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PARAMÈTRES DE TRANSFERT POUR LE REJET COURANT DE HTO
EN PRENANT EN CONSIDÉRATION LE TLO

par
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La connaissance des paramètres de transfert du tritium est une condition
clé pour évaluer la dose au public ou pour établir les Limites de rejet
dérivées (LRD) appropriées à un réacteur à eau lourde. Dans le présent
rapport, on révise les paramètres de transfert servant à évaluer les doses
de tritium reçues par la voie de transfert par ingestion. Premièrement, on
révise la procédure d'évaluation de la LRD du tritium de la norme cana-
dienne ACNOR CAN-N288.1 pour éclaircir une certaine méprise au sujet de la
dérivation des paramètres de transfert de l'air au fourrage et aux aliments
pour animaux. Deuxièmement, on redérive les paramètres de transfert en
appliquant les conditions de plein équilibre aux équations dynamiques
décrivant le transfert de l'eau tritiée aux aliments. Les nouveaux para-
mètres de transfert de l'eau tritiée aux aliments sont plus particuliers
aux plantes et sites que les paramètres de transfert génériques. L'amélio-
ration la plus importante est l'introduction de la production du tritium
lié organiquement (TLO) dans les plantes ou les aliments pour animaux. On
introduit les paramètres de transfert de l'ensemble comprenant le TLO ainsi
que le HTO. Sur la base d'un régime alimentaire normal canadien, l'augmen-
tation de la dose, en prenant en considération le TLO, est presque 50%. On
examine des résultats expérimentaux récents obtenus dans des conditions
d'équilibre et on démontre la convenance des paramètres de transfert révi-
sés à des fins d'évaluation.

'Attaché au service de Recherche sur l'environnement
Laboratoires de Chàlk River

Chalk River (Ontario) KOJ 1J0

1994 juin
AECL-11052
COG-94-76



AECL Research

TRANSFER PARAMETERS FOR ROUTINE RELEASE OF HTO
CONSIDERATION OF OBT

by

D. Galeriu*
IAEA Fellow, Romania

ABSTRACT

Knowledge of the transfer parameters for tritium is a key requirement to
assess the public dose or to establish Derived Release Limits (DRL)
appropriate for a heavy-water reactor. This report revises the transfer
parameters used to assess tritium doses via the ingestion pathway. First, the
procedure used in Canadian standard CSA-N288.1 to assess the DRL for tritium
is revised, clearing up some misunderstandings about the derivation of
transfer parameters from air to forage and animal products. Second, we
rederive the transfer parameters, applying conditions of full equilibrium to
dynamic equations that describe the transfer of tritiated water in food. The
new transfer parameters for tritiaced water in food are more plant- and site-
specific than the generic transfer parameters. The most important improvement
is the introduction of organically bound tritium (OBT) production in plants or
animal products. Bulk transfer parameters are introduced, which include OBT
as well as HTO. Based on a standard Canadian diet, the dose increase
considering OBT is almost 50%. Recent experimental data obtained under
equilibrium conditions are discussed, and the appropriateness of the revised
transfer parameters for assessment purposes is demonstrated.
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1. INTRODUCTION

The dispersive behaviour of tritiated vater vapour (HTO) and radioactive
carbon is well established from past experience at nuclear generating stations
(NGS's) that use heavy-water reactors. At many NGS sites, HTO and radioactive
carbon are the main contributors to public dose, and often ingestion is a
potential dose pathway. When experimental data are not available in
sufficient quantity to deduce the public dose, or when, for licensing
purposes, we must establish derived release limits (DRL), a model is
necessary. The Canadian Standards Association (CSA) Standard, CAN/CSA-N288.1-
M87, provides guidance for modelling the environmental transport of
radionuclides for routine releases. Since this standard will soon be revised,
we propose some improvements to it.

This report focusses on a better use of the specific-activity model for HTO,
the introduction of transfer parameters for organically bound tritium (OBT),
and the derivation of the above parameters under conditions of full
equilibrium at plant maturity, as required for assessing DRLs. We will refer
only to ingestion pathways, where improvements are needed. We assume that the
reader is familiar with CAN/CSA-N288.1, and will not explain any terms or
notation used in common with that standard.

2. THE CSA APPROACH TO HTO - THE SPECIFIC-ACTIVITY MODEL

Hydrogen and carbon are major constituents of the ecological cycle and are
present in all organisms. It is commonly assumed that if equilibrium is
attained, the activity of tritium (or radiocarbon) per unit mass of hydrogen
(carbon) in organisms is the same as that in air. Tritium enters into
organisms as tritiated water (tissue-free water tritium (TFWT)), but can be
metabolized to organic molecules, taking a hydrogen position. If it is
attached to atoms of oxygen, nitrogen or sulfur, the bond is not strong and
can be exchanged with a hydrogen atom (exchangeable tritium). But if tritium
is incorporated into stable bonds with carbon atoms (via metabolic processes
or photosynthesis), it can rarely be exchanged again (OBT). In humans, the
turnover rate of tritiated water is of the order of 0.1 d"1, but in plants it
can be as high as 0.5 h"1. In organic compounds, both tritium and radiocarbon
have a much longer turnover time of up to hundreds of days, depending on the
organ and tissues.

In assessing the concentration of tritium in various compartments of an
ecosystem in equilibrium conditions, the specific activity model is used
(Evans, 1969). The specific activity is defined as the ratio of the tritium
activity in the ecosystem compartment to the mass of hydrogen in the
compartment. This is equivalent to the ratio between the tritium
concentration (per unit mass) and the hydrogen content (per unit mass). The
model assumes that the specific activity is the same in all compartments at
equilibrium. If we consider the atmosphere as the primary source of
contamination, the concentration in a plant tissue Cp (Bq/kg), with a hydrogen
content by weight, FHp, can be also related to the volumetric tritium
concentration in air, Ca (Bq/m3), and the hydrogen content of unit air volume,
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CP = (FHP/FH) Ca (1)

The water mass in a unit air volume is given by the absolute humidity, Ha
(kg/m3), while the hydrogen content of a unit mass of water is 0.111
(H2:H20=2/(2+16)). So FH=0.111 Ha, Equation (1) can be rewritten as:

Cp = [FHp/(0.111 Ha] Ca ( la)

The term in square brackets is simply the transfer parameter between the
atmosphere and plant tissue (denoted P14 in the CSA-N288.1 notation). We must
insist on an implicit assumption in the specific-activity model: there is an
equilibrium between all compartments of the ecosystem, and the specific
activity is the same in air, vegetation and soil. This is sometimes ignored
in applying Equation (1). Also, there is no distinction between forms of
tritium-(free or bound) in different compartments, while usually in air we
have only tritiated water.

In CSA-N288.1, the transfer parameter of HTO from air to vegetation, P14
(Equation 5.8 in CSA-N288.1), is defined as:

Pi4 = Cp/Ca = fv/Ha (m3/kg) (2)

where fv is defined as the ratio of the specific activity of tritium in the
plant water to that in the air moisture. Restricting formula (2) only to
vegetation water, we contradict the specific-activity model, where all
hydrogen atoms are counted. Later, the CSA analysis uses some experimental
data on fv in the range 0.17-0.5, the range of atmospheric humidity of 0.002
kg/m3 (winter) to 0.02 kg/m3 (summer), to assess a generic parameter value
P14=50 m

3/kg for all human and forage crops. The range of fv used by the CSA
is based on old references, where equilibrium was not attained. More
recently, Murphy (1984) showed that the ratio of specific activity in plant
water and air moisture is very close to the ratio in equilibrium conditions.

We expect that the generic P14 value is not conservative enough. To
demonstrate this, we can use the relation (la) and the hydrogen content of
green vegetables, fruits and root vegetables, which is very close to 0.11
(Nair, 1984). For a mean summertime humidity of 0.013 kg/m3, we obtain a
transfer parameter of 77 (m3/kg), larger than the default value 50 in the CSA
manual. For cereals, the hydrogen content is only 0.064 and the transfer
parameter is 44 (m3/kg). The average is close to the default CSA value, but
when applying (1) and (2), we must consider that HTO enters into the plant
system by diffusion through the stomata from the air, or through the root
system from the soil, in the process of transpiration. Transpiration and the
opening of the stomata are dependent on incoming solar radiation, and are
active only in daylight, so we are interested in the mean air concentration in
daylight and only for the plant vegetation period, not the annual mean, as is
used by the CSA. The air concentration at the site of food production is
determined by the atmospheric dispersion conditions between the plant stack
and receptor location, and the summer-day value will differ from the annual
average (there are more unstable situations in the summer). The net
difference between the annual and seasonal mean air concentration will depend
on local conditions, and can be moderate, as it is for the Chalk River
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Laboratories site (less than 50£ difference), but it can be higher, and it is
useful to determine it at each site.

CSA-N288.1 offers some surprises in the animal product pathway. The transfer
from air-forage-animal products is given by the product of parameters P14 and
P45, the latter being the transfer from forage to milk or meat (again only for
HTO). The CSA specifies that for forage, P14 refers to dry matter (see CSA-
N288.1, Table A2), and in deriving the parameter P45=kw Qf F, the animal feed
consumption, Q, refers to kilograms dry matter per day (see CSA-N288.1,
footnotes to Equation 5.13). F is the literature value for the transfer of
ingested HTO into milk or meat and is equal to the fraction of daily ingested
activity retained in each kg (L) of animal produce. The non-grazing factor is
1^=1 for tritium. The CSA recommendation to use dry matter introduces a
contradiction: although HTO is not present in dry matter, the transfer factor
refers only to HTO. In this approach, the tritiated water content of forage
is missing. For pasture, the water content is 80% and the bulk of tritium
ingested by cows, in the form of HTO in plant water, is ignored. More
specifically, the mean value of the dry matter fraction of grass is 0.17
(Nair, 1984; International Atomic Energy Agency (IAEA), 1993), and for 10 kg
of dry matter we have 59 kg of fresh grass and 49 kg of tritiated water, which
are not included in the calculation. In CSA-N288.1, there is no detailed
animal diet, but for at least half of the year a cow can be fed with fresh
forage, so we have a gross underestimation of the activity intake if we
consider, ad litteram, the CSA approach.

The correct approach for HTO transfer is to use fresh mass for feed in
parameter P14 and in daily feed intake Q. The dry matter intake is useful
when we must count the caloric content to correlate the animal needs with the
supply. For HTO transfer, the fresh mass is relevant. Now with 60 kg of
fresh grass per day and P14 referring to fresh mass, the parameter P45 must be
increased by six fold for cow milk and beef meat, with respect to the value
given in Table A4 of CSA-N288.1. This will give results in accordance with
the specific-activity model.

The daily food consumption rate recommended by the CSA for cows, expressed in
dry matter equivalent, Q, must be revised. A value of 10 kgdm/d is too low
for a modern cow producing at least 16 L of milk per day. The final value
must correspond with the actual mean milk production per cow, and the energy
requirement in the Canadian climate. To reproduce the actual feeding regime,
it is useful to introduce seasonally varying cow and beef diets, as HTO is
present in many feeds even in winter (silage, for example). Until the final
revision has been made, we recommend using Q=80 kgfw/d (14-16 kgdm/d) for cows
and 50 kgfw/d (12-14 kgdm/d) for beef.

3. A DYNAMIC APPROACH TO EQUILIBRIUM

We will now obtain equations similar to (1) and (2) starting from the dynamic
approach and applied until full equilibrium conditions are established, in
order to check the conservatism in Equation (1) and to prepare for the
introduction of OBT. Experimental work on the interaction of tritiated water
vapour with plants and soil has established that the evolution of HTO
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concentration in plant and soil water are given, approximately, by the
following relationships (Raskob, 1993; Russel and Ogram, 1993; Belot, 1986):

dCpw/dt = veXfP[(Ca-7HslCpw)+(Hsl-Ha)Csw]/M£)W+.. (3)

dCSW(t/dt = vOX(S(Ca-7HssCSW(t)+difterm-percterm (4)

dC s w r/dt = difterm-percterm-transpterm (5)

where Cpw represents the HTO concentration in plant water, Ca the volumetric
air concentration, Csw the mean soil water concentration through the rooting
zone, C s w t the surficial soil water concentration, and C s w r the soil water
concentration at various rooting depths. Ha is the actual atmospheric
humidity, Hsl and Hss the saturation humidity in the leaf and the soil,
respectively, MpM the mass of plant water, 7 = 0.909 the ratio of vapour
pressure of HTO and H20, and vox and v o x s the exchange velocities between the
external atmosphere and the plant and soil. Processes that are not relevant
to the discussion below are not explained. This includes exchange with the
OBT pool (Equation (3)) and terms due to diffusion, percolation of rain water
and plant transpiration in Equations (4) and (5).

We want to obtain the HTO concentration in ecosystem compartments at full
equilibrium, some years after the gridding of the NGS, when plant maturity is
defined. In such a case, terms on the left in Equations (3) to (5) are zero,
and it is assumed that a dynamic equilibrium between soil and air is
established, at least as a mean condition over some time interval of the order
of months. Deposition and remission from soil are then equivalent, and the
first term on the right in Equation (4) vanishes. Also, as the evolution of
the soil concentration is very slow compared with air, a unique mean
concentration for all rooting depths can be assumed. Based on the above
assumptions, Equations (3) to (5) reduce to:

Cpw = [l./(7Hsl)]*[Ca+(Hsl-Ha)Csw] (6)

Csw = Ca/(7HSS) (7)

The next step is to simplify Equations (6) and (7), by assuming equal mean
temperatures for air, soil and plant canopy. This is justified for the
present goal, where we are interested in mean (seasonal and annual) transfer
parameters at equilibrium. Noting that if Hsl = Hss = Hsa (all saturation
humidities are the same for a common temperature) and the relative humidity is
RH = Ha/Hsa, we finally obtain:

Cpw = [Ca/(7Hsa)][l+(l-RH)/7] (8)

Now, knowing the dry matter content of the food type considered, FD, we can
easily obtain the concentration of HTO in food, expressed in fresh mass (C f w):

Cfw = Ca (l-FD)[l+(l-RH)/7]/(7Hsa) (9)

We can also relate the HTO concentration in food to the concentration in air
moisture (C a w), noting that Caw = Ca/Ha:
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Cfw = CawRH(l-FD)[l/7+(l-RH)/7
2] (10)

Equation (8) is not equivalent to the basic specific-activity model (Equations
(1)(2)), because we have considered only the tritiated water and not all
hydrogen atoms. In addition, even if the relative humidity is unity, the
concentration in the water in air is not strictly equal to that in the plant
water, due to the small difference in vapour pressure (7) between HTO and
water. Furthermore, Equation (6) is a more accurate derivation of the well-
established relationship connecting air moisture, soil water and plant water
concentrations (Belot, 1986; Murphy, 1984):

Cpw = RH Cau +(1-RH) Csw (11)

To compare our result with Equation (1) and to derive the corresponding
transfer factor, we rewrite Equation (9) as:

C£w = (l/Ha)Ca(l-FD)RH[l/7+(l-RH)/7
2] (12)

= Cfw/Ca = (l-FD)(RH/Ha)[l/7+(l-RH)/7
2] = (l-FD)Pa (13)

Where, in the last equality, we separate the plant independent factor Pa. For
practical comparison with Equation (2), we select a few generic examples with
mean summer air moisture conditions (Ha = 0.013, RH = 0.7). Table 1 lists the
mean dry matter fraction FD.

Table 1. Transfer Parameter of HTO from Air to Crops and Animal Feed

green vegetable

root vegetable

fruits

cereals

FD

0.075

0.25

0.16

0.88

P14(m3/kg)

72.8

59.0

66.2

9.5

grass

straw

hay

FD

0.17

0.27

0.9

P14(m

65

56

8

3/kg)

.4

.7

.0

Except for cereals and hay, we can conclude that Equation (13) predicts values
that are slightly greater than those given by the default CSA parameter.
Cereals and hay, with a high dry matter content and OBT contributions (see
section 4), illustrate the need to include all hydrogen atoms (not only HTO)
when applying the specific-activity model.

While our expression seems more cumbersome than the CSA's, it offers some
advantages:

A more direct link with the food category (FD).
A clear rule for obtaining the relevant mean value for air concentration
and relative humidity: select from the local (multi-annual)
meteorological file only the period corresponding to daylight hours for
the growing season. A similar rule can be applied to Equation (1).
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A way to distinguish the contribution of HTO, to include OBT, and to
derive the integrated transfer parameter.

4. TRANSFER PARAMETERS FOR OBT

OBT is not included in the specific-activity model considered in CSA-N288.1.
It has become clear that the role of OBT in dose assessment can not be
ignored, as its biological half-life is three to six times longer than for
HTO. If the OBT fraction of ingested food is more than a few percent relative
to HTO, the increase in dose may be of concern. The total risk from tritium,
which is subject to some debate, is strongly dependent on the OBT
contribution. In the following, we will derive preliminary transfer
parameters for OBT in food and animal feed.

In agricultural vegetation, OBT is assimilated by photosynthesis, and the main
source of tritium is the atmosphere. Organic matter is formed by leaves and
the first product, the photosynthate, has a chemical composition that can be
reduced to (CH20)n. After many transformations, the final organic matter in
the edible part of a plant can have a different composition (a mixture of
fats, carbohydrate and proteins), and to simplify the task we will consider
for the first step only the transfer in "photosynthate equivalent".

The basic equation for photosynthesis can be written in simplified form as:

H20 + C02 = CH20 + 02 (14)
18 44 30 32

where we also note the molar masses.

If Pg is the rate of C02 assimilation (expressed as mass of C02 assimilated
per unit time and per unit soil surface), the rate of photosynthate production
is PCH20 = 0.67 Pg, using the stoichiometry from Equation (14). If the plant
species of interest undergoes photorespiration (the so-called C3 species), Pg
is the net assimilation after extraction of photorespiration loss. From the
initial assimilate, a fraction is consumed for respiration (growth respiration
and maintenance respiration), and the net daily assimilate production, Pna,
generally represents 65-80% of the initial assimilate production.

Equation (14) shows that the rate of water assimilation from plant water to
the organic part is:

Pw = 0.41 Pg (15)

and the rate of OBT production (including some exchangeable fraction) is:

W = P« Cpw = 0.41 Pg Cpw = 0.61 PCH2oCpw (16)

From the daily assimilate production, various fractions are distributed for
the growth of roots, shoots (branch, trunk), leaves and fruits (grain), and
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these fractions vary for different plant growth stages. When edible parts are
forming, a fraction f will be distributed daily for their growth. If we make
the simplifying assumption that the losses due to respiration are lumped into
the daily loss (i.e., we ignore the detailed processes of assimilation and
respiration, as we are interested only in the final, harvest value), we can
write the activity of OBT at harvest (per unit soil surface) as:

A 0 B T = 0.61 Cpw J- f Pna(t)dt (17)
te

where the integral extends from the start of edible part growth to harvest
and, as above, we consider a mean concentration of tritium in plant water.
The integral in (17) is clearly the edible yield (kg dry matter per unit
surface of soil), and for a dry matter content FD in the food we finally
obtain the concentration of OBT per fresh mass of food as:

CoBT.f = 0.61 FD Cpw = 0.61 FD [Ca/(7Hsa)][l+(l-RH)/7] (18)

or

C 0 B T # f = 0.61 FD (Ca/Ha)RH[l/7+(l-RH)/7
2] (19)

Comparing this with Equation (14), we see that the transfer parameter for OBT
in food can be simply related to the transfer of tritiated water as:

J?I4,OBT = 0.61[FD/(l-FD)]P14#w (20)

It is naturally supposed that under equilibrium conditions the specific
activity (related to hydrogen mass) in the organic matter must equal the
specific activity in tissue water. This assumption is only true if the final
composition of the organic matter is similar to the original photosynthate,
since we derived Equation (18) starting from photosynthesis, using the
stoichiometric relationship from Equation (14). This is a complex situation
and in practice the final composition will be a mixture of proteins,
carbohydrates and lipids (fats), produced at various stages of plant
metabolism. The loss due to respiration, in the time span between
photosynthate production and harvest, will depend on the fraction of
exchangeable hydrogen in the components of dry matter (see Table 2 (Diabate
and Strack, 1990)).

Table 2. Hydrogen Content

Total hydrogen content Fraction of exchangeable
% weight of dry matter % weight of total H

proteins 6.8 25

carbohydrates* 5.3-6.8 2 0 - 4 2

lipids 1 0 - 1 3 0 - 5

* Depending on the degree of polymerization.
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Our initial photosynthate has a hydrogen content of 6.66Z and will be rapidly
transformed into other dry matter constituents through a long and complex
chain reaction. An abrupt change in specific activity and loss rate
(respiration using more exchangeable H) will occur only after lipid
production, somewhere at the end of the chain reaction. Our simple approach
will be in error only if the lipid content in the final product is high. At
the same time, Equation (20) ignores any fractionation of tritium in the
photosynthetic process. Indeed, due to greater mass, the reactions involving
tritium are slower than those involving protium (1H), and the specific
activity of the final dry matter is only 70-80% of that predicted by Equation
(20) (Kim and Baumgartner, 1993).

5. TRANSFER PARAMETERS FOR ANIMAL PRODUCTS

The same distinction between tissue-free and organically bound tritium must be
introduced in the feed to milk and meat transfer parameters, as animal
metabolism is different for ingested water and organic matter. Some data on
milk and meat activity after ingestion of tritiated water or OBT have been
gathered in Europe. Unfortunately, the number of experimental data is small
and we cannot guarantee that the derived transfer factors are conservative.
Table 3 summarizes the results for cow milk (van den Hoek et al., 1983, 1985).

Table 3. Transfer Factors

Milk Constituent

milk water

lactose

casein

milk fat

in Milk Constituents

HTO Feeding
Transfer Rate A

(d/L)

1.52

0.026

0.009

0.026

OBT Feeding
Transfer Rate B

(d/L)

0.84

0.04

0.18

0.53

The transfer rates are expressed as a percentage of the ingested daily
activity secreted in the constituents of one litre of milk. In case A, only
tritiated water was administered, and in case B only tritiated dry matter
(OBT) was administered. The normal cow diet contains various fractions of dry
matter and water. If Qw is the daily activity ingested from water (as
drinking water, water from respiration or water in feed), and Q 0 B T is the
corresponding activity ingested from dry matter (OBT), we can derive
concentrations for the TFTW and OBT in milk:

Cw = 0.0152 Qw + 0.0084 Q 0 B T (21a)

C 0 B T = 0.00061 Qw + 0.012 Q 0 B T (21b)
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The coefficient for OBT in Equation (21b) was deduced from the dynamics of the
original data and not from Table 3, since equilibrium was not attained for all
milk constituents.

Since the transfer coefficients in Equation (21) differ between the two types
of tritiated feed, it is not possible to express a transfer rate to TFWT or
OBT without knowing the diet components (diet type and OBT/TFWT ratio). For
respiration and drinking water ingestion, ignoring the small amount of OBT
formation does not cause a big error. Starting with the equilibrium values of
TFWT and OBT in feed (see above), the transfer factors for TFWT and OBT in
milk can be assessed for a simple cow diet (Table 4). Instead of expressing
this transfer factor in activity per mass of feed, we use activity in plant
water, which is convenient for a chain calculation.

Table 4. Transfer Factors in Milk (Bq.kg"1

Feed Type

fresh grass

hay

straw

grain

Transfer
TFWT

0.0135

0.0062

0.0125

0.0066

Factors
OBT

0.00178

0.0066

0.0023

0.0063

For meat, from the very few experiments done (van den Hoek et al., 1979;
Kirchmann et al., 1985), over periods that were insufficient to obtain full
equilibrium in all tissues, we can assess preliminary values for TFWT and OBT
transfer factors (Table 5). After HTO ingestion, the transfer factor to the
TFWT of muscle is 0.015 d/kg and the transfer to OBT is insignificant (less
than 0.0003 d/kg). For experiments with OBT ingestion, we have no data on the
dynamics of incorporation, and the derived transfer factors are minimal. In
one experiment, after a pig and calf ingested tritiated feed as OBT (Kirchmann
et al., 1985), the activity in the water and organic matter in 1 kg of fresh
muscle tissue divided by the ingestion dose (the transfer factor for TFWT and
OBT) had the following values:

Table 5. Transfer Factors in Meat; OBT Feeding (d/kg)

Species Tissue Water OBT in Tissue

calf 0.08 0.04

pig 0.24 0.06
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6. BULK TRANSFER PARAMETERS

It is not practical to follow the complicated pathway of OBT separately for
dose and DRL calculations. We can use the relationships deduced above to link
the OBT concentration in food with that of TFWT, and from the known
relationship between the dose after OBT and HTO ingestion we can calculate an
effective transfer ratio to be multiplied by the dose factor for HTO.

After we introduce some simple notations, the procedure will be easy to
follow. Let x be the ratio of activity, in fresh mass, of the OBT and HTO
components of food (from Equation (20)): x = C 0 B T f/C f / W; let y be the ratio
of HTO concentration in food to volumetric air concentration of HTO (from
Equation (9)): y = C f w/C a; and let z be the ratio of dose conversion factors
from ingestion of OBT and HTO: z = DcfOBT/DcfHTO.

After ingestion of one kilogram of fresh food, the dose will be:

D = CW,f D c fHTO + COBT,f
C D f (1 )= CW,f DcfHT0 (1 + XZ)

= Cay (1 + xz) DcfHT0

= C. P'n DcfHT0 (22)

Equation (22) shows that we can redefine the CSA transfer parameter, P'14, to
include the OBT contribution to dose in a manner that does not affect the
general structure of the CSA model and the chain calculation.

For animal products, we will proceed in an analogous manner for each type of
feed, using Tables 4 and 5. Let t be the ratio of transfer factors OBT/TFWT
(from Table 4), T T F W T be the transfer factor for TFWT, and Pa be the ratio
between plant water concentration and volumetric air concentration
(Equation 8). The ingestion dose from milk, when the cow is fed a single crop
type of Q kg fresh weight per day, will be:

D = C o i l k / H T 0 DcfHT0 + C m i l k ( 0 B T Dcf0BT

= Ca Cpw/Ca Q T T F W T [ 1 + T O B T / T T F W T DcfOBT/DcfHTol DcfKTO

= Ca Pa Q T T F W T [1 +tz] DcfHT0 (23)
= Ca Pa P'45 DcfHT0

= Ca P'145 DcfHT0

Again we obtain a formula in the frame of the CSA model, redefining the
transfer air to plant water in forage (animal feed), Pa, and also the transfer
from feed to milk, P'45, thus including the effect of OBT.

To obtain values for the transfer parameters, we must select the dose ratio,
z. Recently, some dosimetric models have been published that account for
ingested OBT (Etnier et al., 1984; Saito, 1992), but because some
discrepancies between the predictions exist and validation experiments have
not been done, we prefer to accept the recommendations of the International
Commission of Radiological Protection (ICRP) (ICRP Publication 56, 1990).
They recommend that, for OBT ingestion, we multiply the dose factor for HTO by
a factor of between 1.8 (three-month-old infant), 2.5 (adult) and 2.8 (10-
year-old child). For simplicity, we adopt a mean value of z = 2.5.
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For clarity, let us summarize the parameters we have introduced:

a) The ratio between the concentration of HTO in plant water and air
(volumetric concentration):

Pa = RH/Ha [l./<y+(l-RH)/7
2]= RH/Ha [1.1+1.21 (1-RH)] (24)

This factor depends on local mean meteorological conditions and affects ?.ll
the derived parameters.

b) The transfer parameter for HTO from air to human food (crops), including
the effect of OBT:

p'i4 = pa [1-+0.525 FD] (25)

c) The transfer parameter for animal products:

P 145 = Pa Q T T F W T (1 +2.5 T O B T ^ T F W T ) (26)

To obtain numerical values, we will consider some typical animal diets: Diet
I for cow and beef with 60 kgfw of grass; Diet II for cow and beef with
10 kgdm of hay and 4 kg of grain; and Diet III for pork w5,th 1.5 kg of
potatoes and 1.5 kg of grain. Table 6 gives the numerical values, relative to
p •

Table 6. Transfer Parameters

p' P'
r 14 r 145

leafy vegetables 1.04 Pa milk I 1.077 Pa

root vegetables 1.11 Pa milk II 0.332 Pa

other vegetables 1.09 Pa beef I 1.870 Pa

fruits 1.09 Pa beef II 1.10 Pa

cereals 1.46 P pork 0.40 P
a

The above parameters give the direct relationship between air concentration
and final product.

7. COMPARISON WITH PROCEDURE OUTLINED IN CSA-N288.1

No changes to CSA-N288.1 are suggested for the calculation of dose due to
inhalation and drinking water, either for humans or for transfer to animal
products. To compute the ingestion dose, for a known air concentration, the
CSA procedure is:

a) Compute the tritium activity in food or animal feed using a unique
transfer parameter, P14 = 5 0 m

3/kg (Table A? in CSA-N288.1).
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b) Compute the tritium activity in animal products using parameter
P45(kg/kg), with the following values for tritium: 0.14 for milk, 0.18
for beef, and 0.22 for pork (Table A4 in CSA-N288.1). The final
concentration ratio (Bq/kg(l) for 1 Bq/m3 air) is 7 (milk), 9 (beef) and
11 (pork).

c) Compute the annual dose from ingestion using parameters P49 and P59,
which are the product of the dose conversion factor with the annual
intake rate of the various food types, assuming that all food is produced
locally. The dose conversion factor for ingestion of tritium is
2.0x10*1X Sv/Bq for an adult, and 5.8X10"11 Sv/Bq for an infant. These
values are very close to the dose conversion factor for HTO ingestion
given by the ICRP (1990) (l.ôxlO-11 adult and 5.5x10"X1 infant (three
months old)), and considering the contribution to dose of OBT metabolized
from tritiated water, represent a net increase of about 10-15£.

The direct ingestion of OBT is not considered in CSA-N288.1. Using the
default intake rate from CSA and a unit concentration in air, the annual
activity intake from food ingestion, as predicted by CSA for an adult, is
listed in the third column of Table 7. The effect of drinking water on humans
and animals is ignored. For milk and meat, we indicate, in parentheses,
corrected values, including tritiated water in fresh forage. For comparison,
we select average summer conditions of Ha=0.013 kg/m

3 and RH=70Z, and compute
the annual intake without and with direct OBT intake. As noted earlier, our
transfer parameters are expressed in HTO equivalent intake. The present
results are listed in the fourth and fifth columns of Table 7, where we have
assumed that the cows and steers are fed half a year on pasture and half a
year with hay and grain (Diet II). For the meat intake, we include equal
fractions of beef and pork. If we use only a "pasture feeding", larger values
will be obtained for milk and meat, as pasture includes more tritiated water.

Table 7. Comparison of Predicted Annual Intakes of HTO from Various
Foodstuffs

Food Ingestion Rate Annual Intake* (Bq/a per Bq/m3)
(kg/a) CSA present, present

no OBT +0BT

leafy vegetables

root vegetables

other vegetables
and fruit

cereal

meat (beef pork)

milk

TOTAL

14

79

110

74

71

120

3

5

3

15

700

950

500

700

710 (4

840 (5

400(23

260)

040)

150)

1

4

7

2

4

20

020

661

282

703

150

370

186

1

7

9

8

5

6

38

146

041

395

513

270

660

025

* HTO equivalent
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The annual intake derived from CSA-N288.1 with unit air concentration is 15
400 Bq/a, while if we correct the CSA result using the parameter values for
fresh intake of animal diet, the total annual intake increases to 23 150 Bq/a.
This value increases by 64% when we use our revised parameters and include the
OBT contribution. When the HTO (no OBT) results are compared with corrected
CSA results, moderately increased values are seen for intake from vegetables
and fruits, but much less intake is obtained from cereals and meat, due to
reduced water content in grains and meat. In contrast, the OBT contribution
is highest for cereal and meat. From our results, the OBT contribution,
expressed in HTO equivalent, is equivalent to that of HTO alone.

To choose the appropriate dose conversion coefficient to be used with our
revised transfer parameters, we recommend preserving, temporarily, the
original CSA values. They are larger than those recommended by the ICRP by
approximately 25%. This may compensate for the possibility that the quality
factor for tritium, due to OBT formation after HTO ingestion, may be larger
than 1. A quality factor of 1.3 seems to be more realistic for uniform
distribution of tritium in the human body, based on the review of experimental
data in Straume (1991) and Prestwich et al. (1992).

8. REMARKS CONCERNING EXPERIMENTAL DATA

Based on a sparse set of measurements not obtained under full equilibrium, it
was concluded that Equation (1) or (2) is fully conservative in practical
situations, as the data showed lower values than predicted by Equation (1)
(for references, see CSA-N288.1, Appendix G, item 3). As we have shown, the
concentration in leaf water, CpM, is related to the concentration in air
moisture, Caw, and to the concentration in soil water, Csw, by Equation (6).
In a plant canopy, the leaf temperature in the day is generally higher by a
few degrees (2-6°C) than the surrounding air, and the saturation vapour
density in the leaf stomatal cavity can differ substantially from that of air.
To compare this with the experimental data, it is necessary to use Equation
(6) rather than Equation (11). For clarity, we rewrite Equation (6) as:

Cpw = (l./7)[CawRH (Hsa/Hsl) + (1-RH (H8a/Hsl)) Csw] (27)

Equation (27) shows that a positive leaf to air temperature difference will
decrease the plant water concentration.

Spencer (1984) exposed tomato leaves and fruits to HTO in a controlled
experiment in a growth chamber. With RH = 0.7 for the daylight conditions,
the ratio of specific activity in leaf water and air was only 0.43-0.46.
Under the high radiative load in the growth chamber, similar values are
predicted by Equation (27) for a leaf-air temperature difference of about 5°C.
In a greenhouse (Gorman, 1980), the same ratio was 0.78, close to the
predicted value for a small difference between leaf and air temperatures. In
the region of the Savannah River Laboratory, which has a long history of
tritium emissions, the annual average ratio of vegetation to air water
concentrations is close to 0.9 (Murphy, 1984). We can conclude that Equations
(1), (2) and (8) provide good predictions for the equilibrium situation and
are conservative enough for quasi-equilibrium conditions when only HTO is
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considered. In the latter case, Equation (27) must be considered for a
realistic prediction, if leaf temperature is higher than air temperature, or
if soil water is not in equilibrium with air moisture.

For some fruit organs of plants, the water concentration is more closely
linked with the soil concentration than the air concentration; this is true
for fruits that have a waxy skin that is not permeable to water vapour. For
example, measurements of tomatoes and cucumbers (Spencer, 1984) give a ratio
of fruit water to air water of only 0.52. The air to soil water ratio varied
between two and five, so a true equilibrium between all compartments did not
exist. Gorman (1980) shows that the ratio of tomato fruit water to air water
was only 0.19. Based on some experimental data reported by Planet (1970), it
is suggested that, in such a case, only half of the fruit water is supplied by
the leaf and the rest directly by the soil. Equation (27) can be modified to
predict the fruit water concentration

Cfrv, = (l-/7)[Caw RH/2 (Hsa/Hsl) + (l-RH/2(Hsa/Hsl))CsJ (28)

With a soil to air water concentration of 0.2-0.5 (Spencer, 19G-',) and 0.03
(Gorman, 1980), Equation (28) can provide reasonable predictions for tomato
and cucumber water concentration (0.24 for Spencer (1993) and 0.52-0.7 for
Gorman (1980), slightly higher than the experimental data).

For root vegetables or tubers, it has been suggested that the concentration of
tritiated water is in equilibrium with the soil concentration (Planet, 1970).
Recently, more experimental data were obtained in field conditions near a
heavy-water reactor (Spencer, 1993). Air, soil and plants were monitored
throughout the groVing season. The preliminary data can be used to test our
predictions. The seasonal mean of air moisture HTO was 4800 Bq/L, while the
soil water concentration was only 1600 Bq/L. This shows that in natural
conditions, full equilibrium between air and soil tritium is not attained.
The mean values for HTO concentrations in root and fruit vegetables were near
1500 Bq/L and 2000 Bq/L, respectively, very close to our predictions of
1530 Bq/L and 2510 Bq/L using Equation (28). The mean value of all foliage
samples was 4627 Bq/L, higher than the predicted mean value of 3800 Bq/L.
This is explained by the sampling scheme; more samples were taken when the
airborne tritium plume was present than when it was absent.

For the OBT/TFWT specific-activity ratio in the edible part of plants, many
data show values much higher than one (see a recent review by Brown (1988)),
while from our estimate they must be close to one. OBT is formed during the
whole fructification stage of the plant, and represents an integral value of
various daily rates of production of photosynthate in the leaf; it is linked
with the dynamics of leaf water and the photosynthesis rate. The TFWT can
have a different source than leaf water (see above) and, if the edible part is
a leaf, it can fluctuate rapidly, following the air concentration closely. At
harvest, the TFWT can be very different from the "mean" value for the
fructification period. Generally, high experimental values reflect low water
concentrations and not high OBT concentrations. Spencer (1984) showed that
the OBT/TFWT ratio in tomato fruit was 1.41, due to the low soil water
concentration, but the OBT specific activity in tomato fruit and new leaves
was very close, reflecting a similar evolution of the daily production rate.
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The same conclusion seems to apply with Gorman (1980), although the quality of
data is not good enough to permit quantitative comparison.

Recently, more data on the specific-activity ratio OBT/TFWT were obtained
(Brown, 1993) for various Canadian foods. While the general mean is 1.2, the
scatter of the data is large, from 0.34 to 4.23. This partly reflects
fluctuations of atmospheric air moisture concentration at harvest time
compared to the seasonal mean, but also may reflect some exchange reactions
that are difficult to avoid in sample preparations and measurements. When all
precautions are taken and the equilibrium of the system is assumed, the
measured specific-activity ratio is less than one, due to fractionation
effects in the process of photosynthesis (Kim and Baumgartner, 1993).

These few examples show that, if we impose full equilibrium conditions and
equal concentrations in air and soil water, there is no contradiction between
our results and experimental data. The specific-activity model and our
approach are both models, and both can be criticized if they contradict
experimental fact. Recently, limitations of the specific-activity model were
noted by Bunnemberg et al. (1988). Also, some conservatism is still
preserved, as we have ignored the fractionation effect in OBT production, and
the soil water concentration is taken at maximum value.
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