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ABSTRACT 

An overview is given for Performance Assessment Methodology (PAM) for Low Level Radioac
tive Waste (LLRW) disposal technologies, as required for licensing and safety studies. This is 
a multi-disciplinary activity, emphasizing applied mathematics, mass transfer, geohydrology and 
radiotoxicity effects on humans. 

1. Introduction 

Facilities for the permanent disposal of LLRW must be engineered and built to protect the public from 
radiological exposure for many years. Over time, radionuclides can migrate from the facility and enter the 
environment by various pathways. The overall performance assessment requires that these rates of migration 
and their consequences be predicted. 

The accepted methodology that has evolved world-wide for such predictions is pathways analysis. Pathways 
and mechanisms are identified which may expose the waste in the facility to some future individual, called 
the critical individual, who lives near the facility. The methodology includes a mass transfer model for 
radionuclide migration along the pathway, and a dose model to predict radiological exposure effects on the 
critical individual. 

The special problems of LLRW, including its treatment and permanent disposal options, are described in 
other AECL publications. In the remainder of this paper, the analysis of long-term migration of radionuclides 
from an engineered underground vault to the underlying aquifer, and the resulting impact on humans, will 
be described. 

2. The IRUS Facility 

AECL's choice for permanent disposal of LLRW is IRUS (Intrusion Resistant Underground Structure), à 
concrete vault buried in a sandy site above the local aquifer/1) For this discussion, it is sufficient to note 
that the floor of the vault is permeable; it is free-draining to prevent possible flooding. The roof is designed 
for a service life of 500 years; however, it will eventually fail allowing rainwater to infiltrate the vault. The 
dominant mass transfer mechanism for a wet vault is convection, a relatively fast process. In the dry vault 
with the roof intact, the slower process of diffusion is the dominant mechanism. Hence, the time and rate of 
roof failure will be important features in the mass transfer model. The waste placed in the facility will be 
conditioned and packaged, and appropriate parameters for these processes are included in the system model. 

3. Mass Transfer Equations 

The various parts of the system (waste, vault, geosphere) where mass transfer of radionuclides occurs, are 
porous media. These are unconsolidated particles with pore water acting as the conduit for the migration of 
atoms. Although it is misleading to consider such a system as constituting a single medium with designated 
properties, the concept does lead to a practical set of equations. The physical processes governing mass 
transfer are diffusion in pore water, convection by movement of pore water, adsorption on the solid phase 
and radioactive decay. An equivalent Fick's law is assumed for the medium, which when combined with the 
continuity equation and a linear adsorption model, leads to the one-dimensional transfer equation for the 
pore water concentration C(x,t), 

dC _ d*C dC 
R-5t-D-d^-y-d^-RXC (1) 
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where 

R retardation factor due to adsorption, which may be in the hundreds or thousands, 
D' equivalent diffusivity resulting from the form assumed for Fick's law 
V pore water velocity 
A radioactive decay constant 

The last term may be left out of (1) and applied as a decay factor exp(—M) a t the end of the mass transfer 
calculation. 

Equation (1) applies to the flux of atoms as well as their concentration. Appropriate initial and boundary 
conditions complete the problem. 

A computer code, COSMOS-3, has been written to generate solutions of (1) for various parts of the system. 
Some details of this model will be described next. 

4. The Vault Model and Source Term 

The rate of release of radionuclides from the engineered facility to the geosphere, called the source term, is 
an important feature of the performance assessment model. To calculate the source term, a mathematical 
model of the mass transfer process in the vault is constructed. Within the IRUS vault, mass transfer is 
assumed to occur in two stages. Diffusive radionuclide leaching from the waste to the surrounding backfill 
represents the first stage. The second stage consists of a mixture of diffusion and convection (depending on 
vault conditions) from the vault as a whole. The atoms move downward through the permeable bottom of 
the vault, crossing a buffer layer and an unsaturated layer that retard their migration relative to the water, 
then enter the aquifer. The first stage acts as a driver for the second stage. The resulting nuclide flux from 
the second stage is the source term. The vault concentration equation is thus of the form, 

where, 

S(t)=a[exp(=±) + aexp(~)] (3) 
tw tw 

is the driving term resulting from leaching, which consists of a principal exponential representing long-term 
behaviour, and a secondary term representing rapid initial transients. The respective time constants are tw 
and t'w, where tw exceeds t'w by about an order of magnitude. In the COSMOS-3 code, (2) is solved with 
appropriate initial and boundary conditions, and the solution is represented by an analytical approximation. 
Finally, the concentration at the base of the vault is converted into the vault flux or source term, Js(t)-

The COSMOS-3 code assumes the roof of the facility eventually fails, allowing the entry of increasing amounts 
of rainwater. Therefore, while diffusion in the dry vault is the initial mass transfer process, an increasing area 
of the vault becomes subject to convection. This transition is handled in the time-step loop of COSMOS-3. 
The characteristic time scale for vault mass transfer, tv, will be large for diffusion (D' dominates (2)), and 
small for convection (V dominates (2)). Since the waste leaching may also be fast or slow, there are four 
possible situations within the vault: 

• fast leaching, dry vault (tv > tw, V— 0) 
• slow leaching, dry vault (tv < tw, V = 0) 
• fast leaching, wet vault (tv > tw,D = 0) 
• slow leaching, wet vault (tv <tw,D= 0) 

The four corresponding solutions, whose details are given in Ref. 2, are combined to construct the source 
term at each time step. 
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5. The Geosphere Response 

Parabolic transport equations for adjoining regions are theoretically linked in both directions. To allow 
a sequential solution with undirectional linking only, fictitious boundary conditions are used, in which the 
response of each section of the geosphere to any radionuclide flux which enters it is the same as if the medium 
were semi-infinite. The flux at any finite distance L into a section of geosphere is then the convolution, 

J(L, t) = [ J0(t - T) G(L, T) dr (4) 
Jo 

where the Green's function for simple diffusive / convective transport, Eq. (1), is 

<?(«,«) = xB>» ( 4 ^ 3 ) ^ exp[-(xf~^t)2] (5) 

and where Jo(i) is the flux entering at the boundary, x = 0. COSMOS-3 uses the analytical source term 
Js(t) to start the solution, one region at a time, and each calculated function J(L,t) is used as the driving 
term in Eq. (4) for the next. 

The final step in the mass transfer calculation is to give an expression for the concentration in the aquifer 
or surface water body. Either of these may be regarded as a source of water for human use, depending on 
the scenario chosen. In the aquifer, the flux and concentration are related by the equation, 

J = VC (6) 

In a lake, a simple mixing model determines the diluted concentration. 

6. The Biosphere Response 

The impact on human health of radionuclides which migrate from the vault into the biosphere will depend on 
the human scenario assumed; that is, on the type and extent of groundwater usage by humans. The common 
"worst case" scenario is the assumption that the critical individual is a subsistence farmer who uses the 
water for all his needs. These include bathing, drinking, crop irrigation and livestock watering, fishing and 
recreation. This leads to a complex web of pathways by which the farmer may be exposed to radioactivity, 
including direct ingestion, inhalation and external exposure. The dose rate incurred via each pathway is 
typically expressed by multiplying the radionuclide concentration in the water by a transfer factor (PTF), 
which represents the rate of water utilization in the pathway, and by a dose conversion factor (DCF); 

Dose Rate = Concentration * PTF * DCF. 
(Sv/a) (Bq/m3) (m3/a) (Sv/Bq) 

These are summed over alï pathways to give either a whole body effective dose or various organ doses. Since 
concentrations vary with time during the simulation, the dose rate will also vary with time. 
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