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ABSTRACT 

The transport of pollutants in the subsur
face can be affected by random geologic events. 
Prediction of such transport therefore requires so
lution of a partial differential equation whose co
efficients are random processes. A method of find
ing the expected (mean) values of solutions of such 
equations is derived. This method is used to assess 
the impact of fault movement and formation of 
breccia pipes on risk from radioactive waste dispos
al. Preliminary results indicate that these, events, 
considered probabilistically, do not make a large 
contribution to risk. 



1. INTRODUCTION 

The primary means by which solidified radioactive 
waste can escape from a repository deep underground and enter 
the biosphere is transport in flowing groundwater (Schneider, 
1974). The prediction of radionuclide transport in ground
water is therefore essential to risk assessment of waste 
disposal. 

Modeling of this transport in a given hydrologic 
setting is, in itself, not a simple problem. Moreover, the 
time periods during which radioactive wastes may remain 
dangerous are sufficiently long that the status of the repos
itory might be altered. Such changes could be initiated as 
a result of the construction of the repository, by subsequent 
human activity, or by geologic forces. Some examples of 
events which could affect release of radioactivity from a 
repository are faulting, dissolution of soluble rock and con
sequent collapse of the overburden, and failure of borehole 
seals. 

In a typical fault tree analysis (e.g., USNRC, 1975), 
these events would be treated as independent failure modes. 
Their probabilities and consequences (as well as the probabil
ities and consequences of common mode failures) would be eval
uated independently and summed. In the cases usually treated 
by this technique, severe failures lead to a cessation of nor
mal operations until corrective action has been taken. A 
particular airplane can only crash once and a particular re
actor cere can only melt once — such, at least, is the assump
tion made in fault tree analysis. The same does not hold for a 
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waste repository. In the distant future which is of concern, 
there is no guarantee that men will be able to detect and 
correct a failure. The risk analysis must therefore deal not 
only with the probabilities and consequences of individual 
failures, but also with multiple, sequential failures. In 
such cases, consequences will depend on the sequence and 
timing of events as well as the events themselves. 

The radioactive decay mechanism introduces yet another 
element of time dependence into the problem. Because the nu
clides in waste decay as time passes, the effects of a release 
will usually be lessened if the'release occurs at a later time. 
Fault tree analyses of engineered systems, on the other hand, 
assume no explicit relationship between system age and the 
consequences of failures, 

i 

To address this complex situation, we have developed 
a model which analyzes waste repositories on two levels. A 
total system, composed of the repository, the waste, and the 
various pathways by which the waste might reach the biosphere, 
is described by a geologic state and a waste distribution. 
The geologic state is defined by the condition of the strata 
in which the repository is located and of the escape pathways. 
For a given geologic state, the permeability and porosity of 
different rock layers, the velocity field of ground water, 
etc.,, will be uniquely defined. The waste distribution is a 
description of the concentration of radioactive waste in the 
repository and the different pathways at any given time. 

The nature of each geologic state is defined without 
reference to the location of waste. The movement of waste 
depends parametrically on the state of the geologic system. 
Unfortunately, the location of the waste at any time depends 
not only on the current geologic state, but also on what the 



the geologic state was at all previous times. Tor example, 
waste will likely have moved further in a situation where an 
escape pathway opened just after it was emplaced and remained 
open t years than in a case where the same pathway has just 
opened t years after emplacement. In both cases the geologic 
sta':e is the same — the pathway is open. 

A scenario-by-scenario study of waste transport there
fore requires analysis not merely of the possible geologic 
states, but of the far greater number cf possible histories 
which a repository might experience as it passes from state to 
state. In this paper we will present a method which makes it 
possible to model this situation without explicitly considering 
all these histories. 

Mathematically, the prediction of future waste trans
port requires solution of a partial differential equation 
whose coefficients are random processes. In the next section, 
we will derive a method for obtaining the expectation value 
of the solution of such equations when the following conditions 
are satisfied: 

• The equation is first-order in time 
• It is linear 
• Its coefficients can be described by a 

Markov chain. 

We have used- this method in conjunction with our waste 
transport model (Ross, 1978) to evaluate the risk from fault move
ment and formation of breccia pipes within a waste repository. 
1. itial results indicate that neither of these events makes a 
significant contribution to risk (where risk is defined as the sum 
over all possible outcomes of the product of rhe damage done and 
the probability of that outcome) from disposal of nuclear wastes; 
however.further studies are required to confirm this' conclusion. 
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2. MATHEMATICAL DERIVATION 

The derivation begins with the observation that the 
concentration of waste nuclides in groundwater at any point 
may depend on the whole history of the repository area from 
emplacement to the time being considered. Concentration at 
time t therefore depends not only on the current geologic 
state g(t), but on the entire evolution of the geologic sys
tem from zero to t. The history of the geologic system will 
be denoted by h; each value of h is an entire realization of 
the stochastic process-whose value at time t is the random 
variable g(t). The expected value of the concentration of 
any radionuclide r at point x, C (x;h,t) will be given by 
integrating over all histories 

E(Cr(x,t)) - / Cr(x;h,t) p(h) dh (1) 

where p(h) is the probability density of history h. 

We assume that waste transport is described by an 
equation of the form 
t 

j£ Cr(x;h,t) - L ( h ) Cr(x;h,t) (2) 

where, for any h, iA ' is an operator which operates on the 
spatial coordinates of C . This assumption is consistent with 
the usual equation,for flow of dissolved material in ground
water (Scheidegger, 1964) which is: 

^ ; : t V i o n V + a V i o n V ^ <8> 
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where V" is the advection velocity of the ions and a is 
the dispersion constant. The effects of radioactive decay may
be incorporated by a straightforward extension of the present 
proof; however, they have been omitted in order to avoid adding 
additional terms to the equations. 

We wish to obtain an equation for waste transport 
which does not involve the history h, but only the current 
state g. In order to do so, we define a quantity 6 by in
tegrating over alJi histories h which reach state g at time t 

fr(x;g»t) =/" C r(x;h,t) p(h) dh (4) 
S2:{h(t)*g) 

'ii.«? integral is over all realizations h cf the random process 
which take the value g at time t. In subsequent equations this 
integration will be understood and the 12 and brackets will be 
omitted. <f> may be interpreted physically as the expected 
value of concentration of nuclide r at point x given that the 
system is in state g, multiplied by the probability that the 
system is in g. By comparing Eq. 4 and Eq. 1, it is seen that 
expected concentrations may be calculated from the relation 

E(Cr(x,t)) = J $T^;S't} (5) 
g 

In order for this definition to be useful, we must 
derive an equation for the evolution of <L which does not 
depend on h. We begin by taking the time derivative of Eq. 4. 
In order to deal with the integration over histories, we must 
explicitly use the definition of the derivative. 
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£er(x;c,t') , 
= lira ^ 1 f C tx;h,t+At) p(h) dh 

AT-0 L l ( •/h(t+At)-g r 

- f C (x;h,t) p(h) dhl (6) 

In order to separate out the time dependence of Cf, we add 
and subtract identical terms. 

2 Mjig,t) = lia ~ < C (x;h,t+it) p(h) dh 
At*0 l'h(t*it)=g r 

- J C (x;h.t)p(h)dh + J C (x;h;t)p(h)dh 
•/h(t+it)=g •/h(t^it)=g r ~ 

- f Cr(x;'h,t)p(h)dh ( 7 ) 

The first two terms; are integrals over the same range of values 
i 

of h and thus can foe combined and simplified by using Eq. 2. 

er(s;h,t+it) - cr(x;h,t) 
lim I P(h) 7T dh im I 
t*0 Jh(t+it)=g 

•/h(t)=g 
C (x:h,t) dh 
r — 

f p(h) L ( h ):c (x;h,t) dh (8) 
,/h(t)«g r 

In order to simplify the two remaining terms of Eq. 7, 
we must assume the range of possible states g is countable. 
Canceling terms which appear in both integrals, we then obtain 



lim i } C (x;h,t) p{h)dh 
At+O Jh(t+ax)=g 

v and h(t)fs 

- I C <x;h,t) p(h) dh 
Jh(t)=g and r \ 
h(t+At)fg 

- li m 77 \ E I C (x;h,t) p(h)dh 
At-0 fit

 P T ^ Jh(t+At)=g 6 , g and h(t)=g' 

T I C (x;h,t) p(h)dh\ (Q) 
e<*s Jh(t)=g and \ 

In order to proceed further, we must examine more 
closely the role of h. The variable h represents the geologic 
history over the entire time period of concern in the analysis. 
We define two partial histories, e and f, as the histories 
from time zero through times t and t+it respectively. If each 
value of h is thought of as a sequence of states, each value 
of e or f will be a shorter sequence. Each sequence e or f 
will be included in many different h's. Different partial 
histories f which are identical through time t and then reach 
different states at time t+At all include the same partial 
history e. 

Now, it is reasonable to assmie causality; i.e., that 
the concentration of waste at a given time will depend only on 
the previous geologic states of the system and not on what 
happens at subsequent times. Since the partial history f in
cludes a specification of the geologic state at all times 
prior to t, C (x;h,t) will be the same for all histories h 
which include the same f. All the terms of Eq. 9 which corres
pond to the same f can be grouped together, and the right band 
side of that equation can be written as: 



Lffi -k I S I c r ( s; f ' 1 

t+o ̂ x ~-=*~ Js . r 

li» £ i 2- I C„(x;f,t) p(f) df 

2 j Cr(x;f.t) p(f)df 
g'7g Sgg' ' 

We have denoted the space of partial histories f which pass 
through state a at time t and through b at time t+At as S . . 
The membership of S . will, of course, change when the value 
of at is varied. 

Each space S b may be partitioned into subspaces S b > 

Each subspace S e. is composed of all those partial histories f 
wh^ch follow a particular partial'history e from time zero to 
t, at which time they have reached state a, and tnen reach 
state o at time t+At, as shown schematically in Fig. 1. Since 
S . is equal to the union of all the S^fc corresponding to 
different e which reach state a at time t, we may rewrite our 
integrals to obtain 

» Til E f «• f 
6 b 

S f • d e J 
g'H Je(t)=g JSe

ggl 

df c r ( x ; f , t ) p(f) 

We now invoke causality again to make concentration 
C at time t a function only of e and not of f. Since only 
the integral over f depends on Li, the order of operations 
can be altered to obtain 
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Y f deC (x:e,t) lim ^r | p(f) di 
A l t ) , - ^ A t j a; . g 

- £ f deC r(x;e,t)n, i ( p(f) df 
g'fg*;e(t)=g 4 t + 0 i. V , Bg' 

The integral of p(i) over s|. is simply p(e) vaultiplied 
by the conditional probability Pfb,t+At|e) that the system, hav
ing experienced partial history e -and having reached state a at 
time t, will reach state b at time t+At. We therefore have 

2 I deCr(x;e.,t) p( t) lim — ?{g.t+n\e) 

- L I d e C (x;e,t) p(e) lim i. p ( g , t + A t j e ) 

"ive mav now define the transition rate from a to b, T . by 

p. (e) = lim j= P(b,t+fit)|a,t;e) (10) 

In this definition the transition rate bas been written so 
as to show that it may be a function of past history e; in 
what follows we will not explicitly show this dependence. 
In the cases we are considering, the value of e at time t 
is defined by the restrictions on the integrals over e, and 
so we can substitute the definition directly to obtain 
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2 J Cr(x;e,t) p(e) r g g , de 
P fg-e(t)»g' 

- s / 
v . S'ft •'eft 

Cr(x;e,t) p(e) r g l g de 
(t)«g 

In order to restore simplicity of notation, the integrals 
dyer e may be expanded back into integrals over h. Substi
tuting into Eq. 7 the valves we have obtained for its terms, 
a formula for the derivative of & is obtained. 

ia (x;g,t) - f p(h) L ( h ) C (x;h,t) dh 

+ 2 f ree' p ( h ) C_(x;h,t) dh 
ftg •;h(t)=g' s s . r 

" E f Ve p ( h ) Cr(£;h,t) dh (11) 

The first term in this equation represents the flow through 
space of radionuclide r. The second term, represents the in-1 

crease in 6 due to transitions into g from other states, 
and the third term represents transitions out of state g. 

We now make-two assumptions about the transport opera
tor L; that L depends only on g and not on h, and that it , 
operates linearly oh C . We may then move it outside the in
tegral so t h a t . . . 

| ; p(h) L ( h ) CrCx;h,t) dh 
h(t)=g 

St] J ..':pCh).'c (-xfavt-y'-dh 
'h(t)=g 

- L ( f } * r(x;g,t>l . ^ J • "; (1.2) r 



At this point we make the assumption that the system described 
by the geologic states is a Markov process. Consequently the 
transition rates r are independent of the past history. They 
also may be moved outside the sum. Equation 11 for the evolution 
of ijiw reduces to 

•fj «r(x;g,t) « L. ( E ) *r(jE-;g,t) 

+ E rg g- *TH->e'.V - E rg- g *r(£;B.t) < 1 3> 

Equation 13 involves only the current state g and may 
be solved for the 4 ; Equation 5 may then be used to calculate 
expected values of concentration, 

i 

With this result, one need not calculate the motion 
of waste for each history, but may instead solve for the quan
tities <(> (x;g,t), which were defined as the expected value of 
concentration of radionuclide r at point x, given that the 
system is in geologic state g, multiplied by the probability 
of the system being in state g. These quantities represent 
an aggregation of the various histories which could lead to 
state g at time t. It is not necessary to solve an infinite 
number of partial differential equations corresponding to an 
infinity of possible histories, -but' only a system of as many 
equations as there are geologic states and radionuclides. 

The principal assumptions made in the above deriva
tion are as follows: ' v'v 

•• The operator describing motion of waste 
must, depend only on the current geologic 
state and not. on past geologic states 
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• The operator describing waste motion in 
any given state must.be linear in waste 
concentration 

• The transition rates between geologic 
states cannot depend on the past history 
of the system 

• The geologic system is restricted to a 
countable set of states. 

The first two of these assumptions restrict waste 
transport to flows which can be described by linear instan
taneous operators. These assumptions are satisfied by the 
most commonly used transport equation, as described above in 
the discussion of Eq. 3. 

The other two assumptions govern the geologic states. 
They require that the system of geologic states form a 
Markov chain. (The term "Markov chain" is used here in a 
strict mathematical sense. It encompasses cases in which 
transition rates are independent of both past and present 
states as well as cases in which transition rates depend on 
the present state, but not on past states). Whether this 
requirement is satisfied depends on the particular set of 
states used in a model. 

Like other macroscopic stochastic .processes, future 
geologic events must be treated probabilistically because we 
lack sufficient information to make deterministic predictions. 
For example, if all the movements of heat in the earth, and 
the structural features along which that heat might rise, 
were known, it might well be possible to predict where and 
when new volcanoes will erupt. Without that information, 
the eruption o;f new volcanoes must be treated as a random 
process. The rates of transition between geologic states will 
therefore depend on bow much information about underlying 
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causative processes is included in the specification of the 
states. Whether these transitions form a Markov chain will 
depend entirely on how the states are defined. The Markov 
chain assumption is therefore to be„treated as a condition 
to be satisfied when sets of states are chosen. 
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3. APPLICATION OF THE METHOD 

This probabilistic method has been used in conjunc
tion with our "stream tube" hydrology model (Ross, 1973) in 
order to assess the impact of possible geologic events on risk 
from nuclear waste repositories. In the stream tube approach, 
the flow field of groundwater is approximated by a network of 
path segments. A one-dimensional equation describes flow 
within each path segment. The output of one segment is the 
input to the next. 

The probabilistic element is introduced into this 
sdheme by dividing the output of each path segment among the 
various states in proportion to the probability that the 
system has entered each state while the waste was passing 
through the segment. Eq. 13 is thereby approximated by 
transferring waste among the different tf> (g) not at the time 
the geologic state transition occurs, but at the next sub
sequent time the waste passes from one path segment into 
another. 

A quantity ^rjt>ms
 m&y be defined, analogously to 

<f> (g), as the|amount of nuclide r passing point m during time 
interval I given that the system is in geologic state g, 
multiplied by I the probability of the system being in state g. 
The outi-.it in state g of a path leading from m' to m, P r 4 m g J 

may thence calculated (assuming pathways do not branch^at m') 
by summin6'c;er different states which the system could have 
been in when the waste entered the path segment: 

Frftmg = 2 2 Frrm'g' Grr&g' V'S/g'g 
• • • f t 1 g ' 

3-1 

http://outi-.it


GrU'E i s t h e P r o P ° r t i o n °f an impulse of nuclide r which 
entered the path segment during interval V which would reach 
m during interval I. V^^, is the conditional probability 
that the system is in state g during interval I if it was in 
state g' during interval £'. 

This method has been used to study the effects.of 
two types of geologic events: formation of breccia pipes and 
movement of faults. The states that were defined for these 
two cases are shown in Fig. 2. 

Breccia pipes are formed by the collapse of over
burden into a cavity formed by the dissolution of salt. 
Eventually a column of breccia extends upward, often reach
ing the surface. Although breccia pipes in evaporite basins 
have been observed to reseal, we have assumed conservatively 
that they remain open. 

The primary effect of movement along a preexisting 
fault has been assumed to be an increase in permeability 
immediately before and after an earthquake due to stress in 
the fault. After the earthquake the fault reseals; however 
some residual permeability remains. The mean time to reseal-
ing has been assumed to be 70 years. Fault movement has been 
studied for a shale repository, since in a salt repository 
the plasticity of salt would presumably result in a much 
smaller permeability increase. 

Both the shale and the salt repositories were 
assumed to have aquifers both above and below the mined 
cavity, with the lower aquifer under pressure. Flow proceeds 
from the repository to the upper aquifer through undisturbed 
rock, through a fracture zone resulting from construction of 
shafts and tunnels, and through the fault or breccia pipe. 



The network of flow paths for State 1, in which fault move
ment or breccia pipe formation has not yet occurred, is shown 
in Fig. 3. The flow path network after either event is shown 
in Fig. 4. Values assumed for geologic parameters are listed 
in Tables 1 through 5. These values are believed to be typi
cal of those likely to be found in repository sites (Iloldsworth, 
1977), but they do not represent any particular site. 

The calculation of rates of occurrence for such un
likely events as fault movement in aseismic areas and breccia 
pipe formation is difficult given the current state of geo
logic knowledge. There is even an argument that such rates 
have no real meaning (de Harsily, 1977). However, assessments 
of the significance of these events are still possible by pos
tulating different rates of occurrence. On the basis of order-
of-magnitude arguments (Holdsworth, 1977), we first assumed 

-7 both events occurred at a rate of 5x10 events/yr. In order 
to test the sensitivity of our results to this assumption, 
calculations were also made for a rate of 5*10"° events/yr. 

Rates of radionuclide release were converted into 
doses to humans by use of a model of environmental transport 
and human uptake (Koplik, 1978). Because the dose to any 
individual was very small compared to natural background radia
tion, the more appropriate measure of consequences for human 
health is the "population dose", which is the sum of the 
doses received by every individual in the population (Crump, 
1976). In order to combine all effects, doses incurred from 
the present to three million years in the future were summed 
into a single total. 



4. RESULTS 

Doses to humans were calculated with the assumptions 
described above. The results are to be treated as illustrative 
calculations for the purpose of comparing different scenarios; 
they do not by themselves constitute an estimate of the risk 
actually to be expected from disposal of nuclear waste, and 
therefore units are omitted. 

Results are presented in Table 6 for two deterministic 
cases in which breccia pipes were assumed to form after 100 and 
10,000 years respectively, as well as probabilistic cases. These 
results indicate that if breccia pipes form rapidly (100 yr) 
there will be a noticeable increase in dose. Indeed, the dose 
would be much higher in this case were it not for the long time 
interval required for the waste to pass through the overlying 
aquifer to its discharge into surface waters (Ross, 1978). 

However, for cases in which breccia pipes take longer 4 to form (e.g., 10 yr),, doses calculated are lower than for the 
case in which there is no breccia pipe. This is due to de-
pressurization of the depository cavity by the breccia pipe. 
The program assumes that waste which has begun to.flow through 
flow paths other than the rock which will collapse to form the 
breccia pipe continues in the same direction after the breccia 
has formed, but with a reduced velocity due to the changed 
hydraulic gradients. 

When breccia pipe formation is treated probabilisti-
-7 cally with formation rate of 5x10 per year, the expected 

population dose is almost identical to the case of no breccia 
pipe, When the rateof formation is increased, the effect is 



a, reduction of dose due to the depressurization .effect. We 
thus conclude that even for a very high rate of breccia pipe 
formation, there is not enough chance of occurrence in the 
early, dangerous period to cause a significant added risk 
from this event. 

For fault movement, the results are similar, as 
shown in Table 7. Even if the rate of movement is as high as 

-5 
5x10 per year, and faults remain in State 2 without resealing, 
there is no significant addition to .expected population dose. 
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5. CONCLUSIONS 

Prediction of radionuclide migration from waste repos
itories requires solution of a partial differential equation 
whose coefficients are random processes. * We have developed a 
method of finding expectation values of the solutions of such 
equations, and used it to assess the contribution of breccia 
pipe formation and fault- movement to the risk from waste disposal. 
The preliminary results, assuming no water wells are constructed 
in the repository areas, indicate these events add little to the 
overall risk. 
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Figure Table 

Figure 1 Schematic Representation of Some Partial 
Histories Belonging to the Subspace S . 

Figure 2 Assumed States and Baseline Transition 
Rates 

Figure 3 Flow Paths for Unflawed Repository 
Fogire 4 Flow Paths After Breccia Pipe Formation 

or Fault Movement 



TABLE 1 
PARAMETERS DL GIBING ALL CASES 

PARAMETER VALUE 

Dissolution Rate of the Waste (yr~ ) 10" 
Time for Resaturation of Depository (yr) 100 
Excess Hydraulic Head of Lower Aquifer (m) 60 
Horizontal Hydraulic Gradient of Upper Aquifer 0.005 



TABLE 2 
'PARAMETERS DESCRIBING SALT REPOSITORY BEFORE 

BRECCIA PIPE FORMATION 
T-1551 

PATIIW 
' UNOTO 

Cm) ' 

CROSS 
SECTION 

(m2) 
EFFECTIVE 
POBOSITV. 

PERMEABILITY 
(cm/sec) RETARDATION FACTOB 

DISPERSION 

l R t 5eqm»nt of 
Turnwl Fracture 
2on» 

1200 3300 lO" 3 io- p i 50 

S S»mi«n!: or 
Tunnel Frjcture . 
Zone 

140 108 io- 3 io- 6 : 1 51) 

Fracture Zojif 
Around Sh*ft In 
Depositor? Laysr 

100 BO i o - 3 io- 6 1 50 

Fracture Zone 
Arnnnri Shaft In 
Sliali- ;Bnrrl#r Layer. 

200 5 10 ' 3 ,io- 6 , 1 50 

Deposing layer 100 5 * 1 0 * i o - 2 io - 9 ', 1 50 

nirrier Uy*r 200 . 5 « 1 0 6 0.05 10" 7 1 50 

Ami! frr 1. <5 * lO 4 4 * 1 0 5 0.1 ur* 
1 2 S I , 9 9 T c : 1 , 
Other F i s s ion Prndwts : 10T 
Act in ldes: 10 

50 



TABLE 3 
PARAMETERS DESCRIBING SALT REPOSITORY 

WITH BRECCIA PIPE 
T-I55(i 

PATITCAY 
UiNCTlt 

(m) 

CROSS 
SECTION 

(la 2) 
EFFECTIVE 
POROSITY 

PEIUIEAMLITT 
(cm/sec) RETARDATION 1'ACTOII 

DISPERSION 
(ID) 

Cliiinsc froin T a b i c 

Di'imstiiirv 
Layer 100 9..S * 1 0 6 lO" 2 ' Hf 9 1 no 
Barrier Lay or 2O0 •1.9> 10 f f 0.05 i o - ? 1 50 

Add: 
Brenci^ Pi>y 300 10 6 o.a ' i o - 2 1 50 

"The probRhllit}' of n breccia pipe formation i s 5>-10' ' per year. 



TABLE 4 
PARAMETERS DESCRIBING SHALE REPOSITORY 

BEFORE FAULT MOVEMENT 
T-inr.0 

PATHWAY 
LENGTH 

(in) 

CROSS 
SECTION 

(m2) 
EFFECTIVE 
POROSITY 

PEIWIBILITY 
(CM/RN) RCTAUMTIOU F/1CT0II 

DISPERSION 

1 s t Seunwnt of 
Tunnel Fracture 
7.one 1200 310 0.1 0.1 

!»,_ or T c ; 

Other Fission Products: 
Actinides: 10 4 SO 

2 Socmen! nf 
TunneJ Fracture 
Zone •340 18.96 0.1 0.1 

1 2 » I . "Tc: 
OthLT Fission Products: 
Actinides: 

1 2 
HI 50 

FracturP Zone 
Around Shaft In 
Depilatory Lnypr 1D() 10 io- a W" 

1 2 9 I . 9 9 Tc: 
Other rission Products: 
Actinides: 

1 ? 
so 

T'ructurr 2one 
Arnuntl Shaft in 
Shale Dnrrier 
Layer 

200 5 in' s in"' 

i a r . s 9Tc: .. 
Other Fission Products: 
Actinides; 50 

TJp|iosHnry 
Layer 100 5 »10 6 0.O5 i n ' 9 

1 2 9 I , < j 9Tc: 
Other Fission Products; 
Actinides: 

1 2 
i o | 50 

Unrrier Layer 200 s * in 6 0.05 ' i o - 7 

1 2 9 I , S 9 Tc: 
Other Pission Products: 
Actlnidvtt: 

1 2 JO? 50 

A'iwi f'jr 1 . 0 " 1 0 4 •1 *10 5 0.1 in-" 
1 2 9 I , fl9Tc: 
Other Fission Products: 
AclJnithw: 

1 n 
" J 
ur 

5H 



TABLE 5 
PARAMETERS DESCRIBING SHALE REPOSITORY 

AFTER FAULT MOVEMENT 
T-1555 

MTTOUY 
LENGTH 

(in) 

CROSS 
SECTION EFFECTIVE 

POROSITY 
PERHEABIUTY 

(cm/sec) RETARDATION FACTOR 
DISPERSION 

W 
Chance from Table 
4: 

Depository Layer 100 4,9* to 6 0.05 ID" 9 SAME 50 

Barrier Layer zoo 4 .9 "JO 6 O.OE. io- 7 SAME 50 

Add: 

Fault Open In 
Barrier Layer 200 1 « 1 0 5 io- 3 io-" 

1 2 9 I , 9 8 T c : 1 , 
Other Fission Products: lof 
Actinlde*! 10 50 

Fault Resealed in 
Barrier Lsyer 200 1 * 1 0 5 io- 3 io- 6 SAME 50 

Fault Open In 
Depository Layer 100 i > i o 5 io- 3 10" 5 SAME . 50 

Fault Repealed In 
Depository Layer 100 1 « 1 0 5 lO" 3 IO-7 SAME SO 

•j-

W/ 



TABLE 6 
PREDICTED EXPECTATION VALUES OP POPULATION 

DOSE FOR BRECCIA PIPE CASES 

TYPE OF 
ANALYSIS ASSUMPTION * Dose 

Deterministic 
Deterministic 
Probabilistic 
Probabilistic 
Deterministic 

Formation at t=100 yr 
Formation at t=10,000 yr 
r = 5*10 per yr 
r = 5xi(f5 per yr 
No breccia pipe 

2.7xlO"3 

1.2xl0 - 3 

1.6xl0"3 

1.2xl0"3 

1.6xl0"3 

•Population dose integrated over a three million year 
1 repository lifetime. 



TABLE 7 
PREDICTED EXPECTATION VALUES OF POPULATION 

DOSE FOR FAULT MOVEMENT CASES 

RATE OF OCCURRENCE ( y r " 1 ) RESEALING 
* Dose 

5*lCf7 

5x l0" 5 

[ Never 

Yes 1.3X10"3 

1.3xio" 3 

1.3 1 0 " 3 

•Population dose integrated over a three million year 
repository lifetime. 
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Figure 1 Schematic Representation of Some Partial 
Histories Belonging to the Subspace S®fe 
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Figure 2 Assumed States and Baselifie 
Transition Rates 
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Figure 3 Flow Paths for Unflawed Repository 
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Figure 4 Flow Paths After Breccia Pipe 
Formation or Fault Movement 


