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ABSTRACT subsystems: vault, geosphere, and biosphere.
Since SYVAC3-CC3 is a Monte Carlo simulation

AECL (Atomic Energy of Canada Limited) is code used for the estimation of risk, many
preparing an Environmental Impact Statement repeated runs with randomly sampled parameter
(EIS) to present its case to a federal values have to be executed. For practical
environmental assessment panel for a concept purposes, each subsystem has to be
for disposal of Canada's nuclear fuel waste. represented by a computationally simple model
The concept is that of a sealed vault within SYVAC3-CC3. To ensure that the
constructed at a depth of 500 to 1,000 m in physical and chemical processes affecting
plutonic rock of the Canadian Shield. An radionuclide migration are properly
analysis of disposal system performance using represented, ACL Research has conducted
a probabilistic system variability analysis extensive laboratory and field research and
code (SYVAC3-CC3) has been an important performed detailed modelling on each
component of the assessment of the long-term subsystem. Subsequently, the results of the
safety and environmental impacts of the detailed models are condensed into simplified
disposal system. In the assessment, the models for the Monte Carlo simulations using
disposal system is divided Into vault, SYVAC3-CC3.
geosphere and biosphere, each of which is
represented by a computationally simplified This paper discusses the methodology for
model. This paper summarizes the procedure condensing the detailed hydrogeological model
for condensing a detailed 3-D finite-element into the SYVAC3-CC3 Geosphere Model (GEONET).
hydrogeological model into the SYVAC3-CC3 An example of the application of the
geosphere model, GEONET. methodology to a hypothetical disposal system

consistent with surface and subsurface
INTRODUCTION geoscience data from a research area on the

Canadian shield is also presented.
AECL has been conducting research and

development on a concept for the disposal of GENERAL APPROACH
nuclear fuel waste and is preparing an
Environmental Impact Statement (EIS) to Development of the Geosphere Model3
present Its conclusions for review by a involves several steps. The first step is to
federal environmental assessment panel for construct a conceptual model of the
the acceptability of the disposal concept'. subsurface geological structure and
The disposal concept is that of a sealed hydrogeology using data from field
vault constructed at a depth of 500 to investigations and laboratory testing. Once
1,000 m in plutonic rock of the Canadian a conceptual model has been constructed, a
Shield. three-stage approach is used to simulate the

transport of radioactive or toxic
A major component of the IS is the contaminants from the vault, through the

results of a case study, in hich the long- surrounding rock, to the biosphere. First,
term performance of a hypothetical disposal the coupled equations describing 3-D
system was modelled as part of the groundwater flow and heat transport are
demonstration of the environmental assessment solved using the MOTIF finite-element code4
methodology for a disposal system following to predict the hydraulic head and groundwater
closure. The case study was performed using velocity distributions in the rock containing
a probabilistic system variability analysis the vault. Next, the groundwater flow paths
code SYVAC3-CC32. In the assessment, the from the vault to discharge areas in the
disposal svstem is divided into three biosnhere are determined bv means of a
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particle-tracking technique. In some places, For confidence building the MOTIF code
the groundwater flow rate may be so slow that has been verified extensively by comparison
diffusion is the dominant transport process. with known analytical solutions or numerical
These transport paths are combined to solutionS4. As a major validation exercise,
construct a 3-D transport network composed of the MOTIF code was employed to predict in
I-D transport segments for the GEONET model. advance the groundwater perturbations caused
For these I-D segments, the radionuclide by the excavation for AECL's Underground
transport equations can be solved by means of Research Laboratory (URL) in a granitic
an analytical response function method. pluton in Manitoba. The predicted
Finally, the input parameter distributions groundwater drawdowns agreed well with
for the GEONET model are compiled. subsequent field observationS5. The MOTIF

code was also used to model solute transport
In the simulations, GEONET accepts the in groundwater tracer tests in a major

time-dependent flow rates of radioactive and fracture zone6. The predicted tracer
toxic nuclides from the vault model and then breakthrough curves agreed well the with
calculates time-dependent radioactive and field test results.
toxic nuclide flow rates at locations in the
rock mass surrounding the vault and at THE GEONET MODEL
locations of discharges to the biosphere
model. It also determines other appropriate GEONET, the SYVAC3-CC3 geosphere model,
information for interfacing with the vault does not attempt to model the entire region
and biosphere models, such as the areas of required to determine the groundwater flow
the discharges to the biosphere and the regime at the disposal site. Instead, it
volumetric discharge rates. models contaminant transport in a subregion

of the MOTIF flow model in which the
THE MOTIF FINITE-ELEMENT CODE contaminant plume from the vault is expected

to migrate. GEONET calculates the flow of
The MOTIF finite-element code4 has been groundwater and transport of radioactive or

developed at AECL Research to solve the toxic astes by means of advective,
steady-state and transient problems of dispersive and diffusive transport from the
groundwater flow, solute transport, and heat boundary of the vault, through pathways in
transport in saturated or partially saturated the rock, to the blosphere. Each transport
fractured or porous media. The code solves pathway in the GONET model is represented by
the three coupled partial differential a number of connected linear segments. A
equations governing these physical phenomena, groundwater well is also incorporated as part
i.e., the fluid mass balance equation, the of the transport pathways. The well is
solute mass balance equation, and the heat assumed to intersect the entre of the
energy balance equation. Fluid density and contaminant plume. The operation of the well
viscosity can vary with temperature, pressure causes drawdowns in hydraulic heads and
and solute concentration. Processes that can increases in groundwater velocities in the
be simulated include: groundwater flow; vicinity of the well. A portion of the
advective, convective, dispersive and contaminant plume is captured by the well.
diffusive solute transport ith one-species For each segment, GEONET modifies the head
exponential decay and linear equilibrium distribution predicted by the MOTIF flow
sorption; and conductive, dispersive and model according to the well model7 described
convective heat transfer. The Galerkin below, and then calculates the mean
weighted-residual method, in conjunction with groundwater velocity by Darcy's law. The
the finite-element approximation, is utilized transport processes explicitly modelled in
for spatial derivatives. A weighted finite- GEONET are advection, mechanical dispersion,
diffeeence approximation is employed for the molecular diffusion, equilibrium chemical
temporal derivatives. Nonlinearity is sorption and matrix diffusion. The I-D
handled by Picard iteration. Three types of advection-dispersion-retardation transport
isoparametric elements are available in equations for a radionuclide decay chain are
MOTIF: a hexahedron, a planar quadrilateral solved using the response function method,8,9
and a line element. These elements are all a subset of Green's function methods, and
defined in a 3-D space so that the planar and numerical convolutions to obtain the flow
line elements can have arbitrary rates of contaminants.
orientations. Arbitrary geometry and
arbitrary boundary conditions can be Network Geometry for GONET
simulated. This approach is particularly
suited to fractured rocks containing planar The network is defined by a set of
fracture zones and heterogeneous fracture Cartesian nodal coordinates and tables of
distributions. connectivities defining which transport

seoments connect which Dair of nodes. Each
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segment is assigned chemical properties and account possible uncertainty in hydraulic
physical properties. The chemical properties properties and uncertainties that might be
Include the particular rock and fracture introduced by model approximations, the
mineralogy and the groundwater salinity. The groundwater velocity in all segments is
physical properties are porosity, multiplied by a single, randomly-sampled
dispersivity, tortuosity for longitudinal scaling factor. In each simulation the
diffusive transport and a number of velocity in every segment in the network is
additional parameters used in matrix multiplied by the same value of the scaling
diffusion calculations. factor. This is equivalent to assuming

perfect correlation among groundwater
The geometry of the GONET network is velocities throughout the whole network.

determined as follows. When the Peclet This scaling factor is also applied to adjust
number for the transport segment is less than an empirical relationship between discharge
0.5, contaminant transport is dominated by area and well pumping rate.
molecular diffusion. In that case, the
GEONET pathways are constructed to give the The Well Model in GEONET
shortest diffusion paths to zones with
significantly higher groundwater flow. This An analytical well model7, derived using
pathway corresponds to diffusion down the complex potential theory and the method of
steepest concentration gradient. In other images, has been incorporated into the GEONET
cases, the GEONET pathways are constructed to model. The location of the intake position
closely match the groundwater flow paths as of the well and the pumping rate (well demand
determined by the MOTIF flow model and from the biosphere model) are variable. This
particle tracking. For segment Peclet well model is used to calculate four
numbers greater than 5, groundwater advection quantities: 1) the maximum well capacity, 2)
is the dominant mode of transport. For the drawdowns in the well aquifer, 3 the
segment Peclet numbers between 0.5 and 5, quantity of surface water captured by the
both advection and diffusion contribute to well, and 4 the fraction of contaminants
the transport. In locating the segments, moving in the well aquifer that is captured
care is taken to ensure that each segment has by the well.
uniform material properties and that
groundwater velocity does not vary The analytical well model is augmented
excessively over the volume of rock by empirical site specific equations for
represented by the segment. three additional items: 1) the drawdowns in

the vault, 2 a reduced discharge area and
The Groundwater Flow Model in GRONET volume, for the discharge affected by the

operation of the well, and 3 branching
As input, the GEONET model uses fraction for segments leading to the well

hydraulic head values for each node of the from aquitards outside the well aquifer.
transport network as determined by the MOTIF These equations were derived from MOTIF
flow model. It then does the additional head simulation results.
refinements associated with the presence of a
domestic groundwater-supply well. The The Transport Model in GEONET
permeability tensor used in the MOTIF model
Is projected onto each segment. From the GEONET calculates the transport rate of
refined heads GEONET determines the radioactive or chemically toxic contaminants,
groundwater flow velocity In each segment of through that portion of the geosphere
the network using Darcy's law. Additional represented by its network, by solving a
calculations are associated with the well, system of one-dimensional
groundwater discharges to surface, and advection-dispersion transport equations for
interfaces with the SYVAC3-CC3 biosphere and a radionuclide decay chain, including the
vault models. effects of retardation due to chemical

sorption and/or diffusion into regions of
Many of the properties of the geosphere stagnant water. These calculations are done

model, e.g. those associated with sorption, sequentially, segment by segment, using the
dispersion and the operation of the well are output of one segment as input boundary
randomly sampled from probability condition for the following segment in the
distributions in the Monte Carlo simulations; same pathway. Segments can also converge or
however, in order to maintain groundwater diverge. For converging segments, the
mass balance and correspondence with the contaminant mass flow rates are summed
MOTIF flow model, the segment network whereas for diverging segments the
geometry, the hydraulic properties of the contaminant mass flow rate is divided
network and the physical properties of the according to the branching ratio of
Groundwater are kent constant. To take into
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groundwater flux estimated from the particle tortuosities and 6 chemical and
tracking. mineralogical properties.

The properties of each transport segment GEONET MODEL VERIFICATION AND QUALITY
are assigned constant values in order to ASSURANCE
facilitate analytical solutions to the mass
transport equations. However each segment To build confidence in the correct
may have different properties from the implementation of GEONET, the following
adjacent segments in the transport pathway, quality assurance measures were undertaken:
thus explicitly representing chemical and 1) testing the function of the individual
physical heterogeneities along the transport modules of the code; 2 comparison of
paths. The change of material properties calculations with results obtained from
without complete mathematical coupling analytical solutions for some simple cases;
between the segments introduces slight errors 3) comparison with calculations done by
in the calculations due to the description of similar codes including those published in
the boundary condition. Under convection the open literature and those used in
dominated transport conditions, these errors INTRACOIN12 (International Nuclide Transport
are negligible and, under diffusion dominated Code Intercomparison) and PSAC13
conditions, these errors generally cause much (Probabilistic Systems Assessment Code User's
smaller variations in the results than the Group); 4 examination of results of
random variations incorporated into the Monte sensitivity analysis to ensure that the model
Carlo calculations. behaviour is consistent with the experience

of geoscience research staff and )
Chemical Retardation in GEONET comparison with calculations done by a 2-D

MOTIF advection-dispersion transport model.14
Chemical retardation is modelled using

an equilibrium linear sorption (k,) approach. APPLICATION TO CASE STUDY
Retardation factors are calculated, using
empirical equations, from the chemical and The geosphere model used in the case
mineralogical properties of each segment and study presented in the EIS to illustrate the
a set of contaminant/mineral-specific performance assessment methodology is based
coefficients.10 The redox condition can be on geoscience data from the Whiteshell
either oxidizing or reducing depending on Research Area (WRA).15,16 The WM covers an
depth. For each contaminant/mineral area of about 750 kM2 including a large
combination, and for either oxidizing or portion of the Lac du Bonnet Batholith a
reducing conditions, a sorption coefficient, granitic batholith in southeastern Manitoba.
kd, is determined from an empirical second- There is a moderate topographic slope from an
order polynomial in log(TDS) where TDS (Total elevation of 300 m in the south-east to 250 m
Dissolved Solids) is used as a measure of the in the north-west. The rock mass has a
salinity of the groundwater. Dependence of systematic fracturing which decreases with
kd on radionuclide concentration is treated depth. Embedded in the rock mass are several
approximately as an additional uncertainty. low-dip or vertical fracture zones of
The mineral specific kd1s are summed, relatively intense fracturing. The initial
weighted by the abundance of each mineral in conceptual hydrogeological model for the
the segment, to give an overall retardation reference postclosure assessment covered a
factor for each contaminant that is 27 km x 40 km area, almost bounded entirely
transported through the segment. The by the Winnipeg River system, and extended to
compilation and derivation of the sorption a depth of 4 km. The background rock was
coefficients are discussed in a supporting divided into five layers with permeability
document.11 ranging from 1-15 to 121 m2 and porosity

from 0.05Z to 003%. The major fracture
Summary of Data Passed to GEONET zones were assumed to have a uniform

thickness of 20 m and were modelled as porous
In summary, the data transferred to media with 10% porosity and 113 

GEONET, derived from field and laboratory longitudinal permeability. A hypothetical
work and from detailed groundwater flow vault, with an approximate area of 2 km x
modelling using MOTIF, are: 1) the geometry 2 km, was assumed to be located in the
of the transport network, 2 hydraulic heads batholith at 500-m depth, close to the site
at each node of the transport network, 3 of the URL where substantial subsurface
permeabilities for each segment projected information was available. Conservative
from the tensorial quantity used in MOTIF assumptions were made to ensure that the
onto the segment direction, 4 model ould not underestimate the rate of
dispersivities, 5) porosities and transport of contaminants from the vault,

throuffh the rock barrier. to the biosDhere.
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To assess the effect of proximity of a major variation and temporal evolution of
fracture zone the vault was situated close to groundwater head, temperature and velocity.
a lov-dip fracture zone. To assess the A particle-tracking technique as then
possibility of future inadvertent human applied to obtain the distribution of
activities, it was further assumed that there groundwater flow paths and travel times from
would be a domestic water-supply well that the vault to the biosphere. Detailed
would draw groundwater from this major sensitivity analyses" were performed to
fracture zone. determine the appropriate form of the

Geosphere Model for SYVAC3-CC3 and the
Several 2-D and 3-D finite-element features and processes that should be

models, based on the conceptual included to assure a reasonable
hydrogeological model of the WRA described representation of the geosphere transport
above, were constructed. The MOTIF code was pathways for the safety assessment
used to solve the coupled fluid flow and heat calculations.
transport equations to predict the spatial
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Figure 1. Selected Representative Particle Tracks and Equivalent GEONET Network and Nodes for
SYVAC3-CC3 Simulation: (a) Plan View Projection, (b) Vertical Section View Projection. Dotted
lines are particle tracks and solid lines are GEONET network.
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Conclusions from the MOTIF sensitivity the vault from the nearest fracture zone,
analyses were: (1) the local topography and thermal convection due to waste heat does not
the configuration of major fracture zones significantly affect groundwater travel
have major influence on the groundwater flow times; and 7 the presence of shafts and
patterns; 2 the nature of the topography in tunnels, variations in hydraulic properties
this area funnels the groundwater passing the of backfill materials, the existence of an
region of the vault into a discharge area excavation damaged zone, or the presence of a
much smaller than the area of the vault; 3 thermomechanically disturbed rock zone near
only that part of the flow field within about ground surface above the vault would not
1000 m of the vault boundary needed to be significantly affect transport from the vault
explicitly considered in modelling solute to the biosphere.
transport in the RA geosphere 4 both the
groundwater travel time and the area in the Figures la and lb show the plan view and
biosphere to which contaminated groundwater vertical section projections, respectively,
from the vault was predicted to discharge of the transport network that was developed
could be substantially reduced by pumping at from the results of the MOTIF hydrogeological
the vater-supply well; (5) the size of the modelling of the VRA, superimposed on
region of low-permeability sparsely fractured corresponding projections of particle tracks.
rock between the vault and the closest low- Most of the network segments and particle
dip fracture zone affects the contaminant tracks shown in the plan view map the
transport times and rates significantly; 6 asymmetrical flow field in the major fracture
thermal convection due to heat generation by zone passing near the vault. A 3-D view of
the fuel waste in the vault might or might the network and its connection to the vault
not be important depending on the size of the is shown in Figure 2. Each source node for
waste exclusion distance; for a case having the network begins in a unique vault sector.
46 m of sparsely fractured rock separating This network and the GEONET model

well

Z

Y'X

- Geonet
* CDnnection nodes
* Source nodes
x Dschwge nodes

Figure 2 A 3-D View of the GEONET Transport Network for the Reference Postclosure Case. Each
source node originates from a distinct vault sector.

successfully incorporate the heterogeneity of CONCLUSION
the site in a model used in Monte Carlo
simulations for the estimation of risk and A methodology has been developed for
uncertainty. condensing site characterization data and the
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