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EFFECT OF THE WASTE EXCLUSION DISTANCE

ON THE POSTCLOSURE PERFORMANCE OF A REFERENCE DISPOSAL SYSTEM

by

B.W. Goodwin, W.C. Hajas, T.W. Melnyk and C.I. Kitson

ABSTRACT

The concept for disposal of Canada's nuclear fuel waste involves the isolation of the waste in
corrosion-resistant containers placed in a sealed vault at a depth of 500 to 1000 metres in
plutonic rock of the Canadian Shield. The technical feasibility of this concept, and its impact
on the environment and human health, are summarized in an Environmental Impact Statement
(EIS).

The EIS is supported by nine primary references, one of which describes the postclosure
assessment of the concept. The postclosure assessment is concerned with the long-term
performance and behaviour of the disposal system, starting from the time the disposal facility
is closed and extending far into the future. The discussions presented in the EIS and the
postclosure assessment are based on a case study of a hypothetical disposal system with
specific design features and host rock characteristics. The design features are founded on a
conceptual engineering study and the rock characteristics are derived from geological studies
of a field research area.

In the case study, the long-term performance of the hypothetical disposal system was strongly
dependent on a design parameter called the waste exclusion distance. This distance is defined
as the minimum length of low-permeability sparsely fractured rock between the waste-
emplacement part of the hypothetical vault and a nearby conductive fracture zone in the host
rock. In this report, we examine trends in estimates of radiological impact as a function of
the waste exclusion distance.
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EFFET DE LA DISTANCE D'EXCLUSION DES DECHETS SUR LE COMPORTEMENT
APRÈS FERMETURE D'UN SYSTÈME DE STOCKAGE PERMANENT DE RÉFÉRENCE

par

B.W. Goodwin, W.C. Hajas, T.W. Melnyk et C.I. Kitson

RÉSUMÉ

Le concept de stockage permanent des déchets de combustible nucléaire du Canada prévoit
l'isolement des déchets dans des conteneurs résistant à la corrosion placés dans une enceinte
étanche à une profondeur de 500 à 1 000 m, dans la roche plutonique du bouclier canadien.
La faisabilité technique de ce concept et ses incidences sur l'environnement et la santé sont
résumées dans une Étude d'impact sur l'environnement (EIE).

L'EIE est appuyée par neuf rapports de référence principaux, chacun décrivant l'évaluation du
système après fermeture. L'évaluation d'après-fermeture s'intéresse aux performances et au
comportement sur de longues périodes du système de stockage permanent, à partir du moment
où l'installation de stockage permanent est fermée jusqu'à une période très éloignée. Les
points présentés dans l'EIE et l'évaluation d'après-fermeture sont fondés sur une étude de cas
d'un système de stockage permanent hypothétique présentant des caractéristiques particulières
tant au point de vue de la conception que de celui de la roche encaissante (ou réceptrice).
Les caractéristiques de conception sont fondées sur une étude technique conceptuelle et celles
de la roche proviennent des études géologiques d'une zone de recherche sur le terrain.

Dans l'étude de cas, les performances sur de longues périodes du système de stockage
permanent hypothétique étaient liées étroitement à un paramètre de conception appelé la
distance d'exclusion des déchets. Cette distance est définie par la longueur minimale de la
roche à fractures éparses à faible perméabilité entre la zone de mise en place des déchets de
l'enceinte hypothétique et une zone de fracture conductrice se trouvant à proximité dans la
roche encaissante. Dans le présent rapport, nous examinons la tendance quant aux estimations
des incidences radiologiques en fonction de la distance d'exclusion des déchets.
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1. INTRODUCTION

AECL Research and Ontario Hydro were assigned responsibility in 1978 for the Canadian
Nuclear Fi:e! Waste Manage.'ner:! Progra:r: (CNFWMP), to evaluate the feasibility and safety
of the concept of deep underground disposal of nuclear fuel waste in intrusive igneous rock of
the Canadian Shield (Joint Statement 1978, 1981). AECL has submitted an Environmental
Impact Statement (EIS) of the concept (AECL 1994a, 1994b) to a federal Environmental
Assessment and Review Panel (EARP 1992) for public and regulatory review.

The EIS is supported by nine primary references that summarize major aspects of the disposal
concept (Davis et al. 1993; Davison et al. 1994a, 1994b; Goodwin et al. 1994; Greber et al.
1994; Grondin et al. 1994; Johnson et al. 1994a, 1994b; Simmons and Baumgartner 1994).
One of these references is the postclosure assessment, a long-term environmental and safety
assessment of the concept (Goodwin et al. 1994). The time frame for the postclosure
assessment extends from closure of the faci l i ty to thousands of years into the future.

The purpose of this postclosure assessment is to examine the performance and behaviour of a
hypothetical disposal system, called the reference disposal system, to evaluate the potential
long-term impacts on human health and the natural environment. The properties of the
reference disposal system are described using realistic models and data to the extent possible.
The characteristics of the host rock are based on more than a decade of geological research
studies in the Whiteshell Research Area. These studies show the rock near the hypothetical
disposal vault is sparsely fractured and has a very low permeability (Davison et al. 1994b).
Properties of the reference disposal vault are based on a conceptual engineering study, and
include specific design options such as the borehole emplacement concept and the use of
Grade-2 titanium containers (Simmons and Baumgartner 1994; Johnson et al. 1994b).

Another design feature pertains to the location of the reference disposal vault relative to an
assumed nearby fracture zone in the low-permeability sparsely fractured rock. Results from
the postclosure assessment study have shown the long-term performance of the reference
disposal system is strongly dependent on the design parameter called the waste exclusion
distance. This distance is defined as the smallest thickness of rock that separates the
waste-emplacement part of the vault from the assumed nearby fracture zone (Goodwin et al.
1994).

The postclosure assessment of the reference disposal system uses a value of 50 m for the
waste exclusion distance. In this report we examine the effects of distances that range from
about 1 m to about 70 m, but note that the results for the smaller distances should be
interpreted with caution. Waste exclusion distances of only a few metres are hypothetical
constructs used for assessment purposes, and for an actual repository design it is unlikely that
a disposal vault would be located so close to such an important geological feature. Moreover,
our analyses for 'he smaller waste exclusion distances use extrapolations of research models
and data (discussed in the following section). Thus the results for the smaller waste exclusion
distances described herein should not be interpreted as estimates of environmental impacts for



a credible disposal system. Instead, these results should be regarded as illustrations of trends
in behaviour.

We also present results for an extended simulation timeframe. The models and data
describing the icfcicncc disposal system are considered to be valid for times up to the onset
of the next glaciation (Davis et al. 1993, Davison et al. 1994b, Johnson et al. 1994b), and
thus the quantitative analyses presented in the postclosure assessment deal with times up to
10s a after closure of the disposal facility. In this report, however, we present results that
range to 108 a after closure because they reveal useful information on the long-tern,
mathematical behaviour of the models and associated data. This time frame is sufficiently
long (about 5 times the half-life of 12gl, the major contributor to estimated radiological
impacts) that the estimated dose rate has passed through a maximum in every simulation
(dose rate is an abbreviation for annual effective dose equivalent and is reported in sieverts
per year).

The method of analysis used in this report is the same as that used for the postclosure
assessment (Goodwin et al. 1994). In particular, we have estimated radiological impacts
using SYVAC3-CC3 (SYstems Variability Analysis Code, generation 3, with a system model
describing the Canadian Concept, generation 3, for the disposal of nuclear fuel waste).
SYVAC3-CC3 is the principal computer code used in the postclosure assessment (Goodwin et
al. 1994). The CC3 system model for the reference disposal system contains more than 7000
parameters. Values for many of these parameters (Szekely et al., 1994) are represented using
probability density functions (PDFs) to include the effects of uncertainty.

2. DESCRIPTION OF THE CASES STUDIED

In the following discussion, we compare results for six cases in which the waste exclusion
distances are about 1, 3, 10, 30, 50 and 70 m. Table A . I in the Appendix gives the actual
distances used in the calculations.

Results for the six cases are based on the median-value simulation, in which each parameter
takes on the value corresponding to the 50th percentile of its PDF in the calculations with
SYVAC3-CC3. The median-value simulation provides detailed insight into the operation and
interactions of the system model. (In contrast, the probabilistic approach uses results from
thousands of simulations, in which parameter values are randomly selected from their PDFs,
to take into account the effects of parameter uncertainty (Goodwin et al. 1994).)

The analyses presented in this report also concentrate on radiological impacts from seven
radionuclides expected to cause the largest radiation doses over times up to 105 a following
closure of the reference disposal vault: 14C, l3SCs, 129I, '"Ni, ll)7Pd, 7"Se and 9"Tc. The
postclosure assessment provides estimates of potential impacts for 68 radionuclides, and
shows that estimates of dose rate to 10s a are dominated by 12"I with smaller contributions
from 14C and much smaller or no contributions from all other radionuclides (Goodwin et al.



1994). For all cases studied in this report, contributions from 124I dominate the total dose
rate.

We do not consider in this report new information on the inventory of 36C1 in the nuclear fuel
waste. An analvsis described bv Johnson et ?.!. f19^5^ shows that the transport characteristics
of 36C1 in the vault and geosphere (including the rock within the waste exclusion distance) are
similar to those of 129I, and that 36C1 would contribute only about 6% of the total dose rate at
105 a. Moreover, at longer times, the importance of 36C1 would tend to diminish compared
with I29I from a consideration of their half-lives (3.01 x 105 a for 36C1 and 1.57 x 107 a for
129I). The conclusions of our analysis would be unchanged if the new inventory information
for 36C1 were explicitly considered.

Figure 1 illustrates the size, shape and orientation of the vault for the reference disposal
system. The inset shows a typical vault room with used fuel bundles in containers emplaced
in boreholes in the floor of the room. The reference disposal vault is about 1700 m by 1900
m and is located at a depth of 500 in. We assume one side of the vault lies parallel to nearby
fracture zone LDl, shown as the shaded structure in the figure. We also assume LDl
extends from the overburden downwards past the plane of the vault at a shallow angle.

Figure 2a shows the general geological setting of the reference disposal vault, and indicates
the 500-m-deep vault is located within the third bedrock layer. This layer, called the lower
rock zone, consists of low-permeability sparsely fractured rock (Davison et al. 1994b).
Figure 2b provides more detail of part of the vault closest to LDl for the reference disposal
system. The waste exclusion distance is about 50 m and represents the shortest distance to
LDl from the waste-emplacement part of any vault room (the end of the room nearest LDl in
Figure 2b would be sealed with a thick concrete bulkhead and the remainder of the room
would be filled with a mixture of crushed rock and clay). For a sector width of 113 m, the
longest geometric distance is about 80 m (sectors are defined below and are shown in
Figures 3 and 4a; sectors 10, 11 and 12 are nearest LDl). The distance in a horizontal
direction between the waste-emplacement part of the vault and LDl is about 150 m
(Figure 2b) because LDl is inclined at an angle of about 18° to the plane of the vault.

The CC3 system model contains several conservative assumptions regarding LDl to allow
examination of how groundwater movement in a nearby fracture zone could affect the overall
performance of the reference disposal system. For example, it was assumed that LDl is
hydraulically well-connected to other fracture networks and extends downwards from the
overburden past the plane of the vault to the rock mass below the vault, to form a continuous
and relatively rapid flow path for groundwater movement from vault depth to the surface
(Figure 2a). These assumptions were based on geological information from the Whiteshell
Research Area that was available in 1985 (Davison et al. 1994b). More recent geological
studies indicate that this fracture zone is not hydraulically well connected to nearby fracture
systems, nor does it extend to the depth chosen for the reference disposal vault (Davison et
al. 1994b). Use of this more recent information would lead to significantly smaller estimates
of dose rate (Goodwin et al. 1994).
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FIGURE 1 : Orientation of the Reference Disposal Vault Relative to Fracture Zone LDl.
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FIGURE 2: Cross Sections of the Reference Vault Showing the Location of Fracture Zone LD1.
Part (a) shows the orientation of the reference disposal vault with respect to several
nearby Low-Dipping fractures, including LD1, and Vertical joints. Part (b) shows an
enlargement of a vault room near LD1 for the reference disposal system and the 50-m
case described in this report. Current geological information indicates that LD1 does
not extend to the vault depth, nor does it connect with vertical joint V2 (Davison et al.
1994h).
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FIGURE 3: Plan View of the Reference Disposal Vault.
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The vault occupies an area of approximately 3 knr and there are significant variations in the
movement of radionuclides from the vault through the groundwater pathways in the
surrounding IOCK. To account tor these variations, we have divided the reference disposal
vault into 12 sectors, shown in Figure 3, such that the properties of the rock (notably
groundwater velocities) adjoining each sector are relatively uniform (Davison et al. 1994b;
Johnson et al. 1994b). Each sector is treated as a plane source and is connected to a network
of segments representing the geosphere transport pathways. Each sector is allocated a
fraction of the waste in proportion to its plan area, and each also has different properties
depending on the location of the sector within the vault (Johnson et al. 1994b).

Figure 3 indicates that most of the 12 sectors are clustered near LD1 because proximity to the
fracture zone is an important parameter affecting the movement of radionuclides from a sector
into the surrounding rock of the geosphere. In fact, sensitivity analyses of the CC3 system
model indicated that the transport paths dominating radiological impacts start from sectors 10,
11 and 12, the three nearest LD1 (Goodwin et al. 1994).

To describe the movement of groundwater and radionuclides in the geosphere of the reference
disposal system, the CC3 system model simulates transport through a network of 46 segments
that lead from the 12 vault sectors to four discharge areas in the biosphere (Davison et al.
1994b). Figure 4 shows a 3-dimensional representation of these segments and a
2-dimensional vertical projection near the centre of the reference disposal vault. The
segments represent potential radionuclide pathways through parts of the geosphere that have
distinct chemical and physical properties. Properties of a segment include the Cartesian
coordinates and hydraulic heads of its starting and ending points, used to calculate
groundwater velocities within the segment. Other important properties of a segment are the
types and amounts of minerals present that could affect the sorption and movement of
radionuclides.

The selection and properties of the vault sectors and geosphere segments for the CC3 system
model are founded on detailed research studies which include the use of computer codes such
as MOTIF to model groundwater flow and contaminant transport (Davison et al. 1994b).
Although this underlying research was focussed on a 50 m waste exclusion distance for the
reference disposal system, it also provides a reasonable basis for the 30-m and 70-m cases.
For our analyses of these two cases, we have made the associated modifications to the data
used by the CC3 system model. For our analyses of the cases with 1, 3 and 10 m waste
exclusion distances, however, we have assumed simple extrapolations based on the 50-m case
(which had the most complete set of data). The extrapolations for these smaller waste
exclusion distances do not take into consideration effects that may be important.

- The CC3 vault model assumes that radionuclides move sequentially through the buffer
and backfill into the surrounding rock, and that the containers, buffer, backfill and
surrounding rock are adequately represented as a series of planar layers with transport
described using a one-dimensional transport equation (Johnson et al. 1994b). For
waste exclusion distances less than about 10 m, the backfill may not be in the
transport path and one-dimensional equations may be inadequate.
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FIGURE 4: Segments Used to Model Radionuclide Movement Through the Geosphere for the
Reference Disposal System. Part (a) is a 3-dimensional representation, and part (b) is a
2-dimensional projection near the centre of the reference disposal vault .
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- The CC3 geosphere model is based on hydrogeological studies using MOTIF with a
simplified geometry and level of discretization for the disposal vault thai is acceptable for
the larger waste exclusion distances (Davison et al. 199^b). For waste exclusion distances
less than about 10 in, geometric effects related to the dimensions of the vaultrooms,
containers and the surrounding excavation damage zone may be significant.

If more accurate results were required for the smaller waste exclusion distances, we would
require additional detailed research studies which would likely lead to substantial revision of
the CC3 system model. In this report, however, we use the existing CC3 system model and
restrict our analysis to a comparison of trends in behaviour when the waste exclusion distance
is varied, assuming all other factors are the same.

The CC3 sy-'em model contains many conservative assumptions that lead to overestimates of
impact. OIK , hat has a strong influence on studies of the waste exclusion distance pertains to
the relatively small number of large sectors used to represent the reference disposal vault.
The use of these large sectors leads to overestimates of impact because the entire radionuclide
inventory wi th in a vault sector is assumed to feed the same geosphere transport segment, and
the transport distance along that segment is assigned a conservative minimum value. For
instance, vault sectors 10, 11 and 12 are closest to LD1, and with a waste exclusion distance
of 50 in, the geometric distances to LD1 from sectors 10, 11 and 12 are about 50 m and 80
m from the nearest and farthest corners respectively (Figure 2b). Thus in our studies of the
50-m case, we use the shortest distance, about 50 in, to represent the length of the transport
segment leading from LD1 to the waste-emplacement parts of sectors 10, 11 and 12. The
roulis documented in the EIS (AECL 1994a) and in the postclosure assessment primary
reference (Goodwin et al. 1994) are based on this assumed 50-m waste exclusion distance.

We would normally adjust the number and sizes of the vault sectors so that there would not
be a large difference between the shortest and longest geometric distances for any given
sector, so as to avoid undue conservatism. This is the situation in the CC3 system model for
the 50-ni case study, where 12 sectors were judged to be appropriate for a 50 m waste
exclusion distance. However, to simplify the analysis we have not made similar adjustments
for the other 5 cases examined in this report; instead we have used the same number and
sizes of vault sectors as in the 50-m case. This simplification leads to overestimates of
impact that are increasingly larger for smaller waste exclusion distances. For example, the
geometric distances in the 3-m case range from about 3 in to 38 m for sectors 10, 11 and 12
(Table A- l of the Appendix), and we assume for this case that the entire inventory of these
sectors feed a 3-m-long transport segment leading to fracture zone LD1, even though part of
the inventory could have a transport distance that is more than 10 times longer. For each of
the 6 cases studied here, we use the corresponding minimum distance (listed in Table A-l)
for the waste exclusion distance. To eliminate some of the associated conservatism, we have
applied the corrections described in the Appendix for waste exclusion distances of 10 in and
smaller.
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3. RESULTS OF THE A N A L Y S I S

Figure 5 shows curves of the total estimated dose rate from MC, l35Cs, 129I, 59Ni, Hl7Pd, 79Se
and "Tc for the six different waste exclusion distances. As noted earlier, the calculations
have been extended to 10* a to examine the long-term mathematical behaviour of the
simulations. Figure 5 indicates that the solutions are well behaved and that different waste
exclusion distances produce similar curves. For example, Figure 5 shows the expected
mathematical behaviour of the maxima.

- The maxima in the estimated dose rate are shifted to longer times for longer waste
exclusion distances, caused by the longer transport times out of the vault and through
the rock immediately surrounding the reference disposal vault.

- The magnitudes of the maxima decrease for longer waste exclusion distances, caused
by a greater degree of dispersion of the plume of radionuclides and longer times for
radioactive decay. The effects of radioactive decay are more obvious for estimated
dose rate from short-lived radionuclides such as I4C.

In addition, Figure 5 exhibits the expected result that the curves are almost identical at long
times (beyond about 10" to 107 a), when the differences in transport time through the different
waste exclusion distances are relatively inconsequential.

Figure 5 indicates that the maximum estimated dose rates are far smaller than 3 x 10~3 Sv/a, a
value typical of dose rates from the natural environment (Neil 1988). Moreover, maximum
dose rates are smaller than the dose rate of 5 x 10"* Sv/a associated with the AECB
radiological risk criterion (AECB 1987) for all except the 1-m case. These results suggest
that even very small lengths of low-permeability sparsely fractured rock separating the
waste-emplacement areas from LD1 provide a significant barrier to radionuclide transport.
For instance, a comparison of the 1-m and 3-m curves in Figure 5 shows that the extra 2 m
of rock delays the arrival of the peak by more than 13 000 a and significantly reduces the
magnitude of the maximum.

In fact, Figure 6 shows even 1 m of this low permeability rock is a good barrier. Figure 6
plots amounts of 129I in the disposal system as a function of time. The uppermost curve
shows the initial inventory of I29I in vault sector 11 that is released from used fuel by the
"instant release" mechanism. In the median-value simulation, approximately 8% of the total
initial inventory of 129I is assumed to be available for transport at the instant of failure of the
containers, and the remaining 92% becomes available very slowly with the congruent
dissolution of the used fuel matrix (Johnson et al. 1994b). (Only the instantly released I29I
contributes significantly to estimates of dose (Goodwin et al. 1994).) The uppermost curve
and (eventually) the other curves in Figure 6 decrease with time because of radioactive decay.
The lower 6 curves in Figure 6 show the amounts of 129I that are located at or beyond
fracture zone LD1. Differences between these lower six curves are due solely to the different
waste exclusion distances, and arise from delays and attenuations in movement of 129I out of
vault sector 11 into the surrounding rock as well as delays in the movement of 129I through
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the rock within the waste exclusion distance to LD1. The results show that larger waste
exclusion distances are certainly more effective in l imit ing movement of 12<;1. However, even
the 1-m case is effective. At 104 a, only about 2% of the inventory of I2gl has reached LD1
when the waste exclusion distance is 1 m. That is, at 104 a, Q8% of the initial inventory of
129I is contained within the disposal vault or within the 1 m of rock that separates the vault
from LD1. If there were no rock between the vault and LD1, then the entire initial instant
release inventory of sector 11 would be in LD1.

The results in Figure 5 reveal that a 50-m waste exclusion distance of low- permeability
sparsely fractured rock has a strong influence on estimates of dose rate over times near 104 to
10s a, an important observation affecting results from postclosure assessment of the reference
disposal system (Goodwin et al. 1994). For example, Figure 5 shows the dose-time curve for
the 50-m case is rising rapidly between 104 to 10s a, as are the dose-time curves for the
smaller 30-m and the larger 70-m cases. Thus estimated dose rates are very sensitive to
variations in the 50-m waste exclusion distance for times near 104 to 105 a.

Figure 7 summarizes this effect, showing the magnitude of the maxima in the estimates of
dose rate as a function of the waste exclusion distance, using six time cutoffs ranging from
103 to 108 a. For a time cutoff of 104 a, estimated maximum dose rates vary over more than
8 orders of magnitude for waste exclusion distances less than about 40 m (estimated dose
rates are too small to display on the figure for waste exclusion distances greater than 40 m).
For a time cutoff of 10s a, the maxima for the 1-m and 70-m cases differ by less than one
order of magnitude. Figure 7 also shows, for a waste exclusion distance of 50 m, the
maxima range from less than 10'14 Sv/a for time cutoffs less than 104 a to about 10'5 Sv/a for
time cutoffs greater than 106 a.

The results in Figures 5 and 7 also help to explain the importance in the CC3 system model
of the tortuosity of the rock immediately surrounding the vault (called the lower rock zone in
Figures 3a and 4). The tortuosity is a dimensionless multiplicative parameter used to describe
the effective increase in distance for diffusive transport. The lower rock zone consists of low
permeability rock in which groundwater velocities are less than 10"s m/a and porosities are
about 0.3% (Davison et al. 1994b). Under these conditions, radionuclide transport is almost
entirely due to diffusion through groundwater in interconnected small pore spaces in the rock.
The tortuosity accounts for the winding nature of these interconnected pores in the
mathematical description of radionuclide diffusion. The median value of the tortuosity of the
lower rock zone is about 4, meaning that the diffusion path length is equivalent to 200 m for
a waste exclusion distance of 50 m. The sensitivity analyses presented in the postclosure
assessment (Goodwin et al. 1994) have shown two effects related to the tortuosity of the
lower rock zone (for a waste exclusion distance of about 50 m).

The tortuosity of the lower rock zone is a very influential parameter in the CC3
models for times between 104 a and 10s a. This conclusion conforms with the results
shown in Figures 5 and 7, because smaller tortuosities are associated with shorter
diffusive path lengths and thus produce larger estimates of dose rate, and the effects
are especially significant between 104 a and 105 a.
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The importance of the tortuosity is greatest at 104 a and decreases considerably
between 104 a and 10s a (although it is still very influential at 10s a). This conclusion
is also supported by Figures 5 and 7, because the dose-time curves are less influenced
hy path length at longer times.

Figure 8 shows the contributions to dose from different vault sectors for a waste exclusion
distance of 1 m. As expected, and in agreement with observations in the postclosure
assessment, the main contributions at times up to 105 a are associated with sectors 10, 11 and
12, the three sectors closest to fracture zone LD1. Contributions from sectors 7, 8 and 9
peak after about 10s a, and sectors 1 to 6 peak after about 106 a.

Figure 9 illustrates the dose rate contributions from 14C, l3SCs, 129I, 59Ni, 107Pd, 79Se and "Tc
for a waste exclusion distance of 1 m. The largest contribution is from I29I, with lesser
contributions from 14C, 79Se, "5Cs and 9<1Tc. Contributions from 5"Ni and ul7Pd are too small
to show on the scale of the figure. We have also examined estimated dose rates from the
other 61 radionuclides considered in the postclosure assessment; they do not make
contributions greater than about 10"KI Sv/a for times up to 10s a, even for this very small
waste exclusion distance. (We expect that some radionuclides, such as members of the 238U
decay chain, would become more important at times beyond 108 a.)

Iodine-129 is the major contributor in all cases studied. In fact, the dose-time curves for 129I,
shown in Figure 10, are almost the same as the dose-time curves for all radionuclides shown
in Figure 5.

Carbon-14 and I29I have four common characteristics that cause them to be significant
contributors to estimated dose rate (Goodwin et al. 1994); they are:

mobile in (or weakly sorbed by) media in the vault and in the rock surrounding the
vault,

relatively long-lived,

relatively abundant in used fuel, and

are released from the used-fuel matrix by the instant release mechanism.

Despite these common characteristics, the curves for 14C in Figure 11 show a different pattern
from the curves for 129I in Figure 10. The differences are attributed to their half-lives: 14C is
relatively short lived (5730 a) compared to 129I (1.57 x 107 a). For longer waste exclusion
distances, lesser amounts of 14C survive its transit from the vault to the biosphere and
estimated dose rates from I4C are smaller. In contrast, because 129I is longer-lived, a greater
fraction of its initial inventory survives and its estimated dose rates are less affected. For the
smaller waste exclusion distances, the maxima for I4C occurs at longer times than the maxima
for I29I, because I4C (but not 129I) is slightly retarded by sorption on minerals in fracture zone
LD1 and in the upper rock zone (Goodwin et al. 1994). For larger waste exclusion distances,
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however, the maxima for UC occur before the maxima for 129I because of the differences in
their half-lives.

Sorption has more significant effects for estimated dose rates from 79Se, 135Cs and 9<JTc.
Figure 12 shows the results for 79Se, which is relatively long-lived (6.5 x 104 a) but tends to
be sorbed by minerals in the geosphere. This sorption delays the arrival of peak doses to
times longer than those for 129I, except for cases involving longer waste exclusion distances
when radioactive decay is significant. Figure 13 shows the corresponding curves for "Tc; it
is also long-lived (2.13 x 105 a) but tends to be sorbed by materials and minerals in the vault
and geosphere. Finally, Figure 14 presents the results for 135Cs; it has a long half life
(2.3 x 106 a) but is strongly sorbed by minerals in the geosphere. Thus the magnitude and
time of arrival of peak dose rates from 135Cs are shifted to even longer times.

4. CONCLUSIONS

The results of our analysis confirm that, for the conditions of the cases studied, the length of
the waste exclusion distance of low-permeability sparsely fractured rock has a strong
influence on estimates of dose rate. Longer waste exclusion distances shift the maxima in the
estimated dose rates to longer times and decrease the magnitudes of the maxima. The shifts
in time tend to be greater for radionuclides that are sorbed by sealing materials in the vault
and minerals in the geosphere, and the attenuations tend to be greatest for radionuclides that
have short half-lives. For the reference disposal system, estimates of dose rate would be very
sensitive, over times scales ranging up to about 105 a, to small changes in the assumed 50-m
waste exclusion distance.

The results also indicate that even a few metres of low-permeability sparsely fractured rock-
between the waste-emplacement areas of the vault and a nearby fracture zone would provide
an effective barrier to the movement of radionuclides from the vault to the biosphere. This
barrier is especially effective for radionuclides that sorb in the vault and geosphere, such as
135Cs, 59Ni, lo7Pd, 79Se and "Tc; they would be significantly delayed and would not make
significant contributions to the total estimated dose rate.

ACKNOWLEDGEMENTS

This study was carried out for the Canadian Nuclear Fuel Waste Management Program,
which is jointly funded by AECL and Ontario Hydro under the auspices of the CANDU
Owners Group.



-21 -

/I /-> »—
i ^y

^o '
^ — 4

oo 10

(D
00

en r*

" 10~6

E
0
i-_

^ 10~8

0
o:
0)

o in~10
Û I U
HQ

0)
H — '

o _ i o
£ 10 Z

'-*— <
CO

LU

-1 4
10 ^

Natural Background: 3x1 0"J (Sv/a;

AECB Limit: 5x1 CT5 (Sv/a)

/— N.: A/ : ' \
/ ; ' \\
/ : ' \\

/• ' \/ ; ' A

™

-

"

1 ! 1

'! '
' ' \
• 1

1

1

! : \
: i

i
i
I
i
I
i i

10U 10^ 104 10
Time (a)

-

1
I

"

\ |

b 10b

Waste Exclusion Distances:
1 m

3 m

10m

-» ¥ » Y*\ T-» « r* . T~> ... ! _..... ! TX . > - _ T~» ., A. .. 1.*—. . ..« 7yCV. .•... .. r7....,v*ï..«> ^»i-* T^! .v> ,* 4-%,-\ •• T^ ï ^4-*,-v»«^n-if M/fictii Cv i~*\ « I ('

Distances. Curves for thé 30-m, 50-m and 70-m cases are smaller than 10'14 Sv/a at all
times.



- 2 2 -

-2
U

o

o

E
o

o
o:
<u
o
o
"O
(D

"o

00
LJ

10

1C

-6

8

in10
1- l

10

10
1 4

r

Natural Bockgrouna: 3x10"' (5v/a
I

AECB Limit: 5x1 0"5 (Sv/a)

10 10
z 7T

1 0 ' 10'
Time (a)

Waste Exclusion Distances:
1 m

3 m

10 m

30 m

50 m

70 m

10
8

FIGURE 13: Estimated Dose Rate from "Te as a Function of Time for Different Waste Exclusion
Distances.



- 2 3 -

o

>

o

E
o

0)
-4— '

O

0

10
•4

10

10

-6

-8

Œ>
en — 1 0
o 10

T)
Œ>

I io-12

10
-14

Natural Background: 3x1Q'3 (Sv/'o;

AECB Limit: 5x10"5 (Sv/o)

10
u

10'
6

10 10
Time (a)

Waste Exclusion Distances

10
8

1 m

3 m

10 m

30

FIGURE 14: Estimated Dose Rate from l35Cs as a Function of Time for Different Waste Exclusion
Distances. Curves for the 50-m and 70-m cases are smaller than 10'14 Sv/a at all times.



-24 -

REFERENCES

AECB (Atomic Energy Control Board). 1987. Regulatory policy statement. Regulatory
objectives, requirements and guidelines for the disposal of radioactive wastes - long-term
aspects. Atomic Energy Control Board Regulatory Document R-104, 1987 June 5,
Ottawa.

AECL (Atomic Energy of Canada Limited). 1994a. Environmental impact statement on the
concept for disposal of Canada's nuclear fuel waste. Atomic Energy of Canada Report,
AECL-10711, COG-93-1. Available in French and English.

AECL (Atomic Energy of Canada Limited). 1994b. Summary of the environmental impact
statement on the concept for disposal of Canada's nuclear fuel waste. Atomic Energy of
Canada Limited Report, AECL-10721, COG-93-11. Available in French and English.

Davis, P.A., R. Zach, M.E. Stephens, B.D. Amiro, G.A. Bird, J .A.K. Reid, M.I. Sheppard
and M. Stephenson. 1993. The disposal of Canada's nuclear fuel waste: The biosphere
model, BIOTRAC, for postclosure assessment. Atomic Energy of Canada Limited Report,
AECL-10720, COG-93-10.

Davison, C.C., A. Brown, R.A. Everitt, M. Gascoyne, E.T. Kozak, G.S. Lodha,
C.D. Martin, N.M. Soonawala, D.R. Stevenson, G.A. Thome and S.H. Whitaker.
1994a. The disposal of Canada's nuclear fuel waste: Site screening and site evaluation
technology. Atomic Energy of Canada Limited AECL Report, AECL-10713, COG-93-3.

Davison, C.C., T. Chan, A. Brown, M. Gascoyne, D.C. Kamineni, G.S. Lodha,
T.W. Melnyk, B.W. Nakka, P.A. O'Connor, D.U. Ophori, N.W. Scheier,
N.M. Soonawala, F.W. Stanchell, D.R. Stevenson, G.A. Thorne, S.H. Whitaker,
T.T. Vandergraaf and P. Vilks. 1994b. The disposal of Canada's nuclear fuel waste:
T- ; geosphere model for postclosure assessment. Atomic Energy of Canada Limited
Report, AECL-10719, COG-93-9.

EARP (Environmental Assessment Review Panel). 1992. Final guidelines for the
preparation of an environmental impact statement on the nuclear fuel waste management
and disposal concept. Federal Environmental Assessment Review Office, 13th floor,
Fontaine Building, 200 Sacré-Coeur Blvd., Hull, Québec, K1A OH3.

Goodwin, B.W., D.B. McConnell, T.H. Andres, W.C. Hajas, D.M. LeNeveu,
T.W. Melnyk, G.R. Sherman, M.E. Stephens, J.G. Szekely, P.C. Bera, C.M. Cosgrove,
K.D. Dougan, S.B. Keeling, C.I. Kitson, B.C. Kuinmen, S.E. Oliver, K. Witzke,
L. Wojciechowski and A.G. Wikjord. 1994. The disposal of Canada's nuclear fuel
waste: Postclosure assessment of a reference system. Atomic Energy of Canada Limited
Report, AECL-10717, COG-93-7.



-25 -

Greber, M., E.R. Freeh and J.A.R. Killer. 1994. The disposal of Canada's nuclear fuel
waste: Public involvement and social aspects. Atomic Energy of Canada Limited Report,
AECL-10717, COG-93-7.

Grondin, L., K. Johansen, W.C. Cheng, M. Fearn-Duffy, C.R. Frost, T.F. Kempe,
J. Lockhart-Grace, M. Paez-Victor, H.E. Reid, S.B. Russell, C.H. Ulster, J.E. Villagran
and M. Zeya. 1994. The disposal of Canada's nuclear fuel waste: Preclosure assessment
of a conceptual system. Ontario Hydro Report, N-03784-940010 (UFMED), COG-93-6.

Joint Statement. 1978. Joint statement by the Minister of Energy, Mines and Resources
Canada and the Ontario Minister of Energy, 1978 June 05. Printing and Publishing,
Supply and Services Canada, Ottawa, Canada K1A OS9.

Joint Statement. 1981. Joint Statement by the Minister of Energy, Mines and Resources
Canada and the Ontario Minister of Energy, 1981 August 04. Printing and Publishing,
Supply and Services Canada, Ottawa, Canada K1A OS9.

Johnson, L.H., B.W. Goodwin, S.C. Sheppard, J.C. Tait, D.M. Wuschke, C.C. Davison.
1995. Radiological assessment of 36C1 in the disposal of used CANDU fuel. Atomic
Energy of Canada Limited Report AECL-11213 , COG-94-527.

Johnson, L.H., J.C. Tait, D.W. Shoesmith, J.L. Crosthwaite and M.N. Gray. 1994a. The
disposal of Canada's nuclear fuel waste: Engineered barriers alternatives. Atomic Energy
of Canada Limited Report, AECL-10718, COG-93-8.

Johnson, L.H., D.M. LeNeveu, D.W. Shoesmith, D.W. Oscarson, M.N. Gray, R.J. Lemire
and N.C. Garisto. 1994b. The disposal of Canada's nuclear fuel waste: The vault model
for postclosure assessment. Atomic Energy of Canada Limited Report, AECL-10714,
COG-93-4.

Neil, B.C.J. 1988. Annual summary and assessment of environmental radiological data for
1987. Safety Services Department, Health & Safety Division, Ontario Hydro Report,
AR-87-1.

Simmons, G.R. and P. Baumgartner. 1994. The disposal of Canada's nuclear fuel waste:
Engineering for a disposal facility. Atomic Energy of Canada Limited Report,
AECL-10715, COG-93-5.

Szekely, J.G., M.E. Stephens, K.W. Witzke, T.M. Melnyk, D.M. LeNeveu,
D.B. McConnell and B.W. Goodwin. 1994. A compendium of the data used with the
SYVAC3-CC3 system model. Atomic Energy of Canada Limited Report, AECL-11013,
COG-93-455.



- 2 6 -

APPENDIX A

CORRECTIONS FOR SMALL WASTE EXCI USION HISTANCFS

The waste exclusion distance corresponds to the length of the three segments that lead from
vaults sectors 10, 11 and 12 to fracture zone LD1 (Figures 2b, 3 and 4a). In the CC3 system
model, we assume that the entire inventory of a radionuclide in each of these sectors is
separated from LD1 by the waste exclusion distance, and we use a min imum geometrical
length to represent this distance.

Each of vault sectors 10, 11 and 12 is about 113 m long, so that there is a significant
difference between the geometric distances from LD1 to the nearest and farthest corners of
sectors 10 to 12. Table A . I lists these min imum and maximum distances, calculated using
the dip angle and room length shown in Figure 2b and with different assumed values for the
minimum distances. For the 30-, 50- and 70-m cases, the ratios of maximum-to-min imum
distances are less than about 2, but the ratios are substantially larger for the 1-, 3- and 10-m
cases. It follows that the overestimates of impact are increasingly larger for the 10-, 3- and
1-m cases.

One approach to reduce some of the excess conservatism for the 1-, 3- and 10-m cases would
be to replace sectors 10 to 12 with a larger number of smaller sectors. However, we have
assumed for expediency, and to simplify the comparisons, that the number and sizes of the
vault sectors are the same as for the 50-m case. We have instead adjusted the estimated
impacts for the 1-, 3- and 10-m cases to eliminate some of the excess conservatism. The
adjustments are made by mult iplying the raw results from the 1-, 3-, 10-m and 30-m cases by
a correction factor that describes the fractions of sectors 10 to 12 that are wi th in distances
from LD1 of 1 to 3 m, 3 to 10 m, 10 to 30 m, and greater than 30 m.

For example, consider a waste exclusion distance of 1 m. Based on the 18° angle shown in
Figure 2b, vault sectors 10 to 12 would be separated from fracture zone LD1 by a min imum
distance of 1 m in a perpendicular direction and 3.24 m in a horizontal direction. However,
only about 6.5 m of these sectors lie within 1 to 3 m of LD1. That is, only 6.5/113 or about
5.7% of sectors 10 to 12 are closer than 3 m from LD1. Table A-2 summarizes these
calculations. The corrected estimate of dose rate for the 1-m case is given by:

Corrected estimate = d, x f, + d, x f, + du i x f,,, + d,u

where the terms à, represent the raw (uncorrected) estimate of dose rate from the calculations
from the case where the waste exclusion distance is about i metres, and the terms fj represent
the fraction of sectors 10, 11 and 12 that lie within 1 to 3 m, 3 to 10 m, and so on, from
LD1. The last term in this equation is not multiplied by a fraction, so as to include the
(generally very small) contributions from vault sectors 1 through 9.
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TABLE A-1

MINIMUM AND MAXIMUM DISTANCES
FROM SECTORS 10, ! 1 AND 12 TO FRACTURE ZONE LD1

Case
Name

1-m

3-m

10-m

30-m

50-m

70-m

Minimum*
Distance (m)

1.0

3.0

10.0

31.2

46.5

71.8

Maximum**
Distance (m)

35.9

37.9

44.9

66.1

81.4

107.0

Value taken from detailed design drawings.
Calculated using the geometrical layout shown in Figure 2b with an
assumed dip angle of 18" and a sector length of 113 m.

TABLE A-2

FRACTIONS USED TO ADJUST THE RESULTS FOR THE 1-m CASE

Perpendicular*
Distance to LD1

(m)

1 to 3

3 to 10

10 to 30

30 to 36

Horizontal**
Distance to LD1

(m)

3.24 to 9.70

9.70 to 32.4

32.4 to 101

101 to 116***

Fraction of Sector 10, 11
and 12 Within This

Distance

0.057

0.201

0.607

0.135***

* Actual values used are the min imum distances cited in Table A-l
** Calculated using the layout shown in Figure 2b and assuming a dip angle of 18°

and a sector length of 113 m.
Takes into account the lengths of the sectors is only 113 m-, so the farthest ends
are only 116.2 m distant.
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