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POSTCLOSURE ASSESSMENT OF A DEEP GEOLOGICAL DISPOSAL SYSTEM

by

M.V.B. Palattao, W.C. Hajas andB.W. Goodwin

ABSTRACT

An Environmental Impact Statement (EIS) of the concept for disposal of Canada's nuclear fuel waste was
completed in 1994 and is currently under review by an independent Review Panel. This EIS included a
postclosure assessment case study to estimate the annual effective dose equivalent in sieverts per year to
members of the public; these estimates were obtained using dose conversion factors (DCFs) based on the
1977 recommendations of the International Commission on Radiation Protection (ICRP). However, in
1990 the ICRP revised these recommendations based on additional biological information and
developments in radiation protection.

This report describes a study of how the more recent recommendations of the ICRP would affect the
results of the postclosure assessment case study presented in the EIS. The report includes a theoretical
description of how DCFs are used and a comparison of results from computer simulations using the 1977
and the 1990 ICRP recommendations.

In the EIS case study, which was based on the 1977 ICRP recommendations, the total dose rate to a
member of the critical group is more than six orders of magnitude below the dose rate associated with the
regulatory criterion for individual radiological risk. The total dose rate to 104 years is dominated by 129I,
with smaller contributions from 36C1 and 14C. If the 1990 ICRP recommendations were implemented, the
total dose rate would be mostly affected by the new DCF for 129I, and would increase by about 67%.
Even with this increase, the total dose rate would still remain many orders of magnitude lower than the
dose rate associated with the regulatory risk criterion.
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A AECL EACL
ESTIMATION DE L'UTILISATION DES FACTEURS DE CONVERSION DE DOSE SELON

LA PUBLICATION CIPR 60 DANS UNE ÉVALUATION APRÈS FERMETURE D'UN SYSTÈME

DE STOCKAGE PERMANENT EN FORMATION GÉOLOGIQUE PROFONDE

par

M.V.B. Palattao, W.C. Hajas et B.W. Goodwin

RESUME

Une Étude d'impact sur l'environnement (EIE) du concept de stockage permanent des déchets de
combustible nucléaire du Canada a été achevée en 1994 et fait actuellement l'objet d'un examen par une
Commission d'examen indépendante. Cette EIE comprend une étude de cas d'évaluation après fermeture
visant à faire une estimation de l'équivalent de dose effectif annuel en sieverts par année reçu par les
membres du public. Ces estimations ont été obtenues en utilisant des facteurs de conversion de dose (DCF)
fondés sur les recommandations de 1977 de la Commission internationale de protection radiologique.
Cependant, en 1990, la CIPR a revu ces recommandations en se fondant sur des renseignements
supplémentaires en biologie et sur des faits nouveaux en matière de radioprotection.

Dans le présent rapport, les auteurs analysent la manière dont les recommandations les plus récentes de la
CIPR influeraient sur les résultats de l'étude de cas d'évaluation après fermeture présentée dans l'EEE. Ce
rapport comprend une description théorique de la manière dont les facteurs de conversion de dose sont
utilisés et une comparaison des simulations par ordinateur utilisant les recommandations de 1977 et de
1990.

Dans l'étude de cas de l'EIE, qui était fondée sur les recommandations de la CIPR de 1977, le débit de dose
total délivré à un membre du groupe critique est de plus de six facteurs 10 au-dessous du débit de dose
associé au critère réglementaire de risque radiologique individuel. Le débit de dose total à 104 années est
dominé par l'129I, auquel s'ajoutent des contributions moindres provenant du 36C1 et du I4C. Si l'on
appliquait les recommandations de la CIPR de 1990, le débit de dose total serait surtout touché par le
nouveau facteur de conversion de dose pour l'129I, et augmenterait d'environ 67 p. 100. Même en tenant
compte de cette augmentation, la débit de dose total demeurerait par de nombreux ordres de grandeurs en
deçà du débit de dose associé au critère de risque réglementaire.
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1. BACKGROUND

AECL has developed a concept for disposal of Canada's nuclear fuel waste. The concept
involves sealing the used fuel in corrosion-resistant containers and emplacing the
containers in a vault 500 to 1000 m deep in the plutonic rock of the Canadian Shield. A
series of natural geologic barriers and man-made barriers would ensure the long-term
protection of humans and the natural environment from the nuclear fuel waste
(AECL 1994).

The Environmental Impact Statement (EIS) of this concept, including a postclosure safety
assessment case study, was submitted for review in 1994. A systems assessment code,
SYVAC3-CC3, was one of the tools used to assess the long-term safety of the
multibarrier system specified for the case study (Goodwin et al. 1994). SYVAC3 is an
acronym for SYstems Variability Analysis Code - generation 3; it is an executive code
that supports the execution of the system models. One of SYVAC3's features is that it
allows parameter values to be chosen deterministically or probabilistically according to
specified probability density functions (PDFs). CC3 is the mathematical model of the
disposal system describing the expected evolution of the vault, geosphere and biosphere
specified for the case study.

The major impact described in the postclosure assessment (Goodwin et al. 1994) is the
estimated dose rate to members of the public. These dose rates were calculated based on
the 1977 International Commission on Radiological Protection presented in ICRP
Publication 26 (ICRP 1977) referred to in this report as ICRP 26, the ICRP Reference
Man presented in Publication 23 (ICRP 1975), and the critical group concept (ICRP 1977,
Davis et al. 1993). The critical group concept is usually employed when individual dose
limits are applied to members of the public. It involves the identification of a relatively
homogeneous group that is expected to receive the highest exposure because of its
location, habits, age, and diet. A member of the critical group is represented by a
standard man who is an adult with characteristics of both male and female. More
recently, however, revised recommendations were made in ICRP Publication 60 (ICRP
1990), referred to in this report as ICRP 60. For example, the radiological risk factor was
increased by about a factor of four, following changes to the tissue and organ weighting
factor (WT) values. Also, ICRP 60 deals with six additional organs or tissues not
explicitly considered in ICRP 26. All these changes have affected the dose conversion
factors (DCFs), used for estimating dose to individuals.

This study addresses the effect of ICRP 60, particularly in the area of dose estimates
obtained using SYVAC3-CC3, and determines whether the changes in ICRP 60 would
have an adverse effect on the conclusions of the postclosure assessment case study. A
description of how the DCF values are used in the biosphere model for both specific
activity and pathway analysis models is presented. Confirmation of expected results
using the 1977 and the 1990 ICRP recommendations is shown using SYVAC3-CC3
simulations. A dose assessment methodology similar to that documented by Goodwin et
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al. (1994) is followed. For comparison purposes, this study considers only the effect on
humans of those radionuclides that have been shown to have significant contributions to
the total dose in the postclosure assessment.

2. RECENT CHANGES TO THE ICRP RECOMMENDATIONS

The ICRP was established in 1928 to provide guidance for the protection of humans
from the radiological consequences of nuclear and radiation-emitting facilities. The
Commission issued its basic recommendations pertaining to estimation of radiological
effects as ICRP 26 in 1977 (ICRP 1977).

The basic dosimetric quantity introduced by the ICRP in 1977 is the absorbed dose, D
(Gy), which is defined as the amount of energy absorbed per unit mass of human tissue.
To account for the biological consequences of the various types of radiation, another
quantity known as dose equivalent, HT (SV), was also introduced. The dose equivalent is
the product of D, Q, and N at the point of interest in a tissue, where D is the absorbed
dose, Q is the radiation quality factor (unitless), and N is the product of all other
modifying factors specified by the Commission. Currently, the ICRP assigns a value of
unity to N. The effective dose equivalent, HE (SV), for the whole body accounts for all the
individual dose equivalents, weighted by tissue and organ factor values, Wj (unitless),
according to their radiosensitivity.

Review and evaluation of these recommendations are continuously being undertaken by
scientific committees such as the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) and the Committee on Biological Effects of Ionizing
Radiation (BEIR) and, from time to time, supplementary statements are issued in the
Annals of the ICRP. New biological information and current developments in
radiological protection led the ICRP to revise its 1977 recommendations. This new set of
recommendations was published as ICRP 60 (ICRP 1990). Although ICRP 60
emphasizes the importance of the operational level of radiation protection, it still retains
the general principles of radiation protection involving the justification of a practice, the
optimization of protection, and the application of limits to individual doses.

Tables 1 and 2 give a summary comparison of the quality factors (Q) and tissue weighting
factors (WT), from ICRP 26 and ICRP 60 recommendations, respectively. The Q factors
are taken into consideration in determining the amount of radiation energy absorbed
(absorbed dose) by target organs from a source organ. Absorbed doses from the various
organs are then translated to dose conversion factors (DCFs) by applying the appropriate
organ and tissue weighting factor values (WT ) and by summing the values.

Table 1 displays the change in radiation factors that are referred to as the radiation quality
factor (Q) in ICRP 26 and as radiation weighting factor (WR) in ICRP 60. These Q (or
WR) values are based on the type and quality of the radiation field or on the type and
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quantity of the radiation emitted by an internally deposited radionuclide. They allow for
the different effectiveness of different types of radiation in producing harmful effects at
low doses. The values of WR are broadly compatible with the values of Q, which are
related to linear energy transfer (LET), a measure of the amount of energy lost by
charged particles per unit track length traversed in the medium (Attix and Roesch 1968).
X-rays, gamma radiation and high-energy electrons are radiations of relatively low LET
because ionizations produced by them tend to be far apart compared with the closely
spaced interactions produced by the passage of more highly charged or more massive
particles. For example, alpha particles, which are less penetrating, have much higher
LET values, and the damage they cause is much more severe.

TABLE 1. Quality Factors (Q) and Radiation Weighting Factors (WR)

ICRP 26
Quality Factor

X-rays, gamma rays and electrons

neutrons

Alpha particles and heavy-charge
particles

1

10

20

ICRP 60
Radiation Weighting Factor

Photons, all energies

electrons and muons, all energies

neutrons, energy <10 keV

lOkeVtolOOkeV

>100keVto2MeV

>2 MeV to 20 MeV

>20 MeV

Protons, other than recoil protons,
energy >2 MeV

Alpha particles, fission fragments,
heavy nuclei

1

1

5

10

20

10

5

5

20

Table 2 gives the previous and revised tissue or organ weighting factor (WT) values
recommended by ICRP; they are averages based on a whole population consisting of both
sexes and all ages. These factors are ratios of stochastic effects for uniform irradiation of
the whole body, where the ratio is the detriment to tissue T divided by the total detriment
to the body.
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TABLE 2. Tissue or Organ Weighting Factors (WT)

Organ or Tissue

Gonads
Bone Marrow
Colon
Lung
Stomach
Bladder
Breast
Liver
Esophagus
Thyroid
Skin
Bone Surface
Remainder
TOTAL

ICRP 26

0.25
0.12

—
0.12

—
—

0.15
—
—

0.03
—

0.03
0.30
1.00

ICRP 60

0.20
0.12
0.12
0.12
0.12
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.05
1.00

The weighting factor for gonads, which was previously given the highest value to provide
an allowance for serious hereditary effects rather than cancer, was reduced by about 20%.
A reduction in weighting factor can also be seen for breast tissue, down by almost 70%.
ICRP 60 increased the weighting factor for the thyroid gland by about 67%. Identical
weighting factor values apply in ICRP 26 and 60 for bone marrow and lung.

The recommendations in ICRP 26 considered only 6 major organs and tissues. The
"Remainder" organs or tissues are taken to be the 5 other organs or tissues (stomach,
lower large intestines, salivary glands, liver, muscles) that received the highest HE; a Wj
of 0.06 is applied to each of them.

On the other hand, ICRP 60 explicitly considered 12 major organs and tissues. Another
ten tissues and organs (adrenals, brain, upper large intestine, small intestine, kidney,
muscle, pancreas, spleen, thymus and uterus) are considered implicitly in the
"Remainder" category. If one of these 10 tissues and organs receive an HE in excess of
the highest dose of the 12 major tissues and organs, it is assigned a WT of 0.025 and the
rest of the "Remainder" tissues and organs are assigned a combined Wj of 0.025.

3. HUMAN DOSE CONVERSION FACTORS

One of the key parameters needed by the biosphere model to predict the environmental
consequences of radionuclide releases to the surface environment is the DCF. Dose
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conversion factors are radionuclide-specific values that convert a unit intake of a
radionuclide or exposure to radiation into dose. These values are calculated on the basis
of procedures and dosimetric and metabolic data recommended by the ICRP. Zach and
Sheppard (1992) enumerated several factors that should be considered in calculating
DCFs. Among them are the differential sensitivity of various human tissues and organs
to radiation (Wy), distribution and turnover of a radionuclide in the body (for internal
exposure), spatial distribution of a radionuclide in the environment (for external
exposure) and the type, energy and biological effectiveness (Q) of the radiation emitted
by the radionuclide of interest. The DCF values used in the postclosure assessment used
organ models that were based on ICRP Publication 30 (ICRP 1979) and the organ or
tissue weighting factor (Wj) and quality factor (Q) data taken from the ICRP 26.

3.1 INTERNAL DOSE CONVERSION FACTORS (INGESTION AND
INHALATION EXPOSURE PATHWAYS)

Radionuclides that are ingested or inhaled can be absorbed and transferred or distributed
to various tissues and organs. Johnson and Dunford (1983) used standard gastrointestinal
and lung models, coupled to a standard organ model, to determine the distribution and
absorption of ingested or inhaled radionuclides. All these models are representative of
the ICRP Standard Reference Man (ICRP 1975). Given the type of radiation emitted and
the decay rate of the radionuclide in question, absorbed doses to various organs and
tissues can be calculated. Dose conversion factors are then calculated by applying the
appropriate organ and tissue weighting factors that are recommended by the ICRP. Zach
and Sheppard (1992) give a detailed discussion of the calculation of internal DCFs.
Davis et al. (1993) summarize the internal DCFs used in the postclosure assessment case
study. These values were mostly calculated by Johnson and Dunford (1983), with other
values from Linauskas (1992 a,b,c).

Table 3 compares the ICRP 26 and ICRP 60 internal DCFs that are used in this study.
Except for 208Bi, 36C1,3H, 129I and 222Rn, the ICRP 60 values were calculated (Zach et al.
1996) from the annual limits on intake (ALI) published in ICRP Publication 61
(ICRP 1991) that involve an occupational dose limit of 20 mSv a"1. The ALI of a
radionuclide is a secondary limit employed when the primary dose limits cannot be
applied directly. When an ALI is met, the maximum dose equivalent limit (Hy) for that
radionuclide will not be exceeded even if the intake occurred every year for 50 years.

The DCFs for 208Bi are the same values found in Davis et al. (1993a) while for 3H and 129I
only single values are provided that account for both ingestion and inhalation because a
specific activity model (described below) is used to treat these nuclides. The DCF for
222Rn (Richardson 1995) was modified by Zach et al. (1996) since the biosphere model
does not include indoor and outdoor equilibrium factors, F for the human inhalation
pathway, and a weighted inhalation DCF value of 3.5 x 10"9Sv Bq"1 was estimated for
222Rn.
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TABLE 3. Internal Dose Conversion Factors (Sv Bq"1)

Radionuclide

225Ac
227 Ac

2 4 1Am
3VAr
I0Be

2UMBi
2 I 0 B i

210mB}

14C
41Ca

IUmcd

3bCl
13 iCs
137Cs

3H
. l«2H f

12yI

8 IKr
BiKr
" M o

y4Nb
i 9Ni
wNi

237Np
239Np

231Pa
233Pa
205Pb
2 I 0Pb
107pd

2.0po

23«Pu
239Pu
240Pu

Ingestion
ICRP 26a

3.1E-08
3.8E-06
1.2E-06

0.0c

1.3E-09
1.4E-09
1.7E-09
2.6E-08
5.2E-10
3.6E-10
6.9E-07

not considered
1.9E-09

not considered
2.9E-08
7.5E-10
9.7E-09
5.0E-09

0.0
0.0

3.8E-1O
3.8E-10
1.3E-08
3.5E-11
1.1E-10
1.1E-06

not considered
2.3E-09
2.9E-06
9.4E-10
4.7E-10
1.6E-06
4. IE-11
5.3E-07
1.0E-06
1.2E-06
1.2E-06

ICRP 60b

4.0E-08
2.2E-06
6.7E-07

0.0
2.0E-09
1.4E-09
2.0E-09
2.0E-08
5.0E-10
2.9E-10
2.2E-08
1.0E-09
2.0E-09
2.0E-08
2.9E-08
2.0E-09
1.6E-08
5.0E-09

0.0
0.0

2.5E-10
2.0E-10
2.2E-09
6.7E-11
2.0E-10
6.7E-07
1.0E-09
2.5E-09
2.0E-06
1.0E-09
3.3E-10
1.0E-06
6.7E-11
2.2E-07
5.0E-07
5.0E-07
5.0E-07

Inhalation
ICRP 26a

2.7E-06
1.6E-03
1.3E-04

0.0
6.1E-09
6.2E-09
6.3E-08
2.1E-06
5.2E-12
3.3E-10
3.7E-07

not considered
9.4E-10

not considered
**

3.9E-08
**

3.3E-09
0.0
0.0

8.4E-09
7.9E-09
1.3E-07
2.0E-10
5.2E-10
1.2E-04

not considered
4.4E-09
3.2E-04
2.9E-09
9.8E-10
3.5E-06
4.2E-09
2.5E-06
1.2E-04
1.3E-04
1.3E-04

ICRP 60b

2.2E-06
1.0E-03
6.7E-05

0.0
1.0E-07
6.2E-09
5.0E-08
2.0E-06
5.0E-10
2.9E-10
2.2E-07
6.7E-09
1.0E-09
1.0E-08

**
5.0E-07

**
3.3E-09

0.0
0.0

6.7E-09
6.7E-09
1.0E-07
3.3E-1O
1.0E-09
6.7E-05
6.7E-10
4.0E-09
2.0E-04
2.9E-09
6.7E-10
2.0E-06
3.3E-09
2.0E-06
6.7E-05
6.7E-05
6.7E-05

continued.
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T A B L E 3 (concluded)

241Pu
242Pu
223Ra
224Ra
225Ra
226Ra
228Ra
8 /Rb
187Re
222Rn
12 iSb
126Sb
79Se
32Si

126Sn
yoSr
i«2T a

y 9Tc
125m-j.

2 2 7 Th
2 2 8 Th
2 2 9 Th
23UTh
2 3 1 Th
2 3 2 Th
2 J 4 Th
2 3 2 U
2 3 3 U
2 3 4 u2 3 5 u2 3 6 u2 3 8 u
90y

y3Zr

2.1E-08
1.1E-06
1.5E-07
9.3E-08
5.0E-08
3.2E-07
2.6E-07
1.1E-09
2.6E-12

0.0
8.2E-10
2.3E-09
2.3E-09
7.5E-10
9.1E-10
3.4E-08
4.5E-09
6.5E-10
2.6E-09
7.9E-08
2.5E-06
2.4E-05
3.5E-06
3.6E-10
1.9E-05
2.8E-09
4.1E-07
8.7E-08
8.5E-08
7.9E-08
8.1E-08
7.5E-08
2.9E-09
4.5E-10

1.0E-08
5.0E-07
1.0E-07
6.7E-08
6.7E-08
2.2E-07
2.9E-07
1.0E-09
4.0E-12

0.0
1.0E-09
3.3E-09
2.0E-09
1.0E-09
6.7E-09
3.3E-08
2.2E-09
6.7E-10
1.0E-09
1.0E-08
6.7E-08
5.0E-07
6.7E-08
4.0E-10
4.0E-07
5.0E-09
1.0E-07
2.9E-08
2.9E-08
2.9E-08
2.9E-08
2.5E-08
4.0E-09
2.9E-10

2.3E-06
1.4E-04
2.5E-06
9.9E-07
2.5E-06
2.6E-06
1.3E-06
7.0E-10
1.5E-11
1.4E-08
4.9E-09
3.2E-09
2.5E-09
3.6E-09
5.3E-09
4.2E-07
1.4E-08
2.7E-09
2.1E-09
5.1E-06
1.1E-04
5.6E-04
8.1E-O5
2.2E-10
4.1E-04
8.4E-09
2.1E-04
4.4E-05
4.3E-05
4.0E-05
4.1E-05
3.8E-05
2.1E-09
7.7E-08

l.OE-06
6.7E-05
2.0E-06
l.OE-06
2.0E-06
2.2E-06
l.OE-06
1.0E-09
2.0E-11
3.5E-09
3.3E-09
3.3E-09
2.0E-09
2.9E-07
2.9E-08
3.3E-07
1.0E-08
2.5E-09
2.0E-09
4.0E-06
1.0E-04
3.3E-04
5.0E-05
2.5E-10
2.2E-04
1.0E-08
2.0E-04
4.0E-05
3.3E-05
3.3E-O5
3.3E-05
3.3E-O5
2.9E-09
4.0E-08

Taken from Davis et al. (1993)
Taken from Zach et al. (1996)
Values of 0.0 indicate doses are very small and need not be considered because these
radionuclides are not retained in the body (Davis et al. 1993)
Indicates a radionuclide that was not considered by Goodwin et al. (1994)
Internal DCFs account for both ingestion and inhalation using a specific activity
approach, and are expressed in units of (Sv a"1) / (Bq kg"1) soft tissue (for 3H) or
thyroid gland (for129!).
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In general, there are no large increases in the ingestion DCFs derived from ICRP 60 when
compared to ICRP 26 for the radionuclides that contributed significantly to the total dose
in the postclosure assessment case study. The most notable change is for 129I; its DCF
increased from 9.7 x 10~9 to 1.6 x 10"8 (Sv a"1) / (Bq kg"1). This is due to the increase in
the thyroid weighting factor, from 0.03 to 0.05 (Table 2). Inhalation DCFs for most of
the radionuclides are observed to have higher values in ICRP 26.

3.1.1 Internal Dose Conversion Factor for 129I
(Sv a"1)/(Bq kg"1 thyroid)

This DCF is used to calculate the upper dose rate limit for 1 2 9I. Because the biosphere
model treats iodine with a specific activity approach, a single DCF was calculated
assuming that 129I resides in the thyroid rather than being taken in by ingestion or
inhalation. The equation used for calculating the internal DCF for 129I is given by Zach
and Sheppard (1992).

DCF (129I) = ND * EA * ECF * Q * WT , (1)

where DCF(129I) = internal dose conversion factor for 129I (Sv a"1)/(Bq kg"1),
ND = number of disintegrations per year (dis/Bq a), 3.15 x 107,
EA = energy absorbed per disintegration (MeV dis"1), 6.40 x 10"2,
ECF = energy conversion factor (Sv kg MeV"1), 1.60 x 10"13,
Q = quality factor for beta and gamma radiation and X-rays (unitless), 1, and
WT = thyroid weighting factor (unitless), 0.03 (ICRP 26),

0.05 (ICRP 60).

Parameter values are taken from Zach and Sheppard (1992). A DCF of 9.7 x 10"9

(Sv a"') / (Bq kg"1) was calculated based on the ICRP 26 WT value of 0.03. This was
subsequently increased to 1.6 x 10" (Sv a") / (Bq kg" thyroid) after considering the
increase in the ICRP 60 WT factor to 0.05.

3.1.2 Alternative Internal Dose Conversion Factor for 36C1 and I4C
(Sv a"1) / (Bq kg'1 soft tissue)

Alternative DCFs are used to calculate an upper limit to the total 36C1 or the total 14C dose
rate, and are different from their corresponding internal DCFs listed in Table 3 because
they are calculated based on the amount of 36C1 or 14C residing in soft tissue rather than
from the amount of intake.

Using an equation similar to the one used for I, Zach et al. (1996) obtained a DCF
value of 1.4 x 10"6 (Sv a"1) / (Bq kg"1 soft tissue) for 36C1, and Zach and Sheppard (1992)
determined the DCF for 14C to be 2.49 x 10"7 (Sv a"1) / (Bq kg"l).
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Parameter values for the calculation of DCFs for both radionuclides can be found in the
above-quoted references.

3.2 EXTERNAL DOSE CONVERSION FACTORS

External DCFs are needed to calculate the dose received by humans from exposure to
external radiation fields. As discussed by Davis et al. (1993), external DCFs are
determined by initially calculating the absorbed dose in an environmental medium such as
air, soil, water or building material. The absorbed dose in the environmental medium is
then used to calculate the dose to various organs and tissues, taking into consideration the
type of energy emitted and shielding from the radiation fields. External DCFs are also
calculated by applying the appropriate Wy and Q factors that are recommended by the
ICRP.

It is noted by Zach et al. (1996) that changes in the WT values in ICRP 60 would result in
only minor changes in the previously calculated external DCF values. These changes will
relate only to gamma-emitting radionuclides whose radiation could easily penetrate
various organs and tissues.

There have not been any changes made to the external DCF values previously used in the
postclosure assessment case study. This report uses the external DCFs adopted by Zach
and Sheppard (1992), which were mostly calculated by Holford (1989) based on ICRP
Publication 30 (ICRP 1979).

4. THEORETICAL EVALUATION OF THE USE OF DCFs IN THE POSTCLOSURE
ASSESSMENT CASE STUDY

4.1 THE BIOSPHERE MODEL

In the postclosure assessment case study, the biosphere model was used to simulate the
transport of radionuclides from the discharge zones through the surface environment and
to estimate their concentration in various environmental media. The model consists of
submodels representing the geosphere-biosphere interface, surface waters, unsaturated
soils, atmosphere, and food chains and dose. These submodels were integrated to predict
the transport and concentrations of radionuclide in environmental media such as water,
soil and air. These concentrations are then transformed into annual effective dose
equivalent (Sv a"1) received by humans and other biota, considering different exposure
scenarios.

Twenty-three possible exposure pathways to humans, shown in Table 4, were considered
in the postclosure assessment case study. Pathways 1 to 18 involve internal exposures
through ingestion and inhalation of radionuclides by the critical group. Internal dose rates
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TABLE 4. Exposure Pathways Considered in the Biosphere Modela

1.
2.
3.
4.

5.
6.
7.
8.

9.
10.
11.
12.

13.
14.
15.
16.

17.
18.

19.
20.
21
22.
23.

Pathway
Uptake from Soil
Soil/plant/meat/human
Soil/plant/milk/human
Soil/plant/bird/human
Soil/plant/human

Atmospheric Deposition
Air/plant/meat/human
Air/plant/milk/human
Air/plant/bird/human
Air/plant/human

Ingestion of Water
Water/meat/human
Water/milk/human
Water/bird/human
Water/human

Ingestion of Soil
Soil/meat/human
Soil/milk/human
Soil/bird/human
Soil/human

Other Internal Routes
Fish/human
Inhalation

External Routes
Air
Water
Ground
Wood
Inorganic

Comment

Used to estimate dose rate to a member
of the critical group from the ingestion
of plants and animal products contaminated
by root uptake from soil.

Used to estimate dose rate to a member
of the critical group due to ingestion
of contaminated plants and animal products.

Used to estimate dose rate to a member
of the critical group from the direct
ingestion of drinking water, and from
the ingestion of animal products that
have been contaminated by drinking
water and by irrigation water.

Used to estimate dose rate to a member
of the critical group from the ingestion
of contaminated soil; includes direct
ingestion of contaminated soil and
ingestion of animal products from
animals that have ingested contaminated soil.

Used to estimate dose rate to the
critical group from the ingestion of
fish taken from contaminated lake
and from the inhalation contaminated air.

Used to estimate external dose rate to
the critical group due to immersion in
contaminated air and water, exposure
to contaminated ground (groundshine),
and exposure to contaminated buildings
constructed of wood and inorganic materials.

"Source: Davis et al. (1993) and Goodwin et al. (1994)
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for an individual in the critical group are calculated using DCFs that convert the
concentration of radioactive contaminants in inhaled air and in ingested food and water
into 50-year committed effective dose equivalents.

Davis et al. (1993) describe the parameters that are needed to calculate the internal
exposure of humans. These include food-ingestion rate, breathing rate, transfer
coefficients involving plant and animals, hold-up times that describe the delay between
harvest and consumption, source of drinking water (whether lake or well) and irrigation
practices.

Pathways 19 to 23 constitute the external exposure pathways to the critical group
resulting from exposure to radioactive sources outside the body. These external exposure
pathways can be due to standing on contaminated ground, immersion in contaminated
water and air, and proximity to contaminated materials. Radiation doses from external
exposures use external DCFs to convert concentration of external radioactive
contaminants into effective dose equivalent. Dose conversion factors for external
exposures do not constitute a committed dose because the dose depends only on the
duration of exposure and also because no radionuclides are taken internally.

The equation for calculating dose rate to an individual in the critical group for a single
pathway k and for a single radionuclide i can be expressed as a simple multiplicative
chain of the form

Dj = Ckii x TFk,i x Ukii x DCFk i i . (2)

For example, for the pathway 4 in Table 4, involving ingestion of contaminated plants,

D; = dose rate from ingestion of radionuclide i in plants (Sv a"1),
C4J = concentration of radionuclide i in the soil in which the plant was

grown for pathway 4 (Bq kg"1 dry soil),
TFk,j = transfer factor that describes the fraction of radionuclide i that

moves from the soil to the plant in pathway 4 ((Bq kg"1 wet
biomass) / (Bq kg"1 dry soil)),

U44 = usage factor which describes the plant ingestion rate of a member of
the critical group (kg wet biomass a"1), and

DCF4J = dose conversion factor that describes the radiological effect of
exposure from pathway 4 that is due to ingestion of radionuclide i
(SvBq 1 ) .

In general, Ck,j describes the concentration of radionuclide i in an environmental
compartment that is accessed by the critical group, and the transfer factor and usage factor
describe how the critical group interacts with that compartment. The dimensions of these
variables depend on the nature of the pathway; for instance, concentrations may be
expressed in units of Bq kg"1 (meat) for ingestion of meat, Bq m"3 (air) for inhalation, or
Bq kg"1 (dry weight) for external exposure to building material (Davis et al. 1993). The
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DCF employed is either the internal DCF (for pathways 1 to 18 in Table 4) or the external
DCF (for pathways 19 to 23). The total dose rate associated with radionuclide / would be
the sum of its dose rates from all exposure pathways.

Of particular interest in this report is the fact that the DCF appears in Equation (2) as a
simple multiplicative factor. Thus if all other factors in the equation are unchanged, the
estimated dose rate from radionuclide i associated with pathway k should scale linearly
with the corresponding DCF.

The biosphere model uses Equation (2) for most radionuclides to estimate dose rates from
ingestion and inhalation, and for all radionuclides to estimate dose rates from external
exposure. However, this equation can lead to substantial overestimates of internal dose
rates from some radionuclides that exhibit unique behaviour in the human body and the
biosphere. In particular, the biosphere model uses variations of Equation (2) to estimate
internal dose rates from the three radionuclides of interest in this report, namely I291,14C
and 36C1 (Davis et al. 1993, Johnson et al. 1995, Zach et al. 1996).

4.1.1 Internal Dose Rates from I29I

Iodine entering the human body accumulates almost exclusively in the thyroid gland, and
internal dose rates from 129I are dominated by doses to the thyroid. In addition, the
metabolism of the human body is such that the concentration of iodine in the thyroid is
regulated within narrow limits, and any excess iodine is excreted. Finally, the human
body does not distinguish between radioactive 129I and stable 127I, so that the relative
concentrations of these two isotopes in the thyroid will depend on the ratio of their intake
into the body.

These considerations lead to the following equation for estimation of internal (ingestion
and inhalation) dose rate from 129I (after Davis et al. 1993).

D(129I) = R(I29I) x gb x M(thyroid) x DCF(129I), (3)

where R(129I) = ratio of annual intake of radioactive 129I to total (129I
plus I27I) iodine (dimensionless),

gb = mass-to-activity conversion factor for 129I (kg Bq"1),
M(thyroid) = ratio of the mass of iodine in the thyroid to the total

mass of the thyroid (dimensionless), and
DCF(129I) = internal dose conversion factor (Sv a"1) / (Bq kg"1)

that pertains to 129I and its effect on the thyroid.

Davis et al. (1993) note that the ratio on annual intake, R (I29I), can be obtained from
estimates of the intake of 129I and I27I in the diet of the critical group, based on an
analysis of the pathways listed in Table 4. However, they also point out that a
conservative upper bound to this ratio can be obtained from the estimated concentrations
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of 129I and 127I in groundwaters that have passed near or through the disposal vault and
that then discharge into the biosphere. Davis et al. (1993) select the groundwater
concentrations that have the largest estimated value for 129I, and refer to this upper bound
as the groundwater dose limit. This limit corresponds to assuming that the ratio of 129I to
I27I in the thyroid is the same as that found in the most contaminated groundwater.

As for Equation (2), the point of interest for this report is that the DCF for 129I in
Equation (3) appears as a simple multiplicative factor. In addition, since Equation (3)
applies to all internal exposure pathways, the estimated internal dose rate from 129I should
scale linearly with its DCF. Thus internal dose rates from 129I should increase by about
67% when changing from ICRP 26 DCFs to ICRP 60 DCFs, based on the 67% larger
weighting for thyroid glands (Table 2).

4.1.2 Internal Dose Rates from I4C

The dose rate from 14C to an individual in the critical group will also be affected by the
presence of stable carbon (mostly 12C). In particular, the groundwater discharging into
the biosphere contains appreciable concentrations of stable carbon and, as in the case for
129I, an upper bound, the groundwater dose limit, can be imposed for the internal dose rate
from I4C. Davis et al. (1993) use the following equation:

D(14C) = R(14C) x gc x M(soft tissue) x DCF(14C) , (4)

where R(14C) = ratio of groundwater concentrations of radioactive 14C
to total carbon (radioactive and stable) (dimensionless),

gc = mass-to-activity conversion factor for 14C (kg Bq"1),
M(soft tissue) = ratio of the mass of carbon in soft tissue to the total

mass of soft tissue in the human body (kg carbon kg"1

soft tissue), and
DCF(I4C) = internal dose conversion factor (Sv a"1) / (Bq kg"1 soft

tissue) that pertains to 14C and its effect on soft tissue in
the body.

In applying Equation (4), it is assumed that internal doses from 14C (a 6-emitter) affect
only soft tissue (Davis et al. 1993). To calculate dose rates from 14C, the biosphere model
uses Equation (2) in a pathways analysis; however, if it is larger, this dose rate is replaced
by the upper bound from Equation (4). The results in Table 2 show that internal DCFs
for 14C are unchanged between ICRP 26 and ICRP 60, and hence dose rate estimates
from I4C should not be affected when usingDCFs from ICRP 26 or ICRP 60.

4.1.3 Internal Dose Rates from 36C1

Groundwater discharging into the biosphere also contains appreciable amounts of stable
chlorine. As for 14C and 129I, an upper groundwater dose limit was implemented in the
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calculation of the internal dose rate from 36C1 (Johnson et al. 1995). Following the
equations for 14C and 129I, the groundwater dose limit to the internal 36C1 dose is given by

D(36C1) = R(36C1) x gc x M(soft tissue) x DCF(36C1) , (5)

where R(36C) = ratio of groundwater concentrations of radioactive 36C1
to total chlorine (radioactive and stable)
(dimensionless),

gc = mass-to-activity conversion factor for 36C1 (kg Bq"1),
M(soft tissue) = ratio of the mass of chlorine in soft tissue to the total

mass of soft tissue in the human body (kg chlorine kg"1

soft tissue), and
DCF(14C) = internal dose conversion factor (Sv a"1) / (Bq kg"1 soft

tissue) that pertains to 36C1 and its effect on soft tissue
in the body.

The groundwater dose limit is compared with the result of pathway analysis using
Equation (2). The smaller dose rate estimate is used to represent the total internal 36C1
dose to humans.

Chlorine-36 was not evaluated in the postclosure assessment case study (Goodwin et al.
1994) and hence dose rate estimates for 36C1 are not available using its DCFs based on
ICRP 26. In a related study, Johnson et al. (1995) evaluated 36C1 using its DCFs based on
ICRP 60.

5. RESULTS FROM SYVAC3-CC3 SIMULATIONS

The results presented here involve deterministic and probabilistic analyses that were
performed using SYVAC3-CC3 (Goodwin et al. 1994). The system model (CC3) deals
with a scenario which could affect the performance of the reference disposal system
through groundwater-mediated processes. Basically, this scenario involves contact of the
waste by groundwater that eventually leads to the release and transport of radioactive
contaminants to the human environment.

The deterministic analysis describes the median-value simulation wherein all parameters
considered in the assessment models are given their median value or the 50th percentile
of their corresponding PDFs. On the other hand, probabilistic analysis uses results from
several thousand simulations in which parameter values are randomly selected from their
PDFs. As mentioned in previous studies (Goodwin et al 1994, Johnson et ul. 1995), the
results generated from probabilistic analysis are more appropriate for comparison with
regulatory criteria. For comparison purposes in this report, only the 3 radionuclides (129I,
I4C and 36C1) that were found to dominate the results of the postclosure assessment
(Goodwin et al. 1994, Johnson et al. 1995) are analyzed.
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5.1 MEDIAN-VALUE SIMULATION

Figure 1 compares the dose rates resulting from the use of the ICRP 26 and ICRP 60 DCF
values for each radionuclide of interest. No change is apparent for 14C, but 129I exhibits
an increase of more than 60% (not readily apparent in Figure 1 because of the logarithmic
scale) when changing from ICRP 26 to ICRP 60 DCFs. This increase clearly reflects the
change brought about by the increase in its DCF.

The total dose rate for the 3 radionuclides also increases to about 4.8 x 10"18 Sv a"1 at
104 a when changing from ICRP 26 to ICRP 60 data. This value represents an increase
of about 62% compared with the value of 3.0 x 10"18 Sv a1 reported by Johnson et al.
(1995) The total dose rate is mostly contributed by 129I (97%). In fact, the 129I curve
almost entirely coincides with the total dose rate curve. Although 36C1 is the second
largest contributor to dose rate, it accounts for only about 2.8% of the total dose rate,
with I4C contributing the remainder. At 105 a, the total estimated dose rate is about
7.4 x 10"7 Sv a"1, which again comes mostly from 129I. Chlorine-36 remains the only
other radionuclide contributing to the total dose rate at 105 a because 14C has reached its
peak in about 6 x 104 a, and its inventory has largely vanished by decay (to stable 14N) by
105a.

The total dose rate is dominated by the ingestion pathways (notably pathway 4 in Table 4,
soil-to-plant-to-man) for all the 3 radionuclides. External exposure pathways from 14C,
36C1 and 129I contribute only 0.02% to the total dose.

5.2 PROBABILISTIC ANALYSIS

The results presented herein involve 2 sets of 1000 simulations using the Monte Carlo
technique to select random parameter values from their ranges of possible values. The 2
sets of simulation differ only in the selection of DCFs for 129I and 14C, using either
ICRP 26 or ICRP 60. That is, there are 1000 pairs of simulations, one from each set, and
each pair has identical values for all parameters except the DCFs for 129I and l4C.

Figures 2 and 3 illustrate pairwise plots of maximum dose rates to 105 a for 129I and 14C.
As expected, the effect of the increased DCF for I is clearly reflected in Figure 2.
Almost all points are above the diagonal line. A few points fall on the line and these
correspond to rare simulations where dose rates from 129I are dominated by the external
exposure pathways, and the resulting dose rate estimates are similar because the external
DCFs for 129I are identical in the two sets of simulations. Figure 3 shows the expected
result for I4C: the simulations yield essentially identical dose rate estimates when using
ICRP 26 or ICRP 60.
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FIGURE 1: Contribution to Estimated Dose Rate from 129I, 36C1 and 14C in the
Median Value Simulation. The dose rate curve is not available for
36C1 using its DCF from ICRP 26. The total dose rate curves are the
sum of the dose rates from 129I, !4C and 36C1, and in both cases the total
dose uses the dose rate for 36C1 that was calculated using its DCF from
ICRP 60. The following three pairs of curves are almost coincidental:

Total (ICRP 60) and 129I (ICRP 60),
Total (ICRP 26) and 129I (ICRP 26), and
14C (ICRP 26) and I4C (ICRP 60).
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FIGURE 2: Pairwise Comparison of Maximum Dose Rates from 129I. The vertical
and horizontal axes show the estimated maximum dose rates, for times up
to 105 a, involving the use of DCFs from ICRP 60 and ICRP 26
respectively. The effect of the increased DCF from ICRP 60 is clearly
shown.
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FIGURE 3: Pairwise Comparison of Maximum Dose Rates from 14C. The vertical and
horizontal axes show the estimated maximum dose rates involving the use
of DCFs from ICRP 60 and 26 respectively. There is no noticeable change
in the calculated dose rates for the two sets of simulations.
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Table 5 is another comparison of results using ICRP 60 and ICRP 26. The ratio of
maximum dose to 105 a is used. The change to dose rate from 14C is consistently small -
less than 5%. Iodine-129 dose rates calculated from ICRP 60 are always at least as large
as the values calculated from ICRP 26, and generally about 65% larger.

TABLE 5. Dose Rate Ratios Based on DCFs from ICRP 60 and ICRP 26

Ratio of Maximum (up to 105 a) Annual
Doses: estimate using ICRP 60

estimate using ICRP 26

- maximum ratio
- minimum ratio
- median ratio
- average ratio

129j

1.65
1.00
1.65
1.63

14C

1.05
0.95
0.96
0.96

Figure 4 compares estimates of mean dose rate using DCFs from ICRP 26 and 60. The
means are estimated from 1000 probabilistic simulations. Dose rates for
from ICRP 26 have not been computed.

36,Cl using DCF

The Atomic Energy Control Board has established objectives, requirements and
guidelines for judging the acceptability of the long-term performance of options for
radioactive waste disposal. Their regulations include a radiological risk criterion of 10"6

serious health effects per year which has an associated dose rate limit of 5 x 10"5 Sv a"1

(AECB 1987). At 10 a, the total mean dose rate based on ICRP 60 values is more than
6 orders of magnitude lower than this dose limit. Iodine-129 remains the most dominant
radionuclide, contributing more than 95% of the mean dose rate up to 105 a. Its total
mean dose rates, based on the ICRP 60 recommendations, are 8.4 x 10"12 Sv a"1 and
2.0 x 10"6 Sv a"1 for 104 a and 105 a respectively. These amount to an increase of about
62% compared with the dose rate estimates which are based on DCFs from ICRP 26. As
discussed in Section 4, the maximum increase expected is 67%, based on the increase in
the internal DCF for 129I between ICRP 26 and ICRP 60. The observed increase is
slightly smaller and is attributed to the occurrence of a few simulations where external
exposures are more important than internal exposures.

The contribution of 14C peaks near 4 x 104 a and decreases continuously thereafter. At
105 a, 36C1 contributes about 4% to the total mean dose rate, whereas only 0.004% comes
from 14C.

The conditional radiological risk associated with the groundwater transport scenario is
given by the expression:

Risk= D x k ,
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FIGURE 4: Comparison of the Estimated Mean Dose Rates Using DCFs Based on
ICRP 26 and ICRP 60. Iodine-129 remains the most dominant
radionuclide, contributing more than 95% of the mean dose up to 105 a.
The total mean dose rates up to 105 a are lower than the dose rate of
5 x 10"5 Sv a"1 associated with the AECB radiological risk criterion
(AECB 1987). Results for 129I and I4C are shown using their DCFs from
ICRP 26 and ICRP 60; results for 36C1 and the total curves use the 36C1
DCFs from ICRP 60 only. The following three pairs of curves almost
coincide: Total (ICRP 60) and I29I (ICRP 60),

Total (ICRP 26) and 129I (ICRP 26), and
14,C (ICRP 26) and 14C (ICRP 60).



- 2 0 -

where
D is the average dose rate from the probabilistic analysis, summed over all

radionuclides (Sv a"1), and
k is the risk conversion factor. In their regulations, the AECB (1987) specify that

k be set equal to 0.02 fatal cancers and serious genetic effects per sievert.

The results in Figure 4 show that the estimated mean dose rate is less than 9.0 x 10~12 Sv a1

for times up to 104 a, and it follows that the conditional radiological risk is less than a value
of 2 x 10"13. This estimate of the radiological risk is essentially unchanged from that given
by Goodwin et al. (1994), and is more than 6 orders of magnitude smaller than the
radiological risk criterion set by the AECB (1987).

The value of 0.02 serious health effects per sievert for k is based on recommendations
from ICRP 26, and the more recent recommendations in ICRP 60 include a nominal value
of 0.073 to calculate the risk of fatal and nonfatal cancers and serious hereditary effects.
(Note that the risk end points are different: fatal cancers and serious genetic effects in
ICRP 26, compared with fatal and nonfatal cancers and serious hereditary effects in
ICRP 60.) The conditional radiological risk to 104 a using the ICRP 60 risk conversion
factor is 6 x 10"13, well below the AECB radiological risk criterion (AECB 1987).

6. CONCLUSIONS

The results of this study have shown that if the ICRP 60 recommendations were
implemented in the postclosure assessment of the concept for the disposal of Canada's
nuclear waste, the total dose rate would be mostly affected by an increase in the estimated
dose rate from 129I. This increase clearly reflects the increase to the thyroid weighting
factor from 0.03 to 0.05. The contribution from 14C would not change greatly. Chlorine-
36 (not considered in Goodwin et al. 1994) would contribute about 4% to the total new
dose rate.

Despite the increased dose rate from 129I, the total mean dose rate for times up to 104 a is
many orders of magnitude smaller than the dose rate of 5 x 10"5 Sv a"1 associated with the
AECB radiological risk criterion. It follows that the use of the ICRP 60 recommenda-
tions would not change the overall conclusions that are reached in postclosure assessment
(Goodwin et al. 1994) and that are described in the environmental impact statement
(AECL 1994).
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