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A REVISED CONCEPTUAL HYDROGEOLOGIC MODEL OF A CRYSTALLINE
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D.R. Stevenson, A. Brown, C.C. Davison, M. Gascoyne, R.G. McGregor,
D.U. Ophori, N.W. Scheier, F. Stanchell, G.A. Thome and D.K. Tomsons

ABSTRACT

A revised conceptual hydrogeologic model of regional groundwater flow in the crystalline rocks of the Whiteshell
Research Area (WRA) has been developed by a team of AECL geoscientists. The revised model updates an earlier
model developed in 1985, and has a much broader database. This database was compiled from Landsat and airborne
radar images, geophysical surveys and surface mapping, and from analyses of fracture logs, hydraulic tests and water
samples collected from a network of deep boreholes drilled across the WRA.

The boundaries of the revised conceptual model were selected to coincide with the natural hydraulic boundaries
assumed for the regional groundwater flow systems in the WRA. These lateral boundaries are the Winnipeg River
stretches that surround the model area, Lac du Bonnet, the lower part of Bird River and a regional fault that lies
along the eastern boundary. The upper and lower boundaries are the water table and a horizontal plane 4 km below
ground surface. For modelling purposes the rocks below 4 km are considered to be impermeable. The rocks of the
modelled region were divided on the basis of fracture characteristics into three categories: fractured zones (FZs);
moderately fractured rock (MFR); and sparsely fractured rock (SFR). The FZs are regions of intensely fractured
rock. Seventy-six FZs were selected to form the fault framework within the revised conceptual model. This
framework was constructed by linking the more-prominent lineaments identified from Landsat and airborne surveys,
surface mapping and borehole data. The physical rock/water properties of the FZs, MFR and SFR were selected by
analysis of field data from hydraulic and tracer tests, laboratory test data and water quality data. These properties
were used to define a mathematical groundwater flow model of the WRA using AECL's MOTIF finite element code
(Ophori et al. 1995, 1996)

The hydraulic properties of the revised conceptual model were modified during an iterative process of mathematical
model calibration and conceptual model revision. This process included sensitivity analysis and matching of
equivalent fresh water hydraulic head and groundwater flux values calculated by the mathematical model and
comparison with the field measurements. The calibration process required the sparsely fractured grey granite to be
modelled as a separate domain with a dome-shaped upper surface. This domain underlies MFR of varying thickness
(the FZs and MFR are both intersected by the FZs network). The sparsely fractured grey granite has very low
permeability and contains dense brine pore water. The rock/water physical property distributions selected for the
revised conceptual hydrogeologic model produced a close match between the hydraulic characteristics calculated by
the mathematical model and the field measurements of these characteristics.
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UN MODÈLE HYDROGÉOLOGIQUE CONCEPTUEL RÉVISÉ D'UN MILIEU

DE ROCHE CRISTALLINE, AIRE DE RECHERCHE DE WHITESHELL,

SUD-EST DU MANITOBA AU CANADA

D.R. Stevenson, A. Brown, C.C. Davison, M. Gascoyne, R.G. McGregor,
D.U. Ophori, N.W. Scheier, F. Stanchell, G.A. Thorne et D.K. Tomsons

RÉSUMÉ

Un modèle hydrogéologique conceptuel révisé de l'écoulement régional des eaux souterraines dans les roches
cristallines de l'Aire de recherche de Whiteshell (ARW) a été élaboré par une équipe de géoscientifiques d'EACL.
Le modèle révisé est une mise à jour du modèle élaboré en 1985 et possède une base de données bien plus vaste.
Cette base de données a été compilée à partir des images Landsat et radar aéroporté, des levés géophysiques et de la
cartographie de surface, et à partir d'analyses des diagraphies de détection des fractures, des essais hydrauliques et
des échantillons d'eau prélevés dans un réseau de trous forés en profondeur dans l'ARW.

Les limites du modèle conceptuel révisé ont été choisies pour qu'elles coïncident avec les limites hydrauliques
naturelles hypothétiques des réseaux d'écoulement régionaux des eaux souterraines dans l'ARW. Ces limites
latérales sont les parties de la rivière Winnipeg qui entourent l'aire modèle, le Lac du Bonnet, la partie inférieure de
la rivière aux Oiseaux et une faille régionale qui s'étend le long de la limite est. Les limites supérieures et inférieures
sont la nappe phréatique et un plan horizontal situé à 4 km au-dessous de la surface du sol. Aux fins de la
modélisation les roches au-dessous de 4 km sont considérées comme imperméables. Les roches de la région
modélisée étaient divisées, d'après les caractéristiques de fracture, en trois catégories : zones fracturées, roches
moyennement fracturées et roches peu fracturées. Les zones fracturées sont des régions de roches fortement
fracturées. Soixante-seize zones fracturées ont été choisies pour former le réseau de failles dans le modèle
conceptuel révisé. Ce réseau a été construit en reliant les linéaments plus proéminents décelés à partir des levés
Landsat et aéroportés, la cartographie de surface et les données du trou de forage. Les propriétés physiques de la
roche et de l'eau des zones fracturées, de la roche moyennement fracturée et de la roche peu fracturée ont été choisies
par l'analyse des données sur le terrain obtenues par les essais hydrauliques et par traceur, des données des essais en
laboratoire et des données sur la qualité de l'eau. On a utilisé ces propriétés pour définir un modèle mathématique
d'écoulement des eaux souterraines de l'ARW en utilisant le code à éléments finis MOTIF d'EACL (Ophori et coll.,
1995, 1996).

Les propriétés hydrauliques du modèle conceptuel révisé ont été modifiées lors d'un processus itératif d'étalonnage
du modèle mathématique et de révision du modèle conceptuel. Ce processus englobait une analyse de sensibilité et
l'établissement de valeurs de charge hydraulique d'eau douce et de flux d'eau souterraine équivalentes calculées par
le modèle mathématique et la comparaison avec les mesures prises sur le terrain. Le processus d'étalonnage exigeait
que le granite gris peu fracturé soit modélisé en tant que domaine distinct avec une surface supérieure en forme de
dôme. Ce domaine est sous-jacent à la roche moyennement fracturée d'épaisseur variée (tant les zones fracturées que
la roche moyennement fracturée sont coupées par le réseau de zones fracturées). Le granite gris peu fracturé a une
très faible perméabilité et contient de la saumure interstitielle dense. La distribution des propriétés physiques de la
roche et de l'eau qui a été choisie pour le modèle hydrogéologique conceptuel révisé a produit une bonne
concordance entre les caractéristiques hydrauliques calculées par le modèle mathématique et les mesures sur le
terrain de ces caractéristiques.
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1. INTRODUCTION

AECL has the mandate of assessing the concept of disposing of Canada's nuclear fuel waste in a
mined repository deep within plutonic rocks of the Canadian Shield. This assessment has
included constructing a conceptual model of regional groundwater flow in the granitic and
gneissic rocks of the Whiteshell Research Area (WRA). This conceptual model provided the
physical basis for constructing a mathematical groundwater flow model, which was used to
define the hydraulic boundaries of a much smaller region around a hypothetical repository site for
performance assessment calculations. An earlier conceptual hydrogeologic model of the WRA
was constructed in 1985, and was based on existing geophysical and geological survey data,
laboratory test results and field tests in boreholes drilled at the sites of the Underground Research
Laboratory (URL) and Whiteshell Laboratories (WL). Between 1985 and 1994 additional
airborne and ground surveys were carried out at the WRA. A network of 15 deep boreholes was
drilled at selected regional sites located across the WRA (Figure 1), and an intensive program of
logging, sampling, testing and monitoring was performed in these boreholes. These data were
added to the original data sets from the URL and WL sites to provide a much broader database
for developing a revised conceptual hydrogeologic model, more representative of the regional
hydrogeologic conditions in the WRA. The procedures used to construct the revised conceptual
model and the model elements are described in this report.

2. CONCEPTUAL MODELLING PROCEDURES

The procedures used to construct the initial conceptual model of hydrogeologic conditions in the
WRA are described in detail by Davison et al. (1994a), and the procedures followed in
developing the revised conceptual model are similar in many respects to those used initially. The
differences in the models are due mainly to the analysis and integration of a much broader
database of regional information for the revised model. This database was derived from the
logging, testing, sampling and monitoring in the 15 deep boreholes drilled in the various Grid
Areas across the WRA and from some additional boreholes drilled at the WL and the URL sites.
Surface traces of lineaments identified from Landsat Thematic Mapper, synthetic aperture Radar
(SAR) images, additional airborne geophysical surveys and aerial photographs of the WRA were
part of the database as well. These additional data sets were analyzed and integrated by the
modelling groups (Figure 2) to form the main elements of the conceptual model.

Subsequently these elements of the conceptual model were translated into a mathematical
groundwater flow model, using AECL's finite-element MOTIF code (Ophori et al. 1995, 1996).
This mathematical model was used to calculate hydraulic-head distributions and groundwater
flux and velocities. The values calculated by the mathematical model were compared with the
corresponding information from field measurements to calibrate the groundwater flow model.
Where necessary, more appropriate property values or boundary conditions were assigned to
regions of the model to produce model calibration. The calibration process was iterative and was
repeated until the calculated values closely matched the measured values. There was close
collaboration between the mathematical modelling team and the field geoscientists of the
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conceptual model development team during the calibration process, to ensure that the parameter
distributions used in the mathematical modelling were consistent with the field evidence. In
some cases feedback from the modelling exercise required a rethinking of the conceptual
hydrogeologic model and an evaluation of additional field information to ensure consistency.

3. REVISED CONCEPTUAL HYDROGEOLOGIC MODEL ELEMENTS

31 HYDROGEOLOGIC BOUNDARIES AND LAND SURFACE DRAINAGE

The southeastern, southern and western boundaries of the revised, conceptual hydrogeologic
model were selected to coincide with the reaches of the Winnipeg River from the Pointe du Bois
dam on the eastern side of the modelled area to near the northern end of Lac du Bonnet
(Figure 3). The northern and northeastern boundaries of the model were selected to coincide
with the northeastern part of Lac du Bonnet and the lower reaches of Bird River, and a regional
fault F-F1 (Figure 3). The Winnipeg River stretches from the major topographic lows in the
WRA, and range in elevation from 285 m below the Pointe du Bois dam to 255 m at
Lac du Bonnet. Because these stretches of the river are hydraulically connected to the regional
water table, they are assumed to form lateral no-flow boundaries between adjacent regional
groundwater flow systems. The regional fault F-F1 coincides with the valley bottoms of small
tributary streams that lie along the fault zone. These tributary valleys containing the F-F1 fault are
the lowest local topographic features, and because the F-F1 fault also parallels the regional
hydraulic gradient, it is considered to be a no-flow boundary. Thus, all of the lateral boundaries
of the revised, conceptual hydrogeologic model were modelled as no-flow boundaries.

The upper and lower boundaries of the model were assumed to coincide with the water table and
a hypothetical horizontal plane 4 km below ground surface. Below a depth of 4 km the sparsely
fractured rocks are considered impermeable for groundwater flow modelling purposes. A water
table map and the analysis of observation well data reveal that the water table in the WRA is a
subdued replica of the topographic surface, and that the water table divides roughly coincide with
the surface water catchment boundaries (Stevenson and Broadfoot 1994). The elevations of the
water table at the regional divides are up to 50 m higher than at the regional lows. Depths to the
water table range up to 15 m below ground surface in upland areas and are from one to two
metres below ground surface in low-lying areas. Water table elevations fluctuate from 4 to 6 m
per year in upland areas and less than one metre in low areas. Because these fluctuations are not
more than 10 % of the total relief, the water table configuration (the upper surface of the
conceptual model) is considered to be at a steady state. Water table slopes in URL local uplands
range up to 4 %, whereas regional slopes range up to 0.4 % (the average regional slope is about
0.2 %).

The southeastern, southern, western and northern borders of the modelled area (Figure 3) are
drained by many small creeks which are tributaries of the Winnipeg River and Lac du Bonnet.
The central, northeastern and eastern parts of the area are drained by small tributaries of the
Pinawa Channel, Boggy Creek and Rice Creek, which are tributaries of the Lee River. The
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Lee River flows into the eastern part of Lac du Bonnet. The northeastern corner of the
conceptual model area is drained by small creeks tributary to Bird River, which flows into the
eastern end of Lac du Bonnet.

32 SURFICIAL MATERIALS DISTRIBUTION AND HYDRAULIC PROPERTIES

In the eastern part of the WRA (east of Pinawa Channel), granitic and gneissic rock crop out at
ground surface over much of the area. In this part of the WRA surficial materials generally
occupy only open fractures and depressions in the outcrops. These materials are more
widespread in the lower parts of stream valleys where soil thicknesses of up to 20 m have been
encountered. In the western part of the WRA most of the bedrock has a soil cover that reaches
thicknesses of 30 m along the larger creek channels. Surficial materials consist of one or more
thin lenses (up to 1.5 m thick) of silty sand, sandy silt or silty clay which overlie a thicker layer
(up to 13 m) of silty clay or clay (Betcher 1983; Thome 1990). In most low-lying areas these
inter-layered sediments are overlain by a thin layer of organic soil (usually less than 0.5 m thick)
and underlain by a silty to sandy till (up to 3 m thick). The silty clay to clay layer is widespread
over lower valley sides, in depressions and over valley bottoms in the central, western and
northern parts of the WRA. Both near-vertical and sub-horizontal fractures have been reported in
some drill samples of the thick clay layer and in some till samples.

Permeabilities of the different soil layers, calculated from hydraulic conductivity values given by
Betcher (1983) and Thorne (1990) are as follows: from IE-14 up to IE-13 m2 for the sandy
layers (and for some till samples); from IE-16 to IE-15 m2 for the silty layers (and for some till
samples); and from IE-18 to IE-13 m2 for the thick clayey layers. The wide range of
permeability values for the till and clay samples is thought to be due to the sporadic occurrence
of fractures in those materials and in the samples tested (the higher the degree of fracturing the
higher the permeability). Because the permeabilities of the silt and most of the clay samples are
within the permeability range determined for the moderately fractured bedrock near ground
surface, a separate discrete soil layer was not included in the revised conceptual model.

33 CRYSTALLINE ROCK LITHOLOGIC BOUNDARIES AND FAULT
DISTRIBUTION

The revised conceptual model area contains the northern and southern contacts of the granitic
Lac du Bonnet Batholith (Figure 4), which trends east-northeastward. The batholith is
Precambrian age and is composed of several plutonic intrusions: the main intrusion is grey
granite which contains a pink porphyritic granite at its upper surface (possibly a roof zone), and
local bands of xenolithic and schlieric granites. There are hornblende-biotite and foliated
granites in the eastern part of the area which are thought to be part of an earlier intrusion within
the batholith (McCrank 1985; Brown et al. 1994). The granitic rocks of the batholith have a
sharp metamorphosed contact with rocks of the Bird River Greenstone Belt in the northeastern
part of the area, and a gradational contact with gneissic rocks in the northwest and along the
southern boundary. Both contacts are considered to dip southward, and results of two-
dimensional modelling of magnetic and gravity survey data (Davison et al. 1994b) show that the
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dip of the northwestern contact is relatively shallow. These models indicate that the
Lac du Bonnet Batholith is at least 15 km deep.

Surface traces of bedrock master joints, fracture zones and faults (FZs) and dykes have been
mapped as linear features (lineaments) from aerial photographs, Landsat Thematic Mapper (TM)
and synthetic aperture Radar (SAR) images, and from maps produced from airborne geophysical
surveys (Dvorak 1988) and geologic mapping. In developing the regional scale fault network for
the conceptual model, lineaments of more than 350 m ground length (thereby eliminating the
near-surface master joints) were identified (using standard criteria) from an enhanced Landsat
TM false colour image of a map area somewhat larger than the model area (Figure 4). These
lineaments were digitized to form a computer database of lineament location, length and
orientation, and were compiled into Zone 15 UTM coordinates. Subsequently, the lineament
numbers were reduced by joining adjacent collinear lineaments depending on the amount of
separation and offset between them (Brown 1994). The linking process reduced the number to
about 400 larger composite lineaments (Figure 4). Other FZs included in the conceptual model
were: potentially permeable FZs identified from the airborne geophysical survey data (linear
features indicative of reduced magnetic susceptibility in FZs due to weathering; D. Tomsons,
pers. comm.) and from linear groundwater discharge features (boggy areas, beaver dams and
phreatic plants) along stream channels (Stevenson 1994a); and major linear geographic features
such as linear stretches of stream channel considered to be structurally controlled.

The FZs identified from only the airborne geophysical survey data were located mostly in the
western part of the WRA where few lineaments had been mapped from the other remote sensing
data sets because of the thick soil cover. Some of these FZs were selected for input to the model
and additional faults were added to keep the assumed fault pattern and density in the area of thick
soil cover similar to that found in the better exposed areas. A slightly higher density of faults
was attributed in the central part of the model area where most of the subsurface hydrogeological
information existed.

34 SELECTING THE FAULT FRAMEWORK FOR THE REVISED CONCEPTUAL
HYDROGEOLOGIC MODEL

The revised conceptual model area is considerably smaller than the lineament map area
(Figure 4) and contains only 211 of the selected 500+ compound lineaments and discrete fracture
zones that were identified in the larger map area. These numbers were still too large to represent
in the mathematical groundwater flow model using the MOTIF finite element code (less than 100
individual fracture zones could be modelled). Before further reduction was carried out, those
lineaments that coincided with the linear groundwater discharge features and with the surface
extensions of the major fracture zones that had been intersected by deep boreholes in the various
Grid areas across the WRA were identified for inclusion in the conceptual model. Included as
well were the lineaments that had been identified as potentially permeable FZs (from the airborne
geophysical survey data) in the western part of the WRA where there is a thick soil cover.
Subsequently, the remaining lineaments were selected by retaining the major lineaments within
those regions of the batholith where borehole data existed. A total of 76 lineaments were thus
selected and assumed to comprise the regional fault framework within the revised conceptual



- 5 -

model area (Figure 5). The lateral boundaries of the revised conceptual model were assumed to
represent sub vertical faults.

Of the 76 FZs selected within the revised model area, only a few had been intersected by
boreholes or field checked, and for these few the dips were measured or calculated. Dips of the
remaining fracture zones were assigned according to a set of rules, based on the strike-dip
relations of known fractures in a particular locality or based on the general orientation and
characteristics of fracture zones over the whole batholith (Brown 1994). A little more than half
of the 76 FZs have low-intermediate dips, and these dip directions in order of magnitude are
southeasterly, northeasterly and northwesterly (the dip directions of all of the low-intermediate
dip FZs in the 1985 conceptual model were southeasterly). Dip angles were simplified to
improve modelling efficiency by assigning an angle of 25 degrees to most fractures of low-
intermediate dip (excepting two faults of known dips of 10 and 50 degrees) and 90 degrees to all
the steeply dipping fractures. Lengths of fracture-zone extensions downdip were determined by
considering drilling and mining experiences, relations between composite fracture lengths, and
stress conditions and fracture development and orientation (Martin et al. 1994). These
experiences and relationships were combined into a set of rules (Brown 1994) that were used to
determine the downdip extensions of the 76 fracture zones in the conceptual model. As a result
the vertical FZs were extended to the base of the model at 4 km and the low-intermediate dip FZs
were projected to 2 km depth or to intersections with larger dipping or vertical FZs.

3.5 FRACTURED ROCK TYPES

The upper 1000 m of the crystalline rock at the WRA has been cored in numerous boreholes at
the URL and WL sites and at five Grid areas located across the WRA. Based on the fracture logs
and geophysical logs from these boreholes, the intersected rocks in both granitic and gneissic
terrains can be divided into three different domains of fracturing: intensely fractured rock or
fracture zones (FZs); moderately fractured rock (MFR); and sparsely fractured rock (SFR). The
FZs comprise intensely fractured rock and include very short lengths of MFR adjacent to the FZs.
The MFR comprise altered pink granites or gneissic rocks that are intersected by networks of
shallow to steeply-dipping fractures. Some short lengths of SFR are included in the domains of
MFR. The SFR comprises pink or grey granites that contain some microcracks along and within
grain boundaries, and only sparsely-distributed single fractures This categorization depends on
the investigation or modelling scale. For example, at the local modelling scale where
discretization is done on the scale of a few metres or less, the rocks intersected in borehole WG2
(Figure 6) include 4 FZs, 3 regions of MFR and 1 region of SFR. However, at the regional
modelling scale where the discretization is done on the scale of tens to hundreds of metres, the
rocks in WG2 are represented as 2 FZs separated by one domain of MFR, and underlain by a
SFR domain.

Based on the logs of the boreholes drilled in the Lac du Bonnet Batholith, the following
generalizations about the fracture conditions encountered can be made: most of the major FZs
were intersected within 300 m of ground surface, and have a low-intermediate dip; the average
geometric mean thickness of the major FZs is 3 m; some boreholes intersected FZs between 500
and 1000 m depth, but subsequent hydraulic testing indicated that these FZs were of limited
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extent and bounded by less-permeable rock; regions of MFR occur mostly within 300 m of
ground surface, and they contain two or more sets of shallow to steeply-dipping fractures; and
below 300 m depth regions of MFR only occur adjacent to fracture zones. Large volumes of
SFR have been intersected in most deep boreholes drilled at the WRA, and the depth to the top of
these domains (of thickness greater than 300 m) ranges from less than 100 m at Grid area G to
over 1000 m at Grid area B. The depth to the top of a massive volume of SFR is about 240 m at
Grid area D and 130 m at URL 13 in the southwestern part of the URL site. The intersected
thicknesses of these very large domains of SFR were: 400 m in borehole WD3; more than 620 m
in borehole WG1; and more than 800 m in both boreholes URL2 and URL 13 at the URL site. At
Grid areas A and B and at the northeastern part of the URL site the intersected thicknesses of the
domains of SFR were less than 300 m. Based on the limited borehole data for gneissic terrain in
the WRA (only one deep borehole was drilled at J site), most of the rock intersected from ground
surface to 1000 m depth comprised FZs and MFR domains. However, a 230 m thick volume of
SFR was intersected between 370 and 500 m depths in the gneissic terrane. Many of the FZs in
the gneissic rock in borehole WJ1 were infilled with secondary minerals and had relatively low
permeability.

3.6 PERMEABILITY DISTRIBUTIONS

Straddle packer hydraulic tests and interference tests were performed in most of the boreholes in
the study areas. The straddle packer tests were done to obtain near-field permeability
distributions for the FZs, MFR and SFR in the upper 1000 m of rock. Long-duration interference
tests were done in FZs to obtain far-field average estimates of permeability and specific
storativity values. Analysis of interference test data indicates that radial flow occurs in many of
the fracture zones in response to drawdown. However, in other cases the drawdown cone is
elongated (Davison 1984), indicating anisotropic or heterogeneous permeability distributions and
channelling within those FZs. Leaky aquifer, double porosity, and bounded or closed reservoir
effects have also been indicated by pumping test data analysis. Very-long duration pumping tests
completed at the URL during calibration of the initial groundwater flow model of WRA
(Davison and Guvanesen 1985), as well as observations of piezometric-level drawdown around
the URL shaft in response to excavation, show that the FZs in the upper 300 m of the rock are
interconnected and behave as hydraulic continuums. Therefore, we have assumed that the
average permeability value determined from a hydraulic test of a FZ represents the average far-
field lateral permeability of the FZ. Similar conditions have been assumed for interpreting the
hydraulic tests in domains of MFR. Radial flow and isotropic conditions were assumed in
analyzing the straddle packer tests performed in domains of SFR. The calculated radius of
influence of the hydraulic tests in the domains of SFR was very small (a fraction of a metre), and
a constant local microcrack distribution was assumed (i.e. no anisotropy).

Results of the straddle packer and pumping tests are summarized in permeability versus depth
plots (Figures 7 and 8). These indicate a decrease in permeability with depth for the domains of
FZs, MFR and SFR at the WRA. The permeability values chosen for the revised conceptual
model are shown in Table 1. Permeability decreases step-wise with depth, and ranges from
7.5E-19 to IE-13 m2 for FZs, from 6E-18 to 1E-15 m2 for domains of MFR, and from 1E-21 to
7.7E-19 m2 for domains of SFR. Permeabilities of the FZs did not decrease with depth in the
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1985 conceptual model. The limits of the permeability ranges chosen for the domains of MFR
and SFR are similar to those used in the 1985 conceptual model (Table 2), but the rate of
permeability decrease with depth is greater in the revised conceptual model. In the revised
conceptual model vertical permeability was considered to be an order of magnitude greater in the
upper 300 m of MFR in granitic terrain, because the borehole logs indicated the presence of
pervasive, intersecting, steeply-dipping fracture sets. This condition of enhanced vertical
permeability was assigned to the domains of MFR in the upper 1000 m of gneissic rock, because
steeply-dipping discrete fractures were intersected throughout the depth of the borehole drilled in
gneissic terrain (WJ1). These permeability distributions were initially used to construct the
revised conceptual model of the WRA, although they were subsequently adjusted during
calibration of the mathematical groundwater flow model (described later in Sections 3.9 and 4).

3-7 POROSITY DISTRIBUTIONS

Porosity values for FZs were determined from field tracer tests performed at the WN and URL
sites (Frost et al. 1995a,b) and ranged from 0.02 to 0.042. The porosity values selected for the
FZs in the revised conceptual model ranged from 0.05 in the upper 1000 m of FZ depth to 0.005
at 3200 m depth and below (Table 1). Porosity values used for the MFR and SFR are based on
laboratory tests of core samples (Katsube and Hume 1987), which have been adjusted to account
for the apparent increase in porosity with depth (as a result of lithostatic pressure release during
coring) that was evident in the laboratory test results. The porosity values for MFR and SFR
used in the revised conceptual model ranged from 0.005 in the upper 1000 m to 0.001 at 3200 m
depth and below. The porosity values used in the deeper regions of the revised conceptual model
are lower than in the 1985 conceptual model (Table 2). The porosity values selected for the
revised conceptual model were finally reduced from these values during subsequent calibration
of the mathematical groundwater flow model (described later in Sections 3.9 and 4).

3 8 DISTRIBUTIONS OF GROUNDWATER SALINITY AND OTHER
ROCK/WATER PROPERTIES

Salinity concentrations in groundwaters sampled from domains of FZs, MFR and SFR in the
WRA and their changes with depth are described by Gascoyne et al. (1996a,b). The salinity
concentrations selected for the FZs in the revised conceptual model ranged from 0.5 g/L at the
water table (Table 3) to 200 g/L at 2000 m depth and below; salinity concentrations selected for
the MFR were 10 g/L between the water table and 200 m depth and 50 g/L between 200 and
300 m depth; and salinity concentrations selected for SFR were 100 g/L between 300 and 1000 m
depth and 200 g/L between 1000 m depth and the bottom of the model. A change in the SFR
salinity concentrations in some regions of the revised conceptual model was made during
calibration of the mathematical groundwater flow model, to achieve a better match between the
equivalent fresh water hydraulic head values calculated by the model and the values calculated
from the field data (this is discussed in the following Section 3.9).

Other measured or calculated rock/water properties used in the analysis of the hydraulic test data
and the sources of the information are: rock and water compressibility values (taken from the
literature: Annor and Jackson 1987; Kell 1975); groundwater temperature (taken from WRA
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borehole temperature surveys: D. Tomsons, pers. comm.); FZ water and rock-matrix water
density values (calculated from formulae given in the literature: Kell 1975; from regression
analysis of salinity versus density values of FZ waters and of NaCl and CaC^ solutions,
R. Watson, pers. comm.; and from an AECL report, Stevenson et al., in prep.); and FZ waters
and rock-matrix waters viscosity values (taken from the literature and calculated: Wolf et al.
1981).

39 HYDRAULIC HEAD DISTRIBUTIONS AND CHARACTERISTICS
OF THE SPARSELY FRACTURED GREY GRANITE DOMAIN

Hydraulic heads were calculated for the piezometer intervals that have been isolated by Westbay
multi-packer (MP) casing systems for many years in the network of boreholes in the WRA.
These hydraulic head data were used to calibrate the revised, mathematical groundwater flow
model. Most of the boreholes were collared in bedrock in upland areas where recharge
conditions are likely to be present (at least near the water table). For example, the Westbay MP
casing system installed in borehole WG2 (located on a local bedrock high) has fourteen
piezometer intervals (Figure 9a). Intervals #1 to #4 span regions of FZs and MFR within 60 m of
the water table. Piezometric levels in these shallow domains of fractured rocks rise in early
spring, summer and fall in response to groundwater recharge from spring snowmelt and heavier
spring, summer and fall rains (Figure 10). These piezometric levels decline in late summer and
winter seasons when recharge ceases. The rapid piezometric-level response to groundwater
recharge is indicative of the low storativity, high hydraulic conductivity and good FZ
interconnectivity in the shallow, fractured rock networks.

The hydraulic gradient between piezometer intervals #1 to 4 (Figure 9a) indicates downward
flow (a groundwater recharge condition) in the upper 60 m of saturated rock at WG2 site.
Similar conditions are recorded in most of the boreholes at the various WRA Grid areas as well
as at the URL. For example, between piezometer intervals #1 to 4 in borehole URL 13
(Figure 9b) the hydraulic gradient indicates a downward recharging flow. The hydraulic head
values shown in Figures 9a and 9b are expressed as equivalent fresh water (EFW) hydraulic
heads, because the measured pressure head data (P, or gauge pressure in kPa) were converted to
hydraulic head (h in m) using fresh water density (rfw in g/L) values in the conversion equation:

h = 1000*P/(rf\v*g) + piezometer port elevation (modified from Hubbert 1940).

Because the FZs and MFR intersected in the shallow groundwater flow regions of most boreholes
at the WRA contain fresh water (Gascoyne, pers. comm.), the EFW density (1000 g/L) equals the
environmental water density (Lucynski 1961). As a result, the calculated EFW hydraulic head
equals the environmental hydraulic head for intervals in the shallow groundwater flow regions
that contain FZs and MFR. The environmental hydraulic head is calculated by substituting the
average density of the water column for fresh water density into the equation given above.
Environmental hydraulic head is used in regions of varying groundwater density to determine
vertical hydraulic gradient and groundwater flow direction.
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In the WRA, massive volumes of SFR occur below the more-shallow domains of FZs and MFR.
The depths to these domains of SFR varies across the WRA. For example, Figures 9a and 9b
show that in boreholes WG2 and URL 13 the tops of thick volumes of SFR occur at about 130
and 150 m elevations (148 and 131m depths). These figures also show that in both boreholes
the SFR consists of a relatively-thin upper layer of pink granite underlain by a thick volume of
grey granite. Analysis of grey granite pore water collected at the 420 m depth in the URL reveals
that the dissolved mineral content of the pore fluid ranged up to 90 g/L (Gascoyne et al. 1996b)
and consisted of mostly CaC^. The densities of these saline pore waters from the SFR are up to
8 percent higher than the density of fresh water, which results in lower environmental hydraulic
head values compared to the EFW hydraulic head values. For example the EFW hydraulic head
in interval #14 in WG2 (Figure 9a) is 305 m, which would be anomalously high in a fresh water
flow system (in a fresh water flow system the hydraulic head along the flow path should lie
between the flow-path recharge and discharge area elevations: 300 and 255 m in the WRA
catchment containing borehole WG2). But if the SFR average pore water salinity is 100 g/L (the
salinity value given in Table 3 for the rock matrix or the SFR between 300 and 1000 m depth in
the revised conceptual model), the resulting environmental head would be about 291 m.
Similarly, if an average pore water salinity of 100 g/L is used in the calculation of environmental
head for the SFR in piezometer interval 11 in borehole URL13 (Figure 9b), which has an EWF
hydraulic head of 340 m, the environmental hydraulic head would be about 318 m. This
environmental hydraulic head value is still anomalously high considering that the maximum
water table elevation in the recharge area is about 300 m. Similar anomalously-high
environmental hydraulic heads were calculated for piezometer intervals that span thick volumes
of sparsely fractured grey granite in other deep WRA boreholes (WG4, WB3 and WD3) when
the average salinity value of 100 g/L was used to convert pressure head to environmental
hydraulic head. On the other hand, if salinity values of 200 g/L are assumed for the pore fluids in
these domains the calculated environmental heads fall within flow-system boundary elevation
limits.

Permeability values of from 1E-21 to 2E-21 m2 were calculated for the sparsely fractured grey
granite rock mass at the 420 m depth at the URL site using the near steady-state data of recorded
seepage rates into open boreholes designated for water sampling (Stevenson et al., in prep.).
These permeability values are somewhat lower than the permeability values initially selected for
the domain of SFR at 420 m depth in the revised conceptual model (Table 1). Based on the
apparent association between the presence of high EFW hydraulic head (apparently caused by the
dense brine pore water, i.e. 200 g/L) and extremely low permeability conditions in some regions
of sparsely-fractured grey granite, these regions were considered to be part of a separate domain
of SFR (Stevenson 1994b). Therefore, the depth and elevation at the top of a 300 m or more
thick volume of sparsely fractured, grey granite (apparently containing a dense brine pore fluid)
were recorded for each borehole at the WRA. A plan view of the structural contours for the top
of this domain were drawn using a plotting program (Figure 11). The shape of the top of this
domain revealed a ridged or domed surface, which lies at a shallow depth along the southern part
of the Lac du Bonnet Batholith and is much deeper in the northern part. This extra domain of
sparsely fractured grey granite containing dense brine pore fluid was added to the conceptual
model of the WRA to aid in calibrating the groundwater flow model, particularly to match the
pore pressures recorded in the boreholes.
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4. THE FINAL REVISED CONCEPTUAL HYDROGEOLOGIC MODEL OF THE WRA

The last step in constructing the revised conceptual model was to adjust the physical properties of
the model domains until the EFW hydraulic heads and groundwater flux computed by the
mathematical groundwater flow model matched the field data. For example, during the early
stage of model calibration when initial physical property values were used, the computed values
of EFW hydraulic head in the lower portions of several boreholes were much below those
determined from the field data (Ophori et al. 1995). However, after the very low permeability
and much greater groundwater density values were assigned to the extra domain of sparsely
fractured grey granite and its dome-shaped upper surface was built into the mathematical model,
the EFW hydraulic heads calculated by the model gave a reasonably close match to those
calculated from the measured values for most boreholes. In addition, the calculated rate of
groundwater recharge and discharge within the upper surface of the model closely matched the
field estimates (Thome 1992; Thorne and Gascoyne 1993). Thus, the conceptual model that
produced acceptable agreement between the calculated and observed EFW hydraulic head
distribution and groundwater recharge/discharge rate was considered to be representative of the
field conditions in the modelled region.

The final hydraulic properties used in the revised, conceptual hydrogeologic model (after
calibration of the revised mathematical model) are given in Table 4 and are shown schematically
in Figure 12. The top of the grey granite sparsely fractured rock domain containing dense brine
pore fluids has the form of a domed surface, and ranges in depth from less than 200 m in the
southern part of Lac du Bonnet Batholith to 700 m in the northern part. Permeability values for
this domain range from 5E-20 m2 at the top to 1E-21 m2 at 1000 m depth and below. The pore
water salinity of this domain is assumed to be 200 g/L throughout (Gascoyne et al. 1996a).

5. SUMMARY

A revised conceptual model of large scale groundwater flow in the crystalline rocks of AECL's
Whiteshell Research Area (WRA) in southeastern Manitoba was developed by a team of AECL
geoscientists. This conceptual model defines the basis for a mathematical groundwater flow and
solute transport model (Ophori et al. 1995, 1996) and updates an earlier model that was
constructed in 1985 (Davison et al. 1994a). Between 1985 and 1994 additional satellite, airborne
and ground surveys were carried out at the WRA and fifteen deep boreholes were drilled at Grid
areas scattered across the WRA. A detailed program of logging, sampling, testing and
monitoring was performed in these boreholes. These data were added to the original data sets to
provide a much broader database for developing and calibrating a revised conceptual model of
groundwater flow at the WRA.

The lateral boundaries of the revised conceptual model were selected to coincide with the
Winnipeg River and with a large regional fault. The upper and lower boundaries of the model
coincide with the water table and a depth of 4 km below ground surface, respectively. The rocks
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of the modelled region were divided into domains on the basis of the degree of fracturing:
fracture zones (FZs); moderately fractured rock (MFR); and sparsely fractured rock (SFR). The
FZs comprise intensely fractured granite or gneiss, and have steep or low-intermediate dips.
Seventy- six FZs were selected to form the fault framework in the revised conceptual model,
about half of which have low-intermediate dips. The low-intermediate dip fractures terminate
down-dip against more-steeply dipping fractures or at 2 km depth. The domain of MFR consists
mostly of pink granitic rock or gneiss that contains two or three sets of spaced, interconnected,
discrete fractures. The MFR occurs from ground surface to between 200 and 300 m depth, and
adjacent to deeper fracture zones. The domain of SFR underlies the MFR and comprises large
volumes of granite or gneiss which contain only microcracks and minor, mesoscopic, isolated
fractures. Permeability and porosity range from: 7.5E-19 to 1E-13 m2 and from 0.005 to 0.05
respectively for FZs; from 6E-18 to IE-15 m2 and 0.003 respectively for MFR; and from 1E-21
to 7.7E-19 m2 and from 0.003 to 0.001 respectively for SFR. A vertical to horizontal
permeability ratio of 10:1 was determined for the granitic MFR to a depth of 300 m, and for the
gneissic MFR to a depth of 1000 m. The salinities of FZ waters and rock matrix pore fluids
increase with depth, from 0.5 and 10 to 200 g/L.

A mathematical groundwater flow model was constructed to represent the hydrogeologic
conditions of the conceptual model using AECL's MOTIF finite element code. Hydraulic head
distributions and groundwater flux and velocities were calculated by the mathematical model.
The calculated values of hydraulic head did not match the measured data from mid-depth to the
bottom of several boreholes in the Lac du Bonnet Batholith, until the massive, sparsely-fractured,
grey granite rock intersected in these boreholes was modelled as a continuous domain with a
domed upper surface. This extra domain comprises thick volumes of grey granite that have very
low permeability (5E-20 to 1E-21 m2) and a very high pore water salinity (200 g/L). This extra
domain of sparsely fractured grey granite underlies the other domains of MFR and SFR, and
ranges in depth from 200 to 1000 m below ground surface.
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TABLE1

PERMEABILITY AND POROSITY DISTRIBUTIONS IN THE REVISED,

CONCEPTUAL HYDROGEOLOGIC MODEL OF THE

WHITESHELL RESEARCH AREA

Rock Type Layer Approximate
Depth (m)

Horizontal
Permeability (m2)

Vertical
Permeability (m2)

Effective
Porosity

MFR*
MFR
MFR
SFR*

SFR

SFR

SFR

SFR
SFR
SFR
SFR
SFR
SFR

1
2
3
4

0- 100
100- 200
200-300
300-400

400- 500

6

7

8
9

10
11
12
13

500- 750

750-1000

1000-1250
1250-1600
1600-2000
2000-2500
2500-3200
3200-4000

1.0 x
4.46 x
5.99 x
7.74 x
7.74 x
3.15 x
3.15 x
3.35 x
3.35 x
1.36 x
1.36 x
1.0 x
1.0
1.0
1.0
1.0
1.0

lO"15

1 0 1 7

1018

101 9*
10 l 9 +
101 9*
10 l9

20

2I
I0
10
102l

10"2'
10"21

lO 2 1

io-2 1

io-2 1

10'

1.0
4.46
5.99
7.74
7.74
3.15
3.15
3.35
3.35
1.36
1.36
1.0
1.0
1.0
1.0
1.0
1.0

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

1 0 "
1016

io-"
10"18*
101 9 +
1 0 1 8 *
101 9 +
10 1 9 *
io-2o+
10 20*

io-21 +
1021

1021

lO21

10"21

io-21

1021

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.0046
0.0041
0.0035
0.003
0.002
0.001

Fracture Zones Approximate
Depth (m)

Longitudinal
Permeability (m2)

Transverse
Permeability (m2)

Effective
Porosity

Layer 1
Layer 2
Layer 3
Layer 4
Layer 5
Layer 6
Layer 7
Layer 8
Layer 9

Layer 10
Layer 11
Layer 12
Layer 13

* Gneiss
+ Granite

0- 100
100- 200
200- 300
300- 400
400- 500
500- 750
750-1000

1000-1250
1250-1600 i
1600-2000 '•

1.0
1.0
1.0
.0

1.0
.0
.0
.56

5.44
1.61

2000-2500 2.58
2500-3200
3200-4000

.37
'.52

x 1 0 "
x 10""
x 10""
x Iff13

x 1014

x 10"ls

x 1016 1
x Iff"
x 10"18 I
x 10 18 ^

1.0
1.0
1.0
1.0
.0
.0
.0
.56

5.44
L61

x 10"18 2.58
xlO"18 .37
x 10 19 7.52

x 1 0 "
x IO"IJ

x Iff"
x Iff13

x 1014

x 1 0 "
x 1016

x 1017

x 1018

x 1018

x 1018

x l O 1 8

x 1 0 "

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.046
0.041
0.035
0.028
0.018
0.005
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TABLE2

PERMEABILITY AND POROSITY DISTRIBUTIONS IN THE

1985 CONCEPTUAL HYDROGEOLOGIC MODEL OF THE

WHITESHELL RESEARCH AREA (AFTER DAVISON ET AL. 1994B)

Rock
Mass

Approximate
Depth

(m)

Horizontal
Permeability (m)

Vertical
Permeability (m)

Effective
Porosity

Layer 1
Layer 2
Layer 3
Layer 4
Layer 5

0- 150
150- 300
300-1500

1500-2800
2800-4000

l.Ox 10 "
l.Ox 10'7

1.0x10""
l.Ox 10"20

l.Ox 10"2'

5.0 x 1 0 "
5.0 x 10"'7

LOxlff"
l.Ox 10"20

l.Ox 10'21

5.0 x 10'
4.0 x 10'
3.0 x 10"'
3.0 x 10"'
3.0 x 10 l

Fracture Zones Longitudinal
Permeability (m2)

Transverse
Permeability (m2)

Effective
Porosity

l.Ox 10" 5.0 x 10 l4 l.Ox 10 '

TABLE 3

RANGES IN SALINITY (as TDS) FOR GROUNDWATERS DEFINED IN THE REVISED

GEOSPHERE MODEL FOR ROCK MASSAND FRACTURE ZONE LAYERS

Rock Type Layer Depth Interval
(m)

TDS*
(g/L)

Moderately Fractured
Rock

Sparsely
Fractured Rock

Fracture Zone

1,2
3

4 - 7
8- 13

1,2
3,4
5,6

7
8- 10
II - 13

0-200
200 - 300
300 - 1000
1000-4000

0-200
200 - 400
400 - 750
750- 1000
1000-2000
2000 - 4000

10
50
100
200

0.5- 1.5
1 -5

5-20
20-50

50- 100
200

Rock mass salinities are defined as 200 g/L for all unfractured-rock elements lying below the 200 g/L surface
defined by the anomalous head borehole zones (Stevenson 1994b).
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PERMEABILITY

TABLE 4

AND POROSITY DISTRIBUTIONS

CALIBRATED REVISED CONCEPTUAL HYDROGEOLOGIC

Rock Type
Layers

MFR+
MFR
MFR

SFR++

SFR++

SFR++

SFR++

SFR++
SFR++
SFR++
SFR++
SFR++
SFR++

Fracture

1
2
3

4

5

6

7

8
9

10
11
12
13

Zones

Layer 1
2
3
4
5
6
7
8
9

10
11
12
13

* Gneiss, +
++ Sisarselv

WHITESHELL RESEARCH AREA

Approximate
Depth (m)

0- 100
100- 200
200- 300

300- 400

400- 500

500 - 750

750 - 1000

1000- 1250
1250- 1600
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FIGURE 1: Locations of the Canadian Shield, Whiteshell Research Area, Grid Areas, the
URL and Whiteshell Laboratories Sites, and Identifications of Deep Boreholes
Drilled at the Grid Areas and the URL Since 1984
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Geological data source:
Remote
Surface
Subsurface

Geophysical data source:
Airborne
Ground
Subsurface

Geological data:
Lithology
Structure
Lineaments

Geophysical data:
Magnetic
Electrical
Gravity

Identify:
Geological lineaments

Identify:
Geophysical lineaments

Hydrogeologic data source:
Remote
Surface
Subsurface

Hydrogeotogica! data:
Water wen records
Ptezometric levels
Groundwater discharge
Hydraulic testing
Tracer testing

Hydrotogic data:
Climate
Surface water
SoH water

Hydrogeochemical data:
Groundwater quafity
Isotope studies
Groundwater genesis

Derive:
Conceptual Model Geometry
Rock/water physical properties
Hydraulic heads
Groundwater balance
Groundwater discharge areas

Revised Conceptual Hydrageolgic Mode?
Modify Rock/Water Properties to Calibrate Mathematical Mode!

Construct Mathematical Gtoundwster Flow Mode!
Calculate Equivalent Frean « ^ ^ Head. Groundwatsr Flux and^felocity
Compare model caictilafion&wmj field values
Modify mathematical modes

Revised CalBwated Mathemati^Groutwtvrater Flow Model

Revised Conceptual i-fydrogeoiogie Model

FIGURE 2: Procedure for Constructing the Revised Conceptual Hydrogeologic Model of the
Whiteshell Research Area
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FIGURE 3: Boundaries of Drainage Catchments in the Whiteshell Research Area, the
Lac du Bonnet Batholith and the Revised Conceptual Hydrogeologic Model
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FIGURE 4: Lithologic Boundaries and Linked Lineaments from Landsat TM and Radar Images in the Map
Area Around Whiteshell Research Area



Dip Angles and Directions for Fracture Zones in Revised Conceptual Model

FIGURE 5: Plan View of the Fracture Zones and Composite Lineaments Assumed to Comprise the Fault
Framework of the Revised Conceptual Hydrogeologic Model (After Figure 3, Ophori et al. 1995)
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WG2 GEOPHYSICAL AND FRACTURE LOGS AND FRACTURED ROCK TYPE
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FIGURE 6: Selected Geophysical Signatures of Logged-Open Fractures and Fractured Rock
Domains in Borehole WG2
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FIGURE 7: Permeabilities and Widths of Fracture Zones Versus Depth in Whitesheli Research Area
(from borehole test data)
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FIGURE 8: Permeabilities of Moderately Fractured Rock and Sparsely Fractured Rock Versus Depth in the
Whiteshell Research Area (from borehole test data)
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August 10, 1994
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Fresh Water Hydraulic Head - m
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FIGURE 9a: Borehole WG2 Lithology, Fractured Rock Domains and Equivalent Fresh Water
Hydraulic Head Versus Piezometer Port Elevation, 1994 August 10
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FIGURE 9b: Borehole URL13 Lithology, Fractured Rock Domains and Equivalent Fresh Water
Hydraulic Head Versus Piezometer Port Elevation, 1994 August 12
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FIGURE 10: Piezometric Fluctuations in the Upper Part of WG2 Westbay Piezometer Intervals, and Monthly
Precipitation
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Notes: Black circles are borehole collars, and blue circles are the borehole
intersections with sparsely fractured rock domain projected to ground
surface

FIGURE 11: Structure Contour Map at the Upper Surface of the Domain of Massive Sparsely Fractured Grey
Granite Rock in the Whiteshel! Research Area (After Figure 12, Ophori et a!. 1995)
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REVISED WRA CONCEPTUAL MODEL FRACTURE ZONE AND
ROCK MASS POROSITY & PERMEABILITY DISTRIBUTIONS
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NOTES: 1) k = permeability, n = porosity
* vertical k of gneisses = horizontal k x 10
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FIGURE 32: A Schematic Section of the Permeability, Porosity and Salinity Distributions in the Revised
Conceptual Hydrogeologic Model
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