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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 II, is
due to cover 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 report is the first of two Technical Reports concerned with modelling tritium
behaviour in the environment. It uses Approach B to compare model predictions of
the tritium contamination of soil, crops, milk and beef following a short release of
tritiated water vapour in the atmosphere. The second tritium report (Technical
Report 13) mainly uses Approach A to compare predicted and observed behaviour
of tritium re-emission from soil and vegetation, and the formation of organically
bound tritium in the grain of spring wheat. Some of the theoretical interpretations
and derivations of the material provided in this report may be published elsewhere
in the future. These reports have been developed in an international context and
therefore they do not necessarily present the position of the organisations
represented by the individual contributors. The tritium reports are only two in a
series of eighteen different Technical Reports to be produced as a result of the
BIOMOVS n programme.
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Executive Summary

Future fusion reactors using tritium as fuel will contain large inventories of the gas.
The possibility that a significant fraction of an inventory may accidently escape into
the atmosphere from this and other potential sources such as tritium handling
facilities and some fission reactors eg, PWRs has to be recognized and its potential
impact on local human populations and biota assessed. Tritium gas is relatively
inert chemically and of low radiotoxicity but it is readily oxidized by soil organisms
to the mixed oxide, HTO or tritiated water. In this form it is highly mobile, strongly
reactive biologically and much more toxic. Models of how tritiated water vapour is
transported through the biosphere to foodstuffs important to man are essential
components of such an assessment and it is important to test the models for their
suitability when used for this purpose. To evaluate such models, access to
experimental measurements made after actual releases are needed. There have
however, been very few accidental releases of tritiated water to the atmosphere and
the experimental findings of those that have occurred have been used to develop the
models under test. Experimental releases of tracer amounts of tritiated water
vapour are, at least in some countries, possible although there is a natural reluctance
to authorize them in other than relatively remote sites. Models must nevertheless be
evaluated before their predictions can be used to decide the acceptability or
otherwise of designing and operating major nuclear facilities. To fulfil this need a
model intercomparison study was carried out for a hypothetical release scenario.
The study described in this report is a contribution to the development of model
evaluation procedures in general as well as a description of the results of applying
these procedures to the particular case of models of HTO transport in the biosphere
which are currently in use or being developed.

The study involved eight modellers using seven models in as many countries. In the
scenario farmland was exposed to 1E10 Bq d /m 3 of HTO in air during 1 hour
starting at midnight in one case and at 10.00 a.m. in the other, 30 days before
harvest of crops or slaughter of beef cattle. Milk was collected daily during the same
period. Modellers were given 30 days of real-time hourly weather observations and
some hydrological and agricultural conditions. They were asked to predict hourly
concentrations of HTO and, where appropriate, organically bound tritium in soil,
leafy vegetables, grain, milk and beef for the first 24 hours after the start of the
exposure and at twice weekly intervals during the rest of the 30 days to harvest. The
models were evaluated by intercomparison of the predicted concentrations and
identifying causes for the significant differences that arose between them.

In most cases, predicted concentrations among models agreed within an order of
magnitude. In a few cases, they agreed within two orders of magnitude. The worst
cases of agreement occurred after the night-time release when concentrations are
relatively low and discrepancies less important radiologically. Some processes are
highlighted that need more experimental study to improve overall model
performance. These are:

HTO in soil:

deposition beneath plant canopies and re-emission from soil,
particularly in stable air and low wind speeds

i i
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numbers and thicknesses of soil layers needed to describe vertical
movement in soil and between soil surfaces and atmosphere

HTO in vegetation:

deposition from the atmosphere particularly at night when leaf
stomata close or partially close

effective rooting depth of different species

OBT in vegetation:

rates of OBT formation, particularly at night

translocation of HTO and OBT to plant storage tissues, grain, tubers,
roots, etc

effect of stage of development of grain when release occurs

HTO and OBT in animal products:

rates of OBT formation in animals

rates of loss of OBT from milk and meat

effect of time elapsed between release and slaughter on concentrations
of OBT in beef.

111
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And even I can remember
a day when the historians left blanks in their writing
I mean for things they didn't know.

Ezra Pound, Cantos XIII
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1. Introduction

Tritium is a radioisotope of hydrogen with mass 3 and charge 1. Usually designated
by the symbol T, it occurs in nature as a mixed molecule with hydrogen eg, HT and
HTO. The latter, conveniently referred to as tritiated water, is produced in the
upper atmosphere when high energy cosmic rays interact with nitrogen and oxygen.
The annual rate of production is about 6E16 Bq leading to a global steady-state
inventory of 1E18 Bq, mostly HTO. About 90% is in the hydrosphere and only 0.1%
in the troposphere where its half-residence time is 10 days.

A variety of human activities produce tritium, notably testing nuclear weapons in the
atmosphere. Up to the mid-sixties, weapons testing injected about lE20Bq into the
global environment. Ternary fission in nuclear reactors produces about 1E15 Bq per
GW(e)a while neutron reactions with isotopes of lithium and boron may produce a
few per cent more. Neutron absorption by deuterium in heavy water reactors,
however, produces one hundred times more, ie, about 1E17 Bq per GW(e)a.
Typically less than 1% of tritium in fuel is released from reactors but fuel processing
releases more than half. Tritium mainly in elemental forms, T2, DT or HT will fuel
first generation fusion reactors, eg, the inventory of tritium in ITER will be about
lE18Bq.

Tritium decays with a half-life of 12.3 years by emitting a p-particle to form Helium-
3. The average p"-ray energy is 6 keV and the maximum 18 keV, too low for the
radiation to penetrate skin. Tritium, therefore, is radiologically significant only when
inhaled, ingested or absorbed through skin.

2. Background

Tritium in elemental form is relatively inert in higher animals and plants but is
oxidized by soil microorganisms to tritiated water. Within a short time after entering
the atmosphere, a release of HT is virtually equivalent to a release of the same
amount of mixed oxide. However, close to a source, differences in spatial and
temporal distributions of HTO in the biosphere will depend on the chemical form of
the release.

As HTO with hydrogen, tritium enters food chains and both plants and animals
metabolize it, together with hydrogen, into organic compounds, such as
carbohydrates, proteins and lipids. Tritium in these compounds is collectively
referred to as organically bound tritium or OBT for short. The importance of OBT is
that while tritiated water readily evaporates from tissue water and so has a short
life span in the body (~10d), OBT is nonvolatile and lost only slowly as a result of
metabolic excretory processes and biooxidation. Following an accidental release,
tritiated water in the biosphere may have evaporated or transpired from plants but
OBT remains at harvest time and becomes the major contributor to dose.

When releases are routine, ie, more or less continuous at constant rate, local
distribution has conventionally been assumed to approach steady-state when
specific activities in all related environmental compartments including the human
body are about equal. This approach is conservative. Attempts to introduce more
realism typically multiply specific activities in the body calculated this way by a
fraction representing the proportion of total water intake that is derived from local
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contaminated sources. Factors of about 0.15 have been proposed. Because of high
mobility and relatively long half-life, radiological consequences of tritium releases
have been perceived in the past to be more important at global rather than local
spatial scales.

Recent ICRP recommendations for lower dose limits applied to the general
population, an awareness of the potential importance of OBT, a widespread concern
over the value of the quality factor in tritium dosimetry and, particularly, the
advanced state of research in fusion reactors and the perceived potential for first
stage reactors to release to the atmosphere relatively large quantities of tritium
accidently have led to an increased interest in developing dynamic models of
environmental tritium behaviour. It is this type of model the present scenario
addresses.

3. Scenario

A copy of the full scenario used in this model evaluation study is given in Appendix
A. Most recent dynamic models of tritium behaviour in the biosphere have been
developed in response to needs of developing fusion technology. Features of these
models include emphasis on releases of elemental tritium, its oxidation and
subsequent behaviour as tritiated water, atmospheric dispersion from point sources
and evapotranspiration of tritiated water from previously contaminated soil and
vegetation.

Such models are necessarily complex and involve diverse processes, knowledge of
which requires specialists from many scientific and technical sub-disciplines. Models
of atmospheric dispersion are not specific to tritium. They have been tested
extensively and intensively in other validation studies. Oxidation of elemental
hydrogen in soils is likewise a subject that can stand alone. Both of these model
components were omitted from the present scenario. Also omitted, for the same
reasons, were dosimetric sub-models. Scenario end-points therefore were
concentrations of tritiated water and OBT in primary foodstuffs, ie, vegetables,
grains and animal products. An acute exposure was defined in such a way as to
enable the transfers to be modelled one-dimensionally and to omit horizontal
advection in the atmosphere. Because of the strong diurnal effects on variables
affecting transfers, two releases were defined - one early in the day, the other at
midnight.

Exposure occurred for a short time (one hour), 30 days before crop harvest. Grass
was considered to be important only as an intake by animals and, like milk and
meat, continuously harvested. Radiological impacts caused by consumption of these
foodstuffs are proportional to tritium concentrations integrated over infinite time.
For root vegetables and cereals, radiological impacts are related to concentrations at
the time of harvest; time varying concentrations between exposure and harvest being
of no radiological significance. Some leafy vegetables such as lettuce are harvested
more or less continuously during a growing season and are not easily classified this
way but the intent was to consider only those leafy vegetables harvested 30 days
after exposure. Leafy vegetables then are treated in the same class as root vegetables
and cereals.

Radiological impacts, however, are different. Lettuce is not stored, so soon after a
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crop is harvested it is consumed and there are no further dietary intakes. Root crops
such as potatoes and grains on the other hand will be stored and consumed
throughout the following year. Their radiological impacts due to OBT present at
harvest time will be proportional to harvest time concentrations multiplied by 365,
ie, to the yearly integrated concentration during which a person consumes them. For
tritiated water content of these foodstuffs, some loss due to evaporation and
exchange occurs in storage. However, this process was not part of the test. The
scenario requested predicted concentrations in vegetables as well as in milk and meat
at intermediate times before harvest only to learn how different models behave
dynamically and to interpret those differences in terms of model structure and
assumptions.

The scenario provided information on soil properties and agricultural produce and a
sequence of real-time weather that included hourly stability, wind speed, net
radiation, temperature, rain and humidity.

4. Models

The following models and their users participated in this validation scenario. Each
model is described briefly in Appendix C. Because of staff changes at NRIRR,
Nandor Fulop was unable to be present at later meetings of the working group and
he was not available to explain differences in the predictions of TRINIRBU relative
to those of other models.

All participants predicted concentrations of HTO and, where appropriate, OBT, in
soil water and leafy vegetables. Most gave values for milk and grains but very few
gave results for root vegetables which were therefore omitted from the original
scenario.

MODEL

UFOTRI

UFOTRI/A

TRTTRAJt

TRILOCOMO4

ETMOD

TRIMOVS

TRICAROM

TRINIRBU

USER

W Raskob

P Davis/D.Galeriu

O Togawa

O Edlund

S Russell

Y Belot

D Galeriu

N Fulop

AFFILIATION

FZK, Germany

AECL, Canada

JAERI, Japan

EcoSafe AB, STUDSVTK, Sweden

Ontario Hydro, Canada

CEA-IPSN, France

Inst. Atomic Physics, Romania

NRIRR, Hungary

* Sometimes abbreviated in the legend of figures and columns of tables to
TRILO'MO

t Originally based on UFOTRI, but extensively modified version used for the
scenario calculations
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5. Environmental Transfer Processes

5.1 Overview

Flowchart 5.1 shows the pathways involved in transferring HTO from atmosphere to
each end-point and how they combine in human diets to cause internal exposure.
Inhalation of HTO by humans present while the initial plume passes is also an
important pathway contributing to human exposure. However inhalation pathways
to humans were not part of this scenario since they are readily and reliably
calculated following standard procedures. Nevertheless, its potential contribution to
total dose should be kept in mind when assessing importance of errors caused by
uncertainties in food chain transport conditions and calculations.

Consequential doses are practical end-points for operational assessment models and
it might be appropriate to validate or compare models at the end points only.
However it is more useful to consider each stage in the overall transport separately.
This allows performances of models to be compared at each step and focusses
attention on those processes about which not enough is known and therefore where
there is need of additional experiments.

It is not sufficient simply to record differences in model predictions. Explaining why
they arise and identifying their causes are also important. The task, however, is
difficult because models do not differ on single issues but on several. Another
difficulty arises because the outcome of one step in a transfer sequence is affected by
inputs derived from all previous steps in addition to any differences that arise
because of the way that particular step is modelled. Whenever possible, the
calculated outputs of a step will be normalized to unit inputs to eliminate this
problem.

One aid to identifying causes of differences between predicted concentrations that
will be used, is as follows. Predicted concentrations will be treated as though they
are experimental results, each model (or model user) representing one experiment.
Attempts are then made to fit the results to simple mathematical models so that
after a common pattern has emerged parameter values can be evaluated and
compared. This, in effect, means that all predictions, however obtained, are force-
fitted to common simple models in which numerical values of identical parameters
can be compared. For the most part, these simple models are regression or first order
kinetics. It may happen that some participating models have used the same
formulation in calculations while others have not. This does not matter, nor does it
imply that the one formulation used here is the preferred one. The objective is to put
all predictions, not models, on the same basis for easier comparison.

Every slope, and every change in slope of a time sequence of concentrations from a
model (as distinct from the reality it simulates), are entirely deterministic, and in
theory predictable and explainable on the basis of model structure and mathematical
formulation. Even the slightest kinks in the time curves built in by the modeller
should be explainable. Regrettably the ideal is rarely achieved but the rigid discipline
imposed by the organized comparisons of model outputs has encouraged
participants towards this objective.
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Flowchart 5.1
Pathways leading from airborne release of HTO to human dietary intake
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Root
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All boxes except those of Air and Soil are double - one for HTO and one for OBT with reversible
arrows between them. Only HTO box loses tritium directly through transpiration

In this report it is impractical to identify and explain every slight difference in the
graphs and they are probably irrelevant to the main purposes of the models but it is
important to study the main features of the concentration - time curves. These are, in
the receiving compartments, initial concentration followed by major slopes of
subsequent recession. In later compartments, time to and magnitude of predicted
peak concentrations and the subsequent slopes and times of inflections in recession
limbs of predicted time varying concentrations are important.

All time dependencies can be suppressed by comparing concentrations integrated
over 30 days. In the case of milk, this is itself a measure of radiological impact but
even in other cases it is a useful measure of overall transfer and normalized to time
integrated concentrations in precursor boxes, the ratio is a simple means of
comparing overall transfer parameters between sequential steps.
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5.2. Air to Soil Transfer

5.2.1 System Description

Flowchart 5.2 shows transfer pathways between atmosphere and soil and within
soil.

Tritiated water vapour, like water, is mobile. It deposits readily from the
atmosphere but just as readily, it evaporates according to direction and magnitude
of concentration gradients between surface and air. It moves with water when it
percolates through soil after rain, and provided the soil is not saturated, it may as
vapour diffuse deeper into soil in directions and rates dictated by concentration
gradients.

Rate of change of the amount of HTO in the top layer of soil therefore depends on
relative rates of deposition/evaporation and rates of advection/diffusion into
deeper layers. The rate of change of HTO concentration in soil water however,
depends both on how much HTO is present and on the amount of soil water. Since
water also evaporates, the change in HTO concentration depends, in addition to
other variables, on the rate of water loss.

Flowchart 5.2
General transfer between air and soil moisture; n,m, and p
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A sudden short-lived release of tritium as envisaged in the scenario means that
deposition predominates during plume passage. In the post-exposure period, HTO
loss will depend on the concentration gradient and hence it may evaporate faster
than water so its concentration in soil water decreases more or less rapidly,
depending on atmospheric humidity. There is very little net loss of water into a
saturated atmosphere for example, but HTO evaporates freely and its concentration
decreases relatively quickly. On the other hand, in a dry atmosphere the two
molecules evaporate just as freely and the rate of decrease in the concentration is
relatively slow.

In such a complex system of many and diverse processes, there is no possibility of
identifying why predicted concentrations should differ as they do. However, by
selecting certain times when one or, at least, a small number of processes dominate,
transfer and prediction differences can be more easily attributed to specific causes.

5.2.2 Model Descriptions for Deposition and Evaporation

Transfer between air and soil (or vegetation) involves several diffusion regimes, each
characterized by certain parameter values. In free air, well away from elements of
surface roughness, inertial forces aided or hindered by hydrostatic stability dominate
and turbulent diffusion is the main transfer process. Closer to surfaces, molecular
diffusion becomes increasingly important and within a viscous sub-layer in contact
with leaf or soil surfaces, it is the only transport mechanism. Between these extremes
is a transition zone of much complexity, made more so when, as is usual, vegetation
is present. Local factors including vegetation type, density, state of growth and so
on then control transfer rates.

Models usually describe transport in terms of an electrical analogue with resistances
in series and in parallel as appropriate and chemical, heat and momentum fluxes
represented by electrical current driven by concentration gradients representing
voltage. The usual rules of electrical circuitry apply with flux, gradient and
resistance related by analogy to Ohm's Law, thus

I = V/R 5.1

where I is flux (or current),
V is concentration differences (or voltage) and
R is the resistance of the conductor.

Resistances in series add

Rx = Rx + R2 + Rn

and in parallel, reciprocals add

1/Ry = I/R1 + I/R2 + 1/Rn

Deposition parameters, velocities of deposition or of exchange are equal to 1/R and
may change in value as environmental factors alter one or more of the component
resistances. Parallel resistors proportionally divide fluxes between alternative paths.
Thus Ri/(Ri + R2) is the proportion of the total current flowing through path R2
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though this may sometimes take the form of an empirical fraction, such as an
interception fraction expressing the proportion of a flux taken up by vegetation, its
complement being the proportion reaching soil.

From equation 5.1, flux F is the product of concentration difference Ca and transfer
velocity Vx (reciprocal resistance).

F = V x .C a

Vx is not a velocity, but has dimensions of velocity because volumetric flow rate is
referred to unit area of surface. There are two ways to model HTO deposition from
air to surfaces. In the deposition velocity concept the flux is correlated to the HTO
concentration in air by a deposition velocity, Vg, which for reasons of practical
measurement represents a mean value over a certain observation period, during
which Vg actually decreases rapidly from a high initial value as surface
contamination builds up. As this concept is applicable for deposition only, the
inverse process, HTO re-emission from surfaces back into the atmosphere has to be
modelled independently. This is commonly performed with help of a re-emission
rate defined as the fraction of the momentary HTO content in soil or vegetation
leaving this compartment per unit time. The alternative concept uses an exchange
velocity, Ve, which applies for both downward and upward movement of HTO.
Examples of both approaches are represented in models participating in the
scenario.

In the exchange method, net flux is proportional to and in the direction of
concentration gradients between atmosphere and soil. Concentrations in air and
surface material can be expressed in different ways, eg, becquerels per unit volume of
air in air and, in soil, per unit volume of air saturated at soil temperature.

The relation between the two approaches can be seen by looking at a generalized
exchange equation, thus

where Aa is HTO concentration in air; As is a function of the surface deposit. Both
refer to unit area.

Integrating gives

k,Aa
A,(t) = - £ — [1 - exp( -k 2 t ) ]

and, when k2t < 0.1, the term in square brackets is approximately equal to k2t

As(t) = k,Cat

as in the velocity of deposition approach and the two should give, other things being
equal, comparable results so long as k2t < 0.1.
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When matter is depositing onto a surface, a concentration gradient establishes, so
deposition and exchange velocities are functions of measurement height relative to
surface features. Measured velocities are conductivities averaged over the path
length from the point where air concentration is measured to the surface receiving the
flux. Failure to realize this leads to one of the most common modelling errors ie,
adding resistances to a model that are already implicitly included in parameter
values selected from the literature.

Another modelling approach uses first order kinetics eg, TRINIRBU and TRTTRAJ, ie,
a constant fraction of the inventory contained in the vertical column of air is
transferred to the surface per unit time.

das/dt = kas.aa 5.2

where as and aa are the amounts of HTO in surface material and air respectively
projected onto lm2of surface, and k a s is the transfer rate constant for the transfer
from air to surface. aa is strictly the integration

aa = jCa(z)dz
0

but since the vertical concentration gradient is unknown, the equation is usually
simplified to

aa - Q.H

where Ca is the concentration in 'ground-level' air and H is the height of the plume,
which is also unknown but usually equated tor the mixing height of the atmosphere
which is also unknown but is usually taken to be about 1000 to 1500 m.

The transfer rate constant is calculated in the usual way as the ratio of flux to
inventory

k- = l ^ f - V « / H

The appeal of this approach is threefold. First, it is attractive mathematically for
dynamic modelling. Second, it simplifies the equations for estimating plume
depletion by deposition as the plume travels downwind. Third, it recognizes that
the flux to the surface decreases with time because of HTO depletion in the air
column. In the first approach it is possible to transfer more HTO to the surface than
present initially in air if plume depletion is not taken into account.

The TRITRAJ model uses this approach, kas - 5E-06 s-1 corresponding to a plume
height of 1000 m and Vg = 0.5 cm/s. After making appropriate substitutions for aa

and kasEquation 5.2 reduces to

F = das / dt = Vg . Ca.

Benefits that appear to come from the kinetic approach are therefore confined to
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mathematical convenience. Thus in the TRINIRBU model all transfer equations are of
this type.

After deposition, HTO enters soil water at a concentration equal to net deposit
divided by the volume of water into which it is absorbed. The scenario required
calculations of the mean HTO concentrations in the 0 to 5 cm layer. Assuming re-
evaporation and downward migration of HTO and H2O in soil are small compared
with deposition, the concentration in the surface 5 cm thick layer at the end of the
hour-long fumigation is

So = CaVAt / D9
= P.V

where V is a velocity of deposition (Vg) or exchange (Ve)
D is soil thickness (5 cm) and
6 is the volumetric soil moisture content (0.2)

Values for all terms except V are specified in the scenario description from which P
has a value of 3.6E15 Bq s/nv* or 3.6E12 Bq s/1 m.

Values for So reported by each model are shown in Table 5.1 together with the value
of the appropriate velocity, V. If So is divided by V, the answer should be close to
the theoretical value 3.6E12 Bq s/1 m. Most values following the day-time release
vary between 3.3 and 3.6 which are close and differ mainly due to rounding error. A
slightly low value of 2.6E12 Bq s/1 m comes from TRIMOVS which is possibly due to
the rate of re-emission being significant relative to deposition so net deposit is a little
low. The other low value, 0.36, is about a factor of 10 too low. Differences between
the experimental and theoretical values arise because of inconsistency between So
and V as stated by the modeller. In this case the difference is large enough to suggest
an error in transcription.

Table 5.1: Mean Initial Concentrations of HTO of Soil Water in the Top 5 cm

Model

UFOTRI/A

UFOTRI

TRITRAJ

TRILO'MO

ETMOD

TRIMOVS

TRICAROM

TRINIRBU

V

m/s

0.006

0.0005

0.0005

0.0014

0.0047

0.005

0.0026

0.005

Day-time

So

E10 Bq/1

2.0

1.7

1.8

0.48

1.7

1.3

0.9

0.18

so/v
E12Bq
sflm

3.3

3.4

3.6

3.4

3.6

2.6

3.5

0.36

V

m/s

0.0054

0.004

0.005

0.0012

0.0046

0.0043

0.0026

0.005

Night-time

So

E10 Bq/1

1.6

1.5

1.8

0.41

1.4

1.3

0.9

0.18

so/v
E12 Bq
s/lm

3.0

3.8

3.6

3.4

3.0

3.0

3.5

0.36

10
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In practice, HTO will be non-uniformly distributed in surface soil and immediately
after the hour-long fumigation, will concentrate in a thin layer at the top of the soil
column. Some models (eg, ETMOD and TRIMOVS) used this soil section for
computation, while others (eg, UFOTRI and TRITRAJ) used the layer thicknesses
specified in the scenario (5 cm, 10 cm and 15 cm from top to bottom of three layers
respectively) for computation. Initial HTO concentrations are, for the same initial
deposit, inversely proportional to the thicknesses of soil used, so that in TRIMOVS
where the section thickness is 2 mm, the initial concentration in the top layer will be
up to 25 times higher than the corresponding value in an otherwise similar model that
has only one (5 cm thick) top soil layer. Effects of such differences in model
structure have been concealed in the discussion so far because all the reported
concentrations were averages over the same 5 cm. depth but there are two which
should be noted.

Firstly, in single top soil layer box models, transport into the intermediate layer
beneath begins immediately because of instantaneous mixing throughout the top 5 cm
box. By contrast, in models in which the top 5 cm of soil is divided into multiple
sections, initial deposit is in the topmost sub layers from which it only relatively
slowly migrates downwards. In this case and after a more or less delay, HTO
appears more slowly in the 5-15 cm and the next layer beneath that (15-30 cm).
Secondly, and more significantly from the radiological view, because concentrations
of HTO in multilayer models are initially higher in the surface soil layers HTO
evaporation rates are correspondingly higher. In the absence of rain, diffusion to
deeper layers is slow so a greater proportion of HTO is lost from the soil column by
evaporation. This can be seen in the time integrated (30 day) concentrations
averaged over each of the layer depths, 0-5 cm, 5-15 cm and 15-30 cm. For both day
and night-time releases, multilayer models ETMOD, TRIMOVS and TRICAROM
predict time integrated concentrations lower than those predicted by the single layer
models (UFOTRI) and the differences increase dramatically as the averaging depth
increases.

Radiological implications of this depend on the proportions of water plant roots
take up from each of the three layers. If, for example, roots take up most water from
the top 5 cm, impacts predicted would differ by a factor between 2 and 4 but if a
significant contribution comes from deeper layers, radiological impacts would be less
depending on which model strategy was followed. This important point will come
up several times, ie, potential consequences for radiological dose caused by
modelling differences in one step may be enhanced or diminished to varying degrees
depending on the way later steps are handled. If, however, HTO migrates rapidly
enough downward through the water column, rooting zone soil may lose HTO out of
the bottom of the soil column in amounts similar to the amounts the other models
lose out of the top by evaporation. Two models differing substantially in structure
and form may still give predicted concentrations that agree reasonably well.

This discussion has focussed on the hour during fumigation and the specific activity
in soil water at the end of it. After the initial deposit, amounts of HTO in surface
soil depend on losses by evaporation and, if still no rain falls, vapour phase
diffusion to deeper soil layers. Later vapour phase diffusion from deeper layers
back to the surface slows the rate of HTO loss in this layer. Vapour phase diffusion
is complex depending on strengths and directions of vapour pressure gradients.
Vapour pressure in a layer depends on a) the HTO concentration, b) the temperature
and c) the moisture content through matric tension acting on saturation vapour
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pressure; concentration gradients alone are not sufficient to determine direction and
rate of vapour phase diffusion. Liquid phase diffusion can take place in the liquid
film wherever the film is continuous - a condition which becomes increasingly unlikely
as soil moisture falls below field capacity. Finally tortuosity affects the rate of
diffusion relative to that in an otherwise equivalent, but open, system. It is not clear
that sufficient is known about these processes to model them in detail.

The time course of HTO concentration in soil water also depends on the amount of
soil water present as well as on the amount of HTO present. Since HTO evaporates
into a tritium-free atmosphere faster than does water into a humid atmosphere, the
HTO concentration in the top layer decreases with time.

5.2.3 Comparisons of Predicted Soil Moisture Concentrations of HTO

5.2.3.1 Time and Spatial Responses

In several models, HTO concentrations in soils following day and night releases are
identical. In others, differences between day and night are small, Figure 5.1. The
present discussion therefore will be based on results from a day-time release.
Conclusions will apply more or less equally to a night time release.

Figure 5.2 shows predicted average concentrations in the top soil layer (0-5 cm)
during the first 24 hours following the start of the fumigation. Apart from
differences in concentrations at the end of the exposure time and mostly attributed
to different values of the velocity of deposition or exchange already discussed, the
subsequent time courses of concentration show two types of behaviour. One is a
linear decrease during the first 24 hours (TRITRAJ, TRILOCOMO and TRINIRBU)
though at substantially different rates, the other is a more or less rapid decrease in
the first few hours (ie, in daylight) followed by a slower loss rate during the night.
The rates of re-emission during the early daylight hours are very much faster in those
models where the top 5 cm soil layer is subdivided into multiple sections. This is
because of the higher concentrations of HTO in the top few millimetres of soil
compared to when the same amount of HTO is uniformly distributed through the
whole of the 5 cm section.

Predicted surface soil concentrations during the following 29 days are shown in
Figure 5.3. The curves for all models have a similar shape. At the end of 30 days,
concentrations have declined by 2 or 3 orders of magnitude from their initial values.
After the first day, an order of magnitude separates highest and lowest predictions.
A similar spread is evident after 30 days, but the order of models between highest
and lowest is different. To isolate these differences better, each set of predictions
was normalized to the level after 24 hours. The result is shown in Figure 5.4. Models
separate into the same two groups noted earlier; those (except ETMOD) having
multiple soil layers showing the least loss, those with just three layers showing the
biggest losses. The exceptional behaviour of ETMOD and TRILOCOMO appears to
be due to the dilution, as distinct from loss by evapotranspiration, caused by heavy
rains, nearly 24mm, between hours 620 and 628.

Figures 5.5 and 5.6 show time-dependent concentrations in the intermediate soil
layer 5 -15 cm. As expected from the earlier discussion, models with three soil
layers predict relatively rapid rises in HTO concentrations in soil layer 2 while those
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with multiple layers rise increasingly slowly as the number of soil layers increases.
At the end of 24 hours, more than two orders of magnitude separate highest and
lowest but only a little more than one order of magnitude separates highest and
lowest maximum concentrations, reached after variable times (70-240 hours). After
reaching maximum values, concentrations decline at first order rates that differ from
model to model, so that after 30 days, the spread is about the same but the order in
which models appear between highest and lowest concentrations has changed.

Changes of HTO concentration between the maximum and the value after 720 hours
vary from a factor of little more than an order of magnitude in ETMOD, the highest,
to a factor of about 3 for TRIMOVS, the smallest. Differences on the descending
limb do not group according to number of soil layers modelled but reflect primarily
differences in selected values of rate constants.

Some models responded to rain which fell toward the end of the run time and which
can be seen in the graphs as relatively small scale departures from a straight line.
However, sizes of departures from linearity for any one model are small compared
with the sizes of differences between models.

Concentrations when averaged over the lower most soil layer (15-30 cm) are shown
in Figures 5.7 and 5.8. In this, the deepest soil layer modelled, most model
predictions of H2O concentrations have not peaked within the 30 day period. After
30 days, two orders of magnitude separate highest and lowest predicted
concentrations with numerical order determined in accord with arguments given
above, ie, by the number and thickness of soil layers used for computation. Similarly
varying are rates of rise of HTO concentrations, those models having the smallest
number of layers began to rise earlier and rise to the highest concentrations.

5.2.3.2 Time and Depth Integrated Soil Water Concentrations

For radiation protection and environmental assessments, the quantity often required
to be calculated is time integrated concentration.. This is the quantity on which
depends that part of time integrated concentrations of radionuclides in vegetables,
dairy and beef products due to uptake from soil. Furthermore, plants take in water
from the soil through their roots from different depths depending on species and soil
moisture distribution. Lettuce absorbs most water from the upper soil layer while
tubers such as potatoes may take water up from somewhat deeper layers (eg, 5 to 10
cm).
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Fig. 5.1a Comparison between soil water HTO concentrations in 0-5cm soil layer
following the day-time and night-time releases, 1-24 h after release.
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Fig. 5.1b Comparison between soil water HTO concentrations in 0-5cm soil layer
following day and night releases, 24-720 h after release.
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Fig. 5.2 Soil water HTO concentration in 0-5cm soil layer, following the
day-time release, 1-24 h.
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Fig. 5.3 Soil water HTO concentration in 0-5cm soil layer following the
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Fig. 5.4 Soil water HTO concentration in 0-5cm soil layer normalised concentrations at
24 h. Day-time release.
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Fig. 5.5 Soil water HTO concentration in 5-15cm soil layer following the
day-time release, 1-24 h.
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Fig. 5.6 Soil water HTO concentration in 5-15cm soil layer following the
day-time release, 24-720 h.
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Soil ^ ter concentrations of HTO integrated over 30 days in each of three soil
depths>0-5, 5-15 and 15-30 cm are shown in Table 5.2 while those averaged over

thsfrcm 0-5,0-15 and 0-30 cm are shown in Table 5.3.

Ible 5.2: 30 Day Time Integrated HTO Concentrations by Soil Layer
(Units: E10 Bq d/1)
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5.3: 30 Day Time Integrated Soil Water Concentrations Averaged
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Desĵ e differences of 1 or even 2 orders of magnitude separating predicted
concentrations that were seen at selected times, for time integrated concentrations,
except i°x the TRINIRBU model, a factor of 6 separates highest and lowest values
when mtegrated over both time and depth. A factor of 10 separates values
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predicted by the TRINIRBU model and the highest amongst the others (TRITRAJ)
which is almost entirely attributable to differences in initial concentration in the
upper soil layer.

When rain falls, different processes are responsible for HTO transport. Both rates of
deposition from the atmosphere and of transfer to deeper layers within the soil are
considerably enhanced. Rain falling on previously contaminated soil increases the
rate of downward HTO migration but also dilutes it by increasing soil moisture. A
short light rainfall occurred four hours after the end of the day-time release period
but heavier prolonged rains occurred relatively late in the scenario. Heavy rain
during or shortly after exposure would produce relative dynamic model responses
that differ substantially from those calculated in this scenario.

5.3 Air and Soil to Vegetation

Flowchart 5.3 shows generalized transfer pathways. Plants may become
contaminated with tritiated water directly from the atmosphere by deposition onto
leaves and other receptive surfaces and indirectly by root uptake of what has
previously been deposited to soil. It is convenient to review separately transfer
processes responsible for each pathway, though in the end, the amounts or
concentrations found or predicted to be in vegetation are the result of contributions
from both sources.

Flowchart 5.3
HTO transfer pathways connecting soil, atmosphere and vegetation

Air V

i

Soil

HTO
egetation

5.3.1 Air to Vegetation

The general approach to modelling air to vegetation transport is similar to that
discussed above for exchanges between air and soil, but additional processes are
involved because of anatomical and physiological properties of vegetation. Plants
exchange gases and vapours with the atmosphere mostly, but not necessarily
exclusively, through their leaves. At all times, metabolic processes supply energy
using oxygen from the air and produce carbon dioxide as waste. During daylight,
photosynthesis converts airborne carbon dioxide and water from soil to form
carbohydrates and other organic compounds.

Rates of exchange between the inside of leaves and the outside are mediated through
small valve-like openings, or stomata, on leaf surfaces. Stomata open and close in
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response to a variety of environmental conditions - not always the same in different
plant species. One function of stomata is to control the water economy of the plant,
closing either when the plant is stressed by dry soil or in low light conditions. Some,
but not all plants, close stomata at night. Leaves must receive sunlight to
photosynthesize. This requirement limits numbers and dispositions of leaves within
the vertical development of the stand ie, its canopy. Gases as well as light must be
able to get in and, in the case of gases, out of the canopy. Models may include terms
to simulate additional resistances for transport within the canopy and through
stomata and cuticle. Photosynthesis is largely carried out in leaves but its products
are stored in various plant organs and tissues to which they must be translocated.
For example, tubers store polysaccharides and seeds store proteins and oils.
Translocation will be discussed in the section on grains.

Models differ in the way stomatal resistances are handled. The effect of altering
stomatal resistance is twofold. Firstly, if stomata are closed or partly closed during
exposure little if any HTO is absorbed from the atmosphere. Secondly, root uptake
of soil water contaminated with HTO depends on the rate water transpires from
leaves and this in turn depends on stomatal opening as well as on relative humidity,
insolation and other meteorological factors.

In the TRITRAJ model, for example, stomata close for 12 hours during the dark half
of the day. In other models, eg, UFOTRI, stomata close at night but HTO still enters
through the cuticle at one tenth the rate through open stomata. In some models eg,
UFOTRI and TRICAROM, stomatal resistance responds to moisture stress. When
soil water is uncontaminated, the TRITRAJ model defines specific activity ratios in
plant water and in atmospheric water vapour; namely 0.5 for grass and leafy
vegetables, 0.25 for grains and 0 for root crops. This implies that in these models,
for grass and leafy vegetables, half the water content derives from the atmosphere
whereas for root crops, none of the contained water derives from the atmosphere.
Residual water must come from soil water.

5.3.2 Root Uptake

Water provides turgor to plants, the vector for transporting chemical entities between
different parts of the plant and for taking up nutrients from soil, and it supplies the
transpirational stream. Plants of agricultural and horticultural interest do not
flourish in perpetually water logged soils. In unsaturated soils, water is held to soil
particles by tension the magnitude of which depends on soil moisture content and
particle chemistry and size. Plants must do work to extract water held by particles.
Water will therefore tend to be drawn from depths in the soil column where the
evapotranspirational demand can be satisfied, if at all, with the least expenditure of
energy. Models however do not usually reproduce this variability but have constant
fractional soil water intakes from each soil layer. Some models have equal uptakes
from each layer while others have a graduated scale depending on depth and type of
plant.

A consequence of water being held in soil by tension is that corresponding saturation
vapour pressures are lowered hence rates at which water and tritiated water move
between air and soil and between soil layers are also lowered because these depend
on vapour pressure gradients.

A thin soil layer at the surface may control upward diffusion between layers or
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between air and soil and HTO may remain there until rain wets the soil so reducing
tension and raising vapour pressure. UFOTRI simulates this layer by a 2mm thick
sub-layer between atmosphere and the top soil box.

Water moving up stems has about the same tritium concentration as the average of
the water drawn by roots from the soil. Plant roots take water from soil layers
requiring the least expenditure of energy to extract moisture from particles and
interstitial spaces. These are always changing as soil alternately wets, drains and
dries. One consequence of this to modelling is that while it may be desirable to
perform calculations of soil-atmosphere interactions using thin soil layers, soil-plant
interactions are better calculated using soil concentrations averaged over thicker
layers.

Plant water and soil water eventually equilibrate as the latter replaces old plant
water. However when the transpirational stream reaches the evaporating surface of
leaves, HTO is lost more readily than H2O, the differential depending on
atmospheric humidity. In the extreme, when ambient air is saturated, no net loss of
water occurs but HTO continues to be lost though at a declining rate, as its
concentration in leaves declines and that in the atmospheric boundary layer
increases. At this point, HTO is lost at a rate that depends on how fast it can be
brought up from the roots either by the transpirational stream or if this is not enough
by molecular diffusion through the water column. When the transpirational stream
ceases altogether because of stomatal closure, evaporation of both H2O and HTO
stops or proceeds much more slowly through cuticular diffusion.

Concentrations of HTO in water of leafy vegetables should be similar to the average
concentration in soil after taking account of both the vertical distribution of
concentration and how much water each depth layer contributes to the total water
intake. In practice, because of the differential rates of loss by transpiration of HTO
and H2O, HTO concentration in plant water is lower by a factor the size of which
depends on the differential rates of transpirational losses and the fraction of water
in plant tissues that exchanges with the atmosphere. In some models this is fixed as
in the TRTTRAJ model, in others it may be calculated as the model runs.

hi daylight, virtually all HTO in plant cells comes initially from the atmosphere. This
is lost, more or less rapidly, and eventually replaced by what the roots take up from
the soil.

These are important processes regulating water and HTO movements within the
system but complexity precludes, at present, their proper representation in models.

5.3.3 Results for Leafy Vegetables

Predicted concentrations of HTO in leafy vegetables following day-time and night-
time releases are shown in Figures 5.9 and 5.10 and in Figures 5.11 and 5.12
respectively.
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Fig. 5.9 Concentration of HTO in tissue water of leafy vegetables following the
day-time release, 1-24 h.
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Fig. 5.10 Concentration of HTO in tissue water of leafy vegetables following the
day-time release, 24-720 h.
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Fig. 5.11 Concentration of HTO in tissue water of leafy vegetables following the
night-time release, 1-24 h.
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Fig. 5.12 Concentration of HTO in tissue water of leafy vegetables following the
night-time release, 24-720 h.
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Results for night-time release in Figure 5.11 are of special interest in that they show
the effects of how different models treat stomatal resistances at night. Five out of
eight participating models begin with relatively high HTO concentrations at the end
of the hour long exposure. These decrease during the following 23 hours (Figure 5.11).
In three models, soil uptake dominates as the source of HTO and concentrations in
plants, rise to a level comparable with those in soil. The range of predicted HTO
concentrations at the end of the first day after a night-time release primarily reflects
differences of soil uptake and is about an order of magnitude compared to a range
closer to a factor of three after the day-time release.

These results are consistent with earlier descriptions of processes and their effects.
In UFOTRI, for example, stomata close at night but cuticular diffusion allows
exchanges with the outside air at rates about one tenth those used for daylight
release when stomata are fully open. Thus concentrations after the one hour
exposure, Figure 5.11, are about one tenth those shown in Figure 5.9. In other models,
exchange processes are either completely absent at night (TRINIRBU) or proceed at
rates intermediate between zero and the 0.1 factor used in UFOTRI, eg, ETMOD.
For the TRITRAJ model, subsequent losses proceed more or less steadily though
stomata are closed during the dark half of the day. In other models, the loss either
stops altogether at night, as in TRIMOVS, or continues at a reduced rate as in
UFOTRI.

During the subsequent 29 days, loss rates decline further as plant water initially
contaminated by airborne deposition is replaced by soil water and concentrations of
HTO in plants are controlled by those present in soil.

After 30 days, predicted HTO concentrations spread over about 2 orders of
magnitude but it should be noted that even the highest 30 day concentration
(TRITRAJ) is lower by 2 orders of magnitude than the initial concentration at the end
of the hour-long exposure.

To interpret the results it is useful to keep separate two phases - initial direct
deposition from atmosphere and the later uptake from soil. The point of separation
is ill defined in practice but loss rates on either side are large enough that there are
clearly recognizable time dependent behaviour patterns that belong to one phase or
the other. Thus for the first day or two, predicted concentrations are dominated by
the direct deposition and subsequent losses controlled by processes within the plant,
while after three or four days, predicted concentrations are dominated by root
uptake and depend more on the term behaviour in soil rather than on processes
within plants. Differences in behaviour following day or night exposure are caused
by processes belonging to phase one, and in particular, how models treat stomatal
resistance. Simplification helps isolate processes enabling differences between
models to be more readily analyzed.

Useful information for this purpose is summarized in Table 5.4.

Concentrations at the end of the exposure in the first pair of columns show, virtually
without complication of losses and uptakes from soil, how models predict
deposition on to foliage, while comparing day- and night-time releases enables
effects of stomatal resistance to be seen. Most model predictions (excluding
TRINIRBU) agree within a factor of about 3 for the day-time release. This contrasts
strongly with the larger spread in predicted concentrations for the night-time release,
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because of uncertainties about stomatal resistances at night. In TRINIRBU, TRITRAJ
and ETMOD, stomata close at night with no, or only limited alternative pathways.
UFOTRI on the other hand also assumes closed stomata at night, but allows
cuticular absorption.

Table 5.4: Predicted Concentration of HTO in Leafy Vegetables
at Selected Times after Exposure

Prediction
end-point
Release
model

Model

UFOTRI/A

UFOTRI

TRITRAJ

TRILO'MO

ETMOD

TRIMOVS

TRICAROM

TRINIRBU

After

day

Units:

9.2

9.2

5.8

5.4

17.0

12.0

7.5

0.7

1 hour

night

E10 Bq/1

1.7

1.8

0.0067

0.69

«0.0001

1.3

2.0

0.0

After 1

day

Units: E10

0.4

0.39

1.2

0.45

0.35

1.3

0.39

0.45

day

night

Bqfl

0.25

0.24

0.12

0.57

0.064

0.15

0.13

0.082

After 30

day

Units E7

5.6

5.2

16.0

6.7

0.47

2.1

0.65

6.1

days

night

Bq/1

4.9

4.5

16.0

7.4

0.16

2.1

0.2

5.3

The second pair of columns in Table 5.4 show, respectively, predicted day-time and
night-time concentrations 23 hours after the end of exposure. Comparing these data
and those in the first pair of columns allows loss rates to be compared. The data are
forced to fit an exponential or first order equation thus

C(t2) = C(t , )exp(-X.( t 2- t , ) )

from which

X = [ln(CXt,)/ CXt2))] / ( t 2 - 5.3.1

Confining attention to the day-time release (because in several models atmospheric
deposition is so low after a night-time release that concentrations after 24 hours are
dominated by root uptake), loss rate constants have been evaluated using data in
Table 5.4, equation 5.3.1 and t2 = 24, tj = 1 to obtain the results in Table 5.5.

Means and standard deviations refer to the HTO concentrations predicted by the
first seven models in the table since these form, a more or less homogeneous
population with properties after one hour significantly different from those of the
TRINIRBU model at the same time.
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After most of the initial atmospheric deposit has been lost by evapotranspiration,
future concentrations of HTO in plants depend on root uptake of soil pore water.
Two principles apply. Firstly, concentrations of HTO in the transpirational stream
moving up from roots has about the same HTO concentration as in soil water.
Secondly, since water is the vector, the rate at which HTO enters plants depends
primarily on the evapotranspirational demand of the atmosphere, modified by the
ability of soil to yield enough water, and by stomatal control.

Once in leaves, water and HTO evaporate at different rates depending mainly on
humidity; HTO evaporates faster into tritium-free air than H2O so plant water
becomes depleted in tritium. The process leads to a lower HTO vapour pressure
which, in turn, lowers the rate of evaporation of HTO and the two entities eventually
evaporate at the same rate. Changes in concentration ratios depend on humidity
and the rate water rises in the plant and, in the case of this scenario, the ratio of the
water in the evaporating zone of the leaf to that in other parts of the plant which is
less accessible to atmosphere. A large difference in behaviour between leaf and
lettuce heart is expected.

Table 5.5: Relationships Between HTO Concentrations in the
First Day Post Exposure

Model

UFOTRI/A

UFOTRI

TRITRAJ

TRILO'MO

ETMOD

TRIMOVS

TRICAROM

mean

STD

TRINIRBU

Concentration

t = 24h
E9 Bq/1

4.0

3.9

11.5

4.5

3.5

12.6

3.9

6.3

3.7

4.5

t = lh
E9 Bq/1

92

92

58

54

170

120

75

95

38

7.0

X

per hour

0.137

0.138

0.071

0.109

0.169

0.099

-.129

0.122

0.029

0.02

Concentrations of HTO in plants should be closely related to average concentrations
in soil water as taken up by roots, modified by the effects of exchanges at leaf
surfaces. It is not possible to determine in each model the average concentration of
HTO being taken into plants but by comparing predicted concentrations in
vegetation with those in soil, it is possible to identify major departures or
discrepancies.

Average HTO concentrations were calculated for each of the soil layers 0-5, 0-15,
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and 0-30 cm and compared with concentrations in plants after day and, in some
examples, night-time releases. The results are shown in Figures 5.13 to 5.19 for the
period 1 to 30 days post exposure. For most of that time soil uptake of HTO
predominates and concentrations are roughly the same following both day-time and
night-time releases.

In one case, TRINIRBU, concentrations are higher in leafy vegetables than in any
section of soil, a result needing special explanation. Similarly an explanation is
needed in those cases where concentrations in plants are much lower (in one case for
a significant time interval by more than an order of magnitude) than lowest
contemporary average concentrations in soil water. In the TRTTRAJ model plant and
soil concentrations are, as expected, close but for the remaining models differences
are perhaps larger than might be expected.

The third pair of columns in Table 5.4 show predicted concentrations at harvest time
which is a radiologically significant end point. Two points emerge: HTO
concentrations are roughly 3 orders of magnitude lower than the corresponding ones
immediately after exposure and, apart from ETMOD and TRICAROM, harvest time
concentrations of HTO are close whether the release happens in day or night-time.
For the two exceptions, harvest time concentrations are close for day and night-time
releases up to 2 days before harvest. It is during these last two days that the two
sets of predicted concentrations diverge, in one case by a factor of 3 caused
presumably by heavy rain at the end of the period in the scenario. These are the only
two models still using hourly real-time weather so late in the scenario, the others
have switched to long term average weather by this time and so miss the rains of the
last couple of days. Harvest time concentrations differ amongst models by more
than an order of magnitude.

HTO concentrations have, by harvest time, declined by up to 3 orders of magnitude
suggesting that this form of tritium is radiologically relatively unimportant. By
contrast OBT, once formed, is stable and potentially more significant radiologically.
However OBT in plants is produced only from HTO, so its formation directly
depends on concentrations of HTO. This is the subject of the next section but it will
then be necessary to return to the present topic because it is not only concentrations
of HTO that matter in OBT formation but when in the diurnal solar cycle they occur.
Thus another aspect of modelling HTO concentrations in plants will have to be
reviewed then.
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Fig. 5.13 Model: UFOTRI
Concentration of HTO in soil moisture averaged from the surface to the given depth

and in tissue water of leafy vegetables. Day-time release.
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Fig. 5.14 Model: TRITRAJ
Concentration of HTO in soil moisture averaged from the surface to the given depth

and in tissue water of leafy vegetables. Day-time release.
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Fig. 5.15 Model: ETMOD
Concentration of HTO in soil moisture averaged from the surface to the given depth

and in tissue water of leafy vegetables. Day-time release.
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Fig. 5.16 Model: TRIMOVS
Concentration of HTO in soil moisture averaged from the surface to the given depth

and in tissue water of leafy vegetables. Day-time release.

-TRIMOVS -soil 0-5cm -soilO-lOcm —X—soil 0-15cm -soil 0-30cm
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Fig. 5.17 Model: TRINIRBU
Concentration of HTO in soil moisture averaged from the surface to the given depth

and in tissue water of leafy vegetables. Day-time release.

-TRINIRBU -soil 0-5cm -soil 0-10cm —;X— soil 0-15cm —a—soil 0-30cm
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Fig. 5.18 Model: TRILOCOMO
Concentration of HTO in soil moisture averaged from the surface to the given depth

and in tissue water of leafy vegetables. Day-time release.
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Fig. 5.19 Model: TRICAROM
Concentration of HTO in soil moisture averaged from the surface to the given depth

and in tissue water of leafy vegetables. Day-time release.
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5.4 Conversion of HTO to OBT

Flowchart 5.4 shows a generalized flow path for OBT conversion from HTO and
later transfer processes. HTO is short-lived in plants and much that enters
vegetation never reaches human diet. Plants, however, convert it to organic
compounds in which form it is longer lasting and available to humans. Rates of
formation of OBT and the environmental factors that control them are important in
determining doses to humans following releases of tritium to the environment.

Three generic processes produce OBT.

1. Tritium, as HTO, is incorporated along with HHO into carbohydrates by
photosynthesis.

photosynthesis

6CO2 + 6H2O + energy «* C6H I2O6 + 6O2 5.4.1
respiration

6CO2 + 5H2O + HTO ** C6HnTO6 + 6O2

This reversible reaction is the basis for life enabling energy of sunlight to be stored
in biomass for use later to supply the energy which drives biochemical processes.
The carbohydrate in equation 5.4.1 is a soluble monosaccharide, polymerisation
yields successively disaccharide and insoluble polysaccharides such as starch
and cellulose.

Photosynthesis requires sunshine and cannot take place in darkness.

2. Other organic reactions can however take place in dark or light because plants,
like animals, synthesize numerous organic compounds such as proteins, oils,
alkaloids and vitamins using the energy of respiration to do so. Plant tissue is,
as in animals, dynamic, breaking down and rebuilding continuously. No net
increase in plant mass or individual chemical inventory is involved but during
rebuilding HTO and H2O incorporate together into restored organic compounds
in roughly the same proportions as they occur in cellular water.

3. Carbohydrates, proteins and other organic compounds have labile hydrogen
atoms which readily exchange hydrogen and hence tritium atoms, eg,

R - OH + H*HO ** R - OH* + HHO

in which the labelled hydrogen atom H* may be tritium and R is a generalized
organic substrate.

However, such exchanges are usually fast compared to those in 1 and 2 and quickly
come to steady state.

Although newly formed or restored organic compounds incorporate hydrogen and
tritium in nearly the same ratio as they occur in the aqueous phase of plants, the
whole plant average concentration will depend on the proportion new organic matter
bears to that already existing; the larger the plant the smaller will be the fractional
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change in average OBT concentration.

OBT once formed, is subsequently lost by oxidation. In addition to actual loss of
tritium with time, remaining OBT is being diluted by aggregation of new plant
material. Tritium is not uniformly distributed amongst plant biomass so the rate of
loss at any given time depends on the T/H ratio of tissues being broken down and
the ratio in the pool of tissue water used to rebuild them. Unfortunately it is not
obvious where chemical breakdown is occurring and what is the H/T ratio. It is
unlikely that the implicit assumption of first order kinetics, namely, that all T atoms
in a reservoir have an equal chance of leaving is valid. It is particularly unlikely to be
valid on the short term (eg, up to a day or two) though it may be a better
approximation on the longer term (eg, weeks).

It follows from the above discussion that models may differ because of different

(i) rates tritium, in H2O is converted to OBT,
(ii) relative rates of tritium incorporation by photosynthesis and by dynamic

exchange on which depends model responses to light and dark,
(iii) rates of oxidation and dynamic exchanges that release tritium from organic

compounds.

Flowchart 5.4
Pathways of HTO transfer and OBT formation, destruction and

translocation within a plant box

Loss

Diet

Diet

In Diet

Diet
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5.4.1 Results and Discussion

Time dependent predicted concentrations of OBT in leafy vegetables following day-
time and night-time releases are shown in Figures 5.20 and 5.21, and in Figures 5.22
and 5.23 respectively and at harvest time in Figure 5.24. Concentrations at the end
of the hour after the day-time release differ by an order of magnitude. The spread is
even greater after the night-time release. In the latter case four models show no OBT
until sometime near daybreak, the exact time differing by an hour or two between
models. Other models, notably UFOTRI, begin with a relatively high concentration at
the end of the first hour (though it is lower by a factor of about 20 than the
corresponding concentration given by the same model after the daytime release). At
the end of the first day, predicted concentrations differ by an order of magnitude
after the daytime releases but by two orders of magnitude when the release happens
at night. These differences do not necessarily reflect differences in the start-up or
initial concentrations. In TRICAROM, no OBT is formed during the first 6 hours
after a night-time release, but at the end of 24 hours, predicted concentrations are the
highest of the whole set.

In the longer term, 1-30 days, OBT concentrations rise to a maximum after a few
days (during the first day for TRICAROM) then decline at varying rates depending
on the model. At harvest, predicted OBT concentrations differ amongst models by a
factor of about 4 after a day-time release and by about a factor of 20 after a night-
time release. Most of this difference between day and night-time releases is due to
the different proportions played by photosynthesis (daylight sensitive) and
metabolic rebuilding (light insensitive) in the models. Thus large differences evident
after short times later narrow significantly.

To identify and quantify sources of observed differences between predictions
requires a great amount of work. It becomes more difficult as the number of steps in
a chain increases because concentrations at the end of one step depend on what
happened during each step before as well as what happens in the step of present
interest. OBT is manufactured by plants from HTO at a rate that is proportional to
HTO concentration. The rate of formation per unit concentration results from the
step, HTO -> OBT, but HTO concentration comes from previous steps involving
uptake from air, from soil and rates of losses. A first step to identifying sources of
differences amongst model predictions means removing as far as possible effects of
differences arising from earlier steps and this is the purpose of what follows.

The effects of varying concentrations of HTO amongst models can be eliminated by
normalizing OBT concentration to unit HTO concentration. This procedure, though
approximate should be reasonably valid during the first few hours after a day-time
release, ie, before significant losses occur and other complicating factors such as
gathering darkness introduce other processes. Normalized concentrations
immediately after the hour long exposure are shown in Table 5.6. Six models give
values that are close to one another, ie, roughly within a spread of a factor 2. The
other two models give values that, while also agreeing with each other, differ
significantly from those of the other six. Thus the average concentration ratio of the
latter is 1.7E-3 Bq/kg dw per Bq/1 (UFOTRI, TRITRAJ, TRILOCOMO, TRICAROM,
TRINIRBU) compared to 2.7E-4 Bq/kg per Bq/1 (ETMOD, TRIMOVS), ie, about a
factor of 6 lower.
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Fig. 5.20 Concentration of OBT in leafy vegetables following the
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Fig. 5.21 Concentration of OBT in leafy vegetables following the
day-time release, 24-720 h.
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Fig. 5.22 Concentration of OBT in leafy vegetables following the
night-time release, 1-24 h.
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Fig. 5.23 Concentration of OBT in leafy vegetables following the
night-time release, 24-720 h.
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Fig. 5.24. OBT concentrations in leafy vegetables at harvest time.
Day- and Night-time releases.

Corresponding ratios after a night-time release cannot be calculated because in half
the models OBT there is no allowance for OBT formation during night-time. For
these models concentration ratios are zero during the first few hours after a night-
time release. However it is still useful to calculate the ratio at the end of the hour in
which OBT first appears notwithstanding that in these models this results from
daylight (ie, photosynthetic) not dark (metabolic exchange) reactions. This value
appears in parentheses in Table 5.6 and obviously is a day-time value and as such
should compare with the corresponding value following the day-time release.
Concentration ratios are about the same for day and night-time releases in the case
of TRIMOVS while the day-time releases are somewhat larger in the cases of
TRINIRBU and TRICAROM models. The ETMOD model gives an unrealistically
low concentration ratio following the night-time release presumably because OBT
forms during only part of the first hour. If, for ETMOD the concentration ratio is
taken to be the difference between values for the 2nd and 1st non-zero OBT
concentration hours, the value obtained is 0.31, somewhat higher than the value
(0.25) for that model after the day-time release.

Other results that allow easy comparison are the long-term prediction (3-30 days)
following a day-time release. Figure 5.21 shows that for most models, retention of
OBT after a peak at about 3 days post-exposure is roughly log-linear. The logarithm
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of the OBT concentrations was therefore regressed on time leading to the following
equations:

LogCOBT = Constant - k 2 t 5.4.2
or

COBT(9
 = a e x P ( - k 2 t ) 5.4.3

Table 5.6: OBT Concentrations Normalised to Unit HTO Concentration at
the End of the Hour-long Exposure

Model Normalised Concentration Units Ratio Day/Night
E-03 I/kg (dw)

Day Night

UFOTRI/A
UFOTRI

TRTTRAJ

TRILO'MO

ETMOD

TRIMOVS

TRICAROM

TRINIRBU

2.25
1.26

1.02

1.42

0.25

0.30

2.15

2.17

0.23
0.47

0.67

0.33

0,(.31»)

0,(0.281")

0,(1.07 t)

0,(0.51)

9.78
2.68

1.53

4.25

0.81

1.08

2.01

1.44

t at the end of the 1st hour of non-zero concentration of OBT, usually after the
first hour of daylight

* at the end of the 2nd hour of non-zero concentration of OBT less concentration
at the end of the first hour of non-zero OBT concentration

Values for constants a (ie, Intercept in Table 5.7) and k2 (ie, Slope in Table 5.7) in
Equations 5.4.2 and 5.4.3 are shown in Table 5.7 together with the corresponding
value of r2.
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Table: 5.7: Regression Coefficients of Logarithm of OBT
Concentration vs. Time After Day-time Release

Model Intercept Slope (h-1)

UFOTRI/A

UFOTRI

TRTTRAJ

TRILO'MO

ETMOD

TRIMOVS

TRICAROM

TRINIRBU

(Values

9.01

8.79

9.24

8.57

8.64

8.58

9.03
(8.49)

9.02
(8.54)

in parentheses are those

5.2E-4

5.0E-4

9.1E-4

6.6E-4

0.96 E-4

2.3 E-4

8.5E-4
(9.0E-4)

13.7E-4
(10.1 E-4)

0.99

0.99

0.99

0.99

0.97

0.80

0.99
(0.99)

0.99
(0.99)

following night-time release)

All models except ETMOD and TRIMOVS give similar values of slope and excellent
r2 (ie,>0.99). The average slope for six models is 8.0E-04 h-1 with standard
deviation 3.E-04 h-i. ETMOD and TRIMOVS probably differ because HTO uptake
from soil is more important in these models. Similarly for all models except
TRINIRBU and TRICAROM, OBT retention following the night-time release is
complicated because HTO uptake from soil contributes significantly to the HTO
concentration in leaves and invalidates the simple, single source regression model.

The above analysis allows predictions to be compared amongst models, they do not
help evaluate model performance. One way to test if predictions about HTO to
OBT conversions are about right is as follows.

Assuming, as before, the simple model

HTO - OBT- Loss

so that

dCOBT(t) , ^

dt
- k2COBT(t) 5.4.4

Where OBT concentration is at a maximum (Figure 5.21) equation 5.4.4 is zero
so that

5 4 5
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The asterisk denotes concentrations when COBT is a maximum

From equation 5.4.5

Cmo = k i / k 2 = constant 5.4.6

The concentration ratio in equation 5.4.6 has the same value as the corresponding
concentration ratio at a steady-state reached with a constant continuous source into
the HTO box. This ratio is known because at steady-state the concentration ratio
expressed as Bq per hydrogen atom, S** is close to unity.

Thus
1 f\0

MIL' rl 1 \J \Ji> 1 \JH 1 111

assuming the organic fraction has the formula (C6H1()O5)n and

HTO = (C*O B T /C*m D)xl62/10x2/18 = 1

CHT0 = 180/324 « 0.6

An isotope effect will reduce the numeric value of the theoretical concentration ratio
because the heavier molecule will be slightly discriminated against in chemical
reactions and it will diffuse more slowly. The magnitude of the effect varies amongst
models from 0.75 to about 0.9. In addition, some modellers include a term for the
fraction of labile hydrogen atoms in organic molecules. In the case of TRIMOVS the
overall effect is to reduce the theoretical value by a factor of 2 (0.75 x 0.75)
suggesting a theoretical ratio of between 0.3 and 0.6.

Values of concentration ratios are shown in Table 5.8. For seven out of eight models,
concentration ratios exceed 0.6 and therefore err on the side of safety, in the worst
case by a factor of between 3 and 6 depending on which theoretical value is
appropriate. This test applies only to the step from HTO to OBT. If HTO
concentrations are incorrectly predicted, OBT will likewise be incorrectly predicted
even though this one transformation is correct.

Since in some models OBT forms exclusively by photosynthesis, and since
concentrations of HTO are high immediately after a day-time release declining
rapidly thereafter, a high proportion of OBT present at harvest may have been
formed during those first few hours whereas after the night-time release the period of
highest HTO concentration is past before photosynthesis begins at sunrise.
Continuous time integrated HTO concentrations have been calculated from the end
of hour 1 to harvest time as a fraction of the time integrated HTO concentration after
30 days (TIC30).
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Table 5.8: Concentrations and Ratios of Concentrations of OBT
and HTO in Leafy Vegetables when OBT Concentration is

Maximal Following the Day-Time Release

Units Model:

UFOTRI/A

UFOTRI

TRTTRAJ

TRILO'MO

ETMOD

TRIMOVS

TRICAROM

TRINIRBU

Maximum OBT

C*OBT

E8 Bq/kg(dw)

9.1

5.4

15.0

3.1

4.5

3.4

1.3

6.0

Concentration at 72

C*HTO

E8Bq/l

6.3

8.1

12.0

3.3

2.3

17.0

14.0

5.3

Concentration
Ratio

l/kg(dw)

1.4

0.7

1.3

0.9

2.0

0.2

0.09

1.1

kx

E-3 per h

0.75

0.33

1.16

0.61

0.19

0.46

0.08

1.56

h except TRINIRBU (168h) and TRICAROM (6h)

The results are shown in Figures 5.25 and 5.26 for day-time releases. They show
how differently models behave. For TRICAROM and TRIMOVS, the TIC30 is about
90% complete after 24 hours but only about 20% complete after the same time
interval in the TRINIRBU model.

For a release at lO.OOh roughly 7 or 8 hours of active sunlight are available for
photosynthesis by which time the TRICAROM model has achieved 60% of its TIC30.
The TRINIRBU model, on the other hand, has achieved only about 5% and the
TRITRAJ model just over 20%. For the TRICAROM model, 60% of all OBT formed in
30 days presumably is formed in the first 8 hours after the day-time release. In the
long term (Figure 5.26), ETMOD reaches TIC30 much more slowly than other models,
in fact, almost linearly from the end of day 1 to the end of day 30. Other models
reach 90% of TIC30 in 14 days or less. The interplay of three factors, distribution in
time of HTO in plant water and the times and rates of formation and loss of OBT
determine OBT concentration at harvest time.

The results are shown in Figures 5.27 and 5.28 for night-time releases. For UFOTRI
(by UFOTRI/A) and TRILOCOMO, the TIC30 of HTO after the night-time release is
about 70% of its value after a day-time release whereas for ETMOD it is closer to 5%
(Table 5.9).
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Fig. 5.25 Fraction of 30-day TIC of HTO completed by stated time following the
day-time release, 1-24 h.
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Fig. 5.26 Fraction of 30-day TIC of HTO completed by stated time following the
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Fig. 5.27 Fraction of 30-day TIC of HTO completed by stated time following the
night-time release, 1-24 h.
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Fig.5.28 Fraction of 30-day TIC of HTO completed by stated time following
the night-time release, 24-720 h.
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Predicted HTO concentrations in leafy vegetables decline in worst cases by between
one and two orders of magnitude during the first 24 hours (Figure 5.9). Furthermore,
predicted HTO concentrations following a night-time release begin an order of
magnitude or more lower than those at the end of hour one after a day-time release.
Since all OBT can come only from HTO and its rate of transformation is
proportional to HTO concentrations in the leaves and since photosynthesis in
sunlight is a major process converting HTO to OBT, it follows that the amount of
OBT formed should vary with the fraction of TIC30 that accumulates in daylight.

The fraction of TIC 30 accumulated in day-light during the first day after a day-time
release equals the fractions reached by 1900h. The corresponding fraction following
the night-time release is the difference between the TIC's at 0800 and 1900h.

With the exception of TRINIRBU, time-integrated concentrations accumulated in
daylight on the first day are within a factor of about 2, but that becomes a factor of
about 7 after the night-time release. Models ETMOD and TRITRAJ notably have
much lower fractions of their 30 day TIC accumulated in daylight during day one. In
the case of ETMOD, this has led to a comparably low concentration of OBT at
harvest. In the case of TRITRAJ however OBT concentration after a night-time
release is low at the start, it slowly increases to a maximum and thereafter deceases
but with a loss rate noticeably lower than that seen after the peak following a day-
time release. The result is an OBT concentration at harvest time which, compared to
the corresponding value from UFOTRI, TRIMOVS and TRICAROM is closer to the
concentration after the day-time release. Causes of these differences in behaviour
between day and night amongst the models originate in part from the dominance of
soil-borne over foliar uptake in TRITRAJ, ETMOD and TRIMOVS and further,
differences in behaviour between these models arise because of differences in the way
soil compartments are handled. Clearly, predicted concentrations of OBT in
vegetation, the last step in pathways linking air, soil and vegetation, are strongly
dependent on the ways earlier steps in these pathways have been modelled. This is
an important observation because uncertainties and sensitivities of variables

Table 5.9: 30 day TIC HTO in Leafy Vegetables and Accumulated in Daylight
During the First 23 Hour Post-Exposure

Model

UFOTRI/A

UFOTRI

TRITRAJ

TRILO'MO

ETMOD

TRIMOVS

TRICAROM

TRINIRBU

Day

TIC30

E10

2.4

2.3

4.4

1.8

4.6

4.8

1.5

1.9

Release

TIC1*

Bqdfl

1.1

1.1

1.5

0.8

1.6

2.2

1.1

0.2

*in

Night ]

TIC30
Release

TIC1*

E10 Bq d/1

1.75

1.53

1.21

1.28

0.25

0.84

0.95

0.73

0.31

0.30

0.05

0.30

0.02

0.19

0.28

0.02

daylight during Day 1

Night/Day

TIC 30

0.73

0.67

0.28

0.72

0.05

0.18

0.64

0.38

TIC1

0.28

0.27

0.03

0.36

0.01

0.09

0.25

0.10
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associated with particular processes at one step in the model are influenced by those
at earlier steps in the model; uncertainties grow with an increase in the number of
steps.

Apparent agreements between predicted concentrations at a selected end point (eg,
harvest) may be fortuitous and probably are when dynamics differ as they do here.
Time integrated concentrations, even though not necessarily of radiological
significance can help identify differences in dynamics between models and assess
their potential quantitative significance. For example, TRTTRAJ and ETMOD models
predict harvest time OBT concentrations that are almost identical (3.86E08 vs
3.79E08 Bq/kg(dw) but the 30 day TICs differ by a factor of 2 (2.6 E10 vs 1.2 E10
Bq/kg (dw)).

5.5 Grain

OBT in grain can be the largest single dietary source of tritium to human populations.
This is, in part, because of the relatively high intake of grain derivatives and, in part,
because of the relatively high concentrations of OBT at harvest time will remain more
or less unchanged for a whole year. Despite its potential importance, OBT
concentrations in grain were submitted by only four modellers. This small response
arose because several models were being developed during the lifetime of the working
group but modelling concentrations in grain had not been developed when the
working group ended.

It is a difficult pathway to model because of limited knowledge of processes. Grain
contains protein as well as carbohydrates. Soluble raw materials are manufactured
in other parts of the plant, notably leaves, and transported or translocated to the
ears. They can only be transported in solution i.e as relatively simple molecules such
as monosaccharides and amino acids. Vegetative growth is nearly complete when
the grain begins to build up. It is not known in what proportions hydrogen and
carbon in OBT derive from current intakes of water and carbon dioxide and from the
breakdown of older plant tissues. Another process about which little is known, and
which affects time dependency of OBT concentrations in grain, is the rate tritium is
lost. Either storage is static, in which case radioactive decay is the only way tritium
is lost, or it is dynamic as breakdown and rebuilding occur continually. Once organic
matter is broken down and water molecules are liberated from larger molecules then
transpirational losses may occur.

Grain at harvest time contains only about 15% water which exchanges with outside
air during subsequent storage, processing to flour and cooking (eg, as bread). It is
radiologically of less significance than OBT. Consequently only predicted
concentrations of OBT will be discussed here.

5.5.1 Results and Discussion

Table 5.10 shows OBT concentrations in grain (ignoring losses that might occur
during milling and cooking) at harvest time. Concentrations at earlier end points are
shown in Figures 5.29 to 5.32.
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Model

Units: E8 Bq/kg(dw)

UFOTRI/A

UFOTRI

TRTTRAJ

TRICAROM

Day

Grain

6.1

5.2

3.4

5.2

Table 5.10: Predicted Concentrations of OBT Grain at Harvest Time

Night

Grain

2.4

2.4

2.8

0.85

Predicted OBT concentrations at harvest following the day-time release agree
amongst the models though apparently this is fortuitous because of what appear to
be widely divergent dynamics. Thus, both UFOTRI/A and UFOTRI, predict OBT
concentrations that steadily rise from the end of Day 1 and are still rising at the end
of Day 30 (Figure 5.30). On the other hand OBT concentrations predicted using
TRICAROM are high at the end of Day 1 and decrease continuously thereafter
throughout the next 29 days. With the TRITRAJ model, OBT concentrations rise
initially, reach a maximum after about one week and thereafter decrease throughout
the rest of the time. Models therefore are differently formulated causing them to
behave dynamically in opposite directions. The magnitudes of the numbers however
are never far apart, ie, a maximum of a factor of three, and the initial deposit of
tritium in grain is closely similar in all models, the different dynamic responses may
therefore be the result of taking account of different short term kinetic processes
which are so small in consequence they could, with benefit, have been ignored.

Following the night-time release, predicted concentrations of OBT with three models
agree reasonably well but the fourth differs from them by a factor of almost 3. The
shapes of dynamic responses after a night-time release are similar to those already
described for the day-time release.

60



BIOMOVS II
TR8

2E+09

1E+09 -

3

$
pa
g 8E+08

. 1 - 1

2
1

4E+08 -

OE+00

10 15

Time from release h

20 25

Fig. 5.29 Concentration of OBT in grain, following
day-time release, 1-24 h.
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5.6 Milk and Beef

A generalized flow path is shown in Flowchart 5.5. Animals take in HTO and OBT
in their food, assumed for this scenario to consist entirely of pasture grasses exposed
to the same plume as the leafy vegetables and grains. This is the worst case.
Obviously if, in practice, animals receive as they often do, a mixed diet containing
feed that was not contaminated, concentrations in milk and beef will be lower.

HTO and OBT enter the metabolic regime of animals. Sugars taken from incoming
food as well as those drawn from in-animal storage are oxidized to supply energy
and in doing so, generate water and carbon dioxide for elimination. Similarly,
proteins in foodstuffs break down, are absorbed and then reformed and used to
replace tissues as well as supply ingredients for milk; the latter being drawn both
from current dietary intakes and from stored biomass.

Processes within an animal can be described in models by two large reservoirs, one of
body fluids and the other cellular tissues, connected together and to the outside by
means of a common well-mixed interacting pool (TRILOCOMO contains a more
complex cow sub-model).

Major differences between models may arise because of differences in:

a) rates of overall loss of tritium from the animal;
b) rates of OBT formation from HTO within the animal itself; and
c) differences in the rates of various metabolic processes.

Concentrations of HTO and OBT in milk and in the organs or tissues being replaced
at the time will be nearly equal to the average concentrations of a common interacting
pool. However, because it is continually drawn off, milk will have approximately
the same concentrations as the pool, whereas calculated concentrations in meat have
been averaged over the mass of the whole animal even though it may not be
distributed uniformly but localized in certain tissues or organs. They will therefore
be lower, roughly in proportion as the ratio of total weight of meat to weight of milk.
For all models, this is roughly true for OBT but HTO concentrations are within a
factor of 2. This suggests that the common interacting pool of HTO in the models is
very much larger than the one for OBT.
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FLOWCHART 5.5
Transfer pathways between vegetation and animal products

AIR HTO

Transpiration Exhalation

Vegetation
HTO

Vegetation
OBT

Inhalation

Cattle

Beef & Milk
HTO

Diet

Beef & Milk
OBT

Excretion

5.6.1 Results and Discussion

Predicted concentrations of HTO and OBT in milk and meat for both day and night-
time releases during the period from 1 to 30 days are shown in Figures 5.33 to 5.40.
It can be seen that with one or two exceptions, and in the case of HTO in beef,
concentrations decrease roughly log-linearly or exponentially. Regression equation
coefficients therefore provide a useful way of comparing numerically the behaviour of
different models. Negative slopes of predicted HTO concentration in milk and beef
and of OBT in milk are shown in Table 5.11.

30-day time integrated concentrations of HTO and OBT in milk and beef are shown
in Table 5.12. UFOTRI-based models consistently predict the highest concentrations.
Predictions made by ETMOD (for HTO) and of TRILOCOMO (for milk) are
substantially lower. Concentrations predicted by TRICAROM and TRINTRBU are
sometimes closer to the one and, at other times, closer to the other depending on the
end-point. Differences between predicted time dependent concentrations and TICs
arise from a variety of causes.

All models predict similar concentrations of HTO in milk, and, with the exception of
TRINIRBU, in beef at the end of 24 hours after a day-time release (Figure 5.33 and
5.37) and in these cases, different values of the loss rate constants (Table 5.11)
account for most of the differences in the corresponding TICs. Following a night-
time release however, predicted HTO concentrations in milk and beef at the end of
day 1 differ markedly though in the case of milk there is, with the exception of those
predicted by ETMOD, a fair measure of agreement after 72 hours. This is because
HTO concentrations in milk are slower to rise in two models compared with the
others. This reflects in part differences already noted in amounts of HTO taken up
by plants and pasture during the hours of darkness. There are also large differences
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between models in equivalent loss rate constants for HTO in milk and beef.
Curiously there are also some unexpectedly large differences in the equivalent loss
rate constants between the day-time and night-time releases in the same model.

For HTO in milk following a day-time release the TICs differ, for the most part, by a
factor of less than four whereas following a night-time release this difference enlarges
to a factor nearer to 10. This reflects the greater uncertainties already noted about
the rates of transport processes when the release happens in the hours of darkness.
Differences in predicted OBT concentrations are even larger, roughly a factor of 10
for the day-time release (Figure 5.34) and closer to two orders of magnitude for the
night-time release (Figure 5.36). Ranges of differences between predictions increase
as uncertainties in the knowledge base about individual transfer processes increase.

Table 5.11: Negative Slope of Residual Predicted Concentrations of HTO and
OBT in Milk and Beef Obtained by Regression r2>0.98, Units: E-03/hour

Model

UFOTRI/A

UFOTRI

TRITRAJ

TT?TT D ' M D

ETMOD

TRICAROM

TRIMRBU

Day

14.8

5.5

4.2

11.3

6.0

3.5

HTO

Milk

Night

4.9

5.1

2.9

7.9

5.8

3.3

Day

4.9

5.5

4.1

10.7

6.7

3.3

Beef

Night

4.9

5.0

2.8

7.1

6.0

3.0

Day

2.3

2.8

2.4
Q 0

1.8

2.0

3.0

OBT

Milk

Night

2.5

2.6

1.6

1.9

2.6
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Fig. 5.33 Concentration of HTO in milk following the
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-UFOTR1/A

-TRINIRBU

-UFOTRI

-TRILOCOMO

-TRITRAJ —X—ETMOD

-TRICAROM

68



BIOMOVS II
TR8

l.OE+10

l.OE+09 - -

I
a
S
g

l.OE+08 -

1.0E+07 4
0

4- •4-

100 200 300 400 500

Time from Release h

600 700 800

Fig. 5.34 Concentration of OBT in milk following the
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Fig. 5.36 Concentration of OBT in milk following the
night-time release, 24-720 h.
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Fig. 5.37 Concentration of HTO in beef following the
day-time release, 24-720 h.
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Fig. 5.38 Concentration of OBT in beef following the
day-time release, 24-720 h.
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Table 5.12: 30 Day Time Integrated Concentrations of HTO and
OBT in Milk and Beef Units: E10 Bq d/1 (or kg dw)

Model

UFOTRI/A

UFOTRI

TRTTRAJ

TRILO'MO

ETMOD

TRICAROM

TRINIRBU

Day-time

Milk

HTO

4.3

4.5

5.4

1.2

2.0

4.2

2.3

OBT

3.3

2.7

5.1

0.44

0.37

0.31

Release

Beef

HTO

4.2

4.3

4.4

1.7

3.0

1.2

OBT

C

0.

0

0.

0.

1.6

.47

.77

.29

024

Night-time Release

Milk

HTO

2.1

1.9

1.7

0.48

0.23

1.1

1.5

OBT

1.2

1.0

1.5

0.15

0.074

0.2

HTO

2.0

1.8

1.4

0.15

0.78

0.8

Beef

OBT

0.23

0.18

0.19

0.056

0.015

Table 5.13: Concentrations of HTO and OBT in Beef at
30 Days Post-Exposure Units: E8 Bq/kg (dw)

Model

UFOTRI/A

UFOTRI

TRTTRAJ

TRILO'MO

ETMOD

TRICAROM

TRINIRBU

HTO

Milk

Day

1.8

1.3

3.0

0.60

0.017

0.94

2.20

Night

0.96

0.73

1.9

0.39

0.013

0.24

1.7

Beef

Day

1.7

1.3

2.6

0.021

0.6

1.2

Night

0.88

0.69

1.6

0.013

0.13

0.99

Milk

Day

4.4

2.9

6.4

0.96

0.55

0.35

Night

1.8

1.3

2.9

0.33

0.094

0.3

OBT

Day

3.0

2.2

3.5

1.23

0.11

Beef

Night

1.2

0.9

1.1

0.23

0.075

Time dependent changes of predicted concentrations of OBT differ markedly in milk
compared to those in beef and all models display the general form of the differences.
Thus predicted OBT concentrations in milk rise to a maximum within a day or two
while those in beef are still rising even 30 days after the contaminating event. Even
so within the confines of this scenario it is evident that large differences exist in the
maximum concentrations of OBT in beef (Table 5.13).
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6. Uncertainty and Sensitivity

It is difficult to perform a meaningful uncertainty or sensitivity analysis of tritium
transport models. These models are process-oriented, and uncertainties arise in
choosing simplified physical models to represent complex processes. Transport of
HTO and changes in concentrations are intimately associated with the behaviour of
water, which must be jointly modelled, and this involves hydrobiometeorological
processes of great complexity. The processes and parameter values associated with
them vary diurnally (hence a scenario with two release conditions, one in daylight,
the other at night). There are many feedbacks loops and correlations between
parameters. The results of the uncertainty and sensitivity analyses depend strongly
on the scenario definition, and in particular on the specified weather sequence, for
example on the relative timing of the release and major rainfall events, or on the time
of day of the release. The results will also be strongly code-specific.

None of the participants in this scenario attempted a full uncertainty or sensitivity
analysis, but some interesting partial results were obtained. Russell (1993, private
communication) used the ETMOD code to investigate the sensitivity of HTO
concentration in leafy vegetables to the number and depth of the layers assumed in
the soil model, and to the chosen thickness of the plant rooting zone (Table 6.1).
Also at issue, but not part of Russell's analysis, is the rate of HTO evaporation. On
this depends the time integral of HTO concentration in soil and therefore also the
amount available to plants and animals. The rate HTO evaporates from soil
depends on its concentration in water at the evaporating surface. For a given
surface deposit in uniformly moist soil, HTO concentration is initially 25 times
greater when soil thickness is 2 mm instead of 50 mm.

Mutual interdependence of model sensitivity to how one process is modelled because
of how other processes are modelled is common. Sensitivity is code specific and,
within a single code, situation specific as evidenced by different sensitivities
depending, for example, on whether the release is in daylight or darkness.

A considerable, dedicated effort will be required to work out a protocol for
sensitivity and uncertainty analysis of this type of model. Up to the present time,
resources to match this needed level of commitment have not been forthcoming.

Based on a limited study of model uncertainty in UFOTRI arising from parameter
value uncertainty, Raskob (1994, private communication) estimated, as a first rough
approximation, for this scenario that at a 90% confidence interval

• tritium concentrations one hour after the release may vary by a factor of 3
about the 'best estimate';

• tritium concentrations at harvest time may vary by a factor of 10 about the
ybest estimate', ie, uncertainties increase with path length and elapsed time
(harvest time concentrations are radiologically significant for single-harvest
and stored crops such as grain and tubers);

• tritium concentrations integrated to infinity may vary by a factor less than 10
about the best estimate (time integrated concentrations are radiologically
significant for crops (& produce) continually harvested such as milk and leafy
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vegetables);

• tritium concentrations in soil water may vary by a factor greater than 10
about the 'best estimate'.

Raskob concludes that consequential radiological doses through tritium
concentrations in soil are relatively unimportant compared to those contributed by
other pathways. However, this is not true for all models. Furthermore relative
sensitivities will be different for other scenarios.

Estimates of uncertainty associated with UFOTRI by Davis et al (1994, private
communication) and with TRINIRBU by Fulop (1994, private communication)
suggest a lower limit of a factor of 10 about the best estimate.

Table 6.1: ETMOD Sensitivity Results for HTO Concentration
in Leafy Vegetables

Case Case Description for Day- HTO Concentration in
time Release Leafy Vegetables at 30 Days

Bq/1

0 Base Case: 0.2* cm soil layers, 4.6
15 cm root zone

1 1 cm soil layers, 15 cm root 7.4
zone

2 5 cm soil layers, 15 cm root 4.5
zone

3 0.2 cm soil layers, 5 cm root 3.0
zone

4 0.2 cm soil layers, 30 cm root 11.0
zone

5 1 cm soil layers, 30 cm root 23.0
zone

6 5 cm soil layers, 30 cm root 23.0
zone

UFOTRI 50

*Note: Refers to the default variable soil layer thickness of
which the top soil layer is about 0.2 cm thick.

7. Conclusions

Validating the performance of a model implies testing it for applicability or
suitability when it is used under defined conditions to address specified issues. The
transport processes involved are many and various, and the ways weather,
agricultural, hydrological and other conditions affect them are complex. Gross
simplifications of process descriptions are necessary to make the problems tractable.
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Different simplifications are appropriate depending on the purpose or application of
the model and the conditions under which it is to be used. Models that participated
in this exercise were designed to serve different purposes. Two were essentially
research tools while others were intended to satisfy licensing regulations either with
respect to particular facilities or more general national requirements. Licensing
regulations differ from country to country and are designed to ensure conservative
radiological assessments. Most models had to be adapted to meet the requirements
of this scenario.

It is essential that these points be kept in mind when reading the report and this
section in particular. It was never the intent to rate models, a task which would be
impossible anyway in the absence of independent field measurements against which
to compare predicted values. No general conclusions can be drawn about the merits
of one model compared to others. Even if one type of model appears here as being
more attractive because, for example, it invariably predicted the highest
concentrations, this may only have been true for the specific conditions in this
scenario. Another scenario description may produce quite different conclusions
even when such conclusions are based on so simple a criterion.

What has been a remarkable outcome from this scenario is that the participants have
each built models of a highly complex interactive system from knowledge, sometimes
imperfect, of individual processes. Despite adopting different assumptions,
different process descriptions and simplifications, predicted concentrations of HTO
and OBT in key foodstuffs are within a factor of 10 of each other for the most part
and within two orders of magnitude in the worst cases. The largest differences in
predictions were invariably for the night-time release because lack of firm
experimental data led to different assumptions about the effect darkness has on key
processes, particularly uptake by plants from the atmosphere and the
transformation of absorbed HTO to OBT by processes other than photosynthesis.
All models however agreed that concentrations of HTO and OBT in foodstuffs after
a night-time release were lower than those following the day-time release, so the
larger uncertainties apply to conditions that result in lower concentrations and hence
lower doses. When radiological safety criteria are based on the maximum doses, as
is often the case, the greater uncertainties are associated with those processes which
give rise to unimportant doses. If, however, the purpose of a model is to assess
concentrations and doses of actual releases, the pathways involving OBT formation
may become the important ones.

In this exercise some processes were treated differently by different modellers. The
reasons why modellers made the choice of assumptions and simplifications they did
were often inspired by the specific needs for which the model was built. The study
made it possible to assess the potential effects of the different approaches on
predicted concentrations. In the absence of the means for validating the models,
evaluating how appropriate they are for application to given purposes is essential.
The present work should help both modellers and users of model outputs to better
evaluate how well a model should perform under given circumstances.

Several methods were used to determine why predictions differed amongst models.
This included normalizing predictions at a given time or point in the calculations;
fitting predictions to simple generalized conceptual models; and using theoretical
arguments. Such procedures are necessary when evaluating complex models. Simply
comparing numerical values is not sufficient when experimental measurements are
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not available with which to validate model performance.

All models treated tritium transport from the atmosphere through soil and leafy
vegetables but only a few attempted to model transfers to grain, root vegetables,
meat and milk. There are gaps in knowledge about these transfers which will have to
be bridged by more theoretical and experimental studies.

Processes which were identified in this exercise that also need additional study were:

• HTO in soil:

deposition beneath plant canopies, particularly in stable air and low
wind speeds

numbers and thicknesses of soil layers needed to describe vertical
movement in soil and between soil surface and atmosphere

• HTO in vegetation:

deposition from the atmosphere particularly at night when stomata
close or partially close

effective rooting depth of different species

• OBT in vegetation:

rates of OBT formation, particularly at night

translocation of HTO and OBT to storage tissues, grain, tubers, roots,
etc

effect of stage of development of grain when release occurs

• HTO and OBT in animal products:

rates of OBT formation in animals

rates of loss of OBT from milk and meat

effect of time elapsed between release and slaughter on concentrations
of OBT in beef

In principle it would be useful to determine how sensitive predicted doses are to each
of these processes but in practice this is not possible in a general way. This is
because the next step in estimating dose requires knowing how human populations
interact with the contaminated foodstuffs. That step depends on the assessment
question being addressed, on local site properties and, in particular, on the local
regulatory requirements. The latter particularly are highly variable, depending on
how much conservatism is to be built into the dose estimates. Safety margins built
into regulations can, and often do, introduce much greater variability into predicting
doses than do imperfections of knowledge of the environmental transfer processes.
Sensitivity of model predictions to different transfer processes is determined then by
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these specific local factors. For example, where regulations require the modeller to
assume that a farmer grows all the wheat needed by his family at the point of
maximum air concentration and grinds the whole supply himself, the resultant doses
will be many orders larger than if, more realistically, the wheat goes to a large mill
where the flour is much diluted. Under these conditions, grain consumption will
dominate resultant doses which in consequence will be sensitive to processes
involved in grain contamination. In other jurisdictions, local regulations will perhaps
lead to a different critical pathway implying sensitivity to different processes.

Because transfer rates vary with the conditions, particularly those of weather, soil
moisture and crop status at the time of exposure, relative responses from the various
models that have been represented here are scenario specific: change the scenario
description and the relative kinetic behaviour of the models would also change.
Furthermore, some potentially important controls on transfer rates have not been
tested. Notable amongst these is the occurrence of heavy rain during or soon after
the exposure. These observations illustrate how much work would be needed to fully
evaluate or compare performances of complex process-oriented models using ad hoc
scenario descriptions. Other methods must be devised.

Most environmental transport models are developed, built and used as part of a
larger package of claims presented to regulators in support of licence applications.
The models must be complete, no gaps are allowed.. Like electrical circuits, they do
not work if pathways are incomplete. Ezra Pound's historians may have seen a time
when they could leave blanks in their writings because of things they did not know;
environmental transport modellers never could. They must invent jumps with which
to bridge what they do not know. Models must, in consequence, be continually
evaluated to ensure these jumps are appropriate to address each new situation to
which the model is to be applied.
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Appendix A: Scenario V1.05 Tritium in the Food Chain-
Intercomparison of Model Predictions of Contamination
in Soils, Crops, Milk and Beef After a Short Exposure to
Tritiated Water Vapour in Air

Al. Background

Tritium is typically released to the environment as a mixed molecule (HT) or as the
mixed oxide (HTO) with hydrogen. Heavy water reactors are major sources of both
forms but other reactor types, reprocessing plants and fuel waste facilities also
contribute. The largest potential source, however, could arise from future fusion
reactors when HT would be the major release form.

Traditionally the transport of HTO through the biosphere during continuous release
from a constant source has been described by steady-state specific activity models.
This procedure, however, is less satisfactory for predicting the behaviour of
non-steady or short term sources. For such releases more conventional models of
biosphere transport are required. The high mobility of HTO, the readiness with
which it changes physical state and the potential for tritium to become incorporated
into organic compounds in the cells and tissues of biota requires special
consideration. Tritiated hydrogen (HT) is even more a special case for, though it has
relatively low radiotoxicity, under certain conditions it is readily oxidised to tritiated
water.

Because of these and other properties, the impact of tritium on the environment is
more sensitive to the forms of the release and to the conditions existing at the time of
and those following its release than would be anticipated for most, other
radionuclides. In particular, the volatility of HTO means that HTO previously
deposited, or derived from previously deposited HT oxidised by soil organisms, can
evaporate more rapidly and more completely than most other radionuclides (except
perhaps C-14) and become resuspended.

The longer residence time of HTO in the atmosphere means that it is more widely
dispersed by varying winds over time scales that may be long compared to the time
of release. The rates of deposition and evaporation are sensitive to the type,
occurrence, intensity and total precipitation also over time scales longer than the
release time. A radiological assessment of a source therefore requires complex
models of atmospheric dispersion and of exchanges between atmosphere and surface
over periods of several weeks, in real-time weather conditions, in addition to the
conventional box models of transfers into and through food chains.

Because the two types of model require different skills and expertise and because of
the relatively large uncertainties associated with the models of atmospheric
pathways, it is convenient and prudent to devise tests of the validity of tritium
assessment models that can be carried out on their separate parts. It may turn out to
be convenient too to have the tests conducted in different forums where the
appropriate expertise resides. Furthermore, because of the sensitivity to the
conditions existing at the time of release, tests even of limited parts of the whole,
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must embrace the full range of conditions that can be expected. Models may perform
well under some conditions but fail under others. A limited test set could be
misleading.

The present scenario is the first of what may be several test cases, each designed to
address different release modes and receiving environments.

A2. Objectives

This scenario is restricted to the biotic and soil elements of an overall HTO release
assessment model. Its objectives are

• to evaluate the uncertainties associated with model predictions;
• to intercompare predictions produced by different models; and
• to identify and analyse the causes of differences between model predictions

when these lie outside the limits of uncertainty.

It involves a release of HTO in an agricultural area during the height of the growing
season. It is not raining during the release.

Since atmospheric dispersion is not an issue, the scenario involves a one-dimensional
transport between air and surface with distribution of air concentration in the
horizontal plane that is uniform at least over an area sufficient to grow the crops and
produce the animal foodstuffs specified as end-points. The air concentration is
given as a total exposure ie, the time integral of the air concentration as might be
measured by an integrating monitoring device. The exposure period is short enough
that initial contamination should be assumed to occur under constant conditions.
The time integral air concentration should be taken to include all the primary and
secondary exposures due to evaporation of previously deposited material.
Evaporation calculated during the model run therefore is to go to a sink and take no
further part in the run. This is in effect the HTO that would be lost to the system by
advection and upward turbulent diffusion into the higher atmosphere. Thus the
whole experience of atmospheric exposure which in practice might last for several
weeks is telescoped into a single hour.

"Turning the accomplishment of many years into an hour-glass"

Shakespeare, King Henry V

Missing from this scenario then are the effects of changing stomatal openings and
varying rates of photosynthesis on the uptake of tritiated water vapour from the
atmosphere as the weather conditions change during a protracted exposure period.
However, after this initial uptake, the subsequent loss rates and photosynthetic
transformations can vary in response to the weather conditions given in the data set
accompanying the scenario. The effects of stomatal openings on the uptake phase
can be conveniently simulated by having the hour of exposure occur at different times
and in different weather conditions. Thus for this scenario two separate and
contrasting times are specified, lO.OOh and 24.00h.
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A3. Scenario Description

Two separate release scenarios are considered. In the first, the release starts at
lO.OOh and in the second at 24.00h. In both cases the exposure lasts for one hour.
The source term is an assumed concentration of HTO in surface air equivalent to 1010

Bq m-3 sustained for the whole of one hour. This is the sum total of all exposures
that should be input into the model. The exposure occurs sometime in summer 30
days prior to harvesting of each of the crops. Since different crops have different
harvest times the exposure would have had to start and finish at different absolute
times. During the whole time period for which calculations are requested, both dairy
and beef cattle are wholly on pasture. Assume that the area of agricultural land is
sufficiently large to produce the foodstuffs during the time period the scenario
implies.

Taking the time at the start of the hour of HTO release as time zero, calculate the
quantities requested below, at the following time points:

at the end of each hour for the first 24 hours;
at the end of the day 3 ie at the end of 72 hours;
at the end of the day 7 ie at the end of 168 hours;
at the end of the day 10 ie at the end of 240hours;
at the end of the day 14 ie at the end of 336hours;
at the end of the day 17 ie at the end of 408hours;
at the end of the day 21 ie at the end of 504hours;
at the end of the day 24 ie at the end of 576hours;
at the end of the day 27 ie at the end of 648hours; and
at the end of the day 30 ie at the end of 720hours.

Model predictions and associated uncertainty estimates are requested at the 33 time
points specified above, for the following:

la) Specific activity of tritiated water (HTO) in:

• soil (0-5 cm depth; 5-15 cm depth; >15 cm depth) [Bq/L soil water];
together with the soil moisture content [kg/kg wet weight (ww)] in the
three layers
leafy vegetables [Bq/L plant water]
root vegetables [Bq/L plant water]
grains [Bq/L plant water]
milk [Bq/L]
beef [Bq/L tissue water]

lb) Concentration of HTO in:

• soil (0-5 cm depth; 5-15 cm depth; > 15 cm depth) [Bq/kg ww]
together with the soil moisture content [kg/kg ww] in the three layers
leafy vegetables [Bq/kg fw]
root vegetables [Bq/kg fw]
grains [Bq/kg fw]
milk [Bq/L]
beef [Bq/kg fw]
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lc) Specific activity of organically bound tritium (OBT) in:

leafy vegetables
root vegetables
grains
milk
beef

Id) Concentrations of OBT in:

leafy vegetables
root vegetables
grains
milk
beef

[Bq/kg dw]
[Bq/kg dw]
[Bq/kg dw]
[Bq/kg dw]
[Bq/kg dw]

[Bq/kg fw]
[Bq/kg fw]
[Bq/kg fw]
[Bq/L]
[Bq/kgfw]

2a) The time integral to infinity of the specific activity of HTO in:

soil (0-5 cm; 5-15 cm; > 15 cm)
pasture
milk
meat

[Bq.d/L soil water]
[Bq. d/L plant water]
[Bq.d/L ]
[Bq.d/kg tissue water]

2b) The time integral to infinity of the concentration of HTO in:

soil (0-5 cm; 5-15 cm; >15 cm)
pasture
milk
meat

[Bq.d/kg ww]
[Bq.d/kg fw]
[Bq.d/L]
[Bq.d/kg fw]

2c) The time integral to infinity of the specific activity of OBT in:

pasture
milk
meat

[Bq.d/kg dw]
[Bq.d/kg dw]
[Bq.d/kg dw]

2d) The time integral to infinity of the concentration of OBT in:

pasture
milk
meat

[Bq.d/kg fw]
[Bq.d/L]
[Bq.d/kg fw]

The meteorological conditions during and after the HTO release are provided on
diskette. A portion of this dataset is presented in Table Al of Appendix Al. The
agricultural conditions and soil properties to be assumed for the Scenario are given in
Appendices A2 and A3, respectively.
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Appendix Al: Meteorological Conditions

This specifies the meteorological conditions during the exposure and the following 40
days and is provided on diskette in hourly intervals. The parameters are:

Parameter Description

NR. Code Number
TIME Time of Day
STAB. Stability Class According to the Pasquill-Gifford Notation

(1 = very unstable, , 6 = very stable)
DIR. Direction wind comes from (specified in degrees in a clockwise

direction, where 0° is North) [degree]
SPEED Wind Speed at a height of 10 m above ground surface [m/s]
RAIN Rain intensity [mm/h]
TEMP. Air temperature at a height of 2 m above ground surface [°C]
RAD. Net radiation balance to a horizontal plain surface [watt/m2]
PRESS. Pressure [mbars]
REL. H. Relative humidity (0.0 .... 1.0)

The first hour of the dataset (code number 1) is the first hour of the lO.OOh HTO
release. The fifteenth hour of the dataset (code number 15) is the first hour of the
24.00h HTO release.
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Table Al: Numbers 1-30 of Input Meterological Dataset

NR.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

TIME

10

11

12

13

14

15

16

17

18

19

30

21

22

23

24

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

STAB.

3

2

2

2

2

2

3

4

3

3

3

4

4

5

6

5

4

5

5

6

6

5

5

2

3

1

1

1

1

1

DIR.

240

240

300

290

290

260

250

230

240

240

190

210

190

210

140

200

160

200

200

200

170

170

200

180

240

240

260

230

270

230

SPEED.

1.50

1.50

2.60

3.10

3.60

4.60

4.60

5.60

2.00

2.60

2.60

510

4.60

2.60

2.00

2.00

4.10

1.50

2.00

2.00

1.00

0.50

1.00

0.50

1.50

0.50

3.60

4.10

3.60

1.00

RAIN

0.00

0.00

0.00

0.00

0.19

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

TEMP.

18.10

18.89

19.60

21.10

20.50

20.89

21.19

21.50

21.60

21.10

20.00

18.39

17.00

16.00

15.39

15.10

15.00

15.10

15.10

15.00

15.00

15.19

15.89

17.00

18.19

19.39

20.50

21.39

21.89

22.19

RAD

242

381

771

655

567

540

236

174

186

62

-25

-75

-59

-47

-38

-25

-19

-19.

-18

-22

18

77

268

413

555

675

484

654

580

580

PRESS

1000.8

1000.8

1000.9

1000.8

1000.6

1000.4

1000.2

1000.2

1000.3

1000.5

1000.7

1001.0

1001.1

1001.3

1001.3

1001.2

1001.0

1000.8

1000.7

1000.6

1000.7

1000.9

1000.9

1000.9

1000.9

1000.8

1000.7

1000.5

1000.2

999.7

REL.H

0.81

0.77

0.73

0.72

0.70

0.69

0.67

0.64

0.62

0.63

0.68

0.78

0.87

0.92

0.93

0.92

0.92

0.92

0.92

0.95

0.95

0.92

0.88

0.80

0.71

0.62

0.54

0.48

0.45

0.43
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Vegetation - Yields at harvest time in fresh weight

leafy vegetables
root crops
grains
pasture vegetation
(standing crop)

2.0 kg m'2

3.0 kg m"2

0.5 kg m-2

1.5 kg m"2

Animals - Intakes (fresh weight) and yields of cattle

Daily Intakes Dairy Beef

pasture vegetation
water
soil
inhalation
weights
milk yield(/day)

50 kg
80 L
0.5 kg
250m3

500 kg
14 L

25 kg
50 L
0.25 kg
80m3

350 kg
_

Appendix A3: Soil Properties

Soil Characteristics

Soil type
Soil pH
Soil porosity
Soil density (initial)

- soil moisture
- organic
- mineral soil
- air filled porosity

loamy/sand.
pH6.5
40% by volume.
1.67 x 10 kg m" assuming the following:

20 % by volume (initial)
5 % by volume
55 % by volume
20 % by volume (initial)
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Appendix B: Graphs of Selected Meteorological Data
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Figure 1: Net Radiation in BIOMOVS Scenario
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Figure 2: Hourly Wind Speed for BIOMOVS Scenario
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Figure 3: Pasquill-Gifford Stability 1 = Unstable, 6 = Stable
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B5



BIOMOVS II
TR8

- - oo

Q

g

- CD

- CM

Figure 6a: Water Vapour Concentration in Ambient Air
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Appendix C: Brief Descriptions of the Models

Models of the biospheric transport of inorganic and organic forms of tritium are
complex because of the large numbers of compartments involved, the multiple
processes and pathways linking them and the many meteorological, hydrological,
physiological and agricultural variables amongst others controlling them.
Furthermore, models did not always incorporate the same suites of compartments,
pathways and variables and, when they did, both modelling strategies and
associated mathematical descriptions often varied.

It is impossible therefore to include here complete model descriptions, for these the
reader is referred to the cited references. Nevertheless it was deemed desirable to
include in this report brief descriptions of each model. Accordingly participants
were asked to describe in two or three pages, the purpose of their model (one of the
main causes of differences between them is that they serve different purposes) and
the special features which distinguishes their model from the others. What follows
are slightly edited versions of those submissions.
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UFOTRI

Name of Model: UFOTRI
User: W Raskob of FzK, and P Davis of AECL
Affiliation: (see above)
Purpose of Model: Assessment
Comments:

Plant-Atmosphere Exchange

These are described by the Belot model [Reference 1]. The total transfer resistance rg

controls the tritium flux,

where rav = transfer resistance in the free atmosphere,
rfc,v = transfer resistance across the laminar sub-layer,
rst = stomatal resistance,

rst = rst,m [ l+(c/Ip)] l/(fifwft)

where rstm = minimum stomatal resistance,

and the other terms on the right hand side (RHS) are factors expressing dependence
on plant type, photosynthetically active radiation, air humidity, water content of soil
and temperature. At night stomata close and water vapour exchanges through the
epidermis with resistance is ten times higher than that or stomata but constant under
all weather conditions. A canopy resistance is assumed to equal stomatal resistance
of a single plant divided by the leaf area index. Four plant species are recognized in
UFOTRI, leafy vegetables, potatoes, wheat and pasture grass.

Soil-atmosphere Exchange and Transport within Soil

Deposition to soil is described by a velocity of deposition equal to the reciprocal of
the sum of resistances as before in which soil resistance replaces stomatal resistance.
Wet deposition is modelled as washout from the plume with a washout coefficient
whose value changes as the intensity of precipitation.

The water content of the top 5 cm layer of soil increases in rain and decreases by
evapotranspiration from soil and plants and by infiltration to deeper layers. Water
moves between layers in response to matric tension gradients. Evaporative losses
are calculated using Penman's equation. Re-emission of HTO from soil during day-
time equals the loss of water at its specific tritium content.

OBT Formation

Tritium atoms are incorporated into organic matter of plants principally by
photosynthesis in daylight but also by a slower exchange process in the dark. OBT
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in plants decreases exponentially at a mean rate of a few tenths of a percent per
hour. OBT in grain and tubers is not lost.

Cow Compartment

Animals take in HTO by inhaling contaminated air and by ingesting tritiated
foodstuffs and soil. Intake by ingestion occurs only in daytime. Cows are assumed
to be milked twice a day, in the morning and in the evening.

Model Structure

Those parts of the biospheric system through which tritium is transported from
source to ultimate dose are represented by individual compartments or boxes. A
compartment or box is supposed to be a homogeneous unit which receives or donates
HTO from and to other boxes with which it is physically in contact. Exchanges
between compartments are described by first order differential equations and driven
by tritium concentrations or concentration gradients. The equations are solved
numerically using COMA (Compartment Model Analysis) developed at the National
Radiological Protection Board in the UK.

References

[1] Belot Y, Gauthier D, Camus H and Caput C (1979). Prediction of the flux of
tritiated water from air to plant leaves. Health Physics, 38, 575-583.
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TRTTRAJ

Name of Model: TRTTRAJ
Developed by: Orihiko Togawa
Affiliation: Japanese Atomic Energy Research Institute
Comments:

TRITRAJ is a dynamic compartment model of the transfer of tritium in the terrestrial
biosphere. It is based on UFOTRI, developed at FzK in Germany but uses longterm
average weather instead of hourly after the 1 hour exposure is over. It takes account
of tritium transport from the atmosphere to edible plants, milk and beef. Edible
plants are leafy vegetables, non-leafy vegetables, root crops and grains. Soil is
divided into three compartments: layers of 0-5 cm, 5-15 cm and 15-30 cm.
Compartments and directions of the tritium movement for edible plant, milk and
beef pathways are shown in Figures 1,2, and 3 respectively.

Parameter values presented in the scenario description are used for calculating
transfer coefficients between various compartments or if values are not given in the
description, default values in the user's guide for the UFOTRI code are used. Values
of the main parameters used in TRITRAJ are: mean height of the mixing layer;
1000(m), mean air humidity; 8.0 (g/m3), mean deposition velocity of HTO to soil;
0.5 (cm/s), mean rainfall rate; 710 (mm//y), loss rate of HTO from soil in a layer of
15-30 cm; 1.0 E12 (d-i), half-time loss of HTO from a reference plant during the day-
time; 1.0 (hour), and a number of cows on the area of 1 km2; 250. A reference plant
means that the water content of the plant is assumed to be 0.4 (kg/m2). It is
assumed that a half-time of loss of HTO from a plant is proportional to the water
content of the plant to be assessed.

Values of water contents of agricultural products not given in the scenario
description nor in the UFOTRI user's guide are, by default, 0.92 for leafy vegetables,
0.80 for root crops, 0.11 for grains, 0.75 for pasture grass, 0.87 for milk, and 0.70 for
beef. For ratios of specific activities of plant water to that of water vapour in the
atmosphere when soil is uncontaminated are 0.5 for leafy vegetables and pasture
grass, 0.25 for grains and 0 for root crops.

Transfer coefficients between compartments are calculated by the equilibrium
method, as used in UFOTRI. The methodology is based on hydrogen inventory in
and hydrogen exchange between the compartments at equilibrium. During exposure,
the values of transfer coefficients are estimated using the meterological data
provided in the scenario description. After exposure, on the other hand, averaged
values of transfer coefficients are calculated using long period averaged weather.

The following assumptions have been made when calculating transfer coefficients.
The total masses of edible plants and pasture grass (and their water contents) are
constant during and after exposure. Stomata of edible plants and pasture grass
open during day-time and close during night-time. Day-time and night-time are each
12 hours in duration. Properties of soil (pH, porosity, density, moisture and
composition) do not change during or after exposure.
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Fig. 1 Transfer model of tritium for an edible plant pathway
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TRILOCOMO

Name of Model:
User:
Affiliation:
Purpose of Model:
Comments:

TRILOCOMO
Ove Edlund
Studsvik Eco & Safety AB, Sweden
Research, Accident Dose Assessment
Developed to Use Results of Field Experiments in France
(1986) and Canada (1987).

TRILOCOMO is a compartment model of tritium transport in a soil-air-vegetation
system.

Transfers are dynamic and respond to changing meterological conditions. All
transfer coefficients for the BIOMOVS scenario are calculated in a special user
routine called ACTTRI and some input data are generated by a meteorological code,
USTEVA (Figure 1). Transfer coefficients of HTO between soil layers, between
organic bound tritium (OBT) and tissue free water in vegetation are constant
[Reference 1].

Monin-Obuchov's length

Golder
Definition

L= uj . p a . Cp . T a / ( k . g. (H +KEI14))

Venkatram (stable weather conditions)

L = 1 1 0 0 . U ?

XE = XE, +

I
Montelth-Penman formula

v-s + \' E v-s)+ p a . Cp

Friction
velocity

Businger •
Dyer & Hicks
Webb

Hv + XEV = (H + XE) . (1.0 - exp (-0.398 . LAI))

Hs + XES = (H + XE) . exp (-0.398 . LAI)

v = vegetation; s = soil; LAI = Leaf Area Index
w = water; wv = water vapour; ah = air heat; st = stomata
ss = soil surface; X = latent heat of vaporization of water

Resistances
R

r a m = u / ul; rbwv = B-J,v / u . ; rbh = B^ / u.

awv am bwv ' rah - rani + rhh

BwV, h = 0.6897 . exp (-0.8 In (Sc) - 0.24 In (Rc . 30))

rsl = r^i" .(l+(200/(Gv + 0.1))2).(400 / (Ts .(40 -Ts»:

Gv = Incoming Solar Radiation to the vegetation
rss = Zcff/Dcff; zcff = zd / < i )w;

Doff = Do . (T, / 273)"-" . <j,w / «(,„, - 4»w + 1) / T

i = Tortuorisity factor approx 1.5

Vegetation

Energy-Balance equation

Gv - e . o . tj - (pav (Ta) - p
s

a ^T ; ) . XI (rs[ + rawv)

- p a . C p . ( T a - T , ) / r a h = 0

Figure 1: Resistance Model
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COWTRI

COWTRI [Reference 2] is a dynamic compartment model of the time dependent
distribution of tritium in a lactating cow that ingests both tritiated water and
tritiated hay or pasture grass. It is designed to calculate concentrations of HTO and
OBT in whole milk and in major organic components of milk.

BIOPATH

BIOPATH [Reference 3] is a generalized code consisting of five subprograms which is
used to handle all kinds of compartment models. With BIOPATH it is possible to
estimate HTO concentrations in all compartments as functions of time.

Description of the Model used in BIOMOVS

Using hourly meterological data, resistances to transport of heat and water vapour
due to atmospheric turbulence, transport through the laminar sublayer very close to
the surface, stomatal resistance and the soil resistance are calculated according to
the method used in the USTEVA code. All other physical parameter values are also
estimated by USTEVA.

The model consists of 26 compartments, 7 from TRILOCOMO and 19 from
COWTRI. These are:

1 organic bound tritium in the vegetation
2 A sink or scratch compartment to which all tritium not further

considered is consigned
3 air humidity
4 water in vegetation
5 water in upper part of the soil (5 cm)
6 water in second soil layer (5-15 cm)
7 water in third soil layer (15-30 cm)
8-26 belong to the COWTRI model.

Some Fixed transfer coefficients are taken from References 1 and 4.

One conservative assumption in the model is that tritium transferred by rain water to
soil does not migrate to deeper soil layers. Transfer coefficients are constant
between the soil layers.

Execution of the BIOMOVS II Scenarios

The first hour

The amount of HTO deposited on the ground and vegetation is calculated using the
exchange velocity method according to Ogram & Russell [Reference 5].

The differential equation describing the deposition is expressed as
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d Qs,v ( t )

where
Qs,v(t) = deposited activity on ground (soil) or vegetation
Vd = l/ra v for water vapour and Vy /rav for HTO because of the isotope
effect,

where
H O mol weight

Y = 0.8997134=18.01534/20.02342 = —
HTO mol weight

rav = sum of turbulent resistance in the free atmosphere and the laminar
sub-layer resistance for water vapour

s

p as v = saturated water vapour density in soil or vegetation air at prevailing
(soil or leaf) temperature

Mw mass of water in soil layer or the mass of tissue-free water in
vegetation

Qr released activity

The soil resistance is assumed to be zero during the first hour and in all hours when
deposition is occurring.

The solution of this equation is
1S

The specific activity is then obtained by dividing QS/V(t) by Mw.

Migration of Rainwater in Soil

Water content of the soil layers varies with rain and evaporation. In this simulation
it is assumed as an approximation that incoming rain water equally divides within
each soil layer in proportion to its thicknesses. However, during migration it is
impossible for the water content in a layer to be higher than field capacity, ie, 40%.
Migration rates assume water reaches the second layer after 5 hours, the third layer
after 15 hours and starts to migrate out from the bottom layer after 30 hours with an
amount of

where t is the time when rain starts and raint is its intensity.

The USTEVA subprogram calculates values of physical and meteorological
parameters, used as input data to both TRILOCOMO and COWTRI.

Input data for USTEVA is a data file containing all meteorological parameter values
recorded for 951 hours, where the first 720 hours are used as a base for calculations.
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Execution of TRILOCOMO and COWTRI

In the case of milk, TRILOCOMO calculates HTO concentrations in grass water,
grass OBT, air humidity, and in soil water in the uppermost centimetre of soil. This
is needed because the cow ingests a small amount of soil when pasturing. The cow
also breathes HTO in air. In this study, it is assumed that lactating cows ingests
grass during day-time, ie, between 06.00 and 18.00 hours. It is milked every day at
1800 hours. The cow consumes 50 kg pasture grass, 0.5 kg soil and breathes 250m3
air every day. It is assumed grass contains 85% water.
The absolute air humidity as well as the water content in the uppermost 1 cm soil
layer are calculated for each hour.

It is assumed that water ingested in food, soil and inhaled air are transferred to the
body water pool in the cow, while the grass OBT goes to a foodstuff pool.

The amount of HTO, Sbw, ingested each hour by the cow through its water intake is:

0.5-C
50-0.85 s]_ _250_

bw~ 12 g w
+ 12 + 24 P

a w a w

or

3.5417-C +0.04177 -C + 10.5833p C
§ w si aw a w

where
Sbw = the source term to the Body water pool in the cow
Cgw = the activity concentration in the grass water
Qi = the activity concentration in water of the first cm of the soil
p a w = the air water vapour density
Caw = the activity concentration in the air humidity

In the case of grass OBT, the source term for the foodstuff compartment is

S, =50-0.15/12-C =0.6250-C
fs gOBT gOBT

where
Sfs is the source term for the foodstuff,

is the HTO concentration of OBT, grass in dry matter,

Transfer coefficients in the cow model used here are derived from [Reference 2] by
adjusting the body weight, milk production, OBH-intake, estimated urine and faeces
production through the water balance.
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ETMOD

Name of Model: ETMOD
User: Sean Russell
Affiliation: Ontario Hydro, Canada
Purpose of Model: Assessment
Comments: Has been used to support licensing of tritium use for JET in the

UK and at TFTR, Princeton University Plasma Physics
Laboratory, USA.

ETMOD simulates tritium behaviour in the environment by modelling the following
processes:

1. Transport of HT and/or HTO in the atmosphere;
2. Deposition to the ground from the atmospheric plume;
3. HT to HTO conversion in the ground;
4. Uptake of HTO by plants;

5. Re-emission of HTO from plants and soil.

A model of the transformation of HTO to OBT in plants was developed.

Deposition
Deposition is modelled by analogy to electrical resistances. A deposition velocity is
the reciprocal of the sum of all the resistive components between free air and the
plant leaf or soil:

atmospheric turbulent resistance
canopy resistance
soil surface.

Re-emission is modelled the same way with the addition of stomatal resistance.

Atmospheric turbulent resistance Ra is given by

R = (l/ku*)[in((Z -d ) /Z )-<j)(Z /L)]a r o r

Sublayer resistance Rb by

Rb=(2/ku.)(Sc/Pr)2/3

HTO exchange with vegetation, R* by

R =R . {l + [200(Gmir1]2/(400[T (40-T )]~l)
st nun v I s s j

HTO exchange with soil is given by the canopy resistance

where d displacement height
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and
or

G
k
L
Pr
Rst
Sc
Ts

u.
Zo
Zr

4>
Vg-i
Vg-i

incoming solar radiation (W/M2)
Von Karman's constant (0.35)
Monin-Obukhov length (m)
Prantl number
bulk canopy stomatal resistance
Schmidt number
surface air temperature
friction velocity
roughness length
reference height (1 m)
(Z/L) stability correction factor
= Ra + Rb + ^ to vegetation
- Ra + Rb + Re to soil

Transport in Soil

Transport within the soil column is by diffusion, advection by ground water flow
and vegetation uptake through transpiration. Up to 25 soil layers are user selected.
Plant uptake is driven by transpiration.

References
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model. Fusion Technology. Vol 21, pp 645-650.

[2] Wesley M L (1989). Parameterization of surface resistances to gaseous dry
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TRIMOVS

Name of Model: TRIMOVS
Developed by: Yves Belot et al
Affiliation: Commissariat a L'Energie Atomique, Institut de Protection et

Surete Nucleaire
Purpose of Model: Research
Comments: See References at end.

Tritium does not behave in the environment in the same manner as most other
nuclides due to the fundamental role played by hydrogen in all compartments of
ecosystems. To assess the impact of tritium releases of long duration, the specific
activity model was often employed in the past and considered to be conservative.
This model assumes that tritium is transported in the environment and into food
chains through its association with water molecules and that the specific activity of
hydrogen remains constant during transport. But unfortunately the equilibrium
assumption of the specific activity model is not valid for short duration releases
where equilibrium is not reached in all compartments. In this case the more realistic
dynamic approach is required.

The model TRIMOVS describes the behaviour of tritium in the biosphere, and
particularly the dynamical processes of deposition, conversion of HT into HTO and
conversion of HTO into OBT (organically bound tritium) in case of accidental
release. This model, derived from the core of an earlier model H, was conceived as
an evolutive research model that could incorporate new conceptual submodels and
be improved by exchange with other modellers in the context of the ad hoc
BIOMOVS meetings.

Deposition of HTO to Soil and Plants

The deposition of HTO to the soil is due to an exchange of HTO and H2O in the
surface layer of the soil. The exchange velocity is determined by the degree of
turbulent mixing above the surface as well as the nature of the surface itself. The
exchange velocity between air and soil can be expressed as the reciprocal of the sum
of the resistances opposed to the transport of tritium from the surface to the
reference level, or conversely. Under freshly irrigated conditions, or following rain,
the soil surface is effectively wet and the exchange proceeds at a rate not dissimilar
to that from an exposed water surface. The tritium exchange depends mainly on the
air boundary layer turbulent mixing, and the transfer resistance is then nearly equal
to the aerodynamic resistance Ra = 5.0/u*, where u* is the friction velocity in m s-1.
But, frequently, a thin dry layer at the top of the surface of the soil controls the
tritium exchange. This can be accounted for by adding to the aerodynamic resistance
Ra a soil resistance Rs = hs / D, where hs is the thickness of the top dry layer and D
the diffusivity of tritiated water vapour through this layer. The exchange velocity is
limited to about 1O2 m s-1 for moist soil and favourable conditions of atmospheric
mixing, but may be smaller by a factor of two at dry soil or densely vegetated
surfaces.

The exchange of tritiated water or ordinary water between vegetation and the
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atmosphere is supposed to be controlled by the resistance of the canopy to the
transport of vapour from or to the leaf tissues4. The average canopy resistance is
taken inversely proportional to the mass of vegetation, constant in day-time from
0600 to 1800 hours, and 10 times higher in night-time. Its day-time value at a given
time is supposed proportional to the mass of vegetation per unit ground area m(t).
The growth rate is assumed to be constant during day-time and to be zero during
night-time, thus giving to the growth curve m(t) a general linear trend between times
ti and t2.

Movement of HTO in the Soil-Plant System

The long-term consequences of an accidental release of tritium are related to the time
evolution of the HTO content of soil and vegetation. When a pulse of HTO has been
delivered to the soil-plant system by deposition (see above), it moves through the
soil by convection and diffusion, and diffuses back to the atmosphere by surface
exchange and evapo-transpiration. After exposure, the activity concentration of
HTO in the soil and plants decreases first at a relatively rapid rate, and then more
and more slowly as time elapses.

In a first modelling approach, we have supposed that the soil moisture content is
uniformly distributed throughout the soil and does not vary appreciably during the
period of time considered in the calculation. Thus we need only to solve the
transient one-dimensional diffusion of tritium in the soil. For this purpose, the soil
column is divided into a number of layers and the vegetation compartment is
supposed to draw water uniformly from all the layers of the root zone. In each
separate layer and in the vegation compartment, the change of tritium content for a
small time increment is calculated as the difference between inputs and losses. At
the upper boundary of the system, vegetation and soil surfaces exchange tritium with
the atmosphere. The corresponding fluxes are proportional to the exchange velocities
defined above and to the differences of HTO concentrations in air at each side of the
soil/atmosphere interface.

This results in a set of ordinary linear differential equation that can be solved by a
straightforward explicit procedure. Practically, we treat 150 soil layers of 0.2-cm
thickness with a time increment of 0.1 h. This ensures a stable calculation and
avoids any appreciable numerical diffusion. The actual diffusivity of tritium in the
soil is related 3 to the air filled and water filled volume fractions.

Assimilation of Tritium as OBT

The major mode of entry of aqueous tritium into organic molecules is photosynthesis,
which involves the photolytic splitting of water, and the utilisation of the "active"
hydrogen so produced to reduce the incoming carbon dioxide to carbohydrate. By
exposing plants to 14CO2 and HTO, it was shown that the two isotopes are fixed in
the new carbon products in the proportion required by photosynthesis5'7. About
70% of the tritium thus incorporated was bound to carbon atoms in nonexchangeable
position, while about 30% was bound to oxygen and nitrogen in exchangeable
positions5. The rates of tritium incorporation into edible organs depend on the
evolution of HTO concentration in the free water of the leaves and on the growth
curve of the organ in which OBT accumulates. In particular, recent studies8 have
shown that the tritium passage into storage organs, fruits or tubers, is strongly
dependent on the developmental stage of the plant at the time of exposure. The
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transfer of OBT to storage organs is quite low when exposure occurs in the period of
vegetative growth and is the highest when it occurs in the period of storage organs
growth.

The following relatively simple sub-model has been incorporated in TRIMOVS (II).

Growth of Storage Organs

The S-shaped growth curve of any plant organ can be approximated by a linear
growth segment comprised between two plateaus. The long-term average relative
growth rate, defined as the net growth rate divided by the weight of the organ at
harvest, is then g r = I/At where At is the duration of the linear growth phase.
Actually, at a small time-scale, the growth rate is a function of the solar irradiance
(W m-2) at ground level.

If the uptake of carbon dioxide is approximately proportional to the solar irradiance,
as this is the case for temperate cereals6, the short-term net relative growth rate gr
(h-i) is then:

1 E ( 1 )

gr ~ T
where E is the short-term solar irradiance, and E the average long-term solar
irradiance. The short-term solar irradiance E is comprised between 0 (in night-time)
and 900 W m~2 (at noon during summertime). The long-term average solar irradiance
E over the whole growth period, including night, is about 150 W nr2.

If the photosynthetic response to the solar irradiance is not linear but shows a light
saturation, the solar irradiance E could be replaced by a rectangular hyperbolic
function of E, whose expression is E* = E/ (1+aE). The short-term net relative
growth rate gr is then:

(2)

OBT Assimilation and Translocation

In photosynthesis, one molecule of water is used per molecule of carbon dioxide
absorbed by the leaves. The specific activity of the newly formed organic products is
then nearly identical to the specific activity of water in leaves at the time of
formation, a correction being only made for isotopic discrimination against the
heavier isotope. Moreover, it can be written that the total activity of tritium in any
organ at harvest is the sum of the activities of the organic molecules synthetized in
the leaves at different times during the linear growth phase and subsequently
translocated to the organ of interest, that is:

- P = a J grmC£f
odt (3)

At

C15



BIOMOVS II
TR8

where A ^ is the specific activity of the organ OBT at harvest expressed in activity
per unit volume of equivalent water; C^f

o the specific activity of the leaf water at
time t; the coefficient a - 0.6 is a fractionation ratio9 defined as the ratio of the
specific activities of stable organically-bound tritium and tissue water tritium; m is
the final weight of the organ at harvest. The equation simplifies to:

At

This relation can be equivalently written:

(5)

where 1^(0 $1 kg'1 h) is the time integrated concentration of tritium in leaf tissue
water during the period of exposure (i) and gr(i) (hr1) is the short-term relative linear
growth rate for this period, the summation being continued while the tritium
concentration in leaf water remains significant.
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TRICAROM

Name of Model: TRICAROM
Developed by: Dan Galeriu
Affiliation: Institute of Applied Physics, Bucharest, Romania
Purpose of Model: Research
Comments: Model was developed while author was attached to

Environmental Research Branch, Chalk River Laboratories,
Chalk River, Ontario, Canada, and while the BIOMOVS
exercise was in progress. It was incomplete at this time.

TRICAROM is a research model that uses, as much as possible, known principles of
plant physiology, soil physics and crop modelling in order to obtain a realistic
deterministic description of tritium transfer rates.

A multilayered plant canopy is used and fluxes computed by Gauss integration using
three levels of relative leaf area index (LAI) (at 0.8873, 0.5 and 0.113 of total green
LAI). Leaf area index is a function of vegetation stage and is conditioned by the
need to maintain a minimal photosynthetic rate. Plant growth rate is a function of
moisture supply in the top soil layers. Increased yields are obtained when crops are
irrigated. At each LAI level, the stomatal resistance is computed and Monteith's
equation solved for latent and sensible heat fluxes as well as of gross photosynthetic
production of dry matter. Stomatal resistances are functions of plant type,
photosynthetically active radiation (PAR), vapour pressure deficit, available water
in root soil and leaf age. Exchange velocities and concentration gradients govern
uptake and losses at each layer.

Leaf conductances and rates of photosynthesis are affected by temperature but in
ways that are not fully understood. Hence in the model only photosynthetic rates
vary with temperature. Effects of varying atmospheric CO2 concentrations on leaf
conductances and photosynthetic rates are also ignored because the available
evidence suggests the process is not significant.

The model does not accurately predict temperature profiles within the canopy in
about 20% of cases. The effect of this is greater on transpiration rather than
photosynthetic rates.

Richardson's equation is used to predict water movement between soil layers. Layer
thicknesses vary with depth from 1 cm at the surface to 25 cm at the bottom of the
profile. The user chooses boundary conditions at the bottom of the profile, viz:
constant moisture content, constant flux or water table.

Root uptake varies with the vertical distribution of feeding roots and soil moisture
content. Roots of wheat are assumed to be exponentially distributed in the vertical
to a depth of lm. Stress begins when soil moisture falls below 60% of field capacity
and transpiration ceases at the wilting point which varies with soil composition and
plant type. Evaporation from the top soil layer can continue below the wilting point.
When soil moisture in the upper layer is such that the flux of vapour equals the flux
of liquid water, soil moisture is held constant; water for further evaporation being
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supplied from deeper layers. Soil to atmosphere transfer resistance, RSOJI varies with
the matric tension in the upper two soil layers, thus

Rsoil = l-5(log10(psi) - 0.8) (unit:s/m)

1/2
where psi = (psif x psif2)

and psifn is the matric tension in soil layer n.

In modelling the soil-plant-atmosphere system, the only HTO-specific parameter is
molecular diffusivity, values of all other parameters vary depending on the
environmental conditions. In several cases, appropriate parameter values for
specific plant types are not known and values obtained experimentally using other
plant types have had to be substituted (eg, respiration rates of clover have been used
for lettuce). This is a limitation of the use of the model at present and until more
experiments on specific processes affecting relevant crops have been carried out.

Dry matter manufactured during the day translocates to other parts of a plant, eg,
root, tuber, grain, stem and leaf. Translocation rate is 0.3 per hour but the partition
between plant parts varies according to the vegetation stage (phenologic age).
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TRINIRBU

Name of Model: TRINIRBU
User: Nandor Fulop
Affiliation: NRIRR, Hungary
Purpose of Model: Assessment
Comments: Dr Fulop left NRIRR while the exercise was in progress and

did not attend meetings of the working group after 1994.

The model is based on a simple compartmental system, represented by the following
box-model:

Kas

Ksl2

Ks23

Ks3

Kpmh
milk HTO

Kmh

Kpmo
milk OBT

Kmo

Kpbh
beef HTO

Kbh

Kpbo
beef OBT

Kbo
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Soil

Divided into layers but physical and chemical properties are the same in each. HTO
migrates vertically between layers by diffusion which proceeds continuously at
constant rate. Production and decomposition of OBT in soil by microorganisms is
ignored though there is experimental evidence that it occurs.

Vegetation

HTO intake and transport within plants are controlled by stomata. These are open
in day-time and closed at night. All plant-dependent transport processes cease at
night, including OBT production and decomposition. OBT is a single compartment
representing the OBT content of the edible parts. Day-time is between 0500 and
2000 hours.

Animals

HTO and OBT in the foodstuffs of animals are treated as a single entity. Tritium is
incorporated continuously into beef and milk without distinguishing day and night.
OBT is a single entity in milk.

Model Equations

Time dependent changes in concentrations of HTO in compartments are described by
the following set of linear differential equations.

1st soil layers (HTO):
dc

- = kas-ca - (ks a+ks l 2+ks r+X)-Cs , + ks2I -c
s2

2nd soil layer (HTO)
dc

s2

k (k + k + k + A ) + k -cs3

3rd soil layer (HTO):
dd Cs3

Root of plants (HTO):
dcr

Leaves of plants (HTO):
dc,
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OBT

Milk

Milk

Beef

Beef

of plants:

(HTO):

(OBT):

(HTO):

(OBT):

dt

d C m h

dt

d C m o

dt

dc

dt

d C b o

'mh

where

'bh

dt
= kDb0-(c,+c2)-(kb0+X)-c'bo

t
Ca

Csl =

CS3 =

Co

Cmh =

Cmo =

Cbh =

Cbo =

X

c =

time [s]
HTO concentration in air [Bq m-3],
specific activity concentration of HTO in 1st soil layer {Bq kg-1],
specific activity concentration of HTO in 2nd soil layer [Bq kg-1],
specific activity concentration of HTO in 3rd soil layer [Bq kg-1],
specific activity concentration of HTO in root of plants [Bq kg-1],
specific activity concentration of HTO in leaves of plants [Bq kg-1],
specific activity concentration of OBT in plants [Bq kg-1],
specific activity concentration of HTO in milk [Bq kg-1],
specific activity concentration of OBT in milk [Bq kg-1],
specific activity concentration of HTO in beef [Bq kg-1],
specific activity concentration of OBT in beef [Bq kg-1],
physical decay constant of tritium [s-1],
transfer rate coefficient of HTO from air to 1st soil layer [s-1],
transfer rate coefficient of HTO from 1st soil layer to air [s-1],
transfer rate coefficient of HTO from 1st soil layer to 2nd one [s-1],
transfer rate coefficient of HTO from 2nd soil layer to 1st one [s-1],
transfer rate coefficient of HTO from 2nd soil layer to 3rd one [s-1],
transfer rate coefficient of HTO from 3rd soil layer to 2nd one [s-1],
transfer rate coefficient of HTO-loss from 3rd soil layer [s-1],

C22



BIOMOVS II
TR8

kg,- = transfer rate coefficient of HTO-uptake by root of plants from soil

krj = transfer rate coefficient of HTO-transport from root to leaves [s-1],
k]0 = rate coefficient of T-transformation from HTO into OBT in plants

[s-i],
koi = rate coefficient of OBT-decomposition to HTO in plants [s-1],
kai = rate coefficient of HTO-evapotranspiration [s-i],
kai = rate coefficient of direct HTO-uptake by leaves from air [s-i],

transfer rate coefficient of T-transformation from ingested tritium
into HTO-content of milk [s-i],

p transfer rate coefficient of T-transformation from ingested tritium
into OBT-content of milk [s-1],

kpbh = transfer rate coefficient of T-transformation from ingested tritium
into HTO-content of beef [s-i],

kpbo = transfer rate coefficient of T-transformation from ingested tritium
into OBT-content of beef [s-i],

kmh - r a t e coefficient of T-loss from HTO content of milk [s-*],
kmo = rate coefficient of T-loss from OBT content of milk [s-1],
kbh = rate coefficient of T-loss from HTO content of beef [s-i]
ktx, - rate coefficient of T-loss from OBT content of beef [s-i],

Parameters

Parameter values (Table Cl) were taken from published experimental data. (Ratio
of parameter values are probably correct, but their individual magnitude may not
be.) Because of differences between experimental materials, methods and
circumstances, average parameter values were adopted for this method, ie, most
transfer coefficients were assumed constant in time.

Because physical decay is much slower than other processes, it has been neglected
for these calculations.

^mh

IXgc

5.0E-5 s-i
5.0E-6 s-i

5.0E-7 s-i (Note: ksl2 =

day-time day-time
grass leafy vegetables

6.0E-5
1.6E-5
1.2E-6
2.0E-6
1.6E-5
1.6E-4

9.4E-6
6.4E-7
5.2E-6

l.OE-4
1.2E-5
1.2E-6
2.0E-6
1.6E-5
1.6E-4

s-i
s-i
s-i

ks2i = ks23 = ks32 =

night-time
all plants

0
0
0
0
0
0

k3 = kss)

s-i
s-i
s-i
s-i
s-i
s-i
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kpbh l.OE-6 s-i
kpb0 1.0E-8 s-i
kbh l.OE-6 s-i
kbo 0 S"1 (much smaller than kpb0)

Uncertainty analysis was performed by making several hundred Monte-Carlo
simulations.

Parameter values were sampled from triangular distributions where

• mode - parameter mean value given above,
• lower limit = mode / 3.0,
• upper limit = * 3.0.
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Table Cl: Processes and Important Parameter Values Used in TRINIRBU Model

Process

Dry deposition to soil

Dry deposition to plant

Remission from soil

Remission from plant

Root uptake from soil

Loss from top soil to deeper
soil

Number of soil layers

Plants, OBT formation rate:
grass
leafy vegetable

Animals, OBT formation
rate:

transfer to milk
transfer to beef

Plant, OBT loss rate:
grass
leafy vegetable

Animals, OBT loss rate:
milk
beef

Day-time Night-time

Constant process, fixed rate
5.0E-5 s-i

Fixed Rate: grass 6.0E-5 s-1

leafy vegetable 1.0E-4 s-1
Zero

fixed rate 5.0E-6 s-1

Fixed Rate: grass 1.6E-5 s-1

leafy vegetable 1.2E-5 s-i

Fixed Rate: grass 1.6E-5 s-1

leafy vegetable 1.6E-5 s-1

Zero

Zero

Constant process, fixed rate 5.0E-7 s-1

3

1.2E-6 s-i
1.2E-6 s-i

Zero

Zero

Constant processes, fixed rates

6.4E-7 s-i
1.0E-8s-i

2.0E-6 s-i
2.0E-6 s-i

Zero
Zero

Constant processes, fixed rates
2.5E-6 s-i

0 s-1 (much smaller than OBT formation rate)

C25



Appendix D: Tables Comparing Process Descriptions and
Parameter Values Used in the Models Applied to Scenario V1.05



Table Dl: Description of Important Model Parameters for Various Models Involved in BIOMOVS II Tritium Release Scenario

O

Process/Model

Dry deposition to soil

Dry deposition to plant

No. of soil layers

Re-emission from soil

Re-emission from plants

UFOTRI & UFOTRI/A

Variable deposition model
dependent on soil, boundary
layer and atmospheric
resistances (every hour).

Model from Belot with variable
resistances, expressed as
dependent velocity; stomata
resistance model from Jarvis.

3 + 1 thin 'help' layer.

Re-emission is linked to
evaporation rate, model from
Monteith with variable
resistances as above + basic re-
emission rate (night).

Belot model like deposition.

ETMOD

Variable deposition model
with exchange velocity,
based on atmospheric,
boundary layer and
canopy resistances.

As above, with variable
exchange velocity, canopy
resistance dependent on
temperature radiation and
min. resistance.

User defined, 15 to 25,
variable thickness, thin at
top.

Variable exchange velocity,
direction of flux depends
on specific HTO difference
top soil - atmosphere (13
layers in top 5 cm).

Variable exchange velocity
+concentration difference
plant - atmosphere.

TRITRAJ

Fixed transfer rate.

Fixed transfer rates,
day and night cycle,
uptake at night zero.

3

Fixed transfer rate.

Fixed transfer rate
like deposition to
plants.

TRILOCOMO

Variable deposition model
with exchange velocity,
calculated from
atmospheric, boundary and
canopy resistances (every
hour).

Variable deposition with
exchange velocities, variable
resistances dependent on
temperature, radiation and
min. stomatal resistance.

3

Variable exchange velocity,
direction of flux depending
6n av. specific HTO cone,
difference between first soil
w a t e r l aye r and
atmospheric moisture.

Variable exchange velocity
+concentration difference
plant - atmosphere.

i
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Root uptake from soil

Loss from top soil to
deeper soil

OBT formation and loss

Root uptake equals the loss via
transpiration, model from
Monteith, like for soil, uptake
from 3 layers.

2 processes, fixed transfer rate
(diffusion) + water transport
due to matrix forces (Darcy's
Law.

Plants: time dependent and
variable, dependent
on environmental
conditions.

Animals: fixed transfer rates
from HTO to OBT
and back.

Milk: transfer from cow
and grass.

Root uptake equals the loss
via transpiration,
transpiration modelled
with exchange velocity and
rel. humidity difference.

Transport equation
diffusion advection,
numerical solution.

Plants: time dependent
and variable,
dependent on
environmental
conditions.

Animals: fixed transfer
rates from HTO
to OBT and
back.

Milk: transfer from
cow.

Fixed transfer rate.

Fixed transfer rate.

Plants: fixed rates.
Animals: fixed rates.
Milk: fixed rates.

Root uptake equals the loss
via transpiration,
transpiration modelled with
exchange velocity and rel.
humidity difference, uptake
from 3 layers.

Fixed transfer rate between
3 soil layers, when raining
new values for the water
content is estimated.

Plants: constant transfer
rate for day and
another for night-
time.

Animals: complex cow
model COWTRI.

Milk: OBT formation
included in
COWTRI.

oa
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Table Dlb: Description of Important Model Parameters for Various Models Involved in
BIOMOVS II Tritium Release Scenario (continued)

a

Process/Model

Dry deposition to soil

Dry deposition to plant

No. of soil layers

Re-emission from plants

Root uptake from soil

Loss from top soil to deeper
soil

OBT formation and loss

TRIMOVS

Variable deposition model
dependent on soil, boundary
layer and atmospheric
resistances (every hour).

Canopy exchange rate
proportional to canopy
development, day and night
cycle.

150

As dry deposition.

Root uptake equals the loss
via transpiration.

Diffusion, numerical solution.

Plants: average growth
curve, during the
night zero.

Animals: not included.
Milk: not included.

TRICAROM

Variable deposition model,
based on atmospheric,
boundary layer and canopy
resistances.

Variable, depended on
atmospheric, boundary and
canopy resistance (including
leaf aging).

8 in 0 - 30 cm, 18 total.

Transpiration exchange velocity
+ gradient.

Root uptake equals the loss via
transpiration, root growth is
modelled separately.

Transport equation diffusion
advection, numerical solution.

Plants: time dependent and
variable, dependent
on environmental
conditions.

Animals: retention function.
Milk: retention function.

TRINIRBU

Fixed transfer rate.

Fixed transfer rates, day
and night cycle, uptake
at night zero.

3

Fixed transfer rate like
deposition to plants.

Fixed transfer rate,
uptake at night zero.

Fixed transfer rate.

Plants: fixed rate,
zero at night.

Animals: fixed rates.
Milk: fixed rates.

i
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Table D2: Values of Important Model Parameters for Various Tritium Models
Involved in BIOMOVS II Tritium Release Scenario (day-time)

Process/Model

Dry deposition to
soil

Dry deposition to
plant

Re-emission from
soil

Re-emission from
plants

Root uptake from
soil

UFOTRI

Plume passage: 0.5
cm/s.

Plume passage: 0.5
to 0.7 cm/s.

Hour 1: ~5%/h.
Day 1: day (night)
6%/h (1%/h)

Hour 1: ~20%/h.
Day 1: day (night)
-30%/h (~3%/h)

Day 1: 3 layers,
day.
-0.7%/h, ~0.7%/h,
~0.3%/h.

ETMOD

Plume passage: 0.47
cm/s, time dependent.

Plume passage: 0.46
cm/s, time dependent.

Plume passage: 0.47
cm/s.
Day 1: 0.46 cm/s.
Day 2: 0.48 cm/s.

Plume passage: 0.46
cm/s.
Day 1: 0.27 cm/s.
Day 2: 0.29 cm/s.

Transpiration rate.

TRITRAJ

Transfer rate:
0.43/day
-(0.5 cm/s).

Transfer rate:
plume: 0.0 to 0.28/day
(0.0 to 0.3 cm/s).

Transfer rate:
day: 0.18 to 0.34/day
(0.75 to 1.4%/h).

Transfer rate:
plume: 2.8 to 13/day
(12 to 54%/h).
day: 1.4 to 6.6/day
(6 to 28%/h).

Transfer rate:
Layer 1 + 2: 0.03 to
0.066/day
(0.14 to 0.28%/h).
Layer 3: 0.0 to
0.044/day
(0.0 to 0.18%/h).

TRILOCOMO

Plume passage: 0.15
cm/s (leafy veg).
Plume passage: 0.13
cm/s (grass).
Plume passage: 0.21
cm/s (leafy veg).
Plume passage: 0.19
cm/s (grass).
Plume passage:
~0.60%/h (leafy veg)
Day 1: 0 to 1.48%/h
(leafy veg).
Plume passage:
~0.52%/h (grass)
Plume passage:
7.9%/h (leafy veg)
Day 1: 0 to 26%/h.
Plume passage:
13.2%/h (grass)
Day 1: 0 to 43%/h
(grass).

UFOTRI/A

Plume passage:
0.6 cm/s.

Plume passage:
0.46 to 0.73
cm/s.

Hour 1: 5.44%/h
Day 1: 4.1%/h

Hour 1: 21.3%/h
Day 1: 27%/h

Day 1: 0.63 to
0.26%/h.
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Loss from top
soil to deeper soil

OBT formation

OBT loss

~1 %/h.

Time dependent
from 0.01 to
0.3%/h.

Seed: no loss.
Tubers: no loss.
Plant body and
vegetables: time
dependent.

Follows water movement.

Time dependent.

No loss assumed.

Transfer rate:
day. 0.16 to 0.33/day.
day: (0.67 to 1.4%/h).

Transfer rate
plants: 0.018 to

0.067%/h.
beef: 0.0038 to

0.0054%/h.
milk: 0.0054 to

0.0088%/h.

Transfer rate:
plants: 0.29%/h.
beef: 0.071%/h.
milk: no loss.

0.62%/h

Fixed transfer rate:
lettuce: 5-0 E-4/h.
grass: 2.3 E-4/h.

Fixed transfer rate:
lettuce: 5.0 E-4/h.
grass: 2.3 E-4/h.

- 1%/h

Time dependent
from 0.01 to
0.3%/h.

Seed: no loss.
Tubers: no loss.
Plant body and
vegetables: time
dependent.
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Appendix E: List of Contributors

Considerable interest has been shown in the Special Radionuclides - Tritium Working
Group from many organisations throughout the world. Contributions have been
made in several forms in the development of the scenario descriptions, as comments
on discussion material and modelling results, in provision of those modelling results,
and in the review of the draft report. All these contributions are much appreciated.
The following lists the main contributors:

Hikarn Amano JAERI, Japan
Peter Barry PJS Barry, Canada
Yves Belot* IPSN/CEA, France
Lev Belovodski RFNC, Russia
Alistair Brudenell Imperial College, England
Claus Bunnenberg University of Hannover, Germany
Sohan Chouhan AECL, Canada
Chris Collins Imperial College, England
Philip Davis* AECL, Canada
Ove Edlund* Studsvik Eco & Safety AB, Sweden
Nandor Fulop Private Consultant
Dan Galeriu* IAP, Romania (and formerly AECL, Canada)
Charles Murphy Westinghouse Savannah River Co, USA
Hiroshi Noguchi JAERI, Japan
Wolfgang Raskob* FZK, Germany
Sean Russell* Ontario Hydro, Canada
Fred Spencer Ontario Hydro, Canada
Siegfried Strack FZK, Germany
Michael Taschner University of Hannover, Germany
Orihiko Togawa* JAERI, Japan
David Webbe-Wood MAFF, England

Technical Secretariat QuantiSci Limited, England

* Indicates a participant submitting model calculation results.

The Working Group members and the BIOMOVS II Steering Committee are grateful
for the support and assistance of organisations hosting Working Group meetings
including FZK, Ontario Hydro, Studsvik Eco & Safety AB and the organisers of 5th
Topical Meeting on Tritium, Belgirate, Italy. The Secretariat apologises to anyone
whose name may have been inadvertently omitted.
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