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ABSTRACT

An assessment of the potental radiological impact of 36C1 in the disposal of used CANDU fuel
has been performed. The assessment was based on new data on chlorine impurity levels in
used fuel. Data bases for the vault, geosphere, and biosphere models used in the EIS
postclosure assessment case study (Goodwin et al. 1994) were modified to include the
necessary 36C1 data. The resulting safety analysis shows that estimated radiological risks from
36C1 are forty times lower than from 129I at 104 a; thus, incorporation of 36C1 into the models
does not change the overall conclusions of the study of Goodwin et al. (1994a).

For human intrusion scenarios, an analysis using the methodology of Wuschke (1992) showed
that the maximum risk is unaffected by the inclusion of 36C1.
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ÉVALUATION RADIOLOGIQUE DU 36C1 DANS LE STOCKAGE PERMANENT
DU COMBUSTIBLE IRRADIÉ DES RÉACTEURS CANDU

par

L.H. Johnson, B.W. Goodwin, S.C. Sheppard, J.C. Tait, D.M. Wuschke et C.C Davison

RESUME

On a effectué une évaluation des incidences radiologiques éventuelles du 36C1 dans le stockage
permanent du combustible irradié des réacteurs CANDU. Cette évaluation a été fondée sur de
nouvelles données relatives à la teneur en chlore du combustible irradié. Les bases de
données des modèles de la biosphère, de la géosphère et de l'enceinte utilisées dans le cadre
de l'étude de cas de l'évaluation de post-fermeture de l'Étude d'impact sur l'environnement
(Goodwin et autres, 1994) ont été modifiées de manière à contenir les données nécessaires
relatives au 36C1. L'analyse de sûreté qui en résulte montre que les risques radiologiques
estimés provenant du 36C1 sont 40 fois inférieurs à ceux provenant de l'129I après 104 ans; en
conséquence, le fait d'incorporer le 36C1 dans les modèles ne modifie en rien les conclusions
générales de l'étude de Goodwin et autres (1994a).

En ce qui concerne les scénarios d'intrusion humaine, une analyse employant la méthodologie
de Wuschke ( 1992) a montré que le risque maximal demeure inchangé par la prise en compte
du 36C1.
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1. INTRODUCTION

AECL has prepared an Environmental Impaet Statement (EIS) on the coneept for disposal of
Canada's nuclear fuel waste (AECL 1994). The disposal concept is to place the waste in
long-lived containers; emplace the containers, enveloped by sealing materials, in a disposal
vault excavated at a nominal depth of 500 to 1000 m in intrusive igneous (plutonic) rock of
the Canadian Shield; and (eventually) seal all excavated openings and exploration boreholes
to form a passively safe system. Thus, there would be multiple barriers to protect humans
and the natural environment from contaminants in the waste: the container, the very low-
solubility waste form, the vault seals, and the geosphere.

An important part of the EIS is the postclosure safety assessment of a reference hypothetical
disposal facility. The major part of this safety assessment was performed using the
probabilistic analysis code, SYVAC3 (Goodwin et al. 1994a). The mathematical models
describing processes in the disposal vault, geosphere and biosphere have been described in
detail' elsewhere (Johnson et al. 1994, Davison et al. 1994, Davis et al. 1993a). A
supplementary deterministic analysis of four human intrusion scenarios was also performed
(Wuschke 1991, 1992; Goodwin et al. 1994a).

The results of postclosure assessment calculations performed with SYVAC3 showed that 129I
and C would be the principal contributors to long-term radiological risk (Goodwin et al.
1994a), although at many orders of magnitude below the AECB risk criterion (AECB 1987).
Assessment of human intrusion scenarios showed that I would be a significant contributor
to radiological risk after several thousand years, in two of the four intrusion scenarios
analyzed, again at several orders of magnitude below the regulatory limit (Wuschke 1991,
1992).

Information has recently been obtained that shows that another radionuclide, 36C1, could also
be a contributor to risk at approximately the same magnitude as 129I and 14C. Here we
present data on the amount of Cl present in used fuel bundles, the quantities that could be
released from the used fuel into groundwater after container failure, the rate of transport of
36C1 in the undisturbed vault, geosphere and biosphere and the potential radiological risks to
humans. We also discuss the contribution of Cl to potential risk in the four intrusion
scenarios. In performing all these analyses, we have used the same data base and models that
were adopted by Goodwin et al. (1994a) and by Wuschke (1992), with the exception of
modifications necessary to include Cl.

Chlorine-36 has a half-life of 3.01 x 105 a and arises from neutron capture by stable 35C1 that
may be present at trace levels (i.e., as an impurity) in any materials irradiated in the core of
a nuclear reactor. For the postclosure assessment case study (Goodwin et al. 1994a), the
radionuclide inventories in used fuel bundles were based on the calculations of Tait et al.
(1989). Chlorine was not included as an impurity in either UO2 fuel pellets or Zircaloy
sheath because published analyses did not report detectable levels of Cl in these materials.
Interest in the effect of trace levels of Cl on the fracture properties of zirconium-niobium
pressure tubes resulted in analyses of typical Cl levels in these materials. Aitchison and
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Davies (1993) have observed levels of 3 to 5 ppm Cl in this alloy. Analyses of light water
reactor UO2 fuei pciieis (Guenthcr et al. 1991) have always shown that the Cl concentration
is below the detection limit, a value usually reported as 5 or 10 ppm. It was suspected that
actual levels were far less than this, because UO2 fuel pellets are prepared by sintering at
1600°C in H2 for several hours, and chlorides are volatile under these conditions. Recent
analysis indicates that this is not the case and that several ppm are present in fuel pellets (see
Section 4.2). These findings, along with the expectation that 36C1 would nave release and
transport behaviour similar to I29I, prompted the analyses presented in this report.

2. ASSESSMENT METHODOLOGY

The postclosure assessment examines the performance and behaviour of a nuclear fuel waste
disposal system to estimate and evaluate the potential long-term impacts on human health and
the natural environment (AECL 1994). The assessment methodology used to estimate
impacts from ~l6Cl is identical to that documented in the postclosure assessment case study.
(Goodwin et al. 1994a).

3. DISPOSAL SYSTEM DESCRIPTION

The model calculations presented are for the specific reference vault design shown in
Figure 3-1, which comprises used CANDU (CANada Deuterium Uranium) fuel bundles in
Grade-2 titanium containers, which would be emplaced in boreholes in the floor of a mined
excavation located at a depth of 500 m in plutonic rock. The containers would be surrounded
by a compacted buffer material that is a mixture of 50 wt.% sand and 50 wt.% bentonite.
Disposal rooms and tunnels would be sealed with a layer of backfill mixture composed of
25% glacial lake clay and 75% crushed granite and an overlying layer of buffer material
(AECL 1994).

For the postclosure assessment, we represent the reference disposal system using a system
model, or a sequential chain of mathematical models. The SYVAC code links models that
describe the behaviour of the vault, geosphere and biosphere components of the disposal
system. The vault model simulates the release of contaminants from the containers and waste
form and their transport through buffer and backfill to the rock surrounding the vault. The
geosphere model simulates the transport of contaminants from the vault through the rock of
the geosphere to discharge zones in the biosphere. The biosphere model simulates the
transport of contaminants in the water, air and soil of the biosphere and estimates subsequent
impacts, such as dose rate to individuals of the critical group and to nonhuman biota.
Linkages between these component models ensures that required information can flow both
ways. For example, groundwater flow characteristics in the geosphere model affect the
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Detail of Vault Room

BabkMI-
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FIGURE 3-1 : Illustration of the Reference Disposal System.

The vault is about 500 m below the surface and consists of
access tunnels and shafts, with a total of 119000
containers emplaced in boreholes in the floors of more than
400 disposal rooms. The row of rooms on the right side,
near the shafts to the surface facilities, is shorter than the
others to separate the containers in those rooms from a
fracture zone assumed to pass near the vault. We assume
that this fracture zone, known as fracture zone LD1, extends
to the surface and passes through the plane of the vault.
The closest perpendicular distance between the edge of the
vault and LD1 is about 50 m. The inset shows a cross
section of a typical disposal room. Used-fuel bundles from
CANDU reactors will be placed in corrosion-resistant
titanium containers. The containers are located in boreholes
in the floor of a disposal room and are surrounded by a
dense mixture of bentonite clay and sand (the buffer). A
mixture of glacial lake clay and crushed rock (the backfill)
and a series of concrete bulkheads seals the disposal rooms,
access tunnels and shaft.
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release of contaminants from the vault model, and contaminant releases from the vault are
used in the geosphere model.

Information from an extensive research and development program was used to formulate the
models and linkages, and to provide the associated data. For the most part, we used the same
system model and data as that outlined in the postclosure assessment (Goodwin et al. 1994a).
More detailed information on these models and data are provided in the reports for the vault
model (Johnson et al. 1994), the geosphere model (Davison et al. 1994) and the biosphere
model (Davis et al. 1993a). The discussion in Sections 4 to 6 describes changes to the
SYVAC models and data required for the analysis of 36C1.

4. BEHAVIOUR OF 36C1 IN THE VAULT

4.1 INTRODUCTION

The vault model for postclosure assessment for the reference disposal system has been
described in detail by Johnson et al. (1994). New data on inventories of 36C1 in used fuel and
Zircaloy sheath, the instant release fraction of 36C1 and diffusion coefficients and capacity
factors for 36C1 in buffer and backfill materials were added to the postclosure assessment data
base. In addition, a modification was made to the solubility data for Zr, as discussed below.

4.2 36C1 INVENTORIES IN USED FUEL BUNDLES

Chlorine-36 arises from the neutron activation (n,y) of 35C1 impurities present in the
unirradiated fuel (the natural abundances of chlorine isotopes are 35C1 75.77%, 37C1 24.23%).
Previously, there have been no measurements of the concentration of Cl impurities in UO2

fuels. Recent measurements of total Cl in an unirradiated CANDU fuel pellet using wet
chemical analysis indicated an impurity concentration of 3 mg kg"1. A second independent
analysis found a concentration of 5 mg kg"1 ± 2 mg kg"1 (Tait, unpublished results). For the
purposes of this assessment, it is assumed that the impurity concentration of Cl in the
unirradiated fuel can be characterized using a uniform PDF with a range of values from 1 to
10 mg kg"1.

The ORIGEN-S code (Hermann and Westfall 1990, Tait et al. 1989) was used to generate the
isotopic composition of radionuclides in CANDU fuel irradiated to a burnup of 685 GJ/kg
initial U (the reference burnup for the postclosure assessment case study). A 5-mg kg"
impurity of Cl in the unirradiated fuel results in the generation of 3.44 x 10"4 g (kg U)"1

(4.22 x 105 Bq (kg U)'1) 36C1 in the fuel at discharge. Using the above PDF for impurity
concentration of Cl, the PDF for 36C1 concentration is uniform with a range of 1.92 x 10"6 to
1.92 x 10"5 mol (kgU)"1.
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In addition to a Cl impurity in the fuel, there is also likely to be a Cl impurity in the Zircaloy
fuei sheath. Measurements of total C! impurity in Zr-2.5Nh pressure tubes (Aitchison and
Davies 1993) indicate impurity levels of < 5 mg kg"1 (-1.5 to 5 mg kg"1). Since both pressure
tubes and the Zircaloy sheath are fabricated by similar techniques, it is assumed that similar
Cl impurity levels would be found in the Zircaloy sheath. For the purposes of this assessment,
it is assumed that the Cl impurity in the sheath varies uniformly from 1 to 5 mg kg"1. An
ORIGEN-S code calculation at the reference burnup with a Cl concentration varying from
1 x 10"3 to 5 x 10"3 g (kg Zr)"1, indicates that this would generate a 36C1 concentration of
8.1 x 1(T5 to 4.06 x 10"4 g (kg Zr)"1 in the Zircaloy at discharge.

4.3 36C1 RELEASE FROM USED FUEL BUNDLES

It is anticipated that during reactor operation, 36C1 would behave in a manner similar to the
fission product 129I, in that it is insoluble in the U02 matrix and would tend to migrate to the
gap and grain boundary regions in the fuel (Johnson et al. 1994). Preliminary measurements
on 36C1 released from several used fuel segments during aqueous leaching, summarized in
Table 4-1, indicate that the percent total inventory released from the gap region in the fuel is

1 vO
similar to the percent total I released and thus supports this assumption. Consequently, for
this safety assessment, the fraction of the total inventory of Cl present in the gap and grain
boundary regions and the mechanism of release to groundwaters following failure of the
disposal container are assumed to be the same as for l29I.

TABLE 4-1

LEACHTNG RESULTS FOR 36C1 AND 129I FOR CANDU FUELS

Fuel Bundle
Identification

BF21271C

BF12059C

PA07993W

BJ49093C

fission gas
% Total Gap

2.75

3.44

4.31

7.03

129j

% of Total
Inventory Released

3.5

2.6

11.0

4.2

36C1*
% of Total

Inventory Released

8.1

3.2

8.8

10.4

Based on an assumed 5 mg kg"1 stable chlorine inventory in unirradiated UO2.

The chlorine impurity in the Zircaloy is likely to be present at grain boundaries in both the
unirradiated and irradiated sheath. As discussed by Johnson et al. (1994), activation products
in the sheath are expected to be released during the slow general corrosion of Zircaloy at a
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1 2
Access Tunnels

3 4 5 6

Vault rooms

FIGURE 4-1 : Overhead View of the Vault for the Reference Disposal System, Illustrating the
12 Sectors

r\

The vault occupies an area of about 3 km and has been divided into
12 sectors to take into account variations in the properties of the geosphere
over this area (Davison et al. 1994b). We assume that the rock adjoining each
sector has relatively uniform hydrogeological properties. Most of the sectors
are clustered near fracture zone LDl, because the distance to the fracture zone
is an important parameter affecting the movement of contaminants from a
sector into the surrounding rock.
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rate governed by the solubility of zirconium dioxide and the mass transport rate of Zr through
the buffer material. The PDF describing the solubility of Zr02 in the postclosure assessment
case study was assumed to be lognonnal with a geometric mean of 1.8 x 10~9 mol L"1 and a
geometric standard deviation of 3.4 x 102. Sampling from this PDF gives unrealistically high
values (>10~2 mol L"1) in a small number of simulations; thus, the solubility PDF for ZrO2 was
modified in the present study to provide an upper solubility limit of 10~3 mol L"1 (see
Appendix A).

4.4 36C1 TRANSPORT IN BUFFER AND BACKFILL MATERIALS

Transport of radionuclides in buffer and backfill materials in the reference disposal vault is
discussed in detail by Johnson et al. (1994). Studies by Oscarson et al. (1992), Robin et al.
(1987) and Muurinen et al. (1989) have shown that 36C1 and 129I have essentially identical
diffusion coefficients and capacity factors in the reference buffer material.

4.5 SUMMARY OF DATA USED IN 36C1 ASSESSMENT SIMULATIONS

Table 4-2 summarizes the data set for the vault model used to perform assessment calculations
for 36C1 for the reference disposal system. The data used for 129I and 14C simulations, which
are compared to simulation results for 36C1 in Section 7, are the same as given in the previous
study of Johnson et al. (1994).

5. BEHAVIOUR OF 36C1 IN THE GEOSPHERE

5.1 INTRODUCTION

The geosphere model for postclosure assessment for the reference disposal system has been
described by Davison et al (1994). Briefly, the geosphere consists of the rock surrounding the
vault, including the groundwater in the pores and cracks in the rock, the seals in the shafts and
exploratory boreholes at the disposal site, and a domestic water supply well that is assumed
to intersect the pathway of most rapid transport from the vault to the biosphere. The
geosphere model simulates: the movement of groundwater from the vault through pathways
in the geosphere to discharge locations at the biosphere; the movement of vault contaminants
in the groundwater by advection, hydrodynamic dispersion and molecular diffusion; chemical
sorption of the contaminants onto minerals in the rock during transport, radioactive decay; and
the rate of discharge of vault contaminants to the biosphere.

The geosphere was assumed to have characteristics similar to those found at the Whiteshell
Research Area (WRA) in southeastern Manitoba. For the case study, the hypothetical disposal
vault was located at a depth of 500 m in the rock of the granitic Lac du Bonnet Batholith near
an assumed large low-dipping fracture zone (referred to as LDI). The characteristics of
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TABLE 4-2

DATA FOR 36C1 ASSESSMENT SIMULATIONS FOR

THE REFERENCE DISPOSAL SYSTEM

Parameter

Inventory
in Used
Fuel

Inventory
in Zircaloy
Sheath

Instant-
Release
Fraction

Diffusion
Data for
Buffer

Capacity
Factor
for Buffer

Diffusion
Data for
Backfill

Capacity
Factor for
Backfill

Half-life

PDF Type

Uniform

Uniform

Normal

Lognormal

Lognormal

Normal

Normal

Constant

PDF Attributes

lower bound = 1.92 x 10'6 mol (kg U)'1

upper bound = 3.92 x 10'5 mol (kg U)'1

lower bound1 = 2.7 x 10'7 mol (kg U)'1

upper bound = 1.35 x 10-6 mol (kg U)'1

mean = 0.081
standard deviation = 0.01
lower bound = 0.012
upper bound = 0.25

geometric mean = 1.8 x 10"5 m2-a" '
geometric standard deviation = 2.714
lower bound = 9.0 x 10'7 ni2-a''
upper bound = 3.6 x 10 4 m2-a"'

geometric mean = 6.33 x 10"3

geometric standard deviation = 3.984
lower bound = 1.0 x 10'4

upper bound = 0.4

mean = 2.25 x 10'3 mV '
standard deviation = 1.5 x 10"4 m2-a" '
lower bound = 1.8 x 10"3 m2-a" '
upper bound = 2.7 x 10"3 m2-a" '

mean = 0.25
standard deviation = 1.667 x 10"2

lower bound = 0.2
upper bound = 0.3

Median Values

1.06x 10'5

mol (kg U)'1

8.1 x 10'7

mol-kg U-'

0.081

1.8 x IO'5

mV

6.33 x 10'3

2.25 x 10°
mV '

2.5 x ID'1

3.01 x 10s a

Equivalent to the value 8.1 x 10"5 g (kg Zr)"1 given in Section 4.2
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(a)

(b)
Plnawa
Channel

\

Boggy
Creek
North Well

Boggy
Creek
South

^^«x\ Upper Rock Zone

Vault

Intermediate Rock Zone

Lower Rock Zone

(c) Upper Rock Zone

Intermediate Rock Zone

Lower Rock Zone

Vault

FIGURE 5-1: The Network of Segments Used for the Reference Disposal System

Parts (b) and (c) are cross sections with projections of the transport network,
and the arrows indicate the direction of contaminant movement. Parts (a) and
(b) apply to the case with small to moderate rates of withdrawal of water from
a shallow well, and the set of segments lead from the 12 vault sectors to 4
discharge locations in the biosphere. Part (c) applies to the l imit ing case where
withdrawal rates are large and from a deep well, and contaminants from most
vaul t sectors arc diverted to the well. There is a gradual change of contaminant
movement from the set of segments shown in part (b) to those shown in part
(c), depending on the rate of water withdrawal from the well (Davison et al.
1994b).
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groundwater (low, iiydrodynamic dispersion, molecular diffusion and chemical scrption reflect
the conditions determined at the WRA from extensive field and laboratory investigations.

5.2 36C1 TRANSPORT IN THE GEOSPHERE

The transport of radionuclides through the geosphere in the reference disposal system is
discussed by Davison et al (1994) and by Goodwin et al (1994a). Chlorine is expected to be
present in the geosphere as a monovalent anion. It has often been used as a conservative or
non-sorbing groundwater tracer although there is some evidence that it may travel slightly
faster than tritiated water as a result of ion-exclusion (Ogard et al 1988). However, the
difference is slight (<10%) and does not warrant the use of a negative sorption coefficient for
chloride. Thus chloride has been assumed to have no sorption in the geosphere model. The
modeled transport of Cl through the geosphere is therefore essentially the same as that of

I which was represented in the case study for the previous postclosure assessment (Goodwin
et al 1994a). A discussion of the behaviour of 129I ir
et al (1994) and in Vandergraaf and Ticknor (1994).
et al 1994a). A discussion of the behaviour of 129I in the geosphere is contained in Davison

6. BEHAVIOUR OF 36C1 IN THE BIOSPHERE

6.1 INTRODUCTION

Chlorine is an essential element for both plants and animals, and in the biosphere, 36C1 is
readily incorporated into biological materials. In this section, we summarize the conceptual
biosphere model, our experimental results on selected pathways, and the BIOTRAC
(BlOsphere TRansport And Consequences, Davis et al. 1993a) model as it has been
implemented to assess the impact of 36C1.

An important aspect of the behaviour of 36C1 in the biosphere can be conceptualized as
isotopic exchange, where 36C1 mixes with stable Cl from the biosphere. During the long
transit time from the vault through the rock to the surface, it is expected the 36C1 will undergo
complete isotopic mixing with stable Cl in the groundwater and will emerge from the
geosphere in the same chemical form as the native Cl, which is mostly as an inorganic Cl"
anion. Isotopic exchange will continue in the biosphere, but there are several entry points into
the biosphere and, therefore, several stable Cl pools with which the 36C1 will mix.
Chlorine-36 entering a water body will mix readily with the large amount of stable Cl present.
The mixing will be less rapid if the 36C1 enters a wetland or terrestrial setting. It is also
conceivable that the 36C1 may enter the biosphere through a well, where mixing will be very
rapid but where the dilution will be relatively small. Although isotopic exchange is important
at all three entry points, the integration of the three mixing pools is difficult because it is very
dependent on local conditions. Because of this, we model the behaviour of 36C1 only partly
as isotopic exchange, with most of our calculations relying on compartment pathways transfer
models. We also use this approach with 14C and 129I in BIOTRAC.
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6.2 CONCEPTUAL BIOSPHERE

The containment of fuel waste will delay the earliest possible 36C1 contamination of the
biosphere for a long time so that the relevant biosphere will have evolved from present
conditions. In addition, the exact location of the disposal facility is not known at present.
Thus, the biosphere we must consider for this assessment cannot be precisely specified. We
have described, instead, a generic biosphere that will be relevant over broad scales of both
time and space (Davis et al. 1993a).

The generic biosphere we consider is located on the Canadian Shield. The climate, landscape,
and biota encompass the range of those present today, and this range also encompasses
considerable potential for temporal change of these properties. Human activity is assumed to
be ever-present, and we have specified a life-style that predisposes the inhabitants to exposure
to 36C1 and other nuclides potentially emanating from the disposal vault. These hypothetical
inhabitants compose the "critical group", and they derive all of their resources from the
contaminated area. They may use a bedrock well that intersects the flow path of contaminated
water in the rocks and may irrigate crops with either this well water or with water from a
contaminated lake. They derive their building materials from contaminated soil or trees, and
they burn contaminated wood or peat for heating. Food consists of fish, vegetation, mammals,
and birds that live entirely in the contaminated area. Although this degree of human,
self-sufficiency is virtually without modern precedent, it is necessary to invoke this
conservatism for the assessment because we cannot predict the behaviour of humans in the
future.

The consequences of 36C1 contamination can be estimated for both human and nonhuman
biota. For both, we estimate the 36C1 concentration in living tissue and from this estimate a
radiation dose. Acceptable dose limits have been set for humans based on the probability of
inducing fatal cancer and hereditary effects (AECB 1987). There is less data on the effects
of radiation on other biota, but some guidance on acceptable levels is available (Amiro
1992a,b 1993; Amiro and Zach 1993). Doses to nonhuman biota are calculated in the same
manner as those for 14C, as outlined by Davis et al. (1993a). The required parameter values
are given in Section 6.5.4.5.

6.3 EXPERIMENTAL RESULTS

There is considerable literature about Cl in the biosphere, mostly because Cl is essential for
life, is present in relatively high concentrations and is a pollutant resulting from road salting
and other industrial practices. Although it may be deficient for normal growth of plants in a
few settings, problems with Cl are usually associated with excesses. As a result of this
literature, little direct experimental work was required in order to assess the impact of 36C1 in
the biosphere. However, Cl was included in one study to investigate specific pathways and
to allow direct comparison to I. The comparison to I is particularly relevant because 129I and
36C1 are both halogens and are two prominent nuclides in the assessment of nuclear fuel waste.
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Sheppard and Evenden (1992) and Sheppard et al. (1993) investigated the soil to plant transfer
of C! and T (and of F and Br). They used outdoor plots planted with garden vegetables, as
well as outdoor lysimeters and controlled-atmosphere chambers. They confirmed that Cl is
much more efficiently taken up by plants than is I. The observed geometric mean plant/soil
concentration ratio for Cl (plant fresh weight basis), Bv, was 7, which is 2.5-fold lower than
the value specified for the assessment code BIOTRAC (Section 6.5.4.1), Thus, the BIOTRAC
value is conservatively high compared to our experimental results.

The soil solid/liquid partition coefficient, Kd, was also measured in this study, for the one
loam soil. The measured value was 0.63 L kg"1 dry soil. The values specified for BIOTRAC
range from 0.25 to 4.4 L kg"1 for mineral soils (Section 6.5.2).

The transfer of 1 from soil to plants includes a gaseous transfer: from the soil through the
atmosphere and to the plant leaves. This transfer is implicit in any field data for the soil to
plant transfer. Sheppard and Evenden (1992) and Sheppard et al. (1993) use several field and
laboratory techniques to investigate this pathway for Cl, and found no evidence of such a
transfer. Thus, accumulation of Cl by plants from soil is virtually entirely through root uptake,
and gaseous losses of Cl from soil is negligible. In BIOTRAC, no gaseous loss of Cl is
modelled from either soils or lakes (Sections 6.5.2 and 6.5.3).

6.4 BIOSPHERE MODEL DESCRIPTION

The biosphere model, BIOTRAC, is fully described in its primary reference (Davis et al.
1993a), in four documents representing surface water, soil, atmospheric and food-chain
components (Bird et al. 1992; Sheppard 1992; Amiro 1992c; Zach and Sheppard 1992), and
in the scientific literature (Amiro and Davis 1991; Bird et al. 1993; Davis et al. 1993b; Reid
and Corbett 1993; Sheppard et al. 1994; Zach and Sheppard 1991; Zach et al. 1994). Here,
we give only a brief summary of the model structure and refer readers to the original
documents for technical explanations and justifications. Parameter values used solely for 36C1
arc not provided in these referenced documents and are established and discussed here.

BIOTRAC is used in a stochastic manner, with multiple biosphere states considered by
randomly selecting input parameter values. Each parameter value is chosen from its specified
PDF. There is some restraint from fully random selection in that certain parameter pairs are
correlated. If the correlation is positive, random selection of a high value of one will increase
the likelihood of selecting a high value of the second. The impact of correlations in the soil
and plant components of the model is discussed by Sheppard and Sheppard (1989).

Parameter values are selected at the beginning of each simulation and then each simulation is
calculated for times up to 105 a. The parameters are held invariant over the time period
within each simulation. However, processes such as irrigation have a finite duration that is
different from the full simulation time. Other aspects of landscape evolution are considered.
We assume that in a fraction of the simulations, lake sediments are used as soil for plant
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growth. This process encompasses dredging, drainage and, to some extent, the natural infilling
of lakes.

The discharge of nuclides from the geosphere to the biosphere includes both a well and
surface areas. In our case study (AECL 1994), there are three different surface discharge
areas, each the result of a different flow path from the hypothetical disposal vault. In the
biosphere model, we partition the resources used by the critical group among these discharge
areas in a way that will maximize dose to humans. For example, the vegetable garden is part
of a key exposure pathway and so is allocated to the most-contaminated soil areas. The
woodlot is less important and is allocated to less-contaminated areas.

There are many minor exposure pathways considered implicitly in the major ones modelled.
For example, the wearing of clothing made of contaminated leather or plant fibres is not
explicitly considered because it would contribute a negligible dose compared to eating the
animals and the plants and exposure to external radiation from plant-based building materials.
Treatment of this and similar minor pathways is discussed in our scenario analysis report
(Goodwin et al. 1994b).

An important feature of the biosphere model for 36C1 is a groundwater dose limit set by the
specific activity of Cl in the geosphere. Because of the stochastic simulation method and the
compartment transfer form of the model, there may be unrealistically high doses calculated
in some simulations. However, the biosphere has no processes by which 36C1 and stable Cl
can be separated by a substantial amount. The highest possible specific activity, therefore, is
that in the geosphere. All dose estimates are compared with the dose arising from this specific
activity and any higher values are replaced by the dose derived from the geosphere specific
activity. This dose limit is analogous to those established for 14C and 129I.

6.5 BIOSPHERE MODEL PARAMETER VALUES FOR 36C1

Parameter values tabulated in Table 6-1 are discussed below in the context of the various
submodels of BIOTRAC.

6.5.1 Surface Water Submodel

The key parameter specific to Cl in the surface water submodel is the rate of loss from the
v/ater column to the sediment, a. The geometric mean value is 0.005 a"1 from a lognormal
distribution with a geometric standard deviation of 11.7. This value was derived from the
primary literature (Bird 1994).

Another parameter is used to describe the gaseous loss of nuclides from surface water to the
atmosphere. This pathway has not been observed in the literature and is assumed to not occur
for Cl. The effective parameter value is zero.
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TABLE 6-1

DATA FOR 36Ci ASSESSMENT SIMULATIONS

FOR THE BIOSPHERE

Parameter

Loss rate from lake water
to sediment

Soil solid/liquid partition
coefficient, Kd

Fractional release to
atmosphere as a result of
fire, EMFRAC

Fractional release to
indoor air from water
entering a house,
RELFRAC

Soil to plant
concentration ratio, Bv

Ingestion to milk transfer
factor, Fij

Ingestion to meat transfer
factor, Fij

Ingestion to bird product
transfer factor, Fij

Aquatic animal
concentration ratio, Bij

Dose conversion factor
for human ingestion, DFe

Dose conversion factor
for human inhalation, DFi

Dose conversion factor
for human external
exposure to air, DFa

PDF Type

Lognormal

Lognormal

Constant

Constant

Lognormal

Lognormal

Lognormal

Lognormal

Lognormal

Constant

Constant

Constant

PDF Attributes

geometric mean = 0.005 a"1

geometric standard deviation = 11.7

geometric mean for sand = 0.8 L kg"1

geometric mean for loam = 0.25 L kg"1

geometric mean for clay = 4.4 L kg"1

geometric mean for organic = 1 1 .3 L kg'1

geometric standard deviation for all soil types = 10
correlation coefficient r = -0.7 with Bv

1

1

geometric mean = 18 (Bq kg"1 wet plant)/(Bq kg"1 dry soil
geometric standard deviation = 10
correlation coefficient r =-0.7 with Kd

geometric mean = 0.017 d L"1

geometric standard deviation = 3.2

geometric mean = 0.08 d kg"1

geometric standard deviation = 3.2

geometric mean = 8 d kg"1

geometric standard deviation = 3.2

geometric mean = 50 L kg"1

geometric standard deviation = 12

1 x 10"9SvBq"'

6.7 x 10"'°Sv Bq"1

4 x 10"9(Sva"')/(Bq m"3 air)
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Dose conversion factor
for human external
exposure to water, DFh

Dose conversion factor
for human external
exposure to ground
surface, DFg

Dose conversion factor
for human external
exposure to building
materials, DFb

Dose conversion factor
for nonhuman internal
exposure, DFnonh-int

Dose conversion factor
for nonhuman external
exposure to air

Dose conversion factor
for nonhuman external
exposure to water

Dose conversion factor
for nonhuman external
exposure to vegetation

Dose conversion factor
for nonhuman external
exposure to soil

Concentration of stable
chlorine in groundwater
of the geosphere, CW,

Dose conversion factor
for human internal
exposure, DFC1

Weight of soft tissue in
reference man, Bs

Mass of chlorine in soft
tissue of reference man,
Bc,

Mass of chlorine per unit
activity of 36C1, gb

Constant

Constant

Constant

Constant

Constant

Constant

Constant

Constant

Uniform

Constant

Constant

Constant

Constant

4.4 x 10'12 (Sv a')/(Bq m'3 water)

4.6 x 10'10 (Sv a')/(Bq kg1 wet soil)

8.6 x lO'12 (Sv a')/(Bq kg1 dry material)

1.4 x 1Q-6 (Sv a')/(Bq kg-' wet tissue)

5.3 x 10'7 (Sv a')/(Bq m° air)

5.8 x 10-'° (Sv a')/(Bq m'3 water)

5.3 x 10'7 (Sv a')/(Bq kg1 wet plant)

8.7 x lO'7 (Sv a')/(Bq kg1 dry soil)

lower bound = 100 mg L"1

upper bound = 500 mg L"1

1.4 x 10'6 (Sv a')/(Bq kg'1 wet tissue)

63kg

0.083 kg

8.2 x 10'13 kg Bq"1
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6.5.2 Soil Submodel

The key parameter required for the soil submodel is the solid/liquid partition coefficient, Kd,
for each of four soil types. The values used for all other nuclides were the result of both
empirical data from the literature and an interpolation scheme that involves all the other
nuclides (Sheppard 1992). The same protocol was used here. The geometric mean values for
Cl, per kg dry soil, are 0.8 L kg"1 for sand, 0.25 L kg"1 for loam, 4.4 L kg"1 for clay, and
11.3 L kg"1 for organic soils. Baes et al. (1984) reported 0.25 L kg"1 as a value for any soil
type. The Kd is lognormally distributed with a geometric standard deviation for all nuclides
and soil types of 10. In stochastic simulations, the values of Kd are correlated to values of
the plant/soil concentration ratio, Bv, using a correlation coefficient of-0.7 (Section 6.5.4.1).

Another parameter is used to describe the gaseous loss of nuclides from soil to the atmosphere.
This pathway is assumed to not occur for Cl, and the effective parameter value is zero.

6.5.3 Atmosphere Submodel

The atmosphere submodel estimates the fate of nuclides suspended from various sources into
the atmosphere. There are two parameters specific to Cl in this submodel. EMFRAC is the
fraction of Cl in an energy or forest fire that is released to the atmosphere. This is set to unity
for Cl as a most conservative value. RELFRAC is the fraction of Cl entering a household in
water that is released to the indoor atmosphere. The underlying processes include water sprays
such as showers and humidifiers. The value is also set to unity as a most conservative value
(Amiro 1992c).

The atmosphere submodel uses several nuclide-specific pathways. In particular, the deposition
of suspended nuclides from the atmosphere to soils and plants is modelled for some nuclides
and not for others. For Cl, this deposition is modelled using parameter values specified by
Amiro (1992c).

6.5.4 Food-Chain and Dose Submodel

The food-chain and dose submodel includes those pathways and processes by which nuclides
deliver a dose to humans. This submodel uses concentrations in environmental media
calculated by the other submodels.

6.5.4.1 Soil to Plant Transfer

The plant/soil concentration ratio, Bv, for Cl is set with a geometric mean of 18 and was taken
from the same reference source (Baes et al. 1984) as those for almost all the other nuclides
(Zach and Sheppard 1992). The units are (Bq kg"1 wet plant) / (Bq kg"1 dry soil). The one
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value of Bv is used for all plant types, including plants that provide food and building
materials. Sheppard et al. (1993) compared this value with other values in the literature and
to experimental results, and found reasonable agreement. The values of Bv are lognormally
distributed, and the geometric standard deviation is 10, as used for all Bv values in BIOTRAC.
When used in a stochastic simulation, the values for Bv are chosen in a manner to be
correlated with those of soil Kd for the same nuclide, with a correlation coefficient of -0.7
(Section 6.5.2). This correlation reflects the concept that in soils where Cl is especially
mobile, i.e., a low Kd, it will be especially absorbed by plants, i.e., a high Bv. This
correlation was implemented for all nuclides in BIOTRAC.

6.5.4.2 Terrestrial and Aquatic Animal Transfer Coefficients

The terrestrial animal transfer coefficients, F,-, include values for each of three food types, j,
(milk, meat and bird). The coefficients describe the transfer of nuclide from the contaminated
material ingested by the animal through to the food product consumed by humans. The
animals may ingest contaminated plants, water or soil. The food products are any dairy
product, meat and eggs.

The values were chosen from the same reference sources used for the other nuclides, and are
assumed to be lognormally distributed. The geometric mean value for Cl of F, for milk is
0.017 d L"1, taken from Ng et al. (1977). For meat it is 0.08 d kg'1, taken from Baes et al.
(1984). For bird products, meat or egg, it is 8 d kg"1, set 100-fold above that for meat,
following the protocol of Zach and Sheppard (1992). For these three values, the geometric
standard deviation is 3.2, as set for all nuclides.

The aquatic animal concentration ratio, BJ5 has a geometric mean of 50 L kg"1, taken from the
list provided by Thompson et al. (1972) for freshwater fish. This was one of three reference
sources used for all the other nuclides. The values of Bj are considered especially variable,
in part because they reflect varied and complex food webs. Correspondingly, a large
geometric standard deviation of 12 is used, as it was for all nuclides.

6.5.4.3 Dose Conversion Factors for Humans

The dose conversion factors are used in the food-chain and dose submodel to calculate doses
to humans. There are several routes of exposure considered, including internal exposure
through ingestion and inhalation, and external exposure from contaminated air, water, soil and
building materials. There are no active decay products from 36C1, so that doses are solely from
the decay of 35C1. The dose conversion factors are constant in the stochastic simulations.

The 36C1 dose conversion factor for ingestion, DFe, is 1 x 10"9 Sv Bq"1 based on ICRP 61
(1991), and is used for ingestion plant and animal foods, water and soil. The value for
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inhalation, DFi, is 6.7 x 10'10 Sv Bq'1 based on ICRP 61 (1991). The external dose from
contaminated air is computed \vith a DFa value of 4 x 10"9 (Sv a~')/(Bq m"3 air), taken from
Holford (1988). The external dose from contaminated water is computed with a DFh value
of 4.4 x 10"'2(Sv a"')/(Bq m"3 water), taken from Holford (1988). It assumes the body is prone,
0.1 m deep in an infinitely large body of water. The external dose from contaminated ground
surface is computed with a DFg value of 4.6 x 10"'°(Sv a"')/(Bq kg"1 wet soil), taken from
Holford (1988). It assumes the body is upright over a large area of soil contaminated
uniformly to a depth of 0.3 m. The external dose from a contaminated building is computed
with a DFb value of 8.6 x 10'12(Sv a')/(Bq kg'1 dry material), taken from Holford (1988). It
assumes occupancy in a spherical room built of contaminated materials.

6.5.4.4 Groundwater Dose Limit

The concentration of 36C1 in organisms is limited by the presence of stable Cl in the
environment. Organisms accumulate stable Cl from many sources, but the concentration in
the organisms is biologically regulated. Chlorine-36 is not effectively separated from stable
Cl, so that the concentration of 36C1 is also effectively regulated. The highest concentration
of 36C1 that can occur is limited by the ratio of 36C1 to stable Cl in the pools of Cl utilized by
the organism. It is not possible to model the specific pools used by various organisms, but
no pools in the biosphere will have higher ratios of 36C1 to stable Cl than that reached in the
plume of contaminants as it approaches the surface. Thus, the highest internal dose possible
for 36C1 is the dose corresponding to an organism getting all of its Cl from discharging
groundwater. This dose can be estimated given the concentrations of stable Cl and 36C1 in
groundwater and the concentrations of stable Cl in the biota.

The groundwater dose limit calculated using this concept is an upper dose limit for all internal
exposures. In practice, the dose arising from the usual pathways models is compared to this
limit. When the dose from the pathways calculations exceeds the dose limit for any given
simulation, the dose is set equal to the limit value.

The average concentration of stable Cl in groundwater is based on data obtained from about
100 boreholes in the Whiteshell Research Area (see Appendix C). Using the same protocol
as for I, the typical range of Cl concentrations at depths corresponding to well penetrations
of up to 200-m deep was defined. This is 100 to 500 mg L"1. More dilute values would result
from dilution of the well water with surface water. Much higher concentrations would be
obtained for deep saline groundwater. The stable Cl concentration values are assumed to be
described by a uniform PDF with a range of 100 to 500 mg L"1.

The internal dose conversion factor, DFC1, used to calculate dose to tissue containing a
specified concentration of 36C1, is calculated from basic principles and data. The dose
calculated is that arising from a uniform ratio of 36C1 to stable Cl distributed throughout all
soft tissues of reference man (ICRP 1975). Although based on soft tissue, inclusion of bone
would have negligible impact.
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DF01 is the product of the energy per disintegration (2.74 x 10"' MeV dis"1), a unit conversion
(3.15 x 107 dis a'1 Bq"1) and the dose per unit energy deposited (Î.6 x 10"n Sv kg MeV1),
which gives 1.38 x 10"6 Sv kg a"1 Bq"1.

Alternative, equivalent units are (Sv a"')/(Bq kg"1 wet tissue). This computation assumes the
radiological quality and dosimetric weighting factors are unity. ICRP 38 (1983) lists the
average energy of all emissions as 2.74 x 10"' MeV, and this is almost entirely beta. We
assume it is fully absorbed.

In addition to the internal dose conversion factor, BIOTRAC requires data for the amount of
soft tissue, Bs, and stable Cl, Bel, in the body. ICRP Reference Man has 63 kg soft tissue,
including marrow, and this contains 0.083 kg Cl (ICRP 1975).

The last parameter required is effectively a unit conversion factor to calculate mass of 36C1
from radioactivity. This value is the inverse of the specific activity of pure 36C1, and is
8.19 x 10-1 3kgBq-'.

Zach and Sheppard (1992) present similar calculations for 129I. The amount of stable I in the
groundwater is much lower than that of stable Cl, but this -1000-fold greater isotopic dilution
of 36C1 in the geosphere is offset by the combined effects of higher energy per disintegration
(25 fold) and higher dosimetric weighting factor (33 fold) of 36C1 compared to 129I.

6.5.4.5 Other Biosphere-Related Parameters

BIOTRAC also calculates dose to nonhuman biota. As with humans, dose can arise from both
internal and external exposure. For internal exposure, the animal transfer coefficients are used
to estimate the concentration in the soft tissues. The dose is then estimated from internal dose
conversion factors, calculated as for humans (Section 6.5.4.4). For 36C1, the value is
1.38 x 10"6 Sv kg Bq"1 a"1, the same as for humans. Isotopic dilution in the groundwater will
limit the dose to animals, just as for humans, but this was not modelled in BIOTRAC.

External dose for nonhuman biota assumes immersion in a variety of environmental media.
For immersion in water the dose conversion factor is 5.8 x 10"'° (Sv a"')/(Bq m"3 water). For
immersion in vegetation it is 5.33 x 10"7 (Sv a"')/(Bq kg"1 wet plant). For immersion in air it
is 5.33 x 10"7 (Sv a"')/(Bq m"3 air). For immersion in soil it is 8.7 x 10"7 (Sv a"')/(Bq kg"1 dry
soil). Assumptions about transmission of radiation are the same as those for I4C, "Tc and 129I,
which were the only other nuclides where dose to nonhuman biota were estimated.
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7. ASSESSMENT RESULTS

We discuss here the results of the deterministic and probabilistic analyses with SYVAC3.
Although the discussion is focussed on the effects of Cl, we include some results for 129I
and 14C for comparison purposes. These two radionuclides were the most significant
contributors to estimates of dose rate in the postclosure assessment, with 129I clearly being the
most important (Goodwin et al. 1994a).

The deterministic analysis describes the median-value simulation, or a single simulation in
which each parameter is assigned the median value from its PDF. It provides detailed insight
into the operation and interactions of the system model (Goodwin et al. 1994a). In contrast,
the probabilistic analysis uses results from a large set of simulations in which parameter values
are randomly selected from their PDFs. We use these latter results, which take into account
the effects of parameter uncertainty, for comparison with regulatory criteria. We also present
results from the probabilistic sensitivity analysis, which examines the influence of the range
of possible values for an important parameter when all other parameters also vary over their
range of possible values.

7.1 DETERMINISTIC ANALYSIS

Figure 7-1 is a plot of the dose rate versus time for 36C1, 129I and 14C. This plot is scaled
to show the dose rate, 5 x 10~5 Sv a"1, associated with the AECB risk criterion, and which is
prescribed for times up to 10 a following closure (AECB 1987). For comparison, the total
dose rate from radiation in the natural environment is about 3 x 10"3 Sv a"1 (Neil 1988). At
104 a after closure, the total estimated dose rate resulting from the disposal facility is about
3 x 10"18 Sv a"1. This total includes 69 radionuclides; the 68 considered in the postclosure
assessment (Goodwin et al. 1994a) and Cl which is studied in this report. The total
estimated dose rates at 10 a reported here and in the postclosure assessment are the same
because I is clearly the dominant contributor. The second largest contribution is from Cl,
and is only about 1.3 x 10"19 Sv a"1 or less than 5% of the total; the third largest contribution,
from 14C, is about 2 x 10~23 Sv a"1. The contribution from 36C1 is almost entirely due to the

0£

presence of this isotope in used fuel; the estimated dose rate from DC1 in Zircaloy is more
than six orders of magnitude smaller.

The reference disposal system delays and attenuates the releases and transport of all
contaminants, including 36C1, 129I and 14C which are amongst the most mobile radionuclides
in the nuclear fuel waste. The results in Figure 7-1 indicate that the estimated dose rates from

Cl and 129I are still rising at 105 a, whereas the estimated dose rate from C has gone
through a maximum. This differential effect follows from a consideration of half-lives: Cl
and I are long-lived (3.01 x 10s a and 1.57 x 107 a respectively) compared with 14C
(5.73 x 103 a). At 105 a, the total estimated dose rate is about. 4.6 x 10"7 Sv a"1, mostly from
129I; about 6% of the total (or 2.7 x 10"8 Sv a'1) is from 36C1. The estimated dose rate from
14C at 105 a is 3.2 x 10'12 Sv a'1.
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The largest contributor is I over the entire time period of the simulations.
Estimated dose rates at 104 a from 36C1 and 14C are about 5% and 0.1% of the
total, respectively. Although 36C1 and 14C are found in both used fuel and
Zircaloy fuel sheaths, their contributions to estimated dose rate are almost
entirely from their initial inventory in used fuel. The horizontal line shows the
dose rate, 5 x 10~5 Sv a"1, associated with the AECB risk criterion.
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Figure 7-2 illustrates the fate of -H'C1 in the reference disposal system at 104 and 105 a
respectively. The initial inventory of 36C1 in the used-fuel matrix is (1.83 x 103 mol or 65.9
kg). At 104 a, most of this initial inventory remains in the containers and waste matrices, and
only about 3.9% has been transported to the buffer and backfill, and an insignificant quantity
(less than 10~15 mol) has reached the biosphere. At 105 a, about 93% of the initial inventory
of 36C1 still remains in (or has decayed in) the containers and waste matrices, whereas 6.3%
is in the buffer and backfill and 1.0% has entered the geosphere. Only 0.0004% has entered
the biosphere. The estimated maximum rate of entry of 36C1 into the biosphere, for times up
to 10s a, is about 8 x 10"8 mol a"1 to well water and 2 x 10"7 mol a"1 into the discharge zone
in Boggy Creek South.

Estimated concentrations of 36C1 are small in all modelled components of the biosphere.
Table 7-1 summarizes the maximum calculated concentrations of 36C1, 129I and 14C in different
parts of the biosphere. For 36C1 and 129I, the maxima occur at 105 a, the time cutoff of the
simulations. For I4C, the maxima occur near 6 x 104 a.

Calculations for the median-value simulation also involve estimates of dose rate to four
generic target organisms (Goodwin et al. 1994a; Davis et al, 1993a): a plant, a fish, a mammal
and a bird. Results for times up to 105 a show that the maximum estimated dose rates from
36CI are about 3 x 10'5 Gy a'1 to the plant, 1 x 10'5 Gy a'1 to the mammal, 1 x 10'5 Gy a'1 to
the bird and 3 x 10"x Gy a"1 to the fish. The corresponding estimates for 129I were 1 x 10"6,
3 x 10"6, 1 x 10"5 and 7 x 10"8 Gy a"1 respectively. These dose rates are generally much
smaller than the range of dose rates to plants and animals from natural sources; for example,
dose rates from natural, external sources are typically about 7 x 10"4 Gy a"1 in Canada (Health
and Welfare Canada 1986). (Estimated dose rates to nonhuman biota do not take into account
the effects of isotopic dilution with stable iodine and chlorine found in the natural
environment. In the discussion below, we show that isotopic dilution leads to significant
reductions in estimated dose rates to humans, particulary for 36C1 and we expect that
significant reductions would also occur if isotopic dilution were applied to nonhuman biota.)

Figure 7-3 shows the flow path for the median-value simulation that leads to the largest
radiological impacts from 36C1 on members of the critical group. Diffusion is the dominant
transport mechanism for 36C1 in the vault and in the rock within the waste exclusion distance1

(about 50 m long), whereas transport in moving groundwater is more important in fracture
zone LD1. Members of the critical group are affected mainly through ingestion of plants that
have been contaminated through roots by irrigation with well water. The postclosure
assessment (Goodwin et al. 1994a) has identified a similar flow path as most important for 129I,
except that the critical group is affected through ingestion of plants that have been
contaminated through roots and leaves by irrigation with well water, through ingestion of

1 The waste exclusion distance is the minimum distance specified as a vault design derived
constraint between any disposal room and fracture zone LD1.
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Parts (a) and (b) show the predicted distributions after 104 and 105 a
respectively. All percentage values are expressed relative to the initial
inventory of 36C1 (1.83 x 103 mol or 65.9 kg).
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TABLE 7-1

CONCENTRATIONS OF 36C1. 129I AND 14C IN THE BIOSPHERE

Maximum (to 105a)
Concentrations in

Garden soil (mol kg"1)
Rooting zone
Bottom zone

Forage field (mol kg"1)
Rooting zone
Bottom zone

Woodlot (mol kg"1)
Rooting zone
Bottom zone

Indoor air (mol m"3)
Outdoor air (mol m"3)

Well water (mol m"3)

Lake water (mol m )

Lake sediment (mol kg"1)
Compacted layer
Upper (mixed) layer

Radionuclide
36C1

2 x 10"11

1 x 10"14

3 x 10"14

2 x IO"15

2 x 10"18

0

5 x 10"16

1 x 1(T18

6 x l(Tn

9 x 10"15

2 x 10"12

7 x 10"17

Radionuclide
129j

2 x 10"10

6 x 10"13

2 x 10"13

1 x 10"13

2 x 10"13

0

2 x 10"14

1 x 10"15

2 x 10"9

4 x 10"13

1 x 10"'°
1 x 10"12

Radionuclide
14C

5 x 10"18

4 x 10"18

0
6 x 10"19

0
0

1 x 10"19

1 x 10"20

1 x 10"14

6 x 10"19

3 x 10"16

2 x 10"18

animal products from domestic animals that drink the well water, and through direct ingestion
of well water. Figure 7-4 compares these different ingestion pathways for Cl, 129I and I4C.

The modelled behaviour of 36C1 in the vault and geosphere is very similar to that of I, an
expected result given the similarity in their chemical properties. For example, the ratio of
their amounts in different parts of the vault and the ratio of their discharge rates to the
biosphere are approximately the same as the ratio of their initial inventories. Some minor
differences can be attributed to differences in their half-lives and to slight variations in their

*5 f\ 10Q
sorption on overburden and sediment (retardation factors for CI and I are unity elsewhere
in the geosphere).

There are more significant differences in the modelled behaviour of 36C1 and 129I in the
biosphere. One important difference is in their movement from soil to plants. The plant/soil
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show the fractionalThese results, from the median-value simulation,
contributions of important pathways to the estimated dose rates from Cl, I

14C. The results are shown at the time of the maximum estimated doseand
rates: 105a for 36C1 and 129T (the time cutoff of the simulations) and
5.6 x 104 a for 14C. The total dose rate, about 4.6 x 10~7 Sv a"1, is dominated
by ingestion pathways involving 129I. Ingestion pathways also account for
most of the maximum estimated dose rates from 36C1 (about 2.7 x 10~8 Sv a'1)
and from 14C (3.8 x 10" Sv "').
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concentration ratio for an element describes (he relationship between concentrations of the
element in plants and in the soil on uhich they grou (Davis ci al. 1993a). In the median
value simulation, the plant/soil concentration ratio is 18 for chlorine but only 0.038 for iodine;
thus 36C1 is expected to be more highly concentrated in plants than 129I. Thus the single most
important ingestion route for 6C1 involves ingestion of plants that have been contaminated
through their roots (Figure 7-4).

Another significant difference between 36C1 and 129I is due to the concentrations of stable
chlorine and stable iodine in the environment, which lead to the groundwater dose limit
discussed in Section 6.5.4.4.

In the median-value simulation, the groundwater dose l imit is applied for 36C1 but not for 129I,
in large part because of the difference in groundwater concentrations for stable chlorine and
iodine. These concentrations are described using probability density functions, and are based
on observations in deep groundwater in the Whitesheil Research Area (Section 6.5.4.3). In
the median-value simulation, the concentration of stable chlorine is 3.0 x 10"4 kg L"1, whereas
the concentration of stable iodine is much smaller, 1.25 x 10"8 kg L"1 (Davis et al. 1993).

Sensitivity analysis of the median value simulation is expected to yield results similar to those
described by Goodwin et al. (1994a) for parameters that most influence the total estimated
dose rate, because contributions from 36C1 are small, and because 36C1 and 129I behave
similarly in the vault and geosphere models. Thus important parameters would include
properties of the rock immediately surrounding the reference disposal vault, the free water
diffusion coefficient for iodine and the use of a water-supply well by the critical group
(Goodwin et al. 1994a), For estimated dose rate from Cl, influential parameters are similar
to those for 129I, such as initial inventory and instant release fraction. Other influential
parameters affecting the estimated dose rate from 36C1 would be its plant/soil concentration
ratio and the concentration of stable chlorine in groundwater. The probabilistic sensitivity
analysis described in the next section provides additional discussion on these parameters.

7.2 PROBABILISTIC ANALYSTS

For the probabilistic analysis, we present results for 36C1 from a set of 2500 simulations. Each
simulation uses simple random sampling (also called Monte Carlo sampling) to select a
parameter value from its range of possible values. We analyze this set of 2500 randomly
sampled simulations to take into account the effects of parameter uncertainty on potential
effects from 36C1.

Figure 7-5 shows the distribution of estimates of dose rate at 104 a from 36C1 from these
simulations. The first interval of the histogram ranges from 0.0 to about 8.1 x 10"12 Sv a"1.
There is a break in the vertical axis and in this first interval; it makes the other intervals more
visible. In fact, the height of the first interval should be more than 350 times larger than the
second. The histogram shows a highly skewed distribution. A total of 2482 simulations out
of 2500, or 99.3%, fall within the range of the first interval, and 0.7% in all other intervals.
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function and uses a logarithmic dose scale to illustrate better the wide range
of results.
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There are only a few simulations with estimated dose rates greater than 1.0 x 10"11 Sv a"1, and
the maximum observed value is 1.3 x 10"10 Sv a"1. The in^i to Figure 7-5 uses a logarithmic
scale to illustrate better the wide range of estimates. This complementary cumulative
distribution function shows the number of simulations on the vertical axis that exceed a
corresponding estimated dose rate given on the horizontal axis. It more clearly shows that
only a small fraction of the estimates exceed 10"'l Sv a"1 and about 80% of the estimated dose
rates are much smaller than 10"15 Sv a"1. A similar figure for 129I in the postclosure
assessment (Figure 6-17 in Goodwin et al. 1994a) shows estimated dose rates from 129I are
larger and more skewed than those from 36C1.

For comparison of results with the radiological risk criterion specified by the AECB (1987),
we use the arithmetic average (or mean) of the 2500 estimates of dose rate. The use of the
mean is specified by the AECB (1987) for a probabilistic analysis; it is an unbiased
representation of the entire group of values. (Moreover, estimates of mean dose rate from
different radionuclides can be summed to give an estimate of the total mean dose rate and for
Monte Carlo sampling, the calculated means can involve different numbers of random
samples.) We also report mean values for other variables of interest, such as concentrations
of • Cl in the modelled compartments of the biosphere.

7.2.1 Protection of the Critical Group from Radiological Impacts

The mean dose rate estimate from 36C1 at 104 a is 2.7 x 10~13 Sv a"1 and would fall within the
first interval of the histogram in Figure 7-5.

Figure 7-6 shows the variation in time of mean dose rate estimates for 36C1, 129I and 14C.
The curve for • Cl is based on 2500 randomly sampled simulations, whereas the results for
129I and I4C are taken from the larger set of 40 000 randomly sampled simulations discussed
by Goodwin et al. (1994a). The two horizontal lines in the figure represent a typical total
dose rate from natural background (about 3 x 10"3 Sv a"1) and the dose rate limit of
5 x 10"5 Sv a"1 associated with the AECB radiological risk criterion (AECB 1987). The
AECB criterion is specified for quantitative estimates for times up to 104 a. The curves show
that the mean dose rate estimates from the three radionuclides are much smaller than the
associated dose limit for all times up to 104 a; in fact the curves remain below this limit for
times up to 10 a.

To provide evidence of convergence, the curve for 36C1 (from the UO2 matrix) in Figure 7-6
includes 95% Chebyshev confidence bounds calculated from the statistical variation of results.
The upper and lower 95% confidence bounds define a range that would contain the true mean
of estimated dose rate, 19 times out of 20, where "true" mean refers to the mean that would
be obtained from an infinitely large number of simulations (Goodwin et al. 1994a). The
displayed confidence bounds suggest that there is reasonable convergence for the mean dose
rate from 36C1, and thus these 2500 randomly sampled simulations are sufficient to provide
satisfactory estimates of total mean dose rate and the contributions from Cl to total mean
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dose rate (convergence of results from radionuclides other than Cl is discussed by Goodwin
eta l . (1994a)

The total mean dose rate shown in Figure 7-6 is the sum of mean dose rate estimates from the
68 radionuclides considered in the postclosure assessment (Goodwin et al. 1994a) and from

Cl. It is well below the associated dose limit, even if the time span of the limit were
extended to 105 a. In fact, because 129I is clearly the dominant contributor, the curve for total
mean dose rate is almost indistinguishable from that for 129I. For example, at 104 a, the total
mean dose rate estimate in Figure 7-6 is 1.1 x 10"11 Sv a"1, of which 89.5% is attributed to
129I, 8.0% to 14C and 2.5% to 36C1; at 105 a the total is 1.5 x 10'6 Sv a'1, of which 94.6% is
from 129I, 5.4% is from 36C1 and less than 0.03% is from 14C.

The curve for 14C (Figure 7-6) shows a maximum of about 1.1 x 10"8 Sv a"1 near 4 x 104 a;
estimated dose rates decrease thereafter because of the effects of radioactive decay. Moreover,
the curves in Figure 7-6 show that 14C is the second most important contributor to the total
mean dose rate at early times, whereas 36C1 is more important than 14C at longer times. This
last observation is somewhat different from the results in the median-value simulation, in
which 36C1 was the second most important contributor at all times. The different ranking of
I4C and 36C1 between the median-value simulation and the randomly sampled simulations is
attributed to differences in their half-lives (5.73 x 103 for 14C and 3.01 x 105 a for 36C1) and
the effects of uncertainty on transport times of radionuclides from the vault to the biosphere.
In many randomly sampled simulations, transport times are relatively short compared with the
median value simulation. If the transport time is relatively short relative to a radionuclide
half-life, a larger inventory of that radionuclide will survive to produce a radiological impact
in the biosphere. Moreover, the estimated impacts will be proportionally greater for a
shorter-lived radionuclide. For the reference disposal system, the uncertainty in transport
parameters is such that 14C is second largest contributor at earlier times with 36C1 becoming
more significant after about 4 x 10 a.

Another effect attributed to uncertainty is shown by the relative importance of the two sources
TA "?fi

of Cl. In the median value simulation, estimated dose rates from Cl are six orders of
magnitude larger from its source in used fuel than from its source in the Zircaloy sheaths.
However, the two curves for Cl in Figure 7-6 indicate they differ by only about two orders
of magnitude. For the randomly sampled simulations, the relative increase in importance of
36C1 from the Zircaloy sheaths is due the large uncertainty associated with the solubility of
zirconium, which is represented using a skewed PDF. The solubility of zirconium in the
median value simulation is 1.6 x 10"6 mol m"3 and its mean value in the 2500 simulations is
9.3 x 10"3 mol m"3. The wide range of possible values for the solubility leads to a wide range
of estimated dose rates from 36C1 in the randomly sampled simulations, such that the mean
dose rate estimate from 36C1 is considerably larger than its median value estimate. (The effect
of the solubility of zirconium is discussed further in the probabilistic sensitivity analysis.)

We can use the estimated dose rates to calculate the conditional risk attributed to Cl,
following the radiological risk equation defined by the AECB (AECB 1987). At 104 a, it is
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equal to the product of 2.7 x 10"13 Sv a"1 and 2 x 10~2 fatal cancers and serious genetic effects
(or serious heaîîh effects) per sievert (AECB ]°)87), or about 5 x 10'15 serious health effects
per year. This value is far below the AECB radiological risk criterion of 10"6 serious health
effects per year. For all radionuclides, the calculated risk at 104 a is 2 x 10"13 serious health
effects per year. This risk value is identical to that reported by Goodwin et al. (1994a),
largely because the mean dose rate at 104 a is mostly due to 129I and 14C. Note that these
calculated risks would be smaller for all times up to 104 a; moreover they apply to the
members of the critical group whose characteristics are chosen such that they would be most
at risk. The risk to an individual in any other group of people would be considerably smaller.

7.2.2 Protection of the Critical Group from Chemical Toxicity Impacts

Chlorine is common in the natural environment in a form that is not normally regarded as a
chemically toxic element. Nevertheless, we evaluate here the potential for chemical toxicity
impacts to members of the critical group from the estimated concentrations of 36C1 in the soil
and water of the biosphere.

The largest concentrations of 36C1 would be restricted to a small region of the biosphere in
the vicinity of the discharge. Our results show that estimated concentrations are very small
in all simulations, and we condense the results by reporting only the mean values of the
maximum concentrations that were estimated for times up to 105 a. The mean of the
maximum estimated concentrations of 36C1 in well water and in garden soil are 1.8 x 10~10

mol L"1 and 9.2 x 10"11 mol kg"1 respectively (concentrations are smaller in soils of other
fields and in lake water).

For comparison, the maximum acceptable concentration of chlorides in water for domestic use
is 250 mg L'1, or about 7 x 10~3 mol L"1 (Health and Welfare Canada 1989), more than six
orders of magnitude larger than the maximum estimated concentration of 36C1. Typical
chloride concentrations in soils range range from 8 to 1800 mg kg"1 (Bowen 1979) (or 0.2 to
51 mol kg"1), at least ten orders of magnitude larger. We conclude that chemical toxicity
impacts from 36C1 to members of the critical group are not credible.

7.2.3 Protection of the Environment

We also evaluate a broader issue: the potential impacts of 36C1 on the environment. Following
the procedure documented in the postclosure assessment, we first use a screening study to
determine whether 36C1 associated with the disposal vault could possibly produce significant
impacts. We assume that 36C1 from the disposal facility would not harm the environment if
its estimated concentration falls within a measure of the variability of its background
concentration in the natural environment (Amiro 1992a, 1993; Amiro and Zach 1993). This
measure of variability is referred to as the environmental increment:

The Environmental Increment (El) value is the additional amount of
nuclide that can be added to the background level without exceeding



- 33 -

the natural, local, spatial variation in concentration. This value is
sufficiently stringent so that if the additional contribution from a
vault is less than this, the presence of an underground vault would
not likely cause detectable environmental effects (Amiro 1992a).

The screening compares the means of the maximum (for times up to 105 a) estimated
concentrations of - Cl in soil and water with the corresponding environmental increments for
36C1.

Chlorine-36 on the Canadian Shield derives from interactions with cosmic rays and from bomb
1f\ "2 *2

fallout. Amiro estimates environmental increments for J Cl are 2.5 x 10 Bq m (water) and
3.5 x 10"7 Bq kg"1 (dry soil) (see Appendix B). Since these values are significantly smaller
than the mean of the maximum estimated concentrations of 36C1 in well water (1.8 x 10~10

mol L'1 or 7.9 x 103 Bq m"3) and in garden soil (9.2 x 10'" mol kg"1 or 4.0 Bq kg"1), we
conclude that Cl requires further study to evaluate its potential effects. Thus we examine
potential chemical toxicity and radiotoxicity impacts for biota in the environment.

As noted in the previous section, estimated concentrations of Cl in the environment are very
small and chemical toxicity impacts to members of the critical group would be insignificant.
We believe a similar conclusion pertains to the most exposed nonhuman biota.

Previous discussion has also shown the mean estimated dose rate to members of the critical
group is significantly less than the total dose rate from naturally occurring sources of radiation.
Although it is generally accepted that protection of human individuals will implicitly protect
populations of other species, we recognize that some organisms could be more exposed than
humans because of their different habitat and behaviour. Therefore our analysis includes
estimates of radiological impacts on four generic target organisms: a plant, a mammal, a bird
and a fish (Amiro and Zach 1993). The characteristics, habitat and resource utilization of
these organisms are defined to be representative of a wider range of organisms frequenting the
Canadian Shield (Davis et al. 1993a). In addition, we assume each of these organisms are
located in the immediate discharge zones of the Deference disposal vault, and in this sense they
represent "critical" biota, akin to humans of the critical group.

The results for the reference disposal system show that estimated dose rates to the target
organisms are small, and we condense the results by reporting the average of the maximum
dose rates for times up to 105 a. These estimates for 36C1 are 6 x 10"5, 3 x 10"5, 4 x 10"5 and
3 x 10"6 Gy a"1 for the generic plant, mammal, bird and fish respectively. These values are
generally similar in magnitude to the estimated dose rates for I reported in the postclosure
assessment, except for the dose rate to the plant: the estimate from 36C1 is about 10 times
larger than that from 129I. This difference is attributed to the larger plant-to-soil concentration
ratio for chlorine.

Goodwin et al. (1994a) summarize arguments indicating that protection of the environment
from radiological effects will be assured if estimated dose rates to nonhuman biota are below
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10~3 Gy a"1, the lower range of natural background (Amiro and Zach 1993). It is clear that
the estimated dose rates from " Ci are smailer than this lower range. We note these estimated
dose rates would be even smaller if isotopic dilution with stable chlorine were taken into
consideration.

We conclude, therefore, that there would be no significant adverse effects on the environment
from the small concentrations of Cl (and all other contaminants) potentially released from
the reference disposal vault.

7.2.4 Probabilistic Sensitivity Analysis

The importance of 129I, 36C1 and 14C to estimated dose rate is associated with four unique
properties of these radionuclides:

- they are relatively long-lived;

- they are mobile and are thus transported relatively quickly (compared with
contaminants that tend to sorb) from the vault to the biosphere;

- they can give rise to dose through ingestion;

- a significant fraction of their inventories are instantly released and are available for
transport at the instant of container failure.

No other radionuclide in nuclear fuel waste from CANDU reactors share more than two or
three of these properties.

Since 129I is clearly the dominant contributor to the total mean dose rate for times up to 105 a,
the most influential parameters are the same as those described in the postclosure assessment;
for example, the most important parameters include the tortuosity of the lower rock zone (a
measure of the effective increased transport distance for diffusion because of the winding
nature of the interconnected aqueous pathway within the rock), the groundwater velocity
scaling factor (a dimensionless multiplicative factor used to describe the uncertainty in
groundwater velocities in the geosphere), and whether or not a water-supply well provides the
critical group with water for domestic and irrigation purposes (Goodwin et al. 1994a).

A separate sensitivity analysis has identified those parameters that most influence the estimates
of dose rate from 36C1 alone. Results from the median-value simulation indicate that 36C1 and
129I exhibit similar behaviour in the vault and geosphere; this observation also follows from
the probabilistic sensitivity analysis since the same types of parameters (in the vault and
geosphere) are important for both Cl and I. For example, Figures 7-7 and 7-8 show the
variation in estimates of maximum (to 10s a) dose rate from 36C1 for values of the tortuosity
of the lower rock zone and the groundwater velocity scaling factor from the 2500 randomly
sampled simulations. These figures are similar to those shown in the postclosure assessment



for I (except that the estimated dose rales from Cl are smaller and cover a smaller range
of values).

The results in Figures 7-7 and 7-8 include trend lines; they are the straight lines obtained by
performing a least-squares fit to the logarithms of the dose rate data and (for Figure 7-8) the
logarithms of the groundwater velocity sealing factor data. The trend lines in Figure 7-7
indicate that the tortuosity of the lower rock zone ha.s a strong influence on the maximum
estimated dose rate: larger values of tortuosity generally yield smaller values of dose and
uncertainty in the tortuosity leads to a large variability '.n the estimates of dose. This result
occurs because larger tortuosities correspond to longer travel times of 36C1 through the lower
rock zone, and thus to smaller discharges or Ci in th-s biosphere. The effect is stronger at
104 a than at 105 a because tortuosity mostly produces a delay in the arrival of 36C1 at the
modelled biosphere, and the delay is most important ;;t shorter times.

The trend lines in Figure 7-8 shows a more rr.n-.piex behaviour: larger values of the
groundwater velocity scaling factor generally lead to larger estimates of dose rate at 104 a, but
have little or no effect at 10 a. The underlying reasons for these results depend on the
influence of the groundwater velocity scaling factor on groundwater flow toward the well, the
amount of diluting water drawn into the well, the fraction of Cl captured by the well, the
rate of release of 36C1 from the vault, and the rate of transport of 36C1 in moving groundwater
within the geosphere (Goodwin et al. 1994a). At 10 a, the most important effect is the rate
of transport of Cl: larger groundwater velocities mean that more Cl is discharged to the
biosphere within this relatively short time. However, larger groundwater velocities also imply
that more uncontaminated water can be drawn into the well and thus concentrations of 3 Cl
in well water will be smaller. At ICr a, these competing effects tend to cancel so that the
groundwater velocity scaling factor h.is little influence.

Figure 7-9 shows the variation of maximum (to 105 a) dose rate estimates from 36C1 as a
function of estimated flow.s of 36C1 to the biosphere, to illustrate the effects of simulations in
which the lake or the well supply water to the critical group. Each symbol plots the result of
one simulation, with "L" and "W" identifying simulations involving the use of the Lake and
the Well. Two trend lines are shown: one for the lake and one for the well simulations. The
results show that dose estimates are marginally greater when the well is the source of domestic
water; the effect is less pronounced for Cl than was the case for I (Goodwin et al. 1994a).

The probabilistic sensitivity analysis also shows estimated dose rates from 36C1 are not
strongly influenced by any parameters associated with the biosphere model. This result is
attributed to the effect of the 36C1 dose limit due to isotopic dilution in groundwater, as
discussed in Section 6.5.4.4. Figure 7-10 shows, separately for simulations involving lake
water or well water, the maximum estimated doses before (vertical axes) and after (horizontal
axes) adjustments that account for the 36C1 groundwater dose limit. The symbols identify
individual simulations. The circles (on the diagonal line) indicate simulations where an
adjustment was not required. The plus signs (above the diagonal) indicate, on the vertical
axis, the magnitude of the dose rate before the adjustment for the groundwater dose limit; the
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adjusted value would appear immediately below on the diagonal line. Adjustments are made
in most of the simulations (somewhat more for simulations involving the well) and can be as
much as six orders of magnitude. (In comparison, fewer adjustments were required for the
129I groundwater dose limit, and were generally less than two orders of magnitude (Goodwin
et al. 1994a).) The large effects of the 36C1 groundwater dose limit tends to reduce the
importance of all biosphere parameters. Figure 7-11 show the influence of the plant-to-soil
concentration ratio for chlorine on the maximum estimated dose rate from 36C1. As expected,
the estimate tends to be larger when the plant-to-soil ratio is larger, but the dependence is
weak.

Finally, Figure 7-12 shows the effect of uncertainty in the solubility of Zircaloy on the
estimated maximum dose rate from the inventory of Cl in the Zircaloy waste matrix. The
trend lines show a strong relationship: estimated doses tend to be larger when solubilities are
larger because large solubilities of Zircaloy correspond to larger releases of Cl.

An overall conclusion of the sensitivity analysis is that no reasonable variations of parameter
values would lead to dose rates from 36C1 that are significant with respect to the dose rate
associated with the AECB risk criterion.

8. HUMAN INTRUSION SCENARIOS

8.1 OVERVIEW OF THE ANALYSIS FOR THE INTRUSION SCENARIOS

In the scenario analysis for the reference disposal system (Section 2.1), we identified only one
disruptive event that could significantly affect the integrity of the reference disposal system
over 104 a. It is inadvertent human intrusion into the disposal vault caused by activities such
as exploration drilling and mining.

Wuschke (1991, 1992), evaluated four inadvertent human intrusion scenarios that are

...considered likely to present the highest risk to the intruder, i.e., those likely
to have the highest product of probability and consequence. All of the
scenarios analyzed would be initiated by a drilling operation that penetrates
the waste and brings it to the surface. (Wuschke 1991).

The first of these scenarios involve exposure to undispersed waste:

- The drill-crew exposure scenario deals with the slurry of pulverized rock, nuclear
fuel waste and other material brought to the surface with the drilling fluid. It
examines the radiation dose that would be received by a member of the drilling
crew, exposed both to external radiation and to inhalation of dust from the slurry.
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- The core-examination scenario deals with relatively large pieces of rock, nuclear
waste and other material removed as a drill core. It examines the radiation dose
that would be received by a laboratory technician, exposed to external radiation and
inhalation and ingestion of dust arising from preparation and examination of the
drill core.

The last two scenarios involve exposure to extracted waste that is dispersed and left on the
drilling site:

- The construction scenario deals with a construction worker who contacts the waste
when working at the site and who is exposed both to external radiation and to
inhalation of contaminated dust.

- The resident scenario deals with a person who lives in a house built on the drilling
waste and who is exposed through external radiation, inhalation of contaminated
dust, and ingestion of food obtained from contaminated soil.

8.2 PROBABILITIES OF INADVERTENT HUMAN INTRUSION SCENARIOS

The probabilities of the human intrusion scenarios are relatively small, in part because of the
characteristics of deep geological disposal of nuclear fuel waste: deep burial reduces the
possibility of human intrusion by isolating the waste in a massive geological barrier far from
human communities. The analysis assumes, however, that a sequence of events may occur
that by-passes all of these natural and engineered barriers.

Wuschke (1991, 1992) used an event-tree methodology as a framework for defining
probabilities of occurrence of the four human intrusion scenarios. Each scenario implies that
a series of events occurs, such as selecting a drilling site, missing controls and warnings about
the vault, and continuing drilling to vault depth. The event tree represents the sequence of
events that would lead to each of the intrusion scenarios; the events and associated
probabilities were based on the judgments of experts in relevant technologies and social
sciences (Wuschke 1992). For example, the drill-crew and core-examination scenarios include
the following events.

- A proposal is made to drill a borehole on the disposal site to the depth of the vault.
The assumed probability of occurrence of this event is 4 x 10"4 boreholes per year,
based on a vault area of 4 x 106 m2 and using a value of 10'10 boreholes-m"2-a"' for
the areal frequency of a proposal to drill to a depth greater than 500 m in the
vicinity of the disposal vault.

- Active institutional controls, such as security and surveillance measures continuing
after closure of the facility, do not stop the drilling. The assumed probability is
time-dependent: it is zero at the time of closure of the vault and slowly increases
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to unity after 500 a, reflecting a presumed gradual decline in the effectiveness of
active controls.

- Passive institutional controls, such as long-lasting site markers, records and
archives and "societal memory", do not stop the drilling. The assumed probability
is also time-dependent, slowly increasing from zero at the time of closure of the
vault to a value of unity after 2000 a.

- Drilling is not prevented by detection of the disposal vault during pre-drilling
investigations. The assumed probability is 0.5.

- The borehole intersects a container. The assumed probability, 1.1 x 10"2, is based
on the ratio of areas of the containers and the disposal vault.

The probability of occurrence of an intrusion scenario is given by the product of the
probabilities of its constituent events. Wuschke (1992) estimated that the maximum
probability of occurrence of any of the four intrusion scenarios in 10 000 years is ~5 x 10"6,
for the resident scenario.

8.3 DOSE AND RISK FROM 36C1 IN THE INADVERTENT HUMAN
INTRUSION SCENARIOS

8.3.1 Methodology and Data

The consequence analyses of the human intrusion scenarios described above were performed
for 36C1, using the methodology developed by Wuschke (1991, 1992). The analyses used the
pathways-analysis computer code GENII, developed for the U.S. Nuclear Regulatory
Commission (Napier et al. 1988).

Since these were deterministic analyses, the 36C1 inventory was assigned a fixed value of 5.0
x 105 Bq kg"1 U, corresponding to the median value used in the SYVAC simulations. (This
inventory includes the Cl in both the uranium fuel and Zircaloy sheath (see Section 4.2).)

Except for chlorine-specific parameters, all parameters and models were the same as those
used by Wuschke (1991, 1992). Consistent with the practice followed in the earlier analyses,
default models and data in the GENII code were used for the chlorine-specific parameters,
after inspection to ensure they were appropriate to the Canadian Shield. In some cases, these
differ from the median values used in the SYVAC scenarios (Section 7), since the
radionuclides enter the biosphere at the surface of the earth for the intrusion scenarios;
whereas in the SYVAC scenarios they are transported by groundwater from deep below. An
example of a parameter inappropriate for the human intrusion scenarios is the concentration
of stable chlorine used in applying the groundwater dose limit described in Section 6.5.4.4.
This limit was not applied in the intrusion analyses.
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Estimates of Doses and Risks from 36C1

Estimated radiation doses and risks for 36C1 for intrusion 10 000 years after disposal are
summarized in Table 8-1. The radiological risk associated with the inadvertent human
intrusion scenarios is calculated using the equation prescribed by the AECB (1987). In this
equation, the radiological risk attributed to an individual scenario is the product of its
probability of occurrence, its associated dose consequence, and a risk conversion factor of 0.02
fatal cancers and serious health effects per Sv.

Because of the long half-life of 36C1, the estimated doses from 36C1 are essentially the same
for intrusions at any time throughout the 10 000-year period specified by the AECB (1987).
The estimated risks from Cl, however, increase with time because the probabilities of the
scenarios either always increase with time (construction and resident scenarios), or increase
to a constant maximum value (drill-crew exposure and core-examination scenarios). The
maximum risks from 3 Cl at any time throughout the 10 000-year period of simulation are,
therefore, at 10 000 years.

TABLE 8-1

DOSES AND RISKS FROM THE INTRUSION SCENARIOS AT 10 000 YEARS

Human
Intrusion
Scenario

Drill-crew
exposure

Construction

Resident

Core-
examination

Dose/Risk from 36C1

Dose
(Sv)

2.1 x 10'9

6.9 x lO'11

7.1 x 10'5

1.9x 10'9

Risk(I)

8.8 x ID'17

1.3 x 10'19

6.4 x 10'12

1.6 x 1(T17

Probability
of Scenario

(a'1)

2.1 x 10'6

9.1 x 10'8

4.5 x 10'6

4.2 x 10'7

Total Dose/Risk

Dose
(Sv)

5.9 x lu'8

1.2x 10'7

9.7 x 10'5

4 x 10'3

Risk(1)

2.6 x 1(T15

2.2 x 10'16

8.8 x 10'12

3.4 x lO'11

Fraction of
Total

Dose/Risk
Attributable

to 36C1

.034

5.9 x 1(T4

.73

4.7 x lu'7

(1) Fatal cancers and serious genetic effects, in a year.

Table 8-1 also includes the following information for the intrusion scenarios at 10 000 years:

- the estimated probability of the scenario (from Wuschke 1992);
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- the estimated total doses and risks including the contribution from 36C1; and

- the fraction of the total dose/risk attributable to 36C1. Because the dose from 36C1
is nearly constant with time while the total dose from other radionuclides decreases
with time throughout the 10 000-year simulation period, the fraction of the dose
(and risk) attributable to 36C1 is a maximum at 10 000 years.

The maximum risk from 36C1 is in the resident scenario, which has a risk from 36C1 of 6.4 x
10"12 at 10 000 years.

It is apparent that Cl does not contribute significantly to dose and risk in the construction
and core-examination sceanrios, and makes only a very small contribution in the drill-crew
exposure scenario (a maximum of -3%, at 10 000 years). In the resident scenario, the
contribution of 36C1 begins to exceed 1% of total dose and risk around 4 000 years; by 10 000
years it accounts for 73% of the total dose and risk for that scenario. The relative importance
of 36C1 in the four intrusion scenarios is consistent with expectations, in that it parallels the
relative importance of 129I in these scenarios.

Since the maximum risks for all of the intrusion scenarios occur well before 10 000 years, the
fractions of the maximum risk attributable to 36C1 are well below the values shown in
Table 8-1 for all scenarios. The scenario with the largest fractional contribution to risk at the
time of maximum risk (around 150 years) is the resident scenario, where the contribution of
36C1 is ~10'4.

8.4 CONCLUSIONS OF THE ASSESSMENT OF 36C1 IN INADVERTENT
INTRUSION SCENARIOS

Since the maximum risk for each of the four scenarios is essentially unaffected by the
contribution of 36C1, the conclusion of the analyses by Wuschke (1991, 1992) is unchanged.
This conclusion was that the radiological risk from inadvertent human intrusion is several
orders of magnitude below the AECB radiological risk criterion of 10"6 serious health effects
per year (AECB 1987), at all times throughout the first 10 000 years following closure of the
disposal vault.

9. CONCLUSIONS

Chlorine-36 is present in small quantities in CANDU fuel as a result of neutron activation of
35C1, on impurity present at trace levels. Recent analysis of used CANDU fuel samples
indicates that sufficient 36C1 is present to warrant a radiological assessment in relation to
disposal of used CANDU fuel. The data bases for the vault, geosphere and biosphere models
used in the postclosure assessment case study of Goodwin et al. (1994a) were modified to
incorporate data for 36C1 release from used fuel, as well as for transport in the vault, geosphere
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and biosphere. The results indicate that, at 104 a. 36C1 would contribute about 2.5% to the
total mean dose (taking into consideration the effect of uncertainty), with larger contributions
from C and I. For human intrusion scenarios, an analysis using the methodology of
Wuschke (1992) showed that the maximum risk is unaffected by the inclusion of 36C1.

Thus, the general conclusions regarding the risks of nuclear fuel waste disposal in the
postclosure assessment case study of Goodwin et al. (1994a) are unchanged when 36C1 is
included in the analysis.
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1994-11-14

TO: L.H. Johnson

FROM: RJ. Lemire

Interaction of contact water with Zircaloy cladding will lead to its corrosion and to the gradual
release of activation products contained in the Zircaloy. These activation products include 14C,
3H, 36C1, 59Ni and 63Ni. Both uniform and non-uniform corrosion of Zircaloy could occur,
resulting in the gradual conversion of the cladding to zirconium oxide corrosion product. This
oxide film is typically coherent and tightly bound to the underlying Zircaloy (Johnson et al. 1994).
As the corrosion front moves through the metal, converting it to ZrO2, the activation products in
the Zircaloy are expected to be incorporated in the growing oxide film. The release of
radionuclides into the contact water in the vault would subsequently occur as the oxide film
dissolves. Therefore, in the vault model for the E1S, it has been assumed that the dissolution rate
of the ZrO2 and the release of contained activation products will be controlled by the rate of
diffusion of zirconium species through the buffer and into the surrounding rock.

If ZrO2 is the stable zirconium solid in the region of the vault, the solubility of zirconium oxide
in the contact water is required to calculate the release of activation products from the Zircaloy
cladding of the fuel.

As discussed previously (Johnson et al. 1994), the solubility of zirconium dioxide is very low, and
it has been assumed approximately the same as that of aged, precipitated thorium dioxide. Thus,
the solubility in contact water was taken as log]0[Zr]T = -8.75 ± 2.53. When included in a
probabilistic model, the large uncertainty associated with this value leads to very high solubilities
in a small number of cases. For approximately four cases in a thousand the selected solubility
would be greater than 10~2 mol-dm . This can be compared with the much lower constant value
of 2 x 10 mol-dm"3 (based on the solubility of ZrO2) that has been selected for the solubility
of zirconium in the report on the final disposal of spent nuclear fuel from the Swedish NFWM
program (Svensk Karnbransleforsorjning. 1992, Bruno and Sellin 1992), or the earlier value of
ICr mol-dm"3 used by NAGRA (1985).

Experimental solubilities for precipitated zirconium hydroxide in various media have been
reported. Although zirconium hydroxide has been shown to be slightly amphoteric (Sheka and
Pevzner 1960), the total solution concentration of zirconium species in a 1 mol-dm"3 solution of
NaOH(aq) was found to be only 10"3'7 mol-dm"3. Bilinski et al. (1966) reported the pH values
at which zirconium hydroxide was found to precipitate from a solution containing a particular
aqueous (total) zirconium concentration. Their solubility values, 2 x 10"4 mol-dm"3 to
8 x 10"5 mol-dm"3, for pH values from 5 to 8, are for relatively freshly precipitated solid (24 h
equilibration). Thus, these solubilities are expected to be high (by orders of magnitude) compared
to solubilities from studies done using aged precipitates. Kovalenko and Bagdasarov (1961) found

I ^ *7 "5
markedly lower total aqueous zirconium concentrations of -I 10 mol-dm" for pH values above
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1.9, even though their precipitated "zirconium hydroxide" was only aged for 24 h. Tsaikov and
Boichinova (197S) reported the solubility of hyurated zirconium hydroxide as 3.8 x ICT' moi-dirf"
in 0.01 mol-dm'3 HCl(aq) and 1.3 x 10"6 mol-dm'3 in 0.01 mol-dm"3 NaOH(aq).

Samchuk and Sushchik (1986) reported on the solubilities of zirconium hydroxide (with a
solubility of 10"8 mol-dm"3 in pure water) in solutions containing fulvic acids. At pH 3.6, the
maximum solubility of freshly precipitated "a-zirconium hydroxide" was 10"4'9 mol-dm"3 for a
maximum fulvic acid concentration of 6.5 g-dm"3 (apparent molar mass of fulvic acid assumed
to be 5000). At pH 6.2, the solubilities were one to one and a half orders of magnitude greater
than those for pH 3.6, however measurements were done only for lower concentrations of fulvic
acid. The results from this study are not completely consistent, and it is not certain whether
colloidal material might have enhanced the apparent solubilities. Even for carbonate
concentrations as great as 0.1 mol-dm"3, the experiments of Samchuk et al. (1983) suggest total
concentrations of zirconium in solution over "a-zirconium hydroxide" to only be 10"4'9 mol-dm
(at pH = 8, approximately).

The agreement between the various studies is not good, but all measured solubilities are < 10"
for solutions near neutral pH. In many cases the experiments used poorly characterized or freshly
precipitated solids, and analysis procedures likely to overestimate the amounts of zirconium
species in solution.

Fluoride is another ligand most likely to form strong soluble complexes with zirconium, but based
on the association constants selected by Bond and Hefter (1980), and the hydrolysis constants
suggested by Baes and Mesmer (1976), fluoride complexes are unlikely to lead to total solution
concentrations of zirconium species > 10"4 mol-dm"3 forpH values between 5 and 10. This is true
even at the maximum fluoride concentration of 10"2'8 mol-kg"1 in the contact water (set by
CaF2(cr) solubility (Lemire and Garisto 1989)).

Zirconium concentrations in natural waters tend to be low, although it is unlikely such values are
equilibrium values, or if so, that ZrO2(cr) is the controlling phase. Samchuk and Sushchick (1986)
cite values from the literature ranging between 0.05 and 3 ug-dm"3. Schmidt (1968) found
approximately 1 ug.dm"3 zirconium in Rhine River water. Zirconium concentrations in sea water
from 2 to 21 ng-dm"3 (10"7J to 10"6-6 mol-dm'3) were reported by Sastry et al. (1974).

Robie et al. (1979) reported ArG for formation of ZrSiO4(cr) from the component oxides (quartz
and baddeleyite) as -19.8 kJ-mol"1. Schuiling et al. (1976) determined an experimental value of
-(24.6 ± 4.4) kJ-mol"1 for the same reaction. Tole (1985) suggested ZrO2 as an intermediate in
the conversion of ZrSiO4(am) (cyrtolyte) to ZrSiO4(cr) (zircon) in buffered aqueous solutions.
Thus, conversion of ZrO2 to zircon might occur at silica concentrations greater than 10" mol-dm"
(zircon is less soluble than ZrO2, although Samchuk and Sushchik also reported a total solution
concentration of zirconium of 1.2 mg-dm"3 after exposure of zircon to a 1 g-dm"3 fulvic acid
solution for two years (pH 5)). High silica concentrations in the contact water might effect such
a transformation, or silica might affect the rate of corrosion of the sheath material. However, it
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is not clear that the kinetics of the transformation reaction are favourable at the temperature of
ciie vault.

Even for the most soluble hydrolytic solids formed by zirconium, the total solution concentration
of zirconium species for pH values in the range of those for contact water (5 to 10) is low. For
this pH range, here are no reports of aqueous solution concentrations of zirconium species
> 10"4 mol-dm"3, regardless of the nature of the ionic composition of the solution. The adherent
oxide formed on fuel cladding is likely to be a more stable form of ZrO2 than most of the solids
used for the solubility experiments. Thus, assuming ZrO2 is the controlling solid phase, an upper
solubility limit of 10"3 mol-kg"1 for total zirconium species in contact water is selected. This
choice precludes the selection by SYVAC of unrealistically high solubilities for zirconium.
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MEMORANDUM

R-3015
AGB-94-208
1994 June 14

TO: S.C. Sheppard

FROM: M. Gascoyne

CHLORIDE CONCENTRATIONS IN VRA GROUNDVATERS

This memo revises an earlier estimate (AGB-94-023) of chloride
concentration in well water drawn from a fracture zone at a depth of
0-200 m. To be consistent with other data provided for GEONET the chloride
concentration range is determined using the same method used in the
estimation of iodide content in well"water (AGB-89-199).

Analyses of about 100 representative groundwaters from permeable zones in
boreholes up to 1 km deep in the Whiteshell Research Area have been
obtained to determine the concentration of total dissolved solids (TDS) and
the chloride ion. The variation of chloride with TDS concentrations is
shown in Fig. 1. Above -400 mg/L TDS, a near-linear relationship exists
such that chloride concentration is approximately (0.6 TDS - 400).

On the basis of Fig. 1, memo AGB-89-199, and the salinity-iodide
concentration ranges defined in Gascoyne and Kamineni (1992), the
concentration range for chloride in the LDl Upper Rock Zone groundwater
(0-150 m) is:

Salinity (mg/L) Cl (mg/L)

500-1,500 100-500

Lower concentrations of chloride will only occur in recharge areas where
deep groundwater cannot move towards the surface or where considerable
dilution by mixing with recharge waters occurs.

The frequency distribution of the chloride data is shown in Fig. 2. A
uniform probability distribution function best describes the concentrations
for the range 100-500 mg/L.

/hw

c. C.C. Davison
R. Zach
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AECL EACL
HEALTH & ENVIRONMENTAL SCIENCES DIVISION M.CIÏ1O
Environmental Science Branch Whiteshell Laboratories

Fax (204) 753-2638

File No. 3620.00.R
BDA-94-24
1994 October 06

TO: Bruce Goodwin
Joe Szekely

FROM: Brian Amiro

Environmental Increment Values for Chlorine-36

Environmental increment (El) values were not stipulated for 36C1 in my previous documents
(Amiro 1992, 1993). However, they are required to complete the assessment of the potential
impacts of 3fiCl on the environment. I define preliminary El values for 36C1 in this memo.
These may be updated as more data become available through the research program being
conducted in CRL's Environmental Research Branch. The background information used here
was kindly supplied by Gwen Milton.

These El values should be used to assess whether the disposal concept has the potential to
increase 36C1 concentrations significantly above background. Chlorine-36 is created
cosmogenically but anthropogenic sources have increased the true cosmogenic background by
about a factor of ten. However, we base our calculations on measurements of today's
environment because the long half-life of 36C1 (301,000 years) suggests that anthropogenic
sources may be important for a long time.

Surface Water:

Milton, J. et al. (1994) report 36C1 concentrations in the Great Lakes ranging from about 3 to
12 x 107 atoms/L water. This contribution is mostly from bomb fallout and is greater than
the 1 to 5 x 106 atoms/L estimated from precipitation without a bomb contribution. Surface
water samples taken as background in the Ottawa river area are in the range of 6 to 9 x 107

atoms/L although contributions from CRL elevate the concentrations near the CRL site by
almost one order of magnitude (Milton, G. et al. 1994). A simple model suggests that the
flushing of bomb fallout from the larger Great Lakes is sufficiently slow that concentrations
will not return to pre-bomb levels for the next few hundred years. Well-water concentrations
in Indiana range from 1 to 35 x 107 atoms/L (Vogt et al. 1994).

The mean (± standard deviation) surface water concentration among the five Great Lakes
sampled by Milton, J. et al. (1994) is 7.5 ± 3.4 x 107 atoms/L. Given that both surface water
and well waters are also in this range, that these concentrations may prevail in some areas for
many years (depending on flushing) and that the dose from such concentrations is very small,
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we suggest that the mean and standard deviation of the Great Lakes data form a reasonable
basis to set the El values. These values would be less stringent than pre-bomb values by
about a factor of ten.

Therefore the estimates are:

Mean Concentration = 7.5 x 107 atoms/L = 5.5 x 10"3 Bq/m"3 water.
El value (based on standard deviation) = 3.4 x 107 atoms/L = 2.5 x 10~3 Bq/m"3 water.

oil

We do not have any direct soil measurements, but some soil samples are being analyzed at
CRL. We calculated the soil El values using the same method employed for some other
radionuclides (Amiro 1992, 1993), using the precipitation measurements and soil Kd values.
Milton, G. et al. (1994) measured 36C1 concentrations in rainwater at Ottawa of 4.3 x 107

atoms/L. These concentrations may be a factor of ten greater than true background without
anthropogenic sources. Steve Sheppard has indicated that the biosphere model assumes a soil
solid/liquid partition coefficient, Kd, of 0.8 L/kg for chlorine for sand soils. Assuming that
the precipitation value is reasonable for soil water, we calculate a soil solid concentration of
3.44 x 107 atoms/kg = 2.5 x 10'6 Bq/kg dry soil. For other cosmogenic radionuclides, we
assumed that the standard deviation and the El value were 14% of the mean concentration
based on variability in precipitation across the Canadian Shield (Amiro 1992, 1993). We
assume the same here, so that the mean baseline concentration and El values are:

Mean Concentration = 2.5 x 10~6 Bq/kg dry soil,
El value = 3.5 x 10'7 Bq/kg dry soil.

References:

Amiro, B.D. 1992. Baseline concentrations of nuclear fuel waste nuclides in the
environment. Atomic Energy of Canada Limited Report, AECL-10454, COG-91-231, 64 pp.

Amiro, B.D. 1993. Protection of the environment from nuclear fuel waste radionuclides: a
framework using environmental increments. Sci. Total. Environ. 128: 157-189.

Milton, G.M. et al. 1994. Chlorine-36 dispersion in the Chalk River area. Nuclear
Instruments and Methods in Physics Research B 92: 376-379.

Milton, J.C.D. et al. 1994. 36C1 in the Laurentian Great Lakes basin. Nuclear Instruments and
Methods in Physics Research B 92: 440-444.

Vogt, S. D. Elmore and S.J. Fritz. 1994. 36C1 in shallow, perched aquifers from central
Indiana. Nuclear Instruments and Methods in Physics Research B 92: 398-403.

c. G. Milton
S. Sheppard
R. Zach
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