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RIASSUNTO

Lo scopo del presente rapporto, composto da articoli preparati dai ricercatori che partecipano al progetto
MOIRA (A MODEL-BASED COMPUTERISED SYSTEM FOR MANAGEMENT SUPPORT TO
IDENTIFY OPTIMAL REMEDIAL STRATEGIES FOR RESTORING RADIONUCLIDE
CONTAMINATED AQUATIC ECOSYSTEMS AND DRAINAGE AREAS), é la descrizione di alcuni
modelli per la previsione del comportamento di radionuclidi in sistemi acquatici complessi e per la valutazione
dell'effetto delle contromisure per il recupero di questi ultimi. Vengono presi in esame i seguenti ambienti:
bacini di drenaggio complessi; acque costiere; sistemi di drenaggio delle acque in aree urbane. Il presente
rapporto include anche una classificazione delle principali specie ittiche presenti nelle acque continentali e nelle
aree costiere europee e tre brevi note sulla valutazione degli effetti della radiazione sugli organismi acquatici,
sulla determinazione della dose da radiazione agli stessi e sugli effetti che le preparazioni culinarie hanno sul
contenuto di radionuclidi nel pesce.

SUMMARY

The present report is composed of a set of articles written by the partners of the MOIRA project (A MODEL-
BASED COMPUTERISED SYSTEM FOR MANAGEMENT SUPPORT TO IDENTIFY OPTIMAL
REMEDIAL STRATEGIES FOR RESTORING RADIONUCLIDE CONTAMINATED AQUATIC
ECOSYSTEMS AND DRAINAGE AREAS). The report describes models for predicting the behaviour of
radionuclides in complex aquatic systems and the effects of countermeasures for their restoration. The models
apply to the following systems: complex catchments, coastal areas and urban drainage systems. The report also
includes an article on the classification of the main fish species living in the European fresh water and coastal
environments in relation to the MOIRA system. The evaluation of the effects of radiation on aquatic
organisms, the calculation of doses to fishes and the effect of food preparation on the radionuclide content in
fish are described in three brief notes.

Keywords: environmental modelling, remediation, complex aquatic systems, coasts, urban areas, fish,
radionuclides

SAMMANFATTNING

Följande rapport presenterar ett antal artiklar skriva av medarbetare iMOIRA-projektet (A MODEL-BASED
COMPUTERISED SYSTEM FOR MANAGEMENT SUPPORT TO IDENTIFY OPTIMAL REMEDIAL
STRATEGIES FOR RESTORING RADIONUCLIDE CONTAMINATED AQUATIC ECOSYSTEMS AND
DRAINAGE AREAS). Denna rapport beskriver ett antal modeller för att prediktera hur radioaktiva ämnen
uppträder i akvatiska system och hur dessa system svarar pâ olika âtgarder för att förbättra miljösituationen. De
presenterade modellerna rör följande system: komplexa tillrinningsomrâden, kustomrâden och urbana omrâden.
Rapporten innehâller ocksâ en artikel som rör klassificering av Europas fiskarter (habitat, födoval, etc.) i sjöar,
floder och kustomrâden. I tre korta översikter beskrivs vidare effekter av joniserande staining pâ
vattenorganismer, beräkningsmetoder av strâldos för fiskar och olika metoder för att minska radioaktiv straining
i fisk som skall användas som människoföda.

SAMMENDRAG

Denne rapporten bestâr av en serie artikler skrevet av deltagerne i MOIRA-prosjektet ("A MODEL-BASED
COMPUTERISED SYSTEM FOR MANAGEMENT SUPPORT TO IDENTIFY OPTIMAL REMEDIAL
STRATEGIES FOR RESTORING CONTAMINATED AQUATIC ECOSYSTEMS AND THEIR
DRAINAGE AREAS")- Denne rapporten beskriver fiere modeller som bade skal forutsi hvordan radioaktive
stoffer fordeler seg i akvatiske systemer og angi forventet effekten av ulike tiltak. De presenterte modellene
gjelder for komplekse nedslagsfelt, kystomrâder og tettbebygd str0k. Rapporten inneholder ogsâ en artikkel som
klassifiserer Europas fiskarter etter levested og funksjon i naeringskjeden, og benytter denne klassifiseringen i
MOIRA-systemet. I tre korte artikler gis en oversikt over effekter av ioniserende strâling pâ akvatiske
organismer, beregning av stâledose for fisk og ulike metoder for â redusere radionuklid-innholdet i fisk som
brukes til menneskef0de.



RESUMEN

Este informe reune un conjunto de articulos de los socios del proyecto MOIRA (A MODEL-BASED
COMPUTERISED SYSTEM FOR MANAGEMENT SUPPORT TO IDENTIFY OPTIMAL REMEDIAL'
STRATEGIES FOR RESTORING RADIONUCLIDE CONTAMINATED AQUATIC ECOSYSTEMS AND
DRAINAGE AREAS). En ellos se describen modelos para predecir el comportamiento de radionucleidos en
sistemas acuaticos complejos y los efectos de las contramedidas para su recuperation. Dichos modelos se
refieren a cuencas complejas, areas costeras y sistemas de drenaje urbano. El informe tambien incluye un
articulo sobre la clasificacion para el sistema MOIRA de las principales especies de peces presentes en los
ecosistemas de agua dulce y costeros en Europa. Por ultimo, en tres breves notas tecnicas, se abordan los temas
de evaluation de los efectos de la radiation sobre organismos acuaticos, el calculo de dosis a los peces y el
efecto de la preparation de alimentos sobre la carga radiactiva en peces para consumo humano.

SAMENVATTING

Dit rapport is uit artikelen, geschreven door de partners van het MOIRA project (A MODEL-BASED
COMPUTERISED SYSTEM FOR MANAGEMENT SUPPORT TO IDENTIFY OPTIMAL REMEDIAL
STRATEGIES FOR RESTORING RADIONUCLIDE CONTAMINATED AQUATIC ECOSYSTEMS AND
DRAINAGE AREAS), samengesteld. Het rapport beschrijft de hydrologische verspreidingsmodellen, die voor
de voorspelling van het gedrag van radionucliden in complexe aquatische systemen en voor het berekenen van
de gevolgen van tegenmaatregelen (om verdere vespreiding tegen te gaan), worden gebruikt. De volgende
systemen zijn gemodelleerd: complexe stroomgebieden, kustwateren, en stedelijke rioolwaterafvoersystemen.
Het rapport bevat ook een artikel over de classificatie van de belangrijkste vissoorten in de Europese binnen - en
kustwateren, voor gebruik in de database van het MOIRA systeem. De evaluatie van de stralingseffecten op
waterorganismen in het algemeen, de beschrijving van berekening van de dosis voor vis, alsmede de effecten
van voedselbereiding op de hoeveelheid radioactiviteit in vis, worden beschreven in drie korte artikelen.
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• " FOREWORD

MOIRA (A MODEL-BASED COMPUTERISED SYSTEM FOR MANAGEMENT SUPPORT
TO IDENTIFY OPTIMAL REMEDIAL STRATEGIES FOR RESTORING RADIONUCLIDE
CONTAMINATED AQUATIC ECOSYSTEMS AND DRAINAGE AREAS) is a project
financed by the European Commission (Contract N° FI4P-CT96-0036) within the Nuclear
Fission Safety research and training programme (framework programme 1994-1998). The
aim of the project is to construct a model-based computerised system using cost-benefit analysis
for the identification of optimal remedial strategies to restore radionuclide contaminated fresh
water environments. The following Institutions participate in the MOIRA project: ENEA (Italy),
KEMA (The Netherlands), University of Oslo (Norway), UPM (Universidad Politecnica de
Madrid, Spain), Studsvik Eco & Safety AB and University of Uppsala (Sweden). The present
report was prepared during meetings held in Oslo, 8-10 June, 1998 and in Madrid, 30
November-2 December, 1998
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PREFACE

The main aim of the present report is the descriptions of selected models, based
on new predictive methodologies, for assessing radionuclide behaviour in complex
aquatic systems and the effects, on contamination levels, of the most common and
feasible restoration strategies.

A detailed description of a model for predicting the migration of radiocaesium and
radiostrontium in complex catchments is reported. This model may be applied to any
kind of catchment composed of different types of water bodies such as rivers, lakes and
reservoirs. The model predicts the effects of the most feasible countermeasures
applicable to such complex water body systems: the removal of sediments, the control
of water fluxes from polluted areas and the decontamination of catchments (for instance
by removing contaminated soil layers).

The countermeasures implemented in the model have been selected on the basis of
their technological feasibility. Indeed, such measures have been applied, following the
Chernobyl accident, to certain Ukrainian water systems contaminated by radionuclides.
Moreover some of them are also planned for the restoration of sites contaminated by
non-radioactive substances. For instance, the removal of bottom sediment of lake
Katelmeer in The Netherlands is an important project aimed at restoring this lake that
has been heavily polluted by discharges from industrial plants in its catchment (the river
Rhine located in one of the most industrialised region in Europe).

The model has been validated for a large number of water bodies in Europe and is
based on the modelling of collective processes. Therefore, it requires the input of only a
small set of site specific environmental parameters, such as water depth, water surface
area and water fluxes, that may be easily obtained for each aquatic system. Generic,
"default" values are used for all the other parameters.

The MOIRA project has also focused on the development of modelling for coastal
areas. This kind of environmental systems may be considered as a boundary area
between fresh water systems and the marine environment. Due to their importance from
an economic and environmental point of view, coastal areas have been considered a
topic of particular importance for the MOIRA goals.

In chapter 1, a model for predicting radiocaesium behaviour in coastal areas is
briefly described. Such a model is based on entirely new principles, and an objective
method for fixing the boundary of any coastal area has been developed. Such a method
allows one to fix the geographic boundaries of the area to which the model can be
applied.

A detailed description of the above models would have required more space than
available in this report. The interested reader will find references to other papers where
the model procedures and approaches are described in detail.

One of the goals of MOIRA is the development and the analysis of models for
assessing the impact on aquatic systems of countermeasures applied to the urban
environment. In the present report the description of a Model for radionuclide migration
in Urban environments and Drainage systems (MUD) is given. The model is aimed at
estimating the discharge of radionuclide into fresh water systems following the natural
or the active decontamination of urban areas. The model accounts for the effects that
various treatments of sludge and waste waters may have on the migration of
radionuclides from urban areas to recipient fresh water systems.

The MOIRA project aims to assess the ecological impact of countermeasures. An
important aspect of such an impact is represented by the threat that radioactive
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substances may represent for aquatic biota. The evaluation of doses to biota is,
therefore, of paramount importance for the appraisal of the damage that living species
may suffer from radioactive substances in the aquatic environment. A simple model for
evaluating the dose to fish has been included in the MOIRA software. The effects of
radiation on aquatic organisms and the model for assessing the doses to fishes are
described in chapter 4.

The report also includes a detailed classification of the main fish species in the
whole of Europe assigned to relevant categories for the MOIRA system. These include
geographical distribution, food habits, trophic range and importance to man. A brief
analysis of the effects that food preparation may have on the radionuclide content in fish
is also given.
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A SHORT DESCRIPTION OF THE MOIRA MODEL FOR RADIOCESIUM IN
: ' COASTAL AREAS -

Lars Hakanson, Uppsala University, Dept. of Earth Sciences, Villav. 16, 752 36 Uppsala
Sweden

BACKGROUND

There has been a very rapid development in predictive ecosystem modelling during the last
years. A decade ago ecosystem models were rightly regarded with suspicion. Then, many
models predicted within a factor of 10. It is generally more difficult to predict concentrations
of toxins in biota than in abiotic compartments (like water and sediments). The structure of the
new model for radiocesium in coastal areas presented in this report draws much from a similar
model for radiocesium in lakes and a model for suspended particulate matter in coastal areas.
Both those model are described in Hakanson (1998a), which also gives a comprehensive list of
references related to radiocesium in lakes and coastal areas, which is not included in this
summary report. The model for radiocesium in lakes has been validated against an independent
set of data covering a wide range in lake characteristics. The validation for the Cs-
concentrations in lake water gave an revalue is 0.923. The slope was 1.087. This regression
was based on 61 monthly data governing a range from 0.001 to 4.5 Bq/1. This is an amazing
result for a validation. It actually means that the model predicts as well as one can measure if
one measures well - under the given conditions and in the given domain of the model. The
corresponding results for Cs-concentrations in lake fish were even better. The data-set
comprises 185 monthly data values for seven species of fish covering a very wide range, from
2 to over 30,000 Bq/kg ww. The revalue was 0.98 (for the log-transformed values). This is
almost like an analytical solution. The slope was almost perfect. This demonstrates, even,
proves, that the structuring of this lake model for radiocesium is very good. This holds great
promise for other models. It also means that models of this type in the future are likely to
become widely used and excellent tools in remedial contexts.

THE MODEL

This model for radiocesium in coastal areas (see fig. 1 for an outline of the model and fig. 2 for
the panel of driving variables) is based on the same model structuring as the model for lakes
(Hakanson 1998a). However, due to lack of reliable empirical data from many coastal areas
covering a wide range of coastal characteristics, this model has not been duly calibrated and
validated. This brief report presents an outline the model. All equations are given in the
appendix. The presuppositions for the model, as well as most of the critical model tests
(sensitivity and uncertainty analyses) are given in the main model description (Hakanson,
1998b), which also gives brief background to the hydrodynamical and sedimentological
processes regulating transport and biouptake of radiocesium (and most other pollutants) in
coastal areas. The model has been developed within the framework of the MOIRA-project.

Several new approaches and sub-models are used in this model. These new features have been
developed during the "evolution" of the overall model for radiocesium in coastal areas.
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An outline of the coastal model

Cs concentration in fish

Decay from OA

Amount in
outflow areas

Biouptake

Deposition on OA

Amount in
inflow areas

o Secondary input
from OA

Transport from IA to OA

Deposition on IA

Secondary
input from
IA

Amount in water

Target variable

OD iDirect fallout

Outflow

Decay from
IA

Inflow
from sea Sed on A

Resuspension to
water

Amount in A

Amount in ET sediments

Diffusion Resusp to A

Decay from ET

Sed on ET

Transport to passive sediments

Fig. 1. An outline of the coastal model for radiocesium. IA = inflow areas (dry land); OA =
outflow areas (wetlands e.g. mires). A = accumulation areas; ET = areas of erosion and
transport. The two target variables in the model are Cs-concentrations in water and fish.

1. The method to define the coastal area and set the borderlines for the area by means of the
"topographical bottle-neck" approach (where the exposure attains minimal values; see Pilesjo
et al., 1991) has not, to the best of the author's knowledge, been used before in models of this
type.

2. This definition of the coastal area is a necessary prerequisite for the determination of three
fundamental process variables regulating the transport of radiocesium (and other pollutants as
well), 1. the theoretical surface water retention time (Ts; see Persson et al., 1994), 2. the

14



Panel of model variables
Area-speciflc variables
1. first priority diving variables (= obligatory)
2. Second priority driving variables (= default assumptions acceptable)
3: Third priority driving variables (= crude default assumptions acceptable)
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Fig. 2. Panel of driving variables. Ts = theoretical surface water retention time.

theoretical deep water retention time (Td; see Persson and Hakanson, 1996), and 3. the bottom
dynamic conditions, or rather, the area of the coast where advective transport processes
regulate the internal loading of pollutants (i.e., resuspension from erosion and transportation
areas, ET), and areas with continuous sedimentation where diffusion dominates the internal
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loading (i.e., accumulation areas, A = 1-ET; see Persson and Hakanson, 1995). This means that
Ts, Td and ET can Be determined very easily from standard bathymetric charts using GIS-
methods (see Pilesjo et al., 1991). The approaches used in this model for Ts, Td and ET have
not been used before for dynamic coastal models of water pollutants. They are generic in the
sense that they could be used for all types of pollutants and not just for radiocesium.

3. A new empirical sub-model is used also for gross sedimentation, regulating sediment age
and the retention time of radiocesium in the active sediment layer, and hence the duration of
the contamination. This empirical model is meant to replace an extensive dynamic model for
gross sedimentation, since the model predictions for the target variables, Cs-concentrations in
water and fish, are not generally so sensitive to the value for gross sedimentation. An
important part of the model development has been to identify and rank the importance of the
various sub-models and processes in the overall model and make justifiable simplifications
whenever possible to keep the model small and practically useful. "Everything should be as
simple as possible, but not simpler", according to Albert Einstein, and this model is
constructed according to that philosophy.

4. Several new algorithms for such simplifications have been developed, many of which use
the "dimensionless moderator technique" (see Hakanson and Peters, 1995), e.g., for the
influence of suspended particulate matter and salinity (flocculation) on the settling velocity of
particulate radiocesium and potassium concentration (based on the Michaelis-Menton and the
Nernst equations) and salinity for the biouptake of radiocesium by fish.

5. A new simple regression equation to predict the mean slope of coastal areas from
information of coastal area, mean depth and maximum depth has been used. The mean slope is
an important model variable in the model for the theoretical deep water retention time.

MODEL TESTS

Extensive sensitivity and uncertainty analyses have revealed (see fig. 3 for Cs-concentrations
in water and fig. 4 for Cs-concentrations in fish) that the target predictions concerning the Cs-
concentrations in water and fish depend foremost on two factors, the Cs-concentration in the
sea outside the given coastal area and/or adjacent coastal areas and the ecological halfiife of
radiocesium in the sea. Uncertainties in these two variables dog all other uncertainties, e.g.,
regarding the surface and deep water retention times, the settling velocity of particulate
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radiocesium, the distribution coefficient regulating the fluxes in dissolved and particulate
phases, the catchment area influences, the sub-model for feeding habits, the bottom dynamic
conditions, the sediment characteristics, and the factors regulating biouptake and excretion of
radiocesium in fish. In short, the target predictions depend on these two factors which
characterise the conditions outside the given coastal areas. This means that the conditions in
the sea are of paramount importance for the conditions in the coastal area, even for enclosed
coastal areas deep in archipelago areas. This also means that "one cannot save coastal areas
unless one first saves the sea". The coastal areas are often regarded as "a nurseries and
pantries" for the sea, but the conditions in the sea outside a given coastal area regulate the
transport of water pollutants to and from coastal areas, also in most estuaries. Thus, the coastal
area, the outside sea and adjacent coastal areas should be regarded as series of interrelated,
communicating basins.

THE SIMPLIFIED MODEL

A simplified version of the radiocesium model (see fig. 5 for the panel of driving variables)
has been constructed based on the results from the sensitivity and uncertainty analyses. All
sub-models which contribute little to the predictive power of the model have been omitted
and/or simplified in this model, which is based on few driving variables, like fallout
(Bq/month), month of fallout, size of coastal area (m2), mean depth (m), maximum depth (m)
and salinity (%o). The user of the model must also decide which fish species to be predicted
and the weight of the fish.
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Sensitivity-analyses;default conditions; 100 runs; calculated for month 11
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Monte Carlo simulations; default conditions; 100 runs; calculated for month 11
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Fig. 3A. Sensitivity tests (one model variables has been varied while all other model variables
have been constant) calculated for month 11 (6 months after the fallout) for the Cs-
concentration in water. 100 runs. The box-and whisker plots give median values (M50),
quartile values (M25 and M75), percentiles (MIO and M90) and outliers.
B. Uncertainty tests (all model variables have initially been varied and then, in the following
calculations, omitted one by one while all other model variable uncertainties have been
accounted for) calculated for month 11 (6 months after the fallout) for the Cs-concentration in
water. 100 runs. The box-and whisker plots give median values (M50), quartile values (M25
and M75), percentiles (MIO and M90) and outliers.
Abbreviations: Cssea = Cs-concentration in sea outside the defined coast; Tsea = ecological
halflife for radiocesium in the sea outside the defined coast after a fallout; Fall = fallout of
radiocesium; v = fall velocity of particulate radiocesium; Ts = theoretical surface water
retention time; 0 = tributary water discharge; Resusp = resuspension rate (= age of particulate
radiocesium on ET-areas)' Td = theoretical deep water retention time; Diff = diffusion rate;
Pass = transport rate regulating the flux of radiocesium from active to passive A-sediments;
Excret = fish excretion rate; and Bioupt = fish biouptake rate of radiocesium.

18



Sensitivity analyses;default conditions; 100 runs; calculated for month 11

Cssea
CV (x): 0.5
CV (y, %): 36.4

Bioup
0.35
35.5

Fall
0.1
9.7

Tsea
0.5
9.3

Ts
0.25
7.4

Excre
0.25
4.3

v
0.5
2.7

Td
0.35
1.1

Resusp
0.5
0.8

Q
0.25
0.2

Pass Diff
0.5 0.5
0.01 0

Monte Carlo simulations; default conditions; 100 runs; calculated for month 11

All
CY (x):
CV (y, %): 55.5

Bioup
0.35
37.9

Cssea
0.5
40.8

Ts
0.25
54.3

Tsea
0.5
54.9

Fall
0.1
55.0

v
0.5
55.4

Excre Resusp
0.25 0.5
55.5 55.5

0
0.25
55.5

Td
0.35
55.5

Diff Pass
0.5 0.5
55.5 55.5

Fig. 4A. Sensitivity tests calculated for month 11 (6 months after the fallout) for the Cs-
concentration in 1-kg piscivores. 100 runs. The box-and whisker plots give median values
(M50), quartile values (M25 and M75), percentiles (MIO and M90) and outliers.
B. Uncertainty tests calculated for month 11 (6 months after the fallout) for the Cs-
concentration in 1-kg piscivores. 100 runs. The box-and whisker plots give median values
(M50), quartile values (M25 and M75), percentiles (MIO and M90) and outliers.
Abbreviations: Cssea = Cs-concentration in sea outside the defined coast; Tsea = ecological
halflife for radiocesium in the sea outside the defined coast after a fallout; Fall = fallout of
radiocesium; v = fall velocity of particulate radiocesium; Ts = theoretical surface water
retention time; Q = tributary water discharge; Resusp = resuspension rate (~ age of particulate
radiocesium on ET-areas); Td = theoretical deep water retention time; Diff = diffusion rate;
Pass = transport rate regulating the flux of radiocesium from active to passive A-sediments;
Excret = fish excretion rate; and Bioupt = fish biouptake rate of radiocesium.
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In the simplified model, there is a rule system for Baltic, Atlantic and Mediterranean coasts
(which is used to set water temperatures), simple rules for stratification (the. user must decide if
the coastal waters are stratified or not, which is used to define mixing and volumes of surface
water and deep water), for coastal openness (the user must decide if the coastal area is open,
semi-enclosed or enclosed, which regulates the inflow and outflow of water from the sea) and
trophic level (the user must decide if the coastal area is oligo-, meso-, eu- and/or hypertrophic,
which is used to calculate sedimentation, concentration of suspended particulate matter,
inorganic nitrogen concentration, Secchi depth and potassium concentration of coastal waters).
From these simple rules and the few obligatory driving variables almost the same predictions
are obtain as by using the more comprehensive model.

CONCLUSIONS

The simple model has the potential to become a useful tool in radioecology to predict Cs-
concentrations in water and fish very soon after a fallout. The extensive model may be
regarded as a tool in science to pose and test working hypotheses about the relative role of
different processes in different coastal areas. Such information may be essential to get realistic
expectations of various remedial measures, like coastal water fertilization and dredging, which
are discussed in the main description (Hakanson, 1998b).
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Panel of model variables

Obliogatory driving variables
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= Driving variables omitted with the Q-model

Estuaries and coast types:
Rule 1:
If the salinity in the coastal area £ 50% of the
salinity in the sea, set Tsea to 1.5 time default Tsea
Rule 2:
If Baltic coastal area, use Tsea = 3 years
If Medeterrainian coastal area, useTsea = 2 years.
If Atlantic coastal area, use Tsea = 1 year.

Rule 3:
If Baltic coastal area, surface water temperature given by:
Month: 1 2 3 4 5 6 7 8 9 10 11 12
Temp: 0 0 3 4 7 11 16 20 15 7 4 1
If Medeterrainian coastal area, surface water temperature given by:
Month: 1 2 3 4 5 6 7 8 9 10 11 12
Temp: 6 6 6 6 7 11 16 20 15 7 6 6
If Atlantic coastal area, surface water temperature given by:
Month: 1 2 3 4 5 6 7 8 9 10 11 12
Temp: 9 9 9 11 13 15 18 22 17 14 12 10

= Driving variables omitted with the Td-model

Rule 4, stratifications:
If the coastal area is dimictic/monomictic, then Td
= 10*Ts.
If the coastal area is polymictic, then Td = Ts.
If the coastal area is meromictic, then Td = lOOTs.

Rule 5, stratifications:
If the coastal area is dimictic/monomictic, then deep water temp
given by:
Month: 1 2 3 4 5 6 7 8 9 10 11 12
Temp: 4 4 4 4 4.5 6 8 10 8 7 4 4

If the coastal area is polymictic, then deep water temp given
surface water temperature.

If the coastal area is meromictic, then deep water temp given by:
Month: 1 2 3 4 5 6 7 8 9 10 11 12
Temp: 4 4 4 4 4.5 5 6 7 6 5 4 4

Rule 6, coastal openness:
If the coast is very enclosed, then At = 0.001 * Area.
If the coast is semi enclosed, then At = 0.01 * Area.
If the coast line is open, then At = 0.1 'Area.

Rule 7, coastal "energy filter"
If the coast is very enclosed, then Ff = 0.1.
If the coast is semi enclosed, then Ff = 2
If the coast line is open, then Ff = 10.

= Driving variable omitted with the GS-model

Rule 8, trophic level:
Use table below to set (1) Secchi depth, (2) inorganic
N-concentration, (3) K-concentration and (4) suspended
paniculate matter concentration.

Trophic Secchi Inorg-N K-conc Susp
level (m) (mg/m3) (mg/1) (mg/1)

Oligot.
Mesot.
Eut.
Hypert.

7
5
2.5
1.5

12
20
35
50

0.5
1
2
3

2
3
5
7

= Driving variable omitted with the sediment model

Rule 9, sediment character:
Set water content of active sediment to 75% ww
Set loss on ignition of actuive A-sediments to 10 % dw.

Rule 10, ET-areas:
ET = 10A(0.09+0.02*Dmax-0.24*Drel-2.75*VVol).

Fig. 5. A compilation of recommendations for the simplified coastal model and a comparison
between the panel of driving variables for this model and the extensive model.
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APPENDIX

A compilation of all equations constituting the radiocesium model for coastal areas with data
for the default area is given in Hakanson (1998b). The literature references and the references
to figures and tables given in this appendix all emanate from the that report.

Amount_in_A_sediments(t) = Amount_in_A_sediments(t - dt) + (Sed_on_A + Resusp_to_A - Diffusion

Transport_to_passive_sediments) * dt

INIT Amount_in_A_sediments = 1

DOCUMENT: Values in Bq.

INFLOWS:

Sed_on_A = Amount_in_water*Sed_rate*(l-ET_areas)

Resusp_to_A = Amount_in_ET_sediments*Resuspension_rate*(Form_factor/3)
OUTFLOWS:
Diffusion = Amount_in_A_sediments*Diffusion_rate
Transport_to_passive_sediments =
Amount_in_A_sediments*(l/(Age_of_active_sed)+Physical_decay_rate_for_Cs)
Amount_in_ET_sediments(t) = Amount_in_ET_sediments(t - dt) + (Sed_on_ET -
Resuspension_to_water - Resusp_to_A - Decay_from_ET) * dt
INIT Amount_in_ET_sediments = 1

DOCUMENT: Values in Bq.

INFLOWS:
Sed_on_ET = Amount_in_water*Sed_rate*(ET_areas)

OUTFLOWS:

Resuspension_to_water = AmountjaJET_sediments*Resuspension_rate*( l-Form_factor/3)
Resusp_to_A = Amount_in_ET_sediments*Resuspension_rate*(Form_factor/3)
Decay_from_ET = Amount_in_ET_sediments*Physical_decay_rate_for_Cs
Amount_in_inflow_areas(t) = Amount_in_inflow_areas(t - dt) + (Deposition_on_IA -
Secondary_input_from_IA - Decay_from_IA - Transport_from_IA_to_OA) * dt
INIT Amount_in_inflow_areas = 0

DOCUMENT: Values in Bq.

INFLOWS:
Deposition_on_IA = Fallout_of_Cs*Catchment_area*(l-Outflow_areas_OA)
OUTFLOWS:

Secondary _input_from_IA = (Estuary*Amount_in_inflow_areas*Default_runoff_rate_for_OA*(l-
Distribution_coefficient))/(Soilj3ermeability_factor*12)
Decay_from_IA = Amount_in_inflow_areas*Physical_decay_rate_for_Cs
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Transport_from_IAj:o_OA =

(Amount_in_inflow_areas*Default_runoff_rate_for_OA*Distribution_coefficient)/(12*SoiI_permeability
_factor) •

Amount_in_outflow_areas(t) = Amount_in_outflow_areas(t - dt) + (Deposition_oh_OA +
Transport_from_IA_to_OA - Secondary_input_from_OA - Decay_from_OA) * dt
EMIT Amount_in_outflow_areas = 0

DOCUMENT: Values in Bq.

INFLOWS:

Deposition_on_OA = Fallout_of_Cs*Catchment_area*Outflow_areas_OA

Transport_from_IA_to_OA =

(Amount_in_inflow_areas*Default_ranoff_rate_for_OA*Distribution_coefficient)/(12*Soil_permeability
_factor)
OUTFLOWS:
Secondary_input_from_OA = Estuary*Amount_in_outflow_areas*Modified_ranoff_rate
Decay_from_OA = Amount_in_outflow_areas*Physical_decay_rate_for_Cs
Amount_in_water(t) = Amount_in_water(t - dt) + (Inflow_from_sea + Direct_fallout + Diffusion +
Resuspension_to_water + Secondary_input_from_IA + Secondary_input_from_OA - Outflow -
Sed_on_A - Sed_on_ET) * dt
INIT Amount_in_water = 1

DOCUMENT: Values in Bq.

INFLOWS:
Inflow_from_sea = Conc_in_Sea*(Sur_water_flow+Deep_water_flow)
Direct_fallout = Fallout_of_Cs*Coastal_area
Diffusion = Amount_in_A_sediments*Diffusion_rate
Resuspension_to_water = Amount_in_ET_sediments*Resuspension_rate*(l-Form_factor/3)
Secondary_input_f rom_I A = (Estuary * Amount_in_inflo w_areas * Def ault_ranof f_rate_f or_O A*( 1 -
Distribution_coefficient))/(Soil_permeability_factor*12)

Secondary_input_from_OA = Estuary*Amount_in_outflow_areas*Modified_ranoff_rate
OUTFLOWS:
Outflow = Amount_in_water*Outflow_rate
Sed_on_A = Amount_in_water*Sed_rate*(l-ET_areas)
Sed_on_ET = Amount_in_water*Sed_rate*(ET_areas)
Cs_concentration_in_fish(t) = Cs_concentration_in_fish(t - dt) + (Biouptake - Excretion) * dt

INIT Cs_concentration_in_fish = 0

DOCUMENT: This is the concentration in fish in Bq/kg ww.

INFLOWS:
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Biouptake =

Aut_prod_moderator*Salinity_moderator_for_biouptake*K_moderator*Biomagnification_factor*SMTH
1 ((Dissolved_conc+Total_particulate_conc),(Biouptake_delay_factor)) ;

DOCUMENT: SMTH1 is a smoothing function, see Hakanson (1998a) for explanation.

OUTFLOWS:

Excretion = Cs_concentration_in_fish*(Biological_halflife+Physical_decay_rate_for_Cs)
DC2(t) = DC2(t - dt) + (DC1 - DC_resusp) * dt
INITDC2 = 0.99

DOCUMENT: This distribution coefficient is used to determine the fraction of the sedimentation of
particulate radiocesium emanating from resuspension. It is assumed that the resuspended matter has a
higher settling rate than the primary materials (2 times higher). The resuspended matter has already been
aggregated and may also have been exposed to bioturbation, which would enhance the coagulation and
increase the fall velocity.

INFLOWS:

DC1 = DC

OUTFLOWS:
DC_resusp= DC2
Age_of_active_sed = Bioturbation_factor*Thickness_of_active_layer*(l-
Water_content/100)*Bulk_density * 10A6/(Gross_sed*30)
DOCUMENT: The age of the active A-sediments is needed to calculate the retention rate of the
substance in this compartment, and the flux out of the compartment to passive sediments (the retention
rate is set to 1/age). The age is calculated as the ratio between the depth of the active sediments (in m) and

the deposition of materials on A-areas (in m/month) and it is influenced by bioturbation.

Aut_prod_moderator = if Inorganic_nitrogen_conc > 20 then 8 else (28-Inorganic_nitrogen_conc)
DOCUMENT: This moderator is meant to account for the principle of "biological diluton" (see
Hakanson and Peters, 1995). That is, a given load of a radionuclide will be distributed over a larger
biomass in a system with i higher bioproduction than in a water system with a lower bioproduction.
Empirical calibrations for radiocesium, however, have demonstrated that it does not seem important if the
system has a relatively high productivity (higher than mesotrophic, i.e., if the inorganic-N concentration
in coastal areas is higher than about 20 |ig/l), but important to account for this if the system has a lower
bioproduction. Then, this moderator accounts for this principle in a linear way. This will improve
predictions only if the empirical value of inorganic-N concentration is reliable. Then, one can note that
this moderator will cause an increase in biouptake by a factor of 2 if the inorganic-N concentration is very
low (= 12, which is typical for ultra-oligotrophic systems), since the moderator gives a value of 8 if
inorganic-N is higher than 20, and a value of 16 of inorganic-N is 12.

A_areas = l-ET_areas
DOCUMENT: A typical deafult value for A-areas (i.e., areas of continous fine sediment accumulation)
in the Baltic is 30% of the coastal area (see Persson and Hakanson, 1995).
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Biologicaljialflife = 30*(EXP(-6.583-0.11 l*LOGN(Fish_weight)+0.093*Surface_water_temp+0.326))
DOCUMENT: This ap'proach to determine the biological halflife comes from Rowan and Rasmussen
(1995). It has been thouroghly tested. The biological halflife, or the retention rate (RR in I/months), of
radiocesium in fish is estimated from a formula based on the weight of the fish (W in g ww; the larger W
the longer the halflife) and coastal area surface water temperature (either from measured data or from
model predicted values; in °C; the cooler the water the longer the halflife of Cs-137).

The following default values can be used for mean population fish weights (from Hakanson et al., 1996,
the VAMP model).

Large pike: 500 g; main diet offish
Large, predatory perch: 400 g; main diet offish

Median perch: 50 to 250 g (mean 100 g); mixed diet of benthos, zooplankton and fish
Small perch: 15 to 50 g (mean 25 g); main diet of zooplankton

Perch fry: < 10 g; main diet of zooplankton

Minnow: 15 g; mixed diet of plants and benthos
Trout: 50 g; main diet of benthos
Whitefish: 50 g;; main diet of zooplankton
Smelt: 15 g; main diet of zooplankton
Roach: 25 g; mixed diet of benthos and zooplankton
Bream: 200 g; main diet of benthos.

The retention time for radiocesium in other species of fish may then be estimated from these guideline
values.

Biomagnification_factor = if Fish_weight > 10 then (if Fish_species_feed_habit = 0.005 then
250/Fish_weight else 0) + (if Fish_species_feed_habit = 0.5 then 2 else 0) + (if Fish_species_feed_habit =
0.05 then 3 else 0) + (if Fish_species_feed_habit = 0.02 then 2.5 else 0)+ (if Fish_species_feed_habit =
0.1 then 3.5 else 0) + (if Fish_species_feed_habit = 0.125 then 4 else 0)+(if Fish_species_feed_habit =
0.25 then 2.5 else 0)+ (if Fish_species_feed_habit = 0.125/2 then 3.5 else 0) + (if Fish_species_feed_habit
= 0.01 then 1.5 else 0) + (if Fish_species_feed_habit = 0.2 then 2.5 else 0) else 25
DOCUMENT: The biomagnification factor is set to:

1 for planktivores

2 for bentivores and detrivores
2.5 for herbivores

3 for omnivores and

4 for piscivores.
The biomagnification factor is meant to account for differences i biouptake/biomagnification from water
to fish related to feeding habit in such a way that fish of the same weight but with different feeding habits
dispay different biouptake, piscivores take up much more than planktivores (see Rowan and Rasmussen,
1994). The basic values used (1, 2 3, and 4) here have largely been derived from that work.

Bioturbationjactor = if Gross_sed > 20 then 1 else (4-0.02*(Gross_sed/l-l))
DOCUMENT: The biological mixing from benthos, gas ebullition, etc, will create a transport of old,
previously deposited sediments into the compartment of the active sediments. This will influence the age
of the active sediments. It is well-known from coastal area sedimentological studies (see Hakanson and
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Jansson, 1983) that benthos can eat the bottom sediments many times (up till 7 times). This means that
the actual age of the active sediments is older than indicated by the simple ratio between sedimentation
(cm/yr) and thickness of active sediment layer (cm). The correction factor is related'to gross
sedimentation (see Hakanson and Jansson, 1983). If the deposition is very high, then the bottom-living
animals are less likely to be able to create a complete mixing. If gross sedimentation is larger than 20
gdw/m2*day, it is assumed that the oxygen consumptiomn is so high that the oxygen concentration is
smaller than 2 mg/1 and bioturbation is halted because meio- and macrobenthos die.

Biouptake_delay_factor = if Fish_weight > 100 then Fish_weight/100 else 1
DOCUMENT: The biouptake delay factor accounts for the fact that large/old animals high up in the
nutrient chain do not respond as quickly to changes in concentrations in water as small/young
planktivores (see e.g., Hakanson, 1991). In this model where the calculation time, dt, is set to one month,
the delays factor is set to 1 for small fish (weiging less than 100 g ww).

Bulk_density = 100*2.6/(100+(Water_content+Loss_on_ignition)*(2.6-l))
DOCUMENT: This is a formula from Hakanson and Jansson (1983). Values in g ww/cm3.

Catchment_area = 10*Coastal_area

DOCUMENT: The catchment area in m2. A default estimate of the size of the catchment is 10*A (A =
coastal area; see Hakanson and Peters, 1995). This value may be used if actual data on catchment area is

missing.

Coastal_area = 5*10A6

DOCUMENT: This is the coastal area in m2.

Conc_in_A_sed = Amount_in_A_sediments/((10A3)*Volume_of_A_sed*Bulk_density*(l-
Water_content/100))
DOCUMENT: Values in Bq/kg dw.

Conc_in_Sea = Initial_Cs_conc_in_sea*EXP(-TIME*Halflife_in_sea)
DOCUMENT: The Cs-concentration outside the given coastal area is given in Bq/m3. Cssea is a most
important driving variable. Preferably, the value should be based on measurements. It is, however,
evident, that it would be a serious drawback if this model did not include a sub-routine to estimate Cssea.
Fig. 38 illustrates measurement data from the Baltic concerning Cs-concentrations in surface water (1984-
1991). There is also information about the fallout to the Baltic (see various publications from HELCOM,
the Helsinki commission). Fallout varied from 1 to 75 kBq over large parts of the Baltic. There is an
evident, but in its details very complex, relationship between fallout and surface water concentration of
radiocesium. The sub-routine in this models uses a calculation constant of 0.01 (m2/m3) to transform the
fallout (Bq) into a characteristic Cs-concentration in water (Bq/m3) at the month of the fallout. Since the
default coastal area has a fallout of 50,000 Bq/m2, the estimated initial Cs-concentration in the sea water
is 500 Bq/m3 for the default coastal area. A value which was typical for large parts of the Baltic in 1986.
Fig. 38 also illustrates the slow recovery process for Cssea. The Cs-concentrations even increase in large
parts of the Baltic from 1986 till 1990. This model uses a simple ecological halflife approach to calculate
the time-dependent changes.

Cswa_Bqm3 = 1000*Total_conc_in_water
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Current_velocity = 2.5

DOCUMENT: This is "the characteristic monthly coastal current in cm/sec. Typical values for coastal
currents in the Baltic are given in fig. 9. Here we will use a default value of about 0:5 knots, or 2000 m/hr
or 2.5 cm/sec.

DC = (Resuspension_to_water+Resusp_to_A)/(Sed_on_A+Sed_on_ET)
DOCUMENT: This is the resuspended fraction of the sedimentation of particulate radiocesium.

Dcrit = if Dcrit_limit > Mean_depth then Mean_depth else Dcrit_limit

DOCUMENT: The critical depth separating ET-areas from A-areas. The critical depth is not allowed to
be larger than the mean depth.

Dcrit_limit = if ABS(Surface_water_temp-Bottom_water_temp) < 4 then 0 else
1.0*ABS(Surface_water_temp-Bottom_water_temp)
DOCUMENT: This is the algorithm used to predict the depth separating the surface water from the deep

water. It is based on the absolute difference between the mean monthy surface water and deep water

temperatures and a calculation constant (dimension m/°C), which sets the maximum depth of the surface
water to 10 m under stratified, which is valid for Baltic coastal areas (Persson et al., 1994).

Deep_water_flow = (Vold)/(Td+Mixing_rate)
Default_runoff_rate_for_OA = 0.04*(Mean_annual_precipitation/650)A2
DOCUMENT: Values in I/month. From Hakanson et al., (1996), the VAMP-model.

Default_settling_velocity = if DC_resusp > 0.99 then ((12/12)*2) else ((12/12)*(1-
DC_resusp)+2*(12/12)*(DC_resusp))
DOCUMENT: The settling velocity in m/month for coastal areas is first based on a well calibrated value
for radiocesium in coastal areas of 12 m/month (see also Hakanson, 1998a). Then, it is assumed that the
sedimentation is twice as fast for the resuspended matter and that rate depends on the amount of
suspended matter and the salinity (see Burban et al., 1989).

Diffusion_rate = (0.002/12)*(Gross_sed/10)*(0.02/Thickness_of_active_layer)
DOCUMENT: It is assumed that a default value of the diffision rate is about 0.002 per year. The normal
default value for the sedimentation is set to 10 gdw/m2*day .

Dissolved_conc = Dissolved_fraction*Total_conc_in_water
Dissolved_fraction = l/(l+(Kd*Susp_concentration)/1000000)
DOCUMENT: The dissolved (D1) fraction, i.e., DVT, where T = the total amount (T = D1 + P'; where P':
the particulate fraction; T, D' and P' in Bq/1). By definition Kd = P/D', where P is Bq/kg and D' is Bq/1,
i.e., Kd is given in I/kg.
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Distribution_coefficient = 0.5 < " •

DOCUMENT: This distribution coefficient is used to partition the fluxes from inflow areas into outflow
areas and directly into the coastal water. The default value of this distribution coefficient is 0.5, i.e., 50%
of the transport goes directly into the water.

Emp_mean_annual_Q = 0

DOCUMENT: If empirical data on water discharge (Q) are available, such values are preferable to the
default values for Q predicted by the sub-model for Q given in this model.

Estuary = 1
DOCUMENT: There is a simple rule-of-the-thumb-method to estimate if it is necessary to consider the
freshwater impact on the given coastal area (see Persson and Hakanson, 1996): If the salinity of the
enclosed coast is lower than 90% of the salinity of the outside sea, then the given coast should be
considered as an estuary, which is indicated by 1 (and 0 if it is not an estuary).

ETlimitl=If 10A(0.14-2.86*((Volume*10A(-9))A0.5)+0.08*logl0(Mean_filter_factor)+0.02*Max_depth-
0.25*Relative_depth) > 1 then 1 else 10A(0.14-2.86*((Volume*10A(-
9))A0.5)+0.08*logl0(Mean_filter_factor)+0.02*Max_depth-0.25*Relative_depth)
DOCUMENT: The bottom dynamic conditions (i.e., where processes of fine sediment erosion, transport
and accumulation prevail) can be determined with different methods, like echosounding, sediment
sampling and sediment analysis (see Hakanson and Jansson, 1983). All those methods require field work,
trained personnel and they are all costly and time-consuming. This means that it is an advantage that the
fractions of ET-areas (ET) and A-areas (A = 1-ET) can, in fact, be predicted quite well with empirical
models based on readily available morphometric parameters (see Hakanson, 1986; Persson and Hakanson,
1995). This model for radiocesium uses a new sub-model to predict ET. It has been developed for this
model for radiocesium and from a requirement that no more driving variables should be used than the
driving variables already included in the model for other purposes. This means that the models presented
by Persson et al. (1995), which provide somewhat higher r2-values that the model given here, because
they use driving variables like the mean depth of the coastal area beneath the wave base and criteria to
determine whether the given coastal areas has or has not a direct contact with the sea, will not be used.

The driving variables for this model are:
Step 1; coastal volume (Vol in km3); r2 = 0.28; the larger the volume, the larger the percentage of A-
areas and the smaller the ET-areas.
Step 2; mean filter factor (MFf); r2 = 0.41; the is certainly a logical model variable; the larger the MFf-
value, the more open the coast outside the given coastal area, the greater the wind/wave impact and the

larger the ET-areas.
Step 3; the maximum depth (Dmax); r2 = 0.47; the greater the maximum depth, the greater the percentage
of slope-induced ET-areas.
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Step 4; the relative depth (Drel); r2 = 0.65; this is a morphometric parameters which is well-known to be
important in contexts of sediment focusing and bottom dynamic conditions (see Hakanson and Peters,
1995); the greater the Drel-value, the greater the percentage of slope-induced ET-areas.

The maximum depth and the relative depth are by definition related to one another, but they are not very
highly correlated (r2 = 0.41 for 39 Baltic coastal areas) because they represent different form elements of
coastal areas.

These results are based on data presented by Persson and Hakanson (1996) and methods (including
stepwise multiple regression analysis) presented by Hakanson and Peters (1995) for 38 Baltic coastal
areas. Note that this empirical model may produce uncertain prediction if it is used for other coastal areas,
like areas influenced by heavy tides, y = log(ET); ET in % of Area. Vol = volume in km3; MFf = mean
filter factor; Dmax = max. depth in m; Drel = relative depth. F > 4.

Step x-variable r2

1 VVol 0.28

2 log(MFf) 0.41
3 Dmax 0.47
4 Drel 0.65

Model

y=3.03-0.98*xl

y=2.07-1.13*xl+0.08*x2
y=2.02-1.49*xl+0.08*x2+0.01*x3
y=2.14-2.86*xl+0.08*x2+0.02*x3-0.25*x4

This formula is based on data from Baltic coastal areas and this sets the domain for this formula. If ET
cannot be estimated with this morphometrical regression equation, the default assumption in this model
for radiocesium is to set ET = 0.7, i.e., as 70% of the coastal area.

ET_areas = if ETlimitl < 0.15 then 0.15 else ETlimitl

DOCUMENT: The ET-areas are never allowed to be smaller than 15% of the total area (see Hakanson

and Jansson, 1983).

Exposure = 100*Section_area/Coastal_area

DOCUMENT: In this coastal ecosystem approach, it is important to define the fundamental unit, the
coastal ecosystem. This is not a diffuse food-web structure, but a defined geographical area. If a given y-
variable (like radiocesium concentration in a key functional organism) varies more within a defined
ecosystem (like a coastal area) than among ecosystems, it becomes very difficult to develop models that
predict the variable. Such cases may arise where the definition of the boundaries of the ecosystem are
ecologically inappropriate. An ecosystem is presumably a rather uniform entity with respect to its
defining characteristics.

The exposure of the coastal area is the ratio between the section area and the water surface (Ex =
100* At/A, where At = the section area or the opening area towards the sea in km2 and A = the coastal
area in km2). Arbitrary border lines can be drawn in many ways and the morphometric characteristics of
such areas would be devoid of meaning in relation to target y-variables. The approach in this work (see
also Pilesjo et al., 1991) assumes that the borderlines are drawn at the topographical bottle-necks so that
the exposure of the coast from winds and waves from the open sea is minimized. It is easy to use the Ex-
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value as a tool to test different alternative borderlines and define the coastal ecosystem where the Ex-

value is minimal. ' ..

If the exposure is larger than about 1.5 (see Persson et al., 1994), the water exchange between the coast
and the sea is regulated either by coastal currents, or, if the tidal variation is larger than about 50 cm, by
tidal currents.

It is always important to define the presuppositions of any model. When and where will it apply? The
definition of the ecosystem boundaries and the related determination of the driving force for the water
exchange are two crucial aspect of this.

Filter_factor = 3
DOCUMENT: The filter factor (Ff, km3) is a measure quantifying the amount of wave energy from the
sea that reaches a coastal area after passage through the surrounding archipelago (from Pilesjo et al.,
1991). Ff is basically a modification of the effective fetch (see Hikanson et al., 1984), which gives the
wind/wave impact at one single point. The filter factor, on the other hand, accounts for the wind/wave
impact on the entire coastal area. The filter factor is defined as:

Ff = X(Z(cos(ai)*xi)*At)j

where ai and xi are angles in radians and distances to land in km, respectively, for a imaginary bunch of
radials starting from the mid point of one of the opening sections of the coastal area (At). The index i
ranges from 1 to 315, which means that the angle varies between -%I2 and 7C/2 radians in relation to the
normal of the opening section. The sum of cos(ai)*xi for the 315 angles is multiplied by the section area
of the opening. This product is calculated for all the openings in the coastal area (j), and the sum of them
is the filter factor.

A large section area and an open surrounding archipelago give a high Ff-value. It should be noted that the
filter factor cannot be calculated if one or more radials are endless. However, the influence of the
effective fetch (xi) on the waves and the bottom dynamic conditions is more or less constant if the fetch
exceeds 100 km (Hakanson et al., 1984), so the maximum length of a radial is set to 100 km in the
calculation of the filter factor.

The mean filter factor (MFf) is defined as the ratio between the filter factor (Ff) and the number of
openings (i.e., section areas) toward the sea and/or adjacent coastal areas. It is used in the sub-model to
predict the theoretical deep water retention time (Td).

Fish_species_feed_habit = if Fish_weight > 10 then 1/8 else 0.005

This factor should reflect the importance of radiocesium fluxes from active sediments and suspended

particulate matter.

If benthivore use value 1/2.
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If piscivore use value 1/8.
If omnivore use value 1720.
If phytoplanktivore use value 1/200.
For mixed, or uncertain cases, select:
Benti/piscivores/zooplankton 1/4
Pisci/Omnivores 1/18
Omni-or zooplanktivores 1/100
Zooplantivores 1/50

Fish_weight = 1000
DOCUMENT: This is the wet weight in g.

Form_factor = 3*Mean_depth/Max_depth
DOCUMENT: This is the form factor, often also called the volume development (Hakanson, 1981).

Gross_sed = if ((Fonn_factor/3)nOA(0.323-0.61 l*LOG10(Coastal_area*10A(-
6))+l.009*LOG10(Inorganic_nitrogen_conc)-0.587*LOG10(Secchi_depth)+0.0238!)=Filter_factor)) < 1
then 1 else ((Form_factor/3)*10A(0.323-0.611*LOG10(Coastal_area*10A(-

6))+1.009*LOG10(Inorganic_nitrogen_conc)-0.587*LOG10(Secchi_depth)+0.0238*Filter_factor))
DOCUMENT: This model presents a new empirical model for sedimentation in coastal areas. One strict
demand on this model is that it must only be driven by variables already included in the overall model for
radiocesium for other purposes. This means that Secchi depth, which is included only in this sub-model
for gross sedimentation, is not an obligatory driving variable. Values of Secchi depth can be predicted
from the regression in fig. 47, i.e., from measured data on SPM.

The method used to derive this empirical model, including the stepwise multiple regression analysis, is
given in Hakanson and Peters (1995). This model is based on data on gross sedimentation from sediment
traps placed in the deepest parts of the coastal areas (SedB). Thus, the equation provides maximum values
of gross sedimentation. It is well known (see Hakanson and Jansson, 1983) that sedimentation increases
from about 0 at the limit between areas of transport and areas of accumulation to maximum values at the
deepest part of the basin, a phenomena often referred to as "sediment focusing". In this approach there is a
correction factor applied to the model-predicted values based on this knowledge. The predicted values on
gross sedimentation are assumed to be correct for U-shaped basin, with a form factor of 3, and too low for
V-shaped basin with a form factor smaller than 3. So, the ratio Vd/3 is used as a correction factor.

The "ladder" below gives the empirical model to predict gross sedimentation. These results are based on
data for 23 Baltic coastal areas presented by Wallin and Hakanson (1992) and methods presented by
Hakanson and Peters (1995). Note that the model may produce very uncertain prediction if it is used for
other coastal areas, like areas influenced by heavy tides, y = log(SedB); SedB in g dw/m2*day. IN =
inorganic nitrogen in mg/m3; Area in km2; Secchi depth in m.

Step x-variable r2 Model
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1 log(IN) 0.50... y=-0.78+1.47*xl
2 log(Area).... 0.61... y=-0.48+1.40*xl-0.37*x2
3 Ff.... 0.67... y=-O.66+1.53*xl-O.59*x2+O.O17*x3~

4 log(Secchi).... 0.74... y=0.323+1.009*xl-0.611*x2+0.0238*x3-0.587*x4

The model for gross sedimentation is:

GS = (Vd/3)*SedB

and SedB = the gross sedimentation in near-bottom sediment traps, as determined from the empirical
model:

SedB = 10A(0.323-0.61 l*log(Area)+1.01*log(IN)-0.587*log(Sec)+0.0238*Ff))

Note that Area is given in km2 in this model. The model is valid if the model variables are within the
following ranges:

Area IN Sec Ff
Min. 1.6 14 1 0.06

Max. 14.1 52 6.9 30.7

The values for IN and Secchi depth (Sec) should be the mean, characteristic values for the production
period.

So, gross sedimentation increases with:

1. Inorganic nitrogen (IN) concentration, which is related to primary production.

2. Area, which is directly related to effective fetch and the internal loading (resuspension).
3. The filter factor, i.e., the "wind/wave energy filter"; the larger Ff, the more open the coast.
4. Secchi depth, which evidently is related to the amount of suspended particulate matter in the coastal
water.

If gross sedimentation (GS) is larger than 20 dw/m2*day, it is assumed that the oxygen consumption is so

high that the oxygen concentration is smaller than 2 mg/1 and bioturbation is halted because meio- and

macrobenthos die.

The bioturbation factor (BF) is given by:

if GS > 20 then BF = 1 else

BF = (4-0.02*(GS/l-l))

where 4 is the bioturbation and compaction constant, 0.02 is the amplitude value and 1 the norm-value for

GS.
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If the actual GS-value increases from the norm-value of 1 to 10, the BF-value changes from 4 to 3.18.
This means that the mean age of the sediments is likely to be about 20% lower just-by accounting for
these changes in bioturbation and compaction.

Halflife_in_sea= 1/(3*12)

DOCUMENT: The ecological halflife for radiocesium in the sea outside the given coast (Tsea;
I/months); the default value for Tsea in the Baltic is set to 3 years or 36 months.

Initial_Cs_conc_in_sea = Fallout/(100)

DOCUMENT: The sub-routine in this models uses a calculation constant of 0.01 (m2/m3) to transform
the fallout (Bq) into a characteristic Cs-concentration in water (Bq/m3) at the month of the fallout.

Inorganic_nitrogen_conc = 20

DOCUMENT: This is the empirically measured concentration of inorganic nitrogen (IN) of the surface
water in \ig/l. The value may be influenced by fertlization, for example from point source emissions like
fish farms and water treatment plants. Generally, one would need a mass-balance model to predict
realistic changes in IN-values related to given emissions or remedial measures. Since the water retention
time of coastal areas is often 2-6 days, it is generally difficult to maintain high concentrations of nutrients
in coastal areas, and, hence, difficult to use fertilization as an effective remedial measure for radionuclide
concentrations in water and biota.

Kd = Kd_constant/(K_concentration)

DOCUMENT: The default value of coastal area Kd is set to 800000 I/kg susp. (from IAEA, 1999).
Another approach (see Comans, 1997) is to express Kd as a function of frayed edge site concentration,
CFES, the K-concentration, Kwa, and the selectivity coefficient between radiocesium and potassium
(Kc), where Kd=Kc*CFES/Kwa. Kc and CFES are assumed to be constants since it is generally very
difficult to access reliable empirical data of these model variables for different coastal areas. This means
that the approach may be written as: Kd =const/Kwa. After calibrations using data from many Swedish
coastal areas, the constant is set to 1 if Kwa is given in mg/1. Kd has the dimension I/kg. Hence, the
constant has the dimension mg K/kg.

Kd_constant = 800000

K_concentration = 1

DOCUMENT: This is the K-concentration in mg/1. The atom weight for K is 39.1. 39.1 g/1 = 1 M or 39.1
u.g/1 =0.0391 mg/1 = l\iM. 36.7 |iM = 36.7*0.0391 = 1.4 mg/1. For most aquatic systems, the K-
concentration varies in the range from 0.25 for very oligotrophic forest coastal areas to 50 mg K/l for
hypertrophic waters (see Hakanson and Peters, 1995). The assumed default value for Baltic coastal areas
is 1 mg/1.
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K_moderator = 300/(4.5+(K_concentration/0.0391)A0.75)
DOCUMENT: This is the new moderator (from the EGOPRAQ project; see also Hakanson, 1998)
expressing the influence of coastal area K-concentrations on the biouptake rate for plants and animals.
The dimensionless moderator is based on physiological mechanistic sub-models for the bioconcentration
factor (BCF) for both sufficiency (Kwa > 0.1 M) using the Nernst equation and deficiency (Kwa< 0.1 M)
using the Michaelis-Menton approach. The K-moderator describes the influence of varying K-
concentrations in water (Kwa) on the bioconcentration factor in plants (BCF). The temperature influence
on BCF has been tested for different temperatures (30, 20, 10 and 5 °C) and for varying concentations of
cesium in water, but neither temperature nor different cesium concentrations in water seem to have and
major influence on the K-moderator. The entire realistic range for Kwa from 0.01 to 80 mg K/1 have been
tested in the derivation of the K-moderator. The K-moderator gives BCF as a function Kmod =
BCF(Kwa)/BCF(Kwamax), where Kwamax is 2000 |iM (2*39.1 mg/1).

Latitude = 60
DOCUMENT: Latitude in °N. The higher the latitude, the greater the potential seasonal variability in
tributary water discharge (Q) and temperature, when everything else is kept constant.

Loss_on_ignition = 10*(100-Water_content)/100
DOCUMENT: This is the loss on ignition (~ organic content) of the active A-sediments, 0-5 cm. A
typical default value for Baltic sediments is about 10% dw (see Hakanson, 1986).

Max_depth = 30
DOCUMENT: Max. depth in m. The value for the default coastal area is set to 30 m.

Mean_annual_precipitation = 750

DOCUMENT: The mean annual precipitation in mm/year. The higher the precipitation, the greater the
potential seasonal variability in tributary water discharge, Q. The default value is set to 750 mm/yr.

Mean_annual_Q = if Emp_mean_annual_Q=0 then
0.38*Mean_annual_precipitation*Catchment_area*10A-6/3600/24/365.25*1000else
Emp_mean_annual_Q
DOCUMENT: Model from Chow (1988), see also Abrahamsson and Hakanson (1997).

Mean_depth = 9
DOCUMENT: The mean depth of the coastal area in m. The value for the default coastal area is set to 9
m.

Mean_filter_factor = Filter_factor/Number_of_openings
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DOCUMENT: The filter factor describes how the morphometric conditions outside the defined coast
(island, etc.) could act as an energy filter for the given coastal area. A default value, of 1.5 may be used if
actual data are missing. •

Mean_slope = 4.59 + 0.19*Mean_depth - 1.86*((Section_area*1000)/Volume)A0.5 +
5.7*LOG10(Relative_depth)

DOCUMENT: The mean slope (xm in %) can be defined in many ways (see Hakanson, 1981; Pilesjo et
al., 1991). The mean slope can be predicted quite well (r2 = 0.78 based on data from 39 Baltic coastal
areas; data from Wallin et al., 1992) from the following regression equation, which has been derived for
this model from the presupposition that no more driving variables should be accepted to predict the mean
slope, which is used in this coastal model to predict the theoretical deep water retention time, which is not
(see sensitivity and uncertainty analyses in Hakanson, 1998b) a very important model variable. So, xm
can be predicted from the following equation:

xm = 4.59 + 0.19*Dm - 1.86*(At/Vol)0.5 + 5.7*log(Drel)

where
Drel = the relative depth;

At = the section area in km2; note that At is given in km2 and not in m2 in this equation for
xm;

Vol = the coastal volume (= Dm*Area) in km3; note that Vol is given in km3 and not in m3 in
this equation for xm;
Dm = the mean depth (= Vol/Area) in m.

Mixing_rate = if l/ABS(Surface_water_temp-Bottom_water_temp) > 1 then 1 else
l/ABS(Surface_water_temp-Bottom_water_temp)

DOCUMENT: The mixing rate is defined by the ratio between surface and bottom water temperatures in

such a way that the values is 1 when the coastal wateras are homothermal and smaller than 1 during
stratified conditions when mixing of suspended particles between bottom and surface waters is lower.

Modified_runoff_rate =

SeasonaLmoderator_for_Q*Default_runoff_rate_for_OA/(12*(sqrt(DELAY(TIME,Month_of_fallout,l))

))
DOCUMENT: This is the outflow rate (1 /month) from the catchment, or rather from the outflow areas
(the wet land) of the catchment; from the VAMP model (Hakanson et al., 1996). This is the general
formula for the rate, which is modified by the seasonal moderator for Q (an increased rate during spring
and fall peaks). The rate is time-dependent: It decreases with time from the month of the fallout (given by
1/Vtime). A delay function initiates the runoff to the month of the fallout. The outflow rate function will
cause outflow rate to decrease with time.

Monthly_discharge_Q = Mean_annual_Q*60*60*24*30*Seasonal_moderator_for_Q
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DOCUMENT: There is a simple rule-of-the-thumb-method to estimate if it is necessary to consider the
freshwater impact on th'e given coastal area:

If Q is larger than 10% of the water flow from the sea, as given by:

R = Vols/(Ts+T"s+T'"s)

then Q is included in the calculation and the total water flow is given by:

R+Q = Vols/(T's+T"s+T'"s) + Vold/(Td+Mix) + Q

Where the first factor is the water flow for the surface water, the second factor the deep water flow, which
is calculated from the theoretical deep water retention time (Td), the volume of the deep water (Void) and
by accounting for internal mixing (see fig. 42), which redistributes water within the coastal area but does
not contribute to the water exchange between the coastal area and the sea or adjacent coastal areas.

Month_of_fallout = 5
DOCUMENT: This is the month of the fallout. 1 for Jan., etc.

Number_of_openings = 2

DOCUMENT: This is the number of openings (or section areas) towards the sea and/or adjacent coastal
areas. The value for the default coastal area is set to 2.

Outflow_areas_OA = 0.2

DOCUMENT: This is the default value for the percentage of outflow areas in the catchment. The value
0.2 (= 20%) corresponds to the mean value of wet lands (mires, coastal areas, rivers, bogs, etc.) for
Swedish catchment areas (see Hakanson and Peters, 1995).

Outflow_rate = ((Total_water_exchangeArolume)+Physical_decay_rate_for_Cs)
DOCUMENT: This is a "traditional" definition of the outflow (= retention rate), see Hakanson (1998).

Particulate_amount = Amount_in_water*(l-Dissolved_fraction)
Physical_decay_rate_for_Cs = 0.693/(30.2*12)
DOCUMENT: The physical halflife of Cs-137 is 30.2 years.

Predicted_Td_in_days = if EXP(7.72-2.93*(Mean_filter_factor)-19.16/Mean_slope-
0.6*LOGN(Exposure)) < 1 then 1 elseEXP(7.72-2.93*(Mean_filter_factor)-19.16/Mean_slope-
0.6*LOGN(Exposure))
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DOCUMENT: There are three alternatives in this model to estimate the deep water retention time (Td),
(1) either one uses a default value of 60 days, or (2) Td is set to be ten times longer than Ts (or 100*Ts for
permanently stratified fjords), or (3) Td is estimated from the regression model based oh three
morphometric parameters (see fig. 25). The predicted deep water retention time (Td) is not generally
allowed to be longer than 4 months, since many European coastal areas are thermally stratified during
summer (and winter) and circulate during spring and fall. For such areas, it would not be realistic to allow
Td to be longer than about 120 days. Thus, the conditions in stratified fjords cannot be predicted by this
regression model.

It is very difficult and costly to determine Td with, e.g., the dye method illustrated in fig. 12. The costs
per area are even higher for Td than for Ts. But also Td can be predicted from readily available
morphometric parameters (r2 = 0.82), see fig. 25. This empirical model is based on three morphometric
parameters which can all be determined easily from digital bathymetric maps.

a. The mean filter factor (MFf); step 1; r2 = 0.39. This is the filter factor divided by the number of
openings; MFt is the most important morphometric factor for the Td-value; the more open the coastal area
outside the given coastal area, the smaller the size of the "wind/wave-energy filter", the larger the MFf-
value and the shorter the theoretical deep water retention time. This is certainty mechanistically
reasonable.

b. Mean slope (xm); step 2; r2 = 0.78; xm is the second most important morphometric factor for Td; the
larger the slope per volume unit, the deeper the coast and the longer the theoretical deep water retention
time. This is also logical.
c. Exposure (Ex; see fig. 17 for definition); step 3; r2 = 0.82; Ex is the third most important morphometric
factor; the more open the coast, the larger the section area (At) relative to the coastal area (Area) the
shorter the theoretical deep water retention time.

This Td-formula is, evidently, only applicable for thermally stratified coastal areas not influenced by tides

and or fresh water fluxes. It is based on data from Baltic coastal areas.

Predicted_Ts_rate = if (1/Ts_bay)+(1/Ts_from_tide)+(1/Ts_from_coastal_current) > 30 then 30 else
(1/Ts_bay)+(1/Ts_from_tide)+(1/Ts_from_coastal_current)
Relative_depth = Max_depth*(3.1416A0.5)/(20*((Coastal_area*10A(-6))A0.5))

DOCUMENT: The relative depth (Drel, %) is defined as the ratio between the maximum depth and the

mean diameter of the coastal area. The relative depth is a measurement of the stability and stratification of
water masses . Small and deep coastal areas have high Drel-values while large and shallow coastal areas
have low Drel-values.

Resuspension_rate =1/1
DOCUMENT: By definition (see Hakanson and Jansson, 1983), the materials which settle on areas of
erosion and transportation will not stay permanently where they were deposited but be resuspended by
wind/wave activity or slope processes. This is the functional definition of these areas. If the age of the
material, and hence also the retention rate, is set very long, like 10 years, then these areas will function as
accumulation areas; if, on the other hand, the age is set to 1 week, they will act as erosion areas. Generally
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(see Hakanson and Peters, 1995), it is assumed that the mean age of these deposits is about 1 month for
coastal areas. This value is also used as a default value in this model.

RR_deep = Deep_water_flow/(Vold+l)

DOCUMENT: Since the deep water volume can be zero, the value of 1 is added so that the retention rate
is mathematically defined.

Salinity = 6
DOCUMENT: This is the salinity of the given coastal area in o/oo. The default value for the Baltic is 6
o/oo.

Salinity_moderator_for_biouptake = if (0.9-0.1*((Salinity/l)-l)) < 0.2 then 0.2 else (0.9-0.1*((Salinity/l)-

D)
DOCUMENT: The potential biouptake of radiocesium will decrease if salinity increases. The is
described by this dimensionless moderator.

Sal_moderator_for_sed =
DOCUMENT: The moderator for how salinity influences the settling velocity (in m/month) of the carrier
particles for radiocesium is given as Ysal=(l+0.1*(Salinity/l-l). This means that when the actual salinity
varies from 0 to 30, the moderator varies from 0.9 to 2.9, i.e., with a factor of 3.2.

Seasonal_moderator_for_Q = 1 +0.526*((Latitude-35) A2.18/35A2.18*Seas_norm_Latmax+( 1 -(Latitude-
35)A2.18/35A2.18)*Seas_norm_Latmin)+
0.265*(Mean_annual_QA0.22/5000A0.22*Seas_norm_Qmax+(l-
Mean_annual_QA0.22/5000A0.22)*Seas_norm_Qmin)

DOCUMENT: The seasonal moderator for Q (see Hakanson and Peters, 1995, for further information)
influences the outflow rate from the catchment. A high value of the seasonal moderator for Q (during
spring and fall peaks) increases the runoff of radiocesium from land to water. A low value of the
moderator results in a small transport of radiocesium from land to water.

Secchi_depth = 5
DOCUMENT: This is the Secchi depth in m.

Section_area = 10*1000
DOCUMENT: This is the section area in m2. The default value is set to 10*1000 m2, i.e., a coastal area
(default area is 10*10A6 m2) with a fairly wide opening towards the sea. In this set-up, the surface water
retention time is predicted by the morphometric formula.
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Sedjrate = Sed_rate_of_part_Cs*(l-Dissolved_fraction)

DOCUMENT: It is assumed that the sediment rate for the carried particles of radionuclidesis the same as
the sedimentation rate for materials. *

Sed_rate_of_part_Cs = Sed velocity/Mean_depth

DOCUMENT: This is the sedimentation rate (per month) determined in the "standard" way from the
ratio between the settling velocity (m/month) and the mean depth (m).

Sed velocity = Default_settling_velocity*Susp_moderator*Sal_moderator_for_sed
Soil_permeability_factor = 25

DOCUMENT: The soil factor is a dimensionless moderator which accounts for the fact that soils of
different grain size characteristics and permeability will have different retention rates for radiocesium: the
more permeable, the larger the rate. The default values are:
1 for very permeable morainic and organic soils;

10 for mixed morainic soils and sandy soils;
50 for silty morainic soils;
60 for silty soils;
80 for clay soils.

Sur_water_flow = (Vols*Predicted_Ts_rate)
DOCUMENT: The flow of water, Q in m3/month, from the sea into the given coastal areas is defined by
the coastal surface water volume, Vols in m3, and the theoretical surface water retention time, Ts in
months.

Susp_concentration = 3

DOCUMENT: A default value for the concentration of suspended matter in the Baltic is 3 mg/1. This is
an important obligatory driving variable in this model. There are models to predict the amount of
suspended matter in coastal areas. But such model are driven by many driving variables, like total-N and
total-P in the sea, and it would not be reasonable in contexts of radioecology to replace this single
obligatorty driving variable by a sub-model which neeed many more driving variable whicvh are just as
easy or difficult to access as the suspended concentration.

Susp_moderator = l+0.22*(Susp_concentration/3.3-l)
DOCUMENT: Burban et al. (1990) have demonstrated that the salinity is not likely to be the main cause
for increased sedimentation, e.g., in estuaries. Of more importance is the changes in turbulence and
concentration of suspended matter. In this model, the calculated concentration of suspended matter will
influence the settling velocity by means of a dimensionless moderator. The amplitude value is calibrated
in such a manner that a change in the concentration of suspended matter by a factor of 10, e.g., from 3.3
(which is a typical value for the Baltic) to 33 mg/1, will cause a change in the settling velocity by a factor
of 3.
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Td = if Td_in_months < 3/30 then 3/30 else l*Td_in_months+0*10/Predicted_Ts_rate
Td_in_months = if Predicted_Td_in_days/30 > 4 then 4 else Predicted_Td_in_days/30
Thickness_of_active_layer = 0.05
DOCUMENT: As a default assumption, it is assumed that the active sediments have a thickness of 5 cm
(=0.05 m).

Tidal_amp = 2
DOCUMENT: Tidal amplitude, values in cm/day

Total_conc_in_water = 0.001 *Amount_in_water/Volume
DOCUMENT: This is the total concentration of the radionuclide in water in Bq/1.

Total_particulate_conc =

0.001 *(Fish_species_feed_habit*(Amount_in_A_sediments+Amount_in_ET_sediments+Particulate_amo
unt))/Volume
DOCUMENT: The amount of cesium in the water in particulate fraction emanates from two sources:
First, the standard abiotic, mass-balance source, as given by the amount of particulate in water. Then, a

contribution of radiocesium from active sediments. So, this factor should reflect the total importance of
radiocesium fluxes from active sediments and suspended particulate matter.

Total_water_exchange = Monthly_discharge_Q+Sur_water_flow+Deep_water_flow
DOCUMENT: Values in m3/month.

Ts_bay = if Ts_for_coastal_bay > Ts_from_coastal_current then 100 else Ts_for_coastal_bay
Ts_for_coastal_bay = if Exposure > 1.3 then Ts_from_coastal_current else Ts_limit_l
DOCUMENT: It is very costly and laborious to empirically determine the theoretical (or characteristic)
surface water retention time (Ts), which is necessary to know if concentrations of water pollutants are to
be predicted, and hence also ecosystem effects related to increases in concentrations. There are several
field methods to determine Ts and they are all costly. Ts is certainty one of the major regulating factors
for inflow, outflow and retention of substances in coastal areas. However, Ts, which is defined from the
net flow of water from the sea and adjacent coastal areas and the volume of the surface water, depends on
many more or less stochastic processes. This makes it difficult to give a reliable prediction of Ts at a
given time. In any coastal area Ts may be indefinitely long on a calm summer day and very short (say 1
hour) in connection with a storm or a sudden change in air pressure. Ts always emanates from a
frequency distribution. This model assumes that the characteristic Ts-value, the median value is being
used. There is an evident uncertainty associated with such Ts-values. As a rule of thumb one can say that
the costs to establish such a frequency distribution as in fig. 24 from traditional field measurements (using
dye, current meters, etc.) is about 20,000 USD for one coastal area. It is not very meaningful to build a

41



management model if it is a prerequisite that such field work first must be carried out to determine Ts as a
driving variable. This means that it is of major importance that Ts can, in fact, be predicted very easily
from one coastal morphometric variable, exposure.

Ts = exp(3.49-4.33*VEx)/30

This empirical model for radiocesium uses such predicted Ts-values as given by this equation. It has been
shown (Persson et al., 1994) that Ts can be predicted very well (r2 = 0.93) with this morphometric
regression equation based on the exposure (Ex), which is a function of section area (At) and coastal area
(Area). The range of this model for Ts is given by the minimum and maximum values for Ex in table 2.
That is, Ex should vary from 0.002 to 1.3, and the model should not be used when the tidal range is > 20
cm/day or for estuaries, where the fresh water discharge must also be accounted for. For open coasts, i.e.,
when Ex > 1.3 and/or the mean filter factor (MFf) > 8, Ts is calculated not by this equation but from
either a model based on coastal currents (the u-formula, see eq. 23) and/or from the tidal range formula
(the dH-formula, see eq. 24).

So, this model is based on the simplification that there are four main types of coastal areas (see fig. 15)
where different processes regulate the surface water exchange (Ts) between the given coastal area and the
sea (and/or adjacent coastal areas). One of these four is the freshwater inflow (Q). The three remaining
alternatives concern the exchange processes for the surface water (Ts in months) between the given
coastal area and the sea. The deep water retention is handled by yet another equation.

In coastal area where (a) the tidal range is smaller than about 20 cm, (b) there is no significant fresh water
inflow and (3) no specific topographical features causing strong coastal currents (> 5 cm/s), the empirical
morphometrical models for Ts and Td (see fig. 25) can be used to calculate the fluxes of radiocesium to
and from the given coastal area. More than 90% of the coastal areas in the Baltic fall in the domain for
these two models. T's (in months) is given by eq. 5, the Ex-formula. This model only applies for coastal
areas where the exposure (Ex) is in the range from 0.002 to 1.3 and for coastal areas in the range from
0.15-150 km2 and if the tidal amplitude is smaller than 20 cm/day.

For practical purpose, to avoid many time-consuming calculation steps which are necessary to obtain

stable solutions using the calculation routines (Euler or Runge-Kutta) for retention rates greater than

about 30 (= 30 exchanges per month), there is an "If_then_else" statement in the model which never

allows the surface water retention time to smaller than 1 day. This is given under the symbol called

"Predicted Ts rate".

Ts_from_coastal_current = if Exposure < 1.3 then 100 else
((Vols)/(Ycurrent*Current_velocity*0.01*60*60*24*30*0.5*Section_area))
DOCUMENT: For open coasts, Ts (in months) is based on data on the characteristic monthly coastal
current (u). Typical values for coastal current in the Baltic are given in fig. 10. This model uses a default

value of 2.5 cm/sec .

If the exposure (Ex) is smaller than 1.3, the influence of coastal currents are accounted for by eq. 5.
Coastal currents are very important for open coastal areas. This model uses a system of simple operational
rules based on two important morphometrical features, the exposure (Ex) and the mean filter factor
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(MFf), in setting the.driving processes for the surface water exchange. The influence of coastal currents is
first regulated by the exposure (Ex); if Ex > 1.3 (the limit for eq. 5), then the following equation based on
coastal currents applies. The character of the coastal area outside the given coastal area, as given by the
mean filter factor (MFf = "the energy filter") also influences how the coastal current influence the given
Ts-value. This is given by two dimensionless moderators, YEx and YMFf, defined by (see also fig. 37):

where

0.5 = the amplitude value; this value regulates the influence that an alteration in the actual
exposure (Ex) would have relative to the norm-value (here = 10) on the target Ts-value. The norm-value
of 10 means that if the exposure is larger than 10, then coastal currents (and tides) are likely to fully
influence the requested Ts-value and if the actual Ex-value is lower than the norm-value, the coastal
currents will not influence the Ts-value as much, i.e., the theoretical water retention time (Ts) will be
longer. It is evident that this is a logical construct which needs to be tested against reliable empirical data
for many coastal areas. Unfortunately, such data are difficult to access and it has been beyond the scope
of this work to carry out such studies. This is a theoretical approach for this model for radiocesium,
nothing more, nothing less. If Ex = 1, then YEx = 0.55 and coastal currents (u) influence Ts 55% less than
if Ex =10.

The dimensionless moderator for the mean filter factor, YMFf, is given by:

YMFf = (l+0.5*((MFf/50)-l))

where

0.5 = the amplitude value; the same amplitude value as in the previous moderator has been
used in this case. The denser the outside archipelago, the greater the "energy filter", the smaller the
influence of coastal current. The selected norm-value of 50 means that if the MFf is larger than 50, then
coastal currents (and tides) are likely to fully influence the requested Ts-value. Note that a filter factor of
100 means an open coast without any topographical obstacles like islands, reefs, etc. If MFf = 1, then
YMFf = 0.495 and coastal currents (u) influence Ts 50% less than if MFf = 50.

If Ex and/or MFf are larger than the norm-values, there is an "If_than_else" statement which sets the
moderators to 1. This is indicated by the symbol Ycurrent (= YEx*YMFf) in fig. 37.

This means that the theoretical surface water retention time related to coastal currents (T's in months; see
fig. 37) is given by:

T's = Vols/(Ycurrent*u*0.01*60*60*24*30*0.5*At))

where
Vols = the volume of the surface water (m3), which is calculated by another sub-model, which
will be given in the following;
u = the characteristic coastal current; u is set to 2.5 cm/sec as a default value;

At = the section area in m2;

0.5 = it is assumed that 50% of the section area is involved in the active water exchange.
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Ts_from_tide = <Vols)/(Coastal_area*Tidal_amp*Ytide*0.01*30)

DOCUMENT: For tidal coasts, Ts can be estimated from (see Hakanson et al., 1986):

T'"s = Vols/(Area*dH*Ytide*0.01*k*30)

where

Ytide = YEx*YMFf; if Ytide > 1 then Ytide = 1.YEx and YMFf are defined by equations 22 and
23;
Area = the coastal area in m2;
k = a mixing constant; k = 1 means complete mixing. This value can be used as a default
assumption if the model in run with dt = 1 month;
0.01 = a calculation constant which changes dH in cm/day to m/day;
dH = the tidal amplitude in m/month (= 30*dH, if dH is given in m/day).

Ts_limit_l = if (EXP(3.49-4.33*(ExposureA0.5)))/(30) < 1/30 then 1/30 else (EXP(3.49-
4.33*(ExposureA0.5)))/(30)
Void = (Volume- Vols+1)
DOCUMENT: Deep water volume in m3.

Vols = if Dcrit = 0 then WB_area*Mean_depth else (WB_area*Dcrit+(Coastal_area-WB_area)*Dcrit/3))
DOCUMENT: Surface water volume in m3.

Volume = Mean_depth*Coastal_area

DOCUMENT: Values in m3.

Volume_of_A_sed = Coastal_area*(A_areas)*Thickness_of_active_layer
DOCUMENT: Values in m3.

Water_content = 75
DOCUMENT: A default value of the water content of A-sediments, 0-5 cm, in coastal areas may be set
to 75% ww (see Hakanson, 1986).

WB_area = Coastal_area*((Max_depth-Dcrit)/(Max_depth+Dcrit*EXP(3-
Form_factorA1.5)))A(0.5/Form_factor)

DOCUMENT: This is the percent of the coastal area area occupied by areas of erosion (E) and
transportation (T) where resuspension of fine materials may occur due to wind/wave activity and slope
processes (see Hakanson and Jansson, 1983).

The ET-areas are determined from the position of the wave base, which gives the critical depth (Dcrit)
separating areas of transport from areas of accumulation, and the form of the hypsographic curve, which
is a function of the form factor (Vd). The mathematical expression giving the coastal area area as a
function of Vd (Vd=3*Dm/Dmax) and differet values of Dcrit is given here. This equation is new, and
has not been presented before.

44



Ycurrent = if YEx*YMFf > 1 then 1 else YEx*YMFf

DOCUMENT: The difnensionless moderators for the exposure, YEx, and for the mean filter factor,

YMFf, express how the topographical openness of the coastal area and the topogrraphical characteristics

outside the coastal area influence the impact of coastal currents on the theoreticalsurface water retention

time, Ts.

YEx = (l+0.5*((Exposure/10)-l))

YMFf = (1 +0.5 *((Mean_filter_factor/50)-1))

Ytide = if YEx*YMFf > 1 then 1 else YEx*YMFf

Bottom_water_temp = GRAPH(M0D(TIME,12))

(1.00,4.00), (2.00, 4.00), (3.00, 4.00), (4.00, 4.00), (5.00, 4.50), (6.00, 6.00), (7.00, 8.00), (8.00, 10.0),
(9.00, 8.00), (10.0, 7.00), (11.0, 4.00), (12.0,4.00)
DOCUMENT: This is the mean monthly bottom water temperature in °C. This is a standard, default
curve for Swedish Baltic coastal areas for this model. Ideally, these values should emanate from empirical
measurments.

Fallout = GRAPH(TME)

(1.00, 0.00), (2.00, 0.00), (3.00, 0.00), (4.00, 0.00), (5.00, 50000), (6.00, 50000), (7.00, 50000), (8.00,
50000), (9.00, 50000), (10.0, 50000), (11.0, 50000), (12.0, 50000), (13.0, 50000), (14.0, 50000), (15.0,
50000), (16.0, 50000), (17.0, 50000), (18.0, 50000), (19.0, 50000), (20.0, 50000), (21.0, 50000), (22.0,
50000), (23.0, 50000), (24.0, 50000), (25.0, 50000), (26.0, 50000), (27.0, 50000), (28.0, 50000), (29.0,
50000), (30.0, 50000), (31.0, 50000), (32.0, 50000), (33.0, 50000), (34.0, 50000), (35.0, 50000), (36.0,
50000), (37.0, 50000), (38.0, 50000), (39.0, 50000), (40.0, 50000), (41.0, 50000), (42.0, 50000), (43.0,
50000), (44.0, 50000), (45.0, 50000), (46.0, 50000), (47.0, 50000), (48.0, 50000), (49.0, 50000), (50.0,
50000), (51.0, 50000), (52.0, 50000), (53.0, 50000), (54.0, 50000), (55.0, 50000), (56.0, 50000), (57.0,
50000), (58.0, 50000), (59.0, 50000), (60.0, 50000), (61.0, 50000), (62.0, 50000), (63.0, 50000), (64.0,
50000), (65.0, 50000), (66.0, 50000), (67.0, 50000), (68.0, 50000), (69.0, 50000), (70.0, 50000), (71.0,
50000), (72.0, 50000), (73.0, 50000), (74.0, 50000), (75.0, 50000), (76.0, 50000), (77.0, 50000), (78.0,
50000), (79.0, 50000), (80.0, 50000), (81.0, 50000), (82.0, 50000), (83.0, 50000), (84.0, 50000), (85.0,
50000), (86.0, 50000), (87.0, 50000), (88.0, 50000), (89.0, 50000), (90.0, 50000), (91.0, 50000), (92.0,
50000), (93.0, 50000), (94.0, 50000), (95.0, 50000), (96.0, 50000), (97.0, 50000), (98.0, 50000), (99.0,
50000), (100, 50000), (101, 50000), (102, 50000), (103, 50000), (104, 50000), (105, 50000), (106,
50000), (107, 50000), (108, 50000), (109, 50000), (110, 50000), (111, 50000), (112, 50000), (113,
50000), (114, 50000), (115, 50000), (116, 50000), (117, 50000), (118, 50000), (119, 50000), (120,
50000), (121, 50000)
Fallout_of_Cs = GRAPH(TIME)

(1.00, 0.00), (2.00, 0.00), (3.00, 0.00), (4.00, 0.00), (5.00, 50000), (6.00, 0.00), (7.00, 0.00), (8.00, 0.00),
(9.00, 0.00), (10.0, 0.00), (11.0, 0.00), (12.0, 0.00), (13.0, 0.00), (14.0, 0.00), (15.0, 0.00), (16.0, 0.00),
(17.0,0.00), (18.0, 0.00), (19.0, 0.00), (20.0, 0.00), (21.0, 0.00), (22.0, 0.00), (23.0, 0.00), (24.0, 0.00),
(25.0,0.00), (26.0, 0.00), (27.0, 0.00), (28.0, 0.00), (29.0, 0.00), (30.0, 0.00), (31.0, 0.00), (32.0, 0.00),
(33.0, 0.00), (34.0, 0.00), (35.0, 0.00), (36.0, 0.00), (37.0, 0.00), (38.0, 0.00), (39.0, 0.00), (40.0, 0.00),
(41.0, 0.00), (42.0, 0.00), (43.0, 0.00), (44.0, 0.00), (45.0, 0.00), (46.0, 0.00), (47.0, 0.00), (48.0, 0.00),
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(49.0, 0.00), (50.0, 0.00), (51.0, 0.00), (52.0, 0.00), (53.0,0.00), (54.0, 0.00), (55.0, 0.00), (56.0, 0.00),
(57.0, 0.00), (58A-0.00), (59.0, 0.00), (60.0, 0.00), (61.0, 0.00), (62.0, 0.00), (63.0, 0.00), (64.0, 0.00),
(65.0, 0.00), (66.0,0.00), (67.0, 0.00), (68.0, 0.00), (69.0, 0.00), (70.0, 0.00), (71.0,<f.O0), (72.0, 0.00),
(73.0, 0.00), (74.0, 0.00), (75.0, 0.00), (76.0, 0.00), (77.0, 0.00), (78.0, 0.00), (79.0, 0.00), (80.0, 0.00),
(81.0, 0.00), (82.0, 0.00), (83.0, 0.00), (84.0, 0.00), (85.0, 0.00), (86.0, 0.00), (87.0, 0.00), (88.0, 0.00),
(89.0, 0.00), (90.0, 0.00), (91.0, 0.00), (92.0, 0.00), (93.0, 0.00), (94.0, 0.00), (95.0, 0.00), (96.0, 0.00),
(97.0, 0.00), (98.0, 0.00), (99.0, 0.00), (100, 0.00), (101, 0.00), (102, 0.00), (103, 0.00), (104, 0.00), (105,
0.00), (106, 0.00), (107, 0.00), (108, 0.00), (109, 0.00), (110, 0.00), (111, 0.00), (112, 0.00), (113, 0.00),
(114, 0.00), (115, 0.00), (116,0.00), (117, 0.00), (118, 0.00), (119, 0.00), (120, 0.00)
DOCUMENT: This is the mean fallout of Cs-137 on the catchment and the coastal area after the
Chernobyl accident in Bq/mA2.

Seas_norm_Latmax = GRAPH(MOD(time, 12))

(1.00, -1.00), (2.00, -1.00), (3.00, -1.00), (4.00, -1.00), (5.00, 2.17), (6.00, 2.51), (7.00, 0.63), (8.00, 0.24),
(9.00, 0.05), (10.0, -0.03), (11.0, -0.66), (12.0, -0.92)
DOCUMENT: This norm is defined by Abrahamsson and Hakanson (1997).

Seas_norm_Latmin = GRAPH(MOD(time, 12))

(1.00, 1.04), (2.00, 1.37), (3.00, 0.56), (4.00, 0.38), (5.00, -0.29), (6.00, -0.23), (7.00, -0.62), (8.00, -0.71),
(9.00, -0.79), (10.0, -0.74), (11.0, -0.28), (12.0, 0.32)
DOCUMENT: This norm is defined by Abrahamsson and Hakanson (1997).

Seas_norm_Qmax = GRAPH(MOD(time, 12))

(1.00, -0.71), (2.00, -0.48), (3.00, -0.17), (4.00, -0.17), (5.00, 0.62), (6.00,1.74), (7.00, 0.52), (8.00, 0.09),
(9.00, -0.16), (10.0, -0.2), (11.0, -0.63), (12.0, -0.44)
DOCUMENT: This norm is defined by Abrahamsson and Hakanson (1997).

Seas_norm_Qmin = GRAPH(MOD(time, 12))

(1.00, 0.58), (2.00, 0.81), (3.00, 0.84), (4.00, 1.58), (5.00, -0.1), (6.00, -1.00), (7.00, -1.00), (8.00, -1.00),
(9.00, -0.82), (10.0, -0.56), (11.0, 0.11), (12.0, 0.54)
DOCUMENT: This norm is defined by Abrahamsson and Hakanson (1997).

Surface_water_temp = GRAPH(MOD(TIME,12))

(1.00, 0.00), (2.00, 0.00), (3.00, 3.00), (4.00,4.00), (5.00,7.00), (6.00,11.0), (7.00, 16.0), (8.00, 20.0),

(9.00, 15.0), (10.0, 7.00), (11.0,4.00), (12.0,1.00)
DOCUMENT: This is the mean monthly surface water temperature in °C. This is a standard, default
curve for Swedish Baltic coastal areas for this model. Ideally, these values should emanate from empirical
measurments.
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A GENERAL MODEL FOR PREDICTING THE EFFECTS OF
COUNTERMEASURES TO REDUCE THE RADIONUCLIDE

CONTAMINATION LEVELS IN RIVERS AND COMPLEX CATCHMENTS

Luigi Monte ENEA CR Casaccia CP 2400, 00100 Roma AD, Italy

INTRODUCTION

The prediction of the radionuclide migration through complex catchments is of importance
for evaluating the countermeasure effectiveness to restore water bodies contaminated by
radioactive substances.

In recent years, studies have been initiated to develop generic models that are driven by
small sets of environmental parameters and can be applied to catchments showing different
environmental conditions.

New methodologies, based on the predictions of environmental collective processes, have
been proposed to develop such types of generic models (Monte, 1996; Monte et al. 1997a).

In general, models make use of two categories of environmental parameters:

• Site specific parameters;

• Generic parameters.

The first category is comprised of the environmental parameters whose values may be
easily obtained for any specific environmental system. Obvious examples of site specific
parameters are the depth, the surface area and the volume of a water body, catchment area,
water fluxes, etc.

In contrast, the second category includes the parameters whose site specific values are not
available (radionuclide migration rate from water to sediment, migration rate from catchment to
water bodies, etc.). These latter may greatly influence the uncertainty of the model output due to
their local variability that generally cannot be reliably predicted.

Collective models are based on the hypothesis that the values of certain generic parameters
depend only slightly on the environmental conditions. In case of aquatic systems it has been
demonstrated that such models may be successfully applied to aquatic systems for predicting the
migration of radiocaesium and radiostrontium (Monte, 1996; Monte 1997a; Monte 1998a).

The model of complex catchment described here is based on collective processes that
summarise large class of competing environmental phenomena (Monte, 1996).
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DESCRIPTION OF THE MIGRATION MODEL

The basic component of the model is the "elementary box" (EB). The EB is any part of a
water body and its catchment. A lake in a complex catchment or a part of a river with its
tributaries, are examples of elementary boxes. A complex catchment is assumed to be composed
of a chain of interconnected EBs.

The EB is comprised of:

• A water column

• An interface sediment layer

• A bottom sediment layer

• A deep sediment layer

• A catchment.

The models for predicting the behaviour of a radionuclide in an EB and the radionuclide
migration from the catchment to the EB have been described in a previous MOIRA report
(Monte, 1998a).

Let N be the number of the elementary boxes. Each box of the water body is identified by
an index i. The right and left sub-catchments of the box j are identified by two indices. The first
is equal to the box index and the second is equal to 1 for the right part and 2 for the left part of
the catchment (figure 1).

sub-catchment
j (right)

radionuclide flux from
boxj-1 Boxj

radionuclide flux
from sub-catchment
j (right)

radionuclide flux to box j+1

radionuclide flux
from sub-catchment
j (left)

sub-catchment
j (left)

Figure 1 - Radionuclide fluxes to and from the elementary box j .
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The model is composed of three sub-models:

• A radionuclide migration model based on the principles reported in previous paper
and reports (Monte, 1998a; Monte, 1998b);

• A simple hydrological model for the approximate evaluations of the water balances
and the water fluxes; and

• A sub-model for the prediction of the effects of the countermeasures.

A brief outline of the migration model are reported here.

The time variation of the radionuclide concentration in water is controlled by the following
removal processes:

• Sedimentation;

• Radionuclide migration to sediment (diffusion process);

• Radionuclide transport to the following elementary box;

• Radioactive decay;

and by the radionuclide inflow due to

• Migration from the previous box;

• Migration from the sediment (resuspension);

• Migration from the catchment.

The equations controlling the above processes are as follows:

Sedimentation = concentration in water (dissolved form) * radionuclide sedimentation
velocity/effective depth

Migration to the sediment = concentration in water (dissolved form) * migration velocity
to sediment/effective depth

Radionuclide transport to the following box = concentration in water * water flux /(Box
surface * effective depth)

Radioactive decay = concentration in water * radioactive decay constant

Migration from the previous box = concentration in water (previous box) * water flux
from the previous box/(box surface * effective depth)

Migration from the sediment = deposit in sediment (bottom layer) * migration rate from
the bottom sediment / effective depth
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The radionuclide migration from the catchment is calculated according to the equations
described in the second MOIRA report (Monte, 1997b). It has been modelled by a well known
method based on the technique of the Transfer Functions (Monte, 1995a).

The effective depth has been defined in some previous papers (Monte, 1995b; Monte,
1996; Monte, 1998b). This parameter allows one to evaluate the radionuclide migration using
the concentration of the radioactive substance dissolved in water.

The migration velocities of the radionuclides to the sediment and the sedimentation
velocities are related to the hydrological characteristics of the box (different values are used for
lakes, rivers and reservoirs). The dynamic ratio of a lake or of a reservoir is defined as follows

D r =
VA

where A is the area of the box and h the depth.

The values of the migration velocity used in the model are reported in table 1.

Table 1- Generic values of the radionuclide migration velocity to sediment and
137Cs sedimentation velocity.

Water body Radionuclide

River

Lake

Reservoir

River

Lake

Reservoir

" 'Cs
1J'Cs

" 'Cs
wSr
wSr
™Sr

Migration velocity to sediment (m s"1)

Dynamic ratio <
1000

1.x 10"°

3.5 xl(T

3.5 xlO"

3.5 xlCT'

1.2 xlO"'

1.2 xlO"'

Dynamic
ratio>1000

1.x 10°

1.x 10°

l.xlO"0

3.5 xlO"'

3.5 xlO-'

3.5 xlO"

Radionuclide
sedimentation

velocity (m s"1)

1.2 xlO-'

2.4 xlO-'

5.8 xlO-'

-

-

-

The sub-model for the evaluation of the water balance is based on these simple equations

th<j>j = water flux from box i

S = water flux from source

4 = increment of water flux in box il
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The increment of water flux is calculated according to the following formula

i = ROFFi - Ei + Ri - Wd

where

ROFFi = ROFFij + ROFFi,2
ROFFi = the total runoff from the subcatchment i

ROFFij and ROFFi,2 = runoff from the right (i,l) and the left

subcatchment (i,2)

Ej = evaporation rate

Ri = precipitation rate

= water withdrawal

The water withdrawal has been calculated from the "planned water withdrawal". The
"planned water withdrawal" is the yearly amount of water that is withdrawn from each box
according to the plans for the water exploitation. The water withdrawal is set equal to 0 if the
"planned withdrawal" is higher than the water balance (water flux from the previous box plus
precipitation minus evaporation).

S, E; and Rf may be obtained from GIS (Geographic information System) data. ROFF;,
and ROFF; 2 may be calculated, for instance, from the specific runoff per square metre (also
from the GIS). The planned withdrawal is a site specific input variable.

DESCRIPTION OF THE COUNTERMEASURE MODEL

The following countermeasures have been implemented in the model:

a) Sediment removal;

b) Diversion of water from sub-catchments;

c) Decontamination of sub-catchments.

a) Modelling sediment removal

Sediment removal is simulated as follows.
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Let Ts; be the" start time of contaminated sediment removal, that is the instant of removal
of the bottom sediment from box i. TS; is, obviously, a vector. The' rate of removal of
radionuclide from the EB i is calculated as follows

R = — if t = Tsi else R = 0
At

At is the integration time step of the computer code and R is the radionuclide removal rate

The removal of the radionuclide from the bottom sediment (Bq m"2 s"1) is

- R D e p

where Dep is the deposit in the bottom sediment (Bq m"2).

b) Modelling diversion of water from a sub-catchment

The diversion from a sub-catchment is simulated by two "advertio" matrices:

• Ar (for the sub-catchments in the right part of the water body); and

• Al (for the sub-catchment in the left part of the water body).

The elements Arjk and Aljk may be 1 or 0. In normal condition the diagonal elements (j=k)
of the matrices are equal to 1 whereas the other elements are equal to 0. When the contribution
from sub-catchment j is diverted to the sub-catchment k (k£j) the diagonal element (j,j) is 0
whereas the element (k,j) is 1. Both the diagonal elements (j,j) and the elements (k,j) are set =0
if the contribution from sub-catchment j is diverted to other water bodies or, for instance,
directly to the sea. Two vectors indicating, respectively, the isolation initial (St) and final
isolation (Et) are defined. The components of each vector correspond to the initial time (Stj) and
the final time (Etj) of the isolation for each sub-catchment j .

The total contribution, per square metre, of radionuclide from the sub-catchment j (cp, Bq
s"1) is calculated as follows:

If t > Sti and t < E t i then cp, = Xk(Arik(Prk + Aljk<plk) e l s e 9i = ^ i + ^ i

(prk and (plk are the radionuclide fluxes from sub-catchment k (right and left component,
respectively).

To explain the above method we will supply an example for 3 elementary boxes. In
normal conditions we have
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Ar =
' i - o o'
0 1 0
0 0 1

/ \

<pr = cpr2

as a consequence

Ar <Pr =

'1 0 0"

0 1 0

0 0 1J

cpr2 cpr2

Therefore the contribution from each sub-catchment to each box k is <prk. Suppose now
that, by means of dams or culvert, water from sub-catchments to boxes 1 and 2 are diverted to
box 3. The matrix Ar becomes

Ar =

'0 0 0
0 0 0

v
1 1 1

The vector of fluxes becomes

'0

0

Kl

0

0
1

0'

0

K

cpri

cpr2

<pr3

(

—
0

0

•<pr2 + (pr3 /

It is easily to show that this computation method also allows one to simulate partial
diversion of water. In such case, the element of the matrix Ar are not necessarily equal to 1 or
0. Indeed they may represent the fractions of water diverted from one sub-catchment to the other
ones.

c) Decontamination of the catchment.

The decontamination of the catchment has been modelled by means of an "effective

decontamination factor" 8. The contribution of the radionuclide from the decontaminated sub-

catchment is multiplied by 8. 8 is a number varying from 1 to 0. The value 0 corresponds to the
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total removal of radionuclide from the catchment. For non-decontaminated sub-catchments the
value of 8 is I. Intermediate values of 8 correspond to different levels of decontamination
effectiveness.

The decontamination of a sub-catchment may, for example, be obtained by removing the
upper contaminated soil layer.

2)

VALIDATION AND CONCLUSIONS

The model has been validated for a large group of water systems and scenarios (see table

Table 2 - Water bodies used for validating the model.

Water body

Lake Bolsena and
outlet

(Italy)

Lake Bracciano

(Italy)

Lake Vico and outlet

(Italy)

Lake Hillesjon

(Sweden)

Lakes Iso Valkjarvi
(Finland), Esthwaite
(UK)

Lake Garda, inlet and
outlet (Italy)

Lake Usselmeer and
river Rhine

Scenario

Deposition on the lake, the outlet
and the catchment of
radionuclides from the Chernobyl
accident

Deposition on the lake and the
catchment of radionuclides from
the Chernobyl accident

Deposition on the lake, the outlet
and the catchment of
radionuclides from the Chernobyl
accident

Deposition on the lake, the outlet
and the catchment of
radionuclides from the Chernobyl
accident

Deposition on the lake, the outlet
and the catchment of
radionuclides from the Chernobyl
accident

Deposition on the lake, the outlet
and the catchment of
radionuclides from the Chernobyl
accident

Deposition on the lake, the river
and the catchment of

Radion-

uclide

" 'Cs

1J/Cs

1J/Cs

JJ/Cs

1J/Cs

1J/Cs

1J'Cs

Data reference

Monte et al. 1997b

Monte et al. 1997b,
Monte 1993

Monte et al. 1997b,

Monte 1993

IAEA 1999 a, Sundblad
etal. 1991

IAEA 1999 a

*

IAEA 1999 a,
Mundschenk 1992
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Water body

(Central Europe)

Dnieper reservoirs

(Ukraine)

Lake Vico and outlet

(Italy)

Lakes Albano, Garda,
Nemi, Trasimeno

(Italy)

Rivers Arno,
Flumendosa, Ofanto,
Piave, Po, Reno
Simeto, Tevere,
Ticino, Tirso,
Volturno (Italy)

Lake Bolsena and
outlet

(Italy)

Lake Bracciano

(Italy)

Scenario

radionuclides from the Chernobyl
accident

Deposition on the reservoirs and
on the catchment of radionuclides
from the Chernobyl accident

Deposition on the lake, the river
and the catchment of
radionuclides from nuclear
weapon tests in the atmosphere

Deposition on the lake and the
catchment of radionuclides from
nuclear weapon tests in the
atmosphere

Deposition on the river and the
catchment of radionuclides from
nuclear weapon tests in the
atmosphere

Deposition on the lake, the outlet
and the catchment of
radionuclides from nuclear
weapon tests in the atmosphere

Deposition on the lake and the
catchment of radionuclides from
nuclear weapon tests in the
atmosphere

Radion-

uclide

13/Cs,
90Sr

yuSr

™Sr

™Sr

™Sr

yuSr

- Data reference

IAEA 1999 b, Kaniviets
&Voitcekhovich(1992)

Monte etal. 1997b,
Monte 1998b.

Monte 1998b,**

Monte 1997a, **

Monte et al. 1997b,
Monte 1998b.

Monte et al. 1997b,
Monte 1998b

* Data collected by the ENEA laboratories.

** Data collected by the Laboratorio per lo Studio della Radioattivita Ambientale of the
Comitato Nazionale Energia Nucleare CNEN (ENEA at present) and by other ENEA
laboratories at Casaccia Institute (Rome, Italy).

The model predicts average monthly values. The uncertainty of the model is
approximately a factor 2 up and down at 68% confidence level. Figure 2 shows, as an example,
the results of the model for the catchment of lake Hillesjon in Sweden. The data refer to the
contamination of the aquatic system following the Chernobyl accident. The results have been
obtained by using "generic values" for the model parameters.
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Figure 2- Comparison of model predictions and experimental values of radionuclide
concentration in inlets and outlet of lake Hillesjon.
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APPENDIX

List of model equations for m C s (Code written by using Powersim ® 2.5 Powersim
Corporation, 12007 Sunrise Valley Drive, Reston, VA 22091 USA)

dim Concentration_in_water_dissolved_BqIm3 = (i=1..20)
init Concentration_in_water_dissolved_BqIm3 = 0
flow Concentration_in_water_dissolved_BqIm3 = -dt*removal_due_to_sedirnentation

+dt*rate__from_previous
+dt*migration_rrorn_sediment
-dt*migration_to_bottom_sediment
-dt* outflow
+dt*rate_from_catchment
+dt*radionuclide_input_rate
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-dt*radioactive_decay
dim deposit_bottom_Jayer = (i=1..20)
init deposit_bottom_layer = 0
flow deposit_bottom_layer = +dt*sedimentation_from_water

-dt*removal_of_sediment
+dt*rate_from_water
-dt*radioactive_decay_in_sediment
-dt*rate_to_deep_sediment
-dt*rate_to_water

doc deposit_bottom_layer = radionuclide deposit in the bottom layer (box i) of sediment
Bq/m2
dim first_component_from_catchment = (i=l ..20,j=l ..2)
init first_component_from_catchment = 0
flow first_component_from_catchment = +dt*rate_to_first_component

-dt*rate_from_first_component
doc first_component_from_catchment = inventory in the first storage component of the
catchment in Bqlm2
dim second_component_from_catchment = (i=1..20,j=1..2)
init second_component_from_catchment = 0
flow second_component_from_catchment = +dt*rate_second_component

-dt*rate_from_second_component
doc second_component_from_catchment = inventory in the second storage component of the
catchment in Bqlm2
dim third_component_from_catchment = (i=1..20,j=1..2)
init third_component_from_catchment = 0
flow third_component_from_catchment = +dt*rate_third_component

-dt*rate_from_third_component
doc third_component_from_catchment = inventory in the third storage component of the
catchment in Bqlm2
dim migration_from_sediment = (i=1.. 20)
aux migration_from_sediment =
deposit_bottom_layer:f:migration_rate_from_bottom_sediment/effective_depth
dim migration_to_bottom_sediment = (i= 1. .20)
aux migration_to_bottom_sediment =
Concentration_in_water_dissolved_BqIni3*migration_velocity_to_sediment_niId/effective_dept
h
dim outflow = (i=l.. 20)
aux outflow =
Total_concentration_in_water*(box_water_flux+water_withdrawal)/(box_surface_x:i:effective_
depth)
dim radioactive_decay = (i= 1. .20)
aux radioactive_decay =
Concentration_in_water_dissolved_BqIm3*radioactive_decay_constant_lId
doc radioactive_decay = radioactive decay
dim radioactive_decay_in_sediment = (i=1..2O)
aux radioactive_decay_in_sediment =
deposit_bottom_layer*radioactive_decay_constant_lld
dim radionuclide_input_rate = (i= 1. .20)
aux radionuclide_input_rate =
(average_deposition_on_box_Bq_m2_day+input_rate_per_unit_surface)/effective_depth
doc radionuclide_input_rate = deposition rate
dim rate_from_catchment = (i= 1. .20)
aux rate_from_catchment = radionuclide_flux_per_square_metre_to_box_i/effective_depth
dim rate_from_first_component = (i=1..20,j=1..2)
aux rate_from_first_component =
(first_component_decay+radioactive_decay_constant_lld)*first_component_from_catchment
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dim rate_ffomjprevious = (i=1..2O)
aux rate_from_previous = Total_concentration_in_water(i-1 )*box_water_flux(i-
l)/(box_surface_x*effective_depth) WHEN i>lBUT 0 WHEN i=l
dim rate_from_second_component = (i=1..20,j=1..2)
aux rate_from_second_component =
(second_component_decay_ 1 +radioactive_decay_constant_ 1 Id) *second_component_from_catc
hment
dim rate_from_third_component = (i= 1.. 20,j=1.. 2)
aux rate_from_third_component =
(third_component_decay_2+radioacti ve_decay_constant_ 1 Id) *third_component_from_catchme
nt
dim rate_from_water = (i= 1. .20)
aux rate_from_water =
Concentration_in_water_dissolved_BqIm3*migration_velocity_to_sediment_mId
dim rate_second_component = (i=1..20,j=1..2)
aux rate_second_component =
average_deposition_on_catchment_x_BqIm2Iday*weight_second_component
dim rate_third_component = (i= 1.. 20 j=1.. 2)
aux rate_third_component =
average_deposition_on_catchment_x3qlm21day*weight_third_component
dim rate_to_deep_sediment = (i= 1. .20)
aux rate_to_deep_sediment = deposit_bottom_layer*migration_rate_to_deep_sediment
dim rate_to_first_component = (i= 1.. 20,j=1.. 2)
aux rate_to_first_component =
average_deposition_on_catchment_x_BqIm2Iday*weight_first_component
dim rate_to_water = (i= 1.. 20)
aux rate_to_water = deposit_bottom_layer*migration_rate_from_bottom_sediment
dim removal_due_to_sedimentation = (i=1..2O)
aux removal_due_to_sedimentation =
Concentration_in_water_dissolved_BqIm3*radionuclide_sedimentation_velocity/effective_dept
h
dim removal_of_sediment = (i= 1. .20)
aux removal_of_sediment = deposit_bottom_layer*remove_sediment
doc removal_of_sediment = simulation of the sediment removal effect
dim sedimentation_from_water = (i= 1. .20)
aux sedimentation_from_water =
Concentration_in_water_dissolved_BqIm3*radionuclide_sedimentation_velocity
doc sedimentation_from_water = migration from water to sediment due to sedimentation
dim adversionxradfluxleft = (i=1..20,j=1..2)
aux adversionxradfluxleft =
MATRIXPROD(Advertio_left,radionuclide_flux_from_catchment_ij)
dim adversionxradfluxright = (i= 1.. 20 j=1.. 2)
aux adversionxradfluxright =
MATRIXPROD(Advertio_right,radionuclide_flux_from_catchment_ij)
dim average_deposition_on_box_Bq_m2_day = (i=1..2O)
aux average_deposition_on_box_Bq_m2_day =
average_deposition_on_box_Bq_m2_month/30
dim average_deposition_on_box_Bq_m2_month = (i=1..2O)
aux average_deposition_on_box_Bq_m2_month =
GRAPHSTEP(TIME,0,l,[1000,0,0,0,0,0,0,0,0,0,0MMin:0;Max:3000"])
dim average_deposition_on_catchment_Bq_m2_month = (i=1..20j=1..2)
aux average_deposition_on_catchment_Bq_rn2_month =
GRAPHSTEP(TIME,0,l,[1000,0,0,0,0,0,0,0,0,0,0"Min:0;Max:3000"])
dim average_deposition_on_catchment_x_BqIm2Iday = (i=1..20,j=1..2)
aux average_deposition_on_catchment_x_BqIm2Iday =
average_deposition_on_catchment_Bq_m2_month/30
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doc average_deposition_on_catchment_xJ3qIm2Iday = average deposition on catchment of
box i Bq/m2/day (j=l corresponds to the left part of the cathcment, j=2 correspond to the right
part)
dim box_depth_x = (i= 1.. 20)
aux box_depth_x =
GRAPHSTEP(x,l,l,[1.2,1.7,2,2.1,2.7,2.7,3,3,3.1,3-1,3.3,3.4,3.7,3.7,3.7,3.7,3.8,4,4.1,4
.2"Min:0;Max:10"])
doc box_depth_x = depth of ith box of the river in m
dim boxjength = (i=1..2O)
aux boxjength =
GRAPHSTEP(x, 1,1, [50,5O,5O,50,50,50,50,5O,50,50,50,50,50,50,5O,50,50,5O,5O,50"Min:
0;Max:100"])
doc boxjength = length of a river segment (called box or segment) in km
dim box_length_in_m = (i=1..2O)
aux box_length_in_m = box_length* 1000
doc box_length_in_m = box length in m
dim box_surface_x = (i=1..2O)
aux box_surface_x = boxilength_in_m*box_width* 1000
doc box_surface_x = surface of a box m2
dim box_volume_x = (i= 1. .20)
aux box_volume_x = box_depth_x*box_surface_x
doc box_volume_x = volume of box i in m3
dim box_water_flux = (i= 1. .20)
aux box_water_flux = water_flux_increment(l) +box_l_spring WHEN i=l BUT
SUM(k=1..2;water_flux_increment(k))+box_l_spring W H E N i=2 B U T
SUM(k=1..3;water_flux_increment(k))+box_l_spring W H E N i=3 B U T
SUM(k=1..4;water_flux_increment(k))+box_l_spring W H E N i=4 B U T
SUM(k=1..5;water_flux_increment(k))+box_l_spring W H E N i=5 B U T
SUM(k=1..6;water_flux_increment(k))+box_l_spring W H E N i=6 B U T
SUM(k=1..7;water_flux_increment(k))+box_l_spring W H E N i=7 B U T
SUM(k=1..8;water_flux_increment(k))+box_l_spring W H E N i=8 B U T
SUM(k=1..9;water_flux_increment(k))+box_l_spring W H E N i=9 B U T
SUM(k=1..10;water_flux_increment(k))+box_l_spring W H E N i=10 B U T
SUM(k=l..l l;water_flux_increment(k))+box_l_spring W H E N i=l 1 B U T
SUM(k=1..12;water_flux_increment(k))+box_l_spring W H E N i=12 B U T
SUM(k=1..13;water_flux_increment(k))+box_l_spring W H E N i=13 B U T
SUM(k=1..14;water_flux_increment(k))+box_l_spring W H E N i=14 B U T
SUM(k=1..15;water_flux_increment(k))+box_l_spring W H E N i=15 B U T
SUM(k=1..16;water_flux_increment(k))+box_l_spring W H E N i=16 B U T
SUM(k=1..17;water_flux_increment(k))+box_l_spring W H E N i=17 B U T
SUM(k=1..18;water_flux_increment(k))+box_l_spring W H E N i=18 B U T
SUM(k=1..19;water_flux_increment(k))+box_l_spring W H E N i=19 B U T
SUM(k=1..20;water_flux_increment(k))+box_l_spring W H E N i=20
dim box_width = (i= 1. .20)
aux box_width =
GRAPHSTEP(x,l,l,[0.008,0.014,0.018,0.025,0.028,0.033,0.036,0.038,0.04,0.041,0.041,
0.041,0.042,0.042,0.042,0.042,0.042,0.042,0.042,20"Min:0;Max:0.1"])
doc box_width = width of a box in km
dim catchment_box_area_left = (i= 1.. 20)
aux catchment_box_area_left =
GRAPHSTEP(x,l,l,[165,182,212,278,297,328,321,323,356,366,370,377,382,382,382,38
0,380,380,380,389"Min:0;Max:500"])
doc catchment_box_area_left = area of left catchment of box i km2
dim catchment_box_area_m2_left = (i= 1. .20)
aux catchment_box_area_m2_left = catchment_box_area_left* 1000000
dim catchment_box_area_right = (i= 1. .20)
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aux catchrnent_box_area_right =
GRAPHSTEP(x,l,l,[165,182,212,278,297,328,321,323,356,366,370,377,382,382,382,38
0,380,380,380,389"Min:0;Max:50000"])
doc catchment_box_area_right = area of right catchment of box i in km2
dim catchmet_box_area_m2_right = (i= 1. .20)
aux catchmet_box_area_m2_right = catchment_box_area_right* 1000000
doc catchmet_box_area_m2_right = area of catchment of box i in m2
dim concentration_in_water_from_catchment_ij = (i=1..20,j=1..2)
aux concentration_in_water_from_catchment_ij =
radionuclide_flux_from_catchment_ij/daily_box_net_runoff_from_ij
dim daily_box_e vaporation = (i= 1.. 20)
aux daily_box_evaporation =
box_surface_x*monthly_specific_evaporation/days_in_a_month
doc daily_box_evaporation = daily evaporation from the water surface of box i in m3/day
dim daily _box_net_run_off_without_adversion = (i= 1.. 20)
aux daily_box_net_run_off_without_adversion =
daily _box_net_ranoff_from_ij(i,l)+daily_box_net_runoff_from_ij(i,2)
dim daily_box_net_runoff = (i= 1.. 20)
aux daily_box_net_runoff = EF(TIME<=Isolation_stop_time AND
TIME>=Isolation_start_time4^1y3ox_net_mnoff_with_adversion4aily3ox_net_ran_off_wi
thout_adversion)
doc daily_box_net_runoff = daily runoff from left and right box catchments i to box i
m3/day
dim daily_box_net_runoff_from_ij = (i=1..20,j=1..2)
aux daily_box_net_runoff_from_ij =
catchment3ox_area_m2_left(i)*monthly_specific_runoff_catchment_ij/days_in_a_month
WHEN j=l BUT
catchmet3ox_area_m2_right(i)*monthly_specific_ranoff_catchment_ij/days_in_a_month
WHENj=2
doc daily_box_net_runoff_from_ij = daily box net runoff froom catchment ij
dim daily_box_net_runoff_with_adversion = (i= 1.. 20)
aux daily_box_net_runoff_with_adversion =
net_runoff_with_adversion_left(i,l)+net_runoff_with_adversion_right(i,2)
dim daily_box_rain = (i= 1.. 20)
aux daily_box_rain = daily_rain*box_surface_x
dim daily_rain = (i=1..2O)
aux daily_rain = monthly_precipitation/days_in_a_month
dim daily_specific_runoff_catchment_ij = (i=1..20,j=1..2)
aux daily_specific_runoff_catchment_ij =
monthly_specific_runoff_catchment_ij/days_in_a_month
aux days_in_a_month =
GRAPHSTEP(month,l,l,[31,28,31,30,31,30,31,31,30,31,30,31"Min:28;Max:31"])
dim distance_from_spring = (i=1..2O)
aux distance_from_spring = box_length/2 WHEN i=l BUT
SUM(k=l..l;box_length(k))+box_length(2)/2 WHEN i=2 BUT
SUM(k=1..2;box_length(k))+box_length(3)/2 WHEN i=3 BUT
SUM(k=1..3;box_length(k))+box_length(4)/2 WHEN i=4 BUT
SUM(k=1..4;box_length(k))+box_length(5)/2 WHEN i=5 BUT
SUM(k=1..5;box_length(k))+box_length(6)/2 WHEN i=6 BUT
SUM(k=1..6;box_length(k))+box_length(7)/2 WHEN i=7 BUT
SUM(k=1..7;box_length(k))+box_length(8)/2 WHEN i=8 BUT
SUM(k=1..8;box_length(k))+box_length(9)/2 WHEN i=9 BUT
SUM(k=1..9;box_length(k))+box_length(10)/2 WHEN i=10 BUT
SUM(k=1..10;box_length(k))+box_length(l l)/2 WHEN i=l 1 BUT
SUM(k=l..l l;box_length(k))+box_length(12)/2 WHEN i=12 BUT
SUM(k=1..12;box_length(k))+box_length(13)/2 WHEN i=13 BUT
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SUM(k=l.. 13";boxllength(k))+box_length(14)/2 WHEN i=14 BUT
SUM(k=L. 14;box_length(k))+box_length(15)/2 WHEN i=15 BUT
SUM(k=1..15;box_length(k))+box_length(16)/2 WHEN i=16 BUT
SUM(k=1..16;box_length(k))+box_length(17)/2 WHEN i=17BUT
SUM(k=1..17;box_length(k))+box_length(18)/2 WHEN i=18 BUT
SUM(k=1..18;box_length(k))+box_length(19)/2 WHEN i=19 BUT
SUM(k=1..19;box_length(k))+box_length(20)/2 WHEN i=20
doc distance_from_spring = distance from the river spring in m
dim dynamic_ratio = (i= 1. .20)
aux dynamic_ratio = SQRT(box_surface_x)/box_depth_x
dim effective_depth = (x=1..2O)
aux effective_depth = incremental_depth+box_depth_x
doc effective_depth = effective depth defined as the sum of the water column depth +
incremental depth. Unit of measurememts m
dim Factortotal_dissolved = (i= 1. .20)
aux Factortotal_dissolved = l+kd*suspended_matter
doc Factortotal_dissolved = 1
dim incremental_depth = (i=1..2O)
aux incremental_depth = 6+kd*suspended_matter*box_depth_x
dim input_rate_per_unit_surface = (i= 1 ..20)
aux input_rate_per_unit_surface = input_rate_to_box/box_surface_x
dim input_rate_to_box = (i= 1. .20)
aux input_rate_to_box = GRAPH(TIME,0,ll,[0,0,0,0,0,0,0,0,0,0,0"Min:0;Max:l"])
doc input_rate_to_box = input rate Bq/day
dim migration_rate_from_bottom_sediment = (i=1..20)
aux migration_rate_from_bottom_sediment = IF(water_body_characteristic=3 OR
dynamic_ratio>1000,1.5E-8*(24*3600), 2.9E-8*(3600*24))
dim migration_rate_to_deep_sediment = (i= 1. .20)
aux migration_rate_to_deep_sediment = IF(water_body_characteiistic=3 OR
water_body_characteristic=l OR dynamic_ratio>1000,1.2e-8*(24*3600), 5.8e-9*(24*3600))
dim migration_velocity_to_sediment_mld = (i= 1.. 20)
aux migration_velocity_to_sediment_mld = IF(water_body_characteristic=l OR
dynarruc_ratio>1000,l.e-6*(24*3600), 3.5e-7*(24*3600))
doc migration_velocity_to_sediment_mld = radionuclide (dissolved fom) migration velocity
to sediment. Unit of measurements m/day
aux month =
GRAPHSTEP(yearly_time_variable,O,l, [1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,
1,1,1,1,1,1,1,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,3,3,3,3,3,3,3,3,3,3,
3,3,3,3,3,3,3,3,3,3,3,3,3,3,3,3,3,3,3,3,3,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,
4,4,4,4,4,4,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,6,6,6,6,6,6,6,6,
6,6,6,6,6,6,6,6,6,6,6,6,6,6,6,6,6,6,6,6,6,6,7,7,7,7,7,7,7,7,7,7,7,7,7,7,7,7,7,7,7,7,7,7,7,
7,7,7,7,7,7,7,7,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,9,9,9,9,9,9,
9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,10,10,10,10,10,10,10,10,10,10,10,10,10,1
0,10,10,10,10,10,10,10,10,10,10,10,10,10,10,10,10,10,11,11,11,11,11,11,11,11,11,11,11
,11,11,11,11,11,11,11,11,11,11,11,11,11,11,11,11,11,11,11,12,12,12,12,12,12,12,12,12,
12,12,12,12,12,12,12,12,12,12,12,12,12,12,12,12,12,12,12,12,12"Min:0;Max:12"])
dim monthly_precipitation = (i= 1. .20)
aux monthly_precipitation = yearly_precipitation/( 1000* 12)+month*0
dim monthly_specific_evaporation = (i= 1.. 20)
aux monthly_specific_evaporation = 0.03+0.0*month
doc monthly_specific_evaporation = monthly evaporation in m/month
dim monthly_specific_runoff_catchment_ij = (i= 1.. 20,j=1.. 2)
aux monthly_specific_runoff_catchment_ij =
0.077+month*0*GRAPHSTEP(month,l,l, [0.04,0.25,0.25,0.25,0.24,0.17,0.13,0.12,0.12,0
.05,0.06,0.11 "Min:0;Max: 1"])
doc monthly_specific_runoff_catchment_ij = runoff in m3 /m2/month
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dim net_runoff_lwith_adversion_left = (i=1..20,j=1..2)
aux net_ranoff_with_adversion_left = . "
]V^TRIXPROD(Advertio_left,daily_box_net_runoff_from_ij)
dim net_runoff_with_adversion_right = (i=1..20,j=1..2)
aux net_ranoff_with_adversion_right =
MATRlXPROD(Advertio_right,daily_box_net_runoff_from_ij)
dim planned_water_withdrawal = (i=1. .20)
aux planned_water_withdrawal =
GRAPHSTEP(x, 1,1,[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0"Min:0;Max: 1000000"])
doc planned_water_withdrawal = water withdrawal in m3/ day
dim prymary_water_flux_increment = (i= 1. .20)
aux prymary_water_flux_increment = daily_box_net_runoff+daily_box_rain-
daily_box_evaporation
doc prymary_water_flux_increment = increment of water flux to box i due to runoff,
evaporation and rain m3/day
dim radionuclide_flux_from_catchrnent_i_left = (i= 1. .20)
aux radionuclide_fiux_from_catchment_i_left = radionuclide_flux_from_catchment_ij (i, 1)
dim radionuclide_flux_from_catchment_ij = (i=1..20,j=1..2)
aux radionuclide_flux_from_catchment_ij =
Transfer_coefficient*(fkst_component_from_catchment*daily3ox_net_mnoff_from_ij+third_c
omponent_from_catchment*daily3ox_net_runoff_from_ij+second_component_from_catchme
nt*daily_box_net_runoff_from_ij)
doc radionuclide_flux_from_catchment_ij = total radionuclide flux from the catchment of
box i in Bq/day
dim Radionuclide_flux_from_catcment_i_right = (i= 1. .20)
aux Radionuclide_flux_from_catcment_i_right = radionuclide_flux_from_catchment_ij(i,2)
dim radionuclide_flux_per_square_metre_to_box_i = (i=1..2O)
aux radionuclide_flux_per_square_metre_to_box_i = IF(TIME<=Isolation_stop_time AND
TlME>=Isolation_start_time AND Isolation_start_time>=0 AND
Isolation_stop_time>=0,(adversionxradfluxleft(i,l)+adversionxradfluxright(i,2))/box_surface_
x,(radionuclide_flux_from_catchment_ij (i, 1 )+radionuclide_flux_from_catchment_ij (i,2))/box_s
urface_x)
doc radionuclide_flux_per_square_rnetre_to_box_i = radionuclide flux to box i per square
metre Bq/m2/day
dim radionuclide_sedimentation_yelocity = (i=1..2O)
aux radionuclide_sedimentation_velocity =
GRAPHSTEP(water_body_characteristic, 1,1 ,[0.01,0.02,0.05"Min:0.0000001 ;Max:0.00001"]
)
doc radionuclide_sedimentation_velocity = radionuclide sedimentation velocity m/day
dim remove_sediment = (i= 1.. 20)
aux remove_sediment = IF (TIME=sediment_removal_start_time AND
sediment_removal_start_time>=0,l/TIMESTEP,0)
doc remove_sediment = remove sediment in time=timestep
dim sediment_removal_start_time = (i= 1.. 20)
aux sediment_removal_start_time = GRAPHSTEP(x, 1,1, [-1,-1, -1,-1, -1,-1, -1,-1, -1,-1,-1, -

doc sediment_removal_start_tirne = starting time of sediment removal (days) in box i
aux time_in_month = INT(TIME/365)i * 12+month-1
dim Total_concentration_in_water = (i= 1.. 20)
aux Total_concentration_in_water =
Concentration_in_water_dissolved_BqIm3*Factortotal_dissolved
dim Transfer_coefficient = (i=1..20,j=1..2)
aux Transfer_coefficient = 0.2*( 1 -
efficiency_of_contamination_removal_from_catchment/100)
doc Transfer_coefficient = transfer coefficient from the catchment Urn
dim water_body_characteristic = (i=1..2O)

63



aux water_Ibody_characteristic =
])

doc water_body_characteristic = general: 1 when the box is part of a river, 2 when the box is
a lake, 3 when the box is a reservoir,
dim water_flux_increment = (i=1. .20)
aux water_flux_increment = daily_box_net_runoff-daily_box_evaporation+daily_box_rain-
water_withdrawal
doc water_flux_increment = increment of water flux to box i due to runoff, evaporation, rain
and water withdrawal m3/day
dim waterjogarithm = (i= 1. .20)
aux waterjogarithm = EF(Concentration_in_water_dissolved_BqIm3>0,
LOG(Concentration_in_water_dissolved_BqIm3, 10), 0)
dim water_withdrawal = (i=1..2O)
aux water_withdrawal =
IF(prymary_water_flux_increment>planned_water_withdrawal,planned_water_withdrawal,O)
doc water_withdrawal = water withdrawal m3/day
aux weight_third_component = l-weight_first_component-weight_second_component
aux yearly_time_variable = (TIME MOD 365)+l
doc yearly_time_variable = day of the year
dim Advertio_left=(n=1..20,m=1..20)
const Advertio_left =
[[1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0] ,[0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0], [0,0,1,
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,1,0,0
,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,1,0,0,0,
0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,1,0,0,0,0,0
,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,
0,0,0],[0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0],[
0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0],[0,0,0,0
,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0],[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0],[0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,1,0,0],[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0],[0,0,0,0,0,0,0,0,0,0,0
,0,0,0,0,0,0,0,0,1]]
dim Advertio_right = (p=1..20,q=1..20)
const Advertio_right =
[[1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,1,
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,1,0,0
,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,l,0,0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,1,0,0,0,
0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,0,l,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,l,0,0,0,0,0
,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,0,l,0,0,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,
0,0,0],[0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0],[
0,0,0,0,0,0,0,0,0,0,0,0,0,l,0,0,0,0,0,0],[0,0,0,0,0,0,0,0,0,0,0,0,0,0,l,0,0,0,0,0],[0,0,0,0
,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0],[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0],[0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,1,0,0],[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0],[0,0,0,0,0,0,0,0,0,0,0
,0,0,0,0,0,0,0,0,1]]
const box_l_spring = 0
doc box_l_spring = water flux to the first box m3/day due to the river spring
dim efficiency_of_contamination_removal_from_catchment = (i= 1. .20,j=1. .2)
const efficiency_of_contamination_removal_from_catchment = 0
doc efficiency_of_contamination_removal_from_catchment = efficiency of contamination
removal from catchment in percent
const first_component_decay = 2.3e-7*(24*3600)
doc first_component_decay = first component decay rate in llday
const Isolation_start_time = -1
const Isolation_stop_time = -1
dim kd = (i=1..2O)
const kd = 15
doc kd = kd in m3kg-1
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const radioactiveldecay_constant_lld = 0.693/(30*365)
doc radioactive_decay_constant_lld = radioactive decay constant of the .radionuclide
Measurement unit I/day
const second_component_decay_l = 1.5e-8*(24*3600)
doc second_component_decay_l = first component decay rate in llday
dim suspended_matter = (i=1..2O)
const suspendedjmatter = 1E-2
doc suspended_matter = suspended matter in kgm-3
const third_component_decay_2 = 4.2e-10*(24*3600)
doc third_component_decay_2 = third component decay rate in llday
const weight_first_component = 0.96
const weight_second_component = 0.04
dim x = (i=1..2O)
const x = INDEX(i)
dim yearly_precipitation = (i= 1. .20)
const yearly_precipitation = 1000
doc yearly_precipitation = average yealy precipitation mm year-1 on each box
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MUD: Model forRadionuclide Migration in Urban Environment and
Drainage Systems

Eduardo Garcia Molina, Fernando Jimenez, Ana Carracedo and Prof. Eduardo Gallego
Universidad Politecnica de Madrid, Escuela Tecnica Superior de Ingenieros Industrials
Catedra de Tecnologia Nuclear, C/ Jose Gutierrez Abascal, 2 - E-28006 Madrid (Spain)

1. INTRODUCTION

Over the last few years many models have been developed in order to simulate the
movement of radioactivity deposited on urban areas, mainly focused on Cs-137.
However, concerning the transfer of activity to the drainage systems, the problem has
not been properly solved.

The Model for Radionuclide Migration in Urban Environment and Drainage
Systems (MUD) aims to estimate the discharge of radioactivity removed by natural or
forced decontamination into the receiving waters from the drainage system, as well as
the radioactivity associated with the sludge produced in treatments plants, whose
various applications can represent a potential hazard.

The MUD model has been developed as part of the MOIRA system, a project
whose main aim is the evaluation of the situation after a radioactive contamination of
aquatic ecosystems and the estimation of optimal remedial strategies to restore the
contaminated waters.

This model is composed of two submodels: one evaluating the radionuclide
behaviour in urban systems, and the other in their drainage systems. This report
considersboth models, but more intensively that for the drainage systems, describing the
different types of systems and the various treatments commonly used in Europe, both
for water and sludge.

2. THE URBAN MODEL

The estimation of radioactivity retention in drainage systems would not be
possible without a proper evaluation of urban decontamination after the deposition of
radioactive material.

Many investigations have been made in order to study the movement of
radionuclides deposited on various surfaces in the urban environment and the
effectiveness of different decontamination techniques. The sub-model included in MUD
for the distribution of deposited activity and removal of contamination by natural
weathering and forced decontamination has been created starting from the existing
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urban models EXPURT (Crick, 1990), URBAPAT (Martin and Gallego, 1992) and
TACTUS (Andersson, 1989). These models estimate the consequences of radioactivity
deposition on an urban area, since in Europe a high percentage of the total population
(more than two thirds) live in urban areas. The external doses to populations living in
urban environments assessed in the models above are not considered, since the purpose
of this work is solely the estimation of radioactive discharges into aquatic systems.

The characterisation of urban areas is not simple, since different patterns of
urbanisation can be found across Europe, as a result of differences in economic and
social development. As a matter of fact, a city is compared to 'an ecosystem with its
own structure, functions and metabolism' (Stanners, 1995).

As a simplification, the model simulates the evolution of Cs-137 in five urban
surfaces, apart from the drainage system, namely: roofs, walls, paved areas, non-paved
areas and trees.

The first three urban surfaces (paved areas, walls and roofs) compose the
impermeable or built-up area. Different percentages of built-up area can be found in the
largest cities of Europe, a quarter of them reporting more than 60% built-up area,
although higher percentages (more than 80%) can be found in others such as Liverpool
and Amsterdam (Stanners, 1995). A good estimation of the impermeable areas is of
paramount importance, since these will be the main source of runoff during wet days
and therefore the main source of radioactivity that will enter the drainage system after
deposition from atmosphere.

The non paved areas are mainly parks, greenery, gardens, etc. This compartment is
considered as a sink of radioactivity, from surface to deep soil. Migration into soil is
simulated using four stages: surface soil (0-lcm), soil with labile radionuclides (1-
25cm), soil with fixed radionuclides (1- 25cm) and deep soil (>25cm). No radioactivity
from the non paved areas is assumed to enter the drainage systems. Although there
could be a fraction entering the drainage systems by infiltration, this fact is considered
negligible due to the high retention of Cs-137 in soil.

Trees have been also incorporated as an additional surface according to the
URBAPAT and TACTUS models, as trees are one of the urban surfaces with a higher
relative contamination after deposition.

In the case of impermeable surfaces and trees, three forms for contamination are
considered: mobile, fixed and in runoff, which, respectively, correspond to the activity
loosely bound to the surface, the activity fixed more strongly and the activity removed
from the surfaces. The runoff compartments redistribute activity between permeable and
impermeable surfaces and the drains.

The distribution of radioactivity between the various surfaces in an urban area
depends largely on the type of deposition. Activity can be deposited on the urban
surfaces by two main mechanisms, namely, wet and dry deposition. The nature of
deposition influences the short-term weathering from urban surfaces. After dry
deposition of radioactivity, related to the amount of radioactivity on soil per unit area,
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the mobile component will fix to the surface. The fixed component will be removed by
rain with different rates, according to the amount of rain and type of surface. The
process by which the mobile component of radioactivity becomes more strongly fixed to
the surface with time, due to moisture, light rain, etc., is represented by a transfer rate
from the mobile to the fixed compartment. The fraction of mobile component fixed by
roofs, walls, paved areas and trees ranges from 0.1 to 1.0 d"1, following a uniform
distribution (Martin and Gallego, 1992). Table 1 shows values for initial dry deposition
in the different urban surfaces related to soil.

When wet deposition occurs, a certain amount of the rainfall is not retained and
runoff is produced. This runoff will carry part of the deposited activity from roofs, walls
and paved areas to the drainage system. In this case, it is difficult to estimate the
radioactivity carried out by runoff, since it depends on the concentration of radioactive
material in it. This concentration is not the same as in rainwater (Roed and Sandalls,
1991). In some experiments in Denmark, for a rainfall of 6 mm, the ratio of the
concentration of radioactive Cs-137 in runoff water to that in rainwater was 0.16 for
asphalt and 0.21 for concrete (Roed and Jacob, 1991). In this model, the concentration
of radioactive material in runoff to that in rain is used as a parameter, so it will be
possible to estimate the radioactivity entering the drainage system on the day of wet
deposition, knowing the amount of runoff water and the concentration of radioactivity in
rainwater. The concentration of activity may be roughly estimated starting from the
fallout on the ground and the rainfall depth during the day of deposition. The retained
wet deposition is the amount of radioactive material on a given surface after the end of
precipitation, which carries the activity. Values for distribution of wet deposited
radiocaesium are shown in Tables 2 and 3. With these values evolution of radioactive
material after wet deposition may be assessed. However the uncertainty of the
radioactivity entering the drainage system on the day of wet deposition is high.

Table 1. Deposition on various urban surfaces related to deposition on soil (dry
deposition).

Type of surface
Soil

Paved areas
Walls
Roofs
Trees

URBAPAT
1.0

0.42
0.02
0.6
2.0

Roskilde
1.0
0.2
0.03
0.7
1.7

Uncertainties
1.0

0.1 - 0.7
0.01 - 0.05
0.4 - 0.8
1.0-10.0

Sources: Martin and Gallego, 1992; Roed, 1997

Leaf fall is considered as a way of transfer between trees and paved and non-
paved surfaces. The user should specify the period of leaf fall when the activity fixed on
the leaves is removed. The user should also specify the period during which leaves are
present. The relative deposition on trees would be much lower when trees are without
leaves and that must be considered, as most of the trees in urban areas are deciduous.
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The first heavy rain is an important pathway for natural decontamination and,
therefore, a felevant parameter will be the time at which it takes place, with great
influence on the movement of radioactivity during the first days after dry deposition.

With regard to forced decontamination, data from recent literature have been taken
into account to simulate different decontamination strategies, as subsequently described.
This forced decontamination will have a direct impact on the radioactivity in drains,
when decontamination involves the use of water and this waste water is directed to the
drainage systems. The MUD model incorporates several procedures of decontamination
related to the different urban surfaces: paved areas, roofs, walls and trees.

The flow diagram in Figure 1 shows the structure of the urban model with the
different compartments in which activity may reside.
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Figure 1.- Structure of the urban model

Table 2. Relative distribution of Caesium on urban surfaces relative to grassed area.

Surface
Grassed areas
Paved areas

Roofs
Walls

Immediately after deposition
1

0.4 - 0.8
0.3 - 0.9

0.01 - 0.03
Source: Roed, 1997
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Table 3. Relative contamination levels on various urban surfaces from wet deposition.

Surface
Walls
Roofs

Gardens
Street
Trees

Wet deposition
0.01 .
0.4
1.0
05
0.1

Source: Roed and Sandalls, 1991

3. THE DRAINAGE MODEL

Once the radionuclides enters the drainage system, the model assesses the fraction
of activity concentrated in sewage sludge and the part discharged with the treated or
untreated effluent to the receiving watercourse.

This model refers only to Cs-137, although there are some considerations about I-
131 and Sr-90. Radioactive Cs is considered less dangerous in the short-term because of
the absence of a critical organ for its concentration, like the thyroid for iodine. However
Cs-isotopes represent a much longer-term danger due to its long half life. In addition,
the possibility of intake by ingestion of drinking water and the ability of fish to
concentrate Caesium, together with the potential hazards of contaminated sewage sludge
application to agricultural land, cause a great concern about this radionuclide.

The various compartments in which the drainage system is structured are
described below. In these compartments the more important components of drainage
systems are characterised. This structure is displayed in Figure 2.
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Figure 2.- Structure of the drainage model.

There are four basic points in this structure:

1.- Characterisation of water and activity entering the drainage system during rain,
starting from sewage and runoff values and wash-off effect.

2.- Classification of drainage systems in Europe: Combined and Separate Systems.

3.- Water Treatment: Identification of the main components of water treatment and the
estimation of overflows (in Combined Systems).

4.- Sludge Treatment and Disposal.

Each one of these elements is detailed as follows.

3.1 PRECIPITATION DATA

Precipitation data are essential in order to properly estimate runoff volumes
produced in urban areas as well as the frequency of overflows caused by high runoff
rates. These two key factors are in the model. The first one contains the radionuclides
(wash-off by rain) that will enter the drainage system, while the latter refers to the
amount of water (and its respective activity) that the plant cannot treat and is diverted
directly to the receiving water.

Due to the irregular distribution of precipitation, there is a tangible difficulty in
simulating rains accurately. For example, in Spain this distribution is very irregular both
from spatial (areas with 2000 mm a year versus areas with 300 mm a year) and temporal
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(maximum values in autumn and spring and minimum in summer) points of view
(OMM, 1995). -

Starting from meteorological data several climatic parameters are obtained in
order to characterise more accurately the climatic conditions during a long period. The
theoretical distribution that fits to precipitation values is the gamma distribution. The
gamma distribution follows equation (1):

1 —
X* x) = F(x) = £ y ^ X'-VJ* dX , y >0 , fi>0 (1)

Areas with weather stations may have records of parameters that define the
weather tendency. If not, parameters from weather stations in the surrounding areas may
be used to make an approximation. Another possibility is assuming a normal
distribution, although it is shown that precipitation values fit to a curve with asymmetry
(Martinez, 1986). A Gamma distribution would have similar distribution to a Normal
distribution when average and standard deviation values were higher. In such a case,
average precipitation depth (mm) and standard deviation would be required from the
user. It is evident that the more accurate estimation is desired, the more data are required
from the user, which implies more difficulties.

In the model, rainfall data are required in terms of monthly amount of rain (mm)
and average number of days per month with more than 1 mm rain. These are values
easily obtained from weather stations (CLINO, 1990). More accurate calculations would
involve the request of data such as: rainfall intensities, rainfall duration, etc., but these
are less accessible for the user. These data are supposed to be valid enough to reach
good estimations, otherwise the complexity of the model would strongly increase.

The other parameter required is the first day in which heavy rain (>3 mm) occurs,
considered essential in all the urban contamination models (see wash-off effect section).
This rainfall has been separated from the other rainfall data, since the load of
radioactivity removed by this first heavy rain fall will be very important. Thus, there
will be an assessment for the possibility of overflow produced by heavy rains, in the
case of Combined Systems, which will contain the radioactivity to be discharged into
the receiving waters without treatment.

The user has the option of choosing between specifying the day of the first heavy
rain, or obtaining it at random. Starting from the total number of storms per year and the
average rain depth (mm), the frequency distribution of storms can be described by an
exponential function (Veldkamp, 1997).

-f—I
n-N-e1*"*' (2)

where n is the number of times R is exceeded, N is the total number of storms, R the
rain depth (mm) and Ravg is the average rain fall (mm). From that function, the number
of storms with more than 3 mm can be estimated, and thus, the frequency of those rains.
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More detailed data about this first heavy rain fall are also required, such as
duration and" amount of rain, in order to have a proper calculation of the overflow that
may be produced. That is of great importance since, for instance, it is not the same 10
mm of rainfall collected in 1 hour than in 10 hours; in the first case an overflow would
occur, while in the second case all the water entering the drainage system would be
treated. Rainfall intensity and storm duration are inversely related: the longer duration,
the lower rainfall intensity. In southern regions of Europe it appears that intensities may
be more than twice those in northern ones, so probabilities of overflow are much more
higher in the south than in the North of Europe, when using the same level of urban
storm drainage concepts (Desbordes, 1991).

3.2 WASH-OFF EFFECT

Two pathways of urban decontamination are incorporated in the model: natural
and forced decontamination. Wash-off effect by rain is the most important way of
natural decontamination in cities, where with the increasing impermeabilisation of the
urban areas the reduction of radioactivity may be appreciable. Factors such as: rainfall
intensity, rainfall duration, type of materials and wash-off effect are interdependent.
However, in order to simplify the model, only the amount of rain is considered.

Different wash-off coefficients are used for the various impermeable urban
surfaces. Although it is shown that wash-off processes decrease with time (VAMP,
1993), constant values for the wash-off coefficients are considered here. These values,
which describe the slow wash-off processes by rain, are taken from the EXPURT model
(Crick, 1990). However, a modification in the wash-off coefficient for roofs is made.
The experimental evidence is that the wash-off process decreases with time. A
comparison of the wash-off from roofs during August and December shows a depletion
of this process, where the wash-off per unit rainfall for caesium fell from an average of
0.028 % per mm of rainfall in August to an average of 0.016 % in December (VAMP,
1993). With these figures a decay factor for the wash-off coefficient for roofs is
obtained. Weathering for external walls of buildings is very slow, while the weathering
from paved areas is faster than that seen for other impermeable surfaces. Constant
values for the wash-off coefficients are used both for walls and paved areas, although
they should decay with time as it happens with roofs, but due to lack of data values from
EXPURT model are used (Table 4).

Table 4. Fraction of fixed component removed per mm of rainfall (mm'1)

Type of surface
Paved areas

Walls
Roofs

Range (Normal distribution)
5.0e-4 - 3.0e-3
10.0e-7-1.7e-5
10.0e-4 - 2.0e-3

Source: Crick, 1990

A distinction between dry and wet deposition is made. The experiments of
Sandalls et al., 1986 suggest that, in case of heavy rain within the first day or so after
dry deposition, the mobile component of activity may be removed by the rainwater; if
heavy rain occurs before most of the activity becomes fixed, then this mechanism could
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be important in removing activity from impermeable surfaces. Therefore, it is
considered the fact that the first heavy rain (more than 3mm) within the first days after
deposition can remove a great amount of not fixed contamination. The-values for the
fractions of the mobile component of radioactivity removed by the first heavy rain on
roofs, walls, paved areas and trees (Table 5) are taken from URBAPAT (Martin and
Gallego, 1992).

Table 5. Radioactive removal fraction of mobile component by first heavy rain after dry
deposition.

Surface
Paved areas

Walls
Roofs
Trees

Range (Uniform distribution)
0.2 - 0.7
0.1 - 0.6
0.3 - 0.7
0.2-0.7

Source: Martin and Gallego, 1992

After this first heavy rain, the depletion of contamination refers to the already
fixed activity. This depletion follows the equation (3):

P = Po * e~(kr) O),

where P is the amount of activity after the rain, Po is the amount of activity before the
rain, k is the activity removal constant (mm"1) and r is the amount of rain (mm).

33 SEWAGE

The amount of sewage or waste water during dry periods can vary due to different
factors. It depends, apart from seasonal factors, on the domestic population, domestic
water usage, industrial flow and infiltration. The selection of flow and load are
important in order to design the treatment works.

The design factor is called Dry Weather Flow (DWF, in mVday); it can be
estimated as:

D W F = P * G + E + I (4),

where P is the population, G is the domestic water usage (m3/person*day), E is the
industrial flow (mVday) and I is the infiltration (m3/day) (Horan, 1991).

The DWF is defined as 'the average daily flow during seven consecutive days
without rain following seven days during which the rainfall did not exceed 0.25 mm on
any day'. A simpler method is to measure the daily flow for all the days during the year
when no rain fell. The DWF is given then by the average value of those flow rates.

A method to calculate the domestic and industrial waste water (in m3/day) is
(Catala, 1984):
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- - a , - P - G + S I - D i (5),

where P is the population, G is the daily domestic water flow per capita (mVperson- day),
D; is the daily industrial water flow (m3/ha.day) and S; is the industrial area (ha). In case
of lack of data, the following values are recommended: domestic usage waste water =
200-250 I/person- day, industrial waste water = 30-60 m3/haday (Catala, 1984).

The amount of infiltration depends on the length of the sewer system, the
condition of the system in general and the catchment area. The amount of infiltration
may vary from 0.02 to 0.06 1/s-ha. Typical values are in the range 20-50 I/km of sewer
for each millimetre diameter. However, this is also approximated, since this represents
the flow recorded between 2 a.m. and 4 a.m., assuming that the contribution from
industrial activity is small (Henze, 1995).

In addition to these variations, there are also modifications according to the season
and the time of the day. As the consideration of all of these factors would imply an
extreme complication, the model just takes into account a median value for the DWF,
which more or less should include all the factors above referred. A typical value for
European cities is 350 l/(day capita). Of this, 200 I/day is domestic usage, 100 I/day of
industrial origin and the remaining 50 I/day is due to the infiltration (Mackenzie, 1992).

3.4 SUSPENDED SOLIDS

Experimental data indicate that solids are of decisive importance with regard to
the transport of micropollutants in the sewer system (Xanthopoulos, 1992).
Consequently another important parameter for the drainage model is the amount of
suspended solids in water entering the drainage systems, since the production of sludge
and the removal of Caesium will depend on it. The basic function of a waste water
treatment plant is the reduction of suspended solids and Cs-137 is known to be mainly
absorbed onto particulates. Therefore the removal of suspended solids will mean the
reduction of that radionuclide.

The characterisation of suspended solids in the sewer system is not simple, since
many factors can affect the load, namely, industrialisation, type of area, and also dry and
wet periods, where very different values are found. In the model two values for the
amount of suspended solids are given: one for the dry weather flow, and the other for
the wet weather flow, where runoff may have a big influence on the variations in the
concentrations of suspended solids in water (Davis and Borchardt, 1974).

Different average values during dry weather flow are found in the literature: 300
mg/1 (Degremont, 1979), 392 mg/1 in the Dutch sewer systems (Aalderink, 1990), 317
mg/1 (Bertrand-Krajewski, 1995), 240 mg/1 (Bauwens, 1996), being the normal range of
variation between 150 and 400 mg/1 (CEDEX, 1996). Since the concentration is highly
dependant on the water consumption, a typical value per capita and per day will be
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taken, ranging from 90 to 110 g/cap.day. Then, depending on a higher or lower water
dotation, there will be a lower or higher concentration of suspended solids in water.
These values are taken from the quantity of sludge production in primary-sedimentation,
assuming a 50% suspended solids removal (Casey, 1997).

More variable is the concentration of suspended solids in wet days. These values
are of interest in the case of combined systems, where as it is later explained, runoff
from rain and domestic and industrial waste water are conducted by the same sewers.
This means that the only way by which radionuclides can enter water treatment plants is
in the case of combined systems, since these conduct runoff for treatment. Therefore, it
is important to have an average value for the concentration of suspended solids in those
waste waters.

Data from combined sewer overflows may be a good reference of the variation in
the concentrations of suspended solids during wet days. A great deal of data may be
found due to the great concern about the significant source of pollution that these
overflows mean to the receiving waters. Different average values found in the literature
are the following: 329 mg/l (Davis, 1974), from 100 to 1100 (Rijtema, 1995), 425 mg/1
(Ellis, 1993), 170 mg/1 (Carleton, 1990), 500 mg/1 (Benoist, 1990) among others.

An average value of 300 mg/1 will be used in the model in the case of wet days.

3.5 URBAN RUNOFF

One of the most problematic points of the model is the storm-runoff relationship.
In order to deal with this aspect, many hydraulics models have been created in different
countries, such as WASSP/WALLRUS (UK), MOUSE (Denmark), STORM (USA)
(Burrows, 1995).

However, there are simpler techniques which employ the so-called "rational
method" for flow predictions and "triangular hydrographs", which have been shown to
yield reasonable predictions of urban runoff, but of course with less accuracy.

Surface runoff is defined as the excess of precipitation that does not remain on the
area receiving the rainfall. Rainfall input is divided in two parts: rainfall excess (directly
converted into runoff) and rainfall abstraction (which does not contribute to runoff due
to interception, evaporation, evapotranspiration, depression storage and infiltration).

The most commonly used method to calculate runoff is called the "rational
method". The main advantage of this method is the easy applicability on urban areas.
The disadvantage is that this method is only used to calculate peak discharges, and not
volumes (Walesh, 1984). Using the "rational method" the runoff rate Q is calculated as

Q = A G I (6)

where A is the contributing area, C is the runoff coefficient and I is the rainfall intensity.
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In order to do a right use of this method, it would be essential to consider the
frequency of rains, duration of rainfalls, intensity of rainfalls and impermeability
coefficient, which varies with the storm duration. The difficulty of applying all these
factors, which would be required from the user, forces to the use of a "modified rational
method", only based on the total amount of rain and not on rainfall rates. This method is
of course not so exact, but gives a relatively good approximation.

Another possibility would be the use of the Soil Conservation Services (SCS)
Method, which is also based on total volumes instead of rates. This method, created by
the U.S. Department of Agriculture in 1970, gives a way to convert rainfall volume to
surface runoff volumes, but it implies the knowledge of the so-called "runoff curve
number", which is essential to that method.

Different models have been used to estimate urban runoff. Neumann
(Schwarz,1986) has used the following method (7) for impervious surfaces:

= P - M - V (7),

where R is surface runoff, P is the amount of precipitation, M is the depression storage
and V is the loss by runoff to pervious surface (all in mm).

The depression storage, or the amount of rainfall retained before runoff starts, is
an important factor, as the amount of precipitation must be higher than that to initiate
runoff. Experimental studies in urban environments, for example, in Munich, Germany,
show values of M=l mm (Schwarz,1986). For pervious surfaces it is shown that surface
runoff occurs relatively seldom due to the increased depression storage.

The distribution of the drainage area between pervious and impervious surfaces is
very important in order to calculate the runoff volume, since it can be observed that the
more impermeable the surface is, the higher value for the runoff coefficient.

For parks, gardens, meadows, etc., the runoff coefficient goes from 0.01 to 0.35,
and the depression storage is very high. For impermeable surfaces typical values are:
towns with high density of buildings, between 0.7 and 0.9; modern districts with many
buildings, from 0.5 to 0.7; residential areas, from 0.25 to 0.30 (Marsalek, 1994).

In the model, to give an approximation of runoff volume, the urban area is divided in
impervious and pervious. Only runoff from impervious areas is assumed to enter the
drainage systems, neglecting the runoff from pervious areas, due to the high depression
storage. Typical values for runoff coefficients are described in (Storm, 1993). Table 6
shows an indication of the values for the runoff coefficient in impermeable surfaces that
may be used in the model.

Table 6. Runoff coefficients for impervious surfaces

Type of surface
Impervious areas (buildings, roads, pavements)

% of total area
30-90

Runoff coefficient
0.6 - 0.85

78



A high -percentage of water losses can occur on urban surfaces from depression
storage, evaporation and infiltration, so that rainfall-runoff volumes can vary between
15 and 90%. Effective rainfall depths of 0.5 to 1.5 mm are required to initiate surface
runoff. For example, in the city of Quebec, the maximum rainfall which does not
generate runoff is equal to 2.0 mm. These initial losses can be very high. If such
'storage' losses are not considered the overprediction of runoff volumes could be up to
50-70% (Torno, 1986).

For this model the depression storage is estimated to be at least 1mm. Therefore,
only days with rainfall >lmm are considered. The model uses the following estimation
of urban runoff volume, provided that rainfall volume is higher than lmm:

Q = A-(C imp-A imp)-P (8),

where P is the amount of precipitation (mm), Q is the runoff volume, A is the total
contributing area, Ajmp is the percentage of impermeable area and Cimp is the average
runoff coefficient for impervious areas.

3.6 URBAN DRAINAGE SYSTEMS

3.6.1 Combined and Separate systems

Two classifications can be made in order to represent the most usual types of
sewers. With regard to the type of water that the sewer conveys, these two sewer
systems can be found (Hammer, 1996):

- Storm Sewer System.
- Sanitary Sewer System

The first system collects surface waters, which enter the system through inlets
located in street gutters or depressed areas that collect natural drainage. The rational
method, described in the urban runoff section, is used to calculate the quantity of runoff
for sizing storm sewers.

Sanitary Sewers transport domestic and industrial wastewater by gravity flow to
treatment facilities.

These two types of sewers can be dependent (Combined Systems) or independent
(Separate Systems). Combined Systems convey all the waters, from rain, domestic and
industrial usage to the treatment plant. The Separate System consists of two independent
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systems, one for surface water and the other for waste from domestic and industrial
water usage."

The specification of the type of sewer system is of paramount importance, since
the existence of separate systems would mean that no radioactivity would be retained,
but all would be directly discharged to the receiving waters, while in the case of
combined systems part of the radioactivity would be removed and part discharged with
the treated effluent.

The model gives the user a possibility of choosing the type of sewer system and ,
more exactly, the fraction of area drained by combined systems, where a '0 ' value
would mean that the entire area would be drained by separate systems and a ' 1' value,
the whole area drained by combined systems.

Combined System Sewers are easier and cheaper to build than Separate Systems,
as the latter implies a double net of pipes. The disadvantage of Combined Systems is
that the treatment plant must be overdesigned due to the high variations of the runoff
volumes, while in Separate Systems the treatment plant design fits with more accuracy
to the quantity of waste water to be treated. That makes the treatment in Combined
Systems more expensive than in Separate Systems.

From an ecological point of view, Combined Systems offer a good advantage, as
they treat runoff of small storms, which is proved to be a major source of pollutants.
However, due to the limitation in the treatment capacity, there are cases (when heavy
rains) in which entering water flows are higher than the maximum design flow, so the
water is diverted and these overflows can cause a great impact on the receiving waters.
Stormwater runoff can easily amount to 50-200 times the DWF (Dry Weather Flow) of
sanitary sewage (Laws,1993).
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Table 7 gives an idea of the type of sewerage systems used in some countries.
Remarkable differences can be found; while in the Netherlands 90% of the sewer
systems are combined, in Sweden only 14%. Nowadays the tendency in the Netherlands
is to build more separate systems.

Table 7. Sewerage and Sewage Treatment Statistics in Selected Countries (1986)

Countries

Belgium
Denmark

France
West Germany

Netherlands
UK

Spain
Sweden

% of Population
Connected to Sewer

System
57
94
91
90
86
96
52
94

% of Sewer Systems that
are combined

-
45
85
60
90
70
82
14

Source: Marsalek, 1993

The use of Combined Systems is decreasing because of the harmful impact that
they cause on the receiving waters due to the overflow during heavy rainfalls. In the
USA no more Combined Systems are built because of that (Metcalf, 1995). The general
tendency is to build more Separate Sewers, one for the waste waters, that are conveyed
into the treatment plant, and the others for the receiving waters with no treatment.
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3.6.2 Combined Sewer Overflows

The continuous increase of impermeability of urban areas makes the probability of
overflow much higher, because of the increase of runoff volumes. In Germany, for
example, the percentage of impervious area has increased from 7.2 to 12.2% in the last
40 years and every day another 40 ha of land is built over (Huebner, 1996).

The quantification of water volume entering the system is very important in order
to estimate the volume of overflow in case of heavy rain. This quantification is very
complex and requires a great deal of data. Many computational models have been made
to calculate this, and therefore, the frequency of overflow during a long period. One of
these models is the Storm Water Management Model (SWMM) (Metcalf, 1974).

The storm sewage discharged from an overflow structure consists of domestic
sewage and industrial effluent diluted by surface runoff. Surface runoff is often polluted
with oil, grit and chemicals, and suspended-solids concentrations often exceed those of
dry weather sewage (Balmforth, 1990). This runoff will contain radionuclides after
deposition on an urban area.

A good estimation of annual overflows is necessary, due to its high influence on
the discharge of radionuclides into the receiving waters. As an example, for Central
Europe, with temperate climate and a precipitation of 600 -5-1000 mm, there may be 30
to 50 overflow events per year with a duration ranging between one and up to several
hours (Borchardt, 1997).

In order to control this overflow different alternatives have been considered. The
separation of pipes is one of them, but this does not solve the problem of contaminated
runoff to the receiving waters and is very expensive. Another possibility is storage,
being the leading option in Germany, with the construction of storage tanks that act as
primary clarifiers.

The elimination of all storm overflows, either by enlarging the sewer capacity or
by providing separate sewers for surface water, would have a prohibitive cost. Current
policy is to maintain and upgrade the existing Combined Systems. Of importance is, of
course, the control of discharges from Combined Sewers Overflows in order to
minimise the pollution impacts on receiving waters.

There are different policies in the different countries concerning the problem of
overflow. As regards the maximum flow to treatment, Table 8 gives an idea of the
different policies (Marsalek, 1993).

In Europe a critical rainfall of 15 1/s-ha (5.4 mm/hr) + DWF is now being
implemented in the design of Combined Sewers. As an example, in a typical city in
Switzerland: out of approx. 1000 h of rainfall in a typical average year, overflows would
occur for about 80 h (Rijtema, 1995).
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Table 8. Policies of different countries.

Belgium
France

Germany
UK

2-5 times DWF to treatment
3 times peak DWF

2 times DWF + infiltration
6 times DWF to treatment

(2*DWF to full treatment, 3*DWF to storm tanks)
Source: Marsalek, 1993

In the model the possibility and the volume of overflow is only calculated for the
first heavy rain, due to the high load of radionuclides contained in the runoff.
Nevertheless, for the subsequent rainfalls, an estimated fraction of annual overflow is
used, due to the difficulties in calculating the corresponding overflow value for each
rainfall. The reason is that, although for short term and shock effects, the frequency
distribution of individual events is important, for medium or long term processes, it is
sufficient to estimate monthly or annual loads (Benoist, 1989).

The overflow volume due to the first heavy rain follows this simple water balance
equation (Lijklema et al, 1986):

= ( V - S S - S ) * A * R i m p *Cimp - (D*MTC) + DWF*D (9),

in which

VO = volume of overflowing water m3

V = volume of rain mm
SS = storage on surface mm
S = storage in sewerage system mm
A = drainage area m2

Rjjnp = runoff coefficient for impermeable areas
Cimp = impervious fraction of the drainage area
D = duration of the storm h
MTC = maximum treatment capacity of the treatment plant m3/h
DWF = Dry Weather Flow m3/h

Surface storage in a city is normally a low value, ranging from 0.5 to 1.5 mm. The
storage in the sewerage system is included, as it is a procedure used in some European
cities to reduce the frequency of overflows, by means of building storage tanks.

The estimation of the annual fraction of runoff to overflow is not simple, since
overflows are highly intermittent events, very unpredictable and there are not many data
about volumes, but about frequencies, which do not give a real idea of the problem,
because duration of overflows is extremely variable.
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This fraction of runoff to overflow varies due to different factors, namely, average
rain intensity, impermeabilisation of urban areas, maximum treatment capacity of waste
water treatment plants and existence of storage tanks, among others. The values given
for the model are taken from different studies (Hansen, 1993), (Verbanck, 1990),
(CEDEX, 1996), (Hernebring, 1993), (Carleton, 1990), (Lindholm, 1976), (Holbrock,
1976). In the following table some values are given, which should be considered as a
reference, due to the uncertainty in this aspect (Table 9). The various values correspond
to different maximum treatment capacities and storage tanks. Typically, treatment
plants are expected to accept a factor of two to five times average design flow of
increased flow during wet weather (Sharon, 1989).

Table 9. Estimated values for annual runoff to overflow (%).

Max. treatment capacity
2*DWF
3*DWF
3*DWF
3*DWF

(5 * 6)*DWF
(5 + 6)*DWF
(5 * 6)*DWF

Storage
0
0

10*20
20*30

0
10*25

>25

Annual runoff to overflow
50*60
30*45
25*40
20*30
20*30
10*25
10*15

3.7 WASTE WATER TREATMENT

Treatment plant plays an important role retaining a part of the activity that enters
with the surface waters. This happens only in Combined Systems, as in Separate
Systems surface waters are not treated and all the activity goes directly to the receiving
waters.

In the model the following types of treatment are considered:

• Primary treatment, which refers to mechanical treatment and involves the
removal of settleable solids and the production of sludge by those solids settling on the
bottom of tanks.

• Secondary treatment, which refers to biological treatment, involving the use of
micro-organisms to degrade organic matter.

• Tertiary treatment, which refers to the use of advanced treatment technologies to
get a higher reduction of the suspended sediments and certain pollutants, such as
phosphorus, nitrogen and heavy metals. It includes many different processes, such as,
chlorination, chemical coagulation, flocculation and precipitation, microscreening and
selective ion exchange.
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Table 10 shows the different treatments used in some countries and the percentage
population served by waste water treatment plants in 1990.

Table 10. Percentage population served by different treatments in Europe.

Country

Austria
Finland
France

Germany
Luxembourg
Netherlands

Norway
Spain

Sweden
Switzerland

United
Kingdom

Primary
Treatment

only
5
0
-
6
3
1

13
11
1
-
8

Secondary
Treatment

60
0
-

50
82
83
1

38
10
90
65

Tertiary
Treatment

7
76
-

30
5
8

43
4
84
-

14

Total served

72
76
68
86
90
92
57
53
95
90
87

Source: (Stanners, 1995)

The basic stages in water treatment are represented in Figure 4 (Ray, 1995). Of
these, the main stages are the primary and biological treatments, which are considered
as default treatments in the model. In these stages most of the retention of radionuclides
is produced. The primary treatment follows a preliminary phase which consists of
screening (removing gross solids from the flow) and grit (heavy inorganic particulate
fraction of sewage) separation. Primary treatment is a simple sedimentation to remove
settleable solids and secondary treatment is a sedimentation after a biological process.

^ ; Preliminary 1
^ i treatment

i Primary
H Sedimentation

1

i

FSIudge Solids
' to further
) treatment and
> disposal

1 Biological j
A i process :

j

! Secondary
^ | Sedimentation

i

i

Sludge Solids
1 to further |
j treatment and •
5 disposal

Figure 4.- Basic stages in water treatment.

The main objective of these treatments is the reduction of suspended - solids (SS).
Since Cs-137 is mainly attached to particulates, Cs-137 removal will be highly
influenced by SS reduction. Therefore, SS reduction will be a main parameter in this
model to estimate the retention of activity. That activity will be carried in the treatment
plant with the sludge produced at the different stages.
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The range of SS removal achieved in these treatments may vary. The European
Council (EC) Urban Wastewater Treatment Directive (UWWTD; 91/271/EEC) defines
Primary Treatment as 'a means of treating urban wastewater by at least 20% before
discharge and the total suspended solids of the incoming wastewater are reduced by at
least 50%'. The general view is that well designed primary sedimentation tanks should
achieve a 65% suspended solids reduction, but recent studies in the UK show that, at
many sites, these primary tanks do not achieve the UWWTD primary treatment standard
(Andoh,1996).

The most common waste water treatment is a combination of a primary treatment
followed by a biological treatment. At the latter stage, the basic function is the
degradation of organic material, but there is also a SS reduction by sedimentation and,
because of that, a reduction inCs-137.

In the model it the option of a primary stage with a physico-chemical treatment is
also included, whereby a highly non-settleable colloidal fraction is converted into
settleable, getting as a result higher Cs removal. Typical Values for SS reduction are
given in Table 11 (CEDEX, 1996).

Table 11. Typical values for SS reduction.

Stage
Primary treatment (normal)

Primary treatment (with physico-chemical treatment)
Secondary treatment

SS reduction
60-65
70-90
75-85

Source: CEDEX, 1996

According to European directives about water treatment, the values shown
in Table 12 are imposed for SS concentrations and reductions at the end of treatment.

Table 12. Values imposed on SS and BOD5

Contaminant
SS

Concentration
35mg/l

% reduction
90

Source: CEDEX, 1996

Mean residence times of water in the different stages of treatment may be
important in order to calculate the radioactive decay. Typical detention times are
presented in Table 13 (Ray, 1995):
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Table 13. Typical hydraulic detention times.

Stage
Primary Sedimentation
Secondary Treatment

Average Detention Time (h)
1.5-25

4-6
Source : Ray, 1995.

These values are very low compared to Cs-137 half-life, and are therefore
negligible for that radionuclide.

The possibility of a tertiary or advanced treatment is also included in this model,
but due to the great number of processes, there may be a high variation in removal
according to the different treatments. The model will consider an average retention as a
default value, in case this option is chosen.

3.8 SLUDGE TREATMENT AND DISPOSAL

Sludge production is increasing in Europe and , at the same time, sludge disposal
is becoming more and more difficult. In addition to that, the more restrictive directives
about waste water treatment increase the quantity of sludge requiring disposal.

Current options are:
• Recycling of sludge as fertiliser for agricultural land.
• Disposal to landfill, either as dewatered sludge or incinerated ash.

A considerable part of activity entering the treatment plant is shown to be retained
with the sludge, so its application on agricultural land, although its value as an organic
fertiliser has long been recognised, could be harmful. Moreover, sludge normally
accumulates other toxic substances, and its use in agriculture is more and more
questioned. Besides that, the radiation dose received by the plant workers could possibly
reach considerable levels.

Four countries (France, Germany, Italy and the UK) produce 84% of the sludge
disposed in the EU (see Figure 5). Germany alone contributes 42% the total amount of
sludge disposed (Table 14). Its final destination in that country is indicated in Table 15.

Others
2%

France
13% |

Netherlands 1

5%

Italy
13%

§miii&8

^B
UK

17%

Spain
5%

mm
Denmark

3%
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Figure 5.- Sludge production in the European Union (Hall, 1995)

Table 14. Data from sludge production in Europe (1991-92).

Country
Belgium
Denmark

France
Germany

Italy
Netherlands

Portugal
Spain
UK

Total Population (millions)
9.4
5.1

56.9
79.7
57.7
15.0
9.9

39.0
57.5

Sludge disposed (tDS/Annum)
59 200

170 300
852 000

2 681 200
816 000
322 400
25 000

350 000
1 107 000

Source : Hall, 1995

Table 15. Sewage Sludge Disposal in Germany.

Type
Landfilling

Agriculture recovery
Thermal treatment

Composting

Percentage (%)
60
25
10
5

Source: Bergs, 1997

3.8.1 Sludge production

In order to estimate the radioactivity in the sludge because of retention of
radionuclides, it is essential to calculate the sludge production. Sludge comes from
primary sedimentation and secondary sedimentation after the biological process.

Daily primary sludge production can be calculated with the following equation
(CEDEX, 1996), also used in the model:

K = Q S S R 1 0 5 (10) (CEDEX, 1996)

K= kg/day of primary sludge.
Q= daily treated flow (m3/day).
SS = average suspended solids in inlet waters (mg/1).
R = SS reduction in primary sedimentation (%).

Average sludge detention time is only 5 hours, negligible in comparison to Cs-137
half-life, but not for other radionuclides such as 1-131.

Assuming that sludge density is more or less equal to water density, due to the
high content of water in sludge, sludge volume can be calculated with the following
equation:
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v =
K

10*C
(11),

where V is the daily volume of sludge (m3/day), C is the primary sludge concentration
(%) and K is the daily primary sludge production (kg/d). Typical primary loads
concentration: C=3 - 8 %. (CEDEX, 1996), (Metcalf, 1995), (Ray, 1995), (Casey,
1997).

Secondary sludge production may be calculated according to different empirical
equations (Metcalf, 1995) requiring very specific data, so, as a simplification,
relationships between primary and secondary sludge volumes are used. These
relationships are valid for the two most used secondary treatments, namely, activated
sludge and percolating filters treatments, and are taken from data on sludge volumes in
the literature (Tabasaran, 1975), (Casey, 1997):

Secondary sludge volume = k * Primary sludge volume (12)

where k may be (Table 16)

Table 16. Secondary-Primary relationships

Activated sludge
Trickling filters

2.8 -f 3.5
l - r l . 5

Table 17 shows average values for Primary and Secondary volumes both for activated
sludge and trickling filter treatments.

Table 17. Average values for domestic sludge

Type
Raw sludge from primary sedimentation

Low-rate trickling filter tank
High rate trickling tank
Activated sludge plant

Sludge Quantity (I/cap .day)
0.7 -K 1.0
0.7 -=- 0.9
1.0-r 1.6
2.1 -r 3.0

Typical secondary sludge concentrations are
Source: Tabasaran, 1975

Table 18. Secondary Sludge Concentrations

Type
Waste Activated Sludge

Waste Trickling filter Sludge

Concentration (%)
0.5 -r 1.5

l-e-5

Source: CEDEX, 1996, Ray, 1995
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3.8.2 Sludge Treatment

From an economical point of view a volume reduction of the sludges is required
for the treatment and disposal of sludges. Less than 5% of sludge is solid matter. That
gives an idea of the volumes sludge can reach. Sludge management has been cited as the
most important aspect of wastewater treatment.

A very important stage in sludge treatment is the sludge stabilisation. Wastewater
sludges have high concentrations of biodegradable material whose decomposition
produces nuisance odour levels. Stabilisation is a biological conversion of the organic
fraction to stable products using aerobic or anaerobic digestion processes or by raising
the sludge pH with lime. 76% of sewage-treatment works (STWs) in the EU (see Figure
7) stabilise sludge before recycling or disposal (Hall, 1995).

Aerobic
18%

Composting ^ - - m

3% . « H B B B

î
Anaerobic

50%

Other
1%

sinmm

None
24%

^ M Lime
^ ^ 4%

Incineration Sea
11% 6%

Agriculture
37%

Landfill
40%

Other
disposal

6%

a) b)

Figure 7.- Sludge Stabilisation (a) and Disposal (b) in the European Union (Hall, 1995)

Anaerobic digestion is the most common method of stabilisation. It is a biological
process in which organic matter is converted to methane and CO2 by the co-ordinated
activity of anaerobic microbes in the absence of oxygen. The influence of temperature
on digestion time is high. Meshophilic digestion (16-38 °C) processes having a
residence time of 15 - 25 days, have long been used for sewage sludge stabilisation,
particularly in treatment plants of medium to large size.

Aerobic stabilisation refers to aeration of sewerage sludge resulting in the
microbial oxidation of organic material with a residence time between 10 and 20 days
(Casey, 1997).

Anaerobic digestion is usually the chosen method for larger STWs, while aerobic
digestion is used in smaller STWs. Table 19 gives an overview of the use of sludge
digestion (Hall, 1995).
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Table 19. Use of Stabilisation Treatment in Europe.

Country
England

Netherlands
Finland

Germany
Sweden

Switzerland

% Stabilisation
96
66
50
86
55
95

Source : Hall, 1995

Stabilisation is particularly important where the sludge is to be used in agriculture.

Due to the increase in sewage sludge production, the capacity and performance of
sludge stabilisation plants has to be expanded. In order to minimise the stabilisation tank
volume, a thickening stage is included before the septic stage. With this a reduced
volume of sludge is obtained. Table 20 shows the different sludge concentrations after
thickening.

Table 20. Sludge concentrations of gravity-thickened sludges

Type
Primary sludge

Primary + Activated sludge
Primary + Trickling filter sludge

Solids concentration after gravity thickening (%)
5-f 12
4 H - 6

7-f 11

Source: Casey, 1992

There is usually a dewatering stage after stabilisation, in which solid matter
concentration in the sludge is increased by dewatering. Most countries in EU dewater
most of their sludge prior to recycling or disposal, with the exception of the UK (Casey,
1997). Concentrations after dewatering may vary according to the process used (see
Table 21).

Table 21. Sludge concentrations after dewatering.

Type
Natural

Concentrations (%)

10^-35
Mechanical

Belt-Presses
Centrifuges
Filter-Presses

15 4-25
30

40 4-50

91



Source: Dirkzwager, 1997

Taking all the above into consideration, the following three stages are considered
in the model:

•Thickening.
• Stabilisation.
• Dewatering.

It is important to take into account water reduction in all of them, as the higher
volume reduction of sludge, the higher concentration of radionuclides would result in it,
since most of the activity will be retained with the solids. High concentrations of
activity would have implications for the management of sludge in agriculture,
incineration, etc.

There is usually a water recirculation from the sludge treatment to the head of the
plant, so the model will take into account the activity going with that water from each
stage in the sludge treatment to the head of the waste water treatment plant, both in
dissolved state and in particulate form. The particulate phase in water is due to the fact
that part of the solids are lost during these stages, between 5 and 15 % in each (Metcalf,
1975). Figure 6 depicts a typical sludge line in a treatment plant.

i
Sewage

Treatment
Sewage j
Sludge | *

Thickening | J Stabilisation

( wl ter
| recircufation

Dewatering M Disposal
/

Agriculture

Landfill

Incineration

Figure 6.- Typical structure of a sludge line

In order to estimate the activity of sludge, sludge detention times and
concentrations of solids (Table 22) are considered for each stage in the model (Ray,
1995).

Table 22. Typical sludge detention times and concentrations of solids.

Stage
Thickening

Anaerobic Stabilisation
Aerobic Stabilisation

Dewatering

Typical Concentrations (%)
3 - 6

4-10
4-10
12-50

Detention Times (days)
1

20 - 90 (30)
12-20(15)

>10
Source : Ray, 1995
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3.9 RADIONUCLIDE BEHAVIOUR IN URBAN DRAINAGE SYSTEMS

The fate of radionuclides after runoff from urban areas has not been addressed to
any great extent in models which calculate external doses in urban areas. Radioactivity
entering urban drainage networks, in the case of Combined Systems, is returned to
surface in 3 ways: discharge of treated effluent, discharge of untreated effluent when
overflow occurs, and sewage sludge, which may be disposed of in a number of ways,
including application to agricultural land.

If the sewer systems are Separate, all the radionuclides will be discharged to the
receiving watercourse, unless there are primary clarifiers such as storm tanks in which a
part of radionuclides could be retained. In this model, no radionuclides is considered to
be retained in the case of Separate Systems.

Synthesising the process in Combined Systems is extremely difficult due to the
different possibilities and variations of water treatment. Most of the processes may be
condensed in two: a primary sedimentation after a preliminary treatment, and a
secondary sedimentation after a biological treatment, by processes like waste activated
sludge (more frequently used) or percolating filters process (less used).

The main purpose of water treatment is to reduce the content of solid matter, both
organic and inorganic, by sedimentation of suspended solids and destruction of organic
matter (BOD5)\ Other processes such as disinfection, nutrient removal, etc., are
considered in the model as tertiary treatment, but the uncertainty in these processes is
high.

Two main factors will have an influence on the activity of treated effluent and
sludge, namely, hydraulic and sludge detention times and removal of solid matter.
Detention times are very important in the case of short lived radionuclides such as 1-131
and 1-133. Although the total hydraulic detention time is lower than a day, sludge
treatment can easily last more than 30 days, a high value compared to the short half-life
of 1-131 and 1-133, 8 days and 21 hours respectively. However it would have a
negligible influence (see water and sludge treatment sections) on Cs-137.

Radionuclides are preferentially adsorbed by small diameter particles such as fine-
grained muds or clay. These sediments are more likely to remain in suspension and be
carried in the sewage flow to the treatment plant (Mackenzie, 1992).

Another process is adsorption of radionuclides onto the sewer walls, which will
depend very much on the materials used in sewer construction. This factor is not
considered in the model. Firstly, because of the high uncertainty due to the different
materials used in sewer construction and secondly, because flow of liquid through
sewers normally goes at self-cleansing velocities, which avoid sedimentation in pipes.
In case of retention further cleaner sewage may desorb back this activity into solution.

lrThe concentration of organic matter in water is expressed in terms of equivalent oxygen consumed in its
oxidation to carbon dioxide. The biochemical oxygen demand (BOD5), is defined as the oxygen uptake in
microbial respiration over a 5-day period in water out of contact with light and in a constant temperature
of25<C.
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Therefore, no activity is considered to be retained, but all is carried finally to the
treatment plant. "

The wide ranges of values for the retention of radionuclides in sewerage, obtained
in different experiments make the simulation of radionuclide behaviour in drainage
systems very difficult. In the case of 1-131, the UNSCEAR aquatic model (United
Nations, 1977) estimates that during treatment of drinking water, 20% of the activity
contained in raw water is removed. From different experiments, the range of 1-131
retention in sewerage goes from 3 to 25% (Fenner, 1997). The values of elimination for
the case of Cs-137 and 1-131 obtained at the treatment plant "L'usine de Tailfer"
(Meuse) (CEC, 1989) are shown in Table 23.

Table 23. Radioactivity elimination from water at L'usine de Tailfer (Meuse)

Radionuclide
Cs-137
1-131

Elimination (%)
54±24
33±7

Source : CEC, 1989

Average values are summarised by Mackenzy (Mackenzy, 1992) as shown in
Table 24. Measurements in the outgoing water and the sludge from the sewage
treatment plant serving the town of Lund (Sweden) show that for Be-7, Cr-51, Cs-134
and Cs-137 between 37 and 56% of the incoming activity leaves the plant with the
sludge (Erlandsson, 1989).

Table 24. Retention data summarised by Mackenzy.

Element

I
Sr
Cs

Retention on sewage sludge(%)

15
40
45

Source : Mackenzie, 1992

3.9.1 Radionuclide removal in the different sewage treatments.

As it was mentioned in previous sections, three options for sewage treatment are
possible, namely, primary treatment only, primary and biological treatments and a
combination of primary, biological and tertiary treatments.

Unfortunately, there are very few data about retention of radionuclides in the
different sewage treatments. Many experiments have been made, nevertheless, studying
heavy metals retention, as some of them are considered very harmful. Of course, the
more complete a sewage treatment is, the higher heavy metals retention will show (see
table 25). As a result, it is assumed that Cs-137 removal will also be higher.
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Table 25. Heavy metals removal in different sewage treatments.

Treatment
Primary

Secondary
Tertiary

Cd,Zn
5-20
20-40
40-60

Cu,Pb,Cr
40-60
70-90
80-95

Source: Stanners, 1995

Radionuclide removal during primary sedimentation is a physical process,
dependant on the formation of settleabie solids, while removal in biological treatment is
a more complex process, that depends on a great deal of factors.

In a primary treatment, most of the settleable particles suspended in the fluid settle
under the influence of gravity. Approximately from 50 to 65% Suspended Solids (SS)
settle in a primary treatment. Knowing the partition into dissolved and particulate
fractions, radionuclide removal may be estimated. However, many experiments with
heavy metals show that the efficiency of the process is variable (Rossin, 1983). The
wide variations in heavy metal removal suggest that the operational parameters for
primary sedimentation can influence the removal heavy metal. It was found that, under
variable flow conditions, removals were lower (Rossin, 1983). During rains, flow is
variable, so it is assumed that retention of radionuclides will behave in the same way.

Taking into account that between 50 to 65 % SS are removed, in the model it is
supposed that 50 - 55 % Cs-137 attached onto particulate is removed during primary
treatment, while the rest goes to the secondary treatment.

Secondary treatment is much more complex. Many studies with heavy metals
have been made and the wide range of removal efficiencies demonstrates the variability
of conditions in such a treatment (Lester, 1987). No distinction between activated
sludge and percolating filters plants is made.

Many different factors affect radionuclide removal in these processes, namely,
plant operating parameters, physical or chemical factors and biological factors. A
greater efficiency is supposed, due to the greater SS removal in an activated-sludge
plant than in a primary treatment (Lester, 1987). Removal will mainly be of two types:
by settling of particulate and by adsorption of soluble radionuclide by the sludge floes.
As a simplification, the model takes into account the percentage SS removed in
secondary treatment (75 - 85 %), and as a result, the radionuclide attached on those
solids will be removed.

Although a conventional sewage treatment consists of a primary sedimentation
followed by biological treatment, it is usual in some cases, when industrial discharges
are highly contaminant and can be harmful to the following biological treatment, to use
of a primary sedimentation with a physico-chemical treatment

Physico-chemical treatment consists of a chemical coagulation and flocculation
followed by a precipitation. With this treatment colloidal particles suspended in water
are separated. These suspended solids are extremely difficult to separate with normal
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sedimentation, so they need the addition of coagulants to precipitate. In a physico-
chemical treatment a 65 •=- 90 % SS reduction is obtained (Tejero, 1994),. so it is
assumed a higher radionuclide removal than in a normal sedimentation treatment. This
higher removal is due not only to the radionuclides attached on suspended solids, but
also to the precipitation of the dissolved activity. In the model it is considered a removal
of 75 ~ 85 % Cs-137 on SS plus a 5 -f 40 % removal of the dissolved radionuclide.
Precipitation of dissolved phase is really unpredictable, so it is recommended a 5%
removal, as a conservative value.

The possibility of a tertiary treatment is also incorporated in the model, since it is
used in some cities very concerned about contamination with heavy metals, phosphorus
and nitrogen. The wide range of processes in a tertiary or advanced treatment makes the
estimation of radionuclide removal really difficult. Depending on the process, different
removal will be obtained. For instance, disinfection by chlorination would mean no
retention of Cs-137, while the use of ion-exchange filters would mean high Cs-137
removals: experiments with organic ion-exchange resins have been used to collect and
concentrate a wide range of cations and anions from freshwater, with which more than
90% Sr, Cs, Co, I retention has been obtained (Krieger, 1971). Other processes such as
precipitation, microscreening, also have appreciable efficiencies. As a default value, a
60% removal is assumed in tertiary treatments, comparing removal in different
treatments to those with heavy metals.

3.9.2 Kdfor selected radionuclides

The method used to estimate the part of the radioactivity discharged with the
treated liquid effluent and the fraction retained in the sewage sludge (always in the case
of Combined Systems) is based on the radionuclide distribution between the solid and
liquid phases. That is, a fraction of the activity entering the sewers with the runoff will
be associated with the particulate material and a fraction will be in solution.

Most of the suspended solids that enter the treatment plant will settle both in
primary and secondary clarifiers. Activity attached to suspended sediments will be
incorporated in the primary and secondary sludges. The remainder, together with most
of the soluble activity, will be discharged with the liquid effluent.

The coefficient that describes the distribution between solid and dissolved
fractions is called the distribution coefficient Kd

_ concentration of contaminant in suspended matter (Bq / kg)
concentration of contaminant dissolved in aqueous phase (Bq /1)

It is shown that anionic and neutral forms of the elements are the most mobile,
while cationic and colloidal forms are more susceptible to ion exchange or capture by
immobile aquifer surfaces (Salem, 1993).

Radionuclides, depending on their chemical characteristics, show different
behaviour. Normally, Cs-137 is strongly adsorbed onto suspended particulate material
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and shows chemical similarity to potassium. Sr-90 appears in water as ionic form
similar to Ca and it is not strongly adsorbed onto suspended paniculate. The fraction
usually found in particulate phase ranges from 1 to 10%. 1-131 and 1-129 are very little
adsorbed onto suspended matter (IPCS, 1983).

Different factors may modify the radionuclide distribution in water. If inactive
ionic material is added, radioactive retention decreases. In the case of a radioactive
cation in acid solution, this will be less retained than in basic solution (Gaspar, 1972).
The contents of K, I and Ca in the cases of Cs-137,1-131 and Sr-90, respectively, have a
large influence on the radionuclide distribution in water. In the case of Cs-137 there is a
strong competition among the cations in solution; Cs removal will be affected by the
sodium and potassium concentrations (IAEA, 1992). A clear distinction is seen in the
radionuclide behaviour in marine and freshwater systems (Table 26), where the
dependence on pH and dissolved salts, as well as sediment load, is evident.

Table 26. Concentration factors in sediments for specified radionuclides (CEC, 1979).
Radionuclides

Sr-90
1-131

Cs-137
Ru-106

Marine concentration factors

500
100
500

10000

Freshwater concentration factors

2000
200

30000
40000

Source: CEC, 1979

The concentration factor, as shown in Table 26, is the ratio between the quantity
per unit weight of sediment and the quantity of activity per unit volume of filtered water

/Bq.tonne"1 \
-3[ Bq.m

The case of Cs-137 is remarkable. In a marine environment retention is much
lower due to the high concentration of potassium (a direct competitor) in the ocean and,
in general, due to the content of dissolved salts (30 kg/m3), while in rivers this value is s
0.1 kg/m3.

The estimation of Kd in waters entering drainage systems that are conveyed to the
clarifiers tanks may have a high uncertainty. Different values are found, but all of them
have a wide range. For example, the concentration factor for Cs must be related to the
potassium concentration in the water, to the turbidity and pH. Grain size distribution of
suspended solids may also have influence on Cs distribution. Different studies with
trace metals, show that they attach themselves to fine grained particles, in particular
those elements with high distribution coefficients (Forstner, 1984). In the case of urban
wet weather discharges, these fine particles (<100 îm) predominate in the solids
transferred in suspension (Chebbo, 1992). It is assumed that the lower the particle size,
the higher values for K,,. A variation in any of these parameters may easily change K<,
for Cs.

Reference estimations can be found in Table 27 (IAEA, 1994).
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Table 27. Gross average values of IQ (I/kg) in fresh waters.

Elements

Sr
I

Cs

Expected

l*103

10
l*103

Range

8^4*103

0-8*10
5*10 -8*104

Source: IAEA, 1994

The expected values can drastically vary because of the composition of both solid
and liquid phases, as well as the different methods used in water treatment. For instance,
the addition of hydrated lime to precipitate Ca2+ and Mg2+ (typical treatment when the
water is very hard), would influence Sr-90 retention. Radiocaesium is shown to have
very high solid-aqueous distribution coefficients. In freshwater lakes Kd for Cs varies
from 103 to 105 I/kg (Sansone, 1996). Other listed Kd values for Cs found in literature,
where variability can be observed, vary from 5000 to 50,000 I/kg (Booth, 1976).

More recent data are the following typical values for Cs-137 and Sr-90 in lakes,
being K,, for Cs-137 usually lower than 10 m3/kg (Monte, 1996), while Kd for Sr-90
ranges between 0.5 and 1 m3/kg (Heling, 1997) (adsorbed fraction onto particulate
matter < 10%).

General conclusions from Kd values are the relatively low affinity of strontium
for the solid phase, the weak interaction of Iodine, and the strong interaction with a very
wide range in Kd for radiocaesium. The range used in the model for Cs-137 is shown in
Table 28.

Table 28. Kd used in the model for Cs-137

Element

Cs
lUl/kg)

2000 -f 4000

4. COUNTERMEASURES

Apart from natural decontamination by weathering, the model is intended to take
into account the effect of forced decontamination by methods which can generate a
significant amount of waste liquids, that can finally reach the sewers and move the
contaminant to the receiving water bodies.

The effectiveness of decontamination techniques can be expressed in terms of
either the "External Dose Rate Reduction (EDR) factor" or the "Decontamination Factor
(DF)". The EDR is defined as

E D R -
dose rate before decontamination

dose rate after decontamination
(14)
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For simplicity EDR may be called, in many occasions, DF, but it does not apply to
the same quantity, since DF refers to: -

contamination level before decontamination

contamination level after decontamination

The EDR is usually the preferred measure for evaluating the efficiency of
techniques applicable to the urban environment, because it gives a direct insight into the
result. Owing to changes in the geometry of the source during the decontamination
process, the EDR is not proportional to the DF, but usually lower. In any case, for the
model is more useful the DF, since it gives a direct measure of the amount of
contamination removed from surfaces and taken out with the wastes generated.

DF taken from different references (Martin, 1993; VAMP, 1993; Hubert, 1996;
Roed, 1995) for countermeasures related to the different surfaces considered in the
model are listed in Table 29. Some countermeasures will mean a direct impact on the
receiving watercourse, when these procedures imply the use of water. These
countermeasures are indicated with an asterisk in Table 29. Water and removed activity
will enter the drainage system, going directly to the sewage treatment plant, in the case
of Combined Systems, during the application of those countermeasures. The rest of
countermeasures will have an indirect impact on the receiving waters, in the sense of a
radioactive reduction entering drains, due to the removal of contamination. However,
there will be radioactive wastes, which will have to be treated in specific plants, but this
aspect is out of the scope of the MOIRA Project.

For each one of the impermeable surfaces and trees the user can choose among
different strategies of decontamination, selecting one or various techniques and their
periods of application. Giving a detailed pattern of the combination of different
techniques to produce a given countermeasure strategy for urban areas is out of the
scope of the MOIRA system.

Since MOIRA is focused on the impact on aquatic ecosystems, only those
techniques with incidence on the drainage systems will be considered in this model.
Non-paved areas decontamination, namely scraping or ploughing, an important aspect
from a point of view of a dose reduction, would nevertheless mean no appreciable
impact on the activity in drainage systems. As it can be seen, decontamination
techniques of roofs, walls and paved areas are of the highest priority for consideration in
the model.

For walls, sandblasting and high-pressure water hosing are very efficient and cost-
effective techniques. For instance: sandblasting can remove well over 90% of the
radiocaesium from a brick wall with no damage of the brick. High pressured water jet is
generally less effective than sandblasting. Ammonium nitrate solution is a simple
procedure, but has a low efficiency and implies large volumes of liquid radioactive
wastes (Roed, 1995).
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For roofs, high-pressure water hosing and washing are not very expensive
techniques that can be applied to reduce the contamination level half of the initial value.

For paved areas, firehosing, especially at high pressure, can result very beneficial
and is almost always recommended, as Tables 30 and 31 indicate. These tables show the
conclusions of two recent studies on cost-effectiveness of urban decontamination
strategies. They show the benefits of non-paved areas decontamination, but, as it was
explained before, these are not considered to have any considerable influence on
radioactivity in drainage systems.

Table 29. Decontamination Factors for different techniques.

Surface
Walls

Roofs

Paved Areas

Trees

Reclamation procedure for Cs

ARS-14 with trailer (Clay coating)
high pressure turbo-nozzle*

Sandblasting (dry)
Sandblasting (wet)*

Polymer coating
Ammonium nitrate spraying*

Changing roofs
ARS-14 with trailer (Clay coating)

Electric drill with steel wool or sandpaper
High pressure turbo-nozzle*

Roof washer*

Vacuum sweeping
Fire hosing*

high pressure water hosing*

Cutting
Defoliating

DF

1.2-3.6

1.3
4
5

4 - 5
1.3

>100
1.2 - 2.6
2-2.3

2.2
2

1.4
1.1

1.7-2.2

10 (10-100)
10(1.2-20)

Table 30. Cost-Effectiveness of Decontamination for a typical Urban Area,
from Brown et al. 1992.

Very beneficial

Moderately beneficial

Unlikely to be worthwhile

Grass cutting
Ploughing
Vacuum sweeping roads
Firehosing roads
Road planing
Soil removal
Firehosing buildings
Roof replacement
Sandblasting buildings
Ammonium nitrate treatment
Cleaning indoor surface

Source: VAMP, 1993
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Table 31. Decontamination Strategy from Study by Roed.

Deposition type Surface to be decontaminated Priority
Trees and Gardens 1
Street cleaning 2Dry

Wet

Roofs 3

Gardens 1
Street cleaning 2
Others Not worthwhile

Source : VAMP, 1993

5. INPUT PARAMETERS

In this section a list of the input parameters existing in the model is shown. These
parameters have been classified in two types. On the one hand, those parameters that the
user is obliged to enter, since they are site-dependant (environmental parameters), and
on the other hand, those more specific, which only an expert would be able to modify
(model parameters). Many parameters have their own range of uncertainty, since they
are not accurately known, due to the great number of factors that can affect them.

In the following tables the input parameters are presented with their names,
definitions, units, ranges of uncertainty and default values when necessary. Some
parameters have an assigned probability distribution; the symbols used in the table are:
U, for a uniform distribution; N, for a normal distribution, T, for a triangular
distribution, LN, for a log-normal distribution. A more detailed description can be found
in the User's Guide (Garcia et al., 1998).
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5.1 Environmental Parameters

Variable | Definition | Units | Source | Range | Default values
5.1.1 Drainage area parameters

Drainage area

Population

Built-up fraction

Roof fraction

Walls roof ratio

Trees area

Total area drained by
the sewage treatment
plant
Number of inhabitants
in drainage area
Part of drainage area
including roofs and
paved areas
Fraction of built-up area
occupied by roofs
Relationship between
Roof and wall area

Area occupied by trees

m2

inh.

n.a.

n.a.

n.a.

m2/inh

User/GIS

User/GIS

User

User

User

User

-

0.3-0.8 N

0.6-0.8 N

0.9-3.3 U

1.75 residential
0.26 town

-

0.6 residential
0.7 town

0.65 residential
0.75 town

3.3 multi-storey
building

1.2 Detached
0.9 Semidetached

1.75 residential
0.26 town

5.1.2 Radioactivity deposition data
Type dep.

Fallout

Dep day

Dep month

Type of deposition

Radioactive Deposition
on Soil
Day of the month when
fallout finished
Month of the month
when fallout finished

n.a.

Bq/m2

n.a.

n. a.

User

User

User

User

l = dry
deposition

2 = wet
deposition

-

1-30 U

1-12 U

1

-

-
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Variable Definition
5.1.3 Trees parameters
Init leaffall

End leaffall
Init leafgrowth

End Leafgrowth

First day leaves start
falling
Last day leaves fall
First day leaves start
growing
Last day leaves grow

Units

n. a.

n. a.
n.a.

n. a.

Source

User

User
User

User

Range

250-300 U"

310-360 U
60 -100 U

110-160 U

Default values

270

330
60

120
5.1.4 Rainfall distribution
Monthly rainfall Two values for each

month,
i = amount of rain per
month,
j = number of days with
more than 1 mm.

Mm

Days

User

_ _

5.1.5 Characterisation of wastewater to treatment
Comb area
fraction

DWF
Storage

Runoff imp coeff

Runoff to
overflow

Fraction of area drained
by combined systems

Dry Weather Flow
Storage tanks in
sewerage system
Fraction of rain
converted into runoff
Annual fraction of
runoff to overflow

n.a.

I/cap .d
Mm

n.a.

n.a.

User

User
User

User

User

0 - 1

150-500 N
0 - 4 LN

0.6-0.85 N

0.1 - 0.6 N

1

350
0

0.7

0.3

5.1.6 Characterisation of treatment
Max.Treatm. Cap

Type of treatment

Type primary
treatm

Primtosec sludge
vol

Maximum treatment
capacity
1 = Primary treatment
only
2 = Primary +
Secondary treatments
3 = Primary +
Secondary + Tertiary
treatments
1 = Physico-chemical
treatment
2 = Non physico-
chemical treatment
Empirical relationship
between primary and
secondary sludge
volumes

I/cap .d

n. a.

n.a.

n. a.

User

User

User

User

450 -1500 N

1-3

1 -2

Act .sludge
23-3 .5N
Filter plant

1-1.5N

1050

2

2

3
1.2

5.1.7 Characterisation of first heavy rain
First heavy rain
depth
Time first heavy
rain

First heavy rain
duration
Storms per year

Amount of rain in first
heavy rain
Two options for first
heavy rain event:
Randomise
Specify
First heavy rain duration

Average number of
storms per year

mm

n.a.

h

n. a.

User

User

User

User

4 - 4 0 LN

1-2

2 - 1 2 LN

45-190 N

5

1

4

110
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Variable
Mean depth per
rain
First day specify

Definition
Average amount of rain
per rainfall
Day of first heavy rain
after fallout

Units
mm

n. a.

Source
User

User

Range
3-8 N

0-30 '

Default values
5

~

5.1.8 Decontamination of paved areas
Time paved a vac
sweeping (i,j)

Time paved a fire
hosing

Time paved a
high press water
hosing

Period of time vacuum
sweeping technique is
applied on paved areas
i = init (days after
deposition), j = end
(days after deposition)

Period of time fire
hosing technique is
applied on paved areas
Period of time high
pressure water hosing
technique is applied on
paved areas

days

days

days

User

User

User

(0,0)

(0,0)

(0,0)

5.1.9 Decontamination of roofs
Time roof
changing

Time roof ARS-
14 with trailer

Time roof electric
drill

Time roof washer

Period of time changing
roof technique is
applied
Period of time ARS-14
technique is applied on
roofs
Period of time electric
drill technique is
applied on roofs
Period of time washing
is applied on roofs

days

days

days

days

User

User

User

User

(0,0)

(0,0)

(0,0)

(0,0)

5.1.10 Decontamination of walls
Time wall high
press turbo nozzle

Time roof high
press turbo nozzle

Time wall
sandblasting dry

Time wall ARS-
14 with trailer

Time wall
sandblasting wet

Time wall
ammonium nitrate
spraying

Time wall
polymer coating

Period of time high
pressure turbo nozzle
technique is applied on
walls
Period of time high
pressure turbo nozzle is
applied on roofs
Period of time high
pressure dry
sandblasting technique
is applied on walls
Period of time ARS-14
with trailer technique is
applied on walls
Period of time wet
sandblasting technique
is applied on walls
Period of time
ammonium nitrate
spraying technique is
applied on walls
Period of time polymer
coating technique is
applied on walls

days

days

days

days

days

days

days

User

User

User

User

User

User

User

(0,0)

(0,0)

(0,0)

(0,0)

(0,0)

(0,0)

(0,0)
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Variable Definition Units Source Range Default value
5.1.11 Decontamination of trees
Time trees cutting

Time trees
defoliating

Period of time cutting
technique is applied on
trees
Period of time
defoliating technique is
applied on trees

days

days

User

User

(0,0)

(0,0)

52 Model Parameters

Variable Definition
5.2.1 Decontamination on paved areas
Paved a vac
sweeping DF

Paved a fire
hosing DF

Paved a high
press water hosing
DF

Decontamination factor
for vacuum sweeping
technique on paved
areas.
Decontamination factor
for fire hosing technique
on paved areas.
Decontamination factor
for high pressure water
hosing technique on
paved areas.

Units

n. a.

n. a.

n. a.

Source

User

User

User

Range

1.4

1.1

1.7-2.2

Default value

1.4

1.1

2

5.2.2 Decontamination on roofs
Roof changing
DF

RoofARS-14
with trailer DF

Roof electric drill
DF

Roof high press
turbo nozzle DF

Roof washer DF

Decontamination factor
for changing roof
technique.

Decontamination factor
for ARS-14 with trailer
technique on roofs.
Decontamination factor
for electric drill on roofs
for scrapping with steel
wool or sand paper.
Decontamination factor
for high pressure water
turbo nozzle on roofs
Decontamination factor
for washing technique
on roofs.

n. a.

n.a.

n. a.

n.a.

n. a.

User

User

User

User

User

>100
(in principle, it

should be
infinite)
1.2-2.6

2-2.3

2.2

2

1000

2

2

2.2

2

5.2.3 Decontamination on walls
Wall sandblasting
wetDF

Wall sandblasting
dryDF

Wall high press
turbo nozzle DF

Decontamination factor
for wet sandblasting
technique on walls.
Decontamination factor
for dry sandblasting
technique on walls.
Decontamination factor
for high pressure turbo
nozzle technique on
walls.

n.a.

n.a.

n. a.

User

User

User

5

4

1.3

5

4

1.3
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Variable
Wall ARS-14
with trailer DF

Wall ammonium
nitrate spraying
DF

Wall polymer
coating DF

Definition
Decontamination factor
applying ARS-14 with
trailer technique on
walls.
Decontamination factor
for ammonium nitrate
spraying technique on
walls.
Decontamination factor
for polymer coating
technique on walls.

Units
n. a.

n.a.

n. a.

Source
User

User

User

Range
1.2-2.6 "

1.3

4 - 5

Default value
2

1.3

4.5

5.2.4 Decontamination on trees
Trees cutting DF

Trees defoliating
DF

Decontamination factor
for cutting technique on
trees.
Decontamination factor
for defoliating technique
on trees.

n. a.

n. a.

User

User

10-100 LN

1.2-20 N

10

10

5J2J Dry deposition
Paved a dep dry

Walls dep dry

Trees dep dry

Roofs dep dry

Soil rel dep

Deposition on paved
areas relative to
deposition on soil.
Deposition on walls
relative to deposition on
soil.
Deposition on trees
relative to deposition on
soil.
Deposition on roofs
relative to deposition on
soil.
Deposition on soil
relative to deposition on
soil.

n.a.

n. a.

n.a.

n. a.

n.a.

User

User

User

User

User

0.1 - 0.7 LN

0.01 - 0.05 N

1.0-10.0 LN

0.1-1.2 LN

1.0

0.2

0.03

2.0

0.6

1.0

5.2.6 Wet deposition
Rad runoff rain
rel

Roofs dep wet

Paved a dep. Wet.

Walls dep wet

Trees dep wet

Ratio of concentration
of activity in runoff to
that in rain water
Deposition on roofs
relative to deposition on
soil.
Deposition on paved
areas relative to
deposition on soil.
Deposition on walls
relative to deposition on
soil.
Deposition on trees
relative to deposition on
soil.

n.a.

n.a.

n.a.

n.a.

n. a.

User

User

User

User

User

0.15-0.6 U

03 - 0.9 U

0.2 - 0.8 U

0.01 - 0.03 U

0.1 - 0.5 U

0.35

0.4

0.4

0.02

0.1

5.2.7 Fixation rate
Paved area fix.
Rate

Constant rate of mobile
component fixed by
paved areas.

d"1 User 0.1-1.0 U 0.3
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Variable

Walls fix. Rate .

Roofs fix. Rate

Trees fix. Rate

Definition

Constant rate of mobile
component fixed by
walls.

Constant rate of mobile
component fixed by
roofs.

Constant rate of mobile
component fixed by
trees.

Units

d"1

d"1

d-1

Source

User

User

User

Range

0.1-1.0 U

0.1-1.0 U

0.1-1.0 N

Default value

0.3

0.3

0.3

5.2.8 Activity removed by rain
Paved a. rem by
rain

Walls rem by rain

Roofs rem by rain

Trees rem by rain

Fraction removed per
mm of rainfall of fixed
component on paved
areas.

Fraction removed per
mm of rainfall of fixed
component on walls.
Fraction removed per
mm of rainfall of fixed
component on roofs.

Fraction removed per
mm of rainfall of fixed
component on trees.

mm"1

mm"1

mm"1

mm"1

User

User

User

User

5.0e-4-3.0e-3
N

1.0e-7-1.7e-5
N

1.0e-4-2.0e-3
N

3.4e-4-13e-3
N

1.0e-3

1.0e-6

3.0e-4

6.9e-4

5.2.9 Activity removed by first heavy rain

Mob rem paved
areas first rain

Mob rem trees
first rain

Mob rem roofs
first rain

Mob rem walls
first rain

Fraction of mobile
component on paved
areas removed by first
heavy rain.

Fraction of mobile
component on trees
removed by first heavy
rain.

Fraction of mobile
component on roofs
removed by first heavy
rain.

Fraction of mobile
component on walls
removed by first heavy
rain.

n.a.

n.a.

n.a.

n.a.

User

User

User

User

02 - 0.7 U

0.2 - 0.7 U

03 - 0.7 U

0.1 - 0.6 U

0.5

0.4

0.5

0.4

5.2.10 Miscellaneous parameters of waste water
Surf storage

K,

SSwet

SS per capita.day

Natural soil storage

Distribution coefficient

Suspended solids in
sewage during storms.

Suspended solids in
sewage during dry
weather flow.

1/m2

I/kg

kg/1

g/cap.
day

User

User

User

User

0.5-15 N
1.5e+3-5.0e+3

N
200e-6 - 400e-6

N
90-110 U

1

3.0e+3

300e-6

100

5.2.11 Treatment parameters
SS DWF rem fract Suspended Solids

removal fraction during
dry weather flow.

n.a. User 0.50 - 0.65 N 0.6
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Variable
SS rem adv

SS wet rem fract

Rad rem prim

Rad rem adv prim

Prim sludge cone.

Adv. prim sludge
cone.
Del time dewat.

Del time stab

Del time thick

Sec sludge cone.

Rec. Coeff.

Rad SS rem sec

Sec to waste sec
sludge

Dry sludge fract
after stab.
Dry sludge fract
after thick.
Dry sludge fract
after dewat.
Rad to water frac.

Definition
Suspended solids
removal in advanced
primary treatment
Suspended solids
removal fraction in
storms
Radioactivity attached
to Suspended solids
removed in primary
treatment
Radioactivity attached
to Suspended solids
removed in advanced
primary treatment
Primary sludge
concentration
Advanced primary
sludge concentration
Sludge detention time in
dewatering process
Sludge detention time in
stabilisation process
Sludge detention time in
thickening process
Secondary sludge
concentration

Sludge recirculation
coefficient
Fraction of radioactivity
attached to suspended
solids removed in
secondary sludge
Secondary sludge
fraction to waste
secondary sludge
Dry solids fraction in
sludge after stabilisation
Dry solids fraction in
sludge after thickening
Dry solids fraction in
sludge after dewatering
Radioactivity joined
with effluent after
secondary treatment by
dilution with sludge

Units
n. a.

n.a.

n. a.

n.a.

%

%

days

days

days

%

n. a.

n.a.

n.a.

n.a.

n. a.

n.a.

n.a.

Source
User

User

User

User

User

User

User

User

User

User

User

User

User

User

User

User

User

Range
0.8 - 0.9 U

0.5 - 0.65 U

0.5 - 0.55 U

0.7 - 0.75 U

3 - 8 LN

4 - 1 0 LN

>10

15-30 N

1

Act. Sludge:
0.75-1.5 LN
Filter plant:
1.0-5.0 LN

0.2 - 0.4 N

0.7 - 0.85 N

0.08-0.11 N

0.6-0.7 U

0.80-0.90 U

0.85-0.95 N

0.01 - 0.04 U

Default value
0.85

0.55

0.5

0.75

4

6

10

20

1

0.8

0.3

0.75

0.1

0.65

0.85

0.90

0.02

5.2.12 Runoff parameters
Runoff walls to
paved a. drains

Runoff paved a.
drains to drains

Runoff fraction from
walls to paved areas and
drains
Runoff fraction from
paved areas and drains
to drains

n.a.

n.a.

User

User

05 - 0.9 U

0.7 -0.9 U

0.7

0.8
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Variable
Runoff trees
paved a. drains to
drains
Runoff trees to
soil
Paved a. to drains

Definition
Runoff fraction from
trees to paved a. drains
to drains
Runoff fraction from
trees to soil
Runoff fraction from
paved areas to drains

Units
n. a.

n.a.

n. a.

Source
User

User

User

Range
0.7 -0.9 U -

0.3 - 0.8 U

0.7 - 0.9 U

Default value
0.8

0.55

0.8

5.2.13 Radionuclide migration parameters
Fixed rad on
leaves
Leaffall fract to
soil
Surface to labile
rate
Labile to fixed
rate
Fixed to labile
rate
Labile to deep soil
rate

Radioactivity fraction
fixed on leaves
Radioactivity fraction
from leaffall to soil
Constant rate from
surface to labile form
Constant rate from
labile to fixed form
Rate from fixed to labile
form
Rate from labile form to
deep soil

n.a.

n. a.

d"1

d"1

d"1

d"1

User

User

User

User

User

User

0.7 - 0.9 N

0.3 - 0.8 U

1.0e-4-8.0e-4
T
8.0e-4-4.0e-3 T

7.0e-5 - 6.0e-4 T

6.6e-6 - 8.0e-5 T

0.85

0.6

6.65e-4

1.90e-3

2.10e-4

3.80e-5

109



6. APPLICATIONS

As can be seen from previous sections, the uncertainties in some parts of the
model may be high, like those due to radioactive deposition on the various urban
surfaces. An uncertainty/sensitivity study of the model is in progress. However, every
effort has been devoted to find experimental data for validation and calibration of the
model. This has turned out to be an extremely difficult objective, since only a few post-
Chernobyl contamination data are published and readily available. Among these are two
Swedish towns, Lund and Gavle, and, in this section, the results of the application of
MUD to both cases are described.

6.1 LUND

Data from the city of Lund (Sweden) (Erlandsson, 1989, Erlandsson, 1990) have
been used in order to calibrate the model in this first application to a real case. After the
Chernobyl accident, the concentration of various radionuclides have been measured
regularly in samples of outgoing water and sludge from the sewage treatment plant
serving the town of Lund. At Lund, the total outgoing activity of Cs-137 has fallen
exponentially from 900 MBq in 1986 to 100 MBq in 1989. These data can be compared
to those calculated by the model to see its effectiveness.

The deposition has been estimated to occur on the 29th of April and the first
precipitation on the 8th of May. The total average deposition was 12400 MBq. The
model will give the monthly radioactivity in the outgoing sludge and water.

The sewage from about 60,000 inhabitants of the city of Lund, together with
runoff water from the city, is treated at Kallby sewage treatment plant. The total
serviced area is 6.2 km2, being the amount of incoming water 30,000 ± 10,000 m3d~\
approx. 500 1/cap.day. The plant has mechanical, biological and chemical cleaning
stages. In the model, a plant with primary and biological treatments will be considered,
being the primary stage a physic-chemical treatment.

The parameters used in the model to run the case of the town of Lund can be
found in Tables 34 and 35. Many parameters have default values, since there is no
complete information about the scenario. However, the essential parameters, namely,
total deposition, date and type of deposition, drainage area and population are well
characterised (Erlandsson, 1989, Erlandsson, 1990).

Figure 8 shows the total outgoing activity estimated by the model compared with
the one measured. This total activity includes the activity in the sludge and that in the
treated water and in the overflows. Table 36 shows annual values for the total outgoing
activity from Lund and the model referred to specific years. Since 1988 the model
shows a tendency to estimated lower outgoing activity than the measured values. This
underestimation may be due to lower wash-off coefficients in the model than those
actually existing for these years. The measured ratio between outgoing activity with the
sludge and total outgoing activity from the plant is compared to that obtained in the

110



model in Figure 9. As it can be seen, the values are always between the upper and lower
bounds measured in Lund, where the mean value was 0.5. Finally, Figure 10 shows the
main results of the model, i.e. the estimated outgoing activity from Lund during the
months after deposition, in the sludge, the treated water and the total water, including
overflows.

Table 34. Model Parameters for the case of Lund

Paved dry dep
Walls dry dep

Soil dry dep
Roof dry dep
Trees dry dep
Paved a fix. Rate
Walls fix. Rate
Roof fix.rate
Trees fix. Rate
Paved a. removal by rain
Roofs removal by rain
Walls removal by rain
Trees removal by rain
Rad rem. Fraction paved a mob first
Rad rem. Fraction roofs mob first
Rad rem fraction walls mob first
Rad rem fraction trees mob first

0.2
0.03

1
0.65
2
0.23
0.23
0.23
0.23
1.0e-3
4.4e-4
1.0e-6
4.0e-4
0.6
0.6
0.4
0.4

Countermeasures: No countermeasures were applied in Lund after Chernobyl.
Therefore, the countermeasures sub-model was not used in this
calculation.

Table 35. Environmental Parameters for the case of Lund

Drainage area parameters

Drainage area
Fraction roofs
Population
Fraction builtup area
Roof to walls ratio
Relative trees area

6.2e6 m2

0.7
60,000 inhabitants
0.6
1.2
0.26 m2/inh
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Data of deposition

Fallout
Dep day of month
Type dep
Dep month

2700 Bq/m2

29
1 (Dry)
4

Table 35. Environmental Parameters for the case of Lund (cont.)

Trees parameters

init leaffall
init leafgrowth
end leaffall
end leafgrowth

270
60
330
120

monthly rainfall: (50,6.9); (36,5.3); (32,5.4); (40,6.0); (33,5.0); (54,5.4); (70,5); (80,7.4);
(66,6.2); (56,6.0); (61,6.1); (49,6.2)

Characterisation of wastewater to treatment

Runoff imp coeff
DWF
runoff to overflow
Storage
Max. Treat. Cap.
Fraction area comb system

0.75
500 I/cap .day

0.3
0
12001/cap.day
1

Characterisation of treatment

Type of treatment
Prim to sec. Sludge vol
Primary stage with physicochemical treatment

2
2.5
Yes

Characterisation of first heavy rain

day of first heavy rain
first day specify
first heavy rain depth (mm)
first heavy rain duration (h):

Specify
9
10
6

Table 36. Annual outgoing activity from Lund

Year

1986
1987
1988

1989

model (MBq)

980
325
115
49

Measured (MBq)

911
350
200
100
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Annual outgoing activity from Lund
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year

Figure 8.- Total outgoing activity from Lund.

outgoing activity in sludge/total outgoing activity from
treatment plant

0.65 _

0.6 i
Model Output

average meas.

upper bound

. lower bound

Figure 9.- Relation between the activity in sludge and in sludge + treated water
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Outgoing activity in sludge, treated water and total water
from Lund

1000

100 t
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sludge ;
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treated water!

0.1 4-
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months after deposition

40 50

Figure 10.- Calculated outgoing activity in sludge, treated water and total water.

62 GAVLE

Once the model has been calibrated for the Lund case, the following aim is to
check the model against another case, as a partial validation. The selected case is that of
the wet deposition of Cs-137 occurred in the town of Gavle, in Sweden, after the
Chernobyl accident. The Gavle area was one of the most contaminated areas in Sweden,
the main part of the activity being originated from wet deposition. Measured data from
successive campaigns from 1986 to 1991 have been used to compare them to those
obtained with the MUD model (Nordlinder, 1990; Nordlinder, 1992; Karlberg, 1992).

For the calculation, the same parameters have been used, except for site-dependent
parameters, namely, drainage area, population and fallout, as well as those referred to
the type of deposition. Since a full description of the site is not available, the calculation
has been done assuming an approximately similar population density and monthly
rainfall as those in Lund and, therefore, the same distribution of the urban surfaces
(roofs, paved areas, walls and trees) has been used. The only modifications have been
made in the relative deposition on each one of these surfaces related to that on soil,
since different values should be applied for wet deposition compared to those for dry
deposition. In this case, since it is explicitly mentioned in the reference reports, the
effects of street cleaning due to traffic and removal of activity with spring dust
collection were also included. Table 37 shows the input parameters changed for this
case.

114



Table 37. Parameters for the case of Gavle.

Drainage area
Population
Fallout
Type dep
Roof fraction
Builtup fraction
Rad concent, in rain
Storms per year
First heavy rain depth
First heavy rain duration
First day of heavy rain specify
Paved wet deposition
Walls wet deposition
Roofs wet deposition
Trees wet deposition

Ile6m2

100,000 inhabitants
110,000 Bq/m2
2
0.75
0.7
5000 Bq/1
120
22 mm
6h
1
0.4
0.02
0.4
0.01

Figure 11 shows the concentration of Cs-137 in sludge compared to the values
measured in the waste water from the treatment plant for a monthly sludge production of
approx. 195 tons. Figure 12 shows the calculated outgoing activity in treated water and
total water compared with the values measured during some months in 1988 at the
Gavle water reprocessing plant. In this case, default values of wash-off and deposition
coefficients are used. While in the first three years after deposition the model
overestimates the concentration, after this period there is a tendency to underestimate
the Cs-137 concentration in sludge. However, the predictions can be considered
acceptable, since the differences are not larger than a factor four in some months

Concentracion of Cs-137 in sludge in Gavle
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Figure 11.- Observed versus estimated concentration of Cs-137 in sludge.

115



Outgoing activity in treated water and total water from
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Figure 12 Observed versus estimated concentration of Cs-137 in treated water.

The overestimation during the first years may be mainly due to the use of wash-
off coefficients higher than the real ones. To explore this hypothesis, a new calculation
has been done using lower wash-off coefficients, as indicated in Table 38. The results
are displayed in Figures 13 and 14, with a closer behaviour of the model with respect to
the observations in Gavle.

Table 38. Washoff coefficients used in Figures 11,12,13 and 14.

Parameter
Roof rem by rain
Paved a rem by rain
Walls rem by rain
Trees rem by rain

Figures 11 and 12
4.4e-4
1.0e-3
1.0e-6
4.0e-4

Figures 13 and 14
2.2e-4
0.5e-3
0.5e-6
4.0e-4

Concentracion of Cs-137 in sludge in Gavle
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Figure 13.- Observed versus estimated concentration of Cs-137 in sludge with lower
wash-off coefficients.
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Outgoing activity in treated water and total water from Gavle
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Figure 14 - Observed versus estimated concentration of Cs-137 in treated water with
lower wash-off coefficients.

7. CONCLUSIONS

This report has described MUD, the Model for Radionuclide Migration in Urban
Environments and Drainage Systems. The model is based on a detailed study of the
implicated phenomena and the available information to represent the processes
involved. MUD aims to estimate the discharges of the radioactivity removed by natural
and forced decontamination into the receiving water bodies, as well as the radioactivity
joined in the sludge produced in the wastewater treatment plants. The model is built in
Powersim®, is easy to use, and offers many possibilities for research or for incorporation
into the MOIRA system.

The model is composed of two main sub-models: one evaluating the radionuclide
behaviour in urban systems, and the other in the drainage systems, with different types
of systems and the various treatments commonly used in Europe, both for water and
sludge, being represented in the model.

The model output is the amount of radioactivity discharged both to the receiving
waters and with the sludge produced in the treatment plant. The model can also
calculate amount of sludge produced, and the concentration of radioactivity in the
sludge.

The high uncertainty in some parameters may have a considerable influence on
the results of the model, but application to two post-Chernobyl cases (the towns of Lund
and Gavle, in Sweden) show differences between model predictions and observed
results always well below one order of magnitude.
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Complementary documentation of the model includes a user's guide (Garcia,
Jimenez and:Gallego, 1998), and a summary technical report (Garcia and Gallego,
1999).
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Three Notes on:

Reduction of Radionuclide Content in Fish by Food Preparation
Effects of Radiation on Aquatic Organisms

Dose to Fishes in the Dose Model of the MOIRA Project

F. Jimenez ,Prof. Eduardo Gallego
Universidad Politecnica de Madrid, Escuela Tecnica Superior de Ingenieros Industrials
Catedra de Tecnologia Nuclear, C/ Jose Gutierrez Abascal, 2 - E-28006 Madrid (Spain)
Reduction of Radionuclide Content in Fish by Preparation Practices

Contamination of water bodies and the subsequent increase in radionuclide content of
the local fish species might result in the transfer of radionuclides to population by
ingestion of the fish. In order to calculate the potential dose to population, it is necessary
to estimate not only the content of radionuclides in the fish and the amount ingested, but
also how special or customary food preparation practices can affect the actual amount of
radionuclides that are ingested.

A value FP is defined as the total amount of radionuclide in processed food divided by
the total amount of this radionuclide in the original raw food. This value is widely used
in literature, and nearly all collected data can be "translated" into this value. Table I
(Noordik, 1989) summarises a collection of data from literature.

Table 1: Fp values for fish meat processing (Noordik, 1989)

Raw material
Fish

Method of processing
Boiling
Frying meat

Sr
(0.9)

Cs
0.9 (0.2- 0.9)

0.9

Values between brackets represent ranges in measurements. Values without brackets are best
estimates.

A detailed study was undertaken in Finland (Rantavaara, 1989), and the results appear
summarised in Table 2. The most usual cooking and preserving methods were
examined. Fish was cooked on top of the stove and in the oven, with varying amounts of
water and salt.

It must be noted that modem cooking tendencies stress the preservation of nutrients by
using steam or a minimal amount of water; these practices also minimise the reduction
of radionuclides in food.

Traditional salting and soaking in brine with high salt content has proved to be the most
effective method in reducing radiocaesium in fish. This method has disadvantages, such
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as the increase of sodium content and the significant loss of vitamins, potasium and
water soluble; proteins. However, it is possible to make a reduced treatment with shorter
times and more reduced salt content: a substantial decrease in caesium content in fish
has been observed when soaking pieces of meat in 5% NaCl brine (Rantavaara, 1989).
In 8 hours the radiocaesium content was reduced to 50%, and a treatment of two
days removed 80% .

Two different approaches to speed up the salting procedure have been tested (IAEA,
1994): to rotate the meat in the salt solution ("centrifugation") and to rotate the salt
solution around the meat ("rotation"). This methods may reduce 60-70% of Cs-137 in
meat in 2-3 hours, without significant changes in the content of vitamin B6 or the
texture of the meat. This procedure requires a household machine to centrifugate the
meat (about 1000 rotation/min) or rotate the salt solution, and would be especially
practical in larger kitchens (e.g. schools, restaurants,...), although may also be used
inhomes.

Previous versions of the MOIRA dose model included a parameter, called "reduction
_processing_fish" to take into account the reduction of radionuclides due to customary
cooking practices. A further modification has been added which allows considering
brining of the fish as a countermeasure that can be advised to population by local
authorities. The parameter "reduction_by_brining", included in the "Countermeasures"
block, can be set to a value different than the default (1.); this values multiplies the
concentration of radionuclides in fish in the moment of calculating the dose by ingestion
of fish. A recommended value is 0.5 for caesium.

Data for reduction in the strontium content in fish by these or similar practices are not
available to our knowledge. The recommended value in this case is 1. (no
countermeasure)

Table 2: Average fraction of mass, Cs-137 and potassium left in edible (solid) part of
food after cooking

Foodstuff
Cooking method

Mass Cs-137 K

Pike
Boiling, fish/water = 1:1, without salt
Boiling, fish/water = 1:3, salt/fish = 0.9%

Pike-Perch
Boiling, fish/water = 1:4, salt/fish = 2%

Bream
Boiling, fish/water = 1:4, salt/fish = 1.5%

Smelt
Boiling, fish/water = 3:1, salt/fish = 1.5%

Pike
Baked, cooking fat 3%, without salt
Baked, cooking fat 3%, salt 1.3%

Pike-Perch
Baked, cooking fat 3%, salt 1.3%

Bream
Baked, without cooking fat and salt

0.51
0.62

0.52

0.53

0.92

0.65
0.89

0.78

0.80

0.52
0.44

0.45

0.35

0.68

0.77
0.84

0.84

0.84

0.42
-

0.49

-

0.70

0.77
0.83

0.85

0.81

126



References

IAEA (1994) Models for radiocaesium in lakes. Technical document from the VAMP
aquatic working group. Manuscript. International Atomic Energy agency, Vienna.

Noordjik H. (1989) A Literature Review on Radionuclide Behaviour during Food
Processing. In Proceedings of Seminar on Radioactivity Transfer during Food
Processing and Culinary Preparation, 18-21 September 1989, Cadarache (France).
Report CEA IPSN/DERS XI-3508/90

Rantavaara A.H. (1989) Transfer of Radionuclides During Processing and Preparation
of Foods. Finnish Studies Since 1986. In Proceedings of Seminar on Radioactivity
Transfer during Food Processing and Culinary Preparation, 18-21 September 1989,
Cadarache (France). Report CEA IPSN/DERS XI-3508/90

127



Effects of Radiation on Aquatic Organisms

Introduction

" [•••] if man is adequately protected then other living things are also likely to be
sufficiently protected ". This is one of the recommendations of the International
Commission on Radiological Protection (ICRP, 1977)

The assumption that the protection of persons to ionising radiation means "sufficient
protection" of other living species has been historically accepted without much debate
or further proofs, although "sufficient protection" has not been quantified or defined.
When detailed examinations have been made at specific sites the assumption has been
found reasonable even with a conservative approach. However, the awareness of the
intricate web of relationships between all the species in a given ecosystem makes
advisable the detailed study of the effects of radiation on non-human species.

It is clear that when radionuclides are released to the environment, the dose to certain
organisms can be higher than the dose received by human beings. The basic difference
in the assessment of these doses lays in the manner in which risk to people is seen,
compared with risk to other species. Risk to people is valued on an individual level, as
individual human beings are considered of the greatest importance. On the other hand,
other species are not viewed as individuals but as populations. Thus, it is admissible that
damages to individuals are caused while the population as a whole does not suffer
noticeable effects. In special cases, this emphasis can be changed, as when individuals
of rare or endangered species are concerned.

The text quoted in the first paragraph was modified in the 1990 Recommendations of
the ICRP (ICRP, 1991) as follows:

"The Commission believes that the standard of environmental control needed to protect
man to the degree currently thought desirable will ensure that other species are not put
to a risk. Occasionally, individual members of non-human species might be harmed, but
not to the extent of endangering whole species or creating imbalance between species."

The principle outlined above gives the result that the variables of interest when
assessing radiological effects on species other than human are those which have
implication on the maintenance of the population, such as mortality, fertility and
mutation rate.

When discussing biological responses to radiation, descriptors such as "chronic" and
"acute", or "high" and "low", are generally used. For the purpose of this paper, an acute
exposure is one received in a time period that is short compared to the time of
development of an obvious biological response, while a chronic exposure can continue
over a large fraction of the natural life of the organism. A high exposure leads usually to
a severe and early pathological reaction, while a low exposure has only marginal effects
on the normal mortality/time relationship of the organism, but can cause detectable
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effects in its normal biological processes (IAEA, 1992). These terms depend on the
organism considered: a "chronic" exposure for a bacteria may be an "acute" exposure
for a plant, while a "high" dose for a complex mammal is likely to-be "low" for a
mollusc. . ' '

Much of the initial work on the subject of the effects on plants and animals, carried
since 1945, was directed to acute exposures of organisms and the observation of their
responses. These responses were often quantified with the value LD50, expressing the
dose causing death in 50% of the exposed subjects in a specified period. This period is
usually 30 days for mammals, and the value is called LD50/30. From end of the 50's the
focus was shifted to experiments with longer exposures and lower rate, which are more
relevant from an ecological point of view.

Exposure of natural populations to controlled irradiation provides the main source of
information. Its main drawback is the difficulty of providing a dose rate accurately
known in a reasonably large area, which leads to small sample sizes. Sealed y sources
have been widely used, despite the fact that they present the problem of their rapid
decrease in intensity with distance, and the shielding provided by solid bodies in the
environment.

Studies of natural populations living in areas contaminated by radionuclides present the
problem of the assessment of radiation exposure, due to the large temporal and spatial
variations of radionuclides in the environment and the animals themselves.

The difficulties of getting meaningful results about radiation effects on natural
populations in their natural environments have limited the available information on
many species and communities. Also, very little information has been obtained about
the interactive effects on radiation with other agents or stresses, and the long-term
effects of chronic low level radiation.

The measurement or calculation of the dose rates experienced by organisms is necessary
in order to assess the impact of the release of radionuclides to the environment. Aquatic
organisms in a radioactive contaminated environment will receive external exposure
from radionuclides in the water and the sediments, and internal exposure from the
radionuclides incorporated through food chains or water. Models have been developed
to calculate the dose rate to aquatic organisms (IAEA, 1988).

Effects on biota

The exposure of living matter to ionising radiation can result in damages at cellular and
whole-body levels. Molecular changes may be induced in the DNA of germ cells; when
effects such as chromosomal alterations do not result in cell death, they can be
transmitted to subsequent generations. Damage in other molecules may cause also the
death of the cell.

The response to the radiation can be modified by several factors, such as the type of
radiation (different types of radiation have different biological effectiveness) and the
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dose rate (a higher total dose is required at low rates to produce the same effect than at
high dose rates).-The existence of a threshold of dose rates over which effects are
produced has been the object of a long debate. DNA repair, which operates on a
molecular level, may have particular significance at low dose rates.

Environmental factors can also modify responses to radiation. It has been shown that, in
mammals, radioresistance increases remarkably under anoxic conditions. The
importance of this factor for aquatic organisms in deep ocean environments has not been
studied. Salinity changes tend to increase radiosensitivity due to the metabolic stresses
they demand on the organism.

Radiation response depends on the stage of the cycle the cell is in when the exposure
occurs. In general, the radiosensitivity of cells is directly proportional to their rate of
division and inversely proportional to their degree of differentiation (IAEA, 1988)

An important subject to consider is the phenomena of direct and indirect effects. When
radionuclides are dispersed in the environment, the exposure of one species means the
exposure of other species that are members of the same community. These sets of
populations involve interactive relationships such as competition, predation, and others.
Thus, the response of a population will be affected by the response of others. For
instance, varieties more resistant can earn competitive advantage over others less
resistant, which can lead to an apparent "positive" response.

Effects on aquatic organisms

The study of the effects of the ionising radiation on the aquatic organisms has been
carried with relative detail from early times due to the consideration of the ocean depths
as possible final destination of radioactive wastes and because of the use of aquatic
bodies as heat sinks by nuclear facilities, which can release variable quantities of
radionuclides either intentionally or accidentally.

There are no qualitative differences between the response of aquatic organisms to
radiation and the response of terrestrial species.

The effects on the mortality rate have been studied for most groups of aquatic
organisms. The radiosensitivity of aquatic organisms increases with their complexity, as
can be seen in Figure 1; bacteria and protozoans may require huge doses to be killed.
Fish appear to show a more reduced radiosensitivity than other vertebrates (mammals).
However, the 30 days observation period used to assess mortality is not appropriate for
poikilothermic (cold-blooded) animals, due to lower metabolic rates and longer cell
cycle. Increasing this period the differences between fish and mammal are reduced. The
true value of LDS0 may be about half the value of LD50/30. Some results are collected in
Tables la, lb and lc, but, for the reasons above, these listings must be interpreted with
caution.

As radiation doses exceed the LD50 dose, lethality increases rapidly; a doubling of the
LD50 dose results in almost total mortality (LD100).
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Studies on the effects of chronic radiation at low dose rates have not shown increase of
mortality.

Table la: Summary of ranges of LD50 from acute irradiation of organisms of different
taxonomic groups

Taxonomic group Dose
(Gy)

Protista 30 - 30000

I n vertebrates 2.1 -1100

Vertebrates

Fishes 10-600

Amphibians 7 - 22

Reptiles 3 -40

Birds 5 -20

Mammals 2.5-150

Source: Harrison and Anderson, 1996

Table lb: Acute lethal radiation doses for various groups of organisms

Type of organism Range of LDs
(Gy)

Bacteria 45 - 7350 (LD90)

Blue green algae <4000 - > 12000 (LD90)

Other algae 30 -1200 (LD50)

Protozoa ? - 6000 (LD50)

Molluscs 200 -1090 (LD50/30)

Crustaceans 15 - 566 (LD 50/30)

Fish 11-56(LDS0/30)

Source: IAEA, 1976

Table 1c: LD50from acute irradiation of fishes

Type of organism Dose
(Gy)

Goldfish 3.75-100

Mummichog 10-20

Tench 12-55

Guppy 23.5
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Chinook salmon

Mosquitofish

Pinfish

25

37

50

Source: Harrison and Anderson, 1996

CRUSTACEANS

REPTILES

AMPHIBIANS

FISH

VIRUSES

MOLLUSCS

PROTOZOA

BACTERIA

MOSS, LICHEN, ALGAE

INSECTS

HIGHER PLANTS

BIRDS

MAMMALS

10° 101 102

ACUTE LETHAL DOSE (Gy)
103

Figure 1: Relative tolerances of different groups of aquatic organisms to radiation in
terms of dosages of radiation required to kill 50% of the exposed individuals in a given

period of time (UNSCEAR, 1996)

The mechanisms of radiation induced mortality are similar to those observed in
mammals. Effects on the haematopoietic system, gastrointestinal tract and immune
system have been examined.

The development of the embryos in the fish seems to be the most sensitive states in all
the aquatic organisms. Table 2 shows the variation in radiosensitivity observed in a
study on the rainbow trout.

Table 2: Changes in radiosensitivity of rainbow trout (Salmo gairdnerii) exposed to
acute irradiation

Stage in life cycle
Gamete
1 cell
32 cell
Germ ring
Eyed
Adult

LD50 (Gy)
0.5-1.0
0.58
3.1
4.5-4.6
4.1-9.0
15
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Taken from Harrison and Anderson, 1996

Crustaceans' radiation sensitivities span approximately two orders of magnitude. The
more sensitive species are amphipods and shrimps, with values ofLDS0 not very
different from typical fishes. Molluscs show generally much less radiosensitivity than
fish. The LD50/30 for oysters and clams is about 1000 Gy, and for periods ranging to 90
days LD50 is about 280 Gy.

Table 3 : Effects of Chronic and Acute Radiation on the Reproductive Success of
Aquatic Organisms

Acute radiation
Dose (Gy)

Dose rate

Chronic radiation
Organism Dose rate Total dose (Gy)

(mGy/h)
Fertility Sterility Fertility Sterility (Gy/min) Fertility Sterility

Invertebrates

Neanthes
arenaceodendata
(worm, single generation)

Physa heterostropha
(freshwater snail, adults)

0.2

Daphnia pulex
(water flea,
generations)

550

20

100

1400

100

320

105

0.5 50

multiple

Gammarus duebeni
(amphipod)

2.2

Fish

Gambusia affinis 0.25
(mosquito fish, multiple
generations)

Poecilia reticulata 1.7
(guppy, single generation)

Oncorhyncus 4.2
tschawytscha
(Chinook salmon,
embryos)

Gambusia affinis 13
(mosquitofish, fry)

Salmo gardinierii
(rainbow trout, 29 day old
embryos)

13 72

2.5

5.6

Source: IAEA, 1988
* In parentheses, the common name of the species and the life stage of irradiation
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Reduction in reproductive success is a most important issue, given that the primary
concern is the protection of the population instead of the individual. This reduction may
occur from effects on reproductive tissue, alterations in the development and induction
of lethal mutations. Information on the effects of radiation on gonads of fish and
invertebrates is available, but a comparison between different studies is difficult because
not the same stages in gametogenesis were irradiated. Table 3 shows total doses or dose
rates which caused sterility or significant changes on fertility, coming from several
studies.

Doses or dose rates that result in sterility are higher than those reducing fertility, but
lower than those causing mortality. Great differences between species can be observed.

Not much work has been done to examine the effects of radiation on genetic material of
aquatic animals, despite the fact that these are particularly important, as they are known
to occur at low dose rates. Although genetic effects may be neutral or even positive,
they are most likely detrimental. The data obtained do not show significant differences
in the sensitivity of aquatic animals with respect to cell killing and DNA damage
(IAEA, 1988). As a rule, the mutations rate is between that of the Drosophila (the fruit
fly) and the mouse, the two most studied species (IAEA, 1992).

The effects of radioactive releases in aquatic ecosystems depend on the effects of
ionising radiation upon individuals, and also on the mechanisms which rule the
populations in the ecosystem. For highly fecund species, loss of small percentage of the
total annual recruitment usually has little effect on the population, and is compensated
by density dependent mechanisms (food availability, and others, which increase the
probability of survival of the egg). Increased mortality of adults would only be
dangerous if the population decreases below a "critical size", necessary to replace itself.
This is highly unlikely to occur with any conceivable release except in a very limited
zone, but must be considered when treating with populations heavily exploited by
fishing. In species with low fecundity the relationship between mortality and renewal of
the population is more direct, but these species usually do not form dense populations,
and few individuals are expected to be strongly affected by a large accident (USNRC,
1978).

The predator-prey relationships of aquatic organisms have a great degree of variety.
Some predators feed on several species, while others rely on one or two species only.
Many species go through dietary changes as they grow. When the prey species is
eliminated, the response of the predator may be (1) a reduction of its number, (2) a
change of diet, (3) a migration to a different zone. On the other hand, the elimination of
the predator may result in the utilisation of the prey by other predators, a repopulation
from adjacent areas, or the growth of the prey species until density-dependent
limitations are reached.

Very few studies appear to have been made on the ecosystem level, and in those made,
no correlations were demonstrable between radiation exposure and a number of
parameters investigated (Pentreath, 1996).
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Examining the potential impact of the disposal of radioactive waste on the deep sea
biota, IAEA concluded (IAEA, 1988) that dose rates above 10 mGy/h produce increase
in the mortality, while dose rates in the range 1-10 mGy/h would result in a decrease in
reproductive success. With smaller doses the somatic effects of the radiation would
remain compensated by the reproductive capacity of the population or eliminated by a
natural selection process.

A scientific committee of the National Council on Radiation Protection and
Measurements of the United States suggested a limit of 10 mGy/d that would provide
sufficient protection to the aquatic organisms. However, they advised more detailed
studies if the conditions were approximated to those of this limit for a substantial part of
the involved organisms.
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Dose to Fishes in the Dose Model of the MOIRA Project

1. Introduction

Aquatic organisms in a radioactively contaminated environment will receive external
exposure from radionuclides in the water and in the sediments; they will also receive
internal exposure from nuclides accumulated in their tissues. Since this exposure may
constitute a threat to biota present in aquatic ecosystems, the calculation of such doses is
the goal of several models, which use as input the amount of radionuclides in the water.
This is the case of the dose model of the MOIRA system, in which dose to fish is taken
as an attribute to represent generic threats to biota due to radioactivity in water. This
will be used in the Multiattribute Analysis (MAA) module incorporated in the MOIRA
system to assess the effectiveness of alternative countermeasure strategies.

A problem arises when considering the contribution of a, P and y radiations. It is
customary the use of the same radiation weighting factors (formerly "quality factors")
employed for humans, i.e. 20 for a particles and 1 for X rays, y rays and electrons,
although this is admittedly open to discussion.

An addition to the Dose Model of the MOIRA System (Jimenez, Gallego, 1997) allows
the calculation of dose to fishes in water bodies. The basis of the calculation and the
details of its incorporation to the actual programme are described below.

2. Dose calculation

In a recent IAEA Technical Report, the BIORAD computer code was used to estimate
the dose rates to fish from external sources (IAEA, 1992). The BIORAD model required
as "source term" the water concentration for each radionuclide. The results of the
calculation for Cs-137 and Sr-90 are summarised in Table 1 as dose factors relating the
dose rate received by the fish with the water concentration.

Table 1: Dose factors for the internal and external exposure offish

External exposure from water
Nuclide (mGy-a"1 per Bq-I"1)

7 P + Y
Cs-137 2.7 x10"3 3.2 x10'3

Sr-90 0 0 2.7 x10 3

The sediment was not included as a source of exposure in BIORAD. In order to include
it in the model, two conservative assumptions were made: that the fish lives
permanently at the bottom of the water body, and that the concentration in the sediment
is uniform. With these assumptions, the external dose rate from sediments may be
estimated (IAEA, 1992) by:
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De (S) = 252 x 10"3 C(S) E (mGy-a1)

being C(S) the sediment concentration in Bq/kg and E the total energy of the decay
modes of the radionuclide being considered, as seen in Table 2.

Table 2: Decay energies of radionuclides

Nuclide

Cs-137
Sr-90

Total decay

f$ radiation
1.87 x10"1

1.1x10°

energy (MeV)

y radiation
5.6 x10"1

In Tables 1, 2 and 3 both radionuclides are assumed to be in equilibrium with their
daughters (Ba-137m and Y-90m, respectively), and the contributions of these daughters
are included.

BIORAD includes other dose factors that are used to estimate the dose from internal
doses. However, they are referred to the concentration in water, under the assumption
that the concentration in water and the concentration in the fish are in equilibrium. Such
assumption may be valid when dealing with routine small releases, but not in case of an
accidental release, as shown in all the calculations made with the lake model in
MOIRA.

The internal doses are calculated by

D(i) = 1.6 x 1 0"" C(i)E (Gy/s)

where Ci is the (average) concentration of the radionuclide of interest in the tissues and

E is the radionuclide decay energy effectively deposited in the organism of the fish (in
MeV per disintegration), and that is tabulated. The factor 1.6 x 10"13 has units of Gy • kg
per MeV and equals 1.6 xlO"6 ergs/MeV times 1 x 107 Joule/erg .

The deposited energy E is usually calculated representing the organism as an ellipsoid
of unit density (IAEA, 1988). Values given in Table 3 are extracted from the LPGS
code database (USNRC, 1978).

Table 3: Energy deposited in the organism

Cs-137
Sr-90

Energy deposited per disintegration (MeV)

Fish Invertebrates
0.5 0.267
1.14 1.14
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3. Incorporation to the dose model

The dose to fish from Cs-137 present in water is implemented in the POWERSIM dose
model in a straightforward way, with the external dose rate from water being the
product of the water concentration and the dose rate factor presented in Table 1, and the
internal concentration the product of the concentration in the fish and the dose factor
from Table 3. The accumulated dose is calculated by integrating the sum of external and
internal dose rates. This integration starts with the beginning and ends with the end of
the calculation, representing the dose received by an individual which was actually
living in the water body when the contamination event happened and which is still
living at the final moment of the calculation. When extending the simulation to times
longer or similar to the life span of the fish, this is not realistic. A "corrected dose" has
been calculated also, integrating over a user-specified 'life span" of the fish.

Figure 1 shows the addition of the dose to fish sub-model to the POWERSIM dose
model. As the lake model may provide independent concentration of radionuclides in
two species of fish, predator and prey, doses are calculated for both species.
Concentration in water and in sediments is used as input, and two end results are
offered: Dose_to_predator/prey integrates the dose rate calculated as explained above,
and Corrected_dosejo_predatorlprey integrates this rate only in the last Fishjifejpan
years, where Fish_life_span, the average life time of the fish species being considered,
is a user specified parameter, with a default value of 5 years. Obviously, these two
results will coincide when calculations are not extended for periods longer than this life
span.

Internal dose >f ate factor fish

Corrected_dos^Jo_prey

Density _of_sediments

. <•' * Correctdd_dose_to_predator

Concentration in sediments

Figure 1: POWERSIM sub-model for the calculation of dose to fish
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ecosystem structure in the context of the MOIRA system

John E. Brittain

Freshwater Ecology & Inland Fisheries Laboratory, Zoological Museum, University of Oslo,
Sars gate 1, N-0562 Oslo, Norway.

DISTRIBUTION OF EUROPEAN FISH SPECIES

The European fish fauna contains approximately 200 species, with representatives of 29
families (Table 1; Muus and Dahlstr0m, 1967; Ladiges and Vogt, 1979). This is much less than
the other continents (Tonn et al., 1990). For example North America has almost 700 species
and Africa over 1400 species. The reasons for this are varied, but the impact last Ice Age is of
particular importance. During the last Ice Age, which came to an end about 10,000 years ago,
much of northern and central Europe was completely covered in ice. At that time the European
fish fauna was made up partly of cold-tolerant forms which were able to survive in the lakes
and rivers near the ice cap, partly of marine fishes and partly of fishes living in southern Europe
beyond the limits of the ice cap. The present day European fish fauna can be considered as
having originated from three different zoogeographic elements over the last 10,000 years
(Maitland, 1977):
1. Indigenous species which have moved north from southern Europe, e.g. roach, perch,

pike.
2. Species with marine affinities which have colonised freshwaters from the sea, e.g. Arctic

charr, brown trout.
3. Species from adjacent continents such as Asia which have managed to invade European

waters by natural means
In addition, foreign species (mainly from North America) have been introduced by man.

The indigenous species have colonised northwards at different rates and some species have
much better powers of dispersal than others. In general the fish fauna of Europe becomes more
impoverished as one moved further north. Many European fishes are migratory (anadromous)
or are able to tolerate fairly high salinities. Such species, that include the trout, eel and
stickleback, are today among the most widespread European species. Other species, such as
Arctic charr, which are exclusively freshwater in their southern range, have migratory
populations further north.

Invasion of fishes from adjacent continents has not been large because major seas separate
Europe from most of the other continents. The major land connection is to Asia in the east.
However, high mountain ranges and the impoverished fauna of northern Asia itself have limited
invasion. The main movement of species has probably been in the Transcaucasian area, where a
number of species occur that are not found elsewhere in Europe.

Although man has moved fish from place to place for centuries, introduction of new fish
species, mainly from North America, has increased over the last 100 years. These include the
North American catfishes (Ictaluridae), sunfishes (Centrarchidae) and several salmon, trout and
charr species (Salmonidae).
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Table 1
Overview of the fish species of Europe, their families and their importance to man

Family

Petromyzonidae

Acipenseridae

Clupeidae

Salmonidae

Coregonidae
Thymallidae

Osmeridae

Umbridae
Esocidae
Cyprinidae

Cobitídae
Siluridae
Ictaluridae

Anguillidae
Gasterostidae
Syngnathidae
Cyprinodontidae
Poeciliidae
Mugilidae
Atherinidae

Serranidae
Percidae

Centrarchidae

Blenniidae
Gobiidae

Cottidae

Pleuronectidae

English name

Lampreys

Sturgeons

Shads

Salmon, trout and
charr
Whitefish
Grayling

Smelt

Mudminnows
Pike
Roach, minnows,
dace, chub, rudd,
asp, tench, nase,
gudgeon, barbel,
bream, carp
Loaches
Wels, catfish
N. American
bullhead
Eel
Sticklebacks
Pipefish
Toothcarps
Mosquito fish
Mullets
Sandsmelts

Sea bass
Perch, pikeperch,
ruff

Sunfish

Blenny
Gobies

Bullheads

Flatfishes

No. of
species
8

7

10

11

7
1

1

2
1
80

12
2
2

1
3
4
3
1
6
3

2
12

6

1
22

3

2

Distribution

Most of Europe

Mainly large rivers of S.E.
Europe
Coastal regions and Caspian
and Black Seas

Throughout Europe

Mainly northern Europe
Central and northern Europe

NW Europe

Danube
Throughout Europe
Throughout Europe; both
widespread species and
endemics

Central and southern Europe
Central and eastern Europe
Introduced into central and
southern Europe
Central and western Europe
Mainly coastal regions
Coastal areas and inland seas
Mediterranean
Introduced into S. Europe
Estuarine and coastal
Coastal areas

Coastal areas
Throughout Europe

Introduce into central and
western Europe
Mediterranean region
Coastal areas

Central and eastern Europe,
Baltic
Coastal and estuarine

Importance to man

Some species of commercial
importance
Commercially important
(caviar)
Commercially important,
especially in the Caspian
Sea
Commercial and angling
species
Commercially important
Commercial and angling
species
Commercial value in some
areas
No importance
Commercially important
Some species commercially
important; others affect
ecosystem structure

No commercial importance
Important in E. Europe
No commercial importance

Commercially important
No commercial importance
No commercial importance
No commercial importance
No commercial importance
Important in some areas
Little commercial
importance
Mainly angling species
Several angling species;
pike perch and perch also
commercially important
Little commercial
importance
No commercial importance
Some species of commercial
importance
No commercial importance

Commercially important
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Species richness among fish is greatest in southern and eastern Europe (Blanc et at, 1971). The
Danube River system and the rivers that drain into the Caspian Sea are especially rich in species
and subspecies. The Iberian Peninsula has also many endemic species as a result of its
comparative isolation from the rest of Europe. Although there are over 200 European fish
species, many species have closely related species and subspecies in other parts of Europe.
Often there are only small morphological differences between these forms and, although the
ecology of such forms is often poorly known, they may be grouped together for the purpose of
general ecological analysis.

FISH SPECIES IN THE MOIRA SYSTEM

Fish are a major food resource for man, both in inland and coastal waters. Contamination of
aquatic ecosystems by radionuclides can therefore give rise to significant doses to man, either
locally in the case of heavy contamination in restricted areas or on a larger scale when wide
areas are contaminated. Thus, among other things, MOIRA aims to predict radionuclide
concentrations in specific target organisms. It is therefore necessary to choose certain key fish
species. Such species must fulfil one or more of the following criteria:
• Widespread and common in all or parts of Europe (e.g. perch).

• Of major importance for human consumption (e.g. trout, carp).

• Important prey item for species important for human consumption (e.g. smelt, ruff)

• Play a central role in ecosystem dynamics (e.g. roach, minnow).
In European coastal areas shellfish are also a potentially important source of dose to man

and they also should be included in the MOIRA system.
After the initial fry stage, many fish species occupy a typical food niche (Muus and

Dahlstr0m, 1967; Pethon, 1989). They may either feed on plankton (planktivore, e.g. whitefish
and smelt), benthos (benthivore, e.g. roach and carp) or fish (piscivore, e.g. pike and
pikeperch). However, several species change their habitat and/or diet during their life, often in
relation to body size. For example, perch, a widespread and abundant European fish species,
begins life as a planktivore, consuming zooplankton. As it grows it changes to be a benthivore,
while larger individuals consume fish. Pike also undergo similar changes, but it is only a
matter of weeks before the pike becomes an obligate piscivore. In contrast, only certain strains
of brown trout become truly piscivorous. Another example, of such a change is the Atlantic
salmon, which in addition to changing its diet, also migrates from freshwater to the marine
environment and back again during its life cycle.

For each fish species selected two weights are given. Firstly, the typical weight range of
the species throughout its range, for example pike caught are commonly in the range 500g to 3
kg. However, in modelling a particular fish species it is necessary to assign a particular target
weight in order not to make the modelling too detailed and complicated. This target weight is
selected as being the most usual weight in those species consumed by man. For prey species,
the most typical weight in the diet of piscivorous species has been selected.
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Table 2 '
Major European fish species, their distribution and main habitat

Species

Sturgeon

Atlantic
salmon
Brown trout/
Sea trout
Arctic charr
Whitefish
Smelt
Pike

Roach

Minnow
Asp
Nase

Barbel

Bream

Carp

Wels
Eel

Burbot
Perch

Pikeperch

Ruffe

Herring
Anchovy

Cod
Haddock

Sculpin

Plaice

Latin name

Acipenser sturio

Salmo salar

Salmo trutta

Salvelinus alpinus
Coregonus lavaretus
Osmerus eperlanus
Esox lucius

Rutilus rutilus

Phoxinus phoxinus
Aspius aspius
Chondrostoma nasus

Barbus barbus

Abramis brama

Cyprinus carpio

Silurus glanis
Anguilla anguilla

Lota lota
Percafluviatilis

Stizostedion
lucioperca
Gymnocephalus
certuia
Clupea harengus
Engraulus
encrasicholus
Gadus morhua
Melanogrammus
aeglefinus
Myoxocephalus
scorpius
Pleuronectes platessa

Family

Acipenseridae

Salmonidae

Salmonidae

Salmonidae
Coregonidae
Osmeridae
Esocidae

Cyprinidae

Cyprinidae
Cyprinidae
Cyprinidae

Cyprinidae

Cyprinidae

Cyprinidae

Siluridae
Anguillidae

Gadide
Percidae

Percidae

Percidae

Clupeidae
Engraulidae

Gadidae
Gadidae

Cottidae

Pleuronect-
idae

Similar
species

Beluga, Russian
sturgeon

Huchen

Rainbow trout

Brook charr
Cisco

Danube roach,
chub, dace, bleak

Several regional
species
Several regional
species
White bream

Crucian carp

Sprat, Sardine

Saithe

Several similar
species
Rounder

Distribution of
"species group" in
Europe
Western, central and
eastern, especially south-
east
North-western and central

Widespread

North-western and central
Mainly north-west
North-western
Widespread

Widespread, but un-
common in far north
Central and eastern
Central
Central and southern

Central and southern

Central and eastern

Central, eastern and
southern
Central and eastern
Western, central and
southern
Central and eastern
Western, central and
eastern
Central and eastern

Widespread except north
and south
Widespread
Southern and western

North-western
Western

North-western

Western and southern

Habitat

Large rivers

Rivers, coasts

Rivers, lakes and
coasts
Lakes and rivers
Lakes, reservoirs
Coastal areas, lakes
Lakes and slow-
flowing rivers
Lakes and slow-
flowing rivers
Lakes and rivers
Mainly rivers
Large rivers

Large rivers

Lakes and slow-
flowing rivers
Lakes and slow-
flowing rivers
Large rivers and lakes
Coastal rivers

Lakes and rivers
Lakes and slow-
flowing rivers
Lakes and slow-
flowing rivers
Lakes and slow-
flowing rivers
Coasts
Coasts

Coasts
Coasts

Coasts

Coasts
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TABLE 3
Major European fish species in rivers, lakes and reservoirs for possible inclusion in the MOIRA
system

Species

Sturgeon

Brown trout -
stage I
Brown trout -
stage II
Brown trout -
stage in
Arctic charr

Whitefish

Smelt

Pike

Roach

Minnow

Asp

Nase

Barbel

Bream

Carp

Wels

Eel

Burbot

Perch - stage I

Perch - stage II

Perch - stage III

Pike-perch

Ruffe

Typical wt.
range kg
20-50

0.05-0.1

0.1-0.3

0.5-1.5

0.01-0.2

0.1-1

0.01-0.05

0.5-3

0.05-0.2

0.001-0.01

0.5-3

0.1-1

0.5-3

0.5-2

0.5-3

2-20

0.1-1

0.1-1

0.01-0.1

0.1-0.3

0.3-0.6

0.5-3

0.005-0.02

Target
wt. kg
30

0.1

0.2

1

0.1

0.3

0.01

1

0.1

0.01

1

0.3

1

1

1

5

0.5

0.5

0.1

0.2

0.5

1

0.01

Trophic
range
mesotrophic -
eutrophic
oligotrophic -
mesotrophic
oligotrophic -
mesotrophic
oligotrophic -
mesotrophic
oligotrophic -
mesotrophic
oligotrophic -
mesotrophic
oligotrophic-
eutrophic
oligotrophic -
eutrophic
oligotrophic-
hypertrophic
oligotrophic -
mesotrophic

mesotrophic -
eutrophic
mesotrophic -
eutrophic
mesotrophic -
eutrophic
mesotrophic -
eutrophic
mesotrophic -
eutrophic
mesotrophic -
eutrophic
oligotrophic-
eutrophic
oligotrophic

oligotrophic -
eutrophic
oligotrophic -
eutrophic
oligotrophic -
eutrophic
oligotrophic -
eutrophic
oligotrophic -
eutrophic

Habitat

benthic, riverine

benthic, littoral

benthic, littoral

benthic, littoral

pelagic

pelagic

pelagic

benthic, littoral

benthic/ pelagic,
littoral
benthic, littoral

pelagic, riverine

pelagic, riverine

benthic, riverine

benthic, littoral

benthic, littoral

benthic in large
rivers and lakes
benthic, riverine

benthic,
profundal
benthic, littoral

benthic, littoral

benthic, littoral

pelagic

benthic
littoral/profundal

Food habit

piscivore

planktivore

benthivore

piscivore

planktivore

planktivore

planktivore

piscivore

omnivore:

omnivore:
benthos,
algae
piscivore

planktivore

benthivore

benthivore,
detritivore
benthivore,
herbivore
piscivore

omnivore:
benthivore
benthivore

planktivore

benthivore

piscivore

piscivore

benthivore

Significance

consumed by man
(caviar)
early stage of
consumed fish
consumed by
man
consumed by
man
consumed

consumed by
man
prey species

consumed by man

prey species

prey species

consumed by man

consumed by man

consumed by
man; angling

consumed by
man
consumed by
man

consumed by man

consumed by
man
consumed by
man
early stage of
consumed fish
consumed by
man
consumed by
man

consumed by man

prey species
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TABLE 4
Major fish species in European estuarine and coastal areas for possible inclusion in the MOIRA
system

Species

PIKE

PERCH - stage
I
PERCH - stage

n
PERCH - stage

m
SEA TROUT -
stage I

SEA TROUT -
stage II

SEA TROUT -
stage III

ATLANTIC
SALMON
stage I
ATLANTIC
SALMON -
stage II
COD

HADDOCK

WHITEFISH

ROACH

SCULPIN

HERRING

ANCHOVY

PLAICE

EEL

Typical
wt. range
kg
0.5-3

0.01-0.1

0.1-0.3

0.3-0.6

0.05-0.1

0.1-0.5

0.5-1.5

0.05-0.1

1-4

1-3

1-3

0.1-1

0.05-0.2

0.01-0.05

0.05-0.2

0.01-0.05

0.1-1

0.1-1

Target
wt. kg

1

0.1

0.2

0.5

0.1

0.2

1

0.05

2

1

1

0.3

0.1

0.04

0.1

0.05

0.5

0.5

Trophic range

oligotrophic
eutrophic
oligotrophic
eutrophic
oligotrophic
eutrophic
oligotrophic
eutrophic
available
spawning areas
limit distribution
available
spawning areas
limit distribution
available
spawning areas
limit distribution
available
spawning areas
limit distribution
available
spawning areas
limit distribution
oligotrophic
mesotrophic
oligotrophic
mesotrophic
oligotrophic
mesotrophic
oligotrophic-
hypertrophic
oligotrophic-
eutrophic
oligotrophic -
mesotrophic

oligotrophic -
eutrophic

oligotrophic —
mesotrophic
oligotrophic -
eutrophic

Habitat

benthic, littoral

benthic, littoral

benthic, littoral

benthic, littoral

benthic, littoral

benthic, littoral

benthic, littoral

pelagic

pelagic

benthic

benthic

pelagic

benthic/
pelagic, littoral
benthic

pelagic

pelagic

benthic

benthic

Food habit

piscivore

planktivore

benthivore

piscivore

planktivore

benthivore

piscivore

planktivore

piscivore

benthivore

benthivore

planktivore

omnivore

omnivore

planktivore

planktivore

benthivore

omnivore:
benthos, fish

Significance

consumed by
man
early stage of
consumed fish
consumed by
man
consumed by
man
early stage of
consumed fish

early stage of
consumed fish

consumed by
man

early stage of
consumed fish

consumed by
man

consumed by
man
consumed by
man
consumed by
man
prey species

prey species

consumed by
man/ prey
species
consumed by
man/prey
species
consumed by
man
consumed by
man
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CONCLUSION "

Ideally, all species should be included in any modelling system that seeks to predict
concentrations of radionuclides in natural fish populations. However, this is clearly not feasible
in practice, both for practical reasons and because of lack of knowledge both in basic fish
biology and in the radionuclide kinetics of individual fish species. In the present study, the
number of fish species that need to be considered for inclusion in model systems such as
MOIRA had been reduced considerably. Out of a total of about 200 fish species recorded in
Europe, 19 species have been selected for rivers, lakes and reservoirs, while 13 have been
selected for estuarine and coastal areas. This has been achieved in several ways. Emphasis has
been given to fish species fulllfilling one or several of the following criteria: important in terms
of human consumption, of economic importance, or are major species in aquatic food chains.
This strongly reduces the number of species. In addition, many species have similar ecological
characteristics, both in terms of habitat and nutrition, thus permitting the use of "species
groups".
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CONCLUSIONS: THE SYNERGETIC VALUE OF MOIRA RESEARCH CO-
OPERATION

An obvious benefit of a co-operation project is the summing-up of the individual work.
The co-operation, moreover, improves the quality of the product of each partner which

can profit from the comments, the suggestions, the hints arising from the common analysis and
discussion of the individual study.

The individual contribution is, obviously, a corner stone essential for the realisation of the
project goals. However the final MOIRA product has been much more than a sum of the
partner's efforts. MOIRA co-operation has been not simply additive. Indeed, due to the effects
of idea "fertility" co-operation has been, rather, a positive synergetic process.

A brief analysis of the MOIRA history, is the best way to appreciate the "added value" of
the co-operation among the MOIRA partners. This added value resides, prevailingly, in the
development of strategies for reaching the project goal: the production of a friendly software
tool for helping decision managers to select optimal countermeasures for restoring radionuclide
contaminated aquatic systems.

A preliminary meeting was held at the Uppsala University in 1995. The programme of
MOIRA was approved. The main principles of MOIRA were stated. Firstly, MOIRA is based
on simple, validated, reliable models. Secondly, the ecological, the social and the economic
impacts of the countermeasures need to be evaluated together with the benefits related to the
reductions of the environmental contamination and, consequently, of the doses to man. The
approach for evaluating the effectiveness of a countermeasure was decided: the classic theory of
Cost-Benefit Analysis.

The first official MOIRA meeting (May 1996) was held in Nykoping (Sweden) and was
hosted by Studsvik Eco&Safety AB. Although the meeting took place just one month after the
programme started, an important new work strategy was decided. It was recognised that the
global effectiveness of a countermeasure can be evaluated more realistically by the use of Multi-
Attribute Analysis to assess the economic, the ecological and the social impacts. Therefore the
Cost-Benefit Analysis approach was abandoned.

A further step forward from the co-operative effort was made during the second MOIRA
meeting in Madrid (November 1996).The most efficient and updated software tools for
developing the MOIRA system were identified. The "MOIRA engine" was definitely built and
the production of the MOIRA software started.

During the first year of the project the partners achieved a result of primary importance:
the demonstration of the feasibility of the MOIRA programme. Indeed the application of the
whole set of the MOIRA procedures was tested for a selected case. Its application to the lake
0vre Heimdalsvatn in Norway was possible only through an interdisciplinary effort. The
modelling of the radionuclide migration processes in the lake, the ecological analysis of the lake
system and the social and economical evaluation of selected countermeasures applied to the lake
were performed and checked.

All the efforts during the following years were devoted mainly to the development and the
validation of the environmental models, the development of the structure of the Multi-Attribute
Analysis procedures and of the MOIRA software.

What we have learned from the execution of such a project? In fact, quite a lot. A
conspicuous amount of information, data, scientific hypotheses, methodologies, approaches
have been exchanged among the partners and tested.
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Nevertheless," the most important experience has been to set up a working "engine" (the
MOIRA partners supplying components in an "assembly-line") for turning the product of
scientific knowledge, speculations and experiences into a user-oriented product.

MOIRA has produced scientific ideas: environmental indices for quantifying the impact of
countermeasures on the aquatic environment and new modelling methodologies for developing
predictive models. MOIRA has also produced methodologies for approaching environmental
management problems: a Multi-Attribute Analysis framework for supporting decision making.
Then, finally, MOIRA has produced a friendly software system, based on the above scientific
and theoretical foundations, for the management of countermeasure strategies.
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