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Abstract

Scenario B7 deals with the discharges of Cs-137, Sr-90, Pu-239 and Np-237 with
the groundwater from an aquifer into a river, through the river sediment. The
contamination of agricultural soil, brought about through the dredging of top
sediment from the river, was also considered. Four models participated in this
exercise, providing best estimate values. Only one model supplied uncertainty
estimates. Brief descriptions of the models and their aims are given. The modelling
of the processes taken into account for the computation of the radionuclide
concentrations in river and soil compartments are described and the input parameter
values are given.

The model results are discussed and the reasons for the differences between the
models are explained. Important discrepancies were observed. As far as the
steady-state concentrations are concerned they were due to differences in the
parameter values and transfer processes considered. The time-dependent
concentration values depended strongly on the approach adopted for the modelling
of the migration of the nuclides through the deep sediment in the source region.
The major source of uncertainty pointed out by the model which performed an
uncertainty analysis, was the distribution coefficient in the deep sediment.

The conclusions and recommendations for improvement of the models, given at the
end of the report, accentuate the lack of understanding of the phenomena occurring
at the geosphere-biosphere interface and the importance of good communications
between scientists of different disciplines.



1. Introduction
1.1. Background

BIOMOVS (BlOspheric MOdel Validation Study) is an international cooperative
study initiated by the Swedish National Institute of Radiation Protection, NIRP, to
test models designed to calculate the environmental transfer and bioaccumulation of
radionuclides and other trace substances.

The primary objectives of BIOMOVS are threefold, namely :

- to test the accuracy of the predictions of environmental assessment models for
selected contaminants and exposure scenarios ;

- to explain differences in model predictions due to structural differences, different
assumptions and/or differences in selected input data ;

- to recommend priorities for future research for improvement of the accuracy of
model predictions.

A secondary objective of the study is to act as a forum for the exchange of ideas,
experience and information in order to improve the confidence with which the
environmental behaviour of trace substances in the biosphere can be assessed
quantitatively.

BIOMOVS involves two different approaches to fulfill the objectives, namely:

- Approach A : involving the formulation of test scenarios based on suitable data
and a comparison of model predictions against these independent data sets.

- Approach B : involving the comparison of model predictions and associated
estimates of uncertainty for specific test scenarios selected on the basis of
assessment priorities.

BIOMOVS is concerned with terrestrial and aquatic pathways of importance to the
assessment of exposure to critical groups and human populations. The scenarios
treated within the BIOMOVS study are listed in Appendix C.

The Technical Report series contains information for each scenario concerning the
comparison of modelling approaches, model results and conclusions specific to that
scenario. In the final report, overall conclusions will be drawn concerning the
choice of modelling approaches and the interpretation of results.

A Glossary has been published within the study to explain expressions and terms
used. The Technical Reports produced in the study can be ordered from the
BIOMOVS project secretariat.

This report compares and discusses the results presented by the participating groups
modelling the B7 scenario defined within the BIOMOVS study. The main aim of
the exercise is to explain the differences in the model predictions. These may be
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due to differences in the conceptual models, in the basic underlying assumptions or
in the selected input data. In addition, it is intended to present recommendations for
the improvement of the accuracy of model predictions.

1.2. Scenario B7 Definition
Transport of Contaminated Gmundwater to a River

Scenario B7 is concerned with the transport of radionuclides with the groundwater,
from the aquifer through the sediments into a river or onto agricultural soil. This
transport scenario is particularly important with respect to the assessment of the
radiological consequences of the disposal of radioactive waste. An interesting part
of the scenario relates to the geosphere-biosphere interface in an aquatic
environment. Another BIOMOVS scenario (B6) deals with the geosphere-biosphere
interface in a terrestrial environment.

The scenario has been defined, using a set of site-specific data from a river in the
northern part of Belgium (the Neet). In this way, differences in model predictions
do not arise from differences in the characterization of the site considered. Four
radionuclides are considered : the long-lived Np-237 and Pu-239 and the short-lived
Sr-90 and Cs-137, which are radiologically important with respect to disposal
facilities for radioactive waste. The river system concerned has the following
characteristics :

Main physical characteristics of the river :

flow rate 6 m* S"1 (1.9 10» m* a-»)
water depth 1.5 m
river width 10 m
slope 0.04 %

(eristics of the water column :

concentration of suspended solids
net sedimentation rate

organic content
pH
biological oxygen demand
Na+
K+
Ca++
Mg++

0.05 kg nr*
5 mg S"1 per meter
length of the river
18gnH>
7.0
6.3 g O2 m^ (20°C, 5 d)
50 g m-3
7.1 gm-*
45 g nr 3

4.6 g nr 3
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Characteristics of the bottom sediments :

bulk density 1600 kg DW m?
organic content 10 % wt
carbon content 6.1 % wt
effective porosity 0.33
pH 5.5 (interstitial water)
granulometry : < 2 u : 2 % (clay fraction)

2 - 75 u : 9.3 %
75 - 400 H : 57 %
0.4 - 2 mm : 31 %
2 - 4.75 mm : 0.8 %
mass median diameter : 250 p.

Two sediment layers can be distinguished :

an upper mobile layer, with thickness 0.15 m and average velocity
800 m â 1; and a deep immobile layer, with thickness 0.60 m

In order to prevent the river from being filled up with sediment, dredging is
performed annually over the entire reach considered. Sediment is applied on
agricultural soil at a coverage of 16 kg nr2, once every five years. A biological
production rate of 200 g DW nr2 a-1 is assumed.

Groundwater is discharged into the river, through the deep sediment, with an
apparent velocity of 0.1 m a"1 (Darcy velocity : 0.033 m a-1) and over a length of
the river = 7000 m. Since the wet perimeter over the sediment - water column
interface measures 10 m + 3 m = 13 m, the total volume of groundwater annually
discharged amounts to 7000 x 13 x 0.033 = 3000 m* a-1.

Given a continuous contamination of 106 Bq m~3 in the groundwater at the
aquifer-deep sediment interface, participants were asked to calculate
time-dependent concentration values in drinking water, fish, top sediment, deep
sediment, root zone soil (contaminated by dredged sediment) and root crops, until
steady-state conditions were attained. Values had to be calculated at the
downstream edge of the release area (source region), i.e. at x = 7 km, and at 50 km
downstream of the upstream edge of the source region, i.e. at x = 50 km.

A sketch of the river system is shown in Figure 1.1.
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2. Model Descriptions
2.0. Introduction

Four models have been applied to Scenario B7. All the models have been used to
perform calculations for the four radionuclides : Sr-90, Cs-137, Np-237 and Pu-239.
The results for this scenario were received before April 1989.

Models from the following organisations are included in the comparison :

- AECL: Atomic Energy of Canada Limited.
Whiteshell Nuclear Research Establishment.
Canada

- NRPB: National Radiological Protection Board (Mini-BIOS model).
United Kingdom

- NRIRR: National Research Institute of Radiobiology and Radiohygiene.
Hungary

- SCK/CEN: Studiecentrum voor Kemenergie.
Belgium

All the models produced all the requested concentrations except the AECL model,
which did not include a compartment for the root zone soil, and the SCK model,
which did not include a compartment for the deep sediment in the downstream
region. Only the AECL model presented an uncertainty analysis.

The models, together with the leaders of the teams doing the computations are
listed in Appendix B.

2.1. Brief Description of the Models

In this section, the models which have been applied to the B7-scenario are briefly
described. A more detailed description of each model, following a standard format
and accompanied with a diagram showing the compartments and the transfers
considered, is given in the following sections. All the models used had to be
constructed or modified in order to be capable of dealing with this scenario.

All the models include the four basic compartments (deep sediment, top sediment,
water column and root zone soil), except for the AECL model which does not
include the soil and the SCK model which does not consider the deep sediment in
the downstream region. In general fish and root crops are considered, coupled with
the water column and the root zone soil respectively. A salient feature of the
NRIRR model is the partitioning of each sediment compartment into a solid and a
water compartment. The NRPB model normally comprises three sediment
compartments, the deep sediment, middle sediment and top sediment ; the middle
sediment corresponding to the deep sediment in the other models. For comparison
with the other models, the middle sediment and deep sediment in the NRPB model
will, from now on, be called the deep sediment and the deeper layer. However the
deeper sediment layer is a< tually not taken into account for this scenario, since the
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transfer to this compartment, which is estimated to be brought about by
sedimentation is neutralized by the effect of dredging. A deeper sediment layer,
acting as a sink, is implicitly included in the NRIRR and AECL (in the downstream
region only) models, through a loss term from the deep sediment. A similar
reflection can be made about the deep soil compartment which is also implicitly
included in the NRIRR and SCK models, acting as a sink, through a lo .s term from
the root zone soil. The deep soil compartment considered in the NRPB model does
not act as a sink.

The transfer processes considered between compartments further distinguish the
models. The NRPB model is by far the most complete-looking model in this
respect. Only in this model are transfer processes such as erosion and bioturbation
taken into account, in addition to the processes generally considered by all the
models such as sorption, sedimentation, vertical advection, diffusion and lateral
translation.

Two categories of models may be distinguished, according to the following
considerations. The NRPB and NRIRR models are linear compartment models with
constant fractional transfer rates between the compartments. The AECL and SCK
models are more or less similarly based on differential equations, representing
activity balances, which are integrated numerically or analytically or solved by
equilibrium considerations. The main difference from the former two models arises
from the application of a one-dimensional diffusion advection equation to model
the transfer through the deep sediment in the source region. This allows for the
slow migration of the radionuclides through the deep sediment as distinct from the
immediate mixing in the whole deep sediment compartment that takes place in the
first two models.

Another point of distinction between the two categories of models lies in the
transfer processes considered in the source region and those considered in the
downstream region. In the NRPB and NRIRR models no differences are assumed,
apart from the input terms. In the AECL and SCK models, some transfer processes
that were relevant to the source region were estimated not to be important in the
downstream region, and vice versa. In that way transfer terms that were small
compared to other terms were dropped and the differential equations could be
decoupled and made easier to solve. In this way, the AECL and SCK models are
capable of calculating concentrations at well-specified points along the reach of the
river, whereas the NRPB and NRIRR models calculate concentrations step by step,
over the consecutive sections of the total reach.

All the participating model» are deterministic in that each parameter is assigned a
single value. Uncertainties in the results are estimated in the AECL model onl>,
based on parameter perturbation methods.

2.2. The AECL Model

Aim

The AECL model / Fleer and Barnard, 1986 /, / Bird et al., 1989 / simulates the
behaviour of contaminants released over long periods of time from the geosphere
into surface water systems. It estimates concentrations in the various aquatic
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compartments for use in predicting doses to members of a critical group. It is a
modified version of one component of the probabilistic code SYVAC (Systems
Variability Analysis Code), developed to assess the concept of geological disposal
of nuclear fuel waste in Canada. Where the processes or parameters involved are
poorly understood, the model is designed to overestimate consequences.

Type

The model consists of two main components, both of which are time-dependent.
The first component calculates the spatially-dependent mass flow rates of
contaminants through the deep sediment, using the one-dimensional
advection-diffusion equation incorporating retardation and radiological decay. The
remainder of the system consists of compartment models representing the top
sediment, the water column and fish. Concentrations are calculated numerically
from first-order differential equations describing the radionuclide activity balance in
each compartment. The equations are formulated in a Lagrangian frame of
reference, and the solutions translated to an Eulerian grid using the velocity of the
compartment. Sorption is modelled using the Kd approach, and most transfers
between compartments are described by first order rate constants. Fish
concentrations are assumed to be proportional to water concentrations at any time.

End Points

The model predicts long-term average radionuclide concentrations in deep
sediment, top sediment, water and fish. When incorporated into SYVAC, these
concentrations are used to estimate the annual effective dose equivalent to a
member of a critical group. The resul.s are expressed statistically as the frequency
with which a given concentration or dose can be expected to occur.

Scenario Specific Remarks

The system of differential equations representing the compartment models was
simplified and decoupled by dropping terms that were small compared to other
terms. For example, in calculating the top sediment concentrations in the source
region, the activity introduced to the sediments through deposition from the water
column was neglected. Similarly, it was assumed that no activity was transported
from the top sediment to the deep sediment in the source region.

Dredging was assumed to remove an amount of sediment equal to that deposited
each year. All activity in the dredged sediment was assumed to be lost from the
aquatic system.

Concentrations were originally calculated at time steps chosen to reflect the time
scales of the processes involved. Concentrations at standard times (100, 200, 500 a
and SJ on) were obtained by linear interpolation of the original results.
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Uncertainty Assessment

Uncertainty is estimated using the method of parameter variation. Lognormal
frequency distributions were assigned to those parameters that were not explicitly
specified in the scenario description. A series of deterministic runs *vas done, using
various combinations of the parameter values, chosen to lie two standard deviations
above or below the mean 'In-transformed data). The largest and smallest predicted
concentrations for each compartment were assumed to define the range within
which 95% of the concentration values will lie.

References

Bird, G.A., M. Stephenson and R.J. Comett (1989). Surface water submodel for
post-closure assessment of Canada's nuclear fuel waste management concept. In
preparation.

Fleer, V.N. and J.W. Barnard (1986). The biosphere model for SYVAC3.
Proceedings of the Twentieth Information Meeting of the Canadian Nuclear Fuel
Waste Management Program, Volume II. Atomic Energy of Canada Limited
Technical Record TR-375.

2.3. The NRPB Model (Mini-BIOS)

Aim

Mini-BIOS is a model for predicting rates and patterns of dispersal of radionuclides
in the biosphere following release of activity from the geosphere and for calculating
individual and collective doses. The model is intended primarily for use in
assessments of the long term radiological impact of releases to the biosphere
following geological or sub-seabed disposal of radioactive waste.

Mini-BIOS is a dynamic linear compartment model. It comprises a network of
terrestrial and marine biosphere compartments. Its structure is based on that of the
model BIOS but the internal structure within the compartments is simplified. This
makes mini-BIOS more sir t able for use in probabilistic uncertainty analysis.
Radionuclides can be input from the geosphere to deep or surface soil, surface
water or freshwater sediment or to the marine environment.

End Points

The model predicts radionuclide concentrations in major terrestrial and marine
foodstuffs, drinking wafer, soil, sediment and air. On the basis of these
concentrations the model estimates individual and collective doses, local to the
release or oi. a regional or global scale.
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Scenario Special Remarks

For use in the B7-scenario calculations, an additional advection term has been
included in two of the transfer coefficients relating to upward transportation of
activity from river deep sediment to top sediment and from top sediment to the
water column. This term relates to the groundwater flow in the source region
transferring activity to the deep sediment and hence to the top sediment and the
water column.

v. ncertainty Assessment

Not yet implemented.

References

Lawson, G. and G.M. Smith (1984) BIOS : a model to predict radiological
transfer and doses to man following releases from geological repositories.
Chilton, NRPB-R169.

Klos, R.A., KR. Smith and G.M. Smith (1989) Calculations of the radiological
impact of unit releases of radionuclides to the biosphere from solid waste
disposal facilities. Chilton, NRPB-M150.

2.4. The NRIRR Model

This model was developed especially to deal with the B7-scenario. It is defined as
one of the codes of the computer program TAMDYN, aiming at the simulation of
the dispersal of contaminants in the biospheric environment and providing for an
uncertainty analysis of the predicted concentrations.

Tjpe

The model is a dynamic linear compartment model. It is defined by first-order
differential equations, which are numerically integrated.

End Points

The model equations yield time-dependent radionuclide concentrations in the river
water components, soil and crops, according to the specifications of the
B7-scenario.

Scenario Specific Remarks

The reach of the river is divided into a certain number of sections. The
concentrations in a certain section are calculated taking into account, among other
things, the input from the previous section. This input is expressed as an
accumulation function f = A(l-exp(-at)) where t is the time and a the time-
constant of accumulation into the river water or top sediment compartment.
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Uncertainty Assessment

Not yet provided.

2.5. The SCK Model

Aim

This model is a preliminary version of a forthcoming extension of the BIOSPHERE
model, which aims at the dose assessment of releases from waste disposal facilities.
It has been set up in order to simulate the behaviour of radionuclides released from
the aquifer into a river (B7-scenario) and to assess the time-dependent radiological
impact from this transport.

Type

The model is based on differential equations, which are integrated analytically or
numerically, and algebraic equations representing activity balances at equilibrium
conditions where appropriate (see scenario specific remarks). A first component
calculates the time-dependent fluxes through the deep sediment using an analytical
solution for the one-dimensional diffusion-advection equation.

End Points

The end points of this version are the time-dependent radionuclide concentrations in
freshwater and terrestrial compartments which are relevant from the viewpoint of
the exposure of man. When integrated within BIOSPHERE, a submodel of the
Performance Analysis Model for Shallow Land Burial (PAMS), it will be possible
to assess individual committed dose equivalents to members of a critical group.

Scenario Specific Remarks

In order to model the migration through the deep sediment use has been made of a
computer code named MICOF, which provides for an analytical solution of the
diffusion-advection equation in the case of diffusion dominated transport. Fluxes
out of the deep sediment are derived at time steps reflecting the time scale of the
migration process. During these time steps steady-state radionuclide concentrations
are assumed to be attained quite rapidly in the top sediment and water column at
the downstream end of the source region. From these steady-state concentration
values during the time intervals concerned, the concentrations in the other
biospheric compartments are derived. Concentration at standard times (100, 200,
500 a) are computed by linear interpolation.

Uncertainty Assessment

Not implemented yet.
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3. Modelling of Processes
3.0. General Overview

The processes determining the transfers between or within compartments will be
discussed here, together with the methods used to compute concentrations,
following a logical sequence of compartments :

source region : deep sediment, top sediment, root zone soil, water
column

downstream region: water column, top sediment, root zone soil, deep
sediment.

The deep soil and deeper sediment layers are not considered separately, since the
concentrations in those compartments were not included in the scenario requests.
The transfers of the nuclides into fish and into root crops are not included in the
discussions since the concentrations in those media are calculated simply by
applying an equilibrium concentration factor to the concentrations in the water
column and the root zone soil respectively. Discussions about these transfers can be
found in the Technical Reports for scenarios B3, B5 and B2, B6 respectively.

In the source region the input of the radionuclides takes place into the deep
sediment. The transfers between the deep sediment, the top sediment and the water
column are modelled taking into account radioactive decay, sorption, vertical
advection, diffusion, sedimentation and bioturbation. Not all models allow for all
these processes ; bioturbation for example is present only in the NRPB model. The
adsorption and desorption processes in the sediment compartments are modelled in
a dynamic way by NRERR as transfer processes between the solid and the water
phases of the sediment. In the other models the sorption processes are implicitly
included, applying a retardation coefficient. The transfers between the river system
and the root zone soil are due to dredging and erosion (erosion being allowed for
only in the NRPB model). The activity transfers from the source region to the
downstream region are due to the lateral translation of the water column and of the
top sediment. The radionuclides may leave the system through radioactive decay (in
all compartments), through the lateral translation of the water column and of the
top sediment, or via the sinks : the deeper sediment layer or the deep soil. In the
NRPB model the deep soil does not act as a sink, the nuclides arriving in the deep
soil, through vertical advection, diffusion and bioturbation may again be conveyed
to the root zone through the same processes. The other models consider the deep
soil as a sink, the nuclides being transferred to it from the root zone soil through
vertical advection, and buiial (burial being allowed for only in the SCK model). For
the transfer from the deep sediment to the deeper layer, vertical advection and
diffusion are taken into account, respectively in the NRIRR model and the AEOL
model.
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In the following sections, the modelling of the transfer processes is discussed more
in detail. The meaning of the symbols used in the equations is given in Appendix
A, Tables A.I, A.2 and A.3. The symbols related to activity concentrations and
activity transfers are brought together in Table A.I. In Table A.2, the input
parameters of a physical nature are tabulated. The parameter values indicated in
this table are determined by the scenario definition. The input parameters of a
physico-chemical nature are brought together in Table A.3.

3.1. Discussion

3.1.1. Deep Sediment - Source Region

The AECL and SCK models apply a one-dimensional advection-diffusion equation
incorporating retardation (through the Kd approach) and radioactive decay :

v o dC

This equation is numerically integrated and yields the time-dependent concentration
values in the groundwater leaving the deep sediment compartment and entering the
top sediment. Downward flow from the deep sediment to the deeper layer is not
considered. The concentrations of the radionuclides averaged over the depth of the
deep sediment compartment are derived from a total activity balance :

~ rds>in

The input flux F j , , ^ is determined by the scenario definition. The output flux
F follows from the solution of the advection-diffusion equation:

Fds.oui = Cds.w (z = 0.6 m) Gg

The resulting total activity in the compartment is divided between the aqueous and
the solid phase according to the distribution coefficient Kdd . The concentration in
the dry deep sediment is then determined by :

s

Neither of the two models expects downward flow from the top sediment to the
deep sediment to be significant in the source region.
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The NRPB and NRIRR models locate the source in the deep sediment compartment
and assume instantaneous transfers to other compartments. Like the AECL and
SCK models they both consider an output from the deep sediment to the top
sediment. As distinct from the AECL and SCK models, they both comprise a return
of activity from the top sediment to the deep sediment and the NRIRR model
allows for an additional output from the deep sediment to the deeper layer.

In the NRPB model the output from the deep sediment to the top sediment is
governed by diffusion and advection as in the AECL and SCK model. The
expression for the corresponding rate constant is obtained through discretisation of
the classical diffusion equation :

A, + R,

The return of activity from the top sediment to the deep sediment is discussed in
section 3.1.2.

In the NRIRR model the deep and top sediment compartments are each divided into
a solid and a water phase and activity transfers between the sediment compartments
occur only between the water phases. The outputs to the top sediment and to the
deeper layer are only due to advection :

- s
— A'.nu d Ms

,w = K (ef. section 3.2)

The retardation due to sorption processes iz modelled dynamically, through
exchanges between the solid and the water phases.

At steady-state this results in the same expression for the retardation coefficient R,
as in the other models. Since steady-state is assumed to be achieved rapidly in
relation to the transfers between the other compartments, we may write :

The return of activity from the top sediment to the deep sediment is discussed in
section 3.1.2.
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It should be noted that, in relation to the modelling of the advection transfers
between the sediment compartments (see also section 4.1.2.), the NRPB and
NRIRR models use the apparent groundwater velocity v_ instead of the Darcy
velocity v^. = v g • r\ as the ratio between the groundwater flow rate and the section

of the flow path as used by the AECL and SCK models. However this difference
does not significantly affect the differences between the model results.

3.1.2. Top Sediment - Source Region

Both the AECL and the SCK model apply an activity balance in order to calculate
the activity present in the top sediment compartment. However the SCK balance is
formulated in a more simplified way than the AECL balance.

The activity balance following AECL is written in a frame of reference moving
with the top sediment:

ts,in

In this frame the input flux F , ^ is equal to the output flux from the deep sediment
compartment Fd s ,o u l (cf. section 3.1.1).

The output flux F, s ,o u , is composed of an advection term to the water column and a
transfer term to the soil through dredging :

F|s>oul =

VD
with X =

I ' I s

The transport of activity from the water column to the top sediment is neglected.

The solution to the balance equation describes the increase in activity in a volume
of sediment as (he volume moves downstream. Activities at a fixed downstream
distance are found by integrating the equation between appropriate time limits.
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Through this procedure lateral translation of the top sediment is taken into account.
The concentration in the dry top sediment is then determined by :

In the SCK model, the activity balance comprises both the water column and the
top sediment compartment, and is set up following an equilibrium approach. The
time period considered (from a certain fraction of the time required for the output
from the deep sediment to reach steady-state) is divided into a number of time
intervals, during which a constant output rate of activity from the deep sediment is
assumed. During such a time interval, the annual input from the deep sediment
(Pts.ii = Fds.out) is balanced against the annual outputs and losses due to radioactive
decay. The annual outputs are composed of

- a transfer term to the soil through dredging of the top sediment:

% - ' S r l r

- the lateral translation of the water column :

- the lateral translation of the top sediment :

C l s , , p s G,

The annual losses due to radioactive decay occur mainly in the top sediment:

-M* • v , s • p , A-

The concentrations indicated in these terms are related to the downstream edge of
the source region (for x, the distance from the upstream edge = lr).

The balance equation implies that the concentration in the dry top sediment of the
source region is proportional to the distance x.

At the downstream edge of the source region equilibrium is assumed to be brought
about between the top sediment and the water column through the effects of
resuspension, sedimentation, vertical advection and sorption. This means that C, s , s

= C*c , , = K,|w Cwc,w . With this equation the concentrations in the top sediment
and in the water column (at x = lr) may be computed for each time interval
considered.
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In both the NRPB and NRIRR models, an additional output from the top sediment
to the deep sediment is considered yet with different transfer processes involved. In
the NRPB model this transfer is determined by diffusion :

For the output to the water column diffusion and bioturbation are taken into
account in addition to advection :

_ D S + (R,-1)B, v_
K s - a t - d t K $ T | s a ,

The rate constant corresponding to the effect of dredging of top sediment (plus
application onto agricultural soil) is given by :

i _ Sr

The effect of the lateral translation of the top sediment is represented by :

X _ v t'Ms ts - r

in the source region, lc = lr .

The inputs from other compartments into the top sediment are dealt with in sections
3.1.1. and 3.1.4.

In the NRIRR model, only vertical advection is taken into account in the outputs to
the deep sediment and to the water column.

r • Or "•ts-wc = O A n~
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The expressions for the other rate constants are analogous to the NRPB model

K » " r C l P i Dr a t Pa

_ R S 1 V,^ V,

In this model, since lc < l p the translation also gives rise to an input from the top
sediment compartment of the preceding section :

ts.s.iiU) = C,,,!l(x-lc) • G,

The inputs from other compartments into the top sediment are dealt with in sections
3.1.1. and 3.1.4.

3.1.3. Root Zone Soil - Source Region

The AECL model does not include soil compartments.

The SCK modtl deals with the root zone soil compartment in the following way.
After the application of the dredged sediment onto the soil, ploughing is assumed to
be carried out, resulting in a uniform mixing of the freshly deposited sediment with
root zone soil. A fraction da</dr of the total activity of the root zone soil is lost to
the deep soil.

In addition to losses due to burial and to radioactive decay, vertical advection to the
deep soil is also allowed for, characterized by a root zone removal rate Xt (see
section 3.2.).

The time-dependent concentration values for the root zone soil are calculated
according to the following equation :

Crs(t+5) = Cr,(t) c
5{X+X'} [ 1 - %y ] + C,,(t+5) • <JM P?

The NRPB model takes into account :

- the input of activity from the top sediment due to the application of the dredged
sediment (section 3.1.2.)
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the removal of activity from the root zone to the deep soil due to vertical
advection, diffusion and bioturbation :

the removal of activity to the surface water through erosion :

37

the return of activity from the deep soil to the root zone soil due to vertical
advection, diffusion, biorcrbation and erosion :

- the loss of activity due to radioactive decay

The NRIRR model allows for :

- the removal of activity from the root zone to the deep soil through advection,
with a rate constant X,r(see section 3.2);

- the application of dredged sediment onto the soil, at a reduced rate per unit
surface area, through an efficiency factor of 0.7 ;

- the loss of activity due to radioactive decay.

3.1.4. Water Column - Source Region

The AECL model applies an activity balance in order to calculate the activity
present in the water column. The activity balance is written in a frame of reference
moving with the water column and allows for an input from, and an output to the
top sediment and for a loss due to radioactive decay :

Jt rwcn rwctoul

with Fwcin = ^1,-wt A i « (section 3.1.2)
Fwc.oui = ^wc-ts A w c (cf. section 3.2)
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As distinct from the other models, the AECL model considers the transfer rate
constant K,c-ts as a direct input parameter, rhe values of which are derived from the
literature. The lateral translation of the water column is allowed for by integrating
the differential equation between the appropriate time limits, which depends on the
location at which the concentration in the water column is to be determined.

The concentration Cwc is easily deduced from the activity Awc :

C — ""C
we -

wc

In the SCK model, the concentration in the water column is calculated together
with the concentration in the top sediment (section 3.1.2.).

The NRPB model includes an additional input from the root zone soil through
erosion (see section 3.1.3. : 'kn^lc) and takes into account diffusion and
bioturbation in addition to sedimentation for the removal of activity from the water
column to the top sediment.

_ S r Kdw Dw + ( R b - 1 ) B ,
" FTb b , dw

 + Rb d , db

The effect of the lateral translation of the water column is represented by

_ vw
T
T1 c

in the source region, lc = lr .

The input from the top sediment is dealt with in section 3.1.2.

In the NRIRR model the removal of activity from the water column to the top
sediment takes place through vertical advection and sedimentation :

d4 1 .

IV b D r U w
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The removal of activity through lateral translation of the water column is similarly
represented as in the NRPB model :

'Scc-wc — T~1 c

In this model, since lc < l p the translation also gives rise to an input from the water
column compartment of the preceding section :

FWC!kl(x) = Cwc(x-lc) • Gw

The input from the top sediment is dealt with in section 3.1.2.

.1.5. Water Column - Downstream Region

The AECL model applies the same activity balance equation as in the source region
but with no input from the top sediment:

we _ _ p
J f ~ 'WC'OUt

with F w c , o u t = X»,..,, • Awe (cf. section 3.2)

The input of activity is now supplied by the water column from the source region
and is allowed for through the imposition of appropriate initial conditions when
integrating the differential equation. This yields :

Cwc (x.t) = Cwc (lnt-f(x)) • e ' f ( x )

with A,, = X + Kic~i;

= (x-lr)/vw

The SCK model also starts with the concentration in the water column at the
downstream edge of the source region. The translation movement of the water and
the loss of activity due to sedimentation are taken into account. Introducing a
sedimentation constant, k.
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gives,

Radioactive decay was found not to be significant in this case.

In the NRPB model, the transfer processes considered in the source region are
maintained and the expressions for the rate constants remain unchanged (section
3.1.4). The translation of the water column forms an additional input term in the
downstream region (cf. NRIRR model, section 3.1.4).

The NRIRR model already allows for an input from the translating water column in
the source region (section 3.1.4). As a consequence there is no difference between
the source and downstream region for this model.

3.1.6. Top Sediment - Downstream Region

The AECL model applies a Lagrangian activity balance equation as in the source
region :

_ c c
rts«in ~ rts> out

The input flux from the deep sediment is replaced by an input flux from the water
column :

Fts.ii = Fw c ,o u t (section 3.1.5)

The output flux to the water column is replaced by an output flux into the deep
sediment (through diffusion) :

*'ts'out= "'tu-d* ' A | , + A.;,_,-, • A t ,

In order to model the diffusion into the deep sediment a simple advective approach
is used, adopting an average diffusion velocity v ^ equal to the mean distance

travelled by the diffusing material in one year :
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For \ti.n : see section 3.1.2

The effects of the translation phenomenon are allowed for by integrating the
differential equation between the appropriate time limits and with the appropriate
initial conditions. The numerical integration yields time-dependent activities at
fixed downstream locations, from which concentration values in the dry top
sediment C,,, , may be obtained through the application of the formula given in
section 3.1.2.

In the SCK model, the Schaeffer methodology is applied for calculating the
concentration in the mobile top sediment. This methodology allows for the
translation of the top sediment, sedimentation (involving a transfer from the water
column to the top sediment), and radioactive decay. Within each time interval
considered in section 3.1.2., the concentration may be expressed as :

C x t) - „ CWc (x=l f) k, -ks • (x-1 r)[ (ks- v r \ ) t _

for t < (x-1 r)/v,, and
with b ' r = b r + 2 d w

The effect of annual dredging is modelled by calculating C t g , , each year (t = 1) and
multiplying the result by

An additional input term originating from the translation of the top sediment layer
leaving the source region at a time t is added to the activity of the top sediment at
a location x downstream at a time t = T (x-1 J/v, . For each time interval this
additional term is expressed as :

C IS(x = lr) p . d t . b ' r . p s

br r

The loss to the deep sediment is neglected as a conservative simplification.

In the NRPB model, the transfer processes considered and expressions for the rate
constants are the same as for the source region (section 3.1.2), with the exception of
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an additional input term formed by the translation of the top sediment (cf. NRIRR
model section 3.1.2).

The NRIRR model, which already allows for an input from the translating top
sediment in the source region, shows no difference between the source and the
downstream region.

3.1.7. Root Zone Soil - Downstream Region

The transfer processes and equations indicated in section 3.1.3 for the source region
remain valid for the downstream region.

3.1.8. Deep Sediment - Downstream Region

The activity balance applied by the AECL model is written in a fixed frame of
reference :

The input flux Fds,m is equal to the output flux from the top sediment Ft,,Out •

The output flux Fj, ,o u t is formed by a diffusion tenn to the deeper layer:

The diffusion into the deeper layer is modelled following a simple advective
approach using the diffusion velocity v . ~ :

K d d d

The solution to the balance equation yields the time-dependent concentrations in
the deep sediment at any location downstream of the source region.

In the SCK model, the deep sediment concentrations are not included because they
are radiologically unimportant.

In the NRPB and NRIRR models the processes considered and the expressions for
the rate constants are the same as for the source region.
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3.2. Input Parameter Values

3.2.1. Best-Estimates

The input parameters which directly determine activity transfers between
compartments include concentration factors and rate constants. The concentration
factors for root crops and fish applied in the models are listed in Table 3.1. They
are used to derive the radionuclide concentrations in crops and fish from the
concentrations in soil and river water, respectively.

Table 3.1. Concentration factors CF (fish) and By (root crops).

CF (m3 kg-1)

AECL SCK NRPB NRIRR

Bv (kg DW kg-i FW)

AECL SCK NRPB NRIRR

Sr 7 10-3 0.03 0.06 0.05

Cs 2 1 2 1.5

Np 2.5 0.01 0.01 0.01

Pu 0.25 0 01 4 10-3 5 1(H

n.a. = not applicable

n.a.

n.a.

n.a.

n.a.

0.06

5 1(H

1 10-3

1 10-3

0.06

5 10-3

1 1(H

1 10-3

0.2

0.05

0.05

5 1(H

The AECL values for fish differ significantly from the other model values (except
for Cs). This difference may be explained by the literature sources from which they
are taken. The AECL values come from /Poston and Klopfer, 1986/ for Np and Pu
and from /CSA, 1987/ for Sr and Cs. The factors for Sr and Cs take account of the
calcium and potassium concentrations, respectively, in the river. The SCK values
for CF and Bv are taken from /CEC, 1979/, and the NRPB values from /Klos et al.,
1989/. The references for the NRIRR values are /IAEA, 1982/, /IUR, 1987/, /CEC,
1983/ and the BIOMOVS B5-scenario.

The rate constants used by some models as direct input parameters comprise: the
root zone removal rate, Xr (SCK, NRIRR), the transfer rate constant V-.,.-/* (/\ECL)
and the loss rate constant from the deep sediment, A.(1 (NRIRR). The values applied
in the models concerned are brought together in Table 3.2.

The SCK values for XT are derived from the distribution coefficients for soil shown
in /Sheppard et al., 1984/ and the relationship between Kd and A.r as indicated in
/Hoffman and Baes, 1979/. The references for the NRJRR model are already
mentioned. The AECL values for the transfer from the water column to the top
sediment are lower than the values calculated from the specified net sedimentation
rate in the river (cf. sections 3.1.4 and 3.1.5). They come from /Bird et al., 1989/
who synthesized data from a variety of North-American lakes. The NRIRR values
for A.,| are taken from AMURAD (B3-scenario).
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Table

Sr
Cs
Np
Pu

3.2.

SCK

0.011
7 10-3
0.010
7 1(H

Rate Constants

Ar(a-i)
(root zone soil
- deep soil)

NRIRR

0.2
0.1
0.05
0.05

used as direct Input Parameters.

(water column
- top sediment)

AECL

0.1
1.0
0.75
0.85

A.d (a-i)
(deep sediment, water
phase - deeper layer)

NRIRR

0.02
0.02
0.02
0.02

The values of the physical input parameters specified in the scenario definition are
presented in Table A.2. Other physical input parameter values, introduced by the
models, are shown in Table 3.3. Of these parameters only a few were applied by
more than one model. The NRPB model introduced the most additional parameters.
The sedimentation constant ks occurring in the SCK model is not included in this
table since its value is calculated from other input parameters.

Table 3.3. Physical
Definition

db(m)
d r(m)
ds (m)
d e r(m a-1)
r (m a~')
p r (kgDWm^)
T)r(-)
D s (m2 a-1)
Dd (m2 a-')
Dt (m

2 a-')
D r(m2a-i)
Bs(m2a-i)
B r(m2a-')
v d D (m a«)

v.^ (m a ' )

Parameter
•

AECL

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.04 (3)
n.a.
n.a.
n.a.
n.a.
0.05

0.1

Values not

SCK

n.a.
0.3
n.a.
n.a.
n.a.
1350(1)
0.4
n.a.
0.0315
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.

determined

NRPB

0.1
0.3
0.33
1 1 (\ 4

0.4 (2)
1500
0.4
0.0315

0.0315
3.16 10-5
3.16 10-5
n.a.

n.a.

by the Scenai

NRIRR

n.a.
0.15
n.a.
n.a.
n.a.
1700

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.

n.a. = not applicable 1I) = without application of dredged sediment
(2) = based on rainfall data in scenario B6
(3) = excluding the dispersion length (0.06 m)
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All values lie between well accepted limits, although the NRIRR value for the
thickness of the root zone soil is rather low for root crops. The AECL value for the
diffusion coefficient lies towards the high end of commonly observed values. The
value most commonly used for molecular diffusion amounts to 0.03 m2 a-1.
Moreover, the AECL model takes into account a dispersion length, which has to be
added to the diffusion coefficient, after multiplication with the groundwater
velocity. The NRPB model includes bioturbation in the transfers between top
sediment, water column and soil. Although the bioturbation coefficient is much
lower than the diffusion coefficient, bioturbation may represent a larger activity
transfer than diffusion especially for nuclides with a large Kd value. The values for
the average diffusion velocities in the sediment, as applied by the AECL model, are
nominal values based on data from /Lerman, 1979/.

The only physico-chemical input parameters considered are the distribution
coefficients Kd. They characterize the sorptive properties of the compartment
considered and determine the retardation effect of this sorption on the transport of
radionuclides. In particular the Kd value for the deep sediment is very important
since it may affect to *> large extent the release rates of the radionuclides from the
deep sediment in the source region and hence the concentration values in all
compartments considered. The Kd values assumed in the models are shown in
Table 3.4.

In general the AECL model applies the lowest values. They are based on /Schell et
al., 1982/ as far as the top sediment is concerned, with, for Np, values assumed to
be equal to those for Sr. The deep sediment values were set equal to 0.2 times the
top sediment values in order to account for the lower organic and oxygen contents
of the deep material, and the fact that it is more highly weathered. In the SCK
model the distribution coefficients for the top sediment and the water column
(which were set equal) are based on measurements made in similar rivers /Zeevaert
et al., 1986/, except for Np, for which a slightly higher value was adopted than for
Sr. The deep sediment Kd values are based on literature sources such as /Onishi et
al., 1981/ and on similarities between nuclides. The K,j values in the NRPB model
are taken from /Klos et al., 1989/. The references for the NRIRR model have
already been mentioned.

Comparing the Kj values for the four radionuclides, the highest values are observed
for Pu, followed by Cs, as is to be expected. Only in the NRIRR model is this order
reversed, with the highest values for Cs, followed by Pu. For all models except
NRIRR, Np is accorded a K^ value much lower than that for Pu and similar to that
for Sr. The NRPB model, the only one which applies Kct values for the soil,
estimates these values to be much lower than the sediment Kd's.

The values of the retardation coefficients R are not explicitly given here, since they
are determined by other input parameters and are very nearly proportional to the K,|
values.
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Table 3.4.

AECL

Kd, n.a.
Kdd 0.02
Kdt 0.1
Kd«> n.a.
Kjr n.a.

AECL

Kdg n.a.
Kdd 0.02
KdI 0.1
Kdw n.a.
Kd r n.a.

Distribution Coefficients K&

SCK

n.a.
0.05
1
1
n.a.

SCK

n.a.
0.10
3
3
n.a.

Sr

NRPB

2
2
2
2
0.03

Np

NRPB

0.5
0.5
0.5
0.5
0.05

NRIRR

2
2
2
2
n.a.

NRIRR

15
15
15
15
n.a.

(m kg-).

AECL

n.a.
0.3
1.5
n.a.
n.a.

AECL

n.a.
6.0
30
n.a.
n.a.

SCK

n.a.
10
30
30
n.a.

SCK

n.a.
14
50
50
n.a.

Cs

NRPB

30
30
30
30
1

Pu

NRPB

100
100
100
100
2

NRIRR

20
20
20
20
n.a.

NRIRR

15
15
15
15
n.a.

n.a. = not applicable

3.2.2. Uncertainty Ranges (AECL model)

For the purpose of performing an uncertainty analysis, the AECL model assigned
distributions to the following parameters and rate constants, that were not precisely
specified in the scenario description : Kdd, Kdt, ^wC_,,, A.t»_ds, d̂»-<n and CF. Each
of these parameters was assumed to be lognormally distributed and extreme values
Pmax and ?mn were calculated to each from

where \ie and o e are the mean and standard deviations of the In-transformed data.

The values Pmax and Pmn are shown in Table 3.5.
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Table 3.5.

Kdd (m* kg-')
Kd , (m3kg-i)

CF (m3 kg-')
Kdd (m' kg-')
Kd t(m3kg-')

Extreme Values of the

Sr

'ran

4.7 10-5
2.7 10-3
2.010-2
1.1 10-2
5.3 1(H
2.4 10̂ »

Np

Pn-n

1.7 10-2
1.8 10-4
1.4 10-2

0.10
3.5 10̂ »
1.6 10^

Parameter Distributions.

»max

1.0
0.15
0.50
0.90

2.910-2
2.9 10-2

"max

3.7 102
0.22
0.74
5.5

4.3 10-2
4.3 10-2

Cs

' n n

1.3 10-2
4.1 10-a

0.30
0.25

3.5 10-5
1.5 10-5

Pu

"mil

1.7 1(H
0.81
6.0
0.12

1.8 10-6
7.9 10-7

"max

3.0 102
2.2
7.4
4.1

1.910-3
1.91(H

Pm«x

37
44

1.5 102
6.3

9.6 10-5
9.6 10-5

The ranges for Kdt are based on the range of experimental data discussed in /Schell
and Sibley, 1982/, although the ranges were increased somewhat because the data
reported in this paper were average values. The uncertainty in Kd(j was set larger
than that for Kdt because the Kdd values were based not on actual data but on an
assumed relationship to Kdt . The ranges for A^..,» are based on the experimental
data discussed in /Bird et al., 1989/. The ranges for X-ts-ds and A,d»_di are nominal.
Ranges for CF were based on the review of bioaccumulation factors in /Zach et al.,
1989/. The ranges were large because the review was generic, covering all types of
fish in all types of surface water systems. For all parameters except X*,..,, and CF
the uncertainty was set higher for Np than for the other radionuclides because of
the scarcity of data for Np.
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4. Results and Discussion

4.0. General

The concentrations in the biospheric compartments, as calculated by the
participating models are plotted against time in

Fig. 4.1. (a,b,c,d): Deep sediment concentrations in the source region,
x = 7 km (Sr-90, Cs-137, Np-237, Pu-239)

Fig. 4.2. (a,b,c) : Top sediment concentrations in the source region,
x = 7 km (Sr-90, Np-237, Pu-239)

Fig. 4.3. (a,b,c) : Root zone soil concentrations in the source region,
x = 7 km (Sr-90, Np-237, Pu-239)

Fig. 4.4. (a,b,c) : Water column concentrations in the source region,
x = 7 km (Sr-90, Np-237, Pu-239).

Fig. 4.5. (a,b,c) : Water column concentrations in the downstream
region, x = 50 km (Sr-90, Np-237, Pu-239)

Fig. 4.6. (a,b,c) : Top sediment concentrations in the downstream
region, x = 50 km (Sr-90, Np-237, Pu-239)

Fig. 4.7. (a,b,c) : Root zone soil concentrations in the downstream
region, x = 50 km (Sr-90, Np-237, Pu-239)

Fig. 4.8. (a,b,c) : Deep sediment concentrations in the downstream
region, x = 50 km (Sr-90, Np-237, Pu-239)

The concentrations indicated are to be interpreted differently according to the
model concerned. The AECL and SCK models yield concentration values at x = 7
km (source region) and x = 50 km (downstream region) ; the concentration values
of the NRPB model are in fact averages over the entire source region (x = 0 —» 7
km) and over 10 km of the downstream region (x = 40 —> 50 km) ; the NR1RR
model yields averages over 1 km, i.e. x = 6 —* 7 km for the source region and x =
49 —> 50 km for the downstream region. The results of the uncertainty analysis,
which has only been carried out for the AECL concentration values, are indicated
in the same figures. The uncertainty ranges indicated define the largest and smallest
predicted concentrations for the compartment concerned, calculated using various
combinations of extreme parameter values, which differ from the best-estimate
values by two standard deviations (cf. section 3.2.2).
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In the following sections, each compartment will be discussed separately. In this
section only general observations are made. As already mentioned in Chapter 3,
distinction is to be made between two categories of models : a first category (the
AECL and SCK models) aiming to compute realistic time-dependent concentration
values and a second category (the NRPB and NR1RR models) for which the
dynamics of the short-term effects are of little concern. As a consequence large
differences between the time-dependent concentration values may occur. The first
category of models takes full account of the migration time through the deep
sediment, resulting in large time delays for radionuclides with large Kd values
before they appear in the following compartments. In the second category of
models, transfers from the deep sediment to the following compartments occur from
the beginning with constant relative rates For that reason little significance will be
attached to the differences in time-dependent concentration values in the following
sections, and steady-state results will be emphasized.

For short-lived radionuclides with substantial Kl( values in the deep sediment
(Cs-137), moderate changes in K(1 value may result in huge differences in the
release rate from the deep sediment (source region). Cs-137 model predictions in
the other biospheiic compartments thetefore encompass many orders of magnitude
and these concentrations will not be discussed in sections 4.2. to 4.8.
Plutonium-239 will be used as a substitute to evaluate the models' behaviour for
radionuclides with high K(i values.

In the following paragraphs, the differences between the steady-state concentration
values of the participating models are explained by means of steady-state activity
balances for the compartment considered. They are expressed in tenns of
Bq ITH a 1 (= Bq a ' per meter length of the river) For the compartments not
subject to translation, the net differences between the activity inputs and outputs are
to be in equilibrium with the loss clue to radioactive decay, which is a direct
measure of the radionuclide concentration in the compartment considered. For the
compartments subject to translation, the net differences between the activity inputs
and the activity outputs to other compartments or losses through radioactive decay
are to be balanced by changes in the translation fluxes with distance along the river.
These changes are a measure of the rate of increase or decrease, with distance
along the river, of the concentrations in the compartment concerned, the translation
being taken into account similarly in all the models. In the source region, the
changes in the translation fluxes indicated are averages over the entire source
region (x = 0 —> 7 km). In the downstream region, they are average:; over the entire
downstream region (x = 7 —» 50 km) for the AECL. SCK and NR1RR models and
averages over 10 km (x = 40 ••-> 50 km) for the NRPB model.

Transfer rate constants at steady-Mate between the compartments are brought
together in Table 4.1 Some salient differences deserve an until ipative explanation :

- The high values of the late constants A., ,,, in the SCK model originate from the
mixing between the top sediment and the water column considered in the source
region



Table 4.1. Rate constants at steady-state.

AECL SCK NRPB NRIRR

Deep sediment

Deep sediment

Top sediment -

Top sediment -

Top sediment -

—> Deeper layer
(a-1)

—»Top sediment

-» Deep sediment

-» Root zone soil
a-i)

-» Water column
(a-l)

Sr-90
Cs-137
Np-237
Pu-239

Sr-90
Cs-137
Np-237
Pu-239

Sr-90
Cs-137
Np-237
Pu-239

Sr-90
Cs-137
Np-237
Pu-239

Sr-90
Cs-137
Np-237
Pu-239

2.6 10-3 (2)
1.7 10-» (2)
2.6 10-3 (2)
8.7 10-» (2)

1.9 10-» (1)
1.2 10-iKD
1.7 10-3(1)
2.5 1O6(1)

3.9 10-3 (2)
2.6 10-» (2)
3.9 10-3 (2)
1.3 10-5 (2)

6.2 10-2
6.2 10-2
6.2 10-2
6.2 10-2

1.7 10-3(1)
1.1 10-* (1)
1.7 10-3 (1)
5.6 10-6(1)

1.0 10-» (1)
5.4 10-32(1)
4.5 10-» (1)
1.6 10-6(1)

-

6.2 10-2
6.2 10-2
6.2 10-2
6.2 10-2

24(1)
1.9(1)
8.7 (1)
1.5(1)

,
1

1
1

8.8 10-5
5.9 10-6
3.5 10-»
1.8 10-6

1.4 10-»
9.6 10-6
5.8 10-»
2.9 10-6

6.2 10-2
6.2 10-2
6.2 10-2
6.2 10-2

2.5 10-3
2.1 10-3
3.8 10-3
2.1 10-3

2.1 1O«
2.1 lO^7

2.7 10-7
2.7 10-7

5.2 10-5
5.2 10-6
6.9 10-6
6.9 10-6

8.2 10-6
8.2 10-7
1.1 1O«
1.1 10-6

6.6 10-2
6.6 10-2
6.6 10-*
6.6 10-2

2.1 10-*
2.1 10-5
2.8 10-5
2.8 10-5

i

i



AECL SCK NRPB NRIRR

Water column —» Top sediment

Root zone soil —> Deep soil
^•rs-dso (a-1)

Root zone soil —> Water column
^•r**c (a-1)

Deep soil —» Root zone soil
^-dso-fs <a-i)

Sr-90
Cs-137
Np-237
Pu-239

Sr-90
Cs-137
Np-237
Pu-239

Sr-90
Cs-137
Np-237
Pu-239

Sr-90
Cs-137
Np-237
Pu-239

0.1 (3)
1.0 (3)

0.75 (3)
0.85 (3)

-

-

-

10(2)
126 (2)
28 (2)

151 (2)

1.8 10-2
1.4 10-2
1.7 10-2
7.4 10-3

-

-

18
247
5.1

167

3.3 1(H
1.3 10-3
2.0 10-2
8.4 1(H

3.3 10-»
3.3 10-»
3.3 10-»
3.3 10-»

1.0 1(F
9.1 10-»
6.3 1(H
7.7 10-»

19
105
90
90

0.2
0.1

5.0 10-2
5.0 10-2

(1) Taken into account only in the source region

(2) Taken into account only in the downstream region

(3) In the source region, taken into account only for the calculation of the water concentrations

- a
I
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v
The low values of the rate constant K,c-u in the AECL model may be explained
by the derivation of these values from the literature.

The low values of the rate constants A,ts_ds and Xd^i in the NRIRR model are
explained by the transfer mechanism (advection) assumed in this model.

- The similar values of the rate constants for Pu and Np in the NRIRR model are
accounted for by the similar Kd values attributed to these elements.

Other differences will be explained in the following sections.

4.1. Deep Sediment - Source Region

The time-dependent concentration values (averaged over the whole deep sediment
compartment) are graphically depicted in Figures 4.1.a, b, c and d. All the models
show a smooth increase with time until the steady-state values are reached. For the
short-lived radionuclides (Figures 4.1.a and b), the steady-state concentration values
of all the models lie close to each other (within a factor of 2). For the long-lived
radionuclides (Figures 4.1.c and d), they encompass 1 (for Np) or 2 (for Pu) orders
of magnitude. For Np, the steady-state concentration values all lie within the
uncertainty range as determined by the AECL model. For the other radionuclides
only the SCK concentration values always lie within the AECL uncertainty ranges.

The activity balances are indicated in Table 4.2. The NRIRR balances for Pu and
Np seem to indicate that steady-state is not yet reached.

The differences between the model results are very restricted. For the short-lived
radionuclides, the concentration in the deep sediment is principally determined by
radioactive decay and a quite analogous evolution with time is observed for all the
models. This is also the case for the long-lived radionuclide Pu-239 because of its
very low mobility. The low Pu concentration for the NRIRR model may be due to
the fact that steady-state conditions have not been reached. The higher mobility of
Np results in lower steady-state concentrations in the deep sediment as compared
with Pu, except for the NRIRR model which applies the same KJd value for Np as
for Pu. The very low KJJ value for Np used in the AECL model accounts for the
relatively rapid attainment of steady-state and the correspondingly lower
concentration value.

The slightly higher steady-state concentrations of the second category models are
principally due, either to the neglect of diffusion as an output transfer process
(NRIRR model), or to the higher KM values applied (NRPB model), except for Np
for which the return of activity from the top sediment accounts for the result
(NRPB model). For the other radionuclides the return of activity from the top
sediment considered in the second category models is not important because of the
very low concentrations in this compartment compared with those in the deep
sediment (compare Figures 4.2a and c with Figures 4.1a and b).
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Figure 4.1 .c Deep sediment concentrations of Np-237 in the
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Table 4.2 Activity Balances at steady-state : Deep Sediment, Source Region (Bq m~* a-')-

AECL SCK NRPB NRIRR

Sr-90

IN Aquifer —» Deep sediment
Top sediment —» Deep sediment

OUT Deep sediment —» Top sediment
Deep sediment —> Deeper layer
Loss radioactive decay

Cs-137

IN Aquifer —* Deep sediment
Top sediment —> Deep sediment

OUT Deep sediment —» Top sediment
Deep sediment —» Deeper layer
Loss radioactive decay

3.3 105*

2.6 103

3.2 105

3.3 105

1.7 10-*

3.3 105

4.3 105

1.4 103

4.1 105

4.3 105

< lQ-t°

4.3 105

4.3 105
1.1

1.6 103

4.3 105

4.3 105
5.2 10-3

1.1 102

4.3 105

4.3 105
2.4 10-3

8.5 102
34

3.9 105

4.3 105
9.0 10-9

1.0 102
4

4.3 105

* lateral flows not considered, so the effeaive width of discharge was 10 m rather than 13 m



AECL SCK NRPB NRIRR

Np-237

IN Aquifer -» Deep sediment
Top sediment —» Deep sediment

OUT Deep sediment —» Top sediment
Deep sediment -» Deeper layer
Loss radioactive decay

Pu-239

IN Aquifer —» Deep sediment
Top sediment —> Deep sediment

OUT Deep sediment —> Top sediment
Deep sediment —» Deeper layer
Loss radioactive decay

3.3 105

3.3 105

n.s.

3.3 105

2.7 10*

3.0 105

4.3 105

4-3 105

n.s.

4.3 105

1.8 104

3.9 105

4.3 105
1.4 103

4.3 105

4.0 102

4.3 105
0.41

2.5 10*

4.05 105

4.3 105
8.2 1(H

1.1 10*
4.2 102
5.0 102

4.3 105
2.5 10-2

1.3 103
50

5.3 103

t

|
1-4

2
-

j

n.s. = not significant
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Uncertainty Analysis (AECL model).

The only distributed parameter involved in the calculation of the deep sediment
concentrations in the source region is the distribution coefficient for the deep
sediment (Kdtl). The range of predicted concentrations therefore reflects the Kjd
distribution but also depends on the half-life of the radionuclide. For the short-lived
radionuclides, only a small fraction of the activity entering the deep sediment is
able to pass through, even with low KdJ values. As a consequence the predicted
concentrations of Cs-137 and Sr-90 show little variation with Kdj . Pu has a much
longer half-life than Sr or Cs but its Kdd value is also much higher and the
dependence of the Pu concentrations on Kdd is only slightly stronger than that of
Sr. The half-life of Np is sufficiently long that it is not a factor and Np
concentrations vary over about the same range as Kdd .

4.2. Top Sediment - Source Region

The time-dependent concentration values in the top sediment are graphically
depicted in Figures 4.2.a, b and c. The Cs-137 values are not reproduced for the
reasons given in Section 4.0. For the first category models, the increases in
concentration begin at later times and with steeper slopes (on a logarithmic time
scale) than do the second category models. For each radionuciide, the steady-state
concentration values of all the models encompass approximately 2 orders of
magnitude. For Sr-90 and Pu-239 they all lie within the uncertainty range
determined by the AECL-model.

The activity balances at steady state are indicated in Table 4.3. The apparent
disequilibrium in the AECL balances are due to the replacement of the changes in
the translation fluxes at x = 7 km by the average rates over the entire source region.
For the AECL model this produces overestimations, the actual rates of increase
(with distance) at x = 7 km being lower than the average value.

The steady-state concentration values in the top sediment are determined
principally by the input from the deep sediment and a variety of output tenns to
adjacent c >mpartments. The input from the water column, allowed for in the
NRIRR and NRPB models, turns out to be unimportant. The input from the deep
sediment depends on the concentration in this compartment and on the mechanisms
taken into account in the transfer to the top sediment. Although the transfer in the
AECL and SCK models occurs through transport with the groundwater, diffusion
also takes part in the global transfer from deep sediment to top sediment, since this
mechanism dominates the migration through the deep sediment. As a consequence
we note that all the models except the NRIRR model take into account diffusion in
addition to advection. The rate constants for this transfer (Table 4.1.) depend on the
K,i values adopted in the models. The values of the output rate constants vary
widely among the models, except for the transfer to the root zone soil (through
dredging), which is dealt with similarly in all the models. This transfer, which is
characterized by the same rate constant in all the models and for all the
radionuclides, is the major output to other compartments for all the models, except
for the SCK model, for which the transfer to the water column is associated with a
larger rate constant.
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Figure 4.2.a Top sediment concentrations of Sr-90 in the source
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Figure 4.2.b Top sediment concentrations of Np-237 in the source
region (Bq k g 1 dw)
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Figure 4.2.c
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Top sediment concentrations of Pu-239 in the source
region (Bq kg-1 dw)

The high AECL and NRPB concentration values in the top sediment are explained
by the high inputs from the deep sediment, due to the transfer processes
forementioned, and by the relatively low outputs to other compartments, except for
the transfer to the root zone soil.

The SCK. model, which also shows relatively high inputs from the deep sediment,
yields moderate to low concentrations in the top sediment, due to the very large
outputs to the water column. The mechanism responsible for this is the thorough
mixing between the two compartments, which is assumed to take place over the
source region.

The low to moderate concentrations in the top sediment predicted by the NRIRR
model are due to the low input from the deep sediment, which is assumed to be
governed by advection.



Table 4.3. Activity Balances at steady-state : Top Sediment, Source Region (Bq

AECL SCK

i-i a-i).

Sr-9O

IN Deep sediment
Water column -

> Top sediment
Top sediment

OUT Top sediment —* Deep sediment
Top sediment —» Water column
Top sediment —> Root zone soil
Loss radioactive decay
Net increase translation flux

2.6 103

26
9.8 102
3.5 102
1.8 103

1.4 103

1.4 103
7.7
3.7
13

NRPB

1.6 103
n.s.

n.s.
20

4.8 102
1.9 102
8.9 102

NRIRR

8.5 102
n.s.

n.s.
6.0 10-2

19
7

33

Np-237

IN

OUT

Deep sediment
Water column -

* Top sediment
Top sediment

Top sediment —> Deep sediment
Top sediment —» Water column
Top sediment —> Root zone soil
Loss radioactive decay
Net increase translation flux

3.3 105

3.7 103
1.4 105

n.s.
2.5 105

4.3 lO5

4.2 105
6.4 103

n.s.
1.1

4.3 105
4.4 102

1.4 103
9.1 103
1.5 105

n.s.
2.7 105

1.1 10*
n.s.

n.s.
2.1

4.9 103
n.s.

8.5 103



AECL SCK NRPB NRIRR

Pu-239

IN Deep sediment
Water column -

> Top sediment
Top sediment

OUT Top sediment —* Deep sediment
Top sediment -> Water column
Top sediment —* Root zone soil
Loss radioactive decay
Net increase translation flux

2.7 10»

1.0
1.1 104

n.s.
2.0 10»

1.8 10»

1.5 10»
1.3 103

n.s.
2.3 103

2.5
6.5

10»
102

n.s.
3.0 102
8.8 103

n.s.
1.6 10*

1.3
n

n

103
.s.

.s.
0.63

1.5
0.

2.6

103
65
103

n.s. = not significant
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Uncertainty Analysis (AECL model).

The top sediment concentrations depend upon the distribution coefficients in the top
sediment (Kdt) and in the deep sediment (KJJ ) . The dependence on the former is
very weak, because a very large fraction of the total activity in the top sediment is
associated with the solid phase for all Kd, values considered. In addition, the rate at
which activity leaves the top sediment with the water is small compared with the
rate at which activity is lost through dredging. The dependence of the Pu and Sr
concentrations in the top sediment on the Kdd value is important, since a small
change in Kdd produces a large change in the amount of activity passing through
the deep sediment and reaching the top sediment. For Np, the amount of activity
reaching the top sediment is independent of K ^ (at steady-state) and the
concentration in the top sediment does not depend on Kdd .

4.3. Root Zone Soil - Source Region

This compartment is not considered in the AECL model.

The time-dependent concentration values in the root zone soil are graphically
depicted in Figures 4.3.a, b and c. The increases of the concentration values in the
SCK models start at later times but with higher slopes (on a logarithmic time scale)
than in the second category models. For Np-237 the increase in the NRPB results
persists longer because of the return of activity from the deep soil. The steady-state
concentration values of the three models encompass from 2 (for Sr) to 3 (for Np
and Pu) orders of magnitude.

Root zone soil concentrations in the source region (8q/kg dw) Sr-90

° r X
•
o

SCK
NRPB
NRIRR

10

_ 2
' O

10

- 4

,G"Y

ligure 4.3 ;i

[ / „I
Time (o)

10-

Root zone soil concentrations of Sr-90 in the source
region (Bq kg-' dw)
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Root zone soil concentrations in the source region (Bq/kg dw) Np-237
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Figure 4.3.b
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Root zone soil concentrations of Np-237 in the source
region (Bq kg-' dw)

Root zone soil concentrations in the source region (Bq/kg dw) Pu-239
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Time (a)
1 0 '

Root zone soil concentrations of Pu-239 in the source
region (Bq kg-' dw)



Table 4.4. Activity Balances at steady-state : Root zone Soil, Source Region (Bq m-' a-1).

AECL SCK NRPB NRIRR

IN Top sediment - • Root zone soil - 7.7 4.8 102 19
Deep soil —» Root zone soil - - 1.0 102 -

OUT Root zone soil -» Deep soil - 3.8 3.4 102 17
Root zone soil —»Water column - — 3.4 —
Loss radioactive decay - 5.1 2.4 102 2.0

Np-237
r

IN Top sediment -> Root zone soil - 6.4 103 1.5 10s 4.9 103 g
Deep soil —»Root zone soil - — 8.8 106 - |

OUT Root zone soil -> Deep soil - 6.8 103 8.8 106 3.0 103

Root zone soil —»Water column - - 1.5 10s

Loss radioactive decay - n.s. n.s. n.s.

Pu-239

EN Top sediment-» Root zone soil - 1.3 103 8.8 103 1.5 103

Deep soi l -* Root zone soil - - 1.8 104

OUT Root zone soil -> Deep soil - 1.3 103 1.9 104 5.9 102
Root zone soil -> Water column - - 7.4103

Loss radioactive decay - n.s. 6.4 102 n.s.

n.s. = not significant
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The activity balances at steady-state are indicated in Table 4.4. A significant
disequilibrium is observed for the NRIRR model in the case of Pu, for which
steady-state may not have been reached in 1000 a.

The steady-state concentrations are dependent on the inputs from the top sediment
and the outputs to the deep soil for all models, except for the NRPB model, which
takes into account an additional input from the deep soil and an additional output to
the water column. The return of activity from the deep soil considered in the NRPB
model is due to a variety of processes: diffusion, bioturbation, advection and
erosion. For the short-lived radionuclide Sr-90 this input is not very important since
the corresponding rat.; constants are lower than the rate constant associated with
dredging and since the activity content in the deep soil compartment does not differ
much from that in the top sediment. The opposite is true for the activity contents of
the long-lived radionuclides and this return of activity is the major input to the root
zone soil for Np-237 and Pu-239 in the NRPB model. The additional output to the
water column through erosion, is always less important than the output to the deep
soil.

The output of activity to the deep soil is assumed to be brought about by diffusion,
advection and bioturbation in the NRPB model, by advection and burial in the SCK
model and by advection only in the NRIRR model. Yet the rate constants
corresponding to this transfer are surprisingly similar for Np, within 1 order of
magnitude for Sr and within a factor of 60 for Pu (Table 4.1). The input of activity
from the top sediment through dredging is associated with a similar rate constant
for all the models.

Consequently the concentration ratios between the root zone soil and the top
sediment do not differ much among the models for Sr-90. They are much higher for
the NRPB model, which allows for the return of activity from the deep soil, than
for the other models in the case of Np-237 and Pu-239. As a consequence the
NRPB model yields the highest root zone soil concentrations for all the
radionuclides. The NRIRR concentrations are somewhat higher than the SCK
concentrations for Sr-90 and lower than the SCK results for Np-237 and Pu-239.

4.4. Water Column - Source Region

The time-dependent concentration values in the water column are graphically
depicted in Figures 4.4.a, b and c. The increases in concentrations predicted by the
first category models start at later times but with steeper slopes (on a logarithmic
time scale) than those predicted by the second category models. For Np-237 (Figure
4.4.b) the increase lasts much longer in the NRPB model than in the other models
because of the transfer from the soil through erosion, considered only in the NRPB
model. For each radionuclide, the steady-state concentration values of nil the
models encompass 4-6 orders of magnitude. Only for Sr-90 (Figure 4.4.a) <l<> they
all lie within the uncertainty range as determined by the AECL model.
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Figure 4.4.c Water column concentrations of Pu-239 in the source
region (Bq m~3)

The activity balances at steady-state are indicated in Table 4.5. The apparent
disequilibria in the AECL balances are due to the replacement of the changes in the
translation fluxes at x = 7 km by the average rates over the entire source region.
This results in underestimations of the actual increase rates at x = 7 km, the
concentrations in the water column increasing at a rate greater than proportional
with the distance.

The steady-state concentration values in the water column are primarily determined
by the input from the top sediment except in the NRPB model, in which the input
from the soil (through erosion) is more important for long-lived radionuclides such
as Np-237 and Pu-239. This is illustrated in Table 4.5. Since the outputs to the top
sediment and the losses through radioactive decay are negligible with respect to the
inputs, the concentrations in the water column reflect these inputs, the translation
phenomenon being modelled similarly by all the participants.



Table 4.5. Activity Balances at steady-state : Water column. Source Region (Bq m-1 a~').

AECL SCK NRPB NRIRR

Sr-9O

IN Top sediment-» Water column 26 1.4 103 20 6.0 10-2
Root zone soil —»Water column - - 3.4 -

OUT Water column -> Top sediment 8.1 10-* - 0.23 6.0 l(H
Loss radioactive decay 1.9 10-* n.s. n.s. n.s.
Net increase translation flux 15 1.4 103 23 5.7 10-2

Np-237

IN Top sediment —> Water column
Root zone soil —> Water column

OUT Water column —» Top sediment
Loss radioactive decay
Net increase translation flux

Pu-239

IN Top sediment:-* Water column 1.0 1.5 104 3.0 102 0.63
Root zone soil —»Water column - - 7.4 103 -

OUT Water column -»Top sediment 2.5 10^ - 6.5 102 5.2 10-2
Loss radioactive decay n.s. n.s. n.s. n.s.
Net increase translation flux 0.54 1.5 104 7.0 103 1.0

n.s. = not significant

3.7 103

0.83
n.s.

2.0 103

4.2 105

n.s.
4.1 10s

9.1 103
1.5 105

4.4 102
n.s.

1.6 105

2.1

0.11
n.s.
2.2
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In general the concentration values in the water column are considerably higher for
the SCK model than for the other models. This is due to the mixing process with
the top sediment, which conveys the majority of the activity in the top sediment to
the water column (see also section 4.2). Only for the long-lived radionuclides
Pu-239 and Np-237 do the NRPB results come close to the SCK values because of
the input from the soil through erosion in the former model.

The concentration values for all the radionuclides in the AECL model and for Sr-90
in the NRPB mode' are a few orders of magnitude lower than the SCK values. The
Sr concentration';, which largely depend upon the input from the top sediment, are
rather similar for the AECL and NRPP models. The Pu and Np concentrations are
2 (for Np) or 3 (for Pu) orders of magnitude higher L>. the NRPB model than in the
AECL model, mainly because of the additional input from the soil (through
erosion) in the NRPB model. The rate constants, associated with the input from the
top sediment are larger for the NRPB model, which allows for bioturbation,
diffusion and advection, than for the AECL model, which allows for advection
only. The differences are very large for Pu (Table 4.1), but restricted for Sr. For the
latter radionuclide the larger concentration in the top sediment for the AECL model
compensates for the lower rate constant, or the other radionuclides the higher rate
constants for the NRPB model bring about larger input rates from the top sediment,
which add to the inputs through erosion.

The NRIRR model predicts the lowest concentration values in the water column
(except for Pu-239). This is due to the lower input rate constants (except for Pu)
and the lower concentrations in the top sediment as compared with the AECL
model. The NRIRR model allows for advection only when calculating the activity
input from the sediment, as does the AECL model, but with higher Kj t values,
(except for Pu). For this radionuclide the higher input rate constant in the NRIRR
model compensates for the lower concentration in the top sediment and leads to a
higher water column concentration than the AECL value.

Uncertainty Analysis (AECL model)

The water concentrations depend upon the distributed parameters Kj,, K J J and
X-Wc_,a . The dependence on K J J (distribution coefficient for the deep sediment) is
similar to that shown by the top sediment concentrations. The dependence on Kdl
(distribution coefficient for the top sediment), which controls the flux from the top
sediment to the water column, is moderate. The water concentrations vary very
little with changes in Xwc,,,, since very small amounts of activity are lost through
sedimentation for the K,c-ts values applied. Overall, the Pu and Sr concentrations
depend on both Kdj and Kj,, with KJJ being by far the most important source of
variability, whereas the uncertainty for Np arises from Kd , .
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4.5. Water Column - Downstream Region

The time-dependent concentration values in the water column of the downstream
region are also graphically depicted in Figures 4.5a, b and c. In general, the
concentration values for all the models are close to the values in the source region
and the observations made for the source region remain valid for the downstream
region.

The activity balances at steady-state are indicated in Table 4.6. Some small
apparent disequilibria are observed. They may be explained by the averaging
approximations discussed in earlier sections and by rounding-off errors when
subtracting large values which are nearly equal. The apparent disequilibria in the
NRIRR-model are too large to be explained by these phenomena ; they seem to
indicate that steady-state is far from being reached. The negative rates of decrease
for the translation fluxes in the NRPB balances point to an increase of the
concentrations in the water column beyond x = 40 km.
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10

w2

- 3
10

i o 4

id 6

id"7

+ AECL
X SCK
D NRPB
O NRIRR

\ uncertainly AECL

* X X

i ,B £,

y
y

y
y

y
y

sr I f'

/

e o

1C1

Time (o)
10' 10'

Figure 4.5.a Water column concentrations of Sr-90 in the
downstream region (Bq nr3)



- 5 7 -

Water column concentrations in the downstream region (8q/m3) Np-237
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Table 4.6. Activity Balances at steady—state : Water column. Downstream Region (Bq nv1 a"1).

AECL SCK NRPB NRIRR

Sr-90

IN Top sediment-» Water column - - 0.76 1.0 10-2
Root zone soil —»Water column — - 0.13 —
Decrease translation flux 8.8 10-* 8.8 -0 .38 8.1 1<H

OUT Water column - • Top sediment 8.1 1(H 7.5 0.50 8.0 10-5
Loss radioactive decay 1.9 10-* n.s. n.s. n.s.

Np-237

IN Top sediment - • Water column - - 7.2 102 o.61 ^
Root zone soil —»Water column — — 1.2 10* — oo
Decrease translation flux 0.84 5.7 103 - 1 . 1 1 0 * 4.410-2 |

OUT Water column ^ Top sediment 0.83 5.9 103 1.1103 9.6 10-2
Loss radioactive decay n.s. n.s. n.s. n.s.

Pu-239

IN Top sediment-> Water column - - 68 0.19
Root zone soil -* Water column — — 1.7 103 —
Decrease translation flux 2.3 10-» 1.0 103 - 2 . 3 102 0.10

OUT Water column -»Top sediment 2.5 10-* 7.7 102 1.5 103 1.9 10-2
Loss radioactive decay n.s. n.s. n.s. n.s.

n.s. = not significant
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In comparison with the source region (Table 4.5) the direct input from the top
sediment is eliminated in the AECL and SCK models and a reversed transfer from
the water column to the top sediment is introduced. This results in a decrease of the
translation fluxes, corresponding to the output to the top sediment. The losses due
to radioactive decay are nearly insignificant.

In the NRPB and NRIRR models the same transfers are applied in the downstream
region as in the source region, and the inputs from the top sediment and the root
zone soil are also larger than the outputs to the top sediment. For the NRPB model
this leads to an increase of the translation fluxes with distance. For the NRIRR
model the translation fluxes are decreasing, possibly due to steady-state conditions
not yet being attained.

For all the models the changes in the translation fluxes are rather small with respect
to the absolute values of those fluxes, and the concentrations in the water column in
the downstream region do not differ much from the values in the source region
(compare Figures 4.5 with Figures 4.4).

In the first category of models the concentrations in the downstream region and in
the source region are practically equal, the SCK model showing slightly larger
differences than the AECL model because of the larger rate constant associated
with the transfer to the top sediment (see Table 4.1). The SCK model considered
the sedimentation rate given in the scenario definition in the determination of this
rate constant, whereas the AECL model applied a transfer factor from the literature
/Bird et al., 1989/.

For the NRPB model the differences between the downstream concentrations and
the concentrations in the source region seem to be larger. We should not forget
however that the latter values are averages over the source region between x = 0
km and x = 7 km and that the concentrations at x = 7 km may be higher up to a
factor of 2. As a consequence the true differences between the concentrations at x =
7 km and at x = 50 km are considerably smaller than indicated.

For the NRIRR-model the relative differences between the concentrations at x = 7
km and x = 50 km are larger than for the other models (except for Np), possibly
due to non-equilibrium conditions.

Uncertainty Analysis (AECL model).

The water concentrations predicted by the AECL model are essentially the same at
50 km as at 7 km. The uncertainty in the water concentrations in the downstream
region therefore arises from the same sources as in the source region i.e. primarily
from the distribution coefficient in the deep sediment, Kdt|, for Pu and Sr, and from
the distribution coefficient in the top sediment, Kj,. for Np.
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4.6. Top Sediment - Downstream Region

The time-dependent concentration values in the top sediment of the downstream
region are graphically depicted in Figures 4.6.a, b and c. As in the source region,
the increases of the concentration values for the first category models start at later
times and with higher slopes (on a logarithmic time-scale) than for the second
category models. The steady-state concentration values of all the models encompass
fewer orders of magnitude than in the source region (approximately 1). All the Pu
and Sr concentration values lie within the uncertainty range of the AECL model.
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lop sediment concentrations in the downstream region (Bq/kg dw) Np-237
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The activity balances are indicated in Table 4.7. As for the source region, the
apparent disequilibria in the AECL balances are due to the replacement of the
changes in the translation fluxes at x = 50 km, by the average rates over the entire
downstream region. For the AECL model this produces large overestimations, the
top sediment concentrations decreasing exponentially with distance.

In comparison with the top sediment in the source region (Table 4.3) the direct
input from the deep sediment is eliminated and replaced by a direct input from the
water column. In the AECL and SCK models some transfers considered in the
source region are reversed in the downstream region. This is the case for both
models for transfers between the top sediment and the water column, and for the
AECL model only for transfers between the deep sediment and the top sediment. In
the NRIRR and NRPB models the same transfers are applied in the downstream
region as in the source region. This means that a return of activity from the deep
sediment and a return to the water column are allowed for. In particular, the return
of activity from the deep sediment is unimportant, as is shown in Table 4.7.

The differences between the activity inputs from other compartments and the
outputs (mainly to the root zone soil) or losses (due to radioactive decay) are the
lowest for the SCK model. This is accounted for by the high inputs from the water
column, due to the high concentrations in this compartment (cf. section 4.5) and by
the neglect of the outputs to the top sediment and to the water column. The inputs
from the water column compensate for nearly all the outputs to the root zone soil
and losses due to radioactive decay. This results in very low changes in the
translation fluxes and consequently in concentrations in the downstream top
sediment which are nearly equal to the concentrations in the top sediment in the
source region (compare Figures 4.6 with Figures 4.2).

The other models, for which the most important output or loss term is also formed
by dredging, allow for an additional output to the water column and/or to the deep
sediment. The output to the water column is taken into account in the NRIRR and
NRPB models only. The output to the deep sediment, which is assumed to be
governed by diffusion (AECL and NRPB models) or advection (NRIRR model), is
only important for the AECL model. The lower inputs from the water column
(except for Pu-239 in the NRPB model) together with the additional outputs to
other compartments yield higher rates of decrease in the translation fluxes as
compared with the SCK model. As a consequence the relative differences between
the top sediment concentrations in the downstream and source region are larger for
the AECL. NRPB and NRIRR models than for the SCK model. They amount to 1
(for Pu and Np) or 2 (for Sr) orders of magnitude for the AECL and NRPB models
but are less pronounced (less than 1 order of magnitude) for the NRIRR model. The
general result is remarkable : the differences in steady-state concentration values
between the models are much smaller in the downstream region than in the source
region. For each nuclide all the model results lie within 1 order of magnitude. In
particular, the AECL and SCK values are very close; within a factor of 2-3 of each
other.



Table 4.7. Activity Balances at steady-state : Top Sediment, Downstream Region (Bq irr1 ar1).

Sr-9O

IN Deep sediment —> Top sediment
Water column —» Top sediment
Decrease translation flux

OUT Top sediment —» Deep sediment
Top sediment -> Water column
Top sediment —> Root zone soil
Loss radioactive decay

AECL

8.1 10-*
2.9 102

0.49

7.8
2.8

SCK

7.5
0.79

5.5
2.0

NRPB

n.s.
0.50
26

4.4 10-2
0.76
19
7.2

NRIRR

n.s.
8.0 10-5

4.5

4.0
l.OKH

3.2
1.2

Np-237

IN

OUT

Deep sediment —» Top sediment
Water column —* Top sediment
Decrease translation flux

Top sediment —> Deep sediment
Top sediment —» Water column
Top sediment —» Root zone soil
Loss radioactive decay

0.83
4.0 104

2.5 102

4.0 103
n.s.

5.9 103
93

6.0 103
n.s.

1.1 102
1.1 103
1.1 104

1.1 102
7.2 102
1.2 104

n.s.

n.s.
9.6 10-
9.8 102

2.4 10-
0.61

1.4 103
n.s.



AECL SCK NRPB NRIRR

Pu 239

IN

OUT

Deep sediment —> Top sediment
Water column —» Top sediment
Decrease translation flux

Top sediment —» Deep sediment
Top sediment —» Water column
Top sediment —» Root zone soil
Loss radioactive decay

2.5 1(H
3.2 103

0.083

3.9 102
n.s.

7.7 102
1.1 102

9.0 102
n.s.

n.s.
1.5 103
5.2 102

n.s.
68

2.0 103
n.s.

n
1.9
2.9

n
0.

4.6
0.

.s.
10-;
102

.s.
19
102

20

n.s. = not significant
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Uncertainty Analysis (AECL model)

The top sediment concentrations in the downstream region show the same
dependence on Kdd as do the source region sediment concentrations, since the
activity in the downstream top sediment originates from the top sediment in the
source region. They are independent of A^.,,, since deposition from the water
column contributes an insignificant amount to the top sediment activity. The top
sediment concentrations are also independent of Kj t for the reasons given in section
4.2. They show a moderate dependence on Xls_,is for all radionuclides except for
Pu, for which Xls_(js is too small to affect the concentrations. The distribution
coefficient in the deep sediment (KdJ) remains the dominating source of variability
for all radionuclides except for Np.

4.7. Root Zone Soil - Downstream Region

As for the source region, this compartment is not considered in the AECL model.

The time-dependent concentration values in the root zone soil of the downstream
region are graphically depicted in Figures 4.7.a, b and c. The observations made
with respect to the time-dependent concentrations in the source region remain valid
for the downstream region. The steady-state concentration values of the three
models encompass 1, 2 or 3 orders of magnitude for Sr, Pu and Np respectively.
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Root zone soil concentrotions in the downstream region (Bq/kg dw) Np-237
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The activity balances at steady-state are indicated in Table 4.8. They are quite
analogous to the source region balances (Table 4.4). As for the source region, a
significant disequilibrium is observed only for the NRIRR model, but this time for
Np instead of Pu.

The conclusions that may be drawn from the activity balances, concerning the
relative importance of input terms and output terms or losses, are the same as for
the source region (cf. section 4.3). For all tliree nuclides considered, the
concentration ratios between the root zone soil and the top sediment remain the
same as for the source region. Only the NRIRR model shows minor differences.

For the SCK model, because of the similarity of the top sediment concentrations in
the source and downstream regions, the root zone soil concentrations in the same
regions are also similar for each radionuclide (compare Figures 4.7 with Figures
4.3). For the NRPB model the Sr and Np concentrations in the top sediment are
considerably lower in the downstream than in the source region. Nevertheless the
NRPB concentrations in the root zone soil remain the highest for all three
radionuclides. The NRIRR concentration values remain the lowest in the
downstream region.

4.8. Deep Sediment - Downstream Region

This compartment is not considered in the SCK model.

The time-dependent concentration values are graphically depicted in Figures 4.8.a,
b and c. The Cs-)37 values are not reproduced for the reasons given in section 4.0.
The increases of the concentration values of the AECL model start at later times
and with steeper slopes (on a logarithmic time-scale) compared with those of the
second category models. The . teady-state concentration values for the three models
encompass 3 to 4 orders of magnitude, for each radionuclide considered. Yet for
Sr-90 and Pu-239 they all lie within the uncertainty range of the AECL model.

The activity balances are indicated in Table 4.9. The NRIRR balances for Np and
Pu seem to indicate that steady-state has not been reached.

In comparison with the deep sediment in the source region (Table 4.2) the direct
input from the aquifer is eliminated and replaced by an indirect input via the top
sediment in the downstream region. Consequently, the evolution of the
concentration with time is slower and the steady-state concentration values many
orders of magnitude lower than in the source region (cf. Figures 4.1). In the NRPB
and NRIRR models the same transfers between the deep sediment and the adjacent
compartments are applied in the downstream region as in the source region. In the
AECL model the directions of the transfers are reversed. The differences in input
fluxes from the top sediment among the models depend largely upon the differences
in the rate constants, the concentrations in the top sediment being rather similar
(cf. Figures 4.6). The AECL and NRPB models which assume diffusion to be the
governing process for this input transfer, show the highest input rates. The NRIRR
model, which allows for advection as the governing process, shows the lowest input
rates. The inputs for the AECL model are somewiiat higher than those for the
NRPB model because of the lower Kj, values used in the former model.



Table 4.8. Activity Balances at steady-state : Root zone Soil, Downstream Region (Bq nr1 ar1).

AECL SCK NRPB

Sr-90

5.5IN Top sediment —> Root zone soil
Deep soil —• Root zone soil

OUT Root zone soil —» Deep soil
Root zone soil —» Water column
Loss radioactive decay

2.7

3.6

19
3.9

13
0.13
9.5

NRIRR

3.2

2.6

0.3

Np-237

IN Top sediment —» Root zone soil
Deep soil —> Root zone soil

OUT Root zone soii —» Deep soil
Root zone soil —> Water column
Loss radioactive decay

6.0 103

6.4 103

n.s.

1.2 10*
6.9 105

6.9 105
1.2 10*

n.s.

1.4 103

8.0 102

n.s.

oo

Pu-239

IN Top sediment —» Root zone soil
Deep soil —» Root zone soil

OUT Root zone soil —> Deep soil
Root zone soil -4 Water column
Loss radioactive decay

9.0 102

8.9 lO2

n.s.

2.0 103
4.1 103

4.2 103

1.7 103
1.4 102

4.6 102

4.2 102

n.s.

n.s. = not significant
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The output transfers to other compartments are dominated by the same processes as
the input transfers. As a consequence the AECL model shows the highest output
rates, its Kdd values being lower than those of the NRPB model, and the NRIRR
model shows the lowest output rates.

The higher in- and output rates for the AECL model result in higher Sr
concentrations but in lower Np and Pu concentrations as compared with the NRPB
model. Despite the lowest output rates (to other compartments) for the NRIRR
model, this model yields the smallest concentrations for all radionuclides. This is
due to the low input rates, which are always smaller than the net differences
between the in- and output rates for the other models.

Uncertainty Analysis (AECL model).

All of the activity in the deep sediment of the downstream region originates from
the top sediment, which in turn recieves all of its activity from the deep sediment
of the source region. Consequently, deep sediment concentrations in the
downstream region show the same variability with the distribution coefficients for
the deep sediment (Kt(d) as do the top sediment concentrations. The parameters
Xtn), and A.j,^,, affect the deep sediment concentrations as well, but to a much
lesser degree than Kdd, except for Np. For Pu, A,,^, has a somewhat greater effect
than Xd»-<n '- the situation is reversed for Np and Sr.



fable 4.9. Activity Balances at steady-state : Deep Sediment, Downstream Region (Bq nr 4 a-1).

AECL SCK NRPB NRIRR

4.0 10-*

Sr-90

IN

OUT

Np-237

IN

Top sediment —

Deep sediment -
Deep sediment -
Loss radioactive

Top sediment —•

* Deep sediment

-> Top sediment
-> Deeper layer
: decay

• Deep sediment

0.49

4.7 10-2
0.44

2.5 102

OUT Deep sediment -* Top sediment - - 1.1102 8.7 10~5

Deep sediment -> Deeper layer 2.5 102 - _ 3.4 10-6
Loss radioactive decay n.s. - n.s. 4.0 10"6

Pu-239

IN Top sediment -»Deep sediment 0.083 - 9.2 10-2 7.7 io-3

OUT Deep sediment -> Top sediment - - 5.3 10-3 2.6 10~5

Deep sediment -» Deeper layer 1.8 10-2 - - 1.0 10"6

Loss radioactive decay 6.3 10-2 _ 8.7 10^ 1.1 10-»

n.s. = not significant

4.4

1.6

4.4

1.1

1.1

n

9.2

5.3

8.7

10^

1(H

\ 10-2

102

102

.S.

10-2

10-3

10-2

1.1 10-6
4.2 10-*
4.8 1CH

I

l
2.4 10-2
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5. Conclusions

S.I. Scenario-Specific Conclusions

The differences in steady-state concentrations between the models are not only
brought about by differences in parameter values but also by differences in transfer
processes considered. Except for diffusion, the same processes were modelled
similarly, but the processes taken into account were not the same for each transfer.

The time-dependent concentrations strongly depend on the approach adopted for the
modelling of the migration through the deep sediment in the source region. Two
types of approach are distinguished: the approach involving a rigorous modelling of
the diffusion-advection transport in the deep sediment and a simple compartmental
modelling approach assuming instantaneous mixing in the whole deep sediment.
The former approach resulted in lower concentrations at early times (the most
important period from the radiological point of view) as compared with the latter
one.

The processes which were recognised to be relevant to predicting the activity
concentrations in the various compartments are:

- radioactive decay (not important in the water column)
- sorption onto and desorption from the solid phases of sediment and soil;
- downstream movement (translation) of the top sediment layer and of the water

column;
- diffusive transport in the deep sediment;
- advective transport in the sediment and in the soil;
- sedimentation out of the water column onto the top sediment;
- dredging of top sediment and application onto root zone soil.

The input fluxes of radionuclides into the biospheric compartments of radiological
interest (top sediment, water column, root zone soil) are determined to a great
extent by the ratio between the radioactive half-lives of the radionuclides and their
migration times through the deep sediment in the source region (dependent on their
sorption characteristics, i.e. Kj values). In this respect the radionuclides considered
are of different types; Np-237 with a very long half-life and a moderate Kd value,
Pu-239 with a long half-life and a very high Kj value, Sr-90 with a short half-life
and a low Kt, value and Cs-137 with a short half-life and a high K,| value.
Accordingly, their steady-state input fluxes into the top sediment are respectively
equal (Np-237), one to two orders of magnitude smaller (Pu-239 and Sr-90) or
many ordets of magnitude smaller (Cs-137) than the input fluxes from the aquifer
into the deep sediment.

Bioturbation and erosion, which are considered in the NRPB model only, proved to
be the dominant processes for the inputs into the water column, from the top
sediment and the root zone soil respectively, in this model. Burial, through the
application of dredged sediment onto root zone soil, which is considered in the
SCK model only, was the dominant process for the transfer from the root zone soil
to the deep soil for long-lived radionuclides with high Kj values (Pu-239 for
instance). Also in the SCK model, hydrodynamic mixing (including resuspension
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and sedimentation) was assumed to bring about an equilibrium situation between
the water column and the top sediment at the downstream end of the source region,
thus constituting the major process for the input into the water column. The
dynamic modelling of the sorption-desorption processes by the NRIRR did not
affect the results because of the small time constants assumed in these processes.

In this scenario not much use was made of the information that was available. On
the other hand it was also held that some relevant site-specific information, such as
the mineralogy of the sediment, on which the Kj values are very dependent, was
not available.

The downward transfers from the top sediment to the deep sediment and from there
to the deeper layer were negligible in the source region. The transfers from the top
sediment to the deep sediment were also not relevant to the determination of the
concentrations in the top sediment in the downstream region.

The uncertainty analysis carried out on the steady-state concentrations of the AECL
model proved the distribution coefficients in the deep sediment to be the
overwhelming source of uncertainty for all compartments and all nuclides, except
for the very long-lived Np-237. For this nuclide other parameters may play a
dominant rule in the uncertainty estimates for certain compartments.

5.2 General Conclusions

Although this scenario was recognised as being relevant to safety assessments of
deep or shallow land disposal of solid radioactive waste, not much consideration
has been devoted to it until now. Releases were always assumed to be directly to
the water column. All the participating groups had to modify an existing code to
suit the scenario or to develop a new code to perform the calculations. The
experience gained in this exercise has been very valuable in this respect.

This scenario concerns a potential pathway of radionuclide discharge from the
geosphere to the biosphere. A considerable lack of knowledge or understanding
about the phenomena or processes occurring at the geosphere - biosphere interface
is involved. A better understanding can be established through better
communications between scientists of different disciplines and through research
about relevant phenomena such as geomorphological processes. The B6 scenario
concerns another pathway of discharge from the geosphere to the biosphere, namely
through the soil. In modelling studies, where releases of both types are to be
envisaged, they should not be considered isolated from each other, but integrated in
a coherent hydrological entity, formed by the discharge zone.

The sediment of a river may play an important role in the lowering of the
radionuclide concentrations in the water column of a river by retarding the transfer
of the nuclides from the aquifer to the river. Some safety assessment models for
solid waste disposal neglect the river sediment in this respect. The model results for
the B7 scenario point out that this is an overconservative approach for radionuclides
with a high K,| value and a moderate half-life such as Pu-2r>9. On the other hand
the river sediment may constitute a source for human exposure when dredged and
deposited onto agricultural soil.
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As a general conclusion about how the participants would change their models as a
result of this exercise, it was recommended that the models should be made more
flexible, so as to be capable of covering as many situations as possible and
assimilating as much site-specific information as is available.

Finally, concentration values predicted for several ten thousands of years are always
to be regarded with adequate criticism. For scenarios such as B7 and for isotopes
requiring large time periods for steady-state conditions to be attained, it is probable
that geornorphological events will take place during that period, preventing the
steady-state concentration values from being reached.

S.3 Recommendations for Future Research

The interface between the geosphere and the biosphere, or the groundwater
discharge zone as a whole, deserves more consideration. An important aim of future
research should be a better understanding of the geomorphological processes or
phenomena playing a special role at the interface. A close co-operation between
scientists of different disciplines can make the investigations in this domain very
fruitful.

Experimental studies should be carried out in order to reduce uncertainty in the
most sensitive model parameters, in particular the distribution coefficients. For this
purpose, the dependence of these parameter values on other characteristics of the
sediment (for instance the mineralogy) should be investigated further.

The processes that govern the transfer from the top sediment to the water column,
such as bioturbation and/or resuspension should be better characterized. This
transfer may be important with regard to contaminants which are strongly attached
to organics (actinides for example).

Some of the information mentioned above may be derived from contamination
assessment studies concerning chemical contaminants, such as heavy metals, that
have been carried out at various sites.
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Appendix A : List of Symbols



Definition

Activity in compartment j

Concentration in compartment j

Unit

Bq

Bq kg-1 or
Bqm-3
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Table A.I. Symbols : Activities - Concentrations - Rate Constants.

Symbol

Cj

j = ds Deep sediment compartment

ds,s Deep sediment compartment - solid phase

ds,w Deep sediment compartment - aqueous phase

dl Deeper sediment layer

j = ts Top sediment compartment

ts.s Top sediment compartment - solid phase

ts,w Tcp sediment compartment - aqueous phase

j = we Wat" column

wc,s Water column - suspended solids

wc,w Water column - aqueous phase

j =

X

K

rs

dso

f

re

Root zone soil

Deep soil

Fish

Root crops

Radioactive decay

Rooi zone removal

constant

rate

a-»

a-'

Transfer rate constant from deep a-1

sediment-aqueous phase to deeper layer
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A.J1-J2

Fj,in

Fj,out

CF

By

iransrer rate constant irom comparonem JJ
to compartment j2

j l = j2 (= ts or we) = rate constant for
translation (downstream movement)

Activity flux into compartment j

Activity flux out of compartment j

Concentration factor - freshwater
fish

Root uptake factor - root crops

i
a-*

a-»

Bqa-i

Bqa-i

mkg-1

kgDW kg-* FW
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Table A.2. Symbols : Physical Parameters.

Symbol Definition

dj Thickness of the deep sediment layer

d, Thickness of the top sediment layer

dw Height of the water column

db Thickness of the water-sediment

boundary layer

d r Thickness of the root zone soil layer

d s Thickness of the deep soil layer
d n . Thickness of sediment layer applied on

agricultural soil every 5 years

d e r Depth of soil annually replaced
through erosion

b . Width of the river

lr

lc

v d s

V,.

" we

p*

n,
Pr

Length of the source region

Length of compartment considered
(arbitrary)

Volume of the deep sediment compartment
considered (arbitrary)

Volume of the top sediment compartment
considered (arbitrary)

Volume of the water column considered
(arbitrary)

Bulk density of the sediment

Effective porosity of the sediment

Bulk density of the root zone soil

kgDW

kgDW

T|r Effective porosity of the root zone soil

Qs Concentration of suspended solids in the
water column

S r Net sedimentation rate

Unit

m

m

m

m

m

m

m

m.a-'

m

m

m

Value(l)

0.6

0.15

1.5

0.01

10

7000

1600

0.33

kg nr* 0.05

158
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ks Sedimentation constant

Vp. Darcy velocity of the groundwater m a-1 0.033

vg Apparent velocity of the groundwater ma-1 0.1

vt Translation velocity (downstream-) ma-1 800
of the top sediment layer

vw Water velocity in the river (water m a - 1 1.26 107

column)

Average diffusion velocity in the m

deep sediment

Average diffusion velocity in the

deeper layer

Annual release of groundwater

Translation flow rate (downstream-)
of top sediment

Water flow rate of the river

Annual depth of rainfall

Diffusion coefficient ui the sediment

Diffusion coefficient in the deep
sediment

Diffusion coefficient in the too

m a-1

m a-1

m3 a-1

m3 a-1

mSa-1

m a-1

m2 a-1

m2 a-1

m2 a-1

3000

1200

19 1

Vd,D

G,

Gw

r

D ,

D .
sediment

D r Diffusion coefficient in the soil m 2 a -1

(root zone)

B , Bioturbation coefficient in the freshwater
sediment m 2 a- l

B , Bioturbation coefficient in the soil m 2 a-'

(1) Only indicated if given in scenario definition.
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Table A.3.

Symbol

Kdr

Rs

Rd

R,

Rb

Rr

Symbols : Physico-chemical parameters.

Definition

Distribution coefficient of the sediment

Distribution coefficient of the deep sediment

Distribution coefficient of the top sediment

Distribution coefficient of the water column

Distribution coefficient of the root zone soil

Retardation coefficient of the sediment

Retardation coefficient of the deep sediment

Retardation coefficient of the top sediment

Freshwater pa**;*ion coefficient

Retardation coefficient of ihc root zone soil

Unit

m3 kg-»

m* kg-'

m'

m'kg-

Rj = 1 + _?i_ Kdj

"Hi

Rb=l+Q, Kdw
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Appendix B: List of Participants in Scenario B7

Working Group Leader: Theo ZEEVAERT, SCK/CEN Studiecentrum
voor Kernenergie, Belgium

Model Project team

AECL Philip DAVIS, AECL
Whiteshell Nuclear Research Establishment,
Canada

Mini-BIOS Richard KLOS, NRPB
National Radiological Protection Board, U.K.

NRIRR BelaKANYAP.NRIRR
National Research Institute of Radiobiology
and Radiohygiene, Hungary

SCK Theo ZEEVAERT, SCK/CEN
Studiecentrum voor Kenienergie, Belgium
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Appendix C: Scenarios within the BIOMOVS Study

Approach A scenarios:

Al Release of mercury into a river (printed TR7)
A4a 1-131 in milk after the Chernobyl accident
A4b Cs-137 in milk, beef and barley after the Chernobyl accident
A5 Dynamics within a lake ecosystem

Approach B scenarios :

B i Atmospheric deposition (printed TR8)
B 2 Irrigation with contaminated groundwater (printed TR6)
B 3 Release into a lake from a river (printed TR1)
B5 Aging of a lake (printed TR5)
B6a Transport of contaminated groundwater to soil
B6b Transport of contaminated groundwater to soil, specific sites
B7 Transport of contaminated grcundwater to a river
B8 The importance of different pathways on radiological assessment


