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1. INTRODUCTION

Long-term assessments of disposal concepts for nuclear fuel waste
are primarily concerned with the potential impact of radioactive isotopes
on man and the environment. The special concern given to radioactive iso-
topes is due to the fact that some isotopes can be very radiotoxic, and
often their behaviour in the geosphere and biosphere is not clearly
understood.

Although radiotoxicity is currently of major concern, it is also
important to assess the potential impact due to the chemical toxicity of
nuclear fuel waste. Some arguments supporting this statement are as
follows:

(a) One of the most abundant isotopes in nuclear fuel is uranium-238,
and uranium is known to be more toxic from a chemical viewpoint
than from a radiological viewpoint (ICRP-30, 1979). Technetium-
99 may also fall into this class of isotopes (Coffey et al.
1984).

(b) High-level nuclear waste contains significant quantities of
stable fission products; for example over 80% of the fission
products in irradiated CANDU™ fuel are stable after 100 years
(Clegg and Coady, 1977). For some elements, such as cadmium, the
mass of stable isotopes greatly exceeds the mass of radioactive
isotopes.

(c) Most disposal concepts involve the use of engineered barriers,
such as metallic containers, vitrified waste forms, clay-based
buffer, and backfill. These engineered barriers may introduce
into the disposal system significant quantities of potentially
toxic elements such as lead, boron and chromium.

It follows that a complete study of disposal concepts for high-
level nuclear waste should also include an assessment of the potential
impact due to the chemical toxicity of the wastes.

This report concentrates on the potential impact on man and the
environment of chemically toxic materials associated with the Canadian
concept for nuclear fuel waste disposal. In this concept, used CANDU fuel
is isolated by a series of barriers which include a corrosion-resistant
container and a sealed vault, which is located deep within a massive geolo-
gical formation (Rummery and Rosinger 1984, Rosinger and Dixon 1982,
Rummery and Rosinger 1982, Acres 1980). Chemically toxic elements that are
considered include those contained within the used fuel, and those asso-
ciated with engineered barriers such as the containers and the vault back-
fill materials. Also considered are elements associated with optional
waste forms, such as sodium borosilicate glass, which may be used if CANDU
fuel is reprocessed for a fuel recycle option.

Section 2 of this report lists chemically toxic elements that are
associated with the Canadian concept for nuclear fuel waste disposal. Not
all elements are of equal concern, however, due to differing levels of
toxicity, abundance, solubility, etc. These factors are examined in
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Section 3, and lead to a shorter list of those elements deemed to be of
most concern. The selection criteria used in the preparation of this short
list are outlined in detail.

Following the identification of the elements of most concern, a
detailed long-term environmental assessment of their potential impacts has
been carried out. Section 4 includes an outline of the assessment approach
employed, which is based on a systems variability analysis currently being
developed and applied to long-term assessments (Dormuth and Quick 1981,
Dormuth and Sherman 1981, Wuschke et al. 1981, 1985). The results of this
study are described, and are typically presented as a histogram of the
frequency of occurrence versus estimated concentrations of elements at
different locations within the biosphere.

The remaining step in this assessment is to relate estimated
elemental concentrations in the biosphere to their potential impacts on man
and the environment. It is assumed that the inhalation pathway is insigni-
ficant compared with the ingestion pathway. This assumption is reasonable,
following from estimated concentrations of contaminants in air relative to
their concentrations in soil, using the dust-loading approach (Zach 1982).
For chemically toxic elements, it is difficult to quantify the consequence
of ingestion of a given contaminant. Generally speaking, the available
information on chemically toxic contaminants is qualitative in nature; for
example it is known that chronic or acute exposure to arsenic can result in
kidney damage, and that effects can be observed for drinking water contain-
ing a few parts per million of arsenic. Other more quantitative informa-
tion is not commonly available; for example threshold levels (if they
exist), bioaccumulation/excretion factors and parameters equivalent to dose
conversion factors for radioactive contaminants are not readily available
for even the most common of chemically toxic contaminants.

This difficulty is partly overcome by comparing estimated concen-
trations of elements with standard environmental guidelines, such as the
water quality guidelines set forth by Environment Canada (McNeely et al.
1979). Water-quality and related guidelines are employed since groundwater
transport provides *"he only feasible mechanism (other than deliberate
disruption) for the transport of elements from a deeply buried disposal
vault to man's environment. A comparison of estimated concentrations with
these guidelines therefore leads to a ranking of the contaminants according
to their potential to produce an impact. Further consideration of the
assessment approach and the assessment results leads to recommendations for
future experimental and modelling research.

This report complements an earlier assessment study on the
Canadian concept for nuclear fuel waste disposal (Wuschke et al. 1985),
that deals mostly with the potential for radiotoxic impacts.

2. CHEMICALLY TOXIC ELEMENTS ASSOCIATED WITH NUCLEAR FUEL WASTE

2.1 THE SOURCES OF CONTAMINANTS

The Canadian concept for disposal of nuclear fuel waste is based
on the isolation of the waste by a series of engineered and natural
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barriers (Rummery and Rosinger 1984, Rosinger and Dixon 1982, Rummery and
Rosinger 1982, Acres 1980). The primary source of contaminants is used U02

fuel from CANDU reactors or wastes arising from the recycling of CANDU
fuel. Other possible contaminants are the container, buffer and vault
backfill materials, which are introduced as engineered barriers. Reactor
decommissioning wastes are not explicitly considered here, although they
may be included in more detailed studies. Note that, for use in this
report, the term "waste form" is used to refer to any potential source of
contamination, deluding engineered materials such as a protective
container.

The remainder of this section provides detailed inventories of
elements which derive from three general sources. These sources are:

(a) Used U02 fuel from a CANDU reactor, including their Zircaloy fuel
sheaths. These wastes would be the primary source of elements
for the disposal option involving used fuel.

(b) Representative waste forms arising from the disposal of fuel
recycle wastes. These wastes would be the primary source of
contaminants should Canada pursue the fuel recycle option.

(c) Other engineered waste forms, which will be common to the dis-
posal of used fuel or reprocessing wastes. These wastes include
materials used in several container options and the vault back-
fill materials.

Elemental inventories are reported in grams of an element per
kilogram of uranium originally loaded into a CANDU reactor (g/kg(U)). This
choice of units expedites comparison and scaling to the final volumes of
waste contained within a disposal vault. It is assumed that the original
fuel consists of a natural abundance of uranium isotopes, and that the
resultant inventory can be represented by Pickering reactor fuel irradiated
to a burnup of 650 GJ/kg of original uranium. Future assessments may need
to take into account different inventories arising from other CANDU
reactors operating at different levels of burnup.

In the preparation of the tables of elemental inventories,
several elements that are ubiquitous in man's natural environment have not
been included. In particular, calcium, carbon, hydrogen, magnesium,
nitrogen, oxygen, potassium, phosphorous and sodium are not considered
further, since these elements are major constituents of biological systems
and it is very unlikely that they would pose a chemical toxicity problem.
(Note, however, that isotopes such as carbon-14 and tritium may pose a
radiological toxicity problem.)

For a similar reason, aluminum and silicon are not considered
further, since these elements are the principal constituents of soils and
rocks, and their presence in a nuclear fuel waste disposal vault should not
result in a significant increase in existing levels of chemical toxicity.
The primary source of these elements would be the buffer and backfill
material within the vault.

Other elements not considered are those present in very small
quantities. The cut-off limit adopted is 10 parts per billion, or 10"5
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g/kg U. The rationale for the use of this cut-off value is that similar
levels of most elements are already present in man's environment.
Furthermore, the assessment results presented in Section A suggest that
elemental inventories must be considerably higher before an element could
pose a chemical toxicity hazard.

Finally, the listed elemental inventories have been summed over
all isotopes of each element. In some cases, an isotope may be a member of
a decay chain or a radioactive fission product, in which case the elemental
inventory is time dependent. For these elements, the stated inventory
represents the maximum calculated inventory over the time span of 103 to
106 years following removal of the f el bundles from the reactor.

2.2 ELEMENTS FROM USED FUEL

The elements of concern are those associated with the disposal of
used CANDU fuel, including activation products, fission products, decay
products, Zircaloy fuel sheaths and Zircaloy impurities. It is assumed
that the fuel bundles are from the Pickering-A reactors, irradiated to a
burnup of 650 GJ/kg U and that the fuel sheaths are the Zircaloy-4 alloy.

Table 1 lists the quantities and sources of the potentially toxic
elements associated with used CANDU fuel. Inventories of fuel materials
were taken from the output of the computer code CANIGEN (Clegg and Coady
1977), as revised by Smith (1983). Inventories of Zircaloy materials were
taken from Crosthwaite (1979), Mehta (1982), and Walker (1983). A total of
approximately 3.3 x 108 kg of natural uranium for CANDU reactors is
currently being considered in the Canadian concept for nuclear fuel waste
disposal (Wuschke et al. 1981, 1985).

2.3 ELEMENTS FROM FUEL RECYCLE WASTE FORMS

The waste forms considered here are those that would arise if
Canada pursued the fuel recycle option. In this option, used fuel would be
dissolved, and the majority of the available plutonium and uranium
extracted for subsequent reuse as a fuel. For use in this report, we
assume that a 99.5% by weight extraction ratio of both uranium and pluto-
nium is achieved, for re-use as fuel in a nuclear reactor. Consequently
only 0.5% of the available uranium and plutonium are considered in the
inventory for the fuel recycle option.

The wastes remaining after the dissolution and extraction steps
will consist of undissolved Zircaloy hulls and dissolved wastes. It is
assumed that the Zircaloy hulls are relatively inert and need not undergo
special treatment. The liquid wastes, however, must be immobilized prior
to disposal. Several immobilization processes are available, including
vitrification in products such as a sodium borosilicate glass. This proce-
dure will effectively immobilize the nonvolatile elements in the waste.

Some other elements, such as iodine and the noble gases, will
probably partition into the dissolver off-gases of a fuel reprocessing
plant. We assume that all iodine isotopes will be captured and immobilized
in a special waste form (bismuth oxide - bismuth oxyiodide). The fates of
other volatile elements, notably krypton and xenon, are less certain. We
assume that one of the following two situations is applicable (for all
isotopes of each affected volatile element):
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(a) If a volatile element is not captured and immobilized, then it
(presumably) is not included in the inventory of the nuclear fuel
waste disposal facility. In this case, we expect that its poten-
tial impacts are more appropriately covered in an assessment of
the operation of the fuel recycle plant, and not in a long-term
assessment of the nuclear waste disposal facility.

(b) If a volatile element is captured and immobilized, then a long-
term assessment of its potential impacts would require a defini-

TABLE 1

INVENTORIES OF ELEMENTS ASSOCIATED

Element

Ag
Am
As
B
Ba

Be
B i
Be
Cd

Ce

Co
C r
Cs
Cu
Eu

F e
Gd
Ge
Hf
I

I n
Kr
La
Mn
Mo

Nb

Nd
N i
Np
Fa

Atomic
Number

47
9 5
33

5
56

4
83
35
4B

58

27
24
5 5
29
6 3

26
64
32
72
53

49
36
57
25
42

41

60
28
93
9 1

A b b r e v i a t i o n s
AP
DP

FP
ZR
ZR-Imp

Abundance
g/kg U

2.5xlO~ 2

4 . 1 x l O " 2

3 . 0 x l 0 ~ 5

5 . 1 x l O " 5

6.0X10"1

6 .1x lO" 3

4.1xlO~ 2

5 .6x lO" 3

5 - l x l O " 5

1.3xlO~2

5.4X10" 1

2.1xlO~ 3

1.3X10"1

3.2X10"1

5 .1x lO" 3

2 . 2 x l O " 2

2.5X3O"1

l .Ox lO" 2

7 . 6 x l O " 5

l .Ox lO" 2

5 .4x lO" 2

6 .3x lO" 4

7.2xlO~ 2

2.8X10" 1

5 .1x lO" 3

5.1X10"3

9.4X10" 1

l .Ox lO" 2

5.3xlO~ 2

9.2X10"1

7 . 2 x l O " 3

1.7xlO~*
2 .2x10" 4

u s e d :

Source*

FP
AP
FP

ZR-Imp
FI'

ZR-Imp
DP
FP

ZR-Imp
FP
FP

ZR-Imp
ZR
FF

ZR-Imp
FP

ZR
FP
FP

ZR-Imp
FP

FP
FP
RP

ZR-Imp
ZR-Imp
FP

ZR-Imp
FP
FP

ZR-Imp
AP
AP

actinide activation
decay product (from
uranium-238 )

- fission

Element

Pb

Pd
P r
Pu
Ra

Rb
Rh
Ru
S b
S e

Sm
Sn

S r
Ta
Tb

T c
Te
Th
T i
U

V
W
Xe
Y

Zr

product

WITH USED CANDU

Atomic Abundance
Numbe

82

46
59
94
88

37
•35
44
51
34

62
50

38
73
6 5

43
52
90
22
92

23
74
54
39

40

(from

r g/kg U

1.3xlO" 2

1.2X10"1

2.9X10" 1

2.6X10" 1

3 . 6 x l 0 + 0

3.3x10

8 . 0 x l 0 ~ 2

1.5X10"1

4.9X10" 1

2.2X10"3

1.3xlO" 2

2 - l x l O " 1

l . l x l O " 2

1 . 7 x l 0 + 0

7.6x10 2

2 . 1 x l 0 " 2

5.3xlO~ 4

1.9X10"1

1.2X10"1

6 . 6 x l 0 ~ 2

5 .1x lO" 3

3 . 6 x l O " 4

9.93xlO 2

5 . 1 x l O " 3

l . l x l O " 2

1 . 2 x l 0 + 0

1.0x10 1

1 . 0 x l 0 + 2

9.1x10

UO, f u e l )

the na tura l decay of

product (from UO-, fuel)
component of zircaloy-4

- maximum
product

impurity permissible or ac t iva t ion
(in Zircaloy-4)

FUEL

Source*

ZR-Imp
DP
FP
FP
AP
DP

FP
FP
FP
FP
FP

FP
FP
ZR
FP

ZR-Imp
FP

FP
FP
AP

ZR-Imp
ZR-Imp
fuel

ZR-Imp
ZR-Imp
FP
FP

ZR
FP



- 6 -

tion of the characteristics of its immobilizing waste form. For
the most part, information on the characteristics of other
possible waste forms is very limited. For use in this report, we
assume that all volatile elements are immobilized and (except for
iodine) contained within the sodium borosilicate glass waste
form. We also assume that all other possible waste forms would
be at least as effective as sodium borosilicate glass in
controlling the rate of release of the immobilized volatile
elements. With these two assumptions, the discussion below will
provide conservative estimates of potential hazards.

For this study, we therefore assume that fuel recycle wastes are
contained within three representative types of waste forms. They are:

(a) A sodium borosilicate glass, containing all the potential contam-
inants from used fuel, except for elemental iodine. It is also
assumed that 99.5% of the uranium and plutonium have been
removed.

(b) A bismuth oxide-bismuth oxyiodide waste form (Taylor and Lopata
1986) containing the iodine originally associated with the used
fuel.

(c) A Zircaloy waste form consisting of compacted Zircaloy hulls.

Should other waste forms be selected, the effect will be to alter
the inventories of the waste form additives. The additives explicitly
considered here are boron and bismuth. Any possible impurities introduced
during the reprocessing and/or immobilization processes are not considered.

The inventories of potential contaminants from fuel recycle waste
forms are similar to those in used fuel (Table 1), with two exceptions.
The first exception is the introduction of boron and bismuth as waste-form
additives. The second exception is the decreased inventories of uranium
and plutonium. Table 2 gives corrected values for these four elements,
which should be applied against Table 1 to give the final elemental inven-
tories for the fuel-recycle option.

TABLE 2

INVENTORY OF ELEMENTS ASSOCIATED WITH FUEL-RECYCLE WASTE FORMS

The following list contains modifications to be applied
against Table 1. Abundances for bismuth and boron are to be
added to Table 1, while abundances for uranium and plutonium are
to replace existing entries.

Atomic Abundance
Element Number g/kg U Source

B 5 2.6X101 additive
Bi 83 6.1x10"* additive
Pu 94 1.8x10 actinide activation product
U 92 4.97XJ01 fuel

Boron and bismuth are additives used to prepare the sodium boro-
silicate and bismuth oxide-bismuth oxyiodide waste forms, respec-
tively. Inventory data for these elements were taken from LeHaveu
(1986).
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2.4 ELEMENTS FROM ENGINEERED BARRIERS

The engineered barriers in the vault will include a clay buffer,
backfill, and grouting and sealing mixtures. Although different additives
may be present in these materials, their net composition will consist
largely of naturally occurring elements such as aluminum, silicon and other
rock-forming elements, and are of no further concern here.

Another engineered barrier consists of corrosion resistant con-
tainers used to encapsulate the different high-level waste forms. Con-
tainer options under consideration fall into two classes, depending on how
they are designed to withstand the external hydrostatic water pressure
associated with deep burial in the vault. Unsupported or thick-walled
containers are designed to withstand the pressure on their own, whereas
supported or thin-walled containers will be packed with an infilling
material to withstand the pressure (Nuttall and Urbanic 1981).

For both classes of containers, several metallic alloys,
titanium, and copper are under consideration (Nuttall and Urbanic 1981).
For the supported containers, several possible infilling materials are also
being evaluated (Mathev et al. 1983).

For use in this study, a hypothetical composite container and
infilling material were chosen, so that all options could be examined at
one time. For the container, the elemental inventory lists (Mehta 1982)
were examined for the thick-walled design of the stainless steel, Inconel,
titanium and copper options. The hypothetical composite container was then
assumed to have the maximum of the individual elemental masses from each of
the container options. A typical container would have smaller quantities
of most of the elements listed in Table 3 (the maximum inventories for
chromium, iron and manganese are from the stainless steel option; molyb-
denum, nickel and niobium from the Inconel option, palladium and titanium
from the titanium option; and copper from the copper option).

For the infilling material, it was assumed that a thin-walled
container was used, and, as before, maximum elemental inventories were
selected from the infilling material options for lead, lead - 5 vt.%
antimony, and zinc (another option, consisting of aluminum - 7 wt% silicon,
was not considered because these elements were eliminated in Section 2.1).
A typical infilling material would have smaller quantities of most of the
elements listed in Table 3 (the maximum inventories for lead is from the
lead option; antimony from the lead-5£ antimony option and zinc from the
zinc option.

3. CHEMICALLY TOXIC ELEMENTS OF CONCERN

3.1 SCREENING CRITERIA

The large number of elements listed in Tables 1 to 3 can be
reduced considerably, through a screening of their differing chemical and
toxicological properties. In this section we describe the criteria used to
arrive at a shorter list of elements which are of most concern from a
chemical toxicity viewpoint.



TABLE 3

INVENTORY OF ELEMENTS ASSOCIATED WITH ENGINEERED BARRIERS

The following list contains
elements from a hypothetical composite
container, which was chosen so as to include
the largest amounts of all possible elements
(see text) .

Element

Cr
Cu
Fe
Mn

Ho
Nb
Ni
Pb
Pd

Sb
Ti
zn

Atomic
Number

24
29
26
25

42
41
28
82
46

51
22
30

Abundance
g/kg(U)

1.7x10^
6.2x10^
6.6X102

2.0X101

4.2X101

1.8x10*
3.0x10^
3.6x10^
1.1x10"

1.7x10^
4.5x10*
2.3xl03

Source

c
c
c
c

c
c
c
I
c
I
c
I

Abbreviations:
C - hypothetical composite container, with

maximum elemental inventories (see text)
I - infilling material for the supported class

of containers.

The starting point is a comparison of the relative chemical and
radiological toxicities (Section 3.2) of the elements in the tables of
inventories. Some elements, such as tin, are excluded because their chemi-
cal toxicity is known to be of little concern relative to their radiotoxi-
city. In such cases, we expect that their potential impact is more appro-
priately taken into account in a radiological assessment.

Some elements are deleted based on their relative abundances in
the geosphere and biosphere (Section 3.3). Barium, for example, is very
abundant in natural systems, and the addition of relatively modest quanti-
ties to a waste disposal vault would have an insignificant additional
chemically toxic impact on man. Note that common rock-forming elements
such as silicon and aluminum, and ubiquitous elements such as oxygen and
carbon, were not considered in the inventories in Section 2 for similar
reasons.

Other criteria, such as elemental solubility limits, are also
used to reduce the list of contaminants of concern (Section 3.4). Elements
such as silver, copper and tin are sparingly soluble under expected geo-
chemical conditions in the geosphere, and would be transported in ground-
waters at very low concentrations. Several miscellaneous criteria are also
described in Section 3.5.
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The conclusion of this analysis is that 12 elements are of most
potential concern. The chemical toxicities of these elements are con-
sidered, therefore, in the more detailed long-term environmental assess-
ment described in Section 4.

3.2 CHEMICAL VERSUS RADIOLOGICAL HAZARDS

Many of the elements listed in Tables 1 to 3 are potentially haz-
ardous both from a chemical toxicity viewpoint, and from a radiotoxicity
viewpoint. Since this report deals with chemical toxicity alone, the
listed inventories were reviewed to identify those elements that, if intro-
duced into the biosphere, might result in chemical harm that is comparable
with or greater than the radiological harm. It is assumed that those
elements which clearly pose a much greater radiological harm can be
excluded from further consideration here, since their potential impact is
more appropriately covered in assessments based on radiotoxicity.

A comparison of chemical and radiological hazards presents some
difficulties, however, because of the differences in the types of harm and
the problems in quantifying the extent of harm. High acute doses of radia-
tion, or high acute intakes of chemical poisons, can produce immediate
deleterious effects. For those cases, a measure of the lethality can be
used to compare chemical and radiological toxicities. Such comparisons are
of limited value in this study, however, since prior long-term assessment
results suggest that large single intakes of contaminants are very
unlikely. A much more likely situation is that the potential risks from
nuclear fuel waste disposal will result from the chronic intake of very
small quantities of contaminants.

At low levels of exposure to radiation, the principal hazard is
the induction of cancer. It is generally assumed, for the purpose of
radiation protection, that this hazard varies linearly with dose, with no
threshold (see, for example, ICRP-30 1979, Sax 1979, BEIR 1980). Low
intakes of chemical toxics can also be hazardous, and lead to a variety of
effects including cancer. For many elements, the effects of low levels of
intake are not well quantified, although it is often assumed that there
exists a threshold below which no harm occurs (Sax 1979).

For many elements, it is not possible to explicitly compare
chemical and radiological toxicities because chemical toxicity information
is not generally available. In particular, technetium, promethium and all
elements with atomic number greater than 83 exist only as radioactive iso-
topes, and their toxicities are usually described only in terms of their
radiological effects (see, for example, Sax 1979). Notable exceptions are
uranium, which has a well-documented chemical toxicity (ICRP-30 1979; Sax
1979), and thorium, which is known to be a radiological hazard and an
unimportant chemical toxicity hazard (Albert 1966). Recent data for
technetium (Coffey et al. 1984) also suggest that its chemical toxicity may
be comparable with its radiotoxicity.

Since this report is concerned with potential chemical toxici-
ties, we shall not consider those elements for which radiotoxicity data,
but no chemical toxicity data, is generally available. The following
elements are therefore excluded from further detailed study: americium,
neptunium, plutonium, polonium, promethium, proctactinium, radium and
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thorium (however, these elements should be re-evaluated in follow-up
studies if chemical toxicity data becomes available). This simplification
is reasonable from other considerations; for example, actinide insolubility
and dilution in the geosphere and biosphere will tend to reduce elemental
concentrations to very low levels. If a threshold limit value exists for
the onset of chemical toxic effects, then very low concentrations should
not be significant. In any case, most or all of these elements are normally
considered in radiological assessments (see, for example; Wuschke et al.
1985).

The noble gases, krypton and xenon, are simple asphyxiants, but
are not likely to be encountered in sufficiently high concentrations to
pose a hazard. These elements, therefore, have also been excluded from
further consideration. Of the remaining elements associated with nuclear
fuel waste, bismuth, iodine and tin are more toxic from a radiological than
a chemical viewpoint. These conclusions are based on a comparison, des-
cribed below, of the masses required to exceed the annual limit on intake
via ingestion and inhalation (ALI), with the mass required to produce
lethal chemical effects.

An intake of one ALI commits the recipient to an effective dose
equivalent of 50 mSv to the whole body over the next 50 years of the indi-
vidual's life. This is the maximum annual commitment dose allowed for an
atomic radiation worker (ARW) (ICRP-30 1979). If large quantities of
material must be consumed in order to commit the annual dose limit to an
ARW, then it is assumed that the material is more of a chemical hazard.
Members of the public are typically allowed to receive only one-tenth of
the ALI. Therefore if a material can be judged to be more of a radiotoxic
than a chemical toxic hazard for an ARW, it will be even more important as
a radiotoxic hazard (and not a chemical toxic hazard) to the public.
Appropriate values of ALI are available for all isotopes of concern (see,
for example, ICRP-30 (1979)).

It remains to quantify the mass of an element required to produce
a chemical hazard. Sax (1979) rates most of the elements and compounds
used in modern manufacturing on the toxicity scale: none, low, moderate,
high and unknown. These ratings are related to effects of exposures during
normal use. For example, exposures to chemicals in the low categories
cause only reversible tissue changes, while exposure to those in the high
category may cause death or permanent injury. However, Sax provides
animal dose response data for many of the elements and their commonly
occurring compounds. These data may be expressed as an LD50 (that acute
intake which will be lethal to 50% of a population) or an LDLo (the lowest
dose observed to produce lethality in a population). Lethal acute intake
data are given in units of grams of toxic compound per kilogram of—body
mass, and can be converted to grams per mass of a "reference" man (ICRP-30
1979) by multiplying by 70 kg. In the discussion below, we define
"chemical lethal dose" to be the LD50 or LDLo data in units of grams per
mass of the "reference" man.

We assume, for use in this report, that chemical toxicity hazards
are insignificant compared with radiotoxicity hazards if the chemical
lethal dose is greater than 100 times the ALI mass. Ingestion of radio-
toxic materials at 100 times the ALI mass will result in an effective dose
equivalent of 5 Sv a"1 after 50 years. This dose rate is well beyond the
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This analysis can be extended to other elements associated with
nuclear fuel waste. An evaluation of natural abundances compared with abun-
dances associated with nuclear fuel wastes is based on the assumptions given
below.

(1) A granitic, pluton can be taken to be representative of the geo-
sphere environment local to the vault. Plutonic rock formations
are being investigated in the Canadian concept for nuclear fuel
waste disposal (Rummery and Rosinger 1984, Rosinger and Dixon
1982, Rummery and Rosinger 1982), and granitic plutons are very
abundant in the Precambrian Shield. Other types of plutonic
rocks will also have compositions similar to that of granite.

(2) The mass of granite to be used in the comparison is given by the
mass of granite evacuated to construct the vault. Approximately
2.7xlO4 to 5xlO4 g of granite will be removed for each kilogram
of uranium (initially loa-.'ad into a CANDU reactor). The
lower value of 2.7xlO4 g (granite)/kg (U) is used here as
a conservative approximation. Other values, such as the total
mass of granite above the vault or the total mass of the pluton,
can also be considered, but would be less conservative.

(3) An element associated with nuclear fuel waste is not more avail-
able for transport in a groundwater system than the same element
associated with granitic rocks. This assumption can be shown to
be valid for many elements; for example uranium in used fuel is
in a chemical form often found in granites, so that its availa-
bility to groundwater would be similar in terms of chemical
kinetic and thermodynamic factors.

Table 5 shows the average abundance of elements in granites,
using data from Bowen (1979) (data from Rosier and Lange (1972) are largely
similar, and lead to the similar conclusions, except for bromine). Also
listed is the calculated percentage increase in abundance of an element,
due to the presence of that element from nuclear wastes and associated
materials. The comparison shows that 13 elements will increase natural
abundances by less than about 10£: arsenic, barium, berylium, cobalt,
gadolinium, germanium, hafnium, rubidium, strontium, terbium, thorium,
vanadium and ytterium. We have assumed, therefore, that these elements can
be deleted from further consideration in a chemical toxicity assessment,
since they will result in small increases in natural abundances, and should
not provide a significant increase to existing levels of chemical toxicity.

Note that six other elements (boron, copper, iron, manganese,
niobium and titanium) might also be deleted, depending on which waste form
and container options are eventually selected.

3.4 ELEMENTAL SOLUBILITY CONSTRAINTS

For a nuclear waste disposal vault located deep in a crystalline
rock, the only feasible transport process involves movement in ground-
waters. Solubility constraints can therefore be used as a criterion to
evaluate potential hazards. Solubilities impose an upper limit on elemen-
tal concentrations, and can be compared, for example, with drinking water
standards. If the solubility of an element is lower than its drinking
water limit, it is assumed that that element can be excluded from further
consideration for the potential impact of its chemical toxicity.
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TABLE 5

COMPARISON OF ABUNDANCES IN GRANITIC ROCKS AND IN NUCLEAR WASTES

Element Atomic
Number

Abundance in Granite

ppm g/kg(U)
Percentage Increas*
with Nuclear Wast*

Ag
As
B

Ba

Bi

Br
Cd
Ce
Co

Cs
Cu

Eu
Fe

Gd
Ge
Hf
I
In

La
Mn

Ho

Nb

Nd

Ni

Pb

Pd

Pr
Rb

Sb

Se
Sm
Sn
Sr

Ta
Tb
Th
Ti

47
33
5

56
4

83

35
48
58
27

24

55
29

63
26

64
32
72
53
49

57
25

42

41

60

28

82

46

59
37

51

34
62
50
38

73
65
90
22

4x10
1.5x10"
1.2X101

7.3x!02

5.0x10°

-2

6.5x10-2

3x10
1x10
BxlO
1x10

-1
-1
,+1
+0

4x10^"

5x10+5
2xlO+

2xl0+C

2.7X104

+ 0
+0
+0

7x10
2x10
6x10
2x10"
4x10"

4.3X101

4x10

2xlO+0

2X10+1

+ 2

4.4xl0x

5x10-1

2.4X10-1

1x10

1.2X101

1.5X102

-2

2x10-1

5x10
9x10

3.5x10
3x10

3.5x10
1x10

2.3x10*
2.3X103

-2
+0

+ 2

4-0

8x10
4x10
3x10

2x10
1x10

-2
-1

+ 1
-1

2x10 -3

8x10
3x10
2x10
2x10

-3
-3

,+0
-2

1x10 -1

1x10
5x10

5x10
7x10

-2
+2

2x10
6x10
2x10
5x10
1x10

-1
-2
,-1
-3
-3

1x10
1x10 +1

6x10 -2

5x10

1x10,+0

1x10"

6x10 -1

3x10 -4

3x10
4x10

-1
+0

5x10

1x10
2x10"
9x10"
8xlO +

9x10
3x10
6x10
6X10 1

-2
-2
-1

3xlO + 3

BxlO" 2

2xlO~*
8xlO + 3 (Table 21
3 x l 0 + 0

6 x l 0 + 0

2x10
3x10
7x10
4x10
2x10
1x10

1x10
2x10
3x10
1x10
1x10
4x10
3x10"
9x10'

6x10
1x10

,+3
+4
+ 1
+ 2
+ 1
+1

+2
+5
+2
+0
+5
,+1

,+ 1

+0
-1
+05x10

lxlO+3

6x10+ 1

2x10
5x10
2x10
2x10
8x10
1x10
4x10
9x10

5x10
2x10
2x10
6x10
1x10
3x10
9x10^
2x10°

+1
-2
+ 2
+ 3
,+ 4
,+1

+ 1

+1
+6
,+1
+5
,+S
+ 5

(Table 2)

(Table 3)

(Table 3)

(Table 3}

(Table 3)

(Table 3)

(Table 3)

(Table 3)

(Table 3)

4x10*
3xlO6 (Table 3 1
lxlO3

1x10*
2xlO3

1x10°

2X101

2x10°
lxlO1

9xlO~3

8xlO2 (Table 3)

continued.
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TABLE 5 (concluded)

Abundance in Granite
Element Atomic

Number ppm g/kg(U)
Percentage Increase^
with Nuclear Waste

92

V
w
Y
Zn
Zr

23
74
39
30
40

1
1
3
5
1

4.4x10"

.2xl(T

.5x10°

.4x10]-

.2x10*
1.9xl02

1x10-1 8x10^
4xlO 4 (Table 2)

2x10
4x10
9x10
1x10
5x10

+ 0

-2
,-1

""1

+ 0

3X10
3X10 1

2x10^ (Table 3)
2xlO 3

Data in parts per million (ppm) are taken from Bowen
(1979) except tor palladium, which was taken from Rosier
and Lange (1979). Data in units of g/kg U are calculated
assuming that the mass of displaced granite amounts to
2.7x10 (granite) per kilogram of uranium.

The percenvage increase due to elements associated with
the disposal of nuclear waste is calculated from the
previous column and from the data in Tables 1 to 3.
Unless otherwise indicated, data have been taken from
Table 1.

Note that drinking water guidelines generally include contribu-
tions from both dissolved and suspended forms of each element. Significant
quantities of particulates and colloids may exist in surface waters due to
changes in the chemical environment and mechanical agitation. For this
report, it has been assumed that groundwaters at depth do not contain
colloid material. Recent field research has indicated that groundwaters in
granitic plutons may contain low concentrations of colloids, but their role
on contaminant transport is not known and is currently being investigated.

Table 6 gives the assumed composition of two groundwaters used in
the calculation of elemental solubilities. It has been assumed that these
groundwaters have a neutral pH at 25°C, and the pH at 100°C was calculated
using SOLMNQ (Goodwin 1982). The temperature of 100°C is representative of
the projected temperature in the vault. A reducing electrochemical poten-
tial, poised at the magnetite-hematite boundary, has also been assumed.
This assumption is reasonable, since these two minerals are ubiquitous to
the Precambrian Shield, and since deep groundwaters from the vault should
encounter reducing conditions along the flow path through the geosphere.

Calculated or estimated solubilities are summarized in Table 7.
The calculated solubilities take into account aqueous speciation or com-
plexation, which will tend to increase solubilities. Estimated solubili-
ties are based largely on references such as Pourbaix (1966), which fre-
quently consider only hydrolysis complexes. Nevertheless, most estimated
solubilities should be within about one or two orders of magnitude.
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TABLE 6

COMPOSITION OF GROUNDWATERS USED IN SOLUBILITY CALCULATIONS

Concentration (mol/L)
Element/Species

Granite Groundwater Brine Groundwater

Ca 3.24x10 4

Mg 1.60xl0~4

Na 3.61xl0~4

K 8.95xlO~5 1.35xlO~3

Cl 1.41xlO~4 1.02x10°
SO4 8.95x10"^ 8.71xI0~3

HCO3 1.01x10" 1.74xlO~4

F l.OOxlO"5

2.42x10

pH
pH
Eh

<25°C)
(100°C)
(100°C)

7 .
6 .
- 0

00
9 7
.314 V

7 .
6 .
- 0

00
14
.253 V

Table 7 also includes drinking water standards, using data from
McNeely et al. (1979). A comparison of elemental solubilities and drinking
water limits shows that the following elements have solubilities below
drinking water (or related) standards: silver, beryllium, copper, selenium
and uranium. We also assume that this can be extended to include elements
for which no drinking water standards exist, but which have very low solu-
bilities. From Table 7, the lowest drinking water limit recorded is 9xlO~8

mol/L (for cadmium). Other elements with solubilities lower than this
lowest limit are americium, bismuth, hafnium, indium, neptunium, niobium,
proctactinium, palladium, plutonium, rhodium, ruthenium, tin, tantalum,
tellurium, thorium, titanium, yttrium and zirconium. (The lowest reported
drinking water limit for inorganic species in McNeeley et al. (1979) is
lxlO"8 mol/L for mercury. If this level were chosen, an identical list of
low-solubility elements would be obtained, except for indium.) We assume
that the elements listed above need not be considered further for an
assessment of their potential chemical toxicities, since their solubility
limits are very low.

3.5 MISCELLANEOUS CRITERIA

Other miscellaneous criteria can also be applied to shorten the
list of elements to be considered in more detail in an assessment of their
potential chemical hazard. These criteria are discussed separately below.

The lanthanides (or rare earth elements) of interest here are
lanthanum, cerium, praseodymium, neodymium, samarium, europium, gadolinium
and terbium. Since the lanthanides exhibit similar chemical properties,
and have similar toxic effects (Sax 1979), it is reasonable to assume that
one such element can be chosen to represent the entire group. Accordingly,
samarium has been selected to represent the lanthanides, since it is a
central element of the group, and since its inventory in nuclear wastes
results in the greatest percentage increase in natural abundance (see Table
5). For use in subsequent detailed analysis, the inventory of samarium is
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TABLE 7

COMPARISON OF ELEMENTAL SOLUBILITY LIMITS

AND DRINKING WATER LIMITS

Element Atomic
Number

Solubjlity
Limit
(mol/L)

Drinking
Water Limit*
(mol/L)

Solid Phase^Jjnd
References)

Ag
Am
As
B
Ba

Be
Bi
Br
Cd
Ce

Co
Cr
Cs
Cu
Eu

Fe
Gd
Ge
Hf
I

In
La
Mn
Mo
Nb

Kd
Ni
Np
Pa
Pb

Pd
Pr
Pu
Ra
Rb

Rh
Ru
Sb
Se
Sm

Sn
Sr
Ta
Tb
Te

47
95
33
5
56

4
83
35
48
58

27
24
55
29
63

26
64
32
72
53

49
57
25
42
41

60
28
93
91
82

46
59
94
88
37

45
44
51
34
62

50
38
73
65
43

2xlO~9

2xlO"9

2xlO~2

VS

4x10"
VS
7x10"
8x10"

VS
1x10
VS

-5

4x10
3x10-6

1x10"
1x10
3x10
4x10"
VS

-6
-5

VS
3x10
VS
IS

-1

VS
2x10
1x10
IS
1x10

-10

,-3

3x10
1x10
5x10
VS

,-2

-7

IS
IS
1x10"
IS
1x10

IS
1x10
IS
5x10
5x10"

-5

-2

-6

7x10 7 (M)
n-45x10" (Ml

7xlO~6 (M)

lxlO~6(P)

9x10" (M)

8xlO~7 (I)
lxlO"6 (M)

5x10-6

9xlO~7 (M)
lxlO"7 (I)

8x10" (A)

Ag (S)
Am(OH)3 (O)
As (P)

(P)
BaSO4 (S)

BeO or hydrates (P)
Bi (P)

CdCO3 (BM)
Ce ( OH | 3 ( BM )

(P)
Cr(OH)3-nH2O (P)

Cu (S)
En I OH)

Fe3°4
GdjOH)

3 (BM|

(S)
,(BM|

GeO2(P)
HfO2-H

In(OH)
La(OH)
MnCO3

2O (P)

3 (BM)
, (BM)
(S)

MoO2 (P)
Nb2O5

Kd(OH)
Ki(OH)
NpO2 (

(P)

3 (SM)
2 (BM)
L,A)

PaO2 (BM)
PbCO3

Pd (PI
Pr(OH)

(S)

, (BM)
PuO2 (Â)
RaSO4

Rh (P)
RU (P)

(SM)

Sb2O3 (P)
Se (P)
Sm(OH)3 (SM)

SnO2 (P)
SrCO3 (S|
Ta,O5 (P)
TbÎ0H)j (SM)
TcO,-2H,O (Pa)

continued...
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TABLE 7 (concluded)

Element

Te
Th
T i
U
V

W
Y
Zn
Zr

COMPARISON OF ELEMENTAL SOLUBILITY

Atomic
Number

52
90
22
92
23

74
39
30
40

AND DRINKING

Solubjlity
Limit
(mol/L)

I S
3X10" 1 0

I S
6x10
4xlO~2

VS
3xlO~9

1x10"
5X10" 1 1

WATER LIMITS

Drinking
Water Limit
(mol/L)

8x10"* (M)
2xlO~ 6 ( I )

8xlO~ 5 (M)

LIMITS

S o l i d Phase land

Te IP)
ThO2 (RS,A)
TiO2 (P)
u o 2 ( s i
V(OH)2 (BM)

w o 3 ( p )
Y ( O H ) 3 (BH!
ZnO ( S )
Z r O 2 - 2 H 2 O ( P )

Solubilities were calculated using SOLMNQ (Goodwin and Munday 1983) or
estimated from the references cited in the last column. The two ground-
water compositions used are given in Table 6, and the larger of the two
calculated or estimated solubilities is reported. The abbreviations VS
and IS are used to indicate very soluble and insoluble, respectively.
Most estimated solubilities are at 25°C.

Data taken from McNeely et al. (1979). Most entries are maximum
acceptable levels (H). Other entries are A for acceptable levels, I for
irrigation waters, and P for guidelines for the protection of aquatic or
animal life.

The solid phase is that which controls the elemental solubility. The
following abbreviations refer to the references used:

A - Allard (1983)
BM - Baes and Mesmer (1976)
L - Lemire (1984)
O - Ogard et al. (1980)
P - Pourbaix (1966)
Pa - Paquette et al. 11980), Paquette and Lawrence (1985)
RS - Rai and Seme (1978)
S - calculated using SOLMNQ (Goodwin and Munday 1983)
SM - Sillen and Martell (1964)

set equal to the SUIT, of the inventories of lanthanum, cerium, praesodymium,
neodymium, europium and samarium (gadolinium and terbium are not included
since they were previously eliminated on the basis of their natural abun-
dances), and it is assumed that the chemical toxicity of the lanthanides
can be represented by the chemical toxicity of samarium.

Two of the transition metals, iron and manganese, are of concern
as contaminants deriving from the containers. In both cases, their inven-
tories associated with nuclear fuel wastes will only double their natural
inventories (from Table 5). Water quality guidelines for these elements
are based more on aesthetic and economic considerations than on toxicity
considerations (McNeely et al. 1979), and both elements are essential to
life. Furthermore, although both iron and manganese are relatively soluble
in an electrochemically reducing environment, their solubilities will
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decrease in groundwaters near the surface which are exposed to higher con-
centrations of oxidizing agents. With these considerations in mind, it
appears that the worst effect of contamination by iron or manganese might
be to make unpotable a drinking water supply that is already marginal in
acceptability. It will be assumed, therefore, that both iron and manganese
can be eliminated from further consideration.

Molybdenum and tungsten do not have drinking water guidelines,
although an irrigation water guideline has been set for molybdenum (McNeely
et al. 1979). The chemical and toxicological properties of these elements
are also very similar (Sax 1979). Only molybdenum will be considered in
more detailed studies, since its inventory in nuclear fuel wastes results
in a far greater percentage increase in natural abundance than tungsten.
Chromium might also be considered together with molybdenum and tungsten;
however, it will be treated separately since it may have a substantial
abundance, depending on the container option selected.

The miscellaneous criteria described above have resulted in the
elimination of an additional seven elements from further detailed con-
sideration of their potential chemical toxicity. These elements are
cerium, europium, iron, manganese, neodymium, praseodymium and tungsten.

3.6 SUMMARY

The goal of this Section was to perform a preliminary screening
of those elements associated with nuclear waste, in an attempt to deduce
which chemically toxic elements are likely to be of most concern for their
possible impacts on man and his environment. The results of this screening
are summarized in Table 8, where 12 of the elements listed are of most
concern, and require more detailed consideration. These elements are
boron, bromine, cadmium, chromium, cesium, molybdenum, nickel, lead, anti-
mony, samarium, technetium and zinc. A detailed analysis of the environ-
mental impact of these 12 elements is required to evaluate the efficacy of
the Canadian nuclear fuel waste disposal concept in protecting man and his
environment from chemical toxicity effects.

Table 9 summarizes the inventories and source waste form(s) for
these elements. Inventory data take into account, for example, the use of
samarium to represent other lanthanides such as europium. The source of
each element is also identified, but only where the source waste form con-
tains a significant quantity of the element in question. Not all potential
sources are listed. Boron, for example, has only one entry since it is
only of concern as an additive in fuel-recycle waste forms (from Table 2).
The boron inventory in Zircaloy (Table 1) is not listed since the abundance
of boron in Zircaloy is much lower than its natural abundance in granite
(from Table 5). Chromium, on the other hand, has two entries, because it
has a relatively high abundance in both Zircaloy (Table 1) and in the com-
posite container (Table 3). Identification of the source waste forms is
required for the detailed assessment described in Section 4, since the rate
of release of an element will depend on the chemical characteristics of its
source waste form(s).
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TABLE 8

SUMMARY OF THE SCREENING PROCESS

Element

Ag
Am
As
B
Ba

Be
Bi
Br
Cd
Ce

Co
Cr
Cs
Cu
Eu

Fe
Gd
Ge
Hf
I

In
Kr
La
Hn
Mo

Nb
Nd
Ni
Np
Pa

Atomic
Number

47
95
33
5
56

4
83
35
48
58

27
24
55
29
63

26
64
32
72
53

49
36
57
25
42

41
60
28
93
91

Criteria Used
for Elimination*

S
R
A

considered
A

ArS
R,S

considered
considered

M

A
considered
considered

S
M

«
A
A

A,S
R

S
R
M
M

considered

S
M

considered
R
R

Element

Pb
Pd
Pr
Pu
Ra

Rb
Rh
Ru
Sb
Se

Sm
Sn
Sr
Ta
Tb

Tc
Te
Th
Tl
U

V
W
Y
Xe
Zn

Zr

Atnmic
Number

82
46
59
94
88

37
45
44
51
34

62
50
38
73
65

43
52
90
22
92

23
74
39
54
30

40

Criteria Used
for Elimination*

considered
S
H
R
R

A
S
S

considered
S

considered
R
A
s
A

consi dered
S

A, R, S
S
s

A
H

A,S
R

considered

s

Abbreviations: R - element is more radiotoxic than chemically
toxic or chemical toxicity data is not
available; refer to Section 3.2

A - element is more abundant in plutonic rocks
than in nuclear wastes; refer to Section 3.3

S - elemental solubility is less than drinking
water guidelines (or related guidelines) or
is very low; refer to Section 3.4

M - miscellaneous criteria; refer to Section 3.5
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TABLE 9

INVENTORIES AND SOURCES OF ELEMENTS OF MOST CONCERN

Element
Atomic
Number

Inventory
g/kg(U) Source Waste Form

B
Br
Cd
Cr

Cs
Mo

Ni
Pb

Sb

Sm
Tc
Zn

5
35
48
24

55
42

28
82

51

62
43
30

2
5
1
1
1

3
9
4
3
1
3

2
1
2
1
2

.6x10

.6x10

.3x10

.3x10

.7x10

.2x10

.4x10

.2x10

.0x10

.2x10

.6x10

.2x10

.7x10

.3x10

.9x10

.3x10

,+1

,-3
-2
-1
,+ 2

-1
-1
+ 1
,+ 2
-1
+ 3

NaBSi glass (additive)
NaBSi glass, used fuel
NaBSi glass, used fuel
Zircaloy
composite container

NaBSi glass, used fuel
NaBSi glass, used fuel
composite container
composite container
NaBSi glass, used fuel
lead-antimony infilling material

NaBSi glass, used fuel
lead-antimony infilling material
NaBSi glass, used fuel
NaBSi glass, used fuel
zinc infilling material

Sodium borosilicate glass

4. A DETAILED ANALYSIS OF POTENTIAL CHEMICAL TOXICITIES

4.1 INTRODUCTION

The preceeding analysis identified 12 elements, associated with
the disposal of nuclear fuel wastes, that are deemed to be of most concern
for their potential chemical toxicity effects. These elements, from Table
9, are boron, bromine, cadmium, chromium, cesium, molybdenum, nickel,
lead, antimony, samarium, technetium and zinc.

This section describes a long-term environmental assessment of
the potential chemical impacts of these elements. The assessment considers
in detail the processes that must occur before contaminants reach man's
environment. Processes that are considered include the rate of release of
elements from their various waste forms; the transport and dispersion of
elements in the vault, geosphere and biosphere; and factors that make con-
taminants available to the environment accessible by man. A stochastic
assessment approach, described in Section 4.2, is used to describe these
processes.

The results of this analysis are discussed in Section 4.3. For a
stochastic assessment, the results typically show a statistical variabi-
lity, reflecting the uncertainties associated with the input parameters,
and the available data includes sample means, variances and extrema. Of
particular interest here are concentrations of contaminants that could
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affect drinking water supplies or arable soils, since these two components
of the environment involve the major pathways by which contaminants from
deep groundwaters could affect man.

The final stage in analysis of chemical toxicity is an evaluation
of the potential for impact on man. This is achieved by comparing, for
example, predicted elemental concentrations in drinking waters with drink-
ing water standards, and predicted elemental concentrations in soils with
existing or permitted levels of concentration in arable soils. A summary
of the predicted consequences is given in Section 4.4.

4.2 THE SYSTEMS VARIABILITY ANALYSIS APPROACH

For an assessment of nuclear fuel waste disposal, one of the most
challenging problems is to perform predictive analyses for thousands of
years into the future. This problem arises partly because of the inherent
uncertainties associated with any long-term analysis. Sources of uncer-
tainty include errors in the measurement of some data, extrapolation of
observed data to chemical or physical conditions, which cannot be achieved
in the laboratory, and a lack of detailed understanding of how the overall
system will behave with time.

One useful tool which addresses these problems is the computer
code called SYVAC, an acronym for SYstems Variability Analysis Code
(Dormuth and Sherman 1981, Dormuth and Quick 1981, Wuschke et al. 1981,
Wuschke et al. 1985, Goodwin et al. 1987). SYVAC accounts for uncertainty
and variability in the data by acce'pting probability distributions rather
than discrete values as input descriptions of the system-defining
parameters. SYVAC randomly selects a value for each parameter from its
distribution, and the complete set of parameter values defines a
simulation, or possible future state of the system. Detailed calculations
then produce an estimate of consequence to man for the specified
simulation. This process - sampling of parameters to define a simulation,
followed by calculation of consequence - is repeated, typically hundreds of
times, to build up a histogram of consequence estimates versus their
frequencies of occurrence.

This approach addresses many of the difficulties associated with
extending an assessment far into the future. Although it is not possible
to make a precise estimate of the actual consequence to man, it is possible
to scope a wide range of feasible consequences. The range of consequences
provide information that can be used to evaluate whether or not a given
disposal concept is acceptable. Furthermore, these results and tools can
be used to perform sensitivity analysis, and determine, for example, which
site selection criteria or engineering options are most effective in con-
trolling the impact on man.

The analysis described here has employed SYVAC2-C, the version of
SYVAC used in the second interim assessment of the Canadian concept for
nuclear fuel waste disposal (Sherman et al. 1986, Wuschke et al. 1985,
Rosinger et al. 1985, Goodwin 1985, Goodwin et al. 1987). SYVAC2-C
contains t!iree submodels that describe significant processes which occur in
the vault, the geosphere and the biosphere. The vault submodel includes
descriptions of the corrosion of containers, the dissolution of waste
forms, and the transport of elements within the vault (LeNeveu 1986). The
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geosphere submodel describes the convective and dispersive processes that
transport elements from the vault to the biosphere (Heinrich 1984).
Finally the biosphere submodel describes transport processes occurring in
the biosphere, and provides estimates of the radiological consequence to
man (Mehta 1985).

The vault, geosphere and biosphere submodels have been detailed
by LeNeveu (1986), Heinrich (1984) and Mehta (1985), respectively, and
summarized by Wuschke et al. (1985). These submodels have been used in
this study with the modifications noted below.

(1) The initial inventories of all elements, given in Table 9, are
assumed to be constant in time, except for technetium. This
simplification is reasonable since most elements considered are
not radioactive or have long half-lives. The single exception is
technetium, which exists only as the radioactive isotope,
technetium-99. For use in SYVAC2, therefore, the half-life of
technetium has been set to 2.13xlO5 a, while all other elements
were assumed to be stable.

(2) Source term models are used within the vault submodel to describe
the rate of release of elements from each waste form. Four of
the six waste forms in Table 9 use the release models described
by LeNeveu (1986). These four waste forms are used fuel,
Zircaloy, sodium borosilicate glass and a lead-antimony infilling
material, and the release models are based, respectively, upon
the solubility of U02, the solubility of a zirconium oxide
hydrate, a time-invariant leach rate, and the solubility of
PbCO3. Probability distributions for these parameters are des-
cribed by LeNeveu (1986) and summarized in Table 10.

Two other waste forms are listed in Table 9: the composite con-
tainer and the zinc infilling material (for the supported class
of containers). For both of these waste forms, it was assumed
that dissolution occurs congruently and is constrained by a solu-
bility limit. The composite container is assumed, for this dis-
cussion, to be constructed of stainless steel. The solubility of
stainless steel is thought to be controlled by the solubility of
chromium in electrochemically reducing environments (see, for
example, Baroux 1983). Pourbaix (1966) gives a value of lxlO~5

mol/L for the solubility of chromium at 25°C in the presence of
chloride ions and with the stable solid being Cr(0H)3-nH20. It
was assumed that a representative solubility for chromium at
100°C is lxlO"4 mol/L. For the zinc infilling material, a solu-
bility at 100°C was calculated using SOLMNQ (Goodwin and Munday
1983), and the value 1x10"3 mol/L has been assumed, where the
stable solid is ZnO.

The variability and uncertainty in these solubility limits were
treated following the procedure outlined by LeNeveu (1986). A
lognormal probability distribution was assumed, with the esti-
mated solubility set equal to the average value and with the mode
set equal to one-tenth of the average. This procedure results in
a parameter distribution that effectively spans several orders of
magnitude. Values characterizing the resultant probability dis-
tributions are listed in Table 10.
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(3) With one exception, it is assumed that all waste forms begin to
dissolve at the time of failure of the containers. The container
failure function used is that developed by LeNeveu (1986) to
describe the corrosion of a supported class of titanium con-
tainer. The use of another type of container may alter the time
of failure of the first container, and the spread in failure
times of all other containers. These differences should not be
important, however, since the elemental inventories do not change
due to radioactive decay (except for technetium-99) and since
subsequent dispersion in the vault, geosphere and biosphere will
likely overwhelm the effects of different spreads in failure
times.

The single exception to the above simplification applies to the
dissolution of the composite container. For this waste form, it
is effectively assumed that dissolution of all containers begins
at the instant of closure of the vault.

TABLE 10

PARAMETERS AND THEIR PROBABILITY DISTRIBUTIONS

FOR THE WASTE FORM RELEASE MODELS

Waste Form

Parameter
Controlling
Dissolution

Dist ribution
Type Mean Value Comments *

used fuel

Zircaloy

Sodium
borosilicate
glass

Composite
container

Lead-
antimony
infilling
material

Zinc
infilling
material

solubility
00 2

solubility
ZrO2-2H2O

leach rate

solubility
Cr(OH)3-nH2

solubjlity
PbCOj

solubility
Zno

of

of

of
0

of

of

1ognormal

lognormal

loguniform

lognormal

lognorroal

lognormal

1.4x10 6mol/L

5xlCT10mol/L

1.57 kg m"2a~1

lxlO"4mol/L

8 .8xlO~4iiiol/L

1.3xlO"3mol/L

u = -10.2, CT = 2
truncated at the
3.86 and 99.997
percentiles

V = -9.64, a = .

lower and upper
limit are
2.7xlO~3 and
13.4 kg-nT^a"1

li = -4.33, o = 0

V = -3.39, CT = 0

u = -3.22, a = 0

.17

538

.538

.538

.538

The .parameters v and a are defined using the following representation of
the lognormal probability distribution:

exp(-<log x - tl)
2/2o2]

where log is a base 10 logarithm.

LeNeveu {1986) uses a higher mean solubility for the lead infilling
material. The estimated solubility used here was calculated using SOLMNQ
(Goodwin and Munday 1983) with an updated database of thermodynamic data,

. J_ —».i=t.t,t uif-h the lead solubility qiven in Table 7.
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(4) The submodels in SYVAC2 use constant distribution coefficients to
describe the sorption of trace levels of contaminants during
their transport by groundwaters. Different values for each
element are used within each submodel, and have been documented
for the vault submodel (LeNeveu 1986), the geosphere submodel
(Heinrich 1984) and the biosphere submodel (Mehta 1985).

For the vault and geosphere submodels, data are not given for the
elements bromine, chromium and zinc. Distribution coefficients
for iodine from LeNeveu (1986) and Heinrich (1984) were used to
represent distribution coefficients for bromine, using arguments
based on chemical analogy. Similarily, data for molybdenum was
used for chromium, and data for cadmium was used for zinc. A
summary of the vault and geosphere distribution coefficients used
is reproduced in Table 11.

For the biosphere submodel, the soil distribution coefficients
listed by Mehta (1985) have been replaced with values from a more
recent compilation by Sheppard et al. (1984). Values used from
this latter report are listed in Table 12.

A final change to SYVAC2 was a modification to the output. For
radiotoxicity assessments, the biosphere submodel includes an estimation of
consequence, which is defined to be the maximum effective annual dose equi-
valent to an individual in the most exposed group, up to a specified time.
This portion of the biosphere model was modified to estimate the maximum
predicted contaminant concentrations in surface waters, well waters, and in
soils over the time frame of interest (0 to 107 years).

It should be noted that the submodels used in SYVAC2 are prelimi-
nary, and are subject to change as new information from the research and
development program becomes available (Wuschke et al. 1985, Goodwin 1984,
Goodwin et al. 1987). The description of the well compartment in the
biosphere submodel, for example, requires further refinement (Fleer and
Barnard 1985), and will be modified for use in subsequent assessments.

4.3 Estimated Elemental Concentrations in the Biosphere

Several separate case studies were required to simulate the
migration of the 12 elements of most concern, since the elements did not
all derive from the same source waste form. SYVAC2 was modified as des-
cribed in Section 4.2, and cases were computed for the used fuel waste form
(containing Br, Cd, Cs, Mo, Pb, Sb, Sm and Tc); the sodium borosilicate
waste form (containing B, Br, Cd, Cs, Mo, Pb, Sb, Sm and Tc); the lead
infilling material (containing Pb and Sb) combined with the Zircaloy waste
form (containing Cr); the zinc infilling material (containing Zn); and the
composite container (containing Cr, Mo and Ni). Each case took about 2 to
6 hours of time on a VAX 785 computer, depending on the complexity of the
simulations.

Each case consisted of 1000 simulations, and a simulation cut-off
time of 107 years following closure of the disposal facilities. The long
simulation times were used since previous experience with SYVAC2 has shown
that the earliest arrival time of most radionuclides at the biosphere is of
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Element

B
Br
Cd
Cr

Cs
Mo
N i

Pb

Sb

Sm

Tc
Zn

DISTRIBUTION

TABLE

COEFFICIENTS

VAULT AND

Vault Submodel (KH in
Mean Value

1
3
6
9

2
9
2

' •>

4.

1.

9.
6.

.2x10"^

.OxlO"5

. lx lO" 2

.5xlO-4

. 0x l0 + 0

.5xlO"4

.5xlO~2

.4xlO~2

,7xiO-2

.OxlO"2

.5xlO"4

ixlO"2

11

GEOSPHERE

m3/kg>
Upper Limit Type

4
3
3
2

1.
2
2

1 .

6 ,

4 .

2 .
3 .

.4xlO~3

.OxlO~4

.9X10"1

.6xlO~2

. lx lO+ 2

.6xlO~2

.OxlO"1

,0xl0 + 0

.3X10"1

9xlO~2

6xlO~2

9X10"1

LN
LN
LN
LN

LN
LN
LN

LN

LN

LN

LN
LN

and K, ) USED IK THE

SUBMODELS

Geosphere
Mean Value

5

2

2

1

2

9

1
5

0
0

.0x10
0

.5xlO~2

0
^XlO"^

.5X10"1

.4X10"1

. lxlO"2

.2X10"1

.OxlO"2

Submodel (K
Range

0

0

1,
1 .
0

1 .

2 .
1 .
0
0

0
0

to l.OxlO"1

0

to 5.OxlO"2

0
. SxlO"^ to
3X10"1

to 3.0X10""1

.OxlO"2 to

2xlO~2 to
6X10"1

to 1 .0xl0 + 0

to l.OxlO"1

in m|^
Type

c
c
u
c

0

c
LU

U

LU

U

PU
V

K^ values used in the vault are all lognormal (LN), truncated at the upper
limit shown (the lower limits are all equal to zero). LeNeveu (1986) lists
the corresponding parameters defining the probability distributions.

Ka values used in the geosphere are input as constant (C), uniform (U),
loguniform (LU) or piecewise uniform (PU) probability distributions. For
technetium, K is zero 50% of the time (Heinrich 1984).

TABLE 12

DISTRIBUTION COEFFICIENTS ( USED FOR SOILS
IN THE BIOSPHERE SUBMODEL*

Element
Mean value of K. (m /kg)

Sandy Soil Silt Organic Soil clay

B
Br
Cd
Cr

Cs
Mo
Ni
Pb

Sb
Sm
Tc
Zn

1.0x10
1.1x10
2.1x10"
4.7x10"

-3
-2

4.7xl0 + 0

4.7xlO~2

4.5x10
2.4x10

2.4x10
8.8x10
4.7x10

+0

+ 0
+ 5
,-2

1.2xlO + 2

1.0x10
1.7x10
4.1x10
3.8x10

-2
-2
-3

1.3xlO + 1

3.8xlO~ 3

1.4xlO + 0

1.5x10+2

1.5x10
8.8x10
3.8x10
3.0x10"

+ 2
,+5
-3

1.0x10
5.0x10
1.8x10
8.1x10

4.6x10
8.1x10
1.4x10
3.0x10

3.0x10
8.8x10
8.1xlO+

9.5xlO+

-3
-1
+1
+0

,+1
+1
+ 1
+ 2

+ 2
+ 5

1.0x10
1.0x10
1.8x10
8.1x10

4.6x10
8.1x10
1.4x10
3.0x10

-3
-2
+1
+0

+1
+0
+1

+ 2

3.0xl0+

8.8xl0+

8.1xl0+0

9.5x10+0

*A11 values of K d are lognormally distributed (Sheppard et al.
1984) .
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the order of tens of thousands of years. For most simulations, the
expected arrival time is much longer (Wuschke et al. 1985). Consequently,
to extract more information, a long simulation time is required. The same
random number seed was also used to initiate each case, so that the same
set of 1000 simulations was selected (excepting values for parameters
relating to the characteristics of the differing waste form).

Some of the results of these cases are summarized in Table 13,
which gives the maximum predicted concentrations in the soil, lake and well
compartments for each element in each source waste form and over the entire
time frame of the simulation (0 to 107 years). Table 13 also indicates the
frequency of occurrences of concentrations that exceed an arbitrarily
chosen lower value of 10~16 mol/kg (soil) or mol/L (lake and well).
Several general observations can be made from these results.

(1) All elements can give rise to nonzero concentrations in each of
the three biosphere compartments. SYVAC2 does not perform
detailed calculations for simulations that are predicted to
result in very low elemental flows leaving the geosphere.
Consequently some maxima are not reported, but would exist at
values of about 10~2C mol/kg for soils or 10~20 mol/L for waters.
The frequency of occurrence of these concentrations shows
considerable variance. Only a few elements (B, Br, Cr, Mo and
Tc) have frequencies of occurrence exceeding 0.010.

(2) Concentrations in the lake are always lower, by about three or
more orders of magnitude, than concentrations in the well, when
at least one well concentration is available. Note that a well
is selected as a source of drinking water only about 10% of the
time, and the lake about 90% of the time (Mehta 1985), so that
frequently non-zero values are reported for the lake, but not the
well.

(3) For the used fuel waste form, concentrations of all elements are
very low. The largest calculated concentration was for
molybdenum in the well (2 x 10~8 mol/L).

(4) For the sodium borosilicate waste form, elemental concentrations
are also low, except for boron and molybdenum. Boron had the
largest calculated concentration (3 x 10"2 mol/L in the well) for
all cases. For each element, the estimated maximum
concentrations are greater for the sodium borosilicate waste form
than for the used fuel waste form.

(5) For the lead infilling material, the estimated concentrations of
antimony are zero for all simulations. Non-zero concentrations
are estimated in the soil and lake compartments for lead for only
a single simulation.

(6) For the zinc infilling material, the estimated concentrations of
zinc are zero for all simulations.

(7) For the Zircaloy waste form, several simulations gave rise to
nonzero concentrations of chromium; however the largest estimated
concentration was very small (lxl0~12 mol/L in the soil compart-
ment) .
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TABLE 13

SUMMARY OF MAXIMUM ESTIMATED CONCENTRATIONS IN THE BIOSPHERE

Maximum Concentration Observed
(and frequency of occurrence of values exceeding 10"16)

Element

Br
Cd
Cs
Mo
Pb
Sb
Sm
Tc

B
Br
Cd
Cs
Mo
Pb
Sb
Sm
Tc

Pb
Sb

Soil
(mol/kg)

8x10"13

2x10"21

8x10"1B

3X10"11

1x10"17

4x10"12

1x10"ll

Sodium

2x10-5

2x10-1

lxlO"10

3x10"9

5x10"6

4x10'8

6x10"4

7x10"7

Lead ]

5x10"5

Lake
(mol/L)

Used Fuel Waste

(0.051)
(0.000)
(0.000)
(0.166)
(0.000)
(0.000)
(0.001)
(0.008)

6x10"15

2x10"19

6xlO"18

2x10"15

1x10"22

3x10"19

4x10"15

Form

(0.009)
(0.000)
(0.000)
(0.073)
(0.000)
(0.000)
(0.000)
(0.002)

Well
(mol/L)

2xlO-10

2xlO-8

8x10"12

Borosilicate Glass Waste Form

(0.890)
(0.098)
(0.001)
(0.001)
(0.860)
(0.001)
(0.000)
(0.001)
(0.199)

infilling

(0.001)
(0.000)

3x10"6

9x10"11

7x10"12

3xlO"12

lxlO'8

2X10"1x

lxlO"9

5x10"10

Material

5xlO-8

(0.873)
(0.761)
(0.001)
(0.001)
(0.834)
(0.001)
(0.000)
(0.001)
(0.158)

3xlO"2

lxlO"6

2x10-"

3x10"6

Waste Form

(0.001)
(0.000)

(0.047)
(0.000)
(0.000)
(0.070)
(0.000)
(0.000)
(0.000)
(0.013)

(0.087)
(0.084)
(0.000)
(0.000)
(0.086)
(0.000)
(0.000)
(0.000)
(0.033)

(0.000)
(0.000)

Cr

Zn

Cr
Mo
Ni

Zircaloy

lxlO-12 (0.075) 7xlO"16 (0.004) 9X10"13 (0.078)

Zinc Infilling Material Waste Form

(0.000) — (0.000) — (0.000)

Composite Container Waste Form

2x10"3

1x10-"-
lxlC"16

(0
(0
(0

.649)

.638)

.001)

2x10"5

2xlO-6

lxlO"17

(0.
(0.
(0.

637)
631)
000)

2x10"2

lxlO"2
(0.
(0.
(0.

059)
059)
000)
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(8) For the composite container waste form, a large number of non-
zero concentrations are predicted for chromium and molybdenum.
Predicted concentrations of nickel were essentially zero for all
simulations.

The results presented in Table 13 show an apparent anomaly, since
estimated concentrations of cadmium, cesium, nickel, lead, antimony, sama-
rium and zinc are very low or zero for most simulations (the frequency of
occurrence of large values is 0.001 or less), and yet the maximum concen-
trations estimated are relatively large. A detailed inspection of the
SYVAC2 output reveals that the maximum predicted concentrations for most
elements arise from a small number of simulations. In fact one simulation,
that was unusual compared with all the other simulations, accounted for 7
out of 24 possible maximum elemental concentrations. For this unusual
simulation, the parameters describing the geosphere submodel were such that
the calculated groundwater transit time was very low, of the order of 20
years. Most other simulations have groundwater transit times in the geo-
sphere of the order of 107 years, as shown in Figure 1. This pattern was
also observed in a previous study using SYVAC2 with a similar set of input
probability distributions (Wuschke et al. 1985). (It has since been deter-
mined that simulations with very short groundwater transit times are caused
by the selection of high values of the geosphere hydraulic conductivity
(T.W. Melnyk, unpublished results). The probability distribution for this
parameter is lognormal without an upper truncation limit, and occasionally
an unrealistically high value can be chosen).

A major factor in limiting the frequency of appearance of an
element at significant levels of concentration in the biosphere is deter-
mined by the mobility of that element in the geosphere. An element with a
relatively large sorption coefficient tends to appear very rarely with a
nonzero estimated concentrations, unless the groundwater transit time is
very short. Conversely, an element with a low sorption coefficient tends
to appear more frequently with a nonzero estimated concentration. The two
major factors that influence the magnitudes of the estimated concentrations
a^e the elemental inventories, and the elemental release rates from the
different waste forms.

A convenient manner of investigating elemental mobilities in the
geosphere is through the use of scatter plots of the predicted concentra-
tion of the element in a specified biosphere compartment versus the time
that the maximum concentration was reached. Figures 2 and 3 show represen-
tative scatter plots for molybdenum, which has a sorption coefficient of
zero in the geosphere, and for technetium, which has nonzero sorption
coefficients 50% of the time (cf. Table 11). For most simulations,
molybdenum attains a maximum concentration at about the groundwater transit
time, since the maximum flow of molybdenum from the waste forms starts at
the instant of waste form release. For 50£ of the simulations, technetium
does not appear in the first 107 years, since its nonzero sorption coeffi-
cient and/or the long groundwater transit times have delayed its arrival.
Note that, if the calculations were carried out to longer simulation times,
all sorbing elements (except technetium which decays) would eventually
appear in all simulations. In those simulations with very long water-
transit times, however, the process of molecular diffusion would become
more significant, and the expected maximum concentrations would be reduced,
probably to insignificant levels.
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FIGURE 1: Distributions of Calculated Groundwater Transit Times Through the Geosphere.
Note the single unusual transit time at about 2x10 a.
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FIGURE 2: Maximum Estimated Concentrations of Molybdenum in the Well Compartment Versus Time of
Occurrence. The waste form is sodium borosilicate glass.
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FIGURE 3: Maximum Estimated Concentrations of Technetium in the Well Compartment Versus Time
of Occurrence. The waste form is sodium borosilicate glass.
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For the transit and cut-off times considered here, the results in
Table 13 largely reflect the mobilities of the elements in the geosphere.
In particular, the elements boron, bromine, chromium, molybdenum and tech-
netium have a high frequency of occurrence since their sorption coeffi-
cients in the geosphere are always (or frequently) zero. The elements
cadmium, cesium, nickel, lead, antimony, samarium and zinc have a low fre-
quency of occurrence since their sorption coefficients in the geosphere are
rarely (or never) zero. The latter group of elements can have significant
concentrations in the biosphere only when the groundwater transit time is
sufficiently low so that the retardation due to sorption is not large
enough to delay it beyond 107 years. This is the situation leading to the
single unusual simulation described previously.

The results in Table 13 are also consistent with the results
reported by Wuschke et al. (1985) for the chemical toxicities of cadmium,
lead and antimony from the used fuel waste form, and for lead and antimony
from the lead infilling material waste form. Wuschke et al. have reported
that, for their simulations, no runs occur in which large concentrations of
any of these elements appear in any of the biosphere compartments. The
results in Table 13 show that all three elements can have finite concentra-
tions, but their frequency of occurrence is very low. Apart from some
variations in the input data used, any differences in the results can be
attributed to statistical fluctuations inherent in probabilistic simula-
tions (Andres 1985).

For those elements that have larger frequencies of occurrence
more information can be provided from statistics such as the means and
standard deviations in the predicted concentrations. Table 14 gives this
information for the soil and well compartments for those elements whose
concentration exceeded 10~16 mol/kg (soil) or 10"16 mol/L (well) for at
least 5 of the 1000 accepted simulations.

TABLE 14

MEAN AND STANDARD DEVIATION OF ESTIMATED
CONCENTRATIONS IN THE SOIL AND WELL COMPARTMENTS

FOR SELECTED ELEMENTS*

Source Mean concentration (and Standard Deviation)
Element Waste Form Soil (mol/kg) Well (mol/L)

B NaBSi glass 9xlO~8 (8xlO~7) 9xlO~5 (lxlO"3)

Br used fuel 1x10"^ (3xl0~*4) 2xl0~13 (5xlO"12|
NaBSi glass 3xlO~10 (7xlO~9) 3xlO~9 (4xlO~8|

Cr Zircaloy 2xlO~*5 (4xlO~*4) 7xlO~*5 <5xlO~1'1)
composite container 3x10 6 (6x10 5| 7xlO~5 <9xl0~4)

Mo used fuel lxlO"*3 (lxlO~^2) 2 x l 0 ~ i 1 CxlO~-J0)
NaBSi glass 2xl0In (2xlO"7) 5xlO~° (2xlO~4)
composite container 5x10 ' (6xlO~6) 3xlO~5 (5xlO~4)

Tc used fuel 2xlO~J2 (4xlO~*2) 9xlO~J5 (3xlO~13)
NaBSi glass 9xlO~10 (2xlO~8) 4xlO~9 (8xlO~8)

Elements selected are those from Table 13 for which the predicted concen-
trations exceeded 10~16 mol/kg (soill or 10~16 mol/L (well) at least 5
times in the 1000 accepted simulations. Means and standard deviations are
for all simulated simulations.
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The values in Table 14, combined with the maximum concentrations
in Table 13, suggest that the distributions of estimated concentrations are
highly skewed; in many cases the mean is greater than the 99th percentile.
This characteristic is displayed in Figures 4 and 5, which are histograms
of the frequency of occurrence versus maximum estimated concentrations of
boron in the soil and lake compartments. Since the estimated concentra-
tions range over many orders of magnitude, the mean concentrations are
largely dominated by a few simulations with high estimated concentrations,
and the modal or most probable concentration is usually substantially lower
than the mean.

4.4 ESTIMATED CONSEQUENCES

To complete an assessment of the potential for chemical toxicity
effects, it remains to establish which elements could cause impacts on man,
and to establish the possible magnitudes of the impacts. These issues must
be resolved for potential contamination of the soil, lake and well compart-
ments. In the discussion below, we identify those elements which have the
greatest potential as chemical toxicity hazards, and provide qualitative
estimates of the magnitudes of the impacts. More quantitative estimates
would require a detailed evaluation of the toxicological effects, and is
considered to be outside '..he scope of this report.

Assessments dealing with radioactive isotopes usually proceed by
identifying pathways that could lead to an undesirable exposure. A typical
pathway, for example, involves the contamination of cattle feed, followed
by the consumption of cattle products and the ingestion of radionuclides.
Parameters required to describe this pathway would include soil to plant
transfer coefficients, plant yields, biosphere holdup times, feed consump-
tion rates, bioaccumulation factors, and dose-concentration ratios (see,
for example, Zach 1982). For radionuclides, a detailed analysis is often
required since most radionuclides from nuclear fuel waste disposal are not
normally found in the environment, and an assessment of their radiotoxici-
ties must be based on basic principles.

For the chemically toxic elements of concern, a more simplified
approach is feasible, since all elements (except technetium) are ubiquitous
in man's environment. It may be assumed, therefore, that man is already
exposed to these elements through a number of pathways such as ingestion of
contaminated beef products. It is not necessary, however, to investigate
each pathway in detail. Rather, estimated concentrations in the soil, lake
and well compartments can be compared with existing guidelines or accept-
able levels that apply to the use of these components of man's environment.
If the estimated concentrations of an element is much less than acceptable
levels of concentration, then it can be assumed that that element does not
pose a significant additional chemical toxicity hazard.

For the soil compartment, it is assumed that man would most
likely be affected through the ingestion of agricultural products.
Although specific guidelines for elemental concentrations in soils are not
generally available, suitable acceptable levels can be deduced from typical
concentrations found in most soils, lire and Berrow (1982) provide mean
values and ranges of values for concentrations of most elements found in a
variety of soils. For use here, it is assumed that the lowest limits
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reported by lire and Berrow (1982) can be used to represent acceptable
levels. Acceptable levels assumed for soil concentrations are summarized
in Table 15.

For the lake compartment, it is assumed that man could be
affected through the use of a lake as a source of drinking water, as a
source of irrigation water, and/or as a source of food (such as fish).
McNeely et al. (1979) provide guidelines for most elements of concern for
acceptable concentrations in drinking water and irrigation water, as well
as guidelines for the protection of freshwater and marine aquatic life.
For this study, it is assumed that the available guidelines from McNeely et
al. (1979) (or more recent reports) represent acceptable levels. Accept-
able levels assumed for lake water concentrations are summarized in Table
16.

For the well compartment, it is assumed that man could be
affected through the use of a well as a source of drinking water or as a
source of irrigation water. It should be noted, however, that the well
model used in SYVAC2 is for a well supplying household water only. For a
well supplying irrigation water, the larger water demand would require more
dilution by surface and near-surface waters, so that the estimated concen-
trations in SYVAC2 would be somewhat lower. For this study, the available
guidelines from McNeely et al. (1979) (or more recent reports) are assumed
to represent acceptable levels. Acceptable levels assumed for well water
concentrations are summarized in Table 17.

TABLE 15

COMPARISON OF ESTIMATED CONCENTRATIONS IN THE SOIL COMPARTMENT

WITH ACCEPTABLE LEVELS OF CONCENTRATION

Acceptable Level
SYVAC2 Results Exceeding

Acceptable Levels

Element (mol/kg)
Number of
Simulations

Confidence
Bound**

Source Waste
Form

B
B>"
Cd
Cr

Cs
Mo

Ni
Pb

S b

5m
Tc
Zn

2x10 Z
1 x 1 0 »
9x10 "
lxlO"4

2xl(Tf
lxlO"6

3x10"^
lxlO"5

2xlO"6

4xlO~6

3x10-4
2 x l 0 ~ 5

0
0
0
4
0
0
0
3
17
0
0
1
0

0
0
0

0 .002
0 . 0 0 2
0 .002
0.00B
0 .002
0 .002
0 . 0 0 2
0 .006
0 .023
0 .002
0 .002
0.004
0 .002

0 .002
0.002
0 .002

NaBSi glass
Used fuel, NaBSi glass
Used fuel, NaBSi glass
Composite container
Zircaloy
Used fuel, NaBSi glass
Used fuel
NaBSi glass
Composite container
Composite container
Used fuel, NaBSi glass
Pb-sb infiller
Used fuel, NaBSi glass
Pb-Sb infiller
Used fuel, NaBSi glass
Used fuel, NaBSi glass
Zinc infiller

An acceptable level is assumed to be the lowest of the ranges of values
reported by Ure and Berrow (1982), for typical concentrations of elements in
soils. Data for technetium was taken to be identical to that for manganese,
its Group VII precurser (see text pages 50-51).

At the 90% confidence level. The confidence bound represents the upper
limit of probability that any simulation would exceed the acceptable level
(see text page 51).
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TABLE 16

COMPARISON OF ESTIMATED CONCENTRATIONS IN THE LAKE COMPARTMENT

WITH ACCEPTABLE LEVELS OF CONCENTRATION

Acceptable Levels (mol/L)

SYVAC2 Results
Exceeding Lowest
Acceptable Level

Element
Drinking Irrigation Protection of Number of Confidence
Water Water Aquatic Life Simulations Bound

Source
Waste-
Form

B
Br
Cd
Cr

Cs
Ho

Ni
Pb

Sb

Sm
Tc
Zn

4xlO~4 3xlO~5

9xlO"8 9xlO~8

lxlO"6 2xlO~6

(9xlO~4) (9xlO~4)
(lxlO~7) lxlO"7

4xlO~6 4xlO~7

2xlO~7 2xlO~5

6xlO~8 (8xlO~8)

(lxio:6) (4x10 6)
b b

5x10
1x10
2x10"
2x10

-4
-6

-7

-7(1x10

4xlO"7

2xlO~b

2xlO~6

(lxlO"7)
(4x10 7)
5x10"'

0.002
0.002
0.002
0.012
0.002
0.002
0.002
0.006
0.002
0.002
0.004
0.002

0.002
0.002
0.002

NaBSi
Used
Used

glass
fuel
fuel,

Composite
Zircaloy
Used
Used

fuel,
fuel,

Composite
Composite
Used
Pb-Sb
Used
Pb-Sb
Used
Used
Zinc

fuel,

, NaBSi
, NaBSi

glass
glass

container

, NaBSi
, NaBSi

glass
glass

container
container
, NaBSi

infiller
fuel, NaBSi
infiller

fuel,
fuel,

NaBSi
NaBSi

infiller

glass

glass

glass
glass

Acceptable levels are taken from the guidelines recommended by McNeely et al.
(1979), with the following exceptions. Lead data for the protection of aquatic
life was taken from Demayo et al. (1980). Nickel data for drinking water and for
irrigation water was taken from Taylor et al. (1979). Data for antimony are
proposed guidelines from McNeely et al. (1979). Values given in brackets, for
bromine, cesium, molybdenum, antimony, samarium and technetium are assumed to be
representative of acceptable levels (see text pages 50-51).

**At the 90% confidence level. The confidence bound represents the upper limit
of the probability that any simulation would exceed the acceptable level (see
text page 51).

For some elements, suitable guidelines are not available for one
or more of the assumed uses of water or soil. The following discussion
provides a rationalization of the assumed acceptable levels that are listed
in Tables 15 to 17.

(1) Acceptable levels for bromine are not readily available for
drinking waters and irrigation waters. A low acceptable level of
10"6 mol/L exists for the protection of marine organisms from free
bromine (McNeely et al. 1979), and is assumed to be representative
of acceptable levels for other water uses.

(2) Acceptable levels for cesium in drinking water are not readily
available. The toxicity of cesium is expected to be very low,
since its chemical analogs, sodium and potassium, have a very low



- 39 -

TABLE 17

COMPARISON OF ESTIMATED CONCENTRATIONS IN THE WELL COMPARTMENT

WITH ACCEPTABLE LEVELS OF CONCENTRATION

Element

Acceptable Levels
(mol/L)

SYVAC2 Results Exceeding
Lowest Acceptable Level

Drinking Irrigation No. of Confidence Source
Water Water Simulations Bound** Waste Form

B
Br

Cd
Cr

Cs
Mo

Ni
Pb

Sb

Sm
Tc

Zn

4xlO~'j 3x10 j!
(lxlO~6) (lxlCT6)

9x10"°
lxlO"6

(9xlO~4)
(lxlO~7)

4x10
2x10"

-6

8x10-8

8x10,-5

9x10
-6

1x10"

3x10
2x10

-6
-5

(lxlO~7)
(4xlO~6)

3xlO~5

75
0
1
0
50
0
0
0
72
52
0
0

0.083
0.002
0.004
0.002
0.060
0.002
0.002
0.002
0.081
0.061
0 .002
0.002

0.002

0.002
0.002
0.004
0.002

NaB5i glass
Used fuel
NaBSi glass
Used fuel, NaBSi
Composite contaii
Zircaloy
Used fuel, NaBSi
Used fuel
NaBSi glass

gi
ner

gi

Composite container
Composite container
Used fuel, NaBSi
Pb-Sb infiller
Used fuel, NaBSi
Pb-Sb infiller
Used fuel, NaBSi
Used fuel
NaBSi glass
Zinc infiller

gi

gi

gi

Acceptable levels are taken from the guidelines recommended by McNeely et al.
(1979), with the following exceptions. Lead data for the protection of aquatic life
was taken from Demayo et al. (19801. Nickel data for drinking water and irrigation
water was taken from Taylor et al. (1979 1. Data for antimony are proposed guidelines
from McNeely et al. (1979). Values given in brackets, for bromine, cesium, molyb-
denum, antimony, samarium and technetium are assumed to be representative of accept-
able levels (see text, pages 50-51).

**At the 90% confidence level. The confidence bound represents the upper limit of
the probability that any simulation would exceed the acceptable level (see text, page
51).

(3)

toxicity. Data from Sax (1979) also suggest that the toxicity of
cesium is approximately similar to that for sodium and potassium;
for example the oral LD50 values are 2300, 2500 and 3000 mg/kg
respectively for CsCl, KCl and NaCl (each solid contains the
relatively innocuous chloride ion, so that toxicity effects might
be expected to be due solely to the Group I cation). It is
therefore assumed that acceptable values for cesium are the same
as those for sodium in drinking water (20 mg/L or 9xlO~4 mol/L,
using recommendations from McNeely et al. (1979) for people on
restricted sodium diets).

Acceptable levels for molybdenum are not readily available for
drinking water and for the protection of aquatic life. McNeely
et al. (1979) point out, however, that molybdenum has a low
chemical toxicity, and the guideline for irrigation waters is
assumed to be representative of acceptable levels for other water
uses.
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(4) An acceptable level for antimony in irrigation water is not
readily available. However, acceptable levels for its Group V
precursor, arsenic, do not show large changes for different uses
of water. It is therefore assumed that an acceptable level for
antimony in irrigation water is the same as its (proposed) guide-
line for drinking water.

(5) Acceptable levels for samarium and the other lanthanides in
waters are not generally available. Oral toxicity data for lan-
thanide chlorides and nitrates (see, for example, Sax 1979)
suggest that their oral toxicities are low to moderate. Oral
LD50 data for cerium, neodymium and samarium nitrates, for
example, are of the order of grams per kilogram, whereas NaN03

LDLo values are of the order of 0.2 g/kg (Sax 1979). For use
here, an acceptable level of 1 x 10~7 mol/L is assumed. This
value is amongst the lowest given in Table 16, and is likely a
conservative estimate.

(6) Acceptable levels for technetium in soil and water are not avail-
able, since this element does not have stable isotopes, and is
not normally found in the environment. Coffey et al. (1984)
note, however, that the intravenous toxicity of NaMnO4 is
expected to be greater than the intravenous toxicity of the
corresponding technetium-99 compound. For use in this report, it
is assumed that acceptable levels of technetium can be approxi-
mated by the corresponding acceptable levels for manganese.

To compare acceptable levels of concentration with the concentra-
tions predicted by SYVAC2, it is necessary to use a statistical approach.
This follows because SYVAC2 does not produce a single deterministic esti-
mate but a number of estimates with associated probabilities. Tables 15 to
17 (for the soil, lake and well compartments, respectively) therefore con-
tain two entries per element for the comparison. The first entry is a
count of the number of simulations that were estimated to exceed the
acceptable level. The second entry gives an upper 'confidence bound' or
the probability that the acceptable level would be exceeded, at the 90%
confidence level, for an infinite number of simulations, (Andres 1985).
For example, for boron in soil, none of the observed 1000 simulations
exceeded the acceptable level of 2x10"i mol/kg. Nevertheless there may
exist some simulations that could give rise to higher estimated concentra-
tions. At the 90% confidence level, based on 1000 simulations, it can be
concluded that the probability of boron exceeding its acceptable level in a
randomly selected simulation is less than about 0.002. The confidence
bound quanitifies the statistical confidence in the results and is a useful
concept for analyses where the supplied probability distributions are truly
representative of the system variability. (These confidence bounds cannot,
however quantify the confidence in the mathematical model employed in
SYVAC.)

The comparisons for soils (Table 15) show that only chromium from
the composite container, molybdenum from sodium borosilicate glass and from
the composite container, and lead from the lead-antimony infilling material
exceed acceptable levels of concentration in some simulations. The proba-
bility of exceeding acceptable levels are less than about 0.008 for chro-
mium, 0.006 and 0.023 for molybdenum, and 0.004 for lead. The elements
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boron, bromine, cadmium, cesium, nickel, antimony, samarium, technetium and
zinc did not exceed acceptable levels in any simulation, and the confidence
bounds for these elements is approximately 0.002.

The comparisons for lake waters (Table 16) show that only chro-
mium and molybdenum from the composite container, and lead from the lead-
antimony infilling material, exceed acceptable levels of concentration.
The probability of exceeding acceptable levels are less than about 0.012,
0.006 and 0.004 respectively, for chromium, molybdenum and lead. All other
elements did not exceed acceptable levels, and all have a confidence bound
of about 0.002.

The comparisons for well water (Table 17) show that cadmium,
cesium, nickel, lead, antimony, samarium and zinc did not exceed their
acceptable levels in all simulations and for all waste forms, with a
corresponding confidence bound of about 0.002. Bromine and technetium from
sodium borosilicate glass exceeded their acceptable levels in just one
simulation, with a confidence bound of about 0.004. The elements with the
highest potential for chemial toxicity, with their corresponding probabi-
lity of exceeding acceptable levels, are: boron from sodium borosilicate
glass (0.083), chromium from the composite container (0.060), molybdenum
from sodium borosilicate glass (0.081), and molybdenum from the composite
container (0.061). (It should be recalled that the description of the well
used in SYVAC2 is thought to be conservative, in that estimated elemental
concentrations in the well are likely to be overestimated (Wuschke et al.
1985)).

These comparisons have identified 6 elements whose concentrations
exceeded acceptable levels in 1 or more of the 1000 simulations. Bromine,
lead and technetium have very low probabilities of exceeding acceptable
levels, whereas boron, chromium and molybdenum have higher probabilities.
We assume that a qualitative measure of chemical toxicity risk can be
obtained by comparing the ratios of the mean concentrations, from Table 14,
to the corresponding acceptable levels, from Tables 15 to 17 (compare with
the definition of radiological risk in AECB (1986)). On this basis, all
ratios for all elements are less than unity for the soil and lake compart-
ments (i.e., all mean concentrations are less than the acceptable levels).
For the well compartment, the major offender is chromium from the composite
container (with a ratio of mean concentration to the acceptable level of
about 350), followed by molybdenum from the composite container (300),
molybdenum from the sodium borosilicate glass (50) and boron from the
sodium borosilicate glass (3).

The results in Tables 15 to 17 can also be used to give an
approximate ranking of the relative effectiveness of the six different
waste forms. Neither the Zircaloy waste form, the zinc infilling material
waste form nor the used fuel waste form have resulted in any estimated
concentrations that exceed acceptable levels for any element, whereas the
other three waste forms have resulted in predicted concentrations exceeding
acceptable levels in two or all three of the biosphere compartments. Based
on the relative frequencies of values exceeding acceptable chemical toxi-
city levels in Tables 15 to 17, the least to most hazardous ranking of the
source waste forms is (Zircaloy, used fuel, zinc infilling material) >
lead-antimony infilling material > composite container > sodium borosili-
cate glass.
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Further consideration of the results described here suggest that
there are four factors which have a significant influence on the estimated
chemical hazards of an element associated with nuclear fuel waste disposal.
For a high frequency of large impacts, the following characteristics must
be met:

(1) The element must be relatively mobile in the geosphere. High
elemental mobilities can lead to a high occurrence of non-zero
concentrations reaching the biosphere. For most simulations
considered here, the groundwater transit time is very long, and
this requirement is equivalent to a high probability of realizing
a value of zero for the geosphere sorption coefficient of the
element. This characteristic is the major reason for the
relatively high frequency of appearance of boron, chromium and
molybdenum, all of which have a geosphere sorption coefficient
fixed at zero.

(2) The element must have a relatively high inventory in the wastes.
High elemental inventories can lead to high concentrations
appearing in the biosphere. Bromine in sodium borosilicate
glass, for example, has a very low inventory, and so it does not
appear at unacceptable levels of concentration as frequently as
boron.

(3) There must be a relatively high rate of release of the element
from the waste form in which it is found. High elemental release
rates can also lead to high concentrations appearing in the bio-
sphere. This characteristic explains why Zircaloy and used fuel
are the 'best' waste forms, since their low solubilities in the
vault are very effective in controlling the release of entrapped
elements. For example, an element common to used fuel and sodium
borosilicate glass is more likely to be of concern in the latter
waste form, since the assumed chaiacteristics of sodium borosili-
cate glass make it less effective at controlling elemental
releases.

(4) The element must have a relatively high degree of chemical toxi-
city.

The inventory, release rate and toxicity factors mostly control
the magnitudes of estimated impacts, while the mobility factor mostly con-
trols the frequencies of appearance of impacts. Each of these factors must
be met, but only in a relative sense, for a high frequency of unacceptable
impact. This last statement is qualified because one or more factors may
dominate. The high frequencies of unacceptable levels of boron and low
frequencies for lead are a good examples. Boron is not very toxic, and has
a relatively low release rate, but its high inventory and mobility in the
geosphere are dominating factors. Conversely, lead has a high inventory, a
high release rate and is relatively toxic, but its low mobility in the
geosphere dominates.



- 43 -

5. SUMMARY AND RECOMMENDATIONS

There are over 50 elements associated with nuclear fuel waste
disposal that should be taken into consideration for an assessment of
chemical toxicity impact. For the purposes of this study, these elements
are assumed to occur in one or more of the six representative waste forms,
where "waste form" refers to any potential source of toxic elements. The
six waste forms considered are: used fuel, sodium borosilicate glass, a
hypothetical composite container, a lead-antimony infilling material, a
zinc infilling material, and Zircaloy.

A consideration of criteria such as solubility limits and natural
abundances has resulted in the elimination of most elements from further
detailed consideration. The 12 remaining elements that were carried
through a more detailed assessment are boron, bromine, cadmium, chromium,
cesium, molybdenum, nickel, lead, antimony, samarium, technetium and zinc.

This assessment was carried out using a modified version of the
stochastic systems assessment code, SYVAC2, originally developed to
evaluate the radiological impacts of underground disposal of nuclear wastes
(Wuschke et al. 1985). For each waste form, 1000 randomly chosen simula-
tions were selected, and the estimated concentrations were calculated for
each element in soil, lake and well compartment of the biosphere. Maximum
estimated concentrations were then compared with acceptable levels of con-
centration in the biosphere, and the results statistically interpreted.

In general, the results suggest that there exists a low probabi-
lity that nuclear fuel waste disposal could give rise to chemically harmful
impacts. For the soil compartment, only chromium, molybdenum and lead
occassionally exceeded their acceptable levels, with a maximum occurrence
of 17 out of 1000 simulations for molybdenum (from the composite con-
tainer). For the lake compartment, the same three elements were the only
ones to exceed their acceptable levels, with a maximum occurrence of 8 out
of 1000 simulations for chromium (from the composite container). For the
well compartment, boron, bromine, chromium, molybdenum and technetium occa-
sionally exceeded their acceptable levels, with a maximum occurrence of 83
out of 1000 simulations for boron (from the sodium borosilicate glass). As
a measure of the potential risks, we have compared the ratios of the calcu-
lated mean concentrations with the corresponding acceptable levels. Using
this criterion, only the well compartment has ratios exceeding unity for
chromium (from the composite container), molybdenum (from the composite
container and from the sodium borosilicate glass) and boron (from the
sodium borosilicate glass), listed in order from the highest to lowest
ratio.

There are four major factors that affect these results. The
first three, the elemental inventories, release rates and toxicities,
mostly affect the magnitudes of the estimated impacts. The fourth factor,
the elemental mobility in the geosphere, mostly affects the frequencies
with which estimated impacts occur. All four factors contribute to the
potential hazards from chemical toxicity, although one or more factors may
be dominant.
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Based on these results, it can be concluded that there is a low
probability of realizing significant chemical impacts from the disposal of
nuclear fuel wastes in Canada. If desired, these impacts can be readily
reduced or even eliminated. For example the current disposal concept in
Canada involves used fuel enclosed in a titanium container (Rummery and
Rosinger 1984). Consequently, there would be no potential chemical
toxicity effects from either the composite container or from the sodium
borosilicate glass waste forms that were considered in this report, and no
instances where an estimated mean concentration of an element exceeds its
acceptable level.

It should be emphasized that the results described here are pre-
liminary, in that they are based on computer models and data that are still
in the process of review, development and research. Although it can be
expected that further changes to the models and data will lead to some
changes with details of the conclusions, in general the conclusions should
not change in an overall qualitative sense. On the whole, most approxima-
tions and simplifications in SYVAC2 are of a conservative nature, so that
the estimated impacts are expected to be lower than those stated.

Nevertheless, our major recommendations are that the assessment
of potential chemical impacts should be part of the formal concept assess-
ment, and that these studies should be repeated using the updated models
and data. Ve also suggest that, for future assessment studies, the
evaluation of chemical toxicity effects be based on a better-quantified
measure of impact and risk, possibly through detailed evaluations of the
toxicologies of selected elements.
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