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RÉSUMÉ

Le concept de stockage permanent des déchets de combustible nucléaire du
Canada concerne le confinement du combustible irradié dans des conteneurs
résistants à la corrosion mis en place dans une enceinte située à grande
profondeur dans la roche cristalline du Bouclier canadien. Pour prévoir
les incidences possibles sur les personnes d'un groupe critique bien avant
dans l'avenir, on a procédé à une évaluation après fermeture permettant
d'examiner la sûreté à long terme du concept.

Bien que les déchets de combustible des centrales CANDU (CANada Deuterium
Uranium) renferment plusieurs centaines de radionucléides et éléments chi-
miques (appelés contaminants) pouvant être toxiques, un bon nombre d'entre
eux ne conduiraient pas à des incidences importantes. Dans le présent
rapport, on donne une limite supérieure de la dose de rayonnement et des
effets de la toxicité chimique calculés que pourraient recevoir les êtres
humains, lesquels proviendraient de tous les contaminants pouvant être
toxiques, et on identifie ceux qui demandent un examen minutieux lors de
l'évaluation après fermeture.

En outre, on y examine les sources et propriétés des contaminants. Les
propriétés d'intérêt particulier comprennent la période radioactive, l'in-
ventaire, la mobilité dans les eaux souterraines, la sorption sur la roche,
le degré de toxicité, les précurseurs et la descendance (ou les pères nu-
cléaires et produits de filiation) des membres d'une chaîne de désintégra-
tion. On y examine la façon dont les propriétés influent sur le comporte-
ment de divers contaminants dans différentes parties du système de stockage
permanent. L'examen mène à des méthodes suggérées de traitement de dif-
férents contaminants lors de la simulation de leur sort dans le système de
stockage permanent. On fait des recommandations, en particulier, sur la
façon dont on peut simplifier les chaînes de désintégration des actinides
pour les étudier lors de l'évaluation après fermeture.
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IDENTIFICATION OF CONTAMINANTS OF CONCERN FOR

THE POSTCLOSURE ASSESSMENT OF THE CONCEPT

FOR THE DISPOSAL OF CANADA'S NUCLEAR FUEL WASTE

by

B.W. Goodwin and Kishor K. Mehta

ABSTRACT

The concept for the disposal of Canada's nuclear fuel vaste involves the
isolation of irradiated fuel in corrosion-resistant containers emplaced in
a vault located deep in crystalline rock of the Canadian Shield. To esti-
mate potential impacts on members of a critical group far into the future,
a postclosure assessment evaluates the long-term safety of the concept.

Although the nuclear fuel vaste from CANDU (ÇANada Deuterium Uranium) pover
generating stations contains several hundreds of potentially toxic radio-
nuclides and chemical elements (referred to as contaminants), many of these
vould not lead to significant impacts. This report provides an upper bound
on estimated radiation dose and chemical toxicity effects on humans from
all potentially toxic contaminants, and it identifies those that require
detailed consideration in the postclosure assessment.

This report also examines the origins and properties of the contaminants.
Properties of interest include radioactive half-life, inventory, mobility
in groundvaters and sorption on rock, degree of toxicity, and precursors
and progeny (or parents and daughters) for members of a decay chain. The
report considers hov these properties affect the behaviour of different
contaminants in different parts of the disposal system. The discussion
leads to suggested methods of treatment of different contaminants when
simulating their fate vithin the disposal system. In particular, recommen-
dations are made on hov the actinide decay chains can be simplified for
study in the postclosure assessment.
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1. INTRODUCTION

The nuclear fuel vaste disposal concept currently under investigation and
review in Canada involves isolation of the waste in long-lived containers
emplaced in a vault located deep in crystalline rock of the Canadian
Shield. The postclosure assessment (Goodwin et al. 1994) estimates the
effects that could occur far into the future, starting from the time that
the disposal facility is permanently sealed.

Ve analyze in the postclosure assessment the potential effects of exposure
to nuclides that may be radiotoxic or chemically toxic; in this report, we
refer to these nuclides as "contaminants." There are several hundreds of
contaminants present in irradiated fuel; however, many of them are present
in very small quantities and cannot lead to any significant detrimental
impact. Also, many radionuclides have very short half-lives and quickly
decay to very small quantities, and thus would not pose a significant haz-
ard. As a consequence, we have found it effective to screen all possible
contaminants to identify those that need more detailed consideration.

Our first objective in this report is to identify contaminants, both radio-
toxic and chemically toxic, that should be evaluated in detail in the post-
closure assessment. We restrict our analysis to contaminants present in
CANDU* fuel bundles, consisting of irradiated U02 fuel and Zircaloy
sheaths. Other components of the disposal facility, such as containers and
backfill materials, are of much less concern and are not analyzed here.

Ve first estimate potential effects based on important properties of the
contaminants and the disposal system, such as radioactive half-lives, sorp-
tion of contaminants on minerals and groundwater velocities in the geo-
sphere (see Appendices A to C). The estimates use equations and data
chosen so as to yield an upper bound on effects. Ve then compare estimated
effects with appropriate criteria. These comparisons and other considera-
tions yield a list of contaminants of most concern.

Our second objective is to recommend how to simplify treatment of some
contaminants, notably the members of the actiniae decay series. Each of
these series contains 15 or more members linked together through radio-
active decay. The exact simulation of each member of these series is pos-
sible, but the resultant mathematical solutions can be very inefficient and
unnecessarily complex. By introducing suitable approximations, it is fea-
sible to devise mathematical solutions that are much more efficient compu-
tationally. It is particularly important to use optimal solutions for
assessments that follow a systems variability analysis approach (Vuschke et
al. 1985).

The discussion and the rationale presented in this report build on previous
studies (Mehta 1982, Goodwin et al. 1987a). The conclusions and recom-
mendations are somewhat specific to used CANDU fuel and the concept for the
disposal of Canada's nuclear fuel waste. Notwithstanding, the general

CANDU (ÇANada Deuterium Uranium) is a registered trademark of AECL.
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thrust of the rationale developed here vould be useful for studies involv-
ing different nuclear vaste and different disposal concepts.

2. RADIOACTIVE CONTAMINANTS

2.1 INTRODUCTION

tfe assume here that radionuclide inventories are for typical, or "refer-
ence," fuel bundles consisting of used fuel and the surrounding Zircaloy
sheaths from the Bruce Nuclear Generating Station (BNGS) reactors. Ve
further assume the bundles have been irradiated to a burnup of 685 GJ/kg of
initial uranium, and then allowed to cool for 10 a. These radionuclides
can be grouped into four categories, according to their production routes
(Mehta 1982):

1. fission of uranium and other fissile atoms present in U02 fuel
(Section 2.4);

2. neutron activation of impurities in U02 (Section 2.5);

3. neutron activation of atoms in Zircaloy, including any impurities
(Section 2.6); and

4. neutron activation of uranium in U02 fuel, producing actinides,
including subsequent decay products (Section 2.7).

We further restrict the analysis to those radionuclides having half-lives
of 0.1 a or longer, unless they are members of a decay chain. This choice
is based on the assumption that every radionuclide is isolated for at least
100 a in the disposal facility. With a half-life of 0.1 à or less and an
isolation time of 100 a, it follows that radioactive decay will lead to an
inventory reduction of at least 21000 (about 10300). No radionuclides
found in the used CANDU fuel or Zircaloy sheaths have a half-life of 0.1 a
or less and a large enough initial inventory and a high enough radiotoxi-
city, such that they could cause significant detriment after 100 a.

2.2 ELIMINATION CRITERIA

With the restrictions described above, there are approximately 200 radio-
nuclides to evaluate (they are listed below in Tables 1 through 8 in this
report, and a summary list is given in Table 9).

To determine which radionuclides should be evaluated in detail in the post-
closure assessment, we follow the logic diagrams shown in Figures 1 and 2
and use a series of simple bounding calculations of radiation dose. The
logic diagrams summarize the key decisions made in the analysis and the
results of those decisions. Bounding calculations are used so that we can
guarantee that the estimated doses are "conservative"; that is, they are
overestimates of the radiation impact. For example, our dose estimates are
for members of a "critical" group whose characteristics are chosen so that
members of this group are exposed to the greatest risks. Appendix A
describes some characteristics of the critical group. In. this report, we
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Fission Products
Fuel Impurity Activation Products
Zircaloy Activation Products

Single Radionuclides Two-Member Chains

Y
r Eliminate.

-^ Y

Progeny Only

Evaluate as a single
radionuclide in the

postclosure assessment.

Eliminate precursor, but
add its inventory to
that of its progeny.

^ Precursor Only Eliminate progeny, but
adjust the DCF of

its precursor.

Y

Half-Life^
of Both
<0.1 a

Half-Ule

of Precursor

<0.1a

Half-Life
of Progeny

Y

Eliminate.
Y yr Doses (direct

\ <5x10 - B

X Sv/a /

Evaluate as a two-member
chain in the

postclosure assessment.

FIGURE 1: Logic Diagram for Screening Fission Products, Fuel Impurity
Activation Products and Zircaloy Activation Products
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4n, 4n+1, 4n+2 and 4n+3
Actinide Decay Chains

For Each Radionuclide k
In Each Branch:

Evaluate as a member
of a decay chain in the
postclosure assessment,

Eliminate radionuclide k
but adjust the DCF of a
precursor (see note A).

Eliminate radionuclide k
but add Its Inventory to that
of a progeny (see note B).

Exceptional treatment
(see note C).

Evaluate In the postclosure
assessment as a single radio-
nuclide and add Its Inventory
to that of a progeny (see note D).

Dk = direct doses from k due to Its Initial Inventory

IDk| = Indirect doses from k caused by Ingrowth
of Its progeny I (where k < I)

IDm)= Indirect dose from m due to Ingrowth of Its
progeny I; m Is Itself a progeny of k (or k < m < I)

See text for the following exceptions:

B.

C.

244PU
241Am, 239Np (also eliminated but

inventories added to a progeny)
D. 241Pu, 232U

FIGURE 2: Logic Diagram for Screening the Actinide Decay Series
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use the abbreviation "dose" and "annual dose" to mean "annual effective
dose equivalent." Both are actually dose rates that describe the 50-a
committed effective dose equivalent from that year's intake of radio-
nuclides (see Appendix A, Section A.2).

We also focus on radiation dose because ve can then compare estimated doses
with dose limit's to identify the radionuclides of concern. If our esti-
mated maximum dose to the critical group due to a radionuclide is below a
limiting value, we recommend that the radionuclide be excluded from further
consideration in the postclosure assessment.

We have chosen a limiting value of dose that is based on the Canadian
Atomic Energy Control Board (AECB) guidelines for the disposal of radio-
active waste. The AECB requires that the predicted radiological risk to
members of the critical group should be very small: the probability of
fatal cancers or serious genetic effects must be less than one chance in a
million per year (AECB 1987). They also specify that the predicted radio-
logical risk is calculated by multiplying predicted dose by the risk con-
version factor, whose value is 2 x 10-2 health effects per sievert (Sv).*
It follows that the AECB risk limit is associated with an annual dose limit
of 5 x 10-5 Sv/a (AECB 1987).

The annual dose limit of 5 x 10-5 Sv/a applies to the total annual dose due
to all the radionuclides present in the vault. For an individual radio-
nuclide, we set a limiting value for the annual dose at one one-thousandth
of this value, or 5 x 10-8 Sv/a. We recommend that a radionuclide can be
excluded from further analysis if our bounding calculations yield a conser-
vative estimate of annual dose that is less than 5 x 10-8 Sv/a. Note that
the bounding calculations use models and data that will overestimate the
predicted doses. Consequently, an excluded radionuclide would contribute
less than 0.1% to the overall risk limit. Appendices A and B describe the
models and data and show sample calculated results.

2.3 SIMPLIFICATION OF DECAY CHAINS

Some radionuclides can be excluded from detailed simulation by invoking
arguments based on the secular-equilibrium approximation, by modifying dose
conversion factors and by adjusting radionuclide inventories.

* The AECB (1987) risk conversion factor derives from recommendations of
the International Commission on Radiological Protection (ICRP). The ICRP
Publication 26 (ICRP 1977) recommends that a conversion factor equal to
2 x 10-2 be used to calculate the radiation risk of fatal cancers and
serious genetic defects to an individual. In a more recent publication
(ICRP 1991), the ICRP recommends that a nominal probability coefficient
equal to 7.3 x 10-2 be used to calculate the risk of fatal and non-fatal
cancers or severe hereditary effects; this risk end point is somewhat
different from that considered in ICRP Publication 26. Although the
revised recommendations imply a fourfold greater risk associated with a
given exposure to radiation, they would not significantly change the
conclusions reached herein.
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The secular-equilibrium approximation is acceptable and may be used to
estimate the inventory of progeny in a compartment when two important con-
ditions are met:

1. The first condition relates to the relative half-lives of a pre-
cursor (parent) radionuclide and its progeny (daughter). If the
precursor has a long half-life relative to its progeny, then it
may be possible to estimate the inventory of the progeny if the
inventory of its precursor and their half-lives are known. The
mathematical relationship is

where M^ is the mass of radionuclide j whose half-life is tj , and
the symbols j and j+1 identify the precursor and progeny
radionuclides.

2. The second condition requires that both the precursor and progeny
remain together in the compartment over a sufficiently long
period of time and that they are not separated by processes such
as different rates of transport through some medium.

In practice, secular equilibrium may be assumed if the half-life of the
precursor radionuclide is about four or more times greater than that of its
progeny radionuclide, and both radionuclides are resident within a compart-
ment of the disposal system for about four or more half-lives of the progeny
radionuclide. Under these conditions, the effective rates of radioactive
decay of both radionuclides differ by less than about 10Z. Appendix D con-
tains more discussion on secular equilibrium.

In the postclosure assessment of the concept for the disposal of Canada's
nuclear fuel waste, the disposal system is represented by three major
compartments: the vault, the geosphere, and the biosphere (Vuschke et al.
1985, Goodwin et al. 1987b, 1994). Because these compartments have various
chemical and physical properties, the residence time of radionuclides in a
compartment will vary; therefore, secular equilibrium may be an acceptable
approximation in one compartment but not another. Typically, residence
times in the vault and geosphere are much longer than in the biosphere, and
we find that secular-equilibrium conditions are most often fulfilled for
radionuclides in the vault and geosphere. Secular equilibrium is also
frequently applicable for some radionuclides in the soil subcompartment of
the biosphere where they tend to have long residence times.

In many cases, the residence time in some compartment may be comparable
with a progeny half-life, and there may not be enough time for that progeny
to reach secular equilibrium with its precursor. This condition frequently
occurs in other subcompartments of the biosphere, such as the atmosphere
and water subcompartments. When it does occur, it is a conservative
approximation to assume that a progeny is in secular equilibrium with its
precursor (see Appendix D). The .degree of conservatism depends on the
ratio between the radionuclide half-lives and their residence times in the
compartment.
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Another argument leading to a simplified decay chain applies when the chain
includes a radionuclide with a half-life that is less than about one day.
This radionuclide need not appear explicitly anywhere in the food-chain
calculations or elsewhere in the postclosure assessment. Suggestions about
how to account for the dose contribution of these short-lived radionuclides
follow.

1. The external dose due to a short-lived radionuclide can be
included by adding its dose conversion factors (DCFs) to those of
its precursor, and assuming that secular equilibrium holds in all
the relevant compartments.

2. The internal dose due to this short-lived radionuclide can also
be approximated through similar adjustments to the internal
(ingestion and inhalation) r>CFs of their precursors (Johnson and
Dunford 1983). In fact, DCFs, which are computed by Johnson and
Dunford (1983) and used in this report, include dose contribu-
tions from short- and long-lived progeny due to their ingrowth
within the human body.

Finally, we can also simplify some decay chains by adding the inventory of
a precursor radionuclide to the inventory of its progeny radionuclide. The
acceptability of this simplification depends on the radioactive and trans-
port properties of the radionuclides. When it is justified, it results in
the elimination of the precursor radionuclide.

We introduce these arguments for simplification of decay chains in a case-
by-case basis in Sections 2.4 to 2.7.

2.4 FISSION PRODUCTS

In the fission process, a fissile nucleus such as 235U absorbs a neutron,
and the resulting nucleus is so unstable that it quickly breaks up into two
or more parts called "primary fission products." Most primary fission
products are radioactive, decaying with the emission of beta particles and
gamma radiation to form new products that may also be radioactive. As a
result, after a short time, there are over 200 isotopes of more than
30 elements associated with the fissioning of uranium fuel (Tait et al.
1989). These isotopes, generally referred to as "fission products,"
include both radioactive and stable isotopes. Table 1 lists 36 radioactive
fission products present in .used CANDU fuel, and with half-lives greater
than 0.1 a (from Tait et al. 1989). We also summarize in Table 1 the
results of the bounding estimates of the annual dose from these 36 fission
products. Appendix A provides more details on the calculations.

One of the important parameters of the bounding estimates is the time it
takes groundwater to move from the vault to the surface environment. This
"groundwater transit time" (GWTT) is quite uncertain; for example, it
depends on the permeability of the host rock, the hydraulic gradient, and
the possible presence of important hydraulic features, such as wells and
faults.
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TABLE 1

RADIOACTIVE FISSION PRODUCTS IN USED CANDU FUEL

Radionuclide Half-Life»
(a)

Half-life =

no-Ag
14*Ce
153Gd

11911 Sn
123 Sn
160f5

i23«xe
125 B*Fg

127 vpû

Half-life =

134Cs
147Pm
10 «Ru
125Sb

Half-life =

113-Cd
152Eu
15*Eu
155Eu

3H
85Kr
93»Nb

Half-life =

137Cs
151 Sm

12111 Sn
90Sr

Half-life .

108-Ag
166»Ho

1 d to I a

249.9 d
284.3 d
242. d
293.0 d
129.2 d
72.3 d
119.7 d
58 d
109 d

1 to 3 a

2.062
2.623
1.008
2.77

3 to 20 a

13.6
13.33
8.8
4.96
12.35
10.72
13.6

20 to 100 a

30.0
90.0
55.
29.12

100 to 2 x 10* a

1.27 x 102

1.20 x 103

Groundvater Transit Time (a)b

102 5 x 102 103 10* 105

__ __ — __ __

_ _ _ — — - _ _ -.-
— ._ __

— — __ —__
__

—
—

__ _- — _-
ws
WS WS WS

WS WS WS
— -_ —__ __ __

_- — -- ._

WS WS WS WS WS
WS WS WS WS WS

—

ws
ws
ws
ws ws ws ws ws

ws
ws ws

continued...
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TABLE 1 (concluded)

Radionuclide Half-Life
(a)

Groundvater Transit Time (a)

102 5 x 102 103 10* 10s

Half-life = 2 x 104 to 1.6 x UP a

135Cs
1291

81Kr

2.3 x 106

1.57 x
2.
2,

1

107pd

79 Se
126Sn
99Tc

93Zr

107

10s

.03 x 104

6.5 x 106

6.5 x 104

1.0 x 10s

2.13 x 105

1.53 x 106

Half-life > 1.6 x 107 a

87Rb 4.7 x 1010

VS
VS
VS
WS
WS
US
VS
VS
VS

VS

VS
VS
VS
VS
VS
VS
VS
VS
VS

VS

VS
VS
VS

VS
VS
VS
VS
VS

VS

VS
VS
VS

VS
VS
VS
VS

VS

VS
VS
VS

VS
VS
VS
VS

VS

* Half-lives are taken from ICRP Publication 38 (ICRP 1983).
b The results of the bounding calculations (see Appendix A) are summarized in the iîve columns on the right

for five assumed GWTTs. The symbols "S" and "W" indicate that the estimated maximum dose for the
fission product listed above could exceed 5 x 10"8 Sv/a for pathways involving Soil and Water. The results
shown above consider only the initial inventory of the radionuclides listed. The text includes consideration
of ingrowth of four, progeny radionuclides ('""Te, 126Sb, 90Y and 93mNb) from decay chains.

Ve have performed the bounding calculations of radiation dose using values
for the GVTT that range from 102 to 10s a. Thus the results of these
bounding calculations can be used for different disposal systems, providing
that a GVTT can be estimated. Groundvater transit times of the order of
104 a or more are expected to be representative of conditions for the dis-
posal concept being investigated in Canada (Davison et al. 1994).

Table 1 identifies fission products whose estimated annual doses vere
greater than 5 x 10-8 Sv/a for different GVTTs. The symbol "V" or "S"
indicates that greater annual doses vere estimated for ingestion pathways
involving "Vater" or "Soil" pathways (see Appendix A).

Ve recommend that a radionuclide may be excluded from further consideration
in the postclosure assessment if the following two conditions hold (see
also Figure 1).

1. A minimum groundvater transit time can be estimated that applies
to the radionuclide for the postclosure assessment of the dis-
posal system.
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2. The bounding calculations show that, for a smaller or equal GVTT,
its estimated contribution to annual dose is less than
5 x 10-8 Sv/a.

For example, we suggest that only 11 fission products need to be considered
for a GVTT of about 10* a: 3H, 85Kr, 90Sr, 135Cs, 129I, 81Kr, 107Pd, 79Se,
126Sn, "Tc and 87Rb, based on the results summarized in Table 1 and on the
sample results in Table A-2 in Appendix A. Note that the first three
fission products in this list have relatively short half-lives, and only
extremely small quantities of these radionuclides would survive a presumed
GWTT of 104 a. However, their transport by diffusion could lead to arri-
vals of significant quantities at the biosphere before 10* a. The results
of the bounding calculations (see Section A.2, Appendix A) suggest that they
require evaluation because their estimated annual doses exceed 5 x 10-8 Sv/a.

Most of the fission products listed in Table 1 decay to stable isotopes,
either directly or through very short-lived progeny. Four fission
products, with relatively long-lived radioactive progeny, were examined
further to determine their potential contribution to dose. The decay
schemes for these fission products, 90Sr, 93Zr, 126Sn and 125Sb, are listed
below.

125Sb (2.77 a)
22 8/Ç

> 125-Te (58 d) > 125Te (stable)

14Z
(1.0 x 105 a) - > 126Sb (12.4 d)

100Z
90Sr (29.12 a) - > 90Y (64 h)

93Zr (1.53 x 106 a)
100Z

-> 93»Nb (13.6 a)

-> 126Te (stable)

-> 90Zr (stable)

-> 93Nb (stable)

The numbers in brackets are the radionuclide half-lives. The percentages
indicate how much of the precursor radionuclide is assumed to decay to the
Indicated progeny. The following two precursors have multiple decay routes:

1. Antimony-125 decays to a radionuclide, 125»Te, 22.8% of the time,
and directly to a stable nuclide, 125Te, 77.2Z of the time (ICRP
1983).

2. Tin-126 also decays directly to stable 126Te, 86X of the time
(ICRP 1983), through a short-lived progeny, 126»Sb, whose half-
life is 19 min. Since the half-life of 126»'Sb is less than one
day, it may be accounted for by modifying the DCFs for 12SSn (see
Section 2.3).

For these two-member decay chains, we use a series of calculations similar
to those described for the actinide decay series (Section 2.7) and follow
the logic diagram in Figure 1. From these calculations (not reproduced
here), we suggest that masses of 125»Te, 126Sb, 90Y and 93»Nb can be
approximated by assuming that they are in secular equilibrium with their
appropriate precursors, when simulating their transport through the vault
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and the geosphere compartments, and through the soil subcompartment of the
biosphere. Our calculations also suggest that, If the GVTT is about 104 a,
then two of these two-member decay chains can be eliminated:

125Sb — > i25»Te and
 93Zr — > 93»Nb.

Note that if secular equilibrium is assumed for 126Sb, then a correction
should be included to allow that 126Sb is formed only 14% of the time; that
is, for the decay of 126Sn to 126Sb, Equation (1) should be modified to

MIiffSbl.MIiilSnlxO.14 . (2)
t(126Sb) t(126Sn)

A similar correction is required for the decay of 125Sb to 125"Te.

The assumption of secular equilibrium may not be acceptable in other sub-
compartments of the biosphere, and it may be necessary to treat these
precursor-progeny pairs as two-member chains.

2.5 ACTIVATION PRODUCTS FROM FUEL IMPURITIES

CANDU fuel is nominally pure U02 , but it does contain small amounts of
impurities. These impurities can undergo neutron activation in the high
neutron fluxes that occur within a nuclear reactor. Neutron activation
occurs when a nucleus absorbs a neutron, often producing a radioactive
isotope.

Table 2 lists the radioactive isotopes created by neutron activation of the
impurities in CANDU fuel, including the oxygen in U02 and trace amounts of
nitrogen gas (Tait et al. 1989). The table also summarizes the results of
the bounding calculations (Appendix A) and indicates which of these acti-
vation products require further evaluation in the postclosure assessment
(see also Figure 1). For example, we suggest that only 11 activation pro-
ducts need be considered for a GWTT of about 10* a: 3H, 63Ni, 39Ar, 14C,
93Mo, 32Si, 10Be, 41Ca, 59Ni, 99Tc and 40K, based on the results summarized
in Table 2 and on the sample results in Table A-2, Appendix A. As
discussed in Section 2.4, this list includes some radionuclides with short
half-lives relative to the GWTT of 10* a because their transport by
diffusion could lead to the arrival of significant quantities of these
short-lived radionuclides at the biosphere before 104 a, and consequently
to estimated annual doses that exceed 5 x 10- 8 Sv/a.

Most of the activation products in Table 2 decay directly to stable iso-
topes, either directly or through very short-lived progeny. Four of them,
with relatively long-lived radioactive progeny, were examined further to
determine their potential contribution to dose. The decay schemes for
these four radionuclides, 108»Ag, 93Mo, 32Si and 90Sr, are listed below.
The numbers in brackets indicate the radionuclide half-lives.
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8.9%
i°«»Ag (1.27 x 102 a) > losAg (2.37 min) > 108Cd (stable)

or 10»Pd (stable)
100Z

93Mo (3.5 x 103 a) > 93»Nb (13.6 a) > 93Nb (stable)

100Z
32Si (4.5 x 102 a) > 32P (14.29 d), > 32S (stable)

100%
90Sr (29.12 a) > 9°Y (64 h) > 90Zr (stable)

TABLE 2

RADIOACTIVE ACTIVATION PRODUCTS FROM FUEL IMPURITIES IN CANDU FUEL

TJ 3 f\ 4 /\mio 1 ̂ noAoQ xonucx J.QC

Half-life = 1

iio-Ag
4-rCa
159Dy

153Gd
54Mn
32p

119»Sn
170Tm
65Zn

Half-life = 1

109cd

55Fe
I47pm
171Tm

Hal f T -î f n*

(a) 102

day (d) to 1 a

249.9 d
163. d
144.4 d
242. d
312.5 d
14.29 d
293.0 d
128.6 d
243.9 d

to 3 a

1.27 WS
2.7 WS
2.623
1.92

Groundwater Transit Time (a)b

5 x 102 103 104 105

__
__ __ —
__
__ __ __ __

__ __ -- —__

__ __ — -_

—

__

—__ __ — --

Half-life = 3 to 20 a

60Co 5.271 WS WS
l52Eu 13.33
154Eu 8.8
155Eu 4.96

3H 12.35 WS WS WS WS
93-Nb 13.6

continued...
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TABLE 2 (concluded)

Radionuclide

Half-life = 20

42Ar
"Ni

15*Sm
9°Sr

Half-life = 100

108»Ag
39Ar
14C

1«6»HO
"Mo
32Si
157Tb

Half -life = 2 x

i'Be
41Ca
36C1c
94Nb
59Ni
99Tc
93Zr

Half-life > 1

40K

Half-Life
(a)

to 100 a

33.
96.
90.0
29.12

to 2 x 104 a

1.27 x 102

2.69 x 102

5.73 x 103

1.20 x 103

3.5 x 103

4.50 x 102

1.50 x 102

104 to 1.6 x

1.6 x 106

1.4 x 105

3.01 x 10s

2.03 x 104

7.5 x 104

2.13 x 10s

1.53 x 106

.6 x 107 a

1.28 x 109

Groundwater Transit

102

WS
WS

—WS

WS
WS
WS
WS
WS
WS

—
10' a

WS
WS •

—WS
WS
WS
-s

WS

5 x 102

WS
WS
--

—

WS
WS
WS
WS
WS
WS

—

WS
WS

---s
WS
WS

—

WS

103

WS
WS

—
—

..
WS
WS
-s
WS
WS

—

WS
WS

--
--
WS
WS

—

WS

Time

104

WS
--

—

.„

WS
WS__

WS
WS

—

WS
WS

—
--
WS
WS

—

WS

(a)

10s

WS
--

—

_.
WS
WS

--
WS
WS

—

WS
WS

--
--
WS
WS

—

WS

' Half-lives are taken from ICRP Publication 38 (ICRP 1983), except for 42Ar, which is taken from the GE
Nuclear Energy report "Nuclides and Isotopes" (Walker et al. 1989).

b The results of the bounding calculations (see Appendix A) are summarized in the five columns on the right
for five assumed GWTTs. The symbols "S" and "W" indicate that the estimated maximum dose for the
radionuclide could exceed 5 x 10"8 Sv/a for pathways involving Soil and Water. The results shown above
consider only the initial inventory of the radionuclides listed. The text includes consideration of ingrowth
of four progeny radionuclides ( Ag, 93mNb, 32P and 90Y) from decay chains.

c Results reported here for 36C1 pertain only to its inventory in used fuel, as estimated by Tait et al. (1989)
(see Appendix A). Recent information indicates that there is additional 36C1 in the used fuel bundles,
associated with the neutron activation of the graphite coating surrounding the UO2 fuel pellets (Johnson and
Tait 1992).



- 14 -

Silver-lOSm decays by tvo routes: 8.9% is transmuted to radioactive 108Ag,
vhich then decays to the stable nuclides 108Cd or 108Pd; and 91.12 decays
directly to 108Pd (ICRP 1983). Since the half-life of l08Ag is less than
one day, it may be accounted for by modifying the DCFs for ios«^g (see
Section 2.3).

For the other three two-member decay chains, we use a series of calculations
similar to those described for the actinide decay series (Section 2.7), and
we follow the logic diagram in Table 1. From these calculations (not repro-
duced here), we suggest that 93mNb, 32P and 90Y can be approximated using
secular equilibrium with their respective precursors when simulating their
transport through the vault and the geosphere compartments, and through the
soil subcompartment of the biosphere. Our calculations also suggest that if
the GWTT is about 10* a, then one of the two-member decay chains can be
eliminated: 90Sr —> 90Y.

The secular-equilibrium approximation may not be acceptable in other sub-
compartments of the biosphere, and it may be necessary to treat these
precursor-progeny pairs as two-member chains.

2.6 ACTIVATION PRODUCTS FROM ZIRCALOY

The U02 in a CANDU reactor is contained within fuel sheaths, consisting of
cladding, end plugs, end plates, spacers and other parts constructed from
Zircaloy, an alloy of zirconium. Radionuclides -may be produced by neutron
activation of the constituents of Zircaloy, including any impurities.

Table 3 lists the radioactive isotopes expected to arise from the neutron
activation of Zircaloy in CANDU fuel (Tait et al. 1989). This table also
summarizes the results of the bounding calculations (Appendix A) and indi-
cates which radionuclides may be excluded from the postclosure assessment
(see also Figure 1).

For example, we suggest that only 12 activation products of Zircaloy need
be considered for a GWTT of about 104 a: 3H, 63Ni, 14C, 93Mo, 32Si, 10Be,
2osBi> 2iomBi> 59Ni> 2ospb> 99Tc and i87Re> based on the results summarized
in Table 3 and on the sample results in Table A-2 in Appendix A. As
discussed in Sections 2.4 and 2.5, this list includes some radionuclides
with short half-lives relative to the'GWTT of 104 a because their transport
by diffusion could lead to the arrival of significant quantities of these
short-lived radionuclides at the biosphere before 104 a and to estimated
annual doses exceeding 5 x 10'8 Sv/a.

Most of the activation products of Zircaloy listed in Table 3 decay to
stable isotopes, either directly or through very short-lived progeny. Six
radionuclides, however, have relatively long-lived radioactive progeny and
were examined further to determine their potential contribution to dose.
The decay schemes for these radionuclides are listed below. The numbers in
brackets indicate the radionuclide half-lives.
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TABLE 3

RADIOACTIVE ACTIVATION PRODUCTS FROM 2IRCALOY

Radionuclide» Half-Life1»
(a)

Half-life =

iio»Ag
«5Ca
192Ir
194. Ir

177-LU
5«Mn
32p

210p0

«6Sc
n3Sn
119»Sn

i'3Sn
182Ta

i23»Te
125»Te
i27»Te
181W

«5Zn

Half-life =

109Cd
55Fe

l"Sb
171Tm

Half-life =

60Co
3H

93"Nb
19«0s

Half-life =

«2Ar
63Ni

193Pt
izi-Sn
90Sr

1 d to 1 a

249.9 d
163. d
74.02 d
171. d
160.9 d
312.5 d
14.29 d
138.4 d
83.83 d
115.1 d
293.0 d
129.2 d
115.0 d
119.7 d
58. d
109. d
121.2 d
243.9 d

1 to 3 a

1.27
2.7
2.77
1.92

3 to 20 a

5.271
12.35
13.6
6.0

20 to 100 a

33.
96.
50.
55.
29.12

Groundwater Transit Time (a)°

102 5 x 102 103 10« 105

— — __ —

— — — —
__

— — __ —
__ — — — —__

_-
__ — — — —__
__

— — — —— — — __ —
_.__

— — — —
__

—

w-
us
ws ws ws
--

ws ws ws
ws ws ws w-
— — __ _- --

—

ws ws ws ws ws
ws ws
ws
ws ws ws

continued...



- 16 -

TABLE 3 (concluded)

Radionuclide Half-Life
(a)

Half-life

108.Ag
14C

192.Ir

"Mo
32Si

Half-life

10Be
208Bi

210«Bi

182Hf
1291
9«Nb
"Ni
205pb
99Tc
S3Zr

Half-life

17«Lu
187Re

= 100 to 2 x 104 a

1.27 x 102

5.73 x 103

2.41 x 102

3.5 x 103

4.50 x 102

= 2 x 104 to 1.6 x

1.6 x 106

3.68 x 10s

3.0 x 106

9.0 x 106

1.57 x 107

2.03 x 10*
7.5 x 10*
1.43 x 107

2.13 x 10s

1.53 x 106

> 1.6 x 107 a

3.60 x 1010

5. x 10l°

Groundwater Transit Time (a)

102

VS
WS
WS
VS
WS

107 a

WS
WS
WS
WS__

WS
WS
WS
WS
WS

-s
WS

5 x 102

WS
WS
WS
WS

WS
WS
WS
-s
—WS
WS
WS
WS
WS

-s
WS

103

WS
WS
WS
WS

WS
WS
WS

—
__

WS
WS
WS
WS
WS

-s
WS

104

WS

—WS
WS

WS
WS
WS

—— ___

WS
WS
WS
--

WS

10s

WS

--
WS
WS

WS
WS
WS

--

—
__

WS
WS
WS

—

WS

* Information indicates that there may be a significant inventory of 36CI in Zircaloy, associated with the
neutron activation of 35C1 impurities (Johnson and Tait 1992).

b Half-lives are taken from ICRP Publication 38 (ICRP 1983), except for 42Ar, which is taken from the GE
Nuclear Energy report "Nuclides and Isotopes" (Walker et al. 1989).

c The results of the bounding calculations (see Appendix A) are summarized in the five columns on the right
for five assumed GWTTs. The symbols "S" and "W" indicate that the estimated maximum dose for the
radionuclide listed above could exceed 5 x 10"8 Sv/a for pathways involving Soil and Water. The results
shown above consider only the initial inventory of the listed radionuclides. The text includes consideration
of ingrowth of six progeny radionuclides (182Ta, 93mNb, 125mTe, 32P, 90Y and 93mNb) from decay chains.
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100%
182Hf (9 x 106 a) >

93Mo (3.5 x 103 a)

125Sb (2.77 a)

32Si (4.5 x 102 a)

100%
s.

22.8%
V

100%

100%
90Sr (29.12 a) >

93Zr (1.5 x 106 a)
100%

V

*82Ta (115.0 d)

93»Nb (13.6 a)

IZSn'pg

32P (14.29 d)

90Y (64 h)

93BNb (13.6 a)

-> 182W (stable)

> 93Nb (stable)

> 125Te (stable)

-> 32S (stable)

-> 90Zr (stable)

> 93Nb (stable)

Antimony- 125 decays by two routes: 22.8% is transmuted to radioactive
12S»Te; and 77.2% to a stable nuclide, Te-125 (ICRP 1983).

For these two-member decay chains, we use a series of calculations similar
to those described for the actinide decay series (Section 2.7) and follow
the logic diagram in Table 1. From these calculations (not reproduced
here) we suggest that 182Ta, 93-Nb (from 93Mo and 93Zr), 125-Te, 32P and
90 Y can be approximated using secular equilibrium with their respective
precursors, when simulating their transport through the vault and the
geosphere compartments and through the soil subcompartment of the bio-
sphere. If secular equilibrium is assumed for 125"Te, a modification
similar to Equation (2) is required to allow that it is formed only 22. 8%
of the time. Our calculations also suggest that if the GWTT is about
104 a, then four of these two-member decay chains can be eliminated:
182Hf — > 182Ta, 125Sb — > 125mTej 90Sr _> 90y an(J 93Zr _>

The secular-equilibrium approximation may not be acceptable in other sub-
compartments of the biosphere, and it may be necessary to treat all these
precursor-progeny pairs as two-member chains.

2.7 THE ACTINIDE DECAY SERIES

Neutron-capture processes in U02 fuel can produce several heavy radio-
nuclides whose atomic number and mass exceed that of uranium. These radio-
nuclides decay either through alpha or beta emission, and all are catego-
rized as members of one of four radioactive decay series. The series are
frequently identified as the 4n, 4n+l, 4n+2 or 4n+3 decay series, where n
is an integer and 4n, 4n+l, 4n+2 and 4n+3 are mass numbers of the members
of the decay series. The four decay series are shown in Figures 3, 5, 7
and 9. These figures and the following discussion exclude a few radio-
nuclides with very small initial inventories in CANDU fuel and several low-
probability branches that would have no significant effect on the analysis
and resulting recommendations.



- 18 -

In this section, we recommend how the actinide decay series can be simpli-
fied. Because each of the four decay series contains 15 or more members,
it is desirable to devise shorter series to improve the efficiency of com-
putations for the postclosure assessment. The complexity of the equations
and their solutions increases rapidly with the length of a decay series.

Some radionuclides can be eliminated from explicit detailed consideration
by modifying the inventory of one of its progeny or by modifying the dose
conversion factor of a precursor. Other radionuclides can be approximated
using arguments based on secular equilibrium. As before, we base our
recommendations on bounding calculations; however, the increased complexity
of the problem results in a much more complex set of calculations and
elimination criteria. For example, to eliminate a radionuclide that is a
member of a decay series from detailed consideration in the postclosure
assessment, it is necessary to show that

its direct contribution to dose is insignificant;

its indirect contribution to dose, through all its progenies, is
insignificant; and

its indirect contributions due to ingrowth, from all its precur-
sors, are insignificant.

The details of the bounding calculations are given in Appendix B. To sim-
plify the analysis, we restrict the calculations to a single value of the
GWTT. We assume here a value of 104 a, which is expected to be a reason-
able estimate of the minimum GUTT used in the postclosure assessment; we
base our decision on studies of groundwater flows in the Whiteshell
Research Area (Davison et al. 1994). The recommendations given here would
be largely unchanged for GWTTs ranging from about 103 to 105 a.

The results of the bounding analysis are presented using a "matrix" format
that displays both the direct and indirect contributions to dose for all
radionuclides. The following matrix provides an example of how the results
appear.

Dose due to

Precursor 238U 234Th 234U 230Th

238U
234Th
234{J
230Th

• • •

(al)
-
-

• • •

(a2)
(bl)

:..
<a3)
(b2)
(cl)

• • •

(a4)
<b3)
(c2)
(dl)
• • • • • •

Members of the decay chain are used to label the rows and columns of esti-
mated doses. These estimated doses are shown in the above matrix as the
entries (al), (a2), and so on. By reading across any row, we can determine
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the direct and indirect contributions to dose from the radionuclide label-
ling that row; for example, from row 2 above, we find that the direct con-
tribution from 234Th is dose "bl", and its decay to 230Th yields the indi-
rect contribution I!b3".

By reading down any column, we can determine the sources of contributions
to dose from the radionuclide labelling that column; for example, from
column 3 above, we find that 234U is the source of doses "a3" and "b2H,
which arise because of ingrowth from its progeny, 238U and 234Th, whereas
"cl" is the dose due to the initial inventory of 234U.

The results discussed below provide recommended simplifications for the
four actinide decay series, following the logic diagram in Figure 2. We
note one general qualification. Assessment calculations using these
simplified chains will tend to produce overestimates of dose when using
models and data that provide more detail and accuracy than the models and
data used in our bounding calculations. We recommend that these simplified
chains be used in preliminary studies to estimate potential radiation
doses: they will yield an upper bound on the estimated dose. If these
studies show cases with significant dose estimates and more precise bounds
are required, then we recommend that the calculations be repeated using
more or all of the original members of the series.

2.7.1 The 4n Decay Series

The reference fuel contains 20 radionuclides from the 4n decay series,
illustrated in Figure 3. The series starts with 248Cm and ends at the
stable nuclide 208Pb. Our observations follow (points 1 through 8,
Sections 2.7.1 through 2.7.1.3).

1. We can immediately eliminate from direct consideration seven
short-lived radionuclides: 228Ac, 220Rn, 216Po, 212Pb, 212Bi,
212Po and 208T1. All have a half-life of less than one day;
consequently their contribution to dose can be accounted for
through the dose conversion factors of their precursors, as
discussed in Section 2.3.

We would normally include 240U and 240»Np in this category. In
point 3 below, however, we have also eliminated their precursors.
We therefore recommend that 240U and 24°BNp be eliminated from
consideration in the postclosure assessment. No inventory adjust-
ments are required because the initial inventories of 240U and
240»Np are insignificant.

We consider the remaining radionuclides in three branches, shown
in Figure 4, with the following radionuclides:

(a) The Main Branch starts from 248Cm and includes 244Pu, 240Pu,
236U( 232Th> 228Ra> 228Th and 224Ra.

(b) Branch A consists of just 244Cm and joins the Main Branch at
240Pu.
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— Radionuclide Symbol
— Half-Life
— Ingestion Dose Conversion Factor (Sv/Bq)
— Initial Inventory (mol/kg U)

248Cm
3.4x105a

5x1CT6

6x1CT13

(228Ac)

236pu

2.9 a
1 x10'7

2x10'10

> ,

>,~

244

8.3 x
1 x
4x

228

1.E

3x
2x

t

23Î

72
4 x -
2x

Pu
107a
ID'7

10'8

Th
>a
IO'6

I G'9

i

!U
a

io-'
ID'9

> ..*
14.1 h

224Ra
3.7 d

9x10'8

2x1Cr13

w

240mNp

7.4 min

220Rn
56s

>,'

244

1£
3x
6x

>
24(

6.5 x
1x
5x

21

0

Cm
Ja
10-7

10'8

r
5Pu
103a
10'6

10'3

3Po
?s

w

>.*

236y

2.3x107a
8x10'8

212pb

11 h

w

>.
•

23:

J.4x
2x
4x

21

61

t

JTh
I010a
10-5

ID'9

2Bi
min

k

36%

> ,'

64%
w^

>,

228Ra
5.8 a

3x10'7

2x10'18

212p0

3x10'7s

208T,

3 min

228Ac
w 6.1 h

208pb

w stable

A

FIGURE 3: The 4n Decay Series
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Main Branch
248Cm

3.4 x 10s a
k-

244pu

8.3x107a >.
240pu 236y

>,.
* I.4x1010a

228Ra
5.8 a

228Th

1.9 a
««Ha
3.7 d

Branch A 18a
w 240pu

6.5x103a

Branch B
236pu

2.9 a
w

72 a
w

1.9 a

FIGURE 4: Branches Evaluated for the 4n Decay Series
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(c) Branch B consists of 236Pu and 232U and joins the Main
Branch at 228Th.

2.7.1.1 Main Branch of the 4n Decay Series

Table 4a summarizes the results of the bounding calculations for the Main
Branch of the 4n decay series.

TABLE 4a

RESULTS OF THE BOUNDING CALCULATIONS FOR THE MAIN BRANCH

OF THE 4n DECAY SERIES

Patent 248Ca
(•ax. tin»)b (3 x lu5

248

! --
244

(5 x
(1 x

240

(4 x
(1 x

(S x
(1 *

232

(2 x
(1 x

228

( "
( --

Ça

Pu
10
10

Pu
10
10

10
10

Th
10
10

Ra
- )
- )

')
S)

3)
4)

3)
5)

l)
S)

W 0
S 0

W
s

W
s

W
s

W
s

W . --
s

Dos«a (Sv/a) du* to

244pu 240pu 23«u

) (8 x 107) (7 x 103) (2 x 107)

2 x 10"8(d) 2 x 10'7(d) 1 x 10-u(d)
7 x 10'6(d) 7 x 10'5(d) 7 x 10'9 (d)

5 x 10'3 5 x 10'2(d) 9 x 10'6 (d)
2 x 10° 2 x 101 (d) 4 x 10'3 (d)

6 x 107 2 x 103 (d)
S x 109 8 x 105 (d)

1 x 103

6 x 105

..
--

-.

- -

232Th
(1 X 1010)

5
2

5
2

2
8

2
7

7
4

x
x

X

X

X

X

X

X

X

X

10-"
10-"

io-9
10'6

10°
102

10°
102

io-6
io-3

--
--

(d)
(d)

(d)
(d)

(d)
(d)

(d)
(d)

228Ra

(6 x 10°)

3

7
3

3
1

2
1

1
S

x lu"14

x 10-11

x 10"8

x 10'2

x 101

x 10'2

x 101

x 10'7

x 10"5

0
0

(c)
(c)

(C)

(c)

(c)
(c)

(c)
(c)

(c)
(c)

a The labels (a) to (e) identify the appropriate equation given in Appendix B. Estimated doses of less than
1 x 10"IS Sv/a are reported as zero.

b Two different time values are associated with each of the radionuclides in the row and column labels. A
time value across the top of the table gives the half-life of the radionuclide. The time values down the
"Parent" column give the time estimate at which that radionuclide obtains its maximum estimated doses
from the Soil and Water pathways.
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2. The first row of estimated doses shows that the direct dose con-
tribution from 248Cm is negligible and that its indirect contri-
bution becomes significant only through 240Pu and 244Pu. These
indirect contributions, however, are much smaller than the direct
contributions from 244Pu and 240Pu. Ve suggest that 248Cm need
not be considered explicitly in the postclosure assessment;
instead, its inventory can be added to the inventory of one of
its progeny.

3. The direct and indirect contributions to dose from 244Pu can
exceed 5 x 10'8 Sv/a. However, we suggest that 244Pu need not be
treated explicitly in the postclosure assessment; instead, its
inventory can be added to its immediate progeny (240Pu). This
approach will be conservative because 244Pu and 240Pu have simi-
lar chemical properties and would therefore be transported at
about the same velocities through the disposal system. Moreover,
240Pu is approximately 104 times more radiotoxic by mass than
244Pu, including the effects of its two short-lived progenies,
240U and 240inNp. (As used here, a value for "radiotoxic by mass"
is approximated by dividing the dose conversion factor for a
radionuclide by its half-life.)

4. At the other end of the series, the half-lives of 228Ra (5.8 a),
228Th (1.9 a) and 224Ra (3.7 d) are expected to be very small
compared with their transit time through the geosphere and vault.
Consequently, we suggest that these three radionuclides be
approximated assuming secular equilibrium with 232Th in models
describing the vault and geosphere. Secular equilibrium may
probably be assumed in the soil subcompartment of the biosphere,
since residence times there are expected to be long.

5. The Main Branch of the An decay series can therefore be simulated
using a three-member chain for most of the postclosure assessment
modelling:

240pu > 236U > 232Th.

6. The direct dose caused by 244Cm is small, but its indirect con-
tributions can be significant. Consider, however, the doses due
to its first progeny, 240Pu. Clearly, the direct doses from
240Pu (see Table 4a) are orders of magnitude greater than the
indirect doses caused by ingrowth from 244Cm. Ve therefore sug-
gest that 244Cm need not be treated explicitly; instead, its
inventory can be added to 240Pu. This approximation should
always be conservative in the postclosure assessment, taking into
account the short half-life of 244Cm (18.11 a) and the knowledge
that curium is likely to have longer transit times than plutonium
in the vault and geosphere (retardation factors in Table B-l are
8 x 103 for curium and 5 x 10° for plutonium).

7. The direct dose due to 236Pu is insignificant, but its indirect
contributions can be significant. Consider, however, the doses
due to its first progeny, 232U. The direct doses resulting from
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232U (Table 4a) are about ten times greater than the indirect
doses caused by ingrowth from 236Pu. We therefore suggest that
236Pu need not be treated explicitly; instead, its inventory can
be added to 232U. This approximation should always be conserva-
tive in the postclosure assessment, taking into account the rela-
tively short half-life of 236Pu and the relatively long transit
times of both plutonium and uranium in the geosphere.

2.7.1.2 Branch A of the 4n Decay Series

Table 4b summarizes the results of the bounding calculations for Branch A
of the 4n decay series. To track the radiation dose contributions through
the ingrowth of progeny radionuclides, the calculations include 240Pu, 236U
and 232Th, with their initial inventories set to zero. Our observation
follows.

TABLE 4b

RESULTS OF THE BOUNDING CALCULATIONS FOR BRANCH A OF THE 4n DECAY SERIES'

Parent
(max.

7--)
time)c

W
S

2«Cm
(2 x 101)

0
0

(7

1
5

24

X

X
X

Doseb

°Pu
103)

102(a)
10* (a)

(Sv/a) due to

236|J 2 3 2 Th

(2 x

2 x
9 x

ID7)

10- 2

10°
(d)
(d)

(1 x

2 x
1 x

1010

10- 5
10- 2

)

(d)
(d)

2 4 0 p u

(--) W — 0 0 0
(--) S -- 0 0 0

2 3 6 T J

(--) W — 0 0
(--) S — -- 0 0

232 T h

(--) W — — — 0
( —) S -- -- — 0

a The calculations include 240Pu, 236U and 232Th with their initial inventories equal to zero.
b The labels (a) to (e) identify the appropriate equation given in Appendix B. Estimated doses of less than

1 x 10'15 Sv/a are reported as zero.
c Two different time values are associated with each of the radionuclides in the row and column labels. A

time value across the top of the table gives the half-life of the radionuclide. The time values down the
"Parent" column give the time estimate at which that radionuclide obtains its maximum estimated doses
from the Soil and Water pathways.
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2.7.1.3 Branch B of the 4n Decay Series

Table 4c summarizes the results of the bounding calculations for Branch B
of the An decay series. Our observation follows.

8. Branch B of the 4n decay series therefore reduces to a single
radionuclide, 232U. To ensure that its impact is included in the
Main Branch, we also suggest that the inventories of 228Th and
224Ra in the biosphere be increased, from the secular-equilibrium
value noted above in point 4, to include contributions from 232U.
These extra contributions may be estimated by assuming that 228Th
and 224Ra are in secular equilibrium with 232U.

TABLE 4c

RESULTS OF THE BOUNDING CALCULATIONS FOR BRANCH B OF THE 4n DECAY SERIES*

Doseb (Sv/a) due to

Parent
(max. time)0

236pu

(3 x 10°)
232JJ

(7 x 101)
228Th

(2 x 10°)

224Ra
(1 x 10-2)

236Pu

(") V
(") S

232U

(8 x 102) V
(9 x 102) S

228Th

0
0

1 x 10-4(a)
2 x 10-«(a)

1 x 10-3

2 x 10-3

6 x 10-4(c)
1 x 10-3(c)

7 x 10-3(c)
1 x 10-2(c)

2 x 10-5(c)
4 x 10-5(c)

3 x 10-*(c)
5 x 10-*(c)

( — )
(--)

2 2 4 Ra
( — )
(~)

V
S

w
s

0
0

__

--

0
0

0
0

* To track the radiation dose contributions through the ingrowth of the progeny, the calculations include
228Th and Ra with their initial inventories set to zero.

b The labels (a) to (e) identify the appropriate equation given in Appendix B. Estimated doses of less than
1 x 10'15 Sv/a are reported as zero.

c Two different time values are associated with each of the radionuclides in the row and column labels. A
time value across the top of the table gives the half-life of the radionuclide. The time values down the
"Parent" column give the time estimate at which that radionuclide obtains its maximum estimated doses
from the Soil and Water pathways.
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2.7.1.4 Summary: 4n Decay Series

On the basis of the observations and suggestions described above, ve recom-
mend the following.

1. Only four radionuclides need appear in the vault, geosphere and
soil subcompartment of the biosphere. Three may be simulated in
a decay chain:

240pu - > 236U - > 232Tn

and one, 232U, as a single radionuclide.

For simulations using the three-member chain, the inventory of
240Pu should be modified to include 248Cm, 244Pu and 244Cm. For
simulations of 232U, its inventory should be modified to include
23«Pu.

2. Three radionuclides may be treated using the secular-equilibrium
approximation in the vault and geosphere compartments of the
system and in the soil subcompartment of the biosphere:

228Ra, 228Th and 224Ra.

These three radionuclides may require explicit treatment in other
subcompartment s of the biosphere. Note that contributions for
228Th and 224Ra should be summed from both 232Th and 232U.

3. Thirteen radionuclides need not appear explicitly within the
postclosure assessment.

(a) Four are included implicitly through changes to the inven-
tory of their progeny:

248Cm, 24«Cm, 244Pu and 236Pu.

(b) Seven are included implicitly through the dose conversion
factors of their precursors:

228Ac, 220Rn, 2i«Po, 212Pb, 212Bi, 2i2Po and 208T1.

(c) Two are completely eliminated from the postclosure assess-
ment, with no adjustment or modification of parameters for
any other radionuclide:

240U and 240»Np.

2.7,2 The 4n+l Decay Series

The reference fuel contains 15 radionuclides from this decay series, illus-
trated in Figure 5. The series starts with 245Cm and ends with the stable
nuclide 209Bi. Our observations follow.
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FIGURE 5: The 4n+l Decay Series
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1. We can immediately eliminate from direct consideration six short-
lived radionuclides: 221Fr, 217At, 213Bi, 213Po, 209T1 and 209Pb.
All have a half-life of less than one day; consequently their
contribution to dose can be accounted for through the dose con-
version factors of their precursors (as discussed in Section 2.3).

2. The half-lives of 233Pa (27 d), 225Ra (15 d) and 225Ac (10 d) are
expected to be very small compared vith their transit times
through the geosphere and vault; consequently we suggest that
these three radionuclides be approximated using secular equilib-
rium in models describing the vault and geosphere. This approxi-
mation would probably be valid in the soil subcompartment of the
biosphere where their residence times are expected to be long,
compared with their half-lives.

The remaining radionuclides, shown in Figure 6, are evaluated using the
results of the bounding calculations for the 4n+l series, summarized in
Table 5. Our observations follow.

3. The direct dose due to 245Cm is insignificant, as are its dose
contributions through 241Pu and 241Am. We therefore suggest that
245Cm need not be treated explicitly; instead, its inventory can
be added to one of its progeny. This approximation should always
be conservative in the postclosure assessment.

4. The direct dose due to 241Am is insignificant; its contributions
are felt only indirectly through its progenies. We therefore
suggest that its inventory be added to 237Np. This approximation
should always be conservative in the postclosure assessment,
taking into account the short half-life of 241Am and the rela-
tively high mobility of 237Np, compared with 241Am.

(In an earlier analysis, we considered treating 241Am explicitly,
including it with the first chain: 241Pu - > 241Am. The
results of the current analysis, however, suggest that 241Am can
be eliminated from the postclosure assessment.)

5. The four remaining radionuclides, 241Pu, 237Np, 233U and 229Th,
can have significant direct and indirect doses. All should
appear explicitly in the postclosure assessment, and all should
be simulated within each compartment of the disposal system.

6. We suggest that the four radionuclides listed above can be simu-
lated using a three-member chain:

237Np - > 23 3 U - > 229Th

and one, 241Pu, as a single radionuclide.

This scheme is reasonable (with the addition of data modifica-
tions discussed below) because the half -life of 241Pu (and 241Am
and 245Cm) is small compared with the expected transit time for
237Np through the geosphere (the retardation factor for 237Np in
Appendix B, Table B-l is 100).
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FIGURE 6: Branch Evaluated for the 4n+l Decay Series
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TABLE 5

RESULTS OF THE BOUNDING CALCULATIONS FOR THE 4n+I DECAT SERIES

Do««* (Sv/a) due to

Parent 245c» 241Pu 241A» 237Hp 233U 229Th
(•ax. tia«)b (8 x 103) (1 x 101) (4 x 102) (2 x 106) (2 x 10S) (7 x 103)

245C»
W 0 2 x l<T14(a) 0(a) 4 x 10°(d) 1 x lO'^d) 2 x 101 (d)
S 0 1 x 10'14(a) 0(a) 2 x 103(d) 4 x 101 (d) 1 x 104 (d)

24lpu

(4 x 102) W -- 1 x 10'6 0(a) 2 x 104(a) 8 x 103 (d) 2 x 106 (d)
{4 x 102) S -- 4 x 10'7 0(a) 2 x 107(a) 4 x 106 (d) 9 x 108 (d)

( --- ) W -- -- 0 9 x 103(a) 5 x 103 (d) 1 x 106 (d)
( --- ) S -- -- 0 9 x 106(a) 2 x 106 (d) 6 x 108 (d)

237Hp
(1 x 105) W -- -- 5 x 102 3 x 102 (d) 7 x 104 (d)
(1 x 105) S -- -- S x 10s 1 x 105 (d) 3 x 107 (d)

233U

(5 x 103) W -- -- -- -- 2 x 10"1 ' 3 x 10'2(»)
(6 x 104) S -- -- -- -- 6 x 101 9 x 103 (•)

229Th
(5 x 104) W -- -- -- -- -- S x lu'7

(6 x 104) S -- -- -- -- -- 9 x 10"5

1 The labels (a) to (e) identify the appropriate equation given in Appendix B. Estimated doses of less than
1 x 10~15 Sv/a are reported as zero.

b Two different time values are associated with each of the radionuclides in the row and column labels. A
time value across the top of the table gives the half-life of the radionuclide. The time values down the
"Parent" column give the time estimate at which that radionuclide obtains its maximum estimated doses
from the Soil and Water pathways.

Simulations for the single radionuclide, 241Pu, will yield bound-
ing estimates only for its direct contribution to dose. The
indirect contributions due to its progenies can be included by
modifying data for the three-member chain.

Simulations using the three-member chain will yield bounding esti-
mates of dose due to 237Np, 233U and 229Th, including both the
direct and indirect contributions. Indirect contributions from
the ingrowth of progenies from 241Pu can be taken into account by
adding the initial inventory of 241Pu to that of 237Np. From
points 3 and 4, above, this adjusted initial inventory of 237Np
would thus include the initial inventories of 245Cm and 241Am, as
well as 241Pu and 237Np itself. In addition, we also suggest that
the geosphere distribution coefficient (Kd) for neptunium may be
replaced by the minimum of the Kd values for plutonium, americium
and neptunium. In our bounding calculations, the minimum value
used is that for plutonium. This last correction will ensure that
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a more rapid simulated travel of 237Np through the geosphere and
will result in conservative dose estimates. (It may also be more
reasonable to use the Kd for plutonium since its initial inventory
is the largest of all the radionuclides in the 4n+l series.)

2.7.2.1 Summary: An+1 Decay Series

On the basis of our observations and suggestions described above, we recom-
mend the following.

1. Only four radionuclides need appear in the vault, geosphere and
the soil subcompartment of the biosphere. Three are simulated in
a decay chain:

237Np > 233U > 229Th

and one, 241Pu, as a single radionuclide.

For simulations of 241Pu, its initial inventory should be aug-
mented by the initial inventory of 245Cm. For simulations using
the three-member chain, the inventory of 237Np should include
that of 245Cm, 241Pu and 241Am. Moreover, to ensure that conser-
vative dose estimates are obtained for this chain, the Ka for
neptunium may be replaced with the Kd for plutonium.

2. Three radionuclides may be treated using the secular-equilibrium
approximation, in the vault and geosphere compartment of the
system as well as in the soil subcompartment of the biosphere:

233Pa, 225Ra, and 225Ac.

They may require explicit treatment in other subcompartments of
the biosphere.

3. Eight radionuclides need not appear explicitly within the post-
closure assessment.

(a) Two are included implicitly through changes to the inventory
of their progeny:

245Cm and 241Am.

(b) Six are included implicitly through the dose conversion
factors of their precursors:

221Fr, 217At, 213Bi, 213Po, 209T1 and 209Pb.

2.7.3 The 4n+2 Decay Series

The reference fuel contains 19 radionuclides in this decay series, illus-
trated in Figure 7. The series starts with 246Cm and ends with the stable
nuclide 206Pb; it also contains most of the mass of the U02 fuel because of
the very large initial inventory of 238U. Our observations follow (points
1 through 7, Section 2.7.3 through 2.7.3.3).
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FIGURE 7: The 4n+2 Decay Series
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1. We can immediately eliminate from direct consideration five
short-lived radionuclides: 234»Pa, 218Po, 214Pb, 214Bi and 214Po.
All have a half-life of less than one day; consequently their
contribution to dose can be accounted for through the dose con-
version factors of their precursors (Section 2.3).

We consider the remaining radionuclides in the three branches shown in
Figure 8:

(a) The Main Branch starts with 246Cm and includes 242Pu, 238U,
234Th| 234U, 230Th( 226Ra> 222Rn> 210pb) 210Bi and 210po.

(b) Branch A consists of 242»Am, 242Cm and 238Pu and joins the
Main Branch at 234U.

(c) Branch B consists of 242»Am and joins the Main Branch at
242Pu.

Note that 242"Am is the starting radionuclide for Branches A and B. About.
82.32 of its inventory decays along Branch A and about 17. 2% along Branch B
(ICRP 1983). The remainder, 0.5%, decays to 238Np, which has a half-life of
2.1 d, and decays to 238Pu (ICRP 1983). In our bounding calculations, we
assume that 83% of 242-Am decays to 242Cm, and 17% to 242Pu.

2.7.3.1 Main Branch of the 4n+2 Decay Series

2. The half-lives of 234Th (24 d), 222Rn (3.8 d), 210Pb (22 a), 210Bi
(5 d) and 210Po (138 d) are very small compared with their
expected transit times through the geological media. Consequently
we suggest that these five radionuclides be approximated using
secular equilibrium in models describing the vault ar.cï geosphere,
and in the soil subcompartment of the biosphere.

Table 6a summarizes the results of the bounding calculations for the remain-
ing radionuclides in the Main Branch of the 4n+2 decay series.

3. The direct dose due to 246Cm is insignificant, although its indi-
rect dose contributions can exceed 5 x 10- 8 Sv/a. We suggest that
246Cm need not be treated explicitly; instead, its inventory can
be added to 242Pu. This approximation should always be conserva-
tive in the postclosure assessment, taking into account the
expected relatively high mobility of 242Pu compared with 246Cm.

4. The direct and indirect dose contributions from 242Pu, 238U, 234U,
230Th and 226Ra can ba significant, and all should be considered
explicitly in the postclosure assessment. However, we suggest
that the resulting five-member chain can be simplified into simu-
lations involving a four-member decay chain:

238JJ 234U - > 230Th 226Ra

and a single radionuclide, 242Pu.
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TABLE 6a

RESULTS OF THE BOUNDING CALCULATIONS FOR THE MAIN BRANCH

OF THE 4n+2 DECAY SERIES

Do«»a (Sv/a) du» to

Par«nt 246C« 242Pu 238u 234U 230Th 226Ra
(•ax. ti»»)b (5 x 103) (4 x 105) (5 x 109) (2 x 105) (8 x 104) (2 x 103)__

( --- ) W 0 1 x 10'3(«) 2 x 10"6(d) 3 x 10"7(d) 3 x 10'6(d) 3 x 10-7(c)
( --- ) S 0 8 x 102 (•) 9 x 10'4(d) 1 x 10'*(d) 1 x 10'3(d) 1 x 10'4(c)

242pu

(5 x 103) W -- 7 x 105 7 x lO^ld) 1 x lO'^d) 1 x 10° (d) 1 x lO'^c)c « - .(1

(5
(1

(5
(8

230

(1
(1
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X

X

X
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3 x 10° 3 x 10' (d) 5 x 10-1 (d) 5

7 x 103 2 x 103 (d) 3
3 x 106 9 x 105 (d) 1

1 x 104 3
5 x 106 1

s
3

-.
..

x 10* (d)

x 104 (d)
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x 10'1

x 102
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--
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3
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X

X
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J.

3
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7
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-
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(c)

(O
(O

(c)
(c)

2(=)
(c)

12
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* The labels (a) to (e) identify the appropriate equation given in Appendix B. Estimated doses of less than
1 x 10'15 Sv/a are reported as zero,

b Two different time values are associated with each of the radionuclides in the row and column label. A time
value across the top of the table gives the half-life of the radionuclide. The time values down the "Parent"
column give the time estimate at which that radionuclide obtains its maximum estimated doses from the Soil
and Water pathways.

Simulations for the single radionuclide, 242Pu, will yield bound-
ing estimates only for its direct contribution to dose. The
indirect contributions due to its progenies can be included by
modifying data for the four-member chain.

Simulations using ihf. four-member chain will yield bounding esti-
mates of dose due to the other four radionuclides. To include
the ingrowth from 242Pu, we recommend that its inventory (includ-
ing that of 246Cm and 17% of 242"Am inventory) be added to the
inventory of 238U. These changes to the original five-member
chain should be conservative because the mobilities of uranium
and plutonium are similar. In addition, note that the contribu-
tions to dose from all radionuclides below 242Pu are generally
dominated by 238U, which has a much greater initial inventory.
(As noted below in point 6, we also recommend a modification to
the inventory of 234U.)
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2.7.3.2 Branch A of the 4n+2 Decay Series

Table 6b summarizes the results of the bounding calculations for Branch A of
the 4n+2 decay series. To track ingrowth effects on progeny, the calcula-
tions include 234U, 230Th and 226Ra with their initial inventories set to
zero. Our observations follow.

TABLE 6b

RESULTS OF THE BOUNDING CALCULATIONS FOR BRANCH A OF THE 4n+2 DECAY SERIES'

Do«eb (Sv/a

Parant

( ) w

( --- ) s
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( --- ) w
(...) s
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0
0

--
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(4 X 10'1)

0
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0
0
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2
4
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x

x
X

X
X
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10-l(a)
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10'3(a)
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(2

3
1

8
3
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x

x
X

X
X
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u
105)
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(«)
(«)

(a)
(»)

(8

6
3

2
7
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x

X
X

X
X

Th
104)

102(d)
105(d)

10°<d)
102(d)

226Ra
(2 x 103)

6 x 101 (d)
3 x 104 (d)

1 x 10'1(d)
6 x 101 (d)

238pu

(9 x 102) W -- 1 x 102 7 x 103 (a) 1 x 105(d) i x 104 (d)
(1 x 103) S -- -- 3 x 102 2 x 106 (a) 6 x 107(d) 6 x 106 (d)

2340

( -• • )
( --- )
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( )
( --- )
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( )
( --- )

W
s
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s
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0
0

..

..
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0
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0
0
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--
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0

* The calculations include ̂ U, 230Th and 226Ra, with their initial inventories set to zero.
b The labels (a) to (e) identify the appropriate equation given in Appendix B. Estimated doses of less than

1 x 10 Sv/a are reported as zero.
c Two different time values are associated with each of the radionuclides in the row and column labels. A

time value across the top of the table gives the half-life of the radionuclide. The time values down the
"Parent" column give the time estimate at which that radionuclide obtains its maximum estimated doses
from the Soil and Water pathways.

5. The results show that 242"Am and 242Cm have insignificant direct
doses; their major contributions come only through 238Pu and
other progenies. Moreover, the half-lives of these two radio-
nuclides are much shorter than their expected transit times in
the geosphere. We therefore suggest that 242"Am and 242Cm can be
eliminated from the postclosure assessment. To include their
indirect dose contributions, their initial inventories should be



- 37 -

added to that of 238Pu. Note, however, that only 83Z of the
inventory of 242»Am should be included since some 242»Am also
decays along Branch B (ICRP 1983).

6. Branch A joins the Main Branch at 234U. Table 6b shows that
direct and indirect doses from 238Pu are significant. We suggest
that 238Pu can be simulated as a single radionuclide for several
reasons. First, 238Pu has a short half-life compared with its
expected transit time through the geosphere and vault. Second,
the mobilities of uranium and plutonium are expected to be simi-
lar. To ensure that dose contributions of the 238Pu progenies
are included, we recommend the following conservative approxima-
tion: its initial inventory, including 242Cm and 83X of 242mAm,
should be added to that of 234U when considering the Main Branch
of the 4n+2 decay series.

2.7.3.3 Branch B of the 4n+2 Decay Series

Table 6c summarizes the results of the bounding calculations for Branch B
of the 4n+2 decay series. To track dose contributions through the ingrowth
of progeny radionuclides, the calculations include 224Pu and 238U with
their initial inventories set to zero.

TABLE 6c

RESULTS OF THE BOUNDING CALCULATIONS FOR BRANCH B OP THE 4n+2 DECAY SERIES»

Doseb (Sv/a) due to

Parent 242-Am 242Pu 238U
(max. time)c (2 x 102) (4 x 105) (5 x 109)

242»Am
(--) W 0 3 x 102(a) 3 x 10'4(d)
(--) S 0 1 x 105(a) 1 x 10":

242pu

( —) W 0 0
( —) S — 0 0

23BU

(--) W — — 0
(--) S — — 0

M f , T1Q
The calculations include Pu and U, with their initial inventories set to zero.
The labels (a) to (e) identify the appropriate equation given in Appendix B. Estimated doses of less than
1 x 1(T15 Sv/a are reported as zero.

0 Two different time values are associated with each of the radionuclides in the row and column labels. A
time value across the top of the table gives the half-life of the radionuclide. The time values down the
"Parent" column give the time estimate at which that radionuclide obtains its maximum estimated doses
from the Soil and Water pathways.
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7. The direct contribution to dose of 242»Am is insignificant; it
has significant contributions only through 242Pu and subsequent
progenies. Since the half-life of 34a"Am is short compared vith
its expected transit time in the geosphere, we suggest that
242"Am need not appear explicitly in the postclosure assessment.
To include its indirect contributions through its progenies, we
recommend that its initial inventory be added to that of 242Pu.
Note, however, that only 17% of the inventory should be added
because 242"Am also decays along Branch A.

2.7.3.4 Summary: 4n+2 Decay Series

On the basis of the observations and suggestions described above, we recom-
mend the following.

1. Only six radionuclides need appear in the vault, geosphere and
biosphere compartments of the disposal system. Four are simu-
lated in a decay chain:

238U - > 234U - > 230Th - > 226Ra

and two, 238Pu and 242Pu, as single radionuclides.

The initial inventory of 238U should include 246Cm, 242Pu and 17Z
of 242»Am. The initial inventory of 234U should include 242Cm,
238Pu and 83% of 242»Am. The initial inventory of 238Pu should
include that of 242Cm and 83% of 242BAm. Finally, the initial
inventory of 242Pu should include 246Cm and 17% of 242"Am.

2. Five radionuclides may be treated using the secular-equilibrium
approximation in the vault and geosphere compartments of the
system and in the soil subcompartment of the biosphere:

234Th, 222Rn, 210Pb, ""Hi and 210Po.

They may require explicit treatment in other subcompartments of
the biosphere.

Eight radionuclides need not appear explicitly within the post-
closure assessment.

(a) Three are included implicitly through changes to the inven-
tory of their progeny:

242»Am an(J 242Cm.

(b) Five are included implicitly through the dose conversion
factors of their precursors:

234»Pa, 218Po, 214Pb, 214Bi and 214Po.
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2.7.4 The 4n+3 Decay Series

The reference fuel contains 19 radionuclides in this decay series, illus-
trated in Figure 9. The series starts with 247Cm and ends with the stable
nuclide 207Pb. Our observations follow (points 1 through 7, Section 2.7.4
through 2.7.4.2).

1. We can immediately eliminate from direct consideration the fol-
lowing seven short-lived radionuclides: 223Fr, 219Rn, 215Po,
211Pb, 2HBi, 211Po and 207T1. All have a half-life of less than
one day; consequently their contribution to dose can be accounted
for through the dose conversion factors of their precursors
(Section 2.3). We would normally include 243Pu in this category;
in the following discussion, however, we have eliminated its pre-
cursor, 247Cm. We therefore recommend the elimination of 243Pu
from consideration in the postclosure assessment (its initial
inventory is too small to be of concern).

We consider the remaining radionuclides in the two branches shown in
Figure 10:

(a) The Main Branch starts with 247Cm and includes 243Ara, 239Np,
239p u > 235 U r 231Th> 231p a > 227Ac? 227Th and 223Ra; and

(b) Branch A consists of 243Cm and joins the Main Branch at 239Pu.

2.7.4.1 Main Branch of the 4n+3 Decay Series

Table 7a summarizes results of the bounding calculations for the Main
Branch of the 4n+3 series.

2. For 247Cm, the direct contribution to dose is insignificant. In
addition, the estimated indirect doses from 247Cm are much less
than contributions from other radionuclides; for example, the
doses due to 235U derive from three precursors, but the contribu-
tions from 243Am and 239Pu are much larger than the contribution
from 247Cm. Curium is also expected to be one of the least
mobile elements in the 4n+3 series (Table B-l lists retardation
factors for the actinides). We therefore suggest that 247Cm need
not appear explicitly in the postclosure assessment, although its
initial inventory should be added to that of one of its progeny;
as discussed below, this progeny is 239Pu.

3. The direct contribution to dose from 243Am is insignificant,
although the indirect doses can be significant. We suggest that
243Am need not appear explicitly in the postclosure assessment,
although its initial inventory should be added to that of one of
its progeny (239Pu). This should lead to conservative estimates
of dose because americium is expected to be one of the least
mobile elements in the 4n+3 series.

4. We would normally suggest that 239Np be approximated using secular
equilibrium in models describing the vault and geosphere and in



Key:

Radionuclide Symbol
Half-Life
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FIGURE 9: The 4n+3 Decay Series
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TABLE 7a

RESULTS OF THE BOUNDING CALCULATIONS FOR THE MAIN BRANCH

OF THE 4n+3 DECAY SERIES

Par.nt
(•«x. tin.

247
(

(

243

(

(

239

(5
(2

(5
(1

231

(1
(1

C»
)

... )

AH
)

... )

Pu
x 103)
x 104)

x 103)
x 10s)

Fa
x IflS)
x 105)

247C-

)b (2 x 107)

W 0
S 0

W
S

W
S

W
s

W
s

Do».* (Sv/a)

243A- 239Pu
(7 x 103) (2 x 104)

0 («) 2 x 10'4(d)
0 (a) 8s 10"2(d)

0 2 x 102 (•)
0 6 x 107 (•)

6 x 107

1 x 1010

-.

- . . .

--

due to

235u

(7 x 108)

7 x
3 x

1 x
5 x

1 X
7 x

1 x
5 x

10-"
ID'7

10°
102

102

104

102

104

--

(d)
(d)

(d)
(d)

(d)
(d)

231p.

(3 x 104)

1
6

3
1

4
2

4
2

1
3

x
X

X

X

X

X

X

X

X

X

10-8
10-6

101

104

103

106

103

106

io-3
10-1

(d)
(d)

(d)
(d)

<d>
(d)

(<=)
(c)

227AC
(2 x 101)

2
8

4
2

5
2

6
3

1
4

x
x

X

X

X

X

X

X

X

X

10-8(c)
10-6(c)

10i < c>
104 (c)

103 (c)
106 (c)

103 (c)
106 (c)

10-3(c)
10-1(c)

227Ac
W
S

* The labels (a) to (e) identify the appropriate equation given in Appendix B. Estimated doses of less than
1 x 10"15 Sv/a are reported as zero.

b Two different time values are associated with each of the radionuclides in the row and column labels. A
time value across the top of the table gives the half-life of the radionuclide. The time values down the
"Parent" column give the time estimate at which that radionuclide obtains its maximum estimated doses
from the Soil and Water pathways.

5.

the soil subcompartment of the biosphere, since it has a very
short half-life (2.4 d) compared with its expected residence
times. This approximation is not feasible here because we have
effectively removed all precursors to 239Np from the simplified
chain. Note, however, that the direct dose caused by its
precursor, 243Am, is insignificant and that the dose conversion
factor (in sieverts per becquerel) for 243Am is about 1000 times
greater than that for 239Np. It follows from a calculation based
on the secular-equilibrium approximation that the direct dose due
to 239Np would also be insignificant. Therefore, we suggest that
239Np can be completely eliminated from the postclosure assessment
(or its very small inventory could be added to that of 239Pu).

The half-lives of 231Th (25.5 h), 227Ac (21.8 a), 227Th (18.7 d)
and 223Ra (11.4 d) are very small compared with their expected
transit times through geological media; consequently we suggest
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that these four radionuclides can be approximated using secular
equilibrium in models describing the vault and geosphere and in
the soil subcompartinent of the biosphere.

6. The Main Branch of the 4n+3 decay series can therefore be simpli-
fied to a three-member chain in the vault, geosphere and the soil
subcompartment of the biosphere for the postclosure assessment.
The simplified chain is

239Pu > 235U > 231Pa

where the initial inventory of 239Pu is augmented with the ini-
tial inventories of 247Cm and 243Am (and, from point 7, that of
243Cm).

2.7.4.2 Branch A of the 4n+3 Decay Series

Table 7b summarizes results of the bounding calculations for Branch A of
the 4n+3 decay series. To track dose contributions through the ingrowth of
the progenies, the calculations include 239Pu and 235U, with their initial
inventories set to zero. Our observation follows.

7. The direct contribution to dose from 243Cm is insignificant, and
its half-life is small compared with its expected transit time
through geosphere. In addition, the indirect contributions
through 239Pu and 235U, even though significant, are small com-
pared with doses from other precursors through these two radio-
nuclides (compare with Table 7a). We suggest that 243Cm need not
appear explicitly in the postclosure assessment; instead, its
initial inventory should be added to that of 239Pu. This would
be always conservative because curium is expected to be rela-
tively immobile compared with its progeny radionuclides.

2.7.4.3 Summary: 4n+3 Decay Series

On the basis of the observations and the suggestions described above, we
recommend the following.

1. Only three radionuclides need appear in the vault, geosphere and
biosphere compartments of the disposal system. They may be simu-
lated by the following three-member chain:

2 3 9 p u > 2 3 5 J J > 231pa .

The inventory of 239Pu should be modified to include 247Cm, 243Am
and 243Cm.

2. Four radionuclides may be treated using the secular-equilibrium
approximation in the vault and geosphere compartments of the
system and in the soil subcompartment of the biosphere:

231Th, 227Ac, 227Th and 223Ra.



TABLE 7b

RESULTS OP THE BOUNDING CALCULATIONS FOR BRANCH A OP THE 4n+3 DECAY SERIES'

Parent
(max.

243Cm
(-- )
( — )

239pu

( — )
(")

235U

( — )

(")

time)c

V
S

W
S

V
S

Doseb (Sv/a) due to

243cm
 239PU 235U

(3 x 101) (2 x 10<) (7 x 10«)

0 5 x 102(a) 1 x 10-3(d)
0 8 x 10* (a) 5 x IQ-^d)

— 0 0
— 0 0

0
0

* The calculations include ̂ 'Pu and 235U with their initial inventories equal to zero.
b The labels (a) to (e) identify the appropriate equation given in Appendix B. Estimated doses of less than

1 x 10 Sv/a are reported as zero.
0 Two different time values are associated with each of the radionuclides in the row and column labels. A

time value across the top of the table gives the half-life of the radionuclide. The time values down the
"Parent" column give the time estimate at which that radionuclide obtains its maximum estimated doses
from the Soil and Water pathways.

They may require explicit treatment in other subcompartments of
the biosphere.

3. Twelve radionuclides need not appear explicitly vithin the post-
closure assessment.

(a) Three are included implicitly through changes to the inven-
tory of 239Pu:

247Cm, 243Am and 243Cm.

(b) Seven are included implicitly through the dose conversion
factors of their precursors:

223Fr, , 211Pb, and 207T1.

(c) Two are completely eliminated from the postclosure
assessment:

239Np and 2<3Pu.
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2.7.5 Summary; Actinide Decay Series

Table 8 lists all the radionuclides in the four actinide decay series and
summarizes our recommended method of treatment. Of the original 73 radio-
nuclides in these series

seventeen require simulation as members of simplified decay
chains or as single radionuclides;

fifteen may be simulated using the secular-equilibrium approxima-
tion in the vault, geosphere and soil subcompartment of the
biosphere;

twenty-five may be treated implicitly by modifying the dose con-
version factors of their precursors;

twelve may be treated implicitly fry modifying the initial inven-
tory of one or more progeny radionuclides; and

four may be completely eliminated.

2.8 SUMMARY; RADIOACTIVE CONTAMINANTS OF CONCERN

Table 9 summarizes the analysis described in Sections 2.4 to 2.7 for bound-
ing calculations with a GVTT of 104 a. For each of the 201 radionuclides
found in used U02 fuel and Zircaloy from a CANDU reactor, we recommend one
of five possible methods of treatment of radionuclides in the postclosure
assessment:

1. Full simulation (FS). The indicated radionuclide should be simu-
lated in detail in all compartments of the system model. A full
set of data are required. Ve have identified 51 radionuclides
from 27 elements in this category.

2. Secular equilibrium (SE). This approximation may be made in
simulations of the' vault, the geosphere and (possibly) the soil
subcompartment of the biosphere. Half-lives and data for the
other subcompartments of the biosphere may be required. Ve
recommend that 21 radionuclides from 12 elements be placed in
this category.

3. Excluded (X). The indicated radionuclide need not appear in the
assessment; no data are required. Ve recommend that 91 of the
201 radionuclides be eliminated.

A. Modified dose conversion factor (DGF). The radionuclide, a mem-
ber of a decay series, has a half-life of less than 1 d; it need
not appear explicitly in the postclosure assessment. Its impact,
however, should be implicitly included through modification of
the dose conversion factors of a precursor. Ve have identified
26 radionuclides that should be placed in this category. Dose
conversion factor values for external pathways are needed so that
they can be added to those of the precursors.
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TABLE 8

SUMMARY OF RADIONUCLIDES PROM THE ACTINIDB DECAY SERIES»

Simulated in Simplified Decay Chains (17 radionuclides)

4n series:
4n+l series:
4n+2 series:
4n+3 series:

240Pu
241Pu
242Pu
239Pu

236U
237Np
238U
235U

232Th
233TJ

238Pu
231Pa

232U
229Th
234JJ 230Th 226Ra

Simulated Using Secular Equilibrium (15 radionuclides):

An series:
4n+l series:
4n+2 series:
4n+3 series:

228Ra
233pa
234Th
231Th

2Z8Th
225Ra
222Rn
227Ac

224Ra
225Ac
210pb
227Th

210B1
223Ra

210p0

Included Through PCP Adjustments (25 radionuclides):

4n series:
4n+l series:
4n+2 series:
4n+3 series:

228Ac
221Fr
234»Pa
223Pr

220Rn

218Po
219Rn

21.6Po
213Bi
214pb
215Po

212Pb
213Po

211Pb

212Bi
209-rl
214Po
211Bi

209Pb

208T1

207-r;l

Included Through Inventory Adjustment (12 radionuclides):

4n series:
4n+l series:
4n+2 series:
4n+3 series:

248Cm 244Pu
2«5Cm 241^
246Cm 242»Am
247Cm 243Am

244Cm 236PU

(also 241Pu)
242Cm (also 242Pu and 238Pu)
243Cm

Eliminated (4 radionuclide):

4n series: 240U 240-Np
4n+l series: none
4n+2 series: none
4n+3 series: 243Pu 239Np

Using these categories, the following data would be required for the postclosure assessment:
- For radionuclides simulated in simplified decay chains, nuclide-specific data are required for the vault,

geosphere and biosphere models.
- For radionuclides simulated using the secular-equilibrium approximation, nuclide-specific data are

required for the biosphere model (except possibly for the soil subcompartment).
- For radionuclides included through DCF adjustments, external DCFs are required to modify the DCFs

of precursor radionuclides named in the first two categories. Internal DCFs generally already include
similar adjustments.

- For radionuclides included through inventory adjustment, initial inventories are required to modify
inventories of progeny radionuclides named in the first category.
For eliminated radionuclides, no data are required.
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TABLE 9

RADIONUCLIDES OF CONCERN FOR THE PQSTCLQSURE ASSESSMENT"

Radio-
nuclide

225Ac
227 Ac
22«Ac
108Ag

I08-Ag

i°8»Ag
108-Ag
no.Ag
no.Ag
no.Ag

2«iAm
2«2»Am

243Am

39Ar
42Ar
42Ar

217At
i°Be

10Be
20«Bi
2ioBi
210»Bi

2iiBi

212Bi
213Bi
2l4Bi
14C
14C

41Ca
45Ca
45Ca

l09Cd
i°9Cd

Sourceb

4n+l
4n+3
4n
FI
FP

FI
Z
FI
FP
Z

4n+l
4n+2

4n+3

FI
FI
Z
4n+l
FI

Z
Z
4n+2
Z
4n+3

4n
4n+l
4n-i-2
FI
Z

FI
FI
Z
FI
Z

Half -Life Method of Notesd

(a) Treatment0

2.74 x 10-2

2.18 x 102

6.99 x 10-4

4.51 x 10-«
1.27 x 102

1.27 x 102

1.27 x 102

6.84 x 10-1

6.84 x 10-1

6.84 x 10-1

4.322 x 102

152.

7.38 x 103

2.69 x 102

33.
33.
1.02 x 10-9

1.6 x 106

1.6 x 106

3.68 x 105

1.37 x 10-2

3.0 x 106

4.07 x 10-6

1.15 x 10-4

8.68 x 10-5

3.78 x 10-5

5.73 x 103

5.73 x 103

1.4 x 10s

4.46 x 10-1

4.46 x 10-1

1.27
1.27

SE
SE
DGF
X
X

X
X
X
X
X

INV
INV

INV

PS
X
X
DCF
FS

FS
FS
SE
FS
DCF

DCF
DCF
DCF
FS
FS

FS
X
X
X
X

Precursor is 225Ra
Precursor is 231Pa
Precursor is 228Ra
See note 1; precursor 108*Ag

Add inventory to 237Np
Add inventory to 242Pu (17£),
238U (17*), 238Pu (83Z) and
234U (83Z)
Add inventory to 239Pu

Precursor is 221Fr

Precursor is 210Pb

Precursor is 211Pb

Precursor is 212Pb
Precursor is 217At
Precursor is 214Pb

continued.
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TABLE 9 (continued)

Radio-
nuclide

H3.cd
14 «Ce
3«C1
242Cm
2«3Cra

2««Cm
2«5Cm
246Cm
2«7Cm
2«8Cm

«°Co
60Co

13«Cs
135Cs
137Cs

159Dy
152Eu
152Eu
15«Bu
15 «Eu

155Eu
l55Eu
"Fe
55Fe

221Fr

223Pr
153Gd
153Gd

3H
3H

3H
182Hf
166»H0
16S»H0

1291

1291
192Ir

Source

FP
FP
FI
4n+2
4n+3

4n
4n+l
4n+2
4n+3
4n

FI
Z
PP
PP
FP

PI
FP
PI
PP
FI

FP
FI
FI
Z
4n+l

4n+3
FP
FI
FP
PI

Z
Z
FP
FI
FP

Z
Z

Half-Life Method of Notes
(a) Treatment

13.6
7.78 x 10-1

3.01 x 105

4.46 x 10-1

28.5

18.11
8.5 x 103

4.73 x 103

1.56 x 107

3.39 x 105

5.271
5.271
2.062
2.3 x 106

30.0

3.95 x 10- !
13.33
13.33
8.8
8.8

4.96
4.96
2.7
2.7
9.13 x 10-6

4.14 x 10-5

6.63 x 10-1

6.63 x 10-1

12.35
12.35

12.35
9. x 106

1.20 x 103

1.20 x 103

1.57 x 10'

1.57 x 107

2.03 x 10-1

X
X
X
INV
IHV

INV
INV
INV
INV
INV

X
X
X
PS
X

X
X
X
X
X

X
X
X
X
DCF

DCF
X
X
FS
FS

FS
X
X
X
FS

X
X

See note 7
Add inventory
Add inventory

Add inventory
Add inventory
Add inventory
Add inventory
Add inventory

Precursor is

Precursor is

238Pu and 23«U
to 239Pu

to 2«°Pu
to 241Pu and 237Np
to 242Pu and 238U
to 239Pu
to 2«°Pu

225Ac

227Ac

continued...
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TABLE 9 (continued)

Radio-
nuclide

192.Ir

"<»Ir
40K

81Kr
"SRr
*76Lu

l77-Lu
5*Mn

5<Mn
93Mo
93Mo

93«Nb
93»Nb

93-Nb

9*Nb
9«Nb

94Nb
59Ni
59Ni
63Ni
63Ni

237Np

239Np
240»Np
1940s

32p
32p
231pa
233pa
234»pa

205pb
209pb
210pb
211pb
212pb

Source

Z
Z
FI

FP
FP
Z
Z
FI

Z
FI
Z
PP
FI

Z

FP
FI

Z
FI
Z
FI
Z

4n+l

4n+3
An
Z

FI
Z
4n+3
4n+l
4n+2

Z
4n+l
4n+2
4n+3
4n

Half -Life Method of Notes
(a) Treatment

2.41 x 102

4.68 x 10-1

1.28 x 109

2.1 x 10s

10.72
3.60 x 1010

4.41 x lO-i
8.56 x 10-1

8.56 x 10- i
3.5 x 103

3.5 x 103

13.6
13.6

13.6

2.03 x 104

2.03 x 10*

2.03 x 10*
7.5 x 10*
7.5 x 10*
96.
96.

2.14 x 106

6.45 x ID-3

1.41 x 10-5

6.0

3.91 x 10-2

3.91 x 10-2

3.276 x 10«
7.39 x ID-2

2.22 x 10-6

1.43 x 10'
3.71 x 10-4

22.3
6.86 x 10-5

1.21 x 10-3

X
X
FS

FS
FS
X
X
X

X
FS
FS
X
SB

SE

X
X

X
PS
FS
FS
FS

FS

X
X
X

SE
SE
FS
SE
DGF

FS
DGF
SB
DGF
DGF

See note 1; precursor is 93Zr
See note 1; precursor is 93Ho

See note 1; precursors are 93Mo
and 93Zr, but only ingrowth
from 93Mo is significant

See notes 2, 3 and 4; inventory
includes 2*sCm, 24ipu and 24iAm

See note 1; precursor is 32si.
See note 1; precursor is 32Si.

Precursor is 237jjp
Precursor is 234-jh

Precursors are 213Po, 209-pl
Precursor is 21 «p0
Precursor is 2ispo
Precursor is 2ifip0

continued...
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TABLE 9 (continued)

Radio-
nuclide

214Pb
107pd
147Pm
l«7Pm
210Po

210po
211Po
212Po
213Po
214Po

215PO
21«Po
218PO
193Pt
236PU

Source

4n+2
PP
FP
PI
4n+2

Z
4n+3
An
4n+l
4n+2

4n+3
An
4n+2
Z
4n

Half-Life Method of Notes
(a) Treatment

5.10 x 10-5

6.5 x 10s

2.623
2.623
3.79 x 10-1

3.79 x 10-1

1.64 x 10-8

9.67 x 10-15

1.33 x 10-13

5.21 x 10-12

5.64 x 10-11

4.75 x 10-9

5.80 x 10-6

50.
2.851

DCF
FS
X
X
SB

X
DCF
DCF
DCF
DCF

DCF
DCF
DCF
X
INV

Precursor is 218Po

Precursor is 210Bi

Precursor is 211Bi
Precursor is 212Bi
Precursor is 213Bi
Precursor is 214Bi

Precursor is 219Rn
Precursor is 220Rn
Precursor is 222Rn

Add inventory to 232U

238Pu 4n+2 87.74

239Pu 4n+3 2.4065 x 10*

240Pu 4n 6.537 x 103

241Pu 4n+l 14.4

242Pu 4n+2 3.763 x 10s

243Pu 4n+3 5.65 x 10'4

244Pu 4n 8.26 x 107
223Ra 4n+3 3.13 x 10-2
224Ra 4n 1.0 x 10'2

225Ra 4n+l 4.05 x 10'2

FS See notes 2 and 5; includes
inventories of 242"Am (83%) and
242Cm; its inventory added to
234U

FS See note 2; includes inven-
tories of 247Cm, 243Am and
243Cm

FS See note 2; includes inven-
tories of 248Cm, 244Pu and
244Cm

FS See notes 2 and 4; includes
inventory of 245Cm

FS See notes 2 and 5; includes
inventories of 246Cm and 242»Am
(17%); its inventory added to
23BU

X

INV Add inventory to 240Pu
SE Precursor is 227Th
SB Precursor is 228Th; see also

note 6
SB Precursor is 229Th

continued...



- 51 -

TABLE 9 (continued)

Radio-
nuclide

226Ra
228Ra
87Rb
187Re
219Rn

22°Rn
222Rn
106Ru
125Sb
125Sb

126Sb
i26»sb

46Sc
79Se
32Si

32Si
151Sm
151Sm
113Sn

119-Sn

119-Sn
119»Sn
121-Sn
12l-Sn
123Sn

123Sn
12«Sn
90Sr
90Sr
90Sr

182Ta
lS7Tb

ifi°Tb
"Te
99Tc

Source

4n+2
An
PP
Z
4n+3

An
4n+2
FP
FP
Z

FP
FP
Z
FP
PI

Z
FP
FI
Z
FP

FI
Z
FP
Z
FP

Z
FP
FP
FI
Z

Z
FI
FP
FP
FI

Half-Life Method of Notes
(a) Treatment

1.6 x iO3

5.75
4.7 x IO10

5. x IO10

1.25 x IO-7

1.76 x IO-6

1.05 x 10- 2

1.01
2.77
2.77

3.40 x IO-2

3.61 x 10-5
2.29 x IO-1

6.5 x 10*
4.50 x IO2

4.50 x IO2

90.
90.
3.15 x IO-1

8.02 x IO-1

8.02 x IO-1

8.02 x lu'1

55.
55.
3.54 x IO-1

3.54 x IO-1

1.0 x IO5

29.12
29.12
29.12

3.15 x IO-1

1.50 x IO2

1.98 x 10- i
2.13 x IO5

2.13 x IO5

FS
SE
FS
FS
DGF

DGF
SE
X
X
X

SE
X
X
FS
FS

FS
X
X
X
X

X
X
X
X
X

X
FS
FS
X
X

X
X
X
FS
FS

Precursor is 232Th

Precursor is 223Ra

Precursor is 224Ra
Precursor is 226Ra

See note 1; precursor is 126Sn
See note 1; precursor is 126Sn

See note 1; precursor is 182Hf

continued..



- 52 -

TABLE 9 (continued)

Radio-
nuclide

99Tc
i23»Te
i23«xe
125»Te
125»Te

127aTe
127*Te
227Th
228Th
229Th

230Th
231Th
232Th
234Th
207T1

208-rl
209fl
170Tm
171Tm
171Tm

232U

233U
234U

235JJ
236U

238U

240|J
181y

90y
90y
90y

Source

Z
FP
Z
FP
Z

FP
Z
4n+3
4n
4n+l

4n+2
4n+3
4n
4n+2
4n+3

4n
4n+l
FI
FI
Z

4n

4n+l
4n+2

4n+3
4n
4n+2

4n
Z
FP
FI
Z

Half -Life Method of Notes
(a) Treatment

2.13 x 10s

3.28 x 10-1

3.28 x 10-1

1.59 x 10-1

1.59 x 10-1

2.98 x 10-1

2.98 x 10-1

5.12 x 10-2

1.9131
7.34 x 103

7.7 x 104

2.91 x 10-3

1.405 x 1010

6.60 x 10-2

9.07 x 10-6

5.84 x 10-6

4.18 x 10-6

3.52 x 10-1

1.92
1.92

72.

1.585 x 105

2.445 x 105

7.038 x 108

2.3415 x 107

4.468 x 109

1.61 x 10-3

3.32 x 10-1

7.30 x 10-3

7.30 x 10-3

7.30 x 10-3

FS
X
X
X
X

X
X
SB
SB
FS

FS
SB
FS
SB
DCF

DCF
DCF
X
X
X

FS

FS
FS

FS
FS
FS

X
X
SB
X
X

See note 1; precursor is 125Sb
See note 1; precursor is 125Sb

Precursor is 227Ac
Precursor is 228Ac; see note 6

Precursor is 235U

Precursor is 238U
Precursor is 211Bi

Precursor is 212Bi
Precursor is 213Bi

See note 2; includes inventory
of 236Pu

See note 2; includes
inventories of 242»Am (831),
242Cm and 238Pu

See note 2; includes inventor-
ies of 246Cm, 242Pu and 242mAm
(17*)

See note 1; precursor is 90Sr
See note 1; precursor is 9CSr
See note 1; precursor is 90Sr

continued..,
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TABLE 9 (concluded)

Radio-
nuclide

65Zn
«5Zn
93Zr
93Zr
93Zr

Source

FI
Z
PP
FI
Z

Half -Life
(a)

6.68 x 10-1

6.68 x 10-1

1.53 x 10«
1.53 x 10s

1.53 x 106

Method of Notes
Treatment

X
X
X
X
X

* This list summarizes the results listed in Tables 1 through 7, for an assumed GWTT of 104 a.
b The sources are

FP - fission product (39 radionuclides);
FI - fuel impurity activation product (40 radionuclides);
Z - Zircaloy activation product (49 radionuclides); and
4n, 4n+l, 4n+2, 4n-f 3 - the four actinide decay series, containing 20, 15, 19 and 19 radionuclides

respectively.
c The column labelled "Method of Treatment" describes the recommended method of treatment of radionuclides in

the postclosure assessment.
FS Full simulation is required (51 radionuclides).

- SE Secular equilibrium can be assumed in the vault, the geosphere and (possibly) the soil subcompartment
of the biosphere (21 radionuclides).

X Exclusion is acceptable (91 radionuclides).
- INV Exclusion is acceptable, provided there is an adjustment to the inventory of a progeny radionuclide

(12 radionuclides).
DGF Exclusion is acceptable, provided that there is an adjustment to the DCF of a precursor radionuclide

(26 radionuclides).
d Notes:

1. The radionuclide is a progeny of a short decay chain (and not an actinide decay series) discussed in
Sections 2.4, 2.5 or 2.6. The initial inventory of these progeny will not lead to a significant dose, but
subsequent ingrowth from their precursors may be important. Several of these progeny have been excluded
("X") here under the "Method of Treatment" column because such ingrowth is not important for the assumed
GWTT of 104 a. Of these, 108Ag and 126Sb may be treated by modifying the DCF of their precursors. For
the remainder, the secular-equilibrium approximation may be acceptable.

2. The initial inventory for this radionuclide should be augmented by one or more of its precursors.
3. The distribution coefficient for M7Np in the geosphere may require replacement by that of 241Pu to ensure

that estimated doses are conservative.
4. Inventory of 241Pu should be added to the inventory for ̂ Np for simulation of the three-member chain.
5. Inventories of 238Pu and 242Pu should be added to 234U and to 238U for simulation of the four-member

chain.
6. The precursors identify which radionuclides) decay to the radionuclide of interest. Secular-equilibrium

inventories for 224Ra and 228Th should also include contributions from 232U (see Section 2.7.1).
7. Results for 36C1 pertain only to the inventory in used fuel, reported by Tait et al. (1989). Recent information

indicates that there is additional 36C1 in the used fuel bundles and that there may be a significant inventory in
Zircaloy (Johnson and Tait 1992). If large enough, these other sources of 36C1 may change its recommended
method of treatment to "FS".
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5. Modified inventory (INV). The radionuclide is a member of an
actinide decay series, and it need not appear explicitly in the
postclosure assessment. However, its initial inventory is
required and should be added to the inventory of one of its
progeny. We have placed 12 radionuclides in this category.

Seventy-two radionuclides (from 35 elements) in the first two categories
should be analyzed in more detail in the postclosure assessment of the
Canadian concept for nuclear fuel waste disposal. For these two cate-
gories, the total number of distinct isotopes is 60; the other 12 appear
two or three times in Table 9 because they have different sources. If the
assessment does not differentiate between the two sources FI and FP, then
3H and "Tc can be combined, leaving only 70 radionuclides to consider.

Taking into account the initial inventory, degree of radiotoxicity and pre-
dicted mobility in the system, as well as other factors that appear in
detailed modelling (notably that some radionuclides are released "instantly"
from used fuel (Garisto and LeNeveu 1989)), we suggest that the radio-
nuclides of most concern are 14C, 41Ca, 135Cs, 129I, 93Mo, S9Ni, 107Pd, 79Se
and 99Tc. We also suggest that radionuclides from the 4n+2 decay series may
be of more concern than those from the other three decay series, primarily
because of the relatively large initial inventory of 238U.

3. CHEMICALLY TOXIC CONTAMINANTS

3.1 INTRODUCTION

In identifying chemically toxic contaminants of concern for the postclosure
assessment, we restrict our analysis to those chemical elements (including
radioactive and stable isotopes) found in used U02 fuel from a CANDU reac-
tor, including the Zircaloy used to construct the fuel bundles. As for the
radionuclides, we also assume contaminant inventories for typical, or
"reference," fuel bundles taken to be 10-year-cooled U02 fuel, irradiated
to a burnup of 685 GJ/kg of initial uranium, from the BNGS reactors. These
contaminants come from the same four sources as the radiotoxic
contaminants:

fission of uranium and other fissile atoms present in U02 fuel;

impurities and neutron activation of impurities in U02 ;

constituents of Zircaloy, including any impurities and activation
products; and

neutron activation of uranium in U02 fuel-producing actinides,
including subsequent decay products.

The inventories of many elements can change in a complex way with time
because of the ingrowth and decay of one or more of its isotopes. To sim-
plify the analysis, we assume that the initial inventory of every element is
equal to a maximum value (separately for each of the above four sources).
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The maximum value is taken from the largest value of the summed inventories
for all isotopes of the element and calculated at 10, 102, 103, 10*, 105 and
10s a from inventory lists that include the effect of radioactive decay and
ingrowth and that include stable isotopes. The maximum value is equal to
this largest value multiplied by a factor of 10 to allow for uncertainty
(data used in the bounding calculations are provided in Table C-l).

Ve also simplify the method in which radioactive decay is included in the
bounding calculations:

1. If the maximum Inventory is dominated by one radioactive isotope,
then we use the half-life of that isotope to represent the half-
life of the chemical element.

2. If the maximum inventory consists of approximately equal quanti-
ties of more than one isotope, then we assume a long enough
half-life to preclude any loss because of decay over the time
period considered in the bounding calculations.

Note that an element may be assigned more than one half-life if it has more
than one source because different sources will include different composi-
tions of isotopes (see Appendix C, Table C-l).

We further restrict the analysis by eliminating several elements. We do
not consider hydrogen, carbon, nitrogen or oxygen, since all four are
essential to biological systems, and it is unlikely that their presence in
a nuclear waste disposal system would be associated with chemical toxicity
impacts. We also do not consider any of the noble gases (helium, neon,
argon, krypton, xenon and radon) because it is improbable that they would
exist in sufficient concentrations to pose a chemical toxicity impact (due
to simple asphyxiation).

A total of 85 elements must be screened to determine whether their chemical
toxicity impacts could be significant. Some occur in two or three of the
four possible sources; consequently there are 150 distinct species to be
screened. They are listed in Table 10, with an identification of their
sources. Other data in Table 10 are discussed in the following section.

3.2 ANALYSIS OF CHEMICAL TOXICITY

The identification of elements that could have chemical toxicity impacts is
based largely on bounding calculations using the models described in
Appendix C. These calculations provide conservative estimates of the maxi-
mum (.up to 10s a) concentrations of contaminants in water and soil that
might be used by members of the critical group. The calculations also
estimate the time at which the maxima occur. For water concentrations, the
maximum occurs before 105 a if the element is relatively mobile (or not
strongly retarded by sorption processes) and long-lived. For soil concen-
trations, the maximum occurs at 10s a (unless the element has a short half-
life) because the model assumes that contaminants continue to accumulate in
the soil with losses only due to radioactive decay.
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TABLE 10

ELEMENTS IN CANDU FUEL AND ZIRCALOY AND A SUMMARY OF THE COMPARISONS

OF THEIR CHEMICAL TOXICITIES

Nuclide»

Ac
Ag
Ag
Ag
Am

As
At
B
B
Ba

Be
Be
Bi
Bi
Bk

Br
Ca
Ca
Cd
Cd

Cd
Ce
Cf
Cm
Cl*

Co
Co
Cr
Cr
Cs

Cu
Cu
Dy
Dy
Er

AP
FI
FP
Z
AP

FP
AP
FI
Z
FP

FI
Z
AP
Z
AP

FP
FI
Z
FI
FP

Z
FP
AP
AP
FI

FI
Z
FI
Z
FP

FI
Z
FI
PP
FI

Water Conc.b

(mol/L)

5.2 x 10-95
3.6 x 10-s
1.2 x 10-3
1.3 x lO-i"
2.4 x 10-59

2.0 x 10-«
0.0
1.2 x 10-2

2.3 x 10-3
4.4 x 10-1

2.0 x 10-6
6.8 x 10-7
1.3 x 10-2
2.4 x 10-s
1.0 x 10-«5

4.1 x ID-2

1.2 x lO-i
1.4 x 10-8

3.6 x 10- 4
1.2 x 10-2

5.3 x 10-5
3.0 x 10- «
6.0 x 10-i«
1.0 x 10-61
6.0 x 10-5

3.6 x 10-«
3.8 x 10-3
4.7 x 10-2
3.0 x lO-i
2.1 x 10-2

3.1 x 10-2
9.4 x ID-3

3.9 x 10-8
1.0 x 10-'
5.9 x 10-9

Time of Max.
Water Cone,

(a)

3.2 x lO3

1.1 x 10s

1.1 x 10s

1.1 x 10s

1.1 x 10s

1.1 x 103

1.5 x lO-3

1.1 x 103

1.1 x 103

5.4 x 103

5.4 x 103

5.4 x 103

1.1 x 104

1.1 x 10*
4.5 x IQi

1.1 x 103

5.4 x 103

5.4 x 103

5.4 x 103

5.4 x 103

5.4 x 103

4.3 x 105

7.8 x 102

7.2 x 10«
1.1 x 103

5.4 x 103

5.4 x 103

5.4 x 103

5.4 x 103

1.1 x 10s

5.4 x 103

5.4 x 103

4.3 x 10s

4.3 x 105

4.3 x 105

Soil Cone,
(mg/kg)

2.7 x 10-9"
1.4 x 103

4.7 x 104

5.1 x lO-3

1.5 x 10-53

5.7 x 102

0.0
4.7 x 103

9.2 x 102

1.0 x 107,

3.0
1.0
7.4 x 105

1.4 x 102

2.2 x 10-42

1.2 x 105

8.0 x 105

9.4 x lO-2

6.7 x 103

2.2 x 10s

9.9 x 102

4.3 x 103

6.9 x 10-8
1.4 x 10-55
8.1 x IQi

3.8 x 103

4.0 x 104

4.1 x 10s

2.6 x 106

1.0 x 106

3.3 x 105

1.0 x 105

6.7 x lO-i
1.7
1.0 x lO-i

Time of Max.
Soil. Cone,

(a)

3.2 x 103

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0
1.0 x 10s

1.0 x 105

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0 x 105

1.0 x 10s

4.5 x IQi

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.7 x 103

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 10s

1.0 x 10s

1.0 x 105

1.0 x 105

Comparison
Results0

d — v-xy
Of.

_Cf

DS-CVIx-
d v-xy
__ T__

d — vlxyT__

I—T__

-StC-I—
DStC-I—

-st--Ix-
d vlxy

T__

VIx-
T__

T
J__

d Ix-
d — v-xy
D Ix-

Ty_

TV-

1__

-St— I—
-St— I-

VIx-
VIx-
VIx-

continued...



- 57 -

TABLE 10 (continued)

Nuclide

Br
Eu
Eu
F
F

Fe
Fe
Fr
Ga
Ga

Gd
Gd
Ge
Ge
Ge

Hf
Ho
Ho
I
I

In
In
In
Ir
K

K
La
Li
Li
Lu

Mg
Mg
Mn
Mn
Ho

FP
FI
PP
FI
Z

FI
Z
AP
FI
Z

FI
FP
FI
FP
Z

Z
PI
FP
FP
Z

FI
FP
Z
Z
FI

Z
FP
FI
Z
Z

FI
Z
FI
Z
FI

Water Cone.
(mol/L)

7.3 x 10-10

7.3 x 10-11

1.2 x 10-5
5.5 x 10-«
7.5 x 10-9

1.8 x 10-1

5.2 x lO-i
0.0
2.3 x 10-12

8.0 x 10-13

4.6 x 10-8

8.7 x 10-6

4.0 x 10-15

6.5 x 10-*
1.4 x 10-15

2.9 x 10-31

2.1 x 10-8

5.1 x 10-9

2.2 x 10-1

3.4 x 10-9

1.5 x 10-7

3.0 x 10-3

9.5 x 10-«
2.9 x 10-10

6.3 x 10-«

1.7 x 10-15

1.5 x 10-«
2.8 x 10-3

5.5 x 10-«
5.0 x 10-9

2.0 x 10-1

9.9 x 10-3

1.8 x 10-2

1.1 x 10-2

2.1 x 10-2

Time of Max.
Water Cone,

(a)

4.3 x 105

4.3 x 105

4.3 x 105

1.1 x 103

1.1 x 103

5.4 x 103

5.4 x 103

4.4
1.1 x 103

1.1 x 103

4.3 x 105

4.3 x 105

1.1 x 103

1.1 x 103

1.1 x 103

4.3 x 106

4.3 x 105

4.3 x 105

1.1 x 103

1.1 x 103

1.1 x 103

1.1 x 103

1.1 x 103

5.4 x 103

1.3 x 103

1.3 x 103

4.3 x 105

1.1 x 103

1.1 x 103

4.3 x 105

5.4 x 103

5.4 x 103

5.4 x 103

5.4 x lu3

1.1 x 103

Soil Cone,
(mg/kg)

1.3 x lu-2

1.2 x 10-3

2.0 x lO2

4.0
5.4 x 10-3

1.7 x 106

4.8 x 106

0.0
6.1 x 10-6

2.1 x 10-6

7.5 x 10-1

1.4 x 102

1.1 x 10- 8

1.8 x 103

3.9 x 10-9

5.8 x 10-25
3.6 x 10-1

8.7 x lO-2

1.0 x 106

1.6 x lO-2

6.3 x 10-1

1.3 x 10*
4.1 x 103

9.3 x 10-3

1.1 x 103

3.0 x 10-9

2.2 x 103

7.4 x 102

1.4 x 102

9.1 x 10-2

8.1 x 105

4.0 x 10*
1.7 x 105

1.0 x 105

7.5 x 10*

Time of Max.
Soil. Cone,

(a)

1.0 x 10s

1.0 x 10s

1.0 x 105

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0
1.0 x 105

1.0 x lO5

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0 x 10s

1.0 x 105

1.0 x 10s

1.0 x 105

1.0 x 10s

1.0 x 105

1.0 x 105

1.0 x 10s

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 10s

1.0 x 10s

1.0 x 105

1.0 x 10s

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 10s

Comparison
Results

d— VIx-
d— VIxy

D— VIx-
D— VIx-

I
__

d vlxy
d— VIxy
d— VIxy

VIx-
Tv-

d— VIxy
jx_

d— VIxy

ds— VIxy
VIx-
VIx-

VIx-

vlx-

Jo T--
Tv_

d— VIxy
TV-

TV-

, Tv-

VIx-

I—
Ty_

I—
I—
1__

continued...
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TABLE 10 (continued)

Nuclide

Mo
Mo
Na
Na
Nb

Nb
Nb
Nd
Ni
Ni

Np
Os
P
P
Pa

Pb
Pb
Pd
Pd
Pd

Pra
Po
Po
Pu
Pr

Pt
Ra
Rb
Re
Rh

Rh
Rh
Ru
Ru
Ru

FP
Z
FI
Z
PI

FP
Z
FP
FI
Z

AP
Z
FI
Z
ÂP

AP
Z
FI
FP
Z

FP
AP
Z
AP
PP

Z
AP
PP
Z
FI

FP
Z
FI
FP
Z

Va ter Cône.
(mol/L)

4.2
8.0 x 10-'
7.0 x 10-7

3.5 x 10-8
7.1 x 10-36

2.9 x 10-30
8.9 x 10-31
4.7 x 10-4
5.0 x 10-2
1.5 x 10-2

7.7 x 10-4
3.7 x 10-5
9.5 x 10-6
2.4 x lO-6

8.3 x 10-9

8.4 x 10-4
1.0 x 10-4
4.3 x lO-6

2.1 x lO-i
7.5 x 10-12

0.0
3.7 x 10-52
7.0 x 10-166
1.5
1.4 x 10-4

6.4 x lO-ii
1.7 x lO-i4

4.1 x 10-2
1.4 x lO-3

8.0 x lO-i3

1.5 x lO-i
1.3 x 10-12
2.1 x 10-6
7.3 x lO-i
3.5 x 10-6

Time of Max.
Water Cone,

(a)

1.1 x 103

1.1 x lO3

1.1 X 103
1.1 X 103
4.3 x lO6

4.3 x 106

4.3 x 106

4.3 x 105

5.4 x lO3

5.4 x 103

1.1 x 105

5.4 x 103

1.1 x 103

1.1 x 103

1.4 x 105

2.2 x 105

2.2 x 105

6.5 x 103

6.5 x 103

6.5 x 103

1.6 x 103

3.0 x 101

9.4 x IQi
5.4 x 103

4.3 x 105

5.4 x 103

2.6 x 104
1.3 x 104

1.1 x 103

5.4 x 103

5.4 x 103

5.4 x 103

5.4 x 103

5.4 x 103

5.4 x 103

Soil Cone,
(mg/kg)

1.5 x 107

2.9 x 105

6.1 x 10-1

3.0 x lO-2

7.3 x 10-30

3.0 x 10-24
9.1 x 10-25
7.1 x 103

4.9 x 105

1.5 x 105

6.7 x 104

1.2 x 103

1.1 x 101

2.8
2.0 x lO-i

3.4 x lO4

4.2 x 103

8.7 x 101

4.3 x 106

1.5 x lO-4

0.0
3.0 x 10-49
5.6 x lO-i63

5.0 x 107

2.0 x 103

2.1 x 10-3

6.1 x lO-8

1.1 x 106

9.9 x 103

1.4 x lO-5

2.6 x 106

2.2 x lO-5

3.5 x IQi
1.2 x 107

5.9 x IQi

Time of Max.
Soil. Cone,

(a)

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0
3.1 x IQi
9.6 x IQi
9.7 x lO4

1.0 x 105

1.0 x 105

2.8 x 104

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

Comparison
Results

_

VIx-
VIx-

ds— VIxy

ds— VIxy
ds— VIxy

— ot _....--

VIx-
VIx-

I
__

—st——— — —
ds— VIx-

d — v-xy
d — v-xy
d — vlxy

ds— Ix-
d— V-x-

I—

ds— Ix-

ds Ix-
-S— 1~

-cl------
-s— I—

continued...
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TABLE 10 (continued)

Nuclide

S
S
Sb
Sb
Se

Se
Se
Si
Si
Sm

Sm
Sn
Sn
Sn
Sr

Sr
Sr
Ta
Tb
Tb

Te
Te
Te
Te
Te

Th
Ti
Ti
Tl
TI

Tm
U
V
V
V

FI
Z
FP
Z
FI

Z
FP
FI
Z
FI

FP
FI
FP
Z
FI

FP
Z
Z
FI
FP

FI
FP
Z
FP
Z

AP
FI
Z
AP
Z

FI
AP
FI
Z
Z

Vater Cône.
(mol/L)

2.6 x 10-9

6.6 x 10-IQ

9.7 x 10-3

2.2 x 10-3

4.9 x 10-9

1.7 x 10-13

3.3 x 10-3

1.1
2.5 x 10-1

7.3 x 10-15

1.1 x 10- 4

2.8 x 10-10

1.3 x 10-4

2.3 x 10"2

8.0 x 10-16

2.0 x 10-1

4.6 x 10-5

4.9 x 10-31

3.1 x 10-10

2.4 x 10-7

6.5 x 10-6

8.1 x 10-1

1.0 x 10-5

3.0 x 10-2

5.4 x 10-5

4.1 x 10-4

3.3 x 10-35

5.8 x 10-31

0.0
5.0 x 10-8

4.1 x 10-13

4.1 x 101

3.7 x 10-33

5.3 x 10-31

3.9 x 10-2

Time of Max.
Vater Cône,

(a)

1.1 x 103

1.1 x 103

1.1 x 103

1.1 x 103

4.3 x 105

4.3 x 105

2.6 x 104

1.1 x 103

1.1 x 103

4.3 x 105

4.3 x 105

2.2 x 105

2.2 x 105

2.2 x 105

5.4 x 103

5.4 x 103

5.4 x 103

4.3 x 10«
4.3 x 105

4.3 x 105

1.4 x 103

1.4 x 103

1.4 x 103

1.6 x 104

1.6 x 104

2.2 x 105

4.3 x 106

4.3 x 106

1.2 x 10-1

1.1 x 103

4.3 x 105

5.4 x 103

4.3 x 10«
4.3 x 106

1.1 x 103

Soil Cone,
(mg/kg)

3.1 x lu-3

8.0 x 10-4

4.5 x 104

1.0 x 104

2.3 x 10-2

7.8 x 10-7

1.2 x 105

1.2 x 10«
2.7 x 105

1.1 x 10- i

1.7 x 103

6.5 x 10-3

3.0 x 103

5.5 x 105

1.2 x 10-8

2.9 x 106

6.7 x 102

9.8 x 10-25

5.1 x 10-3

2.9 x 101

2.6 x 101

3.2 x 106

4.0 x 10l

1.4 x 106

2.5 x 103

1.9 x 104

1.7 x 10-29

3.1 x 10-25

0.0
3.9 x 10-1

7.2 x 10-6

1.6 x 109

2.1 x 10-27

3.0 x 10-25

7.5 x 104

Time of Max.
Soil. Cone,

(a)

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

3.7 x 104

3.7 x 104

3.7 x 104

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0
1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

Comparison
Results

D— VI—
D— VIx-

I
VIx-

d— Vlxy
£•<-_____

j__
d— Vlxy

ds—VIx-
-st—Ix-
— st~— — — -
d— Vlxy

T__

T__

ds—VIxy
d— VIx-

TV-

-st—I—
ds—VIxy
ds—VIxy
d— Vlxy

I—

d— Vlxy
St— --— -
D— CVIxy
D--CVIxy

I—

continued...
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TABLE 10 (continued)

Nuclide

Y
V1

Y
Yb
Yb

Zn
Zn
Zr
Zr
Zr

FI
WPf L
Z
FI
Z

FI
Z
FI
FP
Z

Water Cone.
(mol/L)

2.8 x 10-14
8 7 v in- s• / A Xw

2.5 x 10-9

4.7 x 10-14

1.0 x 10-18

1.6 x 10-4

4.9 x 10-5

6.2 x 10-37

4.5 x 10-'9

5.8 x 10-27

Time of Max.
Water Cone.

(a)

4.3 x 105
A "\ v insf . J X 1U

4.3 x 105

4.3 x 105

4.3 x 105

5.4 x 103

5.4 x 103

4.3 x 106

4.3 x 106

4.3 x 106

Soil Cone.
(mg/kg)

2.6 x 10-78 1 y 1O2.1 X 1U

2.3 x 10-2

8.4 x 10-7

1.8 x 10-11

1.7 x 103

5.3 x 102

6.3 x 10-31

4.5 x 10-23

5.8 x 10-21

Time of Max.
Soil. Cone.

(a)

1.0 x 105
i n v ins1 . U X 1U

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

1.0 x 105

Comparison
Results

d-— Vlxy
Tv

VIx-
d— Vlxy
d— -Vlxy

I_-
D--C-IX-
ds--VIxy
ds— Vlxy
ds — V-xy

8 The symbols, following each element listed in the table, designate its source:
AP - member of the actinide decay series (17 elements);
FP - fission product (35 elements);
FI - fuel impurity or neutron activation product of impurities in UO2 (46 elements); and
Z - Zircaloy constituent, including any impurities and activation products (52 elements).

b Results for the bounding calculations, shown in the four columns to the right of the nuclide column, assume a
GWTT of 104 a (see Appendix C). The water and soil concentrations are the maxima of the estimated
concentrations, for times up to 105 a (concentrations are reproduced as calculated, even though some values
may be smaller or larger than is physically meaningful). The actual time of the maxima are listed in the third
and fifth columns; the largest possible maxima for soil concentrations is 105 a.

c The "Comparison Results" column gives the results of the comparisons discussed in Section 3.2. The
following abbreviations are used in this column.
C - The estimated concentration of the element in soil is less than the corresponding cleanup level applies

to six entries.
D - The estimated concentration of the element in water is less than a corresponding drinking water

limit—applies to 10 entries,
d - The estimated concentration of the element in water is less than or equal to an assumed drinking water

limit of 10'9 mol/L—applies to 43 entries.
I - The inventory is less than that in a volume of granite used to construct the vault, assuming that a total

mass of 1.9 x 108 kg of used fuel is stored in a vault that contained 1.95 x 1010 kg of granite—applies
to 109 entries.

S - The estimated solubility of the element is less than a corresponding drinking water limit—applies to
eight entries,

s - The estimated solubility of the element is less than or equal to an assumed drinking water limit of
10'9 mol/L—applies to 31 entries,

t - The estimated solubility of the element is less than its drinking water limit ("S") or assumed drinking
water limit ("s") and at least four orders of magnitude less than its calculated concentration in
water—applies to 19 entries. For these entries, concentrations in soil would be much smaller than the
value listed (see Section 3.2.2).

V - The estimated concentration of the element in soil is less than the concentrations found in an average
soil—applies to 51 entries.

continued...
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TABLE 10 (concluded)

v - The estimated concentration of the element in soil is less than an assumed concentration in soil of
10"9 mg/kg—applies to 10 entries.

x - The estimated daily intake from drinking water is less than the listed value for toxic intake (see
Appendix C, Table C-l) applies to 84 entries in this table.

y - The estimated daily intake from soil pathways is less than the listed value for toxic intake (see
Appendix C, Table C-l)—this applies to 35 entries in this table.

d Results for Cl pertain only to its inventory in used fuel, as estimated by Tait et al. (1989) (see
Appendix C). Recent information indicates that there is additional Cl in the used fuel bundles, associated
with the neutron activation of the graphite coating surrounding the UO2 fuel pellets and that there may be
additional Cl in Zircaloy associated with the neutron activation of 35C1 impurities (Johnson and Tait 1992).
However, it is unlikely that these other sources of Cl would move the recommended treatment of Cl into
the low or high priority ranks.

Results of the bounding calculations are shown in Table 10. The results
are then used with several types of comparisons that provide potential
reasons for eliminating an element from subsequent detailed consideration
in the postclosure assessment.

Ve use several types of comparisons because there is no overall criterion
for chemical toxics that parallels the dose limit for radiotoxics. Each
element must be considered separately and its estimated concentrations
compared with available criteria. Figure 11 shows the logic diagram fol-
lowed in the screening of chemically toxic contaminants.

We find it possible to definitively eliminate only a few elements using
comparisons of their maximum concentrations with drinking water guidelines
and soil cleanup guidelines.

Many of the remaining elements cannot be similarly evaluated because they
do not have corresponding drinking water and soil cleanup guidelines;
nevertheless, we expect that many would not cause significant effects. We
have therefore extended the comparisons to consider known and estimated
drinking water guidelines, solubility limits, abundances in a typical soil,
toxic intake data and abundances in granite.

We use these extended comparisons to categorize the remaining elements into
one of two ranks. The first or high priority rank contains the elements of
most concern; we believe they have the largest potential to cause signifi-
cant chemical toxicity effects. The second or low priority rank contains
those elements we expect would have much less significant impacts.

We suggest that the chemically toxic elements in the high priority rank
should be evaluated first in the postclosure assessment using more detailed
and accurate models and data. If the results show that any of these ele-
ments result in consequential effects, then it would be prudent to examine
the elements in the second rank. Conversely, if the results show no signi-
ficant effects from the elements in the high priority rank, then there is
no need to consider further the elements in the low priority rank.

Sections 3.2.1 to 3.2.6 describe the comparisons in more detail, and
Section 3.3 consolidates the results.
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FIGURE 11: Logic Diagram for Screening Chemically Toxic Elements



- 63 -

3.2.1 Comparison vith Drinking Water (and Related) Guidelines

Estimated contaminant concentrations in vater (from the bounding calcula-
tions) are compared vith drinking vater limits and guidelines. Ve assume
that a contaminant is of no concern as a chemical toxic in vater if its
estimated concentration is belov existing drinking vater standards.

For use here, drinking vater limits or guidelines are mostly based on
Health and Welfare Canada (1989), vith other limits from McNeely et al.
(1979) (see Appendix C, Table C-l). The results, summarized vith the
symbol "D" under the "Comparison Results" column in Table 10, identify ten
entries that are of no concern for drinking vater: Ag (Z), Be (Z), Cl (FI),
F (FI,Z), S (FI,Z), V (AP,PI) and Zn (Z).

Ve extend this comparison by assuming a very small value for the drinking
vater limit or guideline of an element vhen such data are not specified.
The smallest listed guideline is 4 x 10-8 mol/L (for cadmium). We assume a
value of 10'9 mol/L for comparison purposes (see Table C-l, Appendix C), to
identify
other elements that are possibly of no concern. The results, summarized
vith the symbol Md" under the "Comparison Results" column in Table 10,
identify another 43 entries:

1. Tventy-one of these 43 entries have extremely small estimated
concentrations (less than 10-18 mol/L); ve assume that they vould
be of no concern as chemical toxics in vater. They are Ac (AP),
Am (AP), At (AP), Bk (AP), Cm (AP), Fr (AP){ Hf (Z), Nb (FI,FP,Z),
Pm (FP), Pô (AP,Z), Ta (Z), Ti (FI,Z), Tl (AP), Yb (Z) and
Zr (FI,FP,Z).

2. The remaining 22 of the 43 entries are assigned a lov priority as
chemical toxics in vater.

3.2.2 Comparison vith Solubility Limits

Estimated solubility limits are compared vith drinking vater limits and
guidelines. We assume that a contaminant is of no concern as a chemical
toxic in vater if its estimated solubility limit in deep groundvaters is
less than or equal to existing drinking vater standards. We have chosen to
estimate solubilities in deep groundvaters because contaminants released
from the disposal vault must move through deep groundvaters before they
reach surface vaters. Solubility limits may be smaller in deep groundvaters
than in surface vaters for some elements and larger for other elements.
These possibilities arise because groundvaters located deep in crystalline
rock of the Canadian Shield are expected to be electrochemically more reduc-
ing, less acidic and more saline than surface vaters. We also expect that
colloids and particulates (leading to concentrations larger than solubility
limits) vould not occur or vould be removed from the groundvater during
transport through the relatively impermeable geological media (such as the
clay buffer surrounding the containers and the rock surrounding the vault).

Although this comparison could lead to the elimination of elements, there is
considerable uncertainty in most of the solubility limits listed in
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Table C-l; thus we use the comparison to identify eight entries that are
assigned a low priority as chemical toxics in water. They are shown using
the symbol "S" under the "Comparison Results" column in Table 10 for
Ag (FI,FP,Z), Be (FI,Z), Cu (FI,Z) and U (AP).

As in Section 3.2.1, we extend this comparison by assuming a very small
value of 10'9 mol/L for the drinking water limit or guideline of an element
when such data are not specified (see Table C-l). The results, summarized
with the symbol "s" under the "Comparison Results" column in Table 10, iden-
tify another 31 entries that are also assigned a low priority as chemical
toxics in water.

We can further use information on solubilities to identify some elements
that would possibly be of no concern as chemical toxics in soil. If an
element has a low solubility limit, then only small quantities of the ele-
ment could be transported to the surface environment, allowing that very
small volumes of groundwater would flow through the disposal vault. For
instance, the solubility limit for silver is estimated to be 2 x 10'9 mol/L
(Table C-l), about 6 orders of magnitude smaller than the calculated bound-
ing concentration in water of Ag (FP) (1.23 x 10'3 mol/L from Table 10).
The transport of Ag (FP) at its solubility limit would lead to a much
smaller estimated concentration in soil than the value (4.7 x 104 mg/kg)
reported in Table 10.

Taking into account the uncertainty in the estimation of solubility limits
(and the volume of groundwater flowing through the vault), we note that an
element is of less concern than suggested in Table 10 as a chemical toxic
in soil if its estimated solubility is

less than or equal to its known or assumed drinking water limit
("S" or "s" in Table 10), and

significantly less than its calculated concentration in water.

We include in this category the entries for Ag (FI,FP), Be (FI,Z),
Bi (AP,A), Cu (FI,Z), Np (AP), Os (Z), Pd (FP), Pu (AP), Rh (FP), Ru (FP),
Se (FP), Sn (FP,Z), Th (AP) and U (AP); they are identified in Table 10
with the symbol "t" under the "Comparison Results" column. We make further
use of this information in Table 11.

3.2.3 Comparison with Soil Cleanup Guidelines

Estimated soil concentrations (from the bounding calculations) are compared
with soil cleanup guidelines. We assume that an element is of no concern
as a chemical toxic in soil if its estimated concentration is less than the
corresponding soil cleanup guideline.

For use here, soil cleanup guidelines and related data, from the Ministry
of the Environment, Ontario (1989), cover only a few elements. The results
of the comparison, shown in Table 10 using the symbol "C", identify six
entries that are of no concern for soil: Ag (Z), Be (FI,Z), V (AP,FI) and
Zn (Z).
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3.2.4 Comparison vith Abundances in an Average Soil

Estimated soil concentrations (from the bounding calculations) are compared
vith concentrations found in an "average" soil that is nominally free of
contaminants. Concentrations in an average soil are taken from Boven
(1979). For most elements, a range of values is provided (Boven 1979), and
ve have chosen the lover limit.

Note that these average concentrations are less than the corresponding
cleanup levels vhere cleanup data are knovn (Table C-l in Appendix C); thus
this comparison is more stringent than the comparison vith the soil cleanup
guidelines in Section 3.2.4. Ve therefore assume that a contaminant is of
no concern as a chemical toxic in soil if its estimated concentration is
less than that in an average soil.

The results, summarized vith the symbol "V" under "Comparison Results" in
Table 10, identify 51 entries that are of no concern for soil: Ag (Z),
Ca (Z), Dy (PI,FP), Er (FI,FP), Eu (FI), F (FI,Z), Ga (FI,Z), Gd (FI),
Ge (FI,Z), Hf (Z), Ho (FI.FP), I (Z), K (Z), Lu (Z), Na (FI,Z),
Nb (FI,FP,Z), P (FI,Z), Pd (Z), Ra (AP), S (FI,Z), Sc (FI,Z), Sm (FI),
Sn (FI), Sr (FI), Ta (Z), Tb (FI), Ti (FI,Z), Tl (AP), Tm (FI), V (FI,Z),
Y (FI,Z), Yb (FI,Z) and Zr (FI.FP.Z).

Ve extend this last comparison by assuming a very small value for elements
vhere no average soil concentrations are available. Ve assume a value of
10-9 mg of the element per kilogram of soil (see Table C-l) to identify
other elements that are possibly of no concern. (This value is likely too
large for some elements that possess only radioactive isotopes, such as
technetium, promethium and the transuranics.)

The results, summarized vith the symbol "v" under the "Comparison Results"
column in Table 10, identify another ten entries. Estimated soil concen-
trations for nine of these entries are extremely small (less than
10-20 mg/kg). Ve therefore assume that Ac (AP), Am (AP), At (AP), Bk (AP),
Cm (AP), Fr (AP), Pm (FP) and Po (AP,Z) are of no concern as chemical
toxics in soil. The tenth entry, for In (FI), is assigned a lov priority.

3.2.5 Comparison vith Toxic Intakes

Estimated intake of contaminants from vater and from soil is compared vith
daily toxic intake data. Estimated intakes of a contaminant are calculated
from the bounding calculations:

1. For vater, ve take the product of 2.0 L/d and the bounding con-
centration in vater (converted to mg/L for comparison vith daily
toxic data). Ve assume that a member of the critical group
drinks tvo litres of vater per day.

2. For soil, ve take the product of the mass of soil (10s kg) and
the bounding concentration in vater, and divide by 50 a
(converted to days for comparison vith daily toxic data). Ve
assume that a member of the critical group ingests all of the
accumulated contaminant in the soil over a period of 50 a.
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These comparisons could be used to eliminate some elements if the estimated
intakes are much smaller than toxic intakes and small enough to preclude
other adverse effects. However, guidelines and limits that preclude other
adverse effects are very sparse. Moreover, data such as the lowest intake
observed to produce lethal effects in a population (LDlow) and no observed
adverse effect level (NOAEL) may not apply to humans, may relate to acute
(and not chronic) intake, and may pertain to a particular chemical compound
and not a chemical element. On the basis of these considerations, and the
uncertainties in the daily toxic intake data (see Table C-l), we use these
comparisons only to identify elements that might be assigned a low priority.

The results are summarized in Table 10. Eighty-foui. entries are identified
using the symbol MxN, indicating their estimated daily intakes from the
ingestion of water are less than corresponding toxic intake data. We
assign them a low priority as chemical toxics in water. Thirty-five
entries, identified using the symbol "y", have estimated daily intakes from
the ingestion of soil that are smaller than the corresponding toxic intake
data; they are assigned a low priority as chemical toxics in soil.

3.2.6 Comparison with Abundances in Rock

Inventories in radioactive waste are compared with elemental abundances in
the volume of rock that would be removed to construct the disposal vault;
that is, we compare inventories that would be placed in the disposal vault
with the inventories removed to construct the vault. The tacit presumption
is that an element is of little concern if its net abundance in the host
rock is smaller after closure of the vault.

This comparison does not explicitly take into account two important differ-
ences between elements in the wastes and elements in the rock: their rates
of release to groundwater and their subsequent transport through the
geosphere.

1. For rates of release to groundwater, it would be necessary to
examine how different elements are released from used fuel and
Zircaloy and from a representative rock.

Release information from used fuel and Zircaloy suggests that
most elements would be released very slowly and controlled by the
dissolution of the used fuel and Zircaloy (Garisto and LeNeveu
1989). The dissolution rates of these matrices are expected to
be very slow because of the limited access to groundwater and the
small solubilities of uranium and zirconium.

A fraction of some elements, such as cesium, iodine, selenium,
tin and strontium, are released "instantly" (Garisto and LeNeveu
1989, Garisto et al. 1989). Other elements in this category that
are relatively volatile and mobile when in the high temperatures
of a nuclear reactor may include the other halogens (fluorine,
chlorine, bromine and astatine) and alkalis (sodium, potassium,
rubidium and francium). Note that the bounding calculations
assume that the entire inventory of all contaminants in used fuel
and Zircaloy are released "instantly" and are immediately avail-
able for transport.
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Release information from rock is not readily available and would
depend on the types of minerals containing the elements. It is
reasonable to expect that most of the elements in rock would be
readily leached when exposed to groundwater (and then transported
to the surface environment). This expectation may be partly
supported by data in Table C-l and in Bowen (1979), which show
that many parallels exist between the abundances of an element in
soil and in granite.

2. With regard to transport, we believe it is reasonable to expect
that there would be no significant differences in transport since
the presence of the disposal vault should not greatly perturb
groundwater flow fields through and near the vault. In fact, the
primary function of the barriers of the disposal system is to
isolate the waste for long periods of time. These barriers,
including engineered barriers, should not be less effective than
the barrier of the original host rock alone.

Because the above two questions cannot be completely resolved, we do not
use comparisons with natural abundances in rock to definitively eliminate
an element. Instead, we assign a contaminant a low priority for the
postclosure assessment if its abundance in the disposal vault is less than
its abundance in the granite displaced to construct the vault (about
1.95 x 1010 kg). We exclude from this argument the halogens, alkalis,
selenium, tin and strontium because their release rates from used fuel may
include a fraction that is instantly released.

Abundance data for granite are taken from Bowen (1979). Where abundance
data are unavailable, we assume a very small value of 10-9 mg/kg (this
value is likely too large for elements possessing only radioactive iso-
topes, such as technetium, promethium and the transuranics). The results
of the analysis are summarized in Table 10, using the symbol "I" under the
"Comparison Results" column. We identify 92 entries as being of low
priority for chemical toxicity impacts (there are 109 occurrences of "I",
but we exclude 17 entries for the halogens, alkalis, selenium, tin and
strontium).

3.3 SUMMARY; CHEMICALLY TOXIC CONTAMINANTS OP CONCERN

From the results in Sections 3.2.1 to 3.2.5 and condensed in Table 10, it
follows that some elements from one or more sources cannot lead to signifi-
cant chemical toxicity impacts through water or soil pathways. For these
elements

the estimated concentrations in water are less than or equal to
known drinking water limits ("D" in Table 10) or too small to be
of concern ("d" and calculated concentrations less than
10-18 mol/L); and

the estimated concentrations in soil are less than soil cleanup
guidelines ("C") or less than concentrations in an average soil
nominally free of contaminants ("V") or too small to be of con-
cern ("v" and calculated concentrations less than 10-20 mg/kg).
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The following 30 entries (element with source shown in brackets), there-
fore, do not need to be considered further in the postclosure assessment:

Ac (AP) Ag (Z) Am (AP) At (AP) Be (Z)
Bk (AP) Cm (AP) F (FI,Z) Fr (AP) Hf (Z)
Nb (FI,FP,Z) Pm (FP) Pô (AP,Z) S (FI,Z) Ta (Z)
Ti (FI,Z) Tl (AP) V (AP,FI) Yb (Z) Zn (Z)
Zr (FI,FP,Z).

We can use the comparison results discussed in Section 3.2 to rank the
remaining 120 entries from Table 10. We assign to the low priority rank an
entry that is possibly of no concern for both soil and water pathways. For
the water pathway, we assign a low priority rank if

the estimated concentration in water is less than or equal to a
known or assumed drinking water limit ("D" or "d" in Table 10);

the estimated solubility is less than or equal to a known or
assumed drinking water limit ("S" or "s"); or

the estimated daily intake from ingestion of water is less than
the toxic intake value ("x").

For the soil pathway, we assign a low priority if

the estimated concentration in soil is less than a known or
assumed concentration in an average soil nominally free of
contaminants ("V" or "v" in Table 10); or

the estimated daily intake from ingestion of contaminants in soil
is less than the toxic intake value ("y").

Finally, we also assign a low priority to all entries for which the inven-
tory is less than that in a volume of granite used to construct the vault
("I" in Table 10 but excluding the 17 entries discussed in Section 3.2.6).

From the above considerations, we assign a low priority to a total of 86
entries in Table 10.

The remaining 34 entries, listed in Table 11, are assigned to the high
priority rank; they are of greater concern as chemical toxics associated
with the disposal of used fuel and Zircaloy from CANDU power generating
stations.

We also show in Table 11 "Toxic Ratios," defined as follows:

for the water pathway, it is the logarithm of the estimated daily
intake from ingestion of drinking water divided by the value for
toxic intake (from Table C-l in Appendix C); and

for the soil pathway, it is the logarithm of the estimated daily
intake from ingestion of soil divided by the value for toxic
intake (from Table C-l in Appendix C).
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TABLE 11

CHEMICALLY TOXIC ELEMENTS OF CONCERN FOR THE POSTCLOSURE ASSESSMENT

Toxic Ratios*

Nuclide"

Ag
Ag
Bi
Br
Cd

Cr
Cs
Eu
I
In

Mo
Nd
Ni
Ni
Np

Os
Pa
Pd
Pd
Pr

Pu
Re
Rh
Ru
Sb

Se
Sm
Sn
Tc
Tc

Tc
Te
Te
U

FI
FP
AP
FP
FP

Z
FP
FP
FP
FP

FP
FP
FI
Z
AP

Z
AP
FI
FP
FP

AP
Z
FP
FP
FP

FP
FP
Z
FI
FP

Z
FP
Z
AP

Water

1.3
2.9
3.5
0.3
4.9

5.0
0.7
-2.4
4.4
1.4

6.5
-0.9
2.1
1.5
6.6

5.1
1.6
4.0
8.6
-1.4

9.9
-0.3
8.5
9.2
4.9

3.2
-1.4
2.1
4.1
9.2

4.2
4.5
1.7
5.7

Soil

9.5
11.
12.
7.5
13.

13.
8.9
5.2
12.
8.5

14.
6.7
9.9
9.3
15.

13.
9.2
12.
16.
6.2

18.
6.9
16.
17.
12.

11.
6.1
10.
11.
16.

11.
13.
9.9
14.

Notes

See note 1
See note 1
See notes 1,2,6

See note 3

See note 4
See note 5
See note 6

See note 7
See note 4
See note 6
See note 6
See notes 1,5,10

See notes 1,8,10
See notes 5,10
See notes 9,10
See notes 1,9,10
See note 4

See notes 1,5,10
See note 11
See notes 1,10,12
See notes 1,10,13
See note 14

See notes 1,15
See note 4
See notes 1,5
See notes 10, 16
See notes 10,16

See notes 10,16
See note 6,17
See note 6,17
See notes 1,5,6

continued...
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TABLE 11 (continued)

* For water, the toxic ratio is defined to be the logarithm of the estimated daily intake for ingestion of
drinking water divided by the toxic intake. For soil, it is the logarithm of the estimated daily intake for
ingestion of soil divided by the toxic intake. (Toxic intake values are presented in Appendix C, Table C-l.)
The "Toxic Ratios" columns are used in ranking the relative toxicities of the elements: larger values indicate
greater potential impacts.

b The symbols following each element designate its source; they are
AP - member of the actinide decay series (5 elements);
FP - fission product (18 elements);
FI - fuel impurity activation product or fuel impurity (4 elements); and
Z - Zircaloy activation product or Zircaloy constituent (7 elements).

Notes:
1. The estimated solubility of this element is less than its drinking water limit or assumed drinking water

limit and at least four orders of magnitude less than its calculated concentration in water (see "t" under
the "Comparison Results" column in Table 10). Thus the toxic ratio for water should be at least four
logarithmic units smaller. It is reasonable to expect that the toxic ratio for soil would also be much
smaller than the value listed.

2. Sax (1979) states that "industrially it [bismuth compounds] is considered one of the less toxic of the
heavy metals...."

3. Sax (1979) notes that "the oral toxicity of Cd and its compounds is HIGH." The toxic intake value
used here is relatively small (3.5 x 10'2 mg/d; Table C-l).

4. Europium, neodymium, praseodymium and samarium are members of the rare earth elements and
possess similar chemical properties. We suggest that one of these elements can serve as an analogue to
the others, at least in scoping calculations for the postclosure assessment. We recommend that
samarium be used as the analogue because it has one of the highest inventories, and it is a central
member of the rare earth elements. Bowen (1979) cites a "low" toxicity for most of these elements; the
calculations here use a toxic intake value of 103 mg/d (Table C-l).

5. This element is likely to have a greater radiation impact than a chemical impact (see, for example,
Goodwin et al. 1987a). Its inventory may include only radioactive isotopes (for neptunium, plutonium
and protactinium) or a high proportion of radioactive isotopes (for iodine and tin). One or more of its
radioactive isotopes are identified as radionuclides to be evaluated in the postclosure assessment.
Uranium is also included in this category, even though its chemical toxicity is used to set radiological
toxicity limits (ICRP 1979).

6. The toxic intake value used in the calculation of toxic ratios is for rats (see Table C-l).
7. Seiler and Sigel (1988) note that molybdenum is considered an essential element in man's diet and that,

"adult man needs about 0.1 mg/d, which is covered by normal food intake (0.1 to 0.3 mg Mold)."
The calculation of toxicity ratios use a toxic intake value of 0.28 mg/d.

8. Sax (1979) reports that "osmium compounds, other than the tetroxide, are probably safe, particularly
as ordinarily handled in industry. The metal itself is not highly toxic. " For OsO4, Sax cites an oral
LD50 (rat) of 14 mg/kg. (LD50 is an abbreviation for lethal dose to 50% of a specified population.)

9. Bowen (1979) states that palladium is very toxic to mammals by intravenous injection. However Sax
(1979) notes that "this metal in the form of palladium chloride has been administered orally in dosage
of about 1 grain (60 mg) daily in the treatment of tuberculosis without apparent ill effects. " Seller and
Sigel (1988) state that the acute oral toxicity of palladium compounds is "relatively low", whereas
"palladium chloride is much more toxic by intravenous injection. "

10. The toxic intake value used in the calculation of toxic ratios is very small (10"4 mg/d; see Table C-l).
11. Bowen (1979) states that Re (VII) is relatively harmless to mammals; a toxic intake value of 103 mg/d

(Table C-l) is used in the calculation of toxic ratios.
1.2. Seiler and Sigel (1988) state that "most compounds (of rhodium) were only slightJy toxic by oral

ingestion ...." They report oral LD50 (rat) values of 500 mg/kg or greater for several rhodium
compounds.

continued...
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TABLE 11 (concluded)

13. Boweo (1979) notes that RuO4 is "highly toxic to mammals." However, Seiler and Sigel (1988) state
that "most ruthenium salts are considered to be slightly toxic, but fumes of ruthenium tetroxide and
ruthenium headed in air are highly injurious to the eyes and the lung .... " They report oral LD50

values such as 210 mg/kg (guinea pig; RuCl3).
14. Sax (1979) notes that the toxicity of antimony is high. A relatively small toxic intake value

(2.8 x 1(T mg/d; Table C-l) is used here.
15. Sax (1979) notes that the toxicity of selenium is high. The toxic intake value used here is 0.35 mg/d

(Table C-l).
16. Coffey et al. (1984) have suggested that the chemical toxicity of 99Tc may be more important than its

radiotoxicity. Gerber et al. (1989) observe that "the chemical and radiological toxicity of 99Tc to rats
is small. "

17. Sax (1979) states that "elemental tellurium has relatively LOW toxicity. " A toxic intake value of
0.25 mg/d is used here (Table C-l).

Host of the toxic ratios are greater than zero, indicating that the esti-
mated daily intakes could exceed the toxic intake. The toxic ratios for
soil tend to be very high, largely because the bounding calculations signi-
ficantly overestimate concentrations in soil (Appendix C).

In the footnotes of Table 11, ve provide more information for use in estab-
lishing a shorter priority list of chemically toxic contaminants for the
postclosure assessment calculations. From consideration of this information
and from consideration of initial inventory, predicted mobility in the
system and the "instant" release mechanism for some elements (Garisto and
LeNeveu 1989), we suggest that the elements of most concern are Br (FP), Cd
(FP), Cr (Z), Cs (FP), Mo (FP), Sb (FP), Se (FP) and Tc (FI,FP,Z).

4. CONCLUSIONS

The first objective of this report is to recommend a list of radiotoxic and
chemically toxic contaminants that should be evaluated in detail in the
postclosure assessment. From our study of potential contaminants in used
U02 fuel and Zircaloy from a CANDU reactor, we recommend the following:

1. Seventy-two radionuclides listed in Table 9 (those with an "FS"
or "SB" entry under "Method of Treatment") should be evaluated in
the postclosure assessment for their radiation impacts for a GWTT
of about 104 a from the disposal vault to the surface. More
radionuclides would be added to this list if the GWTT is signifi-
cantly shorter; conversely, radionuclides could be removed from
the list if the GWTT is significantly longer.

2. We suggest that the radionuclides of most concern are

14C (FI) 41Ca (FI) 135Cs (FP) 129I (PP)
93Mo (FI) 59Ni (FI) 107Pd (FP) 79Se (FP)
99Tc (FP).
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Ve also suggest that radionuclides from the 4n+2 decay series may
be of Eiore concern than those from the other three decay series,
primarily because of the relatively large initial inventory of
238U.

3. The 28 elements (five of which appear from two or more sources)
listed in Table 11 are assigned a high priority for evaluation in
the postclosure assessment for their potential chemical toxicity
impacts for a GWTT of about 10* a from the disposal vault to the
surface. More elements would be added to this list if the GWTT
is significantly shorter; conversely, others could be removed
from the list if the GWTT is significantly longer.

4. We suggest that the chemically toxic elements of most concern are

Br (FP) Cd (FP) Cr (Z) Cs (FP),
Mo (FP) Sb (FP) Se (FP) Tc (FI,FP,Z).

5. The above eight elements that could produce chemical toxic
impacts should be regarded as provisional. Although the list is
based on conservative calculations, criteria do not exist to
conclusively eliminate many elements. If the results from the
postclosure assessment show that any of these elements result in
consequential effects, we suggest that it would be prudent to
evaluate the other elements listed in Table 11 (and possibly
those assigned to the low priority rank in Section 3.3).

A second objective of this report is to recommend a simplified method of
dealing with the actinide decay chains. For modelling purposes, these
decay chains may be simplified in simulating radionuclide transport in the
vault and geosphere and (possibly) in subcompartments of the biosphere such
as the soil zone. For a GWTT of about 10* a, we recommend the following.

6. The 4n actinide decay series may be simulated in a three-member
decay chain:

240pu > 236U > 232Th

and one, 232U, as a single radionuclide.

7. The 4n+l series may be simulated in a three-member decay chain:

237Np > 233U > 229Th

and one, 241Pu, as a single radionuclide.

8. The 4n+2 series may be simulated in a four-member decay chain:

238U > 234U > 230Th > 226Ra

and two, 238Pu and 242Pu, as single radionuclides.
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9. The 4n+3 series may be simulated in a three-member decay chain:

239pu > 235U > 231pa.

Ve note in Table 9 and in the text of Section 2.7 that these simplified
chains require some adjustments to initial inventories and dose conversion
factors.

10. The above simplified actinide decay chains should be regarded as
provisional. They are based on conservative models and data and
will tend to yield overestimates of dose when using more detailed
models and data in the postclosure assessment. Ve recommend that
these simplified chains be used in preliminary studies to esti-
mate an upper bound on estimated dose. If these studies show
cases with significant dose estimates and more precise bounds are
required, then ve recommend that the calculations be repeated
using more of the original members of the series.
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A.I INTRODUCTION

To provide an upper bound on estimated radiation dose, we use a simple
model to represent the processes in the disposal system that are expected
to be important. Ve assume that the ingestion pathway is the only
important exposure pathway to members of the critical group (this assump-
tion is supported by previous studies by Wuschke et al. (1985) of the
concept for the disposal of Canada's nuclear fuel waste). Ve then estimate
a maximum value of the radiation dose due to ingestion of contaminated well
water and ingestion of foods grown on soils that were irrigated with
contaminated well water.

Ve also use data that will give overestimates of dose. Vhenever possible,
our data derive from the SYstems Variability Analysis Code, generation 1,
using models for the Canadian Concept, version 3, for the disposal of
Canada's nuclear fuel waste (SYVAC3-CC3) master database used in the post-
closure assessment (Goodwin et al. 1994). Frequently, the data in the
master database are given as probability distribution functions so that
ranges of values are possible. Ve then choose the values expected to give
the largest dose. For most parameters, the appropriate choice of data is
obvious. This is the case for inventories: larger inventories of radionuc-
lides will give rise to larger doses; consequently we have selected inven-
tory data that are representative of maximum values. The appropriate
choice of data may not be so obvious for other parameters. For example, it
is not clear whether larger estimates of dose would be obtained for large
or small values of dispersivity and diffusion coefficients in the geo-
sphere, especially for radionuclides with intermediate or short half-lives.
Ve have therefore examined the effect of extreme values of such parameters;
for instance, we have examined dispersivities of 1 and 10 m and diffusion
coefficients of 0.02 and 0.07 m2/a. Ve then selected the values that gave
the largest doses for the bounding calculations.

A.2 INGESTION OF CONTAMINATED VATER

Ve assume that the critical group obtains drinking water from a well
located in the discharge zone. To ensure that doses are overestimated, we
also assume that

the well intercepts all the radionuclides that escape from the
vault and surrounding geosphere, and

one individual in the critical group ingests all of radionuclides
that reach the well.

The first assumption is conservative because all radionuclides are concen-
trated at one discharge location. The second is conservative because it
ignores dilution effects and allows that the well is used only to supply
drinking water for one person.
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The estimated water ingestion dose in Sv/a for any radionuclide is calcu-
lated using the following equation:

Dose from drinking water (Sv/a) = Total used fuel (kg U)
x Initial inventory of the radio-
nuclide (mol/kg U)

x Fraction immediately released
x Geosphere response function (I/a)
x Dose conversion factor (Sv/Bq)
x Specific activity (Bq/mol). (A.I)

The six parameters used in this equation are defined below.

Dose is an abbreviation for "annual effective dose equivalent." It is an
annual dose rate that represents the 50-a committed effective dose equiva-
lent over a year from the ingestion of the radionuclide in that year, and is
expressed in Sv/a. Thus the doses reported here represent the estimated
biological consequences of internal exposure due to ingestion, with correc-
tions accounting for the effectiveness of different types of radiation in
causing biological damage and the radiosensitivity of different body
organs. The qualifier "50-a committed" means that internal exposure
includes the dose received during the current year plus the dose that would
be received over the next 49 a from those radionuclides that may remain in
the human body.

Total used fuel represents the mass of nuclear fuel waste that would be
contained within the disposal vault. We assume a representative value of
1.911 x 10» (kg U).

Initial inventory of the radionuclide describes the relative abundance of
the radionuclide in used fuel (or Zircaloy) in mol/kg U. Data for this
parameter originate from published estimates of radionuclide inventories
for CANDU fuel (Tait et al. 1989). We use data for a "reference" fuel,
which has been irradiated to a burnup of 685 GJ/kg initial U and has been
out of a BNGS reactor for 10 a.

These data are uncertain; they are described using probability distribu-
tions in the postclosure assessment (Johnson et al. 1994). In our bounding
calculations, we use inventory values that are representative of maximum
expected inventories. For example, where probability distributions have
been specified, we use data that correspond to the upper bound for uniform
and loguniform distributions and to the 95.5 percentile for normal and
lognormal distributions. For radionuclides not in the SYVAC3-CC3 database,
we use inventories that are 1 order of magnitude greater than the inven-
tories reported by Tait et al. (1989). Table A-l shows the inventory
values used in the bounding calculations.

Fraction immediately released is a parameter used to describe the fraction
of the radionuclide from used fuel that could be available for transport
immediately after closure of the vault. In conjunction with the geosphere
response function described below, it describes the fractional inventory
that begins to move towards the biosphere at the time of vault closure.
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TABLE A-l

DATA» USED IN THE BOUNDING CALCULATIONS FOR RADIOACTIVE FISSION PRODUCTS

AND ACTIVATION PRODUCTS IN USED CANDU FUEL AND FOR RADIOACTIVE ACTIVATION

PRODUCTS FROM ZIRCALOY

Radionuclide15

lOSAg
108»Ag
108»Ag
108"Ag
no«Ag

no»Ag
no»Ag
39Ar
«2Ar
<2Ar

i°Be
i°Be
208Bi

210»Bi

i«C

i«C
«*Ca
45Ca
<5Ca
io9Cd

109Cd

H3»Cd

i«*Ce
3fiCl

6°Co

«°Co
13«CS

^SGS
137CS
159Dy

152Eu
152EU

FI
FI
FP
Z
FI

FP
Z
FI
FI
Z

FI
Z
Z
Z
FI

Z
FI
FI
Z
FI

Z
FP
FP
FId

FI

Z
FP
FP
FP
FI

FI
FP

Half-Life
(a)

4.510E-006C

1.270E0002
1.270E0002
1 . 270E0002
6.842E-001

6.842E-001
6.842E-001
2.690E0002
3.300E0001
3.300E0001

1.600E0006
1.600E0006
3.680E0005
3.000E0006
5.730E0003

5.730E0003
1.400E0005
4.463E-001
4.463E-001
1.270EOOOO

1.270EOOOO
1.360E0001
7.784E-001
3.010E0005
5.270EOOOO

5.270EOOOO
2.060EOOOO
2.300E0006
3.000E0001
3.953E-001

1.333E0001
1.333E0001

Initial
Inventory"1

(mol/kg U)

0.0
3.800E-007
2.280E-011
7.220E-013
2.360E-011

3.120E-010
5.060E-018
2.030E-009
1.270E-017
7.270E-024

8.540E-009
1.670E-009
9.670E-013
1.440E-011
1.840E-004

3.270E-005
1.310E-005
8.735E-014
2.910E-018
2.260E-011

3.490E-013
1.740E-006
1.680E-006
3.890E-017
9.740E-009

1.070E-005
3.030E-005
3.960E-004
1.750E-002
1.810E-017

1.880E-019
7.400E-008

DGF
(Sv/Bq)

*

4.900E-009
4.900E-009
4.900E-009
2.600E-009

2.600E-009
2.600E-009
6.920E-011
9.200E-009
9.200E-009

1.300E-009
1.300E-009
1.400E-009
2.600E-008
5.200E-010

5.200E-010
3.600E-010
8.300E-010
8.300E-010
5.100E-008

5.100E-008
6.900E-007
5.800E-009
8.330E-010
1.700E-008

1.700E-008
2.000E-008
1.900E-009
1.400E-008
l.OOOE-010

1.600E-009
1.600E-009

Retardation
Factor

1.000E0002
1.000E0002
1.000E0002
1.000E0002
1.000E0002

1.000E0002
1.000E0002
l.OOOEOOOO
l.OOOEOOOO
l.OOOEOOOO

5.000EOOOO
5.000EOOOO
1.000E0001
1.000E0001
l.OOOEOOOO

l.OOOEOOOO
5.000EOOOO
5.000EOOOO
5.000EOOOO
5.000EOOOO

5.000EOOOO
5.000EOOOO
4.000E0002
l.OOOEOOOO
5.000EOOOO

5.000EOOOO
1.000E0002
1.000E0002
1.000E0002
4.000E0002

4.000E0002
4.000E0002

continued..
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TABLE A-l (continued)

Radionuclide

"«Eu
15«Eu
155Eu

155Eu
55Pe
55Pe

153Gd
153Gd

3H
3H
3B

162Hf
166.00

166«Ho
129J
129J
192Ir
192»Ir

194»Ir
40R
81Kr
85Kr

176Lu

i77-Lu
S4Mn
5«Mn
93Mo
93Mo

93»Nb
93»Nb
93 -Mb
9«Nb
9*Nb

94Nb
59Ni
59Ni

PI
FP
FI

FP
FI
Z
FI
FP

FI
FP
Z
Z
FI

FP
PP
Z
Z
Z

Z
FI
FP
FP
Z

Z
FI
Z
FI
Z

FI
FP
Z
FI
FP

Z
FI
Z

Half-Life
(a)

8.800EOOOO
8.800EOOOO
4.960EOOOO

4.960EOOOO
2.700EOOOO
2.700EOOOO
6.626E-001
6.626E-001

1.235E0001
1.235E0001
1.235E0001
8.999E0006
1 . 200E0003

1.200E0003
1.570E0007
1.570E0007
2.027E-001
2.410E0002

4.682E-001
1.280E0009
2.100E0005
1.070E0001
3.600E0010

4.405E-001
8.556E-001
8.556E-001
3.500E0003
3.500E0003

1.360E0001
1.360E0001
1.360E0001
2.030E0004
2.030E0004

2.030E0004
7.500E0004
7.500E0004

Initial
Inventory
(mol/kg U)

4.050E-010
1.210E-004
6.100E-011

2.960E-005
4.290E-007
1.270E-006
2.150E-013
4.680E-013

1.500E-009
6.210E-006
3.240E-010
2.160E-007
2.890E-008

1.240E-009
7.810E-004
8.290E-018
2.880E-018
3.420E-015

2.970E-021
2.210E-006
6.730E-010
8.300E-005
1.740E-009

2.850E-018
3.290E-011
9.790E-011
1.620E-008
2.510E-008

2.580E-011
6.260E-008
6.750E-009
6.400E-011
2.490E-008

6.360E-006
3.550E-005
1.020E-005

DGF
(Sv/Bq)

2.600E-009
2.600E-009
3.600E-010

3.600E-010
1.700E-010
1.700E-010
2.800E-010
2.800E-010

2.000E-011
2.000E-011
2.000E-011
7.500E-010
2.500E-009

2.500E-009
7.800E-008
7.800E-008
1.400E-009
5.000E-010

2.500E-009
5.000E-009
3.270E-010
1.530E-010
1.830E-009

1.670E-009
6.500E-010
6.500E-010
3.800E-010
3.800E-010

3.800E-010
3.800E-010
3.800E-010
1.300E-008
1.300E-008

1 . 300E-008
3.500E-011
3.500E-011

Retardation
Factor

4.000E0002
4.000E0002
4.000E0002

4.000E0002
5.000EOOOO
5.000EOOOO
4.000E0002
4.000E0002

l.OOOEOOOO
l.OOOEOOOO
l.OOOEOOOO
4.000E0003
4.000E0002

4.000E0002
l.OOOEOOOO
l.OOOEOOOO
5.000EOOOO
5.000EOOOO

5.000EOOOO
1.200EOOOO
l.OOOEOOOO
l.OOOEOOOO
4.000E0002

4.000E0002
5.000EOOOO
5.000EOOOO
l.OOOEOOOO
l.OOOEOOOO

4.000E0003
4.000E0003
4.000E0003
4.000E0003
4.000E0003

4.000E0003
5.000EOOOO
5.000EOOOO

continued..
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TABLE A-1 (continued)

Radionuclide

63Ni
63Ni

19«0s
32p
32p
205pb
107pd

i^pa
147Pm
210Po
193pt

«7Rb

l»7Re
106Ru
125Sb
125Sb
i2«Sb

126»Sb
««Se
79Se
32Si
32Si

151SB
151Sm
113Sn
ii'-Sn
n'-Sn

i"»Sn
"i-sn
12*-Sn
123Sn
123Sn

126Sn
90Sr
90Sr
9ûSr
182Ta

FI
Z

Z
FI
Z
Z
PP

FI
FP
Z
Z
FP

Z
FP
FP
Z
FP

FP
Z
FP
FI
Z

FI
FP
Z
FI
FP

Z
FP
Z
FP
Z

FP
FI
PP
Z
Z

Hali-Life
(a)

9.600E0001
9.600E0001

6.000EOOOO
3.912E-002
3.912E-002
1.430E0007
6.500E0006

2.620EOOOO
2.620EOOOO
3.789E-001
5.000E0001
4.700E0010

5.000E0010
1.008EOOOO
2.770EOOOO
2.770EOOOO
3.395E-002

3.610E-005
2.295E-001
6.500E0004
4.500E0002
4.500E0002

9.000E0001
9.000E0001
3.151E-001
8.022E-001
8.022E-001

8.022B-001
5.500E0001
5.500E0001
3.537E-001
3.537E-001

1.000E0005
2.912E0001
2.912E0001
2.912E0001
3.149E-001

Initial
Inventory
(mol/kg U)

5.980E-006
1.730E-006

5.820E-019
1.800E-017
4.610E-018
2.290E-008
5.080E-003

1.113E-023
4.000E-004
6.310E-017
1.030E-014
6.310E-003

2.690E-005
6.360E-006
1.870E-005
1.120E-006
1.870E-011

0.0
9.470E-023
6.560E-005
1.520E-013
3.890E-014

4.700E-016
1.530E-004
2.010E-015
8.290E-020
2.840E-011

1.630E-009
5.290E-008
2.430E-007
4.430E-014
9.010E-015

1.570E-004
1.750E-018
1.130E-002
1.500E-010
9.830E-015

DGF
(Sv/Bq)

1.100E-010
1.100E-010

2.500E-009
2.300E-009
2.300E-009
4.700E-010
4.100E-011

2.900E-010
2.900E-010
5.300E-007
5.000E-011
1.100E-009

2.600E-012
7.40ÔE-009
8.200E-010
8.200E-010
2.300E-009

*

1.400E-009
2.300E-009
7.500E-010
7.500E-010

1 . 100E-010
1.100E-010
8.300E-010
5.000E-010
5.000E-010

5.000E-010
1.800E-010
1.800E-010
2.300E-009
2.300E-009

9.100E-010
3.400E-008
3.400E-008
3.400E-008
4.500E-009

Retardation
Factor

5.000EOOOO
5.000EOOOO

5.000EOOOO
l.OOOEOOOO
l.OOOEOOOO
2.000E0002
6.000EOOOO

4.000E0002
4.000E0002
1.000E0001
5.000EOOOO
1.200E0001

l.OOOEOOOO
5.000EOOOO
l.OOOEOOOO
l.OOOEOOOO
l.OOOEOOOO

l.OOOEOOOO
4.000E0002
2.400E0001
l.OOOEOOOO
l.OOOEOOOO

4.000E0002
4.000E0002
2.000E0002
2.000E0002
2.000E0002

2.000E0002
2.000E0002
2.000E0002
2.000E0002
2.000E0002

2.000E0002
5.000EOOOO
5.000EOOOO
5.000EOOOO
4.000E0003

continued...
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TABLE A-l (concluded)

Radionuclide

157Tb

99Tc

99Tc

"Tc

i23»fe

127*Te

171Tm

171Tn

IBly

90y
90y

90y
^ ̂ Zri
Zn

93Zr
93Zr
93Zr

FI
FP
FI
FP
Z

FP
Z
FP
Z
FP

Z
FI
FI
Z
Z

FI
FP
Z
FI
Z

FI
FP
Z

Half-Life
(a)

1.500E0002
1.979E-001
2.130E0005
2.130E0005
2.130E0005

3.277E-001
3.277E-001
1.588E-001
1.588E-001
2.984E-001

2.984E-001
3.521E-001
1 . 920EOOOO
1.920EOOOO
3.313E-001

7.310E-003
7.310E-003
7.310E-003
6.675E-001
6.675E-001

1.530E0006
1.530E0006
1.530E0006

Initial
Inventory
(mol/kg U)

1.530E-009
4.140E-022
1.690E-007
4.660E-003
2.630E-007

8.650E-019
1.010E-018
2.610E-007
1.560E-008
6.510E-015

5.180E-022
1.430E-020
7.700E-015
1.860E-025
2.580E-017

0.0
0.0
0.0
2.910E-013
9.290E-014

3.129E-011
7.240E-003
7.770E-004

DGF
(Sv/Bq)

3.300E-011
1.670E-009
6.500E-010
6.500E-010
6.500E-010

4.900E-009
4.900E-009
2.600E-009
2.600E-009
6.400E-009

6.400E-009
1.670E-009
1.250E-010
1.250E-010
8.300E-011

2.900E-09
2.900E-09
2.900E-09
4.000E-009
4.000E-009

4.500E-010
4.500E-010
4.500E-010

Retardation
Factor

4.000E0002
4.000E0002
1.300EOOOO
1.300EOOOO
1 . 300EOOOO

1.500E0001
1.500E0001
1.500E0001
1.500E0001
1.500E0001

1.500E0001
4.000E0002
4.000E0002
4.000E0002
l.OOOEOOOO

4.000E0002
4.000E0002
4.000E0002
5.000EOOOO
5.000EOOOO

4.000E0003
4.000E0003
4.000E0003

a Data are printed using computer floating point format; for example, 4.51E-006 is equivalent to
4.510 x Iff6.

b The symbols following each isotope designate its source:
FP - fission product (39 radionuclides);
FI - fuel impurity activation product (40 radionuclides); and
Z - Zircaloy activation product (49 radionuclides).

c Inventories in Zircaloy have been multiplied by 0.120 kg of Zircaloy per kilogram of uranium. Initial
inventories of 108Ag, 126mSb and 90Y are assumed to be zero.

d The inventory for Cl reported herein is from Tait et al. (1989). Information indicates that there is
additional 36C1 in the used fuel bundles, associated with the neutron activation of the graphite coating
surrounding the UO2 fuel pellets (Johnson and Tait 1992). There may also be 36C1 in Zircaloy, associated
with the neutron activation of 35C1 impurities (Johnson and Tait 1992).
108Ag and 126mSb are very short-lived, and their radiation impacts can be included with the radiation
impacts of their precursors. No explicit calculations are required for these radionuclides.
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Ve assume a value of 1.0 (that is, the total inventory is available), vhich
is extremely conservative for at least tvo reasons:

1. It ignores the effect of the containers that would be used to
hold the nuclear fuel vaste. It is expected that containers made
of titanium could remain intact for over 1000 a, although short-
term failures could occur (due to fabrication defects) in 0.01 to
0.1* of the containers (Garisto and LeNeveu 1989, Johnson et al.
1994) over tens of years. It follows, therefore, that most of
the contaminants would remain in the container for at least
1000 a, and only a small fraction (up to 0.1%) could be available
for transport shortly after closure of the vault.

2. It ignores the effect of release mechanisms from used fuel.
Experimental studies of used fuel have shown that most contami-
nants in used fuel are released by a "congruent" mechanism, which
is controlled by the dissolution of the U02 matrix (Johnson et
al. 1988, 1994). Previous assessment studies suggest that the
dissolution of the U02 matrix, and thus the congruent releases,
will be very small. For example, results from Wuschke et al.
(1985) show that the estimated congruent-release fraction is
about 10'9 (median value) for times up to 10"7 a. Thus only an
extremely small fraction of most contaminants would be available
shortly after closure of the vault.

A second release mechanism, known as "instant" release, applies to
some of the contaminants in used fuel. These "instant-release"
contaminants are principally elements like cesium, iodine and
technetium, which are volatile under the high temperatures found
in fuel in a reactor (Garisto and LeNeveu 1989). About 10 to 40*
of the total inventory of these contaminants could be released
shortly after closure of the vault; their remaining inventory
would be released congruently with the dissolution of U02 (Garisto
and LeNeveu 1989, Garisto et al. 1989, Johnson et al. 1994).

Using the largest value for short-term container failures (0.1*) and assum-
ing that all radionuclides have an instant release of 40*, it follows that
the maximum fraction of any radionuclide that could be released shortly
after closure of the vault is 4 x 10-*. Thus a more realistic value for
the fraction immediately released would be 4 x 1Q-*.

For our bounding calculations, however, we have chosen the very conserva-
tive value of unity for consistency with the model and data used for inges-
tion of foods. To estimate a bounding dose from foods (see Section A.3),
we allow that contaminants accumulate in soil for times up to 10s a, with
losses due only to radioactive decay. We must therefore account for the
release of contaminants from the vault for the entire period of time up to
10s a after closure. Since we cannot readily evaluate and justify an esti-
mate of the release fraction to 10s a, we have chosen the maximum possible
value of unity.

Geosphere response function describes the transport of the radionuclide
through the geosphere. We use the response function for unit impulse input
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of a single radionuclide that accounts for advection, diffusion, disper-
sion, radioactive decay and sorption (Heinrich 1984, Heinrich and Andres
1985). The equation is (Heinrich 1984) as follows:

Ri(x,t) = exp(Vx/2D - Ct - A2 At) (A.2)

where the units of Rt(x,t) are equal to (years)'
1, and

A = x(Ki/D)'«

C = Xi + V
2/(4DKi)

D ~ crV + D* .

In Heinrich's equation, Ri(x,t) is equivalent to a response or Green's
function and represents the fraction of mol/a of radionuclide i that flows
past position x at time t when one mole starts at position x = 0 and at
time t = 0. To ensure that estimated doses are conservative, we use the
maximum value of RA(x,t) in Equation (A.I) for times up to 10

s a. We also
choose parameter values that are expected to yield overestimates of dose.

The parameters used in Equation (A.2) and their values used in the bounding
calculations follow:

1. The distance travelled along the transport path, x, is taken to
be 25 m. We assume that the geosphere barrier is dominated by
this short segment of sparsely fractured rock that separates all
the containers and the well. Equations (A.I) and (A.2) ignore
the remaining elements of the geosphere (which are at least 475 m
in length for a vault depth of 500 m), and the presence of low-
permeability engineered barriers such as the buffer. Thus we
take credit for just 25 m of sparsely fractured rock as the sole
barrier between the nuclear fuel waste and the well used by the
individual in the critical group.

2. The time, t, at which the response is to be calculated, may take
on values between zero to 105 a. The maximum value in Ri(x,t)
occurs at time t>ax where

+ 4A2C^ /A o,

16C2

For use with Equation (A.2), we set time equal to the smaller of
t... and 105 a.

The velocity of the groundwater, V (in m/a), applies to the 25 m
of sparsely fractured rock along the travel distance. Detailed
studies of groundwater flow in the Whiteshell Research Area (WRA)
suggest a maximum velocity of the order of 9.4 x 10-4 m/a at a
projected vault depth of 500 m (Davison et al. 1994). These
values lead to a calculated.groundwater transit time (GWTT) of
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more than 2.6 x 104 a. In our bounding calculations, we present
results in Tables 1 to 3 of the main text for GWTTs ranging from
102 to 105 a, with corresponding adjustments to the groundwater
velocity. For example, for a GWTT of 102 a, the calculated
groundwater velocity is 0.25 m/a; for a GVTT of 105 a, it is
2.5 x 10-* m/a. Thus the results in Tables 1 to 3 of the main
text show the effect of different GWTTs on estimated dose, and
the results for GWTTs of 10* and 105 a bound the results for a
GWTT of 2.6 x 10* a.

4. The longitudinal dispersivity of the geosphere rock, a (in
metres), describes the hydrodynamic dispersion or spreading out
of a dissolved contaminant as it moves through a solid medium,
due to variations in the movement of the solvent. The parameter
a describes the magnitude of this spreading. We have assumed a
value of 10 m, expected to be a conservatively large value for
the 25 m of sparsely fractured rock (Davison et al. 1994).

5. The diffusion coefficient for the radionuclide, D* (in m2/a),
characterizes the spontaneous movement of molecular species from
a region of high to low chemical potential. We have chosen a
value of 0.07 m2/a, a conservatively large value for the diffu-
sion of contaminants in pure water (Davison et al. 1994). Diffu-
sion in saturated media is often described using effective diffu-
sion coefficients that tend to be much smaller because of geo-
metric factors such as tortuosity (a measure of the effective
increased path length for diffusion that results from the winding
or tortuous nature of the pore space in a porous medium). The
expression (crV + D* ) is often referred to as the hydrodynamic
dispersion coefficient.

6. The radioactive decay rate of radionuclide i, XA (in a'
1), is

equal to the natural logarithm of 2 divided by the radionuclide's
half-life and has units of a'1. Data for half-lives are taken
from the values recommended, if available, in International
Commission on Radiological Protection (ICRP) Publication 38 (ICRP
1983); other values are taken from Walker et al. (1989). Values
used in the bounding calculations are reported in Table A-l.

7. The retardation factor, KA (a dimensionless parameter), describes
the ratio of the transport velocities of a contaminant and
groundwater. Its minimum value is unity, meaning that the con-
taminant moves at the same velocity as the groundwater (ignoring
diffusion). The: radionuclide retardation factor, ̂ , is calcu-
lated using the retardation equation and corresponding data
recommended for use in the postclosure assessment (Vandergraaf et
al. 1993a,b,c; Davison et al. 1994). This equation uses sorption
coefficients, and it is a function of parameters, such as mineral
type and electrochemical potential. We calculated retardation
factors, assuming that the mineral type was grey granite and the
electrochemical potential was reducing. We also examined the
effect of the specified ranges of values for other parameters,
such as total dissolved solids (15 to 25 g/L), and selected
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values that minimized retardation for the bounding calculations.
We use the corresponding retardation factors that give minimum
retardation for each radionuclide. For those elements not
included in the SYVAC3-CC3 database, we use recommended values
based on chemical analogy (T.T. Vandergraaf, personal communica-
tion, 1993). Table A-l lists the retardation factors chosen for
the bounding calculations.

Dose conversion factor of the radionuclide is used to convert the activity
of a radionuclide (in becquerels) into dose to man (in sieverts), assuming
that an individual has ingested the radionuclide. The units of this factor
are Sv/Bq.

We assume that, each year, one individual in the critical group would
ingest all of the water containing all of the radionuclides that have been
transported from the vault through the surrounding 25 m of sparsely frac-
tured rock. For the ingestion of radionuclides considered in the post-
closure assessment, we used dose conversion factors from Davis et al.
(1993) that are based on calculations using data from the ICRP (ICRP 1979).
For other radionuclides, we use recommended values from Johnson and Dunford
(1983) or values from ICRP Publication 30 (ICRP 1979).

For argon and krypton, the only significant dose pathway involves external
exposure. For radioactive isotopes of these elements, we use an adjusted
dose conversion factor for air immersion divided by 48. This conserva-
tively approximates the exposure of an individual in the critical group who
lives all year in a small room that receives the vented gases from the
water and that has an annual air exchange rate of 48 m3/a.

Specific activity is used to convert moles to becquerels and has units of
Bq/mol. It is equal to (A A^, where A is Avogadro's number, and ̂  is the
radionuclide decay rate.

A.3 INGESTION OF CONTAMINATED FOODS

We assume that the critical group obtains food from soils irrigated with
contaminated water from the well and that the well has intercepted all of
the radionuclides that have escaped from the vault and geosphere. We also
assume that all of the contamination is transferred from the soil to the
food and that one individual in the critical group ingests all of this
contaminated food over a period of 50 a.

The equation required is similar to that for ingestion of water, except we
must allow for the accumulation of contaminants in soil, and we require a
time period over which the ingestion is assumed to occur. The bounding
calculation for food ingestion dose for any radionuclide uses the following
equation
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Dose from food (Sv/a) = Total used fuel (kg U)
x Initial inventory of the radionuclide
(mol/kg U)

x Fraction immediately released
x Soil accumulation fraction
x Dose conversion factor of radionuclide (Sv/Bq)
x Specific activity (Bq/mol)
•*• Reference lifetime (a) (A.4)

where the tvo new parameters are the soil accumulation fraction and the
reference lifetime.

Soil accumulation fraction describes the accumulation of the radionuclide
in the soil, following transport through the geosphere; it is a dimension-
less parameter. This fraction is the integral over time of the geosphere
response function given in Equation (A.2) and is equal to

S(x,t) =0.5 expfëg - A4tl erf(Ai + A2)

(A.5)
+ 0.5 exp(--Xit) erf(A2 - Al)

where Al = 0.5 V (t/DR)1/2>
A2 = 0.5 x (R/Dt)1/2,
erf • = error function, and
S(x,t) = accumulated fraction at some position x, and the accumu-

lation time is from 0 to t.

The other parameters are as described previously. Ve also use in
Equation (A.5) the parameter values described for Equation (A.2) above.

Note the soil accumulation fraction allows that the only mechanism for
removal of the radionuclide from the soil is through radioactive decay.
Thus this term is equivalent to assuming that there is complete accumula-
tion of a radionuclide in the soil, except for losses due to decay.

Me use a numerical algorithm to search for the maximum value in S(x,t)
between the integration limits of 0 and 10s a. This maximum is then used
in Equation (A.5), so that the soil accumulation fraction represents the
maximum of the mass of the radionuclide that could appear in the soil
between 0 and 105 a. The time at which this maximum occurs is a function
of radionuclide half-life, GWTT and other parameters. If the half-life of
a radionuclide is greater than about 2 x 104 a, the maximum will occur at
105 a.

Reference lifetime is a parameter chosen to represent the lifespan of a
member of the critical group, in units of years. This parameter has a
value of 50 a and is used to convert a 50-a committed dose to an average
annual dose. It corresponds to assuming that over a period of 50 a, the
member of the'critical group ingests the total mass of the radionuclide
that has accumulated in the soil. As -noted above, we use the maximum (for
times up to 10s a) of the accumulated mass of the radionuclide.
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A.4 SAMPLE RESULTS

Table A-2 presents sample results from the bounding calculations for an
assumed GtfTT of 104 a. Since the corresponding travel distance is set at
25 m, the corresponding groundvater velocity is 2.5 x 10-3 m/a. All other
parameters are as cited in Table A-l and in Sections A.2 and A.3.

These results are also summarized in Tables 1 through 3 in the main text.
Despite the long GWTT, the estimated dose from a few short-lived radionuc-
lides exceeds 5 x 10-8 Sv/a because of transport by diffusion. This is the
case for mobile radionuclides, such as tritium (half-life = 12.35 a) and
85Kr (10.7 a).

TABLE A-2

SAMPLE RESULTS' FROM THE BOUNDING CALCULATIONS FOR RADIOACTIVE FISSION

PRODUCTS AND ACTIVATION PRODUCTS IN USED CANDU FUEL AND FOR RADIOACTIVE

ACTIVATION PRODUCTS FROM ZIRCALOYb

Nuclide0

108»Ag

10B«Ag
108.Ag

no.Ag
no-Ag

no.Ag
39Ar
42Ar
42Ar
i°Be

i°Be
208Bi

210«Bi
14C
14C

41Ca
45Ca
45Ca

FI
FP
Z
FI
FP

Z
FI
FI
Z
FI

Z
Z
Z
FI
Z

FI
FI
Z

Half-Life

(a)

1.270E0002
1.270E0002
1.270E0002
6.842E-001
6.842E-001

6.842E-001
2.690E0002
3.300E0001
3.300E0001
1.600E0006

1.600E0006
3.680E0005
3.000E0006
5.730E0003
5.730E0003

1.400E0005
4.463E-001
4.463E-001

Dose from
Water
(Sv/a)

2.792E-022
1.675E-026
5.305E-028
O.OOOEOOOO
O.OOOEOOOO

O.OOOEOOOO
3.932E-OC2
5.229E-010
2.994E-016
6.719E-004

1.314E-004
1.749E-007
6.041E-006
7.144E0003
1 . 270E0003

3.184EOOOO
3.249E-097
1.083E-101

Time of
Max. Dose
from Water

(a)

5.354E0003
5.354E0003
5.354E0003
4.022E0002
4.022E0002

4.022E0002
5.581B0002
2.463E0002
2.463E0002
5.410E0003

5.410E0003
1.070E0004
1.082E0004
1.004E0003
1.004E0003

5.327E0003
7.229E0001
7.229E0001

Dose from
Soil
(Sv/a)

9.900E-022
5.940E-026
1.881E-027
O.OOOEOOOO
O.OOOEOOOO

O.OOOEOOOO
2.000E-001
4.245E-010
2.430E-016
2.935E-001

5.740E-002
1.144E-004
4.580E-003
2.582E0005
4.589E0004

9.914E0002
4.148E-099
1.382E-103

Time of
Max. Dose
from Soil

(a)

5.534E0003
5.534E0003
5.534E0003
l.OOOEOOOO
l.OOOEOOOO

l.OOOEOOOO
8.720E0002
2.903E0002
2.903E0002
1.000E0005

1.000E0005
1.000E0005
1.000E0005
4.662E0003
4.662E0003

5.641E0004
7.293E0001
7.293E0001

continued..
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TABLE A-2 (continued)

Nuclide

109Cd
109Cd

113-Cd
"«Ce
36C1
60Co
6°Co

13<CS
135Cs
137Cs
159Dy

i52Eu
"2EU
154Eu
"«BU
155Eu
155Eu

55Fe
55Fe

153Gd
153Gd

3H

3H
3H

182Hf
166»H0
166mHo

1291
1291
192Ir
192»Ir
194mlr

40R
81Kr

PI
Z

FP
FP
FI
FI
Z

FP
FP
FP
FI
FI
PP
FI
FP
FI
FP

FI
Z
FI
FP
FI

FP
Z
Z
FI
FP

FP
Z
Z
Z
Z

FI
FP

Half-Life

(a)

1.270EOOOO
1 . 270EOOOO

1.360E0001
7.784E-001
3.010E0005
5.270EOOOO
5.270EOOOO

2.060EOOOO
2.300E0006
3.000E0001
3.953E-001
1.333E0001
1.333E0001
8.800EOOOO
8.800EOOOO
4.960EOOOO
4.960EOOOO

2.700EOOOO
2.700EOOOO
6.626E-001
6.626E-001
1.235E0001

1.235E0001
1.235E0001
8.999E0006
1.200E0003
1.200E0003

1.570E0007
1.570E0007
2.027E-001
2.410E0002
4.682E-001

1.280E0009
2.100E0005

Dose from
Water
(Sv/a)

7.784E-054
1.202E-055

3.340E-009
O.OOOEOOOO
5.211E-011
3.941E-023
4.329E-020

5.936E-195
1.533EOOOO
1.372E-043
O.OOOEOOOO
3.809E-168
1.499E-156
2.332E-195
6.968E-190
3.018E-262
1.464E-256

2.526E-034
7.478E-034
O.OOOEOOOO
O.OOOEOOOO
4.164E-007

1.724E-003
8.993E-008
7.692E-032
1.876E-016
8.049E-018

1.883E0003
1.999E-011
2.298E-148
1.223E-009
6.443E-102

3.491E-003
5.067E-004

Time of
Max. Dose
from Vater

(a)

1.214E0002
1.214E0002

3.872E0002
8.587E0002
1.082E0003
2.444E0002
2.444E0002

6.969E0002
1.061E0005
2.636E0003
6.121E0002
3.543E0003
3.543E0003
2.881E0003
2.881E0003
2.164E0003
2.164E0003

1.761E0002
1.761E0002
7.923E0002
7.923E0002
1.583E0002

1.583E0002
1.583E0002
3.661E0006
3.247E0004
3.247E0004

1.084E0003
1.084E0003
4.882E0001
1.449E0003
7.403E0001

1 . 300E0003
1.081E0003

Dose from
Soil
(Sv/a)

2.810E-055
4.340E-057

1.249E-009
O.OOOEOOOO
4.726E-009
5.815E-024
6.389E-021

3.513E-196
1.537E0003
1.168E-043
O.OOOEOOOO
1.457E-168
5.736E-157
5.896E-196
1.762E-190
4.305E-263
2.089E-257

1.926E-035
5.701E-035
O.OOOEOOOO
O.OOOEOOOO
1.343E-007

5.560E-004
2.901E-008
2.321E-030
6.178E-015
2.651E-016

1.940E0005
2.060E-009
1.336E-150
7.026E-009
8.626E-104

4.317E-001
4.443E-002

Time of
Max. Dose
from Soil

(a)

1.232E0002
1.232E0002

4.064E0002
l.OOOEOOOO
3.815E0004
2.519E0002
2.519E0002

6.999E0002
1.000E0005
2.679E0003
l.OOOEOOOO
3.562E0003
3.562E0003
2.893E0003
2.893E0003
2.172E0003
2.172E0003

1.799E0002
1.799E0002
l.OOOEOOOO
l.OOOEOOOO
1.753E0002

1.753E0002
1.753E0002
1.000E0005
3.416E0004
3.416E0004

1.000E0005
1.000E0005
4.912E0001
1.766E0003
7.469E0001

1.000E0005
3.221E0004

continued..
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TABLE A-2 (continued)

Nuclide

85Kr
176Lu

177»Lu

54Mn
54 Mn
93Mo
93Mo

93»Nb

93-Nb
93»Nb
9«Nb
9«Nb
9<Nb
59Ni
59Ni
63Ni
63Ni

19«0s

32p

32p
jospt
107pd
147Pm

l«7Pm
2ioPo
193pt
87Rb

187Re

106Ru
125Sb
125Sb
126Sb
*«Sc

FP
Z
Z

FI
Z
FI
Z
FI

FP
Z
FI
FP
Z
FI
Z
FI
Z
Z

FI
Z
Z
FP
FI

FP
Z
Z
FP
Z

FP
FP
Z
FP
Z

Half-Life

(a)

1.070E0001
3.600E0010
4.405E-001

8.556E-001
8.556E-001
3.500E0003
3.500E0003
1.360E0001

1.360E0001
1.360E0001
2.030E0004
2.030E0004
2.030E0004
7.500E0004
7.500E0004
9.600E0001
9.600E0001
6.000EOOOO

3.912E-002
3.912E-002
1.430E0007
6.500E0006
2.620EOOOO

2.620EOOOO
3.789E-001
5.000E0001
4.700E0010
5.000E0010

1.008EOOOO
2.770EOOOO
2.770EOOOO
3.395E-002
2.295E-001

Dose from
Water
(Sv/a)

5.408E-002
6.223E-012
O.OOOEOOOO

5.676E-068
1.689E-067
6.975E-001
1.081EOOOO
O.OOOEOOOO

O.OOOEOOOO
O.OOOEOOOO
5.805E-033
2.258E-030
5.769E-028
1.531EOOOO
4.398E-001
7.680E-003
2.222E-003
1.720E-032

1.506E-148
3.856E-149
9.956E-007
2.590EOOOO
O.OOOEOOOO

O.OOOEOOOO
5.270E-150
4.845E-014
5.972E-003
6.788E-007

3.558E-056
1.498E-009
8.969E-011
2.581E-153
O.OOOEOOOO

Time of
Max. Dose
from Water

(a)

1.482E0002
4.334E0005
6.461E0002

9.983E0001
9.983E0001
9.637E0002
9.637E0002
1.135E0004

1.135E0004
1 . 135E0004
4.175E0005
4.175E0005
4.175E0005
5.252E0003
5.252E0003
9.682E0002
9.682E0002
2.604E0002

9.592EOOOO
9.592EOOOO
2.153E0005
6.499E0003
1.574E0003

1.574E0003
9.441E0001
7.179E0002
1.300E0004
1.084Û0003

1.083E0002
7.813E0001
7.813E0001
8.939EOOOO
4.665E0002

Dose from
Soil
(Sv/a)

1.521E-002
1.773E-009
O.OOOEOOOO

1.384E-069
4.119E-069
1.994E0001
3.090E0001
O.OOOEOOOO

O.OOOEOOOO
O.OOOEOOOO
1.752E-031
6.815E-029
1.741E-026
3.987E0002
1 . 146E0002
1.881E-002
5.441E-003
2.884E-033

1.690E-151
4.327E-152
5.395E-004
1.354E0003
O.OOÛEOOOO

O.OOOEOOOO
5.728E-152
6.388E-014
5.221EOOOO
7.026E-005

1.021E-057
1.141E-010
6.831E-012
2.514E-156
O.OOOEOOOO

Time of
Max. Dose
from Soil

(a)

1.629E0002
1.000E0005
l.OOOEOOOO

1.011E0002
1.011E0002
3.540E0003
3.540E0003
l.OOOEOOOO

l.OOOEOOOO
l.OOOEOOOO
1.000E0005
1.000E0005
1.000E0005
3.992E0004
3.992E0004
1.099E0003
1.099E0003
2.689E0002

9.655EOOOO
9.655EOOGO
1.000E0005
1.000E0005
l.OOOEOOOO

l.OOOEOOOO
9.494E0001
7.869E0002
1.000E0005
1.000E0005

1.097E0002
8.204E0001
8.204E0001
9.000EOOOO
l.OOOEOOOO

continued..
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TABLE A-2 (continued)

Nuclide

79Se
32Si
32Si

151Sm
151 Sm

113Sn
ll9"Sn
1X9"Sn
119-Sn
121aSn

121"Sn
123Sn
123Sn
126Sn

90Sr
90Sr
90Sr
182Ta
157Tb
160Tb

"Tc
"Tc
"Tc

123"Te
123»Te

125.Te
125"Te
127-Te
127»Te
170Tm

171Tm
171Tm
181y
65Zn
65Zn

FP
FI
Z
FI
FP

Z
FI
FP
Z
FP

Z
FP
Z
FP

FI
FP
Z
Z
FI
FP

FI
FP
Z
FP
Z

FP
Z
FP
Z
FI

FI
Z
Z
FI
Z

Half -Life

(a)

6.500E0004
4.500E0002
4.500E0002
9.000E0001
9.000E0001

3.151E-001
8.022E-001
8.022E-001
8.022E-001
5.500E0001

5.500E0001
3.537E-001
3.537E-001
1.000E0005

2.912E0001
2.912E0001
2.912E0001
3.149E-001
1.500E0002
1.979E-001

2.130E0005
2.130E0005
2.130E0005
3.277E-001
3.277E-001

1.588E-001
1.588E-001
2.984E-001
2.984E-001
3.521E-001

1.920EOOOO
1.920EOOOO
3.313E-001
6.675E-001
6.675E-001

Dose from
Water
(Sv/a)

3.630E0001
3.558E-005
9.105E-006
1.557E-068
5.068E-057

O.OOOEOOOO
O.OOOEOOOO
O.OOOEOOOO
O.OOOEOOOO
6.454E-054

2.965E-053
O.OOOEOOOO
O.OOOEOOOO
9.495E-001

1.885E-017
1.217E-001
1.616E-'009
O.OOOEOOOO
5.381É-049
O.OOOEOOOO

1.916E-001
5.284E0003
2.982E-001
1.371E-201
1.601E-201

1.894E-276
1.132E-277
4.870E-207
3.875E-214
O.OOOEOOOO

O.OOOEOOOO
O.OOOEOOOO
3.942E-054
2.033E-078
6.491E-079

Time of
Max. Dose
from Water

(a)

2.249E0004
6.534E0002
6.534E0002
9.146E0003
9.146E0003

3.864E0002
6.161E0002
6.161E0002
6.161E0002
5.050E0003

5.050E0003
4.093E0002
4.093E0002
1.346E0005

5.571E0002
5.571E0002
5.571E0002
1.728E0003
1 . 177E0004
4.332E0002

1.405E0003
1.405E0003
1.405E0003
1.076E0002
1.076E0002

7.501E0001
7.501E0001
1.027EOÛ02
1.027E0002
5.777E0002

1.348E0003
1.348E0003
2.768E0001
8.827E0001
8.827E0001

Dose from
Soil
(Sv/a)

2.175E0004
2.713E-004
6.944E-005
3.987E-068
1.298E-056

O.OOOEOOOO
O.OOOEOOOO
O.OOOEOOOO
O.OOOEOOOO
1.009E-053

4.633E-053
O.OOOEOOOO
O.OOOEOOOO
5.146E0002

1.478E-017
9.545E-002
1.267E-009
O.OOOEOOOO
2.288E-048
O.OOOEOOOO

2.126E0001
5.861E0005
3.308E0001
1.291E-203
1.508E-203

O.OOOEOOOO
O.OOOEOOOO
4.176E-209
3.322E-216
O.OOOEOOOO

O.OOOEOOOO
O.OOOEOOOO
3.705E-056
3.874E-080
1.237E-080

Time of
Max. Dose
from Soil

(a)

7.366E0004
1.149E0003
1 . 149E0003
9.275E0003
9.275E0003

l.OOOEOOOO
l.OOOEOOOO
l.OOOEOOOO
l.OOOEOOOO
5.129E0003

5.129E0003
l.OOOEOOOO
l.OOOEOOOO
1.000E0005

5.977E0002
5.977E0002
5.977E0002
l.OOOEOOOO
1 . 199E0004
l.OOOEOOOO

3.711E0004
3.711E0004
3.711E0004
1.081E0002
1.081E0002

l.OOOEOOOO
l.OOOEOOOO
1.032E0002
1.032E0002
l.OOOEOOOO

l.OOOEOOOO
l.OOOEOOOO
2.815E0001
8.924E0001
8.924E0001

continued...
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TABLE A-2 (concluded)

Nuclide

93Zr FI
93Zr pp
93Zr Z

Half -Life

(a)

1.530E0006
1.530E0006
1.530E0006

Dose from
Water
(Sv/a)

3.787E-035
8.763E-027
9.405E-028

Time of
Max. Dose
from Va ter

(a)

2.493E0006
2.493E0006
2.493E0006

Dose from
Soil
(Sv/a)

1 . 143E-033
2.644E-025
2.838E-026

Time of
Max. Dose
from Soil

(a)

1.000E0005
1.000E0005
1.000E0005

8 Results are printed using computer floating point format; for example; 1.270E0002 is equivalent to
1.270 x 102.

b The calculations assume a GWTT of 104 a, as well as the other values described in the text and in Table A-l.
The column labelled "Dose from Water" gives the maximum in the calculated dose for times up to 105 a from
Equation (A. 1); the time of the maximum in the column labelled "Time of Max. Dose from Water" is from
Equation (A.3). Similar comments apply to "Dose from Soil" and "Time of Max. Dose from Soil," except the
maximum possible value for the latter parameter is 10s a. Results are reproduced as calculated, even though
some doses may be smaller than is physically meaningful.

c The symbols following each isotope designate its source:
FP - fission product (39 radionuclides);
FI - fuel impurity activation product (40 radionuclides); and
Z - Zircaloy activation product (49 radionuclides).
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APPENDIX B

MODELS AND DATA USED IN THE BOUNDING CALCULATIONS OF RADIATION DOSE

B.I

B.2

B.3

B.4

B.5

B.6

B.7

FROM THE ACTINIDE DECAY SERIES

CONTENTS

INTRODUCTION

OPTION (a)

OPTION (b)

OPTION (c)

OPTION (d)

OPTION (e)

SAMPLE RESULTS

REFERENCES

Page

99

101

102

103

103

104

105

108



- 99 -

B.I INTRODUCTION

The general approach that ve use for decay series is similar to those used
for single radionuclides in Appendix A; for example, ve assume that the
ingestion pathway is the only important exposure pathway to members of the
critical group, and we use conservative models and data to calculate bound-
ing estimates of dose.

The principal difference between these calculations and those of Appendix A
is that the inventory of a radionuclide can change with time, not only
because of its own decay but also because of ingrowth from its precursors.
Ve must therefore examine, for each radionuclide in a decay series,

its direct contribution to dose (from its own initial inventory),

its indirect contributions to dose due to ingrowth of its
progenies, and

its indirect contributions to dose due to ingrowth from its
precursors.

The model therefore requires calculation of the Bateman coefficients
(Bateman 1910) to estimate inventories that change because of ingrowth and
decay.

For calculation of the direct contribution to dose from a radionuclide, we
use Equation (A.I) through Equation (A.5); that is, we use the same model
as described in Appendix A. Table B-l lists the nuclide-specific data
required in these calculations. Results from these calculations appear in
the diagonal elements of Tables 4a through 7b in the main text.

For calculation of the indirect contributions to dose, we have examined a
number of different options. Because we are dealing with several radionu-
clides in a decay series with different values for half-lives, retardation

TABLE B-l

DATA* USED IN THE BOUNDING CALCULATIONS FOR THE ACTINIDE DECAY CHAINS

Radionuclide1»

225Ac
2 2 1 Ac
'"Am

2«2"Am
24*Am

4n+l
4n+3
4n+l
4n+2
4n+3

Half-Life
(a)

2.738E-002
2.177E0001
4.322E0002
1.520E0002
7 . 380E0003

Initial
Inventory
(mol/kg U)

1.200E-018
1.710E-013
3.620E-003
9.250E-007
1.080E-004

DCF
(Sv/Bq)

3.100E-008
3.800E-006
1.200E-006
6.000E-007
6.000E-007

Retardation
Factor

2.000E0002
2.000E0002
8.000E0003
8.000E0003
8.000E0003

continued...
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TABLE B-l (concluded)

Radionuclide

242Cm
2«3Cm
2««Cm
245Cm
246Cm

2«7Cm

2«8Cm
23?Np
23»Np
23iPa

233pa
236pu

238pu

239pu
240pu

241pu

242pu
244pu

223Ra
224Ra

225Ra
226Ra
228Ra

222Rn
227Th

228Th
229Th
230Th
232Th
234Th

232y
233U
234U

235IJ
236U

238U

4n+2
4n+3
4n
4n+l
4n+2

4n+3
4n
4n+l
4n+3
4n+3

4n+l
4n
4n+2
4n+3
4n

4n+l
4n+2
4n
4n+3
4n

4n+l
4n+2
An
4n+2
4n+3

4n
4n+l
4n+2
4n
4n+2

4n
4n+l
4n+2
4n+3
4n
4n+2

Half-Life
(a)

4.460E-001
2.850E0001
1.811E0001
8.500E0003
4.730E0003

1.560E0007
3.390E0005
2.140E0006
6.450E-003
3.276E0004

7.392E-002
2.900EOOOO
8.774E0001
2.407E0004
6.537E0003

1.440E0001
3.763E0005
8.260E0007
3.130E-002
1.002E-002

4.050E-002
1.600E0003
5.750EOOOO
1.050E-002
5.125E-002

1.913EOOOO
7.340E0003
7.700E0004
1.405E0010
6.600E-002

7.200E0001
1.585E0005
2.445E0005
7.038E0008
2.342E0007
4.468E0009

Initial
Inventory
(mol/kg U)

2.240E-009
1.130E-007
6.120E-008
7.870E-008
7.620E-009

2.640E-011
6.490E-013
1.980E-004
9.440E-011
1.330E-009

5.650E-011
1.500E-010
2.020E-004
1.390E-002
5.196E-003

5.940E-003
2.500E-003
3.510E-008
2.450E-016
2.050E-013

1.780E-018
2.630E-012
1.750E-018
1.720E-017
1.580E-016

1.816E-009
1.290E-013
2.210E-008
4.000E-009
2.440E-010

1.650E-009
3.700E-009
4.250E-004
1.040E-002
3.910E-003
4.223EOOOO

DGF
(Sv/Bq)

1.900E-008
4.200E-007
3.100E-007
6.200E-007
6.100E-007

l.OOOE-006
5.000E-006
1 . 100E-006
8.600E-010
2.900E-006

9.400E-010
l.OOOE-007
1 . 100E-007
1.200E-006
1.200E-006

2.100E-008
1.100E-006
1 . 100E-007
1.500E-007
9.300E-008

5.000E-008
3.200E-007
2.600E-007
5.625E-008
7 . 900E-008

2.500E-006
2.400E-005
3.500E-006
1 . 900E-005
2.800E-009

4.100E-007
8.700E-008
8.500E-008
7.900E-008
8.100E-008
7.500E-008

Retardation
Factor

8.000E0003
8.000E0003
8.000E0003
8.000E0003
8.000E0003

8.000E0003
8.000E0003
1.000E0002
1.000E0002
4.000E0002

4.000E0002
5.000EOOOO
5.000EOOOO
5.000EOOOO
5.000EOOOO

5.000EOOOO
5.000EOOOO
5.000EOOOO
2.000E0002
2.000E0002

2.000E0002
2.000E0002
2.000E0002
l.OOOEOOOO
2.000E0002

2.000E0002
2.000E0002
2.000E0002
2.000E0002
2.000E0002

5.000EOOOO
5.000EOOOO
5.000EOOOO
5.000EOOOO
5.000EOOOO
5.000EOOOO

8 Data are printed using computer floating point format; for example, 2.738E-002 is equivalent to
2.738 x lO'2.

b The symbols 4n, 4n+1, 4n+2 and 4n+3 identify the decay series to which the radionuclide belongs.
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factors and dose conversion factors, it is not straightforward to select a
universal set of parameter values that will always yield the most conserva-
tive value for dose. Estimated doses are strongly dependent on the the
half-life and retardation factors of radionuclides in a chain. Ve there-
fore estimate indirect doses using five different options and subsequently
make a choice as to which option is most applicable for each precursor-
progeny pair in each chain. Results from these calculations appear in the
off-diagonal elements of Tables 4a through 7b in the main text.

For each option, the first step is to calculate from the Bateman equations
the maximum mass of a radionuclide arising from ingrowth from one of its
precursors. We use a numerical algorithm to search for this maximum for
times up to 105 a; that is, we restrict our search for the maximum to times
less than or equal to 105 a. In the following discussion, we use the fol-
lowing definitions:

1. Mi-.j is the maximum mass of progeny radionuclide j that occurs
solely due to ingrowth from its precursor radionuclide i.

2. T^j is the time at which this maximum mass occurs (with an upper
limit of 10s a).

The indices are ordered such that j > i so that the radionuclides between
the precursor-progeny pair are i+1, i+2, ... j-1.

Four of the five options use variations in the geosphere response function
and soil accumulation fraction; the fifth option is based on the assumption
of secular equilibrium. Details for each option and examples of when they
have been used are given below.

B.2 OPTION (a)

Option (a) is often applicable to cases where a precursor radionuclide is
relatively immobile (retardation factor is large) or relatively short-lived
or an intermediate combination of the two. Table 4b in the main text gives
an example of its application: Option (a) is used to calculate the indirect
dose from 240Pu due to ingrowth from 244Cm. This choice is appropriate
because 244Cm is both relatively immobile (its retardation factor is
8 x 103) and relatively short-lived (its half-life is 18.11 a).

In Option (a), the estimated dose from the water pathway, due to radio-
nuclide j arising from precursor i, is calculated using Equations (A.I) and
(A.2) (Appendix A) with the following modifications:

1. In Equation (A.I), the inventory of the progeny radionuclide j is
set equal to M^j mol/kg U. The other nuclide-specific para-
meters pertain to radionuclide j.

2. In Equation (A.2), the distance parameter in the geosphere
response function is changed to approximate the travel distance
remaining for the progeny radionuclide j. This distance remain-
ing, xr, is given by
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xr = 25 - V T̂ / R,in (m) , (B.I)

where the geosphere barrier is again 25 m in length, V is the
groundwater velocity, and R,̂  is the smallest retardation factor
for all radionuclides from the precursor radionuclide to the
progeny radionuclide; that is, it is the smallest retardation
factor in the set {^ , Ri+lf ^1+2» ... Rj}« As before, we use
the maximum value (up to 10s a) of this modified geosphere
response function.

Option (a) is applied when xr is greater than zero; that is, when progeny
radionuclide j has attained its maximum ingrowth from its precursor within
a time such that the progeny must still traverse a significant portion of
the geosphere barrier. The response function, R(xr,t), in Equation (A.I)
is calculated assuming that this maximum ingrowth is located at position
(25-xr); thus the calculation is similar to that for a single radionuclide
that has a shorter travel distance. This option ignores the distribution
in space and time caused by dispersion and diffusion during the transport
of the precursor and progeny radionuclides, which will result in overesti-
mates of dose.

Similar modifications are also used with Equations (A. 4) and (A. 5) in the
estimation of dose along the soil pathway. Note that, in this option, the
time when the accumulated soil fraction reaches a maximum must be greater
than or equal to

B.3 OPTION (b">

Option (b) may be applicable to the cases where the precursor radionuclide
is relatively mobile (retardation factor is small) or relatively long-lived
or an intermediate combination of the two. Although it was considered in
our analysis, Option (b) has not been specifically used in Tables 4a
through 7b in the main text because the other options provide better
estimates of dose.

The calculations are similar to those for Option (a), with the following
differences:

1. The estimated dose from the water pathway is calculated with the
geosphere response function equal to unity. That is, the maximum
mass, M^j, is placed directly in the biosphere, transport
through the geosphere is ignored, and the radionuclide is
ingested in 1 a.

2. The estimated dose from the soil pathway is calculated with the
accumulated soil fraction equal to unity. That is, M^ is
placed directly into the biosphere and ingested within 50 a, the
reference lifespan of a member of the critical group. (This
calculation is numerically equal to the dose from the water path-
way divided by the reference lifetime.)
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Option (b) would be applied when xc is less than zero; that is, when the
precursors will have traversed the geosphere barrier before progeny radio-
nuclide j has attained its maximum ingrowth. Ve conservatively assume that
this maximum ingrowth is moved directly into the water and soil pathways.
The calculation ignores the distribution in space and time caused by dis-
persion and diffusion during the transport of the precursor radionuclide(s)
and the progeny radionuclide, which will result in overestimates of dose.

B.4 OPTION

Option (c) is often applicable when a precursor radionuclide is relatively
long-lived compared with one of its progeny radionuclides. Table 4a in the
main text gives an example of its application: Option (c) is used to calcu-
late the indirect doses due to 228Ra from ingrowth from its immediate
precursor, 232Th, and from ingrowth from another precursor, 236U. It is an
appropriate choice because the half-lives of 232Th and 236U are orders of
magnitude greater than the half-life of 228Ra.

If the ratio of half-lives of precursor-to-progeny is greater than about
three or four, then arguments based on the secular-equilibrium approxima-
tion may be acceptable to estimate the dose due to the progeny from the
dose resulting from its precursor, for both the water and soil pathways.
That is, if the direct dose from radionuclide i is Di, then the indirect
dose from radionuclide j attributed to its ingrowth from i, IDi;j, may be
approximated using

TV i?
(B.2)

where DCPi is the dose conversion factor for radionuclide i. Equation
(B.2) also requires that radionuclide j is the immediate progeny of radio-
nuclide i (or i = J-l). If radionuclide i is not an immediate precursor
(that is, i < J-l ), then a modification of Equation (B.2) 3s used:

DGF,
,, = m , , 3- (B.3)13 1 ̂

where IDifj.j is the calculated indirect dose from radionuclide j-1 due to
ingrowth from radionuclide i. See Appendix D for further discussion on
secular equilibrium.

B.5 OPTION (d)

Option (d) is the most frequently used option in Tables 4a to 7b (main
text); it is applied instead of Options (a) and (b) when the effects of
dispersion and diffusion are expected to be important. Table 4a gives an
example of its application: Option (d) is used to calculate the indirect
doses from 244Pu and 2*°Pu due to ingrowth from 248Cm. Curium-248 is both
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relatively long-lived and relatively immobile; consequently, Option (a) is
overly conservative and Option (b) is inappropriate because xr is negative.
Option (d) provides a smaller (but bounding) estimate of dose.

In this option, the estimated dose from the water pathway is calculated
using Equations (A.I) and (A.2) (Appendix A), with the following
modifications:

1. In Equation (A.I), the inventory of the progeny radionuclide j is
set equal to M^j mol/kg U. The other nuclide-specific para-
meters pertain to radionuclide j.

2. In Equation (A.2), the geosphere response function is modified
such that it uses the smallest retardation factor in the set {1̂ ,
Ri+1, Ri+2» ••• Rj}»

 a travel distance of 25 m, and a decay rate
of zero for the progeny radionuclide j. .As before, we use the
maximum value of this modified geosphere response function, for
times up to 105 a.

Thus, in Option (d), the maximum ingrowth inventory, M^ is moved back, to
the start of the geosphere barrier, and the radionuclide is treated as a
single radionuclide that has a small retardation factor and a very long
half-life. The modified geosphere response function approximates the dis-
tribution in space: and time caused by dispersion and diffusion, during the
transport of the precursor and progeny radionuclides in the geosphere. The
estimated dose is again an overestimate because the retardation factor is a
minimum, and radioactive decay (of the progeny) is partly ignored.

Similar modifications are also used with Equations (A.4) and (A.5) in the
estimation of dose along the soil pathway.

B.6 OPTION fe)

Option (e) is generally applicable in the cases where the precursor radio-
nuclide^) are relatively immobile (retardation factors are large) or rela-
tively short-lived or an intermediate combination of the two. As such, it
is similar to Option (a). However, we use it when the remaining travel
distance, xr , is large and the effects of dispersion and diffusion are
important. Option (a) does not consider these effects. Table 5 in the
main text gives an example of the application of Option (e): it is used to
calculate the indirect dose from 229Th due to ingrowth from 233U. The
decay rate and retardation factors for 233U are such that xr is approxi-
mately 17 m. Over this remaining travel distance, the dispersion, diffu-
sion and decay of 229Th is important, and Option (e) provides a more
realistic (but still conservative) estimate of dose.

In Option (e), the estimated dose from the water pathway is calculated
using Equations (A.I) and (A.2) (Appendix A), with the following
modifications:
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1. In Equation (A.I), the inventory of the progeny radionuclide j is
modified to equal the product [M^R*^» T̂ ŷ] in mol/kg U.
MJ^J is the maximum ingrowth of progeny j from precursor i, which
occurs at time T̂  , and R*(xt, T̂ ) is the geosphere response
function (Equation (A. 2)), which is modified to calculate the
flow of progeny j at position xt and time 1̂ +j using the smallest
retardation factor R,̂  in the set (RL , Ri + 1, Ri+2 » ••• Rj) an^
assuming that the decay rate for progeny J is zero. The para-
meter y has a value of 1 and units of years, and xt is defined by

xt = V Ti^/ R,ln (m) . (B.4)

This modified inventory provides a conservative estimate of the
maximum mass of progeny j that would pass position xt in 1 a at
time T̂ j .

2. In Equation (A.I) the geosphere response function (from Equation
(A. 2)) is modified to estimate the transport of the progeny
radionuclide over the remaining travel distance xr (= 25 - xt).
This calculation also uses R^in but allows that the progeny may
decay. As before, we use the maximum value, for times up to
10s a, of this modified geosphere response function in Equation
(A.I).

In this option, the maximum mass of progeny j is transported through the
entire geosphere barrier to approximate the effects of dispersion and dif-
fusion. This option is applied when xr is greater than zero and when the
effects of dispersion and diffusion are important. The calculations tend
to overestimate the dose resulting from the manner in which decay is
approximated and the dose resulting from the use of

Similar modifications are also used with Equations (A. 4) and (A. 5) (see
Appendix A) in the estimation of dose along the soil pathway.

B.7 SAMPLE RESULTS

Tables B-2 and B-3 present sample results from the bounding calculations
for the actinide decay series. They show the values calculated for Options
(a) to (e) and indicate which option has been used in preparing the tables
discussed in the main text. All calculations assume a groundwater transit
time (GWTT) equal to 104 a and a travel distance of 25 m; the corresponding
groundwater velocity is 2.5 x 10"3 m/a. All other parameters are as cited
in Table B-l and in Appendix A.

Table B-2 presents sample results from the bounding calculations used to
prepare Table 4b in the main text, for Branch A of the 4n decay series.
The calculations include 244Cm, with an initial inventory of 6.12 x 10~8

mol/kg U, and 240Pu, 236U and 232Th with their initial Inventories equal to
zero. Option (a) is used for 2*°Pu, and Option (d) for 236U and 232Th.
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TABLE B-2

SAMPLE RESULTS FROM THE BOUNDING CALCULATIONS FOR BRANCH A

OF THE 4n DECAY SERIES*

Nuclide

Estimated Dose
(option)
(Sv/a) Comments

244Cm
Water pathway

0.0

Soil pathway

0.0

Initial inventory is 6.02 x 10-a mol/kg U

Direct dose due to 244Cm

Direct dose due to 244Cm

240pu

236U

Vater pathway

(a) 6.56 x 102*
(b) 2.8 x 107

(c) 0.0
(d) 1.07 x 103

(e) 1.94 x 103

Soil pathway

(a) 5.30 x 104'
(b) 5.59 x 10s

(c) 0.0
(d) 4.88 x 105

(e) 5.30 x 104

Mi.,., from 244Cm is 6.02 x 10'8 mol/kg U,
occurring near T̂ j = 1.5 x 102 a and
xr = 24.9 m. Dose is due to ingrowth from
244Cm only.

R(xr,t) reaches a maximum near 4.2 x 10
3 a

Assumes secular equilibrium
R(25,t) reaches a maximum near 5.4 x 103 a
R(xr,t) reaches a maximum near 4.2 x 10

3 a

£(xc,t) reaches a maximum near 1.0 x 10
4 a

Assumes secular equilibrium
S(25,t) reaches a maximum at 1.0 x 10s a
S(xr,t) reaches a maximum near 1.0 x 10

4 a

M^j from 244Cm is 6.11 x 10'* mol/kg U,
occurring near T̂ j = 7.7 x 104 a and
xr < 0 m. Dose is due to ingrowth from
244Cm only.

continued...
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TABLE B-2 (concluded)

Nuclide

Estimated Dose
(option)
(Sv/a) Comments

232Th

Water pathway

(a) 0.0
(b) 5.34 x 102

(c) 0.0
(d) 2.05 x 10-2*
(e) 0.0

Soil pathvav

(a) 0.0
(b) 1.07 x 101

(c) 0.0
(d) 9.33 x 10°*
(e) 0.0

xr < 0 m

Assumes secular equilibrium
R(25,t) reaches a maximum near 5.4 x 103 a
xr < 0 m

xr < 0 m

Assumes secular equilibrium
S(25,t) reaches a maximum at 1.0 x 10s a
xt < 0 ra

M^J from 24<Cm is 1.63 x 10-10 mol/kg U,
occurring at T^a = 1.0 x 105 a and
xr < 0 m. Dose is due to ingrowth from
24*Cm only.

Water pathvav

(a) 0.0
(b) 5.60 x lO-i
(c) 0.0
(d) 2.15 x 10-5*
(e) 0.0

Soil pathvav

xt < 0 m

Assumes secular equilibrium
R(25,t) reaches a maximum near 5.4 x 103 a
xr < 0 m

(a) 0.0
(b) 1.12 x ID-2

(c) 0.0
(d) 9.79 x 10-3*
(e) 0.0

xr < 0 metres

Assumes secular equilibrium
8(25,t) reaches a maximum at 1.0 x 105 a
xr < 0 m

* The calculations assume a GWTT of 104 a, a groundwater velocity of 2.5 x 10'3 m/a, and an initial
inventory of 6.02 x 10'8 mol/kg U for 244Cm, and zero for 240Pu, 236U and 232Th. Estimated doses less
than 1 x 10"15 Sv/a are reported as zero. Results reported here are used to construct Table 4b in the main
text.

* Indicates value appearing in Table 4b in the main text.
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Table B-3 shows some of the calculations used to prepare the second rov of
results in Table 7a, for the Main Branch of the 4n+3 decay series. It
shows the direct dose due to 243Am, and the indirect doses from 239Pu and
227Ac due to their ingrowth from 243Am. Option (c) is selected for 227Ac
and Option (e) for 239Pu.

REFERENCES

Bateman, H. 1910. The solution of a system of differential equations
occurring in the theory of radioactive transformations. Proceedings
of Cambridge Philosophical Society Ij. 423.
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TABLE B-3

SAMPLE RESULTS FROM THE BOUNDING CALCUIATIONS FOR THE MAIN BRANCH

OF THE 4n+3 DECAY SERIES'

Nuclide

Estimated Dose
(option)
(Sv/a) Comments

243Am
Water pathway

0.0

Soil pathway

0.0

Initial inventory is 1.08 x 10-4 mol/kg U

Direct dose due to 243Am

Direct dose due to 243Am

239pu

Water pathway

5.80 x 107

(a) 6.43 x 105

(b) 8.07 x 109

(c) 0.0
(d) 3.10 x 105

(e) 1.54 x 102'

Soil pathway

9.68 x 109

(a) 6.40 x 107

(b) 1.62 x 108

(c) 0.0

Hi^j from
 243Am is 6.40 x 10'5 mol/kg U,

occurring near T̂  = 1.8 x 104 a and
xr = 9.08 m. Options (a) to (e) below
show the indirect dose due to ingrowth
from 243Am.

Direct dose from 239Pu, occurs near
4.96 x 103 a; initial inventory is
1.39 x 10-2 mol/kg U
R(xr,t) (for

 243Am) reaches a maximum near
2.1 x 103 a

Assumes secular equilibrium
R(25,t) (for 243Am) reaches a maximum near
5.4 x 103 a
R(xr,t) (for

 243Am) reaches a maximum near
2.1 x 103 a

Direct dose from 239Pu, occurs near
2.1 x 104 a; initial inventory is
1.39 x 10-2 mol/kg U
S(xr,t) (for

 243Am) reaches a maximum near
1.5 x 104 a

Assumes secular equilibrium

continued...



- 110 -

TABLE B-3 (concluded)

Nuclide

Estimated Dose
(option)
(Sv/a) Comments

227Ac

(d) 1.41 x 10«

(e) 6.15 x 107*

Water pathway

0.0
(a) 0.0
(b) 9.40 x 10s

(c) 3.62 x 101*

(d) 3.61 x 101

(e) 0.0

Soil pathway

0.0
(a) 0.0
(b) 1.88 x 10*
(c) 1.65 x 10«*

(d) 1.64 x 104

(e) 0.0

S(25,t) (for 243Am) reaches a maximum at
1.0 xlO5 a
S(xr,t) (for

 243Am) reaches a maximum near
1.5 x 104 a

Ml-j from 2 4 3Am is 2.13 x 10-12 mol/kg U,
^ = 1.0 x 10s a andoccurring at T

xr < 0 m. Options (a) to (e) below show
the indirect dose due to ingrowth from
243Am.

Direct dose from 227Ac
xt < 0 m

Assumes secular equilibrium with the mass
of 231Pa that has ingrown from 243Am
R(25,t) (for 243Am) reaches a maximum near
5.4 x 103 a
x, < 0 m

Direct dose from 227Ac
xr < 0 m

Assumes secular equilibrium with the mass
of 231Pa that has ingrown from 243Am
S(25,t) (for 243Am) reaches a maximum at
1.0 x 105 a
x, < 0 m

1 The calculations assume a GWTT of 10'
inventories listed in Table B-l. Estimated
presented here are used to construct part of Table 7a in the main text.
Indicates value appearing in Table 7a in the main text.

i4 a, a groundwater velocity of 2.5 x 10"3 m/a, and the initial
ted doses less than 1 x 10 5 Sv/a are reported as zero. ResulResults
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C.I INTRODUCTION

The models and data used for the bounding calculations of potential chemi-
cally toxic elements are similar to those described in Appendix A. In this
case, however, we wish to estimate the concentrations of different contami-
nants in water and soil pathways that could affect members of the critical
group. This requires estimates of the volumes of water and soil that could
be contaminated. Sections C.2 and C.3 describe the models and data, used
to produce the sample results presented in Table 10 of the main text.

C.2 CONCENTRATIONS IN WATER

As in Appendix A, we assume that the critical group obtains drinking water
from a well located in the discharge zone and that the well intercepts all
contaminants that escape the vault and geosphere. To ensure that estimated
contaminant concentrations in the water are overestimated, we also assume
that the well supplies just enough water to meet the drinking water
requirements of one individual.

To estimate the concentrations in water, we use an equation similar to
Equation (A.I) in Appendix A:

Concentration (water) = Total used fuel (kg U)
x Initial inventory of the element (mol/kg U)
x Fraction immediately released
x Geosphere response function (I/a)
-!- Well demand (L/a). (C.I)

The units of concentration in water are moles of the element per litre of
water (mol/L).

The parameters and data used with Equation (C.I) are identical to those
used with Equation (A.I), with the following differences:

Initial inventory of the element describes the relative abundance of the
element in used fuel (or Zircaloy) in mol/kg U. Data for this parameter
originate from published estimates of nuclide inventories in CANDU* fuel
(Tait et al. 1989). For a chemical element, we sum the inventories of all
isotopes belonging to that element; for example, the inventory used for
iodine in used fuel is taken from the sums of inventories for its radio-
active isotope, 129I, and its stable isotope, 127I. (The inventory of
another short-lived isotope, 131I, is negligible.) To take into account
ingrowth and loss from radioactive decay, we calculate sums at 10, 102,
103, 104, 105 and 106 a, and choose the largest of the six values. We then
multiply this maximum by a factor of ten to allow for uncertainty.

CANDU (ÇANada Deuterium Uranium) is a registered trademark of AECL
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If one radioactive isotope dominates this maximum inventory for an element,
then we also use its half-life to represent the element's half-life. For
example, "Tc is the only isotope of technetium with a significant inven-
tory; therefore, we assume the half-life of technetium is equal to that of
"Tc. If the dominant isotope is stable or if there is a mixture of dif-
ferent radioactive isotopes, then we have assumed a half-life equal to
1030 a; for example, the inventory of iodine contains a ratio of about
4 parts radioactive 129I to 1 part stable 127I, and we therefore assume a
half-life of 1030 a for iodine. Half-lives are required for use with the
geosphere response function.

Table C-l lists half-life, inventory and other data used in these
calculations.

Veil demand describes the volume of water withdrawn from the well in L/a.
We assume that the well supplies about 2 L of water per day, or about
730 L/a. This value is expected to result in overestimates of contaminant
concentrations, since it corresponds to diluting all contamination reaching
the well into a volume of water that is just sufficient to meet the drink-
ing water needs of one individual. Larger dilutions, and thus smaller
concentrations, would result if the well supplied water for more people or
for uses other than drinking.

C.3 CONCENTRATIONS IN SOIL

As in Appendix A, we assume that the critical group obtains food from soils
irrigated with contaminated water from the well and that the well inter-
cepts all of the contaminants leaving the vault and that all of the con-
tamination is transferred from the soil to the food. We also assume that
the mass of soil that would be contaminated is given by the size of the
arable land required to produce enough food to sustain one individual.

To estimate concentrations in soil, we use an equation similar to Equation
(A.4) in Appendix A:

Concentration (soil) = Total used fuel (kg U)
x Initial inventory of the element (mol/kg U)
x Fraction immediately released
x Soil accumulation fraction
x Conversion factor (mg/mol)
+ Mass of soil (kg). (C.2)

The units of concentration in soil are milligrams of the chemical element
per kilogram of soil.

The parameters and data used with Equation (C.2) are identical to those
used with Equations (C.I) and (A.4 in Appendix A), with the following
differences:
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Conversion factor is used to convert concentrations from moles of the ele-
ment into milligrams of the element. It is equal to the atomic mass (in
milligrams) of the element and has units equal to milligrams per mole.

Mass of soil represents the mass of soil in a garden large enough to produce
the food required by one individual. We have assumed a value of 10s kg,
which would correspond, for example, to a garden area of 300 m2, a soil depth
of 33 cm, and a bulk soil density of 103 kg/m3. This value is expected to
result in overestimates of contaminant concentrations, since it corresponds
to diluting all contamination into a relatively small mass of soil.
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TABLE C-l

DATA* USED IN THE BOUNDING CALCULATIONS FOR POTENTIAL CHEMICALLY TOXIC ELEMENTS

IN USED CANDU FUEL AND ZIRCALOY

El«»«ntb

Ac

Ag-
Ag
Am

Ac
At
B
B
Ba

Be
Be
Bi
Bi
Bk

Br
Ca
Ca
cd
Cd

Cd
Ce
Cf
C»
Cl

Co
Co
Cr
Cr
Cs

AP
FI
FF
Z
AP

FF
AP
FI
Z
FP

FI
Z
AF
Z
AF

FP
FI
Z
FI
FP

Z
FP
AP
AP.

?I
Z
FI
Z
FP

Half-Lifec

2.18E0001
1.00E0030
1.00E0030
1.00E0030
7.38E0004

1.00E0030
l.OOE-009
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
8.76E-001

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.0ÛE0030
9.00E0002
1.56E0007
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

Inventory
(«ol/kg U)

6.20E-009
7.30E-005
2.40E-003
2.60E-010
3.70E-003

4.00E-006
4.11E-019
2.30E-004
4.50E-005
4.40E-002

2.00E-007
6.80E-008
2.50E-003
4.80E-007
8.00E-019

8.10E-004
1.20E-002
1.40E-009
3.60E-005
1.20E-003

5.30E-006
4.10E-002
2.40E-015
6.10E-006
1.20E-006

3.60E-005
3.80E-004
4.70E-003
3.00E-002
4.20E-002

Retardation
Factor

2.00E0002
1.00E0002
1.00E0002
1.00EOU02
8.00E0003

l.OOEOOOO
l.OOEOOOO
l.OOEOOOO
l.OOEOOOO
5.00EOOOO

5.00EOOOO
5.00EOOOO
1.00E0001
1.00E0001
l.OOEOOOO

l.OOEOOOO
5.00EOOOO
5.00EOOOO
5.00EOOOO
5.00EOOOO

5.00EOOOO
4.00E0002
l.OOEOOOO
8.00E0003
l.OOEOOOO

5.00EOOOO
5.00EOOOO
5.00EOOOO
5.00EOOOO
1.QOE0002

D.W. Li».*
(»ol/L)

l.OOE-0091

5.00E-007
5.00E-007
5.00E-007
l.OOE-0091

7.00E-007
l.OOE-0091

5.00E-004
5.00E-004
7.00E-006

l.OOE-0062

l.OOE-0062

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0062

l.OOE-0091

l.OOE-0091

4.00E-008
4.00E-008

4.00E-008
l.OOE-0091

l.OOE-0091

l.OOE-0091

7.00E-003

8.00E-0072

8.00E-0072

l.OOE-006
l.OOE-006
l.OOE-0091

Sol. Li».f

1.00E00015

2.00E-009
2.00E-009
2.00E-009
2.00E-009

2.00E-002
5.00E-008
1.00E00015

1.00E00015

l.OOE-005

l.OOE-011
l.OOE-011
4.00E-013
4.00E-013
1.00E00015

1.00E00015

1.00EÛ0015

1.00E00015

7.00E-006
7.00E-006

7.00E-006
8.00E-002
1.00E00015

1.00E00015

1.00E00015

1.00E00015

1.00E00015

l.OOE-005
l.OOE-005
1.00E00015

Abundance'
In Soil In Granite
(»g/kg) (»g/kg)

l.OOE-0097

l.OOE-002
l.OOE-002
l.OOE-002
l.OOE-0097

l.OOE-001
l.OOE-0097

2.00EOOOO
2.00EOOOO
1.00E0002

l.OOE-002
l.OOE-002
l.OOE-001
l.OOE-001
l.OOE-0097

l.OOEOOOO
7.0ÛE0002
7.00E0002
l.OOE-002
l.OOE-002

l.OOE-002
3.00EOOOO
l.OOE-0097

l.OOE-0097

8.00EOOOO

5.00E-002
5.00E-002
5.00EOOOO
5.00EOOOO
3.00E-001

l.OOE-0097

4.00E-002
4.00E-002
4.00E-002
l.OOE-0097

1.50EOOOO
l.OOE-0097

1.20E0001
1.20E0001
7.30E0002

5.00EOOOO
5.00EOOOO
6.50E-002
6.50E-002
l.OOE-0097

3.00E-001
1.5BE0004
1.58E0004
9.00E-002
9.00E-002

9.00E-002
8.30E0001
l.OOE-0097

l.OOE-0097

2.00E0002

l.OOEOOOO
l.OOEOOOO
4.00EOOOO
4.00EOOOO
5.00EOOOO

Cleanup
Level"

^

2.00E0001
2.00E0001
2.00E0001

-

2.00E0001_

„

„

7.50E0002

4.00EOOOO
4.00EOOOO_

_

-

_

.

3.00EOOOO
3.00EOOOO

3.00EOOOO_
_
_

-

4.00E0001
4.00E0001
B.OOEOOOO
8.00EOOOO

-

Toxic
Intake*

l.OE-00410

3.5E-00112

3.5E-D0112

3.5E-00112

l.OE-00410

2.1E-00212

l.OE-00410

6.3E000012

6.3E000012

3.5E000012

1.6E-00512

1.6E-00512

1.5E00009

1.5E00009

l.OE-00410

3.0E0003
1.0E000311

1.0E000311

3.5E-00212

3.5E-00212

3.5E-00212

l.OE-00410

l.OE-00410

l.OE-00410

1.0E000411

5.0E0002
5.0E0002
3.5E-00112

3.5E-00112

1.0E000311

0\

continued...



TABLE C-l (continued)

Half-Life Inventory Retardation D.W. Lia.
Element (a) (»ol/kg U) Factor (aol/L)

Abundance Cleanup
Sol. Lia. In Soil In Granite Level

(»g/kg) <«g/kg)

Toxic
Intake

cu
CU

Dy
Dy
Er

Er
EU

EU

F
F

Fe
Fe
rr
Ga
Ga

ad
Gd
Ge
Ge
Ge

Hf
Ho
Ho
I
I

In
In
in
ir
K

K
La
Li
Li
LU

FI
Z
FI
FP
FI

FP
FI
FP
FI
Z

FI*
Z
AP
FI
Z

FI
FP
FI
FP
Z

Z
FI
FP
FP
Z

FI
FP
Z
Z
FI

Z
FP
FI
Z
Z

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0020
1.00E0030
1.00E0030

1.00E0030
1.00E0030
8.20E-005
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.28E0009

1.28E0009
1.00E0030
1.00E0030
1.00E0030
1.00E0030

3.10E-003
9.40E-004
5.40E-006
1.40E-005
8.10E-007

l.OOE-007
l.OOE-008
1.70E-003
1.10E-007
1.50E-010

1.80E-002
5.20E-002
3.70E-014
4.60E-014
1.60E-014

6.30E-006
1.20E-003
7.90E-017
1.30E-005
2.80E-017

6.60E-004
2.90E-006
7.00E-007
4.30E-003
6.70E-011

2.90E-009
6.00E-005
1.90E-005
2.90E-011
1.50E-005

4.10E-017
2.10E-002
5.60E-005
1.10E-005
6.90E-007

5.00EOOOO
5.00EOOOO
.OOE0002
.OOE0002
.OOE0002

.OOE0002

.ÛOE0002
4.00E0002
l.OOEOOOO
l.OOEOOOO

5.00EOOOO
5.00EOOOO
1.00E0002
l.OOEOOOO
l.OOEOOOO

4.00E0002
4.00E0002
l.OOEOOOO
l.OOEOOOO
l.OOEOOOO

4.00E0003
4.00E0002
4.00E0002
l.OOEOOOO
l.OOEOOOO

l.OOEOOOO
l.OOEOOOO
l.OOEOOOO
5.00EOOOO
1.20EOOOO

1.20EOOOO
4.00E0002
l.OOEOOOO
l.OOEOOOO
4.00E0002

2.00E-0052

2.00E-0052

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

fi.OOE-0053

6.00E-0053

5.00E-0062

5.00E-0062

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

4.00E-007
4.00E-007
1.00E00015

1.00E00015

1.00E00015

1.00E00015

3.00E-Û06
3.00E-006
1.00E00015

1.00E00015

l.OOE-004
l.OOE-004
1.00E00015

1.00E00015

1.00E00015

l.OOE-006
l.OOE-006
3.00E-005
3.00E-005
3.00E-005

4.00E-Û12
1.00E00015

1.00E00015

1.00E00015

1.00E00015

5.00E-008
5.00E-008
5.00E-008
l.OOE-0096

1.00E00015

1.00E00015

1.00E00015

1.00E00015

1.00E00015

1.00E00015

2.00EOOOO
2.00EOOOO
2.0QEOOOO
2.00EOOOO
fi.OOE-001

6.00E-001
l.OOE-001
l.OOE-001
2.00E0001
2.00E0001

2.00E0003
2.00E0003
l.OOE-0097

2.00EOOOO
2.00EOOOO

2.00EOOOO
2.00EOOOO
l.OOE-001
l.OOE-001
l.OOE-001

5.00E-001
4.00E-001
4.00E-001
l.OOE-001
l.OOE-001

7.00E-001
7.00E-001
7.00E-001
3.00E-0048

8.00E0001

8.00E0001
2.00EOOOO
3.00EOOOO
3.00EOOOO
l.OOE-001

1.30E0001 1.50E0002
1.30E0001 1.50E0002
5.00EOOOO
5.00EOOOO
3.70EOOOO

3.70EOOOO
2.00EOOOO
2.00EOOOO
1.40E0003
1.40E0003

2.70E0004
2.70E0004
l.OOE-0097

1.90E0001
1.90E0001

7.40EOOOO
7.40EOOOO
2.00EOOOO
2.00EOOOO
2.00EOOOO

5.80EOOOO
1.30EOOOO
1.30EOOOO
2.00E-001
2.00E-001

4.00E-002
4.00E-002
4.00E-002
2.00E-005
3.34E0004

3.34E0004
4.30E0001
3.00E0001
3.00E0001
5.40E-001

2.6E000012

2.6B000012

1.0E000311

l.OEOOO:»11

1.0KOQ0311

1.0E000311

1.0K000311

1.0E000311

4.2E000012

4.2E000012

2.0E0002
2.0E0002
l.OE-00410

1.0E00019

l.OEOOOI9

1.0E000311

1.0E000311

1.0E000311

1.0E000311

1.0E000311

1.0E000311

1.0E000311

1.0E000311

2.0EOOOO
2.0EOOOO

3.0E00019

3.0E00019

3.0E00019

l.OE-00410

6.0E0003

S.OE0003
1.0E000311

9.0E0001
9.0E0001
1.0E000311

continued...



TABLE C-1 (continued)

EltBont

Mg
Mg
Un
Hn
Mo

Ho
Mo
Ha
Ha
Nb

Nb
Nb
Hd
Ni
Hi

Np
0»
P
P
Pa

Pb
Pb
Pd
Pd
Pd

PB
Fo
Pô
Pu
Pr

Pt
Ra
Rb
Ra
Rh

FI
Z
FI
Z
FI

FP
Z
FI
Z
FI

FP
Z
FP
FI
Z

AP
Z
FI
Z
AP

AP
Z
FI
FP
Z

FP
AP
Z
AP
PP

Z
AP
FP
Z
FI

Half-Life
(•)

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

2.14E0006
1.00E0030
1.00E0030
1.00E0030
3.28E0004

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

2.62EOOOO
3.78E-001
3.78E-001
3.80E0005
1.00E0030

1.00E0030
1.60E0003
1.00E0030
1.00E0030
1.00E0030

Inventory
<»ol/kg U)

2.00E-002
9.90E-004
1.80E-003
1.10E-003
4.10E-004

8.30E-002
1.60E-003
1.40E-008
6.90E-010
1.60E-008

6.60E-003
2.00E-003
6.50E-002
5.00E-003
1.50E-003

1.60E-003
3.70E-006
1.90E-007
4.80E-008
9.40E-006

6.10E-003
7.40E-004
5.10E-007
2.50E-002
9.00E-013

4.00E-003
3.60E-009
1.70E-019
1.50E-001
1.90E-002

6.40E-012
1.50E-005
9.70E-003
2.80E-005
8.00E-014

Retardation
Factor

5.00EOOOO
5.00EOOOO
5.00EOOOO
5.00EOOOO
l.OOEOOOO

l.OOEOOOO
l.OOEOOOO
l.OOEOOOO
l.OOEOOOO
4.00E0003

4.00E0003
4.00E0003
4.00E0002
5.00EOOOO
5.00EOOOO

1.00E0002
5.00EOOOO
l.OOEOOOO
l.OOEOOOO
4.00E0002

2.00E0002
2.00E0002
6.00EOOOO
6.00EOOOO
6.00EOOOO

4.00E0002
l.OOEOOOO
1.00E0001
5.00EOOOO
4.00E0002

5.00EOOOO
2.00E0002
1.20E0001
l.OOEOOOO
5.00EOOOO

D.H. Lia.
(•ol/L)

l.OOE-0091

l.OOE-0091

9.00E-0072

9.00E-0072

l.OOE-0072

l.OOE-0072

l.OOE-0072

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

4.00E-0072

4.00E-0072

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

2.00E-007
2.00E-007
l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

Sol. Lia.
(•ol/L)

1.00E00015

1.00E00015

3.00E-001
3.00E-001
1.00E00015

1.00E00015

1.00E00015

1.00E00015

1.00E00015

l.OOE-0096

l.OOE-0096

l.OOE-0096

1.00E00015

2.00E-002
2.00E-002

l.OOE-010
l.OOE-0096

1.00E00015

1.00E00015

l.OOE-0096

l.OOE-003
l.OOE-003
l.OOE-0096

l.OOE-0096

l.OOE-0096

1.00E00015

1.00E00015

1.00E00015

l.OOE-009
3.00E-OÛ2

l.OOE-0096

5.00E-007
1.00E00015

1.00E00015

l.OOE-0096

Abundance Cleanup
In Soil In Granit* Levai
(»g/kg) <»g/kg) (»gAï)

4.00E0002
4.00E0002
2.00E0001
2.00E0001
l.OOE-001

l.OOE-001
l.OOE-001
1.50E0002
1.50E0002
6.00EOOOO

fi.OOEOOOO
6.00EÛOOO
4.00EOOOO
2.00EOOOO
2.00EOOOO

2.00EOOOO
2.30E-0048

3.50E0001
3.SOE0001
l.OOE-0097

2.00EOOOO
2.00EOOOO
3.70E-0038

3.70E-003*
3.70E-0038

l.OOE-0097

l.OOE-0097

l.OOE-0097

l.OOE-0097

3.00EOOOO

l.OOE-0048

2.00E-007
2.00E0001
l.OOE-0038

l.OOE-0097

1.60E0003
1.60E0003
4.00E0002
4.00E0002
2.00EOOOO 5.00EOOOO

2.00EOOOO 5.00EOOOO
2.00EOOOO 5.00EOOOO
2.77E0004
2.77E0004
2.00E0001

2.00E0001
2.00E0001
4.40E0001
5.00E-001 1.50E0002
5.00E-001 1.50E0002

l.OOE-0097

l.OOE-0097

7.00E0002
7.00E0002
l.OOE-0097

2.40E0001 3.75E0002
2.40E0001 3.75E0002
5.00E-004
5.00E-004
5.00E-004

l.OOE-0097

l.OOE-0097

l.OOE-0097

l.OOE-0097

1.10K0001

5.00E-004
7.20E-007
1.SOE0002
5.60E-004
2.00E-004

Toxic
Intake
(»g/d)

1.0E000311

1.0E000311

7.0E000012

7.0E000012

2.8E-00112

2.8E-00112

2.8E-00112

1.0E000311

1.0E000311

1.0E-004i0

l.OE-00410

l.OE-00410

1.0E000311

5.00E0019

5.00E0019

l.OE-00410

l.OE-00410

1.0E000311

1.0E000311

l.OE-00410

l.OEOOOO
l.OEOOOO
l.OE-00410

l.OE-00410

l.OE-00410

l.OE-00410

l.OE-00410

l.OE-00410

l.OE-00410

1.0E000311

l.OE-00410

l.OE-00410

1.0E00019

1.0E000311

l.OE-00410

00

I
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TABLE C-l (continued)

El«B*nt

Rh
Rh
Ru
Ru
Ru

S
S
Sb
Sb
Se

Se
S«
Si
Si
SB

Sa
Sn
Sn
Sn
Sr

Sr
Sr
Tu
Tb
Tb

Te
Te
Te
Ta
Ta

Th
Ti
Ti
Tl
TI

FP
Z
ri
FP
Z

FI
Z
FP
Z
FI

Z
FP
FI
Z
FI

FP
FI
FP
Z
FI

FP
Z
Z
FI
FP

FI
FP
Z
FP
Z

AP
FI
Z
AP
Z

Half-Lif»
(»)

1.00EOQ30
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00EQ030
1.00E0030
1.00C0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00EOÛ30

2.13E0005
2.13E0005
2.13E0005
1.00E0030
1.00E0030

1.40E0010
1.00E0030
1.00E0030
5.70E-006
1.00E0030

Inventory
(aolAg «)

1.50E-002
1.30E-013
2.10E-007
7.3QC-002
3.5ÛE-007

5.10E-011
1.31E-011
1.93E-004
4.33E-005
6.70E-007

2.30E-011
1.60E-003
2.20E-002
5.00E-003
l.OOE-012

1.50E-002
2.0QE-009
9.30E-004
1.70E-001
8.00E-017

2.00E-002
4.6ÛE-006
1.10E-003
4.20E-008
3.30E-005

1.70E-007
2.1ÛE-002
2.6ÛE-007
9.10E-003
1.60E-005

3.0ÛE-003
7.40E-008
1.30E-003
2.9ÛE-015
l.OOE-009

Retardation D.W. Lia.
Factor (Bol/L)

5.00EOOOO
5.00EOOOO
5.00EOOOO
5.00EOOOQ
5.00EOOOO

l.OOEOOOO
l.OOEOOOO
l.OOEOOOO
l.OOEOOOO
4.00E0002

4.00E0002
2.40E0001
l.OOEOOOO
l.OOEOOOO
4.00E0002

4.00E0002
2.00E0002
2.00E0002
2.00E0002
5.00EOOOO

5.00EOOOO
5.00EOOOO
4.00E0003
4.00E0002
4.00E0002

1.30EOOOO
1.30EOOOO
1.30EOOOO
1.SOE0001
1.50E0001

2.00E0002
4.00E0003
4.00E0003
l.OOEOOOO
l.OOEOOOO

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

5.00E-003*
5.00E-0034

8.00E-0082

8.00E-0082

l.OOE-0091

l.OOE-0091

l.OOE-007
l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

Sol. Lia.
(aol/L)

l.OOE-0096

l.OOE-0096

l.OOE-0096

l.OOE-0096

l.OOE-0096

1.00E00015

1.00E00015

l.OOE-004
l.OOE-004
1.00E00015

1.00E00015

l.OOE-0096

1.00E00015

1.00E00015

l.OOE-005

l.OOE-005
l.OOE-0096

l.OOE-0096

l.OOE-0096

l.OOE-002

l.OOE-002
l.OOE-002
l.OOE-0096

5.00E-006
5.00E-006

5.00E-005
5.00E-005
5.00E-005
l.OOE-008
l.OOE-008

3.00E-010
l.OOE-0096

l.OOE-0096

1.00E00015

1.00E00015

Abundance Cleanup
In Soil in Granit* Level
(»gAg) {"g/Xg) t«gAg)

l.OOE-0097

l.OOE-0097

l.OOE-0097

l.OOE-0097

l.OOE-0097

3.00E0001
3.00E0001
2.00E-001
2.00E-001
S.OOE-001

5.00E-001
l.OOE-002
2.50E0005
2.50E0005
6.00E-001

6.00E-001
l.OOEOOOO
l.OOEOOOO
l.OOEOOOO
4.00EOOOO

4.00EOOOO
4.00EOOOO
4.00E-001
l.OOE-001
l.OOE-001

l.OOE-0097

l.OOE-0097

l.OOE-0097

l.OOE-0097

l.OOE-0097

l.OOEOOOO
1.50E0002
1.50E0002
l.OOE-001
l.OOE-001

2.00E-004
2.00E-004 .
l.OOE-003
l.OOE-003
l.OOE-003

2.70E0002
2.70E0002
2.00E-001 2.00E0001
2.00E-001 2.00E0001
6.9ÛEOOOO

6.90EOOOO
5.00E-002 2.00EOOOO
3.36E0005
3.36E0005
8.50EOOOO

8.50EOOOO
3.50EOOOO
3.50EOOOO
3.50EOOOO
2.85E0002

2.8SE0002
2.85E0002
3.50EOOOO
l.OOEOOOO
l.OOEOOOO

l.OOE-0097

l.OOE-0097

l.OOE-0097

5.00E-003
5.00E-003

2.30E0001
2.30E0003
2.30E0003
1.10EOOOO
1.10EOOOO

Toxic
Intak*
(ag/d)

l.OS-00410

l.OE-00410

l.OE-00410

l.OE-00410

l.OE-00410

l.OE-00410

l.OE-00410

2.8K-00212

2.8E-00212

1.0E000311

1.0E000311

3.5EOO-112

1.0E000311

1.0E000311

1.0E000311

1.0E000311

4.2E000112

4.2E000113

4.2E000112

8.0E00009

8.0E00009

8.0E00009

3.0E00029

1.0E000311

1.0E000311

l.OE-00410

l.OE-00410

l.OE-00410

2.5E-0019

2.5E-0019

l.OE-00410

1.0E000311

1.0E000311

4.9E-00312

4.9E-Q0312

continued...



TABLE C-l (continued)

Half-Life Inventory Retardation
Factor

D.H. Li».
(BOl/L)

Sol. Lia.
(BOl/L)

Abundant:» Cleanup
In Soil In Granit* Level

Toxic
IntaJc»

TB
U
V
V
W

Y
Y
Y
Yb
Yb

Zn
Zn
Zr
Zr
Zr

FI
AP
51
Z
Z

FI
FP
Z
FI
Z

FI
Z
FI
FP
Z

1.00E0030
4.50E0009
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

1.00E0030
1.00E0030
1.00E0030
1.00E0030
1.00E0030

5.60E-011
4.10EOOOO
8.30E-006
1.20E-003
7.80E-004

3.90E-012
1.20E-002
3.40E-007
6.40E-012
1.40E-016

1.60E-005
4.90E-006
1.40E-009
l.OOE-001
1.30E0001

4.00ES002
5.00EOOOO
4.00E0003
4.00E0003
l.OOEOOOO

4.00E0002
4.00E0002
4.00E0002
4.00E0002
4.00E0002

S.OOEOOOO
5.00EOOOO
4.00E0003
4.00E0003
4.00E0003

l.OOE-0091

8.00E-008
2.00E-0062

2.00E-0062

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

l.OOE-0091

8.00E-0052

8.00E-0052

l.OOE-0091

l.OOE-0091

l.OOE-0091

1.00E00015

6.00E-012
4.00E-002
4.00E-002
1.00E00015

1.00EOÛ015

1.00EOÛ015

1.00E00015

1.00E00015

1.00E00015

l.OOE-003
l.OOE-003
S.OOE-011
5.00E-011
5.00E-011

3.00E-001
7.00E-001
3.00EOOOO
3.00EOOOO
5.00E-001

1.00E0001
1.00E0001
1.00E0001
4.00E-002
4.00E-002

l.OOEOOOO
l.OOEOOOO
6.00E0001
6.00E0001
6.00E0001

5.40E-001
4.40EOOOO
7.20E0001
7.20E0001
1.50EOOOO

3.30E0001
3.30E0001
3.30E0001
3.30EOOOO
3.30EOOOO

5.20E0001
5.20E0001
2.40E0002
2.40E0002
2.40E0002

_

2.00E0002
2.00E0002

.
m_

_

-

6.00E0002
6.00E0002

_

-

1.0E000311

3.6E00019

4.9E-00112

4.9B-00112

3.0E00019

1.0E000311

1.0E000311

1.0E000311

1.0E000311

1.0E000311

1.4E000112

1.4E000112

2.5E00029

2.5E00029

2.5E00029

Data are printed using computer floating point format; for example, 2. 18E0001 is equivalent to 2. 18 x 101.
The symbols following each element designate its source, as follows:
AP - member of the actinide decay series (17 elements);
FP - fission product (35 elements);
FI - fuel impurity activation product or fuel impurity (46 elements); and
Z - Zircaloy activation product or Zircaloy constituent (52 elements).
Half-life values of 103 a are assumed unless one radioactive isotope dominates the inventory of the element. Two different half-lives may be
given for some elements if their inventories in different sources are dominated by different isotopes.
The inventory of an element is summed over all its isotopes in the source indicated. The value listed is ten times the maximum of the sum for
times between 10 and 106 a. Inventories in Zircaloy have been multiplied by 0. 120 kg of Zircaloy per kilogram of uranium.
Drinking water limits ("D. W. lim. ") are recommended limits from Health and Welfare Canada (1989), with the following exceptions:

1 - Where no limits or guidelines are specified, we list a very small value of 10"9 mol/L (the smallest specified guideline is 4 x 10"8 mol/L for
cadmium).

2 - Values are maximum acceptable levels or acceptable levels from McNeely et al. (1979). Data for beryllium, bromine and nickel are for pro-
tection of aquatic or animal life; data for cobalt, molybdenum and vanadium apply to irrigation waters.

3 - The recommended "optimum concentration" of fluoride in Canadian drinking water is 1.2 mg (6 x 10 moles) per litre (Canadian Public
Health Association 1979).

4 - The recommended limit for sulphur is for the sulphate ion.

to
o
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TABLE C-l (concluded)

Solubility limits ("Sol. lim.") are mostly estimates from Goodwin et al. (1987a). Values for indium, osmium, platinum, scandium, tellurium and
yttrium have been estimated from data in Pourbaix (1966).

- A value of 10 mol/L is listed for "very soluble" elements.
6 - A value of 10~9 mol/L is listed for "insoluble" elements.

Abundance data are levels'commonly found in soils and in granites in mg/kg. With some exceptions noted below, data for soils are from Table 4.4
of Bowen (1979), and are the lower limit of elemental concentrations in soil. Data for granite are from "Mean Granite" values from Table 3.3 of
Bowen (1979).
7 - Where no abundance information is available, a value of 10 mg/kg is listed.
8 - Soil abundance data for iridium, osmium, palladium, platinum and rhenium are from Table 3.5 of Bowen (1979).

Cleanup levels are soil cleanup guidelines and related data from the Ministry of the Environment, Ontario (1989). Cleanup levels are specified for
only a few elements.
Toxicity intake data are mostly from Tables 8.6 and 8.7 and Chapter 13 of Bowen (1979) and apply to human ingestion, with the exceptions noted
below:

9 - Toxic intake for rats;
10 - Indicates toxicity data are not known or the element is "very toxic". A value of 10"4 mg/d is listed.
11 - Indicates that the toxicity of the element is "low" or the element is "relatively harmless" or "scarcely toxic" (from Chapter 13 of Bowen,

1979). A value of 103 mg/d is listed.
12 - Toxic intakes were estimated, whenever data were available, from information in the computer program "RISK*ASSISTANT (Hampshire

Research Institute 1992). RISKMSSISTANT79 extracts carcinogenic oral slope data and reference dose data from the U.S. Environmental
Protection Agency (EPA) databases "Integrated Risk Information System" and "Health Effects Assessment Summary Tables." Carcinogenic
oral slope data are available only for beryllium; its toxic intake is calculated assuming a risk of 1 in a million of a carcinogenic effect,
multiplied by the mass of a reference man (70 kg) and divided by the oral slope factor, which has units of (mg/kg per day)" . Data for other
elements are reference doses (in mg/kg per day) multiplied by the mass of a reference man. Toxic intakes based on EPA data are usually
smaller than those quoted by Bowen (1979), by factors ranging from 6 to 600; the difference is thought to be due to the use of large
uncertainty factors and conservative assumptions in the EPA databases. For copper and thallium, the EPA toxic intakes are 3 and 50 times
greater.

The inventory for Cl corresponds to the results reported by Tait et al. (1989). Information indicates that there is additional Cl in the used fuel
bundles, associated with neutron activation of the graphite coating surrounding the UO2 fuel pellets and that there may be additional Cl impurities
found in Zircaloy (Johnson and Tait 1992).
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APPENDIX D

RADIOACTIVE EQUILIBRIUM
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Members of a radioactive decay chain are said to be in radioactive equi-
librium when a progeny radionuclide appears to decay at the same rate as
its longer-lived precursor. This means that the activity of the progeny
can be estimated from the radioactivity of its precursor; however, the
situation when the two radionuclides have exactly the same activity happens
only at one point in time.

The following discussion examines the time behaviour of two members of a
decay chain represented by

A - > B

where we will use the following symbols to represent various physical
attributes:

Ni(t) is the number of atoms of radionuclide i at time t;

Ri(t) is the radioactivity of radionuclide i at time t, equal to
the product: Ni(t)Xi;

tL is the half-life of radionuclide i; and

Xi is the decay rate of radionuclide i, equal to ln(2)/ti
where ln(2) is the natural logarithm of 2.

We shall also assume an initial condition in which only radionuclide A
exists at time equal to zero (or NA(0) > 0 and NB(0) = 0).

The time behaviour of radionuclide A is given by the equation

dNA(t)

which has the solution

NA(t) = NA(0) exp(-AAt) (D.I)

where exp is the exponential function.

The time behaviour of radionuclide B is given by

dNB(t)
- XBNB(t)

which has the solution

NB(t) = NA(0)C[exp(-AAt) - exp(-XBt)] (D.2)

where C = XA/(XB - XA) . (D.3)

Now if AA is very small (or equivalently, A has a very long half-life),
then for short enough time, the exponential exp(-AA.t) is not significantly
different from unity. Thus NA(t) is effectively constant, and NB(t) may be
approximated by
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NB(t) - NA(0)C[1 - exp(-XBt)] . (D.4)

Equation (D.4) describes the rise in the number of atoms of B with time
(see Figure D-lf). After a time greater than about 4-tB, the exponential
term in Equation (D.4) becomes small and

NB(t) » NA(0)C
* NA(t)C .

It also follows that the ratio NB(t)/NA(t) is a constant (C); moreover,
since

MO = NB(t)AB = NA(t)CAB

and RA(t) = NA(t)XA

the ratio of radioactivity of the two radionuclides is

R(B)/R(A) = C(XBAA) = XB/(XB - XA) .

If XA « XB (or tB « tA), this ratio is close to unity. The activity of B
is thus equal to that of A (and is also effectively constant), and B is
then said to decay with the period of its long-lived precursor. Under
these conditions, radionuclide B is in secular equilibrium with its pre-
cursor; Figure D-lf shows the corresponding time behaviour of these two
radionuclides.

As seen above, secular equilibrium requires two conditions to be fulfilled:

(i) XA should be very small (or tA should be much greater than the
time period of interest), and

(ii) XA must be much smaller than XB.

For some chains, the decay rate of the precursor may not be sufficiently
small, so that its activity cannot be considered a constant for the time
period of interest. In this case, the progeny radionuclide is said to
attain transient equilibrium with its precursor. The activity of the
progeny (B) rises, goes through a flat maximum, and finally decays vita the
period of the precursor. This situation is shown in Figure D-ld.

There is, of course, no sudden transition from secular equilibrium to tran-
sient equilibrium. Six cases were chosen to illustrate the relationship
between the two radioactivity levels as a function of time. Figures D-la
to D-lf show cases where the ratio tA/tB is 0.5, 1, 2, 10, 100 and 1000,
and it is possible to observe the transition from transient to secular
equilibrium as the ratio increases.

Several observations can be made:

1. The radioactivity of the progeny always goes through a maximum
value.
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2. The time of this maximum increases as the half-life ratio
increases.

3. The activities of the two radionuclides are precisely equal at
the tine of this maximum.

4. The radioactivity of the progeny is somewhat greater than that of
its precursor for times past the maximum.

5. When the half-life ratio is greater than approximately 100, the
progeny attains more than 90Z of its equilibrium value vithin
about four half-lives of the progeny.

In the discussion thus far, ve have tacitly assumed that both the radio-
nuclides exist spatially together; that is, we have assumed that they
remain in the same environmental compartment without separation. In this
situation, the secular-equilibrium approximation may be used to estimate
the amount of the progeny present in the compartment from the amount of its
precursor in the compartment; however, if one of the members of the chain
is preferentially removed from the compartment, this relationship will be
disturbed within the compartment (although it would still hold globally).

Consider, for example, the curves in Figure D-lf. If the two members stay
together within a compartment, the activity level of B within the compart-
ment is equal to that of its precursor (within about 10%) after about four
half-lives of B, and the radioactivity of the progeny B can be reasonably
estimated from its precursor A. Once either of the progeny or precursor
leaves the compartment, the equality is no longer valid; for example, if
the precursor is preferentially removed from the compartment, estimating
RB(t), with the assumption that it has reached secular equilibrium, would
result in an overestimation (see Figure D-lf). The extent of the overesti-
mation depends on the times A and B spend in the compartment and on the
ratio of their half-lives.
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FIGURE D-l: Activity Plots for a Precursor and Progeny with Different Half-Life Ratios
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