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RÉSUMÉ

Nous avons fait une évaluation de l'absorption quotidienne relative d'eau tritiée (НТО) et de tritium lié
aux matières organiques (OBT) et avons mesuré ГНТО dans l'urine chez une population adulte résidant
dans la ville de Deep River (Ontario), à proximité d'un réacteur de recherche à eau lourde à Chalk River.
L'absorption quotidienne de niveaux élevés de tritium atmosphérique a été évaluée à partir de sa
concentration dans des échantillons biologiques et dans des échantillons prélevés dans l'environnernent, et
dans divers produits alimentaires prélevés dans le cadre d'un programme de surveillance locale du
tritium. Lorsque les données dont nous disposions étaient inadéquates, nous avons utilisé des évaluations
obtenues à partir d'un modèle de transfert du tritium dans renvironnement. À partir de ces données et
évaluations, nous avons calculé une absorption quotidienne totale de tritium d'environ 55 Bq. De cette
quantité, on obtient 2,5 Bq de ГОВТ provenant du régime alimentaire. Plus de la moitié de l'absorption
d'HTO est due à l'inhalation d'HTO dans l'air (15 Bq cf1) et à l'HTO dans l'eau potable (15 Bq d"1).
L'absorption par la peau d'HTO provenant de l'air et des bains ou de la baignade (pendant 30 min d"1)
représente respectivement une quantité supplémentaire de 9 Bq d"1 et de 0,1 Bq d1. L'absorption restante
d'HTO provient des aliments sous forme de tritium contenu dans l'eau non tissulaire. Le modèle
métabolique à deux compartiments pour le tritium recommandé par la Commission internationale de
protection radiologique prévoit une charge corporelle d'équilibre dans l'organisme d'environ 900 Bq due
à l'HTO (818 Bq) et à ГОВТ (83 Bq), ce qui correspond à une dose de tritium annuelle de 0,41 flSv.
L'excrétion urinaire d'HTO (-18 Bq L1) prévue par le modèle concorde bien avec la quantité mesurée
d'HTO dans l'urine (plage de 10 à 32 Bq L1). La contribution de la dose d'OBT à la dose de tritium
totale est d'environ 16 %. Nous en concluons que, dans le cas de la population vivant à proximité du
réacteur de recherche de Chalk River, la grande partie de la dose de tritium est due à l'apport d'HTO.
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ABSTRACT

We have estimated the relative daily intakes of tritiated water (HTO) and organically bound
tritium (OBT), and have measured HTO-in-urine, in an adult population residing in the town of
Deep River, Ontario, near a heavy-water research reactor facility at Chalk River. The daily
intake of elevated levels of atmospheric tritium has been estimated from its concentration in
environmental and biological samples, and various food items from a local tritium-monitoring
program. Where the available data were inadequate, we used estimates generated by an
environmental tritium-transfer model. From these data and estimates, we calculated a total daily
tritium intake of about 55 Bq. Of this amount, 2.5 Bq is obtained from OBT-in-diet. Inhalation
of HTO-in-air (15 Bq d"1) and HTO-in-drinking water (15 Bq d"1) accounts for more than half of
the HTO intake. Skin absorption of HTO from air and bathing or swimming (for 30 min d"1)
accounts for another 9 Bq d"1 and 0.1 Bq d"1, respectively. The remaining intake of HTO is from
food as tissue-free water tritium. The International Commission on Radiological Protection's
recommended two-compartment metabolic model for tritium predicts an equilibrium body
burden of about 900 Bq from HTO (818 Bq) and OBT (83 Bq) in the body, which corresponds to
an annual tritium dose of 0.41 u.Sv. The model-predicted urinary excretion of HTO (-18 Bq L"1)
agrees well with measured HTO-in-urine (range, 10-32 Bq L"1). The OBT dose contribution to
the total tritium dose is about 16%. We conclude that for the people living near the Chalk River
research reactor facility, the bulk of the tritium dose is due to HTO intake.
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1. INTRODUCTION

Progress has been made in recent years on the mechanisms involved in the movement of tritium
through ecosystems to man, and on techniques to measure tritium in its various forms (Saito,
1987; Konig, 1990; Diabate and Strack, 1993; Trivedi et al., 1993). It has become apparent that
tritium in the atmosphere can be converted to organic forms of tritium having a different mobility
to that of tritiated water (HTO), and, more importantly, with different distribution and retention
characteristics in tissues and cells (Pinson and Langham, 1957; Osborne, 1972; Belloni et al.,
1983; Myers and Johnson, 1991).

The dose to an individual from environmental levels of tritium depends on the proportions of
HTO and organically bound tritium (OBT) entering the body through all routes of intake (Brown,
1989; MAFF, 1994; Higgins et al., 1996). HTO enters the body through ingestion, inhalation
and skin absorption, whereas OBT entry is primarily through ingestion (Bogen et al., 1975).
Knowledge of the daily intakes of both HTO and OBT are necessary in assessing the dosimetric
significance of the dietary intake of OBT. This has raised the following questions:

(1) what is the current state of knowledge about tritium metabolism in humans;
(2) how appropriate are the existing metabolic models for calculating dose to the body

from incorporated tritium; and
(3) what are the relative contributions of HTO and OBT in daily tritium intakes from

aquatic and terrestrial ecosystems for humans?

Reviews of tritium metabolism and dosimetry have been undertaken elsewhere (Hill and
Johnson, 1993) to address specifically questions (1) and (2). This report summarizes the relative
contributions of HTO and OBT in daily tritium intakes for the residents of the town of
Deep River, Ontario, which is close to a heavy-water research reactor facility at Chalk River
(Figure 1). The daily tritium intakes for an adult resident of Deep River are estimated from the
measured data for tritium-in-food and tritium-in-the environment. Experimental measurements
of HTO and OBT in Canadian food items have recently been published (Brown, 1995), and the
environmental measurement data for tritium around the nuclear generating stations are also
available. As an example, the average daily tritium intakes through consumption of tritium-in-
food, tritium-in-fluid, and tritium-in-air were estimated by:

(a) using the local environmental tritium-monitoring data for Deep River;
(b) using the existing measurement data for tritium in dietary items in Deep River;
(c) applying the Canadian standards for daily dietary intake; and
(d) using the relevant physiological parameters for Reference Man.

The two-compartment model for tritium intake as HTO, recommended by the International
Commission on Radiological Commission (ICRP) (ICRP-56, 1989), is used to predict the tritium
body burden and tritium-in-urine concentration under steady-state conditions. The predicted
concentrations of tritium-in-urine are compared with some measured values of tritium-in-urine
from adult residents of Deep River. The tritium dose and the fraction of dose due to OBT to the
people from daily intake of HTO and dietary intakes of OBT are also estimated.
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Figure 1. Communities near Chalk River Laboratories



2. METHODS

2.1 Tritium in the Deep River Environment

Tritium concentrations in various environmental media and food items in Deep River were
obtained from local monitoring data and a public bioassay program (Cornett et al., 1994), or from
published data (Inoue et al., 1992; Brown, 1995). When available data were inadequate, we used
assumptions from an environmental tritium-transfer model for predicting the tritium distribution
in food and environmental samples (Galeriu, 1994). The tritium measurement concentrations in
environmental and food items are for 1993.

Table 1 lists the measured tritium concentrations in various environmental samples from
Deep River. The average outdoor and indoor air concentration was 0.7 Bq cm'3 (range, 0.3-
1.2 Bq cm'3). The average tritium concentration in drinking water was 10 Bq L"1 (range, 6-
13 Bq L"1). The average tritium concentration in the soil water was 45 Bq L"1 (range, 30-
60 Bq L"1). The average tritium concentration in urine of a few adult residents of Deep River
was about 16 Bq L 1 (range, 10-32 Bq L'1).

Table 1. Tritium Distribution in the Deep River Environment

Sample

Average tritium-in-air concentration in Deep River (Bq m"3)

Average tritium-in-drinking water concentration (Bq L"1)

Average tritium concentration in garden soil water (Bq L"1)

Mean

0.7

10

45

Range

0.3-1.2

6-13

30-60

2.2 Tritium in Dietary Items

2.2.1 Dietary Intake Rates for a Canadian Adult

On the basis of the Canadian Standards Association's recommendation for average food
consumption rates (CSA, 1987), the food items in the Deep River area are categorized into nine
groups (Table 2).

The average Canadian food consumption rates are also listed in Table 2. The animal (45%) and
poultry (6%) products constitute about half of the average daily food intakes; the remaining half
includes vegetables (36%) and cereal (13%). Most of the food items in Deep River (e.g., meat,
poultry, milk products, eggs, and vegetables) are imported from other areas of Canada or abroad.
Milk is locally produced and consumed throughout the year. Some vegetables are grown

between only June and September each year, and harvested from July to September for local
consumption. The food items are divided into locally grown and non-locally grown groups for
tritium intakes estimation.



Table 2. Average Food Consumption Rates for a Canadian Adult

Food Category

Leafy vegetables
Above-ground vegetables
Root vegetables
Cereal
Meat (beef and pork)
Poultry
Milk
Milk products (cheese, yogurt)
Eggs

Consumption Rate
kg a"1

14
110
79

^ 74
71
16

120
54
14

kgd"1

0.038
0.301
0.216

^ 0.203
0.195
0.044
0.329
0.148
0.038

2.2.2 Tritium-in-Food Items in Deep River

Table 3 lists the tritium concentration in the locally and non-locally grown food items, as
reported by Brown (1995). The tissue-free water tritium concentration (TFWT or HTO) in the
locally grown food items was about 30 Bq kg"1, which is similar to the soil water concentration
(Table 1). The TFWT in milk is 7 Bqkg'1, in the range of tritium in drinking water (Table 1).
The non-locally grown food items have TFWT in a range between 2 and 5 Bq kg"1.

The ratios of OBT to TFWT in locally grown food items are about 0.2 (range, 0.1-0.2). The
OBT to TFWT ratios in non-local food items range from 0.1 to 3.0, depending upon the type and
nature of the food. For example, the OBT to TFWT ratio in cereal is three-fold, while this ratio
is less than 0.8 (range, 0.1-0.8) in other kinds of food.

Table 3. Average Tritium Distribution in Dietary Items in Deep River

Food Category

Grown site
Leafy vegetables
Above-ground vegetables
Root vegetables
Cereal
Meat (beef and pork)
Poultry
Milk
Milk products (cheese, yogurt)
Eggs

TFWT in food
(Bqkg'1 wet weight)
Local
30.0
30.0
30.0
NA
NA
NA
7.0
NA
NA

Non-local
5.0
5.0
5.0
0.5
5.0
4.5
1.9
2.0
2.5

OBT in food
(Bqkg"1 wet weight)
Local

2.0
2.5
6.0
NA
NA
NA
1.5
NA
NA

Non-local
0.5
1.0
1.0
1.5
1.5
1.5
0.7
0.7
2.0

NA - Not applicable.



2.3 Physiological Parameters for a Canadian Adult

Our earlier studies on occupationally exposed Canadian workers have demonstrated that the
physiological characteristics of an adult worker are similar to Reference Man data (Trivedi et al.,
1995). The daily tritium intakes and excretion in urine were estimated by using the physiological
parameter values for Reference Man (ICRP-23, 1975).

Table 4 lists the physiological characteristics and parameters for Reference Man. The mass of
body water (42 kg) and soft tissue (21 kg) are 60% and 30% of total body mass (70 kg),
respectively. The total hydrogen content in the body is 6947 gH. The body water has 4667 gH,
while organic matter of soft tissue has 2280 gH.

Table 4. Physiological Parameters for Reference Man

Parameter

Total body mass (kg)

Body soft tissue mass (kg)

Body water mass (kg)

gH in the body water (42 kg) (2/18 gHg'1 water)

gH in organic matter of soft tissue (21 kg) (0.11 gH g"1 organic
matter)

Daily Fluid Balance (Gains) (Ld"1)
Total direct fluid intake (Ld"1)

MilkCLd"1)

Tap water (Ld"1)

Others (Ld1)

In food (Ld"1)

By oxidation of food (L d"1)

Daily Fluid Balance (Loss) (L d"1)
In urine (Ld"1)

Infeces(Ld"')

In sweated"1)
Insensible loss (Ld"1)

4667 gH

2280 gH

1.95

0.30

0.15

1.50

0.70

0.35

1.40

0.10

0.65

0.85

Value

70

21

42

3.00

3.00

2.3.1 Fluid Gains

The fluid balance data show that 3 L of fluids are taken daily by Reference Man (Table 4)
through:

(1) direct drinking of fluids (1.95 L d"1),
(2) consumption of food (0.7 L d"1), and



(3) oxidation of food (0.35 L d'1).

The water intake from food and liquids is through ingestion; the metabolically oxidized water is
from the oxidation of organic constituents in the food. The water intake through fluid drinking is
from milk (0.3 L d"1), tap water (0.15 L d"1), and other fluid sources (1.5 L d"1) (ICRP-23, 1975).
The water intakes from other sources include: (i) drinking of tea, coffee, and frozen juices that
are prepared with the tap water of Deep River (1 L d"1); (ii) drinking of sealed beverages (beer,
soft-drink, etc.) that are imported from outside Deep River (0.25 L d"1); and (iii) inhalation of
water vapour in air and skin absorption of water vapour in air plus daily shower/bath or
swimming in Deep River's water for 30 min (0.25 L d"1). The distributions of water intakes from
other sources are average values that are derived from questionnaires distributed to
occupationally exposed workers for their daily fluid drinking habits.

2.3.2 Fluid Losses

The fluid balance data indicate that 3 L of fluids are excreted daily by Reference Man (Table 4):

(1) in urine (1.4 Ld"1),
(2) infeces(0.1Ld"'),
(3) in sweat (0.65 L d"1), and
(4) through insensible loss (0.85 L d"1).

Urine is the predominant mode of excretion for daily fluid intakes, and has been used as a marker
for tritium intakes and dosimetry. About 47% of the total body water loss is through urine.

2.4 Urinalvsis

Cumulative 24 h urine samples were collected from 15 adult residents of Deep River in the
period 1992-93. The number of urine samples submitted were 40. The urine samples were
collected in clean sterile containers. No preservative was added to the urine. The HTO fraction
of urine samples was separated and measured according to the method of Trivedi et al. (1993).
The samples were counted long enough to give counting errors of 5% or less. The counts were
corrected for quenching and recovery. Spiked HTO samples were repeatedly analyzed during the
study period, to check the reliability and accuracy of the tritium-analysis procedure.

2.5 Calculation of the OBT Dose Fraction

A mathematical model was developed to estimate the OBT dose fraction (A) in the soft tissue
following tritium intakes. The model assumes that, under steady-state conditions, the specific
activity (SA) of OBT and HTO in urine represents the specific activity of OBT and HTO in the



soft tissue and body water, respectively. Accordingly, the specific activity ratio (SAR)1 of OBT
to HTO in the soft tissue should be similar to the SAR of OBT to HTO in urine. The model uses
the ratio of OBT to HTO in urine to estimate the OBT dose fraction. In this work, we assume a
radiation weighting factor (WR) of one for tritium, and a uniform distribution of HTO and OBT
in the body for the effective dose calculation (ICRP-60, 1990).

The symbols in the mathematical model have the following meanings:

TT = Total tritium activity in the body,
MFH = Mass of exchangeable, free hydrogen in the body,
MBH = Mass of bound hydrogen in soft tissue,
SAw = SA in body water (or, SA in urine, since HTO-in-urine = HTO-in-body water),
SAo = SA in organic matter, and
SAou = SA in organic matter of urine.

The relationship between SAou and SAo is represented as:

SAou = FT SA0 < SA0 (1)

where:
FT is the ratio of SA in organic matter of urine (SAou) to SA in organic matter of soft
tissue (SAo). FT should be one under steady-state conditions (SAou = SAo).

1 Specific Activity Ratio: The ratio of SA of OBT to that of HTO. The SA of tritium is the tritium activity per gram
of hydrogen (Bq gH"1), and is a measure of the tritium-labelled fraction in the body hydrogen pool. For example, the
specific activities for OBT and HTO are Bq gH"1 in organic matter and Bq gH"1 in body fluids of the body,
respectively.

That is:
Bq gH"1 in organic matter

SAR =
Bq gH"1 in body water

The SAR value is one under steady-state conditions, assuming that all intake routes have the same SA (i.e.,
SAR=1).

Therefore, if OBT-in-urine is measured after combustion:

SAR
Activity per kg combustion water (Bq kg"1)

Activity per kg free water (Bq kg"1)

SAR = -
OBT-in-urine (Bq L"1)

HTO-in-urine (Bq L"1)

The volume of one kg of water is 1 L. Therefore, 1 Bq kg"1 combusted or free water is 1 Bq L"'.



Then,

SAR = SAou (SAw)"1 (2)

The total tritium activity in the body is:

TT = SAW MFH + SA0 MBH (3)
or,

TT = SAW MFH + (SAou FT"1) MBH (4)
' 1TT = SAW [MFH + (SAOU (SAW)"' Ff1) MBH (5)

TT = SAW [MFH + (SAR FT'1) M B H ] (6)

Since at steady-state conditions, FT = SAou (SAo)"1 = 1

TT = SAW [MFH + SAR MBH] (7)
TT = SAW MFH [1 + (SAOu MBH) (SAW M™)"1] (8)

or, by rearranging Eqn. 8:

TT = SAW MFH [1 + ((Cou MBH) X"1) (Mw Cwu)"1] (9)

where,
Cou and Cwu are the activity concentration (Bq L"1) of OBT-in-urine and HTO-in-urine;
X is the mass of bound hydrogen per kg of urine (1.6 g bound H kg1, from urine
composition and Reference Man data (ICRP-23, 1975));
MBH is the mass of bound hydrogen in soft tissue (1860 g bound H) (from Reference Man
data and ignoring hydrogen amount in the skeleton); and
Mw is the mass of the body water (42 kg);

or, by expressing as:

T T = S A W M F H [ 1 + A ] (10)

Therefore, the fractional dose increase (A) from metabolized OBT to the total body water dose
can be estimated from the following expression:

A = [((Cou MBH) X"1) (Mw Cwu)"1] d D

or, by using the ratio of measured concentrations of OBT to HTO in urine,

A= p [(BqL"1 OBT-in-urine) (Bql/1 HTO-in-urine)"1] (12)

where:
p = a factor accounting for the values of X, MBH and Mw at steady-state equilibrium

= MBH(XM W ) " 1 (13)



= [(I860 g bound hydrogen) {(1.6 g bound hydrogen kg"1 42 kg)}"1]
= 27.7

That means:

A = 27.7 (BqL1 OBT-in-urine/BqL"1 HTO-in-urine). (14)

The measurement of HTO and OBT in urine should be sufficient for obtaining the fractional dose
increase (A) from the metabolized OBT under the assumption of steady-state conditions.

3. RESULTS

3.1 Tritium Intakes

The relative contributions of HTO and OBT to daily tritium intakes were estimated for an adult
resident of Deep River from measured and computed tritium levels in environmental (Table 1)
and food (Table 3) samples.

3.1.1 HTO Intakes

In calculating daily HTO intakes, we have considered tritium intakes from all possible routes of
intake. Inhalation (15 Bq d"1) and drinking of fluids (15 Bq d"1) account for more than half of the
HTO intakes. Skin absorption of HTO from air, and bathing or swimming for 30 min d"1,
accounts for another 9 Bqd"1 and 0.1 Bqd"1, respectively. The remaining intake of HTO is from
TFWT in locally grown food (8 Bq d"1), TFWT in non-locally grown food items (4 Bq d"1), and
by the metabolic oxidation of bound tritium in organic matter of the food (2 Bq d"1).

The average daily HTO intake (Table 5) for an adult resident of Deep River is based on the
following observations and assumptions:

(1) HTO intake through inhalation (14.7 Bq d"1) is based on an inhalation rate of 21 m3 d"1 for
moderate physiological activity (ICRP, 1975) and a tritium-in-air concentration of
0.7 Bq d"1 (Table 1).

(2) HTO intake through skin absorption (8.8 Bq d'1) is 60% of the inhaled activity
(14.7 Bq d-1) (ICRP-30, 1979).

(3) HTO intake via total area of wet skin (0.14 Bq d"1) is estimated by assuming a daily 30 min
period for taking either a shower, bath, or swim in the water that has a tritium
concentration similar to that of tap water (10 Bq L"1). The estimated HTO intake is based
on Eqn. 15 as described by La Bone (1992).

(10BqL"1)[(30min)(10Lmin"1)(40mgL'I) + (18000cm2)(0.1 mgcm"2)] (15)
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(4) HTO intakes through drinking fluids (14.9 Bq d"1) include daily drinking of:
0.3Lofmilk(7BqL"1);
1.5 L of tap water (10 BqL'1);
1 L of tea, coffee, and/or frozen beverages mixed with tap water (10 BqL"1); and
0.25 L of imported drinks (beverages, alcoholic drinks, etc.) with an average tritium
concentration of 5 Bq L"1.

Table 5. Average Daily Intake of Tritium for An Adult Resident of Deep River

Tritium Intake

Total DaUy Intake of HTO
Through inhalation (21 m j d'1) (0.7 Bq nr*)

Through skin absorption (0.6) (14.7 Bq d'1)
Through 30 min of bathing, shower, or swimming [(10 Bq L"1) (400 mg min"1) (30 min) +
(1800 mg)]
Through drinking fluids

Milk (7 BqL-') (0.3 Ld-1)

Tap water (10 Bq L"1) (0.15 L d'1)
Tap water used in cooking, tea, coffee, and premixing of frozen beverages for drinking (10 Bq L"')(1.0 Ld ' ' )

Other (imported drinks) (5 Bq L 1 ) (0.25 L d"')

TFWT in food (Bq.kg"1)
Leafy vegetables (30 Bq kg'1) (0.038 kg d"1) (0.25) + (5 kg ' ) (0.038 kg d"1) (0.75)

Above-ground vegetables (30 Bq kg"1) (0.301 kg d"') (0.25) + (5 Bq kg1) (0.301 kg d"1) (0.75)
Root vegetables (30 Bq kg"1) (0.216 kg d'1) (0.25) + (5 B^kg"1) (0.216 kg d"') (0.75)

Cereal (0.5 Bq kg"1) (0.203 kg d"1)

Meat (beef ano^pork) (5.0 Bq kg"1) (0.195 kg d"')
Poultry (4.5 Bq kg"1) (0.044 kg d"')

Milk products (cheese, yogurt) (2.0 Bq kg"1) (0.148 kg d"')

Eggs (2.5 Bq kg"1) (0.038 kg d"1)

TFWT in store-unpacked imported food in Deep River
By oxidation of food (5 Bq kg'1) (0.35 kg d"1)

Total Daily Intake of OBT from Ingestion
Leafy vegetables (2 Bq kg"1) (0.038 kg d"1) (0.25) + (0.5 Bq kg"1) (0.038 kg d"') (0.75)

Above-ground vegetables (2.5 Bq kg"1) (0.301 kg d"1) (0.25) + (1 Bq kg ' ) (0.301 kg d"1) (0.75)

Root vegetables (6 Bq kg"1) (0.216 kg d"1) (0.25) + (1 Bq kg"1) (0.216 kg d"1) (0.75)

Cereal (1.5 Bq kg"1) (0.203 kg d"1)
Meat (beef and pork) (1.5 Bq kg"1) (0.195 kg d"1)

Poultry (1.5 Bq kg"1) (0.044 kg d"1)

Milk products (cheese, yogurt) (0.7 Bq kg"1) (0.148 kg d"1)
Eggs (2.0 Bq kg"1) (0.038 kg d"1)

Milk (1.5 Bq kg"1) (0.329 kg d"1)

Bqd1

52.0
14.7

8.8
0.14

14.9
2.1
1.5

10.0
1.3

7.9
0.4
3.4
2.4
0.1
1.0
0.2
0.3
0.1

3.8
1.8

2.3
0.03

0.41
0.49
0.30
0.29
0.07
0.10
0.08
0.49
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(5) HTO intakes from the consumption of TFWT in locally and non-locally grown food items
(7.9 Bq d"1) include daily consumption of:

leafy vegetables (0.038 kg d'1), above-ground vegetables (0.301 kg d"1) and root
vegetables (0.216 kg d"1);2

cereal (0.203 kg d"1) with TFWT concentration of 0.5 Bq kg'1;
meat (e.g., beef and pork) (0.195 kg d'1) with TFWT concentration of 5 Bq kg"1;
poultry (0.044 kg d"1) with TFWT concentration of 4.5 Bq kg"1;
milk products (0.148 kg d"1) with TFWT concentration of 2.0 Bq kg'1; and
eggs (0.038 kg d"1) with TFWT concentration of 2.5 Bq kg"1.

(6) HTO intakes from store-unpacked imported food items (3.8 Bq d"1) corresponds to
absorption of HTO-in-air (Inoue et al., 1992). About 20% of the daily intake of absorbed
HTO in the unpacked food (25 Bq kg'1) is assumed to be from cereals, vegetables, and
other foods.

(7) HTO intake by the metabolic oxidation of foods (2 Bq d"1) accounts for the average bound
tritium in organic matter (5 Bq kg'1) and the oxidation rate of 0.35 kg d"1.

3.1.2 OBT-in-Diet Intakes

There is no detectable organic tritium in the air and drinking water of Deep River. The only
route of OBT intake is through the ingestion of food items that have tritium bound in the organic
fraction. The daily average OBT intake (2.3 Bq d"1) for an adult resident of Deep River is based
on the daily consumption of OBT in locally and non-locally grown food items:

(1) leafy vegetables, above-ground vegetables, and root vegetables (0.93 Bq d"1);3

(2) cereal (0.30 Bq d"1);
(3) meat (0.29 Bq d"1);
(4) poultry (0.07 Bq d"1);
(5) milk products (0.10 Bq d"1);
(6) eggs (0.08 Bqd"1); and
(7) milk (0.49 Bqd"1).

About 60% of the daily average of OBT intakes was due to locally grown food items and milk.
The remaining OBT intakes were from the imported food items in Deep River. Only 4% of the
daily tritium intakes was contributed by OBT from ingestion.

2 In calculating average HTO intakes from these three vegetables, we have adjusted the fraction of TFWT intakes
from locally grown (30 Bq kg"1) and non-locally grown (5 Bq kg"1) vegetables. The locally grown leafy vegetables
(14 kg a"1), above-ground vegetables (110 kg a"1), and root vegetables (79 kg a"') are consumed during only three
months (July-September) of the year. Hence, the consumption fraction of three types of locally grown vegetables
accounts for 0.25-times the annual intakes (see Table 5).

3 As with HTO intakes, in calculating average OBT intakes from three types of vegetables, we have adjusted the
fraction of OBT intakes from locally grown (2-6 Bq kg"1) and non-locally grown (0.5-1.0 Bq kg"1) vegetables.
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4. DISCUSSION

The public dose assessment from tritium intakes usually involves source identification and
exposure assessment (Till et al., 1981; Overy and Richardson, 1995). Although natural tritium
occurs in the environment from the action of cosmic rays on the earth's atmosphere,
anthropogenic tritium in the environment is contributed by nuclear-weapon testing (Bogen and
Welford, 1976), nuclear-power-generating installations, and tritium-handling facilities (Fairlie,
1992). Emissions from civil nuclear reactors, reprocessing, and handling and storage facilities in
the world now equal natural sources. In Canada, the largest tritium emissions to the atmosphere
are from the CANDU4 reactors operating at research and nuclear-power-generating facilities.
Other sources to the environment are the routine releases and discharges of tritium from the
Darlington tritium-removal facility, tritium-light manufacturing facilities, and the industrial and
medical uses of tritium. The atmospheric emissions and dispersions of anthropogenic tritium
from nuclear-power stations are monitored and regulated under the licensing requirements of the
Atomic Energy Control Board (AECB) (LaMarre, 1994).

Airborne tritium can be incorporated into the human food chain, and can be directly inhaled and
absorbed through the skin (Osborne, 1972; Holsm-Hansen and Rhoades, 1994). The exposure
assessment involves a "real world" assessment of population exposure to the environmental level
of tritium by considering: the magnitude of the source of the tritium releases; its transport
mechanisms in environmental media; food and drinking water; the amount of air breathed, water
and food consumed; and information on the lifetime activity patterns of relevant parameters (e.g.,
age, gender, habit, and habitat).

The principal dynamic path of airborne tritium in the environment is the water cycle in which
moisture (HTO) moves between the atmosphere, soil, plants, and animals, and therefore diffuses
rapidly throughout the hydrosphere and biosphere (Konig, 1990; Galeriu, 1994). The movement
of tritium through the terrestrial environment is in two forms: HTO and OBT, the latter being
formed inside plants and animals (Diabate and Strack, 1993). The population living near a
CANDU nuclear installation can thus be exposed to ambient HTO and OBT levels.

Three important features of OBT have a bearing on the consequences of its inclusion in any
assessment of potential doses to members of the public from tritium releases (Travis, 1985;
Taylor et al., 1990; Takeda, 1995; Hisamatsu, and Takizawa, 1995). Firstly, OBT represents
additional tritium-carrying capacity within the environment. It means that a specific-activity
approach for environmental dose modelling is incomplete, because conventionally it considers
only hydrogen in the body water and assumes the HTO to be in equilibrium, and therefore in a
fixed proportion to water, in all domains. Secondly, OBT has a much a longer residence time in
plants and animals, resulting in concentrations after a short release of HTO which eventually
exceed that from the remaining HTO. Finally, as a result of the longer residence times in people,
and a much different hydrogen metabolism, dietary OBT intake can contribute much higher dose
than that from the same amount of tritium in the form of HTO. The dietary OBT fixing into the

4 CANDU: CANada Deuterium Uranium; registered trademark.
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non-exchangeable position in organic matter of the body can contribute approximately twice the
dose from HTO; this is discussed further in the following section.

4.1 Theoretical Limit for OBT Dose Fraction

When food is grown in a tritium environment, some of the tritium is retained in the food as HTO,
and some is metabolized and incorporated as "bound" tritium. Of this metabolized, bound
tritium, a fraction will be in non-exchangeable sites with carbon atoms in biomolecules, and is
called non-exchangeable OBT (N-OBT). The fraction of this N-OBT to total tritium depends on
the chemical form of the tritium in the environment; i.e., for plants it depends, amongst other
things, on the ratio of HT to HTO in air, and for animals and humans it depends on the ratios of
N-OBT to HTO in their diet and in the environment.

ICRP-30 (1979) assumes that "all organic forms of tritium ingested are instantaneously and
completely absorbed from the gut in the form of tritiated water". The commission quotes the
published work of Vennart (1969) as a reference source for this assumption. While this is not
strictly true- the recent ICRP recommendation (ICRP-56, 1989) has accepted that a fraction of
ingested tritium does not instantaneously oxidize to HTO - we will show that this assumption
does not underestimate, appreciably, the dose contribution from tritium-in-food. The formulation
of this work is based upon earlier work of Johnson (1979, 1982) and Osborne (1979).

Suppose food has a total activity A of HTO and N-OBT. If we assume it is all HTO, the dose to
soft tissue from ingesting this food (assuming that the HTO retention function is exp (-tat)) will
be:

ADCFf,f2
D'~ 3

*' (16)
where,

DCF = dose conversion factor
f i = fraction of tritium ingested that reaches the blood
f2 = fraction reaching the blood that reaches the soft tissue
ta = biological elimination constant for tritium in body waters

The actual dose will be (assuming the N-OBT retention function to be exp (-tat)):

D2 = A- DCF
i i i i i i i i. i i i. i

(17)

where,
fb = fraction of tritium that is N-OBT
fb,i = fraction of OBT-in-food ingested reaching the blood as N-OBT
fUti = fraction of OBT-in-food ingested reaching the blood as HTO
fb,2 = fraction of N-OBT reaching the blood that reaches the soft tissue as N-OBT
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fu2 = fraction of N-OBT reaching the blood that reaches the soft tissue as HTO
A.2 = biological elimination constant for tritium retention in organic matter

(Note that if fb,i = 0 and fi = fuj, then Di = D2, as it should.)

The ratio of D2 to Di is:

D2 _ 1 f . J b,l J b J 2 Al J ulJ h J u,2 J b f lh
I J +

D2 _ 1 f

I ~J 1
1 f 2

T

f 1 f I f I Qg\

Reference Man values for X\ and fi are In 2/10 d and 1, respectively. A literature search would
probably yield values for other parameters. However, if we make the (most likely conservative)
assumptions that fu,2 = 0; f2 = fb,2! and fu-i = l-fb,2i then

^ = J-fh + /* fb.k- + /* U-fM)

or

f- = 1 + fb fb, i^~D
Di A.2 (20)

where X2 = ln2/40d

The fraction fb = 0.7 probably represents a maximum that would be obtained by humans whose
main source of tritium was OBT in food. A review of animal data on dietary intakes of OBT has
indicated that 70% of the hydrogen in organic matter of soft tissue is derived from dietary tritium
(Kumita, 1996). The fraction fb,i = 0.5 is taken from the recommendation that 50% of dietary
OBT is instantaneously oxidized to HTO, and the remaining OBT reaches the systemic
compartment as N-OBT (ICRP-56, 1989). Therefore, if we assume fb = 0.7 and fbJ = 0.5, then

^ = 2.7
Di

This analysis shows a theoretical upper limit for dose from tritium-in-food if the ICRP model
(ICRP-30, 1979) for HTO intakes is used. Since the dose to humans from tritium in the
environment comes from the inhalation and skin absorption of tritium-in-air, and ingestion of
tritium in fluids and food, the OBT dose fraction from dietary tritium intakes is expected to be
less than this maximum value of 2.1, and may depend upon the habit and habitat of the
population.
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4.2 Dosimetrv for an Adult from Deep River

In Deep River, the tritium dose to a Canadian adult population, living near a tritium processing,
handling, storage, and disposal facility has been demonstrated. The methodologies and
assumptions applied in estimating the HTO and OBT daily intakes are considered to be
appropriate for the dosimetry of the adult population residing near CANDU nuclear-power-
generating stations in the provinces of Ontario, Quebec, and New Brunswick. The habit and
habitat of the population in these areas of Canada are similar to those of the "standard" adult
from Deep River.

At steady-state condition, the total body burden of tritium is proportional to the daily intake and
loss rates of tritium. The body water turnover rate is assumed to represent the tritium loss rate
from the body. Accordingly, for an adult resident of Deep River, the estimated tritium body
burden for a daily intake rate of HTO (52 Bq) and OBT (2.3 Bq) is listed in Table 6.

Table 6. Tritium Body Burden from Daily Intakes of HTO and OBT

Tritium

Species

HTO

OBT

Daily Intake

(Bqd1)

52

2.3

Mean Body Burden

(Bq)

745*

156f

* Sum of tritium in body water (723 Bq from HTO intakes + 17 Bq from OBT intake);
f sum of tritium in organic matter (90 Bq from HTO intakes + 66 Bq from OBT intake).

4.2.1 HTO Body Burden

The tritium mean body burden was computed from the two-compartment metabolic model for
tritium intake (ICRP-56, 1989). Because the biological half-times of tritiated water and carbon
in the adult are taken to be 10 d and 40 d, respectively, the whole-body retention of tritium taken
in adults as tritiated water is described by:

R(t)mo = 0.97e-a693t/10 + 0.03e-
a693t/4° (21)

Therefore,

R(0HTO = [(0.97 x 52 Bq d"1) * 10 d/ln2] + [(0.03 x 52 Bq d"1) * 40 d/ln2] (22)
R(t)HTo = 728 Bq tritium in body water + 90 Bq tritium in organic matter

A large range of HTO body burden can be expected, due to variabilities in the values of the
intake rate and body water loss rate. The biological half-life of hydrogen in body water turnover
can range from 3.3 to 15 d (Wylie et al., 1963; Butler and Leroy, 1965).
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4.2.2 OBT Body Burden

A comparison of the relative incorporation of tritium from HTO and from OBT into major
tissues has suggested that approximately nine times more tritium from OBT than from HTO is
incorporated into the non-volatile organic fractions (Pietrzak-Flis et al., 1982; Golnik and
Rochalaska, 1985; Saito, 1992; Rodgers, 1992). Thus, the total fractional incorporation of
tritium from OBT intake into major soft tissues may range from 9-45%. On this basis, ICRP-56
(1989) assumed conservatively that 50% of the total tritium from OBT intake is incorporated by
carbon-hydrogen bonding in the tissues, and that its metabolic turnover will follow that of carbon
more closely than that of hydrogen (tritium). The following general metabolic model for OBT
intake was proposed: of the OBT that enters the blood, 50% is assumed to show the same
metabolic behaviour as the main component of retention of tritiated water (see the above
paragraph). The remaining 50% is assumed to enter into bonds with carbon and follow the
general metabolic behaviour of carbon. Thus, the retention for tritium from OBT, R(t)oBT, in an
adult is assumed to be:

R(t)oBi = 0.5e"0693t/I° + 0.5e-° 693tM0 (23)

Therefore,

RWOBT = [(0.5 x 2.3 Bq d"1) * 10 d/ln2] + [(0.5 x 2.3 Bq d"1) * 40 d/ln2] (24)
= 17 Bq tritium in body water + 66 Bq tritium in organic matter

4.2.3 Annual Tritium Dose

The annual dose for an adult resident of Deep River was estimated from the daily tritium intakes
of 54.3 Bq. The dose calculation has considered the appropriate dose conversion factors (DCF)
for the intake of HTO (2.0 x 10"" SvBq"1) (Johnson, 1982) and OBT (4.0 x lO^'SvBq"1)
(ICRP-56,1989). The annual dose is estimated from:

= [{(Daily intake of HTO, Bq d"1) (HTO DCF, 2.0 x 10"" Sv Bq"1)} +

{(Daily intake of OBT, Bqd"1) (OBT DCF, 4.0 x 10"" SvBq"1)}] (365 d a"1) (25)

= [(52 Bq d"1) (2.0 x 10"11 SvBq"') + (2.3 Bq d"1) (4.0 x 10"" SvBq"1)] (365 d a"1)

= 0.41 uSv a"1

4.2.4 OBT Dose Fraction

The OBT dose contribution from daily HTO and OBT-in-diet intakes was estimated from the
predicted ratio of HTO to OBT concentrations in urine of an adult, and using Eqn. 14. The
predicted HTO concentration in urine is derived from the mean body burden of HTO and the
amount of body water (Table 7):
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(26)
_ . . „ , Mean HTO body burden (745 Bq)

Predicted HTO - in - urine (Bq L"1) = —

Body water volume (42 L for Reference Man)

= 17.7 BqL"1

Table 7. Predicted and Measured HTO and OBT Concentrations in Urine

Tritium
Species

HTO
OBT

Mean Body Burden
(Bq)
745
156

Predicted Concentration
(Bq I/1)

17.7
0.10

Measured Concentration
(BqL"')

range, 10-32
NA

NA: Not available.

The predicted OBT concentration in urine (0.10 Bq L'1 in Table 7) is derived from the specific
activity of tritium from bound hydrogen. The specific activity of OBT (Bq gH"1 in organic
matter) in the body is:

= (OBT in organic matter, or mean OBT body burden) (gH in organic matter)"1

= (156 Bq) (2280 gH in organic matter)'1

= 0.07 Bq gH"1 in organic matter

If organic matter in soft tissue and urine are in equilibrium, then by knowing the organic matter
content of the urine sample, the excreted activity concentration for OBT-in-urine can be
estimated. Our results from occupationally exposed workers have shown that 1 L of urine
provides about 21 g of organic matter (Trivedi et al., 1993). From the composition of protein,
which is the major organic component in the excreted urine, it is estimated that hydrogen
constitutes 7% of typical organic matter.

Therefore, the bound hydrogen in urine is:

= [(21 g organic matter L"1) (gH in per g organic matter, which is 7% of organic matter)
= 1.5 gHL 1

Using the bound hydrogen in urine and the specific activity of OBT in the body, the predicted
OBT-in-urine (Bq L"1) is:

= (1.5 gH L'1) (0.07 Bq gH"1 in organic matter) = 0.10 Bq L 1

The predicted urinary excretion of HTO (-18 Bq L l ) agrees well with the measured HTO
concentration in urine samples (range, 10-32 Bq L"1) collected from some adult residents of Deep
River. However, the model-predicted value of OBT-in-urine (0.10 Bq L"1) is yet to be verified by
measurement. The sensitivity of the existing OBT-in-urine bioassay method is about 0.3 Bq L'1

(Trivedi et al., 1993).
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In order to estimate the OBT dose contribution from daily intakes of tritium, including OBT-in-
diet, we estimated the mean ratio of HTO to OBT in urine from the predicted values, and applied
the following formula for computing the fractional OBT dose contribution (A):

A = 27.7 (Predicted ratio of OBT-in-urine to HTO-in-urine)
A = 27.7 [(0.10 Bq L"1) (17.7 Bq L"1)"1]
A= 0.16

Thus, the dose contribution from metabolized OBT following HTO and OBT-in-diet intakes is
about 16% of total body water dose for an average adult in Deep River. However, due to
individual variability in habit and metabolism, as well as fluctuations in tritium levels, the OBT
dose fraction from tritium intake can range within a factor of 2, with respect to the average OBT
dose contribution to the body water dose.

Some of the other factors that can affect the daily HTO and OBT intakes were not evaluated in
this work, due to lack of information and measurement data. For example: (i) allowance for
physiological sources of variation in the population (e.g., age- and gender-dependency) were not
possible; (ii) environmental (e.g., humidity, and temperature) and geographical (e.g., longer
growing and harvesting seasons) factors influence assimilation of tritium into foods; and (iii) the
relative HTO and OBT intakes at different localities will be different from those at Deep River.
Furthermore, reduction in uncertainties for daily OBT in an average Canadian diet, and doses
from environmental levels of tritium, could be achieved by evaluating the relative significance of
global and local tritium (from the operation of reactors and tritium-handling facilities in Canada);
i.e., compare doses at Deep River attributable to reactor tritium with those due to global tritium
levels (natural and residual bomb fallout). However, these findings are sufficient to demonstrate
that the bulk of tritium dose to the Canadian population is due to HTO by inhalation and through
drinking of fluids. The dosimetry for HTO intakes is firmly established (Trivedi et al., 1995) and
is capable of providing reliable population doses from tritium intakes.

5. CONCLUSIONS

The measured and predicted concentrations at Deep River for HTO and OBT in the
environmental samples have estimated that the total daily tritium intake is about 55 Bq from all
sources in the environment. Of this amount, 2.3 Bq is from the dietary intakes of OBT in food
items. The annual tritium dose to an adult member of Deep River is 0.41 îSv, and that is
negligible compared to the recommended limit for the general public dose (1 mSv) (ICRP-60,
1990). The average OBT contribution to the total tritium dose from daily HTO and OBT intakes
is about 16%. The bulk of the tritium dose to an adult population residing near the vicinity of
Chalk River Laboratories is from inhalation and through drinking of fluids.

6. RECOMMENDATIONS

The tritium dose to the Canadian population attributable to the operation of tritium-handling
facilities and CANDU reactors is due mainly to HTO intakes from the environment and food, for
which the dosimetry is appropriate. However, tritium is also ingested by members of the public
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directly in OBT form from consumption of food crops grown locally, or indirectly via foods
derived from animals feeding on contaminated pastures or feed stuffs. Estimates of the dose
contributed from dietary intakes of OBT in the local population can be further improved if:

(a) daily HTO and OBT intakes were estimated for the population from global tritium levels
(natural and residual atomic-bomb tritium), and separated from operating the tritium-
handling facilities and CANDU reactors;

(b) the influence of biological (e.g., age and gender) and environmental (e.g., habit and
habitat) factors on the dietary and environmental levels of tritium intake was evaluated;
and

(c) capabilities for measuring low levels of OBT-in-urine were developed and used to validate
the OBT-tritium dose model.
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