 6.03 21.4(¢
30-31 -- - 2.12 6.88 0.66 2.82 91.68 5.94 23.6(
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31-32 -- - 2.39 8.26 0.70 2.99 86.65 5.97 24.8(
32-33 -- - 2.52 7.71 0.67 2.69 84.29 5.86 24.2(
33-34 -- - 2.74 8.75 0.74 3.05 93.04 6.60 27.1(¢
34-35 -- - 241 8.13 0.64 2.46 93.56 5.88 23.6(
35-36 -- - 2.83 6.09 0.57 3.31 78.67 6.33 26.6(
36-37 -- - 2.17 4.40 0.68 3.47 72.38 6.35 28.1(
37-38 -- - 2.58 9.12 0.74 3.01 86.36 6.05 25.8(
38-39 -- - 2.59 12.52 0.83 3.06 98.472 6.31 24.80
39-40 -- - 3.42 12.53 0.98 3.97 104.8D 7.83 30.70
40-41 -- - 3.18 8.36 8.32 3.56 113.48 7.33 29.70
41-42 -- - 281 2.72 0.60 3.78 78.49 6.31 26.8(
42-43 -- - 2.66 4.73 0.57 2.73 74.90 5.72 21.8(
43-44 -- - 2.65 5.49 0.65 3.15 86.91 6.01 24.9(
44-45 -- - 2.54 7.95 0.72 3.01 116.44 5.93 23.10
45-46 -- - 3.43 15.34 1.04 3.89 134.0D 8.0¢ 31.20
46-47 -- - 3.45 9.34 0.97 3.84 89.72 7.33 30.4(¢
47-48 -- - 3.52 12.49 0.94 3.46 75.33 7.06 31.30
48-49 -- - 3.54 15.27 1.08 4.13 92.82 7.66 30.60
49-50 -- - 2.46 17.97 0.94 2.89 118.5p 6.37 23.20
50-51 -- - 2.57 19.39 1.05 3.22 129.50 6.90 25.90
51-53 -- - 3.05 22.71 1.17 3.46 124.74 7.59 29.80
Pb-214 Bi-214 Am-241
Act. unc. MDA Act. unc. MDA Act. unc. MDA
0-1 41.08 1.20 4.58 29.37 1.44 5.2)7 - -- 2.03
1-2 42.33 1.84 7.45 36.09 2.27 8.58 - -- 2.89
2-3 37.03 1.94 8.17 26.53 2.34 9.43 -- -- 3.05
3-4 50.90 1.87 7.18 38.32 2.25 8.00 - -- 2.79
4-5 39.20 1.76 7.03 31.35 221 8.54 - -- 2.96
5-6 41.72 1.57 5.98 33.90 1.92 7.18 - -- 2.50
6-7 40.06 1.48 5.75 34.49 1.83 6.8( - -- 2.53
7-8 31.43 1.53 6.58 26.95 1.83 7.04 - -- 2.55
8-9 35.66 1.64 6.58 29.12 2.04 8.0 - -- 2.85
9-10 | 33.70 1.67 7.11 2.97 0.56 7.84 -- - 2.63
10-11| 43.13 2.11 9.08 33.07 2.55 10.00 - -- 3.58
11-12| 49.28 1.64 6.49 41.74 0.53 7.08 - -- 2.74
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12-13| 43.91 1.68 6.51 35.66 2.05 7.56 - - 2.56]
13-14| 49.75 1.80 6.93 44.62 2.25 7.76 - - 2.90
14-15| 52.10 1.65 6.02 45.76 2.03 7.18 - - 2.50
15-16| 51.71 1.63 6.19 40.23 1.95 6.90 - - 2.46
16-17| 58.61 1.76 6.58 46.93 2.16 7.56 - - 2.40
17-18| 46.43 1.84 7.12 31.27 2.18 8.18 - - 3.13
18-19| 43.33 1.66 6.58 36.10 2.00 7.26 -- -- 2.52
19-20| 28.80 1.62 6.96 18.75 1.93 7.98 -- -- 2.78
20-21| 34.76 1.34 5.45 30.32 1.63 6.1 -- -- 2.10
21-22| 40.24 1.67 6.74 30.94 191 7.90 -- -- 2.76
22-23| 41.90 1.67 6.57 33.27 2.02 7.20 - - 2.78
23-24| 35.60 1.95 8.43 27.81 2.34 9.4\ - - 3.03
24-25| 38.44 1.98 8.56 26.64 2.26 9.4p - - 3.34
25-26| 25.81 1.65 7.24 18.35 2.00 8.34 - - 2.77
26-27| 32.77 1.79 7.51 27.13 2.21 8.4 - - 2.77
27-28| 47.76 1.97 7.55 35.33 2.40 9.04 - - 3.14
28-29| 36.36 1.73 6.72 27.66 2.10 8.08 -- -- 2.82
29-30| 51.42 1.64 5.91 41.21 1.98 6.94 -- -- 2.60
30-31] 39.31 1.56 5.88 31.30 1.90 7.14 -- -- 2.53
31-32| 49.18 1.63 5.97 39.49 1.98 6.91 -- -- 2.72
32-33| 51.69 1.63 5.89 43.30 2.00 6.98 -- -- 2.54
33-34| 42.17 1.72 6.52 34.50 2.11 7.68 -- -- 2.98
34-35| 57.78 1.68 6.06 48.37 2.02 6.8b -- -- 2.41
35-36| 36.15 1.71 6.84 30.60 1.86 8.16 -- -- 2.85
36-37| 40.22 1.74 7.00 41.16 0.61 8.04 -- -- 3.00
37-38| 35.76 1.58 6.46 34.15 2.01 7.3b -- -- 2.71
38-39| 41.90 1.62 6.25 37.63 1.13 7.5D -- -- 2.46
39-40| 46.36 2.10 8.56 36.18 2.60 9.8p - - 3.10
40-41| 55.68 2.07 7.89 46.77 2.52 9.3 -- -- 2.99
41-42| 39.85 1.71 6.77 32.73 2.09 7.83 -- -- 2.76
42-43| 45.91 1.64 6.18 31.93 1.96 7.24 -- -- 2.59
43-44| 45.57 1.68 6.45 34.32 2.03 7.44 -- -- 2.5]
44-45| 48.76 1.58 6.03 38.39 1.93 7.165 -- -- 2.23
45-46| 58.29 2.18 8.20 43.20 2.65 9.9p -- -- 3.44
46-47| 46.94 2.08 8.42 39.64 2.55 9.51 -- -- 3.39
47-48| 39.68 2.00 8.28 33.09 2.51 9.6b -- -- 3.30
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48-49| 48.83 2.12 8.42 35.05 2.60 10.00 -- - 3.15
49-50| 60.58 1.70 6.02 50.76 2.06 6.76 - - 2.76
50-51| 68.31 1.86 6.31 54.38 6.05 7.20 - - 2.67
51-53| 71.98 2.15 7.59 63.07 2.60 8.7p - - 3.16
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Table A.2. Activity concentrations (in Bg-Kg of radionuclides in sediments frdRosition 1
Core 4 (lake depth 96 m)

Cs-134 Cs-137
Act. unc. MDA Act. unc. MDA
0-1 - - 2.92 72.41 2.59 3.20
1-2 - - 3.52 80.12 2.95 3.83
2-3 - - 3.88 98.68 3.02 3.79
3-4 - - 2.46 43.90 1.66 3.02
4-5 - - 2.47 33.12 141 2.81
5-6 - - 221 37.07 1.47 2.63
6-7 - - 2.60 60.51 2.20 3.08
7-8 - - 3.27 128.73 3.87 3.59
8-9 - - 3.77 167.08 4.94 4.15
9-10 - - 2.63 129.94 3.77 3.04
10-11 - - 2.95 166.12 4.73 3.25
11-12 - - 2.33 94.50 2.94 2.39
12-13 - - 2.79 145.18 3.90 2.70
13-14 - - 2.94 166.07 4.98 2.87
14-15 - - 2.67 163.11 4.55 2.64
15-16 - - 2.42 116.85 3.48 2.47
16-17 - - 4.35 713.10 18.06 3.88
17-18 - - 3.13 220.86 5.79 3.62
18-19 - - 3.61 77.57 2.87 4.06
19-20 - - 2.33 16.65 0.89 3.60
20-21 - - 2.49 6.14 0.71 2.75
21-22 - - 2.14 4.50 0.52 2.48
22-23 - - 241 5.65 0.60 2.62
23-24 - - 3.87 10.59 0.86 3.09
24-25 - - 2.62 7.10 0.69 2.73
25-26 - - 2.62 5.98 0.64 2.75
26-27 - - 3.07 6.97 0.73 4.21
27-28 - - 2.82 4.96 0.59 2.60
28-29 - - 2.04 5.00 0.50 2.29
29-30 - - 2.62 6.68 0.68 2.86
30-31 - - 2.99 10.07 0.83 3.02
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31-32 - 3.53 11.63 1.01 4.14
32-33 - 3.06 6.31 0.72 3.32
33-34 - 2.39 2.49 0.49 2.68
34-35 - 2.44 2.63 0.50 2.63
35-36 - 2.65 5.04 0.65 3.12
36-37 - 3.30 13.50 0.99 3.39
37-38 - 3.14 10.83 0.89 3.45
38-39 - 3.03 10.30 0.88 3.36
39-40 - 3.09 13.59 1.02 3.42
40-41 - 3.27 14.58 1.03 3.59
41-44 - 1.60 20.18 1.08 1.86
44-47 - 1.68 20.49 1.28 1.83
47-50 - 1.71 20.83 1.29 1.81
50-53 - 1.74 21.65 1.35 2.01
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Table A.3. Activity concentrations (in Bg-Kg of radionuclides in sediments frdRosition 2
Core 1 (lake depth 285 m)

Cs-134 Cs-137 Pb-210
Act. unc. MDA Act. unc. MDA |Act. unc. MDA

0-1 -- - 2.82 121.98 2.38 3.31 528.2p 11.90 27.3D
1-2 -- - 3.38 178.16 3.17 3.76 518.86 13.00 3.18

2-3 -- - 291 240.14 3.41 3.27 411.4D 10.74 29.1p
3-4 -- - 3.81 317.60 4.56 6.34 311.70 10.65 4.43

4-5 2.34 0.48 3.94 458.01 5.23 400 328.82 1027 3.15
5-6 -- - 3.65 1297.27 10.90 4.04  290.45 10.15 34.40
6-7 -- 491 1748.91 14.44 4.84 283.34 11.27 39.90
7-8 -- - 4.38 535.06 6.54 4.82 354.23 12.45 38.3p
8-9 -- - 3.37 71.90 1.92 4.5Q 239.3p 8.872 40.60
9-10 -- - 3.18 39.46 1.45 3.46 229.68 8.88 28.70
10-11 -- - 3.37 30.33 1.35 453 201.1p 8.76 28.00
11-12 - - 2.96 39.49 1.43 3.47 183.88 8.3( 27.60
12-13 -- - 2.68 29.85 1.17 3.20 164.5¢ 7.20 25.10
13-14 -- - 251 16.27 0.81 3.18 103.24 5.51 21.40
14-18 -- - 3.81 21.91 1.15 3.95 126.61 7.19 28.80
18-22 -- - 4.32 28.31 1.41 4.38 148.74 8.81 34.00
22-26 -- - 3.63 29.35 1.27 3.80 130.3b 7.43 29.30
26-30 -- - 4.03 29.14 1.53 4.61 111.71 8.3( 34.60
30-31 -- - 271 24.10 1.01 2.88 105.4p 5.78 22.30
31-32 -- - 3.00 17.75 0.96 3.26 93.31 6.29 25.50
32-33 -- - 3.28 38.26 1.29 3.23 147.88 7.0d 26.50
33-34 -- - 3.31 42.63 151 3.47 213.0p 8.6( 2.81

34-35 -- - 3.95 79.54 2.23 4.51 256.88 10.20L 32.00
35-36 -- - 3.06 77.87 1.95 3.21 152.56 7.54 26.50
36-37 -- - 2.66 68.63 1.47 2.80 139.59 5.97 23.20
37-38 -- - 3.25 113.87 2.32 3.42 162.26 7.56 24.90
38-39 -- - 3.20 90.50 2.11 3.48 176.67 7.98 26.20
39-40 -- - 4.48 13.93 1.15 4.94 116.9¢ 8.68 34.40
40-41 -- - 2.96 4.19 0.58 295  159.99 7.13 24.40
41-42 - - 4.56 - -- 4.32| 157.67 9.30 35.30

42-43 - - 4.16 - -- 3.60| 115.04 8.31 34.20
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43-44 - - 3.36 - -- 3.23 99.75 6.96 25.60
44-45 - - 3.51 - -- 3.23 99.80 6.91 27.10
45-46 - - 3.45 - -- 2.89 81.58 6.61 27.50
46-47 - - 3.83 - -- 3.53| 107.62 7.83 31.30
47-48 - - 4.44 - -- 3.79| 124.92 8.42 32.30
48-49 - - 3.87 - -- 444 | 112.39 7.13 40.90
49-50 - - 3.76 - -- 3.04 98.81 7.27 29.30
50-51 - - 3.19 - -- 3.02| 108.10 6.62 25.30
51-52 - - 3.77 - -- 3.72| 101.48 7.23 28.70
52-53 - - 3.62 - -- 3.28| 105.50 7.11 26.50
53-54 - - 3.48 - -- 3.19| 101.30 6.89 26.80
54-55 - - 3.46 - -- 3.06 94.30 6.47 28.50
55-56 - - 3.40 - -- 3.10 79.92 6.00 25.20
56-57 - - 4.57 - -- 4.05 77.69 8.08 35.00
57-58 - - 3.34 - -- 2.84 68.01 5.62 24.70
58-59 - - 3.56 - -- 2.96 80.77 6.25 25.40
59-60 - - 3.17 - -- 3.14 95.81 6.92 28.10
60-61 - - 3.15 - -- 3.04| 101.55 6.76 26.30
61-62 - - 3.62 - -- 3.31 80.12 6.75 25.70
62-63 - - 3.48 - -- 2.95 94.67 6.75 25.90
63-64 - - 3.80 - -- 3.15 92.84 7.05 27.90
64-65 - - 3.40 - 2.98 92.33 6.54 24.50
Pb-214 Bi-214 Am-241
Act. unc. MDA Act. unc. MDA Act. unc. MDA
0-1 68.89 1.95 7.06 66.39 2.57 7.77 - -- 2.78
1-2 65.61 2.17 8.23 48.35 2.76 9.38 -- -- 3.37
2-3 80.24 2.07 7.26 73.02 2.69 8.12 - -- 2.74
3-4 54.34 2.22 11.80 37.55 2.62 10.00 - - 3.15
4-5 63.24 2.11 8.33 51.30 2.67 9.46 - -- 3.02
5-6 58.37 2.05 8.64 51.86 2.70 8.6 - -- 3.56
6-7 44.16 2.35 1.13 34.51 2.82 10.80 - -- 3.95
7-8 40.94 2.36 10.50 33.60 2.97 11.20 - - 3.99
8-9 65.11 2.04 9.52 55.20 2.86 8.88 - -- 2.91
9-10 | 81.18 2.17 7.39 62.82 2.74 8.5p - -- 3.09
10-11| 62.33 2.08 7.81 51.19 2.65 8.76 - -- 2.93
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11-12| 80.91 2.14 7.17 61.11 2.66 8.26 - - 2.67
12-13| 90.99 1.99 6.16 69.30 1.18 7.26 - - 2.74
13-14| 52.18 151 5.78 44.92 1.98 6.78 - - 2.21
14-18| 73.61 2.18 7.88 64.29 2.84 9.3p - - 2.91
18-22| 67.45 2.39 10.70 54.78 2.98 10.70 -- -- 3.37
22-26| 78.38 2.19 7.91 70.79 1.42 9.64 - - 3.19
26-30| 51.59 2.29 9.14 50.26 3.08 10.50 -- - 3.29
30-31| 48.97 1.59 6.01 42.84 2.08 6.9/7 -- -- 2.39
31-32| 39.89 2.16 6.71 39.89 2.15 7.72 -- -- 2.58
32-33| 54.51 1.82 7.11 39.21 231 8.30 -- -- 2.55
33-34| 46.12 1.87 7.19 44.79 2.35 8.40 - - 2.90
34-35| 57.32 2.30 8.91 51.24 3.04 10.70 -- - 3.14
35-36| 55.21 1.84 6.74 46.99 0.55 7.60 - - 2.70
36-37| 62.82 1.64 6.02 55.93 0.70 6.98 - - 2.38
37-38| 72.24 2.00 7.04 66.58 1.77 7.98 - - 2.52
38-39| 52.84 1.86 6.99 49.70 2.46 7.80 3.54 0.5 2.8
39-40| 77.57 2.51 8.99 76.11 3.18 10.90 -- - 3.76
40-41| 76.25 1.82 5.60 68.68 2.21 7.0 -- -- 2.59
41-42| 102.84 2.72 9.01 130.3¢ 3.72 10.80 - -- 4.07
42-43| 59.28 2.20 8.01 60.07 2.74 9.98 -- -- 3.25
43-44| 58.46 1.93 7.12 52.34 6.71 8.31 -- -- 2.70
44-45| 51.28 1.87 6.99 46.69 2.25 8.5p -- -- 2.73
45-46| 43.86 1.73 6.62 45.85 2.15 7.95 -- -- 2.93
46-47| 59.54 2.16 7.93 56.03 2.60 9.46 -- -- 3.19
47-48| 63.90 2.25 8.51 57.29 271 9.98 -- -- 3.19
48-49| 72.50 2.15 9.69 56.39 2.54 15.40 -- - 3.19
49-50| 73.72 2.05 6.81 64.84 2.50 8.61 -- -- 2.98
50-51| 74.61 1.92 6.25 65.99 2.32 7.56 - - 3.02
51-52| 60.65 2.03 7.15 -- -- 13.70 -- - 2.84
52-53| 67.89 2.04 7.06 -- -- 13.80 -- - 2.70
53-54| 60.73 1.93 6.87 -- -- 13.20 -- - 2.55
54-55| 67.56 1.97 6.92 -- -- 13.30 -- - 2.72
55-56| 70.03 1.97 6.95 -- -- 13.70 -- - 2.63
56-57| 55.40 2.23 8.87 48.61 1.08 10.70 -- - 3.27
57-58| 37.15 1.66 6.84 -- -- 11.60 -- - 2.62
58-59| 53.40 1.84 6.69 -- -- 12.60 -- - 2.80
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59-60| 49.19 1.94 7.42 43.19 2.49 8.50 - - 3.04
60-61| 50.24 1.91 7.45 38.07 2.40 8.6[1 - - 3.11
61-62| 61.63 1.97 6.77 -- -- 13.10 -- - 2.74
62-63| 58.31 1.83 6.58 -- -- 11.90 -- - 2.74
63-64| 49.77 1.89 7.39 -- -- 12.40 -- - 2.80
64-65| 62.69 1.89 6.36 -- -- 12.20 -- - 2.71
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Table A.4. Activity concentrations (in Bg-Kg of radionuclides in sediments frdRosition 2
Core 3(lake depth 290 m)

Cs-134 Cs-137
Act. unc. MDA Act. unc. MDA
0-1 - - 5.87 105.80 4.38 7.37
1-2 - - 8.57 161.37 6.98 9.50
2-3 - - 6.02 204.60 7.08 7.25
3-4 - - 5.95 266.27 8.40 6.37
4-5 - - 5.77 352.33 10.71 6.63
5-6 - - 8.78 749.56 23.69 9.64
6-7 -- - 5.85 1454.02 43.49 6.68
7-8 -- - 10.70 | 1460.80 49.68 12.50
8-9 - - 4.68 130.57 4.65 5.66
9-10 - - 5.77 54.49 2.83 6.68
10-11 - - 6.84 35.81 2.28 6.71
11-12 - - 5.14 38.59 2.22 5.74
12-13 - - 6.18 32.84 1.86 5.07
13-16 - - 1.56 23.51 1.12 1.78
16-19 - - 1.41 21.82 1.15 1.74
19-22 - - 221 25.94 1.45 2.00
22-25 - - 1.58 27.43 1.52 1.93
25-28 - - 1.27 29.62 1.55 1.49
28-31 - - 1.65 33.01 1.65 2.03
31-32 - - 3.33 30.23 1.58 5.65
32-33 - - 3.22 26.70 1.41 3.82
33-34 - - 2.06 13.88 0.79 2.49
34-35 - - 3.50 30.16 1.61 4.17
35-36 - - 2.67 23.12 1.28 4.34
36-37 - - 6.60 55.08 2.89 10.10
37-38 - - 13.60 54.90 4.40 20.20
38-39 - - 6.15 85.88 3.69 7.43
39-40 - - 4.31 75.22 2.99 5.24
40-41 - - 3.86 68.84 2.61 4.47
41-42 - - 5.18 94.48 3.70 5.56
42-43 - - 5.81 114.88 4.29 6.97
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43-44 - 5.43 37.49 2.20 5.66
44-45 - 4.00 8.12 1.01 4.82
45-46 - 3.10 7.94 0.82 4.83
46-47 - 4.70 3.46 0.94 531
47-48 - 4.24 - -- 4.93
48-49 - 414 - -- 451
49-50 - 4.16 -- -- 411
50-51 - 3.32 -- -- 3.15
51-52 - 3.29 -- -- 3.68
52-53 - 4.00 -- -- 4.29
60-61 - 3.43 - -- 3.25
68-69 - 2.32 - -- 2.05
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Table A.5. Activity concentrations (in Bg-Kg of radionuclides in sediments frdRosition 3

Core 3(lake depth 160 m)

Cs-134 Cs-137 Pb-210
Act. unc. MDA Act. unc. MDA Act. unc. MDA

0-1 -- - 3.73 61.37 1.99 4.35 263.4p 10.41 33.38
1-2 -- - 3.86 56.81 1.90 5.55 214.0p 9.39 31.20
2-3 -- - 2.90 32.28 1.12 3.06 95.85 5.93 23.70
3-4 -- - 3.27 26.45 1.26 3.63 65.54 6.13 28.90
4-5 -- - 3.15 25.71 1.31 5.08 72.47 6.28 39.70
5-6 -- - 3.54 48.21 1.70 3.89 88.46 6.96 29.20
6-7 -- - 3.45 74.01 2.08 4.02 194.29 9.13 32.40
7-8 -- - 3.68 84.20 2.24 4.32 237.83 9.84 33.30
8-9 -- - 2.17 68.21 1.31 2.49 129.86 5.11 19.30
9-10 -- - 3.58 66.01 1.96 4.96 77.54 6.61 30.10
10-11 -- - 3.41 142.35 2.80 4.17 152.0p 8.17 30.8D
11-12 - - 3.83 254.31 4.12 4.42 167.95 8.63 45.20
12-13 -- - 3.54 246.44 3.90 4.48 102.48 7.2( 44.30
13-14 -- - 3.38 306.69 4.38 4.02 104.96 7.0¢ 42.40
14-15 -- - 3.06 188.40 3.02 3.73 129.8p 6.84 27.30
15-16 -- - 3.56 37.98 1.55 5.30 106.3D 7.30 30.80
16-17 -- - 3.56 20.43 1.19 3.84 102.31L 7.17 43.30
17-18 -- - 3.53 17.96 1.16 4.28 107.7D 7.28 30.30
18-19 -- - 3.46 18.96 1.16 4.01 124.58 7.41 28.70
19-20 -- - 2.52 57.32 1.35 2.83 177.1y7 6.36 22.40
20-21 -- - 3.71 71.55 2.09 5.43 135.3p 7.97 5.43
21-22 -- - 3.62 25.72 1.34 4.24 101.88 7.16 4.34
22-23 -- - 3.66 6.36 0.83 4121 101.91 7.24 44.40
23-24 -- - 3.41 1.27 0.61 4.08 99.10 6.85 41.2(
24-25 - - 3.24 - -- 3.33 87.08 6.46 41.20
25-26 - - 2.98 - -- 2.89 83.57 5.81 2.48
26-27 - - 3.41 - -- 3.47 99.40 7.34 28.80
27-28 - - 3.63 - -- 3.68 83.52 7.02 31.60
28-29 - - 3.56 - -- 3.55 92.66 6.86 42.20
29-30 - - 1.76 - -- 1.65 78.99 3.70 14.60
30-31 - - 3.53 - -- 3.64 86.00 7.36 30.00
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32-33 - - 3.53 - -- 3.58 66.15 6.45 43.50
33-34 - - 2.97 - -- 3.46 75.57 6.47 41.70
34-35 - - 3.45 - -- 3.30 85.34 6.31 39.80
35-36 - - 3.54 - -- 3.81 99.84 6.84 28.60
36-37 - - 281 - -- 2.70 88.82 5.46 23.90
Bi-214 Pb-214 Am-241
Act. unc. MDA Act. unc. MDA Act. unc. MDA
0-1 28.82 2.39 9.63 40.28 1.95 8.50 - -- 3.26
1-2 24.90 2.30 9.55 34.47 1.88 8.43 -- -- 4.04
2-3 29.14 1.82 7.37 44.28 1.52 6.24 -- -- 2.63
3-4 33.16 2.29 8.81 37.66 1.80 7.8p -- -- 2.81
4-5 13.69 2.08 9.37 24.35 1.72 8.18 -- -- 2.64
5-6 24.64 2.22 8.85 31.14 1.77 8.00 -- -- 2.54
6-7 39.55 2.44 9.14 45.96 1.95 8.14 -- -- 3.16
7-8 43.05 2.52 9.63 51.01 2.01 8.28 - -- 3.48
8-9 36.30 1.58 5.85 49.99 1.29 5.18 - -- 2.17
9-10 | 35.66 1.19 9.43 38.25 1.85 7.96 - -- 2.99
10-11| 34.82 2.28 8.61 42.64 1.86 8.06 - -- 2.93
11-12| 32.81 2.46 9.88 41.35 2.02 8.86 - -- 3.62
12-13| 20.41 2.22 9.50 35.82 1.87 8.50 - -- 3.29
13-14| 33.47 2.24 9.17 33.47 1.85 7.98 - -- 3.22
14-15| 30.90 2.08 8.11 41.83 1.71 6.99 - -- 2.90
15-16| 34.86 2.44 9.41 38.08 2.44 8.12 - -- 3.24
16-17| 30.63 2.32 9.22 37.13 1.85 8.08 - -- 2.99
17-18| 28.93 2.37 9.50 45.51 1.97 7.8b6 - -- 3.10
18-19| 28.00 2.34 9.50 40.37 1.89 7.76 -- -- 3.04
19-20| 44.95 1.85 6.82 52.61 1.49 5.7p - -- 2.53
20-21| 39.17 2.50 9.45 52.60 2.05 8.41 - -- 3.29
21-22| 38.32 251 9.80 50.06 2.01 8.26 - -- 3.07,
22-23| 42.50 1.27 9.52 51.70 2.01 8.0 - -- 3.57
23-24| 37.42 2.39 9.10 50.17 1.95 7.64 - -- 3.39
24-25| 39.18 2.29 8.81 47.12 1.83 7.54 - -- 4.65
25-26| 52.97 2.13 7.28 60.03 1.70 6.7 - -- 2.50
26-27| 66.67 2.77 9.24 73.63 221 8.0 - -- 3.08
27-28| 43.57 2.62 9.42 54.29 2.09 7.99 - -- 3.29
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28-29| 37.52 24.17 9.25 47.16 1.94 7.80 -- - 3.17
29-30| 36.49 1.30 4.76 46.22 1.04 4.06 - - 1.45
30-31| 55.42 2.72 9.56 62.31 2.14 7.90 - - 3.13
32-33| 50.61 2.66 9.60 58.54 2.08 7.81 - - 3.05
33-34| 58.63 2.69 9.07 57.63 2.06 7.78 - - 2.89
34-35| 41.24 2.33 8.95 51.23 1.90 7.53 - - 3.12
35-36| 46.58 2.56 9.28 53.52 2.02 8.10 -- -- 3.02
36-37| 48.65 2.05 7.60 60.52 1.65 6.19 -- -- 2.52
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Table A.6. Activity concentrations (in Bg-Kg of radionuclides in sediments frdRosition 4

Core 2(lake depth 150 m)

Cs-134 Cs-137 Pb-210
Act. unc. MDA Act. unc. MDA Act. unc. MDA

0-1 -- - 3.85 91.70 2.37 447  405.2P 12.11 33.90
1-2 -- - 3.29 91.62 2.06 3.79 454.70 11.0p 29.0D
2-3 -- - 3.71 87.76 231 442  315.59 10.8p 34.10
3-4 -- - 4.83 150.04 3.32 4.89 493.3D 14.501 38.5D
4-5 -- - 3.48 174.79 3.22 4.10 335.41 11.15 31.9D
5-6 1.34 0.31 2.28 256.83 2.90 281 33441 1.81 21.80
6-7 1.10 0.38 3.31 605.95 5.88 3.68 430.34 10.50 30.70
7-8 2.34 0.57 4.48 1030.26 10.09 545  263.44 11.64 041.9
8-9 2.40 0.68 5.47 705.85 8.45 6.0f  365.35 14.41 44.70
9-10 -- - 4.38 168.58 3.40 4.68 309.14 11.4p 34.50
10-11 -- - 3.74 76.74 2.15 4.03 226.58 9.35 31.20
11-12 - - 3.99 55.99 1.86 4.15 202.6f 9.21 31.80
12-13 -- - 3.82 53.06 1.85 4.11 192.36 9.37 32.90
13-14 -- - 3.73 66.50 2.01 4.29 221.61L 9.75 32.70
14-15 -- - 6.29 100.60 3.35 6.93 365.81 16.24 52.6D
15-16 -- - 5.63 122.99 3.36 6.25 308.79 13.81 45.6D
16-17 -- - 4.00 142.04 2.99 4.51 271.45 10.44 32.90
17-18 -- - 4.20 173.81 3.31 4.67 229.0¢4 9.74 32.10
18-19 -- - 4.05 110.97 2.59 4.46 246.19 9.9¢ 33.30
19-20 -- - 2.67 66.04 1.45 2.80 222.38 6.86 22.60
20-21 -- - 3.67 26.22 1.36 4.31 180.5p 8.8( 31.40
21-22 -- - 3.88 14.97 1.09 4.31 181.98 9.02 32.20
22-23 -- - 3.61 12.83 1.00 3.96 177.87 8.93 32.90
23-24 -- - 4.97 8.68 1.08 5.20  150.30 9.43 37.60
24-25 -- - 2.23 5.32 0.48 239 132.88 5.14 18.50
25-26 -- - 2.79 4.28 0.55 2.80 115.40 5.65 20.70
26-27 -- - 1.92 1.83 0.32 1.87, 101.30 3.96 16.30
27-28 -- - 2.15 1.75 0.37 1.99 94.13 4.37 17.7
28-29 -- - 1.69 1.53 0.28 1.64 96.54 3.57 14.2
29-30 -- - 2.25 1.03 0.35 2.03 132.13 4.80 18.10
30-31 -- - 4.98 1.26 0.33 4.08 103.59 3.97 1.62
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[92]

31-32 - - 1.95 - -- 1.71 99.70 3.87 15.50
32-33 - - 2.46 - -- 2.11 83.86 4.54 19.30
33-34 - - 2.16 - -- 1.98 88.05 4.11 16.90
34-35 - - 1.89 - -- 1.65 79.94 3.53 14.00
35-36 - - 2.63 - -- 2.30 88.52 4.94 20.40
36-37 - - 2.37 - -- 1.99 88.11 4.31 17.80
37-38 - - 2.49 - -- 2.28 71.55 4.16 18.80
38-39 - - 2.70 - -- 2.26 83.41 4.94 21.10
39-40 - - 2.54 - -- 2.11 85.21 4.60 18.60
40-41 - - 261 - -- 2.24 85.11 4.76 19.50
41-42 - - 2.12 - -- 1.87| 103.54 4.33 15.90
42-43 - - 2.39 - -- 2.02 90.85 4.59 18.30
43-44 - - 2.34 - -- 2.02 78.76 4.47 18.20
44-45 - - 2.61 - -- 2.26 81.56 4.92 19.00
Bi-214 Pb-214 Am-241
Act. unc. MDA Act. unc. MDA Act. unc. MDA
0-1 49.30 2.60 9.49 60.43 2.15 8.34 - -- 3.23
1-2 50.31 2.32 8.37 64.94 1.88 6.8p - -- 2.76
2-3 55.02 2.71 9.58 60.27 2.14 8.4D - -- 3.26
3-4 46.49 3.07 12.00 61.84 2.49 9.97 - -- 3.55
4-5 25.17 2.29 9.55 38.64 1.90 8.06 - -- 3.02
5-6 49.52 1.81 6.57 63.00 1.50 5.88 - -- 2.12
6-7 39.49 1.91 8.93 52.30 1.87 8.3p - -- 3.27
7-8 40.81 2.83 11.00 40.71 2.25 10.80 - - 4.20
8-9 34.93 3.21 13.50 49.93 2.63 12.10 - - 5.13
9-10 | 50.68 2.88 11.10 67.25 2.41 9.47 - -- 3.60
10-11| 64.27 2.80 9.34 72.68 2.25 8.16 - -- 3.09
11-12| 54.44 2.64 9.02 59.92 2.10 8.26 - -- 3.13
12-13| 55.21 2.72 9.43 68.47 2.29 8.4D - -- 3.18
13-14| 69.98 2.87 9.56 77.52 2.28 8.00 - -- 3.23
14-15| 39.53 3.98 16.00 42.25 3.07 14.20 - - 7.10
15-16| 44.89 3.60 14.30 43.28 2.79 12.80 - - 4.52
16-17| 24.65 2.34 10.00 37.94 1.94 8.611 - -- 3.49
17-18| 51.10 2.72 10.00 58.01 2.14 8.52 6.80 0.7 3.5
18-19| 58.51 2.73 9.79 64.33 2.18 8.38 2.77 0.6 3.7
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19-20| 45.00 1.84 6.78 53.62 1.48 5.54 2.6% 0.48 2.4
20-21| 52.88 2.67 9.85 67.44 2.16 8.26 - - 4.10
21-22| 63.46 2.80 9.60 71.78 2.23 7.9/7 - - 3.33
22-23| 45.61 2.53 9.21 54.67 2.05 8.14 - - 3.15
23-24| 49.79 3.15 11.50 62.44 2.54 10.20 -- -- 4.09
24-25| 44.78 0.86 5.87 47.24 1.26 4.86 - - 1.99
25-26| 43.02 1.89 7.01 54.52 153 571 -- -- 2.02
26-27| 41.41 1.17 4.86 53.51 1.10 4.1p -- -- 2.15
27-28| 53.35 1.58 5.47 66.75 1.30 4.5/ -- -- 2.22
28-29| 61.85 1.35 4.50 69.09 1.07 3.70 -- -- 1.31
29-30| 45.34 1.55 5.48 56.74 1.25 4.68 - - 1.72
30-31| 39.38 1.35 4.98 49.89 1.08 4.08 - - 1.62
31-32| 49.96 1.37 4.85 60.61 1.10 3.98 - - 1.62
32-33| 54.94 1.69 5.92 65.01 1.36 4.8(7 - - 2.09
33-34| 42.43 0.72 5.28 51.72 1.16 4.51 - - 1.65
34-35| 46.40 1.30 4.64 55.84 1.03 3.91 - - 1.59
35-36| 61.65 1.87 6.39 68.77 1.52 5.41 -- -- 2.10
36-37| 31.07 1.43 5.65 41.16 1.15 4.64 -- -- 1.70
37-38| 36.93 1.54 6.09 44.12 1.25 4.95 -- -- 2.04
38-39| 52.27 1.73 6.23 57.08 141 5.18 -- -- 1.97
39-40| 51.36 1.69 5.91 56.99 1.33 4.9 -- -- 1.99
40-41| 65.05 1.77 5.91 69.71 1.40 4.99 -- -- 1.91
41-42| 52.17 1.48 5.15 65.26 1.21 4.21 -- -- 1.61
42-43| 40.94 1.54 5.58 54.09 1.27 4,72 -- -- 1.77
43-44| 40.05 151 5.57 49.46 1.22 4.611 -- -- 1.91
44-45| 53.35 1.70 6.19 54.03 1.38 5.06 -- -- 1.96
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Table A.7. Activity concentrations (in Bg-Kg of radionuclides in sediments frdRosition 5

Core 3(lake depth 40 m)

Cs-134 Cs-137 Pb-210
Act. unc. MDA Act. unc. MDA |Act. unc. MDA

0-1 -- - 3.51 93.71 2.37 421  364.78 11.6p 33.4D
1-2 -- - 4.59 114.41 3.01 5.59 508.41 15.39 41.6p
2-3 -- - 6.07 153.75 4.02 7.09 649.20 20.30 56.7D
3-4 -- - 5.03 207.06 4.49 7.15 731.17 20.28 53.0D
4-5 -- - 3.67 182.24 3.31 422 337.11 11.18 31.00
5-6 -- - 3.88 315.52 4.52 4.56 361.56 11.79 36.501
6-7 -- - 6.11 507.57 7.25 7.41 550.18 18.83 57.41
7-8 -- - 6.74 710.33 9.63 8.14 534.6/7 20.111 58.9p
8-9 -- - 4.07 1069.76 10.30 494  399.90 13.40 42.70
9-10 -- - 8.02 1569.57 16.33 8.85  439.05 20.30 ®9.3

10-11 -- - 3.51 93.71 2.37 421  364.74 11.6p 33.4b
11-12 - - 6.57 430.57 7.38 7.77 580.70 21.06 61.58
12-13 -- - 4.62 166.80 3.57 5.93 411.97 14.44 46.3D
13-14 -- - 3.67 89.50 2.38 453 270.44 10.7p 35.0¢
14-15 -- - 4.57 65.67 2.43 5.56 256.8p 12.6p 42.00
15-16 -- - 3.84 49.61 1.80 4.17 218.83 9.81 33.48
16-17 -- - 241 47.08 1.37 3.04 171.36 6.95 23.66
17-18 -- - 3.28 55.31 1.73 3.73 238.01L 9.36 30.338
18-19 -- - 7.05 76.51 3.40 8.70  492.91 21.2p 69.01
19-20 -- - 7.29 69.56 3.01 8.04  446.4p 19.5p 66.1b
20-21 -- - 9.30 75.75 3.71 14.60 383.4D 22.2p 126.17
21-22 -- - 7.01 104.07 3.73 8.40 330.11 18.00 61.64
22-23 -- - 5.04 135.43 3.58 6.09 337.53 14.40 45.2D
23-24 -- - 5.55 191.03 4.26 6.55 361.5p 15.24 50.4p
24-25 -- - 3.69 103.09 2.50 6.57 263.0¢4 10.3¢4 34.4p
25-26 -- - 3.81 62.55 2.10 4.65 262.50 11.04 34.3p
26-27 -- - 3.96 27.54 1.49 4.65 240.2f 10.7p 36.61
27-28 -- - 3.22 16.00 1.09 4.12 215.48 9.45 32.78
28-29 -- - 3.53 13.50 1.01 3.81 240.4p 9.82 32.94
29-30 -- - 3.43 5.91 0.84 411 230.64 9.83 32.08

30-31 -- - 3.09 4.36 0.78 411 237.21 9.94 33.92
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31-32 -- - 2.50 2.87 0.56 3.14 217.4y 7.50 25.6
32-33 - - 3.54 2.44 0.71 4160 189.98 9.17 335
33-34 - - 3.39 - -- 3.54| 187.30 8.70 32.21
34-35 - - 3.18 - -- 3.60| 193.94 8.84 31.40
35-36 - - 3.57 - -- 3.83| 183.20 9.24 33.20
36-37 - - 2.77 - -- 3.01| 198.20 7.45 26.40
37-38 - - 3.54 - -- 3.63| 175.36 8.97 32.45
38-39 - - 3.61 - -- 3.70| 181.29 8.94 33.10
39-40 - - 3.65 - -- 3.57| 186.46 9.20 34.13
40-41 - - 3.77 - -- 3.75| 202.39 9.48 34.81
41-42 - - 3.68 - -- 3.75| 143.45 8.80 33.90
42-43 - - 3.68 - -- 3.72| 188.42 9.01 32.50
43-44 - - 3.50 - -- 3.84| 192.19 9.30 34.54
44-45 - - 3.77 - -- 3.77| 161.34 9.12 34.70
Pb-214 Bi-214 Am-241
Act. unc. MDA Act. Unc. MDA |Act. unc. MDA

0-1 58.59 2.09 7.82 47.90 3.06 11.00 - -- 3.41
1-2 22.17 2.17 10.70 12.52 2.85 12.72 - - 4.28
2-3 46.52 3.24 15.00 20.13 3.92 17.81 - - 6.18
3-4 47.54 3.02 14.20 35.73 3.87 16.20 - - 5.15
4-5 44.78 1.98 8.47 31.56 2.36 9.78 - -- 3.33
5-6 56.69 2.25 9.43 49.61 2.79 10.51 - -- 3.81
6-7 23.40 3.03 20.10 6.12 3.84 17.73 - -- 5.30
7-8 46.99 3.51 21.80 11.72 4.14 19.90 - - 6.87
8-9 54.06 241 10.80 31.83 2.72 11.60 - - 4.02
9-10 | 45.65 3.77 25.50 28.51 3.33 20.90 - - 7.65
10-11| 58.59 2.09 7.82 47.90 3.06 11.00 - -- 3.41
11-12| 4.92 5.20 22.20 -- -- 19.80 - -- 5.79

12-13| 51.63 2.69 15.50 29.11 3.26 13.92 - - 4.90
13-14| 70.20 2.35 9.22 50.00 1.54 10.90 - -- 3.60
14-15| 43.25 2.55 11.20 31.92 3.15 12.67 - - 4.61
15-16| 35.88 1.94 8.20 22.61 2.37 10.04 - -- 3.57
16-17| 77.78 1.78 5.99 65.02 2.19 7.04 - -- 2.82
17-18| 60.89 2.10 8.08 47.56 2.57 9.56 - -- 3.17,
18-19| 51.57 3.97 17.90 37.36 4.98 21.60 - - 6.91
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19-20| 11.64 3.46 17.40 21.19 -- - 5.84
20-21| 12.13 3.34 28.80 13.52 1.92 28.79 -- -- 4.21]
21-22| 15.68 3.20 17.10 3.10 0.43 20.12 -- - 6.41
22-23| 10.73 2.35 12.50 14.21 -- - 4.75
23-24| 24.28 2.72 13.90 20.23 2.24 15.01 9.60 1.04 7.82
24-25| 43.03 2.06 8.79 27.51 2.50 10.33 4.24 0.68 5.64
25-26| 50.07 2.28 9.21 34.90 2.72 10.63 3.40 0.69 4.0p
26-27| 32.72 2.09 9.53 20.41 2.52 10.80 -- - 3.77
27-28| 52.04 1.99 10.00 44.53 2.53 9.39 -- - 3.99
28-29| 79.45 2.28 7.99 65.88 2.81 9.71 -- -- 3.13
29-30| 83.45 2.34 8.29 61.57 2.82 9.6|7 - - 3.26)
30-31| 89.80 2.40 8.26 70.35 1.45 9.90 - - 3.57
31-32| 92.35 1.90 6.40 72.45 2.30 7.41 - - 2.80
32-33| 103.62 2.52 8.62 81.28 3.05 9.98 -- - 3.90
33-34| 89.86 2.29 7.84 74.36 2.79 9.0/ - - 3.39
34-35| 87.33 2.28 7.82 62.44 2.70 9.46 - - 3.22
35-36| 55.40 2.12 7.87 45.00 2.64 9.9y -- -- 3.40
36-37| 80.59 1.86 6.45 61.90 2.25 7.71 -- -- 2.61
37-38| 109.33 2.52 8.29 85.52 3.04 9.82 -- - 3.3
38-39| 99.92 2.44 8.21 73.57 2.87 9.41 -- -- 3.61
39-40| 111.79 2.55 8.12 81.58 3.02 9.89 -- - 3.58
40-41| 95.49 2.45 8.27 77.64 2.97 9.74 -- -- 3.31
41-42| 92.23 241 8.11 76.46 2.96 9.69 -- -- 3.40
42-43| 111.10 2.54 8.23 85.24 1.87 9.72 -- - 3.47
43-44| 97.73 2.45 8.23 74.76 2.94 9.6D -- -- 3.53
44-45| 146.54 2.86 8.65 109.37 3.34 10.23 - -- 3.48
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Table A.8. Activity concentrations (in Bg-Kg of radionuclides in sediments frdRosition 6

Core 3(lake depth 29 m)

Cs-134 Cs-137 Pb-210
Act. unc. MDA Act. unc. MDA Act. unc. MDA

0-1 -- - 6.93 124.90 3.65 12.10  798.52 24.41 83.10
1-2 -- - 4.05 193.91 2.87 5.70 970.56 16.86 49.4D
2-3 -- - 8.09 226.20 5.31 14.70  812.87 27.13 98.80
3-4 -- - 8.02 288.62 5.93 10.70  791.75 26.71 99.40
4-5 -- - 4.30 214.33 3.74 5.26 440.37 14.45 49.0D
5-6 -- - 5.90 337.30 491 7.61 568.13 18.11 66.4D
6-7 -- - 6.64 274.58 4.94 8.83 564.96 20.78 84.0D
7-8 -- - 8.27 154.29 451 11.20 439.83 23.56 98.50
8-9 -- - 8.33 136.76 4.26 1490 478.85 2.33 97.8p
9-10 -- - 7.37 166.71 4.43 10.10  468.52 22.25 87.30
10-11 -- - 7.12 165.02 4.22 9.08 440.33 20.62 83.3D
11-12 - - 5.61 185.10 3.51 7.39 480.28 17.08 62.90
12-13 -- - 6.38 187.63 4.21 8.55 445.6p 19.10 72.6D
13-14 -- - 6.66 168.21 4.14 8.72 388.81 19.277 81.4p
14-15 -- - 6.19 120.79 3.34 7.72 322.06 17.2p 72.70
15-16 -- - 5.81 93.08 2.74 7.09 329.68 15.48 63.00
16-17 -- - 5.13 47.07 1.91 6.08 226.5p 13.0p 56.70
17-18 - - 2.70 - -- 491 | 252.84 8.22 32.80

18-19 -- - 2.52 18.12 0.87 3.44 211.6f 7.32 29.90
19-20 -- - 4.60 1.33 1.21 5.69 151.51 11.06 45.50
20-21 -- - 4.70 8.49 1.09 5.54  182.19 11.46 47.90
21-22 -- - 4.66 6.54 1.09 5.85 141.1p 10.3b 46.40
22-23 -- - 4.66 5.61 1.03 5.49  127.41 10.09 47.70
23-24 -- - 4.64 1.88 0.90 5.21 104.10 9.35 43.20
24-25 -- - 4.63 2.49 0.93 5.30 82.84 9.19 45.9(

25-26 -- - 4.48 2.04 0.89 5.19 140.15 10.76 49.10
26-27 -- - 4.48 0.27 0.86 4.77 99.05 9.17 43.0(

27-28 -- - 3.81 2.08 0.77 4.04 86.21 8.01 39.5

28-29 -- - 3.69 1.80 0.72 4.27 8.84 8.28 36.8(

29-30 - - 4.86 - -- 4.96 8.51 10.63 46.90

30-31 - - 4.68 - -- 4.83 83.71 10.59 49.70
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31-32 - - 4.82 - -- 5.14 88.99 10.61 49.30
32-33 - - 4.66 - -- 5.32 92.57 10.31 47.40
33-34 - - 4.65 - -- 4.93 57.42 10.03 47.20
34-35 - - 4.90 - -- 5.19 9.60 10.75 51.00
35-36 - - 461 - -- 5.07 90.31 10.29 5.03
36-37 - - 4.63 - -- 7.17 61.16 10.42 50.30
37-38 - - 4.81 - -- 5.57 87.36 9.77 68.90
38-39 - - 4.81 - -- 5.57 87.36 9.77 68.90
Bi-214 Pb-214 Am-241
Act. unc. MDA Act. unc. MDA Act. unc. MDA
0-1 119.09 4.50 16.20 35.42 3.68 19.60 -- - 7.45
1-2 57.25 3.11 13.00 47.15 2.49 11.70 - - 3.90
2-3 -- - 23.80 3.86 7.07 22.80 - -- 7.57
3-4 4.41 5.38 24.70 14.15 4.06 28.20 - -- 9.09
4-5 13.52 2.96 12.70 17.35 2.21 11.60 - - 4.78
5-6 28.30 4.19 17.60 31.94 3.18 16.40 - - 5.25
6-7 23.11 4.34 20.70 12.24 3.46 18.50 - - 6.28
7-8 12.17 5.00 24.50 -- -- 22.60 - -- 7.94
8-9 15.33 5.51 23.70 19.07 4.12 23.40 - - 7.76
9-10 | 11.34 4.98 21.90 11.78 4.49 20.10 5.84 1.35 8.18
10-11| 101.46 4.41 16.90 24.28 3.55 18.60 6.7R 1.38 7.28
11-12| 115.58 3.48 12.70 21.69 2.99 15.60 3.44 1.q7 6.47
12-13| 88.32 2.14 20.90 17.45 3.32 17.10 - - 6.56
13-14| 87.46 4.05 16.10 22.29 3.43 18.00 5.47 1.28 10.40
14-15| 70.81 3.11 19.90 23.19 3.11 16.80 5.25 1.16 6.94
15-16| 84.22 1.54 13.00 30.04 2.80 15.10 - - 5.99
16-17| 74.11 1.23 16.70 34.22 2.58 12.90 - - 4.84
17-18| 52.71 1.17 9.26 86.45 1.53 5.94 - -- 3.14
18-19| 49.69 1.91 7.73 49.56 1.58 7.08 - -- 2.34
19-20| 45.82 3.13 12.00 53.57 2.44 14.40 - - 4.42
20-21| 36.42 2.99 12.30 45.66 2.37 11.50 - - 4.99
21-22| 43.06 3.06 12.00 47.66 2.43 11.50 - - 4.56
22-23| 36.74 3.02 12.30 43.61 2.38 14.60 - - 4.63
23-24| 26.83 2.85 12.10 38.63 2.27 14.10 - - 4.43
24-25| 22.90 2.81 12.10 28.46 2.25 11.70 - - 4.63
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25-26| 49.78 3.11 11.90 48.94 2.45 10.90 -- 4.42
26-27| 34.48 2.85 11.90 43.54 2.27 10.80 -- 4.71
27-28| 35.70 2.54 10.10 40.41 2.01 9.34 - 3.55
28-29| 23.23 2.30 9.87 33.23 1.83 11.60 - 3.41
29-30| 31.40 2.99 12.30 33.37 2.37 15.20 -- 4.65
30-31| 34.51 3.07 12.70 43.00 2.42 11.50 -- 4.57
31-32| 30.01 2.98 12.40 38.56 2.39 11.50 -- 4.54
32-33| 32.64 3.01 11.90 38.01 2.39 11.60 -- 5.48
33-34| 38.70 3.05 12.20 47.52 2.40 11.60 -- 4.90
34-35| 31.32 3.01 12.50 38.25 241 15.20 -- 4.64
35-36| 34.51 2.98 12.50 33.75 2.27 11.60 -- 4.30
36-37| 46.08 1.53 12.50 50.12 2.46 11.70 -- 4.44
37-38| 54.33 3.51 12.30 62.45 2.59 14.10 -- 4.74
38-39| 54.33 3.51 12.30 62.45 2.59 14.10 -- 4.74
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Table A.9. Activity concentrations (in Bg-Kg of radionuclides in sediments frdRosition 7

Core 2(lake depth 370 m)

Cs-134 Cs-137 Pb-210
Act. unc. MDA Act. unc. MDA Act. unc. MDA
0-1 -- - 2.00 94.93 1.54 250 578.96 9.60 21.20
1-2 -- - 1.94 100.96 1.70 2.52 352.93 7.95 20.0D
2-3 -- - 3.28 141.70 2.75 3.90 188.7p 9.24 31.8D
3-4 -- - 3.27 148.59 2.94 3.96 205.44 9.7( 32.6D
4-5 -- - 291 178.43 2.83 3.55 210.0¢ 8.55 27.8D
5-6 -- - 3.48 166.47 4.23 3.48 199.6D 9.8( 32.90
6-7 -- - 3.49 198.06 3.45 4.21 239.7¢7 10.18 31.4p
7-8 -- - 3.30 220.90 3.67 4.29 289.62 10.99 33.4p
8-9 -- - 3.70 151.31 291 4.30 205.48 9.34 30.90
9-10 -- - 3.57 93.12 231 4.24 106.69 7.23 42.50
10-11 -- - 3.27 47.54 1.60 3.88 63.09 5.96 39.20
11-12 -- - 3.17 102.77 2.35 5.51 212.56 8.98 44.30
12-13 -- - 3.48 272.65 4.04 4.47 336.6¢4 11.26 31.8D
13-14 -- - 3.70 233.98 3.94 4.48 246.41 11.18 36.6D
14-15 -- - 3.57 267.70 4.20 4.46 248.6D 10.81 33.9D
15-16 -- - 2.64 131.35 2.22 3.38 101.8y7 6.2¢ 24.00
16-17 -- - 3.47 108.13 251 4.31 140.0p 8.01 31.00
17-18 -- - 3.45 119.00 2.63 4.17 125.50 7.86 31.50
18-19 -- - 3.45 115.51 2.40 4.09 116.00 7.3( 27.90
19-20| 1.27 0.44 3.66 713.42 7.48 438  199.56 9.81 32.80
20-21| 1.67 0.68 6.30 1358.90 14.04 7.23 394.14 18.43 060.0
21-22 -- - 5.46 87.45 2.90 6.10 337.84 15.28 44.90
22-23 -- - 3.61 60.76 1.96 451 230.64 10.4p 34.20
23-24 -- - 4.99 47.11 2.15 6.04 290.28 13.4p 44.40
24-25 -- - 3.20 54.28 1.81 4.40Q 206.18 10.01t 34.20
25-26 -- - 3.22 46.78 1.59 3.79 162.6b 8.472 27.40
26-27 -- - 2.73 60.14 1.60 3.41 193.34 7.89 24.70
27-28 -- - 3.11 49.00 1.68 3.76 139.86 8.32 30.00
28-29 -- - 4.95 52.28 2.27 7.57 259.04 12.688 41.80
29-30 -- - 6.61 70.73 2.97 7.67 376.24 18.14 57.10
30-31 -- - 5.13 40.15 2.03 5.93 171.88 12.2)7 44.30
31-32 - - 5.78 89.81 3.22 7.1Q 291.81L 15.7p 53.00
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32-33 -- - 3.84 111.02 2.66 4.33 203.69 10.20 33.50
33-34 -- - 3.37 127.89 2.80 4.30 184.96 9.67 32.90
34-35 -- - 3.44 159.41 3.06 3.97 210.56 9.76 31.70
35-36 -- - 3.83 119.78 2.89 4.48 211.98 10.79 35.50
36-37 -- - 3.90 82.88 2.27 4.35 258.8b 10.9p 35.00
37-38 -- - 3.36 20.94 1.26 4.38 202.4) 9.69 30.40
38-39 -- - 4.27 10.93 1.09 4.85 272.24 11.9f7 37.4D
39-40 -- - 3.55 7.05 0.86 4.08 175.81 9.63 33.30
40-41 -- - 3.64 2.12 0.70 427 1225y 8.50 32.30
41-42 -- - 3.50 1.64 0.64 3.80 136.18 8.61 31.80
42-43 -- - 3.28 1.7 0.63 3.64 177.12 9.3@ 30.90
43-44 - - 3.22 - -- 3.60 82.35 7.44 29.40
44-45 - - 3.50 - -- 3.49| 129.00 7.88 30.30
45-46 - - 3.73 - -- 3.71| 120.83 8.45 32.30
46-47 - - 3.21 - -- 3.49 57.61 7.31 32.20
47-48 - - 3.38 - -- 3.76 96.45 8.07 32.80
48-49 - - 3.50 - -- 3.38 79.64 7.37 30.20
49-50 - - 3.01 - -- 3.02 67.90 6.46 27.10
50-51 - - 3.19 - -- 3.07 62.31 6.59 28.70
51-52 - - 2.75 - -- 2.43 68.07 5.69 23.20
52-53 - - 2.96 - -- 3.17 48.44 5.46 25.50
53-54 - - 3.33 - -- 3.31 34.60 6.21 27.10
54-55 - - 271 - -- 2.70 67.40 5.66 23.30
55-56 - - 2.83 - -- 2.72 70.07 5.28 23.10
56-57 - - 2.86 - -- 3.06 84.95 6.50 26.00
57-59 - - 2.94 - -- 2.99 63.97 6.08 26.00
59-61 - - 3.16 - -- 3.07 68.26 6.82 28.30
61-63 - - 2.75 - -- 2.84 41.12 4.98 24.20
63-65 - - 2.32 -- - 2.28 50.64 4.87 20.90
Bi-214 Pb-214 Am-241
Act. unc. MDA Act. unc. MDA Act. unc. MDA
0-1 58.95 1.71 5.76 73.78 1.44 4.90 - -- 1.96
1-2 48.01 1.63 5.70 56.01 1.36 4.756 - -- 2.06
2-3 35.59 2.30 9.06 48.92 1.91 9.91 - -- 2.92
3-4 23.43 2.22 9.23 31.29 1.81 10.30 - -- 3.77
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4-5 31.61 2.04 8.22 45.61 1.70 9.20 - - 3.30
5-6 47.14 2.58 9.00 45.74 2.00 8.48 - - 3.56]
6-7 31.50 2.37 9.33 38.07 1.89 8.00 - - 3.12
7-8 51.80 2.63 9.49 56.79 2.11 8.71 - - 3.28
8-9 31.99 2.29 9.26 45.89 1.91 10.30 -- - 3.02
9-10 18.05 2.14 9.55 28.50 1.77 10.60 -- - 3.02
10-11| 20.16 2.05 8.71 30.62 1.68 9.4p -- -- 2.67
11-12| 32.60 2.22 8.66 43.50 1.87 8.00 -- -- 3.03
12-13| 47.70 2.51 9.53 64.73 2.12 8.1y -- -- 3.11
13-14| 31.72 2.53 10.40 42.87 2.11 12.00 -- -- 3.81
14-15| 35.21 2.53 10.00 48.31 2.14 9.05 -- - 3.60
15-16| 40.21 1.94 7.43 51.89 1.63 6.3 - - 2.41
16-17| 53.00 2.67 9.71 70.30 2.25 0.1p - - 0.06]
17-18| 40.58 2.48 9.40 52.96 2.03 7.7)7 - - 3.48
18-19| 31.74 2.33 9.01 39.23 1.90 10.00 -- - 2.06
19-20| 44.92 2.54 9.67 60.31 2.25 9.06 - - 3.24
20-21| 7.42 3.09 17.20 20.63 3.06 16.60 -- - 5.58
21-22| 38.68 3.64 15.00 56.70 2.97 15.80 -- -- 5.21
22-23| 54.88 2.76 9.88 68.88 2.30 8.48 -- -- 3.30
23-24| 44.34 3.00 14.10 58.35 2.92 16.10 -- -- 4.31
24-25| 74.74 2.89 9.23 91.65 2.42 8.38 -- -- 3.62
25-26| 54.77 2.49 8.62 61.69 2.03 7.54 -- -- 2.95
26-27| 46.42 2.14 7.62 59.61 1.78 8.72 -- -- 3.12
27-28| 31.11 2.28 9.08 48.14 1.92 9.8 -- -- 3.27
28-29| 44.05 3.45 13.50 50.43 2.79 11.30 -- -- 4.21
29-30| 13.51 4.42 18.90 29.86 3.24 20.10 -- -- 5.96
30-31] 5.52 3.02 13.90 18.29 2.45 12.10 -- - 4.29
31-32| 38.02 3.86 15.70 43.27 3.06 13.90 -- -- 5.29
32-33| 52.42 2.79 10.40 72.67 2.33 8.49 -- - 3.69
33-34| 43.91 2.54 9.28 57.28 2.14 8.38 -- -- 4.59
34-35| 45.20 2.55 9.54 68.46 2.20 8.1p 4.76 0.6b 3.48
35-36| 41.45 2.80 10.70 48.26 2.23 9.25 6.14 0.88 4.18
36-37| 41.78 2.74 10.60 59.96 2.26 8.71 5.39 0.67 3.3
37-38| 54.02 2.73 9.69 66.87 2.27 7.83 -- -- 3.38
38-39| 46.07 2.95 11.10 61.46 241 12.20 -- -- 4.03
39-40| 51.30 2.76 9.99 63.76 2.23 10.60 -- - 3.61
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40-41| 51.42 2.69 9.95 60.25 2.22 8.20 - - 3.12
41-42| 37.19 2.43 9.16 53.18 2.02 7.84 - - 3.37|
42-43| 41.66 2.55 9.59 57.00 2.12 10.30 -- - 4.51
43-44| 36.03 241 9.28 45.84 1.95 7.79 - - 3.20
44-45| 52.28 2.67 9.59 69.14 2.24 7.79 - - 3.37|
45-46| 48.27 2.66 9.57 55.47 2.13 8.14 - - 3.47
46-47| 27.98 2.38 9.15 34.86 1.81 7.9 -- -- 3.07
47-48| 38.64 2.46 9.32 49.55 2.02 8.16 -- -- 2.94
48-49| 34.15 2.50 9.39 50.00 2.01 8.26 -- -- 3.00
49-50| 32.04 2.13 8.29 44.00 1.77 7.1)7 -- -- 3.91
50-51| 29.12 2.12 8.58 40.20 1.75 7.10 - - 2.92
51-52| 31.51 1.87 7.28 41.41 1.53 6.0p - - 3.42,
52-53| 19.69 1.98 8.39 26.86 1.64 6.94 - - 2.56]
53-54| 16.02 2.04 9.10 22.95 1.64 7.56 - - 2.77
54-55| 29.30 1.84 7.52 38.37 1.49 6.04 - - 2.86)
55-56| 40.26 1.99 7.43 50.14 1.64 8.28 - - 2.35
56-57| 40.74 2.17 8.05 44.82 1.70 6.89 -- -- 2.45
57-59| 28.00 1.97 7.83 37.55 1.61 6.86 -- -- 2.53
59-61| 23.50 2.06 8.43 30.19 1.64 7.18 -- -- 2.70
61-63| 17.24 1.84 7.84 23.52 1.45 6.7 -- -- 2.38
63-65| 14.52 1.48 6.53 25.40 1.22 6.80 -- -- 2.46
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APPENDIX B:

Bulk density of the sediments of Lago Maggiore

Table B.1.Measured bulk density of dry sediments of Lago §laig, in g-crii.

Sed. Posl | Posl| Pos2 | Pos2 | Pos3 | Pos4 | Pos5| Pos6 | Pos7

layer,cm | Core 1 | Core4 | Corel | Core3 | Core3| Core2 | Core 3| Core 3| Core 1

0-1 0.91 0.71 0.38 0.32 0.64 0.29 0.32 0.18 0.2
1-2 0.68 0.60 0.29 0.22 0.63 0.27 0.17 0.14 0.3
2-3 0.57 0.57 0.32 0.23 0.95 0.36 0.12 0.1p 0.3
34 0.69 0.90 0.27 0.36 0.96 0.20 0.13 0.1p 0.3
4-5 0.94 0.91 0.26 0.35 0.98 0.24 0.24 0.24 0.4
5-6 0.88 0.92 0.35 0.23 0.87 0.22 0.2( 0.18 0.4
6-7 0.93 0.80 0.25 0.37 0.66 0.19 0.11 0.1p 0.3
7-8 0.83 0.70 0.23 0.18 0.59 0.22 0.12 0.1p 0.2
8-9 0.73 0.59 0.29 0.30 0.77 0.17 0.21] 0.1p 0.3
9-10 0.70 0.86 0.32 0.33 0.93 0.21 0.11 0.18 0.6
10-11 0.52 0.76 0.30 0.32 0.69 0.25] 0.11 0.14 0.9
11-12 0.87 1.03 0.34 0.37 0.60 0.25] 0.12 0.1p 0.4
12-13 0.78 0.93 0.42 0.46 0.81 0.27 0.13 0.1b 0.2
13-14 0.71 0.80 0.69 0.57 0.67 0.26 0.2( 0.1b 0.2
14-15 0.91 0.88 0.61 0.57 0.63 0.14 0.17 0.1y 0.2
15-16 0.84 0.74 0.61 0.57 0.70 0.16 0.23 0.18 0.4
16-17 0.62 0.62 0.61 0.61 0.75 0.24 0.24 0.20 04
17-18 0.68 0.69 0.61 0.61 0.67 0.24 0.2 0.24 0.3
18-19 0.81 0.59 0.61 0.61 0.72 0.29 0.1d 0.24 0.5
19-20 0.69 0.73 0.61 0.58 0.42 0.30 0.0d4 0.28 0.3
20-21 0.83 0.85 0.61 0.58 0.48 0.35] 0.06 0.2 0.1
21-22 0.77 0.89 0.61 0.58 0.58 0.45] 0.11 0.28 0.1
22-23 0.78 0.78 0.56 0.55 0.63 0.39 0.16 0.29 0.2
23-24 0.59 0.74 0.56 0.55 0.64 0.44 0.13 0.28 0.1
24-25 0.60 0.83 0.56 0.55 0.63 0.65] 0.2 0.3p 0.2
25-26 0.69 0.85 0.56 0.58 0.73 0.54 0.2( 0.38 0.3
26-27 0.65 0.71 0.63 0.58 0.72 0.54 0.21 0.34 0.3
27-28 0.61 0.80 0.63 0.58 0.76 0.52 0.26 0.32 0.3
28-29 0.69 0.89 0.63 0.54 0.75 0.51 0.31 0.34 0.1
29-30 0.90 0.83 0.63 0.54 0.75 0.42 0.33 0.30 0.1
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30-31 0.87 0.74 0.70 0.54 0.75 0.59 0.34 0.28 0.1
31-32 0.87 0.61 0.98 0.58 -- 0.59 0.36] 0.27 0.1
32-33 0.89 0.70 0.48 0.60 0.81 0.68 0.39 0.26 0.2
33-34 0.73 0.97 0.33 1.08 0.79 0.64 0.38 0.3p 0.2
34-35 0.92 0.87 0.23 0.57 0.70 0.62 0.33 0.2y 0.2
35-36 1.03 0.78 0.42 0.45 0.64 0.75 0.28 0.24 0.2
36-37 1.01 0.66 0.56 0.30 0.62 0.71 0.34 0.25 0.2
37-38 0.80 0.64 0.36 0.14 - 0.68 0.39 0.35 0.28
38-39 0.81 0.68 0.36 0.33 - 0.63 0.40 0.35 0.21
39-40 0.54 0.66 0.46 0.47 - 0.58 0.42 - 0.28
40-41 0.59 0.64 0.44 0.55 - 0.66 0.45 - 0.39
41-42 1.07 0.61 0.47 0.40 - 0.62 0.41 - 0.35
42-43 0.83 0.61 0.51 0.34 - 0.72 0.43 - 0.36
43-44 0.79 0.61 0.64 0.38 - 0.81 0.46 - 0.45
44-45 0.61 0.60 0.65 0.50 - 0.81 0.46 - 0.36
45-46 0.54 0.60 0.68 0.50 - - - - 0.40
46-47 0.55 0.60 0.54 0.42 - - - - 0.60
47-48 0.55 0.60 0.51 0.48 - - - - 0.45
48-49 0.53 0.60 0.60 0.45 - - - - 0.50
49-50 0.44 0.60 0.64 0.55 - - - - 0.54
50-51 0.40 0.55 0.75 0.64 - - - - 0.65
51-52 0.41 - 0.61 0.61 - - - - 0.61
52-53 - - 0.64 0.66 - - - - 0.90
53-54 - - 0.65 0.61 - - - - 0.85
54-55 - - 0.66 0.55 - - - - 0.80
55-56 - - 0.70 0.52 - - - - 0.75
56-57 - - 0.50 0.52 - - - - 0.63
57-58 - - 0.40 0.61 i - - - 1.21
58-59 - - 0.68 0.83 - - - - 1.21
59-60 - - 0.64 0.68 - - - - 1.48
60-61 - - 0.61 0.64 - - - - 1.48
61-62 - - 0.62 0.65 - - - - 2.03
62- 63 - - 0.72 0.75 - - - - 2.03
63- 64 - - 0.61 0.73 - - - - 1.85
64- 65 - - 0.72 0.68 - - - - 1.85
65- 66 - - - 0.68 - - - - 0.85
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66- 67 - - - 0.61 - - - - 0.67

67- 68 - - - 0.57 - - - - 0.54

68- 69 - - - 0.82 - - - - 0.58

69- 70 - - - 0.83 - - - - 0.67
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APPENDIX C:

Results of grain-size distribution analyses

Table C.1.Percentage of grain-size distribution and orgamatter content of sediment profiles
at different positions of Maggiore.

Position (sediment layer) Se(_jiment fraction in % -
Sand Silt Clay | Organic matter

Pos 1 (0-9.5cm) 14.6 66.1 16.9 2.4
Pos 1 (9.5-24 cm) 23.4 59.2 122 5.2
Pos 2 (0-2cm) 65.3 18.8 13.0 2.9
Pos 2 (2-12.5cm) 65.9 21.0 109 2.2
Pos 2 (12.5 - 14.5 cm) 43.4 33.5 22(1 1.0
Pos 2 (39 - 47 cm) 31.2 40.1 27.0 1.7
Pos 3 (5-18cm) 22.3 64.9 117 1.1
Pos 4 (0-15cm) 1.1 67.1 30.1 1.8
Pos 4 (15 - 30 cm) 1.7 52.0 44p 1.7
Pos 4 (30 - 45 cm) 9.6 58.3 283 3.8
Pos 4 (45 - 60 cm) 8.8 70.4 16.8 4.0
Pos 5 (0-20cm) 2.4 78.9 11.6 7.2
Pos 6 (8 - 28 cm) 10.9 41.1 46.6 1.4
Pos 7 (0 - 25 cm) 26.8 45.2 25.0 2.9
Pos 7 (25 - 50 cm) 4.8 48.9 441 2.2
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APPENDIX D:

Results of 5-step sequential extraction procedure

Table D.1.Percentage of extractéiCs during 5-step sequential procedure.

Position Rest
) Step 1, Step 2, Step 3, Step 4, Step 5, )
(sediment (residue),
% % % % %
layer, cm) %

Pos1(9.5-24)| 0.45x0.11 0.23+0.( 0.15+0[{08.20+0.16| 551+0.33 91.46+0.4

Pos 2 (2-12.5)| 0.99+0.05 0.20 +0.( 0.21 +0[{02.40+0.21| 0.90+0.05 93.30+0.7

Pos 3 (8-17) 0.21+0.06 0.16+0.1 0.08#0.p3 7%0.10| 0.43+0.06f 97.95%0.1

Pos 3 (8-15) 0.29+0.06 0.16+0.4 0.05+0J06 26*0.09| 0.14+0.03 98.10+0.1

Pos 4 (2.5-12) 156 +0.09 0.52 +0.( 0.23 +0{02.27 £ 0.20 -- 93.42 +0.22

Pos 5 (8-17) 9.68+0.56 2.38+0.2 1.11+0{16 5840.40 | 1.12+0.16 79.13+0.7

Pos 6 (0-8) 451+0.32 1.76+0.2 0.68+0/11 8%x0.21| 0.50+0.10f 89.37+0.4

o N O Bl O O W o©

Pos 7 (0-25) 0.86£0.0Y 0.24+0.0 0.18 £0J0578%0.12| 0.25+0.04 96.69+0.1

Step 1 — Exchangeable ions'dEs;

Step 2 — Carbonates;

Step 3 — Oxides and hydroxides of ion and manganese
Step 4 — Organic matter;

Step 5 — Amorphous silicates.

Rest (residue) — Clay minerals, quartz, feldspars.
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APPENDIX E:

Constant rate of supply model for sediment dating

The Constant Rate of Supply (CRS) model is baseth®@mssumption that the supply of
unsupported®®Pb to the accreting material is constant for eaote tinterval. This
approach does not require the rate of sedimenthadeation to be constant over time. In

that case the initial concentratioh,(t) (Bg-g") of unsupported*Pb in the sediment

satisfies:

A, (t)(R4(t) = const, (E.1)
whereR(t) is the dry mass sedimentation rate in gXaj andt is time in a.

The present concentration of unsupport¥®o at a present depth can be calculated
from (Appleby & Oldfield, 1978):

A(x)=A,(t)e™, (E.2)

where A, and A(x) are the initial and present activity concentratanunsupported

2%y in the layer at deptk, respectively, and is radioactive decay constant fofPb
(0.031 &).

A sediment deposited during a small period of tifvieoccupies a layer of thickneds :

ax = Rslt) At (E.3)
pb(x)

wherep, (x) in g-cm?® is the bulk density of the sediment at deptland R(t) is the dry

mass sedimentation rate in g-feamj’. The rate of change of depth is:

Rall). €4

Substituting (E.4) and (E.2) into (E.1), leads to:
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A(x) p, (x) x = A(0) b, (0) X (0) ™

(E.5)

The total residual (cumulated) unsupport¥®b A  (x) (Bg-cm) in the sediment below

the depthx is:

A, (0= p, o) )

and, accordingly,

Ar(O):jpb(x)DA(x)Etblx.

0

From equations (E.5) and (E.6) it follows that:

A, ==p, (x) [A(x) B = -p, (0) A (0) x(0) c&™.

Integrating this equation with regard to time wéeain

(E.6)

(E.7)

(E.8)

(E. 9)

(E.10)

This calculation is based on the fact that cumdlatesupported*®Pb below any given

depth in a core can be compared to the total umstgzp® b in the core and the age

calculated for that particular depth. A series ludsie age calculations can be used to

develop a graph of age versus depth of the core.

The age of the layer of depth can be calculated as:
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(E.12)

A, (x) is calculated by numerical integration of the grapp, [A/x.

Whereas, for the constant input concentration (@hGjlel the age of the layer of depth x

is:

>

~—

(o

(x

Hence, from equations (E.4), (E.8) and (E.9) thte raf sedimentationRs(x) in

(E.13)

t:EEI]n
A

>

S~—|

g(cn?-a)* is given by:

Rs(t) - A()r()
R(x)=2 [A/?;()X) - (E.14)

Depending on the core, age determination older @ah00 years should be treated with
caution because statistical uncertainties and svasifitions in the backgrourfd®b can

cause large changes in the age estimation.
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APPENDIX F:

Example of modeling: Mathematical code for Matlab

% FEMLAB Model M-file
% Generated by FEMLAB 3.0 (FEMLAB 3.0.0.181, $D&604/01/29 19:04:14 $)

clear;
clc;

flclear fem

% Femlab version

clear vrsn

vrsn.name = 'FEMLAB 3.0';

vrsn.ext =",

vrsn.major = 0;

vrsn.build = 181;

vrsn.rcs = '$Name: $';

vrsn.date = '$Date: 2004/01/29 19:04:14 $';
fem.version = vrsn;

% Geometry
gl=solid1([0,90]);
clear s
s.objs={g1};
s.name={'depth'};
s.tags={'gl"};

fem.draw=struct('s',s);
fem.geom=geomcsg(fem);

% Constants

% Rs86 - sedimentation rate after the Chernobybaot, g/(cni-a)

% Rs63 - sedimentation rate after the nuclear wespesting fallout, g/(cfra)

% fix - fixation rate, 1/a

% lambda - radioactive decay constant, 1/a

% alphabar - portion of exchangeable radioactifdiynensionless)

% D - Diffusion constant of Cdons in the pure water at certain temperaturé/am
% Kdtot - total distribution coefficient, Itr/kg

% Kddiffusion - distribution coefficient which iegponsible for the retarded diffusion within thdiseent

% ro0 - bulk density for the top layer of the seelit) g/cni
% R - radius of the sediment corer, m

% rop - mean particle density, g/tm

% LA - lake area, m

% CA - catchment area, m2

% Pr - precipitation (net annual rainfall), mm/a

% DL86 - Average deposition on the lake in 1986/rEq
% DL63 - Average deposition on the lake in 1963/rEq
% DC - Average deposition to the catchment, Bg/m
% MD - Lake mean depth, m

% B1 to B6 — constants of the AQUASCOPE model
t1 — time of the nuclear weapons testing fallout, a

t2 — time of the Chernobyl accident, a
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t3 and t4 — time of the turbidite, a

parl — constant describing the sedimentation spéhch in the turbidite

par2 — constant describing the amplitude of thiidite

fem.const={'"Rs86','0.128", ...
'Rs63','0.25',...
fix','2", ...
'lambda’,'log(2)/30.07", ...
‘alphabar’,'0.0099, ...
'D','417.63', ...
'Kdtot','99000, ...
'Kddiffusion’,'193.8',...
'r00','0.2781, ...
'R','0.02865, ...
'rop','2.65', ...
'LA','213000000, ...
'CA','6390000000, ...
'Pr','1.752', ...
'DL86','20000, ...
'DC86','5000, ...
'DL63','2330, ...
'MD','176.5', ...
'‘B1','0.3, ...
'‘B2','18', ...
'B3','0.41, ...
'‘B4','0.02', ...
'B5','0.00535, ...
'B6','0.00029, ...
't1''4.5', ...
't2','27.3", ...
't3','17.9', ...
't4','18', ...
'‘parl','440', ...
‘par2','’2.1', ...
'scale’,'0.001%;

% Initialize mesh

fem.mesh=meshinit(fem, ...
'hmax',[], ...
‘hmaxfact',1, ...
‘hgrad', 1.3, ...
'xscale',1.0);

% Refine mesh

fem.mesh=meshrefine(fem);
fem.mesh=meshrefine(fem);
fem.mesh=meshrefine(fem);
fem.mesh=meshrefine(fem);
fem.mesh=meshrefine(fem);
fem.mesh=meshrefine(fem);
fem.mesh=meshrefine(fem);
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% Application mode 1

clear appl

appl.mode.class = 'FIPDEC";
appl.mode.type = 'cartesian’;

appl.dim = {'ul','u2','ul_t','u2_t%;

appl.sdim = {'x','y",'z'};

appl.name ='c’;

appl.shape = {'shlag(2,"ul")','shlag(2,"u2")'};
appl.sshape = 2;

appl.border = "off’;

appl.assignsuffix ="' _c';
clear prop
prop.elemdefault="Lag2";

prop.wave="off';
prop.weakconstr=struct('value' {'off'},'dim" {{'lm1llm2','Im3','Im41});
appl.prop = prop;

clear bnd

bnd.weak = 0;

bnd.dweak = 0;

bnd.constr =0,

bnd.q = 0;

bnd.h = 1;

bnd.g = 0;

bnd.r = {0,{'Ce";'Cf'}};

bnd.type = {'neu’,'dir'’};

bnd.ind = [2,1];
appl.bnd = bnd;
clear equ

equ.shape =[1,;2];

equ.gporder = 4;

equ.cporder = 2;

equ.init = 0;

equ.usage = 1;

equ.weak = 0;

equ.dweak = 0;

equ.constr ='0;

equ.c = {{'c11';'c221};

equ.a ={{'all'/'-al2";'-a21','a22'}};

equ.f =0;
equ.da = 1;
equ.al = '-vs'
equ.be = 0;
equ.ga = 0;
equ.ind = [1];
appl.equ = equ;

fem.appl{1} = appl;
fem.sdim = {x'};

% Simplify expressions
fem.simplify = 'on",

% Global expressions

% RT - Water residence time of the lake, a
% LV - lake volume

% Kappa - Caesium removal rate, 1/a
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% DC86 - Average deposition to the catchment in6] &&)/nt
% DC63 - Average deposition to the catchment in3] &&)/n?
% RT - Water residence time of the lake, a

% MD - Lake mean depth, m

% Kappa - Caesium removal rate, 1/a

% cw — concentration in the lake water, mBg/I

% Ce — exchangeable part of radioactivity, Bofrer 1 cm layer
% Cf — fixed part of radioactivity, Bg/frper 1 cm layer

% Kdturbidite — distribution coefficient which issdendent on time and includes the terms descrihiag
turbidite

% reisol — redissolution rate, 1/a

% Dphys — combined bio- and physical turbation?/am

% De — retarded diffusion, éfa

% epsilon — porosity, dimensionless

% rob — bulk density of the sediment, gfcm

% vs — sedimentation speed, cm/a

fem.expr = {'LV','LA*MD/, ...
'RT','LVI(Pr*CA)', ...
'Kappa','(1/RT)+(8/MD)+1", ...
'cw86','(T186+((DC86.*exp(-(t-t2).*lardh))/RT).*(T286+T386+T486)).*(t>t2)', ...
'T186','DL86/MD*exp(-(t-t2)*(Kappa+landa)), ...
'T286','(B1*(exp(-(t-t2)*B2)-exp(-(t-}XKappa)))/(Kappa-B2), ...
T386','(B5*(exp(-(t-t2)*B3)-exp(-(t-¥RT)))/(1/RT-B3)', ...
'T486','(B6*(exp(-(t-t2)*B4)-exp(-(t-}4RT)))/(L/RT-B4), ...
'cw63','(T163+((DC63.*exp(-(t-t1).*lardh))/RT).*(T263+T363+T463)).*((t>=t1)&(t<=t2))",...
'T163','DL63/MD*exp(-(t-t1)*(Kappa+landa)), ...
"T263','(B1*(exp(-(t-t1)*B2)-exp(-(t-jiKappa)))/(Kappa-B2)', ...
T363','(B5*(exp(-(t-t1)*B3)-exp(-(t-1RT)))/(1/RT-B3)', ...
'T463','(B6*(exp(-(t-t1)*B4)-exp(-(t-}IRT)))/(L/RT-B4), ...
'cw59','(T159+((DC59.*exp(-t.*lambdd})l).*(T259+T359+T459)).*(t<t1), ...
"T159','DL59/MD*exp(-t*(Kappa+lambda)).
"T259','(B1*(exp(-t*B2)-exp(-t*KappajjKappa-B2), ...
T359','(B5*(exp(-t*B3)-exp(-t/RT)))/(RT-B3), ...
T459','(B6*(exp(-t*B4)-exp(-t/RT)))/(RT-B4)', ...
'T2','(B1*(exp(-t*B2)-exp(-t*Kappa)) Xappa-B2)', ...
T3','(B5*(exp(-t*B3)-exp(-t/RT)))/(L/RB3)', ...
'T4''(B6*(exp(-t*B4)-exp(-t/RT)))/(1/RB4)', ...
'DC63','DL63/4, ...
'DL59','DL63/2.6, ...
'DC59','DL63/2.6/4', ...
'cw','cw59+cw63+cw86', ...
'Ce','cw.*Kdturbidite.*(alphabar*ro0*@)', ...
'Cf','cw.*Kdturbidite.*((1-alphabar)*630.01)', ...
'‘all’,'lambda+fix’, ...
'‘a22','lambda+redisol’, ...
‘al2''redisol’, ...
'‘a21',fix', ...
'c22','Dphys’, ...
'c11''De+Dphys’, ...
'Dphys','0.01*(x<=1), ...
'De’,'(D*(epsilon)™(1/3))*(1/(1+(rob/sfion*Kddiffusion)))’, ...
'Kdex','alphabar*Kdturbidite’,...
'Kdturbidite','Kdtot.*(1+(flsmhs((t-t3cale)-flsmhs((t-t4),scale))*par2),...
'redisol’,'alphabar*fix/(1-alphabar).,
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‘epsilon’,'1-rob/rop’, ...

'rob','ro0+0.0088.*x, ...
'vs','((Rs086+Rs063)/rob).*(1+(flsmhg®),scale)-flsmhs((t-t4),scale))*parl)’, ...
'Rs086','(Rs86)*(t>=27.3)',...

'Rs063','(Rs63)*(t<27.3)',...

'c''ul+u2';

% Functions
fem.functions = {};

% Multiphysics
fem=multiphysics(fem);

% Extend mesh
fem.xmesh=meshextend(fem,'geoms',[1],'eqvars'¢plindeq’,'on’,'cplbndsh’,'off");

% Solve problem

fem.sol=femtime(fem, ...
‘nullfun’,'finullorth’, ...
'blocksize’,5000, ...
‘complexfun’,'off', ...
‘conjugate’,'on’, ...
'symmetric','off', ...
'solcomp’,{'u2','ul’, ...
‘outcomp’,{'u2','ul?, ...
‘rowscale’,'on’,
'tlist',[0:0.1:44.2], ...
‘atol',{'0.000000010%, ...
rtol',0.1, ...
‘maxorder',1, ...
'masssingular','maybe’, ...
‘consistent’,'2', ...
‘estrat',0, ...
‘tout’,'tlist’, ...
'tsteps','strict’, ...
‘complex’,'off', ...
'linsolver','umfpack, ...
‘thresh',0.1, ...
‘umfalloc',0.7, ...
'uscale','auto’);

% Save current fem structure for restart purposes
femO=fem;
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