Activities of the EMRAS Working Group
on the
Modelling of Tritium and Carbon-14 Transfer to Biota and Man

CHAPTER 1. OVERVIEW

1.1 Background

The EMRAS (Environmental Modelling for Radiation Safety) program was established by the
International Atomic Energy Agency (IAEA) with the aim of improving models of
radionuclide transfer through the environment, thereby enhancing the capability of Member
States to assess the consequences of radioactive releases and optimise radiation protection of
humans and the environment. The program included a working group on “Modelling of
Tritium and Carbon-14 Transfer to Biota and Man” (hereafter referred to as the Tritium/C14
WG). Participants in the WG are listed in Table 1.1. Working groups involving tritium and
¢ were also included in the previous international model testing programs BIOMOVS ||
(Biosphere Model Validation Study — Phase 11 [1, 2]) and BIOMASS (Biosphere Modelling
and Assessment [3]). The “Special Radionuclides” Working Group of BIOMOVS II
considered a number of scenarios including organically bound tritium formation in plants
exposed to elevated tritium concentrations in air at night; the emission of tritium to the
atmosphere from contaminated soils and wetlands; and the fate of a short-term release of **C
to a small lake. The Tritium Working Group of BIOMASS tested models of the
environmental transport of tritium in the vicinity of long-term atmospheric and sub-surface
sources. EMRAS continued the work of these previous programs, focusing on areas where
uncertainties remained highest in the predictive capabilities of the models.

Although tritium and **C are low-energy beta emitters, they are of interest because they are
isotopes of hydrogen and carbon, biologically-regulated, essential elements that are highly
mobile in the environment and the human body. Tritium and **C enter freely into the same
chemical compounds as hydrogen and carbon, including water (in the case of tritium), plants
(through photosynthesis) and animals and humans (through various metabolic processes).
This behaviour, plus the fact that tritium and *“C transfer responds rapidly to changes in
meteorological and plant conditions, means that the environmental modelling of tritium and
YC is complicated, and must be carried out using methods different from the partitioning and
accumulation concepts used for other radionuclides. The uncertainty in the model predictions
is large, particularly for accidental releases, and there is a need for improved models that
provide more reliable dose assessments. This need is particularly urgent given the expected
renaissance in nuclear energy and the ongoing development of fusion reactors.

The activities of the EMRAS Tritium/C14 WG focused on the assessment of models for
organically bound tritium (OBT) formation and translocation in plants and animals, the area
where model uncertainties are largest. The WG necessarily considered models for tritiated
water (HTO) as well, since an understanding of environmental HTO is needed before OBT
can be modelled with any confidence. Environmental **C models were also addressed
because the dynamics of carbon and OBT are similar. The overall objectives of the WG were
to establish the confidence in the predictions of environmental tritium and **C models, to
recommend improved modelling approaches and parameter values, to identify knowledge
gaps, and to encourage experimental work leading to the development of data sets for model
testing.
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This document is the final report of the EMRAS Tritium/C14 WG. The present overview
chapter addresses the scope of WG activities, provides a definition of organically bound
tritium, briefly summarizes the results of the ten scenarios considered by the WG, and lists the
overall conclusions drawn from the study. The detailed final reports of the scenarios are
contained in Chapters 2 to 11.

Table 1.1. Participants in the EMRAS Tritium/C14 Working Group

Country Name Affiliation
Bulgaria D. Atanassov National Institute of Meteorology and Hydrology
Canada C. Barbeau Université Laval
I. Benovich Ontario Power Generation (OPG)
P. Davis® Atomic Energy of Canada Limited (AECL)
T. Yankovich Atomic Energy of Canada Limited (AECL)
E.C. W. Gulden European Fusion Development Agreement (EFDA)
Finland V. Suolanen Technical Research Centre of Finland (VTT)
France Y. Belot Consultant
C. Boyer Commissariat a I’Energie Atomique (CEA)
C. Dovlete Consultant
P. Guetat Commissariat & I’Energie Atomique (CEA)
S. LeDizés-Maurel  Institut de Radioprotection et de Sdreté Nucléaire (IRSN)
M. Montfort Commissariat & I’Energie Atomique (CEA)
L. Patryl Commissariat & I’Energie Atomique (CEA)
F. Siclet Electricité de France (EDF)
L. Vichot Commissariat & I’Energie Atomique (CEA)
Germany J. Aign Technische Universitat Minchen
F. Baumgértner Technische Universitat Minchen
W. Raskob Institut fir Kern und Energietechnik (IKET)
B. Wierczinski Technische Universitdt Minchen
Greece G. Arapis Agricultural University of Athens
K. loannides The University of loannina
IAEA M. Balonovb International Atomic Energy Agency (IAEA)
V. BerkovskyyP International Atomic Energy Agency (IAEA)
India J. James Bhabha Atomic Research Centre (BARC)
P. Ravi Bhabha Atomic Research Centre (BARC)
Japan H. Amano Japan Atomic Energy Research Institute (JAERI)
M. Atarashi-Andoh Japan Atomic Energy Research Institute (JAERI)
Y. Inoue National Institute of Radiological Sciences (NIRS)
H. Kakiuchi National Institute of Radiological Sciences (NIRS)
J. Koarashi Japan Atomic Energy Agency (JAEA)
T. Masuda Institute for Environmental Sciences
K. Miyamoto National Institute of Radiological Sciences (NIRS)
N. Momoshima Kumamoto University
M. Saito Kyoto University Safety Reassurance Academy
K. Tagami National Institute of Radiological Sciences (NIRS)
H. Takeda National Institute of Radiological Sciences (NIRS)
K. Yamamoto Yfirst Inc.
Korea Y. Choi Korea Atomic Energy Research Institute
C. Lee Korea Atomic Energy Research Institute
H. Lee Korea Atomic Energy Research Institute
Lithuania V. Filistovic Institute of Physics
T. Nedveckaite Institute of Physics
Romania D. Galeriu Institute of Physics and Nuclear Engineering — Horia
Hulubei (IFIN-HH)
A. Melintescu Institute of Physics and Nuclear Engineering — Horia
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Hulubei (IFIN-HH)

Russia A. Golubev Russian Federal Nuclear Centre (RFNC-VNIIEF)
V. Golubeva Russian Federal Nuclear Centre (RFNC-VNIIEF)
S. Mavrin Russian Federal Nuclear Centre (RFNC-VNIIEF)
Slovenia J. Kozar Lagar Jozef Stefan Institute
Switzerland M. Brennwald National Cooperative for the Disposal of Radioactive
Waste (NAGRA)
U.K. I. Barraclough® Enviros Consulting Ltd.
S. Conney Food Standards Agency (FSA)
D. Cutts Food Standards Agency (FSA)
D. Jackson® Enviros Consulting Ltd.
P. Kennedy Food Standards Agency (FSA)
P. Marks Amersham plc
K. Smith® Enviros Consulting Ltd.
A. Venter® Enviros Consulting Ltd.
U.S.A. S-R. Peterson Lawrence Livermore National Laboratory (LLNL)

 Working Group Leader
bScientific Secretary
®Technical Secretary

1.2 Scope of Work

The goals of the Tritium/C14 WG were achieved primarily through nine test scenarios in
which model predictions were compared with observations obtained in laboratory or field
studies. A given scenario included information on the source term (the release rate of tritium
or *C to air or water, or concentrations during exposure), and parameter values describing the
environment through which the radionuclides passed (meteorological conditions, plant and
animal properties, ingestion rates and so on, as applicable). Given this information,
participants were asked to calculate tritium or **C concentrations in specific environmental
compartments at specific times for comparison with observations. The results were discussed
at bi-annual meetings with the aim of (i) explaining differences in the predictions in terms of
differences in the conceptual models, modelling approaches or parameter values used by the
various modellers; (ii) identifying the models that best reproduced the observations; and (iii)
identifying knowledge gaps. In general, the observations were not revealed until after the
WG members had submitted their predictions, which resulted in a blind test of the models.

The nine test scenarios considered by the Tritium/C14 WG are listed in Tables 1.2 and 1.3.
Seven of these involved tritium, covering terrestrial and aquatic ecosystems and steady-state
and dynamic conditions. The remaining two scenarios concerned **C, one addressing steady-
state concentrations in plants and the other time-dependent concentrations in animals. Five of
the scenarios were based on data contributed by participants and two involved data from the
literature. In the remaining two cases (the mussel uptake and depuration scenarios), new
experimental work was undertaken by one participating organization to provide data that were
otherwise not available on time-dependent OBT formation in aquatic animals.

The Tritium/C14 WG considered one further scenario, which involved the calculation of
doses following a hypothetical, short-term release of tritium to the atmosphere in a farming
area. Since suitable test data were unavailable, this scenario was carried out as a model
intercomparison exercise. It was approached in the same way as the model-data exercises
except that all the information in the scenario description was hypothetical, and no

conclusions could be drawn regarding the model that performed best. But the scenario proved
useful for individual participants, and provided guidance in setting derived intervention levels
(the tritium concentration in agricultural crops above which interdiction is desirable to avert a
given dose from all exposure pathways).
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Table 1.2. Scenarios Considered by the Tritium/C14 WG

Radio- Scenario Type of Endpoints
nuclide exposure
Tritium | Perch Lake Chronic Steady-state tritium concentrations in an aquatic
ecosystem chronically contaminated with HTO
Pickering Chronic Steady-state tritium concentrations in an agricultural
ecosystem chronically contaminated with HTO
Pine Tree Chronic Steady-state tritium concentrations in groundwater and
pine trees chronically exposed to HTO in air
Soybean Acute Time-dependent tritium concentrations in soybeans
acutely exposed to HTO in air
Pig Dynamic | Time-dependent tritium concentrations in pigs subject
to a contaminated diet
Mussel Dynamic | Time-dependent tritium concentrations in mussels
uptake exposed to an abrupt increase in ambient tritium levels
Mussel Dynamic | Time-dependent tritium concentrations in mussels
depuration exposed to an abrupt decrease in ambient tritium levels
Hypothetical Acute Time-dependent concentrations and doses following an
acute atmospheric tritium release over farmland
Yc Rice Chronic | Steady-state “*C concentrations in rice growing near a
continuous atmospheric source of **C
Potato Acute Time-dependent **C concentrations in potatoes acutely
exposed to *C in air

Table 1.3. Leaders and participants in the scenarios

Scenario Leader Number of Participating countries
participants
Perch Lake P. Davis, AECL 8 France, Germany, Japan (2), Lithuania
Canada Romania, Russia, UK,
Pickering P. Davis, AECL 8 France, Germany, Japan, Lithuania,
Canada Romania, UK (2), USA
Pine tree Y. Inoue, NIRS 5 France, Japan (2), Romania, USA
Japan
Soybean H. Lee, KAERI 12 Canada, France (2), Germany, Japan (2),
Korea Korea, Romania, Russia, UK (2), USA
Pig D. Galeriu, IFIN-HH 6 Canada, France, Japan, Romania, UK, US
Romania
Mussel T. Yankovich, AECL 5 France, Germany, Japan (2), Romania
uptake Canada
Mussel T. Yankovich, AECL 4 France, Germany, Japan, Romania
depuration Canada
Hypothetical | P. Guetat/ L. Patryl, 8 Canada, France, Germany, India, Japan
CEA, France (2), Korea, Romania
Rice J. Koarashi, JAEA 5 Canada, France, Japan (2), Romania
Japan
Potato A. Melintescu, IFIN- 4 France, Japan, Romania, UK
HH, Romania

The Tritium/C14 WG was also active in two additional areas:
e in proposing a definition for OBT (see Section 1.3); and
« in proposing models and parameter values for tritium and **C for the revision of TRS
364 (see elsewhere on this CD)
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1.3 Definition of OBT

Throughout the EMRAS program, the Tritium/C14 WG discussed the nature of OBT, and
worked to develop a definition to promote common usage and understanding of the term
within the tritium community. Much of the discussion centred on the place of buried tritium
in the definition. Buried tritium is tritium in exchangeable positions in large molecules that is
not removed when the dried sample is washed with tritium free water. It therefore appears as
fixed OBT in traditional analytical procedures, although it behaves as exchangeable OBT in
the body. If buried tritium exists in significant amounts, it could mean that the dose
coefficient for OBT is too large.

The final OBT definition agreed upon by the WG is short, but is accompanied by a number of
notes:

Definition: OBT is carbon-bound and buried tritium formed in living systems through
natural environmental or biological processes from HTO (or HT via HTO). Other types
of organic tritium (e.g. tritiated methane, tritiated pump oil, radiochemicals and so on)
should be called tritiated organics, which can exist in any chemical or physical form.

Notes:

(i) Buried tritium is tritium that occupies exchangeable positions in large biomolecules
in dry matter but that is not removed by rinsing with tritium-free water. Buried tritium
therefore contributes to the OBT concentration in the traditional experimental
determination of OBT. It is analogous to buried hydrogen in biochemistry.

(i) OBT should not include tritium bound to sulphur, nitrogen or oxygen
(exchangeable OBT) that can be removed by washing with tritium-free water. This
fraction depends strongly on the HTO concentration in effect at the time of sampling
and can exchange with water vapour during analysis. Inclusion of the exchangeable
fraction would lead to measurements that are highly variable and difficult to interpret.

(iii) From an analytical perspective, OBT is the activity in dry biomatter that is not
exchangeable with water. In measuring OBT concentrations, exchangeable OBT
should first be removed by moderately drying the sample without decomposing the
organic molecules, washing the residue repeatedly with tritium free water and then
drying the material again. The OBT concentration can then be determined as the tritium
activity in the dry sample. This is generally done by combusting the sample and
determining the activity in the combustion water by liquid scintillation counting, or by
analysing the sample by He-3 mass spectrometry. There are no generally accepted
standard techniques for measuring OBT and the methods used should be documented
when reporting results.

(iv) In the washing process, exchangeable tritium nuclei are removed and replaced by
hydrogen nuclei, but exchangeable hydrogen nuclei are simply replaced by other
hydrogen nuclei. Thus measurements of OBT do not reflect the specific activity of the
non-exchangeable hydrogen. This specific activity can be estimated by dividing the
measured concentration by the fraction of hydrogen nuclei in the dry sample that are
non-exchangeable. For example, this fraction has been empirically determined to be
0.78 for leaf tissues, but different values may apply for other plant or animal materials.
Care must be taken in comparing model predictions and experimental data that the
same quantity (OBT concentration or specific activity of non-exchangeable hydrogen
nuclei) is being considered.
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(v) OBT concentrations should be reported in units of Bg/L of combustion water. This
is the fundamental unit that can be converted, if necessary, to the specific activity of the
non-exchangeable hydrogen nuclei. Use of Bg/L makes it easy to compare
concentrations in different media and to determine whether specific activity is depleted,
preserved or enriched when tritium is transferred from one compartment to another.

(vi) OBT refers to organic tritium formed from HTO by natural processes in living
organisms, or in materials such as soils or lake sediments that are derived from living
material. Put another way, OBT is that organic tritium found in a normal diet that
imparts a dose consistent with the ICRP ingestion dose coefficient for OBT. All other
types of organic tritium, no matter how they form or how they appear in the
environment, should be called tritiated organics and assigned their own dose coefficient
for purposes of dose calculation

This definition recognizes the possibility that buried tritium may make up part of what is
commonly measured as OBT using current analytical techniques, and is consistent with
existing OBT dose coefficients.

Due to the concern over buried tritium, two organizations participating in the WG carried out
experiments to determine whether buried tritium makes up a significant fraction of what is
traditionally measured as OBT. The results were contradictory, with one experiment [4, 5]
suggesting that the fraction is 50% or more and the other [6] that the fraction is at most 5-
10%. In the face of this discrepancy, it was decided that the question must remain open
pending new experimental data.

1.4 Results of Individual Scenarios

A brief description of each Tritium/C14 WG scenario is given below, including a discussion
of the models used to generate the predictions and the conclusions reached in each case.
More detailed results are available in the final EMRAS reports for each scenario, which
follow in Chapters 2-11, and which are posted on the EMRAS website (http://www-
ns.iaea.org/projects/emras/emras-tritium-wg.htm).

1.4.1 Perch Lake Scenario

The Perch Lake scenario was based on data collected in Perch Lake, a small, shallow
freshwater lake located within the borders of AECL’s Chalk River Laboratories. The lake
contains elevated levels of tritium due to long-term discharge from nearby waste management
areas. Tritium concentrations were measured in samples of air, lake water, sediments, aquatic
plants (algae, bladderworts, hornworts and cattails) and animals (clams, bullheads and pike)
collected at three locations in the lake in 2003 May, July and October. Given the measured
HTO concentrations in water, sediments and air, participants in the scenario were asked to
calculate:
i) HTO and non-exchangeable OBT concentrations in algae, worts and
cattails for the May sampling period at the three sampling sites.
i) HTO and non-exchangeable OBT concentrations in clams, bullheads and
pike for each of the three sampling periods.

i) Non-exchangeable OBT concentrations in sediments for the May sampling
time at the three sampling sites.
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Eight participants submitted results for this scenario. All but one assumed the HTO
concentration in a given plant or animal was equal to the water concentration to which it was
exposed. The OBT concentration in a given endpoint was generally based on the
corresponding HTO concentration, with some allowance made for isotopic discrimination in
the case of plants and metabolic processes in the case of animals. In contrast, two participants
used dynamic models to estimate OBT concentrations in algae and all animals, and a third
modeler took a similar approach for fish. In each case, these models took account of the
growth rate of the animal, ingestion and excretion rates and internal metabolic/catabolic
processes to describe the incorporation of OBT in the animal and the conversion between
OBT and HTO. The participants showed considerable variability in their approach to
modeling sediments, in one case setting the OBT concentration equal to the mean of the
predicted plant and animal OBT concentrations and in another assuming the sediment OBT
concentration was in equilibrium with the OBT concentration in the organic matter of
decomposing terrestrial vegetation that found its way into the lake.

The predictions of a given model for HTO concentrations in plants and animals typically lay
within 30% of the corresponding observation. The models were unbiased with respect to
HTO concentrations in plants but tended to be conservative for HTO concentrations in
animals. The good performance of the models for these endpoints was due to the assumption
(supported by the observations) that the HTO concentration in a given plant or animal was
equal to the water compartment to which it was exposed. The small differences between the
predictions and observations arose primarily from the fact that it was not always easy to
identify this compartment. In particular, the data suggest that the submerged parts of cattails
were in equilibrium with sediment water rather than lake water, and that clams and bullheads
were in equilibrium with bottom water rather than sediment water. A second reason for the
differences between predictions and observations lay in the way in which the models treated
spatial averaging, particularly for fish. The best prediction of HTO concentration in bullheads
was obtained by averaging the bottom waters over the entire lake, including near-shore and
offshore zones. Similarly, the best prediction of HTO concentration in pike occurred by
averaging over the water column as well as over the entire lake.

The models typically predicted OBT concentrations within a factor of two of the observations.
They tended to be conservative for OBT concentrations in plants but to underestimate OBT
concentrations in animals. The mispredictions were caused largely by inappropriate choices
for the discrimination and metabolic factors used to calculate OBT concentrations from the
HTO concentrations. In addition, apart from the dynamic models, none of the participants
considered any sort of time-averaging when calculating OBT concentrations. In contrast, the
observed concentrations correlated better with the time-averaged HTO concentrations than
with point measurements.

1.4.2 Pickering Scenario

The Pickering scenario was based on environmental tritium measurements made in the
vicinity of Pickering Nuclear Generating Station (PNGS) in July and September 2002. HTO
concentrations were measured in air, precipitation, soil, drinking water, plants (including the
crops that make up the diet of the local farm animals) and products derived from the animals
themselves; OBT concentrations were measured in the plant and animal samples. The
samples were taken at two dairy farms (DF8 and DF11), a hobby farm (F27) and a small
garden plot (P2), all of which were located to the northeast of PNGS at distances between 1
and 10 km. The dairy farms yielded samples of pasture grasses, a variety of grains, milk and
meat, whereas F27 produced mainly fruit, garden vegetables, chickens and eggs. A limited
number of plants were grown at P2 for research purposes and raspberry leaves and grass were
sampled. Estimates of the total food intake by the cows were available from the farmers. The
chickens raised at F27 were essentially free-range and their food intake was not regulated or
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monitored. The amount of drinking water ingested by the cows and chickens was not known.
Given the information on diets and the measured HTO concentrations in air, precipitation and
drinking water, participants in the scenario were asked to calculate:
i) HTO and non-exchangeable OBT concentrations in the sampled plants and
animal products for each site and sampling period.
i) HTO concentrations in the top 5-cm soil layer for each site and sampling
period.

The modeling approaches taken by the eight participants in this scenario varied widely. Three
participants used dynamic compartment models formulated in terms of a series of coupled
first-order differential equations. Rate constants for the transfers between compartments were
derived from consideration of the hydrogen inventories of the compartments and the hydrogen
fluxes between them. Predictions for the Pickering scenario, which is an equilibrium
situation, were obtained from the steady-state solution to the equations. The models used by
the other participants were based for the most part on simple analytical equations that
described transfers between most compartments using empirically-based bulk parameters.
The air concentrations used to drive the models were averaged over different time periods,
with some participants employing the average over the May to September period and others
using averages over the month prior to sampling.

All models but one performed well for HTO in soil, predicting concentrations that agreed with
each other and with the observations when uncertainties were taken into account. In contrast,
all of the models significantly overestimated the OBT concentrations in plants, by an average
factor of 1.9 at the dairy farms and 3.4 at F27. This appears to be due in part to
overprediction of the concentration of HTO in the plant leaves, where OBT is formed by
photosynthesis. For most models, the ratio of HTO concentration in plant leaves to HTO
concentration in air moisture was substantially larger than the value of 0.68 that has been
observed in other studies. Additionally, the models appear to underestimate the effect of
isotopic discrimination in OBT formation. Most of the predicted OBT/HTO ratios for the
plant leaves were larger than the value of 0.7 observed elsewhere. Finally, the air
concentrations given in the scenario description, which had a large associated uncertainty,
may have been too high.

Most of the models predicted HTO concentrations in calf flesh that were in good agreement
with the observations. This may be due in large part to the fact that drinking water
concentrations, which play a major role in determining tritium body burdens, were provided
in the scenario description. Model performance was not as good for OBT, which was
overestimated in most cases. The models did not do as well for eggs and chickens as for milk
and calf flesh, partly because the concentrations in chicken feed were overestimated to a
greater extent than in cow feed and partly because the ingestion rates of feed and drinking
water were not known for the chickens.

Generally speaking, the level of agreement between predictions and observations was about
the same for the numerical models as for the analytical models, although the numerical
models tended to be responsible for all of the very high predictions.

1.4.3 Pine Tree Scenario

The Pine Tree scenario was based on data collected near an industrial site in Japan where
tritium is released continuously to the atmosphere from four closely grouped stacks with
heights ranging from 30 to 90 m. Monthly measurements of tritium concentrations in rain,
groundwater and pine trees were instituted in 1981 at three sites (P3, MS2 and G4) within 2
km of the stacks. Monthly measurements of HTO concentrations in air, rain and pine needles
were made at a fourth site (MP7) starting in 1984.
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Modelers were provided with estimates of the infiltration rate of water into the unsaturated
soil layer, the vertical pore water velocity in the unsaturated layer and the mean horizontal
flow rate in the aquifer, consistent with a simplified conceptual model of the geology and
groundwater flow at the site. Soil characteristics, meteorological data and atmospheric tritium
discharge rates from four stacks were also provided. Given this information, the modelers
were requested to calculate the following endpoints:
i) Monthly tritium concentrations in air moisture and precipitation, and HTO and
OBT concentrations in pine needles from 1982 to 1986 at sampling site P3.
i) Yearly HTO concentrations in air moisture, precipitation and pine needles and
OBT concentrations in pine needles and tree rings at MS2 for the period 1984
to 1987.
iii) Monthly tritium concentrations in well water at G4 from 1984 to 1987.

Most participants used a Gaussian plume model to calculate atmospheric dispersion and
tritium concentrations in air and precipitation. The models differed in a number of respects,
including the way in which plume rise was treated, the wind speed used in the calculations,
the horizontal and vertical dispersion parameters, and the way in which dry deposition and re-
emission of HTO from the ground surface was modeled. Most participants calculated wet
deposition and concentrations in rain using a washout coefficient, but the values of the
coefficient varied among the models. One participant used a random walk model rather than
a Gaussian plume model to do the dispersion calculations.

All modelers estimated the HTO concentration in pine needles using the equation of Murphy
[7], which explicitly accounts for the contribution of air moisture and soil water to the tritium
content of the needle. However, the participants made different assumptions regarding the
relative contributions of the two sources. The modelers calculated OBT concentrations in
pine needles by multiplying the HTO concentration by an isotopic discrimination factor that
varied from 0.6 to 0.8. The OBT concentrations in the tree rings were calculated by
multiplying the needle OBT concentrations by a factor Iy that varied from 0.5 to 1.0, which
was assumed to describe isotope effects in the metabolic process of translocating OBT from
needles to rings.

Two participants used a simple compartment model to calculate tritium concentrations in
groundwater based on the travel time from the surface to the aquifer and the turnover rate of
water in the aquifer. The remaining participants used sophisticated dispersion models that
utilized all of the hydrological information given in the scenario description. However, each
modeler interpreted this information differently, so that the assumptions and parameter values
used in the calculations differed substantially from modeler to modeler.

All of the models underestimated the observed air moisture concentrations by factors ranging
from 1.2 to 5 on average. It is possible that the observed concentrations were relatively high
because the airborne plume was subject to prolonged periods in which it was trapped beneath
the internal boundary layer that forms at the site when the wind blows onshore during the day,
a process that was not treated in the models. The predictions underestimated HTO and OBT
concentrations in pine needles to the same extent as in air, indicating that the models of air-to-
plant transfer and OBT formation are satisfactory. The model predictions bracketed the
observations for concentrations in rain and in tree ring OBT, which suggests that the values
used for the washout coefficient and the Ip parameter were too high. In fact, the data indicate
that Ip ~ 0.5.

The sophisticated dispersion models were able to predict the time evolution of tritium
concentration in groundwater to within a factor of two if proper assumptions and parameter
values were applied. The simple compartment models predicted equally well if key
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parameters such as the turnover rate of water in the aquifer could be estimated. The
differences between predictions and observations proved to depend not as much on
differences in the models themselves as on the assumptions and parameter values used in their
application.

1.4.4 Soybean Scenario

The Soybean scenario was based on experiments in which soybean plants were exposed to
elevated HTO concentrations in air for one-hour periods in a glove box. A total of six
experiments (SB1 to SB6) were carried out at six stages in the growth of the plants. The
soybeans used in experiments SB1 and SB4 were sampled several times between exposure
and harvest to measure the HTO concentrations of each plant part as a function of time. The
other plants were sampled and analyzed twice for their OBT content, at the end of the
exposure and at harvest. The surface soil of the pots was covered by vinyl paper during the
exposures to prevent tritium from depositing to the soil. Following exposure, the plants were
removed from the glove box and placed outdoors.

Information on biomass growth rates, tritium concentrations in air in the glove box during the
exposure, background tritium concentrations and meteorological conditions were given as part
of the scenario. Modelers were asked to predict:

) HTO concentrations in the free water of the plant body (leaves and stems) and
pods (shells and seeds) in the SB1 and SB4 experiments at the times the plants
were sampled.

i) Non-exchangeable OBT concentrations in the plant body and pods at harvest
for each of the six experiments.

Twelve participants submitted calculations for the soybean scenario, each using a detailed,
process-oriented model to make the predictions. In each model, the uptake of HTO by the
leaves during the exposure itself was simulated as a gradient transfer process. OBT was
assumed to be created by photosynthesis, with tritium being incorporated into new organic
material in proportion to the HTO concentration in the leaves. The models also accounted for
the transfer of tritium to other parts of the plant, which occurred by exchange in the case of
HTO and translocation in the case of OBT. This was generally modeled as an instantaneous
equilibrium with different partitioning factors for shells and seeds or with a single factor for
the pods as a whole. Once the exposure stopped, the models simulated the loss of tritium
from the plants. Some models adopted a single loss rate from all parts of the plant whereas
others allowed a rapid rate from the leaves and a slower rate from the pods. All of the models
simulated the continued formation of OBT at concentrations that reflected the residual levels
of HTO in the leaves. Some models accounted for the reverse transfer from OBT to HTO,
which was redistributed throughout the plant. All of these processes depend critically on the
growth stage of the plant, which controls the initial rate of uptake by the leaves, the rate of
OBT formation and routes of translocation, and the amount of new plant material formed after
the exposure that can dilute the tritium concentrations. Most modelers calculated the growth
rates based on CO; assimilation since there was considerable variability in the data given in
the scenario description.

The observed HTO concentrations in the plant body dropped off quickly with time, by two to
three orders of magnitude in the first 24 hours after the exposure. All of the predictions lay
above the observed data in the first hour post exposure, but by less than an order of magnitude
in most cases. The uptake of HTO by the plants may have been limited by high temperatures
in the glove box, which were not taken into account in the models. The predictions diverged
significantly after one hour, ranging over five orders of magnitude. Some models
overestimated the observations and some underestimated, by more than three orders of
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magnitude in some cases. The models showed similar discrepancies in predicting HTO
concentrations in the pods.

The HTO concentrations in all parts of the plants at harvest were about two orders of
magnitude higher than background levels of HTO in air, indicating that there were residual
effects of the exposure up to two months later. This observation was reproduced by those
models that simulated the slow conversion of OBT to HTO in the plant, indicating that the
breakdown of OBT is likely responsible for the relatively high HTO concentrations at harvest.

The observed OBT concentration in the pods at harvest increased for experiments SB1
through SB4 as the time between exposure and harvest decreased, and then dropped off for
experiments SB5 and SB6. The low values for the first two experiments, which were carried
out before or just after flowering, reflect the fact that HTO concentrations in the plant had
dropped off substantially by the time the pods started to form, so that the OBT produced and
translocated to the pods had a correspondingly low concentration. Experiments SB3, SB4 and
SB5 took place when the pods were actively growing. Dry matter produced during and
shortly after the exposure would have incorporated high levels of tritium. OBT
concentrations in the pods dropped off in SB6 as little new dry matter was able to form in the
short time available between exposure and harvest, and any OBT translocated to the pods was
diluted in the relatively large amount of uncontaminated dry matter already present. The
predictions of some models captured this variation well while others remained almost
constant or increased slightly from experiment to experiment. The predictions tended to
bracket the observations but ranged over more than a factor of 100. A few models
underestimated the OBT concentrations in the pods by up to five orders of magnitude for
experiments SB1 through SB3. The leaf HTO concentrations in these models dropped off
very quickly with time after the exposure and new dry matter was essentially uncontaminated
with tritium by the time the pods had begun to form.

1.4.5 Pig Scenario

The Pig scenario was based on unpublished data from an experiment in which a pregnant sow
was fed OBT-contaminated feed for 84 days before delivery. The genotype and initial mass
of the sow were known, as were the composition and OBT concentration of its diet, but no
information was available on intake rates as a function of time or urine production. The total
tritium concentration in urine and the OBT concentration in the dry matter of the faeces were
measured over the study period. In addition, the sow was slaughtered immediately after
delivery and the HTO and OBT concentrations were measured in various organs.

The modelers were asked to predict the following quantities:
) The concentration of total tritium in urine and faeces as a function of time
during the study.
i) The HTO and OBT concentrations in muscle, heart, lungs, jejunem, ileum,
liver, colon, kidney, brain and blood at the time of delivery.

The models used in the scenario varied in complexity. The two simplest consisted of
compartment models that assumed all OBT in the diet entered a single organic compartment.
The rate at which OBT was transferred from this compartment to body HTO was determined
by considering the digestibility of the food. Concentrations in the various organs were
derived from concentration in muscle using a correction factor based upon the fat and protein
contents of the organ, the turnover rates of fat and protein, and the hydrogen contents of fat,
protein and carbohydrate. In a further two models, the OBT intake was partitioned between
body water and two organic compartments with different turnover rates. However, the initial
partitioning of the OBT among these compartments, and the loss rates from the
compartments, differed substantially between the models.
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The last two participants in the scenario used process-oriented models to obtain their results.
One model was based on the assumption that OBT turnover rates in organs can be assessed
using the rates for net maintenance energy turnover. This model has six organic
compartments and distinguishes between organs with respect to their transfer rates. The dry
matter intake is partitioned into metabolisable and excreted fractions, which are associated
with non-exchangeable and exchangeable OBT respectively. The final model in the scenario
assumed that the tritium in the feed was in the form of HTO rather than OBT, since the model
does not treat OBT in animals. The dynamics of total tritium in urine were calculated as a
gradient transfer process driven by the difference between the HTO concentration in the
intake and in body water.

Some models overpredicted the total tritium in urine and some underpredicted, but all results
were within a factor 10 of the observations, and most were within a factor of 3. The
overestimates were due to the fact that most OBT intakes were distributed too quickly to body
water, with an excretion rate that was too high for a pig. In contrast, the underpredictions
were explained by a low excretion rate and the assumption that all input OBT appears in the
organic compartment. The water intake rates given in the scenario description may have been
underestimated and this may also have influenced the model results.

All of the models predicted OBT concentrations in faeces that were within a factor of 7 of the
observations, but none was able to reproduce the observed dynamics. Underestimates arose in
those models that did not take into account the fact that contamination in faeces is related to
the contamination of undigested feed, which was observed to be four times higher than the
average contamination in the diet.

The predictions of all but one of the models for the HTO concentration in organs at slaughter
were within a factor of 2 of the observations; in the exceptional case, the observations were
underestimated by a factor 5. Similar results were obtained for OBT concentrations in organs,
where only one set of predictions differed from the observations by more than a factor of two.
Generally speaking, the simpler models performed as well as the more complex models in this
scenario.

1.4.6 Mussel Uptake Scenario

The Mussel Uptake scenario was based on data collected at Chalk River Laboratories (CRL)
of AECL. Freshwater Barnes mussels (Elliptio complanata) were transplanted from an area
in the Ottawa River with background tritium concentrations to Perch Lake, a small Canadian
Shield lake on CRL property that has historically received measurable inputs of tritium from
up-gradient waste management areas. Some mussels were exposed to tritium in water only
and others to tritium in water and sediments. Following transplantation, the mussels were
sampled on an expanding time step over the course of an 86-day period. The HTO and OBT
concentrations were measured in the soft tissue of each mussel sample to follow the build-up
of tritium in the animals over time. Participants in the scenario were asked to predict these
concentrations given the background levels in the mussels at the time of transplantation, the
HTO concentration in the lake water to which they were exposed, the HTO and OBT
concentrations in the nearby sediments and in the plankton in the lake, the water temperature,
and the mussel fresh weights, shell dimensions and water contents.

The participants in this scenario used dynamic compartment models for their calculations,
with transfers between compartments based on published rates of tritium uptake and loss by
aquatic animals. In each model, the mussels were assumed to assimilate HTO from the water
column, plankton and sediments (for those mussels exposed to sediments); plankton and
sediments were the sources of OBT. Food intake rates depended upon the rate of water
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filtration by the mussels and the concentration of plankton in the water. The models differed
with respect to the number of compartments, the values adopted for the rate constants, the
growth rates of the mussels and the effect of water temperature on the growth, and the
characteristics of the mussels themselves.

The experimental data showed that the HTO concentration in the mussels quickly reached
steady state with the concentration in lake water. All models reproduced this result, but
overestimated the time required to achieve equilibrium by intervals ranging from one hour to
a few days. This deficiency can be simply corrected by increasing the rate at which HTO is
transferred from water to the mussels. All models also underpredicted the OBT concentration
in the mussels one hour after transplantation, but overpredicted the rate of OBT formation
over the next 24 hours. In addition, the subsequent dynamics were not well modelled,
although all of the participants predicted OBT concentrations that were within a factor of
three of the observation at the end of the study period. Four of the five models overpredicted
this concentration, perhaps because they did not take into account the loss of OBT by female
mussels during egg production and release. With one exception, the models all predicted
similar mussel concentrations for the two exposure scenarios (water only and water plus
sediments), in agreement with the observations.

1.4.7 Mussel Depuration Scenario

The Mussel Depuration scenario was similar in all respects to that for the uptake phase except
that the mussels were exposed to an abrupt decrease in their ambient tritium levels, rather than
an increase. Mussels that had spent all their lives in Perch Lake and were therefore in
equilibrium with environmental tritium concentrations of around 5,000 Bg/L, were
transplanted to a control site with a background activity of 50 Bg/L. Following
transplantation, HTO and OBT measurements were taken hourly for the first two hours and
then at longer time intervals for the duration of the study, which lasted for 117 days. The same
supporting information was made available as for the uptake phase, and the endpoints of the
scenario were the same.

The models used for the uptake scenario were also used for the depuration phase, although
two modelers made modifications based on their earlier results. One added an additional
compartment representing stomach contents to account for OBT associated with food that had
not yet been digested. The second revised the transfer parameters in the model based on a
calibration of model predictions against observations from the uptake scenario.

The experimental data showed that the HTO concentration in the mussels dropped off quickly
following transplantation, reaching steady state with the concentration in lake water within
two hours. All models predicted equilibrium with lake water but most over-estimated the
time required to do so, by two hours to one day. For the first 12 days following
transplantation, all models reproduced the observed OBT dynamics well but underpredicted
the OBT concentrations by a factor of 2 to 3. After 12 days, predictions of two of the models
(including the one with calibrated transfer parameters) converged on the observations. The
other two (including the model with the additional stomach compartment) continued to
overestimate the rate of loss from the mussels and underpredicted the OBT concentrations by
a factor of 20 at the end of the study period.

1.4.8 Scenarios Based on Hypothetical Releases

The aim of this study was to estimate the consequences of an acute atmospheric release of
tritium, and to use the results to provide information that would be helpful to decision makers
in managing an accident, taking into account the meteorological conditions in effect at the
time of the release. Since no dataset was available that covered this situation, the calculations
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were made for hypothetical conditions. Ten grams of tritium (as either HTO or HT) were
assumed to be released from an isolated 20-m stack over a 1-hr period at the end of June,
when crops were coming up in the field. Three different meteorological cases were
considered: fine weather in daytime (Case 1); rainy conditions during the day (Case 2); and
clear conditions at night (Case 3). The scenario description included information on crop
yields, crop water contents, time between release and harvest, and food intake rates by
members of the public.

Modelers were asked to make the following predictions for HT and HTO releases for Cases 1-
3:
) Time-integrated HTO concentrations in air at downwind distances of 1, 3, 10
and 30 km.
i) Total doses after one year from all exposure pathways (ingestion, inhalation
and skin absorption) at downwind distances of 1, 3, 10 and 30 km.
i) A breakdown of the total dose by exposure pathway at a downwind distance of
1 km.
iv) The contribution of HTO and OBT in the air and soil pathways to the total
dose at a downwind distance of 1 km.

Most participants calculated air concentrations using a Gaussian plume model with constant
wind direction during the release but most adopted different lateral and vertical dispersion
parameters. In most cases, dry deposition was modelled using a deposition velocity that was
either calculated or defined, and wet deposition was estimated using a washout coefficient,
but the values of the deposition parameters varied from model to model. Plume depletion due
to wet and dry deposition was included in most models. Air concentrations due to re-
emission from plants and soil were calculated by three of the eight participants. The weather
conditions in effect after the release were specified differently by each modeller, which
resulted in different predictions of wet deposition, root uptake and re-emission from soil.

The models used to calculate the transfer of HTO from air to plants, and the formation of
OBT in the plants, were similar to those described above for the Soybean scenario. The
models used in the Hypothetical scenario additionally treated the uptake of tritium from soil.
Two general approaches were taken to estimating HTO concentrations in soil, one based on
the solution of the advection-diffusion equation and the other based on simple water balance
considerations. The root uptake of tritium by plants was estimated from the transpiration flux
or through the assumption of specific activity equilibrium between soil water and plant water.

The models used to calculate tritium concentrations in animal products were similar to those
described above for the Pig scenario. All participants calculated doses in a similar manner by
multiplying the rates of tritium intake by a dose conversion factor, although the modellers
made different assumptions regarding the number and timing of harvests for each crop.

The air concentrations calculated by the various participants ranged over a factor of 10 at all
downwind distances in Case 1 and at short distances for Cases 2 and 3. The variability
increased to a factor of 100 at longer distances in Cases 2 and 3. The differences were due
primarily to the different lateral and vertical dispersion parameters adopted by the different
modelers and, for Case 2, to the different assumptions made about washout.

The predicted total dose averaged over all models for HTO releases increased from 2 mSv for
Case 1to 17 mSv for Case 2 to 26 mSv for Case 3. There was substantial variability about
these values, ranging from a factor 15 at all downwind distances for Case 1 to a factor of 10*
at 30 km for Case 2. For all cases, the variability was driven in part by the variability in the
predicted air concentrations and in part by differences in the way the participants modeled
tritium transfer through the food chain. The extreme variability at large downwind distances
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in Case 2 was due to the different ways in which washout was modeled. The total doses
predicted for the HT release were only a few percent of the HTO doses and showed similar
variability.

For all cases, the models identified the ingestion of cereals and green vegetables as the largest
contributors to total dose, followed by ingestion of animal products and inhalation. Larger
ingestion doses were received from the air pathways than the soil pathways, and from OBT as
opposed to HTO.

The model predictions suggest that a dose of 5 mSv will be saved if garden crops are
interdicted when the HTO concentration exceeds 10’ Bq kg™ fresh weight in leafy vegetables
in the first day after the accident. This derived intervention level drops to 10° Bq kg™ in the
second day. These values are independent of the weather conditions at the time of release.

1.4.9 Rice Scenario

The Rice scenario was based on 10 years of monitoring data collected around the Tokai
reprocessing plant (TRP) in Tokai-mura, Japan. Carbon-14 is released continuously to the
atmosphere in the form of *CO, from three 90-m stacks on the TRP site. Monthly-averaged
C0, air samples were collected at three monitoring stations within 4 km of the site, and at
two remote background stations. Rice grain samples were collected in late September (the
normal harvest time for rice) at two sites within 2 km of the TRP and at a background site 12
km distant.

The scenario description included information on weekly *C release rates, physical
characteristics of the stacks, hourly meteorological data observed at stack height, annual
background levels of **C in Japan, the management schedule of a paddy field in Tokai-mura
and the growth of rice plants. From this information, participants were asked to calculate:
i) Monthly mean *C concentrations in air at four monitoring stations from May
to October (i.e. the rice growing season) for 1992 to 1997.
i) Carbon-14 concentrations in rice grains collected at three monitoring sites for
1992 to 2001.

Four of the five modelers in this scenario employed the sector-averaged Gaussian plume
model to calculate **CO, concentrations in air, with the fifth using a straight-line Gaussian
model. Despite the similarity in structure, the models differed significantly in the way they
treated plume rise, vertical dispersion and plume depletion due to dry deposition, as well as in
the values they adopted for the surface roughness length, and in the meteorological data they
used. None of the models accounted for wet deposition or re-emission from soil and plants to
the air.

The approaches to modeling the uptake of **C in rice plants varied widely. Two participants
set the rice concentration equal to the average air concentration (on a Bg/gC basis), on the
assumption of specific activity equilibrium between plant and air. However, different
averaging times were adopted in the two models. Two other participants employed dynamic
multi-compartment models, simulating the incorporation of **C into new dry matter during
plant growth, and translocation of the photosynthetic assimilate from the vegetative parts of
the plant to the grain. These models differed in the number of compartments they employed
and the values of their parameters. The final participant used a process-oriented model
describing the incorporation of *C into rice grain. The model was based on a logistic growth
function for the plant dry matter, and the development of the plant depended on the air
temperature above a specific temperature.
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Despite the difference in approaches to calculating plume rise, vertical dispersion and plume
depletion in the Gaussian models used by the participants, the various predictions of
atmospheric **CO, concentrations agreed with each other and with the observations when
uncertainties were taken into account. Thus, different formulations of the simple Gaussian
model can provide acceptable accuracy, even in the calculation of air concentrations at
locations close to the source. No one model produced consistently superior predictions over
all sites and times.

The predicted *C concentrations in rice also agreed with the observations despite differences
in the way the dynamic models treated the translocation of photosynthates, formed in the plant
body before flowering, to the grain. The performance of the simple specific activity models
was as good as that of the dynamic models, although the same is unlikely to be true for an
acute release.

The time over which the air concentrations are averaged is a key factor in applying the
specific activity (SA) model. Of the two SA models in the Rice scenario, one averaged over
August and September, on the assumption that the relevant air concentrations were those in
effect during the period of grain formation. On the other hand, the second averaged over the
period May to October, on the assumption that the 1“C content of the grain depended in part
on the concentration fixed in the vegetative parts of the plant before grain formation and
subsequently translocated to the grain. Averaging over the grain formation period resulted in
better predictions, indicating that translocation makes a minor contribution to the total *“C
content of the grain.

1.4.10 Potato Scenario

The Potato Scenario was based on experiments in which potato tubers were exposed to 1*CO,
in a wind tunnel for approximately 10-hour periods at six different stages of plant growth (P1-
P6). Thirty pots containing three plants each were placed in the wind tunnel for each
experiment. Following fumigation, samples were taken immediately to measure the initial
amount of “C fixed by the crop, and the plants were then moved outside to a garden.
Subsequent samples were taken at intervals that varied in number and frequency according to
the age of the crop at fumigation. *C air concentrations, air temperatures and
photosynthetically active radiation were measured in the tunnel during each experiment. The
average dry weights and dry weight fractions of the roots, leaves, stems and tubers were
measured at every sampling time in all experiments.From this information, the modelers were
asked to calculate the following endpoints:

) The **C concentration in the leaves at each sampling time for each experiment.

i) The *C concentration in the tubers at the final sampling time for each

experiment.

All of the models participating in the Potato scenario were dynamic compartment models. All
assumed that *C is incorporated into plants as a result of photosynthetic carbon assimilation
and that translocation occurs between leaves, where photosynthesis takes place, and storage
organs. The total growth rate of the plant was assumed to correspond to the net
photosynthetic carbon assimilation rate, which was a function of leaf biomass,
photosynthetically active radiation and leaf area index, among other parameters. The
allocation of assimilates to different parts of the plant depended on the growth stage. The
models exhibited differences with respect to objective (realistic vs. conservative), number of
compartments, the way in which the photosynthesis model was formulated and the values of
the required parameters.

For experiments P1 to P3, model predictions of C concentrations in leaves bracketed the
observations, but individual results often differed from the measurements by an order of
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magnitude. For experiments P4 to P6, a number of models did not predict any *C in the
leaves, although significant amounts were always observed. This was explained by an
improper choice in these models for the partition fractions of new photosynthates to the
various plant parts. Those models that did predict a finite amount of **C in the leaves tended
to overestimate the concentrations for experiments P4 and P5.

The predictions were poor for experiment P6, which involved plants at a late stage of growth.
Most models adopted a high photosynthetic rate for this case based on the time between
seeding and exposure. However, a much lower rate would have been more appropriate given
that the plants were seeded much later in the year than normal. The late seeding and early and
sudden onset of senescence may have contributed to the poor predictions in general, since the
models were developed on the basis of a more normal plant growth scenario. All of the
models overestimated the leaf concentration for the last sampling point in each experiment,
when the plants were close to senescence. The models ignored translocation from leaves to
tubers at this late stage of growth.

One model consistently overestimated leaf concentrations because it used a maximum value
for the photosynthetic rate, rather than a rate that varied depending on light levels and air
temperature. The overestimates produced by another model could be reduced by a factor
three by driving the models with an air concentration that was a weighted average based on
photosynthetic rate, rather than a straightforward arithmetic average.

Most models overestimated the **C concentrations in the tubers, but on the whole the
predictions lay within a factor of 10 of the observations. This is better agreement than was
obtained for the leaves, suggesting that compensatory errors are at play, at least for models
that overpredict the leaf concentrations.

The simpler models were found to be adequate for predicting the initial incorporation of **C
into the leaves, but more complex models performed better in simulating the **C dynamics
and the translocation rates to various parts of the plant.

1.5 Discussion and Conclusions
1.5.1 Key Achievements of the Tritium/C14 WG

The EMRAS Tritium/C14 WG tested environmental tritium and **C models in scenarios that
covered terrestrial and aquatic ecosystems, steady-state and dynamic conditions, and acute
and chronic releases. This has resulted in improved understanding of the processes and factors
affecting the reliability of these models, and has helped to define the level of confidence that
can be placed in them. Because of the many differences in the models used by the various
participants, it was often difficult to isolate the key reasons for the differences in their
predictions. Nevertheless, it was usually possible to identify the modelling approaches that
led to the best predictions for a specific scenario. In general, the simple specific activity
models performed as well as the more complex dynamic models for chronic releases, but
complex models were required to reproduce the observations for short-term releases.

Participation in the WG has helped to maintain the capability of modellers in Member States
to assess the impact of tritium and **C releases to the environment. In many cases,
participants modified their models during the course of the program to reflect approaches or
information that came to light during discussions at WG meetings. The modified models
invariably performed better than the originals.
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The scenarios developed by the WG provide a valuable source of test data for validating
environmental tritium and **C models. In most cases, the test data already existed but were
organized and qualified for use by the scenario leaders. In the case of the mussel uptake and
depuration scenarios, new experimental work was undertaken to provide suitable data in an
area where they were previously lacking. The debate over the nature and definition of
organically bound tritium also led to new experiments to investigate the existence and
magnitude of buried tritium. In all cases, the analysis of the experimental data that was
required to put them in a form suitable for model testing led to increased understanding of
tritium and **C transport in the environment.

Results from the hypothetical scenarios provided a rational way to derive intervention levels
for tritium (the tritium concentration in agricultural crops above which interdiction is
desirable to avert a given dose from all exposure pathways). The model predictions suggest
that a dose of 5 mSv will be saved if garden crops are interdicted when the HTO
concentration exceeds 10’ Bq kg™ fresh weight in leafy vegetables in the first day after the
accident. This level drops to 10° Bq kg™ in the second day. These values are independent of
the weather conditions at the time of release.

1.5.2 Model Performance

The models used by the various participants in a given scenario were conceptually similar, in
the sense that each included the key processes that control environmental tritium and **C
transfer (uptake by plants, fixation in organic compounds, transfer to animals through
ingestion, and so on). However, the models differed substantially in the way the processes
were implemented. The simpler models were based on specific activity concepts, with
concentrations in a given compartment determined by the specific activities in the hydrogen
or carbon pools that contributed tritium or *C to the compartment. The more complex
approaches were formulated in terms of dynamic compartment models or process-oriented
models, in which the various transfer processes were simulated explicitly. Even here, the
models differed in the number of compartments considered, the required parameters and their
values, the growth curves adopted for plants and animals, the plant cultivars and animal
breeds assumed, and so on.

The differences in the models led to variability in the predictions of about a factor of 2 for
scenarios involving continuous releases, and a factor of 10 or more for short-term releases. In
the former case, performance was better for models that were driven by air concentrations
averaged over the OBT or *C residence time in the compartment of interest (one or two
months prior to sampling in the case of OBT concentrations in plants and animals; the period
of grain formation in the case of **C concentrations in rice). The dynamics of OBT and *C
concentrations were generally poorly reproduced in scenarios involving short-term releases.
The observed concentrations at harvest depended on the growth stage of the plant at the time
of exposure, and performance was best for models with realistic growth curves. For most
scenarios, the predictions tended to bracket the observations, suggesting that, in an average
sense, the models reflect a good conceptual understanding of the environmental transport of
tritium and **C. In some scenarios, part of the difference between predictions and
observations could be attributed to the uncertainty in the observations as well as in the
predictions.

Participants in each of the scenarios were asked to supply uncertainty estimates with their
predictions. However, not all did so and those that did carried out their analyses in different
ways, and obtained different results. The methods used included expert judgment,
perturbation analysis, numerical Monte Carlo analysis, and analysis of variations in the
observations. The magnitude of the estimated uncertainties depended on the endpoint in
question and, for dynamic scenarios, on the time after exposure.
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Most participants estimated the uncertainty in their predictions for the steady-state scenarios
(Perch Lake, Pickering, Pine Tree and Rice). For the HTO and **C endpoints, these were
roughly consistent with a 95% confidence interval (97.5" percentile divided by the 2.5"
percentile) of a factor 3 to 4. In general, the modellers estimated slightly higher uncertainties
for OBT concentrations than for HTO, which is reasonable given that the uncertainties in
OBT include those for HTO plus additional ones specific to OBT itself.

Few of the participants in the dynamic scenarios (Soybean, Mussel Uptake, Mussel
Depuration, Pig, Hypothetical and Potato) assessed their uncertainties, and those estimates
that were supplied varied widely. Thus, no definitive conclusions can be drawn regarding the
uncertainties in the model predictions. However, rough estimates can be obtained from an
overall assessment of the scatter in the predictions and the differences between predictions
and observations. These suggest that the 95% confidence intervals on HTO and **C
concentrations were about a factor of 10 shortly after exposure. These intervals stayed
roughly constant over time for the Mussel, Pig and Potato scenarios, but increased to a factor
of 100 or more at later times in the Soybean scenario and at greater distances in the
Hypothetical scenario. The confidence intervals were generally smaller for OBT than for
HTO, reflecting the fact that, for the dynamic scenarios, HTO varies rapidly over time
whereas OBT integrates.

The uncertainties in the models can be reduced by

e ensuring that the air concentrations used to drive the models are of high quality and
match the resolution and averaging requirements of the scenario;

e incorporating as much site-specific information as possible on land use, local soil
properties and predominant crop cultivars and animal breeds, together with realistic
assumptions concerning the habits of the maximally exposed individual;

e Dbasing all sub-models on the physical approaches available for the disciplines in
question. For example, knowledge from the agricultural sciences should be used to
improve models for crop growth, photosynthesis, translocation and so on. Recent
progress in understanding environmental carbon and hydrogen cycling should also be
considered;

e recognizing and accounting for any unusual experimental conditions (water stress, an
uncommon cultivar or breed) in the model application;

- using suitable spatial and temporal averaging in the models. Predicted OBT
concentrations in plants and animals should be based on air concentrations averaged
over the month or two prior to sampling. Predicted **C concentrations in grain should
be based on air concentrations averaged over the period of grain formation.

e using realistic plant and animal growth models in the calculations

= incorporating changing meteorological and environmental conditions into the models
in a dynamic way.

Overall, the variation in the predictions of the participating models was about the same in
EMRAS as it was in the previous model testing programs BIOMASS and BIOMOVS Il. This
is partly because model performance is scenario specific, so that a model that did well in a
BIOMASS scenario may not necessarily do well in an EMRAS scenario. Moreover, different
modellers participated in the different programs, bringing with them different models, so that
the process of model improvement started anew with each program. Thus the fact that the
variability in predictions has remained static over time does not suggest that model
performance has not improved. Improvements are readily apparent in individual models
applied to specific scenarios.

1.5.3 Recommendations for Future Work
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Further work in the following areas would help to improve tritium and **C dose assessments:

testing and improving models of atmospheric dispersion; plant uptake of HTO at night
and when it is raining; OBT formation in plants at night; translocation of OBT to fruit
and roots; isotopic discrimination; tritium behaviour in soils following deposition,
including deposition of HT and conversion to HTO; tritium behaviour in winter,
including washout by snow, dry deposition to snow and the fate of tritium in the snow
pack; and transformation and losses in cooking;

modifying the steady-state models for chronic releases to account for the fact that
fluctuations in release rates and meteorological conditions result in a state of quasi-
equilibrium in the environment, rather than the complete equilibrium assumed by the
models;

developing a standard conceptual model for accidental tritium releases;

carrying out rigorous uncertainty analyses of the dynamic models to better quantify
the uncertainties in their predictions for a variety of scenarios;

investigating and understanding the large OBT/HTO ratios that have been observed in
soils, plants and fish under conditions that are ostensibly at equilibrium;

extending tritium dosimetry to address infants and pregnant women.
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requested in head, flesh and internal organs (liver, gonads, stomach and intestines).

(iv)  non-exchangeable OBT concentrations in sediments for the May sampling time for
the near-shore portions of sites S1, S2 and S3.

(v) 95% confidence intervals on all predictions in (i) - (iv).

The data included in the scenario represented a relatively small subset of all the data collected
in the experimental program. The full data set has been presented and analyzed by Kim et al.
(2004). The full scenario description is given in Appendix A.

2. OBSERVATIONS

2.1 Measured Concentrations: Measured HTO concentrations in air moisture, lake water
and sediment water are shown in Table 1. These are the concentrations that were supplied to
the participants to drive their models. Observed HTO and OBT concentrations in plants,
animals and sediments, which were the endpoints of the scenario, are given in Tables 2 and 3.
The OBT concentrations are given in units of Bq L™ of combustion water.

Counting errors in the HTO concentrations for lake water, plants and aquatic animals were
generally less than 2%, but reached about 10% in some cases. These errors likely represent
the full uncertainty for the lake water samples, which are easy to collect and analyse.
Additional differences of perhaps 30% would be expected from sample to sample in plants
and animals due to natural variability. Counting errors in the sediment concentrations were
larger, reaching up to 25% in some cases, and the total uncertainty may be somewhat greater
because of difficulties in keeping the sediment pore water distinct from the lake water.
Uncertainties in air concentrations arose due to counting errors and the performance of the
samplers, and are estimated to be about 30%. Counting errors for OBT concentrations were
usually less than 5% but additional uncertainty arose due to difficulties in removing
exchangeable OBT from the samples and in the combustion process. The total uncertainty in
the OBT measurements is estimated to be about 20%, although greater variation must be
expected among individual plants and animals.
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Table 1. Measured HTO concentrations in water, sediment water and air moisture

HTO Concentrations
Month Compartment (Bq L™
S1 S2 S3 S4 Outlet
May | Surface water - offshore 4350 5450 4730
Sediment water - offshore 4730 10890 1320
3330 13570
3830 13210
July | Surface water - offshore 4640 4590 4620 4660
- from shore near inlet 4150 3330 3800 91
Bottom water - offshore* 4480 4460 4420 4620
- from shore near inlett 3900 2570 3580
Sediment water - from shore near inlet 2300 7120 70
Oct | Surface water - from shore near inlet 2030 9290 139
Bottom water - from shore near inlet¥ 2080 9190 113
Sediment water - from shore near inlet 1500 7420 84
1650 4550
Air - August 740 1970 510
- October 660 1770 260
Nov | Surface water - offshore 3840 5270 3770
Bottom water - offshore* 3480 9350 3770
* collected at a depth of about 1.5 m;  # collected at a depth of about 0.4 m
Table 2. Observed HTO and OBT concentrations in plants and sediments in May
Compartment HTO (Bg/L) OBT (Bg/L combustion water)
S1 S2 S3 S1 S2 S3
Cattails - emergent 1970 8080 1180 1500 4100 971
- submerged 3390 9760 1360 2120 3760 655
Worts 4680 6020 4520 2500 3230 1580
Algae 6630 5490 4990 2610 3200 2410
Sediments See Table 1 1960 2970 488
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Table 3. Observed HTO and OBT concentrations in clams and fish

Fish type HTO (Bg/L) OBT (Bg/L combustion water)
May Jul Oct May Jul Oct

Clams 5750 4100 - 3270 3810 -
Bullheads - head 5270 4070 3230 3820 3160 4110
- flesh 5310 4050 3230 3970 3480 3820
- internal organs 5240 4040 3620 3610 3340 3520
Pike - head 5120 4100 3470 3630 4050 4480
- flesh 5020 4130 3460 3950 3710 4500
- internal organs 5170 4100 3510 3780 3460 4610

2.2 Analysis of Observations: The following conclusions can be drawn from an analysis of
the full Perch Lake data set (Kim et al. 2004).

HTO Concentrations

Within experimental uncertainty, the HTO concentrations in the aqueous parts of algae
and worts are indistinguishable from the HTO concentrations in the water surrounding
them (plant/water = 0.94 £ 0.27; n = 12; 1 outlier ignored).

HTO concentrations in the submerged parts of cattails are the same as HTO
concentrations in sediment pore water (plant/sediment = 1.06 £ 0.29; n = 9).

HTO concentrations in the emergent parts of cattails (Cec) are well predicted by the
equation Cec = 1.1 (Cam + Ceeq)/2, where Cam and Cseq are the HTO concentrations in
air moisture and sediment water (predicted/observed = 1.03 £ 0.21; n = 9). The factor
1.1 is the ratio of vapour pressures between water and HTO, and is introduced by
analogy with the model for terrestrial plants (Murphy 1984).

HTO concentrations in clams are the same as HTO concentrations in bottom waters
averaged over all offshore locations (clam/water = 1.05 + 0.14; n = 2).

HTO concentrations in bullheads are indistinguishable from the HTO concentrations

in bottom waters averaged over inshore and offshore locations (fish/water = 0.96 £
0.06; n = 3).

HTO concentrations in pike are the same as HTO concentrations in water averaged
over the entire lake, including surface and bottom water and onshore and offshore
water (fish/water = 0.96 £ 0.04; n = 3).

HTO concentrations in the flesh, head and internal organs of the fish show no
significant differences.

OBT Concentrations

OBT concentrations in the combustion water of algae and worts are proportional to the
HTO concentrations in the aqueous part of the respective plants, averaged up to the
time of sampling. The mean observed OBT/HTO ratio is 0.48, with a standard
deviation + 0.08 (n = 13).
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- OBT concentrations in all parts of cattails are proportional to the HTO concentrations
in the emergent part of the plant, averaged up to the time of sampling. The mean
observed OBT/HTO ratio is 0.70, with a standard deviation £ 0.19 (n = 18).

e OBT concentrations in clams, bullheads and pike are proportional to the HTO
concentrations in water, averaged spatially over the locations accessed by the species
in question and temporally up to the time of sampling. The mean observed OBT/HTO
ratio is 0.79, with a standard deviation £ 0.09 (n = 8).

e OBT concentrations in the flesh, head and internal organs of the fish show no
significant differences.

e OBT concentrations in sediments are about 60% of the OBT concentration in plants (n
=9).

The OBT concentrations in all plants are less than the corresponding HTO concentrations
primarily because of isotopic discrimination in the formation of OBT. Similarly, animal OBT
concentrations are less than HTO concentrations because of metabolic processes that tend to
convert OBT to HTO.

3. MODEL DESCRIPTIONS

Eight participants submitted results for this scenario (Table 4). All participants treated the
scenario as a blind test of their models and submitted results before the observed
concentrations were made known to them.

The Perch Lake scenario tested models that predict tritium concentrations in an aquatic
ecosystem subject to a continuous release of HTO. It was a fairly simple scenario in the sense
that releases to the lake have been going on for many years at roughly the same rate, and
tritium concentrations in various parts of the ecosystem are likely to be in equilibrium.
However, the scenario showed a number of complicating factors. Since tritium enters the lake
through the sediments, concentrations in sediment pore water are generally higher than those
in lake water, which in turn are higher than those in air. The sediments themselves show a
spatial gradient in concentration, with larger values in the parts of the lake closest to the
subsurface tritium plume.

Table 4. Participants in the Perch Lake Scenario.

Participant Affiliation Designation
in text
A. Golubev VNIIEF, Russia VNIIEF
F. Siclet EDF, France EDF
M. Saito Safety Reassurance Academy, Japan SRA
F. Baumgartner Technische Universitdt Minchen, Germany BioM
D. Galeriu IFIN-HH, Romania IFIN
Japanet* Japan J
P. Marks GE Healthcare, U.K. GE
T. Nedveckaite Institute of Physics, Lithuania (LIETDOS W model) L

* Participants from NIRS, Ibaraki University, Kumamoto University, Toyama University and Kyoto University,
led by K. Miyamoto and Y. Inoue from NIRS
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Water concentrations in a narrow zone close to shore may be higher or lower than those in the
main body of the lake, depending on the tritium concentration in the water in the streams
flowing into the lake. Concentrations in sediments, lake water and air all varied gradually
with time during the study period. Finally, the sediments were composed of a mixture of sand
and gyttja (decomposing organic matter), with proportions varying through the lake. In the
face of this variability, the modelers had to make a number of decisions: which source
compartments (sediments, water or air) contributed tritium to the plants and animals for which
predictions were requested; how to average over space to reflect the concentrations seen by
the fish, which move freely throughout the lake; how to average over time when calculating
concentrations of OBT, which has a long biological half life in all organisms; and how to
estimate the required water concentrations when the relevant data was missing or incomplete
in the scenario description.

Once these decisions were made, most modelers assumed the HTO concentration in a given
endpoint was equal to the average water concentration in the source compartment(s). The
exception was L, which assumed that HTO concentrations in plants and animals were slightly
lower than in water. The OBT concentration in a given endpoint was generally based on the
corresponding HTO concentration, with some allowance made for isotopic discrimination in
the case of plants and metabolic processes in the case of animals. The IFIN model generated
predictions for each plant type that were representative of a whole lake average, using data
from Cornett (1989) to augment the information in the scenario description on bottom water
concentrations. Two participants (IFIN and GE) used dynamic models to estimate OBT
concentrations in algae and all animals, and a third model (EDF) took a similar approach for
fish. In each case, these models took account of the growth rate of the animal, ingestion and
excretion rates and internal metabolic/catabolic processes to describe the incorporation of
OBT in the animal and the conversion between OBT and HTO. The participants showed
considerable variability in their approach to modeling sediments.

The BioM model gives different OBT endpoints than those of the other models, predicting the
concentration of buried tritium rather than the tritium traditionally considered to be
organically (or carbon) bound. Buried tritium is tritium in exchangeable positions that is not
removed by the conventional rinsing process. It consists primarily of tritium in large
molecules that becomes hidden from the effects of washing when the free water in the sample
is extracted by freeze drying or azeotropic distillation. A smaller part consists of tritium in
hydrate bonds that is similarly not removed by washing, but this is not accounted for in the
model. Buried tritium appears as part of the experimental yield when the sample undergoes
traditional analysis for OBT, but is converted to HTO as soon as it is ingested. BioM
calculates the concentration of buried tritium from the HTO concentration in the sample
assuming a two-step exchange process and taking into account the proportion of
carbohydrates, proteins and DNA in the tissues. The difference between the observed OBT
concentration and the predicted buried tritium concentration gives the organically bound (or
carbon bound) tritium concentration for the BioM model, if the tritium in the hydration shells
is neglected.

The participants estimated the uncertainties in their predictions using very different methods.
One modeler (L) carried out a rigorous Monte Carlo uncertainty analysis using lognormal
distributions for the HTO concentrations in water and the bioaccumulation factors. At the
opposite end of the spectrum, IFIN used expert judgment, arguing that the main source of
uncertainty was the lack of detailed information on HTO concentrations in water as a function
of time and space in the lake. Jalso used expert judgment, setting the uncertainty in a given
endpoint at +20% of the water concentration used to predict that endpoint. Between these
extremes, EDF, SRA and BioM used the variability in the observed water concentrations as
the basis for their uncertainty estimates but even here the individual approaches were quite

S:\Waste Dischargeable\Projects\EMRAS\FINAL REPORTS\Tritium Tecdoc\Chapter 2 - Perch Lake Report (final).doc 7



concentrations and the values chosen for the proportionality constant Fp, which ranged from
0.331t0 0.8 (Table 7). Only three of the results agree with the observation when uncertainties
are taken into account. All but one of the predictions overestimate the observation, but this
may be the fault of the observation, which appears low in relation to the measured HTO
concentration in the plants. Similar results were obtained for sites S1 and S2, although here
the model predictions scatter more uniformly about the observations. The full Perch Lake
data set implies that Fp = 0.48 + 0.19 for worts.
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Figure 4. HTO concentrations in worts at site S3 in May. The model predictions are shown as
solid diamonds with the vertical lines representing 95% confidence intervals as estimated by
the modelers. The solid horizontal line is the observation with the 95% confidence interval
indicated by the dashed lines. VNIIEF did not provide uncertainty estimates and GE did not
submit results for this endpoint. The HTO concentration in near-shore water at S3 in May
was not measured.
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Figure 5. OBT concentrations in worts at site S3 in May. The model predictions are shown as
solid diamonds with the vertical lines representing 95% confidence intervals. The solid
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horizontal line is the observation with the 95% confidence interval indicated by the dashed
lines. VNIIEF did not provide uncertainty estimates and GE did not submit results for this
endpoint. The observed HTO concentration in worts at S3 in May was 4520 Bg/L.

4.4 Cattails

4.4.1 HTO Concentrations in Submerged Cattails: Predictions for the HTO concentration
in the below-water parts of the cattails at sampling site S3 in May are compared with the
observation in Figure 6. Because cattails are rooted in the sediments, their HTO
concentrations are expected to equal the concentration in sediment water. This approach was
taken by three modelers (VNIIEF, SRA and BioM). Since the near-shore sediment
concentration was not measured in May, two of the modelers (VNIIEF and BioM) used the
off-shore value instead and obtained a result in close agreement with the observation. The
third modeler (SRA) used the near-shore value for July and underpredicted severely. Four
participants (EDF, IFIN, J and L) modeled the cattails in the same way as worts, setting the
HTO concentration equal to the local lake water concentration. This approach overestimated
the observation in each case, with none of the predictions agreeing with the observation even
when uncertainties were taken into account.

The predictions for sampling site S1 all lay in the range 2000 Bg/L to 4000 Bg/L and all
agreed reasonably well with the observation (3390 Bg/L). The good performance here is due
to the fact that the sediment and water concentrations were similar and roughly constant in
May and July. The scatter in the predictions for site S2 was about the same as for S3, ranging
over a factor of 3.5. Here the models that were based on the water concentration
underpredicted the observation by a factor of about 2.5, since the water concentration was less
than the sediment concentration. In contrast, the models based on sediment concentration
returned predictions within 50% of the observation.
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Figure 6. HTO concentrations in submerged cattails at site S3 in May. The model predictions
are shown as solid diamonds with the vertical lines representing 95% confidence intervals as
estimated by the modelers. The solid horizontal line is the observation with the 95%
confidence interval indicated by the dashed lines. VNIIEF did not provide uncertainty
estimates and GE did not submit results for this endpoint.
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4.4.2 HTO Concentrations in Emergent Cattails: Predictions for the HTO concentration in
the emergent parts of the cattails sampled at site S3 in May are compared with the observation
in Figure 7. As noted in Section 2.2, cattail concentrations are well predicted by the average
of the concentrations in sediment water and air moisture. Three modelers (VNIIEF, EDF and
SRA) explicitly took the contribution from air moisture into account. EDF took an average of
the air and surface water concentrations, but would have done better to average air and
sediment water. SRA assumed the cattail concentration was made up of 30% air and 70%
sediment water (where the air concentration was set to 0) but underestimated severely because
of an inappropriate choice for the sediment concentration. VNIIEF used a weighting of 75%
air and 25% sediment water and produced a good result by using the offshore sediment water
concentration measured at S3 in May. Participant J modeled emergent cattails in the same
way as all other plants, setting the HTO concentration equal to the local water concentration,
and overestimated the observation. IFIN and L lowered their predictions for cattails below
those for other plants in recognition of the contribution from the air, but still overestimated
the observation. The BioM result is also an overestimate since it predicts that the cattail
concentration is slightly higher than the sediment concentration.

The predictions for sampling site S1 showed less scatter than those for S3 because of the
similarity in the water and sediment concentrations at this site. The predictions ranged from
about 1000 Bg/L to 4000 Bg/L compared to the observed value of 1970 Bg/L. The range in
predictions for site S2 was larger (a factor of 7) because the sediment concentrations were
more than twice the water concentrations. The models that were based on the water
concentration underpredicted the observation whereas those based on sediment concentration
overpredicted.
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Figure 7. HTO concentrations in emergent cattails at site S3 in May. The model predictions
are shown as solid diamonds with the vertical lines representing 95% confidence intervals as
estimated by the modelers. The solid horizontal line is the observation with the 95%
confidence interval indicated by the dashed lines. VVNIIEF did not provide uncertainty
estimates and GE did not submit results for this endpoint.

4.4.3 OBT Concentrations in Cattails: Analysis of the full Perch Lake data set indicates
that OBT concentrations are the same in both the emergent and submerged parts of the
cattails, with a magnitude equal to 0.7 times the HTO concentration in the emergent part (Kim
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et al. 2004). This suggests that the OBT is formed primarily by photosynthesis in the
emergent part and translocated to the submerged parts. Most modelers assumed that the OBT
concentration in the emergent part was proportional to the HTO concentration in that part,
with a proportionality constant Fp equal to that in the last column of Table 7. The results
show considerable variability (Figure 8), due primarily to the differences among the predicted
HTO concentrations, with some contribution from the values used for Fp. Only two
predictions agree with the observation when uncertainties are taken into account. Three of the
modelers (SRA, BioM and J) assumed that the OBT concentration in the underwater parts
was the same as that in the emergent parts. Most of the other modelers calculated the OBT
concentration in the submerged parts from the HTO concentration in the submerged parts,
using the Fp values in the fourth column of Table 7. The comparison between predictions and
observations for this endpoint (Figure 9) shows much the same pattern as for the emergent
parts in Figure 8, with agreement in only three cases when uncertainties are taken into
account. The results for sampling sites S1 and S2 are very similar to those for S3.
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Figure 8. OBT concentrations in emergent cattails at site S3 in May. The model predictions
are shown as solid diamonds with the vertical lines representing 95% confidence intervals as
estimated by the modelers. The solid horizontal line is the observation with the 95%
confidence interval indicated by the dashed lines. VVNIIEF did not provide uncertainty
estimates and GE did not submit results for this endpoint.
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Figure 9. OBT concentrations in submerged cattails at site S3 in May. The model predictions
are shown as solid diamonds with the vertical lines representing 95% confidence intervals as
estimated by the modelers. The solid horizontal line is the observation with the 95%
confidence interval indicated by the dashed lines. VVNIIEF did not provide uncertainty
estimates and GE did not submit results for this endpoint.

4.5 Clams: Predictions for the HTO concentration in clams in July are compared with the
observation in Figure 10. Because clams live at the sediment/water interface, their HTO
concentration is expected to equal the local bottom water concentration at the time of
sampling. Most participants made this assumption but, in the absence of measured water or
sediment concentrations in the area where the clams were harvested, they estimated the water
concentrations in different ways. In the case of EDF, the concentrations were calculated as
the average of the near shore and offshore sediment concentrations for the three sampling
sites; for SRA, as the average of the deep and surface water concentrations at S1 and S3 and
the sediment water concentration at S3; and for IFIN, as the average of the bottom water and
sediment concentrations over time throughout the lake. Despite these different approaches,
the predictions agreed with the observation for each model in which uncertainties were
estimated (Figure 10), and five of the eight predictions lay within 12% of the observation.
Similar agreement was obtained for the May sampling period. The uncertainties were large
for some models, reflecting the difficulties the modelers had in estimating the water
concentrations experienced by the clams. Analysis of the full Perch Lake data set (Kim et al.
2004) indicates that the clam concentration in July (4100 Bg/L) lay within 10% of the average
offshore bottom water concentration (4495 Bg/L).
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Figure 10. HTO concentrations in clams in July. The model predictions are shown as solid
diamonds with the vertical lines representing 95% confidence intervals as estimated by the
modelers. The solid horizontal line is the observation with the 95% confidence interval
indicated by the dashed lines. VNIIEF and GE did not provide uncertainty estimates for this
endpoint.

Clams are filter feeders, eating phytoplankton and zooplankton but also retaining detritus.
Most OBT in clams and other aquatic animals is the result of direct incorporation of OBT
taken in with the diet. However, only two of the participants (IFIN and GE) simulated OBT
formation in this way, using dynamic models that took into account the
metabolism/catabolism of the animals and the time-dependent water concentrations. IFIN
overestimated the observation for clams by about 50% whereas GE underestimated by about
20% (Figure 11). The latter model predicted an OBT/HTO ratio of 1.5, implying
bioaccumulation of tritium in the organic material of the clams. Most of the remaining
participants assumed the OBT concentration was proportional to the HTO concentration in the
clams, with the proportionality constant, Fy, accounting for metabolic processes. Most
modelers took a value of Fy from the literature, with the chosen values ranging from 0.30 to
0.95 (Table 8). In most cases, the HTO concentrations used were those predicted for July,
even though the slow turnover rate of OBT in animals implies that they should be based on
HTO concentrations integrated over the few weeks prior to sampling. The predictions showed
greater scatter than those for HTO (Figure 11). The variations in Fy, coupled with the
variations in the predicted HTO concentration in the clams, resulted in OBT predictions that
varied by more than a factor of 5. Seven of the eight models underpredict and only two of the
predictions agree with the observation even when uncertainties are taken into account.
Despite the added complexity in predicting OBT, the uncertainties assigned to several of the
OBT predictions were smaller than those for the corresponding HTO concentrations.

Table 8. OBT/HTO ratios for aquatic animals

| Participant | Fum = OBT/HTO
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Clams Bullheads Pike
Flesh Head Organs Flesh Head Organs
VNIIEF | 0.75-0.95 04 | 03 | 05 027 | 03 | 02
EDFs 0.45 0.52 — 0.57 depending on the month
SRA 0.5 0.7 064 | 0.66 0.7 064 | 0.66
BioM* 0.30 0.3 0.1 for gonads 0.3 0.1 for gonads
IFIN' 0.92 0.93-1.2 | Higher for viscera 1.0 Higher for viscera
J 0.8 0.8 08 | 08 0.8 08 | 08
GE? 1.48 1.48 — 2.05 depending on the month
L 0.38 038 | 038 | 0.38 038 | 038 | 0.38
Observed 0.75 0.77 0.84

& Animal OBT/water HTO = 0.45 for clams and all parts of fish
* Calculated from a two-step exchange process for buried tritium, taking into account the proportion of
carbohydrates, proteins and DNA in the tissues

" Calculated from a time-dependent model that depends on mass, metabolic rate and OBT residence time

* Calculated from a time-dependent model that depends on the rates of metabolism, catabolism, ingestion and
excretion
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Figure 11. OBT concentrations in clams in July. The model predictions are shown as solid
diamonds with the vertical lines representing 95% confidence intervals as estimated by the
modelers. The solid horizontal line is the observation with the 95% confidence interval
indicated by the dashed lines. VNIIEF and GE did not provide uncertainty estimates for this
endpoint.

The results for May showed more scatter but less bias than those for July, with half of the
models overestimating the observation and half underestimating. Based on an analysis of the
full data set, Kim et al. (2004) found good agreement between predictions and observations
when the OBT concentrations in clams were calculated by multiplying the HTO concentration
in bottom water (averaged over the entire lake and over time up to the time of sampling) by a
metabolic factor Fy = 0.75.

4.6 Bullheads: Bullheads are benthic fish that move freely throughout the lake near the
sediment/water interface. They are omnivorous, eating a variety of molluscs, insects, leeches,
worms, algae, plant material and small fish. Because of the rapid rate of equilibrium between

S:\Waste Dischargeable\Projects\EMRAS\FINAL REPORTS\Tritium Tecdoc\Chapter 2 - Perch Lake Report (final).doc 19



HTO in lake water and fish, the HTO concentration in bullheads is expected to equal the
average concentration in the water encountered by the fish in the hour or two prior to
sampling. The analysis of the full Perch Lake dataset showed that the observed HTO
concentrations in bullheads were essentially equal to the concentration in bottom waters
averaged over the entire lake at the time the fish were sampled. EDF, BioM, IFIN and L all
based their predictions on the average HTO concentration in offshore waters only and slightly
overestimated the observation (Figure 12), since offshore waters had a higher concentration
than near-shore waters. The high result of SRA is due to the fact that, in this model, half of
the tritium in the fish was assumed to come from sediment waters, which had high
concentrations at some times and locations in the lake. The other participants adopted a water
concentration lower than the average observed concentration for bottom waters and
underestimated the observation. The predictions of SRA and J do not agree with the
observations even when uncertainties are taken into account. The predictions for May and
October show more scatter than for July, likely because the HTO concentrations in the
environment were less well characterized and it was more difficult to define a representative
water concentration for the bullheads.

All models but one predicted equal HTO concentrations in all parts of the fish, in agreement
with the observations. The exception was VNIIEF, where the concentrations in internal
organs were sometimes higher and sometimes lower than in the flesh and head. In this model,
HTO in the head is assumed to come from the water column and HTO in the organs from the
diet of the fish; HTO in the flesh comes partly from the water and partly from the diet.

Predicted and observed OBT concentrations in bullhead flesh in July are shown in Figure 13.
Two of the process-oriented models (IFIN and GE) substantially overestimated the
observation and both predicted OBT/HTO ratios in the fish greater than one. The other
dynamic model (EDF) slightly underestimated the observation. As was the case for clams,
most of the remaining participants assumed the OBT concentration was proportional to the
HTO concentration, with the proportionality constant Fy, shown in Table 8. Kim et al. (2004)
found good agreement between predictions and observations when the OBT concentrations in
bullheads were calculated from the HTO concentration in bottom water averaged over the
entire lake and over time up to the time of sampling, with Fy = 0.77. Most modelers used a
lower value, which explains in part why most predictions underestimate the OBT
concentration in bullheads. The differences in model formulation and parameter values
adopted by the various participants resulted in OBT predictions that ranged over more than a
factor of 6. Individual predictions differed from the observation by up to a factor of 4, and in
only three cases did the prediction and observation agree when uncertainties were taken into
account. Very similar results were obtained for the May and October sampling periods.

S:\Waste Dischargeable\Projects\EMRAS\FINAL REPORTS\Tritium Tecdoc\Chapter 2 - Perch Lake Report (final).doc 20



10000

8000 | +

6000 +
......................... OO SO

4000 + ‘ ___________________ ‘

(Ba/L)

2000 +

HTO concentration in bullheads

VNIIEF EDF SRA BioM IFIN J GE L
Model

Figure 12. HTO concentrations in bullheads in July. The model predictions are shown as
solid diamonds with the vertical lines representing 95% confidence intervals. The solid
horizontal line is the observation with the 95% confidence interval indicated by the dashed
lines. VNIIEF and GE did not provide uncertainty estimates for this endpoint. The observed
HTO concentration in bottom waters averaged over the entire lake for July was 4000 Bq/L.
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Figure 13. OBT concentrations in bullhead flesh in July. The model predictions are shown as
solid diamonds with the vertical lines representing 95% confidence intervals. The solid
horizontal line is the observation with the 95% confidence interval indicated by the dashed
lines. VNIIEF and GE did not submit uncertainty estimates for this endpoint. The observed
HTO concentration in bottom waters averaged over the entire lake over the May and July
sampling periods was 4655 Bqg/L.

Half of the models (VNIIEF, SRA, BioM and IFIN)) showed different OBT concentrations in
the different parts of the fish, reflecting the different proportions of proteins, carbohydrates
and fat in the flesh, head and internal organs. The differences were small for SRA (10%) and
IFIN but more substantial for VNIIEF (67%) and BioM (a factor of 3 between flesh and
gonads, but this result applies to buried tritium rather than OBT). In contrast, the data show
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that OBT concentrations in the flesh, head and internal organs of the bullheads are not
significantly different, an assumption made by models EDF, J, GE and L.

4.7 Pike: Five participants (EDF, BioM, J, GE and L) modeled pike in the same way as
bullheads and predicted the same tritium concentrations for both types of fish. These
modelers felt either that the foraging habits of bullheads and pike were sufficiently similar
that they could be modeled in the same way, that there was too little information to attempt to
model them differently, or that any differences in habits would not translate into significant
differences in concentration in a well-mixed system such as Perch Lake. For the IFIN model,
results for pike and bullheads differed by less than 10%, whereas the results for VNIIEF were
within 45%. SRA predicted concentrations in pike that were a factor of 2 lower than those in
bullheads on the assumption that sediment water plays less of a role in determining tritium
levels in pike than in bullheads. In fact, the experimental data indicate that concentrations in
the two types of fish are identical within measurement error. As piscivores that move freely
throughout the lake, pike differ from bullheads in the parts of the lake they access and the
type of food they eat. However these differences in behaviour do not result in significant
differences in concentrations in Perch Lake.

The observed and predicted HTO concentrations in pike in July are shown in Figure 14. The
overall results are good and only two predictions (those for J and GE) do not agree with the
observation when uncertainties are taken into account. The predictions for VNIIEF and SRA
are much better for pike than they were for bullheads. In contrast, most of the models
underestimate the observed OBT concentration in pike flesh for July (Figure 15) because they
underestimate the metabolic factor Fy. Similar results were obtained for the May and
October sampling periods.

As was the case for bullheads, the observed tritium concentrations were the same to within
measurement error in all parts of the pike. Of all the predictions, only those of VNIIEF and
BioM are inconsistent with this finding.
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Figure 14. HTO concentrations in pike in July. The model predictions are shown as solid
diamonds with the vertical lines representing 95% confidence intervals. The solid horizontal
line is the observation with the 95% confidence interval indicated by the dashed lines.
VNIIEF and GE did not provide uncertainty estimates for this endpoint. The observed HTO
concentration averaged over the entire lake for July was 4130 Bg/L.

S:\Waste Dischargeable\Projects\EMRAS\FINAL REPORTS\Tritium Tecdoc\Chapter 2 - Perch Lake Report (final).doc 22



10000

8000 +

6000 +

(Ba/L)

4000 +

<

2000 -

OBT concentration in pike flesh

VNIIEF EDF SRA BioM IFIN J GE L
Model

Figure 15. OBT concentrations in pike flesh in July. The model predictions are shown as
solid diamonds with the vertical lines representing 95% confidence intervals. The solid
horizontal line is the observation with the 95% confidence interval indicated by the dashed
lines. VNIIEF and GE did not provide uncertainty estimates for this endpoint. The observed
HTO concentration averaged over the entire lake over the May and July sampling periods was
4720 Bg/L.

4.8 Sediments: There is no evidence that OBT discharges directly to the lake with
groundwater. If this is the case, sediment OBT must arise from decaying plant and animal
material deposited on the lake bottom, with the vast majority expected to come from plants.
The experimental data suggest that the mean sediment/plant ratio is 0.61 + 0.20. Since most
sediments were collected from shore, only those plants found close to shore (worts and
cattails) were considered in this calculation. Also, the plant concentrations were averaged
over time up to the time of sampling, to account in a small way for the fact that the sediments,
which were collected to a depth of 15 cm, are averages of the material deposited over a
considerable length of time. The sediment concentrations are believed to be lower than those
in plants due to radioactive decay and/or the breakdown over time of OBT in the
decomposing plant material.

Predicted and observed sediment OBT concentrations at sampling site S3 in May are shown
in Figure 16. The predictions range over a factor of 100 and only two of the six predictions
agree with the observation when uncertainties are taken into account. The variation is due to
the very different assumptions made by each modeler in calculating the sediment
concentrations:

e VNIIEF: the sediment OBT concentration was assumed equal to the HTO
concentration in detritus formed in surface waters in May.

e EDF: the sediment OBT concentration at S3 was assumed to be in equilibrium with
the OBT concentration in the organic matter of decomposing terrestrial vegetation,
which was assumed to equal 60% of the air HTO concentration.

e SRA: the sediment OBT concentration was assumed equal to 0.63 times the HTO
concentration in the near-shore sediment water.

e BioM: the concentration of buried tritium in sediment was assumed to equal the
predicted concentration of buried tritium in the submerged part of cattails.
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e IFIN: the sediment OBT concentration was estimated from the predicted OBT
concentration in macrophytes and benthic algae, which in turn depend on the HTO
concentration in bottom waters.

e J: the sediment OBT concentration was set equal to the mean of the predicted plant
and animal OBT concentrations.

Most of these assumptions were reasonable, but only BioM produced a result in good
agreement with the observation. This must be considered fortuitous since BioM predicts the
concentration of buried tritium whereas the observation is of organically bound tritium. The
other models did not do as well because they all overestimated the concentrations in the plants
that were assumed to make up the sediments.

The results for sites S1 and S2 showed somewhat less scatter than for S3, although the
predictions still ranged over a factor of 3 or 4, and most of the models continued to
overestimate the sediment concentrations.
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Figure 16. OBT concentrations in sediments at site S3 in May. The model predictions are
shown as solid diamonds with the vertical lines representing 95% confidence intervals. The
solid horizontal line is the observation with the 95% confidence interval indicated by the
dashed lines. GE and L did not submit predictions for this endpoint. The observed OBT
concentration in worts and cattails at S3 in May was 1070 Bg/L.

S:\Waste Dischargeable\Projects\EMRAS\FINAL REPORTS\Tritium Tecdoc\Chapter 2 - Perch Lake Report (final).doc 24



5. DISCUSSION AND CONCLUSIONS

The Perch Lake scenario provided a good test of models that predict tritium concentrations in
the various compartments of a freshwater ecosystem at steady state. Apart from a narrow
zone close to shore near the inlets, the lake is well mixed with respect to HTO concentrations
in the water, and concentrations change only slowly over time. Therefore the water
concentrations to which the fish are exposed, and the concentrations in the plants and animals
that make up their diets, can be estimated with some confidence. Moreover, the
concentrations in sediments are substantially different from those in the lake water itself,
which makes it possible to say whether the tritium in plants and fish came from the water or
the sediments. On the other hand, the scenario was not ideal since some relevant information
was missing or incomplete, and this contributed to the differences between predictions and
observations. But many real assessments must be carried out with even less information, and
discrepancies of a similar magnitude must be expected in practice.

A number of conclusions regarding the relationship between tritium concentrations in the
various parts of the Perch Lake ecosystem can be drawn from an analysis of the full data set
(Kim et al. 2004) and the results discussed here:

e The HTO concentration in a given plant or animal is equal to the concentration in
water, sediments or air to which the organism was exposed in the hour or two prior to
sampling. For algae and worts, this is the local concentration in water. For submerged
cattails it is the sediment water concentration and for emergent cattails, an average of
air and sediment concentrations. Concentrations in clams and bullheads are the same
as the concentrations in local bottom waters, and bottom waters averaged over the
entire lake, respectively. HTO concentrations in pike reflect an average of both
bottom and surface waters over the entire lake.

e The OBT concentration in algae and worts is about half the HTO concentration in the
plant. The OBT concentration in the emergent parts of cattails is about 70% of the
HTO concentration. The OBT concentration in the submerged parts of cattails is the
same as in the upper part, indicating that the OBT forms in the emergent parts and is
translocated to the parts below water.

e The OBT concentration in clams, bullheads and pike is about 80% of the HTO
concentration in the water to which the animal is exposed.

e The OBT concentration in sediments is about 60% of the OBT concentration in the
aquatic plants that make up most of the organic fraction of the sediments. The
sediment concentrations are believed to be lower than those in plants because of
radioactive decay and/or the breakdown over time of OBT in the decaying plant
material.

e The OBT concentration in each compartment should be calculated from the HTO
concentration averaged over the few weeks prior to sampling.

e Within measurement error, there is no significant difference between the HTO or OBT
concentrations in different parts of the fish.

When the predictions of all the models were averaged for a given endpoint, the mean lay
within 30% of the observation in each case except for OBT concentrations in sediments and
the underwater parts of cattails. With these exceptions, the modelers as a group have a good
conceptual understanding of the behaviour of tritium in the Perch Lake ecosystem and can
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predict HTO and OBT concentrations that, in an average sense, agree well with the
observations. However, the difference between prediction and observation for an individual
model could be as large as a factor of 25. More typically, the predictions of a given model for
HTO concentrations in plants and animals lay within 30% of the corresponding observation,
and the predictions of OBT concentrations within a factor of about 2. These differences for
OBT are significant even when uncertainties are taken into account. The models were equally
as likely to overpredict as to underpredict the HTO concentrations in plants. They tended to
be conservative for HTO concentrations in animals and OBT concentrations in plants but to
underestimate OBT concentrations in animals.

There were several reasons for the mispredictions:

e Aninappropriate choice for the source compartment from which the plant or animal
draws its tritium. In particular, the submerged parts of cattails are in equilibrium with
sediment water rather than lake water; clams and bullheads are in equilibrium with
bottom water rather than sediment water; and OBT in submerged cattails is
translocated from the emergent parts of the plant rather than being formed in place.

e Aninappropriate choice of surrogate values when HTO concentrations in the source
compartment were not available. The modelers had particular difficulty in defining
the source terms for worts and cattails, since near-shore water and sediment
concentrations were not measured in May. Similarly, no sediment or water
concentrations were measured in the area where the clams were harvested.

e Aninappropriate choice for the discrimination and metabolic factors, Fp and Fy, used
to calculate OBT concentrations from the HTO concentrations.

= Inappropriate spatial averaging, particularly for fish. The best prediction of HTO
concentration in bullheads was obtained by averaging the bottom waters over the
entire lake, including near-shore and offshore zones. Similarly, the best prediction of
HTO concentration in pike occurs by averaging over the water column as well as over
the entire lake.

e Lack of time-averaging when calculating OBT concentrations. Apart from the
dynamic results for algae, clams and fish generated by IFIN and GE, none of the
models considered any sort of time-averaging in calculating OBT concentrations in
plants or animals. In contrast, the observed OBT concentrations correlate better with
the time-averaged HTO concentrations than with point concentrations.

No one model stood out as generating predictions superior to the others. The level of
agreement between predictions and observations was about the same for the dynamic models
as for the steady-state models, although the dynamic models tended to have the highest
predictions for OBT concentrations in clams, bullheads and pike. None of the models were
satisfactory for sediments.

The results of the BioM model, which calculates the concentration of buried tritium rather
than the tritium traditionally considered to be organically bound, were generally lower than
those of the other models for the OBT endpoints. However, the BioM predictions made up a
substantial proportion (between 25% and 90% depending on the endpoint) of the measured
OBT concentrations. If the results of this model are correct, this implies that the fraction of
carbon bound tritium in the OBT yielded by conventional analytical techniques is much lower
than normally believed. This could have consequences for dose estimation, although such
consequences may be small since the dose conversion factors for OBT are based on OBT
concentrations measured in the traditional way. The results of the BioM model indicate that
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the formation of buried tritium is better modeled as a two-step exchange process rather than as
a one-step process.

Despite that fact that two models predicted OBT/HTO ratios greater than one for some
endpoints, there is no evidence in the Perch Lake data of tritium bioaccumulation in OBT
formation. Ratios greater than one are confined to non-equilibrium situations such as those
that exist in Cardiff Bay, where tritiated organic material is released directly to the water body
(Williams et al. 2001, Lambert 2001).

Given the large variation in the confidence intervals estimated by the various participants, no
definitive conclusions can be drawn regarding the uncertainties in the model predictions.
Ideally, the confidence intervals would take into account the uncertainties in the HTO
concentrations in water, sediments and air used to drive the models; in the conceptual models
themselves to cover uncertainties in the appropriate source compartments and spatial and
temporal averaging; in estimating values to replace missing data; and (for OBT concentrations
only) in the parameters Fp and Fy.  The dynamic models used by some participants would
have additional sources of uncertainty associated with the extra parameters that are needed to
describe the growth of the organisms and the metabolic processes that occur in them. The
uncertainties are limited to some extent by specific activity concepts, since concentrations in a
given compartment cannot be higher than concentrations in a donor compartment. Table 9
lists approximate 95% confidence intervals for the various endpoints based on an overall
assessment of the differences between the observations and the predictions submitted by the
participants. Hopefully the lessons learned in this scenario will help to reduce the
uncertainties in future studies that require the estimation of steady-state tritium concentrations
in freshwater ecosystems.
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Table 9. 95% confidence intervals based on the differences between predictions and
observations

Endpoint 95% confidence interval
HTO in algae, worts and all animals BE* + 30%
HTO in cattails BE/2to 2 BE
OBT in algae, worts BE/2 to 2 BE
OBT in cattails BE/3to 3 BE
OBT in animals BE/2.5t0 2.5 BE
OBT in sediments BE/10 to 10 BE

* best estimate
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APPENDIX A

Perch Lake Scenario Description — Revision 1
EMRAS Tritium/C14 Working Group
January 2004

BACKGROUND

Located on the site of Chalk River Laboratories (CRL), Perch Lake contains trace amounts of
tritium due to leakage from a nearby waste management area. The releases have been going
on for many years and concentrations in various parts of the lake ecosystem are likely to be in
equilibrium. Tritium concentrations in lake water, sediments, aquatic plants, fish, clams and
air were collected three times during the summer and fall of 2003 at three locations in the
lake. These data are offered here as a test of models that predict the long-term average tritium
concentrations in aquatic systems due to chronic releases.

SITE DESCRIPTION

Perch Lake (Figure 1) is a small, shallow freshwater Canadian Shield lake. Its largest fetch is
about 800 m and it has a surface area of 4.5 x 10° m®. It has a mean depth of 2.0 m, a
maximum depth of 4.1 m and a total volume of 9.1 x 10> m®. It drains a watershed of area
5.65 x 10° m®. The lake can be considered unstratified, although there is weak stratification in
deeper areas in the summer, when surface waters are approximately 5°C higher than those at
lake bottom. The lake is usually ice covered from early December to mid April. Mean
monthly water temperatures are 13, 19, 24, 23, 19 and 11° C for the months of May through

October. The turnover time of lake waters is about two years.

Sediments in the lake are composed of sand and gyttja (decomposing organic material). The
average dry bulk density is 185 kg m™ but this varies substantially across the lake depending
on the local composition of the sediments. The sediments near Inlet 1 are largely organic in
composition, those near Inlets 2 and 3 contain more sand and those near Inlet 4 and the outlet
are primarily sand. The sediments are 89% water by weight and the sedimentation rate is 0.16
kg

m2a® or0.06 cma™.

Perch Lake is contaminated by tritium migrating through an extensive sand aquifer from a
waste management area (WMA) located about 750 m to the north. The WMA was in
operation for about 40 years until it was shut down in 1999. The tritium forms a well-defined
underground plume that is narrow near the source but broadens to a width of about 1000 m by
the time it reaches the lake. Tritium in the form of HTO discharges into the lake through the
sediments from below and also through a stream (Inlet 2 in Figure 1) that flows above the
underground plume. Inlet 1 shows slightly elevated levels of tritium but Inlets 3, 4 and 5 are
all uncontaminated. The rate and distribution of HTO releases to the lake are not known
quantitatively.
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Figure 1. Map of Perch Lake showing inlets, the outlet, depth contours in m and the sampling
locations.
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TRITIUM MEASUREMENTS

Water, sediment, plant and air samples were collected primarily from three locations in Perch
Lake: at S1, located near Inlet 1; at S2 near Inlet 2; and at S3 near Inlet 3 (Figure 1). A few
samples were also taken at S4 near Inlet 4 and near the outlet of the lake. Most of the plant
and sediment samples were collected from shore at the edge of the lake. Some of the water
samples were also taken close to shore but others were collected by boat 50-100 m offshore,
as were algae. Fish tend to feed on the east side of the lake and were caught in two extended
areas on either side of the outlet, whereas clams were harvested between Inlet 3 and the outlet.
Most samples were collected three times during the summer and fall of 2003 (May 27-28,
July 28-29 and September 28-October 1). Additional measurements of water concentrations
were made in early November. Air concentrations were measured only in August and
September as monthly averages and algae were not available in September, as they had all
died off. Replicate samples were taken in some cases.

Water: Water samples were collected near the surface of the lake and at deeper levels by
opening sampling bottles at the desired depth. The samples were left standing to allow
suspended sediments to settle out and then 10 ml of water was transferred to scintillation
vials. HTO concentrations were determined by liquid scintillation counting (LSC).

Sediments: Sediment samples were scooped up by hand and placed in vinyl bags that were
sealed at depth. This provided samples averaged over the top 15 cm or so of sediments.
Water was extracted from the sediments by freeze-drying and analyzed for HTO
concentration by LSC. The pressure during freeze-drying was between 10 and 10 Torr and
the temperature was between 0 and —4° C. The remaining solid material was washed with
tritium-free water to remove the exchangeable OBT and was then completely dried in an
oven, followed by combustion in a combustion tube. The combustion water was analyzed by
LSC to give OBT concentrations.

Plants: Samples were taken of bladderwort (Utricularia spp.), hornwort (Ceratophylum
demersum) and cattails (Typha latifolia), and of algae belonging to the phylum Chlorophyta.
Bladderwort and hornwort are both unrooted plants that are completely submerged and obtain
their nutrients from the water. They consist of a long thin stem that supports masses of
delicate, needle-shaped, whirled leaves. These two species were composited for analysis.
The cattails are rooted in the top 5-10 cm of the sediments, from which they draw their
nutrients. They extend above the water into the air, and the submerged and emergent parts
were analysed separately. Algae were scooped out of the water by hand and placed in a
sampling jar after allowing the water to drain away. The bladderwort, hornwort and cattails
were sampled from shore at the edge of the lake whereas the algae were collected further
offshore. The water in all plant samples was extracted by freeze-drying and HTO
concentrations were determined by LSC. The solid matter was washed with tritium-free
water and was then oven-dried and combusted in a combustion bomb. LSC of the combustion
water yielded non-exchangeable OBT concentrations.

Table 1 shows measured water contents of the aquatic plants. No data could be found on the
nutrient composition (protein, fat and carbohydrate) of these plants.

Table 1. Plant water contents.

Plant type Water Content

(% by weight)
Algae 88.0
Bladderwort, hornwort 95.0
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Cattail - below water 93.5
- above water 85.1

Aquatic Animals: The aquatic animals collected included clams (Elliptio complanata),
bullheads (Ameiurus nebulosus) and pike (Esox lucius). Bullheads are small benthic fish and
pike are larger piscivores. Both types of fish likely move throughout the lake, eating other
fish and invertebrates. The fish were caught in nets and the clams were pulled individually
from the sediments by hand. The fish samples were divided into three parts (flesh, head and
internal organs), each of which was analyzed separately. About five pike, 20 bullheads and
12 clams were combined to provide enough mass for each analysis. The fish caught in May
were significantly smaller (mean weight 40 g for the bullheads and 200 g for the pike) than
those caught in September (70 g for the bullheads and 400 g for the pike), although there was
a large variation in size at all sampling times. Water was extracted from the samples by
freeze-drying and analyzed by LSC. The solid matter was washed with tritium-free water,
oven-dried and combusted in a combustion bomb for subsequent OBT analysis by LSC.

Table 2 gives some information, taken from the literature, on nutrient composition and water
equivalent factors for the fish and clams. Nutrient data could not be found for bullheads so
values are given for carp, which are believed to be a reasonable surrogate. The data are for
the edible portion of the organisms and may not reflect the composition of the internal organs.
Table 3 shows measured water contents of the fish and clams. The total weight and organ
weights of some of the fish caught in the sampling campaign of September 28 - October 1 are
given in Table 4.

Table 2. Number of grams of nutrient in 100 g of edible portion of pike, carp (a surrogate for
bullheads) and clams.

Nutrient Pike Carp (Bullhead) Clam
Protein 18.2 18.9 10.5
Fat 1.2 7.1 1.3
Carbohydrate 0 0 3.1
Water equivalent factor 0.645 0.709 0.577

Table 3. Water contents of fish and clams.

Organism Water content

(% by weight)
Clam 89.0
Bullhead - flesh 82.3
- head 76.8
- internal organs 82.3
Pike - flesh 77.7
- head 73.9
- internal organs 81.0

Table 4. Total weight and organ weights (g) of fish caught September 28 — October 1.
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Fish Total Organ Total Comments
weight Liver Gonads Stomach Intestines organ

Pike 258 2.08 2.43 4.32 4.02 12.85 Male, stomach empty

Pike 453 4.81 5.09 6.23 7.90 24.03 Male

Pike 178 1.84 0.81 3.70 4.10 10.45 Tail damage

Pike 558 5.54 10.65 10.19 7.61 33.99 Female
Bullhead  69.1 0.50 0.22 0.66 1.02 2.400 Female
Bullhead 120 3.76 0.39 11.21 7.39 22.75  Exceptionally large

male; stomach
contained a sunfish

Air: The tritium in the air above Perch Lake comes primarily from evapotranspiration from
the lake and the adjacent wetland. Fluxes from the wetland to the air during daytime in the
summer are about 1-3 Bq m? s™. Monthly-averaged air samples were collected with passive
diffusion samplers in the months of August and September at sites S1, S2 and S3. The
samplers were located 1-2 m from the shoreline at a height of 1 m. Analysis by LSC provided
concentrations in Bq m™ air, which were converted to Bg L™ air moisture using the measured
average monthly temperature and an estimated relative humidity of 75%.

Uncertainties: Counting errors in the HTO concentrations in lake water, plants and aquatic
animals were generally less than 2% but reached 10% in some cases of low concentrations.
Total uncertainties in the HTO concentrations in sediment water were somewhat larger
because of the difficulties in keeping lake water out of the sample. Replicate sediment
samples from the same location showed differences of about 30%. A similar variation among
individual plant and animal samples would be expected because of natural variability but may
not be evident in the composite samples that were analysed. Uncertainties in air
concentrations arose due to counting errors, and to uncertainties in the performance of the
passive samplers and in determining the volume of air sampled. The total uncertainties in the
air concentrations are estimated to be less than about 30%.

Counting errors for OBT concentrations were usually less than 5% but additional uncertainty
arose due to difficulties in removing exchangeable OBT from the samples and in the
combustion process. The total uncertainty in the OBT measurements is estimated to be about
20%. Differences among replicate samples from the same location may be larger because of
natural variability.

INPUT DATA

Measured HTO concentrations in water, sediment water and air moisture are shown in Table
5. Where more than one value is listed for a given parameter, separate samples were taken
close to the same location. Concentrations of the water and sediment samples collected from
shore may not reflect concentrations in the main body of the lake. At sampling sites S1, S3
and S4, the near-shore samples were taken close to the inlets of the associated streams and
concentrations may have been diluted by the relatively clean inflow. In contrast, the near-
shore samples taken at S2 may be higher than those further out in the lake since
concentrations in Inlet 2 are relatively high. Air concentrations were highest near S2, which
is directly over the underground plume, and decreased from August to September.

Table 5. Measured HTO concentrations in water, sediment water and air moisture.

HTO Concentrations
Month Compartment (Bq L™

s1 | s2 | s3 | s4 | Outlet
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May | Surface water - offshore 4350 5450 4730
Sediment water - offshore 4730 10890 1320
3330 13570
3830 13210
July | Surface water - offshore 4640 4590 4620 4660
- from shore near inlet 4150 3330 3800 91
Deep water - offshore* 4480 4460 4420 4620
- from shore near inlet! 3900 2570 3580
Sediment water - from shore near inlet 2300 7120 70
Sept | Surface water - from shore near inlet 2030 9290 139
Deep water - from shore near inlet* 2080 9190 113
Sediment water - from shore near inlet 1500 7420 84
1650 4550
Air - August 740 1970 510
- September 660 1770 260
Nov | Surface water - offshore 3840 5270 3770
Deep water — offshore* 3480 9350 3770

* collected at a depth of about 1.5 m
*collected at a depth of about 0.4 m

Based on single measurements made from shore at the outlet of the lake in 2001, HTO
concentrations in surface water were 6330 Bg L™ in June and 6660 Bg L™ in December.

The rate and distribution of HTO releases to the lake are too poorly known to allow
concentrations in lake water to be predicted using a model. The concentrations needed for the
scenario calculations must therefore be estimated from the data in Table 5. Similarly, no
information is available on rates of eutrophication, biomass production or decay in the lake, or
on OBT concentrations in soils of the watershed, to help in estimating OBT concentrations in
sediments.

SCENARIO CALCULATIONS
Using the information provided above, calculate

(i) HTO and non-exchangeable OBT concentrations in cattails, and in bladderwort and
hornwort combined, for the May sampling period for the near-shore portions of sites S1,
S2 and S3. For cattails, give concentrations for both the above water and below water
parts of the plant. Also, calculate HTO and non-exchangeable OBT concentrations in
algae for the May sampling period for the offshore portions of sites S1, S2 and S3. For
HTO, give the results in Bq L™; for OBT, give the concentration in the combustion water
(i.e., Bq L™ water equivalent).

(if) HTO and non-exchangeable OBT concentrations in clams, bullheads and pike for each of
the three sampling periods. For bullheads and pike, give concentrations in head, flesh and
internal organs (liver, gonads, stomach and intestines). Give the results in Bq L™ for HTO
and Bq L™ water equivalent for OBT.

(iif) non-exchangeable OBT concentrations in sediments for the May sampling time for the
near-shore portions of sites S1, S2 and S3, in units of Bq L™ water equivalent.

(iv) 95% confidence intervals on all predictions in (i) - (iii).
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Appendix B: Model descriptions
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Key Model Assumptions:
The turnover time for tritiated water in the tissues of aquatic organisms is very rapid.

- Clams, pike and bullheads take in tritium through exchange with water and also
through ingestion.
- All water layers are taken into account in calculating concentrations in pike, which

migrate throughout the lake.

VNIIEF Model

- Bullhead is a bottom fish so that only deep water is taken into account in calculating
concentrations.
- Clams live at the lake bottom but take up detritus formed in all water layers.

The parameter values used in the calculations and further assumptions are based on the work
of Murphy (1993) and Diabate and Strack (1993).

Model Description:

The table below provides a short description of the model. k is the isotopic discrimination
factor in OBT formation.

Tritium source
Compartment ) OBT Comment
Bladderwort and Surface water Surface water
hornwort (k=0.8)
Sediment and HTO concentration is calculated from
= | Above water | A" anvc\j/astic:lment surfacewater | Crro = 0-79C; +0.25C iient
(] - -
Lﬁj (k=0.8) Cair - O'9Csurf
Below water | Sediment water Sed(llr(n Eng \éxgater
Algae are assumed to access all water layers, which
Algae Lake water (:za:kg \éva(;egr) hng e(l)n 5e{féactlve io(r;centra)tlon of
= Y\ surf deep
Head Essentially lake Lake water Concentration in lake water is calculated as
water (k =0.1-0.5) 1 ( )
o L ake water and Lake water N Z 0.5Csurf +Coeep ) Where the
= Flesh water in diet (k=0.1-0.5) and i
diet (k = 0.5). summation is over sample points.
Internal - . _ OBT concentration in the diet is equal to the
organs Water in diet Diet (k=0.5) concentration in lake water.
Head Essentially lake Lake water Concentration in lake water is calculated as
water (k=0.1-0.5) 1 C
3 Lake water = N Z deep
2| Flesh st‘;ig’rv?;eglaert‘d (k = 0.1-0.5) and i
o diet (k = 0.5). OBT concentration in the diet is equal to
i concentration in lake water.
Internal Essen_tlall_y water Diet (k = 0.5)
organs in diet
Concentration in lake water and diet are calculated as
1
; Deep water Cowater = Z Csediment -
Clams Sgcei:emw;tzr:d (k=0.1-0.5) and N i
P diet (k = 0.5) 11
Cdiet = W zg (Csurf + Cdeep + Csediment)
1
Sedi - Surface water in | The detritus that makes up sediments is considered to
ediment May form in May in surface water.
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EDF Model

The EDF model for aquatic contamination is a dynamic model that computes concentrations
of HTO and OBT in phytoplankton and fish. Although freshwater macrophytes, molluscs and
sediment are not included in the EDF model, concentrations were calculated for all the
compartments covered in the Perch Lake scenario.

(1) Concentrations in aquatic plants

The general assumption is that HTO in plants is equal to HTO in the surrounding
environment.

For algae, the water concentration to consider is the offshore surface concentration. OBT
concentrations were calculated on the assumption that the OBT/HTO ratio is equal to 0.6 in
aquatic plants (Kirchmann et al. 1979).

For worts, the water concentration to consider is the near-shore surface concentration. But
these data are not available. The July measurements indicate that the ratio “near-shore surface
water/offshore surface water” was equal to 0.8. Using this ratio, the near-shore surface water
in May was estimated from the offshore surface water in May. OBT was calculated on the
assumption that the OBT/HTO ratio equals 0.6 in aquatic plants.

For cattails, the HTO concentration in the below-water parts was assumed to be identical to
the concentration in worts. In contrast, the OBT concentration in the below-water parts was
assumed to be in isotopic equilibrium with shore sediment water and surface water. The
shore sediment water concentrations for a given site were estimated from the measurements
made at that site in July and October. HTO concentration in the above-water parts of cattails
was assumed to equal the average of the HTO concentrations in air and shore surface water,
the latter being calculated in the same way as for worts. Half of the OBT in the above-water
parts was assumed to come from the below-water parts with the other half being in isotopic
equilibrium with HTO in the above-water parts. None of the OBT calculations for cattails
took into account the OBT/HTO ratio of 0.6.

(i1) Concentrations in animals

HTO in clams was considered to be in isotopic equilibrium with HTO in sediment water,
calculated as the average of the near-shore and offshore sediment concentrations at the three
sampling sites. The OBT/HTO ratio was set to 0.45 (Kirchmann et al. 1979).

HTO in both bullheads and pike was assumed to be in isotopic equilibrium with the offshore
surface water, calculated as the average over the three sampling sites. OBT in fish was
assumed to be controlled by the tritium transfer rate between food and fish and by the specific
food intake rate (10 day™). Moreover, the concentration in food was a function of the
concentration in water. Thus, the EDF model is based on a transfer rate from water to fish
that is consistent with an apparent OBT/HTO ratio of 0.45 (Kirchmann et al. 1979). To
account for the size difference between bullheads and pike, pike were assumed to be older and
to have grown in water with an HTO concentration of 6000 Bg/L in previous years.

(i) Concentrations in sediment

OBT in sediment has a very slow turnover rate and is a function of OBT in aquatic biota and
OBT in terrestrial organic matter that finds its way into the lake. Since concentrations from
previous years either in the terrestrial or aquatic environment were not available, the
following assumptions were made:
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- The spatial distribution of sediment OBT is similar to the spatial distribution of lake
HTO. Thus concentrations at S2 exceed those at S1, which exceed those at S3.

- OBT concentrations in aquatic biota in previous years could be as high as the upper
limit of the 95% confidence interval for water concentration in 2002 (see section “iv’).
This value was assigned to the sediment OBT concentration at S2.

- Afraction of the sediment OBT comes from lake plants and animals growing in 2002.
This value was assigned to S1.

- The lowest OBT concentration, the value assigned to S3, was derived by assuming
that the sediment is in isotopic equilibrium with organic matter resulting from the
decomposition of terrestrial vegetation that finds its way into the lake. The
concentration in terrestrial vegetation was calculated from the air concentration near
S3 and an OBT/HTO ratio of 0.6.

Hence, the differences in sediment OBT concentrations among sampling sites do not depict
actual spatial variations but represent different origins of sediment OBT more or less
randomly assigned to each sampling site.

(iv) 95% confidence intervals

The largest source of uncertainty was the heterogeneity in water concentrations. The 95%
confidence interval of a lognormal distribution fitted to the observed water concentrations had
upper and lower limits of 1850 and 8745 Bg/L. This interval was used as the uncertainty in
the HTO concentrations in all plants and animals with the exception of the above-water parts
of cattails, for which the lower limit became the observed atmospheric HTO concentration.

For OBT, a second source of uncertainty is the OBT/HTO ratio, which could vary between
0.4 and 0.9 for plants and between 0.1 and 0.9 for animals. The lower limit of the OBT
confidence interval was found by multiplying the lower limit of the confidence interval for
water concentrations by the lower value of the OBT/HTO ratio. A similar procedure was used
to estimate the upper limit. This is not, in its strictest sense, a 95% confidence interval.

For sediment, the uncertainty range represents the absolute maximum and minimum values
corresponding to the different OBT origins: OBT from ‘old organic matter’ in S2, OBT from
aquatic biota growing in 2002 in S1, and OBT from terrestrial organic matter in S3.
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SRA Model

The calculations for the Perch Lake scenario are based on the assumptions that the tritium flux
into the lake is stationary and that the free-water tritium (FWT) and OBT in the plants and
animals are in equilibrium with an effective HTO concentration Ces;, defined as the average
HTO concentration in the lake water or the atmospheric water vapor to which a fish or plant is
exposed over its growing period. Ces depends on location and time and, for fish, on the time
spent under given living circumstances. At equilibrium, the FWT concentration in a living
organism (Crw) is equal to Cess:

Cry =Ce = zFi xC;

where Fi = fractional contribution to the effective tritium concentration from the ith
HTO
source, and
C; = tritium concentration at equilibrium in the ith HTO source.

The OBT concentration is given by
Cos = FCxC,,

where FC is a discrimination factor for tritium in organic material. In the absence of
experimental data for the organisms considered in the Perch Lake scenario, published values
of FC for other animals or plants grown in aquaria or pools were used. The values of F; and
FC used in the calculations are shown in Table 1.

The determining factors for the FWT and OBT levels in algae and worts were assumed to be
the near-shore lake water tritium concentration at the sampling time and the tritium
discrimination factor in photosynthesis. The HTO concentration in below-water cattails was
assumed to be controlled by the near-shore sediment concentrations. For the above-water
parts of cattails, the tritium concentration in atmospheric water vapor also played a role. The
fractional contribution of the atmospheric HTO was assumed to be 0.3 but was neglected in
the present calculation. Thus, the FWT concentration in the above-water cattails was set equal
to 0.7 times the near-shore sediment concentration. Since information on the near-shore
sediment water concentration was not available for May, the data for July were used instead.

For each animal species, an effective lake water concentration was estimated from the average
tritium concentration in the different parts of the lake weighted by the time the animals spent
in each part. For bullheads, lake water and sediment water were assumed to contribute
equally to the body FWT, since the fish spends its time near the sediment/water interface. For
pike and clams, the lake-averaged HTO concentration was taken as the effective HTO
concentration. The tritium discrimination factor FC for OBT was obtained in analogy with
published values for other species.

Sediment OBT concentrations at Site S3 were assumed to be equal to 0.63 times the HTO
concentration in the near-shore sediment water.

It was rather difficult to determine the confidence level for the model predictions since there
are so many sources of uncertainty. The uncertainty estimates reflect solely the standard
deviation of the effective tritium concentration estimated for individual samples, based on the
observed variation of tritium levels in the lake or sediment water.
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Table 1. Factors determining tritium concentrations in the endpoints of the Perch

Lake scenario

Endpoint Tritium source Fractional Averaging time OBT specific
contribution to activity relative to
effective tritium effective tritium
concentration (F) concentration (FC)
Algae Near-shore surface water 1.0 Sampling period 0.7
Wort Near-shore surface water 1.0 Sampling period 0.7
Cattail above Near-shore sediment 0.7 Sampling period 0.5
water water 0.3
Atmosphere
Cattail below water|Near-shore sediment 1.0 Sampling period 05
water
Clam Lake averaged” 1.0 Sampling period 0.5
Bullhead Lake averaged” 05 Sampling period | 0.64 (head), 0.70
Offshore sediment water 05 (flesh), 0.66(organs)
Pike Lake averaged” 1.0 Sampling period | 0.64 (head), 0.70
(flesh), 0.66(organs)
Sediment Near-shore sediment 10 Year 0.63

water

“ The lake-average HTO concentration was assumed to be given by the average HTO concentration of the deep
and surface waters at Sites S1 and S3 and the sediment water at Site S3.
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BioM Model

The aim of the BioM model is to improve the estimation of long-term tritium doses by re-
evaluating the way in which OBT is treated. The model calculates the concentration of buried
tritium rather than the tritium traditionally considered to be organically bound. Buried tritium
is tritium in exchangeable positions in large molecules that becomes hidden from the effects
of washing when the free water of the sample is extracted by freeze-drying or azeotropic
distillation. This tritium appears as part of the experimental yield when the sample undergoes
a traditional analysis for OBT, but is converted to HTO as soon as it is ingested and so does
not contribute to the OBT dose. Improved understanding of the amount of buried tritium that
forms in plant and animal species will lead to improved dose estimates from OBT.

HTO Concentrations: The HTO concentration in each scenario endpoint was assumed to
equal the HTO concentration in the air, water or sediment compartment to which the plant or
animal was exposed (Table 1). Bullheads and pike were assumed to move everywhere in the
lake.

Table 1. Compartments to which a given endpoint is exposed

Endpoint Compartment
Algae Local offshore surface water
Worts Arithmetic mean of local offshore sediment and surface water
Submerged cattails Local sediment water

Emergent cattails  Local sediment water multiplied by 1.1 to account for the difference in
vapour pressure between HTO and water vapour

Clams Arithmetic mean of S1 and S2 offshore sediment water
Bullheads and Offshore surface and sediment water averaged over the 3 sampling sites
pike

OBT Concentrations: The experimental basis of the BioM model is the observation that
freeze-drying or azeotropic distillation of a sample to extract the free water results in a large
part of the exchangeable tritium becoming non-exchangeable in OBT analysis (Baumgartner
and Donhaerl 2004). The tritium is “buried” inside the biopolymers or in shell water that is
separated from bulk water (Falk et al. 1970). Shell water does not freeze at temperatures of
dry ice or liquid nitrogen. Accordingly, the BioM model assumes that OBT measured using
traditional methods consists of three components:

CoeT = CcaT+ CosTex + CsaT, (1)

where Ccgr is carbon bound tritium, Cogrex IS tritium that is nominally exchangeable but
buried by freeze drying or azeotropic distillation, and Csgr is tritium buried in water
molecules of the solvation shells. Ccgt is formed by photosynthetic and enzymatic pathways
and is the quantity that determines the long-term radiation dose from tritium. According to
Eq. (1), Ccet ~ (CosT — CosTex), and Ccpt can be determined from analytical measurements of
Cogrt if CopTex Can be estimated. The BioM model provides a way to calculate Cogrex.

The starting point of the calculation is the HTO concentration in the tissues (Cnto, Bg/L) and

the proportion of carbohydrates, proteins and DNA in the tissues (Baumgartner 2005). Then
the concentration of buried tritium (Cogrex, BQ/L) is given by
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CogTex = O Chro (18/2) [Z ChHe W (2)

where a is the T/H fractionation factor of tritium between water and exchangeable hydrogen
positions,
Cy is the hydrogen content (fraction),
Hex is the fraction of exchangeable hydrogens, and
Weq is the water equivalent.

The summation in Eq. (2) is over carbohydrates, proteins and nucleotides. The product Cy X
Hex has a value of 0.019, 0.017 and 0.0057 for carbohydrates (Di Bari et al. 2003), proteins
(Klapper 1977) and nucleotides (Baumgértner 2005), respectively. The model does not take
into account tritium that accumulates in the hydration shells, which remains with the organic
matter following freeze drying, so that the predictions may underestimate Cogrex
concentrations by 20 to 40%.

The value of the tritium fractionation factor is uncertain. o ~ 1.4 is valid for 1-step exchange
reactions and o ~ 1.4° ~ 2 for 2-step reactions. DNA shows both values. o ~ 1.4 is found in
the first DNA-hydration shell and a ~ 2 in the base pairing H-positions inside DNA
(Baumgartner and Kim, 2000). Since the dominant type of H/T exchange reaction for aquatic
systems is unknown, both values were used in the calculations. For simplicity, all plants were
assumed to be made up of carbohydrates only and all animals of proteins only.

The 95% confidence intervals were calculated with 1 degree of freedom by the t-distribution
assuming 2% standard deviation of the mean (7% in the case of clams and cattails because
they are supplied with HTO from the sediments).

Costex Makes up a substantial proportion of Cogr. Furthermore, the amount of tritium
unaccounted for in the solvation shells (0.25 to 0.759 gr20/Qprotein (Saenger 1987) and up to
0.39H20/0starch (Di Bari et al. 2003)) and the large primary Kinetic isotope effects in enzyme-
catalyzed reactions (Cleland and O’Leary 1977) suggest strongly that Ccgr < 0.1 Copr if
freeze drying or azeotropic distillation is used to extract the free water from the sample prior
to analysing for OBT.
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IFIN Model

Plants

Based on experimental evidence, HTO concentrations in plants are in equilibrium with local
HTO concentrations in water. For the emergent parts of cattails, the role of transpiration and
exchange with atmospheric water is also considered. An average HTO concentration for each
plant type was determined by averaging over the water column and over the three sampling
sites. The concentrations in bottom water given in the scenario description were
supplemented with data from Cornett et al. (1989). For worts and below-water cattails, the
data used in the average were the near-shore concentrations measured in July. These were
averaged with the August air concentrations to give an HTO concentration in above-water
cattails. The concentration in algae was estimated from the average water concentration at the
site where the algae were collected.

OBT in aquatic plants is produced as in terrestrial plants but at a slower rate, which implies
that OBT concentrations should be based on average HTO levels in water for the month or so
before sampling. In the absence of this information, the OBT concentrations in worts and
cattails were found by multiplying the plant HTO concentrations for May by 0.8. OBT
concentrations in algae (Copnpi, Ba/kg fw) were calculated using a model for tritium dynamics
in the aquatic environment (Galeriu et al. 2005):

dCo,phpl
T=0_4 u Dryf C, —u C, @

where p and Dryf are respectively the growth rate (per day) and dry mass fraction of the algae
and Cy is the HTO concentration in water (Bg/L). The growth rate is given by (Ray, 2001)

f4 = 0.75*(3-0.3*log(V,)) @)

where V, is the cell volume, which can range from 10 and 10" um?®. Assuming the algae
belong to a typical class of the phylum Chlorophyta, Eq. (2) gives a growth rate of 1.8 d™* in
full light. A growth rate near 0.5 d™* is assessed for the conditions of the scenario. With this
value, and an assumed water equivalent factor of 0.6, the OBT concentration in the algae was
found as the steady-state solution to Eq. (1).

Animals

Based on experimental evidence, HTO concentrations in animals are in equilibrium with local
HTO concentrations in water. A nominal value for the water concentrations to which clams
and bullheads were exposed was deduced from an overall assessment of the bottom water and
sediment concentrations over time throughout the lake. The HTO concentration in clams and
bullheads was assumed equal to this water concentration, with some seasonal variation
introduced in the case of bullheads. Similarly, HTO concentrations in pike were set equal to
the water concentrations averaged over the water column and over the three sampling sites for
each sampling time.

OBT concentrations in aquatic producers (CogT, Bg/kg fresh weight) are given by

dCogt

it =aK,Ct+bKyCu(t)- KosCosr 3
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where a is the assimilation factor for OBT from food,
b is the water to OBT transfer factor,
K1 is the food uptake rate (kg kg™ d™),
K. is the water uptake rate (m* kg™ d),
Kos is the OBT elimination rate (d™),
Cs is the OBT concentration in food of zooplankton (Bg/kg fresh weight), and
Cuw is the HTO concentration in water (Bg/m®).

The constants a and b in Eq. (3) were established using measured specific activity ratios of

OBT in the organism of interest and OBT in food or HTO in water (Table 1). Elimination
rates were assessed from experimental metabolic data.

Table 1. Specific Activity Ratios (SAR) for different organisms

SAR (HTO source) SAR (OBT source)
Zooplankton 0.4 0.6
Molluscs 0.2 0.8
Crustaceans 0.2 0.8
Planktivorous fish 0.2 0.8
Piscivorous fish 0.2 0.8
Terrestrial mammals 0.25 0.75

Clams are filter feeders, eating phytoplankton and zooplankton but also retaining detritus.
OBT in clams is due to OBT in the food they eat but also due to conversion of HTO. Both
types of plankton have low OBT halftimes (less than 6 days) so OBT in the food will closely
follow the dynamics of HTO in water, but with less variability. The OBT loss rate of clams is
in the range of 40-100 days and will reduce the dynamics of OBT in clams. The uncertainty
in the predicted OBT concentrations in clams is large because critical information on OBT
concentrations is missing.

Bullheads are benthic fish eating mostly zoobenthos, zooplankton, invertebrates and detritus,
as well as fish and plants. The exact diet depends on the age of the fish and their
environmental conditions. They are abundant in areas with submerged plants. Bullheads
have a variable metabolic rate, especially near a mass of 100 g. For the May harvest, when
the bullheads had an average mass of 40 g, the OBT half time was estimated to be 20-40 days.
In September, when the average mass was 70 g, this increased to 25-50 days. Estimates of
OBT concentrations in bullheads are difficult to make because the information needed to
assess OBT in sediments is missing. OBT concentrations in viscera may be slightly higher
than in flesh but some of the key data needed to make a quantitative assessment were not
available.

Pike are pelagic fish that eat other fish. OBT concentrations in viscera may be higher than in
flesh.

Sediments: A series of papers by Hakanson and Bullion (2002) on biomass, turnover times
and biomass loss rates in freshwater systems suggests that most OBT in sediments comes
from benthic algae and macrophytes, and is sensitive to concentrations in bottom water. This
information was used to develop nominal estimates of OBT concentrations in sediments.

Uncertainty: The key information required to estimate the various endpoints is the HTO
water concentration for each sampling time, site and organism. The scenario does not offer
enough detail of this kind and this is the main source of uncertainty. An additional difficulty
in assessing the confidence interval on OBT concentrations is the fact that the rate at which
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tritium enters the lake as OBT is not known. The estimated confidence intervals are based on
judgment.
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Japanet Model

Japanet is composed of the following individuals:
Kiriko Miyamoto, Yoshikazu Inoue, Hiroshi Takeda, Kazuhide Yamamoto (NIRS)
Michiko Ichimasa & Yusuke Ichimasa (Ibaraki University)
Noriyuki Momoshima (Kumamoto University)
Hiroshi Satake (Toyama University)
Masahiro Saito ( Kyoto University)

Assumptions:
1. No special numerical models or transfer parameters for tritium uptake by plants or animals

were used in the calculations.
2. The HTO concentration in lake water is not homogeneous and varies with location and
season.
The concentrations in plants and animals will also vary with time and space.
3. The tissue free water tritium (TFWT) in plants and clams is equal to the HTO concentration
in lake water taken at the time and place the samples were collected.
4. The TFWT of fish is equal to the HTO in lake water averaged over the whole lake in all
seasons.
5. The non-exchangeable OBT concentration (nOBT) of every plant and animal is 80% of its
TFWT concentration.
6. There is no difference in the nOBT concentration in different parts of the fish.
7. The nOBT of the sediments is the mean value of the nOBT of plants and animals.
8. The “95% confidence interval” for a given endpoint is assumed to be £20% of the HTO
concentration in lake water used to predict that endpoint.
9. Perch Lake is a well-mixed aquatic environment in which the nOBT of living species has
reached steady-state.
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GE Healthcare Model

Basic assumptions

The model is based on 1 kg of fish, as this quantity can be easily amplified to the amount
needed for consumption of fish within the critical group. The fish has been divided into two
compartments, a fish fast compartment and a fish slow compartment (Figure 1). The fish fast
compartment represents the tissue free water inside the fish, whilst the fish slow compartment
represents the organic matter of the cells. It is assumed that these two compartments are in
equilibrium within the fish. Transfer from the fish fast compartment to the fish slow
compartment is anabolism, a constructive metabolic process that synthesizes more complex
molecules. Transfer from the fish slow compartment to the fish fast compartment is
catabolism, degredative chemical reactions in cells that convert polymer metabolites via
monomers. The model is time-dependent and was developed for a marine environment, and
had to be modified to treat the Perch Lake scenario, which involves a freshwater ecosystem.
Since the model is geared to predicting concentrations in fish rather than aquatic plants, no
calculations were carried out for worts or cattails.

Water compartment Ay Metabolism Farticulate organic

containing dissolved ~ Ly matter (e.g. algae)
radionuclides - )
A - Catabolism

M g Ingestion dissolved

radionuclides 5 Excretion A 4 Ingestion
liguid particulates

A 5 Excretion

particulates
Fish Fast

A g Metabolism _
A 7 Catabolism

Fish Slow

Figure 1 Dynamic Fish Conceptual Model

Concentration of tritium in water: There was no information in the scenario description on
the flux of tritium into or out of the lake, which is the starting point of the GE model.
Therefore the model was run with nominal concentrations in one inlet and one outlet and the
results were tuned so that modeled concentration in the water column matched the measured
concentration as given in the scenario.

Algae: No information was given in the scenario on algal growth rate or turnover rate. Algae
were therefore taken to be broadly similar to bacterial particulate organic matter in the GE
model, as some green algae are unicellular and reproduce asexually by fission (splitting) or
fragmentation. Thus algal growth rate and transfer between the algae and the water column
was based on rates of metabolism and catabolism for particulate matter in the GE model,
which, in turn, is based on bacterial physiology.
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Fish and Clams

Clams were taken to be similar to mussels in the GE model, ingesting water and algae
(particulate organic matter). Bullheads and pike were taken to be similar to flounder in the
GE model.

Ingestion: It is assumed that the hydrogen and carbon content in 1kg of fish is the same as the
hydrogen and carbon content in the material that 1kg of fish ingests. It has been found that
1kg of fish is made up of 30% carbon, 47% hydrogen and 23% oxygen. Fish (and mussels)
were taken to consume 1% of their body weight per day (Craig and Helfrich 2002). Therefore
it was assumed that 1 kg of fish consume 3.65 kg H per year. The ratio of flux/inventory of
the donor compartment for tritium was assumed to be the same as for hydrogen.

Tritium has two other routes of ingestion into the fish, as tritiated water from the water
compartment that the fish inhabits and as particulate OBT associated with the suspended
material in the water compartment. Of the tritium ingested, 20% is ingested via inspiration (as
dissolved tritium) and 80% via diet (as particulate tritium) (Rogers 1996; McCubin and
Leonard 2001).

Excretion: All the tritium taken up into the fish is released back into the water from the fish
fast compartment via excretion, expiration and death. Excretion is divided into what is
excreted in particulate form as faeces and that excreted via expiration. It was assumed that of
the hydrogen excreted, 90% is in dissolved form and 10% is particulate matter (Arapis 1987;
CEFAS Report).

Metabolism rate: Using a cautious approach, it is assumed that 3% of the intake of tritium
into the fast compartment (from both the water compartment and particulate suspended
material compartment) is incorporated into the organic constituents of the fish in the slow
compartment due to growth (Hamby and Palmer 2001; Craig and Helfrich 2003).

Catabolism rate: A constant net transfer rate was assumed; therefore there were no transfer
losses from one compartment to the next. All that enters the fast compartment is lost at the
same rate because the fish is in dynamic equilibrium.
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LIETDOS_W MODEL

The LIETDOS_W model was developed to predict levels of radioactivity in water
sediment, fish and aquatic plants in lake ecosystems. LIETDOS_W is a dynamic linear
compartment model that is described by first order differential equations with constant or
time-dependent coefficients. This model has been developed at the Institute of Physics
(Lithuania) and used to evaluate the contamination in the Ignalina NPP cooling pond
(Druksiai Lake). In the case of the Perch Lake scenario, an additional submodel was
developed for predicting non-exchangeable OBT concentrations. The parameters
associated with this new submodel are presented in Table 1.

Table 1. Submodel parameter values

HT Oendpoint/ HT Owater OBT/HTO
Endpoint Mean Range Mean Range References
value value
Worts 0.9 0.8-1.0 0.75 0.4-1.0 1,2
Cattail above water 0.75 0.6-0.9 0.66 - 1,2
Cattail below water 0.9 0.8-1.0 0.82 0.5-1.0 1,2
Clam 0.9 0.8-1.0 0.38 0.15-0.6 1,2
Bullhead 0.9 0.8-1.0 0.38 0.15-0.6 1,2
Pike 0.9 0.8-1.0 0.38 0.15-0.6 1,2

The prediction of HTO and OBT concentrations in cattails, bladderworts and hornworts was
based on measured HTO offshore surface water concentrations at sampling sites S1, S2 and
S3in May. HTO concentrations in all aquatic plants and animals were assumed to be equal to
or slightly less than the corresponding water concentration [1]. The OBT/HTO ratio varied
between 0.66 and 0.82 for worts and cattails and was 0.38 in the case of fish and clams [1, 2].
The modeling of algae and sediments was beyond the capability of the model.

The standard deviation of HTO concentration in lake water was calculated according the data
given in the scenario description. In the case of other endpoints, the standard deviation was
evaluated according to the data presented in Table 1. The 95% confidence intervals were
calculated using lognormal distributions by means of Crystal Ball software.
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