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BIOMOVS II

Preface

BIOMOVS II (BlOspheric MOdel Validation Study phase II) 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 0, covered 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. This particular BIOMOVS II
Technical Report describes the application of various water flow and radionuclide transport
models, used in assessment work, to a restricted experimental data set derived from vegetated
soil lysimeters designed to investigate the migration and uptake of radionuclides from a
contaminated near-surface water table. The primary authors and investigators were Dr Adrian
Butler and Dr Jining Chen of Imperial College of Science, Technolgoy and Medicine, London.

The views expressed in this report are those of the participants and not necessarily the
organisations they work for.



Executive Summary

Model Uncertainty and Validation was one of the four themes of BIOMOVS II which had been
identified by the programme's steering committee. It arose out of a concern that biosphere
assessment models are generally simplified representations of highly complex environmental
systems which, therefore, include a degree of uncertainty in their outputs. This uncertainty may
be due to inadequate representations of the physical, chemical and biological processes; issues
associated with scaling up highly non-linear systems; problems of model identification, in
particular user interpretation. Therefore, during the course of the 5 year (1991-1996) BIOMOVS
II programme a number of working sub-groups were established to address these issues. This
document is the final report of the Prediction of Upward Migration of Radionuclides in
Lysimeters sub-group which was established towards the end of the programme, late in 1994. It
describes the 'blind' application of various hydrological and radiochemical transport models to
experiment data derived from vegetated lysimeters.

In order to investigate soil-to-plant transfer processes affecting the radionuclide migration from
contaminated near-surface water tables into arable crops, a lysimeter experiment has been
undertaken at Imperial College, funded by UK Nirex Ltd. Detailed observations of climate, soil
hydrology* plant growth and radiochemical migration were collected on the uptake of various
radionuclides by a winter wheat crop (Triticum Aestivum var. Pastishe). A selected set of data
was made available to members of BIOMOVS II in order to allow them to test relevant
components of current versions of assessment code. This was a challenging task owing to the
rather unusual experimental design, in particular, the introduction of radionuclides at the base
of the lysimeter, 5 cm below a fixed water table, and their subsequent upward migration through
the soil. The comprehensive hydrological data set available provided various modellers,
particularly those involved in tritium assessment, with the opportunity to test this component of
their codes. In total six groups participated in the study, three groups undertaking solely
hydrological simulations, the other three also including radionuclide transport.

One factor which was soon identified was, owing to previous applications and development
objectives, some of the models had structural forms which were inappropriate for the lysimeter
scenario. In many cases participants found that they had difficulty applying the fixed water table
and specified concentration boundary conditions to their models. This immediately introduced
a degree of uncertainty into the model simulations. In other instances the onset of free drainage
once the soil moisture reached a specified 'field capacity' led to marked discrepancies between
simulated and observed hydrological data. In addition, the manner in which this free drainage
mobilised radionuclides also had an important bearing on soil radioactivity profiles.

The manner in which modellers selected parameter values was an important aspect of the user
interpretation component of the study. Where appropriate, modellers sought to derive parameter
values from the supplied data. However, in one instance a more generic approach to the
identification of hydrological parameters resulted in model behaviour which was markedly
different from the experimental data. This identified a discrepancy in the soil physical textural
analysis and the measured hydraulic parameters compared with standard classification schemes.
The effect of user interpretation on parameter selection was also clearly seen in the choice of the
soil sorption Kj values. One group tended to take a rather conservative view in order to provide
a 'worst case' scenario, whereas in the other erred towards significantly higher values.

ii



BIOMOVSII
TR15

The degree of discretisation used by the various models played an important role in the dispersive
transport of radionuclides up the soil profile. This, in turn, revealed a strong dependency between
numerical dispersion and sorption. This result has illustrated the need for care when using
literature values o

In summary, therefore, it was felt that, although the project was rather ambitious given the
restricted time available, the work has, nevertheless, yielded some important results. The problems
of validating assessment models against real data, which is, itself, subject to a degree of
uncertainty and ambiguity owing to issues of measurement and sampling error, has been
demonstrated. In addition, it has also highlighted the uncertainties associated with model structure
and the difficulties of selecting a priori parameter values.

in



BIOMOVS II
TRI5

Contents

Page

Preface i
Executive summary ii
List of tables v
List of figures v

1. Introduction 1
2. The Imperial College Lysimeter Experiment 1
3. Objectives of BIOMOVS II Lysimeter Subgroup 2
4. Model Specification of the Lysimeter Scenario 11

4.1 Discretisation 11
4.2 Hydraulic Conductivity 14
4.3 Soil Moisture Characteristic 15
4.4 Soil Porosity, Field Capacity and Bulk Density 21
4.5 Sorption and Dispersion 22
4.6 Boundary and Initial Conditions 23

4.6.1 Hydrological Boundary Conditions 23
4.6.2 Radiochemical Boundary Conditions 24
4.6.3 Initial Conditions 24

5. Results and Discussion 25
5.1 Hydrological Simulations 25

5.1.1 B oundary Fluxes 25
5.1.2 Soil Water Potential 3 2
5.1.3 Soil Moisture Content 47
5.1.4 Discussion 5 4

5.2 Radiochemical Simulations 56
5.2.1 Na-22 57
5.2.2 Cl-36 64
5.2.3 Tc-99 68
5.2.4 Cs-137 72

6. Conclusions 77
References 78
Acknowledgements 80
Appendix A. Terms of reference 81
Appendix B. Model descriptions 87

IV



BIOMOVSII
TRI5

List of Tables Page

Table 4.1 Summary of Models Used in the Lysimeter Study 11
Table 4.2 EcoSafe model A and B values for moisture characteristic curve 20
Table 4.3 Kd values used in the AECL SCEMR model simulations (nxVkg) 22
Table 5.1 Summary of hydrological simulation results 25
Table 5.2 Summary of the Sampling Data of Soil Cores in Lysimeters 56
Table 5.3 Summary of Radionuclide Simulation Results 56

Lists of Figures

Figure 2.1 Lysimeter water table level control system 3
Figure 3.1 Cumulative rainfall and potential evaporation data 5
Figure 3.2 Soil moisture characterisation date for deep lysimeter 6
Figure 3.3 Radiochemical concentrations at the Geotex 7
Figure 4.1 Discretisation of deep & shallow lysimeters 12
Figure 4.2 Specification of saturated hydraulic conductivity (cm/hr) 16

for deep & shallow lysimeters
Figure 4.3 The specification of porosity (%) and field capacity (%) 18

for deep & shallow lysimeters
Figure 5.1 Simulation of cumulative water flux into deep lysimeter 27
Figure 5.2 Simulation of cumulative water flux into shallow lysimeter 28
Figure 5.3 Simulation of actual cumulative evaporation in deep lysimeter 29
Figure 5.4 Simulation of actual cumulative evaporation in shallow lysimeter 30
Figure 5.5 Revised simulation of cumulative water flux into deep lysimeter 31
Figure 5.6 Simulation of water potentials in deep lysimeter 34
Figure 5.7 Simulation of water potentials in shallow lysimeter 40
Figure 5.8 Simulation of water potentials in deep lysimeter by OPUS model 43
Figure 5.9 Simulation of water potentials in deep lysimeter by EcoSafe Model 44
Figure 5.10 Simulation of water potentials in deep lysimeter by AECL model 45

with increased field capacity
Figure 5.11 Simulation of water potentials in deep lysimeter by AECL model 46

with increased hydraulic conductivity
Figure 5.12 Simulation of water contents in deep lysimeter 49
Figure 5.13 Simulation of water contents in deep lysimeter by OPUS model 53
Figure 5.14 Simulation of Na-22 specific activity for deep lysimeter 59
Figure 5.15 Simulation of Na-22 specific activity for shallow lysimeter 61
Figure 5.16 Sensitivity of Na-22 specific activity to Kd in CEEMAT/IMA model 63
Figure 5.17 Simulation of Cl-36 specific activity for deep lysimeter 65
Figure 5.18 Simulation of Cl-36 specific activity for shallow lysimeter 67
Figure 5.19 Simulation of Tc-99 specific activity for deep lysimeter 69
Figure 5.20 Simulation of Tc-99 specific activity for shallow lysimeter 71
Figure 5.21 Simulation of Cs-137 specific activity for deep lysimeter 73
Figure 5.22 Simulation of Cs-137 specific activity for shallow lysimeter 75



BIOMOVSII
TR15

1. Introduction

Due to incomplete knowledge and lack of appropriate data, uncertainty dominates the risk (safety)
assessment of radionuclide migration in the biosphere. This, therefore, raises the need for
quantifying the validity of the mathematical models which underpin these procedures. It is not
surprising that over the last decade discussions related to model uncertainty and validation have
been the focus of debate concerning model development and application between scientific
communities and policy makers. The BIOMOVS II programme has sought to address this issue
through the Model Uncertainty and Validation working group, from which a number of
subgroups have been set up to investigate the effects of user uncertainty, model complexity and
model structural validity.

BIOMOVS II, acting as an international forum for the exchange of ideas, experience and
information, provides an ideal platform, on which different participants can test the same or
different models against an identical scenario or specific case. The comparison of model and user
performance was expected to effectively illustrate and evaluate the major sources of model
uncertainty and prediction discrepancy, in order to improve confidence in the understanding of
the environmental behaviour of radionuclides in the biosphere. The subgroup entitled Prediction
of Upward Migration of Radionuclides in Lysimeters was formed to serve as one of the above
test platforms. Its scenario was to examine different soil water flow and radionuclide transport
models in an unsaturated soil using data from lysimeter experiments. Complementary to its sister
working subgroup The Effects of Complexity on Model Uncertainty in which a hypothetical
scenario has been devised, the lysimeter study provides a more reliable and persuasive component
to the discussion of validation and uncertainty issue via its true "test bed" nature.

This document is a technical report of the lysimeter working subgroup. It is organised as follows.
In section 2 a brief introduction to the lysimeter experiments conducted at Imperial College is
presented. This is followed by a description of the technical design of the test scenario in section
3, along with a summary of the information provided to the participants. As the models tested in
the lysimeter study were structurally quite different and since participants may conceptualise the
behaviour of the lysimeter system in different ways, section 4 describes the assumptions and
parameter values for each model. The major content of this report, the assessment of the models'
performance against the observed data, is discussed in section 5. Conclusions drawn from the
study are summarised in section 6. Finally two appendices are provided. The first outlines the data
which the participants received, the second gives concise summaries of the participants' models.

2. The Imperial College Lysimeter Experiment

Since 1988 Imperial College has been conducting an experimental and modelling research
programme into the transport of radionuclides in the near-surface environment as part of the Nirex
Safety Assessment Research Programme (NSARP). These studies have concentrated on the
identification of key processes governing the movement of radionuclides through the unsaturated
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zone and their subsequent uptake and redistribution by vegetation. They have resulted in the
development of a comprehensive experimental data base on a vital component of the biosphere
which has a major control on the transfer of radionuclides from near-surface water tables into
vegetation and, hence, the food chain. A subset of the data base was selected for the subgroups
test scenario.

The central feature of the research work was the construction and operation of a purpose built
lysimeter facility at the College's Field Research Station at Silwood Park, near Ascot, Berkshire,
England. This was used to investigate the movement of selected radionuclides through the vadose
zone and into plant crops. This first phase of the experiment involved eight 1.66 m2 lysimeters
with two fixed water table depths of 35 and 65 cm, which were maintained at an elevation of 5
cm above the base of the soil, using an automated water table control system (Figure 2.1). This
control system was also used to introduce a cocktail of 7 radionuclides (Na-22, Cl-36, Co-60, Tc-
99, Cd-109, Cs-134, Cs-137) into the soil through the base of the lysimeter. The lysimeters were
filled with a sandy loam soil, obtained from Silwood Park, which was used to support a winter
wheat crop. Detailed measurements of meteorological, hydrological, biological and radiochemical
data were made and archived. Fuller descriptions of the design and operation of the experimental
facility are given in Burne et al. (1994) and Wadey et al. (1994). The Phase I experiment ran for
a period of 4lA years (April 1990 to July 1994) and included 5 crop harvests.

3. Objectives of BIOMOVSII Lysimeter Subgroup

The aim of the lysimeter scenario was to allow participating groups in the BIOMOVS II
programme to undertake model simulations of the lysimeter data, given information on the time-
dependent boundary conditions, soil properties and plant growth parameters. The study was
expected to achieve the following four objectives:

(i) to assess the validity and reliability of the tested models;

(ii) to identify major errors associated with model structure and the specification of model
parameters compared with observations;

(iii) to recommend methods for improving the validity of the tested models; and

(iv) to obtain further insight into the lysimeter experimental results through the application of
different model conceptualisations.

A staged programme of work had been originally devised. Participants were required to first
undertake a "blind" simulation of the soil hydrology within the lysimeters, and then, if able, to
simulate the vertical migration of four different radionuclides (Na-22, Cl-36, Tc-99, Cs-137)
through the soil column. This would provide an opportunity to assess not only the models'
capabilities, but also the expert judgment of the modellers. A second stage was then included,
which allowed the participants sight of the experimental results for the first year. This gave them
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an opportunity to calibrate their models and resubmit a revised simulation. Comparison of results
from the two stages would, therefore, reflect the importance of model calibration and the scale
of user uncertainty.

Although BIOMOVS II commenced in 1991, the lysimeter working subgroup was only formed
in October 1994, two years prior to the end of the programme. As a result of this time constraint,
a strict calibration exercise was found to be unrealistic for most participants. Consequently, only
a few additional, yet purposely designed, model simulations have been conducted in order to
verify conclusions drawn from the first stage, where appropriate, these initial and revised
simulations are discussed jointly.

A comprehensive data set was provided to the members of the lysimeter working subgroup (see
Appendix A). It included rainfall and potential evaporation rates (Figure 3.1) at a time resolution
down to 0.1 day, soil physical properties, soil hydraulic properties (Figure 3.2), crop growth
measurements and lower boundary concentrations for the radionuclides: Na-22, Cl-36, Tc-99 and
Cs-137 (Figure 3.3a-d). Estimates of data uncertainty, where available, were also supplied. The
participants were required to submit model outputs for specified endpoints for comparison against
observed values. In addition, key parameter values (e.g. sorption coefficients) were not supplied
to the users, in order to ascertain the influence of user uncertainty given limited information.
However, participants were encouraged to provide results for ranges of parameter values in order
to assess sensitivities and user confidence in a priori data.



Figure 3.1 Cumulative Rainfall and Potential Evaporation Data
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Figure 3.2 Water Moisture and Water Potential in Deep Lysimeter
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Figure 3.3a Na-22 Concentrations at the Geotex
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Figure 3.3b Cl-36 Concentrations at the Geotex
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Figure 3.3c Tc-99 concentrations at the geotex
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Figure 3.3d Cs-137 Concentrations at the Geotex
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4. Model Specification of the Lysimeter Scenario

A total of six organisations participated in the lysimeter study. The models employed were all
existing codes which had been developed and used in previous assessment studies. These
applications were generally very different to the lysimeter scenario. The exercise was, therefore,
a useful test of the flexibility and robustness of these models. However, it did mean that in some
cases participants were applying models with less than ideal structures and information. The range
of model's used encompassed a wide degree of complexity, e.g. from simple box transfer
conceptual models to physically-based numerical models. A summary is given in Table 4.1, more
detailed descriptions are provided in Appendix B.

As outlined in the previous section, one of the major objectives of the lysimeter study is to assess
the uncertainty from the expert judgment of the modellers. This was achieved by letting the
participants decide how they were going to represent the lysimeter system given the information
provided. The model assumptions and parameter values which were adopted by each participant
are, therefore, described below.

Table 4.1 Summary of Models Used in the Lysimeter Study

Model

SCEMR

OPUS

CEEMAT

EcoSafe

UFOTRI

TRUMP

TRUST

Group

AECL

Bremen

CEMAT/IMA

EcoSafe

FZK

Kemakta

Kemakta

Category

Hydrology +
Radio, transp.

Hydrology

Radio transp.

Hydrology

Hydrology

Hydrology

Radio, transp.

Type

Compartment

Unsat-flow

Compartment

Compartment

Compartment

Unsat-flow

Advec-Disp.

Time disc ret.

Daily

Daily

Daily

Daily

Daily

Monthly

Daily

Solution

Numerical

Numerical

Analytical

Numerical

Numerical

Numerical

Numerical

4.1 Discretisation

To simulate the vertical distribution of soil water status and radioactivity in the lysimeters, all
participating models had to first physically conceptualize the lysimeters into a series of vertical
finite elements or compartments. These are shown in Figure 4.1. The finest discretisation was that
used by the Kemakta model (a uniform element thickness of 1 cm), whereas the FZK and AECL
models used four coarser elements up to 35-40 cm thick. This reflects the fact that the FZK model
was solely developed to simulate the hydrology of the upper layers of the soil profile. In the case

11
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Figure 4.1a The discretization of deep lysimeters
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of the AECL model this was a legacy of the model's original design, namely for simulating the
movement of radionuclides leached from the soil surface down to a deep underground water table
via two vegetation zones (i.e. the top two layers).

OPUS, developed by Smith (1992), the model selected by the University of Bremen, automatically
discretises the problem according to the provided information on soil properties and plant growth
for different soil layers. Its grid is somewhat more coarse than that used by the Kemakta model.
CEMAT/EMA and EcoSafe used compartmental models, where the number of boxes is specified
by the user. In both cases a uniform compartment thickness of 10 cm was selected.

4.2 Hydraulic Conductivity

Figure 4.2 shows the specified saturated soil hydraulic conductivities over different layers for the
various hydrological models. The values of the AECL, EcoSafe and Kemakta models are, in
general, those provided to the users. The only exception is the Kemakta model's deep lysimeter
15-25 cm layer, where interpolation is used to smooth an abrupt change in the observed hydraulic
conductivities. Two points need to be emphasized concerning the observed saturated hydraulic
conductivity data, which were obtained from falling head permeameter tests on extracted soil
cores. First, they show significant variation layer to layer. This appears to be at variance with
other, more uniform, measured properties (e.g. particle size distribution). Second, the mean
saturated hydraulic conductivity of the deep lysimeter bottom layer of 0.03 cm/hr, is well below
those for sandy loam reported in the open literature. This is believed to be due to soil compaction
and settlement which occurred during the first year of the experiment.

The above data had caused some participants to question the accuracy of the measured saturated
hydraulic conductivities. Two of them, therefore, used alternate ways of estimating the saturated
hydraulic conductivity. In the FZK model, a value equivalent to 0.042 cm/hr was applied to all
the soil layers in both deep and shallow lysimeters. This value, though still regarded as being
rather low, was recommended by Walley and Hussein (1982), who estimated it from several
observed data sets in the 1960s. In the Bremen model, saturated hydraulic conductivities,
appropriate to the porosity and particle size distributions provided, were selected according to
user experience. These were significantly larger than the observed values.

For obtaining unsaturated hydraulic conductivities, various functions were utilised. The AECL,
EcoSafe and Kemakta models, all used the iterative method by Green and Corey (1971); while
in the FZK model, the function proposed by Gardner (1958) was selected, i.e.

where K is the unsaturated hydraulic conductivity (mm/day), afc and P are soil specific constants
with values of 3.5-104 and 3.5-103 respectively.

In the OPUS model, the unsaturated hydraulic conductivity is quantified by the following function
based on the provided particle size distribution and porosity specification (Rawls and Brakensieck,

14



BIOMOVSII
TR15

1985). i.e.

e-e
K=K -s 6 - e

s r

where

and Kj is the saturated hydraulic conductivity and X a soil constant.

Finally, it is important to realize that due to the controversy over the observed saturated hydraulic
conductivity, a large degree of user uncertainty was introduced into the lysimeter simulations.
Model structural uncertainty may also be present since different hydraulic functions have been
selected in different models.

4.3 Soil Moisture Characteristic

A large data set, containing simultaneously measured soil water content and matric potential at
10 cm depth intervals for both deep and shallow lysimeters, was provided to the participants for
soil moisture characterisation. However, as the maximum suction which can be measured using
a standard suction tensiometer is approximately 800 cm.H20, the data set only spanned a
somewhat restricted range of moisture content/suction pairs. This provided a challenge to the
participants in deriving moisture characteristic curves and was, therefore, likely to introduce a
large (structural/user) uncertainty into the simulation process. In addition, the TDR derived
moisture contents for the shallow lysimeters data were very noisy making derivation of a
deterministic moisture characteristic extremely difficult.

In the AECL model, nine pairs of soil moisture and water potential data were selected for each
soil layer in the deep lysimeters using expert judgement. The selected pairs were then used in the
form of a look up table to obtain the moisture characteristic for each layer. Such an approach can
effectively screen out any unsuitable data, however, it is highly dependent upon the subjective
preference of the modeller and could, therefore, introduce user uncertainty.

In the EcoSafe model, moisture characteristic curves were also derived for each layer of both
deep and shallow lysimeters. Different from the AECL model, however, it used all of the provided
data (except a few identified outliers) to fit through optimization the following function.

i|r=A+Bln6

Where ij; is the matric potential, 0 is the moisture content and A and B are empirical constants
(summarised in Table 4.2). From table 4.2 it is evident that there are large differences in the
estimated A and B values both between lysimeters and from layer to layer. This is due to the
limited range and degree of variation in the observed data. The results also suggest that the
EcoSafe moisture characteristic curves might contain a large, yet unknown, parameter
uncertainty, if the optimized deterministic curve was used.

15



BIOMOVSII
TRI5

Figure 4.2a The Specification of saturated hydraulic
conductivity (cm/h) in deep lysimeters
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Figure 4.2b The specification of saturated hydraulic
conductivity (cm/h) in shallow lysimeters
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Figure 4.3a The Specification of porosity (%) and field
capacity (%) in deep lysimeters (porosity/field capacity)
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Figure 4.3b The specification of porosity (%) and field capacity
(%) in shallow lysimeters (porosity/field capacity)
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Table 4.2 The A and B values in the EcoSafe model for the soil moisture
characteristic curve

Soil Depth

0-15 cm

15-25 cm

25-70 cm

• Deep Lysimeter

A

-976.26

-279.80

-190.47

B

289.12

77.50

49.46

Soil Depth

0-10 cm

10-20 cm

20-40 cm

Shallow Lysimeter

A

-56.93

-34.42

-12.86

B

9.541

5.420

2.073

To avoid the above limitation the Kemakta model, which was only used to simulate the deep
lysimeters, concatenated all the data to produce a single characteristic curve. This helped to
reduce the estimated parameter uncertainty, particularly in the deep layers where variations in the
observed data were very limited (see Figure 3.2). However, it implicitly assumes that the water
retention process in the deep lysimeters is homogenous and that spatial variability can be
neglected.

Both the Bremen and FZK models have discarded the provided data, thereby avoiding the use of
any observed uncertain information, and derived the water characteristic in an alternate manner.
In the Bremen model, the moisture characteristic curve was formed from soil texture information
using the following modified Brooks and Corey equation.

_e-eL_
6-0

s r
in which 6r is the residual water content; S 0 , the saturated water contend i|r, the air entry
potential; X, the pore size distribution parameter; and c, an empirical parameter (assigned as 5.0).

In the FZK model, the following function has been used for values of ij; in mm:

ij;=1.5-10sf(S)=1.5-105Sa+bs+cSn

with

where 6s=0.45, 6r=0.1, a=2.1, b=13.5, c=9.4 and n=6.2.

Although the above function has been successfully tested on British soils, the large amplification
factor of 1.5-105 exerts a major influence on the relationship (see section 5.1.2).
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Finally, it should be noted that none of the hydrological models allowed for hysteresis in the soil
moisture characteristic curve, which was one of the sources of variability in the supplied
characteristic data.

4.4 Soil Porosity, Field Capacity and Bulk Density

In addition to hydraulic conductivity and water retention, another important parameter required
for simulating radionuclide migration is soil porosity. Although this could be derived solely from
the moisture characteristic data, observed porosity measurements for different layers, using
gravimetric analysis, were also supplied to the participants. This, in turn, provided the participants
with further uncertainty owing to some discrepancies between the two sets of data. The saturated
moisture contents measured in situ using a neutron probe tended to give larger porosity
measurements than those obtained from core samples taken at the end of the experiment. This
discrepancy could be due to an over-estimation of the water content by the neutron probe,
however, there is also a scaling and sampling aspect to the problem. The porosities were obtained
from the 5 cm diameter extracted cores whereas the neutron probe samples a roughly spherical
volume some 15 cm in radius.

In the Kemakta, Bremen and CIEMAT/EMA deep lysimeter simulations, observed porosities have
been used, while in the EcoSafe model values derived from the moisture characteristic data were
selected. In addition, in the shallow lysimeter simulation by CEEMAT/IMA, a uniform porosity
over soil depth has been applied; the value is the same as that observed at the top of the soil
profile. As shown in Figures 4.3a&b, the differences are rather low in the top layers of the deep
and for all layers of the shallow lysimeter s. They are, however, considerably larger in the bottom
layers of the deep lysimeters. In the FZK model, an homogenous porosity, similar to the observed
porosity in the top layer of deep lysimeters, has been employed based on soil texture data. Since
the FZK model is only focusing on hydrology in the top soil layers, errors resulting from any
incorrect specification of porosity in the deep layers would be rather limited.

No information related to field capacity was given to the participants. However, the AECL,
OPUS and EcoSafe models require estimates for this parameter in their model formulations.
Hence, these parameter values have been selected from experience. As shown in Figures 4.3a&b,
field capacity is only significant in the top layers of the Bremen and EcoSafe models. While in the
AECL model, field capacity has been assumed to play an important role in all layers. The different
conceptualisations of water retention and field capacity provide an opportunity to assess the
significance of the inclusion of field capacity on model performance and structural uncertainty.

Finally, for simulating radionuclide migration and for the OPUS hydrological model, bulk density
is also required. Since it is a relatively straightforward procedure to obtain accurate bulk density
measurements, it is not surprising that the relevant models have used the provided data without
alteration.
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4.5 Sorption and Dispersion

In order to model radionuclide migration two other parametric relationships are generally
required. The first is a sorption coefficient (which, without additional information, is generally
assumed to be a linear, equilibrium isotherm, characterised by the distribution coefficient Kd).
Although it is well known that K^ is a key parameter for simulating the migration of
radiochemicals in soils, estimates were not provided to the participants in order to allow them to
use their expert judgment in selecting values appropriate for the specified soil type and
radionuclides.

In the Kemakta model a conservative assumption has been used for Kd values in order to enhance
the mobility of the simulated radionuclides and thereby provide a worst case scenario (from a dose
assessment viewpoint). Thus, the specified Kd values tend to be rather low. A value of 0.1 mVkg
was used for Cs-137, whilst Na-22 and Cl-36 were treated as conservative (i.e. K,, = 0.0). It was
assumed that the Kd values did not vary with depth. By contrast, the values for the AECL
simulations tended to be rather large and thus formed a slow (or more optimistic) migration
scenario. Their values are summarised in Table 4.3. Two simulation scenarios, labelled AECL (I)
and AECL (II), have been used for the prediction of Tc-99. One is characterised by uniform
sorption with depth while the other employs a much higher sorption coefficient in the bottom two
layers - reflecting the exotic redox-dependent nature of this element.

Table 4.3 K^ values used in the AECL SCEMR model simulations (nvYkg)

Layer

1

2

3

4

Na-22

2.6

2.6

2.6

2.6

Cl-36

0.8

0.25

0.25

0.01

Tc-99 (I)

0.5

0.5

0.5

0.5

Tc-99 (II)

0.5 •

0.5

5

5

Cs-137

5.6

5.6

5.6

5.6

The CIEMAT/IMA model simulations, recognising the large uncertainty often associated with
sorption parameters, have submitted results for a range of Kd values. This sensitivity analysis also
helped to give a clearer understanding of the CIEMAT/IMA model structure.

The second parametric relationship is for the effects of dispersion arising from differential
radionuclide migration at the sub-grid scale. This was only explicitly required in the Kemakta
model structure and was calculated using the following, widely accepted, formulation.

DL=a|u0|+D0Sn
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where:
a = longitudinal dispersivity (m)
u0 = pore water velocity (m/s)
Do = saturated pore molecular diffusivity (m2/s)
S = Degree of saturation (-)
n = porosity (-)

Based on experience, values of D0=5-10"10 nrVs and a=0.01 m were used in the above equation.
Values of Uo and S were obtained from the hydrological simulation.

4.6 Boundary and Initial Conditions

4.6.1 Hydrological Boundary Conditions

In the lysimeter system, the top hydrological boundary condition is the net effect of two driving
forces, namely rainfall and evaporation. Measured rainfall rates, at a frequency of up to 1/10 day,
were available to the participants. These were used in the Bremen and EcoSafe models. Other
participants considered less frequent rainfall data to be adequate for simulating the lysimeter
hydrology. In particular, the Kemakta model used only monthly rainfall data for the top boundary
input, whilst the other models used daily values. Leaf interception was included in the AECL
model and also in the revised deep lysimeter simulation of the EcoSafe model, while the rest
assumed rainfall to fall directly onto the lysimeter surface. Thus, these model simulations had
slightly lower infiltration rates than the others.

The specification of evaporation rate is more complicated than that for rainfall. The data provided
were estimated potential evapotranspiration rates. The participants, therefore, had to decide how
to convert these into actual evaporation loses. For those who required it, meterological data (i.e.
temperature, humidity, net and solar radiation, and wind speed) were also available for calculating
evaporation rates. These were used in all the tested models apart from Kemakta and
CffiMAT/IMA.

In the Kemakta model it was assumed that actual evaporation was equal to potential evaporation
when matric potentials were above -1.5 m.H2O. Otherwise, the actual to potential ratio was
assumed to decrease linearly below this value, becoming zero at a matric potential of-20 m.H20.
In addition, it was assumed that the total evaporation rate was comprised of only plant
transpiration (i.e. surface evaporation was zero). The uptake of water by the plant roots in each
grid element is apportioned according to the supplied root densities.

The CIEMAT/IMA model assumed that the potential evaporation rate is the same as the actual.
Such a simplification will induce an over-estimated upward water flux during dry periods.

In the AECL, Bremen, EcoSafe and FZK models, estimation of actual evaporation rate was
derived from the meterological data. As these calculations are rather complicated and require
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lengthy discussion, their detailed specification are not included herein. It is suggested that
interested readers contact the participants for more information. This study has not sought to
assess the merits of how individual participants obtained estimates for input data, but, rather, how
sensitive these issues are, and how large an uncertainty may be generated, when different model
conceptualisations are applied.

With a fixed water table elevation in the lysimeters, 5 cm above the base of the soil, the
specification of the lower hydrological boundary condition was simply a constant water potential
of +5 cm. However, limitations in AECL and FZK model structures, meant that this bottom
boundary condition had to be replaced by assumptions involving the water content of the lowest
compartment. In particular the models had structural specifications which prevented water inflow
to the base of the soil. This was, therefore, a serious limitation on the ability of these models to
represent the conditions in the lysimeters. They also imposed major limitations on their ability to
reproduce one of the key output predictors, namely the flux across the base of the lysimeter.

4.6.2 RadiochemicalBoundary Conditions

The top boundary condition for radionuclide transport was the same in all models, i.e. no
radioactivity entering or leaving at the soil surface. In the vegetated experimental lysimeters
radionuclides could be lost via plant uptake. However, in the current study, in order to simplify
the problem, none of the relevant models considered uptake of radionuclides by the wheat crop
(although, in the original design specification for the model simulations, it had been intended that
participants would provide soil-to-plant transfers).

Concentrations of the four radionuclides from the substrate solution sampled immediately beneath
the base of the lysimeters on a bi-weekly basis were supplied. These provide a time-dependent
specified concentration lower boundary condition. However, the structure of the CIEMAT/IMA
model is such that the bottom boundary condition is limited to either a fixed concentration in time
or a spike dosing. The solution was, therefore, to set up a hypothetical source term in the
underlying 'aquifer' compartment of model. By adjusting the volume of the aquifer and the timing
of radioactivity release a reasonable representation of the observed radionuclide concentrations
could be obtained.

In the AECL model, owing to the specification of the lower hydrological boundary, time average
radionuclide concentrations were applied directly to the bottom compartment in order to provide
the source for simulating upward migration of radionuclides.

4.6.3 Initial Conditions

The initial hydrological conditions were observed water potentials at 10 cm depth intervals at
00.00 26th April 1990 (Julian day 90116.00). The initial radionuclide conditions were no activity
in either the lysimeter soil or wheat crop.
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5. Results and Discussion

5.1 Hydrological Simulations

The comprehensive nature of the hydrological data measured in the lysimeter experiment provides
three distinct components for model assessment. These are: (i) continuously (i.e. 0.01 day) logged
water flux across the base of the lysimeters; (ii) continuously logged soil water potential observed
at 10 cm depth intervals; and (iii) soil moisture content also measured at 10 cm depth intervals
on a weekly basis. However, due to various limitations in the model outputs, not all of the above
sets of output information were provided by the participants for assessment. A summary of the
hydrological results which were supplied is presented in Table 5.1.

5.1.1 Boundary Fluxes

All the models, except AECL and the revised EcoSafe simulation, used the specified rainfall data
as a direct input at the soil surface. The AECL and revised EcoSafe models included a leaf
interception model which resulted in a slight reduction in soil infiltration. Owing to the shallow
depth of the lysimeter soils the net difference between the specified infiltrating rainfall and the
calculated actual evaporation rate acts as the dominant control on the predicted fluxes at the base
of the lysimeter. Where actual evapotranspiration exceeds, for significant time periods, rainfall
infiltration, water influx to the lysimeters occurs and with it advected radionuclides. Figures 5.1
and 5.2 show plots of the simulated and observed cumulative lower boundary fluxes across the
deep and shallow lysimeter bases respectively (where positive values indicate a flow into the
lysimeter). Figures 5.3 and 5.4 show the estimated actual cumulative evapotranspiration.

Table 5.1 Summary of hydrological simulation results provided by the participants

Group

AECL

Bremen

EcoSafe

FZK

Kemakta

Flux flow at the base of
lysimeter

Deep

• *

S

S

s

Shallow

Evapotranspiration

Deep

•

S

S

•

Shallow

•

Water Potential

Deep

In

In

In

•

Shallow

In

Water Content

Deep

In

In

In

•/

Shallow

In

In data at specified depths are linearly interpreted only drainage out of the bottom of lysimeter available

The flux results for the deep lysimeters show that both the Kemakta and Bremen simulations were
able to reproduce the general trends in the observed cumulative water fluxes. They not only
effectively follow the annual patterns and means of the observations, but also catch reasonably
well trends which are at a higher frequency than the seasonal ones. Although Kemakta's
simulation lies within the range of one standard deviation of the observed values (limits not shown
for purposes of clarity), it appreciably under-predicts the flux rates during the first year and
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slightly over-predicts around day 250 and 550. One possible reason for this is the use of monthly
rainfall and evaporation inputs. This has the effect of smoothing the simulated response and
delaying the timing of changes in flux direction. This is particularly noticeable during the summer
of 1990 (0 - 230 days). The model also significantly under-predicts the rate of water inflow to the
lysimeters during this period. However, because of the delay in the flux reversal (which occurs
about 70 days late) and subsequent lower outflow rates, by day 300 the simulated and observed
cumulative water fluxes through the base are in good agreement. This is thought to arise from the
flow restriction of the low saturated hydraulic conductivity at the base of the lysimeter used by
the model simulation. This has the effect of retaining infiltrating rain water in the soil which can
then be lost via evapotranspiration. A similar problem was also observed with the EcoSafe model
(see below). When the model's saturated conductivities for the bottom layer were increased,
improved water flux predictions were obtained.

The OPUS model uses meteorological data in order to estimate total evapotranspiration. Different
from the Kemakta model, however, it over-predicts the inflow rates during the summer period of
the first year. This is because the high hydraulic conductivities used in the model simulation (see
section 4.2) readily allow infiltrating rain water to pass out of the lysimeters. Hence, more water
has to be drawn in through the base in order to meet the evapotranspiration demand

Concerning the EcoSafe curve in Figure 5.1 an error was observed in the code some months after
the first simulation. An error in the moisture content gradient at the base of the deep lysimeter
resulted in a vertically upward flux gradient which was about a order of magnitude too low. In
the deep lysimeter it was assumed that the soil was saturated at the lowest soil layer just above
the base of the lysimeter. This meant that the water influx was low from the start of the simulation
as can be seen in Figure 5.1. Most drainage due to rainfall, however, occurs when water in excess
of field capacity is assumed to migrate directly down through the soil profile and out through the
base. Hence, this pathway was largely unaffected by the problem. The same error was also present
in the code for the shallow lysimeter but in this case the water content gradient was larger. In the
revised simulation of the deep lysimeter experiment a corrected gradient was used along with
more appropriate field capacities and soil porosities. A leaf interception model was also added.
The revised model gives an improved simulation of the experimental data particularly during the
first 250 days (Figure 5.5).

Owing to the formulation of its lower boundary conditions, it was not possible to assess the
AECL model in terms of influx rate. However, it is important to observe that the estimated
cumulative actual evapotranspiration rates were very low in both deep and shallow lysimeters. It
is thought that this is due to the specified model structure used for these simulations. The AECL
simulation uses the low specified saturated hydraulic conductivities for the bottom two layers.
Similar to the Kemakta model, this then acts as a constriction on water flow. However, in the
SCEMR model a rapid 'by pass' mechanism is also included. This allows rapid flows of water
from a compartment to the one below when the moisture content has reached field capacity. In
the lysimeter model conceptualisation the field capacity of the soil was set at a uniform value of
0.2. These features, in turn, lead to rather dry soil conditions at the surface and the formation of
high resistances due to evaporation loss.

26



F i g u r e 5 .1 S i m u l a t i o n of C u m u l a t i v e W a t e r F l u x i n t o t h e D e e p L y s i m e t e r

( m m )

to
-0

300

200

100

0 —

-100 —

-200

-300 —

-400

•500

-600

-Observed

Bremen

-Studsvik EcoSafe

-Kemakta

0 100 200 300 400 500 600 700 800 900

Time (Days)

1



t
00

Figure 5.2 Simulation of Cumulative Water Flux to the Shallow Lysimeter
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Figure 5.3 Simulat ion of Actual Cumulat ive Evaporat ion in the Deep Lysimeters
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Figure 5.4 Simulation of Actual Cumulative Evaporation in the Shallow Lysimeters
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Figure 5.5 Simulation o{ Cumulative Water Flux into the Deep Lysimeter
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5.1.2 Soil Water Potential

The second output used to assess the performance of the hydrological models was the time and
depth behaviour of soil water potential. Figures 5.6 and 5.7 show simulated and observed values
for deep and shallow lysimeters respectively.

The key feature of the Bremen output is the lack of variability in matric potential at all depths over
the entire simulation (Figures 5.6a,d&f). This is particularly evident in the top 10 cm layer, where
the simulation shows no response at all to the first year's dry weather conditions and to other high
evaporation periods in subsequent years. In addition, the model is insensitive to most rainfall
events, yet responds very sharply to high rainfall events where the infiltration penetrates quickly
into the deeper soils. Such a response in the OPUS model is rather different from its performance
in other applications. A detailed inspection of the model set up revealed that the soil textural
analysis scheme (see section 4.2) had resulted in saturated hydraulic conductivities substantially
greater than those observed in the lysimeters. Reducing these by a factor of 10 to give values
closer to the measured data (particularly in the upper part of the soil profile), significantly
improved the simulation output (Figure 5.8). This highlights concern which has been raised
regarding discrepancies between the observed hydraulic conductivities and those derived
empirically from textural analysis. Possible reasons for this were previously discussed in section
4.2.

The AECL simulation shows weekly matric potentials for the deep lysimeters which respond
during particularly dry conditions (e.g. days 100-160,600-670), but appear to remaining relatively
static, compared with the observed data, at other times (Figures 5.6a,d). A similar response was
observed with the shallow lysimeters (Figures 5.7a,c). In both cases there was a significant
difference of about 50 cm between the mean of the simulated water potentials and the observed.
As indicated in the previous subsection, this arises from the use of a field capacity to impose an
upper limit on water content (and hence matric potential) for a given layer. A subsequent increase
in the field capacities, to 0.38 and 0.45, of the two bottom layers of the deep lysimeter helped to
reduce the discrepancy (see Figure 5.10).

By contrast the FZK model showed highly variable water potentials in both lysimeters. Near the
surface the simulated values in both lysimeters showed large variations. During dry periods the
simulated matric potentials would rapidly decline to a value of -1.5*105. However, the model did
show an ability to reproduce well the matric potential responses during wet conditions. The high
sensitivity of the FZK model during dry conditions is partly attributed to its moisture characteristic
curve (as discussed in section 4.3). The large coefficient considerably amplifies the water
saturation function f(S). However, the explanation could also be due to the model's inability to
allow water inflow through its lower boundary. Consequently, whereas in the experimental
lysimeters water lost by evapotranspiration is replenished by water drawn in through the base of
the soil by the operation of the water table control system, this cannot occur in the model.
Consequently, as the soil dries in the FZK model there is no additional source of water to restrain
the capillary suctions generated apart from the upper limit of 1.5* 10s imposed by the moisture
characteristic.
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The simulated water potentials by the Kemakta and EcoSafe models showed closer agreement
with observed values. Both models reproduce the average and seasonal responses of the soil water
potentials. However, both of them showed systematic errors during dry periods. The largest of
these occurred during the dry summer of the first year, however, the discrepancies produced were
rather different. The Kemakta model shows excessively low matric potentials in all layers of the
deep lysimeter (Figures 5.6c,e) except near the water table (Figure 5.6f). The results for the
EcoSafe model, however, show matric potentials which 'bottom' out at different values for each
soil depth (i.e. -400 cm.H20 at 10 cm below the surface, -120 cm.H20 at 20 cm depth).

The errors in Kemakta model are apparently due to the difficulty it has in conveying water to the
upper layers. This was indicated in the previous section where it was shown that the Kemakta
model under predicted influx rates at the base of lysimeter. The primary reason thought to be due
to the unsaturated hydraulic conductivity function which restricts the model's ability to transmit
water upwards. There is a further factor which also affects the model's ability to reproduce the
observed matric potentials. This is the monthly input data used to drive the model. This averaging
process substantially smooths the simulated output, particularly during wet periods. The effect
being accentuated through the strongly non-linear nature of unsaturated soil water flow.

The EcoSafe model shows a quick response to system inputs (i.e. rainfall and evapotranspiration)
at all depths. This can be observed in the saw-tooth pattern in the simulated water potentials at
the base of the deep lysimeter soil profile (Figure 5.6f). This is yet another example of the effect
of using field capacity to restrict soil moisture content. The levelling out of the matric potentials
during dry periods results from the specification of a lower limit (or residual) moisture content
at the hygroscopic point which, in turn, imposes a lower limit on the matric potential through the
characteristic equation given in section 4.3. This restriction on matric potential prevents the
generation of large hydraulic head gradients required to overcome the low hydraulic
conductivities and draw water into the upper layers. By increasing the saturated conductivity in
the bottom layers by a factor of 10 and increasing the number of boxes from 6 to 7, the simulated
water potentials were significantly improved as shown in Figure 5.9. By contrast the markedly
different parameter set employed for the shallow lysimeter simulations resulted in matric potentials
which showed substantially less variation in time than the observed data (Figures 5.7a,c).
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Figure 5.6a Simulation of water potentials in deep lysimeter at 10cm depth
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Figure 5.6b Simulation of water potentials in deep lysimeter at 10cm depth
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Figure 5.6c Simulation of water potential in deep lysimeter at 10cm depth
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Figure 5.6d Simulation of water potentials in deep lysimeter at 40cm depth
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Figure 5.6f Simulation of water potentials in deep lysimeter at 60cm depth
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Figure 5.7b Simulat ion of water potent ial in shallow lysimeter at 10cm depth
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Figure 5.7c Simulation of water potential in shallow lysimeter at 20cm depth
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Figure 5.8 Simulat ion of water potent ia ls in deep lys imeter at 10cm depth by OPUS Model
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Figure 5.9 Simulation of water potentials in deep lysimeter at 30cm depth
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Figure 5.10 Simulation of water potentials in deep lysimeter at 40cm depth by the AECL model
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5.1.3 Soil Moisture Content

Of the three hydraulic components used in this study, it can be argued that soil moisture content
provides the least information for model identification. There are three reasons for this. First, the
use of the moisture retention curve to characterise the relationship between water content and
matric potential might not only introduce additional structural errors, but also make it impossible
to discriminate as to whether a simulation error or uncertainty arises from the characteristic curve
or some other hydrological process. Second, the measured water content data provided were on
a weekly basis, far less frequent than the water flux and water potential data. This data scarcity
would make it extremely difficult to validate any high frequent dynamics in the soil hydrological
processes. Consequently, only slow, long-term trends provided by the water content data can be
used for model assessment in this study. Third, unlike water potentials, water content is far less
liable to abrupt changes. This relative insensitivity to input signals means that, primarily, it only
reflects large model structure errors. Nevertheless, for this same reason, its insensitivity makes
information on water content robust for judging the long term performance of a model without
the disturbances of high frequency noise. Finally, it should be pointed out that, due to the poor
signal to noise level, TDR (Time Domain Reflectometry) data have been neglected from the
model assessment.

The simulated water contents of the Bremen simulation showed a similar result to that observed
with the matric potential output. The plotted values are virtually constant for the entire simulation
over all soil depths (Figures 5.12a,c,d). In addition, the moisture characteristic curve derived from
the textural analysis resulted in moisture contents which were generally lower than the observed
data. Although there were abrupt changes in water content near the surface induced by high
rainfall events, these changes disappear very rapidly, as in the case of water potentials. The cause,
once again, lies in the large conductivities. When the hydraulic conductivity was reduced by a
factor of 10 the non-linear role of the water retention process becomes evident (see Figure 5.13).
Nevertheless, the improvement in the simulated water content is not as significant as that for
matric potential. Thus, any information residing in observed water contents can be easily swamped
by the uncertainty in the soil moisture characteristic curve so as to be of limited use in the
identification of soil hydrological models.

Of the tested hydrological models, the FZK model showed the closest agreement between
simulated and observed water contents near to the soil surface. This result supports the conclusion
drawn in the previous section that the highly sensitive moisture characteristic curve, coupled with
the no inflow lower boundary condition, was the reason for the large error in the simulated water
potential during dry periods. Because these large errors in water potential had not been
propagated into the simulation of water content it can be seen that the simulation of water
contents is far less sensitive to uncertainty in soil moisture characteristic curve.

The simulated soil moisture output by the EcoSafe and Kemakta models were quite similar. The
Kemakta model gave a better simulation in the 20 cm layer; while the EcoSafe model performed
better in the 50 cm and 60 cm layers. In other layers (i.e., 30 cm and 40 cm), the goodness of the
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two models could hardly be discriminated. In the top layers (i.e. 20 cm and 30 cm) during the first
summer both models dry out sufficiently to reach their residual moisture contents. A consideration
of the moisture characteristic data supplied to the participants (Figure 3.2) shows that information
at the dry end of the curve was rather limited. Hence there is uncertainty in the estimation of the
residual water contents. As can be seen from Figure 5.12b, if the residual water content was
increased to 0.10 the performance of the Kemakta and EcoSafe model simulations could be
further improved. Improvement in the simulation of water contents in deep layers could also be
achieved by increasing the values of porosity. In fact, the good performance of the EcoSafe model
in simulating water content near the base of the lysimeter can be mainly attributed to its estimation
of soil porosity. Thus, in summary, discrepancies of the simulated water contents by the Kemakta
model mainly result from uncertainty in the moisture characteristic curve based on the supplied
data.
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Figure 5.12a Simulation of water content in the deep lysimeter at 20cm depth
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Figure 5.12b Simulation of wate r con ten t in the deep lysimeter at 20cm depth
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Figure 5.12c Simulation of water contents in deep lysimeter at 40cm depth
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Figure 5.12d Simulation of water contents in deep lysimeter at 60cm depth
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Figure 5.13 Simulat ion of wa te r con ten ts in the deep l ys imeter at 20cm depth
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5.1.4 Discussion

The performance of five hydrological models have been assessed against detailed observations
from a set of lysimeter experiments. Where possible three components, cumulative water flux at
the base of the lysimeters; soil water potential and soil moisture content have been used. The
following points have been identified.

(1) The OPUS model successfully predicted the inflow rates at the base of lysimeters, in spite
being subject to rather large uncertainties in hydraulic conductivity and soil moisture
content. However, these uncertainties meant that the model failed to capture the variability
in observed water potentials and water contents. This arose, primarily, from the use of
empirical data, based on soil textural properties, which led to soil hydraulic characteristics
very different from those observed. Essentially the OPUS simulations were based on a
sandy and therefore readily conductive soil. The soil in the lysimeters, although classified
as a sandy loam, had conductivities, particularly at the base of the soil, which were more
reminiscent of a clayey loam. This is an important result, however, since it illustrates the
difficulties which can arise over the determination of hydraulic conductivity values. The
success in the flux calculations are largely due to the shallow depth of the water table,
which means that the lower boundary fluxes are predominantly controlled by the surface
fluxes. Thus it can be concluded that, in this example, the evapotranspiration component
of the OPUS model has performed reasonably well.

(2) The lysimeter set up is not an ideal test bed for the assessment of the AECL and FZK
models. Both have restrictions on their lower boundaries which prevent inflow of water.
This reflects the historical development of these models, which is primarily to simulate
downward leaching towards a deep water table. In the case of the AECL model, the dry
conditions which prevail at the top of the soil profile (e.g. matric potentials always less
than -80 cm) probably helped reduce evapotranspiration losses. This, combined with an
additional contribution arising from interception losses, helps to explain the low actual
evaporation rates shown in Figure 5.3. It, therefore, highlights the difficulties and potential
pitfalls associated with using models outside the arena for which they have been developed
and validated.

(3) The AECL and EcoSafe models demonstrated the influence of using 'field capacity' in a
model structure as a conceptualisation for field drainage. This parameter value, which is
often loosely defined and difficult to measure in practice, was not supplied to the
participants. Its use in these models was a) to impose an upper bound on moisture content
in a given layer and, hence, through the characteristic curve, on the matric potential and
b) to provide a rapid flow pathway down the soil profile, since at field capacity no further
storage capacity exists. There was strong evidence that this conceptualisation was
inappropriate for the, poorly structured, sandy loam lysimeter soil.

(4) Both the Kemakta and EcoSafe models enjoy a relatively high degree of confidence in
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accepting the validity of their model structures. Nevertheless, both models were found to
have noticeable errors in the specification of some key parameters (e.g. the wilting and
hygroscopic points in the EcoSafe model). This resulted in them having some structural
uncertainties in estimating actual evaporation rates and simulating water contents during
dry soil conditions. In particular there was some concern over the deterioration in the
outflow rates through the base of the lysimeter following calibration of the model on the
first year's data. It has not been possible to identify the cause for this.

(5) The use of the monthly input data for the Kemakta simulation was too coarse to capture
some of the important time-dependent behaviour of the lysimeters in relation to rainfall.
In addition, it appeared that averaging the rainfall over a month produced low rates which
were insufficient, during the summer, to wet the soil up enough to allow the actual
evapotranspiration to approach potential. This resulted in a rather low overall
evapotranspiration rate.
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5.2 Radiochetnical Simulations

The previous section presented an assessment of the participants' models for simulating
hydrological processes in both deep and shallow lysimeters. In this section, the results of
simulating radionuclide migration are discussed. Since both deep and shallow lysimeters had four
replicates, the simulated specific radionuclide activity could be compared with not only the
observation (as derived from sampled soil cores) means but also their standard errors where
available. This is an important consideration since the observed data showed significant variations
both within and between "replicate" lysimeters. Table 5.3 summarises the available sampling
information over the three crop growth seasons. For various reasons most of the participants
conducted simulations for a selected range of radionuclide types and lysimeter depths. A summary
of these is presented in Table 5.4. In the discussion below each radionuclide (Na-22, Cl-36, Tc-99
and Cs-137) will be considered in turn.

Table 5.2 Summary of the Sampling Data of Soil

Julian
Day

90163

90216

91136

91142

91151

91226

92210

Day
No.

48

101

386

392

401

476

825

Cores in

Deep Lysimeters

Cl-36

M

N

AH

D

D

D

H

H

S

•

Na-22

M

N

AH

D

D

D

H

H

S

•

•

•

•

•

Tc-99

M

N

AH

D

D

D

H

H

S

•/

S

S

s

Cs-137

M

N

AH

D

D

D

H

H

s

•

Lysimeters

Shallow Lysimeters

Cl-36

M

N

AH

H

H

s

•

•

•

Na-22

M

N

AH

D

D

D

H

H

S

/

•

•

•

Tc-99

M

N

AH

H

S

s

Cs-137

M

N

AH

D

D

D

H

H

S

•

•

•
M sample mean available
S sample standard error available
N Normal sample
AH sampling after harvest
D sampling during dosing or redosing
H sampling on harvest day

Table 5.3 Summary of Radionuclide Simulation Results Provided by Participants

Participants

AECL

CEEMAT/IMA

Kemakta

Deep Lysimeter

Cs

S

S

/

Cl

/

/

Tc Na

/

s

Shallow Lysimeter

Cs

/

/

Cl

S

Tc

/

S

Na

/
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5.2.1 Na-22

Three groups provided Na-22 simulations for the deep lysimeter case and two for the shallow.
The simulated and observed results are plotted in Figures 5.14 and 5.15.

The first sampling date (Julian day 90163) showed a rather strange Na-22 profile for the deep
lysimeters. Activity was only detected in two separate layers; 10-20 cm and 30-50 cm. As the
lysimeter hydrology was highly dominated by evapotranspiration prior to this date, the lack of
Na-22 observed in the intermediate and deep layers was either due to measurement error or,
possibly, spatial variability. However, the result indicates that Na-22 had rapidly moved up to
within 10 cm from soil surface in just 48 days. This fast migration feature was well reproduced
by the CffiMAT/IMA model of using a K,, value 0.005 mVkg. The two other submitted values of
0.0 and 0.5 gave respectively activities either far too high over the whole soil profile or too low.
The migration rates for different K^ values indicate the sensitivity of the CffiMAT/IMA model to
Kd. Thus, a sensitivity index1 was derived from the concentration profile using jC =0.005 as a
reference. As shown in Figure 5.16, the CffiMAT/IMA model is highly sensitivity to Kd values
close to zero.

The Kemakta model assumed a "worst case" scenario and used a Kd of zero. The results are
similar to the CffiMAT/IMA model simulation for 1^=0.005 nrVkg, except that it predicts a rather
low specific activity in the top 20 cm. There are two reasons for this result. The first is that the
CIEMAT/EMA model uses the net difference between potential evaporation and rainfall to
provide an advective flux for Na-22 movement. Consequently this gives a larger total influx than
that derived from Kemakta's hydrological model. Another reason is that there are only seven
compartments in the CffiMAT/EMA model. This introduces a significant amount of numerical
dispersion. Thus the discrepancy appears to be generated from differences in the models'
structure. This graphically illustrates how calibrated parameter values can be strongly biased by
the model used in the estimation process. Therefore, where this technique has been employed,
reported literature values may strongly depend upon the model's structure used to derive them.
Conversely, care is required where, generally highly simplified assessment models, make use of
literature Kd values.

Due to the relatively large value of 2.6 nrVkg assumed for Kj, the AECL model failed to show any
migration of Na-22 above the water table during the first 48 days in the deep lysimeters.
However, in the shallow lysimeter simulation Na-22 is present over the entire soil depth. It is
unclear why there is quite such a discrepancy between these two results. In Figure 5.15a, the
enhanced effects of retardation in AECL model means that the specific activity profile tends to
over-predict Na-22 activity at the base of the shallow lysimeter whilst under-predict nearer to the
surface. It should be noted that the AECL model does not simulate water inflow through the

cfz K "> - ( K 1 l w ' i e r e ^ ( z . *Si) ' s ^ e ^<i ̂ ns i t iv i^ index a t depth z, Kj0 is the reference partition
SI(z,Kd) = d . ^ ' do) coefficient and c(z,Kd) and c(z,Kd0) are the radioactivities at depth z for Kd and K,,o.

d Kd0
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lower boundary. Instead, for this application the moisture content at the base of the lysimeter was
held constant at saturation with an average radionuclide concentration in order to simulate the
presence of the contaminated groundwater. Hence, the upward migration of Na-22 is primarily
due to dispersion (both numerical and mechanical).

Considering the simulated time course of Na-22 by the Kemakta model, it is found that at the next
core sampling date (Julian day 90216), shortly after the first crop harvest, the simulated Na-22
specific activity profile had moved upward appreciably faster than the observed. Since during this
period the simulated cumulative water influx of the Kemakta model is smaller than observed, the
fast migration is attributed to the zero Kj value. This also explains why the simulated Na-22
activity at the bottom of lysimeters is lower than observed. In spite of its fast upward migration
the Kemakta model under-predicts the specific activity of Na-22 in the top 10 cm soil layer. This
discrepancy could be due to two reasons; a degree of concentrating occurring from soil
evaporation or an additional influx of Na-22 arising from leaf wash-off and litter fall. Both of
these processes are possible. However, the Kemakta model structure does not include a direct
surface evaporation component but instead attributes all water loss from the soil as a result of root
uptake to replenish transpiration. Neither does the model incorporate a plant root uptake and
canopy storage component or allow for any fluxes of radioactivity across the soil surface. The role
of plants in the distribution and migration of radioactivity will be referred to later in relation to
simulations of other radionuclides. In the second crop season, the Kemakta model simulation
shows a deterioration in its prediction of the Na-22 activity profile. The decline in concentrations
is due to the leaching of Na-22 which occurred during the winter periods and the substantially
reduced water inflows during the following two summers (Figure 5.1). It can be seen from the
observed data that there is a roughly constant level of Na-22 activity in the upper layers of the soil
profile which the model does not reproduce (Figures 5.15e-g). This is believed to be due to ion
exchange with the substantial reservoir of stable sodium on mineral and organic sorption sites
present in the soil.

The CEEMAT/IMA model's time-dependent behaviour shows that after the significant upward
migration during the first year, discrepancies between simulation and observations become
considerably greater, particularly in the shallow lysimeters. In many instances the unsorbed
simulation gives better agreement with the observed data than that for 0.005 rrrVkg. What, in
essence, is occurring is that the conservative simulation, coupled with the high dispersion present
in the model structure, enables it to reproduce, indirectly, the effects of the exchange process
described above.

The AECL model, with an extremely high Kd of 2.6 m3/kg (2600 crnVg) does not produce any
migration in the deep lysimeter. All the activity enters the bottom 10 cm compartment and stays
within it. However, significant migration does occur in the shallow lysimeter simulation (possibly
due to a different Kj being employed, combined with a different discretisation scheme). The
AECL model simulations produce activities in the lowest 10 cm layer which are generally over
an order of magnitude greater than those observed. This arises from the boundary conditions
employed by the model. The use of a high Kd combined with the need to reproduce the supplied
concentration data resulted in substantial over-predictions of the total activity present.
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5.2.2 Cl-36

Kemakta and AECL submitted simulations for Cl-36. The sorption values used by AECL range
from 0.01 m3/kg for the bottom layer to 0.8 rrrVkg for the top layer for both deep and shallow
lysimeters (see section 4.5). These values are again rather high for an element which is generally
regarded to be conservative (the assumption employed in the Kemakta simulation).

One of the striking features of the two simulations is the similarity in the profiles for the deep
lysimeters when plotted on log-linear axes, given the difference in Kd parameter values. This is
a combination of the discretisation schemes used (the AECL model employs 4 compartments
whilst the Kemakta simulation uses a grid of 70 elements 1 cm thick) and the effects of the 'by
pass' mechanism in the AECL model (which reduces the impact of rainfall leaching). However,
it should also be noted that the AECL model simulations show small levels of Cl-36 activity at the
surface from 91142 onward whilst the Kemakta model fail to reproduce this. Such a result is of
significance if the model forms part of a wider assessment which might include endpoints such as
inhalation or ingestion.

Once again the main feature is that the models have failed to reproduce the relatively high level
of background activity which is observed up the soil profile in both deep and shallow lysimeters
throughout the three crop seasons. There are two important components associated with this
result. The first is that there were significant uptakes of Cl-36 by the plant crop. Expressed as a
percentage of the total activity observed in the soil at harvest this figure was about 15%. None
of this has been taken into account by either of the models. It has been estimated that roughly half
of the Cl-36 taken up by the plant was stored in the roots. In addition, there is again evidence of
a surface influx of Cl-36 resulting from litter fall and leaf wash-off. The second aspect is that,
similar to Na-22, Cl-36 is a trace element which is added to an abundant reservoir of stable
chlorine already present in the soil profile and in quasi-chemical equilibrium with respect to the
soil organic, mineral and biological components and atmospheric inputs from rainfall. The Cl-36
enters this system initially as dissolved Cl" ions in the water influx through the base of the
lysimeter soil. It then partitions itself amongst the various soil components. Thus the low
'residual' activity of between 0.1 and 1.0 kB/kg represents a concentration of around 0.4 ug/kg
which is many orders of magnitude less than that observed in the soil (0.3 g/kg). The AECL
model reproduces this effect in the shallow lysimeters, albeit at a level about an order of
magnitude below that observed in the lysimeters. This is thought to arise from model structure.
The SCEMR model used by AECL has a by-pass mechanism which allows for rapid flow to occur
in the types of structured soils which it has been validated on. This mechanism is triggered when
the soil moisture content exceeds the field capacity. As the flow is regarded as being rapid and,
consequently, the infiltrating water has little time to mix with the water stored in the soil peds, the
model assumes that the by-pass water does not transport contamination with it. In the AECL
representation of the lysimeter soils, a uniform field capacity of 20% was specified. In Figure 5.7
it can be deduced from the matric potential response that, apart from particularly dry summer
periods, the model remains at field capacity. Therefore any rainfall which enters the model tends
to move rapidly down the soil profile without leaching any radioactivity. Hence, this
conceptualisation, which could be regarded as being unrepresentative of the lysimeter soil
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hydrology, does, nevertheless, assist the model in simulating the observed radiochemical soil
profiles. Once again, however, there appears to be a significant difference between the deep and
shallow simulations. This effect is far less noticeable in the deep lysimeter due to the different
layer discretisation scheme used.

5.2.3 Tc-99

As stated in Table 5.4, two groups (AECL & CBEMAT/IMA) participated in simulating the
behaviour of Tc-99 in the lysimeter study. AECL utilised two scenarios; one, with a uniform Kd

value of 0.5 mVkg and the other using a variable Kd, with the bottom two compartments at 5.0
mVkg and the top two at 0.5 mVkg. The results are plotted in Figures 5.19 and 5.20.

In a similar manner to the preceding radionuclides, Tc-99 has a relatively uniform specific activity
profile from the surface to within 10 cm of the base of the soil in both sets of lysimeters.
However, by contrast, Tc-99 also has a much larger concentration gradient over the bottom 10
cm. This behaviour reflects the fact that technetium speciation is redox dependent. Below and in
vicinity of the water table reducing conditions exist as shown by measured redox potentials
between 200 and - 150mV. In this region technetium tends to be reduced to the Tc™ state and is
more strongly sorbed. Above the capillary fringe, in the aerated layers of the vadose zone
Technetium is oxidised to Tc^11 and exists in the relatively mobile TcO4" form. This is the reason
for the second AECL scenario which utilised a higher Kj in the lower two compartments.
However, it would appear that the default sorption coefficients for this soil employed by the
AECL model for both scenarios were too high hence the Technetium activities in the upper layers
of the soil profile were two or more orders of magnitude below the observed values.

It has, generally, been rather difficult to assess the AECL model due to its unrealistic treatment
of the hydrological system. However, in the bottom 10 cm its simulated radioactivities under
scenario I are quite close to those observed. Moveover, since the value in scenario II was an order
of magnitude higher than that in scenario I, the predicted Tc-99 specific activity in the bottom
layer of the lysimeters was also an order of magnitude greater that the one for scenario I. It is
interesting to note, however, that activities only marginally changed in the top two soil layers.
Hence, the uncertainty of Kj in the bottom layers, though quite large, is propagated into the upper
soil layers in an amplified manner. Finally, it is worth noting that the identified 0.5 mVkg Kd value
under scenario I is highly subject to the AECL model structure, in particular its hydrological
structure.

The CEEMAT/IMA model tends to produce soil activities which are substantially (i.e. an order
of magnitude or more) greater than those observed. However the degree of over-prediction is
dependent on the selected Kd value. The high sorption coefficient of 1.6-102 kg/m3 significantly
retards the upward migration of Tc-99 and leads to accumulations in the lowest soil layer.
Towards the soil surface the simulated activities tend to be well below those observed. Whereas
the two lower values of 10"5 and 4.0-10^ produce very similar results which tend to reproduce the
observed activities at the base of the soil well but allow too much migration of Tc-99 up the soil
profile. It would have been of interest if an approach similar to that of AECL had been adopted
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and the high Kd used for the lowest 10 cm layer and a lower value used to simulate conditions
above the capillary fringe.

5.2.4 Cs-137

Three groups participated in the simulation of Cs-137. All considered Cs-137 to be a highly
sorbed element. However, varying coefficients have been assigned by the participants. The
Kemakta simulation adopted a relatively small value of 0.1 m3/kg following the conservative risk
assessment approach used for Na-22. The AECL model used a much larger value of 5.6 m3/kg,
whilst CIEMAT/IMA again used a sensitivity approach with a range of low values varying from
0 to 0.016 nrVkg.

Before moving to the discussion of the performance of each tested model, it is useful to consider
the experimental data. These show very high activity levels confined to the lowest 2 cm of the
lysimeter soil. The values are quite variable due to the effect of localised spatial heterogeneity on
the sampling process, but are, generally, of the order of 102 kBq/kg. Above this layer, the specific
activities rapidly decline until a 'residual' level of between 10"2 to 10"1 kB/kg is reached about 10
cm above the soil base. It is noticeable that this profile becomes established within the first few
months of the experiment and then seems to remain essentially static for the rest of the period.
The explanation behind this behaviour is that, although caesium is regarded as a highly sorbed
radionuclide (i.e. large Kd values), there is a time-dependent process in its interaction soil with
sorption sites. Thus it is able to move to a certain extent before becoming progressively "fixed".
In addition, there is evidence that a fraction of the caesium can undergo relatively rapid migration
by being sorbed on to colloidal particles. Finally, caesium is readily taken up by wheat plants,
being an analogue for potassium. Once inside the plant root system is can be fairly readily
transported upwards into the above ground components of the crop. Therefore, it can be seen that
there exists a number of processes which affect caesium migration and which the tested models
do not explicitly include in their formulation.

The Kemakta model, as shown in Figure 5.21, only reproduces that part of the Cs-137 profile
which is related to the slow highly sorbed migration. Although the specific activities for the
bottom 2 cm layer are reproduced reasonably well, the model produces higher than observed
activities in the 2-6 cm layer above the lysimeter base after Julian day 90216. This is thought to
arise from the use of a conservatively small Kd value.

The simulated Cs-137 specific activities over the bottom half of the lysimeter for the AECL model
are generally very close to the observed values. A key component is this result is the numerical
dispersion arising from the small number of compartments which help to enhance the migration
of radioactivity.

As far as the CIEMAT/IMA model is concerned, it has managed to reproduce the fast migration
feature of Cs-137 in the shallow lysimeters, due to its low K^ values and the small number of
compartments. Consequently, however, it is not surprising that it has failed to reproduce the slow
migration feature of the Cs-137 profile.
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In summary, the lysimeter experiment results have shown that Cs-137 has not behaved as the non-
mobile element it is generally considered to be. The upward migration of Cs-137 in unsaturated
soils is characterised by two components, one where the caesium was able to migrate up the entire
soil profile. This is due to a combination of time-dependent sorption and (possibly) colloidal
transport, combined uptake and translocation by the plant root system. The other component is
the substantial fraction of caesium sorbed on to the lowest 2 cm of the soil. Because of this
complex behaviour all three models failed to reproduce the observed specific activity profiles. On
the other hand, however, the Kemakta model was able to reproduce the slow migration pathway,
whereas the CIEMAT/IMA model reproduced the effects of the fast pathways. The AECL model,
by virtue of its high Kj, relatively high dispersion, and reduced leaching capability was able to
capture both effects and produced quite reasonable simulations of the Cs-137 profiles in the lower
half of the lysimeters.

6. Conclusions

This report has described the work of the lysimeter subgroup in the BIOMOVS II programme.
Although the lysimeter experiments at Imperial College have provided a unique test bed for the
assessment of the participating models, it is still some way from answering the complex issue of
the reliability of the tested models. The reason for this is mainly due to the time limitations, so that
only one or a few deterministic simulations were conducted for each participating model. This
inevitably made it difficult to screen out any uncertainty in the provided data sets from the
uncertainties in model structures and parameters. Consequently, assessment related to the validity
of each model has to be short of conclusive.

In general, it is fair to say that the tested hydrological models are basically reliable for predicting
(upper) soil hydrology, and uncertainties in specifying the soil hydrological properties have not
been too sensitive for model simulation, in particular to the simulation of flux rate and water
contents. For the radionuclide migration models, the assessment has not been as detailed and
discriminative as in the hydrological models, due to large uncertainties either in the values or in
the bottom boundary condition. All models had difficulties in simulating the relatively uniform
activities in the upper part of the soil profile observed with the tested elements. However, this was
primarily due to the models not including a plant component in their structure. This meant that
the significant root storage and translocation processes which occurred in the lysimeters were not
reproduced by the models. In general, the physically-based numerical models give better, and
more robust, results than the compartmental models. However, these, by virtue of their high
dispersion were able to bring out, indirectly, the effects of the low level residual concentrations
in the upper soil profile. Clearly the selection of parameter values is of major importance. This
was highlighted by the range of Kds used by the participants. However, the interaction of model
structure with the choice of sorption parameter did reveal issues of model ambiguity in this area.
This is particularly important in assessment, where, frequently, highly simplified models are
employed in order to reduce computational requirements.
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Finally, it should be emphasised that the discussion and conclusions concerning each model in this
report are only related to the lysimeter scenario. Further, the models were generally applied in
their "as is" state, which in the case of the AECL model was for predicting radionuclide transport
over long time periods related to deep geologic nuclear waste disposal assessments. In most cases
no real detailed attempts were made by the modellers to adapt the structure of their models to the
lysimeter scenario owing to time constraints.
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Appendix A

TERMS OF REFERENCE

BIOMOVS H Lysimeter Modelling Study

This document describes the terms of reference for working groups intending to participate in the
above model comparison and validation exercise. It outlines the conditions and proposals
discussed during the recent BIOMOVS II workshop meeting.

1. Proposed Programme

1.1 Participants are required to complete a form stating their agreement to the conditions on
data transfer and communication before release of the data can proceed.

1.2 A two-stage programme is currently being proposed. Participants will first simulate the
soil hydrology within the lysimeters along with the migration of upto four different
radionuclides in the soil column(22Na, 36C1, "Tc, 137Cs). The second phase will involve
modelling the uptake of radionuclides by the wheat crop.

1.3 It is intended that the input data for the overall case specification will be released at the
end of November. Four weeks will then be allowed for comments, including requests for
further information. The steering group at Imperial College will give serious consideration
to requests received. However, these may not be complied with if either the data is
unavailable, or if it is considered that the release of the requested data would undermine
the objectives of the exercise. Where it is agreed that further data should be released,
these will be supplied to all participants.

1.4 The deadline set for submission of the results of the hydrology and radionuclide migration
calculations will be the end of March 1995. Plans from participants for conceptualizing
and evaluating plant uptake will also be sought at this stage.

1.5 The data will be processed by Imperial College in time for a working group meeting in
May 1995 (date to be confirmed). It is hoped that it will be possible to hold the meeting
in the UK (possibly hosted by Nirex), enabling a visit to the lysimeter facility. A limited
number of observers may be present at this meeting at the invitation of Nirex.

The meeting will provide an opportunity for inter-comparison of results from the first stage in
the context of the data obtained in the experimental measurement programme. Further data
may also be released at this stage, enabling participants to recalibrate their models if necessary.

A programme review will also be held at the May meeting.
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1.6 Following the May meeting, the second stage of the simulations will be undertaken, with
the intention of submitting results by September 1995. The exact date of the deadline will
be chosen to give sufficient time for compilation of the results prior to the autumn plenary
session of BIOMOVS II.

1.7 The timetable currently allows for additional (or revised) simulations to be conducted in
the period to the end of December 1995, enabling a report to be completed by Spring
1996.

2. Case Specification Data

2.1 The simulations will cover a period of two and a half years (April 1990 to August 1992),
involving three winter wheat crop harvests. Simulations will be conducted for both
shallow (40 cm) and deep (70 cm) lysimeter soil depths. The following information will
be given to participants:

2.2 Meteorology

2.2.1 Daily rainfall values and monthly totals.

2.2.2 Daily values of potential evapotranspiration. It is expected that participants will arrive at
their own estimates of actual evapotranspiration, and that they may need to address the
problem of partitioning between soil evaporation and plant transpiration.

2.2.3 Rainfall & other meteorological data can be supplied at a resolution of 0. lday, if required.

2.3 Soil properties

2.3.1 Saturated water content (mean and s.d. of observed values) as a function of depth.

2.3.2 Saturated hydraulic conductivity (with a degree of depth resolution).

2.3.3 Information on the observed relationship of soil volumetric moisture content with soil
matric potential.

2.3.4 Soil particle size distribution and dry bulk density, together with the clay mineral and
organic content.

2.3.5 Redox potential as a function of depth.

2.3.6 If possible, basic information on soil chemistry will also be made available, although this
may not necessarily be sent out with the initial case specification. The same applies to
information on fertilizer composition, applied quantities and dates of application.
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2.3 Crop data

2.3.1 Crop height, leaf area index and root density distribution, based on measurements taken
at approximately weekly intervals.

2.3.2 The dates of sowing, emergence and harvest, together with the total crop biomass at
harvest.

2.4 Initial and Boundary Conditions

2.4.1 The initial soil moisture profile in the soil column.

2.4.2 Concentrations of ̂ a , ^Cl, "Tc and 137Cs immediately below the base of the soil column
at approximately fortnightly time intervals (less frequent in winter).

Estimates of data accuracy will be supplied for as many parameters as possible.

3. Endpoints

3.1 A format specification for model results will be supplied to each working group leader at
the time of data transfer. Requested model outputs will include:

3.2 Stage 1

3.2.1 Daily and cumulative actual evapotranspiration

3.2.2 Daily and cumulative outflow

3.2.3 Maximum and minimum values of soil matric potential at 10 cm intervals as a function of
time (preferably on a daily basis)

3.2.4 Soil moisture content at 10 cm intervals for specified dates

3.2.5 Specific activity of each radionuclide in the soil at specified dates. The resolution of these
data is 2 cm intervals up to 10 cm above the geotextile layer and 10 cm intervals
thereafter.

3.3 Stage 2

3.3.1 Radionuclide concentrations in the above ground components (stem, leaf, chaff, grain) of
crops at harvest, focusing particularly on grain but including as many crop components
as possible.
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LYSIMETER MODELLING STUDY - DATAFILES

Data Type Filename Description

Hydrometeorology MON_RFPE.DAT Monthly rainfall & potential evaporation data

DAY_RFPE.DAT Daily rainfall & potential evaporation data

Soil Properties

Soil Moisture
Characteristic data

Initial Conditions

PARTSIZE.DAT

CLAY_MIN.DAT

ORGANIC_.DAT

BULK_DEN.DAT

POROSITY.DAT

SAT_COND.DAT

SMC_DP15.DAT

SMC_DP25.DAT

SMC_DP70.DAT

SMC_SH15.DAT

SMC_SH25.DAT

SMC_SH40.DAT

INIT PSI.DAT

Soil particle size distribution (% clay,silt,sand)

Clay mineralogy for lysimeter soil

% organic content with depth (deep & shallow)

Dry bulk density with depth for deep & shallow
lysimeters (mean + s.d.)

Porosity with depth for deep and shallow lysimeters
(mean + s.d.)

Saturated hydraulic conductivity with depth for deep &
shallow lysimeters (mead + s.d.)

Matric potential & soil moisture content data for 0 - 15
cm depth (deep lysimeter)

Matric potential & soil moisture content data for 15 - 25
cm depth (deep lysimeter)

Matric potential & soil moisture content data for 35 - 70
cm depth (deep lysimeter)

Matric potential & soil moisture content data for 0 - 15
cm depth (shallow lysimeter)

Matric potential & soil moisture content data for 15 -
25cm depth (shallow lysimeter)

Matric potential & soil moisture content data for 25 - 40
cm depth (shallow lysimeter)

Initial matric potential distribution for deep and shallow
lysimeters atjulian time 90116.00(00.00 26 April 1990)
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Crop Growth Data

Root Density Data

REDOX_PR.DAT

SUMMARY_.DAT

HIGH_DEP.DAT

HIGH_SHA.DAT

LAI_DEEP.DAT

LAI_SHAL.DAT

BIO_MASS.DAT

ROOT_DP1.DAT

ROOT_DP2.DAT

ROOT SHA.DAT
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Eh measurements for deep and shallow lysimeters

Summary of wheat growth

Time-dependent crop height data (deep lysimeters)

Time-dependent crop height data (shallow lysimeters)

Time-dependent leaf area index data (deep lysim.)

Time-dependent leaf area index data (shal lysim.)

Harvest dry biomass for crop components

Time-dependent root density distribution for Deep
lysimeters from 0 - 40 cm depth

Time-dependent root density distribution for Deep
lysimeters from 40 - 70 cm depth

Time-dependent root density distribution for Shallow
lysimeters from 0 - 40 cm depth

Lower Boundary Radio- NA22_DEP.DAT
chemical Concentrations

NA22 SHA.DAT

CL36_DEP.DAT

CL36_SHA.DAT

TC99_DEP.DAT

TC99_SHA.DAT

CS137_DP.DAT

CS137 SH.DAT

Time-dependent SODIUM 22 concentrations
at geotex layer (deep lysimeters)

Time-dependent SODIUM-22 concentrations at geotex
layer (shallow lysimeters)

Time-dependent CHLORINE-36 concentrations at
geotex layer (deep lysimeters)

Time-dependent CHLORINE-36 concentrations at
geotex layer (shallow lysimeters)

Time-dependent TECHNETIUM-99 cones, at geotex
layer (deep lysimeters)

Time-dependent TECHNETIUM-99 cones, at geotex
layer (shallow lysimeters)

Time-dependent CAESIUM-137 concentrations at
geotex layer (deep lysimeters)

Time-dependent CAESIUM-137 concentrations at
geotex layer (shallow lysimeters)
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LYSIMETER MODELLING STUDY - UNITS & OUTPUT REQUIREMENTS

1. TIME & DATE CONVENTIONS

Time, in the experimental system is based on a Julian date format YYddd.nn
where YY is the last two digits of the year
ddd is the cumulative Julian day of the year
[i.e. 1 = 1st Jan, 365 = 31 Dec (non-leap year)]
and nn is the time in hundredths of a day

The two accompanying tables provide conversions of time and date into the
Julian date format. In addition an experimental time, which represents the
cumulative time in days from the start of the experiment on 25 April 1990
(Julian date 90115), is also used.

2. LYSIMETER DIMENSIONS

AREA: 181 cm x 91 cm = 16562 cm2

DEPTH: Deep = 70 cm, Shallow = 40 cm

WATER TABLE: 5 cm above soil base

3. SIMULATION OUTPUT TIMES

Listed below are the required output variables and times.

1. Soil water status.

In section 3.2.4 of the Terms of Reference document is was stated that soil
moisture contents at 10 cm intervals should be provided for specified dates.
However, owing to the fact that most models employ potential as the
independent state variable from which moisture content is then derived, it is
now suggested that those wishing to provide volumetric soil moisture content
data should do so in the same manner as for matric potential (i.e. maximum and
minimum values on a daily basis at 10 cm depth intervals).

2. Specific soil activities

Specific activities for the four radionuclides at 2 cm intervals over the
first 10 cm from the base of the lysimeter and at 10 cm intervals thereafter
should be output for the following dates

Date (calendar)
12/06/90
4/08/90
16/05/91
22/05/91
31/05/91

Julian
90163
90216
91136
91142
91151

3. Croo harvest activities

14/08/91
5/05/92

18/05/92
28/07/92

91226
92126
92139
92210

Specific activities for crop components (or combined crop activity if
preferred) for follow harvest dates:

Year
1990
1991
1992

Date
26/07
14/08
27/07

Julian
90207
91226
92209

86



BIOMOVSII
TR15

Appendix B

Description of Models

This appendix gives a brief summary of the models used by the participants in the lysimeter
scenario working group. Those, who are interested in the detailed description of each model, are
suggested to contact individual participants.

Although the presented models differ in many respects, in essence, they are based on a similar
understanding of the physical, chemical and biological processes in the subsurface system. The
hydrological process is governed by Darcy1 law and mass balance; while the migration of
radionuclides is dominated by the bulk water movement as a result of infiltration and evaporation,
and enhanced by the effects of dispersion/diffusion and retarded by linear equilibrium sorption
with the soil matrix. Mathematically, however, the models have simplified the system in different
ways, leading to a variety of model structures with different complexities. This appendix,
therefore, seeks to provide an insight into how each participating model was constructed.

B.I The AECL Model

The AECL model is based on the widely used SCEHM (Soil Chemical Exchange of Heavy
Metals) code developed at the Oak Ridge National Laboratory, USA (Begovich and Jackson,
1975). SCEHM is a process-oriented dynamic model for simulating both water flow and
contaminant transport in soils and is reported to have been validated on a watershed scale.

The AECL version of the SCEHM code, referred to as SCEMR (Soil Chemical Exchange and
Migration of Radionuclides), is a one dimensional model along the vertical direction. 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 soil moisture characteristic curve,
and are used in the Darcy flow equation and the equation of continuity to estimate the amount of
water flowing between each of the four layers, and into and out of the system.

The water contents and flows are calculated on a daily basis using daily average 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
in the one-dimensional model. The amount of water lost through evapotranspiration is calculated
internally by SCEMR using an energy balance/aerodynamic approach 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 soil moisture at
field capacity during the growing season.
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Contaminants induced into the above 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. 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, defined as the ratio of contaminant concentration on the soil
matrix 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. During and shortly after precipitation, water may drain through the
bottom of the forth 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 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 radioactivity decay, 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.

B.2 The OPUS Model

OPUS, developed by Smith (1992), is a numerical model for simulating both solute transport and
hydrological fluxes in agroecosystems. This model comprehensive and includes all major
components of agroecosystems, i.e., infiltration, soil water flux, nutrient transport, nutrient
transformation, evapotranspiration, interception, plant growth, water and matter flux in the drains,
runoff, snow cover, soil heat flux, soil erosion and sedimentation, surface crusting and weather
generator. In addition, OPUS can handle different management practices as crop rotation, various
kinds of tillage, fertilizer and pesticide application. However, there was some difficulty over the
model's ability to construct boundary conditions for solutes entering the system from
groundwater. For this reason, in the lysimeter study, only the hydrological process model was
exercised. This component of the OPUS model is summarised below.

The soil water is assumed to occur one-dimensionally in the vertical direction through multiple (.
discretised layers. Yet, to account for lateral processes such as surface runoff and erosion, the top
surface layer, still one column in the vertical direction, is sub-divided into several vertical '"••
segments along the direction of the slope. For each segment, the runoff and erosion rates are
computed.

As usual, the water flux in the soil is described by the well-known Richards' equation, i.e.,
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|L-div(q)+S

where water flux q is given by Darcy's law,

dz

in which

0 = volumetric water content;
t = time;
<p = water matric potential;
K = hydraulic conductivity;
S = sinks and sources; and
z = depth from soil surface

The relationship between 0 and <p is described by a modified Brooks and Corey model, i.e.,
x

0s-er
in which

0r = residual water content;
0S = saturated water content;
(pb = air entry potential;
A = pore size distribution parameter; and
c = empirical parameter and is assigned to 5.0

The hydraulic conductivity is derived as,

where

0-0

e=-

0s-0r

2+3X

and Kj is the saturated hydraulic conductivity.

In OPUS, a finite difference method has been adopted to solve Richards equation. The lower
boundary condition is defined either as the depth to the water table or the depth of the drain tiles;
while the upper boundary, i.e. the soil surface, is subject to infiltration and evaporation rates.

The infiltration can be calculated in two different ways, depending on whether breakpoint rainfall

89



BIOMOVSH
TR15

data or only daily rainfall amounts are available. In the latter, there is not enough information for
the use of an infiltration model. Therefore, the Soil Conservation Service Curve Number runoff
estimation method is applied, in which the runoff amount is related conceptually to the
precipitation rate, a soil water storage value and an initial abstraction. The soil water storage can
be estimated from the actual water content in the upper soil layers, and the initial abstraction from
a curve number parameter, from which this method gets its name. In OPUS the SCS method is
modified to increase the sensitivity of the CN runoff prediction to actual soil water near the soil
surface.

If breakpoint data are available, a different method can be selected. In principle, infiltration can
also be calculated using the numerical solution of Richards equation. But a fine discretization at
the soil surface is necessary which increases dramatically the computer time needed. Assuming
that the water content near the soil surface is uniform, the infiltration can be calculated using
simple infiltration equations. The following formula, derived analytically from Richards1 equation
by Smith (1992), is used in the OPUS, i.e.,

f = K —
1

e c - l

where

F = depth of infiltration from start of rainfall
f = infiltration rate
C = C(6j), capillary scale parameter defined as

6 - 0 °

with
0; = initial water content
(ft - initial (p

The infiltration rate is calculated during rainfall events (time step in minutes) and the redistribution
of water in the soil between the storms (time step varies between 0.1 minute and 1 day). The
initial conditions required for the infiltration equation are provided by the water flux model. This
infiltration equation has been extended for considering a surface crust. Such a thin crust may
reduce the infiltration capacity dramatically, depending on the hydraulic conductivities in the crust
and below. The development of the saturated hydraulic conductivity in the crust has been related
to clay content and rainfall energy.

The potential evapotranspiration (PET) is calculated according to the Ritchie model. It requires
that the daily maximum and minimum temperatures and daily solar radiation have to be measured
or calculated with the aid of a weather generator. The actual evapotranspiration (AET) is
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calculated from the PET considering the soil water and plant conditions.

Because the hydrological process in an agroecosystem is mainly controlled by the vegetation, the
AET cannot be calculated without considering plant parameters like leaf area index, rooting depth
etc. The plant growth itself is limited to the soil water and nutrients available. Therefore, a plant
growth model has been included in OPUS which relates the growth rate to the solar radiation and
the availability of water and nutrients.

B.3 The CEEMAT/EMA Model

The CIEMAT/IMA model is a highly simplified dynamic compartment model for the sole
simulation of radionuclides' migration in unsaturated soils and plants. The major simplicity lies in
the assumptions that soil water contents are constant along time, though variable in different
layers (compartment); and the fluxes across different compartments are directly related to either
rainfall or evaporation rates.

Mathematically, each compartment is characterised by the following equation, i.e.,

-^=T(x,t)x+S(x,t)+D(x)
dt

in which x = the vector of contaminants;
t = the time;
S = the source term;
D = the decay term; and
T = a transfer term to quantify the exchange of radionuclides from one to another

compartment

The mechanisms conceptualised in the model include advection, sorption and decay. Dispersion
could be also implicitly accounted by the setting of the number of soil layers. For each
compartment, radionuclides are assumed to be uniformly and instantaneously mixed and as usual,
the sorption process is assumed to follow a linear solid/liquid partition coefficient,.

There is an aquifer compartment below the unsaturated soil layers, which is used to simulate the
source term to the soil. Vertical transport in the soil layers above the aquifer is then simulated
using transfer coefficients. This parameter is estimated from the average water flow rate at each
time step. In details, when capillary rises, it is assumed as,

X ETP
c~d(0+pKd)

and when there is infiltration,

' d(0+QK.)
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in which

ETP = evapotranspiration rate (m/y)
R = rainfall rate (m/y)
d = depth of soil compartment (m)
0 = water filled porosity
p = soil bulk density (kg/m3)
Kd = the sorption coefficient

The rainfall rate will provide the necessary water flow for downward leaching and the
evapotranspiration rate will lead to water upward movement. When ETP is higher than R,
radionuclides will move upward through the profile during a dry period, and some are sorbed on
to the soil particles. A portion of contaminants can be leached back down following the next
rainfall infiltration event, but the remainder will continue to rise to the top of the soil during
subsequent dry periods. Contaminants will then eventually reach the root zone whether an
equilibrium transfer factor can be used to obtain plant uptake concentrations.

B.4 The Studsvik EcoSafe Model

The EcoSafe soil water transport model, applied in the lysimeter scenario, is a submodel of the
soil-plant-air model for water transport, and is coded in a program called USTEVA. It has a
compartment structure and consists of two main components, i.e., simulation of
evapotranspiration process and water movement in soils. The later, as usual, is again governed
by Darcy's law and mass continuity, and is constructed as a function of water potential. The
former is estimated through meteorological data, and based on an approach similar to that in the
FZK model (see below). The evapotranspiration rate is calculated in an iterative manner which
is mainly controlled by the Monin-Obukhov length and the friction velocity. Based on the given
root densities along soil depth the evapotranspiration rate can then be spilt among different soil
layers.

To account for the impact of water stress on the estimation of evapotranspiration, four categories
of water wetness have been defined for controlling water movement, i.e, saturation (porosity),
field capacity, wilting point and hydroscopic point. Field capacity controls the gravitational water
movement when there is a rainfall; while the wilting point is to indicate the minimum water
content for water uptake by plants; and the hygroscopic point is the level of water content, below
which water can evaporate from the soil.

In each simulation time step, the calculations of evapotranspiration and water movement in soils
are conducted in a decoupled manner. In other words, the potential evaporation rate is first
estimated, then the actual evaporation and transpiration rates are determined depending upon the
amount of available water and mass balance. Any excessive water would be compensated by the
movement of water into or out of the given layer. Thereafter, it is possible to simulate the soil
water transport upwards or downwards in the soils as a function of time.
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B.5 FZK

The computer code used for the lysimeter study is part of the tritium assessment code UFOTRI
(Raskob, 1993). The necessary submodels were extracted and put together into a stand alone
program describing the water transport only. The code considers the extraction by the roots,
evaporation from the soil and water movement in the soil determined by hydraulic functions.

Plant-soil/atmosphere Exchange Processes

The mechanisms of the plant-soil/atmosphere exchange are described according to resistance
approaches. The transfer resistances (aerodynamic r^, boundary layer rbv, stomata rst and soil rsoil

resistance) determine the uptake of water in the vegetation and the soil as well as the loss from
the vegetation and soil. The dominating factor controlling the flux is the total transfer resistance
rg which is in case of the vegetation:

r = r + r + r (i)

The aerodynamic resistance rm characterises the transfer from the free atmosphere to the
surroundings of the leaf, whereas the boundary layer resistance rh, describes the mass transfer
through the quasi laminar air layer directly connected to the surface (Mclntosh and Thorn, 1969;
Brusaert, 1982).

Ux
(3)

where u(z) is the wind speed in m/s at a given height (10 m), ux is the friction velocity, and B is
the Stanton number. Since rm and ^ depend on the atmospheric stability and the surface
properties, the commonly used Dyer-Businger equations are used in calculating ux (Brusaert,
1982). The stomata resistance rst is dependent on the type of plant, the temperature, the
photosynthetically active radiation, the humidity of the air and the water content in the soil
(Baldocchi et al., 1987; Fisher et al., 1981 and Jarvis, 1976).

(4)

The

/ ; =

— f
st,mb

weighting

l-bvi

I'JJ
1

fxUt

function for humidity
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soil. The remainder of the water taken up by the plant results from deeper layers (grass: 60%
from layer 2, vegetables: 40% from layer 2 and 40% from layer 3).

At night, the plant stomata, in which over 90% of the water vapour exchange takes place, are
usually closed, and exchange takes place only via the plant epidermis whose resistance is higher
by at least a factor of 10 to 15 than the stomata resistance (Rutter, 1975). In case of precipitation,
it is assumed that the stomata resistance goes towards a very small value and only the atmospheric
resistance is relevant. At night, when the stomata are closed, the leaf resistance (now, the
epidermal resistance) remains constant, also in case of rain.

Water Transport in Soil

The water content in soil will increase in case of rain and will decrease as a result of
evapotranspiration from plants and the soil. Transport of water between each layer due to matric
forces is considered. Therefore, the hydraulic conductivity and the suction tension of the soil (the
soil parameters should be representative of the whole area, if possible) will be calculated
according to that proposed by Walley and Hussein (1982). The function for the suction tension
S is:

S = 1.5 x 105 i|/a + bty + ct|/ (12)

with

il; = — — (13)
(0 - 0 )

where S is the soil suction in millimetres of water, 0S is the maximum water content in each soil
layer in vol %, 0 is the actual water content in each soil layer if the wilting point is reached in vol
%, 0 is the actual water content in each soil layer in vol % and a,b, c and n are constants for a
given soil. The suction-conductivity function K is defined as:

K = — ^ — (14)
Sm + p

where K is defined here in mm/day, c^, m and /?are soil specific constants. Applying a simplified
version of Darcy's law leads to an expression for the moisture transfer from layer 2 to layer 1:

= K
x - S,20

Az2)/2
-1 05)

where Vl2 is moisture transfer from layer 2 to 1 in mm/day and Az12 is the diameter of soil layer
1,2 in mm.

The program as configured cannot cope with a water table close to the deepest soil layer.
Therefore, it is assumed that the deepest soil layer has a depth of lm.

The following parameters are used by the water flow model:
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6S = 45%

b= 13.5
c = 9.4
n = 6.2

P = 3.5E3
m=1.6

B.6 The Kemakta Model

The Kemakta model has two numerical sub-models; hydrological and radionuclide transport. The
former calculates the dynamic hydrological conditions (e.g., water contents and water fluxes) in
the lysimeters, the results of which are then input to the later for calculating the migration of
radionuclides.

The hydrological model is based on the computer code TRUST (Narasimhan, 1975). This code
solves the saturated and unsaturated Richards' equations using an integrated finite difference
method. As expected, information about basic soil characteristics is required to implement the
model. It includes (i) the relationship between matric potential and water content; (ii) the
hydraulic conductivity as a function of saturation; and (iii) soil porosity. Also, data describing net
infiltration, root uptake and the geometry of the lysimeters are needed. In addition, boundary
conditions at the top and bottom have to be given in the form of water flux or water pressure.

The model has been modified to be able to estimate the actual evapotranspiration from potential
evapotranspiration. However, there is no procedure for partitioning between soil evaporation and
plant transpiration.

The radionuclides are assumed to be transported as solutes in the soil water either by advection
or dispersion-diffusion. The computer code TRUMP is used to solve the related advection-
dispersion equation. The code can take account of the interaction between solved species and
solid surfaces by linear or non-linear sorption. For unsaturated conditions and linear sorption the
model is depicted as, i.e.,

( ]4(
\ xj dx

where

c = the solute concentration in the pore water;
t = the time;
x = the depth from soil surface;
e = the porosity;
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Kd = the sorption coefficient;
p = the bulk density of the soil;
S = the saturation degree;
DL= the dispersion coefficient;
u = the water flow rate;
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