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EACL Recherche a mis au paint et ivaluh un concept pour le stockage 
permanent des dechets de combustible nucleaire du Canada qui consiste 

I enfoulr les dichets grande profondeur dans 14 formation de roche ignie 
rntrusive du Bouclier canadien. L'ivaluation de post-femeture de ce 
concept parte surtout sut les effets sur la sante et sur le milieu nature1 

I 
que purraient =voir lee contaminants eventuellement rejetes dans la 
biosphhra apres la fermeture de l'enceinte de stockage. k s  contaminantm 
radiotoxiques et chimiquament toxiques y aont etudies. 

Lorme des etapes du procescrus d'baluation de la phase de post-fermeture 
est l'ar~lyee de sckarior. Cette analyee de sc&rios ditermine lea 
facteurs qui pourraiclnt influer sur l'efficaciti du s y e t k  de stockage 
permanent et regroupc ces facteurs dans des s c b r i o s  qui doivent faire 
l'objet d'une &valuation puantitati~ ditaillw. 

Le prisent rapport documente un mode d'analyse systhtique des scharios 
qui a eti mis au paint en vue de 1'6valuation de past-femeture et appliqui 

I par la suite a l'etude d ' w  s y s t h  de stockage hypothitipue. La mise en 
I application donne we liste exhaustive de facteurs et un jeu de ~ckariom 

qui neceacitent m e  ;valuation quantitative plus puss&. Cette mise en 
application pernct aussi de determiner un certain nombre d'autres facteurs 
et de scenarios k t u e l m  pour lesquels le s y t b  de stockage hypothetique 
n'aurait pas d'incidaces importantes sur la siireti et sur ?e milieu 
nature1 . 
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In 1978 AECL Research and Ontario H-ydro were assign& responsibility for 
:he Canadian Nuclear Fuel Waste Managemeilt Trogram (CNFWMP), a program set 
up to evaluate the concept for deep underground disposal of nuclear fuel 
waste in intrusive igneous rock of the CanaZian Shield (Joint Statement 
1978, 1981) . Nuclear fuel waste from C A N D U ~  nucleer power reactors would 
be inmobilized within durable containers an* isolated in a vault located at 
a depth of 500 to 1000 m in plutonic rock of the Shield (Boulton 1978; 
Dormuth and Nuttall 1987; AECL 1994a.b). 

One element of the Program is the assessment of potential impacts on the 
environment and humans that may arise from a disposal system (AECL 1994a, 
1994b). The assessment has been separated into two distinct phases. 

- The preclosure assessment phase (Grondin et al. 1994) deals with 
environmental and safety issues that may arise during the facility 

. construction, operation, decomissioning and extended monitoring 
stages, prior to and including closure of the disposal facility. 

- The postclosure assessment phase (Goodwin et ai. 1994) deals with 
long-term environmental and safety issues. The time franie of 
concern for the postclosure assessment begins after the disposal 
facility has been closed and all shafts, tunnels and boreholes have 
been sealed, such that the facility is placed in a passively safe 
state. Regulatory criteria from the Atomic Energy Control Board 
[AECB) require quantitative estimates of radiological risk for 
times up to lo4 a following closure of the disposal facility and 
reasoned arguments for times beyond lc4 a (AECB 1987a). 

An important step in the postclosure assessment is the identification of 
factors and scenarios that require detailed study. A factor is a distin- 
guishing characteristic of the disposal system and its surroundings, or a 
chafacteristic of perturbing external or internal events. A scenario is 'a 
sketch, outline or description of an imagined situation or sequence of events' 
(NEA 1992). For the postclosure assessment study, a scenario defines a 
possible future of the waste disposal system and includes a set of factors 
that define pathways and processes that could lead to an effect on the natural 
environment, including a hypcchetical group of individuals, called the 
critical group, who are expected to be most at risk from the dispsal system. 

Several earlier studies have been conducted on scenario analysis for the 
CNFWMP . 

- Merrett and Gillespie (1983) described events that may be ini- 
tiated by disruptive actions of man. by vault-relatd processes 
and by natural phenomena. They also defined two categories of 
events: events that are likely to be unimportal~t (such as vol- 
canic eruption and neteorite impact), and events that require 
further consideration (glaciation, seismic activity and changes 
in the biosphere) . 



- Heirzich (1984) documented results of a workshop dealing with 
long-term stability of the geosphere. One major conclusion was 
that the effect of potential perturbations should be examined in 
terms of their influence on groundwater flow near the vault and 
their influence on the mechanical and thermal stability of the 
vault. 

- Davis (1986a. 1986b) described time-dependent processes that 
could affect the biosphere. His analysis includes a recornended 
approach to modelling those processes that are expected to be 
most important. Further work by Elson and Webber (1991) has 
focussed on pathways and parameter values required to evaluate 
the effects of glaciation. 

This report is a consolidation and extension of the above studies. An 
interim description of the current study has been given Sy Stephens and 
Goodwin (1989). In the following discussion, we first describe a system- 
atic procedure that was developed to identify the scenarios for the post- 
closure assessment of the concept for disposal of Canada's nuclear fuel 
waste. We then document its application for a particular hypothetical 
disposal system. 

This report also draws from similar studies recently performed and in pro- 
gress in other countries, notably those descrihd by Cranwell et al. (1982, 
1987). Bonano et al. (19881, the NEA (1980, 1988b. 1992). NAGRA (1985). SKB 
(1989a, 1989b), SKI (1991) and the IAEA (1985). 

Scenario analysis is a procedure aimed at identifying and describing all 
the factors that musr: be considered in the assessment. It is an integral 
part of the post=losure assessment process (Figure 1) and has two main 
objectives. 

Prepare a comprehemive lict of factors that could affect rhe performance of the disposal system 
Scenario analysis provides a systematic procedure for listing 
factors that are potentially important and gives confidence that 
all such factors have been identified on the basis of current 
howledge and understanding. 

Pmvidc a logical structure within which the impottance of each factor can be d u o l e d  
Scenario analysis also produces a framework for collecting 
factors into scenarios and identifying those scenarios that could 
contribute significantly to potential impacts. 

The postclosure assessment is to provide quantitative estimates of radio- 
logical risk for times up to lo4 a following closure of the disposal facil- 
ity and, 'f the estimated risk does not peak within this time, reasoned 
arguTents on potential impacts for times beyond lo4 a (AECB 1987~1). Thus a 
systematic approach is required for scenario analysis because over these 
long time scales the disposal system may be influenced by 3 large number of 
diverse and interacting factors. These factors (or features, events and 
processes) include the following examples: 



1. Specify %ystem features 

3. Develop Models & Data 1 
4. . Estimate Impacts I 
5. Analyze Sensitivity 1 
6. Compare w ~ t h  Crlterla 



Features thar vary in importance o r  are conditionally important. Features expected 
to be important are the diet of the cricical group and the 
presence of fractures that conduct groundwater from the vault to 
the biosphere. A conditionally important feature would be the 
potential for enhanced contaminant transport if an open hrehole 
existed near the vault. 

Events thar w r y  infiequfncy of occurrence. The assessment should cqnsider 
commonly occurring events that would frequently affect members of 
the critical group, such as forest or agricultural fires. The 
assessment should also consider events with a smaller probability 
of occurrence, such as glaciation, meteorite impact and human 
intrusion. 

Processes that vary in tinu. Some processes would be complete or reach 
steady state within lo4 a, the time linit for quantitative 
estimates of radiological risk specified by the AECB (1987a). 
Other processes mieht not have proceeded to any significant 
degzee over this period of time. Relatively fast processes 
include the resaturation of rock near the- vault following closure 
and uptake of contaminants by plants once contaminants reach the 
biosphere. Processes such as hydrothermal alteration of rocks 
and minerals and surface erosion of the exposed geosphere are 
much slower. 

Scenario analysis meet5 its first objective by providing evidence that a 
comprehensive collection of such factors has Seen examir-ed. 

To meet the second objective, it would suffice to identify a single, all- 
inclusi.re scenario that included every important factor. Lt must be recog- 
nized, however, that the postclosure assessment relies on innthematical 
models to simulate :he long-term performance of the disposal system and to 
infer potential effects. These mathematical models and related data must 
represent all important factors, but it may not be practical or efficient 
to include all features, events and processes within a slngle system model. 
As well, different factors may not warrant the same type of treatment, as 
will be seen in the application described in Section 4. 

To simplify the subsequent modelling and analysis of the hypotheticel 
disposal system, we define in Section 4 three types of scenarios, called 
the central scenarios, the open-borehole scenarios and the inadvertent 
human intrusion scenarios. We have found a separate assessrr.ent of these 
scenarios is more effective for several reascns. 

- Their evaluations have slightly different objectives. We con- 
clude that the central and inadvertent human intrusion scenarios 
should be examined in detail to provide a quantitative estinate 
of their contributions to radiological risk. In contrast, we 
conclude that studies of the open-borehole scenarios should Se 
focussed on the examination of quality assurance measures that 
would decrease the probability of occurrence of open boreholes. 
(We expsct that effective measures could be achieved such that 
the open-borehole scenarios would make a negligible contribution 
to radiological risk.) 



- The acena:ios require models and data that are substantially 
differen-, even though they have a large number of cormaon factors 
and difrer only in the presence or absence of factors pertaining 
to open boreholes and inadvertent human intrusion. ?or example, 
a system model for the open-borehole scanarios would require a 
much finer resolution of the rock and the disposal vault, espe- 
cially near the open borehole, than does a system model for the 
central scenarios. Similarly, the system .mdels for the inadver- 
tent human intrusion scenarios and for the centrai scenarios 
require the definition of different critical groups to ensure 
that impacts are estimated for the individuals who are exposel to 
the greatest risk. 

The above discussion suggests that it is aesirable to maintain a strong 
link between the application of scenario analysis and the development of 
models. Our first intent was to decouple the two activities to the extent 
possible, and this is certainly feasible (and desirable) during the identi- 
fication of important factors. However, we have observed that scenario 
analysis and model development are very interdependent and they tend to 
mature in pa~allel. Examples of their interactions are discussad in the 
application of the scenario analysis procsdure. 

3. A SYS- FOR SCENARIO ANALYSIS 

It is important that a scenario analysis procedure be systematic, to pro- 
vide confidence that a comprehensive set of factors and scenarios has been 
examined. Our procedure is described below in general terms; it could 
potentially Se adapted for other scenario analyses. In Section 4, we des- 
cribe the particular application in which we were interested, the post- 
closure assessment of the concept for disposal of Canada's nuclear fuel 
waste. 

Our procedure evolved from one developed at Sandia National Laboratories 
(Cranwell et al. 1982, 1987; Bonano et al. 19881, We also drev on the 
studies by the Working Group on the Identification and Selection of 
Scenarios for Performance Assessment of Nuclear Waste Disposal (NEA 1980, 
1988b. 19921, sponsored by the Nuclear Znergy Agency of the Organisation 
for Economic Co-operation and Development. 

Our procedure consists of the six steps shown in Figure 2. There is consi- 
derable feedback between steps, particularly between steps 3 and 5. Steps 
one through three generate a comprehensive list of factors that could 
influence the performance of the system to be assessed. These steps should 
be carried out by a large multidisciplinary group whose members have a wide 
range of relevant experience and expertise. Steps four through six identi- 
fy important scenarios that should be evaluated quantitatively in the 
assessment. They may be carried out by a smaller group of experts, but the 
results and conclusions should be subjected to a broad review. 
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FIGURE 2: The Six-Step Procedure Used to Identify and Selecr Scenarios. 
A large list of factors are first identified and classified. Some facron are excluded in the first 
screening step; they need not app2ar in any scenarios because they would not have significant 
effects. The other facton are used to construct scenarios. Some scenarios may be eliminated 
during the screening of scenarios (step 5) because they would not contribute significantly to the 
estimate of risk. The remaining scenarios (and rheir associated factors) require quantitalive 
evaluation in thc postclosure assessment: rhey are described in morc derail In the last step. 





to be m d e  on the basis of expert opinion and judgement, or a decision 
might be qualified and depend on further research studies. Often it may be 
concluded that exclusion of a factor would lead to overestimates of impact. 

All factors requiring quantitative evaluation are combined to yield a com- 
prehensive set of potential scenarios. A. secondary objective is to mini- 
mize the number of scenarios that require separate quantitative evaluation 
using distinct system models. Ideally, only 0r.e scenario is required: it 
would contain all factors from step 3, describe all possibilities in the 
future behaviour of the disposal system, and be represented by a single, 
comprehensive system model. In practice, however, it may be difficult to 
combine the many diverse factsrs within a single mathematical model. 

This is the most problematic step in scenario analysis because there'is no 
rigorous and prescribed~formula that leads to the definition of a unique 
set of scenarios (and their associated systein models). In fact, the types 
and number of scenarios that are selected are strongly affected by the 
methodology and by the evolving models and data employed for the post- 
closure assessment. 

- Ir. our studies for the postclosure assessment, we use a probabil- 
istic systems assessment methodology implemented in the the 
Systems Variability Analysis Code, Generation 3 (SWAC3) (Goodwin 
et al. 1994). We show. in Section 4.4, that this methodolw and 
the use of SWAC3 permit the evaluation of a large number of 
factors, including many mutually exclusive factors, within one 
system model. (This system model is associated with the central 
scenarios discussed below and in.Section 4.4.) 

- Moreover, our experience has shown that interim identification of 
a set of scenarios prompted changes to models and data such that 
some members of the set of scenarios could be combined. Thus 
evolution of the models and data leads to a smaller number of 
scenarios. 

TO make this step more tractable. we first construct the central or base 
case scenarios. (We use the plural for scenarios because, as described in 
Section 4.4, the central scenarios m y  be regarded as a compound collection 
oE many simpler scenarios.) The central scenarios contain as many impor- 
tant factors as possible. As a general rule, these factors are expected to 
be always important, to occur frequently or to proceed to a significant 
degree over the time scale of the assessment. A factor may be excluded 
from the central scenarios for several reasons, such as it would be impor- 
tant only rarely or under unusual conditions, or its presence is incompati- 
ble with the presence of another factor. Another reason for excluding a 
factor from the central scenarios is that it cannot be readily included in 
the associated system model, and it would be more efficient to evaluate the 
factor in a different scenario using a different system model. This last 
reason is predicated, in part, on a good understanding of available analy- 
tical modelling and assessment capabilities. 
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FIGURE 3: Results from Scenario Analysis of thc Hypothetical Refau~le Systan. 
Approximately 300 facton arc identified in s t e p  1 urd 2, and about half !hat numba prss thc 
smning in step 3. Four scenarios arc cons@ in step 4 but cmc (thc combined d o )  is 
eliminated In s t q  5 b u s e  i t  couM not conmbutc signlfimtly to the estimated rdiologicrl nsk. 
Only three scenanoo require quan~tatiw evduatlon in the postclaslrrr assessment: the antnl. 
open-hhole and inadvmcnt human ~ntmion scenarios. 
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This step increaees confidence that a comprehensive list of factors has 

Several claesification schemes were used: 

, - type of factor: feature, event or process; 

- component of the disposal system raostly affected: disposal vault. 
geoaphere or biosphere. 

- origin of the factor: naturally occurring, induced by the pres- 
ence of the vault. or caueed by human intrusion into the vault; 

- major mode of action of the factor: biological, chemical, or, 

- sub-components affected: for example, in the disposal vault the 
sub-components considered were the waste matrices, container, 
buffer, backfill, and seals and grouts; and 

- pathway by which the critical group is directly affected: inges- 
tion. inhalation or external exposure. 

These classification schemes were discussed by the expert group and helped 
to identify a few additional factors. Some of these classification schemes 
are included in the tables of factors in Appendix B. 

4.3 - 
This step resolves how the factors should be treated in the remining steps 
of scenario analyeis. 

We critically examined each of the factors produced from steps 1 and 2 to 
identify thoea factors that required detailed quantitative consideratirn in 
one or more scenarios for the postclosure assessment of the reference dis- 
posal system. Initially, individual experts separately examined factors 
that they were most familiar with in the vault, geosphere or biosphere 
classifications. Their reconanendations were then reviewed by other members 
of the group. The tables in Appendix B summarize the results of the 
screening step in the 'Treatment' colwrms, using the flags 'C', 'Im, '0' 
and 'X'. 

The 'C', 'I' and '0' flags identify factors requiring quantitative treat- 
ment in the central or one of two alternative scenarios for the postclosure 
assessment of the reference disposal system (see Section 4.4 below). 
Approximately half of the factors listed in the tables in Appendix B were 
so identified and were therefore passed on to the next step (construction 
of scenarios). 



The 'X' flag identifies factors that are excludei from these scenarios 
because we have concluded they would not contribute significantly to esti- 
mates of impact. notably radiological risk, within lo4 a after closure of 
the reference disposal system. Some of these excluded factors may, how- 
ever, rewire consideration for times beyond lo4 a. 

Often these excluded factors can be examined on an individual b s i s  without 
taking ihto account interactions (or coupling) with other unrelated factors 
of the dispcsal systerr.. In other cases, more quantitative arguments are 
used. For each such factor, we outline in Appendix B the reasons for its 
exclusion. More details are provided in research documents that provide 
underlying support for the models used in the postclosure assessment (Davis 
et al. 1993, Davison et al. 1994a, Goodwin et al. 1994, Johnson er al. 
1994a) and in related documents describing other facets of the concept for 
the disposal of Canada's nuclear fuel waste (AECL 1994a.b; Davison et al. 
1994b: Grebe? et al. 1994: Grondin et al. 1994; Johnson et al. 1994b; 
Simnons and Baumgartner 1994). Types and examples of the arguments used to 
exclude factors from the central and alcernative scenarios are as follows. 

- A factor is outside the mandate of this application of scenario 
analysis, which is focussed on the postclosurs assessment of the 
reference disposal system. Tha reference disposal system reme- 
sents a hypothetical implementation of the concept for disposal 
of Canada's nuclear f ~ e l  waste, but some specific design and 
siting choices have been assumed. Thus the group excluded 
factors that do apply to nuclear fuel waste from cANDURJ 
nuclear power reactors, disposal sites in crystalline rock of the 
Canadian Shleld, or titanium containers. Similarly, the group 
excluded the factor for incomplete closure of the vault, because 
the scope of the postclosure assessment assumes all shafts. tun- 
nels and rooms have been sealed according to design specifica- 
tions. 

Still another factor was exclude? through a modification to the 
design of the titanium containers assumed for the reference dis- 
posal system. This factor, relating to formation and transport 
o! gases and gas-induced transport is not yet well understood. 
However, studies by Johnson et al. (1994a) have shown that a gas 
phase could not occur for at least 2 x lo4 3 in the vault, pro- 
vided the container design precludes the use of internal iron 
supports that could corrode to produce hydrogen gas. This design 
ctange has since been adopted as part of the design of the con- 
tainer in the reference disposal system (Johnson et al. 1994a. 
Goodwin et al. 1994). Thus forination and transport of gases is 
of no concern for times up to lo4 a after closure of the refer- 
ence disposal system, although there is a need to consider possi- 
ble effects for times beyond 10' a. 

- A factor is inconsistent with the need to estimate impacts on 
members of the critical group. 

The critical group is 'the group of people that is assumed to be 
located at a time and place where the risks are likely to be the 
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greatest, irrespective of national boundaries' (AECB 1987a). We 
believe the critical group should have the characteristics of a 
succession of rural comunities that live in the vicinity of 
potential discharges from the reference disposal vault (Zach and 
Sheppard, 1992. Davis et al. 1993). Thus we exclude properties 
pertaining to an urban group, and instead we consider the praper- 
ties that would pertain to a rural community, including their 
sources of food, diet, house loca'ion and leisure activities. 

We also consider impacts on individuals of the critical group and 
not collective impacts to a population. This last consideration 
follows from the Canadian regulatory requirements (AECB 1987a) 
and is in concord with internaticnal opinion: '- dose or 
risk limits were generally regarded as more appropriate for 
determination of the long-term acceptability of high-level waste 
disposal practices than cdlective dose or risk limits, which 
should be used mainly as a comparison tool for discussion of 
vault design alternatives' (NEA 1991). 

- A factor would make an insignificant contribution to estimates of 
inpact *hen compared with Canadian regulatory standards, criteria 
and guidelines, notably those from the AECB (AECB 1985, 1987a, 
1987b). One important criterion for :he postclosure assessment 
is that 'the gredicred radiological risk to individuals from a 
waste disposal facility shall not exceed fatal cance-s and 
serious genetic effects in a year, calculated without taking 
advantage of long-term institutional controls as a safety fea- 
ture. . . . risk is defined as the probability chat a fatal 
cancer or serious genetic effect will occur to an individual or 
his or her descendants. . . . a risk of in a year is the 
risk associated with a dose of 0.05 mSv in a year. Individual 
doses af 0.05 mSv in a year are a small fraction . . . of the 
a ~ u a l  dose received by the gene'ral population in Canada from 
natural background radiation. . .' (AECB 1987al. 

Thus a factor was excluded if scenarios involving that factor 
would have n very small'probability of occurrence, or a very 
small health impact. or both. The group assumed that a factor 
could be excluded if its maximum contribution to radiological 
risk could never exceed lo-' fatal cancers and serious genetic 
effects in any estimates of impact involving that factor. Since 
the maximum health impact is unity (that is, an individual in the 
critical group does sustain a fatal cancer or serious genetic 
effect), a factor has been excluded if its probability of occur- 
rence is less than loe8, or if its a ~ u a l  probability of occur- 
rence is less than lo-' per year. Similarly, since the maximum 
probability of occurrence is unity, a factor has been excluded if 
its estimated impact is less than fatal cancers and serious 
genetic effects per year. 

Two examples of factors excluded for the above reason are neteor- 
ite impact and the formation of faults due to earthquakes. 



to the reference disposal system have a very small probability of 
occurrence, of the order of 1 0 - l ~  events per year (Merrett and . - 

Gillespie i983, Goodwin et al. 1994). For the reference disposal 
system, we believe the probabilities of formation of new faults. 
of extension of existing faults, and of damage to the vault and 
its contents. are less than 10-'/a for at least the next lo4 a 
(Davison et al. 1994a, Gooduin et al. 1994). 

- A factor would not have occurred to any appreciable extent over 
the period of time required for quantitative estimates of impact, 
the first lo4 a following closure of a disposal vault (AECB 
1987a) . 
Thus w e  have excluded factors such as metamorphic activity and 
very slow geochemical reactions because they would not occur to 
any appreciable extent within lo4 a. W e  have also excluded 
glaciation. because the next onset of a major glacial episode is 
expected about 2 x lo4 a or more from the present (Eronen arld 
Olander 1990, Davis et al. 1993). Note, however, that the 
effects of glaciation should be included in the qualitative 
assessment of impacts for times beyond lo4 a. 

- A factor need not be considered quantitatively because it would 
not significantly affect the performance of the disposal system, 
or its omission would lead to overestimates of i.rrpact. 

Examples of two factors that have been excluded for these reasons 

I are erosion of the land surface and reflooding of the disposal 
vault. Erosion of exposed rock on the Canadian Shield (from the 
action of wind and water) is expected to be small and to have 
insignificant effects on the perfomnce of the geosphere, 
because the rock is generally strong and cohesive and because the 
topography has low relief and poor cirainage (Davison et al. 
1994a). The time for reflaoding of the vault and saturation of 
its contents might vary from several years to 1000 years (Johnson 
et al. 1994a). However. this time is not taken into considera- 
tion, and thus it is effectively assumed that the containers 
contact groundwater, and begin corroding, at the time of vault 
closure. This leads to earlier container failures and earlier 
release of nuclear fuel waste. 

This step builds up a complete set of scenarios from combinations of fac- 
tors that have passed the screening step. 

We first cr~nstructed the "centralscenarios'. We concluded that all but 
two oZ the important factors passed from step 3 could be incorporated into 
the central scenarios. This was made possible because the postclosure 
assessment uses a probabilistic systems assessment methodology to analyze 
the central scenarios. These scenarios are contained within the Canadian 
concept generation 2 (CC3) system model used with SWAC3, and the CC3 model 



- 16 - 

has evolved and grown to acconunc~ate more and more factors. (The central 
I 

I 
scenarios are referred to in the postclosure assessment (Goodwin et al. 
1994) as the S W A C  scenarios because they are evaluated using SWAC3.) ~ Probabilistic systems assessment involves the analysis of results from 
thousands of simulations in which parameter values are randomly sampled 
from their specified prombility density functions, and was developed to 
take inro account the affects of parameter uncertainty (including parameter 
variability). In many instances, we can define 'switch' parameters for the 
CC3 system model that effectively describe uncertainty in the future 
behaviour of a disposal system. For example, the postclosure assessment 
uses a well-usage parameter that deter-nines, for each simulation, whether a 
well or a lake serves as the source of drinking water for the critical 
group. We assume that these two options are the only choices and that they 
are mutually exclusive. Thus if :he probability of use cf well water is 
pw, then the probability oi use of lake water is (1-pw), and we use this 
information to define a probability density function for the well-usage 
parameter (Davis et al. 1993). We then use SWAC3 to perform a large num- 

I ber of simulations using random sampling of parameter values. In 1000 such 
simulations, the well would be selected as the source of drinking water ~ 

I 
'about pw x 1000 times and the lake would be selected in all other simula- 
tions. This mix of simulations is analyzed to evaluate impacts, such as 
the annual dose and radiologica: risk to individuals in the critical group 
(Goodwin et al. 1994). 

Other examples of switch parameters describe the possibility that lake ~ sediments are used as soil for the garden of the critical group, the possi- 
bility that the garden is irrigated (and whether the water is from the well 
or the lake), the possibility that the forage fieid used by domestic and 

I wild animals is irrigated, the possibility that the critical group uses 
wood or peat as a source of househoid heat and the possibility that the 
rate of water withdrawal from a well affects groundwater flow pathways and 
hydraulic heads at depth in the rock of the geosphere (Caodwin et al. 

I ~ Each mu~ually exclusive option selected by a switch parameter may be 
regarded as a scenario. For example, a large number of randomly sampled 
simulations using the CC3 system model will contain cases where the criti- 

I cal group uses the well as their source of domestic water and cases where 
the group uses the lake; these cases may be regarded as 'well' and 'lake' 
scenarios. Sensitivity analyses described in the postclosure assessment 
can determine whether either or both of these scenarios are important, 
either separately or in copbination with other switch parameters (Goodwin 
et al. 1994). 

The CC3 system model has also evolved to embrace other potential scenarios. I For example. an interim study suggested that there was a need to consider 
two situations involving the well: one in which there would be modest rates 
of wdter withdrawal and a second in which the rates of water withdrawal 
would be large enough to perturb substantially existing groundwater flow 
patterns. Kodest rates of water withdrawal were described within an 
interim versim of the CC3 system model, and it was envisioned that another 
model would be required for the 'high-demand well' scenarios. Subsequent 

I 



research studies of the reference disposal system indicated that signifi- 
cant perturbations would occur for well demands of the order of lo4 m3/a 
(Reid and Chan 1988, Reid st 31. 1989. Davison et al. 1994a). An addi- 
tional study then exarcined the hydrogeological effects of drawing these 
larger volumes of groundwater from a water supply well in the Whiteshell 
Research Area (Chan et al. 1991) and concluded that the hydrogeological 
effects of pumping a water supply well at rates exceeding lo4 n3/a could be 
simulated by incorporating some relatively minor changes into the interim 
CC3 system model (Chan and Nakka 1992). That is, a single system model 
could be used to enccmpass the high-denand well scenarios within the cen- 
tral scenarios (this conclusion pertains specifically to the reference 
disposal system). Consequently, the central scenarios and the associated 
CC3 system model were expanded to include the factor describing a high- 
demeqd well. 

The central scenalios describe the expected behaviour of the reference 
disposal system and contain all but two of the factors passed from step 3. 
The two residual factors, open'hreholes and human intrusion, describe 
unlikely possibilities for the reference disposal system. Human intrusion 
can also be associated with a more general class of 'cisruptive' factors 
that could significantly disrupt the expected performance and integrity of 
the reference disposal system. O'her disrcptive factors include meteorite 
impacts and eaichquakes, but only human intrusion remained after the 
screening step. 

The two residual factors are used to construct the three (2=-1) alternative 
scenarios. 

- The open borehole factor (Append~x 9, Table 9-2) accounts for an 
unlikely situation in which a borehole remains open after closure 
of the reference disposal system. It is assumed the open bore- 
hole passes near the disposal vault from the surface environment. 
The -le sc- contain all factors in the central 
scenarios plus the presence of one or more open boreholes that 
could affect groundwater flow fields and contaminant transport in 
the geosphere and vault. 

- The human intrusion factor is complex, with many different 
aspects (see, for example, 'Intrusion (human)' and 'Sabotage and 
improper operation' in Table 8-1; 'Intrusion (mines)', 'Wells' 
and 'Wells (high-demand)' in Table 8-2; and 'Intrusion [deli- 
berate)' and 'Intrusion (inadvertent)' in Table B-3 of Appendix 
B). Some aspects are included in the central scenarios. such as 
the possible use by the critical group of a water-supply well 
that is drilled into the geosphere near che reference disposal 
vault (Uavison et al. 1994a. Davis et al. 1993. Goodwin et al. 
1994). Other aspects are considered to be outside the scope of 
the postclosure assessment; for example, we exclude deliberate 
intrusion to recover the naterials in the vault. assuming that a 
society desiring these materisis would be aware of and capable of 
dealing with the hazards involved. It was concluded, however, 
that there was a need to consider an unlikely situation, called 

7 7 . - the inadvertent. They involve actions 
that are unintentional. or inadvertent. in the sense that they 



are carried out without knowledge of the presence of a disposal 
vaulc and its potenticl hazards. 

- The m n e d  sc~nariQs have the characteristics of bath the open- 
borehole and inadvertent human intrssion scenazios. 

This activity identifies which of the cons:ructed scenarios should be quan- 
titatively evaluated in the postclosure assessment. It is desircble to 
have a small number of s,~ch scenarios. This screening scep played an 
important role in interim scenario analyses and led, for example, to the 
inclusion of the high-demand well within the central scenarios. 

The four scenarios constructed in Section 4.4 are the central, open- 
borehole, inadvertent human intrusion and combined scenarios. We concluded 
that only the combined scenarios do not require further considera:ion in 
the postclosure assessment, because it deals with two independent everts, 
each of which has a small probability of occurrencs. The joint probability 
of occurrence of two or more independent events is given by the product of 
their individual probabilities and is even smaller; we believe the probabi- 
lity of occurrence of the combined scenario would be much smller than lo-' 
and thus its estimatsd impact wouid be less than 1 ~ - ~  fatal cancers and 
serious genetic effects per year for times up to and beyond lo4 s. 

This final step provides information to the assessment analysts: it defines 
the concerns that led to identification of each scenario, details of the 
processes to be modelled, the timing of events, and other import.~nt 
conditions. The information includes an estimate of a probability of 
occurrence for each scenario that must be evaluated in detail or an accept- 
able strategy for dealing with all scenarios. 

The broad characteristics of the central, open-borehole and inadvertent 
human intrusion scenarios are described below. Appendix B contsins a brief 
description of the factors pertaining to these scenarios. More detailed 
discussions of these factors are contained in the documentation of the 
vault model (Johnson et al. 1994a). the geosphere model (Davison et al. 
1994a), the biosphere model (Davis et al. 1993) and the postclosure assess- 
ment (Goodwin et al. 1°94). Wuschke (1991, 1992) provides further discus- 
sion on inadvertent human intrusion. 

The central scenarios contain most of the factors listed in Tables 3-1 to 
B-3 of Appendix B and are focussecl on groundwater-mediated processes 
affecting the performance of the reference disposal system. We assume that 
groundwater in the rock surrounding the disposal vault saturates the buffer 
and contributes to the corrosion of the titanium containers. Upon failure 
of the containers, contaminants are released into the groundwater. The 



zontaminants are then transported by diffusion and advection in groundwater 
through the engineered and natural barriers to the surface environment. 
Specific pathways to the surface include fracture zones and a water-supply 
well that could intercept the contaminated groundwater, including a high- 
demand well that might substantially alter existing groundwater flow pct- 
terns. Potential discharge points on the surface environment are low-lying 
areas such as bogs and lakes. Cnce in the surface environment, the contan- 
inante could potentially cause rldiological or chemical toxicity effects if 
they were to come in contact with people or other organisms at sufficiently 
high concentrations. Exposure pachways include ingestion and inhalation. 
Other important factors involve the properties of the critical group. 

More details of the CC3 system model, used to represent the central scenar- 
ios, are provided in documentation for the vault model (Johnson et al. 
1994a), the geosphere model (Davison et al. 1994a). the biosphere model 
(Davis et al. 1993) and the postclosure assessment (Goodwin et al. 1994). 

Since the central scenarios contain most of the important factors (and 
exclude only two unlikely factors), we assume their collective probability 
of occurrence is unity in the calculation of risk. 

The open-borehole scenarios have the same factors as the central scenarios 
with the addition of a factor accounting for the possibility that an open 
borehole may remain near the reference disposal vault after closure of the 
vault. 

Open boreholes could affect the performance of the disposal concept by 
changing groundwater flow fields and by providing additional or altered 
pathways along which contaminants could flow. Chan and Stanchell (1992) 
used a detailed hydrogeological model of the reference disposal system to 
simulate the effect of open boreholes on the groundwater flow fields. 
Their results showed tha: the transport of contaminants from the vault can 
be significantly changed if an open borehole passes close to a vault room 
containing ruclear waste, and that the effects are greater when a nearby 
water-supply well is being pumped. 

One important characteristic of these scenarios, therefore, is the location 
of the borehole relative to the reference disposal vault. We assume that 
the borehole extends downwards from the surface and reaches the depth of 
the reference disposal vault and that it remains open at the time of vault 
closure. We further assm.e that the location of the brehole at the 
surface is not known, and hence it is not used as a water-supply well, 
although it may affect and be affected by nearby water-supply wells. 
Finally, we assume that the borehole was drilled before closure of the 
vault; boreholes drilled after closure are considezed to te part of the 
irze~ertent human intrusion scenarios. 

We were unable to identify suitable precedents in the literature that would 
permit a quantitative est.imate of the probability of occurrence of the 
open-borehole scenarios. We expect the probability is very small bec3usa 



decommissioning plans for the disuosal facility include the permanent seal- 
ing of all boreholes. Thus the probability of occurrence of an open bore- 
hole would be strongly dependent on quality assurance measures followed 
during implementation of a disposal facility. Moreover, any potential 
impacts would be dependent on factors such as the properties of the 
geosphere that would affect the distance between an open borehole and the 
disposal vault where impacts would be significant. 

The recommended treatment of the open-borehole scenarios in the postclosure 
assessment of the reference disposal system involves an evaluation of the 
expected effectiveness of three r~ality assurance measures that we believe 
would result in a very small probability that any borehole would. remain, 
open after closure of the vault. These measures would involve procedures 
t 0 

- ensure that all boreholes are properly sealed, 

- locate the vault such that rooms containing nuclear waste are 
isolated by some minimum acceptable distance from all deep 
boreholes, and 

- confirm that there are no open boreholes near any vault rooms 
containing nuclear fuel waste. 

We believe that these three redundant quality assurance procedures would 
provide a high degree of confidence that no boreholes would remain cpen at 
the time of vault closure that could have a significant effect on the per- 
formance or safety of the reference disposal system. 

The inadvertent human intrusion scenarios describe activities involving 
drilling, mining and related actions thet might be carried out in the vici- 
nity cf the reference disposal vault and that occur after closure of the 
disposal facility. It is assumed that the intruder is not awtre of the 
presence of the disposal vault and its potential hazards. 

There are a wide range of possibilities for these scenarios; the tables in 
Appendix B describe variants such as "Sabotage and improper operation' and 
'Intrusion (deliberate)'. For the postclosure assessment of the reference 
disposal system, we recommend that the human intrusion scenarios should be 
similar to those studied by Wuschke (1991. 1992) and 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. Each scenario 
selected is generally representative of a set of simi- 
lar scenarios with lower probability or 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). 



Wuschke (1991, 1992) has classified inadvertent human intrueion into five 
categories: 

- sxposure to undispersed waste, 

- exposura to waste dispersed by previous intrusions, 

- human-induced alteration of tho expected evolution of the dispo- 
sal system, 

- contact with a contaminated groundwater plume, and 

- contact with materials contaminated by the groundwater plume. 

The first two categories are of concern for the inadvertent human intrusion 
scenarios, whereas the last three categories are considered to be part of 
the central scenarios. 

Wuschke (1991, 1992) evaluated four inadvertent humm intrusion scenarios 
that begin with the same initiating event: it is assumed a drilling oper&- 
tion, started after closure of a nuclear waste d i s ~ s a l  facility, leads to 
the direct reinoval of ,rraste from a disposal vault and dispersion of thia 
waste in the biosphere. The main differences betwen the follr scenarios 
pertain to the characteristics of the humans most at risk. Two scenarios 
involve exposure to mdispers-d waste and evaluate the radiation dose that 
would be received by a member of the drilling crew and by a laboratory 
technician who prepares and examines the drill core. The other two scenar- 
ios assume the extracted waste from a drilling aperation is dispersed an3 
left on the drilling slte, and evaluate the radiation dose to a construc- 
tion worker who works at the site and to a resident who lives in a houae 
built on the drilling waste. 

These four human intrusion scenarios should be examined in the postclosure 
assessment of the reference disposal system. Wuschke (1951, 1992) provides 
more details on the characteristics of these scenarios. 

The probabilities of occurrence of the inadvertent human intrusion scenar- 
~ o s  are also based on the studies reported by Wuschke (1991, 1992). These 
probabilities were atimated using an event-tree methodology, and are zero 
at the tims of closure of the vault and slowly increase thereafter For 
times up to lo4 a, the maximum probabilities are less t h m  5 x lo-' 
(Wuschke 1991, 1992). 

A scenario analysis procedure has been developed to guide the postclosure 
assessment of the concept for disposal of Canada's cuclear fuel waste. It 
was then applied to a hypothetical disposal systm that conforms to the 
reference disposal system evaiuated in the postclosure assessment. The 
objectives of the application are 
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A large number of people contributed to the identification of factors for 
the postclosure assessment, including technical experts from witnin AECL 
and other research organizations and less technical persons from the 
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indicates some of their research expertise for the Canadian Nuclear hrel 
Waste Management Program. 
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In many instances, some aspects of a factor may require evaluation in the 
cencral znd/or alternative scenarios, whereas other aspects may be exclu- 
ded. In general, a factor that is included in the central scenarios also 
appears in the alternative scenarios. The central scenarios are so named 
becausz they describe the expacted behaviour of the disposal system and 
exclude only two unlikely factors. The names of the two alternative 
scenarios a.a chosen to describe its distinguishing factor(s). 
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affect the performance of the disposal vault or the overall 
disposal system. Magnetite, a redox additive, is assumed to be 
added to the glass bead particulate in the conteiner in s ~ l l  
quantities in order to consume residual oxygen upon container 
failure. No other additives are currently included in the 
reference disposal system. See also Backfill characteristics, 
Buffer characteristics, and Sabotage and improper operation.] 

Buffer characteristics 
The movement of water and contaminants would be affected by 
properties of the buffer, such as porosity, tortuosity, hydraulic 
conductivity, temperature gradients, swelling pressure and sorp- 

Buffer evolution 
The properties ofthe buffer could evolve with time in the high- 
temparature environment of the vault as a result of processes such 
as silica cementation and alteration of bentonite to kaulinite or 
illite. These changes would then affect the movement of water and 
contaminants in the buffer. 

1 [Evolution of the buffer would be enhanced by several processes, 
6uch as elevated temperatures, and by high concentrations of the 
potassium cation, R*, relative to other cations. The vault design 
is such that the maximum temperature would be less than 1 0 0 ~ ~  
(Baumgartner et al. 1993,1994). Also the ratio of X+ to other 
cations is relatively small in deep groundwaters of the Canadian 
Shield (Gascoyne 1988; Gascoyne and Kamineni 1992). Under these 
conditions, chemical and physical changes are expected to be 
extremely slow: for example, there would be no appreciable conver- 
sion of bentonite clay (a smectite) to illite within lo4 a. We 
have therefore excluded evolution of the buffer from any scenarios 
requiring quantitative evaluation in the postclosure assessment, 
although there may be a need to consider the possible effects over 
longer time scales. See also Backfill evolution, Buffer charac- 
teristics, Hydrothermal alteration, Long-term physical stability 
and Seal evolution. Related discussion is provided under Ground- 
water composition and Groundwater - evolution in the list of 
geosphere factors (Table 8-2).] 

+ ,ave-ins E BCW P X EV 
Cave-ins and stress-induced fracturing of rock may occur, changing 
the characteristics of the buffer and backfill. These events 
could affect tho movement of groundwater and contaminants in the 
vault, and damage the containers and seals. 

[The design of the vault takes such events into consideration 
(Baumgartner et al. 1993, 1994; Sirmns and Baumgartner 1994). It 
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Tactof t/le/P C v .  Wch. Traat. R e f .  

organics, Container corrosion products, Coupled processes, 
Galvanic coupling, Hydrothermal alteration, Long-term physica! 
stability, Precipitation and dissolution, Radiolysis, Seal ev~lu- 
ticn, and Speciation. Related discussion is provided cnder 
Groundwater - evolution, Precipitation and dissolution and 
Speciation in the list of geosphere factors (Table 8-21.] 

Chemical interactions BCSW C 
Chemical interactions at high temperature and pressure may affect 
corrosion of the container, dissolution of the waste matrices, 
sorption of contaminants, alteration of the buffer, backfill and 

I 
seals. and formation of gases. 

I 
[All important chemical interactions must be quantitatively 
evaluated in the postclosuro assessment. There are, however, many 
chemical interactions that are known to be insignificant, and that 
do not warrant further evaLuation. For example, the pressures in 
the vault would be relatively low, temperatures uould be limited 
to 1 0 0 ~ ~  (Baumgartner et al. 1993, 1994) and no high concentra- 

I tions of reactive chemical species are found in the surrocndir~g 
groundwater (Gascoyne and Kamineni 1992). Under these conditions. 
the chemical alteration of bentonite clay would not occur to any 
appreciable extent for more than lo4 a. See also Sackfill evolu- 

I tion, Buffer evolution, Chemical gradients, Chemical kinetics, 
Complexation by organics, Container corrosion products, Coupled 
processes, Galvanic coupling, Hydrothermal alteration. Long-term 

1 physical stability, Precioitation and dissolution, Radiolysis, 
Seal evolution, and Speciation. Related discussion is provided 

1 under Grounawater composition, Groundwater - evolution and Specia- 
i tion in the list of geospnere factors (Table 8-2).] 

I 

Chemical kinetics BCSW C 
I I Chemical kinetics could be important and could cause effects such 

as poorly poised Eh due to the slow alterations between magnetite 
and hematite, or concentrations of uranium and zirconium that are 
less than their solubility limits. 

[Evidence exists that redox equilibration can occur at depth in 
the Canadian Shield, even at temperaturgs of 15 to 20'~ for the 
redox couples of interest (Gascoyne and Kamineni 1992). For 
example, conditions in the Cigar Lake ore body are strongly reduc- 
ing because of the presence of ferrous and sulphide minerals, 
consistent with the observed oxidation state of the uraninite ore 
(Sunder et al. 1988). We have assumed that effects attributable 
to chemical kinetics ere either not important or can be irn?licitly 
included in the models, and that further quantitative evaluation 
for the postclosure assessment is not warranted. See also 
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Backfill evolution, Buffer evolution, Chemical interactions, 
Chemical kinetics. Hydrothermal alteration, and S?al cvolu:ion.] 

Climate change E BCSW BCP X - 
Changes to the current climate may affect the performance of the 
vault. For example, increased or decreased rates of meteoric 
precipitation may affect the volume and rate of groundwater flow 
past the disposal vault. 

[This factor is considered with the discussion on Global effects. 
Further discussion is provided under Climate change in the lists 
of geosphere and biosphere factors [Tables 2 . 2  and 8.31.1 

Colloids P BCSW BCP X V 
The expected vault environment, or changes to the vault environ- 
ment caused by biological activity, chemical processes and physi- 
cal agitation could promote the generation of colloids or ~ s e ~ d o -  
colloids, affecting contaminant transport. 

[Colloids are particles of contaminants, whereas psuedo-colloids 
are naturally occurring particulates (such as clay) that contain 
sorbed contaminants. It is possible that true colloids may be 
generated within the container once groundwater enters the failed 
container. However, studies demonstrate that such colloids cannot 
migrate through the high-density buffer, which would be very 
effective in filtering out colloidal particles. We have therefore 
assumed that there is no need for the further evaluation of the 
effect of colloids in the vault, but note that further experimen- 
tal support is desirable. Further discussion on colloids is pro- 
vided in the lists of geosphere and biosphere factors (Tables 8.2 
and B.31.). 

Complexation by organics P B C X V 
The formation of stable complexes with organics Eound in natural 
groundwaters, including humates and fulvates, could affect the 
transport of contaminants. 

[Concentrations of organic material in the vault are expected to 
be relatively small, and would not affect contaminant transport 
(Oscarson et al. 1986). Organic material may have an effect on 
the dissolution of used fuel, and is included with another factor, 
Stability of U02. It is assumed that no further evaluation is 
warranted for the postclosure assessment. See also Biological 
activity and Methylation. Related discussion is provided under 
Complexation by organics, Humic acid, Fulvic acid, Xethane and 
Microbes in the list of geosphere factors (Table 9 - 2 1 .  and under 
Bacteria and microbes in soil, and Biological evolution in the 
list of biosphere factors (Table B-3). 
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Factor P COIIQ. Mach. Traat. RaF. 

Concrete F BCSW C X V 
Large amounts of concrete present in the vault may lead to an 
altered chemical environment, or an environment that changes with 
time. 

[The major concern with respect to concretes is the crsiition of an 
alkaline environment that may affect the stability of clays. Tfiis 
concern can be minimized by using concretes that have very low 
Ca(OHI2 content, and that would not bring about large or lasting 
changes to the local chemistry. For example, such concretes would 
have very limited effects on other sealing m%terials, such as the 
bentonite clay in the backfill. Moreover, tho concretes and 
grouts in the vault would not be used in the vicinity of the 
emplacement boreholes, and thus would have smaller potential 
effects on the chemical environment near the waste containers. 

crete used in the vault. We have assumed that no further evalua- 1 
tion is required for the postclosure assessment of 'the reference 
disposal system.] 

Container corrosion products ? BCSW CP X v 
Container corrosion products could affect the vault environment. 
causing significant changes to sorption, transport, dissolution 
and long-term stability. 

[For the reference disposal system, the corrosion products of 
concern are titaniw oxide from the titanium containers, and 
zirconium oxide from the Zircaloy fuel sheaths. Both titanium and 
zirconium oxides are highly insoluble and thus would not effec- 
tively compete with most contaminants for sorption sites on the 
buffer. These corrosion products would also not enhance waste 
matrix dissolution or long-term stability of the vault buffer, nor 
would they increase contaminant transport. .Conversely, precipi- 
tated compounds of titanium and zirconium could rjduce buffer 
porosity (by filling pore spaces), or serve as sorption sites for 
contaminants, snd thereby decrease and delay the transport of 
contaminants. It is assumed that further evaluation for the post- 
closure assessment is not warranted.] 

Container failure (early) P C C P C V 
Containers could fail before the expiration of their design life- 
time, as a result of welding or material defects, of mishandling 
and breakage during transport. See also Container faiiure [long- 
term), Container failure imechanical processes), Container heallng 
and Containers - partial corrosion. 
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Conteiner failure (lcng-tern) P C CP C V 
Long-term cortainer failure could be affected by factors that 
include elemental solubilities, thermal transients (duration and 
temperature risej and the presence and co~centration of reactants, 
such as chloride, sulphide, acids and oxidants. Possible failure 
mechanisms include delayed hydride cracking, uniform corroeion, 
pitting and crevice corrosion. For the reference dieposal system, 
it is assumed that the container is fabricated from titanium. See 
also Container failure (early), Container failure (mechanical 
processes), Container healing, Containers - partial corrosion and 
Swelling pressure. 

Container failure (mechanical processes) 
p C CP X EV 

Other long-term container failure processes could be important, 
such as damage due to hydrostatic pressures or bentonite swelling. 

[The design ar.4 properties of the titanium container are such that 
the containers could withstand handling stresses ar.d hydrostatic 
and h~ffer swa !ing loads. These factors are not expected to lead 
to fdilure prior to f~ilures caused by corrosion. Therefore. it 
is assumed that no further evaluation for the postclosure assess- 
ment is required. See also Container failure (early), Container 
failure (long-term), Container healing, Containers - partial 
corrosion and Swelling pressure.] 

Container healing , P C C X - 
Corrosion holes or pits could heal or be plugged by subsequent 
chemical reactions (with the buffer for example). 

[These processes are very difficult to quantif'j, but the omission 
of these processes would lead to overestimates of impact. It has 
been concluded that no further evaluation for the postclosure 
assessment is required. See also Container failure (early), Con- 
tainer failure [long-term). Container failure (mechanical pro- 
cesses) and Containers - partial corrosion.) 

Containers - partial corrosion P C CP X V 
Containers that have been partially breached may still signifi- 
cantly impede mass transport. 

[It is difficult to predict the effects of such processes. How- 
ever, it is prudent to assume that a container loses all of its 
effectiveness at the instant it is breached, because omission of 
these processes would lead to overestimates of impact. We have 
therefore assumed that partial corrosion c m  be ignored in the 
postclosure assessment. See also Container failure (early), 
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Container failure (long-term), Container failure (mechanical pro- 
cesses) and Container healing.] 

Convection P B P C V 
Contaminant transport may occur within the buffer and backfill by 
convection, that is by transport within flowing water. Convecrion 
in the surrounding rock would influence convection within the 
buffer and h c ~ f i l l ,  through the effect of boundary conditions. 
See also Boundary coqditions, Diffusion and Dispersion. 

Correlation P B C P C V 
Model parameters are not always independent; that is, given a 
value for one parameter, the value for another may be restrained 
or fixed. For example, different chemical elements would show 
some degree of correlation in their interactions with the buffer 
and for their solubility linits, depending on their chemical 
environment. Some elements of this factor are treated quantita- 
tively in the postclosure assessnent, such as the solubility cf 
uranium, thorium, technetium, neptunium and plutonium. Other 
correlations are included where there is supporting experimental 
evidence. 

Corrosion P C CP C 'J 
Corrosion mechanisms would affect ?he performance of the con- 
tainers and lead to their eventual failure. Corrosion may be 
affected in groundwaters that are highly saline, and in the pre- 
sence of radiation fields. This factor is discussed elsewhere; 
see Container failure (long-term), Container corrosion products. 
Radiation damage, Radiolysis and Recharge groundwater. 

Coupled processes P BCW CP X V 
Many coupled processes and irreversible thermodynamics may affect 
contaminant transport in the backfill and buffer. Examples of 
these processes inclucle density effects due to saline ground- 
waters, charge gradient:;, temperature gradients, electrochemical 
or chemical gradients, elect~ophoresis, osmosis and the Soret 
effect (thermal diffusion .in liquids). 

[Analysis of the impact of coupled processes on contaminant trans- 
port suggests that most are relatively unimportant compared with 
Fickian diffusion. Processes requiring quantitative troatrnent are 
listed separately, such as Chemical interactions and Diffusion. 
We have assumed that evaluation of other coupled processes is not 
required for the postclosure .assessment. See also Backfill evolu- 
tion. Biclogical activity, Soundary conditions. Buffer evolution, 
Chemical interactions, Chemical kinetics, Complexation by 
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organics, Container corrosion products, Diffusion, Formation of 
gases, Galvanic coupling, HydroLhermal alteration, brig-term 
physical stability, Precipitation and dissolution, Radiolysie, 
Seal evolution, Speciation and Temperature effects:.] 

Criticality E W P X V 
Critical masses of uranium-235 or plutonium-239 or both could be 
accumulated in tho vault, resulting in fission reactions. 

[Scoping analyses have suggested that this process is very cnlike- 
ly to occur (McCamis 1992, Johnson et al. 1994). It requires a 
series of unlikely steps, starting with selective segregation and 
accumulation of a fissile radioisotope from the used fuel. Rela- 
tively high concentrations and purities are required, as is the 
presence of an efficient moderator. Any possible fission reaction 
would be readily poisoned by the presence of impurities, which 
include non-fissile isotopes. For example, criticality involving 
the fissile ;sotope plutonium-239 would require separation of 
plutonium from all other elements in ~ s e d  fuel, and from cther 
plutonium isotopes such as plutonium-240. No possible mechanisms 
are expected in the vault environment that would support these 
separation. accumulation and purification processes.] 

Diffusion P B P C V 
Contaminant movement would occur as a result of diffusion through 
the water and sealing materials in the vault. Diffusion is tem- 
perature dependent. Surface effects may be very important in 
clays. See also Convection and Coupled processes. 

Dispersi~n P B P C V 
Disprsion may be important within the buffer and backfill. It 
would certainly be important in the rock that i d i a t e l y  sur- 
rounds the vault, because this rock could strongly influence the 
mass transfer boundary between the vault and geosphere. See also 
Boundary conditions and Convection. 

Earthquakes E BCSW P X ECP 
Large earthquakes, vibration from many smaller earthquakes, or 
related events such as movement of the crust or plate could affect 
all components of the vault. 

[The vibratory effects of earthquakes are expected to have insig- 
nificant impacts on the vault and surrounding plutonic rock 
(Atkinson and McGuire 1993). Moreover, the growth of faults or 
formation of new faults is expected to have a very lw probability 
of occurrence in stable portions of the Canadian Shield. For 
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example, Merrett and Gillespie (1983) estimate that the frequency 
of new fault formation at a vault is 1.5 x 10-'/a. In addition, 
the siting process would avoid regions where seismic activity is 
known to be a problem (Davison et al. 1994b). It is therefore 
assumed that the effect of earthquakes on the vault can be 
excluded from any scenarios requiring quantitative evaluation in 
the poetclosure assessment. See also Cave-ins, Formation of 
cracks and Long-term physical stability. Further discussion may 
also be found under Earthquakes in the lists of factors for the 
geosphere and biosphere (Tables 8.2 and 8.31.1 

Electrochemical gradients P CW C X V 
Electrochemical gradients may be set up between distant ore bodies 
and material in the vault, or between different materials in the 
vault. These gradients may affect the rate of corrosion of the 
containers and the rate of dissolution of the waste rrratrices. 

[This factor is discussed under Chemical gradients, Container 
failure (long-term), Galvanic coupling and Stability of UOZ. Sea 
also Rad~olysis.] 

Excessive hydrostatic pressures P BCS P X - 
Excessive hydrostatic pressures might arise from the plugging of 
inlets to or outlets from the vault system, coupled with tempera- 
ture increases. 

[The design of the disposal vault is such that the maximum temper- 
atures would be less than 1 0 0 ~ ~  (Baumgartner et al. 1993, 1994). 
These temperatures are insufficient to cause pressure increases 
significantly greater than those normally expected at the 500-m 
depth. It is also expected that the plugging of inlets or outlatm 
would not substantially affect hydrostatic pressures in the vault. 
It is assumed that no further evaluation for the pastclosure 
assessment is warranted.] 

Explosions E BCSW BCP X - 
Explosions within the vault, and bomb blasts at the surface, could 
affect the performance of the vault. 

[This factor is discussed under Sabotage and improper operation. 
Related discussion is provided under Blasting and vibration. Bomb 
blast, Meteorite and Sabotage in the list of geosphere factors.] 

Faulty buffer emplacement P F P X EV 
Voids or spaces might be created in the buffer during its emplace- 
ment in the borehole. These voids would reduce the effectiveneos 
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of the buffer. The container might not bs located in the certre 
of the borehole. 

[The buffer emplacement method involves in situ compaction, which 
is designed to achieve very high denmitics of buffer, and would 
preclude the creation of significant voids or gaps. We have 
assumed that adequate quality assurance measures would ensure the 
correct emplacement of the buffer and container, and therefore 
that no further quantitative evaluation is required for the post- 
closure assessment.] 

Formation of cracks F BS P CX V 
Cracks and faults could form or exist within or near the vault, 
affecting the performance of seals, grouts and the buffer. Cracks 
may form as a result of failed seals, damage to the nearby rock 
(the 'damaged' zone), cave-ins, faulty buffer materials, and voids 
in the buffer and backfill (including voids along the top of a 
drift and voids resulting from human ericr in emplacement). 

[This group of related factors was examined in detail by the Vault 
Model Working Group. It was concluded that same elements must be 
treated quantitatively, whereas other may be treated qualita- 
tively. For example, 
- cracks near the vault (such as the damaged zone) should be 

treated quantitatively in modelling the geosphere and 
geosphere-vault boundary; whereas 

- cracks in the sealing materials do not require quantitatrve 
evaluation because they would not peisist for any signilicant 
period of time. The sweliing bentonite clay would close any 
open voids when vault resaturation occurred. 

Other elements of this feature are discussed elsewhere. See Back- 
fill characteristics, Boundary conditions, Buffer characteristics. 
Earthquakes, Faulty buffer emplacement, Long-term physical stabi- 
lity, Percolation in shafts and Seal failure.] 

Forwtion of gases P BCS C P X V 
Chemical reactions such as radiolysis and corrosion of iron may 
lead to the formation of gases. such as hydrogen, oxygen and 
hydrogen sulphide. Gas pressure could act as a driving force to 
expel contaminated water from the vault or to prevent the ingress 
of wzter. 

[We assume that carbon steel, which could be a significant source 
of hydrogen gas upon corrosion, is not used in the r\ference 
disposal vault. Under these conditions. scoping calculations have 
shown that the hydrogen produced by radiolysis of water arrd the 
general (uniform) corrosion of Zircaloy and titanium would not 
lead to gas phase formation in the disposal vaul: until after 
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approximately 2 x lo4 a. The effects of such gas phase formation 
on contaminant migration in the vault are therefore not included 
quactitatively in the postclosure assessment, although there may 
be a need to consider affects over longer time scales. Another 
concern is the production of methane due to microbial degradation 
of organic matter in the backfill. We have ass@ that no 
further evaluation is warranted for the postclosure assessment. 
although additional research studies are indicated. See also 
Methylation and Microbes. Related information ie provided undar 
Complexation by organics, Methane and Microbes in the list of 
g,eosphere factors (Table 8 - 2 1 . ]  

Galvanic coupling 
Electrical or electzochemical gradients could result in galvanic 
coupling with a far ore body, and enhanced movement ofcontami- 
nants or other material. 

[It is expected that other sources of electrical currents w u l d  be 
much more significant. For example, the corrosion current arising 
from crevice corrosion of containers would far exceed any current 
produced by weak gradients that might arise from ore bodies. We 
also expect that any such ore bodies would be located at a great 
distance from the disposal facility, because site selection 
criteria w u l d  avoid sites that were near ores of possible econo- 
mic value (Davison et al. 1994bL It is therefore assumed thct 
further evaluation for the postclosure assessment is not war- 
ranted. See also Chemical gradients and Container failure (long- 
term) . ] 

Geochemical pump BCSW C 
A sequence of geochemical reactions might be established that 
w u l d  act to move material from one place to another. For 
example, uranium might be dissolved at the surface of the UOZ, 
moved to the interior of the vault and precipitated. 

[This factor is discussed elsewhere, under Chemical gradients. 
Chemical interactions, Galvanic coupling and Radiolyaia.] 

Glaciation BCSW BCP 
Glaciation would change stress fields, flow regimes and tempera- 
tures. It could have many complex effects on processes occurring 
in the vault. 

[The next glacial episode will not occur until about 2 x lo4 a 
from now (Eronen and Olander 1990, Davis et al. 1993, Davis 1986). 
beyond the lo4 a time period required for quantitative evaluation 
of potential impacts (AECB 1987a). Moreover, it is expected that 
glaciation will not affect the performance of the vault: see, for 



(continued) 

example, Heiniich (1984). It is therefore assumed that the 
effects of glaciation on the vault can be excluded from further 
quantitative evaluation in the postclosure assessment, although 
there is a need to consider the possible effects over longer time 
scales. See also Global effects, and the discussion of Glaciation 
in the list of factors for the geosphere and biosphere (Tables B.2 
and B.3) 1 .  

Global effects E BCSW BCP X - 
The vault behaviour might be modified by global effects, such aa 
movement of molten material, climate change, greenhouse warming, 
drought and flooding. 

[It is expected that such events are very unlikely or would not 
affect the performance of the reference disposal vault located at 
cr depth of 500 m in the Canadian Shield; see, for example. 
"*inrich (1984). It is therefore assumed that further quantita- 
tive evaluation for the postcLosure assessment is not warranted, 
a1:hough it may be necessary to consider possible effects over 
longer time scales. See also Glaciation. Further discussion is 
provided under Climate change in the lists of geosphere and 
biosphere factors (Tables B.2 and B . 3 ) . )  

Hydraulic conductivity P SB P C V 
Variations in hydraulic conductivity within the buffer, backfill 
and seals may lead to unforseen flow pathways, such as along the 
top of a drift. 

Hydraulic head P BS P C V 
Variations in hydraulic head may produce local flows and stresses 
that affect the performance of the vault. 

Hydride cracking P c CP C V 
A potential failure nechanism for containers involves the uptake 
of hydrogen gas and the formation of metal hydrides, which may 
mechanically weaken the cczcainer and promote corrosion processes. 
(This factor is included with the discussion under Container 
failure (long-term). ) 

Hydrothermal alteration P ECS C X V 
Hydrothermal reactions may result in alteration of the minerals in 
the buffer, backfill and seals. 

[This process is described in more detail under Backfill evolu- 
tion, Buffer evolution. Long-term physical stability and Seal 
evolution. Related discussion is provided under Groundwater 
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composition and CrounZwater - evolution in the list of geosphere 
factors. It is assumed that further quantitative evaluation for 
the postclosure assessment is not warranted.] 

Improper operation BCSW BCP 
The long-term performance of the disposal vault might be seriously 
affected by unplanned or improper activities that take place 

IThis factor is discussed elsewhere, under Incomplete closure and 
Sabotage. 1 

Incomplete closure BCSW P 
Disintegration of society could result in incomplete construction 
and or premature abandonment of the disposal facility (incomplete 
closur. 1 .  

[The starting time for the postclosure assessment is after the 
closure. sealing and decommissioning of the disposal vault. Thus 
this factor is considered to be outside the sccpe of the post- 
closure asseszment. See also Sabotage and improper operation.] 

Incomplete filling of containers 
Some containers m y  be incompletely filled with glass bead parti- 
culate, leading to structural instability. 

[In the postclosure assessment of the reference disposal system, 
it is assumed that the container void space is infilled with glass 
beads (to provide mechanical support). Container quality control 
and inspection techniques would detect incomplete filling of the 
container and remedial action would be taken. Thus, it is assumed 
that no further evaluation for the postclosure assessment is 
warranted.] 

Inter faces (boundary conditions ) 
Important physical and chemical effects m y  occur at the itxter- 
faces between materials in the vault, such as the interfaces 
between the container and buffer. and backfill and rock. (This 
factor is also considered elsewhere. Physical effects are 
discussed under Boundary conditions, while chemical effects are 
included in a number of factors, such as Chemical gradients, 
Chemical interactions, Container corrosion (long-term) and 
Radiolysis.) 
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Intrusion (animal) P - B X - 
Animals might intrude into :he vault, promoting the release and 
spread of contamination. 

[No animals are known that could survive in the disposal vault 
after closure. No further evaluation for the postclosure assess- 
ment is warranted.] 

Intrusion (human) E BCSW BCP C I X  - 
Human intrusion could occur during the postclosure phase aa a 
result of various activities: attempts to retrieve useful material 
(used fuel, Zircaloy, containers, buffer and tools); borehole 
drilling, and construction and operation of a mine for valuable 
ores near the disposal site: borehole drilling for development of 
a well; use of explosives in seismic studies; and use of warm 
waters as a health spa. 

[Different aspects of this tactor should be considered in the 
central and inadvertent human intrusion scenarios; other aspects 
can be excluded. 
- Intrusion to retrieve most of the materials in the vault is 

thought to be unlikely because of the magnitude and cost in 
time and money of the operation that would be required. One 
possible exception is the retrieval of potentially valuable 
isotopes, such as fissile plutonium-239. In this case, how- 
ever, it is reasonable to assume that any society wishing to 
recover such materials would have the technology to understand 
and avoid the hazards, and further consideration in the post- 
closure assessment is not warranted. 

- Nearby activities, such as the use of explosives, are unlikely 
to affect the performance of the vault and should be excluded 
(compare with Earthquakes). 

- The quantities of heat generated by the vault are unlikely to 
be of interest for use as a health spa. Site selection 
criteria would avoid the siting of a vault where there was a 
likely potential for exploitation of geothermal energy 
(Davison et al. 1994b). 

- Drilling and mining for valuable ores would be unlikely 
because site selection criteria would avoid a h , ~ t  rock that 
was of any economic interest (Davison et al. 1994b). This is 
generally the case for the plutons of interest in the Canadian 
Shield (Eedy and Hart 1988). Although unlikely, this aspect 
should be examined in the inadvertent human intrusion scenar- 
ios, similar tc those studied by Wuschke (l991, 1992). 

- One aspect that should be considered in the central scenarios 
is the possible drilling of boreholes icto the geosphere for 
use as a water-supply well; see Wells in the list of geosphere 
factors (Table 8-2) . 

See also Earthquakes, Sabotage and improper operation. Further 
discussion is provided for intrusion in the lists of geosphere and 
biosphere factors (Tables 8.2 and 8.31 . I  
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Inventory F BCSW BCP C V 
The description of the vault should include identification of all 
potential sources of radiotoxicity and chemical toxicity, includ- 
ing used U02 fuel, Zircaloy, containers, buffer, backfill and 
seals. See also Other waste (other than used fuel), Source terms 
(expected) and Source terms (other). 

Long-term physical stability P BCSW PC X EV 
Long-tern physical stability cf the containers, waste matrices, 
buffer and backfill could be affected by processes such as silica 
cementation, geothermal reactions, alteration of buffer and seals, 
plugging or opening of pores or fractures, inflow of saline. 
groundwaters, radiolysis and f o m t i o n  of reacti-re organic 
material (including microbes). 

[It is expected that these processes would not result in changes 
to physical properties that would affect the overall performance 
of the co'nponents of the vault. For example, no fundamental 
changes to the physical properties of the bentonite clay of the 
buffer are expected for times up to lo4 a. Other sealing 
materials would be subjected to lower tenperatures, with less 
likelihood of physical alt.eration. We have therefore assumed that 
further quantitative evaluation for the postclosure assessment is 
not required, although further consideration may be required for 
time scales in excess of lo4 a. For further discussion on changes 
to 'the components of the vault, see Backfill evolution, Biological 
activity, Buffer Evolution, Cave-ins. Earthquakes, Formation of 
cracks, Hydrothermal alteration, and Seal evolution. Related 
discussion is provided under Groundwater composition and 
Groundwater - evolution in the list of geosphere factors.] 

Long-term transients E BCSW CP CX V 
tong-term transient events, singly or coupled together, may affect 
contaminant transport. These effects include the thermal pulse of 
decaying fuel, formation of steam, reflooding, excavatio.1 stress 
relief and altered flows due to grouting. 

[Some long-term transients should be considered quantitatively. 
For example, significant effects should be evaluated from tempera- 
ture rises in the vault due to radioactive decay of used fuel, 
excavation stress relief, and groundwater flow fields affected by 
grouting (see Temperature rises, Formation of cracks and Convec- 
tion). Other long-term transients do not require quantitative 
evaluation; for example, the formation of steam is of no concern 
because the vault design precludes temperatures greater than ~ O G O C  

(Baumgartner et al. 1993, 1994). It is very difficult to quantify 
all effects that may occur for some transients. Ho-#ever, it is 
generally expected that such transients would not Lv- important, or 
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that overestimates of impacts would be obtained if the transient 
was lgnored or included in a simplified manner. For exarrgle, 
corrosion of the containers is promoted by the presence of water. 
If the delay in vault reflooding was ignored, then corrosion would 
begin at the instant of closure, leading to earlier failure of the 
containers and larger impacts. See also Reflooding and Unsaturat- 
ed transport. Related discussion is provided under Dewatering and 
Unsaturated Rock in the list of geosphere factors (Table B-21.1 

Methylation P BCW C X V 
Methane or other organic compounds in the vault may lead to the 
formation of methylated species that would change the properties 
of the buffer, container and waste matrices, and affect the m v e -  
ment of contaminants. . 

[This factor is discussed elsewhere: see Biological activity, 
Complexation by organics, Methylation and Mutation. Further dis- 
cussion is provided under Comp1exi:ion Sy organics, Methane and 
Microbes in the list of geospheze factors !Table B-21.1 

Microbes P BCSW B X V 
Microbial action could have specific effects, especially on com- 
pounds and minerals containing redox-sensitive elements such as 
salphur and iron. Microbial activity could affect the physical 
and chemical environment of the vault, or it could directly affect 
some of the materials in the vault, such as the buffer and con- 
tainers. 

[This factor is considered in detail elsewhere, under Biological 
activity, Complexation by organics, Methylation and Mutation. 
Further discussion is provided under Complexation by organics, 
Methane and Microbes in the list of geovphsre factors (Table B-2). 
and under Bacteria and microbes in soil, and Biological evolution 
in the list of biosphere factors (Table 8-31 . I  

Microorganisms P BCSW B X V 
Microscopic organisms, including bacteria, protozoans, yeast, 
viruses and] algae, may affect the expected performance of the 
disposal vault. 

[This factor is discussed in detail elsewhere, under Biological 
activity, Complexation by organics, Methylation and Mutation. 
Further discussion is provided under Complexation by organics, 
Methane and Microbes in the list of geosphere factors (Table 8-21, 
and under Bacteria and microbes in soil, and Biological evolution 
in the list of biosphere factors (Table a-31.1 
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Monitoring and remedial activities E BCSW P X E 
Boreholes used to monitor performance could provide pathways for 
contaminant transport. Similarly some activities to remedy 
problems could lead to enhanced transport. 

[In the concept for disposal of Canada's nuclear fuel waste, one 
underlying premise is that monitoring and remedial activities are 
not a fundamental technical requirement. Nevertheless, these 
activities would take place during the operaticnal stages of the 
disposal system. It is reasonable to assume that these activities 
would bs constrained such that the performance of the vault would 
not bs compromised. For example, we expect that all monitoring 
boreholes would be completely sealed, so that no new contaminant 
flow pathways would result.] 

Mutation E BCSW B X - 
Radiation fields could cause mutation of microorganisms; leading 
to unexpected chemical reactions and impacts. 

[Mutation of biota is unpzedictable, and cannot be considered 
quantitatively. Nevertheless, because microorganisms have evolved 
that can survive in many different environments, utilizing a 
diverse range of redox reactions for energy sources, it is reason- 
able to assume that any new organisms that evolved would not be 
capable of producing unique impacts that are not already observed 
with present-day microorganisms. We have therefore assumed that 
no further evaluation for the postclosure assessment is warranted. 
although further research may be warranted. See also Biological 
activity. Further discussion is provided under Biological evolu- 
tion in the list of biosphere factors (Table 8-31.] 

Other waste (other than used fuel) F W CP X - 
vault could be used for the disposal of other types of waste, 

such as low- and intermediate-level radioactive waste, reactor 
remains and toxic chemicals, or other types of waste forms, such 
as borosilicate or aluminosilicate glasses containing fuel repro- 
cessing wastes. 

[The scope of the post~losure assessment of the reference disposal 
system is limited to nuclear fuel waste from C A N D U ~  nuclear power 
reactors. Both radiotoxic and chemically toxic impacts are 
evaluated for this waste. It is considered that other types of 
waste are outside the scope of the assessment, and therefore no 
further quantitative evaluation is warranted. See also Inventory. 
Source terms (expected) and Source terms (other).] 
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Percolation in shafts 5 BCSW P X EGV 
Localized percolation driven by temperature gradients could lead 
to early failure of seals and grouts and the formation of new 
significant flow pathways within both the vault and shafts leading 
to the vault. 

[The design of the vault includes a cmbination of bulkheads, 
seals and backfill within the vault drifts and shafts. The pur- 
pose of each of these elements is to control and limit groundwater 
movement, such that contaminant transport would be dominated by 
diffusion and not convection. The properties of these elements 
would remain relatively unchanged for long periods of time (see 
Backfill evolution, B~ffer evolution, Long-term physical stability 
and Seal evolution). Thus the expected behaviour of these ele- 
ments is such that localized percolation w ~ ~ l d  not be important 
during the time required for quantitative evaluation. It is also 
expacted that no significant fiow pathways would occr;r even if 
some seals and grouts did not function as expected, bezauss of the 
redundancy of barriers (Chan and Stanchell '-990, Johnson at al. 
1994). For example, the vault design calls for a number of dis- 
tinct seals along the shafts. The possible dysfunction of one 
seal would have very localized effects, and would not seriously 
affect the overall performance of the disposal vault. Moreover, 
the shafts would oe located over 100 m from any vault rooms con- 
taining nuclear fuel waste. Over longer periods of time, possi- 
ble effects would become less likely because temperature gradients 
in the vault would be greatly reduced. We have rherefore assumed 
that localized percolation driven by temperature gradients need 
not be considered quantitatively in the postclosure assessment. 
Related discussion is prcrvided under Damaged zone and Shaft seal 
failure in the list of geosphere factors (Table 8-21.] 

Pitting P C CP C V 
Pitting, or the selective localized formation of cavities in a 
metal surface due to nonuniform corrosion, is a potential con- 
tainer corrosion mechanism. (Discussion of this factor is 
included under Container failure (long-term).) 

Proclosure events E BCSW BCP X EV 
Unplanned events occurring during the preclosure phase could have 
serious consequences on the postclosure phase; for example. flood- 
ing of the vault could alter local groundwater characteristics, 
unwanted organic materials could be introduced, containers could 
be broken during.installation, and seals could fail early due to 
vibrations from underground traffic. 

[It is reasonable to assume that these effects would be addressed 
during the operation of the disposal facility, and corrective 
actions taken so that performance was not impaired.] 
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Precipitation and dissolution P BCW C C I  V 
Solubility constraints may be important in controlling transport 
in the buffer, backfill and container. For example, the dissolu- 
tion rate of the waste matrices could be affected by local disso- 
lution and precipitation. and precipitation could change porosicy 
of the buffer and backfill. Solubility constraints are affected I 

by tempel-ature . 
[All important components of this factor should be included in the 
pastclosure assessment. Important components include the dissolu- 

would be acceptable to ignore same other components. For example, 
precipitation of chemical compounds in the buffer is expected to 
result in a decrease in the buffer porosity. It is difficult to 

. predict in detail the extent of the porosity decrease,..but it is 
known that the effect would be a reduccion in contaminant trans- 
part. Thus if changes to buffar porosity are ignored in the post- 
closure assessment, the result would be to overestimate impacts. 
Related discussion is provided under Groundvater - evolution and 
Precipitation and dissolution in the list of geosphere factors 
(Table B-21.1 

Psuedo-colloids P BCSW BCP X V 
The formation of psuedo-colloids, whereby contaminants are sorbed 
onto naturally occurring particulates (such as clay), may affect 
the movement of contaminants in the disposal vault. 

[This factor is discussed further under Colloids. Further discus- 
sion on colloids is provided in the lists of geosphere and bio- 
sphere factors (Tables 8.2 and 8.31.1 

Radiation damage P BCSW P X V 
Strong radiation fields could lead to radiation damage to the 
waste matrices, containers, buffer, backfill, seals a d  surround- 
ing rock. 

[Apart from chemical effects due to radiolysis products, it is 
expected that radiation damage to all components of the vault 
would be negligible. For example. experimental evidence shows 
that g-irradiation would have little or no effect on the crystal 
structure of clay minerals (Oscarson and Cheung 1983). Except for 

See also Radiolysis.] 
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Radioactive decay P W P C V 

Radioactive decay, inciud,.-rq the ingrowth or' progeny in decay 
chgins, would affect concentrations af radionuclides and stable 
isotopes in the waste matrices. aiid in other parts of the vault. 

Radiolysis P BCW C CX V 
Radiolysis may change the chemical environment in the vault, 
locally affecting the electrochemical potential (Eh), acidity (pH) 
and concentration of reactive radicals, with consequent impacts on 
the buffer, backfill, waste matrices and surrounding rack. 

[Radiolysis is the dissociation of molecules.causeC by the abaorp- 
tion. of high-energy radiation. For example, radiolysis of water 
produces (an equal number of) oxidizing and reduein& radicals and 
new m.olxular compounds, although concentrations are typically - 
very small. Effects aue to radiolysis would diminish with tine, 
following the decrease with time of the radiation fielee of used 
fuel (particularly a-radiation) . Experimental evidence sugwsts 
that the most significant affect of radiolysis in the vault would 
be an increase in the electrochemical potential of groundwater, 
which may lead to chemical reactions with redox-sensitive com- 
pounds. In particular, radiolysis may affect the rate of dissolu- 
tion of the used fuel (UOZ) matrix. We have assumed that other 
effects of radiolysis can be excluded from any scenarios requiring I 
qua~titative evaluation in the postclosure assessment of the 
reference disposal system, although further research may be 
indicated. See also Chemical gradients, Coupled processes, Forms- 
tion of gases, Long-term physical stability, Precipitation and I 
dissolution, and Radiation damage. Further discussion is provided 1 
under Radiation effects in the list of geosphere factors 
(Table B - 2 )  . I 

Recharge groundwater P BCSW C C V 
Different sources of recharge water or intrusion of saline water 
could affect the chemistry of the groundwaters passing through the 
vault. A broad range of feasible concentrations of ionic species 
should be evaluated. 

Reflooding E BCSW CP X V 
The reflooding tran~ient may be important, leading to high 
localized temperattres and pressures that affect all components of 
the vault. Limited ingress of water may lead to unsaturated 
conditions in the huffer/backfill for long periods of time; 
unsaturated transport may be important. Reflooding may require 
the use of alternative boundary conditions to describe transport 
between the container and buffer, buffer and backfill, and back- 
fill and rock. 
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(The transient phase prior to complete resaturation is not expec- 
ted to be detrimental to container or sealing material perfor- 
mance. Contaminant transport is not expected to occur under 
unsaturated conditions because, for examgle, vault t-ratures 
would be less than 1 0 0 ~ ~  (Baumgartner et al. 1993. 1994). which 
precludes the formation of steam. Lower (not higher) temperatures 
would be predicted if the vault were completely saturated. 
Although ~t is very difficult to quantify all effects of reflood- 
ing, it is expected that overestinates of impacts will be obtained 
if this transient is ignored. That is, if it is assumed the vault 
is completely saturated at the instant of closure, container c c -  
rosion would begin at that time. leading to earlier failure of th* 
containers and larger impacts. We have therefore assumed that no 
further evaluation is required for the postclosure assessment. 
See also Long-term transients and Unsaturated transport. Related 
discussioa is provided under Dewatering and Unsaturated rock in 
the list of geosphere factors (Tabie a-21.1 

Retrievability - F BCSW BCP, . X  EV 
There m y  be a requirement to retrieve all or part of the waste 
stored in the vault; for example, to recover valuable fissile 
materials or to replace defective containers. 

[The design of the vault for the reference disposal system does 
not specifically include retrieval of nuclear fuel waste. Thus we 
have assumed that this factor is beyond the scope of the post- 
closure assessment, and that no further evaluation is required. 
See also Monitoring and remedial activities. Intrusion (human), 
and Unmodelled design features.] 

Sabotage and improper operation E BCSW BCP X E 
Sabotage and/or improper operation could compromise the long-term 
performance of the vault. Examples include sabotage of vault 
containers, seals, backfill and buffer; undesirable or unexpected 
material left in the vault (timbers. organics, tocls, equipment 
and concrete): explosions changing rock integrity; improper place- 
ment of containers by automated waste-handling procedures; design 
and construction faults and failure of quality assurance of 
engineering and construction; flooding and pumping of contaminants 
to the accessible environment; incompletely backfilled boreholes 
or drifts; unfilled or improperly sealed shafts and boreholes; 
fires during construction that mobilize airbrne contaminates: 
swelling of buffer in the boreholes before the drift is back- 
filled; terrorist activity related to the strategic value of 
fissionable material; and terrorist activities that preveat the 
use or closure of the facility. 
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Seal failure P BCSW CP CX V 
Chemical or physical processes ray ca'Jse early Or accelerated 
failure of the seals and gro3~ts (inclsding all seals and grouts in 
boreholes, air vents, drifts and shafcs). This would lead to 
changed water flow patterns and transport pathways to and from the 
vault. 

[This factor could affect the performance of the vault and geo- 
sphere. Following detailed investigation by the Vault Model 
Working Group, it was concluded that seal failures should be 
included in the central scenarios through variability in parameter 
values (see Uncertainties). significant changes in water flow are 
not expected to occur because of seal degradation. The use of 
composite seals incorporating highly cornparted bentonite blocks 
and high-perfomnce concrete bulkheads, along with durable 
cement-based grouts for fractures and a clay-granite mixture for 
backfill, would limit water movement to diffusion control within 
the sealing materials. For development of the geosphere model. 
only backfill materials are assumed to be present in shafts and 
drifts, and (for the geosphere model? any degradation in perfor- 
mance could be adequately described in the central scenarios 
through variability in parameter values. Neglecting to income- 
rate the superior seallng properties of highly compacted bentonite 

[We have assumed that each of these items are M r e  appropriately 
consideree in the preclosure assessment. and that corrective 
actions would be taken such that the performance of the vault 
would not be significantly affectel. ft is therefare a s e d  tfiat 
further evaluation for the postclosur+ assessment is not warran- 
ted. I 

Seal evolution P S PC X V 
The properties of the seals and grouts could evolve with time, as 
a result of processes such as silica cementation. and alteration 
or dissolution of seal and grout materials. 

[The alteration of clay and cement-based seals at low temperctures 
is a very slow process. NO changes are expected within lo4 a that 
would have a significant effect on the flow of groundvater or 
contaminants in the vault. It is therefove assumed that further 
evaluation for the postclosure assessment is not warranted, 
although some consideration m y  be required for time scales in 
excess of lo4 a. See also ~ackfill evolution. Buffer evolution, 
Cave-ins, Chemical interactions, Concrete, F o m t i o n  of cracks, 
Hydrothermal alteration, Long-tern physical stability and Seal 
failure. Related discussion is provided under Damaged zone, 
Groundwater composition, Groundwater - evolution. and Shaft sea] 
failure in the list of geosphere factors (Table 8 - 2 1 . ] .  
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and cement-based materials would result in significant over- 
estimate of the impacts. The Vault Model Working Group concluded 
that the complete failure of all eeale or absence of all seals 
(including shaft seals) ehould be excluded from any scenario. 
Chan and Stanchell (1990) have indicated that there would be no 
effect on contaminant transport in the geosphere unless the shafts 
and backfilled rooms -re left open or were filled with a highly 
permeable material. This possibility is considered to be outside 
the scope of the postclosure assessment. See also Cave-ins, 
Chemical interactions, Concrete, Formation of cracks, Hydrothermal 
alteration, Long-term physical stability, Percolation in shafts 
and Seal evolution. Further discussion is provided under Damaged 
zone and Shaft seal failure in the list of geosphere factors 
(Table 8-2) . I  

Sorption ia a collective tern used to describe the partitioning of 
contaminants in groundwater onto surrounding substrates. It is 
known to be an important process in the buffer and backfill, and- 
may result in substantial delays in contaminant transport. For 
most elements at very small concentrations, sorption is linear in 
the sense that the mass of sorbed element is proportional to its 
concentration in solution. See also Sorption - nonlinear. 
Related discussion is provided under Sorption in the iist of 
geosphere factors (Table 8 - 2 1 .  

Sorption - nonlinear P B C X V 
Some chemical elements may display non-linear sorption character- 
istics for reasons such as chemical kinetic effects, concentration 
effects and the formation cf precipitates. The saturation of 
available ion exchange sites could also give rise to non-linear 
sorption. 

[Parts of this factor may require a quantitative treatment, such 
as the formation of precipitates of sparingly soluble elements 
like technetium and uranium. For some elements, it may be possi- 
ble to make simplifying assumptions: for example many non-linear 
sorption isotherms can be replaced with a linear isotherm such 
that impacts would be overestimated (Walker and LeNeveu 1 9 9 7 ) .  We 
have assumed that these two issues are implicitly included within 
the factors Precipitation and dissolution, and Sorption. We have 
also assumed that further quantitative evaluation is not warranted 
for the postclosure assessment. Related discussion is provided 
under Sorption in the list of oaosphere factors (Table B-21.1 
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Source terms (expected) P CW CP C V 
Source tern refers to the mode(s1 of release of a contaminant from 
it3 waste matrices. There are two waste matrices of interest for 
the postc:>sure assessment of the reference disposal facility: U02 
and Zircaloy. The expected source terms from tkese waste matricee 
are known as congruent dissolution and instant release. See also 
Inventory, Other waste (other than used fuel), Source terms 
(other) and Stability of U02. 

Source terms (other) P CW CP X V 
The modes of release of a contaminant from the U02 and Zircaloy 
waste matrices could occur by unexpected mechanisms, such as 
mechanical breakdown, phase changes (UOZ transforming to UOj), 
selective leaching and other fast reactions induced by the effects 
of temperature or radiolysis. 

[A number of experimental investigations support the contention 
that the release of a contaminant from used C A N D U ~  fuel is 
adequately described by two expected source terms: congruen; 
dissolution and instant release (Johqson and Shoesmith 1988, 
Sunder and Shoesmith 1991). The properties of Zircaloy suggest 
that its only feasible source term is congrc~nt dissolution. We 
have therefore assumed that 20 further evaluation is required for 
the postclosure assessment. See a153 Source terns (expected) and 
Stability of U02.1 

Speciation P BCW C C V 
Chemical speciation would affect dissolution and precipitation, 
and would change with time following the thermal pulse. Specia- 
tion is dependent on pressure. See also Chemical interactions. 

Stability EFP RCSW ~ C P  X - 
The stability of the vault and its contents may undergo substan- 
tial changes over lo4 a. 

[See other specifjc factors such as Earthquaites. Long-term tran- 
sients. Reflooding, Seal failure, Stability of U02 and Time depen- 
dence. 1 

Stability of U02 P W C C V 
The thermodynamic stability ar.6 solubility of GO2 could be 
affected by a number of variables, such as elec~rochemical poten- 
tial (Eh), pH, solutions containing significant concentrations of 
calcium or sodium ions, and availability of organic complexing 
materials. See also inventory and Source terms (expected). 



Swlling pressure P BC P X EV 
Swelling of wetted bentonite could damage containers; increased 
pressures could affect pressure-dependent solubilities. 

[The swelling pressure generated by buffer material would be 
limited to a maximum of 2.5 MPa through control of density. during 
emplacement. The design and properties of the titanium container 
are such that the containers could withstand buffer swelling 

. loads, and would not lead to failures prior to failures caused by 
cotrosion. Pressures at vault depth. even including swelling 
pressures, have an insignificant impact on solubilities. It is 
therefore assumed that further evaluation for the postclosure 
assessment is not warranted. See also Container failure [early). . 
Container failure (long-term), Container healing. Containers - 
Dartial corrosion, and Precipitation and dissolution.1 

P BCSW BCP C - 
The heat released by-the containers would increase the tezperature 
in the vault. These higher temperatures would affect chemical 
reactions in the vault, such as container corrosion. and transport 
of contaminants by diffusion. See also Backfill evolution, Suffer . ~ .. 

evolution, Container failure (long-term), Chemical interactions, > . . .  %. ., 

Diffusion. Hydrothem; alteration, Long-term physical stability. 
Seal evolution and Temperature rises (unexpected). Further 
discussion is provided under Vault heating effects in the lists oZ 
aeosohere and biosohere factors (Tables B.2 and B . 3 ) .  

P BCSW BCP X v 
Local temperature rises could be high, and could produce unexpec- 
ted effects, such as formation of molten materials, very high 
stresses, percolation of groundwaters. formation of an ore body, 
and fire or explosion. 

[It is considered that these processes are iznprobable or would 
have an insignificant effect on the performance of the vault. For 
example, the vault design is such that the maximum temperature 
would be less than 1 0 0 ~ ~  (Baumgartner et al. 1993, 1994; Johnson 
et al. 1994); hence the formation of molten materials would not 
occur, and the contents of the vault would consist of material 
that could not b u m  or explode. It is assumed that no further 
evaluation for the postclosure assessment is warranted.] 

Time dependence P BCSW BCP CX V 
Time-dependent effects would exist because of factors such as the 
thermal pulse and reflooding: these effects should be reflected in 
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parameters such as flow fields and diffusion coefficients and in 
the models inwhich they are used. Other time-dependent effects 
include the variabie flow rate of contaminents out ol the =OR- 
tainers and buffer- 

[ A  few time-dependent processes need not' be evaluated in detail. 
For example, itais possible to simplify the treatment of transient 
processes, such as reflooding, in such a way as to overestimate 
impacts. Other time-dependent ?recesses are discussed separately 
elsewhere. see, for example, Backfill evolution, Chemical kinet- 
ics, Container failure (long-term), Diffusion, Long-term tran- 
sients, Reflooding and others.? 

[This factjr is expected to be unimportant, since any corltaminant 
gases (see  orm mat ion of gases) are likely to be disso1ve.j. in water 
under the conditions expected in the vault. Dissolved gases could 
be released if these conditions (particularly pressure) changed, 
but no such changes are expected in the vicinity of the vault. ~t 
is therefore assumed that further evaluation tor the postclosure 
assessment is not warranted aithough some consideration may be 
required for periods in excess of 104 a.) 

Uncertainties EFP BCSW BCP C BCVP 
The vault system consists of many important components that could 
have complex physical and chemical interactions. Considerable 
uncertainties will exist in modelling its behaviour over 104  a. 
The effect of these uncertainties should be included in the post- 
closure assessment, using techni~es such as sensitivity analysis 
and systems assessment. Virtually all of the 
factors in this list have associated uncertainties that should be 
addressed in a quantitative fashion. 

Unifonn corrosion P C CP C V 
Unifom corrosion, where the surface of the container is uniformly 
m r n  away by chemical or physical attack, is a potential mechanim 
leading to container failures- (This factor is discussed under 
Container failure (long-term).) 

Unmodelled design features F Bcsw 8CP X EV 
Some design features of the vault may be important and might 
require explicit modelling. For example, there may be significant 
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the rooms containing nuclear fuel waste and the rock immediately 
surrounding these rooms. Many other features are expected to have 
little or no signif;-cance, because they are relatively remote from 
any waste. For example, in the design of the reference vault, the 
nuclear fuel waste is more than 100 m from the shafts leading to 
the vault and from the rooms used for storage of material and 
equipment. All of these features would be fully backfilled and 
sealed, in the same manner as all rooms containing nuclear waste. 
We have therefore assumed that no further consideration is 
required for the postclosure assessment, but caution that other 
vault designs may require further evaluation. See also Unmodelled 
design features. ] 
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The headings T/L/P, C a a g . ,  Xach., Treat., and Ref. use the follwing 
abbreviations: 

T/L/? - classified as Leature, D e n t  or process. 
Cor~p(onent) - component of the geosphere affected: groundwater Llow, 

mock properties, contaminant Transport and Haste. 
*rch(anism) - classified as &-ithropogenic, sxpected natural factors, 

Qnexpected natural factors m d  yault-induced. 
mat(ment) - recornended treatment for the postclosure assessment. 

Some factors should appear in the Central scenarios 
and/or in one of the men-borehole or Inadvertent human I 

intrusion alternative scenarios. Others may be acluded 
from scenarios because they would not contribute 
significantly to estimated impacts. 

Ref(erence) - reports on :he Biosphere model iDavis et al. 1993),. 
fngineering description (Simons and aaumgartner 1994); 
Qeosphere m ~ d e l  (Da- iso on et al. 1S9ia). postclosure 
assessment IGocdwin et al. 1994). Rite characterization 
studies (Oavison et al. 1994b1 and Yault model (Johnson 
et al. 1994a). 

*---------------------------------------------------*---------------------  

I/X/P* Cam&#. Mech. Treat. Ref. 

Blasting and vibration 
Slasting and vibration during csnstruction of the vault (or after- 
wards) could substantially alter rock' properties and water flow 

tion in the list of vault factors (Table 3-11. 

Bomb blast 
Nuclear or con*?entional bombs exploded over the vault map alter 
rock properties and flow regimes. 

[Events of this type csn be eliminated from quantitative evalua- 
tion. No know- expl~sive device exists that would breach the 
vault, and none would seriously affect structural integrity 
(except. perhaps, during the preclosure phase). Further, the 
direct impacts to the cri~L-a1 qroup, over both short and long 
time frames, from the etfects of a nuclear borh exploded over a 
disposal vault location, would likely outweigh any additional 
irr~acts arising from the disposal systam. It is therefore assumed 
that further evaluation for the postc?osure assessment is not 
warranted. See also 5lerrett and Giliespie (1983). Blasting and 
vibration, Meteorite impact and Sabotage. Related discussion is 
provided under Sebotagf: and inproper operation in the list of 
vault factors (Teble ' j - l ) ,  and under Collisions, explosions and 
impacts in the lict ot biosphere factors (Table 8-21.] 

. :  
I 

! 
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decrease in the groundwater levels rn the rocks of the Canadian 
Shield. Any such decrease in groundwater level would tend to 
reduce the rate of groundwater movement through the geosphere, 
which would in turn reduce the transport of any contaminants 
migrating from the vault. We believe that, by assumins the water 
table in the geosphere conforms to the present day topography, we 
would describe a situation that would include the possible sub- 
surface effects of a wetter climate and that would tend to over- 
estimate impacts of a drier climate. We also expect that warmer 
or cooler conditions and permafrost would not significantly affect 
the performance of the geosphere. These cormnents generally ipply 
to all climate shaping forces, such .is the greenhouse effect and 
destruction of the ozone layer (the effects of glaciation are 
discussed separately below). We have therefore assumed that fur- 
ther evaluation of the effects of climate change on the geosphere - 
is not required in the postclosure assessment of the reference 
disposal system. See also Glaciation, Topography (current) and 
Topography (future). Related discussion is provided under Global 
effects in the list of vault factors (Table a-1) and under Climate 
change in the list of biosphere factors (Table B-3).] 

Colloid formation P T E X GV 
The formation of colloids or pseudo-colloids could affect the 
transport of concaminants. 

[Colloids are particles of contarbinants; pseudo-colloids are 
naturally occurring particles, s ~ c h  as clay, that contain sorted 
contaminants. Most contaminants will not form long-lasting col- 
loids in the geosphere. Since the concentrations of naturally 
occurring colloid-sized particles in groundwaters from granite are 
small (0 to 5 mg/Ll, less than 0.018 of any contaminant leaving 
the vault could form pseudo-colloids in the geosphere, and pro- 
vided contaminant sorption on groundwater particles is reversible. 
the impact of colloids on contaminant transport would be negligi- 
ble (Vilks et al. 1991a. 1991b). If stable pseudo-colloid forma- 
tion occurred by irreversible contaminant sorption onto particles, 
colloid transport could be important. provided colloid-sized par- 
ticles can migrate for significant distances in granite rock. 
Since colloid transport is probably limited by filtration in frac- 
tures, colloid-induced migration is not included in the post- 
closure assessment of the reference disposal system, but could be 
considered if colloid migration studies show the possibility of 
particle transport. The movement of colloids and dissolved con- 
taminants in the geosphere are controlled by the same processes: 
for example, both are transported by slowly moving groundwater and 
by diEEusion, and both are delayed by sorption. Thus the models 
describing the rnovemer.: of dissolved contaminants could also Se 
used to describe the movement of colloids. with appropriate selec- 
tion of data. Ir: praccice. experiments used to determine such 
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data do not differentiate between dissolved and colloidal ecntami- 
nants. That is, the experimental data provide an overall descrip- 
tion of contaminant movement, implicitly including the effects of 
colloids. Based on these considerations, we have assumed that 
there is no need for the further evaluation of the effect of 
colloids in the'geosphere for the postclosure assessment of the 
reference disposal system, but note that further ewerimental ' 
investigations are desirable. Further discussion is provided 
under Colloids in the lists of vault and biosphere factors (Tables 
B.1 and B.31.I 

Complexation by organics 
The formation of stcble complexes with organics could affect the 
transport of organics. Stable organics include humic and ful\ic 
acids. 

(The concentrations of naturally occurring orghnic carbon in 
groundwaters from the granitic Lac du Bonnet batholith range from 
0 to about 5 mg/L, which could correspond to very sinall concentra- 
tions of organic ligands, in the range of to lo-' mol/L. 
(Geochemical and hydrogeological data for the postclosure assess- 
ment of the reference disposal system are chosen to be consistent 
with information from the Whiteshell Research Area, which includes 
the granite of the Lac du Bonnet batholith.) To have a signifi- 
cant effect on contaminant complexation, organic ligands must 
compete effectively with inorganic ligands, such as carbonate and 

Based on our observations at the Lac du Bonnet batholith, we have 
concluded that no further evaluation is necessary for the post- 
closure assessment of the reference disposal system. Note that 
this conclusion applies only to the reference disposal system: if 
it is shown that groundwaters associated with another disposal 
site contain significant quantities of organic ligands (humics for 
example), the postclosure assessment could require modification to 
account for complexation with organics. See also Microbes and 
Speciation. Further discussion is provided under Biological 
activity, Complexation by organics and Long-term physical stabil- 
ity in the list of vault factors (Table 1). and under Bacteria and 
microbes in soil, and Biological evolution in the list of bio- 
sphere factors (Table 31.1 

Conceptual model - hydrology 
The conceptual model of the geosphere may be incorrect, due to 
invalid assumptions about porcus versus fracture flow, and the 
presence or absence of fractures. Other conceptual models might 
be equally likely. 
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[For -the post~losure'assessment, it is assumed that the conceptual 
model of the I~ydroloqy is correct for the reference disposal 
system. The model has incorporated the effects of fracture flow 

' 

by treating known fracture zones as explicit features. Although 
flow withi.? these zones is described by a porous media equivalent 
model. the transport properties reflect the fracture effects of 
channelling and heterogeneity and are derived from analyzing 
tydraulic test data and groundwater tracer tests. For a differ- 
ent, site-specific assessment, it may be reasonable to assume that 
sufficient data would have been senerated to develop an acceptable 
conceptual rodel. For an actual disposal site. several decades of 
study would be perforned, extending over the selection, construc- 
tion, operation, extended monitoring and decommissioning stages of 
the disposal facility. We expect that, over this long time frame, 
a thoroughly calibrated and rigorously tested conceptual model 
could be developed. Note also that sensitivity analysis studies 
are used to evaluate alternative conceptual models. We have 
therefore assumed that further evaluation is not warranted for the 
postclosure assessment of the reference disposal system. See also 
Damaged zoile, Hydraulic properties - evolution, Rock properties. 
Rock properties - undetected features, Shaft seal, failure, Topo- 
grap:?y !cur1 nnc 1 and Topography I future) . I I 

Convection P T E C G 
C'-ve.:=ing groundwa:ers would affect the transport an? spread of 
dissolved contaminants. 

Correlation P T E C G 
Some parameters used to define the geosphere model should be 
correlated to each other. For example, parameters that describe 
the behaviour of similar chemical elements are often similar, such 
as the solubilities of uranium and thoriun: two segments of 
adjacent rock would have a similar suite of minerals and subse- 
quently similar sorption properties and conductj ities unless 
there was a major structural change. (Correlations known to be 
important are accounted for in the postclosure assessment, s.xh as 
the solubilities and retardation coefficient for elements with 
similzr chemical properties, and the hydrogeological and mineral 
contents of ad;acent rock.) 

?a1 rged zone - FRT AV X G 
Enhanced grxndwaier flow and contaminant trans2ort could occur 
within the zone of rock surro~ndinq the shafts and vault that was 
damaged durlng Slascizg or excavation. 



. . (continued) 

[The possible extent of the damaged zone would be very dependent 
on the quality, strength and stress conditions of tha host rock 
and the methods used to excavate the vault rooms and sha'fts, and 
could range over centimetres to metres. The principal effect cf 
concern is the influence of the damage zone on grour.dwater flow 
and contaminant transport. 
- There would be little effect on flow and transport away from 

the vault, since we expect that the damaged zone would be 
surrounded by a much larger zone of relatively low- 
permeability rock. 

- For the reference disposal system, sensitivity analyses using 
the MOTIF groundwater flow model have shown that significant 
alterations in the hydrogeol>gical properties of the rock 
immediately surrounding the excavations Ithe excavation damage 
zone) had only a minor effect on the overall groundwater 
transit time from the vault to the surface (Chan and Stanchell 
1999) . 

From these considerations. we have assumed that no further consid- 
eration of the damaged zone is warranted for the postclosure 
assessment of the reference disposal system. However, we note 
that characterization studies would be required at an actual 
disposal vault site to establish the extent of the damaged zone at 
that site and to confirm that its effects were not (or were) 
important. A related issue requiring study- at an actual disposal 
site would be the effectiveness of the grouts and bulkheads used 
to seal off the vault rooms from the potentlal damaged zone. See 
also Blasting and vibration, Borehole seal failure, Conceptual 
model - hydrology, Hydraulic properties - evoluiion, Open bore- 
holes, Rock properties, Rock properties - undetected features and 
Shaft seal failure.] 

Dams E F A X GS 
Construction or destruction of dams (hydroelectric dams. water 
reservoirs, beaver dams) would affect hydraulic heads. 

[The possible long-term effects of such major projects would be 
examined in the site selection process and appropriate corrective 
action taken (Davison et al. 1994b). in addition, because pre- 
ferred disposal sit-ss would occur in areas of relatively low :opo- 
graphic relief, any +ams ir the area would be low hydraulic head 
structures (typical;, less than 20 m) and these would have no 
effect on groundwater flows at disposal vault depths in the geo- 
sphere. We have assumed that further evaluation for the post- 
closure assessment of the reference disposal system is not warran- 
ted. See also Climate Change, Discharge zones, Earthmovlng, Topo- 
graphy (current) and Topography (future). Related discussion is 
provided under Earthmoving projects, Flooding and Water managenent 
projects in the list of biosphere factors (?able B-31.1 
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Drought E F E X G 
The current levels of meteoric precipitation could change substan- 
tially, leading to much lees flow of water through the geosphere, 
with accompanying changes to the biosphere. 

[This factor ia considered with the discussion under Climate 
change. See also Climate change, Dust s t o m  and desertification 
and Precipitation (meteoric) irk the list of biosphere factors 
(Table 8 - 3 1 . ]  

Earthmoving E F A X GS 
Topography could'undergo significant alteration due to massive 
earthmoving schemes, affecting generic or site-specific hydraulic 
head and flow regimes. 

[The possible long-term effects of such major projects would be 
examined in tne site selection process (Davison et al. 1994b) and 
appropriate corrective action taken. The most problematical 
schemes are those invol-~ing rock excavation for quarries, mines or 
hydroelectric projects. Potential disposal sites would not be in 
areas of likely economic interest for mining minerals, including 
open pit mining (Davison et al. 1994b). We believe that the 
distances involved would be such that the effects of any mines in 
adjacent areas would be negligible. Quarrying and the development 
3f hydroelectric projects affect only the shallow parts of the 
rock (see also Dams and Climate Change) and would have no effect 
on groundwater flows at vault depths in the geosphere. We have 
therefore assumed that no further evaluation for the postclosure 
assessment is required. See also Dams, Erosion, Topography (cur- 
rent) and Topograpl-; (future). Related discussion is provided 
under Earthmoving projects, Flooding and Water management projects 
In the list of biosphere factors [Table 8 . 3 1 . 1  

Earthquakes E FR E X EGPS 
Earthquakes could produce jointed rock motion, rapid fault growth, 
slow fault growth or new fault formation, resulting in c::anyes in 
hydraulic heads, changes in groundwater recharge or discharge 
zones, changes in rock stresses and severe disruption of the 
integrity of the vault (including shearing one or more con- 
tainers). 

[The Canadian Shield is the least seismically active portion of 
the North American continent and one of the least seismically 
active regions on Earth. Moreover, almost all eartkquakes on the 
Shield of magnitudes greater than four cccur near t 5 e  Shisld 
margin or near large regional geologic structures, such as ancient 
rifts. Locations near such features ,.;auld be avoided when siting 
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Explosions near the disposal system, or in the disposal system 
during its operation, may affect the performance of the geosphere. 

[This factor is discussed elsewhere, under Bomb blast, Blasting 
and vibration, Meteorite impact and Sabotage. Related discussion 
is provid-ed under Explosions, and Sabotage and i ~ r o p e r  operation 
in the list of vault factors (Table 8-11. ar.d under Collisions, 
explosions and impacts in the list of biosphere factors 
(Table 0-21.1 

X EGS 
Movement between adjacent rock masses, along a fracture, could 
result in changed hydraulic heads, groundwater flow and rock 
stresses. 

[This factor is discussed elsewhere, under Earthquakes, Hydraulic 
properties - evolution, and Topography (future) and Volcanism. 
~urther discussion may be found under Earthquakes in the lists of 
factors for the vault and biosphere (Tables 8.1 and B.31.1 

E F E X G 
The current levels of meteoric precipitation could change substen- 
tially, leading to m c h  greater flows of water through the geo- 
sphere, with accompanying changes to the biosphere. 

[This factor is discussed under Climate change. See also Climate 
change, Flooding and Precipitation (meteoric) in the list of bio- 
sphere factors [Table B-31, and Sabotage and improper operation in 
the list of vault factors (Table 0-1) . I  

Fulvic acid P T E X G 
Fulvic acids and fulvates may affect the movement of contaminants, 
by forming complexes. 

[Fulvates are weather-resistant organic polymers with a molecular 
weight of about 1000 g. They aresomewhat soluble in water, and 
generally found in soils. Concentrations of all organic material 
found in the granitic Lac du Bonnet batholith in the miteshell 
Research Area are very small, and no significant effects of 
complexation by fulvates are expected. IGeochemical and hydrogeo- 
logical data for the postclosure assessment of the reference 
disposal system are chosen '.o be consistent with informtion from 
the Whiteshell Research Area, which includes the granite of the 
Lac du Bonnet batholith.) This factor is discussed further under 
Complexation by organics. See also Humic acid and Microbes. 
Related discussion is provided under Biological activity. Complex- 
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recharge and discharge zones and isostatic depression. These 
effects may significantly change rock and flow characteristics. 
During interglacial periods, isostatic rebound and permafrost 
could affect rock and flow characteristics. 

[Glaciation of the Canadian Shield is not likely to be a concern 
within the next 2 x lo4 a (Eronen and Olander 1990, Davis et al. 
1993, Dav: :. 1986). beyond the period of time for which quantita- 
tive evaluation is necessary. We have therefore assumed that no 
further quantitative evaluation is required for the postclosure 
assessment. When glaciation does occur, some effects are expected 
to be unimportant; for example, studies of glacial erosion by 

' Kaszycki and Shilts (1980) have shown that the depth of erosion 
ranges from 2 to 10 m per glacial event. Other effects on the 
geosphere are very difficult to quantify, although it is expected 
that no significant changes will occur at the 500 m depth of the 
reference disposal vault (Heinrich 1984, Davison et al. 1994a). 
See also Climate change, Topography (current) and Topography 
(future). Related discussion is provided under Glaciation in the 
lists of factora for the vault and biosphere (Tables B.l and 

Greenhouse effect 
The greenhouse effect could increase concentrations of carbon 
dioxide and other gases in the atmosphere, and lead to changes in 
the climate at tlre disposal site. 

[This factor is considered under Climate change. Further informa- 
tion is provided under Climate change and Greenhouse effect in the 
list of biosphere factera.] 

Groundwater composition 
Groundwater compositions, including changes due to activities such 
as the construction of dams and pollution, could affect ground- 
water flow regimes: cornplexing agents could affect transport and 
dissolution of minerals and contaminants. 

[Because of the very slow groundwater flow rates at disposal vault 
depths, groundwater compositions are controlled by the rock water 
interactions that occur at those depths. Activities such as dam 
construction could change the chemical composition of near-surface 
groundwaters, but are not expected to have significant effects at 
the 500 -m depth of the reference disposal vault. The effects uf 
expected groundwater composition should be considered in the 
scer.arios r e ~ i r i n g  quantitative evaluation for the postclosure 
assessment of the reference disposal systen. However, changes to 
expected composition due to events occurring on the surface can be 
excluded. See also Colloid formation, Groundwater - evolution, 
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precipitation and dissolution, Recharge growdwater, Salinity 
effects Dn flow, Speciation and Vault heating effects. Related 
discussion is provided under Backfill evolution, Buffer evolution, 
chemical gradients, 3ernical interactions, Chemical kinetics and 
Seal evolution in the list of vault fact,ors (Table P-l).] 

Groundwater - evolution P FRT EV X GS 
Groundwater compositions would evolve. because of the presence of 
the vault as a heat source. 

[Heat conduction studies by Chan et al. 11986) indicate that the 
temperature could rise by about 3 5 O ~  in the geosphere within about 
50 of the reference disposal vault. The maximum temperature 
rise wouid occur withir. approximately 1000 a after emplacement of 
;he waste in the vauit and would retxrn to ambient levels aftez 
about i3' a. The beating of groundwater [LO a maximum of 3 5 O ~  
above ambient) close to the vault region would not induce chenical 
changes that would appreciably increase the transport of contami- 
nants from the vault or affect groundwater chemistry in the geo- 
sphere surrollnding the vault. Thls is because the two principal 
hydrogeochemical conditiocs that affect contaminant transport in 
the geosphere model, salinity and redox conditions of the ?round- 
water, would not change significantly: 
-  roundw water salinity shouid increase only slightly during 

passage through the vaulc dws to the effects c greater disso- 
.ution of sil~cates (mainly the more reactive clay buffer in 
the vault1 and incrsased reaction kinetics of salt dissolution 
and ion exchan-T at the elevaped 2el;pe:atures. Groundwaters 
flowing from t t vault would therefore tend to be near 
saturation witn respect to calcite, gypsum and silica mirier- 
ais. Under the lower temperatures and different buffering 
capability of the surrounding rock, F-ecipitation of such 
minerals would likely be the dominant process rather than 
dissolution. Any precipitation wol~ld result in a reduction in 
permeabiiicy rather than an increase in permeability. 
Finally, it is also expected that the solids that might pre- 
cipitate wouid be similar to those already found within the 
geosphere. 

- Rodox conditions downstream of the vault are likely to remain 
reducing and slrrilar to the redox conditions of the ground- 
water entering the vault because of the highly reducing condi- 
tions lmposed by reactions within the vault. Groundwaters 
passing through the ~ault are likely to be more reducing and 
rich in ferrous iron than ambient groundwaters in the geo- 
sphere. This would lead to grecipitation of iron oxyhy- 
aroxldes, and hence would aiso tend to reduce the permeability 
cf flow paths beyond the va2lt. 

Given these corisiderations, we believe that groundwater evolution 
due to the -~ault heat would not be aa important factor, and tha: 



potential impacts would k overestimated if this factor were 
rgnored. We have therefore assumed that 30 furtcer consideration 
is required Lor the postclosure assessment. See also Colloid 
formation, Groundwater composition. Hydraulic properties - avolu- 
tion. Precipitation and dissolution, Recharge groundwater, 
Salinity effects on flow, Speciation and Vault heating effects. 
Related discussion is provided under Backfill evolution, Buffer 
evolution, Chemical gradients, Chemical interactions, Chemical 
kinetics and 9eal evolution in the list of vault factors 
(Table 8-11.; 

Humic acid P T E X G 
Humic acids and humates may a:fect the movement of contaminants by 
forming compexes. 

[Humates are weathe:-resistant organrc polymers with a molecular 
weight of about 1.5 x ! 0' g. They are reldtively insoluble in 
water, and generaliy found rn solis. Concentrations of all 
organic materral found rn the granitic Lac du Bonnet batholith are 
very small, and no srgnificant effects of complexation by humatem 
are expected. (Geochemical and hydrogeological data for the poet- 
closure assessment of the reference disposal system are chosen to 
be consrstent with rnformatron from the mlteshell Research Area. 
whrch includes the granrte of the Lac du Bonnet batholith.) This 
factor 1s drscussed further under Complexation by organics. See 
also Ful'lrc acld and Microbes. Related discussion is provlded 
under Biological actrvrty, Complexation by organics and Long-term 
physical stabrlity ln the list of vault factors [Table I), and 
under Bacteria and microbes in soil in the list of biosphere 
factors (Table 3 ) . 1  

Hydraulic properties - evclution P FT N X G 
The precipitation and drssolution of material could affect the 
groundwater flow regrme by pluqying or openlng pcres and frac- 
tures. Thrs process could be enhanced by drffercntial solubili- 
tres in a thermal gradient. The mrnerals avaiiable for sorption 
could also change. 

[The major cause of changes to precipitation and dissolution would 
be the t h e m 1  gradient produced by the l'ault. We believe over- 
estimates of impact would be obtained if we do not explicitly 
consider the changes that might result from this thermal gradient. 
For example. precipitation is more likely than dissolutiofi as 
groundwaters move to cooler condi'ions far from the vault. Pre- 
cipitation would tend to reduce pemeabilit. 
and thereby reduce groundwater flow and contaminant transport. 
Moreo.~er, it is expected that the solids tkat might precipitate 
would be similar to those alreedy found within the geosphere, such I 
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as calcite and gypsum. These issues are disccsscd in more detail 
under Groundwater - evol~:i~n.- We nave therefore assumed thee 50 

further consideration is required for the postclc-;r~re assessment 
of the referenrs disposal system. See also Earthquakes, Ground- 
water cmposition.. Precipitation and Dissolution, and Vault heat- 
lng effects. Related discussion is provided und~r Backfill evolu- 
tion, Buffer evoi2tion ~ n d  Seal evnlalt:'on in the list of vault 
factors (Table B-1) . I  

Intrusion (nagmatic) E FR U X - 
Magnatism near the disposal facility corild lead to substantial 
changes to existing grosndwater fl~ws and rock properties. 

-- 
[This fcctor is included wi:h the d~scussion under Metamorphic 
activity and Volcanism.] 

Intrusion (mines) E FRT A IX GS 
intrusion into :he disposal system codld nccur through the con- 
struction of a mine downgradient of the vault or near the vault. 
Possible effects include changes to grundwater flow regimes, rock 
integrity and transport pathways. The critical group might be 
miners. 

[These events are very much dependent on the characteristics of 
the disposal site, and the potential likelihocd and inpacts of 
mining should be evaluated on a case-by-case basis during site 
selection. In general, howevsr, drilling and mining into or near 
the vault is unlikely because the site selection process would 
favour host rocks that were of no economic interest (Davison et 
al. 1994b). This is by and large the case for the plutonic host 
rocks of interest for the disposal of Canada's nuclear fuel waste 
(Eedy and Hart 1988). Most other reasons for deliberate intrusion 
are unlikely because of the magnitude and cost in time and money 
of the operation that would be required. It may be assumed that 
any future society that wished to recover materials such as 
plutonium from the vault would also have the technology to under- 
stand and avoid the hazards. We have assumed that most aspects of 
this factor do not require further evaluation in the central 
scenarios for the gostclosure assessment of the reference disposal 
system. although some aspects should be exanined in the in-idver- 
tent human intr~~sion sceqarios. Two similar factors, Wells and 
Wells (high-demand), cover situations where we?ls rnay intrude into 
the h o ~ t  rock. See also Borehole - well, Boreholes - exploration 
and Solution 3in:ng. Further discussion is provided for intrusion 
in the lists of vauit and biosphere factnrs (Tabies B.l and B . 3 ) . ]  
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Isostatic rebound 
The presence of heavy loads on the earth's surface, such as 
several kilometres of glacial ice, may compress and depress the 
underlying rock, followed later by rebound effects when the load 
is removed. 

[Consideration cf this factor is included under Glaciation and 
Topography (future).] 

Uagmatic activity 
Magmatism could occur in the vicinity of the vault, leading to 
substantial changes to groundwater flow and rock properties. 

Magnetic poles (reversal) 
Reversal of the earth's magnetic poles could lead to changes in 
the earth's ionization layer, with subsequent evolution of the 
climate. 

[This event occurs very rarely, and is also expected to have no 
significant impact on the performance of the geosphere. See also 
Climate change. Further discussion is provided under Climate 
change and Flipping of earth's magnetic poles in the list of 
biosphere factors (Table 5-31.] 

Matrix diffusion 
Contaminants may diffuse into surrounding rock from contaminated 
water in a fracture zone or from contaminated r x k  into a nearby 
fracture zone, due to matrix diffusion. 

[Matrix diffusion generally refers to the diffusion of contami- 
nrnts in a direction that is transverse to the direction of 
convective transport (and into the surrounding rock matrix). We 
expect t!.at diffusion would be the dominant transpGrt mechanism in 
some regions of the geosphere. particularly in the regions of low- 
permeability sparsely fractured rock surrounding the reference 
disposal vault. In this instance, contaminant transport by diffu- 
sion should be considered. In other regions, where convective 
transport is dominant or equally important, we have concluded that 
convection and longitudinal diffusion should be considered, and 
that it is acceptable to ignore transverso diffusion. That is, 
diffusion in the direction of :he convective transport should be 
modelled, but diffusion in directions perpendicular to convective 
transport can be ignored. This conclusion is based on our ground- 
water tracer tests and field evidence of geochemical patterns, 
which do not show much evidence of matrix diffusion effects. If 
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matrix or transverse diffusion is ignored. simpler transport 
. .  models can be used; moreover, overestimates of impact will result 

because the effect of matrix diffusion would be to remove contami- 
nants from groundwater flow paths, and thereby reduce contarnine-~t 
transport. We have therefore assumed that this factor can be 
excluded from scenarios requiring wantitative evaluation in the 
postclosure assessment of the reference disposal system. See also 
Convection and Diffusion.] 

Metamorphic activity 
Metenorphic activity could cause activation, creation, or sealing 
of faults: changes in topography: changes in rock stress; deforma- 
tion of rock; and changes in groundwater temperatures. 

(Metamorphic activity is not expected for long periods of time on 
the stable portians of the Canadian Shield that would be favoured 
for a disposal site. No such activity is certainly expected over 
the next lo4 a, the time frame for quantitative evaluation in the 
postclosure assessment. We have therefore assumed that no further 
quantitative evaluation is required for the postclosure assess- 
ment, although some consideration may be required for longer time 
scales. See also Earthquakes, Topography (current) and 
Volcanism.] 

Meteorite impact 
Meteorite imgact could cause activation, creation and sealing of 
faults; changes in topography; changes in rock stress; and defor- 
mation of rock. 

[Impacts from meteorites large enough to cause significant changes 
is very improbable; for example. Merrett and Gillespie 11993) 
report that such events would occur on the order of 2 x lo-'' 
events per year. This very low probability of occurrence wuld 
make a negligible contribution to the risk associated with the 
disposal facility. We have therefore concluded that no further 
evaluation for the postcicsure assessment is warranted. See also 
Bomb blast and Earthquakes. Related discussion is provided under 
Collisions, explosions and impacts in the list of factors for the 
biosphere (Table 3 - 3 ) ,  and un3er Sabotage and improper operation 
in the list of factors for the vault (Table B-I).] 

Me thane 
Methane in deep groundwaters may be a resource and the object of 
mining activities, or methane may modify the mobility of contami- 
nants (methylacion). 
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rock pluton to warrant consideration as a potential resource or as 
an unusual source of methylation. We have therefore concluded 
that no furcher evaluation for the ?oscclosure assessment is 
required. See also Complexation by organics and Microbes. 
Related discussion is provided under Biological activity. Complex- 
ation by organics and Long-term physical stability in the list of 
vault factors (Table 8-11, and under Bacteria 31.2 microbes in 
soil, and aiologica: evolution in the list of biosphere factors 
(Table 8 - 3 1  . I  

Incorporation of contaminants into or onto microbes or bacteria 
couid affect the rate of transport of contaminants. The activity 
of microorganisms could affect the mobility of contaminants by 
methylating heavy metals,releasing organic ligands with a high 
complexing capacity, affecting the groundwater pH and redox, and 
reducing pemeability in fractures. 

[At the present time we do not have sufficient data to demonstrate 
the effects that microorganisms could have on increasing (or 
decreasing) contaminant mobility. The importance of this factor 
is. however, likely to depend on the specific characteristics of a 
glven disposal site. Data for the pcstclosure assessment of the 
reference disposal system are chosen to be consistent with infor- 
mation from the Whiteshell Research Area, and studies at this Area 
reveal that only extrenely small q~antities of microbes and 
bacteria exlst in the groundwaters at disposal vault depths. 
Stroes-Gascoyne and West (1994) have evaluated the potential 
effects of microorganisms in the context of the concept for 
disposal of Canada's nuclear fuel waste. Expansion of either 
introduced or indigenous microbiological cornunities within the 
open excavations could be controlled by good housekeepii~g. Tae 
most likely effect of microbiological activity cn  the geosphere 
would be the develo~ment of biofilrns on available aerated surfaces 
(e.g.. open fractures and microcracks in the excavation damage 
zone) inmediatcly behind the surface of the excavations. If this 
did occur. it would tend to reduce the transport porosity and 
permeability of the region and could be potentialiy beneficial. 
Stroes-Gascoyne and West (1994) consider it unlikely that micro- 
biological activity would cause any significant geochemical 
chdnges in the geosphere because of the very large buffering 
capacity in the geosphere and the low nutzient at-3ilability 
(indigenous microbial populations are presumably in equilibrium 
with the geochemiczl conditions at the site). If biofilms were 
developed k r  introduced microbrls or by expanding populations of 
indigenous microbes (the likely situation if microbes are present. 
because biofilms improve the chance for survival in nutrient poor 
conditions). they would tend to retard the transport of vault 
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contaminants by fixing contaminants by sorption. Biofilms m y  
also compete with colloids for sorption of vault contaminants, 
thus tending to reduce the already negligible effect that colloids 
would have on co-cainant transport if radiocolloid formation was 
reversible (Vilks et al. 1991b). Microbes and bacteria could 
exist in the vault ltself but it is expected that they would not 
pass through either the buffer and backfill materials of the vault 
or the intact rock surrounding the vault because these materials 
would act as filters to microbes, colloids and bacteria. On the 
basis of these consic'erations, we have assumed that no further 
evaluation is required for the postclosure assessment of the 
reference drsposal system. See also Complexation by organics. 
F'urther discussion is provrded under Biological activity, Complex- 
ation by organics and Long-term physical stability in the list of 
vault factors (Table B-1) and under Bacterla and microbes ln soil. 
and Biological evolution in the list of biosphere factors 
(Table 8 - 3 )  . ] 

E A IX G Mines FRT 
Mines constructed in the vicinity of the disposal vault could 
affect groundwater flow regimes. rock integrity and transport 
pathways. 

[This factor is discussed under Intrusion (mines). See also 
Borehole - well. Boreholes - exploration, Solution miking, Wells 
and Wells (high-derandl. 

Open borehol es E FT AV 0 GV 
Boreholes that were left open, improperly sealed or reopened for 
some reason. could modify flow and transport properties, Including 
transport within the Sorehole and within the damaged zone sur- 
rounding the borehole. Similar effects could occur for the vault 
shafts. 

[This event is thought to be unlikely. because the engineering 
designs for the disposal facility call for the permanent sealing 
of all boreholes. including those drilled during site character- 
ization and facility operation. Scoping studies suggest that the 
situation with greatest risk is where an open borehole was drilled 
from the surface and passed close to a vault room that contained 
nuclear fuel waste. We have concluded that this factor should be 
examined further in the open-barehole scenarios for the post- 
closure assessment of the reference disposal system. and tho 
assessment should evaluate the effectiveness of quality assurance 
measures ttac w u l d  decrease the likelihood of a borehole being 
left open at the time of vault closure. See also Bcrehole seal 
failure and Shaft seal failure. Xelated discussion is provided 
under factors on intrusian in the lists of vault, geosphere and 
biosphere factors [Tables 8.1 to 8 . 3 1 . 1  
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Ozone layer E F E . X G 
Destruction or damage to the earth's ozone layer mey lead to 
significant changes to the climate, affecting properties cf the 

'geosphere. such as gr~undwater flow patterns. 

[Discussion of this factor is included with Climate change.] 

Pr~ecipitation and dissolution P T EV X G 
Contaminants, primary minerals and rock alteration products, could 
be subjected to precipitation and dissolution at different points 
along their flow paths. as a result of changes in temperature 
!thern?al gradients), groundwater chemistry, flow rates and miner- .. 

alogy, or the presence of microbes. 

[The ~ j o r  driving force for these processes would be the thermal 
gradient produced by tne-vault. However, the expected thermal 
gradient is not large: the ~tmximum temperature rise vould be about , 

3 5 O ~  within 50 m of the vault (Chan et al. 1986). Precipitaticn . : 
is likely to be more important, which would tend to reduce permea- 
bilities in the geosphere and thereby reduce groundwater flow and 
contaminant transport. It is expected that che rock alteration 
products that precipitate would be similar to those already found 
within the geo9phers. such as calcite and gypsum. The extent of 
these processes are difficult to predict, but we have concluded 
that overestimates of impact would result if they were ignored. 
We have thlrefore assumed that nc further consideration is 
required for the'postclosure assessment. See also Earthquakes, 
Groundwater composition. Groundwater - evolution. Hydraulic 
properties - evolution. Sorption and Vault heating effects. 
Related discussion is provided under Chemical gradients, Chemical 
~nteractions. and Precipitation and dissolution in the list of 
vault factors (Table 8-11.] 

Pseudo-colloids P T E X G 
The formation of pseudo-colloids could affect the transport of 
contaminants. 

[Pseudo-colloids are naturally occurring particles. such as clay, 
that contain sorbed contaminants. Discussion of this factor is 
included under Colloid formation.] 

Radiation effects' P RT V X G 
Radiation damage and radiolysis products could affect the proper- 
ties of the rock, including structural integrity, sorptive capa- 
bilities and the chemistry of the grotmdwater. 
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[Radiation damage would occur mostly from g-irradiation. However, 
experimental evidence shows that g-irradiation has little or no 
effect on the structurs of clay minerals ir, the buffer material 
(Oscarson an2 Cheung 19831. No significant effects are expect& 
on the surrounding rock, which would be more distant from the used 
fuel containers than the buffer'in the vault. Radiolysis is the 
dissociation of molecules caused by the absowtion of high-energy 
radiation. Most of the products of radiolysis would be generated 
by alpha decay of heavy nuclides (such as uranium and plutonium), 
which would be localized mostly to the vicinity of the used fuel 
container. It is expected that most of :hese radiolysis products 
would be consumed within the vault, and have no significant effect 
on the properties of the rock and groundwater in the geosphere. 
Radiation damage and radiolysis effects from decayirlg radio- 
nuclides that escaped fron :he .razl t  would also be insignificant. 
because concentrations of such nuclides are expected to be 
extremely small. We have therefore assumed that ladidtion effects 
on che geosphere do not require further consideration in the post- 
closure assessmen;. delated discussion is provided under Radia- 
tion damage and Radiclysis in the list of vault factors 
(Table 1.21.1 
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Rock properties F T E C G 
Expected features of the rock that should be modelled include 
porosity, tortuosity, permeability, active (open) fracture joints 
or zones, inhomogeneities and structures such as layers or zones 
of different rock. Rock properties, such as permeability, 
measured in the laboratory may be significantly different from in 
situ values. (Most features of the rock that affect contaminant 
transport such as fractures and faults and their physical and 
chemical properties are determined in situ using field testing 
procedures.' Some rock properties are determined in the laboratory 
and these studies are performed so as to account for the distur- 
bance that occurs when the sample is removed from its in situ 
envirorment. See also Conce9tual model - hydrology, Damaged zone, 
Hydraulic properties - evolution, Open boreholes, Rock properties 
- u:~detected features, Shaft seal failure. Topography (current) 
and Topography (future) . 

Rock properties - undetected features 
F T E X G 

Undetected but important features may be present and m y  have 
significant impacts. These features include unknown active 
fracture zones, inhornogeneities, faults and features connecting 
different zones of rock, different geometries for fracture zones, 
and induced fractures due to the construction or presence of the 
vault. 

[The time required for the selection, construction, operation, 
de.comissioning and ext.snded monitoring stages of an actual 
disposal facility would take several decades. During this time, 
site characterization activities would continue, and contribute to 
the development of a complete understanding of important proper- 
ties of the disposal system. We expect that, over these long time 
frames, a calibrated and thoroughly tested conceptual model could 
be developed. and that any remaining undetected features would 
have no significant effects. Also. the importance of detected 
features, and possible or plausible features, could bc evaluated 
through sensitivity analysis studies, using both detailed research 
codes and performance assessment codes. We have assumed that 
there are no features that are both undetected and important for 
the postclosure assessment of the reference disposal system, and 
therefore no further evaluation is required. See also Conceptual 
model - hydrology. Damaged zone. Hydraulic properties - evolution, 
Open boreholes, Rock properties, Shaft seal failure, Topography 
[current) and Topography (future).] 

Sabotage E F A X - 
Acts of sabotage, during or after closure, m y  affect flow proper- 
ties. 
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cant changes would be possible only in che very unlikely event of 
complete failure of several of these redundant elements (Chan and 
Stanchell 1990, Johnson et al. 1994). In addition, the shafts 
would be renoteiy located from any vault room containin5 used fuel 
waste (typically 100 m or more), further reducing any poesible 
effects on the movement of contaminants in the geosphere. We have 
therefore assumed that no further evaluation is required for the 
postclosure assessment. See also Borehole seal failure, Concep- 
tual model - hydrology, Damaged zone and Hydraulic properties - 
evolution. Related discussion is provided under Percolation in 
shafts, Seal evolution and Seal failure in the list of vault 
factors [Table B-11.1 

Solution mining E FRT A X - - 

Solution mining or other new mining techniques might he used near 
the vault, affecting flow regimes. transport pathways and/or rock 
properties. 

[Solution mining of the crystalline rock is expected to be 
improbable, because of the very 'ow per~eabilities and because 
site selection would favour a site that has no economic value as a 
source of minerals. (Davison et al. 1994b1. No further evalua- 
tion for the ~ostclosure assessment is warranted. See also 
Intrusioc (rnines1.l 

Sorption P T E C G 
Sorption of contaminants would depend on factors such as the 
nature of the contaminant. minerals involved, mineral surface 
area, pH, electrochemical potential. salinity and available 
complexing ligands. See also Colloid formation, Geochemical 
interactions, Groundwater composition, Precipitation and dissolu- 
tion. Saturation, Sorption - nonlinear and Speciation. Related 
discussion is provided under Chemical interactions, Sorption and 
Sorption - nonlinear in the list of vault factors (Table B-1). 

Sorption - nonlinear P T E C G 
Sorption of contaminants may show a non-linear dependence on 
factors such as contaminant concentration. The extent of sorption 
along a flowpath may also change in response :o different combina- 
tions of minerals and groundwater chemistry. See also Colloid 
formtior., Geochemical interactions, Groundwater cmposition, 
Precipi:ation and dissolution, Saturation. Sorption and Specia- 
tion. Related discussion is provided under Chemical interactions, 
Sorption and Sorption - nonlit~ear in the list of vault factors 
(Table 3-11 . 
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Speciation P T E C G 
Speciation of contaminants in waters containing different 
inorganic and organic components would affect mobility and sorp- 
tion. See also Colloid formation, Complexation by organics, 
Geochemical interactions, Groundwater composition, Precipitation 
and dissolution, Recnarge groundwater, Sorption and Sorption - 
nonlinear. 

Topography (current) F T E C G 
Present-day topographical features should be modelled, including 
outcrops and hills, water-filled depressions, wetlands, recharge 
areas and discharge areas. See also Conceptual model - hydrology, 
and Topography (future). 

Topography ( future) F T E X G 
Changes affecting topographical features should be modelled or 
estimated, so that subsequent effects on flow can be taken into 
account. 

[Processes that change topographical features m y  be classified 
according to whether they affect regional or local areas. 
Regional processes are of no concern, since they would not have 
significant effects on the relative hydrauiic heads that drive 
groundwater flow past the vault. Local processes are expected to 
be of little concern, since they would also not significantly 
affect hydraulic heads. We have therefore assumed that no further 
quantitative evaluation is required for the postclosure assess- 
ment. See also Dams, Earthmoving, Earthquakes, Erosion, Glacia- 
tion and Topography (current). Related discussion is provided 
under Eart.hoving projects, Flooding and Water management projects 
in the list of biosphere factors (Table B-31.1 

Turbulence P FT U X - 
Turbulent flow of groundwater could affect its transport capabili- 
ties. 

[This factor is very unlikely because groundwater flow velocities 
at disposal vault depths in the Whit-eshell Research Area are very 
small and well below the range where turbulent flow would occur 
(hydrological data for the postclosure assessment of the the 
reference disposal system are chosen to be consistent with infor- 
mation from the Whiteshell Research Area). See also Cavitation.] 

Uncertainties EFP a1 1 all C BGW 
The geosphere system is very difficult to model because it is 
difficult to access. For example, it would not be possible to 



Frctor T C-. Mach. haat. Raf. 

directly observe concentrations of minerals and groundwater flows 
in all regions affected by the disposal vault. Considerable 
uncertainties exist ir, describing its current behaviour, and 
extrapolating this Dehaviour f ~ r  thousands of years into the 
future. The effect of these uncertainties should be included in 
the postclosure assessment, using tecbiques such as sensitivity 
analysis and probabilistic systems assessment. Virtually all of 
the factors in this list have associated ur.certainties that snould 
be addressed in a quantitative fashion. 

Unsaturate? rock F FT AU X GV 
Portions of the geosphere may be naturally unsaturated or become 
unsaturated because of dewatering during construction of the 
vault. Consequently rock cemperatilres may rise and an unsaturated 
transport may be important. 

[It is expected that the geosphere would consist of saturated rock 
a t  a l l  ti-, except for a small vol,umo of rock n w  tha vault 
during and jurt after excavation: This rock should r .ututato  . 

. quickly bocause the reflooding transient is expected to k r8la-  
tively short (see Reflooding in the list of Vault factors). In 
addition, the use of saturated transport models is expected to 
lead to overestimates of impact, because corrosion of the con- 
tainers and the release and transport of contaminants requires the 
presence of water. We have therefore assumed that further evalua- 
tion for the postclosure assessment is not required. See also 
Dewatering. Reiated discussion is provided under Reflooding and 
Unsaturated transport in the list of Vault factors (Table B - I ) . ]  

Vault closure ;incomplete) E FT AV X GV 
Incomplete or improper closure of the vault could lead to signifi- 
cant changes to anticipated flow in the geosphere. 

[The time frame for the postclosure assessment begins after decom- 
missioning and closure of the disposal vault. Thus this factor is 
outside the scope of reference of the postclosare assessment, and 
we have assumed that no further evaluation is required. However, 
this factor may warrant further consideration in the preclosure 
assessment, which deals with constructic:;, operation. closure and 
decommissioning of the disposal facility.] 

Vault heating effects P FR V C G 
Groundwater flow would be affected by the time-varying heat source 
in the vault; the resultent inhomogeneous geothermal gradient may 
result in the formation of convection cells. T h e m l l y  induced 
stresses superimposed on existing shear stresses might induce 
fracturing and fracture displacement, with subsequent alteration 
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of flow paths and flow properties. See also Hydraulic properties 
- evolut.ion, Geothermal gradient effects. and Precipitation and 
dissolution. Related discussion is provided under Backfill evolu- 
tion, Buffer evolution, Chemical gradients. Chemical interactions, 
Precipitation and dissolution, and Seal evolution in the list of 
vault factors (Table 0.1). 

Volcanism (hot-spots and rifts) and magmatic activity could cause 
activation, creation and sealing of faults; changes in topography 
and in rock stress; deformation of rock; changes in groundwater 
tq~ratures; and severe perturbation to the integrity of the 
valll t . 
[These processek are very uniikely for plutonic rock in the centre 
of the Canadian Shield. There are no hot-spots on the Shield at 
present and there is no evidence that plate tectonics will move 
the Canadian Shield over any hot-spots in the next lo4 a. The 
site selection process would avoid seismically active regions of 
the Canadian Shield that might be of potential concern (Davison et 
al. 1994b). We have therefore concllided that no further evalua- 
tion for the postclosure assessment is warranted. See also Earth- 
quakes, Faulting and Metamorphic activity.] 

Welis F FT A C BGP 
One or more wells drilled to supply domestic or irrigation water 
may intersect the contaminant plume., The central scenarios should 
deal with wells that have a low to medium demand, because well 
water use by members of the critical group is expected to be 
modest. It is expected that wells in this class and located in 
the Whiteshell Research Area (the site of the reference disposal 
system) would not substantially perturb existing groundwater flow 
fields during periods of maximum demand. See also Borehole - 
well, and Wells (high-demand) . Pelated discussion is provided 
under the factors for intrusion in the list of vault and biosphere 
factors (Tables B.l and B . 3 ) .  

Wells (high-demand) F FT A C BGP 
One or more wells drilled to supply domestic or irrigation water 
may intersect the contaminant plume. The 'high-demand' qualifica- 
tion for this factor implies that existing flow fields would be 
substantially perturbed as a result of lar~d volumes of water 
being drawn from the well(s). For a well located in the 

1989). (Geochemical and hydrogeological data for the postclosure 
assessment of the reference dispcsai system are chosen to be 





The headidgs T / t /? ,  C-.,  Bhch., Treat., and Ref. tise the foliowing 
abbreviatiocs: 

F/P/P - classified as Leature, cent or. process. 
C-(onent) - classified for route to ran (contact, Ingestion and 

gespiration (Inhalation)) and cause I&-&hropogenic. 
zacility or Natural). 

Y.ch(anism) - classified as ~iological, chemical or'physical. 
Treat(ment) - reconmended treatment for the postclosure assessment. 

Some factors should appear in the.Centra1 scenarios 
and/or in one of the @en-borshole or Inadvertent human 
intrusion alternative scenarios. Cthers may be acluded 
from scenarios because they would not contribute 
significantly to estimated impacts. 

Rof(erence1 - reports on the atmosphere model (Mire 1992a), Biosphere 
model (Davis et al. 19931, Lood-Chain mcii;el (Zach and 
Sheppard 19921, effects of glaciation (Elson and Webber 
1991), ko~tcloslire assessment (Goodwin et al. 19P41, 
Boil (Sheppard 19921, and Surface Hater (Bird et al. 

?actor F Camp. Yech. heat. Ref. 1 

Acid rain F ATN ac C SW 
Acid rain can detrimertally affect. aquatic and terrestrial life by 
interfering with the growth, reproduction and survival of 
organisms. It can influent-. the behaviour and tzansport of con- 
taminants ic the biosphere, particularly in surface water and 
soil. In surface water, it may change the solubillcy, sedirnenta- 
tion and bioavailability of some contaminacts ('antschi et al. 
1986, Schindler and Turner 1982, Wang 1987, Schindler ec al. 
19801. In the soil. it can decrease sorption and thereby increase 
the mobility of some contaminants (Sheppard and Sheppard 1988). 
Moreover, it can reduce soil pH and %nk.nr.ce pH degassing of carbon 
dioxide. (Acid raid should be considered guantitacively, but not 
necessarily explicitly in the postclcsure assessment. See also 
Bioconcentration, Ion exchange in soil, Precipitation (meteoric), 
Seasons, Sedimentation in water bodies, Soil sorption, Surface 
water bsdies and S~rface water pH.) 

Extreme and cofitinuous dry weatner  an cause the accumulation of 
salts and contaminants at the soil surface, where water continu- 

I Alkali flats F NCTI  CP X S 
[Alkali flats are uncommon, or occur or,y temporarily, un the 
Canadian Shield because precipitation is relatively high and this 
tends to leach soils. Such areas do not support r.xh vegetation 
or may be completely bare, and thlls would not likely be used as 





BIOSPHERE (continued 1 
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be taken up by plarits and enter various food webs. While in the 
soil, the radionuclides may expose hwans and other ~rganisms to 
external radiation. In addition, ash may be used in the manufac- 
turing of building materials. which could also result in external 
radiation exposure. All these exgosure pathways, which are likely 
of minor importance. are related to recycling of contaminants. 
Recycling is an important process and thus the application of ash, 
sewage sludge and fertilizer needs to be considered quantita- 
tively, although not necessarily explicitly. See also Building 
materials, Crop fertilizers and soil conditioners, Fires (agricul- 
tural), Herbicides, pesticides and fungicides, Peat and leaf 
litter harvesting, Recycling and Soil. 

Bacteria and microbes in soil f NCTR BC C FS 
These organisms help to decompose organic matter in the soil and 
liberate contaminants, which may then be leached or recycled. 
Bacteria and microbes may also chemically transform contaninants 
and thereby change their mobility in the envirorment (Loewen and 
flett 1 9 8 4 ) .  Clearly. these organisms can play an important role 
in the behaviour and transport of contaminants in the environment. 
and their effects must be considered quantitatively, but not 
necessarily explicitly. See also Chemical precipitation. Ton 
exchange in soil and Soil sorption. Further discussion is pro- 
vided under Biological activity, Complexation by organics ~ n d  
Long-term physical stability in the list of vault factors 
(Table B-11, and under Complexation by organics. Methane, and 
M~crobes in the list of geosphere factors (Table 8-21.  

Bioaccumulation P NCIR 0 C BF 
Contaminants may accumulate in different organisms, including 
nembers of the critical group, affecting impacts. (T l~xs  factor is 
discussed wider Bioconcentration.) 



BIQSPHERE (continued) 

Biogas production P AR BC X A 
Heating needs may be met with biogas from bj logical reactors 
fueled by plant materials, faeces and refuse, or from trapping 
natural methane from garbage disposal sites, bogs and sediments. 
These fuels may be contaminared with radionuclides and this may 
lead to radiation exposure. 

[These heating methods would lead to increased suspension of 
radionuclides in the atmosphere. However, they are likely of 
minor importance compared with the use of wood or peat (khiro 
1985). We have therefore a~sumed that biogas production need not 
be treated expljcitly in the postclosure assessment. See also Gas 
leakage into bsements, Household dust and fumes, Radon emission, 
Space heating, and Suspension in air.] 

Biological evolution P IN B X BF 
Organisms are subject t9 biological evolution in an everchanging 
environment. Evolution may affect not only anatomj.ca1 features, 
but also physiological processes. The rate of evclution varies 
for a given organism, depending on the rate of change in the 
environment. It also varies between organisms and it can be very 
rapid in bacteria and microbes, which have short generation times 

[Biolo~ical evolution is driven by natural selection. which, in 
turn. is based on random genetic variation. Thus many aspects of 
t;iological evolution are unpredictable and direct quantitative 
evaluation would be difficult. However, it is likely that evolu- 
tion will not lead to new or unusual exposure pathways, partly 
because a wide variety of representative pathw~ys are explicitly 
included within the description of the biosphere. Uoreover. the 
Atomic Energy Control Board has indicated that it is reasonable to 
ignore biological evolution in tho postclosure assessment, and to 
assume persistence of present day conditions (AECB 1987a). We 
have therefore assumed that no additior.al evaluation is required 
for the postclosure assessment. See also Climate change, Critical 
group - ev~lution and ,4utagenic contaminants. Further discussion 
is provided under Mutation in the list of vault factors.] 

Biomagnification P NCIR B C BF 
Contaminants may occur in higher concentrations in organisms that 
are further up the food chain. (This factor is discussed under 
Bioconcentration.1 

Biotoxicity P CIN BC CX BFG 
Radionuclides can be radiologically and chemically toxic. 



x camp. no&. +rrrt. rat. 

[Evaluation of these effects for humans and other organisms is a 
key featuro of the postclosure assessment. In terms of the 
behaviour and transport of radionuclides in the environment, 
biotoxicity can lead to the disruption of food webs. For human 
dose prediction, such disruptions need not be considered qua;~eita- 
tively because ignoring their effects on food webs would lead to 
overestimates of dose (Zach and Sheppard 1992). In addition, the 
human dose limit established by the Atomic Energy Contrcl Board is 
a small fraction of the natural background dose (AECB 1987a) and 
this w u l d  likely exclude any possibility of biotoxic effects. 
See also Bioconcentration, Carcinogenic contaminants, Chemical 
toxicity, Mutagenic contaminants. Radiotoxic contaminants, and 
Teratogenic contaminants.] 

Bioturbation of soil and sediment P INR P C SW 
Plants and especially burrowing animals can physically displace 
large mcunts of soil. This would promote redistribution and 
uniform mixing of contaminants In soil and sediment (Robbins and 
Edgington 1975, Robblns et al. 1977, Durham and Joshi 1984). For 
agricultulal soil, bioturbation has an effect s~rnilar to plowing. 
This type of mixing is important and thus bioturbation of soil &.?d 
sediment needs to be quantified, although not necessarily explic- 
itly. For example, it may be adequate to assume that contaminants 
are uniformly distributed in soil and sediment. See also Burrow- 
ing animals, Sediment resuspension in water bodies, and Soil. 

Building materials F ACR B C F 
Wooden and inorganic building materials could become contaminated 
through a variety of processes. This vould lead to e x t e m l  
radiation exposure of humans, although such exposure would likely 
result in a relatively low radiation dose compared with internal 
e m s u r e  from ingestion and inhalation of radionuclides. See also 
Critical group - house location. Groundshine and Urbanization on 
the discharge site. 

~urrowing animals F IN BCP C F 
Burrowing animals may contact or ingest contaminat~d soil and some 
of the soil may then be ingested by humans, resulting in direct 
contaminant transfer from soil. Soil ingestion by humans is a 
potentially important exposure pathway (Flawley 1985) that needs to 
be considered quantitatively, although individual contributors to 
this pathway need not necessarily be considered explicitly. Sea 
also Animal soil ingestion, Animal diets. Bioturbation of soil and 
sediment, and Human soil ingestion. 



Capillary rise in soil F ACINR BCP C SB 
Capillary rise involves the drawing up of soil water, above the 
water table, in continuous pares of the soil until ths suction 
gradient upward is balanced by the gravitational puil d-nward. 
It is a key process in soil solute transport; for example, 
contaminants dissolved ir. soil water can be transported upward 
with capillary rise (Sheppard 1992). See also Soil and Soil 
leaching. 

Carcasses F INR B C F 
The bodies and remains of contaminated animals could lead to new 
routes of ewosure. Humans do not usually scavenge carcasses, but 
if they did, the effects would he similar to ingesting meat from 
animals killed for meat purposes. This should be treated quanti- 
tatively. Rotting carcasses may also return contaminants to the 
surrounding soil. This type of recycling is an important ecologi- 
cal process that needs to be considered quantitatively, but not 
necessarily in great detail. See also Bacteria and microbes in 
soil. Human diet, and Scavengers and predators. 

Carcinogenic contaminants F ACiR BC C BFGP 
Besides heritable effects, carcinogenesis is the major concern in 
radiation exposure (ICRP 1977. 1991). Similtrly, some elements 
that are part of nuclear fuel waste may be chemically carcino- 
genic. Carcinogenesis has focussed mainly on humans but it should 
also ke considered for animals in a general way. See also 
Biotoxicity. Chemical toxicity, Cure for cancer, Mutagenic contam- 
inants, Radiotoxic contaminants and Teratogenic contaminants. 

Charcoal production P AR CP C AB 
Charcoal m y  be produced from wood contaminated with radio- 
nuclides, and the charcoal may then be used as a source of heat or 
as a filter material. Charcoal production and burning would drive 
off some radionuclides. but others may runain with the ash. Ash, 
as -11 as charcoal filter material, would have to be disposed of 
and this m y  result in the contamination of the environment. This 
type of disposal relates to recycling of materials and contami- 
nants. The suspension of contaminants to the atmosphere through 
charcoal production and use is equivalent to direct burning of 
wood, and therefore it may be adequate to include charcoal produc- 
tion implicitly with the burning of wood. The same is true for 
recycling of ash and used filter material. See also Ashes and 
sewage sludge fertilizers. Fires (agricultural), Fires (forest and 
grass). and Space heating. 





evaluation in the postclosure assessment. Others may be excluded; 
for example, the next onset of a major glacial episode is expectel 
about 2 x lo4 a or more from the present (Eronen and Olander 1990, 
Davis et al. 1993). Since quantitative estimates of impact are 
required for only the first lo4 a following closure, changes due 
to glaciation may be excluded. Further discu~sion of climate and 
climate change is provided under the headings for Climate, Dust 
storms and desertification, Giaciation and Greenhouse effect, 
under Climate change In the list of geosphere factors (Table B-21, 
and under Global effects in the list of vault factors 
(Table B-1) . I 

Collisions, explosions and impacts E ACINR P X - 
A variety of disasters might happen that could compromise the 
integrity of :he disposal system: an aircraft could crash on the 
earth's surface above the vault; a nuclear device could be 
detonated near the vault during testing or in a wer: r large 
meteorite may strike necr the vault, open it and disperse its 
contents over a wide area. These. and other events, could 
significantly change the way the biosphere functions. and drama- 
:ically increase the potential radiation dose to humans and other 
organisms. 

[The effects of these events on the biosphere are difficult to 
predict. It appears. however, that such events are improbable or 
would not substantially affect the overall effectiveness of the 
reference disposal system. For example, there are no known explo- 
sive devices capable of breaching the reference disposal vault, 
located at a depth of 500 m in a granite pluton; and impacts by 
meteorites large enough to cause significant danage are of the 
order of 2 x 10-l1 per year (Merrett and Gillespie 19831. It is 
therefore assumed that no further evaluation is required for the 
postclosure assessment. See also Earthquakes, Intrusion (delib- 
erate) and Intrusion (inadvertent). Further discussion may be 
found under Bomb blast and Meteorite impact in the list of factors 
for the geosphere (Table 8-21. and under Sabotage and improper 
operation in the list of factors for the vault (Table B-11.1 

Colloids F INR C C SW 
Colloids consist of small organic or inorganic particles. ranging 
in size from 1 to 1000 nm in diameter. Because of their small 
size. colloidal particles remain scspended in the media, usuaily 
water. However, under certain circumstances they can agglomerate 
and settle out (Lush and Hynes 19731. Radionuclides can become 
strongly attached to colloidal particles and this can influence 
their behaviour and transport in the environment, particularly in 
surface water and soil. For example. highly immobile radio- 
nuclides can become mobile as part o f  colloidal particles Weans 
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et al. 1978, Cleveland and Reese 1981, Choppin 1988). Thus 
colloids should be considered in the postclosure assessment, 
although an implicit treatment may be satisfactory. See also 
Capillary r'ise in soil, Dispersion, Sedimentation in water boities, 
and Soil so-mtion. Further discussion is provided for Colloids in 
the list of vault factors (Table B-1) . and for Colloid fxmation 
in the list of geosphere factors [Table 8 . 2 1 .  

Convection, turbulence and diffusion (atmospheric) 
P NCIR P C AB 

Air-borne radionuclides can be directed, diluted and dispersed by 
convection, turbulence and diffusion. This in turn can strongly 
influence dose predictions for various organisms. See also 
"@position (wet ax! dry), Dispersion, Dust storms and desertifica- 
tion, Erosion (wind), Suspension in air, and Wind. 

Correlation P NCIR BCP C ABFSW 
Model parameters are not always independent; that is, given a 
value for one parmeter, the value for another may be restraifled 
or fixed. For example. the amount of food a person consumes is 
related to the amount of water consumed, and the degree of root 
uptake of a contaminant 1s related to the solubility of the con- 

I 
tamlnant in the sorl (Sheppard and Sheppard i989). These 
relationships can be conveniently expressed as correlations, and 
consideration of correlations avoids the selection of unreasonable 
combinations of parameter vaiues. 

Critical group - agricultural labour 
P A 1  B C ABF 

Soil may become contaminated with radionuclides and these radic- 
nuclides may then become suspended in the atmosphere ar~d inhaled 
by farmers. This could be a potentially important exposure path- 
way because plowing, cultivation and harvesting can create a great 
deal of dust. Thus inhalation of dust by farmers should be 
considered quantitatively in the postclosure assessment. although 
not necessarily in an explicit manner (Amiro 1992a). See also 
Dermal sorption (except tritium). Erosion (wind), Fires (agricul- 
tural), Human soil ingestion, Soil, Soil sorption and Suspension 
in air. 

Critical group - clothing and home furnishings 
F ACR B X BF 

Clothing and home furnishings of the critical group (Zach and 
Sheppard 1992) could become contaminated with radionuclides and 
result in external radiation exposure. 
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Critical group - individuality 
I People vary anatomically, physiologically and especially in their 

habits, such as food preference (Guth~ie 1983). This type of 
variability can impact on dose predictions and, therefore, should 
be treated quantitatively, either implicitly or explicitly. The 

I 
same is true for susceptibility to radiation, which may vary in 
relation to age, sex and reproductive status (ICRP 1977, 1991). 

I See also Building materials, Critical group - leisure pursuits, 
! 

Critical group - pets, Food preparation, Houseplants, H k n  diet 
and Sensitization to radiation. 

critical group - leisure pursuits 
Activities such as hockey or curling on contaminated ice, swimming 
or diving in contaminated water and playing baseball or golfing on 
contaminated ground could influence external radiation exposure. 
These types of leisure activities do not necessarily increase 
radiation exposure in comparison with alternative activities, such 
as reading, watching television or resting. In spite of this, the 
influence of leisure pursuits on radiation exposure needs to be 
considered quantitatively, although not necessarily explicitly or 
in great detail. 

Critical group - pets 
Furry pets tend to be frequently hmdled by people during petting 

! and grooming. Such pets could become externally contaminated with 
radionuclides through a variety of pathways, such as atrospheric 
deposition. Ingested radionuclides may also be transferred to the 
body surface and then shed with skin particles or hair. Thus, 
pets could influence radiation exposure to humans. 

! 

I [In comparison with other pathways, such as ingestion and irhala- 

tion, human exposure from pets is expected to be minor. These 
minor exposure pathways could be considered implicitly by making 
conservative model assumptions that tend to inflate dose predic- 

I tions of the major, explicitly considered pathways. We have 
I assumed that this approach is appropriate for the postclosure 

I assessment of the reference disposal system. and therefore that 
I further evaluation is not required. See also Animal grooming and 
I fighting, Animal diets, and Burrowing animals.] 
I 

I 

Crop fertilizers and soil conditioners 

Crop fertilizers, such as chemicals, manure, fish meal or miner- 
als, and soil conditioners, such as peat moss or lake sedixents, 
may become contaminated and affect food chains through plant 
uptake. Fertilizers would likely be of minor importance in 
contaminant transfer, but some relate to recycling of organic 



materials. Soil conditioners, which may be used in large quanti- 
ties, could have.a substantial influence on radionuclide transfer 
in the environment and radiation exposure of humans and other 
organisms. Note that contaminants in the soil may have an impact 
on the environment and humans not just through plant uptake, but 
also through a variety of other exposure p.athwa*.s. These proces- 
ses need to be considered quantitatively, altilocgh not necessarily 
explicitly. See also Ashes and sewage sludge fertilizers, Criti- 
cal group - agricultuial labour, Peat and lkaf litter harvesting, 
and Soil. 

Crop storage P AIC BC X BF 
Contamination of stored crops and reduction in radioactivity are 
the two most important aspects of crop storage. Crops could 
become subject to seepage or flooding by cont&.zinated water. 
Radioactivity in stored crops could decrease through radioactive 
decay. This would be particularly important for short-lived 
radionuclides . 

[It is reasonable to assume that this is a minor pathway because 
the water may be uncontaminated, or less contaminateZ than the 
crops themselves, and because wetted crops may spoil and be 
discarded. We have therefore assumed that no further quantitative 
treatment is required. See also H m n  diet and Water leaking into 
basements. 

Cure for cancer E ACIR B X - 
Scientific and technological advances may lead to the total 
prevention or cure of radiation-induced cancers. 

[The risk of contracting cancer is a major concern associated with 
low levels of radiation exposure (BEIR 1990). If such cancers 
could be prevented or cured, the effect would be to reduce the 
porential risk from nuclear fuel waste. However, it is not 
prudent to bank on possible future advances. The Atomic Energy 
Control Board has also indicated that the postclosure assessment 
should be based on present day conditions (AECB 1987a). Thus it 
is appropriate to omit this factor from further consideration in 
the postclcsure assessment. See also Biotoxicity, Carcinogenic 
contaminants, Chemical toxicity. Mutagenic contaminants, Radio- 
toxic contaminants and Teratogenic contaminants.] 

Deposition (wet and dry) P NCI P C ABFS 
Air-borne contaminants may settle on surfaces through wet and dry 
deposition. This could lead to contamination of vegetation, soil 
and surface water. The im~ortance of wet and drv de~osition has 



[ D e m ?  sorption in general is likely to be of minor importance, 
at least for members of the critical group (or humans in general), 
compared with the direct ingestion and inhalation of radio- 
nuclides. Conservatism built into these major pathways could 
readily include dermal sorption, a?ld therefore no explicit quanti- 
tative treatment of dermal sorption is required. See also Dermal 

long been recognized in contarnisant transport, and these process5s 
are well understood (Amiro 1992s). See also Dispersion, Erosion 
(wind), Precipitation (meteoric) and Susaension in air. 

Dermal sorption (except tritium) F AC BC X F 
The main coricern here is dermal sorption by humans thzough expo- 
sure of the skin to various health and beauty products, such as 
toothpaste, shaving creaiin, soap, moisturizer, etc. These products 
may =come contaminated with radionuclides, which could then enter 
the human body because the skin can be permeable and absorb 
various substances. 

sorption (tritium), and Intake of drugs.1 

Dermal sorption (tritium) F AC ac C BF 
Dermal sorption of tritilun by humans could increase radiation 
exposure. Studies have shown that skin absorption of tritiated 
water vapour can be more important than inhalation (Osborne 1966). 
Thus, aermal absorption of tritium should be considered explic- 
itly. See also Demal sorption (except tritium1 . 

Dispersion P NCIR P C %F!W 
Dispersion is a fundamental aspect of the transport of contami- 
nants in the environment. It refers to the movement of a contami- 
nant away from its source and its spreading out over space. 
Dispersion includes advection and diffusion, and water and air are 
important media for dispersion. Thus, dispersion can strongly 
influence contaminant concentrations in surface water, soil and 
air. Besidzs advection and diffusion, conterninants could also be 
dispersed in the environment by humans, animals and plent pollen. 
See also Capillary rise in soil, Convection, turbulence and 
diffusion (atmospheric), Erosion - lateral transport, Erosion 
(wind), Fires (agricultural), Fires (forest and grass). Floodiag, 
Flushing of water bodies, Household dust and fumes, Irrigation. 
Outdoor spraying of water, Radon emission, Runoff, Saltation, 
Showers and humidifiers, Soil leaching, Surface water bodies. 
Suspension in air, and Wetlands. 



BIOSPHERE FACT- (continued) 

ractor rig/? C q .  mch. hut. Ref. 

m s t  storms and desertification P NR P CX ABS 
The focus here is on large-scale desertification as a result of 
extended drought. Thus, there could be deforestation and much of 
the grassland could also disappear. The exposed soil would erode 
and dust storms might become a common feature. Contaminants might 
move to che soil surface, which could result in the formation of 
alkali flats. Winds could then readily disperse contaminants. 
The area might become uninhabitable for humans and the citical 
group would be located far away from the vault. Desertlfication 
would represent s dramatic step away from current cond!.tions on 
the Shield. 

[As indicated by the Atomic Energy Control Board, the postclosure 
assessment is to be based on today's conditions (AECB 1987b). 
Thus, no quantitative treatment of desertification is required, 
although soqe consideration should be made for periods of 'ow 
annual precipitation. See also Alkali flats, Capillary ;ise in 
soil. Climate, Climte chznye, Erosion - lateral transpcrt, 
Erosion (wind), Irrigation, Outdoor s~raying of water, Precipita- 
tion (meteoric) and Saltation. I 

Earthmoving projects E ACIR P X S 
Major earzhmoving projects could alter the landscape and expose 
subsoil, overbsrden or bedrock. 

[The occurrence of these projects are largely unpredictable, as 
are a detailed evaluatidn of subsequent effects on the behaviour 
and transport of contaminants in the onvironment. However, it is 
reasonable to expect that no new or unusual exposure pathways 
would be created, given the wide range of representative pathways 
that must be considered in the description of the biosphere. 
Moreover, such projects would not likely have large effects on 
deep groundwater flows, and therefore would not significantly 
alter the performance of the geos~here and vault. nor the overall 
performance of the disposal system. The possible occurrence and 
effects of earthmoving projects should be a factor for considera- 
tion in the selection of a site (Davison et al. 1934b). Finally, 
it may well be that major earthmoving projects would be subject to 
environmental impact statements, which would include implications 
for existing structures, such as a nuclear waste disposal facil- 
ity, and perturbations to existing natural systems. We have 
therefore assumed that further evaluation is not required for the 
postclosure assessment of the reference disposal facility. See 
also Intrusion (deliberate), Intrusion. (inadvertent), Toxicity of 
mined rock. and Water management projects. Further discussion may 
also be found mder Dams, Eartbmoving, Erosion and Groundwater - 
evolution in the list of factors for the geosphere (Table 8-2).] 



Eroeion (wind) P NCIR P X ABS 
Soil and other materials contaminated with radionuclides may be 
exposed and eroded by wind action, and dispersed in the environ- 
ment. This would remove radioactivity from the aroa occupied by 
the critical group, particularly because radicnuclides tend to 
adhere to small clay particles, which are more easily carried away 
than the bulk soil. 

[It is expected that the critical group would inhabit the area 
where contaminants discharge, because they would then be most 
exposed to all routes of potential contamination. Wind erosion 
would tend to reduce radioactivity in the area occupied by the 
critical group racher than increase it. Although downwind 
recipients might then have greater airborne exposures, they would 
be less likely to be exposed by other routes (such as ingestion of 
well water) that are expected to be more slgnifizant. To simplify 
the postclosure assessment, it is therefore deemed acceptable to 
ignore this process. See also Convection. turbulence and diffu- 





(continued) 

[Flipping occurs only infrequently and it is not expected that it 
would permanently influence or change the biosphere. It is also 
expected to have no significant impact on the performance of the 
geosphere and vault components of the disposal system. For these 
reasons. quantitative treatment is unnecessary for the postclosure 
assessment. See also Climate change and ~agnetic poles (reversal) 
in the list of geosphere factors (Table 8 - 2 )  .] 

F l d i n g  E ACINR BP X B 
Short-tern flcoding can alter the landscape ar.d may destroy, or ' 

help to create, agricultural lan6. Flocding could be caused by 
intentional or accidental human actions. There could also be 
natural causes of f100di.n.g. such as beaver activity. On flooded 
land, vegetation may disappear and this might influence the 
behaviour and transport of some contaminants. It is well known 
that the mobility of mercury can greatly increase when lands are 
flooded by hydroelectric dams. Floodingcould also result in the . 
removal of soil or the deposition of new material that might be 
uncontaminated. 

[It is difficult :J predict whether or not flooding will occur and 
to describe its effects in detail. It is expected that flooding 
may lead to some changes in the biosphere that should be included 
in the postclosure assessment, notably the use of lake sediments 
as arable farm land. On the other hand, no simificant changes 
are expected in the performance of the geosphere and vault 
components of the disposal system. Aspects of this factor 
req~iring explicit evaluation are described in more detail under 
other headings. See also Climate, Climate change, Earthmoving 
projects, Earthquakes, Lake infilling, Precipitation (meteoric). 
Seasons, Soil, Soil leaching, Surface water bodies, and Water 
management projects. Further discussion is provided for factors 
such as Climte change and Groundwetel- - evolution in the list of 
geosphere factors (Table 8-21 and for Hydraulic head in the list 
of vault  factor^ (Table B-l).] 

Flushing of water bodies F ACINR C C BW 
Flushing is a basic feature of water bodies such as lakes, and it 
is important in determining contaminant concentrations in wa er 
(Cornett and Chant 1988, Cornett and Ophel 1986. Bird et al. 
1993). Flushing usually means dilution and dispersion of contami- 
nants. Flushing rates are variable and s;~w watez bodies on the 

I 
Shield are stagnant with little or no flushing. Such water bodies 
could have a high potential for accurrmlating contaminants. See I 

also Artif~cial lake mixing, Ir.dustria1 water use. Irrigation, 
Precipitation (meteoric). Runoff, Surface water bodies, Water I management projects, Water source, and Wetlands. 
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Food preparation P A1 CP C BF 
Food preparation, such as peeling, boiling and frying, can 
influence contaminant concentrations in food (Lofti et al. 1989). 
Concentrations could be enhanced or decreased, depending on the 
circumstances. It is also possible that contaminants in cooking 
utensils or fuel could be transferred to the food, but this is 
likely unimportant ir. determining the total dose to humane. Food 
preparation should be considered quantitatively, but not necessar- 
ily in great detail. See also Crop storage, Human diet, H u w n  
soil ingestion, Plant roots, and Technological advances in food 
production. 

Game ranching P ACI B C BF 
Game ranching has increased in some creas of Canada, particularly- 
with respect to bison and elk. Game ranching could become more 
popular in spite of various environnent and health concerns 
because many wild ailimals have much leaner meat than domestic 
animals. Moreover, there are lucrative markets for other game 
products, such as antlers. Game ranch animals could become 
contaminated through the intake of contaminated feed, water, soil 
or air. These smrces of contamination would be similar to those 
for domestic animals, as would other considerations. Thus game 
ranching is just another type of animal husbandry that does not 
differ in any fundamental way from more traditional animal 
husbandry, and therefore game ranching could be implicitly 
included in the quantitative treatment of various domestic 
animals. See also Animal soil ingestion, Animal diets, Fish fann- 
ing, Human diet, and Technological advances in food production. 

Gas leakage into basements F AR P C AB 
Gaseous radionuclides may infiltrate from the ground into houses 
and increase radiation exposure of the occupants. Studies have 
shown that this can be an important pathway for radon (Amiro and 
Davis 1991). See also Biogas production, Critical group - house 
location, Household dust and fumes, Radon emission, and Water 
leaking into basements. 

Glaciation E NCIR P X BG 
Continental glaciation may influence the disposal system and bring 
about massive disruptions in the biosphere. 

[it is likely that the the next glacial episode will occur about 
2 x lo4 a from now (Eronen and Olarrder 1990, Davis et al. 1953. 
Davis 19861, beyond th? lo4 a period of quantitative assessment 
established by the Atomic Energy Control Board (AECB 1987a). The 
potential effects of glaciation on the disposal system are mixed. 
For example, it is likely that glaciation would have a profound 
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effect on the biosphere. but much less effect on the geosphere, 
and no effect on the vault (Heinrich 1984). We have therefore . 

assumed that quantitative treatment of glaciation is not- required 
in the postclosure assessment of the reference disposal system for 
evaluation of radiological risk up to lo4 a. However, it would be 
prudent to examine the possible effects of glaciation on the bio- 
sphere for tires beyond lo4 a, to determine (for example) whether 
there is the potential for sudden and dramatic increases in the 
release rates of radionuclides. Glaciation is therefore excluded 
from any scenarios, although additional analysis is indica:ed to 
determine potential impacts on :he biosphere. See also Climate, 
and Climate change. Further di~cussion is provided for Glaciation 
in the lists of'vault and geosphere factors ('I'ables B.l and B.21.1 

Greenhouse food production P AIR P C BF 
Greenhouse production of tomatoes and cucumbers is common in 
favcurable areas of Canada. but not on the Shield. While growing 
in greenhouses, these and other plant crops could become contami- 
nated with radionuclides through root uptake, water, fertilizers, 
etc. This method of food production is much the same as for out- 
door garden and field crops. Therefore greem~ouse food production 
could be considered quantitatively as part of plant crop produc- 
tion in general, and there may be no need for detailed explicit 
consideration. See also Ashes and sewage sludge fertilizers, 
Bioconcentration. Crop fertilizers and soil conditioners. Herbi- 
cides. pesticides and fungicides, Hydroponics, and Technoiogical 
advances in food production. 

Greenhouse effect P ACIR BCP X AB 
The greenhouse effect refers to the presence of carbon dioxide and 
other gases in the atmosphere that tend to transmit solar radia- 
tion through to the earth's sarface and retain the generated 
energy. Thus, these gases act much as the glass of a greenhouse. 
with the earth as the greenhouse. A significant humn-produced 
increase in these gases in the atmosphere over the last 150 a has 
led to concern of a possible massive climatic change. For the 
Shield, this might mean a warmer and drier climate for, perhaps, 
hundreds of years. The duration of the stronger greenhouse effect 
would depend on further contributions to the greenhouse gases, 
such as from burning fossil fuels, and the rate of disappearance 
of the gases into peat, the seas and sedimentary deposits. 

[The greenhouse effect would not likely influence the overall 
integrity of the disposal system, although it would change some 
characteristics of :he biosphere. However, there are no obvious 
reasons :hat these changes would lead to increased radiation expo- 
sure of h ~ ~ a n s  and other organisms. We have therefore assimed 
that further cpantitative treatment is not warranted in the post- 



(continued) 

closure assessment. See also Climate, and Climate change. Fur- 
ther discussion is provided for Climate change in the list of 
geosphere factors (Table B-2) acd for Global effects in the list 
of vault factors (Table B-11.1 

Groundshine F C% P C BF 
When outdoors. humans and other organisms may be externally 
exposed to a variety of radiation sources. These may include 
contaminated vegetation. animals, rocks, aad buildings, but chief 
among them is the ground. Ground exposure, or groundshine, can 
represent a significant source of radiation, and therefore quanti- 
tative treatment is required. See also Critical group - agricul- 
tural labour, Lake infilling, Rivercourse meander, Soil, and 
Terrestrial surface. 

Heat storage in lakes or underground 
P AR B X - 

Althoug3 currently quite unimportant on tho Shield, lakes and 
undergroilnd mterials could be used for storing large amounts of 
heat. This in itself may influence the behaviour and transport of 
contaminants in the environment. but there would also have to be a 
circulating media, such as water, to recover the heat. The media 
could become contaminated itself, as well as promoting contaminant 
transport. 

[There are w n y  possibilities regarding the use of heat storage 
systems: however, it is expected that such systems would be 
limited in scope. This is particularly the case for heat storage 
deep underground, given the low hydraulic permeability and 
porosity of plutonic rock (for a discussion of a related topic. 
see Dewatering in the list of geosphere factors, Table 8-11. It 
is expected that heat storage in lakes would have significant 
effects only on local elements of the biosphere. with no signifi- 
cant effects on the overall performance of the disposal system. 
If heat **~rage involved deep underground elements of thr geo- 
sphere, it is reasonable to expect that any deleterious impacts 
would be much less significant than (for example) the extraction 
of groundwater for use as drinking or irrigation water. Finally, 
it is likely that such projects would be subject to environmental 
impact statements that would address implications for an existing 
nuclear waste disposal facility and examine perturbations to 
existing natural systems. We have therefore assumed that no 
further evaluation is warranted for the postclosure assessment. 
See also hrtificial lake mixing, Industzial water use, Space 
heating, and Water management projects.] 
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tion. Human soil ingestion, Hydroponics. Scavengers and predators, 
Tree sap, Urbanization on the discharge site, Technological 
advances in food production and Water source. 

Human soil inges5ion F A1 c c F 
Humans may ingest soil with food or from the hands (Hawley 19851. ' 
This can lead to the transfer of contaminants. as has been 
observed for lead in children living in inner cities or around 
certain industrial installations. There can also De pathological 
soil ingestion, or pica, due to mineral deficiency, but the focus 
here is on coincidental ingestion. Soil ingestion can be particu- 
larly important for contaminants that have low biomobility. See 
also Animal soil ingestion, Human diet, and Soil. 

.- . 

Hydroponics 
The raising of certain greenhouse' crops using hydroponics, that 
is, without soil, has increased in importance. Plants are grown 
in a hydroponic medium consisting of water and all the other 
essential macro- and micronutrients. Thus, plant craps could 
become contaminated through this medium and also through the 
confined atmosphere. 

[Hydroponics are relatively unimportant on the Canadian Shield, 
and there is no reason to believe that such crops. which are grown 
under highly controlled conditions, would become more contaminated 
than garden or field crops. Thus we have assumed that no further 
explicit consideration is required for the postclosure assessment. 
See also Critical group - agricultural labour, Greenhouse food 
production, and Plant roots.] 

Industrial water use P ACIR CP X - 
Water has a variety of industrial uses in agriculture, mining, the 
pulp and paper industry, and electricity generation. The estab- 
lishment of larse water use systems could influence the behaviour 
and transport of contaminants in the environment. and exposure to 
humans and other organisms. Both the public and industrial 
workers might be affected. 

[These effects are expected to be limited to local changes to the 
biosphere (excluding potential impacts due to the industry 
itself), with no significant impacts on other elements of the 
disposal system. It is also expected that no new or unusual 
exposure pathways would result. Finally, development of any large 
water use systems would likely be subjected to an environmental 
impact statement to examine the implications for an existing waste 
disposal system and perturbations to the natural system. We have 
therefore assumed that no further evaluation is warranted for the 
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postclosure assessment. See also Artificial lake mixing, Earth- 
moving projects, Heat storage in lakes or underground, Irrigation, 
Surface water bodies, and Water management projects. Furzher 
discussion is provided for Dams and Earthmoving in the list of 
geosphere factors (Table 8 - 2 ) . ]  

Intake of drugs E A1 BC X - 
A variety of drugs may be locally produced and become contaminated 
with radionuclides. Upon injection, ingestion, inhalation or 
external application, the drugs may then lead to radiation expo- 
sure of humans and domestic animals. 

[This pathway wculd likely be of minor importance, especially 
because most drugs are subject to stringent quality control. In 
addition, it may be considered that the conservative treatment of 
other ingestion pathways would implicitly include ingestion of 
drugs. We have ihereEore assumed that no further quantitative 
evaluation is required for the postclosure assessment. See aldo 
Critical group - individuality, Critical group - pets, Dermal 
sorption (tritium), Human diet, Hcunan sqil ingestion. and 
Smoklng. I 

Intrusion (deliberare) E ACIR P X BG 
Humans could deliberately intrude into the vault, driven by 
curiosity, the desire :o recover valuable materials or to perform 
remedial actlons. Withaut appropriate precautions, intruders 
could experience high radiation exposures. Moreover, containment 
may be left damaged, which could increase radionuclide release 
rates to the biosphere. 

[We have assumed that deliberate intrusion need not be considered 
quantitatively because it would likely require government pennis- 
sion, considerable resources and technological know-how. There 
may also have to be an environmental impact statement. addressing 
the potentlal consequences of such events. It is reasonable to 
assume that humans engaged in deliberate intrusion would be fully 
aware of all the dangers, and the need to protect themselves and 
the environment (Nordman and Vieno 1989). See also Earthmoving 
projects, Heat storage in lakes or underground, and Intrusion 
(inadvertent). Further discussion is provided for intrusion in 
the lists of vault and geosphere factors (Tables 8.1 and B.21.1 

Intrusion I~nsdvertent) E ACIR P C I - 
Humans could accidentally intrude into the vault or the rock 
surrounding it. This mlght happen during scientifrc, mineral or 
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[Some elements of inadvertent human intrusion should be considered 
In the central scenarios. For example, one likely reason for 
intrusion into the geosphere would be to search for drinking 
water, and the postclosure assessment should consider such events. 
On the other hand, other reasons for intrusion may be very 
unlikely. For example, the siting criteria would avoid host rocks 
that may be o' economic value (Davison et al. 1994b). and thus 
inadvertent in~rusion in search of minerals is not expected IEdy 
and Hart 1988). If inadvertent intrusion into the vault were to 
occur, the intruters might be exposed to relatively high radiation 
exposures. In addition. radionuclide release rates to the bio- 
sphere might be increased if the breach of containment were not 
repaired. These unlikely possibilities should be examined in the 
inadvertent human intrusion scenarios, similar to those studied by 
Wuschke (1991, 1992). See also Collisions, explosions and 
impacts, Earthnoving projects, Earthquakes, Heat storage in lakes 
or underground, Water management projects, and Water sources. ?he 
lists of vault and geosphere factors [Tables B.l and 8 . 2 )  include 
further comments on intrusion and wells.] 

Ion exchange in soil F ACIM BCP C SB 
During ion exchange in the soil, contaminating radionuclides may 
become sorbed to sol1 materials by displacing other ions. Thus, 
ion exchange relates to the rnobillty of contaminants in soil, as 
do other processes, such as chemical precipitation. Kobile 
contaminants are of more concerr, than sorbed ones because they can 
more readily enter plants and food chams. See also Acid rain, 
Bioconcentration, Chemical precipitation, Soil, Soil leaching, 
Soil pore-water pH, and Soil sorption. 

Irrigation P ACIR P C BES 
Watering of gardens is comon practice on the Shield, but large- 
scale commercial irrigation is not. However. phis possibility 
cannot be excluded (Sheppard 1985). Irrigation water drawn from 
surface water or wells could bxome contaminated with radio- 
nuclides, which may then contaminate plants through root uptake or 
leaf deposition. Thus, irrigation might significantly increase 
radiation exposure of humans through food-chain transfer. See 
also Critical group - agricultural labour. Outdoor spraying of 
water, Runoff, Seasons, Surface water bodies, Water management 
projects and Water source. 

Lake infilling P A C i m  ? C SB 
Shield lakes may gradually fill in and be transformed into wet- 
lands and eventually into dry land with rich soils suitable for 
agricultiare. Lakes may also be drained to use their sediments for 
farning. Alternatively, sediments might be dredged to enrich poor 
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vicinity of the critical group or are entirely used up. The 
recycling process is discussed separately under factors that 
include Ashes and sewage sludge fertilizers, Bacteria and microbes 
in' soil. Carcasses, Charcoal production, Crop fertilizers and soil 
conditioners, Peat and leaf litter harvesting and Soil. 

Rivercourse meander P IN P C B 
Rivers can change their beds, especially after a glaciation 
episode. This may expose sediments for farming. Exposure of 
sediments can greatly influence the behaviour and transport of 
contaminants in the environment. This process is analogous to the 
gradual exposure of sediments through lake infilling; the actual 
mechanism by which sediments become exposed is of secondary impor- 
tance. It may therefore be adequate to include this factor 
implicitly with a factor such as Lake infilling. See also Crop 
fertilizers arid soil conditioners, Earthmoving projects, Lake 
infilling, Sedimentation in water bodies, Soil, Soil type, Surface 
water bodies, and Wetlands. 

P NCIR P C SW 
Runoff refers to precipitation water that runs off lzterally, at 
or below the surface, to drain into a water body. Thus, runoff is 
important in determining the flushing rate of surface water bodies 
(Bird et al. 1993). Runoff may also carry contaminants, scavenged 
from the atmosphere or leached from the soil, to waLar bodies. 
Runoff is therefore an important vehicle for the dispersion of 
contaminants. Moreover, runoff is an important component in the 
water balance, which, together with precipitation, infiltration 
and evapotranspiration, determines irrigation water needs for 
optimal crop production. See also Dispersion, Flushing of water 
bodies. Irrigation, Precipitation (reteoric), Seasons, Soil 
leaching, and Surface water bodies. 

Saltation P NCIR P C A 
Saltation refers to the process by which soil particles become 
temporarily suspended into the atmosphere by wind action and then 
bounce along the soil surface (Male 1985). Thus, saltation can be 
an important factor in wind erosion m d  the dispersion of contami- 
nants in the environment. It may also, together with many other 
natural and anthropogenic processes, increase the air concentra- 
tion of radionuclides (Rmiro 1985). This in turn m y  en!!nce 
several exposure pathways to man and other orga~isms, most notably 
inhalation. See also Dispersion. Dust storms and desertification, 
Erosion - lateral transport. Erosion (wind), Soil, and Suspension 
in air. 
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Scavengers and predators F NCI B C BF 
Scavengers and predators are an integral part of food webs and 
they may become contammated through the ingestion of meat. 
Unllke many other contaminants that are organic and fat-soluble, 
or inorganic and capable of forming fat-soluble species (Parks 
1988: Hoffman et al. 1990). radionuclides do not tend to greatly 
accumulate at higher trophic levels. For example, wolves have a 
cesium-137 concentration of up to a factor of six higher than 
their prey (Zach et al. 1989). Uptake of radionucl~des by fish 
varies with feeding habits, but 1s not necessarily highest in 
predatory species (Poston and Ropfer 1986). Hunans routinely 
consume predatory fish, such as northern pike and walleye, but not 
avian and mananallan predators and scavengers that occur on the 
Shield. An exception might be black bear, which is occasionally 
consumed. Because cf their importance in food webs, scavengers 
and predators should be considered quantitatively in the post- 
closure assessment, although not necessarily explicitly. See also 
Anlmal diets, Sioconcentration, and Carcasses. 

Seasons P NCIR BCP C ABFSW I 
Seasons on the Shield affect many aspects of the natural and human 
environments. Because of temperature changes :hat lead to freez- 

1 
i 

ing, photosynthesis, which is at the bottom of most food webs, 
comes to a virtual standstill during winter. This is true for the 
natural envirc ment and also for agriculture, with the possible 
exception of greenhouse culture. Sesides food production, season- 
ality also influences the behaviour and transport of contaminants 
in the environment. Water flow is reducedin winter because of 

I freezing, and there can be substantial runoff during the spring. 
This can flush accumulated contaminants into surface waters, 
which, in the case of acid rain. can have serious consequences. 
In winter, contaminant transport in soil is greatly reduced, but 
it can then be greatly enhanced with spring flooding. Atmospheric 
suspension of contaminants is usually greatly reduced during 
winter because of snow cover, but it may be greatly enhanced 
during dry springs when forest fires become common. See also 
Capillary rise in soil, Climate, Climate change, Critical group - 
agricultural labour, Critical group - leisure pursuits, Crop 
storage, Dispersion, Dust storms and dssertification. Erosior? - 
lateral transport, Erosion (wind), Fires (agricultural), Fires 
(forest and grass), Flooding, Flushing of water bodies, Human 
diet. Irrigation, Outdoor spraying of water. Precipitation 
(meteoric), Runoff, Soil leaching. Space heating. and Suspension 
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Sediment resuspension in water bodies 
P NCIR P C BW 

The surficial layer of sediments, and the associated contamiaants, 
may become resuspended through wave action (brur.skil1 st al. 1984) 
and through perturbation by fish (Jackson et al. 1980) and other 
organisms. Thus, sedimentation becomes a two-way process and, in 
order to determine appropriate contaminant concentrations, it 
could be quantified in terms of a net sedimentation rate that may 
vary from contaminant to contaminant. Although sediment resuspen- 
sion needs to be considered quantitatively, it could be treated 
implicitly through a net sedimentation rate. See also Artificial 
lake mixing, Zioturbation of soil and sediment, Flushing of water 
bodies,Sedimentation in water bodies, and Surface water bodies. 

Sedimentation in water bodies F ACINR C C BW 
Contaminants may adhere to various particies suspended in the 
water column and settle to the bottom. The tendancy of radio- 
nuclides to attach to perticles varies, and some. such as 
cobalt-60, are muck more particle recctive than others and 
therefore settle OL: more readily (Santschi et a:. 1986). Upon 
settling, contaminants become part of the surficial layer of 
sediments, which is subject to perturbation by wave action and the 
activity of various organisms. The latter is referred to as 
bioperturbation. Beneath the surficial layer, which is not very 
deep, are the compact sediments, which can be very deep, depending 
on the age of the water body and the rate of sedimentation. 
Ordinarily, contaminants enter the sediments from the water column 
only, but in the case of nuclear fuel waste ranagement, they could 
also enter from below with discharging groundwazer from the 
geosphere. Depending on the exact circumstances, contaminants may 
sorb onto sediments, to a lesser or greater extent before entering 
the water column. See also aioturbation of soil and sediment, 
Flushing of water bodies, Lake infilling, Rivercourse meander, 
Sediment resuspension in water bodies, and Surface water bodies. 

Sensitization to radiation P A1 R BC C F 
Human and other organisms may become sensitized to radiation 
exposure sotnat its effects,are more severe. This might involve 
the presence of other mutagens, which can cause genetic damage 
similar to radiation exposure. In this way, the DNA repair 
mechanism might become over-taxed, resulting in more cancers and 
genetic effects than expected. Similar arguments can be advanced 
with respect to suppression of the immune response system wken 
challenged simultaneously by several cancers, or :arlcer-producing 
agents. The impo~tance of sensitization to radiation is difficult 
to predict and it is reasonable to assume that sensitization is 
part of the existing database used to establish risk factors for 
radiation exposure (ICRP 1977, 1991). Thus, it would be treated 



quantitatively, although not necessarily explicitly. See also 
Carcinogenic contaminants, Chemical toxicity, Herbicides, pesti- 
cides and fungicides, Mutagenic contaminants, Radiotoxic contami- 
nants, and Teratogenic contaminants. 

Showers and humidifiers E ACR P C ABF 
Household water could become contaminated with radionuclides, 
which may then be zeieased indoors and contaminate the air. This 
could enhance pathways, such as inhalation and air immersion. 
Showers and humidifiers might be important sources of radio- 
nuclides, especially gaseous ones. Showers and humidifiers are 
not expected to be of major importance in determining the tot11 

~ dose to h~nans. Therefore it may be adequate to deal with this 
factor without going into great detail. See also Gas leakage into 
basements, Househoid dust and fumes, Radon emission. Space heat- 
ing, Suspension in air, Water leaking into basements and Water 
source. 

Smoking P AR BC X BFS 
Human exposure to radionuclides in tobacco can result from smokixg 
(Watson 1985). Tobacco plants couid take up radionuclides from 
contaminated soil or through leaf deposition. Upon smoking. 
radionuclides might attach to smoke particles, which could then be 
deposited and absorbed from the respiratory tract. 

[It is suspected that health problems from smoking, unrelated to 
radiation, far outweigh those from radiation. For this reason, we 
have assumeci that no further evaluation is warranted for the post- 
closure assessment. See also Carcinogenic contaminants, Chemical 
toxicity. Mutaaenic contaminants, Sensitization to radiation, and 

Soil F ACINR BCP C BFS 
Soil is the basis of terrestrial food webs because it is required 
by plants that carry out photosynthesis. Soil is also important 

I 
in the recycling of materials through the action of various 
invertebrates snd microbes. Soil is thus important in the natural 
environment and also in agriculture. When soil becomes contamina- 
ted, a variety of exposure pathways are opened up. most notably 
root uptake. See also Alkali flats, Animal soil ingestion, Ashes 
and sewage sludge fertilizers, Bacteria and microbes in soil, 
Sioturbation of soil and sedirnenc. Climate change, Critical grmp 
- agricultcral labour, Crop fertilizers and soil conditioners. 
Deposition (wet and dry), Dust storms'and desertification, Erosion 
- lateral transport, Erosion (wind),, Groundsnine, Herbicides, 
pesticides and furigicides, Human soil ingestion. Ion exchange in 
soii, Irrigation, Teat and leaf litter harvesting, Plant roots, 
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Precipitation (meteoric), Rivercourse meander. Runoff, Saltation, 
Seasons, Soil depth. Soil leaching, Soil porewater pH, Soil sorp- 
tion, Soil type, Suspension in air. Terrestrial surface, Urbaniza- 
tion on the discharge site. and Wetlands. 

Soil depth F ACINR BCP C SB 
Soil depth refers to the distance from the soil surface down to 
the water table (Sheppard 1992). This depth can vary consider- 
ably, from a few centimetres to several metres. In addition. the 
depth may vary seasonally with the water table. The soil profile, 
encompassed by the depth, is not uniform and there are distinct 
layers. There may be an organic litter layer on top followed by a 
mixed layer with decaying organic matter. The lowest layer is 
usually mineralized. Contaminants may move up and down the soil 
profile through capillary rise and leaching. See also Dispersion. 
Plant roots, Soil, Soil leachiag, Soil type. and Terrestrial 
surf ace. 

Soil leaching F ACINR BCP C SB 
Contaminants residing in the soil profile may be leached through 
precipitation or irrigation. Thus, they may move downward or 
laterally with runoff to eventually discharge into a surface water 
body or wetland. in order to be leached, contarr.inants need to be 
free to move, which implies desorption. Leaching of contaminants 
is a complex and important process that needs to be considered 
quantitatively, although not necessarily in great detail. See 
also Capiilary rise In soil, Colloids, Precipitation (meteoric), 
Soil, Soil sorption, and Soil type. 

Soil pore-water pH F ACINR SCP C S 
The pH of soil pore water is an important factor in determining 
the behaviour and transport of contaminants in the soil because it 
affects sorption to soil solids (Sheppard and Thibault 1990, 
1991). Generally speaking, sorption of contaminants decreases 
with decreasing pH through such processes as ion exchange. 
Decreased sorption means higher mobility and this may open up a 
variety of exposure pathways. See also Acid rain, Capillary rise 
in soil. Chemical precipitation, Crop fertilizers and soil condi- 
tioners, Ion exchange in soil. Soil. Soil leaching, Soil sorption, 
and Soil type. 

Soil sorption F ACINR 9CP C SB 
Soil sorption refers to the process whereby coiltaminants adhere to 
or are taken up in soil solids and become essentially immobilized. 
This is important because sorbed contaminants cannot be taken up 
by plants, and cannot leach or move upward by capillary rise. 
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FlocJdi~lg. Flushing of water bodies. Heat storage in lakes or 
underground, Industrial water sse. Irrigation, Precipitation 
-(meteoric), Rivercourse meander, Runoff, Seasons, Sediment resus- 
pension in water bodies, Sedimentation in water bodies, Water 
management projects, Water source, and Wetlands. 

Surface water pH ACINR C C W 
In conjunction with acid rain, the pH of water bodies on the 
Shield has become of major concern (Harvey et al. 1981). These 
lakes are poorly buffered so that acid rain can effectively 
depress the pH. This can detrimentally affect aquatic life, and 
lakes can become clear and less productive. The pH can also 
influence sedimentation of contaminants through the availability 
of suspended particles and the reaction of contaminants with these - 

particles (Santschi et al. 1986). The pH of Shield lakes is not 
very variable and most are circumneutral, with a value between 6 
and 7. The pH ot surface water needs to be considered quantita- 
tively, but not necessariiy explicitly. See also Acid rain. 
Industrial water use, Precipitation (meteoric), Sedimentation in 
water bodies, Soil leaching, and Surface water bodies. 

Suspension in air P ACINR P . C ABFS 
There are a wide variety of pathways through which contaminants 
released from anunderground vault could become suspended as 
particulates or gases in the atmosphere (Amiro 19851. The two 
major sources for s~spension might be surface waters and soils, 
and many processes c a l d  be involved. such as degassing, wind 
erosion, plowing and irrigation. Forest and other fires can also 
become potent agents for injecting contaminants into the atmos- 
phere. Once in the air, contaminants could become dispersed or 
deposited to underlying surfaces. By contributing to the air 
concentration and through deposition, suspension can increase 
doses to humans and other organisms in several ways. See also 
Biogas production, Charcoal production, Convection, turbulence and 
diffusion (atmospheric). Critical group - agricultural labour, 
Deposition (wet and dry). Dispersion, Dust storms and desertifica- 
tion, Erosion (wind), Fires (agricultural), Fires (forest and 
grass). Gas leakage into basements. Wousehold dust and fumes. 
Irrigation, Outdoor spraying of water, Radon emission, Saltation, 
Showers and humidifiers, Smoking, Space heating, and Wind. 

Technological advances in foad production 
F ACIR B X B F 

Most of the feed and forage for farm ar.ima?s, and of the food for 
humans is produced with traditional methods. There are some 
relatively new methods now practised, such as fish farming, game 
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ranching and hydroponics. In the future, there could be novel 
technological advances brought about by an ever-increasing human 
population 

[The relatively new methods do not substantially deviate from 
traditional methods, and it is expected that any novel edvances 
would not be subjected to new types or degrees of contamination. 
In fact, the new and novel methods are likely to be more con- 
trolled, and therefore less likely to be affected by contaminants 
from a disposal facility. Moreover, the Atomic Energy Control 
Board (AECB 1987a), has specified that the postclosure assessment 
is to be based on current-day conditions. We have therefore 
assumed that technological advances in food production need not be 
considered further for the postclosure assessment. See also 

B Critical group - evoluticn, Fish farming, Food preparation, Game 
ranching and Hydroponics.] 

Teratogenic contaminants F ACIR BC C BFPG 
Radionuclides, and other contaminants associated with fuel waste, 
could be teratogenic. :.hat is, cause developmental disturbances in 
h - m n s  and other organisms. High radiation exposures can cause 
serious malformations. but the situation is less clear at lower 
doses. especially those at or below background radiation levels. 
At these levels. the most likely teratogenic effect in humans 
might relate to brain development and mental capacity (ICRP 1991). 
See also Carcinogenic contaminants, Mutagenic contaminants, Radio- 
toxic contaminants, and Teratogenic cbntaminants. 

Terrestrial surface F NCIR P C ABFS 
Land areas on the Shield include rocky outcrops, bare soil, grass- 
land, bush and forest (Rowe 1972). Each of these types of areas 
has unique physical, chemical and biological properties that may 
infiuence the behavioirr and transport of contaminants. For 
example, grasslands usually have deep soils, runoff is high on 
rocky outcrop;, and bare soils tend to have particularly high 
erosion rates. Moreover, each type of area supports different 
plant and animal comunitles. See also Alkali flats, Erosion - 
lateral transport. Irrigation, Runoff. Soil. Soil depth and 
Wetlands. Related issues are discussed under Topography (current) 
in the list of geosphere factors (Table 0 - 2 ) .  

Toxicity of mined rock F AIR C X - 
Excavation of the vault may resurt in the production of tailings, 
which may subsequently release toxic contaminants. 
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[In generai. the toxicity of the tailings is expected to be of no 
concern.. For example, site selection criteria would avoid host 
rocks that have any economic value (Davison et al. 1994bl. imply- 
ing the absence of large concentrations of heavy metals and 
related contaminants. The host rock would typically consist of 
granite or gabbro, which mostly contain minerals such as feldspar 
and qcartz. These minerals and thsir leachates are not regarded 
as toxic. Other environmental concerns, such as acid drainage, 
are not associated with granites or gabbros. Finally, there may 
be some concern for toxic releases of byproducts from any explo- 
sives used to construct the disposal vault. However, it is 
reasonable to expect that such releases would be of short dura- 
tion, and adequately evaluated In the preclosure assessment. We 
have therefore assumed that further consideration is not required 
in the postclosure assessment. See also chemical-toxicity and 
Xadiotoxic contaminants. Related topics are discussed urider 
Sabotage and improper operation in the list of vault factors 
(Table B-1) . I 

Tree sap P NCIR BP C F 
Tree sap could become contanmated through root uptake and leaf 
deposition of contamlilants. Tree sap is used in the production of 
resins, tars and syrup, most notably maple syrup. It is of local 
importance on the southern edge of the Shield. This factor is not 
expected to be a major route of exposure, and therefore it may be 
adequate to deal with it in an inplicit fashion or without great 
detail. See also Animal diets, Bioconcentration. Human diet and 
Seasons. 1 

Uncertainties FEP a1 1 all C ABFPSW 
The biosphere is complex and it involves a wide variety of inter- 
acting physical. chemical and biological factors. The biosphere 
is constantly changing over tlme in an often unpredictable way, 
and this raises additional uncertainties. In addition, knowledge, 
in the form of models and parameter values, for predicting the 
behaviour and transport of contaminants can never be complete, 
w e n  with a constant biosphere, and this also raises uncertain- 
ties. This factor is accentuated Sy the need to make quantitative 
predictjsns over thousands of years. Virtually all factors in 
this list have associated uncertainties that should be addressed 
in a quantitative fashion. 

Urbanization on the discharge site P AF(C P X - 
By deiinition, the criticai group receives a higher risk than any 
other group of individuals. As such, it is likely that the criti- 
cal group would be 1oca:ed in :he imrnediate area of groundwater 
discharge from the vault, where dilution and dispersion of 
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released contaminants would be minimal (Zach and Sheppazd 19921. 
The critical group could be urban or rural. This could have 
important implications for dose predictions because the two types 
of groups could be exposed to different pathways, or the same 
pathways might differ in importance. 

[An important characteristic of rural groups is that they tend to 
be more self-sufficient than urban ones, relying more on local 
water, food and other resources. This is particularly so in the 
case of farm communities. In general, resources produced local to 
the discharge areas would be more likely to be con:aminated than 
resources that were imported. Moreover, there would most likely 
be more exposure pathways, each with greater importance. for a 
rural group than for an urban group. These considerations suggest 
that the characterization of the critical group should be based on 
a rural lifestyle, as opposed to an urban lifestyle. We have 
cssumed tha; thls is the appropriate situation for the postclosure 
assessment, and that urbanization does not require explicit 
evaluation. See also Critical group - agricultural labour, 
Critical group - clothing and home furnishings, Critical group - 
house location. Critical group - individuality, Crltical group - 
leisure pursuits, Human diet, Human soil ingestion and Water 
source. 

'Jault heating effects F F P X - 
The heat released from radioactive decay of the nuclear fuel waste 
would increase the tenperatures at the surface above the disposal 
vault. This could result in local or extensive changes in flora 
and fauna. 

[Scoping calculations indicate that the expected temperature riae 
would be very small, typically less than 1°c (Amiro 1992b). The 
heat enerpy from the vault would be much less than natural geo- 
thermal and solar energy affecting the same area. We have there- 
fore assumed that vault heating effects may be excluded from 
further consideration in the postclosure assessment. Further 
discussion is provided under Temperature effects in the list of 
factors for the vault (Table 0-1). and under Vault heating effects 
in the list of factors for the geosphere (Table B-211. 

Water leaking into basements F ACR P X F 
Water, contaminated with radionuclides, could leak into basements 
and contaminate houses. This might involve groundwater or water 
from a flood. 

[Water leaking into basements is likely a mlnor exposure pathway. 
For example, it is reasonable to expect that ingestion of drinking 
water and exposure to groundshine would involve similar, but much 
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more significar.: exposure pathways. We have therefore assumed 
that it may be excluded from further consideration in the post- 
closure assessment. See also Critical group - house location, 
Flooding, Gas leakage into basements, Groundshine, Household dust 
ard fumes, Human diet, Radon emission, Showers and humidifiers, 
and Water source. 

Water management projects F ACIR P X W 
The focus here is on large-scale water management projects, such 
as diversions and dams for hydnelectric generation or irrigation. 
Such projects could have a major influence on the behaviour and 
transport of contaminants in the biosphere. 

[The occurrence of these projects are largely unpredictable, as 
are a dets-led evaluation of subsequent effects on the behaviour 
and transport of contaminants ln ?ha environment. However, it is 
reasonable to expect that no new or unusual evosure pathways 
wouid be created, civen the wide range of representative pathways 
that are considered in the description of the biosphere. In 
addition, such projects would not likely have large effects on 
deep groundwater flows, and therefore would not significantly 
alter the performance of the geosphere and vault, nor the overall 
performance of :he disposal system. The possible occurrence and 
effects of water management prolects should De a factor for 
consideration in the selection of a site [Davison et al. 1994b). 
Finally, it may well be that major water management projects would 
be subject to environmental impact statements, which would include 
lmplicatlons for existing structures. such as a nuclear waste 
disposal facility, and perturbations to existing natural systems. 
We have assumed that further evaluation is not required for the 
postclosure assessment of the reference disposal facility. See 
also Earthmoving projects, Flooding, Intrusion (deliberate). 
Intrusion (inadvertent), and Surface water bodies. Further 
discussion may also be found under Dams, Earthmoving and Erosion 
in the llst of factors for the geosphere (Table 8 - 2 ) . 1  

Water source F ACIR C C BFSW 
Potential water sources for hunans, such as lakes, rivers and 
wells, could be contaminated with radionuclides to different 
degrees, and thus radiation exposure may depend on the exact water 
source. This could be particularly true for drinking wale? of 
humans and farm animals, because drinking is a direct pathway with 
few delays and intermediaries. Similar cormnents apply to chemi- 
cally toxic elements. See also Czitical group - house iocation, 
Industrial water use, Irrigation, Outdoor spraying of water and 
Surface water bodies. Further discussion is provlded under Wells 
and Wells (high-demand) in the list of geosphere factors 
(Table 8-21.  
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