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1SUMMARY 

The turnover of radioactive matter entering the biosphere 

with the groundwater has been studied with regard to ex­

posure and doses for critical groups and populations. 

The main alternatives considered for the inflow of radio­

active effluents to the biosphere are: 

inflow in a valley containing a well 

and to a nearby lake 

inflow to a freshwater lake and to the 

downstream lake system 

inflow in a coastal region of the 

Baltic Sea 

Mathematical models of a set of coupled ecosystems on 

regional, intermediate and global levels have been used 

for calculations of doses. The intermediate system refers 

to the Baltic Sea. 

The mathematical analysis, based on first order kinetics 

for the exchange of matter in a system according to com­

partment principles, also includes products in decay 

chains, i.e. daughter nuclides generated by decay of 

nuclides during ecological cycling. 

The time-dependent exposures have been studied for certain 

long-lived nuclides of radiological interest in waste from 

disposed fuel. Dose and dose commitment have been calcu­

lated for different episodes for inflow to the biosphere. 

t_!he source strength is equal to the inflow at the boundary 

between geosphere and biosphere calculated by use of a 

geospheric model. 
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1. INTRODUCTION 

An important question in connection with the final storage 

of radioactive waste in the bedrock is how the population 

will be exposed in time and in space to the radioactive 

material which can reach the biosphere with the ground­

water. The transport of groundwater-borne material is 

generally a very slow process. It can take tens of 

thousands of years for groundwater originating from 

precipitation to reach the ground surface once again 

after a cycle extending down to a depth of several 

hundred metres. The substances which are transported 

with the groundwater are generally greatly retarded 

in relation to the movements of the water by interaction 

with the environment, such as sorption to materials in 

the bedrock. After sufficiently long periods of time, 

however, stable substances from all depths which have 

been exposed to circulating groundwater can reach the 

biosphere and thereby also man. 

The purpose of this work is to estimate radiation doses 

which result from radioactive elements reaching the bio­

sphere by predicting the long-range turnover of various 

radioactive elements in various ecosystems. 

The main types of inflow of radioactive elements to 

the biosphere discussed here are: 

inflow both to a valley which may contain a well 

and to a nearby lake 

inflow to a lake and its downstream lake system 

inflow to a coastal region of the Baltic Sea 
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' Calculations of the dose burden are carried out using 

mathematical models of interconnected ecosystems on 

regional, intermediary and global levels. The inter­

mediary sy~tern refers to the Baltic Sea. 

The ecosystems have been divided into a number of 

reservoirs, for example, groundwater, soil, sediment 

and surface water, which significantly influence the 

turnover of various radionuclides. 

The mathematical analysis also makes it possible to 

take into consideration the decay of a parent nuclide 

during its circulation in the biosphere, generating 

a radioactive daughter nuclide. 

5 

The model is designed to describe important turnover 

and exposure mechanisms and to permit assessments based 

on radiological concepts defined by international and 

Swedish radiation protection authorities for radiation 

doses to individuals and populations. 

The results of the calculations include: 

dose to critical grouE consisting of a limited 

number of individuals living in the vicinity 

of the release point 

dose to population - the collective dose - which 

can refer to the exposure of portions or all of 

the global population 
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Radiation doses are given in the form of dose rates, 

annual doses, The accumulated dose during a certain 

limited or unlimited period of time - the dose 

commitment - following a given release of radio­

activity to the biosphere is also calculated. 

6 
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2. MODELS OF ECOSYSTEMS 

2.1 Mathematical model 

A model system has been developed for simulating the 

dynamic exchange of radionuclides in the biosphere. 

The mathematical treatment of the model is based on 

compartment theory with first-order kinetics (42). 

The cycling and content of radioactive matter in 

different ecosystems is therefore described by a 

system of first-order linear differential equations 

with constant transfer coefficient and a number of 

physically well-defined areas or volumes. The pre­

mises are that: 

the outflow for reservoir "j" is dependent 

solely upon the quantity Y. of the radionuclide 
J 

the reservoir is instantaneously well-mixed 

each atom, molecule or other elementary unit 

11i<llpa~e 
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has the same probability of leaving the reservoir 

The relationship between the amounts of activity in the 

reservoir system is expressed mathematically in vector 

form by 
. 
YM(t) = KMYM(t) + QM(t) - AMYM(t) for parent nuclides 

. 
YD(t) = KDYD(t) + ADYM(t) - ADYD(t) for daughter nuclides 

L 
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~he vectors Y and Y refer to activity and activity 

changes per unit time in the system's different reservoirs 
_1 

at time t. The coefficient matrix K (year ') and Q (t) 

(activity year- 1 ) describes the transfer rates between 

the reservoirs and production or release within the 

reservoir, respectively. For the daughter activity, 

the source strength within each reservoir is a function 

of the quantity of parent nuclide within the reservoir. 

The decay constant J\ = £ n2/T 112 , where T 112 is the 

physical half-life. 

Solutions of the equation system and calculations of 

Y (t) for "parent" and "daughter" have been carried out 

with a computer program named BIOPATH (43). 

2. 2 Interfaces between geosphere and biosphere 

The groundwater which flows from the repository to a 

recipient at the surface of the earth constitutes a path 

of inflow for the radioactive nuclides. According to the 

hydrological investigations which have been carried out 

at a possible repository site, there is a groundwater 

divide there. The model is therefore designed to take 

into account different paths of inflow to the biosphere 

at the same time. Three main cases for inflow to the 

biosphere have been studied (Figure 1). 

Alt. 1 . 

L 

' 
The inflow of groundwater-borne material is 

divided equally between a valley containing 

a well and a nearby lake. 
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Alt. 3. 
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The inflow is divided equally between a nearby 

lake and its downstream lake system. 

The inflow occurs into a coastal zone of 

the Baltic Sea. 

Thus, three dispersal alternatives have been studied. The 
first concerns dispersal via well and lake to the local 
and regional areas and the second dispersal via lake and 
the downstream lake system. The third concerns dispersal 
through groundwater runoff directly to the Baltic Sea. 

A computer program called GETOUT (29) has been used for 

the calculations of the nuclide transport from the final 
repository to the overlying biosphere and the results 
define the source strengths for BIOPATH. 

2. 3 Model structure 

The model of the biosphere is divided into three subsystems 
of progressively increasing size referring to a regional (R), 
an intermediary (I) and a global (G) zone. The regional area 
also includes a local area immediately around the point of 
inlow from the repository to the biosphere. 

The turnover processes are largely controlled by the 

exhange between these three zones. 

L 
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The subdivision of the model system into several zones 

makes it possible to: 

study extreme exposure situations in limited 

ecosystems. 

increase the realism of the dispersal pattern 

described by the model by considering gradual 

dispersal on an ever-increasing scale as well 

as feedback between different zones. 

apply the model adequately to Swedish conditions 

by choosing the Baltic Sea as an intermediary zone. 

Within the subsystems, the reservoirs have been designed 

to provide a representative average picture of the flow 

of radioactivity in the ecosystem. The number and struc­

ture of subreservoirs represent a compromise between: 

a sufficiently differentiated system in order 

to encompass all important reservoirs and paths 

of exposure 

simplicity of design in order to facilitate 

uncertainty analysis and comparison of model 

predictions with measurements of turnover and 

elemental balance in nature OF calculations 

using other models 

available information on dispersal mechanisms 
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2.4 Reservoir sizes 
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The local ecosystems are different in the inland and 

coast alternatives. In the inland (alternatives 1 and 2), 

the local ijrea cons~sts of 6 acres of farmland of the 

same qualitative makeup and with the same turnover rates 

for the nuclides as in 'the regional area. 

In the Baltic Sea alternative, the local and regional 

areas coincide. The area consists of 1 km3 of brackish 

water and underlying sediment within a 2 km wide and 

30 km long coastal belt. 

Figure 2 illustrates the division of the regional, inter­

mediary and global zones into reservoirs. The regional 

ecosystem in the inland alternatives consists of 900 km2 

of farmland. This size is representative for a central 

Swedish agricultural region. The shallowest soil zone 

in the region is considered to have an average depth of 

2 fm. Groundwater 2 includes all soil water and groundwater 

down to a depth of 2 metres and is not, in contrast to 

groundwater 1, a primary recipient for the activity. 

The average period of turnover for this water is assumed 

to be 3 years. There is hydrological equilibrium within 

a precipitation area so that runoff is equal to precipitation. 

L 



i 
The primary surface water recipient within the region 

is a specified lake wi an area of 5 krn2 . The average 

depth of the lake is assumed to be 2.5 m, which gives 
7 3 

a volume of 1.25 · 10 m . The area of the sediment 

layer is the same as for the lake, i.e. 5 km··. An 

upper 10 cm deep sediment layer is assumed to parti­

cipate actively in the processes of exchange with 

overlying water. 

The Baltic Sea systemconsistsof the Baltic Sea, with 

1 2 

~ 2 
a surface area of 3.7 · 10~ km and an average depth of 

60 m. The sediment reservoir is the sediment layer at 

the bottom of the Baltic Sea. The atmosphereabove the 

regional and Baltic Sea area is the troposheric air 

volume up to an altitude of 1 km. 

The global ecosystem embraces the following 7 reservoirs 

which are considered to be important for the dispersal 

and turnover of long-lived nuclides in particular. 

The oceans are divided into two reservoirs, since mixing 

and exchange in the seas decrease rapidly with increasing 

depth. 

The surface sea consists of the upper water layer down 

to a depth of about 100 m. The deep sea.basin is below 

the surface sea. These two reservoirs are in direct 

connection with the respective sediment reservoir. The 

uppermost sediment reservoir encircles the continents 

and amounts to about 4% of the total sediment area. 

L 
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The soil reservoir consists of the upper ground layer 

on top of the continents down to a depth of 0.5 m. 

The groundwater reservoir, which transports the nuclides 

to the surface water and back to the soil reservoir, 

is in connection with the soil reservoir. The biota 

reservoir consists of the terrestrial short- and long­

-lived primary producers, i.e. vegetation which has a 

short life cycle of up to a few years and vegetation 

with a life extending over several decades. The biota 

is important for the turnover of carbon, iodine and 

technetium in particular. 

The masses of the different reservoirs are presented 

in Table A. 1. 

2.5 Turnover processes 

The turnover of radioactive elements takes place in 

relation to the movement of certain carriers in diffe:cEnt 

media. Through irrigation as well as dry and wet deposition, 

the ground is continuously supplied with radioactive sub­

stances, while resuspension, leaching and runoff are re­

sponsible for a transport in the opposite direction to 

the atmosphere, groundwater and lake water. In the lake, 

the activity settles out and is resuspended while at the 

same time it is carried to the Baltic Sea through water 

turnover. Exchange of activity between water and sediment 

occurs there as well. The Baltic Sea is connected via 

6resund and The Belts with the global sea area. Exchange 

takes place between the global atmosphere and the sea by 

means of evaporation, precipitation and aerosol formation. 

LRadioactive elements are recir8ulated in the global land 

area by means of resuspension, leaching and runoff. 



8 

1 4 

r-
T he structure of the model permj_t,3 the recirculation 

of radioactive elements between different parts of 

the reservoir system. 

The exchange of radionuclides between the reservoirs is 

described by transfer coefficLents which give turnover 

per unit time. Water ba1ance ,::alculations and hydro­

logical information concerning water turnover on a 

regional and global scale are used in cases where 

groundwater and surface water are carriers. With this 

as a basis and with the aid of distribution coefficients 

determined by the mobility of the nuclide in relation to 

that of water, nuclide s ific coefficients for transfer 

between soil and water are obtained, 

Studies of fallout radioactivity from nuclear weapons 

tests have provided information on the dispersal and 

deposition of various nuclides in various media. Leaking 

storage facilities and releases have also contributed to 

information on how elements migrate in soil and water 

(9, 13, 19, 22, 28). The distribution of the equivalent 

stable isotopes of the radioactive elements or of chemi­

cally analogous elements in the different reservoirs, 

as well as experimental data from field and laboratory 

studies, have also been used in the calculations (13, 

17, 18, 23, 26). 

The transfer parameters with derivations are reported 

in Appendix B. 

L 
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3 • EXPOSURE SITUATIONS 

3.1 Exposure pathways 

When the radioactive nuclides are exchanged between 

the different reservoirs in the model, they can reach 

man via different paths of exposure (Figure 3). 

Internal exposure via inhalation, food and drinking 

water and external exposure from material deposited 

1 5 

in the ground have been shown by experience to be of 

particular importance. Bathing, presence on beaches 

where radioactive material has accumulated and handling 

fishing tackle which has come into contact with bottom 

sediments constitute such possible paths of exposure. 

Internal exposure from food can take place via a 

number of links in the ecological transport chain 

such as uptake in crops via root uptake, direct depo­

sition on vegetation, uptake in fish via water and 

uptake via the food chain of grass-meat, grass-milk 

and grain-eggs. 

Certain feedbacks in the ecosystems reinforce the flow 

of radioactivity along certain paths of exposure. In 

the local and regional areas, pastures and crops are 

irrigated, which leads to contamination of the ground­

water. For mobile nuclides such as C-14, the exchange 

between water, atmosphere and soil is important, par­

ticularly in the coast alternative. In this case, there 

is also a dose burden via the land-based paths of 

exposure. 

L 
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Exoosure of critical _SI_FO~J2 

According to the radiological definition, the critical 

group shall consist of a limited number of individuals 

who can receive higher doses than average. It is assumed 

that the same group is critical with regard to the 

activity which reaches both the well and the lake in 

the first inflow alternative. 

The different paths of dispersal, inland and coast, lead 

to different paths of exposure. The ones which have been 

dealt with for the different alternatives of well, lake 

and Baltic Sea are: 

Path of exposure 

Soil - grain 

Soil - green vegetables 

Soil - root vegetables 

Soil - grass 

Grass - milk 

Grass - meat 

Grain - eggs 

Drinking water 

Water - fish (fresh and salt water 

fish, respectively) 

Land (external exposure) 

Beach activities (external exposure) 

Bathing (external exposure) 

Fishing (external exposure) 

1 a) W (well), L (lake), B (Baltic Sea) 
'-

Inflow 

alternative a) 

w, L 

w, L 

w, L 

w, L 

w, L 

w, L 

w, L 

w, L 

' w, L, B 

w, L 

L, B 

L, B 

L, B 
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1Radioactive matter enters the local ecosystem in the 

inland alternative via irrigation. The radioactive 

elements accumulate in the upper 0.5 m of the soil 

and are gradually distributed in the environment via 

groundwater and surface water runoff. Exposure has 

been calculated with regard to these factors. 
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Thus, in the well alternative, man is exposed both to 

the activity which is drawn up with water from the well 

and to the activity which reaches the lake and leads to 

contamination of fish. 

When the lake is the primary recipient, exposure in the 

local area takes place via activity in the lake water 

and the sediments. An indirect path is provided by wells 

in contact with groundwater outside the primary recipient 

for activity from the repository, but located in that 

part of the region where activity is supplied via irri­

gation from the lake. In some cases, this path has been 

found to be at least as important as the one where the 

well comes directly into conta6t with groundwater from 

the repository. 

In the Baltic Sea case, the land-based paths of exposure 

can generally be disregarded; exposure here takes place 

via water and sediment. The concentration of radioactive 

elements in the bottom sediments also describes the con­

tamination of shores. Certain elements such as C-14 are 

transferred rapidly from the water to the air reservoir 

and are then transferred on a relatively large scale to 

the land nearby. For such situations, the dose to the 

Undividual in the region via agricultural products has 

been added to the dose burden on the critical group. 
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3. 3 ~~EO sure s o f_E:?J)U 1 at ions 

The exposure pathways in the regional ecosystem are the 

same as in the local system. However, the average exposure 

of individuals in the region differs quantitively from 

that in the local system. 

In the regional agricultural area of 30 x 30 km2 , the 

surface water includes a specified lake. Water from the 

lake is used for irrigation within the region to an extent 

which corresponds to the statistical average for central 

Sweden. On the basis of the size of the lake, (5 km2 

surface area), this means that 60 km2 of the region's 

900 km2 are assumed to be irrigated directly with water 

from the lake. In Sweden, lakes make up approximately 

8% of the surface area of the country. On the basis of 

a mean density of 20 persons per km2 (38), the regional 

population in the inland alternative consists of 18 000 

individuals. Of these, 1 200 individuals eat fish from 

the lake. 

The population in the coastal region is the same as for 

the inland alternative; 1 200 individuals take their 

fish from the Baltic coastal zone. 

The size of the population which is exposed in the inter­

mediary area is calculated on the basis of fish consumption. 

The total yield of fish for human consumption from the 

Baltic Sea is approximately 200 million kg per year (24). 

With an average consumption of 20 kg per year and indi­

vidual, the affected population is 10 million persons. 

~ith regard to external exposure, the situation 
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'for the population in the Baltic Sea area is assumed 

to be qualitatively identical to that in the coastal 

zone in the local and regional systems. 

L 

The same paths of exposure have been assumed for the 

world population as for the regional area. Diet com­

position for the global population is reported in 

Appendix C. Dietary habits are simplified by necessity, 

for example fish is the only food taken from the sea. 

The analysis of variation in Chapter 6 reports the 

changes in the result which can occur if another uti­

lization of the food resources of the sea is assumed. 

6.10 9 individuals is the starting value for the global 

population in the year 2000. Growth thereafter will 

take place exponentially at a rate of 2% per year and 

will stop at 1 • 1010 individuals. Of the world population, 

it is assumed that 1% lives in coastal regions with an 

exposure situation similar to that in the Baltic Sea 

area. 

For the remaining 99%, the exposure situation is quali­

tatively similar to that in the regional agricultural 

area. Tables showing the different times for external 

exposure and the size of the populations in the different 

areas follow below. 
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Exposure times (h/year) for the external paths of 

exposure, by area: 

Area Local Reqional Baltic 

Lake Coast Inland Coast Sea 

alt. alt. alt. 

Bathing 30 30 30 30 30 

Beach 90 90 90 90 90 
Fishing tackle 30 1 000 30 30 1 0 
Ground 8 760 8 760 

Population sizes for the different paths of 

exposure and areas: 

Paths of exposure Region Baltic Sea 

Inland Coast 

alt. alt. 

Inhalation and consump­

tion of terrestrial 

foodstuffs 

Fish consumption 

External exposure via 

bathing, beach acti­

vities and handling 

of fishing tackle 

External exposure 

Lf rorn the ground 

1 • 2 x1 0 3 1 • 2 x1 0 3 1 x1 O 7 

") < 7 1 • 2 x1 0 ·· 1 • 2 x'l O ..., -1 x1 0 

4 
1 . 8 x10 

20 

Global 

Coast 

30 

90 

1 0 

Global 

1 x1 0 1 O 

1x10 1 O 

8 1 x1 0 

1 x10 1 O 

Inland 

8 760 
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Uptake in food chains 

The uptake of radioactive elements in different 

foodstuffs via various paths of uptake has been 

calculated in the following manner: 

Symbols: 

u. = 
1. 

F. = 
1. 

i = 

C. = 
J 

j = 

Uptake of a certain nuclide in foodstuff i. 

Given in Ci per unit of foodstuff (kg, litre 

or piece) . 

Distribution factor for a given nuclide for 

foodstuff i. Given in day per unit of foodstuff 

(kg, litre or piece). 

m milk (litres) 

1 water consumption per animal (litres) 

k meat {kg) 

V green vegetables (kg) 

g grain {kg) 

r root vegetables (kg) 

e eggs (pcs) 

f fish (kg) 

p pasturage (kg) 

concentration of a certain nuclide in 

reservoir i· Given in Ci per unit of reservoir. 

w groundwater (litres) 

a air (kg) 

1 lake water (litres) 

s soil (kg) 
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i 
E == 

n 

n --

MC. = 
l 

DEP = 

cov. = 
l 

IRR= 

R = 

concentration factor for certain nuclide 

for uptake via n, where 

p soil -> pasturage 

V soil -> green vegetables 

g soil --> grain 

r root -> root vegetables 

f watE,r -> fish 

22 

daily consumption of water and foodstuff for 

animal in dominant transport links (1/day, kg/day). 

deposition (m per day). 

degree of coverage for green vegetables and 
2 

pasturage (kg perm). 

irrigation ( tm- 2 day- 1 ). 

average residence time on vegetation= 29 days. 

The retention of fallout on leaf surfaces is assumed to 

be 80%. 

The values for the quantities F., E, MC., DEP, COV. and 
l n l l 

IRR which were used are given in Appendix~, Table C.2 

and Table C.3. 
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' For each nuclide, the following equations are obtained 

for uptake in the different foodstuffs: 

Uptake in milk and meat 

Radioactive elements in meat and milk originate from 

uptake over the following ecological paths of transport: 

u 
m 

(in 

F (Mc 
m p 

UK ( in 

Root uptake to pasturage 

Deposition on pasturage 

Drinking water 

Ci per litre) = 

X E X C + Mc 1 x c1 + 
p s 

Ci per kg) = 

0.8 X DEP X C X R X cov- 1 
a p 

X 

FK (Mc X E X C + Mc 1 x c1 + 0.8 x DEP x C X R X cov- 1 x 
p p s a p 

UEtake_in_green_vegetables: 

Mc ) 
p 

Mc ) 
p 

The concentration of radioactive elements in green vegetables 

originates from two sources: the uptake of radioactivity 

via the root system and deposition directly on the surfaces 

of the leaves. The concentration factor between soil and 

plant is specific for each individual nuclide. 

U (in Ci per kg) = 
V 

L 



~ntake in Grain and Root Veaetables: -~-------------------------~--- ---

Uptake in grain and root vegetables is assumed to take 

place primarily through the root system. 

U (in Ci per kg) = E x C 
g g s 

u r (in Ci per kg) = 

UEtake_in_e99s: 

E x C 
r s 

The radioactivity in eggs comes from feeding the hens 

with contaminated grain and drinking water. 

u 
e 

(in Ci per egg) -

u2take_in_fish: 

F 
e 

24 

Uptake in fish takes place through the inflow of con­

taminated groundwater into the lake and the feedback of 

radioactivity from the runoff area and the bottom sediments. 

L 



External exposure 

The following formula has been used to calculate the 

external dose from radioactivity in the soil and on 

beaches, taken as an infinite surface source (65). 

where 

N = number of particles or photons emitted each 

second per unit area of the source 

R = 
3 

radius of radiation source (10 cm in the cal-

culations) 

d = height above radiation source (100 cm in the 

calculations) 

A= fraction of energy absorbed per cm tissue. In 

25 

the case of S- radiation, it is assumed that all 

energy is absorbed in a 1 cm thick layer of tissue. 

Energy absorption from S -particles with a kinetic 

energy of less than 70 keV has not been taken into 

consideration owing to their extremely short ranges. 

E = energy in MeV of particles or photons. A.E ·for 

L 

y -emitters has been obtained from a graph (54). 

For S-radiation, 100% absorption within 1 cm 

thick tissue as above has been assumed. 



i 
B = weighting factor for reduction of exposure due 

to limited particle ange or attenuation. 

f = portion of total number of disintegrations with 

higher energy than E, expressed in percent. 

t = exposure time (hours per year) 

5.75·10- 5 

= unit conversion factor for MeVs- 1 to remh_,. 

The kinetic energy of the S-particles is very low for 

the long-lived nuclides in question. The ranges are 

therefore very short, entailing a penetration of no 

more than 1 mm in soil or sed3-rnent (tiO)" Only -1 % of 

the radioactive material which is assumed to be homo­

geneously distributed in the upper 10 cm of the soil 

26 

can therefore give rise to B -exposure above the surface 

of the ground. For a dose from B -particles I B = 0.01 . 

According to calculations (61), approximately 70% of 

the total dose from y -radiation at a point 100 cm above 

the surface originates from disintegration in the upper­

most 10 cm thick layer, provided the activity is homo­

geneously distributed to infinite deptQ. Self-absorption, 

assuming a homogeneous distribution of act~vity, is 

around 30% in a 10 cm thick layer of soil. The hypothesis 

in the dose calculation formula on the previous page that 

there is no attenuation in the soil reservoir thus 

involves an overestimate by 30% of the disintegrations 

in this layer, the upper 10 cm of the ground. This is 

Lnearly completely compensated for by the 30% of the total 
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exposure which originates from disintegrations at depths 

greater than 10 cm in the soil reservoir. The doses from 

beach activity (i.e. the sedimented material), when all 

activity is distributed as a surface source, thus gives 

an overestimate of around 30% for gamma doses compared 

with homogeneous mixture in a 10 cm surface layer. 

Exeosure_in_connection_with_bathing: 

The following relations have been used for calculating 

skin doses via bathing. 

De= 51.2 · Q • 0.33 · Em 

Q 

0.5 

24 

0.33•E 
m 

51 . 2 

z 

I/Em) + --
4 

0.5 -1 
~ · t re~·-1 year 

,. 

= µ Ci of the nuclide per g water. 

= factor which adjusts for the low kinetic 

energy and thereby relatively high absorption 

in water of the S-particles. 

= number of hours per day. 

= mean energy of S-particles from disintegration. 

= unit conversion factor for disintegrations 

per day and µ Ci to rem per Mev. 

= atomic number of nuclide. 

D = 51.2 · Q · E 
Y m 

. f . 1 - . t 
24 

-1 
re;:".l year 

LA 4 Trgeometry has been assumed, i.e. the submerged body 

is in the centre of a large sphere which is exposed 

isotrophically. 
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Exeosure_from_fishing_tackle: 

L 

The whole-body dose from the handling of contaminated 

fishing tackle has been assumed to derive from the 

activity in 10 kg of fishing tackle (wet weight) at 

a distance of 100 cm in the form of a point source. 

The following relation applies: 

D = N · A · E · 5,75 • 10-2 · t 
y 4rrl00 2 

with symbols as above. 

-1 
rem year 

In this case, N = Ci of the nuclide per kg of fishing 

tackle times the number of particles or photons per 

disintegration. 
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' 4. DISPERSAL SCENARIOS FOR UNREPROCESSED 

URANIUM FUEL 

L 

A number of,different dispersal scenarios have been 

studied within the project (64). Some of the source 

strengths obtained in this manner have then been used 

as a basis for dose calculations for all or one of the 

inflow alternatives. Following is a presentation of the 

different scenarios and a table of the retention factors 

in rock used in connection therewith. The two main cases 

described in the KBS report on unreprocessed spent nuclear 

fuel are described first. The dose results are presented 

and discussed in Chapter 5 for the main cases. For the other 

cases, dose calculations for the outflow alternatives 

considered in each case are reported in Appendix A in 

the following order .. 

1. All canisters have degraded after 100 000 years, 

leaching from the repository proceeds for 500 000 

years, transit time for groundwater to the bio­

sphere 3 000 years, retention factors as given in 

table, set c. 

2. Degradation and leaching, see para. 1, transit 

time for groundwater to the biosphere 400 years, 

retention factors set b. 

3. All canisters have degraded after 10 000 years, 

leaching from repository proceeds for 10 000 years, 

transit time for groundwater to biosphere 400 years 

with retention factors according to set a. 



5. 

6. 

7. 

Same as para. 3, but with leaching period 

of 100 000 years. 

Same as para. 3, but with leaching period 

of 1 000 000 years. 

Concerned solely with gap activity in case 

where one canister breaks down immediately, 

leaching from canister proceeds for 1 000 

years, otherwise as in para. 1. 
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All canisters have degraded after 3 000 years, 

otherwise as in para. 2. 

Retention factors in rock, Ki 

Element Set a Set b Set c 

Ni 6 100 

Sr 51 120 1 500 

Zr 8 000 4 800 61 000 

'I'c l l 950 

I l 1 l 

Cs 800 1 200 4 000 

Ce 80 000 19 000 200 000 

Nd 25 000 3 000 200 000 

Eu 50 000 30 000 200 000 

Ra 670 1 200 48 000 

Th 5 100 l 900 46 000 

Pa 37 37 11 000 

u 41 1 900 23 000 

Np l 100 2 800 5 700 

Km 80 000 19 000 610 000 

Cm 40 000 950 305 000 
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RADIATION DOSES 

The radioactive elements which enter the biosphere via 

the groundw~ter expose man to ionizing radiation caused 

by radioactive decay both in the environment, leading 

to external irradiation, and in the body, leading to 

internal irradiation. 

The size of the radiation dose to different organs 

through internal irradition is dependent upon, among 

other things, how the nuclide enters the body. Important 

factors are in which substances the radioactive nuclide 

is present, whether the activity is ingested with drinking 

water and food or inhaled and to what extent the airborne 

activity is carried by particles. 

Portions of the particle-borne activity in the respiration 

air can be absorbed by the blood through the lungs or 

remain in the lungs or be tranferred to the intestinal 

tract. In recognition of such factors, the radiation 

protection authorities have chosen to assess doses on 

the basis of the solubility or "transportability" of the 

element and the paths of intake, i.e. inhalation or con­

sumption of drinking water or food (3, 4, 8). 

5 . 1 Dose factors 

The dose factors which have been used in the calculations 

in this study and which describe how the intake of 1 Ci 

of a certain nuclide can be translated into radiation 

doses pertain to the soluble or transportable form which 

has been ingested with food and drinking water and the 

L 
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insoluble or non-trRnsportable form which is inhaled. 

The portion which is cdrried from the lungs to the 

intestinal tract is assumed to oe transportable. 

The dose factors for the whole-body dose calculated 

in accordance with previous recownendations of the 

International Commission on nadLoloqical Protection 

ICRP ( 8) , organ doses and the weighted whole-body dose 

in accordance with new regulations (4) are presented 

in Appendix D, Table D.2 for the nuclides in question. 

The health effect (21 is dependent upon the radiation 

dose level and a number of other factors, including 

the range of the ionizing radiation in tissue, the 

ionization density, which tissue is exposed to irradi­

ation and the time span over which the exposure takes 

place. 

Thus, the biological effect of the absorbed dose may 

vary widely. However, if the dose is given in rem, 

as in these calculations, the relative biological 

impact of different types of radiation and exposure 

situations is taken into account, 

32 

Some organs are more sensitive to radiation and accumulate 

more of a given radioactive element than others. Moreover, 

the most sensitive organs vary for the different nuclides. 
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An attempt is made to take into account the combined 

effect of different doses to different organs on the 

human body by means of the so-called "whole-body" dose, 

which consists of weighted dose contributions from the 

radiologica~ly most important organs in the body. The 

weighting factors (4) which have been used in the dose 

calculations, are presented in Appendix D.1. These 

weighting factors apply regardless of age and sex, and 

are relevant for an average dose burden in the population. 

The weighted whole-body dose, D, can be calculated as 

follows: 

fi = weighting factor for organ 1 
R. = dose factor (rem/Ci) for organ i 

l 

Rtb = dose factor, whole-body (rem/Ci) 

The dose to individual organs is proportional to the 

biological turnover time of the nuclide in the organs. 

The annual intake of the long-lived nuclides changes 

extremely slowly. In most cases, an equilibrium situation 

is therefore attained where the total dose from a single 

year's intake is numerically equal to the annual dose in 

the case of continuous intake. With turnover times 

spanning several generations, where such a state of 

equilibrium is not attained during the lifetime of one 

person, the individual dose is calculated over a period 

of 50 years. This applies to bone doses for most of the 

heavy nuclides such as thorium, neptunium, plutonium 

Land arner ic i urn. 
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In judginq the risks o:c ,00>..t,:'L,.c e, the radiation 

uctive organs, are 

more relevant than thi~ w2J. , ted wtL) t,:? -·,body dose. Dose 

factors for the gon::,,dfi a;:·'::, c:;::_ven i li l\ppend.ix D. 2 for 

nuclides which can glve a r2l2t vely heavy dose to 

these organs. 

Of the radtum which L.i ab,>JcL,ecl b .:1nd remains in the 

body for more than a few mo~t accumulates in the 

skeleton (54). When radium-226 decays, most of the decay 

energy is carried :LcJc0 s ',;1:L t.h very short ranges. 

The cell tissue which covers the bones chereby receives 

the highest doses 1 makinS'J i a critica1 organ" in re-

lation to its dose lLuu n 1 '.; , rrlF, blood-forming organs 

in the bone marrow rece ve an ~ver of one-tenth of the 

dose received the boi"1e -Jornu.nc; cr,Lls on thE! surface of 

the bone. The turnover 01 radi1ur; ir1 the r;;oft tissues of 

the body is rapid, so thF, du::;es thc0 r0, are only about 

1 /25th of those in the .bones. Ti:. ';;hould therefore be 

expected that the whole-body dose will be lower than the 

dose for the critical organ. Only the oldest dose calcu­

lations from ICRP ~till include the whole-body dose of 

radium-226. At that time, however, knowledge concerning 

the metabolism of radium in tlie human body was relatively 

uncertain, which can be seen from the fact that the whole­

-body dose is of the same magn:Ltnde:? as the dose to bones 

later calculated by ICRP. In the case of•radium-226, the 

use of the calculation principles in formula (2) above 

should therefore lead to a considerable overestimation 

of the dose. The calculations for this isotope have there­

fore been based on the dose to bones and bone marrow and 

4he dose to soft tissues has bE0 en substituted for the 

whole-body dose. 
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's. 2 Collective dose and dose commitment 

The collective dose is the sum of the various doses to 

all individuals in a given population. Model studies 

of the radioactive elements which are cycled within 

and between different ecosystems make it possible to 

calculate the collective doses to three different 

populations: the regional population, the Baltic Sea 

area population and the global population outside of 

the Baltic Sea area. 

L 

Which of these populations is dominant with respect 

to collectiv~ dose will vary depending upon the 

nuclide and the time after inflow to the biosphere. 

The local population does not make a significant con­

tribution to the collective dose. 

If the individual or collective doses from a given 

radioactive release are integrated in time, the dose 

commitment for an unlimited future is obtained. The 

concept of dose commitment is intended to be used to 

estimate the long-term accumulation of doses from the 

radioactive releases of different years ( 4) • For such 

extremely long-lived nuclides as those which can occur 

in the groundwater-borne material, the radiation pro­

tection authorities have, with regard to other phases 

of the nuclear fuel cycle, chosen to introduce the 

concept of accumulated dose over a period of 500 years 

in addition to dose commitment. 

35 
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The gradual dispersal of radioactive material from the 

repository out: inl:o qLot:,c,1 c 1c1.11a.tion is a very slow 

process governed car er transport and ecological 

turnover, which is more le j_ f ic for the 

different nuclides. In the ase f sufficiently long-

0 time for the maximum -lived and mobile nuc]ides, 

collective annual do(,,t:' may n y cases not be attained 

for thousands of years afts the utflow maximum has 

been reached, 

Two different points or rture are possible in 

calculating the long-range collective doses: 

the maxirnum acc1.1rnula.t~ed llective dose over 

a 500-year period from a e tain final repository 

the maximum collective annual dose from such a 

final repository multi ied by the maximum 

number of years for which it can be assumed 

that nuclear power generation by fission will 

proceed, .i.e. 500 yea-1:s 

Since changes in dose rate take place very slowly, the 

accumulated dose for a 500-year period around the time 

of the maximum collective annual dose will be approximately 

equal to this annual dose mul iplied by a factor of 500. 
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5.3 Doses for different scenarios for inflow 

to the biosphere 

Doses to the critical group as well as annual and 

accumulated collective doses have been calculated for 

the groundwater-borne radioactive material which reaches 
the biosphere via the paths of inflow: well, lake and 

Baltic Sea coast. 

Tables 2 and 3 illustrate the maximum dose burden to 

the critical group, the time of the maximum dose, the 

contributions form the three dominant paths of exposure 

and the maximum annual collective dose for the two main 

cases. Table 4 shows the percentage distribution of the 

collective annual dose in the inland and Baltic Sea 

alternatives. 

In general, the maximum individual dose in the well 

alternative is greater than or equal to the corresponding 

dose in the lake alternative. 

The collective doses are the same for the inland alter­

natives. The coast alternative gives markedly lower doses 

to the critical group and the population. 

Different paths of exposure can be dominant, depending 

upon whether the nuclide is transported with the ground­

water from the repository or is generated upon the decay 

of a long-lived parent nuclide which has already reached 

the biosphere. 

L 
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The maximum dose to the critical group and the maximum 

collective annual dose to the population for a given 

nuclide are often obtained at different points in time. 

Moreover, the dose to the critical group is often 

heavily dependent upon the timetable for the inflow. 

The term "secondary well" is used in the following 

comparison. It is used to refer to the wells which are 

situated in that part of the region which is irrigated 

from the lake. 

Individual dose 

Inland alternative 

In the well alternative, 

drinking water consititutes 

the crucial path of exposure 

for most nuclides. Fish, 

however, is the most impor­

tant source with respect to 

cesiurn, owing to the high 

concentration factor for 

fish relative to water. 

Collective dose 

Inland alternative 

For the uranium isotopes 

as well as radium and 

cesium, the dominant con­

tributions to the collec­

tive dose derive from 

fish consumption. 



In the lake case, the ex­

posure is generally domi 

nated by drinking water 

consumptiod from secondary 

wells. This applies speci­

ally for those nuc1ides 

which are greatly retarded 

in relation to the move­

ment of the water through 

the soil layer and their 

radioactive decay products. 

For the more mobile nuclides, 

food consumption dominates. 

Coast alternative 

In the Baltic coastal zone, 

exposure from fish consump­

tion generally dominates. 

In the case of thoriurn-229, 

external irradiation from 

beach activities and fishing 

tackle dominate. 

In the case of mobile nu­

elides such as carbon-14, 

terrestrial foodstuffs also 

contribute significantly to 

Lthe exposure. Carbon-14 is 

rapidly transferred from the 

water reservoir via the ad­

jacent atmosphere and to 

neighbouring agricultural 

areas. 
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For thorium-230, plutonium 

and thorium-229, as daughter 

product to uranium-233, drin­

king water from secondary 

wells is the dominant path 

of exposure. 

Coast alternative 

In most cases, the collective 

doses derive from exposure via 

fish in the global area, the 

exceptions being the thorium 

isotopes and the mobile nuclices 

carbon-14 1 technetium-99 and 

iodine-129. In the case of 

thorium-229, external exposur~ 

via sediment in the coastal 

region and the Baltic Sea 

dominates. 

The mobile nuclides make the 

largest contributions via agr~­

cultural products in the glotal 

area. 
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6. ACCURACY OF THE MODEL PREDIC'l1ION 

The reliability and precision of the calculated doses is 

dependent upon the structure of the model, the choice of 

exposure pathways, numerical approximations in the calcu­

lations and uncertainties in the utilized data. 

6. 1 Model desiqn 2md_ paths_ of_ exposure 

The components of the compartment model have been designed 

on the basis of previous radioecological models (5, 6, 7). 

These main components are the regional, intermediary and 

global ecosystems. The final model has been evolved by a 

process where reservoirs have successively been introduced 

in these main areas in order to allow testing of the sig­

nificance of each single reservoir with regard to radiation 

doses to the critical group and population. 

The radioactive nuclides are present at very low concen­

trations compared to the stable isotopes of the respective 

elements or chemically analogous carriers. The amount of 

radioactive matter present, e.g. in a water recipient, 

cannot affect the rate of transfer to adjacent reservoirs. 

Thus the assumption of first order kinetics {i.e. that 

the outflow from a reservoir "j" is dependent solely upon 

the amount of radioactivity in the reservoir) yields a 

very accurate description for most reservoirs. 

The premise of instantaneous homogeneous mixture in the 

reservoirs can be assumed to be satisfactorily fulfilled 

in most cases. The different surface water and atmosphere 

Lreservoirs are examples of such ideal reservoirs. In 



B 

L 

41 

r 
ecosystems, such ideal reservoirs are often connected to 

areas with concentration gradients, such as soil and sedi­

ment. Studies of fallout activity have shown that residence 

times for nuclides in soil and sediment vary with depth. 

In view of the long time spans involved, however, these 

reservoirs may be satisfactorily treated as if the activity 

were homogeneously distributed (6, 7, 56). 

The 13 exposure pathways which have been included in the 

calculations cover the most important pathways for doses 

to man according to general radiological experience. 

Radioactive elements can reach man via his food by way 

of direct deposition on vegetation, root uptake or 

accumulation in animal products. The exposure paths also 

take into account internal and external doses originating 

from activity in the air, ground and water. The structure 

of the model also permits studies of future changes of 

diet composition. Such possible changes which could make 

other exposure pathways interesting are dealt with in 

sections 6.4 and 6.7. 

6.2 Numerical approximation 

The numerical method which is used in the model makes it 

possible to estimate the uncertainty which has been intro­

duced by approximations in the iterative processes. Error 

analyses have shown that uncertainty stemming from numerical 

approximations is no more than 20% in calculated doses. In 

most cases, it is less than 5%. 
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Variations in exchange between the reservoirs 

in the ecosystems . _______________ _ 

Transfer parameters for the exchange between the reservoirs 

in the model are given for each nuclide in Appendix B, 

Tables B.4 and B.5, for the inland and Baltic Sea alter­

natives, respectively. 

These coefficients have been derived from empirical and 

calculated data from the literature. In some cases, the 

span in the interval is large. In such cases, the values 

which give a higher dose burden with regard to both the 

critical group and populations have generally been used. 

If other values within the specified interval are chosen, 

the doses may deviate from the results. 

In the inland alternative , the dose burden to the 

regional population is largely dependent upon the amount 

of irrigation and the rate of water turnover in the lake. 

This is especially true for those nuclides which are 

greatly retarded in relation to the water turnover and 

which thereby give the greatest dose contribution via 

drinking water from the regional area. The doses which 

are discussed below are, for all nuclides, the maximum 

doses in time to individuals or the population. 

In the coast alternative, the dose burden to the critical 

group is determined primarily by the rate of water exchange 

in the coastal region. 
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The amount of irrigation has been assumed to be re-

latively high in this study, with 10% of the farming 

acreage being irrigated in comparison with the average 

value for Sweden of 3%. For those nuclides where fish 

or a primary well do not constitute important paths 

of exposure, the dose burden to the critical group 

and the regional population would increase more or 

less proportionately to the irrigation intensity. 
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This also applies to the dose burden to the critical 

group from nuclides such as the thorium isotopes and 

the daughter product Ra-226, for which the dominant 

path of exposure is drinking water from secondary wells. 

For the decay chain thorium-radium, an irrigation in­

tensity approximately 4 times lower would reduce the 

individual and collective doses from thorium by a 

factor of 4. The contribution from the daughter product 

would decrease by a factor of about 2. 

The dose contribution from the nuclides, especially 

Cs-135, whose dominant path of exposure is fish is 

inversely porportional to the water exchange rate. 

The dose burden in the coast alternative is also in­

versely proportional to the water exchange rate. A more 

rapid water exchange within reasonable limits can re­

duce the doses by a factor of 3, while a poor rate of 

exchange can increase the doses by a corresponding 

factor. 
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In a sensitivity analysis concerning the rate of exchange 

for thorium between sediment and water, two situations 

have been studied. The one is based on the maximum trans­

fer from sediment to water in the calculated interval, 
-6 -4 

3·10 -10 per year (see Appendix B), while the same 

feedback as for plutonium has been used in the other 

extreme case. When a transfer coefficient of 1 □- 4 is 

used for Th-230 instead of that given in Table B.4 of 

Appendix B, the individual dose is increased 1.5 times 

in the well case and 7 times in the lake case. The 

collective dose is increased by a factor of 7. Only a 

slight change in the doses is obtained for the daughter 

product Ra-226. 

Using the same feedback from sediment to water for 

thorium-229 as for plutonium results in a 1.2 times 

higher individual dose in the lake case and an equally 

great increase of the corresponding collective annual 

dose. The size of the dose contributions from the 

different paths of exposure, is, however, changed 

radically. The internal dose contributions to the 

critical group increases approximately 36 times while 

the external contributions lose their significance. 

The redistribution of the dominant paths of exposure 

explains the relatively small change in the final result. 

The turnover time for groundwater in the r€gion has 

been assumed to be 3 years. For thorium-230 with daughter 

product radiurn-226, a turnover rate which is three times 

faster reduces all doses by 30% except the individual 

dose for the parent nuclide in the well alternative. 

L 
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A 25 times more rapid transport of plutonium from the 

soil reservoir to the surface 1gater in the inland alter­

native reduces the collective dose by 30% while the dose 

to the critical group remains essentially the same. 

However,~ very strong retardation in the soil reservoir 

for plutonium reduces all doses sharply, except for the 

doses to the critical group in the well case. 

The dominant exposure pathway for cesium is fish. 

Although the sedimentation rate in the typical lake 

is relatively low, a 10 times higher sedimentation rate, 

which can occur in certain nutrient-rich lakes, does not 

deplete the concentration in the water sufficiently to 

cause any appreciable change in the dose burden. 

6.4 Variations in diet composition and uptake 

through food chains 

The critical group shall represent a few individuals who, 

owing to their diet and their living habits, receive 

relatively higher doses than average. With this purpose, 

a suitable diet has been composed for the critical groups 

in the inland and coast alternatives. For most nuclides, 

water, fish, milk and meat are the dominant paths of 

exposure in the inland alternative. Water consumption 

can hardly be increased above the assumed 440 1/yr. If 

the relatively high consumption of freshwater fish 

(50 kg/yr) were to be reduced by half, the dose from 

cesium-135 would be reduced nearly proportionately. 

However, the doses from thorium, americium, radium and 

uranium would be reduced by less than one-third. 
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Reasonable changes in the consumption of milk and meat 

have only a slight effect on the dose in the inland 

alternative. 

The uptake of nuclides in food chains, which is expressed 
in the model by means of concentration factors, e.g. for 

uptake in fish from water or uptake in foodstuffs from 

soil, is a critical factor in determining the internal 

dose burden. Uncertainty here, especially in the concen­

tration factors for uptake in fish. generally has a sig­

nificant effect on the total dose burden, due to the fact 
that this path of exposure is so often of great importance. 

Certain nuclides accumulate selectively in skeletal tissues 
in fish. Radium, thorium, uranium and plutonium are examples 
of such "bone~·seeking" nuclides. 'l'he skeletal parts are 

removed for the most part during processing and are not 

used in food for human consumption. Approximately half 

of the total fish catch consists of industrial fish which 

are used for animal feed and fertilizer. In this case, the 
entire fish is utilized. Such indirect introductions into 

the food chains are assumed to be of less importance than 
direct use for human consumption. 

Differences in the rate of turnover of elements in 

different freshwater ecosystems result in natural variations 

in the concentration factor (62). In the case of Cs-135, 

the dose can vary in relation to the given value by a 

factor of 5 in either direction in the inland alter-

native. In the literature (22, 30) 1 a concentration factor 

L 
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of 10 - 100 has been given for the concentration of 

Ra-226 in freshwater fish, while Swedish investigations 

(31) have given values of around 1 - 3. A concentration 

factor for,Ra-226 in freshwater fish of 15 has been used 

in the calculations. In the lake case, the doses for 

Ra-226 can thus vary by a factor of approximately 7 in 

either direction. 

The uptake of radioactivity from soil by plants varies 

widely, depending upon such factors as the species of 

plant and soil condition. The variation interval and 

the typcial values which have been chosen in the calcu­

lations are given in Table C.2. If extreme values for 

uptake factors are used, the dose burden to the critical 

group or the regional population is not appreciably 

altered, since the important paths of exposure via milk 

and meat depend primarily on the cow's consumption of 

well or lake water. 

The increase in individual and collective doses resulting 

from the use of the upper limit of the concentration factors 

(see Table C.2) or, in the case of nuclides lacking vari­

ation intervals, from the multiplication of the values 

by a factor or 10, can be seen below. 
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Relative increase of annual 
dose with the use of extreme 
concentration factors. 

Individual Collective -------

I 129 3 3 

Cs 135 13 2 

Ra 226 4 6 

Th 229 2 l 

Th 229* l l 

Th 230 2 7 

u 233 2 4 

u 234 2 5 

Ra 226 4 4 

Th-229 som dotterprodukt till U-233 
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The critical group which is exposed through the use of 

water from the primary groundwater recipient generally 

receives the highest doses. The estimate of the dilution 

of the act~vity which can leak out from the repository 

is necessarily rough. Detailed knowledge on the rate of 

groundwater turnover at different depths in the areas 

in question is lacking. The dilution is based solely 

on the amount of precipitation which falls on the 

surface above the repository. If groundwater from other 

areas also contributes to the dilution, the doses re­

ceived by the critical group via drinking water and irri­

gation may be overestimated. 

6.5 Daughter products in decay chains 

In decay chains with radioactive daughter products, the 

distribution of the daughter product between parts of 

the biosphere depends to a certain extent on the turnover 

processes to which the parent nuclide is subjected. Un­

certainties in the turnover of the parent nuclide can, 

in come cases, be amplified in the dose calculations 

for the daughter nuclide. In view of the relatively 

large dose contributions involved, the decay chain of 

uranium-234 - thorium-230 - radium-226 is of particular 

interest. 

Thorium .is dispersed slowly through soil in relation to 

its physical decay rate. Variations in the rate of exchange 

between soil and groundwater therefore have a relatively 

insignificant effect on the amount of thorium pre~ent in 

the soil. With the interface in an inland area, the 

Lamount of radium-226 to which the critical group and the 
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regional population is exposed therefore depends primarily 

on how rapidly uranium and radium are transported through 

the surface soil, since this greatly influences the 

radium levels both in the food chains and in the ground­

water which tan reach wells in the environment. 

Current studies of the transport of uranium and its 

daughter products (59) indicate that uranium is leached 

considerably more rapidly through typical Swedish soils 

than has been assumed in previous studies on vitrified 

wastes. The field and laboratory studies which have been 

carried out with respect to strontium and radium (Table 

B.2) indicate that radium is dispersed considerably more 

slowly than strontium through soils under widely varying 

conditions. In previous studies 1 however, it has been 

assumed that radium is leached through the soil at the 

same rate as strontium. 

In comparison with the previous calculations concerning 

vitrified waste, the new choice of transfer rates in the 

soil-groundwater system for uranium and radium results 

in a reduction of the exposure of the critical group and 

the regional population. In the inland alternative, the 

doses from radium intake are reduced by half with the 

new transfer coefficients. 
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6.6 Variations in poeulation distribution 

L 

Changes in the regional population distribution can 

affect the calculated collective doses. This applies 

especiall~ for the relatively short-lived or poorly 

soluble nuclides, for which the collective dose derives 

primarily from the regional exposure. The assumed dis­

tribution of 20 persons/km2 is the average for Sweden 

(38). A possible .future increase of the population 

density can only lead to a limited increase of the 

collective doses calculated for the different nuclides. 

The yield of fish from the lake has been set at 

60 000 kg/year, which is an overestimation. No increase 

in the collective dose due to an increase in the fish 

catch can be expected, in view of the limited supply 

of fish from the primary lake recipient. 

In cases where an increase of the population occurs at 

the expense of the cultivated acreage and food is a 

critical path of exposure, an increased population density 

can hardly lead to any increase in the collective dose in 

the region. 

The contribution to the regional collective dose due to 

irrigation will be proportional to that factor of the 

regional population which obtains its drinking water 

from wells which are reached by activity from the irri­

gation area as well as to the irrigation frequency. 



The relevance of the model in a long-range 

perspective 

Sz 

The local ecosystems in particular can, over the time 

spans covered by the forecasts, undergo considerable 

changes which have significant effects on the exposure 

situation. 

The design of the model permits an anaylsis of the con­

sequences of important changes, such as the draining 

of the lake which constitutes the primary recipient 

for groundwater-borne activity from the repository. 

A gradual draining of e.g. the Baltic Sea can give 

rise to considerable exposure from the use of sediments 

in agriculture. 

Many elements are deposited and accumulate in the sedi­

ments. In the case of the radionuclides which give the 

dominant internal dose to the critical group or collective 

dose to the population, draining does not lead to any 

increase in the annual doses, since cultivation of agri­

cultural products on contaminated sediment gives a smalle~ 

dose contribution than that which is obtained through the 

consumption of fish. In the case of thoriurn-229, most of 

which accumulates in the sediments, however, the doses 

through external exposure can increase considerably in 

the Baltic Sea case. 

The paths of exposure which are covered by the model are 

based on current dietary habits. Over a longer perspecti~e, 

however, certain food resources, mainly marine ones, □ay 

Lbe exploited to a greater extent and attain global impor":.3.nce. 
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I 
Overexploitation of traditional fish populations has 

led to a search for other sources of nutrition from 

the sea. In addition to increased utilization of fish 

species which have formerly not been fished, there 

are large reserves in the form of squid and krill. 

Algae, especially those of macro-size, have been used 

in many countries as a food source for a long time. 

Any forecast concerning possible future changes in 

human dietary habits which could lead to an altered 

dose pattern is, however, highly speculative and can 

only give a hint of the magnitude of such a change. 

Potential catches of krill may suffice for an annual 

average consumption of 5 - 10 kg per individual for 

1rnllpilge 

53 

a population of 1010 individuals. Great technical 

difficulties are.involved in catching these shrimps. 

There is little possibility of using plankton as a food 

source within the foreseeable future. However, the im­

portance of macroalgae as a food source will increase. 

It has been assumed that, with no changes in the amount 

of protein in the diet, 10 kg of meat products are re­

placed by 10 kg algae annually. The choice of algae has 

been determined by the fact that for almost all nuclides, 

the concentration factors for marine plants (28, 35) have 

been reported to be higher than those for fish or crus­

taceans. The results are listed in the following table 



Nuclide 

U-234 

Pu-242 

U-233 
U·-2 35 
U-236 

I-129 

U-238 

Zr-93 

Tc-99 

Cs-135 

Concentration factor 
marine plants 

67 

67 

67 

2.10 3 

4 • ,, 0 3 

2·10 3 

54 

Relative change in 
collective dose for 
the inland alter­
native 

2 

3 

3 

4 

4 

4 

4 

5 

The relatively small changes in spite of the considerable 

increase in concentration factors for some nuclides are 

due to the distribution of maximum collective dose between 

the different zones or the great importance of other expo­

sure puthways. 
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Lake Valley Baltic Sea 
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Figure 1 The three main paths of transport of radioactive 
substances to the biosphere. 
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Figure 2. Reservoirs for the different ecosystems. The details of the local ecosystem are not shown in detail. 
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Table 1 

Areas and masses of the reservoir system 

Masses and areas Alt. 1 and 

Groundwater 1 kg 2.5·10 8 

Groundwater 2 kg 8.6·10 11 

Soil, regional kg 3.6·1012 

Atmosphere, regional kg 4.8·10 14 

Surface water kg l.25·10 10 

Sediment dm2 s.0·10 8 

Baltic Sea kg 2.2·10 16 

Baltic Sea sediment dm2 3.7·10 13 

Atmosphere, global kg 4.4·10 18 

Surface sea kg 2.0·10 19 

Deep sea kg l.4·10 21 

Deep sea sediment d.m2 3.6·10 16 

Biota, global kg 1.a·1015 

Soil, global kg l.6·10 17 

Groundwater, global kg 6.0·10 19 

Surface sea sediment am2 2.0·10 15 
, 
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Alt. 3 

2.5·10 8 

8.6·10 11 

3.6-10 12 

4.8·10 14 

1.0-10 12 

5.0·10 10 

2.2·10 16 

3.7·10 13 

4.4·10 18 

2.0·10 19 

l.4·10 21 

3.6·10 16 

1.8 · 10 15 

1. 6 · 10 17 

6.0·10 19 

2.0·10 15 



Table 2.a Annual individual and collective doses with dominant pathways of exposure at the 
time of maximum burden for the outflow based on the main case (case 1 in chap.4) 
Well case. 

Nuclide Max ind. Time Dominant pathways Max. coll. Time 
annual dose of exposure annual dose 
rem/yr years 1 % ' 2 % 3 % ma~rem/yr years 

C-14 5.2 X 10-10 1.0 X 105 weat 64 · fish 30 water 3 5.0 X 10-4 l.lx Tc-99 8.2 X 10-9 3.0 X 106 water 50 milk 46 fish 2 4.9 X 10-5 3.2 X I-129 4.2 X 10-4 1.0x 105 meat 52 water 26 milk 20 l.7x 101 5.8 X 10-6 7 Cs-135 ) 6. 8 x 1.2 X 107 fish 65 water 14 meat 13 l.5x 10-2 1.2 X a . 10-3 59 milk fish 0 Ra-226b) 5.2 x 6.9 X 107 water 36 2 1.1 X 101 6.9 X Ra-226c) 4.4 x 10-3 6.9 X 107 water 55 fish 23 milk 20 l.2x 100 6.9.x Ra-226 2.4 x 10-4 6.9 X 107 water 100 fish 3 X 10-1 milk 2 X 10-1 2.2 X 10_1 6.9 X Th-230 :z. 3 -4 6.9 X water 88 miat 10 X 10_4 107 gr vege 3 l.3x 10_1 6.9 X Pa-231 3.9 X 10_4 6,9 X 107 water 76 meat 9 gr vege 7 3.9 X 10_1 6.9 X U-234 3.3 X 10_5 6.9 X 107 water 83 meat 9 milk 3 1.2x 10_2 6.9 X U-235 2.6 X 
. 6.9 X 83 meat 9 milk 10_5 107 water 3 4.2 X 10_2 1.1 X U-236 5.7 X 10_4 6.9 X 107 water 83 meat 9 milk 3 3.9 X 10_1 . 6,9 X U-238 3.2 X 10_13 6.9 X 107 water 83 meat 9 milk 3 2,3 X 10_12 7.2 X Np-237 3.4 X 10 7.0 X 10 water 78 meat 17 gr vege 2 8.0 X 10 7.0 X 

Refers to the Ra-226 which reaches the biosphere directly via the groundwater from the repository. 
Refers to the Ra-226 which is generated by the dacay of Th 230 in the biosphere. 

105 
106 
105 
107 
107 
107 
107 
107 
107 
107 
108 
107 
107 
107 

a) 
b) 
c) Refers to the Ra-226 which is generated by the decay chain U-234 -> Th-230 -> Ra-226 in the biosphere. 



Table 2b. Annual individual and collective does with dominant pathway of exposure at the time 
of the maximum burden for the outflow based on the main case (case 1 in chap 4) • 
Lake case. 

Nuclide Max ind. Time Dominant pathways Max. coll. Time 
annual dose of exposure annual dose 
rem/yr years 1 % 2 % 3 % man rem/yr years 

C-14 1.7 X 10-10 l.Ox 105 :Fisl:. 91 meat 9 milk 3 X 
10-1 5.0 X 10-~ 1.1 X 105 

Tc-99 3.3 X 10-10 3.Q X 106 milk 55 fish 42 meat 1 4.9 X 
10-) 3.2 X 106 

I-129 1.9 X 10-5 1.0 X 105 meat 57 milk 22 fish 20 
10-1 

1.7 X 10 1 5.8 X 10~ 
10-6 107 -2 

10 1 Cs-135a) 4.9 X 1.2 X fish 91 water 9 meat 9 X 1.5 X 100 1. 2 X 
10-4 107 '07 Ra-··226 4.3 X 6,7 X water 52 fish 24 milk 21 Ll X 10, 6.7 X 1 7 

Ra-226b) 4.4 X 10-3 6.9 X 107 water 55 fish 23 
10-1 milk 20 l.2x lOJ. 6.9 X 10' 

Ra-226c) 2.4 X 10-4 6.9 107 water 100 fish 3 X milk 2 X 111-1 2.2 X 100. 6.9 X 107 
10-s 

X 
107 

u_l 
I 0-·1. "07 Th--2.30 4.6 X 6.9 X water 99 fish 1 meat 1 X 10 1.3 X ~ 1 6.9 X l .., 

Pa-231 1.5 X 10-4 6.9 X 107 water 93 fish 6 meat 1 3.9 X 10-~ 6.9 X 10 1 

10-5 7 -1. '07 U-234 1.9 X 6.9 X 10 water 57 .fish 33 meat 8 1.2 x lO ,, 6.9 X .L 0 
10-6 7 ·-L iO; U-235 1.5 X 6.9 x· 10 wate:r 57 fish 33 meat 8 4.2 X 10 ~ 1_ .. 1 X ·-6 7 10-L U-236 3.4 X 10_5 6.9 X 107 water 57 fish 33 meat 8 3.9 X 6.9 X 107 -1 U-238 1.9 6.9 water 57 fish 33 8 2.3 X 10 1" 7.2 X 10 X 10_14 X 107 meat 

1G7 Np-237 l.5 X 10 7.0 X 10 water 50 fish 29 meat 16 8.0 X 10- .1.. 7.0 X 



Table 2c. Annual individual and collective doses with dominant pathways of exposure at the time of maximum burden for the outflow based on the main case (case 1 in chap. 4) . Baltic sea case. 

Nuclide Max ind. Time Dominant pathways Max. coll. Time annual dose of exposure annual dose rem/yr years 1 % 2 % 3 % man rem/yr years 
·-···------

10-12 1.0 X 105 2 5 X 
-2. 5.Q X 10-4 1.1 5 C-14 3.1 X fish 98 meat milk 10_1 X 106 Tc-99 1.0 X 

w-12 3.0 X 106 fish 99 milk 1 fish tac 2 X 10_1 4.8 X 10-5 3.3 X 105 10-1 1.0x 105 4 
-1 

l-.7x 10:3 6 .1 X 
I-129 1.0 X fish 100 meat X 10_1 milk 2 X 10_2 107 Cs-135 ) 2.2 X 10-8 1.2x 107 fish 100 beach l X 10_3 fish tac 4 X 10_3 8.1 X 10_1 1.3 X 10 7 Ra-226:) 7.0 X 10-6 6.7 X 107 fish 100 gr vege 7 X 10 . fish tac . 2 X 10 1.1 X 100 6.7 X 107 Ra-226 c) 3.0 X 10-s 6,9 X 10 7 fish 90 fish tac 9 beach 1 

10-r 
1.1 X 100 6.9 X 107 Ra-226 7.3 X ro- 9 6.9 X 10 7 fish 98 fish tac 2 

10-3 
beach 5 X l.7x 10_5 6.9 X 107 Th-230 l.9x 10-7 6.9 X 107 fish 100 gr vege 9 X 9.7 X 10_2 6.9 X 107 Pa-231 1.lx 10-7 6.9 X 107 fish 100 gr vege 4 X 10-2 2.0 X 10_2 6.9 X 107 u-234 1. 3 X 10-7 6.9 X 107 fish 100 gr vege 4 X 10-2 8.2 X 10_2 6.9 X 10 

u-235 9.9 X 10-9 6.9 X 10 7 fish 91 fish tac 6 3 5.5 X 10_2 l.Q X 108 
10-2 -, 

u-236 2.2 X 10-8 6.9 X 107 fish 100 gr vege 4 X 3.9 X 10_1 7.Q X 10 I -7 6.9 X 107 fish 100 4 X 10-2 2.3 X 10_14 7.2 X 10~ U-238 1.2 X 10_16 gr vege 
4 X 10-2 Np-237 1.2x 10 7.Q X 10 7 fish 100 fish tac 2 X 10-1 l.3x 10 7.0 X 10 1 



Table 3a. Annual individual and collective doses with dominant pathways of exposure at the time of maximum burden for the outflow based on the pessimistic case (case 2 in chap. 4). Well case. 

Nuclide 

C-14 
Zr-93 
Tc-99 
I-129 
Cs-135 a) 
Ra-226b) 
Ra.-226 
-o-·-2''"c) .a.\..d. LU , 

Th-229d) 
Th-229 
Th-230 
Pa-231 
U-233 
U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-242 

a) 
b) 
c) 
d) 

Max ind. 
annual dose 
rem/yr 

Time 

years 

" 1.0 X 10-' 
2.4 X lQ~ 
1.0 x lOJ 
l O 105. 

• X i; 

5.9 X 10: 
9.2. X 10? 
1.2 X 10~ 
8.08 ~; 10,-
9.1 X 10~ 
L 1 x 10~ 
9.2 X 10-' 
8.6 X 10; 
9.2 X 10 

5 
8.8 X ~0 5 
9.Q X 106 
1.Q X 105 
9.4 X 105 
9.3 X 106 
l.J X 10 

Dominant pathways 
of exposure 
1 % 2 

meat 
water 
water 
:meat 
fish 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
uater 

64 
99 
50 
52 
65 
59 
55 

100 
87 

100 
88 
76 
83 
80 
83 
83 
83 
78 
99 

fish 
fish 
milk 
water 
w'ater 
milk 
fish 

meat 
bt-:act1 
meat 
meat 
meat 
meat 
meat 
meat 
meat 
meat 
deat 

% 

46 
26 
14 
36 
23 

10 
5 X 

10 
9 
9 
9 
9 
9 
9 

-i 
10 

-1 
10 

17 
2 X lQ-l 

3 

water 
meat 
fish 
rnilk 
meat 
fish 

~ ., 1 
'.Ill. l.te 

m.ilk 
gr vege 
fish tac 
gr vege 
gr vege 
milk 
milk 
milk 
milk 
milk 
gr vege 
fish 

% 

3 
3 x 10-2 

2 
20 
13 

2 
2:0 
2 X 

,.,, 
_) 

C .,,,. 
..; .fl. 

3 
7 
3 
3 
3 
3 
3 
2 

2 X 10-l 

Max .. coll. 
annual dose 
rnanrem/yr 

6.7 X 

2.3 
5.6 

7 t: 

6~5 
3~3 
l.8 X 1(;:, 
,1,1 x. 10 '. 

6.6 X ~?~Jl 
2,5 X iv 

1{)-1 3.1 X -~-l 
1.9 X 10 ,-
1.8 X 10-L 

-1 
3.Q X 1.0_ 1 
1.9 X 10 ,. 
],Q X lQ;l 
1.7 X 10 

Time 

years 

Llx 
2_., 5 X 

J.9 X 

1. 3 X 

1.3 X 

3.9 X 

l.4x 
1.4 X 

Refers to the Ra-226 which reaches the biosphere directly via the groundwater from the repository. 
Refers to the Ra-226 which is generated by the decay of Th-230 in the biosphere. 
Refers to the Ra-226 which is generated by the decay chain U-234 -> Th-230 -> Ra-226 in the biosphere. Refers to the Th-229 which is generated by the decay of U-233 in the biosphere. 

. 
-.J ~ 
t·J ~ 

";i 



Table 3b. 

Nuclide Max ind. 
annual dose 
rem/yr 

c-14 2.3 x 10-~0 
zr-93 3.4 x 10-6 
Tc-99 3.6 x 10-5 
I-129 1.0 x 10-
Cs-135) 7.2 x 10-S 
Ra-226:). 2.8 x 10-3 
Ra-226c) 2.5 x 10=! 
Ra-226 4.1 x 10_3 
Th-229d) 7.7 x 10_4 
Th-229 9. 2 x 10_4 
Th-230 2.7 x 10_3 
Pa-231 1.1 x 10_5 
U-233 5.7 x 10_5 
U-234 3.1 X 10_6 
U-235 1.8 X 10_5 
U-236 3.2 X 10_5 
U-238 2.3 X 10_5 
Np-237 8.7 X 10_4 
Pu-242 5.6 x 10 

Annual individual and collective doses with dominant pathways of exposure at the time of maximum burden for the outflow based on the pessimistic case (case 2 in chap.4). Lake case. 

Time 

years 

1. Q X 10~ 
2.4 X 105 
1.Q X 105 
1.0 X 105 
5.9 X 105 
9.1 X 106 
1.2 X 105 
8.8 X 105 
9.1 X 106 
1.1 X 105 
9.2 X 105 
8.6 X 105 
9,2 X 105 
8.9 X 105 
9,Q X 106 
1.0 X 105 
9.4 X 1g 
9.3 xlO 6 
1.3 X 10 

Dominant pathways 
of exposure 
1 % 2 

fish 
water 
milk 
meat 
fish 
water 
water 
water 
beach 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 

91 
99 
55 
57 
91 
52 
55 

100 
73 

100 
99 
93 
56 
57 
57 
57 
52 
so 
99 

meat 
fish 
fish 
milk 
water 
fish 
fish 
fish 
fish tac 
beach 
fish 
fish 
fish 
fish 
fish 
fish 
fish 
fish 
meat 

,3 

9 
10-1. milk 

2 x meat 
42 
22 

-meat 
fish 

9 meat 
24 milk 
23 1 milk 
3 x 10- milk 
21 1 water 
5 x lO- fish tac 

1 
6 

32 
33 
33 
33 
33 
29 -1 
2 x-10 

meat 
meat 
meat 
meat 
meat 
meat 
meat 
meat 
fish 

% 

3 X 10-l 
3 X 10-2 

1 
20 
9 X 10-l 
21 

Max. coll. 
annual dose 
man.rem/yr 

-4 6.7 X 10_2 

20 

2.3 X 10_1 
5.6 X 101 
1.7 X 10_1 
1. 9 X 100 
7.5 :x 101 

l 6. 5 X 100 
2 X 10- 3,3 X 101 

4 2 1.8 X 10 , 
5 X 10- 9.1 X 10-1 

1 X 10-l · 6.6 X 10-l 
1 2.5 X lOO 
8 3.1 X 10-ll 
8 1.8 X 10-2 
8 1.8 X 10-l 
8 3.0 X 10-l 
8 1.9 X 10-l 

. 16 8.8 X 10-
2 X 10-l 1 7 10° • X 

Time 

years 

0::: 
1. 1 X 106 
2,5 X 105 
3.9 X 105 
5.8 X 105 
6.6 X 105 
9.2 X 105 
L 2 x 106 
l.) X 105 
9.6 X 106 
1.3 X 10 
1.2 X 106 

8.6 X 105 
1.3 X 105 
1.3 X 106 

1.3 X 106 
1. 3 X 106 

3.9 X 106 
1.4 X 106 
1.4 X 106 



Table 3c. 

Nuclide Max ind. 
annual dose 
rem/yr 

Annual individual and collective doses with dominant pathways of exposure at the time of meximum burden for the outflow based on the pessimustic case (case 2, in 
chap. 4). Baltic sea case. 

Time Dominant pathways Max. coll. Time 
of exposure annual dose 

years 1 % ,, 
% 3 % man rem/yr years L., 

•~,.•k•- •-~ ~-•- ----L•---- ••- ---

4.4 
··12 

10_9 10~ 98 l.Ox C-14 X 1.0 X 
6 Zr-93 9.8 X 10_8 2., 1 X 10, 

Tc-99 2.3 X 10 l.O ·oJ 
10-7 X l '> 

I-129 LO X LO X 10:~ 
C 1 ~5 3 ') 1 '-7 

5.9 10..) s- ..__ ) -~ X LU-5 X . a L,.,, 6 
r;, 

Ra-"1?6 X. 10 9.1 )( 10·' L "--· b --!,j, 
!"_) Ra-226 , 1.6 X ·, n ..,. '') 10 .. -'-"-8 .l. • i. X 

"'26CJ L2 'o'.) Ra--::. X 10 __ ,, 8.7 y l , ,. 

Th-229, 8.1 X 
1 [\ ..., 

9.6 " 
, 0) .1.V .i. 1,.,-7 ,.t 

Th-?"9d. 1 2.0 X 9 ~ 61 , 5 
-.L. 

~~-6 X 10,. 
1'h-230 1.4 X ~~=; 9.2 Y. 10:. 
Pa-231 7 .. 4 X 8.S ,· , o~)-

·'- ,. i; 

U-233 3 7 X 1?-1 9 ,., X 10: . ' • £. 
::;; u-2:::v,. 2.0 X lU fL 8 X 105 

U-235 1.3 X 10-8 
9.0 X 105 l0-7 U-236 1..8 X. 8.8 X 105 10-7 U-238 1.4 X -7 8.8 X 105 

Np-237 5.9 X 10_8 9.3 X 106 
Pu-242 3.3 X 10 1.3 X 10 

fish meat 
fish 65 fish tac 
fish 99 milk 
fish 100 meat 
fish 100 ber=:2h 
fish 100 gr v2g0 
r. b r1.s _ 90 £is~ tac 
f-!_qh 91?. fis:-i ::ac 
r• h Il.S - ~ac 39 b(-:ach 
fish tac. 90 ;:;.c:ch 
fish lOQ gr •.,;sge 
fish 100 gr ege 
fish 100 gr vege 
fish 1.00 gr yege 
fish 91 r • ·1-_ r1.s" tac 
fish 100 2r ~, ·.;ege 
fish 100 gr vege 
fish 100 fish tac 
fish 100 water 

2 
26 

1 
~I l{ 

l X 

,, 
'!) 

~+ X 

4 X 

2 X 

1 X 

1('-2 
~- !-2 
10 
, r1-l 
l.\. -6 
10 

milk 
beac11 
fish tac 

fish tac 

fish 
.. ~ ' 

I :i,f t1-

beach 

beach 

'.;- 1 (:· . ...,, ~,._ ......... 0 
X :;_ 

X 10=~ 
')In ""-• 

3 

4 X 
,, .,.,-2 
~u 

t:., 
,_..I r "'0' ~nJ 
j' '>: ,r.,. -- _, i,; 

., ,.._ ,,1: 
l ~ ' .. , !{ l ) .. 

9, 2 X l".::::, 
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Table 4a 

Distribution of maximum collective annual dose in the 

inland alternative 

Nuclide Region Baltic sea Global 

C-14 100 

Zr-93 34 66 

Tc-99 l 99 

I-129 100 

Cs-135 80 2 18 

Ra-226a) 90 6 4 

Ra-226b) 91 6 3 

Ra-226c) 2 3 • 77 

Th-229 100 

Th-229d) 93 1 6 

Th-230 100 

Pa-231 99 1 

U-233 41 1 58 

U-234 33 1 66 

U-235 100 

U-236 100 

U-238 100 

Np-237 21 1 78 

Pu-242 100 

a) Refers to the Ra-226 which reaches the biosphere 

directly with the groundwater from the repository. 

b) Refers to the Ra-226 which is generated by the decay 

of Th 230 in the biosphere. 

c) Refers to the Ra-226 which is generated by the decay 

chain U-234 -> Th-230 ->Ra~226 in the biosphere. 

d) Refers to the Th-229 which is generated by the decay 

of U-233 in the biosphere. 
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Table 4a 

Distribution of maximum collectibe annual dose int the 

coast alternative 

_N_u_c_l_i_d_e_________ _ Re3ion __ .. ____ B_a_l_t_i_.c_s_· e_a ___ G_l_o_b_a_l_ 

C-14 

Zr-93 

Tc-99 

I-129 

Cs-135 

Ra-226a) 

Ra-226b) 

Ra-226c) 

Th-229 

Th-229d) 

Th-230 

Pa-231 

U-233 

U-234 

U-235 

U-236 

U-238 

Np-237 

Pu-242 

2 

1. 

39 

59 

8 

62 

63 

60 

11 

38 

6 

2 

2 

100 · 

100 

100 

100 

92 

36 

36 

100 

1 

89 

2 

94 

98 

98 

100 

100 

100 

100 

100 
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APPENDIX A. 1 

APPENDIX A 

RESULTS O~ DISPERSAL SCENARIOS 

Contents 

Tables A.1-5. a-b. Annual maximum individual and 
collective doses after inflow to primary recipient 

for cases 3-7 (see Chapter 4 Outflow from repository). 



Appendix A. 2 

Table A. 1 a 
i 7 

Maximum individual doses, D 
max' in critical group and time for maxima, T 

max 1 
for case 3 

Nuclide Well: Lake: Baltic Sea: 

D (rem/yr) T (yr) D (rem/yr) T {l'T) D (rem/yr) T (yr) rnax max . max. I:."'~o_x max max 

Zr 93 5.0 X 10-5 3.2 X 106 5.0 X 10-5 3.2 X 106 1.5 X 10-1 3.2 X 106 
10-2 104 

'I 
-4 104 I 129 2.1 l.1 9.5 Ll 10-6 !4 X X X 10 X 5 .. 1 X l.l K 10 

Cs 135 5.0 X 10-3 3.4 X 105 3.7 X 10-3 3.4 X 105 L9 10-5 3~4 5 
X X 10 

Ra 226 (sum) 2.6 X 
10-2 3 "'I . ' X 104 1.2 X 10-2 ).7 X 104 3.0 

-t; 
3.8 104 X 10 - X 

10-2 
104 

,,, 
l "4 _<'. I, Ra 226 2.1 X 3.1 X L8 X 10-..:i 3.8 Y. u 2.8 X 10"' 3~8 X 10"' 

1.8 10-3 ,; 
10-3 105 -"i ,; Th 230/Ra 226 X l.4 X lG~ L8 X L4 ,. 

l "O X 10 - 1.4 X lOJ A 

234/Ra 226 5.3 '0-3 3.6 104 l.l -2 
'.L6 1 4 u X l X X 10 ",\.7 2 e; 1 X ' 3 • :2: X 10 ~t. 

Th 229 (sum) 7.1 X 10-3 l.O X 105 6.8 X 
-- ~l -<; I 10 ~ LO X 2.4 X 10 ~ 6.7 Y. 10"' 

10-4 I l -<; Th 229 7.7 X 8.3 X 104 4. 1 X l 8.3 X 10~ ·'J., p 
Y. 10 ~ 6.7 X 1 L.:;,4 

rn-3 105 
,_":,f 

_ws -7 4 u 23)/Th 22!) h.6 X Ll X 6.6 X 
JO _, 

l b l X 8.9 X 10 3.6 X 10 
10-4 ; 10-5 104 10-7 I Th 230 1.8 X 3.8 X 104 1.8 X 3.8 X 1.7 X 3.9 }t 10'-'i 

Pu 2)1) l.3 X 10-4 . 4.1 X 105 8.2 X 10-6 4.3 X 105 1.6 X 10-8 4.3 X 105 
10-) 104 10-4 104 10-6 I u 23) 7.] X 3.5 X 2.9 X 3.5 X 2.7 X 3.6 X 10'¾ 

u 234 9.9 X 10-2 2.3 X 104 3.8 X 10-3 2.7 X: 104 3.8 X 10-s 2.7 X 104 

u 235 1.3 X 10-3 3.6 X 104 3.9 X 10-s 3.6 X 104 2.4 X 
10-6 3.6 X 104 

u 236 2.4 X 10-2 3.6 X 104 9.4 X 10-4 J.6 X 104 4.6 X 10-6 3.6 X 104 5.: 
' 

10-2 104 10-4 104 104 
--J 

~ 238 1.9 2.9 7.3 3.6 X 7.3 10-6 2.7 CX> u X X X X X 

Np 237 1.2 X 10-1 1.3 X 105 6.2 X 10-3 l. 3 X 105 4.3 X 10-s l. 3 X 105 

3.8 10-2 4.4 105 3.3 10 
-2 

4.4 105 3.1 10-6 4.4 105 Pu 242 X X X X X X 



Appendix A. 3 

7 
Table A.lb 

Maximum collective doses, D max' and time for maxima, T max' for case 3 

Nuclide Inland alternatives: Baltic Sea: 

D (manrem/yr) T (yr) D (manrem/yr) T (yr) max max max max 

Zr 93 5.3 . 10-2 3.4 . 10 6 1.3 . 10-2 3.2 . 10 6 
I 129 3.7 . 10 1 1.1 . 10 4 3.7 . 10 1 2.0 . 10 4 
Cs 135 9.2 . 10° 3.4 . 10 5 1.8 . 10-1 3.4 . 10 5 
Ra 226 2.2 • 10 2 3.9 . 10 4 1. 4 . 10 2 4.4 . 10 4 
Th 229 1.8 • 10 1 1.2 . 10 5 2.1 . 10° 1.4 . 10 5 
Th 230 4.3 . 10-2 1.4 . 10 5 9.7 . 10-s 3.9 . 10 4 
Pu 239 1.5 • 10-1 4.4 . 10 5 4.7 . 10-4 4.4 . 10 5 
u 233 1.1 . 10° 1.2 . 10 5 4.7 . 10-1 1. 3 . 10 5 
u 234 8.6 . 10° 3~6 • 10 4 1.5 . 10° 3.6 . 10 4 
u 235 1.8 • 10-1 3.6 • 10 4 8.5 . 10-2 2.8 . 10 7 
u 236 2.1 . 10° 3.6 . 10 4 5.0 . 10-1 9.7 . 10 5 
u 238 1. 7 . 10° 3.6 . 10 4 3.0 . 10-1 3.6 . 10 4' 
Np 237 1.6 10 1 1.3 10 5 1.2 10° 1. 3 10 5 
Pu 242 5.7 . 1 0 1 4.4 . 10 5 2.9 . 10-1 5.4 . 10 5 

....J ~ 
I..O 11 

"I: 



Table A.2a 

Maximum individual dosed, Dmax' in critical group and time for maxima, T 
max' 

Nuclide 

Zr 93 

'I'c 99 

l 129 

Cs 135 

Ra 226 

Th 230/Ra 226 

u 234/Ra 226 

Th 229 (sum) 

Th 229 

u 233/Th 229 

Th 230 

u 233 

u 234 

u 235 

u 236 

u 238 

Np 237 

Pu 239 

Pu 242 

Well: 

D (rem/yr) max T (yr) max 

not calculated 

I 
104 2.1 .Ji'., 10-3 l.l X 

5.2 X 10-4 3.5 X 105 

l.Ox 10-2. L2x 1.05 

Lake: 

D (rem/yr) max T (yr) 
illilX 

9.5 X 

3.8 X 

not 

10-5 

10-4 

calculated 

I 
Ll X 104 

3.5 X 105 

2 105 1. X 

not calculated 

for case 4 

Baltic Sea: 

D (rem/yr) max 

2.8 X 10-S 

1.5 X 10-7 

5.1 X 10-J 

L7 X 10-6 . 

L4 z '0-5 1 0 

8.8 X 10-6 

2.1 X l 0-7 

2.1 X 10-s 
-"i 

2.1 X 10 ~ 
... 

8,0 X 
1.0-, 

1.1 X 10-1 

2.0 X 10-6 

3.7 X 10-6 

l.6 X 10-s 

9.1 X 10-1 

6.9 X 10-1 

4.4 X 10-6 

1.6 X 10-9 

6.8 X 10-1 

Appendix A.4 

T (yr) 
max 

3.2 X 106 
I 

1.1 X 10 4 

1.1 X 104 

3.4 X 
t; 

10~ 

1.3 X 105 · 

2.0 X 105 

'..L 1 X l 

l., 3 X 105 

1.3 X 10_,, 

L2 X 1 

l ,, . .{.. X 
, o'.) 
l ! 

1.2 X 
f. 

2.7 X 10"' 
t; 

1.1 X 10~ 

4.3 X 104 

2.8 X 104 

1.4 X 105 

4.3 X 105 

4.5 X 105 

* Refers to the Ra-226 which reaches the biosphere directly via the groundwater from the repository 

OJ i 
o.;-. 

-:: 



Appendix A.5 

Table A.2b 

Maximum collective doses, Dmax' and time for maxima, Tmax' for case 4. 

Nuclide inland alternatives: Baltic Sea: 

Zr 93 

Tc 99 

I 129 

Cs 135 

Ra· 226 

Th 229 

Th 230 

u 233 

u 234 

u 235 

u 236 

u 238 

Np 237 

Pu 239 

Pu 242 

* 

D (manrem/yr) max Tmax (yr) D ( manrem/ yr) max Tmax (yr) 

2.6 • 10-3 3.3 • 106 

3.7 • 10-1 2.9 . 10 5 

1.9 • 10 1 1.9 • 10 4 1.9 • 10 1 9.6 . 10 5 

2.7 • 10° 3.9 • 105 7.0 • 10-2 4.2 • 105 
2.7 • 10°• 1.3 • 10 5 1.2 • 10 2 1. 3 • 10 5 

2.2 • 10° 2.2 10 5 

6.4 • 10-5 1.2 • 10 5 

4.4 • 10-1 2.1 • 10 5 

8.5 • 10-1 1.2 • 10 5 

9.3 • 10-2 1.3 • 10 5 

3.5 . 10-1 9.5 . 10 5 

2.4 . 10-1 4.1 • 10 7 

1.2 . 10° 2.3 . 10 5 

6.4 . 10-5 4.6 • 10 5 

1.4 . 10-1 5.3 • 10 5 

Refer to the Ra-226 which reaches the biosphere directly via the ground­
water from the repository. 



Appendix A.6 

Table A.3a 

Maximum individual doses, Dmax' in critical group and time for maxima, T max' for casE: 5 

Nuclide Well: Lake: Baltic. Sea: 
D (rem/yr) max T (ur) max J 

D (rem/yr) 
rnax T (yr) 

max D (rem/yr) 
max T (-y 

max ------------........ --~-------=------·~,r,r---....,.,.""""~,c;--;.,..,..,..,.,-:~,,-~~~~~-..,_..,_._ .. ___ ............. ._.___, 7,0 X 10-S l.2 X 104 1.6 X 10-S C 14 

Zr 93 

I 129 

Cs US 

Ra 226 sum} 

Ra 226 

Th .230/Ra 226 

U 234/Ra 226 

Th 229 1'. sum) 

Th 229 

U 233/Th 229 

Th 230 

. U 233 

U 234 

U 235 

U 236 

U 238 

Np 237 

Pu 239 

Pu 242 

9.8 X 10-] 3.2 X 106 9.8 X 10-7 

2.1 X 10-4 1.2 X 104 9.5 X 10-6 

5 ,,, 10-s 3 1 105 3.B ..... J.•r.u-5 .~ X ·· .q X _ = '' 
1. 3 x 10-3 , 2 ,. o ii: 105 9, 1 x rn -4 

1, , X ',Q-] 2 .. 0 •.~ ~OS 1 " •--4 - _ • ,: ,;_ ,.,.., X lU 

2. 7 -X 

9.(l X 

-5 9 .6 x 10 

4.0 x 10-4 

-5 l. 5 X 10 
-4 8,6 X· 10 

9.8 X 10-4 

1.6 X 10-S 

2. 5 X. 10-4 

l.9 X 10-4 

1.2 X 10-J 

l.) X 10-6 

1.5 X 10-) 

,; 
3.6 x lO'"' 

1.,;. X 105 

s.2 x rn5-, 
5. 3 X 105 

<;: 0 105 -'•' X ~ 

2.6 X !.OS 

6. 5 X 105 

2,9 X 104 

1.1 X 105 

4.9 X 104 

9.7 X 105 

l.5 X 105 

4.,-J X 105 

5.4 X 105 

2.7 X 10 -4 
-li 

9.Q X l.O 
--14 

4.4 X. 10 
-5 4~6 ~;t 1.D 

4.0 

2.7 X 

3,8 X 

8.Q X 

1.8 X 

l.3x 

6.5 X 

7.9 X 

·-6 
10 
10-s 

10-s 

10-1 

10-s 

10-5 

10-5 

10-1 

l 5 J.,o-3 
• X 

1.2 X lO!e 

3.2 X 106 

1.2 X 104 

3.4 X 105 

:; 
2.0 x HY"' 

3.6 X 105 

l . '· 05 
• 1. X 1.' 

5.0 X 105 

5 .. 3 :it. 105 

5.0 X 105 

2.6 X 105 

6 " !05 • -· X -

2.9 X 104 

L 1 x lOS 

4.9 X 104 

9.7 X 105 

1.5 X 105 

4.3 X 105 

5.4 X 105 

nor: calculat:ed 
-0 

2~8 X 10 7 3~2 X 
,,,6 
u 

-8 '5,l x 10 

l.7 X 10-] 

2c0 Y. 10••(1 

2.1 X 

.. ~ 

,:) ~:..:, K 

L3x 

1.3 X 

3,0 X 

),] X 

5.6 X 

9.J X 

7.0 X 

4,4 X 

1.3 X 

7.5 X 

1 "'·-6 J..U 

·8 
10 

10-6 

10-1 

10-8 

10-1 

10-1 

10-8 

10-8 

10-8 

10-1 

10-8 

10-8 

Ll :x: 

~. 
21, 2 :x; ~J_.. 

C' 

X lJ~;. 

5. 2 x 

2.2 X 105 

',,5 
1 U' 

2.8 X 104 

9.9 X i04 

4.9 X 104 

2.9 X 104 

1.4 X 105 

4. 3 X 105 

4 .4 X 105 



Appendix A.7 

Table A. 3b 

Maximum collective doses, D max' and time for maxima, T max' for case 5 

Nuclide Inland alternatives: Baltic Sea: 
D (rnanrem/yr) T (yr) D (manrem/yr) T · (yr) max max max max 

C 14 5.6 • 10- 2 1.2 . 104 

Zr 93 3.6 • 10- 4 3.4 . 10 6 8.2 . 10-~ 4.2 . 10 6 

I 129 1.6 . 10 1 9.6 . 10 5 1.6 -· 10 1 9.6 . 10 5 

Cs 135 1. 2 . 10-1 1.3 . 10 6 1.4 . 10-1 1.3 . 10 6 

Ra 226 2.4 • 10 1 4.4 • 10 5 2.2 . 10 1 4.5 . 10 5 . 
1.8 10° 8.0 10 5 8.0 10-1 9.5 10 5 Th 229 • • . . 

Th 230 6.1 . 10-3 3.4 • 105 5.8 • 10-6 2.7 . 10 5 

u 233 2.5 • 10-1 8.0 . 10 5 1.8 • 10-1 9.5 . 10 5 

u 234 2.3 • 10-1 2.9 • 10 5 1.5 . 10-1 4.6 . 10 5 

u 235 1. 9 • 10- 2 9.6 . 10 5 1.8 . 10-2 2.6 . 10 7 

u 236 2.7 • 10-1 9.6 . 10 5 2.4 . 10-1 1.4 . 10 6 

u 238 1. 9 . 10-1 4.4 . 107 2.3 . 10-1 4.4 . 10 7 

Np 237 9.4 . 10- 1 1.1 . 106 8.5 . 10-1 1.1 . 10 6 

J?U 239 2.2 . 10- 3 4.6 . 10 5 8.6 . 10-6 4.5 . 10 5 

Pu 242 3.7 . 10° 5.5 . 10 5 4.4 . 10-2 1.0 . 10 6 

00 1 
w.;;-. 

~ 
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Appendix A.8 

'Table A.4.a 

Maximum indi vJd;ua~2§eS; 1\naY:, in critical group at 
time for maxima, T. , for case 6 rnax· 

Nuc lid 

D (rem/yr) 
rrrax · 

T (yr) 
ma.x 

C 14 LS ·-8 J. l 103 X 10 X 

Tc 99 L6 }[ 10~12 2,9 :Ji: ·06 .l 

I 129 2,9 "''''6 '3. 3 l<: 10 X 1 

10-9 ·, 
Cs 135 LO X L2 'it 10' 

Ra 226 (sum) 8,9 :K lO 
o•7 

6.9 X 10' 
Th 230 1.5 10-8 iLO 7 

X Jr 10 

Pa 231 7.4 X 10~8 6.9 X 107 

u 235 3.7 -9 6.9 7 
X 10 K lO 

u 236 8.8 X lO 
-9 6;} 9 it'. 107 

u 238 5.2 X 10=8 6,9 X 107 
-~-t~!ilil .. 
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Appendix A.9 

Table A. 4b 

Maximum collective dose, Dmax' and time for maxima, Tmax' 

for case 6. 

Nuclid Well: 

D (manrem/yr)- T (yr) max max 
. 

C 14 7.8 X 10-3 4.0 X 103 

I 129 2.1 X 10-3 4,0 X 103 
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Appendix A. 10 

Table A. Sa 

Maximum individual doses, D , in critical group at time _,._____ rnax 

for maxima, 

Nuclide 

-
C 14 

Zr 93 

Tc 99 

I 129 

Cs 1.35 

Ra 226 (sum) 

Ra 226 

Th 230/Ra 226 

U 234/Ra 225 

Th 229 (sum) 

Th 229 

U 233/Th 229 

Th 230 

u 233 

u 234 

l1 235 

u 236 

u 238 

Np 237 

Pu 242 

T , for case 7 
rnax 

'Well~ 

D {rem/yr) max 

LO"¾ 

J, 0 X 

-2 
L7 x 10 

2.7x10-2 

l;, 2 X 10-/4 

1.7 X 10=2 

1.7 X 10-Z 

1.1 X 10-J 
=3 

1.6 X 10 

1.1 X 10=3 

5.7 X 10-4 
--5 

3.1 X 10 

lt, 7 X 10-4 

3 • 6 X 10-4 

-3 1.9 X 10 

8, 2 X 10-4 

3. 6 ,. rn3 

2JJ ;c 106 

3,6 K 103 

3. 7 x 103 

5.0 :JI:: 105 

LO ~¾: ·06 l 

8.2 ;i; 105 

LO 1r 106 

7.9 :JI: 105 

8.7 X 105 

8.7 I( 105 

9,5 X 105 

8,2 X 105 

8.3 X 105 

7.8 X 105 

8,0 X 105 

7,8 X 10.5 

8.3 X 105 

5 8,3 X 10 

1 J 106 
' X 
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Appendix A. 11 

Table A. Sb 

Maximum collective doses, D , and time for maxima, max 

T , for case 7 max 

Nuclide 

C 14 

Zr 93 

Tc 99 

I 129 

Cs 135 

Ra 226 (sum) 

Ra 226 

Th 230/Ra 226 

U 234/Ra 226 

Th 229 (sum) 

Th 229 

U 233/Th 229 

Th 230 

U 233 

u 234 

u 235 

u 236 

u 238 

Np 237 

Pu 242 

Inland alternative: 
D (manrem/yr) max 

2.2 X 102 

I.Ox 10-3 

7.8 X 10-1 

1.7 X 101 

2.1 X 10-l 

7,2 X 101 

3.7 X lOO 

7.1 X 101 

3.5 X 10° 

2.1 X 101 

3.5 X 100 

2.l x 101 

6.3 X 10 -1 

3.6 X 10-1 

l.9x 10-1 

1.6 X 10-2 

2.9 X 10-1 

2.0 X 10-1 

9, 7 X 10-1 

2.0 X 10° 

Tmax (yr) 

9.4 xlO 3 

2.0 X 106 

3.0 X 105 

5.0 X 105 

9.5 X 105 

l.Ox 106 

8.2 X 105 

1.0x 106 

1.2x 106 

8.7 X 105 

8.7 X 10 5 

1.2 X 10 6 

1.0 x, 10 6 

l.2x 106 

1.2 X 106 

3.8 X 106 

l.6x 106 

5,0 X 106 

l.3x 10 6 

l.3x 106 
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Appendix B.1 

APPENDIX B 

TRANSFER COEFFICIEN'I'S 

Contents 

- Table B.1: Transfer coefficients with water and air as 

carriers of activity. 

- Table B.2: Distribution coefficients for Western US 

desert subsoil. 

- Table B. 3: Comparison with anak.gous elements with regard 

to transport between water and sediment reservoirs. 

- Table B.4: Transfer coefficients for the exchange of 

nuclides within the regional, intermediary and global 

reservoir system, alternatives 1 and 2. 

- Table B.5: Transfer coefficients for the exchange of 

nuclides within the regional, intermediary and global 

reservoir system, alternative 3. 
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Appendix B.2 

TRANSFER COEFFICIENTS 

Transfer coefficients with water and air as carriers of 
activity ~re reported in Table B.1. 

Table B. 1 

Groundwater 1 - surface water 

Groundwater 2 - soil 

Groundwater 2 - surface water 

Soil - groundwater 2 

Soil - atmosphere, reg. 

Soil - surface water 

Atmosphere - soil, reg. 

Atmosphere - surface water 

Atmosphere - surface sea, reg. 

Atmosphere - atmosphere, global 

Surface water - soil 

Surface water - Baltic Sea 

Baltic sea, reg. - Baltic Sea 

Baltic Sea - surface sea, global 

Atmosphere, global - Atmosphere reg. 

Atmosphere - surface sea, global 

Atmosphere - soil, global 

Surface sea - deep sea 

Surface sea - soil, global 

Deep sea - surface sea 

Soil - atmosphere, global 

Soil - surface sea, global 

Soil ... groundwater, global 

Groundwater - surface sea, global 

Groundwater - soil, global 

-1 Year 

2.0 

1.0·10-1 

2.0-10-1 

1.0 •10-1 

1.1·10-7 
-1 2.0·10 -

.4. 5 °10-l 

2.5·10-._:; 

l.9·10 2 

l.5·10 2 

2.0 ·10-2 

2.0 

10.0 

4.3·10-2 

l.6·10- 2 

l.3·10 1 

5.5 

l.1·10-1 

1. 7·10- 7 

8.0·10- 4 

6.8·10-s 
-1 

4.6"10 -

1.0 ·10-1 

1.0·10-3 

1.0·10- 3 

• 
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Appendix B.3 

Derivation of transfer coefficients for the general 

carrier svstem 

Groundwater l - surface water 

A rapi_d transfer of 2 year-'1 for entry into the biosphere 

from the groundwater recipient at the interface between 

the geosphere and the biosphere has been assumed for all 

nuclides. 

Groundwater_2_-_~oil_and_groundwater_2_-_surface_water 

The average turnover time for groundwater and soil water 

has been set at 3 years, which gives a transport rate of 
-1 

0.3 year This transport has been distributed so that 

1/3 of the transfer reaches the soil reservoir via root 

uptake and rising forces while thf; remaining 2/3 runs off 

to the surface water. 

Soil_-_groundwater_2 

14% of the total infiltration percolates down to the 

groundwater (30), which gives a transport rate of 
-1 -1 

1.10 year 

Soil - surface water 

Most of the water which is brought into the soil reservoir 

by precipitation is then carried away by evaporation, 

infiltration and surface water runoff. The latter is 
-1 assumed to be 0.2 year , which thus describes the 

transfer from soil to surface water. 



8 

L_ 

sid/page 

91 

Atmosehere_-_surface_sea_and_surface_water,_regional_and 

9:122~1 
A deposition rate of 3·10-3 m s- 1 has been assumed for 

all nuclides except for I and T. The mean height of 

the regional atmosphere is 5·101 m and of the global 

5·10 2 m. The transfers between the atmosphere and the 

respective areas are then: 

regional 

global 

3·10- 3 ·3.15"10 7 = 

5•10 2 

2 -1 1.9·10 year 

0.71•3•10- 3 ·3.15"10 7 1 _, 
= 1.3·10 year 

5·10 3 

The transfer between the atmosphere and the surface water 

is weighted in proportion to the surface area: 

Atmosehere_-_soil,_re~ional_and_global 

The transfers are weighted in proportion to the areas of 

the reservoirs which are contiguous to the atmosphere. 

Experimental studies have given residence times for 

particles in the atmosphere of between 1 and 3 weeks (27). 

regional 

global 0.29·3·10- 3 -3.15"10 7 

5·10 3 

_1 = 5.5 yeclr 
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The resuspension of particle-borne activity is based on 

experimental analysis (22) and theoretical estimates of 

the feedback of radioactive elements to the atmosphere 

from the surface layer of the gr0und. A resuspension 

factor of 10-B - ,o-9 m- 1 has been obtained for Pu (41). 

All nuclides except for I and Tc are considered to have 

the same resuspension factor. the soil is considered to 
-2 have a surface density of 224 kg rn (10) and a volume 

d . t + 2 2 • 1 0 3 k / 3 At . l . i.,. • h th ens1 yo~ . _ . .gm. equ1_1~r1um, w en e 

transfers via deposition are 4.2"10- 1 year_, for the 

region and 6.7 year- 1 for the global area, resuspension 

is: 

regional 

global 

4.2·10- 1 -224·10- 8 -soo 
2-2.2·10 

,9-...:.} • 2 2 4 • 1.0 - ~_ .. _5 0 O O = 
3 0.5·2.2·10 

AtrnosEhere_-_atmos2here,_~lobal 

. -1 This exchange varies between 100 and 200 year The 

typical value used in the model is 150 year- 1 
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Surface water - soil 

Of the region's 900 km2 , 60 km2 is precipitation area to 
the lake. Of these 60 km2 , 10% are irrigated. The 
portion of the total cultivated acreage which is irrigated 
in Sweden is 3% (61) .. The quantity of water per 
irrigation episode, 35 mm rn- 2 (61), gives 

which gives a transfer of 

2.1·10 5 

1.25·10 7 
2 -1 = 2·10- year 

Surface water - Baltic Sea --------------------------
In Sweden, 7 - 8% of a precipitation area consists of 

-1 lake area (38) and the annual runoff averages at 14 1 s 
L2 

km . This gives an annual runoff volume for a lake with 
a surface area of 5 km2 and a surrounding precipitation 
area of 60 km2 of 

With an average depth of 2.5 m, the volume of Finnsj6 
Lake is 1.25·10 7 m3 . The transfer between the lake and 
the Baltic Sea is then 

2.6·10 7 
~ 2 year- 1 

1.2s·10 7 

Baltic_Sea,_re~ional_-_Baltic_Sea 

It is assumed that this volume is exchanged 10 times annually. 
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Baltic Sea - surface sea, qlobal --------------------------~-----
9~0 km3 of water flows annually out of the Baltic Sea 

through the Belts and 6resund (15). The Baltic Sea has 

a volume of 21 800 km3 (15). The transfer coefficient 

is thus 
940 

21800 

Since the transfer from the regional atmosphere to the 
-1 

global atmosphere has been assumed to be 150 year , 
-2 -1 

the mass balance gives a transfer of 1.6"10 year 

in the opposite direction. 

Surface_sea_-_deee_sea 

The exchange between the surface sea and the deep sea 

has been obtained from a global model (5). 

Surface_sea_: _soil,_~lobal 

1.2·10 9 tons of salt enter the atmosphere above the sea 

annually. Of this quantity, it is assumed that 10% is 

deposited on land (27). There are approximately 

3.s·, □- 2 .2.10 19 = 7·10 17 kg of salt in the surface sea. 

This gives a transfer of 

Soil_-_groundwater,_global 

In the global system, the stationary volume of the soil 

water is a2·10 3 km3 (30), which is equivalent to the 
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annual infiltration. 14% of the total infiltration 

percolates down to the groundwater storage (30), which 
-1 

gives a transfer of 0.1 year 

Soil_-_surface_sea,_~lobal 

Runoff from the continents to the sea is estimated at 

3.8"10 4 km 2 year- 1 (30), which gives a transfer of 

3.8·10 4 
= 4.6·10-l year- 1 

'82·10 3 

Groundwater_-_soil_and_surface_sea,_~lobal 

The active part of the groundwater has a volume of 

4·10 6 km3 (30). The outflow from this groundwater to 

surrounding surface sea and soil reservoirs has been 
-3 -1 assigned a value of 1·10 year 

The transfer of a given nuclide from soil water to ground­

water and from groundwater .to surface sea is determined 

by the product of this factor for water transport and 

the nuclide's kd factor as given by Table B.2. 

Derivation of nuclide-specific transfer coefficients 

C-14 

For C-14, a previous study (5) has been used for the 

global transfer coefficients. Regionally, C-14 transport 

follows the general carrier system (table B.1). 
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I-129 

Transfer coefficients for iodine and technetium have 

been derived in part from information on the global 

annual iodine cycle (31, 32), i.e. assuming that 

technetium cycles in the biosphere in a similar manner 

to iodine. 

AtmosEhere_-_soil_and_surface_wateri_regional_and_global 

Th . d . t '- f +- h t 1 1· s 'I • 1 0 1 2 g and the e 10 ine con enL o· ~ea mosp1ere 

1 l ' .._ ' ' ' 5 > 'j Q 1 1 mh ' • t f annua . C epOS .l"LlOn lS ~J" .L l.S gl VeS a rans er 

coefficient of 0.5 year- 1 , which is weighted in 

proportion to the areas of the reservoirs which are 

contiguous to the atmosphere. 

Atmos2here_-_biota 

25% of deposited iodine is retained on the vegetation. 
"""2 -1 This gives a transfer of 4.2·10 _ year from the 

atmosphere to the biota. 

Surface_water_-_atmosEhere 

Annual evaporation is 5'10-11 g, The total inventory of 

iodine in the surface sea reservoir amounts to 1·10 15g (31). 

The sea covers 2/3 of the surface of the earth. The 

transfer from the surface sea to the atmosphere can thus 

be written: i 5·1011 

1·10 15 
-1 

year 
-4 

= 3.3·10 -

The transfer from the other water reservoirs - lake, 

coastal area or Baltic Sea-" is obtained from the global 
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transfer with adjus~ment for the size of the reservoir 

in question in accordance with the following relationship: 

K 100 3.3·10- 4 -1 = -- . year D 

D = mean depth of the reservoir 

100 = mean depth of the surface sea in metres 

Global_soil_-_atmosEhere 

Two different derivations have been used. 

a) The concentrations of iodine in the soil water and 

in the hydrosphere are assumed to be equal. If one­

-third of the evaporation derives from the soil 

reservoir, the transfer can be written: 

l · s·10 11 
3 -1 2 1 = 4-10- year-

6·10-5•7.1·1016 year 

where 6"10-S is the ratio of global soil water to the 

hydrosphere. 

b) Rain water contains 0.2 - 5 ppm iodine (57). The 

mean 

(730 

15 -

value for rainfall on the continents 

mm year- 1 ) gives a transport to the grounG 
-2 -1 370 ppm cm year The concentration of 

of 

iodine in the soil is 1 - 5 ppm (44, 57). A 50 cm 

deep soil layer with a cross-sectional area of 

1 crn2 and an estimated density of 2.2 g/cm3 contains 

110 - 550 ppm iodine.· Thus, the transfer for the 

stationary state can be written: 

(15-370) ·10- 6 -1 

(110-550) · 10-6 year 
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The maximum interval 
_, -1 

is 3"10 ~ - 3.4 year Other 

transports of iodi.ne away from the soil reservoir have 

not been tak,2n j_n to consideration. A value of 

4 ··10·~ 2 h---, '::i · """~f~ -'· t'1·,~ r-t dv , . cU3 ,JE .. E'n ll ~,c., _l l"l .• L J. ~, ,:; U _1 " 

Biota_-_atmosehere 

The biological half-life for iodine in biota is 8 days 
·- ,I 

(58) which gives a transfer of 50 year to describe 

the loss of iodine from the biota to the atmosphere. 

Biota - soil 

The loss of iodine from the biota to the soil is assumed 

to be proportionate to humus growth, i.e. inversely 

proportional to the average life biota, which is 
... "I -1 

10 years, giving a transfer of 1·10 'year · 

Surface sea - soil 

The annual transport of iodine to the continents from the 

f . h 1 ,. '' , _,..:; • 1 0 9 g ( 3 1 ) • Th sur ace sea t -roug 1 · sea •:; 1s .,, e 

transfer coefficient is t 

Water - sediment 

Iodine, which follows the movements of water in nature, 

has been assumed to have the same distribution as water 

between the surface water reservoir and the uppermost 

centimetres of the sediment reservoir. 
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The average water content of the uppermost sediment layer 

is around 75%. If the transfer coefficient from sediment 
-1 to water is assumed to be 12 year and stationary states 

prevail, the transfer in the opposite direction can be 

written: 

M 
K -· 12 • s, 

M w 

where M and M are the quantities 9f water in the s w 
respective reservoirs. 

CESIUM 

DeeE_sea_-_deeE_sea_sediment 

• 
According to (28), 1 - 2% of the fallout has reached the 

sediments in the deep sea. The rest is transported 

dissolved in water. In 1970, 1-2% of the cesium was 
- 3 3 

present in sediment at a depth of 1~ -4·10 metres. 

The big contribution from fallout took place in the early 

1960's. Assuming the transfer to be a continuou~ process 

which has led to an accumulation of 1-2% in the sediments 

over the past 10 years, the transfer is: 

2·10- 3 year- 1 

A much lower transfer is obtained, how~ver, if the transport 

is based on the average residence time for the stable 

nuclide in the global ocean. 

The residence time for Cs in the deep sea is about 6.10 5 

years (52), which gives a transfer rate of: 

1 - 1. 7 · 10_ 6, --1 
year 
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'l'he lattr~r alternative, which has been chosen for the 

calculations, gives sligh 

alternative. 

Sediment -· \vater 

higher doses than the former 

No back-leakage of resium from the sediments has been 

detected thus far. Theo:etical calculations of this 

feedback place it at an order of magnitude of around 

--] -1 
1 · ·10 - year (6), 'I'his value has been used in the 

regional area, while a value of ,o-4 has been used for 

the Baltic Sea and the global area. 

Surface water -· iment 

The sedimentation of cesium in the lake varies with the 

type of lake (53). A value of 3"10- 2 has been taken to 

be representative. 

Baltic Sea water - Baltic Sea sediment 

Previous studies (6) have arrived at a span of 

(0 5 6) ·10- 2 ~ 1 f' ti. t f A value of s·10- 3 
.. - year .Lor .11e · rans .,er. 

has been used in the calculations, since it gives a 

somewhat higher dose burden. 

Soil_-_groundwater 

According to (51), 20 - 50% of the quantity of Cs-137 

from fallout has penetrated from the O - 5 cm layer down 

to 5 - 10 cm in 5 y2ars. 
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This means that: 

20 - 50% has a transport rate of 1 -2 cm/year 

50 - 80% has a transport rate of < 1 cm/year. 

If this is ,weighted over the soil profile, a rate of 

0.2 - 1 cm/year is obtained. 

Studies of 4 different soil types (51) have given a 

penetration of 0.5 - 1.5 cm in 6 years. These different 

studies thus indicate an interval of s·,o-4 - 5·10-3 

-1 
year. for the transfer in the regional area, where the 

depth of the soil reservoir is assumed to be 2 m. The 

value 10-3 year- 1 hap been chosen for the calculations. 

The corresponding value for the global area is 4·10- 3 

-1 
year , since the thickness of the soil reservoir there 

has been taken to be 0.5 m. 

THORIUM 

According to (22), the residence time for thorium in 

the deep sea is 300 - 350 years. This gives a transfer 

coefficient of 3.3°10-3 year- 1 . 

DeeE_sea_sediment_-_deeE_sea 

According to (52, 53), sea water contains ,o-2 ppb while 

sediment contains 2.1 ppm thorium. 

Since equilibrium prevails 

written: 

in the system, k t can be 
OU 
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On the other , it can he assumed that the rate of 

leakage from sedimerit to water is of the same order of 

magnitude as the rate of leaching from the soil to the 

surface water reservoir. This would give 3~,o-6 year __ , 

Within the interval 3"10- 6 - 3.3"10- 4 year_, the value 

. -6 -1 
of 3 10 year has been chosen, since this value 

gives a higher dose burden for Th-229, which provides 

the largest dose contributions to the critical group 

and the population in comparison with other isotopes 

of thorium. 

Sediment - surface water 
----- -- ---------------
The same value as above has been used. 

PLUTONIUM 

Soil_-_groundwater 

Calculations of the transport of plutonium in ~oil vary 

widely from 4"10- 7 to 8"10- 1 m year - 1 , based on different 

data in the literature (48, 49). When adjusted to agree 

with empirical data (50), diffusion calculations show that 

40% of the content in a 1 cm layer is transferred oer 
~ 

year to surrounding soil layers. This diffusion can be 

assumed to be equally great in the horizontal and vertical 

directions. If we consider a 2 m deep, soil layer, only 

20% of the plutonium present in the 1 cm interface is 

transferred to deeper regions. The transfer rate can thus 

be estimated to be: 

-3 -1 
= 10 year 
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Plutonium exhibits a similar distribution in sediment and 

soils (45). 

Water - sediment 

The transport of plutonium to the sediments is described 

by a model where plutonium is bound to particulate material 

with a varying sinking rate of descent, 70 - 210 m/year 

(19). With a mean sinking rate of 140 m year- 1 for 

particle-bound activity, transfer rates between surface 

water and su;rface sediment in the lake and Baltic sea 

reservoirs as well as global rates can be written: 

-1 140 year 
-d 

where dis the mean depth of the reservoir. 

With regard to transfer between surface sea and surface 

sea sediment, the portion of the surface sea which is 

located above the coastal zone sediments must be taken 

into consideration. This portion is approximately 

3.7% of the total volume (25). The transfer is thus: 

-2 -1 8.6·10 year 

• 
Soil - surface water 

According to (40), s·10-2 % of the total quantity of 

plutonium in the soil is transported annually via 

erosion from a precipitation area. If the kd value 

for Pu is used in the water turnover data, however, 

2·10- 5 year- 1 is obtained for the region and 3·~0-S 

L for the global area. The latter values have been 
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used in this study. 

Sediment - water 

Calculation of the distribution factor kd for water -

d · l ., · J · ~ ' 1 0 4 6- ' 'l O 7 1 / ( 4 7 ) se iment 1as given va~ues ~etween ~ - m g 

According to this, the leakage is ;rery small, which 

is confirmed by the studiE~:,: which were carried out in 

connection with the Thule accident, where no significant 

change was rneasu:n2d tn the :Lnt.8<:.fral activity level 

in the sediments (47). The precision in these calculations 

is estimated to exclude feedback rdtes higher than 
--2 ~ 1 

10 year 

According to (46), however, relative large losses 

have been measured 

this reference, the 

Within the interval 

in coastal sediments. According 

feedback could be 0.43 year- 1 . 
_ -4 -1 -1 lO - 0.43 year , 0.43 year 

has been chosen for the Baltic sea area, since it 

gives a higher dose burden. For the lake and the 

regional part of the Baltic sea, this value has been 

scaled down in r~lation to the water depth. 

to 

For the deep sea sediments, where no significant change 

has been found, resuspension has been assumed to be 
-2 -1 

10 year 

AMERICIUM 

Soil_-_~roundwater 

A . . ' t t d . . l t t of 1 • 1 o- 3 -mericium is .ranspor e_ in soi a. a ra e 

L 6"10- 3 cm per mm precipitation {20), where the lower 
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value applies to acidic soils and the higher to basic. 

Average precipitation over the continents is 730 mm 

year- 1 (30), while evaporation is 470 mm year- 1 (30). 

This gives, a transport rate in soil of 0.3 - 1.6 cm 
-1 

year The depth of the soil reservoir in the regional 

area, 2 m, gives a transfer coefficient of 1.s·10-3 
-3 -1 -3 -1 

8"10 year . A value of 4"10 year has been chosen 

as being representative. 

The global soil reservoir, with a depth of 0.5 m, 

gives a transfer rate of 1.6·10-2 year- 1 · 

URANIUM 

Soil - water 

Studies carried out at the Swedish College of Agriculture 

(59) have arrived at a transport rate for uranium 

through Swedish soils which is much faster than that 

for radium and thorium. Leaching has been around 1% 

for a 1-metre soil layer. A distribution coefficient of 

10-3 has therefore been used for uranium in the 

calculations. 
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Transfer Coeffficients for the exchange between 

soil and water 

The water transport rate and the distribution 

-coefficient given in Table B.2 have been used 

in calculating the transfer coefficients 

between soil and water for the following nuclides 

and transfers:. 

Pa Zr Cs Ra Th I Tc Np Pu Am 

soil X X JC X X X X X X X 

surface wa.ter X X X X X X • X X X X 

sea X X X X X X X 

Soil - groundwater, globa.l ·x X V 
"- X X X X X 

Groundwater - surface sea X X X X X X X X X X 

Groundwater - soil X X X X X X X X X X 
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Table B-2 

Distribution coefficients for "Western US desert subsoil.*" 

Element K 
-1 

H 1 
Be 3 E - 3 
C 1 E - 1 
Na 2 E - 2 
K 6 E - 3 
Ca 1 E - 2 
Fe 3 E 4 
Co 3 E - 3 
Ni 3 E - 3 
Se 1 E - 2 
Rb 2 E - 3 
Sr l E - 2 
y 1 E - 4 
Zr l E - 4 
Nb 1 E - 4 
Mo 4 E - 2 
Tc 1 
Pd 9 E - 4 
Cd 1 E - 4 
Sn 9 E - 4 
Sb 1 E - 2 
I 1 
Cs 1 E - 3 
Pm 4 E - 4 
Sm 4 E - 4 
Eu 4 E - 4 

.Ho 4 E - 4 
Tl 1 E - 1 
Pb 6 E - 5 
Bi 2 E - 2 
Po 9 E - 3 
Fr 1 E - 3 
Ra 2 E - 3 
Ac 2 E - 4 
Th 2 E - 5 
Pa 6 E - 5 
u 7 E - 5 
Np 1 E - 2 .L 

Pu 1 E - 4 
Am 1 E - .4 
Cm 3 E - 4 
Bk 3 E - 4 

--
>(, Source: Schneider - Platt; Fditors, BNWL-1900, 

High-Level Waste Management Alternatives. 
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Soil_-_surface_water 

The transf~rs from soil to surface water regionally for 

the nuclides Cs, Ra, Zr, Th, U and globally for Th and U 

have been derived as follows. 

Based on information on the mean concentration of the 

naturally occurring isotope in soil, fresh and sea 

water, the loss of nuclides from soil to surface water 

can be calculated as follows: 

where 

C ::: 
w 

F = 
w 

Cs -

V = 
s 

C ·F w w 
C ·V s s 

-1 year 

the concentration 

or sea water 

the annual water 

the concentration 

the volume of the 

of the stable nucl.ide in fresh 

flow from the area 

of the stable nuclide in soil 

soil reservoir 

Where specific information is lacking concerning the 

behaviour of the nuclides in the .sediment and water 

reservoirs, they have been compared with analagous 

elements which can be expected to behave similarly with 

respect to a given transport process. Table B.3 shows 

the elements and transfers where such a comparison has 

been utilized. The matrix elements indicate with which 

element the comparison is made in the different cases. 
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Table B.3 

Element 

Transfer 
Zr Tc Ra Th u Np Arn Pa 

Surface water - surfa,ce water sediment Cs Sr Pu Pu Pu Pu Cs 

Baltic sea - Baltic sea sediment I Pu Pu Pu Pu Cs 

Baltic sea - Baltic sea I Sr Pu Pu 

Surface sea - surface sea sediment Cs Sr Pu Pu Pu Pu Cs 

Deep sea - deep sea sediment Cs Pu Pu Cs 



T11.ble 8.,4 lran&1fer- coefficients (turnov~r/year) for the ~:ttchanaf.: of :iuclides within d,c: racgional, int.ermedidtt!! and glob.:Jl r~s~rvoir syst~s. 
Alternatives 1. well and 2. lake. 

Ground~ater l - surface water 

G~oundwattr 1 - soil 

G~oondvat~r 2 -· surface water 

Soil - iround~~ter 2 

Soil - >eegt<YMl a<tmosphei:-e 

Sl'.lil - surface water­

B:.(':gion.r:.:l E. tmosph~re - 5ioi 1 

Rtgi.oirwl ..:..tm.osphere surface water 

IlE:gional Ji.\tt4os:phe.re - Baltic Sea 

R.t"gi1~..rnf.il &.tmosphf'ire -· global atmosphere 

Surface 'o-.attr .... 50}.1 

Sur!act: \h·ate1:: - 2regi.onal atmosphere 

St:rfa.ce wtH:er .... se-dime~tt 

St1:t':f ~.tctt 'l,;l'l'it~r - Ba 1 tie: 

SeCim:ent ~, Gt.it"f~ce \>Yater: 

~td.ti~. - z-1.:agiun.al att!lo:-rphere 

:t;altic - ialt.ic sed:hnent 

~alc<c - ~Jrp:c-r o;::-.1:;:.2.n. 

Gloh<:!.l struv:sµhE:::-e ~ ':tpper oceo.r'!. 

Glolbal ,:;tnM"J::::phe:-e - BLot,:;. 

Up?ti:T. oct:Jl:ri - s;lobal au.11.0.sphere 

Upper: oct-.:an ,.., d.ee? :.>ce:an 

Upper ocean - soil 

Upptr ocf.:1:n .... upper sediw.ent 

Der~p ocean - upp-t:r- ccE:an 

De-:>!p oc~.:.ut - deep sed i.me!lt 

Deep sedi.m.ent - deep ocean 

Biota. - gJ.obal atmosi.»here 

Biota - soil 

So£l - global atmosphere 

Soil - upper ocean 

SoLl - !liota 

Soil - groundwater 

Croundwater - upper ocean 

Croundvater - soil 

Upper sediment - upper ocean 
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I &1'118 l!.5 ll'raufer coeffici~nts (turnover/y•ar) for the exchange of nuclidea within the regional, intermediJte and global reservoir systems. Alternative 3. Baltic. 

C Zr Tc I Cs Ra Th Pa u Np Pu 

Grauodvaur l - surface water 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Groundwater l - s:>il I.O· 10-l 1.0· 10-5 1.0·10-1 l.O· 10-l 1.0· ,o-4 2.0·10-" 2.0·10-6 6.o· 10-6 1.0·10·6 1.0·10-3 1.0· 10 · 5 
Cround1,1at er 2 - surface vater 2.0· 10- 1 2.0·10-5 2.o· 10- 1 2.0·10-l 2.0·10-4 4.0·10-4 4.o· 10-6 2.0·10- 4 1 .4· 1 □- 5 2.0· 10-3 2.0 .. 10-5 
Soil - groundwater 2 1.0· 10- 1 1.0· 10-5 1.0· 10- 1 1.0· 10- 1 1.0· 10-3 7.0·10-3 3.5·10-3 1.o· 10-3 1.0· 10-5 4.o· 10-3 2.0·10-3 
Soil - regional atmosphere 1.0·10-2 1.6· 10"8 1.0·10-2 1.0-·10·2 u;·io-8 t.6·10-8 1.6· 10-8 l.6·10-8 l .6· 10·8 1.6· l0-8 l .6· 10-o 
Soil - surface water 2.0·10- 1 1.4· 10·6 2.0· 10- 1 2.0· 10- 1 1.2·10~6 1.8· 10·4 3.0· 10-6 1.2 · 10-6 1.2· 10-3 1.2· 10-3 2.0·10"5 
Regional atmosphere - soil 1.2· 10-3 4.2· 10- 1 1.2· 10-3 1.2·10-J li.2· 10- 1 4.2· 10- 1 4.2· 10- 1 4.2-10- 1 4.2· 10- 1 4. 2· 10- 1 4.2· rn- 1 
Regional atmosphere - surface vater 6. 7- 10-6 2.3·10- 1 6.1·10·5 6-7" 10-5 2.3"l0-I 2.3· 10- 1 2.r10- 1 z.3·10- 1 z.3·10-l 2.3· 10- 1 2.3·10- 1 
Regional atmosphere - Baltic Sea 5,o· 10- 1 1.9· 102 5.o· 10-l 5,o· 10- 1 l.:rto2 1.9· 1 o2 1.9 · 102 1.9· 102 L!no2 1.9-102 1.9· 102 
RegioMl atmosphere - global atlllosphere 1.5· 102 1.5· 10 2 1.5· 10 2 1.5· !02 l .5· 102 1.5· 102 1.5· 102 1.s-102 1.5·102 1.5· 102 1.5·102 
Surface water - regional atmosphere 3.3-10-li 0 3.3'10-li 3.3· 10-4 0 0 0 0 0 0 0 
Surface ~ater - sediment 1.0- 10-2 2.o· 10-2 1.0·10-2 · 1.o· 10-2 2.o· 10- 2 5.o·J0-3 6.9 3.0· 10-2 6.9 6.9 6.9 
Surface water - Baltic 10.0 10.0 10.0 10.0 10.0 10.0 10 .o 10.0 10.0 10.0 10.0 
Sediment - surface water I. 2· l O l l.O' I0- 3 1.2 · 10 l.2 · 10 l .0-10-J 3.1·10-4 l.7'10-9 1 .o · 1 o-3 5.6· 10-·1 5.6· 10- 1 5.6· IO-l 
Baltic - regional atmosphere 1.3'10-4 J 1.3· 10-4 1.3"!0_,, 0 0 0 0 0 0 0 
Baltic - Baltic sediment 3· 10-3 s.o· 10-3 3.0-10- 3 3.0· 10· 3 5.0-10- 3 3.0·10-3 2.3 s.o· 10-2 2.3 2.3 2.3 
Baltic - upper ocean 4.3•10-2 4.3· 10-2 4.3·10-2 4.3-10-2 li.3"10-2 4.3·10-2 4.3" 10-2 lt.3' 10-3 4,3·1 □- 2 lt.3- !0-2 4.3· 10- 2 
Baltic sediment - Baltic 1.2·10 1 1.o· 10-3 I. 2 · 10 1.2-10 1.o· 10-4 3- I· 1 o-4 l. 7· 10-9 I .O' 10-4 5 .6' 10-l 5.6. I □- I 5.6" 10- 1 
Global atmosphere - regional atmosphere 1.6· 10-2 1.6· 10-2 l .6· I0-2 l.6· 10-2 J.6· 10-2 1.6· ,o-2 1.6" 10-2 l.6·10-2 l.6· 10-2 J.6· 10-2 1.6· 10-2 
Global atmosphere - upper ocean 1,4·10- 1 1. 3 · 10 3 _3· 10- 1 3-3 · 1 □- 1 1.3· IO l ,3 · I 0 l. 3· 10 l -3 · 1 o I -3 · 10 I ,3· 10 l. 3· 10 
Global at111osphere - Biota 5· 10-2 0 "· · 10-2 4.2·10-2 0 0 0 0 0 0 0 
Global atmosphere - soil 1.3· 10- 1 6.7 I .3· 10-l 1.3' 10-l 6.7 6.7 6.7 5,5 6.7 6.7 6.7 
Upper ocean - global atmosphere 1.9·10- 1 0 6.6· I0- 5 6.6· 10-5 0 0 0 0 0 0 0 
Upper ocean - deep ocean 8.0-10-2 I. 1·10-l I. I· 10-l I. I· 10-l I. 1 · 10- 1 1. 1-10- 1 I. l '10-l 1.-1·10- 1 l. I· 10-I 1. 1-10- 1 1. 1 · 10- 1 
Upper ocean - soil 5.0-10-6 1.7•10-7 5.0-10-6 5.o· 10-6 1.7·10-7 1.7· 10-1 1.7· 10-7 1.7-10-7 1.7· 10-7 1.7-10-7 l. 7· 10-7 
Upper ocean - upper sediment 8.9· 10-li 2.0·10-4 1. 1-10-li 1. 1 ·10-4 2 .o· 10-4 I. I· 10-li 8.6· 10-2 2.o· 10-li 8.6· 10-2 8.6· 10-z 8.6·10-2• 
Deep ocean - upper ocean I. 3· 10-J 8.0· 1 □- 4 8.0·I0- 4 8.o· 10- 4 8.0· I0- 4 8.0·10- 4 8.o· 10-4 8.0-10- 4 8.0·l0- 4 8.o· 10-4 8.0· l □- 4 
Deep ocean - deep sediment 3,3· 10-li 1.,-10-6 lt.5·10-5 4.5·10- 5 1.7-10-6 3.0-10-1 3-3" 10-3 I.T ,o-6 5.o· 10-3 5,0·10-3 5.0·10-3 
Deep sediment - deep ocean 1.2· lO I 1.0· 10- 3 1.2 · 10 1.2' 10 1.0·10-4 3.0-10-4 l.7'10-9 l. 0 · l0-4 1.0·10·2 1 .0. 10-2 1.0· 10- 2 
Biota - global atmosphere 2.2- 10-2 0 5.0-10 5.0· 10 0 0 0 0 0 0 0 
Biota - soil 5.6· 10- 2 0 1.0-10· 1 l. 0 · 1 □ -I 0 0 0 0 0 0 0 
Soil - global atmosphere 3.6· J0~2 2.5· 10-6 4.0·10-2 4.0·10-2 2 -5 · 10-6 2.5· 10-6 2-5 · 10-6 2.5-10-6 2.5· 10-6 2.5-10-6 2.s· 10-6 
Soil - upper 'ocean 4.6· 10- 2 J.4•10-6 3. 2 · 10-l 3.2· 10- 1 2.5· 10-6 4.8·10- 6 8 .o · I o-6 2.5· 10"6 2. I· I o- 5 3,0-10- 3 3.o· 10-5 
Soil - Biota 6.o· 10- 1 0 6.o· 10- 1 6.0' 10- 1 0 0 0 0 0 0 0 
s'oil - groundwater 1.4· 10- 1 1.o· 10-5 I .o · 10-I 1.0. l □ -I 1.o· 10-4 2.0·10-4 2 .o · l 0-0 6.o· 10-6 7 .o· 10-6 l.O·lO-J B.0· 10- 3 
Groundwater - upper ocean 2.0-10- 4 1.0 · 10- 7 1.0· 10- 3 1.o·;o-3 1.0·10"6 2.0·10"6 2.0·10-8 6.o· 10-8 7.0·10-8 1 .o· 10-5 1.0' 10-1 
Groundwater - soil 2.0-10-4 1.0· 10-1 1. o· 1 o- 3 1.0·10-3 1.o · 10-6 2.0·10-6 2 .o · 10-8 6 .o· l 0-8 7_0· 10-8 1.0-10-5 I .O· 10-J 
Upper sediment - upper ocean 1.2- 10-2 I .O · I0- 3 1.2 · 10 1.2 · 10 l .0 · 10- 4 3. 1 · 10- 4 1.7· 10-9 1.0·10-4 5.6· 10-l 5_r,- 10- 1 5.6· 10- 1 

Am 

2.0 

l°.o· 10-5 

2.0"l0- 5 

4.o- 10-3 

l.&· 10·8 

1.2-10-3 

4.z· 10- 1 

2.3· 10- 1 

1.9· 10 2 

1.5· 102 

0 

6.9 

10.0 

5.6· 10-l 

0 

2.3 

4.3 · ,o-2 

S. 6· lO- l 

1.6· 10-2 

1.3- 10 

0 

6. 7 
0 
l. I· 10-I 

1:1-10- 7 

8.6· 10-2 

8.0-10- 4 

s.0·10- 3 

1.o· 10- 2 

0 

0 

2.5-10-6 

3.0-10-5 

0 

1 . 0 · 10 - 5 

1.0· 10-1 

I. o · I 0- 7 

5.6· 10- 1 
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APPENDIX C Appendix C.l (4) 

INPUT DATA FOR CALCULATICm OF ACTIVITY INTAKE 

Contents 

Table C.1: Diet composition annual consumption 

lation for critici.al 

Table C.2: Concentration and distribution factors 

for transfer of rad 

reservoirs in the 

:Lve nuclides from d,ifferent 

tern to the food chains. The 

table shows the spread in calculated transfers and 

typical values 

dose calculations. 

Table C.3: Other i 

and vegetable foodstuffs. 

t data in the 

exposure via animal 
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Appendix C.2 

Table C.1 

Diet composition and annu~l consumption for critical group and population 

Inhalation 
3 

m 

Drinking water 1 

Milk 1 

Meat· kg 

Green vegetables kg 

Grain kg 

Root vegetables kg 

Fish kg 

Eggs st 

L 

CRITICAL GROUP 

Inland 
alt. 

9 400 

440 

183 

53 

28 

58 

83 

50 

220 

Baltic sea 
alt. 

200 

POPULATION 

Region Baltic sea Global 

9 400 9 400 

440 440 

183 130 

53 46 

28 120 

58 120· 

83 82 

50 20 22 

220 220 



Appena.ix C.3 

Table C.2 

Enrichment* and distribution factors for transfer of activity from different reservoirs to food chains 

Nuclide 

C-14 

Zr-93 

Tc-99 

I-129 

Cs-135 o -139 

Ica-226 

Th-229 o -230 

Pa-231 

U··all 

Np-237 

Pu-·all 

Am-240 o -243 

Referenser: 

ENRICHMENT FACTORS•• 

Plant-
soil 

5.5 

l.7xl0- 4 

2.5xl0-l 
-? 

2xl0 -

3xl0- 3 -7*>l'* 

3xl.O 
-3 

-·4 -4 
3xl0 -8xl0 

3xl0- 4 

4xl0- 3 

2.SxlO -3 

2.Sxl0- 3 

2.SxlO -3 

-4 -4 
2xl0 -6xl0 

2xl0- 4 

2.5xl0 -4 

(10,12,16,18, 
20,21,22,36) 

Cereals-
soil 

·· 3 3xl0 -1 

-8 -4 
4xl0 -4xl0 

4xl0-4' 

10-7 -10- 2 

2.SxlO 
-4 

(10,11,12,16, 
17 ,18,20, 21, 
23, 36) 

G.veg . .. R.11e9. - Fish -
soil soil lake 

4.6xl0 3 

3 

15 

1-225 
15 

10- 3-s 3xl0 -3 500-l.2xl0 4 
_--, 

2xl0 3 lxlO -

10- 4-Jxl0- 4 1-50 

3xl0 -4 15 

30 

11 

2·-10 

10 

10 

l0- 7 -3xl0- 2 l.8xl0 
-2 

3. 5 

3xl0- 3 

-4 
3xl0 -3 3xl0- 2 25 

3xl0- 2 

(10,11,16, (10,11, (10,13,35, 
17,18,20,21, 12,17,21) 37) 
22,23,36) 

Fish. 
brackish w. 

4.6xl0 3 

200 

10 

20 

500 

50 

4G 

11 

10 

10 

3. 5 

25 

(35, 39) 

fish · 
sea water 

. 3 
l.8xl0 

200 

10 

20 

5-240 

40 

50 

40-10 4 

40 

10 

10 

10 

1-5 

3 

25 

(22,28,35, 
37) 

* Wherever enrichment factors for cereals, green vegetables and root vegetables are lacking, 

the value for "plant - soil" is used. 

•• pCi/kg in foodstuffs per pCi/kg in the reservoir. 

*** 3x10- 3 -7 refers to the spread in values with typical value given underneath. The typical value 

is .the input value for the dose calculations. 

DISTRIBUTION FACTORS 

day/1 
milk• grass 

-3 
7.SxlO 

-6 
2.SxlO 

-2 
l.2x10 

10- 2 

8xl0-3 

Sxl0-6 

Sxl0-6 

Sxl0- 4 

Sxl0- 6 

10- 6 

Sxl0-6 

(10,14,22) 

aayJkg 
meat -
rass 

1.0 

10- 3 

-4 
9xl0 

-2 
9xl0 

9xl0- 4 

SxlO-'l 

10- 2 

10- 2 

10-2 

. Sxlo-·2 

(10,14,22) 

day/pc 
egg - feed 

l . 0 
. -5 
bxlO 

2xl 

10 ~ c; 

10-4 

10- 4 

10- 4 

(10) 

I-' Q. 

I-' .;;­
~ ~ 
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Appendix C.4 

Table C.3 

Daily consumption of water and food for livestock, Mc .. 
l 

Mc 
w 

3 
Cow 

Chicken 1.8 

( l day-l) . 

X 10 1 

X 10-l 

Mcb 

3 X 

(kg day-l) 

10 1 

-1 Mc (kg day ) 

C for t C 3 X 10 -2 kg m-2 overage pas urage, ov = p 
-2 Coverage for green vegetables, Cov = 1;5 kg rn . g 

-4 -2 1 Irrigation, IRR= 4 x 10 1 rn day - . 

Deposition rate for transfer from atmosphere to soil, 

DEP = 259 rn day- 1 . 
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Appendix D.1 

APPENDIX D 

WEIGHTING AND DOSE FACTORS 

Contents 

Table D.1: Weighting factors for calculation of 

weighted whole-body dose as per ICRP 26 (4). 

Table D.2: Dose factors for intake via food, water 

and respiration air. 



L 

117 

Appendix D.2 

Table D. 1 

Weighting'factors for calculation of whole-body dose. 

Organ or tissue 

Reproductive glands 

Chest 

Red bone marrow 

Lung tissue 

Thyroid gland 

Bone tissue 

Remaining organs (individual organs 1/5) 

Weighting factor 

0.25 

0.15 

0.12 

0.12 

0.03 

0.03 

0.30 

1.00 
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Table D.2 

Dose factors for intake with food, water and respiration air of 1 curie 

of some important nuclides. 

Whole-body Bone dose Lung dose Gonad Thyroid Weighted** 

dose* dose dose whole-body 

dose 

Dose via intake of food or water (rem/Ci) 

C-14 2 . 3 6.lxlO 2.7xl0 
2.0xlo 3 

2 

9.lxl0 5 l. lxlO 7 
9.9xl0 

Sr-90 6 
-1 l.5xl0 

Zr-93 9.lxlO , 
4.6xl0 1 

2 

4.6xl0 1 1.2x102 l.4xl01 
1. 7xl0 

Tc-99 2 

9.lxl0 3 3.4xl0 3 7 5.SxlO 
I-129 l.lxlO 5 

4.6xlo 3 l.8xl0 4 1. 8xl0 3 4.6xlo 3 3.4xl0 
Cs·-135 3 

4.6xl0 4 1. lx10 5 l.lx10 4 4. 6:id0 4 7.3xl0 
Cs-137 4 

3.0xl0 7 3.0x10 6 
5.SxlO 

Ra-226 
2.8xl0 6 

6.lxl0 4 7 Th-229 l.5xl0 , 6 

6.lxl0 4 2.2x10 6 
l.8xl0 

Th-230 5 

l. 6xl0 5 4.lx10 6 
3. 4;x:10 

Pa-231 5 

4.6xl04 . 5.4xl05 
6.6xl0 

U-233 5 

4.6xl04 5.4xlo 5 
1.lxlO 

U-234 5 

4.6xl0 4 S.4xl0 5 
1.lxlO 

U-235 5 
4 5.4xl0 5 

l.lxlO 
U-236 4.6xl0 5 

4.6xl04 5.4xl05 
1.lxlO 

U-238 5 

4.6xlo 4 1. 2xl0 6 
l.lxlO 

Np-227 5 

1.8xl04 l.lxlo6 
2.0xlO 

Pu-239 . l.6xl0 5 
4 l. lxl0 6 Pu-240 l.8xl0 5 
4 1. lxl0 6 

l.6xl0 
Pu-242 l.8xl0 5 

4 1. lxlo 6 
l.6xl0 

Am-241 4.6xl0 "5 
4 l.lxl0 6 

2.2xl0 
Am-243 4.6xl0 

2.2xl05 

Cont. 
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Table D.2 cont. 

Whole-body Bone dose Lung dose Gonad Thyroid Weighted** 

Dose* dose dose whole-body 

dose 

Dose via inhalation ( rem/Ci) 

C-14 4.0xlO 2 2.0xlO 3 
6.6xl0 2 

Sr-90 1. Ox10 6 l.2xl0 7 2.7xlo 3 2.3x10 6 

Zr-93 2.5xl0 3 1.2xl0 5 
l.8x10 4 

l . 2 1. 
5.0xl0 1 2 

Tc-99 5.0xlO 1.3xl0 l.5xl0 3.6xl0 

1. Oxl0 4 2.6xl0 3 6 5 
I-129 6. OxlO - l.9xl0 

Cs-135 3.3xl0 3 1.SxlO 4 1.Sxl03 3.3xl0 3 5.7x10 3 

Cs-137 3.3xl0 4 6.0xlO 4 l.Oxl0 4 3.3xl0 4 3.8xl0 4 

Ra-226 4.0xl0 7 4.0xl0 6 3.0xl0 8 3.8x10 6 

Th-229 1. Ox10 8 4.0xlOlO 3.2xl08 4.9xl0 9 

Th-230 1. Oxl0 8 6.0xl0 9 9.0xl0 8 

Pa-231 1. 2xl0 9 1. 2xlOlO 2.4xl0 9 

1.0xl0 6 7 6 
U-233 1. 4x10 2.7xl0 

. 6 7 6 
U-234 l.OxlO 1.3xl0 2.7xl0 

U-235 l.Oxl0 6 l.3xl0 7 
2.7xl0 6 

- 6 7 6 
U-236 · 1. OxlO 1. 3xl0 2.7xl0 

6 7 6 
U-238 l.OxlO 1.3xl0 2.7xl0 

8 9 
5.0xl0 8 Np-237 l.OxlO 3.0xlO 

8 9 8 
Pu-239 2.0xlO 6.0xlO 9.5xl0 

8 9 . 8 
Pu-240 2.0xlO 6.0xlO 9.SxlO 

8 9 8 
Pu-242 2.0xlO 6.0xlO 9.5xl0 

8 9 8 
Am-241 l.OxlO 2.0xlO 4.lxlO 

8 9 8 
Am-243 l.OxlO 2.0xlO 4.lxlO 
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