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BIOMOVS II
Preface
BIOMOVS (BlOspheric MOdel Validation Study) is an international cooperative
study to test models designed to quantify the transfer and bioaccumulation of
radionuclides and other trace substances in the environment. The first phase of
BIOMOVS was completed in 1990. The second phase, BIOMOVS II, covers the
period from 1991-1996.
The BIOMOVS II study is jointly managed by five organisations:
•

The Atomic Energy Control Board of Canada;

•

Atomic Energy of Canada Limited;

•

Centro de Investigaciones Energeticas Medioambientales y
Tecnologicas, Spain;

•

Empresa Nacional de Residuos Radiactivos SA, Spain;

•

Swedish Radiation Protection Institute.

The primary objectives of BIOMOVS II are threefold, namely:
1.

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

2.

to explain differences in model predictions due to differences in model
structure, modelling assumptions and/or differences in selected input data;

3.

to recommend priorities for future research to improve 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.
Two different approaches are used within BIOMOVS for fulfilling these objectives.
One approach of testing (Approach A) involves the formulation of test scenarios
based on suitable data and a comparison of model predictions against these
independent data sets. The other approach (Approach B) involves the comparison
of model predictions and associated estimates of uncertainty for specific test
scenarios selected on the basis of assessment priorities.
This report is one of a series of Technical Reports produced within BIOMOVS II and
uses Approach B to address the effect of model complexity on uncertainty estimates.
The report has been developed in an international context and does not necessarily
present the position of the individual organisations represented by contributors.
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Uncertainty and Validation:
EFFECTS OF MODEL COMPLEXITY ON UNCERTAINTY
Executive Summary
In the Model Complexity subgroup of BIOMOVS II, models of varying complexity have
been applied to the problem of downward transport of radionuclides in soils. A scenario
describing a case of surface contamination of a pasture soil was defined. Three different
radionuclides with different environmental behavior and radioactive half-lives were
considered: Cs-137, Sr-90 and 1-129. The intention was to give a detailed specification of the
parameters required by different kinds of model, together with reasonable values for the
parameter uncertainty.
A total of seven modelling teams participated in the study using 13 different models. Four
of the modelling groups performed uncertainty calculations using nine different modelling
approaches. The models used range in complexity from analytical solutions of a 2-box model
using annual average data to numerical models coupling hydrology and transport using
data varying on a daily basis.
The complex models needed to consider all aspects of radionuclide transport in a soil with
a variable hydrology are often impractical to use in safety assessments. Instead simpler
models, often box models, are preferred. The comparison of predictions made with the
complex models and the simple models for this scenario show that the predictions in many
cases are very similar, eg in the predictions of the evolution of the root zone concentration.
However, in other cases differences of many orders of magnitude can appear. One example
is the prediction of the flux to the groundwater of radionuclides being transported through
the soil column.
Some issues that have come to focus in this study:
•

There are large differences in the predicted soil hydrology and as a consequence also
in the radionuclide transport, which suggests that there are large uncertainties in the
calculation of effective precipitation and evapotranspiration.

•

The models having a hydrology varying on a daily or monthly basis do not in all cases
give root zone concentration predictions that vary substantially from the models that
assume annual averages. Furthermore, the inclusion of uncertainty in the
meteorological input data tends to have a greater effect on the results than the choice
of model.

•

Certain physical properties of the soil are important for the hydrology and the
radionuclide transport, in particular the soil pore size distribution and its spatial
variability .The characteristics of the soil pores is difficult to determine in the field and
difficult to translate into suitable conceptual and mathematical models. Thus, the
impact of the soil properties, considering a wide range of soil types, on relevant
performance assessment issues is identified as an area for further studies.
ii

BIOMOVSII
TR16
•

The approach used for modelling the water transport in the root zone has an impact
on the predictions of the decline in root zone concentration. Models considering faster
net downward flow in the upper part of the root zone predict a more rapid decline in
root zone concentration than models that assume a constant infiltration throughout
the soil column.

•

A sensitivity analysis performed on two of the models shows that the important
parameters are the effective precipitation, the root water uptake and the soil Revalues. For the advection-dispersion model, the dispersion length is also important
for the maximum flux to the groundwater.

•

The amount of dispersion in radionuclide transport is of importance for the release to
groundwater. For the box models, an inherent dispersion is obtained by the
assumption of instantaneous mixing in the boxes. The degree of dispersion in the
calculation will be a function of the size of the boxes. It is therefore important that
division of the soil column is made with care in order to obtain the intended values.

•

For many models the uncertainty calculations give very skewed distributions for the
flux to the groundwater. In some cases the mean of the stochastic calculation can be
several orders of magnitude higher than the value from the deterministic calculations.

In relation to the objectives set up for this study it can be concluded that:
•

The analysis of the relationship between uncertainty and model complexity proved
to be a difficult task. For the studied scenario, the uncertainty in the model predictions
does not have a simple relationship with the complexity of the models used. However,
a complete analysis could not be performed since uncertainty results were not
available for the full range of models and furthermore were not the uncertainty
analysis always carried out in a consistent way. The predicted uncertainty associated
with the concentration in the root zone does not show very much variation between
the modelling approaches. For the predictions of the flux to groundwater, the simple
models and the more complex gave very different results for the deterministic case,
and the uncertainty bands did not always overlap. This suggest that there are
considerable model uncertainties present, which were not considered in this study.

•

Concerning possible constraints in the application domain of different models, the
results of this exercise suggest that if only the evolution of the root zone concentration
is to be predicted, all of the studied models give comparable results. However, if also
the flux to the groundwater is to be predicted, then a considerably increased amount
of detail is needed concerning the model and the parameterization. This applies to the
hydrological as well as the transport modelling.

•

The difference in model predictions and the magnitude of uncertainty was quite small
for some of the end-points predicted, while for others it could span many orders of
magnitude. Of special importance were end-points where delay in the soil was
involved, e.g. release to the groundwater. In such cases the influence of radioactive
decay gave rise to strongly non-linear effects.

in
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The work in the subgroup has provided many valuable insights on the effects of
model simplifications, e.g. discretization in the model, averaging of the time varying
input parameters and the assignment of uncertainties to parameters. The conclusions
that have been drawn concerning these are primarily valid for the studied scenario.
However, we believe that they to a large extent also are generally applicable.
The subgroup have had many opportunities to study the pitfalls involved in model
comparison. The intention was to provide a well defined scenario for the subgroup,
but despite several iterations misunderstandings and ambiguities remained. The
participants have been forced to scrutinize their models to try to explain differences
in the predictions and most, if not all, of the participants have improved their models
as a result of this.

IV
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1

Introduction

1.1

Background

Assessment models used for biosphere transport are based on simplifications of more
complex physical and chemical models. This may introduce uncertainties into the
predictions, for example when performing averaging of time and space varying processes
or linearization of non-linear processes. These simplifications may give rise to problems, for
example, in the descrip tion of a transient phase and in the prediction of long-term processes,
such as erosion, soil formation and sediment growth.
The complexity of a biosphere model must be weighed against the availability and
uncertainty of the input data. Input data for use in biosphere modelling are often scarce,
particularly for long term assessments [BIOMOVS II, 1996a]. Data from laboratory
experiments and from different sites are frequently used to predict long-term changes in the
biosphere. The more complex models require considerably more input data, which are often
not available. Thus the apparent advantage of using a more complex model, that perhaps
is a better representation of reality, may be overshadowed by the introduction of greater
data uncertainty. Despite this, complex models for the prediction of physical and chemical
processes are important for the understanding of the system and for the prediction of its
future behavior. Complex models also give guidance for the application of simple models.

1.2

Scope

The Model Complexity subgroup has studied how mathematical models of varying degrees
of complexity describe radionuclide transport in the biosphere. The comparison was
performed on a subsystem level (radionuclide transport in soils) using models varying from
simple compartment models, through complex compartment models to physically based
models. The subgroup has studied different mathematical descriptions of relevant
processes, including spatial and temporal variability. The uncertainty and variability of
input data was considered.
In the BIOMOVS I study, it was concluded that there was a lack of confidence in predictions
of the transport of radionuclides through soils. This lack of confidence was to some degree
due to uncertainties in parameter values, but also due to uncertainties in the spatial
representation of the soil profile with depth and the representation of soil water movement
as annual averages. This is an area where the use of more detailed models may serve to
increase understanding and this area was therefore chosen as the subsystem to be studied
by the subgroup. This also complements the activities of other groups within the BIOMOVS
II, e.g. the Complementary studies group [BIOMOVS II, 1996b] and the group dealing with
Post Chernobyl data.
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1.3

Objectives

The objectives are to:

<

determine how the uncertainty in model predictions varies with the complexity of the
model
provide knowledge on constraints in the application domain of different modelling
approaches

$

give an indication of the magnitude of uncertainty introduced by model
simplifications

v

'
(-

provide recommendations on how model simplifications can be made, e.g. size and
number of compartments, parameterization, averaging, etc
V

test procedures and techniques for model comparisons.

1.4

Participants

Modelling results have been received from Studiecentrum voor Kerneenergie (Belgium),
Atomic Energy of Canada Ltd. (Canada), Imperial College (UK), Institute of Experimental
Meteorology (Russia), Japan Atomic Energy Research Institute (Japan), Institute of
Environmental Research and Engineering (Romania), Kemakta Konsult AB (Sweden),
Nationale Genossenschaft fur die Lagerung radioaktiver Abfalle (Switzerland) and University of
Bath/QuantiSci Ltd. (UK). A more complete list of contributors is given in Appendix C.

2

Scenario Description

The scenario describes an agricultural area that has been surface contaminated. The
modelers were requested to study the downward migration of radionuclides in the soil in
order to answer important questions related to environmental and health impacts, such as:
for how long will the upper parts of the soil be contaminated?
is there a possibility of contaminating the groundwater?
when could such contamination be expected to be detected?
The scenario was intentionally made very simple. A simple scenario made it possible to start
calculations with models of different complexity at an early stage and enabled the group to
test their models with a limited amount of effort. The scenario specification was defined to
give sufficient data for all models. Thus, some data was given in several degrees of detail,
e.g. different temporal and spatial discretizations.

2.1

f
f
£
t
^
,

Processes Considered

Initially, the radionuclides are assumed to be present in the uppermost centimeter of the soil.
Infiltrating precipitation transport dissolved radionuclides downward in the soil and can

v.

2

C

c
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also mobilize sorbed radionuclides. The soil water movement is assumed to be vertical and
may vary between the upward and downward direction. As the radionuclides are
transported in the soil they may sorb and desorb on the soil. Only a subset of all possible
processes was considered:
Solute transport
advection-dispersion
diffusion
Interaction between solute and immobile solids
sorption/desor ption
Soil water movement
precipitation/evapotranspiration
capillary forces
gravitational forces
Radionuclide decay

2.2

Input Parameters

2.2.1

Size of studied area

The size of the area of interest is assumed to be 10000 m2. This information may not be of
direct significance for the issues being addressed here since it is largely a one-dimensional
case. However, when determining spatial averaging necessary in impact assessments an
area needs to be defined. The area is assumed to be used as pasture.
2.2.2

Source term

The radionuclides considered were Cs-137, Sr-90 and 1-129. These represent radionuclides
of different environmental behavior and radioactive half-life.
The half-lives are:
Cs-137
Sr-90
1-129

30.2 years
28.8 years
1.6-107 years

The upper 1 cm of the soil is initially contaminated with 10 kBq/m 2 of each radionuclide.
With a soil density of 1430 kg/m 3 , this corresponds to a contamination level of 700 Bq/kg
of dry soil. The soil is assumed to be contaminated at day 1 of year 1. The source term for the
solute transport will then be given by the water flow rate down into the soil column and the
solute concentration, the latter in turn determined by a partitioning model (Kd-value,
sorption isotherm or kinetic model). Thus, for a complex model with varying infiltration the
source term will vary over the year and gradually decline due to radioactive decay and
leaching. For a model using long-time averages, the source term will show no seasonal or
inter-annual fluctuations, but it will decline due to radioactive decay and leaching.
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Groundwater level

2.2.3

The groundwater level is positioned at a mean depth of 2 meters and was considered to be
constant in time. As the scenario is defined, the lower aquifer or the lateral movement of the
groundwater should not be of major importance for the radionuclide migration in soil.
Precipitation/evapotranspiration

2.2.4

Marsha Sheppard of AECL provided the working group with daily precipitation and
evapotranspiration data for one year. This data set was averaged over longer time intervals,
providing monthly or annual averages, which are summarized in Table 2.1. Daily values
were supplied to the modelers on request. The values given were defined as follows (see also
Figure 2.1):
Effective precipitation

Precipitation minus intercepted moisture, equivalent to soil
infiltration

Soil evaporation

Evaporation through the soil surface

Root uptake

Uptake by roots in the upper part of the root zone (0 - 0.1 m), and
the lower part of the root zone (0.1 - 0.3 m) and total for the entire
zone.

Total evapotranspiration

Sum of soil evaporation and root uptake

Note that the evapotranspiration rates were calculated by a soil water model, using a soil
type that is consistent with the soil type of the scenario. The soil is characterized by AECL
as a silty loam.
Time series longer than one year were constructed by using consecutive sequences of the
same hydrological year, as opposed to using a time series covering a period of several years.
However, one modelling group (SCK/CEN) also simulated a longer time series with annual
variability, see also Section 2.3.2.
Effective
•
precipitation]

<jory
evaporation ^ Plant transpiration

d

O.lm

Root zone •

0.2 m

Root uptake

c

c
c

0.7m

c
c

Bottom
layer
1.0 m

I

Groundwater

Figure 2.1

Schematic representation of precipitation and
evapotranspiration processes.
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Table 2 1 Summary of hydrological data (mm water).

Soil
Time Effective
seriod precipitation evaporation

Root uptake at depth
0-0.1m

Total evapotranspiration

0.1-0.3 m

Total

702.0

59.3

145.8

404.4

550.2

609.5

1

31.1

7.4

1.4

7.0

8.4

2

4.3

8.4

1.4

8.2

9.6

3

25.4
54.9
77.4
104.2
129.0
95.9
42.5
56.7
69.9
10.6

7.9

1.6

8.2

9.8

7.4

1.6

2.8

2.0

13.3
34.0
40.6
31.2
12.0

1.5

7.5

10.3
58.9
77.4
89.9
58.0
39.0
34.1

11.8
72.2
111.4
130.6
89.2
51.0
41.6

15.8
18.0
17.7
19.3
75.1
115.7
135.7
92.9
53.0
43.1

3.3

0.5

4.9

5.4

8.7

5.4

0.6

8.5

9.1

14.6

Year
Vlonth

4
5
6

7
8
9
10
11
12

4.3
5.1
3.7

The mean water saturation in the soil from the AECL data is given in Table 2.2. The modelers
who wished to perform hydrological modelling with monthly or daily values were asked
to calculate a hydrological cycle over at least two years, using the values given in Table 2.2
as starting values. The results of the last year were to be used for the radionuclide transport
calculations. For the last year the soil water content in the beginning of the year should be
the same as that at the end of the year. If the soil water content was calculated, the modelers
were asked to use the obtained values rather than those given in Table 2.2.
Table 2.2 Soil water saturation (m3 waterIm1 pore).
Mean value
Layer
0-0.1 m
0.57
0.1-0.3 m
0.60
0.3-1.0 m
0.62
1.0-2.0m
0.64

2.2.5

Soil characteristics

The chosen soil is a silty loam with medium conductivity. Soil properties were defined for
2 layers: a top layer of 0.3 meters corresponding to the rooting zone, and a bottom layer
extending down to the groundwater. The amount of information needed for the modelling
depends on the type of model used. Many modelers did not use all the properties listed in
Table 2.3.
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Table 2.3. Soil properties.
Property

Layer 1
(0-0.3m)

Layer 2
(0.3-2 m)

Unit

Hydraulic
conductivity.

1.1-10"6

1.1-10-*

m/s

Porosity (total)

0.45

0.45

Density (dry bulk
soil)

1430

1500

kg/m3

Irreducible water
saturation, Sr

0.11

0.11

m3 water/m3 pore

Soil organic content

5

2
10

•

m3 pore/m3 total

(% dry weight)
10

Diffusivity in
saturated soil

2-10'

2-10"

m7s

Dispersion length

0.15

0.15

m

Comments and references to chosen values are given in Section 2.3.1.
2.2.6

Additional parameters for more complex models

The more complex models need additional parameters for the soil:
Capillary characteristics. The capillary head as a function of saturation is described by
the van Genuchten parameterization method [van Genuchten, 1980].
The relative permeability of the unsatumted soil. This is derived from the capillary
pressure curve using the model developed by Mualem [1976].
The van Genuchten's equation used for the capillary head as a function of saturation is:
"' - 1
a

C

where:
hc is the capillary head [m H2O]
a [l/m], m [-] and n [-] are curve shape parameters describing the capillary characteristics
of the soil, with

>

is the effective water saturation defined as:

J=

:
1 - S

where:

r

e. - e.

f

c
c
c

BIOMOVSII
TR16
5
Sr
e
6
6r
6S

is the water saturation, S = 6/s
is the irreducible water saturation, Sr = 6Je
is the porosity
is the water content
is the irreducible water content
is the saturated water content

The equation for relative permeability as a function of effective water saturation, k/S) is:

-sWmr}2

*r = 5*[i - a

For models using soil water capacity this is given as:
_

dh

-i;

1 - m

The values of the parameters, a, n and Sr are given in Table 2.4. They were derived from
parameter fitting of the capillary characteristics for the soil used in AECLs hydrological
calculations.
Table 2.4. Soil capillary characteristics
Parameter

Value

Unit

a

4

1/m

n

1.2

_

s.

0.11

m3 water/m3 pore

The capillary characteristics and relative permeability curves for these parameters together
with the AECL data are shown in Figures 2.2 and 2.3.

7
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hc= f(theta)
10000
van Genuchten
AECL function

1000 -

M easured

100

E

0.1

0.01
0.1

0.2

0.3

0.4

0.5

Figure 2.2 The capillary characteristics curve

1 E-06

-van

1E-07

Genuchten

AECL

function

1 E-08
1E-09
1E-10
1 E-1 1
1E-12
1 E-1 3
1 E-14
1 E-15
1 E-1 6
0.1

0.2

0.3

0.4

0.5

Theta

Figure 2.3 The relative permeability curve.

2.2.7

Sorption data

If sorption was considered as a linear equilibrium sorption isotherm, Kd-values were
provided in the scenario description. The Kd-values for the 3 radionuclides in the two soil
layers are given in Table 2.5.

c
c
c
c
c
c
i
i
c
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Table 2.5. Soil Kd-valnes provided in scenario description [m3/kg].
Radionuclide

Layer 1

Layer2

Cs-137

0.5

0.1

Sr-90

0.01

0.01

1-129

0.01

0.001

2.3

Uncertainty in Input Parameters

2.3.1

Uncertainty in soil parameters

The parameter values for the soil properties were given as average values for the studied
area. In a real situation the various soil properties will be spatially variable and the
estimated average values will be based on a finite number of samples. The main source of
uncertainty is assumed to come from the variance of the average values due to the limited
sampling. Other sources, such as uncertainties in experimental procedures etc, were
assumed to be of minor importance. The statistical procedures have been somewhat
simplified here, since they are not the main subject of the study.
Thus, N measurements are randomly made of the parameters that are assumed to have a
normal or lognormal spatial distribution with mean u and standard deviation o. The
standard deviation was assumed to be known in advance. The assumed values of u and o
are given in Table 2.6, and are based on values taken from the literature, see below. The
measurements are assumed to be uncorrelated.
The mean value for the entire study area of the parameters are assumed to have normal (or
lognormal) distributions described by the parameters, uM and oM. The mathematical
derivation of the distribution of the mean is given in Appendix A.
Distributions for average values
In Table 2.6 the standard deviation of the average has been estimated assuming that five soil
samples have been analyzed at different locations of the studied area. The samples are
assumed to be uncorrelated. Table 2.6 gives the mean value, the coefficient of variation (CV)
and the variance of the spatial distribution, the assumed distribution type and the
parameters for the distribution of the average based on five samples. The parameters are
defined in the same way as in IAEA Safety Series 100 [IAEA, 1989]. The parameters in Table
2.6 are assumed to be uncorrelated.
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Table 2.6 Parameters for uncertainty analysts
Parameter

Unit

Hydraulic conductivity
Porosity
Density Layer 1
Density Layer 2
Irreducible water
saturation
Organic content 1
Organic content 2
Diffusivity
Dispersion length
van Genuchten alpha
van Genuchten n
Kd Cs Layer 1
Kd Cs Layer 2
Kd Sr Layer 1
Kd Sr Layer 2
Kd-I Layer!
Kd I Layer 2

m/s
-

kg/m3
kg/m3
-

fJ

Spatial variability
CV
o2

1.1-10' 8

0.45
1430
1500
0.11
0.05
0.02

m2/s
m
1/m
-

rrvVkg
m3/kg
m3/kg
m3/kg
m3/kg
m3/kg

2-10'°
0.15
4
1.2
0.5
0.1

0.01
0.01
0.01
0.001

0.91
0.10
0.07
0.07
0.3

Distribution of mean value
Type
oM

0.60 log normal -13.781
0.002
normal
0.45
10020
normal
1430
11025
normal
1500
(D.0011
normal
0.11

0.35
0.020
45
47

0.015

0.3 0 00023
normal
0.05 0.0067
0.3 0 00004
normal
0.02 0.0027
0.22 log normal -22.355
0.5
0.21
a) log normal -1.977
a)
0.4
0.94
0.63 log normal
1.325
0.35
0.02
0.10
normal
1.2
0.055
0 . 4 log normal
0.7
-0.732
0.28
0 . 4 log normal
0.7
-2.342
0.28
0 . 4 log normal
0.7
-4.644
0.28
0 . 4 log normal
0.7
-4.644
0.28
0 . 4 log normal -4.644
0.7
0.28
0 . 4 log normal
0.7
-6.947
0.28

a) Not applicable, see below

Comments to parameter and uncertainty values
Hydraulic conductivity
The hydraulic conductivity was taken from the soil description provided by AECL. Spatial
variability in hydraulic conductivity has been extensively studied. Gelhar [1986] and Jury
[1985] summarize the variance obtained in several studies on different soils. The coefficient
of variation (CV) for all soil types is in the range of 0.4 - 3.2. For loamy material the coefficient
of variation was between 0.4 -1.8. A CV-value of 0.91 (corresponding to a variance of 0.6)
was chosen for the loam soil assumed in this study.
Bulk density

The bulk densities are calculated from the porosity and organic content assuming a solid
density of the mineral part of 2800 kg/m 3 and a solid density of the organic part of 1000
kg/m 3 . Jury [1985] reports coefficients of variation for the bulk soil density between 0.03 0.26. A CV of 0.07 was used based on the value from Jury [1986] as cited in Zhang et al.
[1993].
Porosity

{
Soil porosities can vary within a wide range,and a value of 0.45 has been assumed here.
Reported CVs for the porosity are between 0.07 and 0.11 [Jury, 1985]. In this study a
coefficient of variation of 0.1 has been assumed.
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Irreducible water saturation

The irreducible water saturation is obtained from the parameter fitting of the AECL soil data
to the van Genuchten expression.
No data are available for the distribution of the irreducible water saturation. The 0.3
coefficient of variation reported from Jury [1986] on permanent wilting point saturation was
used. Jury [1985] reports CV for the wilting point between 0.14 and 0.45.
Organic content

The organic content may not be needed in the modelling, but has been provided as
background material.
The variance is based on the CV for organic carbon content reported by Jury [1986] as cited
in Zhang etal. [1993].
Diffusivity
No values have been found for the spatial variability of the diffusivity. The variance can be
expected to be larger than that of the porosity but smaller than that of the hydraulic
conductivity. A coefficient of variation of 0.5 has been assumed.
Dispersion length

Since dispersion is largely due to heterogeneities in flow, the variance in the dispersion
length is closely connected to the variance in the hydraulic conductivity. The dispersion
length used here is a macroscopic parameter describing the field scale effects. Typical values
for the field scale are about 0.1 m or more [Nielsen et al., 1986]. The dispersion length is also
found to vary with the spatial scale. A lognormal distribution with u = 0.15 m and o = 0.4
was chosen for the average value based on 95% confidence intervals reported for depths of
0.6 -1.8 meters [Jury et al., 1988].
Van Genuchten -parameters

The van Genuchten parameters are obtained by parameter fitting with AECL soil data. The
coefficients of variation are based on values reported by Russo and Bouton [1992].
Kj-values

Measurement of strontium Kd-values in a sandy aquifer gave a spatial distribution with a
mean of 0.0099 m 3 /kg and a coefficient of variation around 0.3 [Robin et al., 1991]. The soil
used in our scenario was assumed to be more heterogeneous, thus a somewhat larger
variation is assumed, CV = 0.7. The same coefficient of variance has been used for all
radionuclides.
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2.3.2

Uncertainty in meteorological data

Two sets of distributions for the meteorological parameters were provided describing:
the uncertainty in the long-term average of the parameters
the annual variability in the parameters

*
£

c

The second set was used to simulate a 300 year time series of meteorological data.
v

Uncertainty in long-term averages
The distributions for parameter uncertainties for the meteorological data presented here
describe uncertainties in long-term average values, ie averages over several decades or
centuries, not the yearly variations in the meteorological data. The annual variability in data
is treated below. Uncertainties may be due to measurement errors, insufficient data for the
actual site, and limited historical records. However, climatic change, e.g. due to the
greenhouse effect, is not taken into account.

f
(•
{'

Experimental errors of meteorological data are relatively large. For precipitation
measurements the main error sources are evaporation from the measuring vessel and the
effect of wind. Usually the measured values are corrected. In Sweden correction factors
between 3 and 20% are generally used. For mountanious locations where a major part of the
precipitation falls as snow even larger correction factors may be used [Eriksson, 1980].
Evapotranspiration is a difficult parameter to measure or calculate. An underestimation of
the wind speed by 1 m/s in combination with an overestimation of the air humidity by 5%
can, under some circumstances, give an error in the estimated evaporation by 18% [Eriksson,
1981].
Uncertainties caused by extrapolation of data from a weather station at some distance from
the site will be very variable. In some regions, the meteorological conditions are quite
uniform, while in other regions the conditions may vary drastically even within a few tens
of kilometers. Of course, also the distance to the weather station is of great importance.
The error due to limited historical records is likely to be a smaller contributor to the overall
uncertainty. In most places records for several decades are available. This should give a
coefficient of variation of a few percent.

r
Q

The adopted approach was based more on the experience of the working group than on a
rigorous statistical analysis. It was proposed that no correlation should be used between the
parameters, the reason being that on a year to year basis these variables are interconnected,
but not necessarily linearly as through a correlation coefficient. Especially for extreme
values, a linear correlation will give unrealistic relationships between these parameters. It
was also thought that a correlation between the long-term averages was not evident and was
therefore not considered. The data to be used in the uncertainty calculations of the model
complexity scenario are presented below.

C

Effective precipitation

C

Effective precipitation is here defined as the precipitation minus the part intercepted by the
vegetation. Furthermore runoff is not considered in the scenario. The annual average

c
c
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effective precipitation was assumed to be normally distributed with a mean value of 702
mm, and a coefficient of variation (CV) of 0.04 giving a standard deviation of 28 mm.
Soil evaporation
Soil evaporation is the direct evaporation through the soil surface. The parameter was
assumed to be normally distributed with a mean value of 59 mm and a coefficient of
variation of 0.05. This gives a standard deviation of 3 mm.
Root uptake
The uptake of water by the roots in the entire root zone was assumed to be normally
distributed with a mean value of 550 mm and a coefficient of variation of 0.05. This gives a
standard deviation of 28 mm. The distribution between the upper part of the root zone (0 0.1 m) and the lower part (0.1 - 0.3 m) was described by letting the fraction of the root uptake
from the upper part be a normally distributed variable with a mean of 0.265 and a CV of 0.1,
which gives a standard deviation of 0.0265.
A summary of the distribution parameters for the long-term averages of the meteorological
data is given in Table 2.7.
Table 2.7 Parameters for normal distributions of long-term average meteorological data.
Parameter

Symbol

Mean

Standard
deviation

I

702

28

Soil evaporation (mm/a)

s.

59

3

Root uptake (mm/a)

R

550

28

Fraction of root uptake in 0 - 0.1 m

fi

0.265

0.0265

Effective precipitation (mm/a)

Water flow rates
Of main importance for the radionuclide transport is the water flow at different depths in
the soil. The parameters for a normal distribution of the net annual average water flow rates
at various depths of the soil have been derived from the meteorological parameters given
in Table 2.7, with:
and
These distributions were given as an illustration of the effect of uncertainties in the
meteorological parameters and could be used as an alternative by the modelers. The
parameters are given in Table 2.8. The following flow rates have been estimated:
Net average water flow through soil surface:
F0 = I-S e
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BIOMOVSII
TR16
Net average water flow between upper and lower part of root zone:

Net average water flow out of lower part of root zone:

Table 2.8 Parameters for normal distributions of net annual average water flow rates.
Parameter

mean

Standard
deviation

Fo (through soil surface) (mm/a)

643

28

F, (at 0.1 m depth) (mm/a)

497

33

F? (at 0.3 m depth) (mm/a)

92

40

Since these parameters can result in an average upward flow to the root zone, i.e. F2 is
negative, it was recommended that the distribution of F2 should be truncated at a value
corresponding to 10 mm/a in the simulations.
Annual variability of meteorological data
The model of SCK/CEN has the possibility to use annual infiltration rates that change on
a yearly basis. In order to derive these infiltration rates, distributions for the annual
variability of precipitation and evapotranspiration were provided in an addendum to the
scenario description. The procedure was to first sample a long-term average from the
distributions given above. For a long series of measurements the uncertainty in the longterm average will mostly be due to systematic experimental errors and extrapolation of data
from weather stations around the site. The sampled long-term average is then used as a
mean in a new distribution for the annual variability. This distribution has a different CV.
Historical records covering more than 20 years from Swedish weather stations indicated a
CV for the annual variability between 0.14 and 0.21 for the precipitation and between 0.02
and 0.10 for the potential evapotranspiration [Eriksson, 1981]. Values in the upper range
were chosen in order to be consistent with the CVs for the long-term average, (Table 2.9).
This also accounts for the fact that the weather statistics give the CV for the potential
evapotranspiration and not the actual. Furthermore, no correlation was accounted for.
Table 2.9 Coefficients of variation (CV)for the annual variability of meteorological data
Parameter

CV chosen for the scenario

Effective precipitation

0.2

Soil evaporation

0.1

Root uptake

0.1

c
c
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2.4

Supplementary Exercise Concerning the Effect of
Recirculation

A supplementary modelling exercise was initiated to study whether the number of
compartments used or a bi-directional flow could lead to a re-circulation of radionuclides
in the root zone. Preliminary calculations for 1-129 indicated that the re-circulation had only
limited effect: a slight decrease in root zone concentration could be observed initially and
a slight increase in the longer term. The participants were invited to extend the test varying
the degree of recirculation, using more compartments, varying the Kd-value and varying the
time periods with upward and downward flow.

2.5

Calculation End-points

2.5.1

Hydrological data

These data were requested from modelling groups performing a hydrological calculation.
The purpose of the comparison was to check that the soil water movement is described in
a coherent way.
Upward and downward water flow at the bottom of the root zone
Upward and downward water flow at the groundwater surface
Water saturation in the root zone and the bottom layer
2.5.2

Radionuclide data

Data on the radionuclide transport were requested both in the form of tabulated data from
the deterministic calculation and point-estimates with uncertainties. The tabulated data give
information on the general behavior of the models. The point estimates were introduced to
facilitate the comparison for the uncertainty analysis.
Tabulated data
The following data were requested:
Annual average concentration as a function of time in the root zone (0 - 0.3 m) and the
bottom layer (0.3 -2 m) for the three radionuclides (Bq/m3 of total soil volume).
Concentration as a function of depth at times 10, 50, 200 years for the three
radionuclides (Bq/m3 of total soil volume).
Annual average radionuclide flux out of the root zone and into the groundwater as a
function of time for the three radionuclides Bq/(m2,a).
Point estimates with uncertainties
Point estimates with an uncertainty analysis were requested for each radionuclide:
Concentration in the root zone at 10,50 and 200 years (Bq/m3 total soil volume)
Concentration in the bottom layer at 10,50 and 200 years (Bq/m3 total soil volume)
15
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Radionuclide flux into groundwater at 10,50 and 200 years Bq/(m2,a)
Maximum radionuclide flux into groundwater Bq/ (m2,a)
Time to reach maximum flux into groundwater (a)
Time to reach 5% of maximum flux into groundwater (a)
Time before inventory in root zone is 5% of the initial value (a)
The uncertainties were to be given as 5% and 95% confidence limits. If possible a distribution
function for the point estimates was to be provided.
The modelers were asked to provide information on the method used and the parameters
considered in the uncertainty analysis. The modelers were also requested to try to assess the
uncertainties due to model structure in their overall uncertainty estimates.

3

Model Descriptions

A total of seven modelling teams participated in the study using 13 different models. In
some cases the models were run using different levels of temporal discretization. A
summary of the models used is given in Table 3.1. Below follows a short description of the
different models, a more detailed description is given in Appendix B.
Table 3.1 Summary of participating models.
Group

Category

Type

Time
discretization

Solution

SCK/CEN

Rad. transport

Compartment

A

numerical

SCEMR

AECL

Hydrology and
Rad. transport

Compartment

D

numerical

3B0X

Kemakta

Rad. transport

Compartment

A

analytical

7B0X

Kemakta

Rad. transport

Compartment

A

numerical

AnaAD

Kemakta

Rad. transport

advec-disper

A

analytical

TRUST

Kemakta

Hydrology

unsat flow

AMD

numerical

TRUMP

Kemakta

Rad. transport

advec-disper

AMD

numerical

UNSAT-H

IEM

Hydrology

unsat flow

0

numerical

DIFF S

IEM

Rad. transport

advec-disper

AD

numerical

IEER

Rad. transport

Compartment

A

analytical

MLSOIL

JAERI

Rad. transport

Compartment

A

numerical

SPW1

Imperial College

Hydrology

unsat flow

D

numerical

Imperial College

Rad. transport

advec-disper

D

numerical

Model

SLT1
A •= annual
M •= monthly
0 - daily
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3.1

SCK/CEN

The Studiecentrum voor Kernenergie/Centre d 'etude de l'Energie Nucleaire in Mol Belgium
used a compartment model with two soil layers. The model used in this study was derived
from a model for calculating dose impacts from the irrigation pathway or from other
deposition processes. The vertical transport in the soil layers above the aquifer is assumed
to be dominated by advection; diffusion is not taken directly into account.
Uncertainty analysis
For the uncertainty analysis the program @Risk[Palisade, 1994] was used with Latin
Hypercube sampling and more than 500 simulations. All the input parameters used in the
model were varied according to the probability density functions given in the scenario
description.
Two variations of the uncertainty analysis were made concerning the meteorological data.
En the first an infiltration rate was sampled which was assumed to remain constant during
the simulation (i.e. for 300 consecutive years). In the second, a long-term average effective
precipitation rate and evapotranspiration rate were sampled and subsequently used as
mean values for new distributions describing the annual variability. From these
distributions a time series of annual infiltration rates was sampled, as described in Section
2.3.2.

3.2

AECL

The AECL soil model is based on the SCEHM (Soil Chemical Exchange of Heavy Metals)
code developed at Oak Ridge National Laboratory [Begovich and Jackson, 1975]. SCEHM
is a process-oriented model that treats water flow and contaminant transport in the soil
profile in detail. The AECL version of the SCEHM code is called SCEMR (Soil Chemical
Exchange and Migration of Radionuclides) [Sheppard, 1992].
The version of SCEMR applied in this Working Group is one-dimensional, considering
vertical flow, both downward and upward, through four unsaturated soil layers. SCEMR
first deals with the hydrology of the soil profile. The water content of each layer is estimated
through a water budget approach that takes into account water introduced to the layer via
irrigation or precipitation, and losses from the top two layers via evapotranspiration and
advection. The water contents and flows are calculated on a daily basis using daily averaged
values of the meteorological parameters.
Contaminants introduced into this flow regime are assumed to be transported by advection
with the calculated water flows. In determining contaminant concentrations, each layer is
treated mathematically as a compartment: nuclides entering the layer are assumed to be
uniformly and instantaneously mixed. Thus dispersion is indirectly included. The
concentrations are calculated using a mass balance equation that takes into account
advection into and out of the layer, and the chemical exchange of contaminants between
solid and liquid phases of the soil. The sorption process is modelled using the soil
solid/liquid partition coefficient, Kd. Radionuclide decay is calculated external to the
SCEMR model.
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The topmost of the four soil layers treated by SCEMR is usually assumed to be a 0.1 m litter
layer composed mainly of decomposed plant residues, and to have the characteristics of an
organic soil. For this application, this 0.1 m surface layer has been assigned the mineral soil
properties specified by the scenario. The contaminants were assumed to be uniformly mixed
in this layer starting from the first day of simulation. The bottom two layers have the same
physical, chemical and hydraulic properties, which depend upon the overall soil type being
modelled. The second layer has a depth of 0.2 m, and together with the surface layer, makes
up a 0.3 m-deep root zone. Contaminant concentrations in the root zone are calculated by
taking a depth-weighted average of the concentrations predicted for the top two layers. The
depth of the third and fourth layers were adjusted to make up the soil profile to the full
depth of interest. The IQ- value of the litter layer is usually set 10 times higher than the value
chosen for the bottom three layers. This reflects the high sorptive capacity of this layer,
which results from its high organic content and microbial activity. For this application the
Kd-values were matched to those specified in the scenario.
The final output of SCEMR is the daily time series of total nuclide concentration (considering
both solid and liquid contributions) and the soil pore-water concentration in each of the four
soil layers. The soil evaporation, plant transpiration, a combined total evapotranspiration,
water uptake by the roots in the top two layers, water contents of all layers, and water flows
between layers and out of the system as drainage are also available on a daily basis. These
outputs are summed and available also on a monthly and an annual basis.
3.3

(

<
<
'

(

(

Kemakta

Kemakta Konsult in Stockholm, Sweden, used four models of different sophistication for the
study. Uncertainty calculations were not made for all models.
3.3.1

Analytical compartment model

A simple three compartment analytical model was used, with one compartment for the
upper root zone (0 - 0.1 m), one for the lower root zone (0.1 - 0.3 m) and one for the bottom
layer (0.3 -2m). The model allows only transfer in one direction between the compartments,
in this case directed downward. The model considers advection, sorption, and radionuclide
decay. Dispersion is indirectly considered through the assumption of complete mixing
within the compartments. The annual average flow rate between the compartments was
evaluated using a simple water balance. The surface contamination was initially assumed
to be present and uniformly mixed in the upper root zone.

(•
£
(

The uncertainty calculations were performed using the commercial program ©Risk
[Palisade, 1994]. Latin hypercube sampling was used varying all parameters with 500-2000
realizations.

(

Numerical compartment model

t

The numerical compartment model contained 7 compartments, three describing the root
zone and four the soil below the root zone. The model allows for transfer in both directions
between the compartments. The net annual average upward and downward water flow
rates were taken from the complex hydrology model described in Section 3.3.4. The model
considers advection, sorption and radionuclide decay. Dispersion is indirectly considered
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through the assumption of mixing within the compartments. The surface contamination was
initially assumed to be present in a 0.01 m thick compartment at the top.
Analytical advection-dispersion model
The analytical dispersion model used by Kemakta was specially designed for this project.
The root zone is modelled as a single compartment while the transport through the bottom
zone is described by the advection-dispersion equation. The inflow to the bottom zone can
be described by an exponential function. The radionuclide flow out of the bottom zone into
the groundwater is given by an analytical solution of the advection-dispersion equation [van
Genuchten and Alves, 1982]. Uncertainty calculations were performed in the same way as
for the analytical compartment model.
Complex numerical model
In the complex numerical model, the hydrological conditions in the soil in the form of timevarying water saturation levels and water flow rates are calculated using the hydrology
model TRUST [Narasimhan, 1975]. This code solves the saturated and unsaturated flow
equations using the integrated finite difference method. The results of the hydrology
calculations are then used as input to a radionuclide transport model. The radionuclides are
assumed to be transported as solutes in the soil water by advection and by dispersiondiffusion. The transport is described by the advection-dispersion equation which was solved
by the computer code TRUMP [Edwards, 1972]. The complex numerical modelling was
performed using annual, monthly and daily average meteorological data.

3.4

Institute of Experimental Meteorology

The Institute of Experimental Meteorology (IEM) in Obninsk, Russia have performed two
types of simulations:
1.

The annual values for the hydrological data were derived on the basis of Table 2.1
using four soil layers.

2.

UNSAT-H was applied to calculate the water balance in the soil from the actual
meteorological, vegetation and soil data provided by Marsha Sheppard, AECL,
Canada. The radionuclide migration was calculated with an advection-dispersion
model using time varying advection rate and dispersion within each layer.

Hydrological calculations
For the first type of simulation the annual mean value of the advection rates in the different
layers were derived from the data presented in Table 2.1 using a water balance approach.
For the second, a numerical soil hydrology model (UNSAT-H v 2.0) [Fayer and Jones, 1990]
was used to estimate the daily variability of moisture content and fluxes and their influence
on radionuclide migration rates on the basis of the meteorological data used to predict the
monthly water balance shown in Table 2.1. Daily values of moisture content and fluxes were
used to predict the vertical migration of radionuclides in soil as a function of time. The
model UNSAT-H was developed at Pacific Northwest Laboratory Battelle (USA).
Calculations for the hydrological part were performed at PNL Battelle.
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Radionuclide transport model
(
The radionuclide transport model used by IEM was developed by A Konoplev and A
Golubenkov [1991]. The model is based on a numerical solution of the advection-dispersion
equation. The model was developed for the prediction of migration of radionuclides from
fall-out after Chernobyl. It can consider radionuclides in four different chemical forms. In
the calculations for this scenario only the ionic form of the radionuclide in the soil solution
and adsorbed onto soil particles by ion-exchange were considered.

*
/•
(
(

Uncertainty analysis
IEM have provided uncertainty estimatates on the basis of the assumption that the only
source of uncertainty is parameter value scattering, since only this source has a stochastic
nature. IEM used the approach recommended by BIOMOVS-II. Guidelines for Uncertainty
Analysis, [1993], based on numerical modelling. Parameters which were varied in the daily
calculations were: the parameters determining the soil capillary characteristics, van
Genuchten n and a, and the Kj-values. They did not use all the distributed parameters
provided in the scenario description (Table 2.6), since they thought that this approach was
not valid for annual parameter values. The parameter estimation for this model was made
on the basis of a set of radionuclide experimental profiles. It was assumed that model
parameters D (dispersion coefficient) and V (radionuclide advection rate) had a Normal PDF
with CV = 0.3. To date IEM could not tabulate PDFs for the point estimates and their 5% and
95% confidence limits because it required excessive computation times. For the same reason
only 20 random samples were made.

3.5

r
v

f
f
(

Institute of Environmental and Engineering Research

The Institute of Environmental and Engineering Research in Romania (IEER) provided data
from a two box model. The radionuclide content in the root zone and the bottom zone, and
the flux to the groundwater were calculated using an analytical solution. The annual
average hydrological data were used.

3.6

JAERI
C

The JAERI model [Togawa, 1995] for estimating the downward migration of deposited
radionuclides into soil is a modified version of the methodology which is used in the
computer code MLSOIL [Sjoreen et al, 1984]. The original version of MLSOIL was developed
at Oak Ridge National Laboratory in the USA. The model of radionuclide transport through
soil that is implemented in the MLSOIL code is a five compartment linear transfer model
using annual average hydrological data.

C
v
^

c
Parameter values and assumptions

c
In the calculations by the JAERI model, the root zone and the bottom layer of soil are divided
into five compartments as follows:
1st layer:
0-1 cm
2nd layer:
1 -10 cm
3rd layer:
10-30 cm
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4th layer:
5th layer:

30-100 cm
100-200 cm

The values of various parameters given in the scenario description were used to calculate
the transfer coefficients between the soil compartments. In these computations MLSOIL
utilize the annual average hydrological data. It also assume that the water content of the soil
is constant throughout the year.

3.7

Imperial College

The Department of Civil Engineering at Imperial College of Science, Technology and
Medicine, London, UK, used a soil-plant-water model and solute transport model
developed as a part of Nirex Safety Assessment and Research Programme. The models have
been used to simulate the lysimeter experiments which form the basis for another subgroup
within the Uncertainty and Validation Theme of BIOMOVS O, [1996c].
Hydrological model
The hydrological model is referred to as SPW1 [Karavokyris et al, 1990]. The transport of
water through the soil is represented by the Richards equation, which is based on an
extension of Darcy's law to unsaturated conditions, ie the flux is linearly related to the
gradient in the total potential. The total potential accounts for both gravity and soil-matrix
forces. The constant of proportionality, hydraulic conductivity (K), as well as the moisture
content (G) are functions of soil water pressure (or matric) potential (I|J).
Solute transport model
The solute transport model SLT1 [Butler and Wheater, 1991] is based on the advectiondispersion equation. The rate of change of contaminant stored within a unit volume is given
by the divergence of an advective flux due to bulk water movement (Jq) and a dispersive flux
(Jd) resulting from a combination of molecular diffusion and mechanical dispersion. The
contaminant is assumed to be partitioned between solute and sorbed phases, on the basis
of a linear partition coefficient (Kd).
Imperial College have performed both deterministic calculations and for the radionuclide
transport an uncertainty analysis. The uncertainty analysis is performed by Latin
Hypercube simulation.
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4

Hydrological Calculations

Four of the modelling groups made detailed calculations of the water fluxes in the soil
profile. A summary of the results provided by these is given in Table 4.1. The calculations
are based on the hydrological data provided by AECL, see Section 2.2.4.
Table 4.1 Summary of results provided for hydrological calculations
Modelling team

Kemakta

Model

Numerical

IC

IEM

AECL

Annual

Monthly

Daily

Daily

Annual

Daily

Daily

Flow from root zone, f(t)

X

X

X

X

X

X

X

Flow to groundwater, f (t)

X

X

X

X

X

.

X

Saturation root zone, f(t]

X

X

X

X

X

X

Saturation bottom, f(t)

X

X

X

X

X

X

Discretization in time

-

AECL performed water flow calculations using daily values for effective precipitation and
predicted values of evapotranspiration. Kemakta performed calculations using monthly and
daily values of effective precipitation and predicted evapotranspiration provided by AECL.
The annual averages of water flow are estimated as the effective precipitation minus the
total evapotranspiration. Imperial College performed calculations using daily effective
precipitation and evapotranspiration data provided by AECL. IEM presents results from
calculations using annual and daily values. The IEM model with daily discretization used
the primary daily input data provided by AECL (ie. climatic data and rainfall).

4.1

Water Fluxes

4.1.1

Water fluxes at the bottom of the root zone

Figure 4.1 shows the calculated water flow at the bottom of the root zone. Positive values
indicate a flow in the downward direction. The calculations made using the annual values
(Kemakta and EEM) give a constant downward water flow of 0.25 mm/day or 91 mm/year.
This corresponds to the difference between the values for effective precipitation and
evapotranspiration given in the scenario description.

C

The calculation performed by Kemakta using the monthly values shows some variations
over the year. Several distinct downward peaks are obtained, one around day 30, a second
around day 120 and a third around day 330. During the summer an upward flux is
predicted. The total downward flow during the year is estimated to be 111 mm and the
upward flow is 15 mm. This gives a net downward flow of 96 mm over the year.

i

The calculation performed by Kemakta using daily input data shows a considerable
variation over the year. Individual days have flow rates of several millimeters. The three
periods with higher flow rate as indicated in the monthly case can be identified, but the first
daily peak appears somewhat later. The distinct peaks in the daily calculation are not
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present in the monthly calculation. The total upward flow during the year is predicted to 41
mm and the total downward flow to 145 mm, giving a total net downward of 104 mm.
The Imperial College results are very similar to those of the Kemakta daily model. The main
difference is the magnitude of the sharp peaks with increased flow. The total upward flow
during the year is predicted to be 48 mm and the total downward flow to be 146 mm. This
gives a net downward flow of 98 mm.
Both the Kemakta daily model and the Imperial College model predict a somewhat higher
net downward flow than could be expected from a water balance calculation. The annual
average effective precipitation minus total evapotranspiration equals 92.5 mm.
The results of the IEM calculations using daily values are roughly similar to the results of the
Imperial College and Kemakta calculations,although the IEM results show additional peaks.
Furthermore, the period with an upward flux is predicted to be longer. Note that no values
for the magnitude of the upward flux have been provided by the IEM.
The AECL model predicts water fluxes of similar appearance as the daily predictions of
Kemakta and Imperial College. However, the magnitude of the water fluxes, both upward
and downward, is considerably larger. The total upward flow during the year is predicted
to be 187 mm and the total downward flow to be 269 mm. This gives a net downward flow
of 82 mm. This suggests a considerably larger exchange between the root zone and the
bottom layer than that predicted by the other models.
4.1.2

Water fluxes at the bottom of the soil column

Figure 4.2 shows the simulation results of the water flow at the bottom of the soil column,
often referred to as drainage or groundwater recharge. The values obtained using annual
data give a constant downward flow of 91 mm per year, consistent with the downward flow
from the bottom of the root zone. The simulation by Kemakta based on monthly values
demonstrates a seasonal variation with two periods with a flow greater than the annual
average, one in winter and one during early summer. The Kemakta simulation using daily
values predicts a flow with similar seasonal variation as the one using monthly values.
However, the winter peak is in this case lower and the peak during early summer somewhat
higher. The water flow is in both cases directed downward throughout the year.
The drainage predicted by Imperial College using daily data is very similar to the results of
the Kemakta calculations using daily values, with the exception of a higher predicted flow
at the turn of the year. The predicted peak in the summer is somewhat higher and starts
somewhat earlier in the Imperial College simulation. Imperial College predicts a net
downward flow over the year of 101 mm. The same value for the Kemakta monthly model
is 94 mm and for the daily model 96 mm.
The result of the AECL calculations shows a considerably higher variability between the
flow at consecutive dates. However, the same tendency of a peak in the winter and in the
early summer as in the Imperial College and Kemakta results can be seen, although it
appears about a month earlier. The predicted flow is also consistently downward at an
annual rate of 87 mm.
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Figure 4.1 Water flow at the bottom of the root zone
Positive values indicate downward direction
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Figure 4.2 Water flow at the groundwater surface
Positive value indicate downward direction
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4.2

Water Saturation

4.2.1

Water saturation in the root zone

The simulation results of the saturation in the root zone are presented in Figure 4.3. The
Kemakta calculation using annual average input data indicates a saturation degree of 0.85,
while all calculations using monthly or daily input data indicate an average saturation
degree less than that. The Kemakta calculations using monthly input data show a seasonal
variation with two periods with reduced saturation, one during the late winter and one
during late summer to early autumn. A similar trend can be seen in the Kemakta calculation
using daily values. In this case, however, the variability in saturation is considerably greater.
The results of Imperial College are very similar to the results of the Kemakta calculation
using daily data. The exception is that the Kemakta model predicts somewhat lower
saturations during the summer.
IEM predicts a lower saturation during the summer than both the Imperial College and
Kemakta models. This period also continues for a longer interval of time.
The AECL model predicts a relatively constant saturation degree at lower values (0.5-0.65)
than the other models (0.6 - 0.98). It is only the IEM model that during a part of the summer
predicts a lower saturation.
4.2.2

Water saturation in the bottom layer

The predicted seasonal variation in saturation degree in the bottom layer is considerably less
than in the root zone, as expected, see Figure 4.4. The results of the simulations made by
Kemakta (monthly and daily data) and Imperial College (daily data) show a similar trend,
but the Imperial College predictions are constantly about 0.02 higher. The results of IEM
indicate a higher saturation during the spring and the autumn.
The saturation degree predicted by the AECL model has a shape that is similar to that of the
Kemakta daily model and the Imperial College model. However, the predicted saturation
degree is considerably lower (0.6 - 0.7) than that of the other models (0.8 - 0.9).

4.3

Discussion

The results of the Kemakta daily model and the model of Imperial College are very
consistent. The main difference can be found in the predictions of the water saturation.
Water saturation is not a primary variable in either of the models, but is evaluated from the
soil moisture potential and the capillary characteristics curve. A small difference in that
curve could give rise to the obtained differences. Both the Imperial College model and the
Kemakta model predict a higher net downward flow than could be expected from mass
balance calculations. One explanation for this could be numerical difficulties in handling the
very sharp peaks in infiltration.
The IEM daily model predicts a longer dry period in the root zone than the other models,
which is also reflected in a longer period with upward fluxes at the bottom of the root zone.
The differences may be due to the fact that IEM used basic AECL data, ie input data to
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Figure 4.3 Water saturation in root zone
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Figure 4.4 Water saturation in bottom layer
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SCEMR, while Kemakta and Imperial College used effective precipitation and
evapotranspiration values as calculated by SCEMR.
The AECL model predicts considerably larger variation in the flow at the ground water
surface between consecutive dates than the other models. This may be due to way the AECL
model handles infiltration. Large infiltration events that fill the surface layers to field
capacity result in a quick flow of the water exceeding field capacity to the bottom layer. If the
water content in the bottom layer also exceeds field capacity, an immediate drainage occurs
at a rate determined by the saturated hydraulic conductivity. This special feature of SCEMR
may also be the reason that the predicted saturations are much lower than for the other
models.

5

Radionuclide Transport - Results of Deterministic
Calculations

Seven modelling groups have provided results for the deterministic calculations of the
radionuclide transport. In total 13 different models or combinations of model and data have
been used. However, results for all endpoints have not been calculated by all the models. A
summary of the results delivered by all groups and models is given in Table 5.1.
Table 5.1 Summary of results presented from participating modelling groups.
Kemakta

Model/ing group
3Box 7Box

Modeltype

AD

Advec-disp

analyt

numerical

SCK

IC

1EM

IEER JAERI AECL

2-box
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Advec-disp

2-box 5-box 4-box

Discretization in time

A

A

A

A

M

D

A

A
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D
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A

0

Cone, in root zone, f (t)

X

X

X

X

X

X

X

X

X
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X

Cone, profile at 10 yrs

X
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X
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Cone, profile at 200 yrs

X
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Flux from bottom, ftt)

X

X

X

X

X

X

X

X

X

X

X

X

X

A - annual
M - monthly
0 - daily

5.1

Results for Cs-137

All of the models give similar predictions of the average total concentration in the root zone
as a function of time (Figure 5.1). The total concentration is the concentration per total
volume of soil, including what is sorbed to the soil. Cesium-137 has a low mobility in the root
zone and thus most of the material will remain within the root zone during the entire 200
year simulation period. The decrease in average concentration is almost entirely due to
radioactive decay, Cs-137 having a half-life of 30 years. The good correspondence between
the model results is thus not very surprising.
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(

The predicted total concentration in the soil profile at 10,50 and 200 years is given in Figures
5.2, 5.3 and 5.4, respectively. The concentration profiles confirm that the greater part of the
cesium remains in the root zone. At 10 years the advection-dispersion based models predict
that Cs-137 has penetrated to a depth of 0.1 to 0.15 meters. The predictions at 50 years
indicate a penetration depth of 0.23 to 0.38 meters and at 200 years the penetration depth
varies between 0.45 and 0.75 meters. The results of the Kemakta models and the Imperial
College model show good correspondence. The Kemakta model using daily data predicts
a slightly higher concentration in the root zone than the Imperial College model. Another
difference between the model simulations is the degree of dispersion of the peak that is
predicted, ie how broad the predicted peak is. The highest degree of peak dispersion is
observed in the IEM simulation using annual data and the lowest for the IEM simulation
using daily data. The small discontinuities in the results at the depths of 0.1 and 0.3 meters
of the IEM simulation using annual data may be explained by the fact that the parameters
determining the rate of advection and dispersion are changed at this point. The
discontinuity at a depth of 0.3 meters in the results of the Kemakta models and the Imperial
College model (see Figure 5.4) is caused by the change in the IQ-value for cesium at the
interface between the root zone and the bottom layer. These models are based on the
assumption that the concentration in the pore water is continuous. A sharp change in the Kjvalue (and density) will result in a discontinuity in the total soil concentration. The same
effect can be observed for the IEM model using daily data.

(

-

The concentration profiles of the box models are of course largely determined by the
discretization used. The models dividing the root zone at 0.1 meters and at 0.3 meters will
predict penetration depths similar to those of the advection-dispersion models. However,
the soil concentration at the penetration front is higher in the predictions of the box models.
The slowest decline in top soil concentration is observed in the JAERI model, most likely due
to the constant infiltration rate used throughout the soil profile.
Figure 5.5 shows the predictions of the flux to groundwater by the different models. There
is a large variation in the predictions, although the absolute values are in all cases very low,
ie less than 0.1 Bq/(m2,a). The box models calculate the highest release to the groundwater
and also the earliest breakthrough. The time of the breakthrough is important for Cs-137
because of the influence of radioactive decay. The highest release is predicted by the 2-box
models of SCK and IEER, the Kemakta 3-box model with two boxes in the root zone gives
a somewhat lower release. The more boxes that are used the lower the predicted release, as
can be seen from the result of the AECL model using 4 boxes, the JAERI 5-box model and the
Kemakta 7-box model.
The advection-dispersion models predict very low release rates mainly due to the fact that
the release comes much later than for the box models. At the end of the simulation period
the release rate is still increasing, even considering the effect of radioactive decay. The
analytical predicts the highest release rate of all advection-dispersion models. This is
probably due to the fact that the root zone is treated as a box, which gives little delay in the
release from the root zone.
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The release rates predicted by the IEM models are less than the minimum value reported
(0.001 Bq/(m2,a)) and are therefore not included in Figure 5.5. The Imperial College
simulations were performed only for 200 years. At that time the predicted flux to
groundwater is 1.2-10"13 Bq/(m 2 ,a).
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Figure 5.1 Average concentration of Cs-137 in root zone
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Figure 5.2 Concentration profile, Cs-137, at 10 years
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Figure 5.3 Concentration profile, Cs-137, at 50 years
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Figure 5.5 Flux to groundwater Cs-137
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5.2

Results for Sr-90

For Sr-90 there is a considerable spread in the predictions of the average concentration in the
root zone. There is a difference of a factor of 4 between the highest and lowest predicted
concentrations after 10 years. In Figure 5.6 a summary of the predictions is presented. The
slowest decline in concentration is predicted by the box models, while the most rapid decline
is predicted by the IEM annual model. The other advection-dispersion models predict
intermediate rates of decline. A small difference in the predictions at intermediate times can
be noticed between the box models assuming a constant infiltration rate throughout the soil
column (SCK/CEN, IEER and JAERI) and the box models assuming a high water flow inside
the root zone (Kemakta 3Box and 7Box models). The AECL model predicts a decline in root
zone concentration different from the other box models and rather similar to that of the
advection-dispersion models of Kemakta and Imperial College. This maybe attributed to
the large downward component in the flow within the upper part of the soil predicted by
the AECL model.
The concentration profiles of Sr-90 at 10,50 and 200 years, presented in Figures 5.7 to 5.9,
show the same general behavior as for Cs-137. The Kemakta advection-dispersion models
and the Imperial College model show good correspondence, while the IEM models give
somewhat different predictions. The IEM model using annual data predicts a more rapid
penetration into the soil than the other models, while the IEM model using daily data
predicts a slower penetration into the soil and a lower degree of spreading of the peak.
The coarse discretization of the box models provides only a rough picture of the
concentration profile. However, the AECL model and Kemakta's 7-box model predict a
concentration profile of a similar shape as the predictions of the advection-dispersion
models.
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An interesting feature is the large discontinuity at a depth of 0.3 meters in the predictions
of the IEM annual model, where the concentration increases by a factor of almost 6. This is
probably due to the way the water flow is incorporated into the IEM annual model, where
in the topmost layer (0-0.1 m) the downward flow is equal to Effective precipitation - Surface
evaporation, and in the second layer (0.1 - 0.3 m) the downward flow is Effective precipitationSurface evaporation - Root uptake in the layer 0-0.1 meters. Below the root zone the downward
flow is given by the Effective precipitation - Total evapotranspiration. Thus the maximum water
flow rate within a layer (ie at the top of the layer) is used to represent the flow in the entire
layer. This results in a very efficient removal of radionuclides from the root zone and a buildup of radionuclides below the root zone.
The IEM model using daily data predicts a double peak at the bottom of the root zone at 10
years. The reason for the appearance of this peak is not clear.
The shapes of the concentration profiles at 200 years given by the advection-dispersion
models indicate that the bottom boundary condition may be of importance (Figure 5.9). All
curves turn sharply down at the bottom of the soil profile due to the effect of the zero
concentration boundary condition used.
The predicted releases of Sr-90 to the ground water are given in Figure 5.10. The box-models
calculate the highest release rates. The peak predicted by the advection-dispersion models,
which occurs at around 125 years, is a factor of 5 -10 lower than the peak of the box models.
The larger release for the box models is mostly due to the earlier breakthrough time, which
gives less time for radioactive decay. A similar trend as for Cs-137 can be seen where the
models with less discretization give a higher release, while the predicted release decreases
with increasing number of boxes. An exception is the higher release obtained for the
Kemakta 3-box model compared to the 2-box models of SCK and IEER.
Figure 5.6 Average concentration of Sr-90 in root zone
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Figure 5.7 Concentration profile, Sr-90, at 10 years
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Figure 5.8 Concentration profile, Sr-90, at 50 years
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Figure 5.9 Concentration profile, Sr-90, at 200 years
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Figure 5.10 Flux to groundwater Sr-90
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5.3

Results for 1-129

The model predictions of the average root zone concentration of 1-129 agree relatively well
except for the results of IEM using annual data (Figure 5.11). The other models are within
a factor of 1.7 for the predictions at 20 years. The IEM annual model predicts a much more
rapid decline in root zone concentration. The difference between the models assuming a
constant water infiltration throughout the soil column (SCK/CEN, IEER and JAERI) and the
models assuming a higher water flow within the root zone (Kemakta: 3Box and 7Box) is
more pronounced than for Sr-90. The AECL model starts with a rate of decline higher than
any of the other models, except IEM annual. After about 30 years the rate of decline has
diminished and at 100 years the prediction of the concentration is among the highest.
The predicted concentration profiles in the soil are given in Figures 5.12 to 5.14. The
discontinuous jump in concentration at the depth of 0.3 meters caused by the change in Revalues is clearly noticeable. The very rapid decline in concentration predicted by the IEM
model using annual values can also be clearly seen. The advection-dispersion models
demonstrate an increase in concentration with depth within the root zone to a varying
degree. The effect is most prominent for the Kemakta daily model and the IEM daily model.
The concentrations within the bottom layer are fairly constant throughout the soil profile.
At 200 years there is a marked difference between the predictions of the Kemakta models
and the Imperial College model. The Imperial College model prediction is most similar to
that of the Kemakta model using monthly data and most different from that of the Kemakta
model using daily data. For 1-129 a relatively large part of the activity in the soil will be in the
pore water; thus differences in the saturation degree (Figure 4.3) can be of importance for
the radionuclide content in the root zone.
The concentration profiles obtained with the box models are consistent with the profiles
obtained with the advection-dispersion models, with the exceptions that the former predict
a much more complete removal of 1-129 from the topmost layer (0-0.1 m) and predict an
increase in concentration towards the bottom of the soil column. The greatest differences
between the models can be observed at 200 years. The Kemakta analytical advectiondispersion model and the AECL model predict higher concentrations in both the root zone
and the bottom zone than the other models.
The predictions of the maximum release rate to groundwater also agree fairly well with the
exception of the IEM model using annual data (Figure 5.15). The maximum releases for the
other models vary within a factor of 1.8 (Figure 5.15b). However, there are considerable
differences in the predicted time of the maximum release. The AECL model and the
Kemakta and Imperial College advection-dispersion models predict a maximum at 35 years,
the JAERI model a maximum at 60 years, the IEM daily model a maximum at 70 years and
the Kemakta 7-box model predicts a maximum at 80 years. Since 1-129 has such a long
radioactive half-life the time of the maximum release has no effect on the magnitude of the
release. In contradiction to the results for Cs-137, where the models with only a few boxes
predicted the highest release rates, these models give the lowest predictions for the
maximum release of 1-129. For the box models, the more compartments used the later the
maximum occurs, as for the other radionuclides.
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Figure 5.11 Average concentration of 1-129 in roof zone
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Figure 5.12 Concentration profile, 1-129, at 10 years
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Figure 5.13 Concentration profile, 1-129, at 50 years
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Figure 5.14 Concentration profile, 1-129, at 200 years
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Figure 5.15a Flux to groundwater 1-129
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Figure 5.15b Flux to groundwater 1-129
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5.4

Results of Supplementary Exercise on Recirculation

Two modelling groups, Frits van Dorp, Nagra (Switzerland) and S L Neal, QuantiSci Ltd
(UK), responded to the request for supplementary modelling concerning the problem of recirculation.The issue addressed concerned whether treatment of temporary upward
movement of water in the soil needs to be explicitly included or simply be treated as a net
downward flux averaged over a longer time period. Both modelling groups considered the
effects of different numbers of boxes as well as re-circulation. Both studies found that the recirculation must be very large, i.e. upward fluxes larger than the net infiltration, in order to
have a significant effect on concentrations. Re-circulation tended to decrease the
concentration in the root zone at early times and increase the concentration at longer times.
The increase at early times is due to the larger downward fluxes, while the increase at longer
times is due to upward flux of radionuclides when the concentration in the bottom layer has
increased. This observation is consistent with the results of the AECL model (with larger
recirculation than the other models), where the same effect was observed for 1-129 and Sr-90.
The supplementary exercise also found that recirculation tended to increase the release to
the groundwater and to some extent also shorten the time to the maximum release. This
effect could to some extent also be observed for the AECL model, but is partly
overshadowed by other differences, such as degree of discretization.
The degree of discretization, i.e., the number of compartments, was found to have an
influence on how the predictions changed when accounting for recirculation. For the Swiss
20 compartment model, the predicted root zone concentration of 1-129 was more than
double with recirculation (downward flux = 2 times upward flux) compared to the case
without recirculation, for times greater than about 75 years. If only two compartments were
used recirculation resulted in a more pronounced decrease at early times (before 50 years),
but a less pronounced increase at late times (after 75 years). For the 20 compartment model,
the predicted maximum release rate to the groundwater increased by about 25% if
recirculation was considered. The same increase for the two compartment model was only
about 10%. Both for the root zone concentration and release to groundwater, differences in
the discretization had a larger impact on the predictions than whether recirculation was
considered or not.

5.5

Discussion

The difference between the studied models in the predictions of the root zone concentration
were generally less than a factor of 2. The largest differences were observed for 1-129, a
relatively mobile radionuclide with long half-life. However, in the predictions of the flux to
the groundwater differences many orders of magnitude were observed for Cs-137, a
relatively sorbing radionuclide with short half-life. The magnitude of the differences
decreases to less than a factor of 10 for longer-lived or more mobile radionuclides.
The box models that are similar in structure also give similar predictions, eg the numerical
2-box model of SCK/CEN and the analytical 2-box model of IEER. The models with larger
numbers of boxes (the Kemakta 7-box model and the JAERI 5-box model) predict a later
release to the groundwater than the models with only 2 or 3 boxes. This can be seen for all
three radionuclides, but the effect is more prominent for Cs-137 and Sr-90 due to their
shorter radioactive half-lives. This observation agrees with theory, since the size of the boxes
governs the dispersion obtained in the model. See further discussion in Section 7.2.
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Theoretically, the dispersion length specified in the scenario (0.15 m) should be achieved by
using boxes with a vertical extent of 0.3 meters, corresponding to about 7 boxes of equal size.
The advection-dispersion models of Kemakta (daily, monthly and annual) and Imperial
College (daily) gave very similar predictions suggesting that averaging time for the
hydrological data seems, in this case, to have little effect on the radionuclide transport. The
small differences that exists were most pronounced in the calculation for 1-129. The reason
maybe that for 1-129 a relatively large proportion will be present in the soil pore water. Thus
any differences in the soil water saturation may be important.
The results of the advection-dispersion models of IEM differ distinctly from those of
Kemakta and Imperial College. An interesting observation is that the IEM model using
annual data gives considerably more rapid removal of radionuclides from the soil than the
IEM model using daily data. This is in contradiction with the predictions of the Kemakta
numerical model that indicate very small influence of the averaging time.

6

Results of Uncertainty Calculations

Four of the modelling groups have performed uncertainty calculations using nine different
model approaches. A summary of the results delivered by the groups is given in Table 6.1.
In the intercomparison it should be kept in mind that the different modelling groups have
used somewhat different approaches when evaluating the uncertainties (Section 3).
Table 6.1 Summary of uncertainty results provided by participating modelling groups
Model

SCK

Kemakta

Model/ing group
3Box

3Box

A-D

A-D

analyt

analyt

IC

IEM
Advec-disp

2-box

2-box

2-box

A-D

Discretization in time

A

A

A

A

A

A

A

0

Input data varied

S

M

S

M

S

M

M2

S

Cone in root zone at 10yr

X

X

X

X

X

X

Cone in root zone at 50yr

X

X

X

X

X

Cone in root zone at 200yr

X

X

X

X

Cone in bottom at lOyr

X

X

X

Cone in bottom at 50yr

X

X

X

Cone in bottom at 200yr

X

X

Flux into grw at 10 yr

X

X

X

Flux into grw at 50 yr

X

X

Flux into grw at 200 yr

X

Max flux into grw
Time to maximum flux

A
•

0

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X
X

Time to 5% of max flux

X

X

X

X

X

X

Time to 5% left in root z.

X

X

X

X

X

X

S

relevant data from scenario description varied

M

variability of long-term average of meteorological data also considered

M2

variability of long-term average as well as annual variability of meteorological data considered
distribution in Scenario Description not used. Normal PDF for water flow and dispersion/diffusion
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A selection of the results are presented graphically in Figures 6.1-6.6. The results for the endpoints: time to maximum flux, time to 5% of maximum flux and time to 5% left in the root
zone will not be discussed in the text. The box marks the 90% confidence interval, the filled
diamond the mean from the stochastic calculations and the unfilled triangle the result of the
deterministic calculation.

6.1

Results for Cs-137

All models predict a very low uncertainty in the concentration in the root zone at 10,50 and
200 years (Figure 6.1.) The explanation for the low uncertainty is that most of the removal
from the root zone is due to radioactive decay, a process not assigned any uncertainty. Not
even in the simulations where an increased cesium mobility could be expected, ie high water
fluxes and low sorption, is there any appreciable removal of cesium through transport to the
bottom layer.
The uncertainties in the predictions of flux to groundwater are presented in Figure 6.2. A
logarithmic scale is used due to the large differences in results. For the advection-dispersion
models no appreciable release is predicted at 10 or 50 years, but at 200 years the probability
distributions are very skewed. The mean of the stochastic analysis is several orders of
magnitude higher than the result of the deterministic calculations and in some cases even
higher than the 95-percentile. The skewness is most likely caused by the relatively short
radioactive half-life of Cs-137, which causes non-linearities in the flux, in response to
changes in the residence time in the soil. A parameter combination giving a short residence
time will result in a release considerably larger than that obtained using the mean values of
the parameters.
The results of 3BOX-M, AnaAD-M and SCK-M consider an uncertainty in the annual
average of the hydrological data, while the results of SCK-M2 considers both the uncertainty
in the annual average as well as the temporal variability on an annual scale. There is a
substantial increase in the uncertainty when the parameters for the hydrological conditions
are allowed to vary. This is especially apparent for the SCK-M2 results where the 5percentile of the flux to groundwater is zero. This is introduced by allowing negative values
for the annual averages of the infiltration (ie for very dry years a netward upward flux will
occur), while this is not possible for the longer term averages.
Results of the IEM model are less than 0.01 Bq/(m2,a) and are reported as zero, and hence
they are not present in the figure.

6.2

Results for Sr-90

Figure 6.3 shows the predictions of the uncertainty in root zone concentration at 10,50 and
200 years. The 3BOX and AnaAD models of Kemakta and the models of SCK give similar
predictions, while the model of Imperial College (IC) and the IEM daily model (IEM-D)
predict a somewhat larger uncertainty band for the concentration at 10 years. The difference
in the behavior of the IEM annual model (IEM-A) is consistent with the results of the
deterministic calculations (Section 5.2).
The predicted uncertainties in the flux of Sr-90 to the groundwater are presented in Figure
6.4. A logarithmic scale is used due to the large differences between the results of the box
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Figure 6.3 Concentration in root zone of Sr-90 at 10,50 and 200 years
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Figure 6.4 Flux to groundwater of Sr-90 at 10,50 and 200 years
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models and the advection-dispersion models. The advection-dispersion models have
skewed probability density functions with the mean at the high end of the distribution (as
for Cs-137), due to the large impact on the flux of parameter combinations giving a short
residence time in the soil.

(
i

The inclusion of variability in the meteorological conditions in the box models mainly tends
to extend the low end of the uncertainty band. The reason being the effect on the water flow
rate from the root zone to the bottom layer. The 95-percentile for the flow is roughly twice
the mean value, while the 5-percentile is only 1/8 of the mean value. For the analytical
advection-dispersion model used by Kemakta (AnaAD), the 95-percentile of the release to
groundwater at 50 years is increased by a factor of 5 when uncertainty in the meteorological
data is included. Adding annual variability in the SCK-M2 model, increases the 95percentile and the mean release by less than a factor of 3, compared to the case when only
the long-term average is varied (SCK-M).
6.3

Results for 1-129

<
'
(

•

The predictions of the uncertainty in the concentration of 1-129 in the root zone at 10,50 and
200 years, given in Figure 6.5, show the same behavior as for the other radionuclides. The
models of Kemakta (3BOX and AnaAD), SCK, Imperial College (IC) and the IEM model
using daily data (IEM-D) give similar predictions, while the IEM annual model (IEM-A)
differs. No increase in uncertainty when allowing the meteorological parameters to vary
annually can be observed (SCK-M2).
Figure 6.6 gives the uncertainties in the flux of 1-129 to the groundwater. The difference
between the box models and the advection-dispersion models is less than for the other
radionuclides, the largest difference is occuring at 10 years. Also the difference between the
mean of the stochastic calculations and the result of the deterministic calculation is less than
for the other radionuclides. The main effect of adding variability in the meteorological
conditions is that the lower end of the probability distribution is extended. Adding annual
variability in the meteorological calculations (SCK-M2) increases the 95-percentile by a
factor less than 2.5.

6.4

Sensitivity Analysis

C

An analysis of parameter sensitivity has been performed on two of the models used by
Kemakta, the 3 box model and the analytical advection-dispersion model. The endpoint was
the predicted maximum flux to the groundwater using both a multivariate stepwise
regression analysis and a Spearman rank-order correlation analysis. The results of the
sensitivity analysis are presented in Tables 6.2 to 6.4.
The results shows that most of the variability arises from the input parameters: effective
precipitation, evapotranspiration and the Kd-values in the root zone and bottom zone. For
the analytical advection-dispersion model the dispersion length is the fourth highest ranked
parameter for Sr-90 and the highest ranked for Cs-137, the reason being that a change in
dispersion gives a much earlier break-through at the bottom of the soil profile. In
combination with radioactive decay this gives a large impact on the results. For Cs-137
predictions with the analytical advection-dispersion model a large difference can be
observed between the results of the regression analysis and the rank-order correlation
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analysis, which may be caused by the non-linearity of the problem. The regression analysis
of the advection-dispersion model gives zero sensitivity for the IQ-value in the root zone and
also the rank correlation gives a low value, while it is ranked in third place for the 3-box
model. The reason is believed to be that the root zone in the analytical advection- dispersion
model is modelled as a single compartment, while it is described by two compartments in
the 3-box model. Thus, the Kd in the root zone will have a linear affect on the release to the
groundwater for the advection-dispersion model, while the IQ in the bottom layer also will
have an effect on the time of break-through and thus have a stronger than linear effect on the
release.

Table 6.2 Sensitivity results for maximum flux to groundwater ofCs-137
3-box model

Analytical Advection-dispersion model

Sensitivity (-1 to 1)
Parameter

Regression

Effective precipitation

0.507

Sensitivity (-1 to 1)

Corr Coeff

Parameter

0.621 Dispersion length

Regression Corr Coeff
0.273

0.414

Root uptake

-0.425

-0.551 Krf bottom zone

-0.124

-0.516

«,, root zone

-0.391

-0.451 Root uptake

-0.117

-0.517

K,, bottom zone

-0.221

-0.211 Effective precipitation

0.094

0.455

Density root zone

-0.049

-0.035 Saturation (0. - 0.3 m)

0

-0.001

Soil evaporation

-0.032

0.104

0.027
0

-0.023 Diffusivity
-0.029 Saturation (0.3-2 m)
-0.017 Porosity root zone

0

Porosity bottom zone
Saturation (0.3-2 m)

0
0

0.026
0.003

Density bottom zone

0

-0.063 Porosity bottom zone

0

0.026

Saturation (0 - 0.1 m)

0

0.020 Soil evaporation

0

-0.031

Saturation {0.1 -0.3 m)

0

0.027 Krt root zone

0

-0.068

Distr.root uptake

0

-0.067 Density root zone

0

-0.035

Porosity root zone

0

-0.002 Density bottom zone

0

-0.050

Table 6.3 Sensitivity results for maximum flux to grouncLwater Sr-90
Analytical Advection-dispersion model

3-box model

Sensitivity (-1 to 1)

Sensitivity (-1 to 1)
Parameter
Effective precipitation

Regression
0.600

Corr Coeff

Name

0.640 Effective precipitation

Regression Corr Coeff
0.424

0.575

Root uptake

-0.576

-0.605 Root uptake

-0.422

-0.568

Kd bottom zone

-0.338

-0.314 Kd bottom zone

-0.377

-0.468

Kd root zone

-0.248

-0.255 Dispersion length

0.133

0.161

Soil evaporation

-0.063

-0.069 K,, root zone

-0.063

-0.065

Density bottom zone

-0.042

-0.034 Density bottom zone

-0.047

-0.075

Density root zone

-0.028

-0.054 Soil evaporation

-0.033

-0.057

Distr.root uptake

-0.013

-0.026 Saturation (0.3-2 m)

Porosity bottom zone

0

0

0.043

0.008 Diffusivity

0

0.019

Saturation (0-0.1 m)

0

0.005 Density root zone

0

-0.026

Saturation (0.1 -0.3 m)

0

-0.025 Saturation (0. - 0.3 m)

0

-0.020

Saturation (0.3-2 m)

0

-0.006 Porosity root zone

0

-0.014

Porosity root zone

0

-0.010 Porosity bottom zone

0

-0.010
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Table 6.4 Sensitivity results for maximum flux to groundwater 1-129.
Analytical Advection-dispersion model

3-box model
Sensitivity (-1 to1)
Regression

Parameter
Effective precipitation

Corr Coeff

0.636

Sensitiv?ty(-1to1)
Parameter

0.616 Root uptake

Regressio

Corr

-0.628 -0.627

Root uptake

-0.635

-0.621 Effective precipitation

K,, root zone

-0.293

-0.302 ^ root zone

-0.345 -0.339

K,, bottom zone

-0.254

-0.213 K,j bottom zone

-0.158 -0.092

Soil evaporation

-0.072

-0.084 Dispersion length

-0.097 -0.155

Density bottom zone

-0.038

-0.020 Soil evaporation

-0.065 -0.080

Density root zone

-0.038

-0.040 Density root zone

-0.029 -0.047

Saturation (0.3-2 m)

-0.023

-0.030 Saturation (0.3-2 m)

-0.027 -0.046

Porosity bottom zone

-0.018

-0.043 Density bottom zone

-0.022 -0.029

Porosity root zone

-0.007

0.626

0.610

-0.022 Saturation (0. - 0.3 m)

0 -0.022

Saturation (0-0.1 m)

0

0.007 Porosity bottom zone

0 -0.034

Distr.root uptake

0

0.024 Porosity root zone

0

0.007

Saturation (0.1 -0.3 m)

0

0.005 Diffusivity

0

0.045

Discussion
7.1

Discussion of Results

Hydrological calculations
Five types of model approaches were used for calculating the hydrological conditions in the
soil:
annual average infiltration rate (constant throughout the soil column) derived from
effective precipitation and evapotranspiration data specified in the scenario
description using mass balance calculations. Water saturation from scenario
description (SCK/CEN, IEEfC JAERI, Kemakta: AnaAD and NumA).
annual average flow rates (higher values in the root zone) derived from effective
precipitation and evapotranspiration data specified in the scenario description using
mass balance calculations. Water saturation from scenario description (Kemakta:
3BOX and 7BOX, IEM annual model)
daily hydrological conditions derived from meteorological input data (rainfall, wind
speed, solar radiation etc) using a numerical solution of the Darcy flow equation and
the equation of continuity in a four compartment model. Water saturation evaluated
from the soil moisture potential using the capillary characteristic curve (AECL)
monthly or daily hydrological conditions derived from effective precipitation and
evapotranspiration data specified in the scenario description using numerical solution
of Richard's equation. Water saturation evaluated from the soil moisture potential
using the capillary characteristic curve (Kemakta and Imperial College)
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daily hydrological conditions derived from meteorological input data (rainfall, wind
speed, solar radiation etc) and including the added effects of plant roots using
numerical solution of Richard's equation (IEM daily model)
The difference between the first two modelling approaches is that in the second case the
water flow within the root zone was considerably higher. This tends to force the
radionudides towards the bottom of the root zone and has an influence on the rate of decline
of the root zone concentration, see below.

/
i
(

The AECL model predicts considerably larger variation in the flow at the groundwater
surface between consecutive dates than the other models. This is due to the way the AECL
model handles infiltration. A large infiltration event can fill all of the surface layers to field
capacity and then the water in excess of field capacity flows quickly to the bottom layer. If
the moisture content also exceeds the field capacity in the bottom layer of the soil, an
immediate drainage at the saturated hydraulic conductivity rate occurs to the groundwater.
This special feature of SCEMR may be the reason that the predicted saturations are much
lower than for the other models.

'
(

,'
(
(

The results of the Kemakta daily model and the model of Imperial College (both using daily
data derived by AECL) are very consistent. The main difference can be found in the
predictions of the water saturation. Water saturation is not a primary variable in either of
the models, but is evaluated from the soil moisture potential using the capillary
characteristics curve. A small difference in that curve could give rise to the obtained
differences.
The IEM daily model predicts a longer dry period in the root zone than the other models,
which is also reflected in a longer period with upward fluxes at the bottom of the root zone.
The differences may be due to the fact that IEM used basic AECL data, ie input data to
SCEMR, while Kemakta and Imperial College used effective precipitation and
evapotranspiration values as calculated by SCEMR. The large difference between the IEM
results and the results of AECL or modelling groups using the AECL data suggest that the
calculation of actual evapotranspiration and thereby soil water hydrology is uncertain.
However, since it was not within the objective of the working group to study this, no definite
conclusions can be drawn.
An important parameter for radionuclide transport through soil is the net annual average
flow through the soil column. All models give predictions of the net flow rate through the
bottom part of the soil column that are about +-10% of the flow that could be expected from
the mass balance calculations (94 mm/a). Both the Imperial College model and the Kemakta
model predict a higher net downward flow than the mass balance calculations. One
explanation for this could be numerical difficulties in handling the very sharp peaks in the
infiltration. The AECL model predicts a somewhat lower net downward flow, 87 mm/a.
Furthermore, the AECL model predicts upward flow from their fourth layer while the
Kemakta model does not.

,•
(
(
C

The uncertainty analysis performed for the simple mass balance model (Section 2.3.2) shows
that the range of the long-term average water flow rate in the bottom part of the soil column
is very wide even if rather narrow uncertainty bands are assigned to the effective
precipitation and evapotranspiration. A coefficient of variation (CV) of 0.04 for effective
precipitation and for evapotranspiration gives a CV of 0.43 for the annual average flow
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below a depth of 0.3 meters. This is considerably larger than the difference obtained from
the various modelling approaches used in this study.
This gives an indication that the uncertainties in the input data have a greater effect on the
hydrological modelling results than the choice of model. However, it must be kept in mind
that the radionuclide transport is affected not only by the net annual flow rate through the
soil column, but also by the variability in water flow, degree of saturation, sorption, etc.
Radionuclide transport - deterministic calculations
Seven different modelling approaches have been used for the radionuclide transport
calculations:
box models using 2 to 5 boxes with only one-way (downward) transport of
radionuclides using annual average infiltration (SCK/CEN, IEER, JAERI, Kemakta:
3BOX)
box models with a two-way transport of radionuclides in the upper part of the root
zone using annual average flow rates (Kemakta: 7BOX, and the QuantiSci and Nagra
models used for the supplementary recirculation exercise)
box model with water flow and saturation varying on an annual basis (SCK/CEN)
box model with water flow and saturation varying on a daily basis (AECL)
advection-dispersion models with annual average flow constant through the entire
soil column (Kemakta: AnaAD, NumA)
advection-dispersion models with different annual average flow at different depths
of the soil column (IEM annual)
advection-dispersion model with water flow and saturation varying on a monthly or
daily basis (Kemakta: NumM and NumD, Imperial College, IEM-daily)
The box models that are similar in structure give similar predictions, eg the numerical 2-box
model of SCK/CEN and the analytical 2-box model of IEER. The models using a constant
annual average infiltration rate throughout the column predict a slower decline in the root
zone concentration than the models that divide the root zone into several compartments and
take into consideration the higher water flow within the root zone. The models with a larger
numbers of boxes (the Kemakta 7-box model, the JAERI 5-box model) predict a later release
to the groundwater than the models with only 2 or 3 boxes. This can be seen for all three
radionuclides, but the effect is more prominent for Cs-137 and Sr-90 due to the effect of
radioactive decay. The reason for this is that the effective dispersion in a box model will be
a function of the number of boxes used. A model with only a few boxes will display large
dispersion, while a model with many boxes will display little dispersion (Section 7.2.)
The special exercise performed to study the effect of recirculation showed that allowing for
both an upward and downward flow in the upper part of the soil had a very minor effect on
the radionuclide transport for the parameters specified in the base scenario. Only by
49

BIOMOVSII
TR16
combining very large values of effective precipitation and evapotranspiration could a
significant effect be observed.
The advection-dispersion models using annual average data for water flow and saturation
behave quite differently from each other. The numerical advection-dispersion models used
by Imperial College (daily data) and Kemakta (annual data) give similar predictions. The
Kemakta analytical advection-dispersion model predicts lower fluxes to the groundwater
of Sr-90 and 1-129 than the numerical model. For Cs-137 the predictions are roughly similar.
The reason for the lower predictions is the type of boundary condition used in the analytical
advection-dispersion model, ie zero concentration at infinity as opposed to zero
concentration at the bottom of the soil profile as used by the other advection-dispersion
models. The IEM annual model predicts a considerably more rapid radionuclide movement
than the other advection-dispersion model. This may be due to the way the water flow rates
at different depths of the soil column are defined.
The advection-dispersion models of Kemakta and Imperial College using water flow and
saturation varying on a daily basis give very similar predictions. The small difference that
exist are most pronounced in the calculation for 1-129. The reason may be that a relatively
large proportion of 1-129 will be present in the soil pore water. Thus any differences in the
soil water saturation may affect total concentrations. The results of the advection-dispersion
model of IEM using daily values differ distinctly from those of Kemakta and Imperial
College. This may be explained by the different method used to derive the water flow and
saturation.
An interesting observation is that the IEM model using annual data gives considerably more
rapid removal of radionuclides from the soil than the IEM model using daily data. This is in
contradiction with the predictions of the Kemakta numerical model that indicate very small
differences between using annual, monthly or daily data. The reason for this difference in
trend has not been identified.
Radionuclide transport - uncertainty calculations
The uncertainty associated with predicting the concentration in the root zone does not show
very much variation among the different modelling approaches. The main difference
between the approaches are observed in the predictions for 50 years and 200 years. The
inclusion of uncertainty in the hydrological data increases the uncertainty range by a factor
of less than 2. It can also be noticed that the uncertainty ranges of the more complex models
(Imperial College and IEM daily) are somewhat larger than those of the more simple box
models (SCK/CEN and Kemakta 3BOX) and the analytical advection-dispersion model
(Kemakta: AnaAD). The sensitivity analysis performed on the Kemakta 3BOX and AnaAD
models show that four of the input parameters dominate the results: the effective
precipitation, the evapotranspiration and the Kd-values in the root zone and the bottom
layer.
When comparing the results of the uncertainty calculations it should be kept in mind that
the techniques used differ substantially between the modelling groups. In some cases a large
number (500 - 2000) of Latin Hypercube simulations have been made, while in others only
a limited number could be achieved due to long execution times for the model. This may
give a bias in the comparison since in general a larger number of simulations was performed
with the simpler models.
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There are larger differences between the models in the predicted uncertainties for the flux
to the groundwater. Since the simple box models and the advection-dispersion models give
very different results for the deterministic case, especially for the flux at 10 and 50 years, the
predicted uncertainty bands of the two models do not always overlap. This implies that
there is considerable model uncertainty that was not included in the results reported by the
modelling groups. The predicted uncertainty distributions for the flux to the groundwater
by the advection-dispersion models are very skewed. The mean value of the stochastic
analysis may in some cases be several orders of magnitude higher than the result of the
deterministic calculation. The effect is most prominent for the radionuclides with short
radioactive half-lives (ie Cs-137 and Sr-90) since, for example, a decrease in the Kj-value will
give increased solute transport and earlier breakthrough for the release, giving less time for
radioactive decay. This results in a non-linear response of the advection-dispersion models.
The inclusion of uncertainty in the meteorological data widens the uncertainty band,
although the main consequence is to extend the low end of the band. The sensitivity analysis
performed on the Kemakta 3BOX and AnaAD models show that for the box model the
dominating input parameters are the effective precipitation, the evapotranspiration and the
Kj-values in the root zone. For the advection-dispersion model the dispersion length is also
a dominating input parameter. This is also a parameter that is difficult to measure or predict
and therefore very uncertain.
The predictions made for this scenario concern the average output over a larger area.
Furthermore, it was assumed that measurements could be made of many of the essential
parameters. Thus the uncertainty ranges for the input parameters are relatively narrow. For
example the range for the uncertainty in the Kd-values is a little less than an order of
magnitude. In another case where less is known about the potential site considerably wider
uncertainty ranges could be expected for the input parameters. In such a situation it is likely
that the Kd-value will be the most important parameter. This has been shown in the
literature, for example in [Begovich and Luxmoore, 1979; Sheppard and Bera, 1984].

7.2

Dispersion in Box Models

The transport of radionuclides in soils is often modelled with box models using two or three
compartments representing different layers of the soil, (e.g. subsoil and top soil) and the
transfer factors are estimated by simple submodels. The main transport process is usually
advection with the soil water, combined with linear sorption. Other processes such as
erosion, bioturbation and diffusion may also be included in the submodels. The transfer
factor due to advection can be written as:
(7-1)
where:
k12 is the transfer factor between compartments 1 and 2
u12 is the water flow rate between compartments 1 and 2
M, is the amount of water in compartment 1
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Figure 7.1 Response of a sharp pulse passing a series of compartments.

The assumption of complete mixing within the compartments will give rise to dispersion of
radionuclides transported through the series of compartments. A sharp pulse entered at one
end will produce a spread-out release at the other end (Figure 7.1). The degree of dispersion
will depend on the dimension of the compartments, a few large compartments will give rise
to large dispersion while a large number of small compartments will give rise to small
dispersion. In order to compare the behavior of the advection-dispersion model and the
compartment model a method to equate the description of dispersion must be derived.
7.2.1

Derivation of dispersion values

The transport through a soil column can be characterized by the residence time distribution
(RTD) for the solutes in the column (Figure 7.2). A residence time distribution may be
derived from experiments or estimated from simulations with mathematical models.

f(t)

l

t
Figure 7.2

Typical residence time distribution (RTD).

The residence time distribution can be characterized by its mean, t, and variance o2, where
the variance is a measure of the dispersion in the column. For the advection-dispersion
model the variance at the outlet may be written as a function of the dispersion coefficient
and the water flow rate if the variance of the pulse at the inlet is known. The difference in
variance is then given as [Levenspiel, 1972]:
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where:
1
is the mean of the residence time distribution
2
0
is the variance of the residence time distribution
X
is the length of the column in the flow direction
17
is the water flow rate
DL
is the dispersion coefficient
If the input variance is zero as with a pulse or step input,.the expression can be simplified
to:
— =2—f2
UX

(7-3)
K

;

For a series of N equal-size compartments the mean residence time for the series is the sum
of the mean residence times of the individual compartments:
t = N 1.

(7-4)

and the variance is the sum of the square of the mean residence time for the compartments:
a2 = N't2

=—
N

(7-5)

Using Equation 7-3 and 7-5 an expression for the "inherent" dispersion coefficient as a
function of the number of compartments or the length of the compartments can be derived.
_
\UX
D, =

lrrA
= -UAx

(7-6)

U in Equation 7-6 corresponds to the total flow from a compartment. In the present case,
there will be an upward water flow in the soil due to capillary rise during periods with
excess evapotranspiration. Additionally, there will be a downward water flow in the soil
due to infiltrating precipitation. Thus in our case, U in Equation 7-6 is the sum of the
downward flow and the upward water flow.
The "inherent" dispersion coefficient will be proportional to the size of the compartments or
inversely proportional to the number of compartments. The "inherent" dispersion will also
increase with the water flow within the soil. This is of importance since the inherent
dispersion has a strong influence on the flux of radionuclides to the groundwater, especially
for radionuclides with relatively short radioactive half-lives.
The effect of the decreased dispersion using a larger number of boxes can be seen in the
predictions of the release to the groundwater. The 2-box models of SCK/CEN and IEER give
a considerably earlier release than the 5 and 7 box models of JAERI and Kemakta. The
somewhat earlier release of the Kemakta 3-box model compared to the 2-box models is due
to the different approach used in modelling the water flow within the root zone.
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Summary and Conclusions

In this study, models of varying complexity have been applied to the problem of downward
transport of radionuclides in soils. A scenario describing a case of surface contamination of
a pasture soil has been defined. Three different radionuclides with different environmental
behavior and radioactive half-lives were considered: Cs-137, Sr-90 and 1-129. The intention
was to give a detailed specification of the parameters required by different kinds of model,
together with reasonable values for the parameter uncertainty. Despite the fact that the
scenario was defined in detail, the experience of this study has been that there still remained
many issues where the different modelling groups applied different approaches to the
problem. Thus some of the differences in the observed results are not due to differences in
the mathematical formulation of the model, but more to the way the modelling group
understood the problem. There is an area of overlap with concep tual model uncertainty and
problems of user interpretation covered in BIOMOVSII [1996d].
A total of seven modelling teams participated in the study using 13 different models. Four
of the modelling groups performed uncertainty calculations using nine different modelling
approaches. The models used range in complexity from analytical solutions of a 2-box model
using annual average data to numerical models coupling hydrology and transport using
data varying on a daily basis.
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The complex models needed to consider all aspects of radionuclide transport in a soil with
a variable hydrology are often impractical to use in safety assessments. Instead simpler
models, often box models, are preferred. The comparison of predictions made with the
complex models and the simple models for this scenario show that the predictions in many
cases are very similar, eg in the predictions of the evolution of the root zone concentration.
However, in other cases differences of many orders of magnitude can appear. One example
is the prediction of the flux to the ground water of radionuclides being transported through
the soil column.
Some issues that have come to focus in this study:
There are large differences in the predicted soil hydrology and as a consequence also
.=in the radionuclide transport. On the one hand the IEM and AECL models which used
the primary meteorological data, wheras the other models used the effective
/precipitation and evapotranspiration calculated by AECL. This suggests that there are
large uncertainties in the calculation of effective precipitation and evapotranspiration.
The complex models having a hydrology varying on a daily or monthly basis do not
in all cases give root zone concentration predictions that vary substantially from the
models that assume annual averages. Furthermore, the inclusion of uncertainty in the
meteorological input data tends to have a greater effect on the results than the choice
of model.
Certain physical properties of the soil are important for the hydrology and the
radionuclide transport, in particular the soil pore size distribution and its spatial
variability as it affects the hydraulic conductivity, the relative permeability and the
capillary characteristics of the soil. Heterogeneities in the soil are also of fundamental
importance for the dispersion processes. The complex models of this study address
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several of these aspects, but none of the models handles soil hetereogeneities in a
systematic way. Furthermore, the characteristics of the soil pores is difficult to
determine in the field and difficult to translate into suitable conceptual and
mathematical models. Thus, the impact of the soil properties, considering a wide
range of soil types, on relevant performance assessment issues is identified as an area
for further studies.
The approach used for modelling the water transport in the root zone has an impact
on the predictions of the decline in root zone concentration. Models considering faster
net downward flow in the upper part of the root zone predict a faster decline in root
zone concentration than models that assume a constant infiltration throughout the soil
column.
A sensitivity analysis performed on two of the models shows that the important
parameters are the effective precipitation, the root water uptake and the soil Revalues. For the advection-dispersion model, the dispersion length is also important
for the maximum flux to the groundwater.
The amount of dispersion in radionuclide transport is of importance for the release to
groundwater. This is indicated in the sensitivity analysis of the analytical advectiondispersion model where the dispersion length shows up as an important parameter.
For the box models, an inherent dispersion is obtained by the assumption of
instantaneous mixing in the boxes. The degree of dispersion in the calculation will be
a function of the size of the boxes. It is therefore important that division of the soil
column is made with care in order to obtain the intended values.
For many models the uncertainty calculations give very skewed distributions for the
flux to the groundwater. This is true for the models with varying meteorological data
and for the advection-dispersion models. In some cases the mean of the stochastic
calculation can be several orders of magnitude higher than the value from the
deterministic calculations.
In relation to the objectives set up for this study it can be concluded that:
The analysis of the relationship between uncertainty and model complexity proved
to be a difficult task. For the studied scenario, the uncertainty in the model predictions
does not have a simple relationship with the complexity of the models used. However,
a complete analysis could not be performed since uncertainty results were not
available for the full range of models and furthermore were not the uncertainty
analysis always carried out in a consistent way. The predicted uncertainty associated
with the concentration in the root zone does not show very much variation between
the modelling approaches. However, for the predictions of the flux to groundwater,
the simple models and the more complex gave very different results for the
deterministic case, and the uncertainty bands did not always overlap. This suggest
that there are considerable model uncertainties present, which were not considered
in this study. Models can be complex in many different ways, and simplifications can
be made differently. Models dealing with processes like transport in soils should be
able to describe the relevant physical and chemical processes. In order to properly
evaluate this, comparisons with real experiments are needed.
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Concerning possible constraints in the application domain of different models, the
results of this exercise suggest that if only the evolution of the root zone concentration
is to be predicted, all of the studied models give comparable results. However, if also
the flux to the groundwater is to be predicted, then a considerably increased amount
of detail is needed concerning the model and the parameterization. This applies to the
hydrological as well as the transport modelling.
The difference in model predictions and the magnitude of uncertainty was quite small
for some of the end-points predicted, while for others it could span many orders of
magnitude. Of special importance were end-points where delay in the soil was
involved, e.g. release to the groundwater. In such cases the influence of radioactive
decay gave rise to strongly non-linear effects.
The work in the subgroup has provided many valuable insights on the effects of
model simplifications, e.g. discretization in the model, averaging of the time varying
input parameters and the assignment of uncertainties to parameters. The conclusions
that have been drawn concerning these are primarily valid for the studied scenario.
However, we believe that they to a large extent also are generally applicable.
The subgroup have had many opportunities to study the pitfalls involved in model
comparison. The intention was to provide a well defined scenario for the subgroup,
but despite several iterations misunderstandings and ambiguities remained. The
participants have been forced to scrutinize their models to try to explain differences
in the predictions and most, if not all, of the participants have improved their models
as a result of this.

9

Acknowledgements

This reports presents the condensed results of many modelling groups' long and hard
labour. Behind all this are hours of hard work, mountains of computer listings and piles of
faxes and letters. A list of contributors is given in Appendix C.
During the progress of the subgroup on the effects of model complexity on uncertainty a
large number of people, too many to be listed here, have contributed with ideas, suggestions
and comments. Without their contributions it would not have been possible to achieve the
end goal. Acknowledgement also to the Swedish Radiation Protection Institute (SSI) for
sponsoring the subgroup leader and editor of this report, Mark Elert, Kemakta Konsult AB,
Sweden. Many thanks also to Nagra, Nirex, Imperial College and CIEMAT for help and
support in arrangements for the Working Group meetings, and to the BIOMOVS II
secretariat, QuantiSci Ltd, for their help and encouragement.

v

,
c
£
£

c
i

56

i

c
c

BIOMOVSII
TR16

APPENDIX A
A

Derivation of Distribution for Mean of Parameters

The following is used to derive the distribution of the mean:
% = /*

(1)

and
^

(2)

For normal distributions, the coefficient of variation is given by:

For lognormal distributions the following distribution function was used:
/(*)
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The mean value is given by:
E(X) = e x p ^ + d]/2)

(5)

and the variance s:
D2(X) = exp(2/^+4)[exp(4) - 1]

(6)

and the coefficient of variation by:
For the uncertainty analysis, it is desired that the mean value of the uncertain parameters
should correspond to the value used for the deterministic analysis. This means that the
uM-values need to be adjusted for the lognormal distributions. From Eq 5 we obtain:

°-f

]-

(8)

where E(X)det is the value used in the deterministic calculations.
The oM was derived from the coefficient of variation (CV) and needed not be adjusted:
oM = Vln(CK2 + 1)

(9)
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APPENDIX B

B

Detailed model descriptions

Below follows a detailed description of the models used in the Model Complexity study.

B.I

SCK/CEN

The Studiecentrum voor Kernenergie/Centre d'etude de l'Energie Nucleaire inMol Belgium
used a compartment model with two soil layers. The model used in this study was derived
from a model used for calculating dose impacts from the irrigation pathway or from other
deposition processes. The vertical transport in the soil layers above the aquifer is assumed
to be dominated by advection; diffusion is not taken directly into account. The required
input data are:
Dj
I
Kd,ii/Kd2i
P!,p2
eue2
SlyS2
6^62

Radionuclide deposition on the soil (Bq/m2)
Water infiltration rate (m/a)
Distribution coefficients of the soil layers for nuclide i (m 3 /kg)
Bulk density of the soil layers (kg/m 3 )
Porosity of soil layers (-)
Water saturation of soil layers (-)
Moisture content of the soil layers (-)
Thickness of the root zone and deep soil layers (m)
Radioactive decay constant for nuclide i (a'1)

The o u t p u t is:
Average radionuclide concentrations as a function of time in the root zone soil
and in the deep soil.
Radionuclide flux into the groundwater as a function of time

Mathematical formulation
The rate of water infiltration through the soil column is calculated as:
/ = Infiltration - Evaparation - Rootuptake

(m/a)

The transfer coefficients for downward leaching are given as:
1

I /r\
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\
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Two cases are considered one with positive I, ie downward directed flow and a second with
negative I, ie upward directed flow.

(

Case 1.

'

Downward directed flow (Iz 0)

The concentration of the radionuclide in soil layer 1 over the first year is given by:
dx

(

over the following years n:

(

The concentration of radionuclide i in the bottom soil layer is in the first year:
Cy(l) = 0

^

and for the following years by:

C2i(n) = C^n^expl-iX^X^C^^-l^-^lexpi-XJ-expi-X^expi-X)

(

The flux of radionuclide i into the groundwater at year n is given by:
F.{n) - C2l{n)d2X2.
Case 2.

(

Upward directed flow (I <0)

The concentration of the radionuclide in soil layer 1 over the first year is given by:
Cu (1) = - i
dx
over the following years n:
d,
C];.(n) = C u (n-l)exp(-^ +C2>i(n-l)-^[l

-exp(-X2)]exp{-X)

The concentration of radionuclide i in the bottom soil layer is in the first year:
Cy(l) = °

(
(

and for the following years by:

,-

Cy(») = C2.(n-l)exp[-(X2+X)]

(

The flux of radionuclide i into the groundwater at year n is given by:
Ft(n) = 0

(
<
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Uncertainty analysis
For the uncertainty analysis the program ©Risk was used with Latin Hypercube sampling
and more than 500 simulations. All the input parameters used in the model where varied
according to the probability density functions given in the scenario description.
Two variations of executing the uncertainty analysis were made concerning the
meteorological data. In the first an infiltration rate was sampled which was assumed to
remain constant during the simulation (i.e. for 300 consecutive years). In the second, a longterm average effective precipitation rate and evapotranspiration rate were sampled and
subsequently used as mean values for new distributions describing the annual variability.
These distributions were used to sample a time series of annual infiltration rates.

B.2

AECL

The AECL soil model is based on the SCEHM (Soil Chemical Exchange of Heavy Metals)
code developed at Oak Ridge National Laboratory [Begovich and Jackson, 1975], SCEHM
is a process-oriented model that treats water flow and contaminant transport in the soil
profile in detail. It has good spatial and temporal resolution, and has been validated on a
watershed scale. The AECL version of the SCEHM code is called SCEMR (Soil Chemical
Exchange and Migration of Radionuclides) [Sheppard, 1992].
The model is one-dimensional, considering vertical flow through four or more unsaturated
soil layers. SCEMR first deals with the hydrology of the soil profile. The water content of
each layer is estimated through a water budget approach that takes into account water
introduced to the layer via irrigation or precipitation, and losses from the layer via
evapotranspiration and advection. Water potentials are deduced from these water contents
through the characteristic curve for the soil, and are used in the Darcy flow equation and the
equation of continuity (Richard's equation) to estimate the amount of water flowing
between each of the layers, and into and out of the system.
The water contents and flows are calculated on a daily basis using daily averaged values of
net solar radiation, wind speed, vapour pressure, air temperature and an effective
precipitation, Pe, defined as the difference between precipitation and surface runoff. Pe is
used instead of precipitation itself since it provides a better estimate of the water percolating
into the soil and driving the hydrology. The amount of water lost through evapotranspiration is calculated internally by SCEMR using an energy balance/ aerodynamic
approach [Cowan and Milthorpe, 1968; Tanner, 1968] that takes account of the properties
of the plant canopy. When irrigation is practised, the amount of irrigation water applied to
the soil is also calculated by SCEMR itself as the amount needed to maintain root zone soil
moisture at field capacity during the growing season.
Contaminants introduced into this flow regime are assumed to be transported by advection
with the calculated water flows. In determining contaminant concentrations, each layer is
treated mathematically as a compartment: nuclides entering the layer are assumed to be
uniformly and instantaneously mixed and thus indirectly considers dispersion. The
concentrations are calculated using a mass balance equation that takes into account
advection into and out of the layer, and the chemical exchange of contaminants between
solid and liquid phases of the soil. The sorption process is modelled using the soil
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solid/liquid partition coefficient, Kj, defined as the ratio of contaminant concentration on
soil solids to that in the pore water. The use of partition coefficients implies that sorption is
a reversible process, and that an equilibrium between solid and liquid phases is reached
instantaneously.
Since water flow controls contaminant transport, contaminants can move upward or
downward through the soil profile. For contaminants deposited on the soil surface from the
air or with irrigation water, root zone concentrations are determined primarily by
downward leaching and sorption.
During and shortly after precipitation events, water may drain through the bottom of the
fourth soil layer. It is assumed that lateral flow in the saturated overburden carries this
drainage volume away quickly enough to prevent changes in the level of the water table.
Dissolved contaminants in the drainage water are assumed to be lost from the soil profile.
This is the only loss mechanism included explicitly in SCEMR. Because the model is
one-dimensional, it cannot simulate runoff, or the loss of contaminants in runoff water or
eroding soil material. Similarly, the model does not account for losses via radioactive decay
(in the case of radionuclides), via suspension of particles or gases into the atmosphere, or via
root uptake. AECL have incorporated most of these loss mechanisms into an assessment
form of the model [Sheppard, 1992; Davis et al, 1993].
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B.2.1

Boundary Conditions and Model Parameters

SCEMR is driven by the contaminant concentration in the pore water of the soil layer that
receives the contaminant input. This concentration can be supplied in any way; for most
applications, AECL calculate time-dependent pore water concentrations using a mass
balance approach. In the case of groundwater contamination, the mass balance equation is
formulated for the bottom soil layer, and takes into account the amount of contaminant
entering the layer from the saturated overburden, losses due to advection out of the layer,
and losses due to radioactive decay where the contaminants are radionuclides. In the case
of irrigation or atmospheric deposition, the source layer is the first layer of the root zone, and
pore water concentrations are again calculated from the balance between the contaminant
flux to the layer and losses through leaching and decay. The concentration in any layer can
be held constant if desired, to simulate chronic contamination in addition to pulse inputs.
For this application, the contaminant, 700 Bq/kg, was input to the top layer (0.1 m) on the
first day of simulation, partitioned between the soil and the pore water using the Kd-values
provided.
SCEMR involves a large number of parameters that describe the properties of the soil and
of the vegetation cover it supports, the meteorological conditions, and the chemical
behaviour of the contaminant in question. Soil parameters such as dry bulk density,
moisture characteristic curve, hydraulic conductivity and so on are chosen to reflect the
properties of the particular soil type being modelled. The vegetative canopy is described by
parameters such as albedo, leaf length, leaf area index, root cross-sectional area and root
distribution with depth, which are used to calculate evapotranspiration. The required
meteorological input consists of daily averaged values of effective precipitation, air
temperature, wind speed, vapour pressure and net solar radiation for the site of interest.
Finally, appropriate values of Kd must be chosen to describe the sorptive behaviour of the
contaminant in each of the different soil layers.
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The topmost of the four soil layers treated by SCEMR is usually assumed to be a litter layer
composed mainly of decomposed plant residues, and to have the characteristics of an
organic soil. Its depth is generally fixed at 0.1 m. The bottom three layers all have the same
physical, chemical and hydraulic properties, which depend upon the overall soil type being
modelled. The second layer usually has a depth of 0.2 m, and together with the surface
organic layer, makes up a 0.3m-deep root zone, the depth is assumed when the plant
concentration ratios, CRs are used in risk assessment. Contaminant concentrations in the
root zone are calculated by taking a depth-weighted average of the concentrations predicted
for the top two layers. The bottom layer is also usually 0.2 m deep, to simulate a narrow zone
of the unsaturated profile assumed to be in equilibrium with the groundwater. The depth
of the third layer is adjusted to make up the soil profile to the full depth of interest. The Kd
value of the litter layer is set 10 times higher than the value chosen for the bottom three
layers. This reflects the high sorptive capacity of this layer, which results from its high
organic content and microbial activity. However, for this scenario the prescribed Kj-values
were used.
The final output of SCEMR is the daily time series of total nuclide concentration, considering
both solid and liquid contributions and pore water concentrations, in each of the four soil
layers. The water contents of the layers, and the water flows between layers and into the
roots and out of the system at both the upper and lower boundaries, are also available on a
daily basis.
A more detailed description of the SCEMR model is given by Sheppard [1992].

B.3

Kemakta

Kemakta Konsult in Stockholm, Sweden, has used four models of different sophistication
for the study. The uncertainty calculations have not been made for all models.
B.3.1

Analytical compartment model

A simple three compartment analytical model was used, with one compartment for the
upper root zone (0-0.1 m), one for the lower root zone (0.1 - 0.3 m) and one for the bottom
layer (0.3 - 2 m). The model allows only transfer in one direction between the compartments,
in this case directed downward. The model considers advection, sorption, and radionuclide
decay. Dispersion is indirectly considered through the assumption of mixing within the
compartments.
The transfer coefficient between the compartments is calculated from the annual average
water flow rate between the compartments, the volume of the compartment, soil density,
porosity and water saturation and the Kd-value by the following relationship:
(14)
The annual average flow rate between the compartments was evaluated using a simple
water balance. The surface contamination was initially assumed to be present in the upper
root zone.
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The uncertainty calculations were performed using the commercial program ©Risk. Latin
hypercube sampling was used varying all parameters with 500 - 2000 realizations.
B.3.2

Numerical compartment model

i
i

The numerical compartment model contained 7 compartments, three describing the root
zone and four the bottom zone. The model allows for transfer in both directions between the
compartments. The model considers advection, sorption and radionuclide decay.
Dispersion is indirectly considered through the assumption of mixing within the
compartments.

*

.

The transfer coefficients are derived in the same way as for the analytical compartment
model. In this case the water flow rates between the compartments were taken from the
annual averages from the numerical hydrological modelling, by taking the net annual
upward and downward water flow at the depth corresponding to the boundary between
the compartments.

/

^

The surface contamination was initially assumed to be present in a 0.01 m thick

^

(

compartment at the top.
B.3.3

Analytical advection-dispersion model

The analytical dispersion model used by Kemakta was specially design for this project. The
root zone is modelled as a single compartment while the transport through the bottom zone
is described by the advection-dispersion equation. The inflow to the bottom zone is
described by an exponential function, simulating the leaching of the root zone. The
radionuclide flow out of the bottom zone into the groundwater is given by an analytical
solution of the advection-dispersion equation with first order decay in a semi-infinite
medium, subject to an exponentially decaying concentration input boundary condition [van
Genuchten and Alves, 1982]. Uncertainty calculations were performed using the same
methodology as for the analytical compartment model.
B.3.4
Complex numerical model

g
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Hydrological model
In the complex numerical modelling, the hydrological conditions in the soil in the form of
time-varying water saturation levels and water flow rates are calculated using the
hydrology model TRUST [Narasimhan, 1975]. This code solves the saturated and
unsaturated flow equations using the integrated finite difference method.

*•

The basic input data needed to describe the soil characteristics are the porosity, the capillary
potential curve and the hydraulic conductivity as a function of saturation. Also, data
describing infiltration, precipitation and the geometry of the studied soil column are needed.
Furthermore, boundary conditions at the top and at the bottom have to be provided in the
form of water flow or pressure. The model also allows the use of internal sources and sinks,
for which the rate can be varied in time. The results of the hydrology calculations are then
used as input to a radionuclide transport model.

*•
,
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Radionuclide transport model
The radionuclides are assumed to be transported as solutes in the soil water by advection
and by dispersion-diffusion. The transport of the radionuclides is described by the
advection-dispersion equation. The computer code TRUMP [Edwards, 1972] was used to
solve the advection-dispersion equation. The code can take into consideration interaction
between dissolved species and solid surfaces by linear or non-linear sorption. For
unsaturated conditions and linear sorption the advection-dispersion equation in one
dimension can be written as:

where c is the solute concentration in the pore water, t is time, x is the distance, e is the
porosity, Kd is the sorption coefficient, p is the bulk density of the soil, S is the saturation
degree, DL is the dispersion coefficient, and u is the water flow rate. The degree of saturation
will affect the capacity term, i.e. the term on the left hand side, and also the dispersion
coefficient, DL.
The water flow rates and the saturation degree from the TRUST calculations are transformed
to a form suitable for TRUMP by an automatic procedure [Collin and Rasmuson, 1990].
Dispersion can be due to molecular diffusion in the fluid, velocity variations within a flow
path or velocity variations between different flow paths. The two last processes are often
referred to as hydrodynamic dispersion, which is a complex function of water velocity,
saturation and the structure of the material. The dispersion coefficient can be defined as:
DL

= au

+ DQSE

(16)

where:
a
u
DQ
S
e

is a material specific dispersion length [m]
is t h e w a t e r flow r a t e [m 3 m"2 s"1]
is the saturated pore diffusivity [m2 s"'y]
is the saturation degree
is the porosity.

Application to the Model Complexity scenario
The complex numerical modelling for the Model Complexity scenario has been performed
using three different alternatives for averaging:
annual average meteorological data
monthly average meteorological data
daily average meteorological data
A prescribed inflow at the upper surface was obtained from the effective precipitation minus
the soil evaporation. The root uptake was modelled as an internal sink, with two different
time-dependent rates depending on whether situated in the upper 0.1 meter or the bottom
o.2 meter of the root zone. The evaporation was limited when exceeding a water potential
less than -50 meters in order to avoid excessive drying.
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For the radionuclide transport calculations an initial concentration was applied to the
uppermost node in the root zone. A zero concentration boundary condition was used in the
bottom of the soil column.
The hydrological and transport modelling was performed with the same discretization
using 30 nodes in the root zone and 85 nodes in the bottom zone. The hydrological
calculations were performed until semi-stationary conditions were obtained, i.e. the same
situation at the end of the year as in the beginning of the year. Simulation of at least three
years was necessary to obtain that.

B.4

Institute of Experimental Meteorology

Hydrological calculations
The Institute of Experimental Meteorology (IEM) in Obninsk, Russia have performed two
types of simulations:
1.

Assumption of annual values of hydrological input data on the basis of Table
2.1 of the Scenario description (see main text) for four soil layers defined in the
Scenario.

2.

Application of numerical soil hydrology model to calculate water balance in
unsaturated zone using actual meteorological, vegetation and soil data.

For the first type of simulations the annual mean value of the advection rate was determined
as following for different layers:
For layer 0-0.1 m:
Vo = (Infiltration - Soil evaporation)/365 days
For layer 0.1-0.3 m
Vo = (Infiltration - Soil Evaporation - Root Uptake at 0-0.1 m)/365 days
For layer 0.3-2.0 m
Vo - (Infiltration - Soil Evaporation - Root Uptake at 0-0.3 m)/365 days
For the second type of calculations a numerical soil hydrology model was used to estimate
the variability of moisture content and fluxes and their influence on radionuclide migration
rates. IEM used the model UNSAT-H VERSION 2.0: Unsaturated Soil Water and Heat Flow
Model [Fayer and Jones, 1990]. This model provides daily values of moisture content and
fluxes on the basis of input meteorological information, which were available from Marsha
Sheppard, AECL, Canada. IEM used daily values of moisture content and fluxes as input
data for the model of vertical migration of radionuclide in soil to calculate vertical profiles
in the soil as a function of time.
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Radionuclide transport model
The radionuclide transport model used by IEM has been developed by A Konoplev and A
Golubenkov. The model is based on a numerical solution of the advection-dispersion
equation. The model w a s developed for the prediction of migration of radionuclides from
fall-out after Chernobyl. It h a s the possibility to consider radionuclides in four different
chemical forms according to the following fractions:
Ft
F2
F2*
F3
F4

incorporated in fuel particles
ionic form in soil solution
adsorbed onto soil particles by ion-exchange
absorbed onto soil particles by "irreversible" sorption
radionuclides forming a part of soluble complexes a n d colloids.

The transformation between the different forms is governed by rate constants, except for the
ion-exchange which is given b y an equilibrium constant. The fractions F 2 a n d Ft moves along
the soil profile with the soil solution, however, the movement of fraction F 2 is retarded d u e
to the ion-exchange. The other forms may move in the soil along with the particles in which
they are incorporated. The principal pathway for these species are particle penetration
through pores a n d cracks and bioturbation processes.
In the calculations for the Model Complexity scenario only fractions F 2 a n d F 2 were
considered. Furthermore, movement of soil particles or bioturbation w a s not included.
Mathematical formulation
The system of equations describing the radionuclide migration in soil have the following
form:
dFI

dt

p> I

_

u

dF-1

I r\

dx\

I

_

oFTr

dx)

I

dx

V> J/- n _V"^ fr r"

k

k

with the initial conditions:
Fi = F/6(x-0)
and boundary conditions:
Fi = 0 at x=°°
The effective rate of radionuclide advection was calculated as:

Vr=VJR
The retardation factor was calculated as:
R = l+pKj6
For the first stage of calculations IEM assumed mean values of moisture 6, which were
obtained from soil water saturation data given in the Scenario Description (see main text).
The Kd-values from the Scenario description were used.
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Dispersion coefficient is given by D = Dr + Du where the first term on the right hand side
takes into account the molecular diffusion and the second the hydrodynamic dispersion.

{

The diffusion coefficient is dependent on moisture and retardation factor as:
Dr =

Dod7/3/R

where Do is the diffusivity in saturated soil (see Table 3).
The contribution due to hydrodynamic dispersion is given by:

C

D, = LV,
where, L is the dispersion length and Vr is the effective rate of radionuclide advection.
Uncertainty analysis
IEM have provided uncertainty estimation on the basis of the assumption that the only
source of the uncertainty is parameter value scattering, since only this source has a stochastic
nature. IEM used the approach recommended in BIOMOVS-II [1993], based on numerical
modelling. Parameters which were varied in the daily calculations where: the parameters
determining the soil capillary characteristics, van Genuchten n and a, and the Kd-values.
They did not use all the distribution parameters provided in the scenario description (Table
2.6), since they thought that this approach was not valid for annual parameter values. The
parameter estimation for this model was made on the basis of a set of radionuclide
experimental profiles. It was assumed that model parameters D and V have a Normal PDF
with CV = 0.3. To date IEM could not tabulate PDFs for the point estimates and their 5% and
95% confidence limits because it required excessive computation times. For the same reason
only 20 random variations were analyzed.

B.5

Institute of Environmental and Engineering Research

The Institute of Environmental and Engineering Research in Romania (IEER) has provided
data from a two box model. The radionuclide content in the root zone and the bottom zone,
and the flux to the groundwater was calculated using an analytical solution.

B.6
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The JAERI model [Togawa, 1995] for estimating the downward migration of deposited
radionuclides into soil is a modified version of the methodology which is used in the
computer code MLSOIL [Sjoreen et al, 1984]. The original version of MLSOIL was developed
at Oak Ridge National Laboratory in the USA.

^
,

The model of radionuclide transport through soil that is implemented in the MLSOIL code
is a five compartment linear transfer model, which could represent the migration through
an undisturbed agricultural land such as a pasture ground and a fruit garden. The
movement of radionuclides through the soil column is represented in the model by a series
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of transfers between compartments of various sizes. Within each compartment, the
radionuclides are assumed to be uniformly mixed. It should be noted that there is no
upward transfer. The rates of transfer between the various compartments are determined
by the transfer coefficients, fy. The rate at which the migration takes place is dependent upon
several factors, including the compartment thickness, the chemical form of the radionuclide,
soil composition, climate and rainfall.
The change rate of the radionuclide concentration is given by:

H y b^x.cAi)
at

k

where
is the concentration of radionuclide in box 1 [Bq/m3]
is the input rate of radionuclide i in box 1 [Bq/s]
is t h e decay constant of radionuclide i [s"1]
is t h e transfer coefficient of radionuclide i from layer 1 t o layer 2 [s"1]
is the branching ratio of radionuclide k to i.

Cm
Qm
Xi
k,I j
bkl

Analogous equations are set up for the remaining layer of the model. The concentrations of
all radionuclides in all layers at time t are obtained by solving the set of simultaneous
equations.
Migration of radionuclides in soil has been studied only for a limited number of elements.
As a result, there is only a very limited empirical database to derive values of the inter-layer
transfer coefficients. Therefore, a model of migration removal rate constants is adopted in
the MLSOIL code. The transfer coefficient is element specific and is given by:

dd 1

+

^

L

where
Ar,y
P
E
d
p
0
kd

is the transfer coefficient for element i between soil layers; and;+2 [s"1]
is the annual average precipitation [cm / a]
is the annual average evapotranspiration [cm /a]
is the thickness of the soil layer; [cm]
is the bulk density of the soil [g/cm 3 ]
is the volumetric water content of the soil [ml/cm 3 ]
is the distribution coefficient of radionuclide i [ml/g]

The original version of MLSOIL uses single default values for p, 0 and kd, assuming that the
characteristics of the soil are uniform over the depth to be assessed. In the modified version,
however, the user can input site specific data for each soil layer instead of the single default
values.
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B.6.1

Parameter values and assumptions

In the calculations by the JAERI model, the root zone and the bottom layer of soil are divided
into five compartments as follows:

,
{
(

1st layer:
2nd layer:
3rd layer:
4th layer:
5th layer:

0-1 cm
1-10 cm
10-30 cm
30-100 cm
100-200 cm

*
(

<-

The values of various parameters given in the scenario description were used to calculate
the transfer coefficients between the soil compartments. In the computations of the transfer
coefficients, MLSOIL utilizes the annual average hydrological data. It is also assumed that
the water content of the soil is constant throughout the year.
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Imperial College

The Department of Civil Engineering at Imperial College of Science, Technology and
Medicine, London, UK, has used a soil-plant-water model and solute transport model
developed as a part of Nirex Safety Assessment and Research Programme. The model has
been used to simulate the lysimeter experiments which are used for an other subgroup
within the Uncertainty and Validation Group of BIOMOVS II [1996d].
Hydrological model
The hydrological model is referred to as SPWl [Karavokyris et al, 1990]. The transport of
water through soil is represented by Richards equation, which is based on an extension of
Darcy's law to unsaturated condition, ie the flux is linearly related to the gradient in the total
potential. The total potential accounts for both gravity and soil-matrix forces. The constant
of proportionality, hydraulic conductivity (iC), as well as the moisture content (6) are
functions of soil water pressure (or ma trie) potential (i|r). The one-dimensional form of the
Richards equation for vertical soil water flow including losses due to root uptake is:

where D(¥,z) = —
The model requires as input data functions giving the dependencies of soil moisture content
and hydraulic conductivity on matric potential. In order for root uptake to be modelled
explicitly information on UJifr,z) is required. For the Model Complexity scenario, the
parametric relationships given in the scenario description were used.
The equation is numerically solved by discretization onto a vertical grid mesh using an
automatic variable-order, variable-timestep integration routine to obtain the timedependent behavior of the matric potential. For the Model Complexity scenario a mesh of
100 nodes of height of 2 cm was used.
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The lower boundary condition was defined by a constant pressure head at a depth of 2 m,
representing the presence of a saturated zone. The upper boundary condition was a
specified flux condition representing the net difference between the rainfall precipitation
and soil evaporation fluxes. The SPW1 used the scenario data given on a daily basis.
Solute transport model
The solute transport model SLT1 [Butler and Wheater, 1991] is based on the advectiondispersion equation. The rate of change of contaminant stored within a unit volume is given
by the divergence of an advective flux due to bulk water movement (J^) and a dispersive flux
(Jd) resulting from a combination of molecular diffusion and mechanical dispersion. The
contaminant is assumed to be partitioned between solute and sorbed phases, on the basis
of a linear partition coefficient (Kd).
The basic model equation, taking into account losses due to root uptake (IQ and radioactive
decay, takes the form:
a[(6 + pKjc]
\
d(
dc
Jl
ZLAJ
= .£. QDh— - qc\ - Us - X(6 + p / Q
dt
dz\
dz
j
where
6
ps
c
q
A

is the soil moisture content
is the bulk density of the soil
is the concentration of contaminant in soil water (Bq cm"3)
is the Darcy water flux
is the decay constant

The hydrodynamic dispersion coefficient (Dh) is given by the sum of the effective soil
molecular diffusion coefficient (D^) and the mechanical dispersion coefficient (Dd):

where dL is the soil dispersivity or dispersion length.
Time-dependent solutions are obtained using the same procedure as that adopted for the
soil-plant-water model (SPW1). The solute transport model is driven by the hydrological
outputs of SPW1.
Imperial College have performed both deterministic calculations and for the radionuclide
transport an uncertainty analysis. The uncertainty analysis is performed by Latin
Hypercube simulation.
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APPENDIX C

List of Contributors

This reports presents the condensed results of many modelling groups' long and hard
labour. Behind all this are hours of hard work, mountains of computer listings and
piles of faxes and letters. The following persons have participated in the modelling
work that has made this possible:
Organisation

Name
Theo Zeevaert

Studiecentrum voor Kerneenergie, Belgium

Marsha Sheppard

Atomic Energy of Canada Ltd., Canada

Janice Hawkins

Atomic Energy of Canada Ltd., Canada

Adrian Butler

Imperial College, UK

Jining Chen

Imperial College, UK

Alexei Konoplev

Institute of Experimental Meteorology, Russia

A Golubenkov

Institute of Experimental Meteorology, Russia

Y Onishi

Pacific Northwest National Laboratory, USA

LVail

Pacific Northwest National Laboratory, USA

Orihiko Togawa

Japan Atomic Energy Research Institute, Japan

Constantin Dovlette

Institute of Environmental Research and
Engineering, Romania

Mark Elert

Kemakta Konsult AB, Sweden

Maria Lindgren

Kemakta Konsult AB, Sweden

Celia Jones

Kemakta Konsult AB, Sweden

Frits van Dorp

Nationale Genossenschaft fur die Lagerung
radioaktiver Abfalle, Switzerland

S L Neal

University of Bath (QuantiSci Ltd), UK
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