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ABSTRACT

The hydrogeologic characteristics of the granitic Lac du Bonnet batholith in southeastern Manitoba have
been studied since 1978, as part of AECL's program to assess the concept of disposing of Canada's nuclear
fuel waste deep within plutonic rocks of the Canadian Shield (Davison et al. 1994a). These studies have
included an extensive program of drilling, logging, testing, sampling and monitoring in 19 deep surface
boreholes drilled at Grid areas located across the Lac du Bonnet batholith, at the Whiteshell Laboratory
(WL), and in surface and underground boreholes at the Underground Research Laboratory (URL). Based
on these investigations domains of low permeability, sparsely fractured rock (SFR) have been identified in
the Lac du Bonnet batholith. These SFR domains have been divided into two types based on rock
alteration, pore water quality and pore pressure data. These two types are: relatively small domains of
sparsely fractured, pink, pinkish grey, greenish grey, and grey granite which are mostly less than 100 m
thick; and very large domains of massive sparsely fractured, grey granite which are mostly more than 300 m
thick.

The borehole data reveal that the top of the domains of massive sparsely fractured, grey granite is less than
100 m below ground surface near the southern border of the batholith (at Grid area G) and more than 700 m
deep in the southwestern and northwestern parts of the WRA (at the WL site and at Grid area A). Structure
contours drawn of the top of these domains of massive sparsely fractured, grey granite reveal an irregular,
domed shape that occurs within 100 m of ground surface near the southern margin of the batholith.

Permeability values of the domains of SFR were calculated from borehole hydraulic tests and seepage
measurements in open boreholes, and ranged from 3E-17 m2 to 2.5E-22 m2. A plot of the permeability
versus test interval depth for the upper 1000 m of rock indicates that the permeability of the domains of SFR
generally decreases with depth. Most values from tests below 300 m depth were less than 3E-19 irf, and
over half of these tests gave values smaller than 1E-20 m2. Permeability values calculated using the seepage
data from boreholes at the 420 m Level of the URL are lower than most of the values calculated from
borehole straddle packer test data for similar depths. This implies that some of the straddle packer tests in
domains of very low permeability SFR could have been affected by slight leakage in the equipment or
leakage past the packers and the lower limit of the testing capability may have been in the 1E-20 m2 range of
permeability. These results indicate that the permeability of the domains of SFR at the WRA could be as
low as 1E-22 m2 at 1000 m depth.



Pore fluid pressures recorded in borehole intervals that isolate only domains of massive sparsely fractured,
grey granite have taken a very long time to stabilize. When converted to equivalent fresh water hydraulic
heads these stabilized values are as much as 120 m higher than the highest water table elevation in the
region. Modelling studies show that if dense brine (up to 200 g/L TDS) occupies the pore spaces in these
low permeability massive SFR domains, most of the high fluid pressures can be explained. Samples of the
slow seepage from boreholes at the 420 m level at the URL show that the pore fluids are very saline (90 g/L)

brines which supports this explanation.
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RESUME

Les caractéristiques hydrogéologiques du batholite granitique de Lac du Bonnet dans le sud-est du
Manitoba sont étudiées depuis 1978, dans le cadre du programme d'EACL visant à évaluer le concept du
stockage permanent en profondeur des déchets de combustible nucléaire du Canada dans la roche
plutonique du Bouclier canadien (Davison et coll., 1994a). Ces études constituent un programme
d'envergure qui englobe les travaux de forage, la diagraphie, les essais, les prélèvements d'échantillons et
la surveillance réalisés dans 19 trous de surface forés profondément dans des zones de référence réparties
sur toute l'étendue du batholite de Lac du Bonnet, aux Laboratoires de Whiteshell (LW) et dans des trous
de forage de surface et souterrains au Laboratoire de recherches souterrain (LRS). Ces recherches ont
permis de repérer des domaines constitués d'une masse rocheuse légèrement fracturée (LF) de faible
perméabilité dans le batholite de Lac du Bonnet. Ces domaines de masse rocheuse LF sont classés en
deux types, selon les données sur l'altération de la roche, la qualité de l'eau interstitielle et la pression
interstitielle. Ces deux types sont : des domaines relativement peu étendus de granite gris, gris vert, gris
rose et rose LF qui ont pour la plupart une épaisseur inférieure à 100 m; et des domaines très étendus de
granite gris massif LF qui ont pour la plupart plus de 300 m d'épaisseur.

Les données sur les trous de forage révèlent que le toit de ces domaines de granite gris massif LF se
trouve à moins de 100 m de la surface du sol près de la partie sud du périmètre du batholite (dans la zone
de référence G) et à plus de 700 m de profondeur dans les régions sud-ouest et nord-ouest de l'ARW (sur
le site des LW et dans la zone A). La carte structurale du toit de ces domaines de granite gris massif LF
révèle un dôme irrégulier formé à moins de 100 m de la surface du sol à proximité de la marge sud du
batholite.

Les calculs de la perméabilité de ces domaines de masse rocheuse LF, effectués d'après des essais
hydrauliques réalisés dans des trous de forage et des mesures d'infiltration dans des trous de forage
ouvert, donnent des valeurs allant de 3E-17 m2 à 2.5E-22 m2. Un tracé de la perméabilité par rapport aux
intervalles de profondeur utilisés dans les essais dans la partie supérieure de 1 000 m de la masse
rocheuse indique que, de façon générale, la perméabilité de ces domaines de masse rocheuse LF diminue
avec la profondeur. La plupart des résultats des essais réalisés au-dessous de 300 m donnent des valeurs
inférieures à 3E-19 m2, et plus de la moitié de ces essais donnent des valeurs inférieures à 1E-20 m". Les
valeurs de perméabilité calculées en fonction des données d'infiltration provenant des trous forés au



niveau de 420 m du LRS sont inférieures à la plupart de celles calculées à l'aide des données des essais
avec garniture double réalisés dans des trous de forage à des profondeurs similaires. Ces résultats
laissent supposer que, pour quelques-uns des essais avec garniture double réalisés dans les domaines de
masse rocheuse LF de faible perméabilité, il aurait pu y avoir une légère fuite de l'équipement ou une
fuite au niveau des garnitures et que la limite inférieure de mesure de la perméabilité a pu être de l'ordre
de 1E-20 m2. Ces résultats indiquent que la perméabilité des domaines de masse rocheuse LF à l'ARW
pourrait être d'au plus 1E-22 m2 à 1 000 m de profondeur.

Les pressions interstitielles du fluide enregistrées dans les intervalles des trous de forage qui n'isolent que
des domaines de granite gris massif LF ont mis un temps très long à se stabiliser. Quand elles sont
converties à des charges hydrauliques d'eau douce équivalentes, ces valeurs de stabilisation peuvent
dépasser de 120 m l'élévation de la surface de la nappe la plus élevée dans la région. Les études de
modélisation indiquent que l'on peut, dans la majorité des cas, expliquer ces pressions de fluide élevées si
une saumure sursalée (jusqu'à 200 g/L de matières totales dissoutes) occupe les espaces interstitiels dans
ces domaines de masse rocheuse LF de faible perméabilité. Les échantillons de fluide d'infiltration lente
prélevés dans des trous de forage au niveau 420 m du LRS montrent que ces fluides interstitiels sont
constitués d'eaux hypersalines (90 g/L) de CaCl2, ce qui corrobore cette explication.
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1. INTRODUCTION

In 1985 a conceptual hydrogeologic model of large scale groundwater flow in the crystalline rocks of the
Whiteshell Research Area (WRA) was developed (Davison et al. 1994a) as part of AECL's program to
assess the concept of disposing of Canada's nuclear fuel waste deep within plutonic rocks of the Canadian
Shield. This initial conceptual model was based on borehole investigations at the Whiteshell Laboratories
(WL) and Underground Research Laboratory (URL) sites, and field mapping and airborne surveys before
1985. As a result of these investigations, the crystalline rock in the WRA was divided into three categories
based on the degree of fracturing: domains of intensely fractured rock that are relatively thin, planar
fracture zones (FZs); domains of moderately fractured rock (MFR) that contain a small number of widely
spaced intersecting discrete fractures (joints); and domains of sparsely fractured rock (SFR) that contain
only microcracks or very sparsely distributed discrete fractures that are not interconnected (Davison et al.
1994b).

Between 1985 and 1993 a regional network of fifteen deep boreholes was drilled across the WRA (Figure 1)
to provide subsurface information for a much larger region of the Lac du Bonnet batholith. Subsequently,
an extensive program of fracture and geophysical logging, hydraulic testing, groundwater sampling and
hydrogeological monitoring was carried out in these boreholes. The results of these studies were combined
with the earlier database (pre-1985) to produce a revised conceptual groundwater flow model of the rocks at
the WRA (Ophori et al. 1995; Stevenson et al. 1996). Although the basic fractured rock domains used in
the earlier 1985 model were retained in the revised conceptual model, the groundwater flow model could
not be calibrated against the observed hydraulic head data until the SFR domains were further divided to
include a dome-shaped domain of massive, sparsely fractured rock of very low permeability (10"20 to
10'22 m2) containing highly saline pore fluid (up to 200 g/L TDS) (Ophori et al. 1995). This report
summarizes the available information which led us to incorporate these distinct domains of SFR in the
revised groundwater flow model.

2. DISTRIBUTION OF LITHOLOGY AND ROCK STRUCTURE AT THE WRA

The granitic Lac du Bonnet batholith is composed of several phases of Archean age: the main intrusion is
grey granite which contains a pink porphyritic granite near its surface exposure, and local bands of
xenolithic and schlieric granites. There are hornblende-biotite and foliated granites in the eastern part of the
WRA which are thought to be part of an earlier phase (McCrank 1985; Brown et al. 1994). The granitic
rocks of the batholith have gradational contacts with the gneissic rocks in the northwest and along the
southern boundary, and a sharp contact with the Bird River Greenstone Belt to the northeast (Figure 2).
Results of two-dimensional modeling of magnetic and gravity survey data (Davison et al. 1994b) show that
the southern contact dips steeply southward whereas the northern contact has a more shallow southward dip,
and that the main part of the batholith is probably at least 15 km deep.

Rocks of the upper 1000 m of the Lac du Bonnet batholith have been cored in 19 deep boreholes drilled
across the batholith at Grid areas A, B, D and G and at the WL and URL sites (Figure 1). Granitic outcrops
occurring near these drilling sites have been mapped, and lithoiogic and structural correlations have been
made with the borehole logs (Ejeckam et al. 1990). The rocks of the batholith have also been excavated and
studied in the shafts and drifts of the URL, and numerous boreholes have been drilled from the underground
levels of the URL (Brown et al. 1989). After the drilling and borehole geophysical surveys were completed,
hydraulic testing (Stevenson and Broadfoot 1994) and groundwater sampling (Ross and Gascoyne 1995)
were done in the boreholes, and the boreholes were installed with multi-packer (MP) casing systems
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(Davison 1984). Subsequently, piezometric levels were monitored in the intervals of the MFR, FZs and
SFR domains that were isolated by the MP casing systems.

The distribution and thickness of the domains of sparsely fractured rock in the Lac du Bonnet batholith can
vary, but a general pattern is evident: the upper part of the rock mass is a pink, porphyritic granite that
consists mainly of domains of MFR and FZ's, but it also contains thin interspersed domains of SFR; these
upper pink granite domains are underlain by relatively small domains of sparsely fractured, pinkish grey,
greenish grey or grey granite; and very large domains of massive, sparsely fractured, grey granite underlie
the smaller domains of SFR. The domains of massive grey granite can be intersected by relatively-thin
domains of MFR and FZs or they can occasionally contain small domains of sparsely fractured, pinkish
grey, greenish grey or grey granite.

For example, Figure 3 shows that a small domain of SFR separates domains of FZs and MFR in pink granite
in the upper 180 m (about 170 m vertical length) in borehole WD3. These fractured pink granite domains
are underlain by massive domains of sparsely fractured, grey granite from 180 m to 870 m depth and from
1007 m to the bottom of the borehole (1200 m length). These domains of massive sparsely fractured grey
granite are intersected by FZ's and thin domains of moderately fractured pink granite between 697 and
712 m depth and 870 to 900 m depth. A domain of sparsely fractured pinkish grey to pink and grey granite
occurs between 900 and 1000 m depth.

Thicker intervals of uninterrupted massive, sparsely fractured grey granite were intersected in boreholes
drilled at Grid area G at the southern border of the batholith. For example, a very large (516 m thick)
continuous domain of massive, sparsely fractured grey granite underlies small domains of SFR in pink and
greenish grey granite in borehole WG4 (Figure 4). These small domains of SFR underlie domains of MFR
and a FZ in the pink granite at the top of the borehole. Similarly, thick intervals of sparsely fractured grey
granite were intersected in borehole URL 13 (660 m) and in borehole URL2 (440 m) at the URL site.

The depth to the top of the domains of massive, sparsely fractured grey granite increases from less than
100 m near the batholith border in Grid area G, to between 150 and 300 m at the URL site and Grid area D,
and to about 700 m at the WL site and at Grid Area A. Elevations of the top of these domains of massive,
sparsely fractured grey granite were plotted on a map, and structural contours drawn. A plan view of these
contours reveals there is a general dome shape to this surface (Figure 5), and where the data density is
greatest (at the URL in the center of the map area and at Grid area B) the upper surface of this dome
appears somewhat irregular and has a local relief of several hundred metres.

3.0 HYDRAULIC PROPERTIES OF DOMAINS OF SPARSELY FRACTURED ROCK

31 POROSITY DISTRIBUTION WITH DEPTH

The porosity of the domains of SFR has not been measured in situ but has been estimated from laboratory
test results and apparent correlations with other hydraulic parameters. Previous investigations of the
porosity of drillcore samples of SFR from the WRA (Chernis and Robertson 1987; Drury 1987; Katsube
and Hume 1987) indicated that the porosity depends mainly on the sampling depth. For example, above
450 m depth at the WL site the measured porosity of the core samples (from boreholes WN1, 2 and 4) was
due mainly to pores and natural microcracks (pitted cracks with rough and irregular walls with small
mineral infilling or bridges). The natural microcracks were evenly divided between intragranular cracks and
grain boundary cracks. On the other hand, the measured porosity of core from below 450 m depth was
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considered to be due to both natural microcracks and microcracks induced by stress-release during drilling
and sample recovery.

In borehole WN4 (at the WL site) most of the porosity values of the 117 core samples from above 450 m
depth ranged from 0.2 to 0.6% (Drury 1987) with a mean porosity of 0.37%, whereas most of the porosity
values of the 77 samples from below 450 m depth ranged from 0.3 to 0.8% with a mean porosity of 0.54 %.
Similarly, in borehole URL2 most of the porosity values of the 84 core samples from above 450 m depth
ranged from 0.2 to 0.6% with a mean porosity of 0.39%. Below 450 m depth most of the porosity values
ranged from 0.3 to 0.6 with a mean value of 0.48%, a little less than that measured at the WL site. Most of
the porosity measured in core samples from below 450 m depth was considered to be caused by stress-
induced microcracks (due to drilling and core recovery). Comparative studies by Chernis (1984) showed
that the apparent increase in porosity in the deep samples did not reflect the in situ conditions and was due
to an increase in crack porosity caused by stress relief in the core samples when they were collected.

Correlations between porosity and permeability were also considered in developing an estimate of the in situ
porosity of the domains of the SFR. Considering that the effective porosity in the SFR of the Lac du Bonnet
granite is due to the interconnected pores and microcracks, it is likely that both porosity and permeability
vary directly with the total porosity and with each other. This apparent relationship is supported by the
results of the permeability and porosity testing done on the core samples from the boreholes at the WL and
URL sites (Katsube and Hume 1987). The results of in situ permeability testing (which show that the
permeability of SFR in the Lac du Bonnet batholith decreases with depth) indicate that porosity values of
the SFR should also decrease with depth.

Based on the above considerations, a porosity of 0.5% was initially assigned to the domain of SFR between
300 and 1000 m depth in the revised conceptual hydrogeologic model of the WRA. This value was
subsequently reduced to 0.3% during the model calibration (Stevenson et al. 1996).

32 PORE WATER SALINITY. DENSITY AND VISCOSITY DISTRIBUTION WITH DEPTH

The salinities assigned to the pore water in the domains of SFR at the WRA were determined by Gascoyne
et al. (in prep.), based on several data sets: the salinity of the pore fluid seeping from inclined boreholes
drilled from the 420 m level at the URL (90 g/L); and the occurrence of pore fluids with salinities from 325
to 407 g/L seeping into deep mines (1000 to 1800 m depth) in the Canadian Shield (Frape and Fritz 1987;
Guha and Kanwar 1987). The SFR pore waters were assumed to be CaCl2 solutions with salinities of
50 g/L between 200 to 300 m depth and salinities of 100 g/L to 200 g/L between 300 and 1000 m depth
(Stevenson et al. 1996). Density and viscosity values of these CaCl2 solutions at specified temperatures
were determined using equations from the literature (Jessup 1927; Kell 1975; Wolf et al. 1981; modified
from Afzal et al. 1989). These values were used to calculate SFR permeabilty values (from hydraulic test
data, Section 3.3) and natural hydraulic heads (from piezometer interval fluid pressure data, Section 3.4).
The SFR fluid temperature distribution with depth was based on data from temperature surveys in the WRA
boreholes.

3.3 PERMEABILITY DISTRIBUTION WITH DEPTH

The permeabilities of domains of SFR in the Lac du Bonnet batholith were determined from analyses of
single borehole, straddle packer, hydraulic test data and measurements of seepage into packed-off borehole
intervals and open boreholes. Most of the straddle packer testing was done in boreholes drilled from ground
surface at Grid areas A, B, and G in the WRA (Figure 1) and at the URL site (Figure 6), using injection or
pulse test methods as described by Davison (1980), Davison et al. (1994b) and Stevenson and Broadfoot
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(1994). Some hydraulic tests were done by monitoring the seepage rate or the recovery of the water column
in a standpipe or a multi-packer (MP) casing system after the water level had been drawn down to collect
water samples. Seepage rates monitored in short boreholes drilled from drifts at the 240 and 420 m levels at
the URL for water sample collection, pressure monitoring and URL experiments (Figures 7 and 8) were also
used to determine the permeability distributions. A total of forty-five permeability tests were performed in
domains of sparsely fractured rock in twenty-two boreholes at the WRA.

Conditions of radial flow in an isotropic rock mass were assumed in analyzing all of the straddle packer test
data. These assumptions are considered to be valid because of the porosity distribution (50% pore porosity
and 50% crack porosity that is equally divided within grains and along grain boundaries, Chemis and
Robertson 1987).

Permeability values were calculated from the constant pressure injection test data using a modification of
the steady state, line-source radial flow model of Hubbert (1940) and from the pressure pulse data using the
transient models of Ramey et al. (1975) for shut-in and open standpipe conditions. In order to analyze the
constant pressure injection test data using the steady state flow model of Hubbert, the near-constant flow
rate recorded at the end of each injection test was used in the data analysis. For example, Figure 9 shows
that the average injection rate during the first 2600 s (about 43 minutes) of the test #CP47 in borehole WA1
was about 19 mL/minute. At 2700 s (45 minutes) test duration the injection rate had dropped to less than
1 mL/minute, and declined slowly thereafter to reach 0.03 mL/minute at the end of the 3 hour test. The
injection rate would likely have dropped a little lower if the test had been extended, but considering the
probability of some leakage past the packers (through the more permeable borehole wall rock, or skin) the
flow recorded at the end of the 3-hour test duration was considered to give a reasonable upper estimate of
the permeability.

The radius of influence (R) due to testing (used in the calculation of permeability, Figure 9) is not a
sensitive parameter for short test durations (because the natural log of its ratio with the borehole radius "rw"
is used in the equation) and it is usually taken as equal to the test length "L". The Cooper-Jacob
modification of the Theis equation (Cooper and Jacob 1946) shows that

R = [2.25K*t/Ss]
0<; (1)

where R varies directly with the square root of hydraulic diffusivity (hydraulic conductivity "K'7 specific
storativity "Ss") and test duration (t), providing the test assumptions are valid (i.e. flow into or out of the
borehole is radial, permeability around the borehole is isotropic; and, outer flow boundaries extend beyond
R during the test duration). Considering that the duration of some of the rising head tests (done in open
standpipes) in domains of SFR at the WRA lasted as long as several years, R can vary by more than two
orders of magnitude with time. As a result, the variation in the natural log of R and the calculated
permeability value could be as much as 500%. Therefore, because of the potentially large variation in R
over a wide range of test duration times, its value was estimated for each case from equation (1) above.

The specific storativity Ss used in (1) can be calculated from the equation of Bear (1988):

Ss=P*g[(l-Tl)a+r|*p] (2)

where p = pore water density, g = the gravity constant (9.811 m/s2 at the WRA), T| = porosity, a = SFR
compressibility, and p = water compressibility. However, considering the very low SFR porosity (r| = 0.001
to 0.003) and that the compressibility of water (P = 4.79E-10 Pa"1 at 10°C) is less than an order of magnitude
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greater than the compressibility of sparsely fractured granite (a = 2.2E-11 Pa"', Annor and Jackson 1987),
for practical purposes (2) can be simplified to:

Ss = p*g*oc (3)

Where the density (p) of the injection water = 999.7 kg/m1 at a test interval temperature of 10°C (Kell 1975)
and Ss = 999.7 x 9.811 x 2.2E-11, or 2.2E-7 m"1. Considering that the mean hydraulic conductivity of SFR
could range from IE-14 to IE-10 m/s (Freeze and Cherry 1979) and most of our injection tests last about
three hours or 3600 s, the calculated radius of influence at the end of such a steady state injection test could
range from 3.3 cm to 1.9 m.

Permeability values for domains of SFR at the WRA were also calculated from shut-in pressure fall-off
(pulse test) data, pressure build-up data (recovery after the test interval had been depressurized) and open
standpipe rising head data (recovery after a water sample was taken). The pressure buildup and fall-off and
rising head data were analyzed using the shut-in and open-standpipe equations of Ramey et al. (1975), and
the near steady-state inflow data (at the beginning of recovery) were analyzed using a modification of the
line source method of Hubbert (1940). Examples of these calculations are shown in Figures 10 to 13. The
shut-in test method was used as a regular testing procedure for domains of SFR at the WRA rather than the
open standpipe technique because of the shorter time needed for water level recovery. However, in cases
where standpipes or piezometers enclosing SFR were drawn down for water sample collection, the water
level recovery was monitored subsequently and a permeability value calculated from the recovery data. In
some cases two or more methods were used in the same or similar borehole intervals, and the permeability
values calculated from the different test methods were compared.

For example, in the lower part of borehole WG3, both the shut-in pressure build-up and near-steady state
inflow were measured in different tests over slightly different test intervals in a domain of SFR (580 to
722 m and 600 to 722 m). The permeability values that were calculated from these test data (using the
methods of Ramey et al. (1975) and Hubbert (1990), Figures 11 and 12) show that the value calculated from
the Ramey method is about 56 percent higher than that calculated using the line source method. In this case
the lower value might reflect a lower permeability in the deeper interval (600 to 722 m versus 580 to
722 m), or it might reflect the variation in measurement accuracy. In another case, the permeability values
calculated from rising head test data (using the Ramey open standpipe analysis) and from early inflow-rate
data (using the line source analysis) for an interval in borehole WN9 are identical (Figure 13). The
advantage of using the steady state line source method is that the test time required to obtain sufficient data
for the analysis is much shorter.

All of the SFR permeability values determined for each borehole test interval were tabulated (Table 1) and
plotted against the mid-depths of the test intervals (Figure 14). The plot shows that the permeability values
range over 4 orders of magnitude at depths above 400 m (from 3E-17 m to 1E-21 m ), and there is a
decrease in permeability with depth. Below 400 m depth there is less spread in the data and the values are
all smaller than 3E-19 m2, and most are smaller than 5E-20 m2. The table and plot also show that SFR
permeability values calculated from seepage rates into open boreholes on the 240 and 420 m levels at the
URL are generally lower than those calculated from straddle packer tests at similar depths (by up to an .order
of magnitude). These lower values indicate that the seepage rates recorded in the open boreholes
penetrating domains of SFR at the 240 and 420 m levels of the URL might be a truer indication of the in situ
permeability. It is possible that the flow rates recorded in some of the straddle packer tests in these very low
permeability domains reflected a small amount of leakage in the test equipment. Thus we believe that the
permeability versus depth plot (1E-21 to 5E-2O m2) that we have used for SFR in the revised conceptual
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model of groundwater flow at the WRA (Stevenson et al. 1996) probably overestimates the permeability,
and that the lower end of the permeability range might be as low as 1E-22 m2 at 1000 m depth.

3.4 PORE PRESSURE AND HYDRAULIC HEAD DISTRIBUTION WITH DEPTH

Most of the deep boreholes in the WRA were installed with Westbay multi-packer (MP) casing systems that
isolate a number of piezometer intervals along each borehole. The piezometric levels in these interval were
measured on a regular basis and the piezometric level data were converted to equivalent fresh water (EFW)
hydraulic head values ("h" in metres) using the conversion equation (modified form Hubbert 1940):

h = IOO0*P/(ppw*g) + piezometer port elevation (4)

where P = piezometric or gauge pressure in (kPa) and ppw = fresh water density (999.7 g/L at 10°C, which is
the mid-depth groundwater temperature). EFW hydraulic heads that were recorded within the large
domains of massive, sparsely fractured grey granite reached very high levels in most cases, whereas
hydraulic heads were much lower in the smaller domains of SFR that comprise pink, greenish grey or
pinkish grey granite, particularily where these domains were adjacent to domains of MFR and FZs.
Similarly, the EFW hydraulic heads recorded in the deep thin domains of MFR or the FZs were also
generally low compared to the hydraulic heads recorded in the surrounding domains of massive SFR.

For example, Figure 15a shows that the shallow piezometer ports (#'s 1 to 5) in borehole WD3 are intervals
that isolate pink granite. This pink granite contains domains of FZs, MFR and SFR. Figure 15a also shows
that piezometer ports #'s 6 to 11 and #'s 15 to 17 are intervals that isolate massive, sparsely fractured grey
granite. Piezometer ports #12 and #14 isolate intervals of FZs and MFR, and port #13 isolates an interval
of sparsely fractured grey granite. The EFW hydraulic head (1994 June 2 data) in the pink granite domains
(piezometer intervals #'s 1 to 5 and #12) ranges from 278 to 279 m, and is slightly higher in interval #14
(281 m) that isolates greyish pink granite. On the other hand, the EFW hydraulic head values in the
moderately thick block of massive, sparsely fractured grey granite (interval #'s 6 to 11) indicate levels up to
308 m (in interval #'s 9 and 10). Below interval #10 the EFW hydraulic head is about 293 m in piezometer
interval #11, which lies adjacent to a FZ in pink granite. Below the lower FZ and MFR domains, the EFW
hydraulic heads recorded in the domain of massive, sparsely fractured grey granite increase from 295 m in
interval #15 to about 326 m in interval #17. The trend of these high EFW hydraulic heads in interval #'s 15
to 17 indicates that the domain of sparsely fractured massive grey granite at the bottom of borehole WD3
probably extends to a greater depth.

An example of the EFW hydraulic head distribution recorded in a very thick domain of massive, sparsely
fractured grey granite is shown by borehole WGB (Figure 15b). The EFW hydraulic heads recorded in the
intervals of pink to greenish to pinkish grey granite (#'s 1 to 8) range from about 268 to 273 m (1994 July 6
data). On the other hand, the hydraulic head values recorded within the domain of massive, sparsely
fractured grey granite increase from about 288 m (in interval #9) to about 389 m (in interval #15), and then
decreases slightly to about 367 m in the lowest interval #17. This slight decrease in EFW hydraulic head
near the bottom of the borehole could indicate the presence of domains of FZ or MFR near or below the
bottom of borehole WG4.

Based on the association of very high EFW hydraulic head values (apparently caused by the dense brine
pore waters) in the borehole intervals that isolate large domains of very low permeability massive, sparsely-
fractured grey granite, we consider these domains are distinct from the smaller domains of sparsely
fractured pink, pinkish grey, greenish grey and grey granites that occur in the rocks at the WRA. The shape
of the surface of this domain of massive, sparsely fractured grey granite is domed, and it occurs at a
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relatively shallow depth along the southern part of the Lac du Bonnet batholith and it is much deeper in the
southwestern and northwestern parts of the WRA (Figure 5).

This distinct domain of massive, sparsely fractured grey granite, containing dense brine pore fluid, had to be
incorporated into the revised hydrogeologic model of the WRA before the model could simulate the high
pore pressures recorded in the WRA boreholes (Ophori et al. 1995).

4. SUMMARY OF THE HYDROGEOLOGIC CHARACTERISTICS OF SPARSELY
FRACTURED ROCK AT THE WRA

The SFR domains of the Lac du Bonnet batholith have been divided into two distinct types based on rock
alteration, pore water quality and pore pressure data. These are: small domains of sparsely fractured pink,
pinkish grey, greenish grey and grey granite (mostly less than 100 m thick); and very large domains of
massive, sparsely fractured grey granite (mostly more than 300 m thick). Structure contours of the top of
this domain of massive, sparsely fractured grey granite reveal an irregular domed surface that occurs within
100 m of ground surface near the southern margin of the batholith and deepens westward and northward (at
Grid area G) to more than 700 m in the southwestern and northwestern parts of the WRA (at the WL site
and at Grid area A).

The permeability of the domains of SFR was determined by hydraulic tests performed in boreholes drilled
from ground surface and from underground seepage measurements made in boreholes at the 240 m and
420 m levels of the URL. Results of the straddle packer testing gave permeabilty values ranging from
3E-17 m2to 2.5E-22 m2, although the values were less than 3E-19 m2 for tests below 400 m depth.
Permeability values calculated from the open borehole seepage rate data were somewhat lower than most of
the values calculated from the straddle packer test data for equivalent depths. It is possible that some of the
staddle packer tests were affected by leakage in the equipment or leakage past the packers and the
permeability of the domains of SFR could be as low as 1E-22 m2 at 1000 m depth. A plot of the
permeability versus depth indicates that the permeability of the domains of SFR decreases with depth in the
upper 1000 m of rock.

Multi-packer casing systems were installed in the deep boreholes drilled from ground surface after
geological logging, geophysical surveying and single borehole straddle packer testing were completed, and
the pore fluid pressures were monitored over long time periods. Pore fluid pressures in deep borehole
intervals that isolated only domains of massive, sparsely-fractured grey granite took a very long time to
stabilize, and when converted to an equivalent fresh water hydraulic head were as much as 120 m higher in
hydraulic head than the highest water table elevation in the region.

Modelling studies were performed during construction of the revised groundwater flow model of the WRA
to determine if the high fluid pressures in the domains of massive, sparsely fractured grey granite could be
accounted for by the presence of dense, saline pore fluids. The modeling showed that if highly-saline CaCl2

brine (up to 200 g/L TDS) occupied the pore spaces in these domains, most of the high fluid pressures could
be explained. This explanation is supported by independent evidence from the URL site where samples of
very slow seepage into boreholes drilled into domains of low permeability, sparsely fractured grey granite at
the 420 m level show that the pore fluids are of CaCl2 composition and have a salinity of at least 90 g/L.
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TABLE 1

SUMMARY OF PERMEABILITY TESTS VERSUS DEPTH IN SPARSELY FRACTURED ROCK.

WHITESHELL RESEARCH AREA

Borehole
Name

Test Interval
Length

(m)

Test Interval
Mid-Depth

(m)

Borehole Hydraulic Test Method / Permeability, "k" - m

SPCPI* SPP* OSPRH* SPPBU* WBPBU*

OBHSp*

k-m 2

URL15HT-4
WBIHT-34
WG1HT-D7
WB1WB-3
WG1HT-FI
WAIHT-4
M4B-2HT
URL1HT-3
URL15HT-4
WG1HT-F3
WA1HT-8
AC3
AC15
OC1/OC2
RM13EBH
URLHG7-3
URL3HT-8
WG3SI-2
WG1HT-F6
WB3HT-4C
URL13-PZP9
WG1HT-F7
SMI
WG1HT-F8
SM7
GC1
WA1HT-48
WG3SI-3
WG3OSP-4
WG1HT-F9
WB3HT-14
URL1HT-5
WGIHT-F10
WB3HT-5
WB3HT-8
WB1HT-29
WB3HT-9
WB3HT-3
WN9-4
WG1HT-F13
WG1HT-F15
WAIHT-47
WJ1HT-14
URL2HT-13
WJ1HT-06

4
2.26
0.6
33.1

48.84
2.19
51.6
7.1
4

48.84
2.19

5.143
4.075
35.1

1
1.8

229.4
384.2
48.84
199.7
63.6

48.84
20.6

48.84
23.2
20

199.7
142.2
122.2
48.84
10.15
7.1

48.84
199.73
50.38

7.3
50.38
50.7
113.7
48.84
48.84

20
20.3

399.8
142.3

51
72.5
74.3
95.3
122.6
124

126.13
166.6
195

207.6
231
231
231
234
233
240

253.2
320.06
333.1
344.2
372

374.6
413

415.8
425
426
426

443.3
448.64

457
467.6
468.3
498

512.7
533.9
571.3
574.6
586.3
643.1
620.7
685.1
687.5
567.9
857.6
883.2

2.23E-19
4E-20

3.23E-18

5.76E-19
2.7E-17

7.89E-20
I 09E-19
3.2E-I8

1.61E-20
4.37E-18

4.4E-20

2.49E-20

2.61E-19

2.61E-20
3.78E-21

2.28E-20
2.29E-20
3.42E-20
4.6E-20
I.6E-20
4.5E-20

2.88E-20
3.66E-21
4.5E-21
7.7E-21

8.8E-21

I.3E-2G

2E-20
1.4E-19

2.5E-22

1.IE-2I

6.7E-18

4.2E-18

1.90E-21
1.10E-21
7.4OE-21
1 40E-20

9.9E-21

3.9E-20

I.10E-2I

1.9OE-21
4.70E-21

4.2E-21
2.7E-21

5.2E-20
2.2E-20

*SPCPI = straddle packer constant pressure injection; SPP = straddle packer pulse; OSPRH = open standpipe rising
head; SPPBU = straddle packer pressure buildup; WBPBU - Westbay pressure buildup; OBHSp = open borehole
seepage.



- 12-

f
r [___J Canadian Shield

FIGURE 1: Locations of the Whiteshell Research Area (WRA) and the Deep Boreholes (over 500 m
length) Drilled at the WRA
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Elevation of low side of HQ casing = 268.655 m amsl, and AQ casing stickup = 1.6 m
Length to Test Zone #4 - 600 - 722.2 m; Test interval average head is about 340 m amsl.
Mean BH plunge = 34.76 degrees in the test interval (between SS depths of 413.81 and 483.48 m)
January 20 to May 15,1994 inflow test:

The length to water was swabbed down to about 580 m length.
A packer was lowered at the end of a string of AQ drillrod to about 600 m length
The transducer was located at 578 m length (402 m depth) in drillrods (or at -132.8 m elev.)
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Test duration (Jan 20 - May 15, 1993)

moan Inflow rate —

after 20 days *^~^

- 4

"-•—inflow tote - mL / dov
— Q — Hydraulic head change - m

I

10 20 30

Test duration - da\s

40 50 60

Date # of Days Packer Transducer Pressure

94/01/20
94/01/21
94/01122
94/01/23
94/01/24
94/01/25
94/01/26
94/01/27
94/01/28
94/01/29
94/01/30

0
5
8
II
15
19
22
32
36
50
57

(Wa)
850/1100

1050

1050

1000

1000

1000

1000

950

950/1150

1050

1025

<mV)
0.053

0.0545
0.056
0.0585
0.061
0.065
0.0675
0.077
0.079
0.088
0.093

(PSi)
10.557
10.856
11.155
11.653
12.151
12.948
13.446
15.338
15.737
17.529
18.525

Average =

Head
(m)

o
0.21
0.42
0.771
1.121
1.681
2.032
3.361
3.642
4.902
5.602
3.908

Volume
(Litres)

o
0.353
0.705
1.292
1.879
2.809
3.406
5.637
6.107
8.22
9.39

Rate
(Litres/day)

0.0705
0.0881
0.1175
0.1253
0.1484
0.1548
0.1761
0.1696
0.1644
0.1648
0.166

Applying a line sink radial flow model (Hubbert, 1940), the permeability (k) of the domain of

parsely fractured rock between 600 and 722 m borehole length can be calculated from the equation:

= ti/pg » Q/SH »Jn(R/rtt)/.(2*n*L) m2. Where pore fluid viscosity 'u.1 = 1.544*E-3 kg/m*s.

iensity 'p ' = 1077.9 kg/m\ g = 9.811 m/s2, mean inflow rate 'Q' = 0.166 L/d, or 1.92E-9 mVs,
H = 340 -(-132.85 + 3.91) = 468.9 m, radius of influence R' = 1.3 m (calculated),
orehole radius V = 0.038 m, and test interval length 'L' = 122m,

k = 1.544E-3/(1077.9*9.811) * 1.92E-9/468.9 * ln(1.3 /0.038)/(2*pi*122), ork = 2.7E-21 m2.

FIGURE 12: Plot of Inflow Rate Into the Packer-Isolated Interval in the Lower Part of Borehole WG3,
Changes in Pressure Head Versus Test Duration and Calculated Permeability of the Test
Interval
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FIGURE 13: Plot of Normalized Recovery Open Standpipe Water Level for WN9 Piezometer Interval 4



SPCPI A SPP OSPRH SPPBU a WBPBU O OBHSp

SPCPI = STRADDLE PACKER CONSTANT PRESSURE INJECTION; SPP = STRADDLE PACKER PULSE; OSPRH = OPEN STANDPIPE RISING HEAD;
SPPBU = STRADDLE PACKER PRESSURE BUILDUP; WBPBU = WESTBAY PRESSURE BUILDUP; OBHSp = OPEN BOREHOLE SEEPAGE
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FIGURE 14: Plot of Permeability Versus Depth of Domains of Sparsely Fractured Rock at the Whiteshell Research Area
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FIGURE 15a: Borehole WD3 Lithology, Fractured Rock Domains, and Equivalent Fresh Water Hydraulic
Head Versus Piezometer Port Elevation
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FIGURE 15b: Borehole WG4 Lithology, Fractured Rock Domains, and Equivalent Fresh Water Hydraulic
Head Versus Piezometer Port Elevation
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