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Der vorliegende Bericht betrifft eine Studie, die für das 

Stripa-Projekt ausgeführt wurde. Die Autoren haben ihre 

eigenen Ansichten und Schlussfolgerungen dargestellt.Diese 

rnüssen nicht unbedingt mit denjenigen des Auftraggebers 

übereinstimmen. 

Le présent rapport a été préparé pour le projet de Stripa. 

Les opinions et conclusions présentées sont celles des 

auteurs et ne correspondent pas nécessairement à ceux 

du client. 

This report concerns a study which was conducted for the 

Stripa Project. The conclusions and viewpoints presented 

in the report are those of the authors and do not necess

arily coincide with those of the client. 
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Oas Stripa-Projekt ist ein Projekt der Nuklearagentur der OECO. Unter 
internationaler Beteiligung werden von 1980-86 Forschungsarbeiten in 
einem unterirdischen Felslabor in Schweden durchgeführt. Oiese sollen 
die Kenntnisse auf folgenden Gebieten erweitern: 
- hydrogeologische und geochemische Messungen in Bohrlochern 
- Ausbreitung des Grundwassers und Transport von Radionukliden durch 

Klüfte im Gestein 
Verhalten von Materialien, welche zur Verfüllung und Versiegelung von 
Endlagern eingesetzt werden sollen 

- Methoden zur zerstërungsfreien Ortung von Storzonen im Fels 
Seitens der Schweiz beteiligt sich die Nagra an diesen Untersuchungen. 
Die technischen Berichte aus dem Stripa-Projekt erscheinen gleichzeitig 
in der NTB-Serie der Nagra. 

The Stripa Project is organised as an autonomous project of the Nuclear 
Energy Agency of the OECO. In the period from 1980-86, an international 
cooperative programme of investigations is being carried out in an 
underground rock 1 abora tory in Sweden. The a im of th e work i s to improve 
our knowledge in the following areas: 
- hydrogeological and geochemical measurement methods in boreholes 
- flow of groundwater and transport of radionuclides in fissured rock 
- behaviour of backfilling and sealing materials in a real geological 

environment 
non-destructive methods for location of disturbed zones in the rock 

Switzerland is represented in the Stripa Project by Nagra and the Stripa 
Project technical reports appear in the Nagra NTB series. 

Le projet Stri pa es t un projet autonome de l'Agence de 1 'OCDE pou r 
l'Energie Nucléaire. Il s'agit d'un programme de recherche avec 
participation internationale, qui sera réalisé entre 1980 et 1986 dans 
un laboratoire souterrain, en Suède. Le but de ces travaux est 
d'améliorer et d'étendre les connaissances dans les domaines suivants: 
- mesures hydrogéologiques et géochimiques dans les puits de forage 
- chimie des eaux souterraines à grande profondeur 
- écoulement des eaux souterraines et transport des radionucléides dans 

les roches fracturées 
- comportement des matéri aux de colmatage et de scell ement des dépôt 

finals 
- méthodes de localisation non destructive des zones de perturbation de 

1 a roche 
La Suisse est représentée dans le projet Stripa par la Cédra. Les 
rapports techniques du projet Stripa sont publiés dans la série des 
rapports techniques de la Cédra (NTB). 
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ABSTRAcr 

This study was initiated in January, 1986, to determine a) if 
the permeability of the rock mass in the immediate mine area 
was anisotropic, b) the effective and total fracture porosity 
distributions based on field and laboratory data and c) the 
three dimensional configuration of the groundwater flow 
system at stripa in order to properly interpret the 
hydrogeological, geochemical and isotopic data. 

The borehole packer test data show that on average SBH1 and 
SBH2 have lower permeabili ties than SBH3. This is consistent 
with the pattern that one would expect for the orientation of 
the boreholes with respect to in-situ stresses. Laboratory 
studies showed a strong decrease in fracture permeability 
with increase in nonnal stress in core sanples containing 
natural fractures suggesting that anisotropy to flow in the 
vertical direction must exist, since in-situ stresses 
increase with depth. The contribution of fracture geometry to 
the rock mass flow anisotropy was analyzed using a fracture 
network generator to simulate fracture networks in three 
orthogonal planes. In the horizontal plane the relative 
flowrates indicate an anisotropy factor of 1.5 with the 
principal direction oriented North-Northwest. Similar degrees 
of anisotropy were detennined for the two vertical planes. 

The total and flow porosities of single fractures from Stripa 
were detennined in the laboratory using a resin impregnation 
technique. The equivalent unifonn apertures for two samples, 
computed using the measured variation in fracture aperture 
and resin thickness, were consistent with apertures computed 
from the hydraulic data. The mean effective porosity 
contributed by the fractures in the rock mass calculated by 
combining the aperture data from the field packer tests with 
the fracture statistics for trace length and spacing was 
about an order of magnitude less than the porosity computed 
using the hydraulic data from the laboratory tests on single 
fractures in the core sarrples. More important, the porosity 
calculated using resin thickness data was almost a factor of 
100 greater than that computed using the field data. 

The three-dimensional numerical model gave mine inflows that 
were consistent with the measured mine inflows with 
perturbations extending to at least 3, 000 m of depth. Transit 
times predicted from the flow tube calculations were much 
shorter than those predicted from the existing geochemical 
and isotopic data for porosities developed from field data. 
Corrections for the higher porosities detennined from 
laboratory studies gave transit times that were more 
consistent with those inferred from isotope studies. 
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ZUSAMMENFASSUNG 

Diese im Januar 1986 begonnene Studie hat drei Hauptziele: a) Abklärung, 
ob die Durchlässigkeit der Felsmasse im unmittelbaren Bereich der Mine 
anisotrop war, b) Bestimmung der Verteilung der effektiven und der totalen 
Kluftporosität basierend auf Feld- und Labordaten und c) Bestimmung 
der dreidimensionalen Struktur des Grundwasserflusssystems in Stripa, 
um die hydrogeologischen, geochemischen und isotopischen Daten korrekt 
interpretieren zu können. 

Die Daten aus den Bohrloch-Packertests zeigen, dass SBH1 und SBH2 im 
Durchschnitt niedrigere Durchlässigkeiten haben als SBH3. Dies stimmt 
mit dem Muster überein, das man für die Orientierung der Bohrlöcher 
hinsichtlich In-situ-Spannungen erwarten würde. Laborstudien zeigten 
eine starke Abnahme der Kluftporosität unter Zunahme der Spannung in 
Kernproben, die eine natürliche Klüftung enthalten, was darauf hindeutet, 
dass Anisotropie für einen Fluss in vertikaler Richtung existieren muss, 
da In-situ-Spannungen mit zunehmender Tiefe immer grösser werden. Der 
Beitrag der Kluftgeometrie zur Anisotropie des Flusses im Felskörper 
wurde analysiert, indem man einen Kluftnetzwerkgenerator benutzte, der 
die Kluftnetzwerke in drei orthogonalen Ebenen simuliert. In der 
horizontalen Ebene zeigen die relativen Fliessraten einen Anisotropie
Faktor von 1,5 an, mit der Hauptrichtung nach Nord-Nordwest. Aehnliche 
Anisotropien wurden für die zwei vertikalen Ebenen bestimmt. 

Die totale und die Fliessporosität einzelner Klüfte in Stripa wurden 
im Labor unter Verwendung einer Harzimprägnierungstechnik bestimmt. 
Die einheitlichen Kluftaperturen für zwei Proben, berechnet unter 
Benutzung der gemessenen Variationen von Kluftapertur und Harzdicke, 
stimmten mit den aus hydraulischen Daten errechneten Kluftaperturen 
überein. Die effektive Durchschnittsporosität der Klüfte im Felskörper 
wurde berechnet durch die Kombination der Kluftaperturen aus den Feld
Packertests mit den Kluftstatistiken für Kluftlänge und Ausdehnung. 
Diese Porositätswerte waren ungefähr ein Faktor 10 kleiner als die aus 
hydraulischen Daten von Labortests an einzelnen Klüften in Kernproben 
berechnete Porosität. Noch wichtiger ist, dass die unter Benutzung 
der Harzdicken errechnete Porosität beinahe um einen Faktor 100 grösser 
war als die unter Verwendung von Felddaten berechnete Porosität. 

Das dreidimensionale numerische Modell ergab Daten für die Schüttungen 
in die Mine, die mit den gemessenen Schüttungen übereinstimmten, welche 
Störungen berücksichtigen die sich bis in eine liefe von 3000 m auswirken. 
Die aus den Flow-tube-Berechnungen vorausgesagten Transportzeiten waren 
viel kürzer als~jene, welche gestützt auf existierende, von Felddaten 
abgeleitete geochemische und isotopische Daten für Porositäten vorhergesagt 
wurden. Die Berücksichtigung der höheren Porositäten aus den Labor
untersuchungen ergaben Transportzeiten, die besser mit den aus Isotopen
untersuchungen abgeleiteten Zeiten übereinstimmen. 
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RESUME 

Cette étude a été entreprise en janvier 1986 en vue de déterminer 
a) si la perméabilité de la masse rocheuse dans la zone à proximité 
fmmédiate de la mine était anisotrope, b) la distribution de la porosité 
de fracture cinématique et totale basée sur des données de terrain et 
de laboratoire et c) la configuration tridimensionnelle de la circulation 
des eaux souterraines à Stripa, afin de pouvoir correctement interpréter 
les données hydrogéologiques, géochimiques et isotopiques. 

Les résultats d'essais avec packers dans les puits de forage montrent 
qu'en moyenne SBH1 et SBH2 présentent des perméabilités plus faibles 
que SBH3. Ceci est cohérent avec la tendance attendue selon l'orientation 
de ces forages par rapport aux contraintes in-situ. Des essais en 
laboratoire avec des carottes présentant des fractures naturelles ont 
montré une forte diminution de perméabilité de fracture avec une 
augmentation de la contrainte normale, suggérant qu'une anisotropie 
de la circulation d'eau dans la direction verticale doit exister, les 
contraintes in-situ croissant avec la profondeur. L'influence de la 
géométrie des fractures sur l lanisotropie de la circulation d'eau dans 
la masse rocheuse a été analysée en utilisant un générateur de réseaux 
de fractures simulant des réseaux de fractures dans trois plans 
orthogonaux. Dans le plan horizontal les débits relatifs montrent un 
facteur d'anisotropie de 1.5, la direction principale étant orientée 
vers le N-NW. Des degrés d'anisotropie similairesont été déterminés 
pour les deux plans verticaux. 

La porosité totale et la porosité cinématique de fractures isolées 
de Stripa ont été déterminées en laboratoire en utilisant une technique 
d'imprégnation de résine. Les ouvertures uniformes équivalentes de 
deux échantillons, calculées en utilisant les variations d'ouverture 
mesurées dans la fracture et l'épaisseur de résine, étaient cohérentes 
avec les ouvertures calculées à partir des données hydrauliques. La 
porosité cinématique moyenne des fractures, calculée en combinant les 
données d'ouverture provenant d'essais par packers avec les valeurs 
statistiques des longueurs et espacements des fractures, était inférieure 
d'un ordre de grandeur environ à la porosité calculée en utilisant les 
données d'essais hydrauliques en laboratoire sur des fractures isolées 
d'échantillons de carottes. Plus important toutefois est le fait que 
la porosité calculée en utilisant les données d'épaisseurs de résine 
était supérieure d'un facteur de presque cent par rapport à celle 
calculée en utilisant les résultats de terrain. 

Le modèle numérique tridimensionnel a donné des débits d'eau dans la 
mine cohérents avec les valeurs effectivement mesurées dans la mine, 
avec des perturbations s'étendant jusq'à une profondeur de 3000 m au 
moins. Les durées de transit prédites par les calculs se basant sur 
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un écoulement dans des tubes étaient nettement plus courtes que celles 
prédites par les données géochimiques et isotopiques existantes pour 
des porosités déterminées par des investigations de terrain. Des 
corrections pour tenir compte de porosités plus élevées déterminées 
par des études en laboratoire ont livré des durées de transit plus 
cohérentes avec celles suggérées par des études isotopiques. 
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SUMMARY 

General 

'!his study was initiated in Jan\lalY, 1986. Part I of this 
study was completed in February, 1986, am was published as 
TR-86-05. Part I consisted primarily of a detailed analysis 
of the borehole packer test data from the Buffer Mass Test 
area and. the surface boreholes. '!his study, Part II, is a 
continuation of Part I. 

The objectives of this study were to determine a) if the 
permeability of the granite rock mass in the inunediate mine 
area was anisotropic, b) the effective am total fracture 
porosity distributions based on field am laboratory data and 
c) the three dimensional configuration of the groundwater 
flow system at stripa in order to properly interpret the 
hydrogeological, geochemical and isotopic data from the 
stripa site. 

Directional Per.meabilities. 

The directional permeabilities of the rock mass in the Buffer 
Mass Test area were assessed by a) analyzing the packer test 
data from the three surface boreholes to determine if the 
average permeabilities could be correlated with the direction 
of the boreholes with respect to the direction of the maximum 
principal stress, b) generating fracture networks for three 
orthogonal planes am determining the relative flux rates 
through these fracture networks for a full range of flow 
directions as a function of fracture geometry, c) measuring 
the change in flow through natural fractures from the stripa 
granite as a function of nonnal stress under laboratory 
corxiitions and d) calculating the permeability tensor based 
on an equivalent porous media approach that combines each 
fracture intersecting the borehole with the aperture 
distribution determined from the borehole packer tests and 
then computing the principal permeabilities am their 
directions for each borehole am the rock mass. 

Boreholes Sml am Sm2 are oriented sub-parallel to the 
maximum principal stress. Hence fractures oriented sub
perpendicular to the maximum principal stress will be most 
likely to intersect these boreholes. Similarly, fractures 
oriented sub-parallel to the maximum principal stress will 
preferentially intersect SIE3. The borehole packer test data 
for these three boreholes show that on average SBHl and Sm2 
have lower permeabilities than SIE3. '!his is consistent with 
the pattern that one would expect for the orientation of the 
boreholes with respect to in-situ stresses am suggests that 
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the in-situ stresses provide an anisotropy to the rcx::k mass 
permeabilities .. 

'!he fracture network generator used in this study is 
described in SKB - stripa Project Technical :Report 86-02. The 
fracture networks in three orthogonal planes were simulated, 
based on the measured fracture data (see TR 86-02), each 
representing an area 20 m by 20 m. FICMrates were computed 
for each of the two orthogonal directions assuming a unifonn 
fracture aperture" '!he mesh was then rotated in 15 degree 
increments and the flowrates in the two orthogonal directions 
recalculated to give a measure of the relative anisotropy to 
flow- due to the fracture geometry" '!he relative flCMrates, 
nonnalized to 5 .. 0E-10 ro3 /sec, indicate an anisotropy to flow 
of a factor of 1.5 with the principal direction oriented 
North-Northwest. Similar degrees of anisotropy were 
determined for the two vertical planes, the N-S and W-E 
planes, with the N-S plane having much lower fracture 
interconnection and hence lower overall flowrates. 

Anisotropy to fla-l in the vertical direction must exist, 
since in-situ stresses increase with depth and we have 
measured a decrease in fracture permeability with increase in 
nonnal stress in the four samples containing natural 
fractures that were tested in the laboratory .. In addition 
this deperrlency of fracture permeability on nonnal stress 
must produce significant anisotropy to fla-l in the horizontal 
plane , given the anisotropic nature of the measured in-situ 
stress, and hence must be superinp:>sed on the directional 
permeabilities produced by the fracture geometry" 

'!he permeability tensor approach assumes that each fracture 
is continuous to same flow or pressure boundary. '!hus by 
combining fractures with different orientations, spacings and 
apertures one can produce a mathematical description of the 
permeability of a fractured rock mass in the fom of a second 
rank tensor. '!he principal components of the computed 
directional permeabilities for the Buffer Mass Test area were 
practically identical. '!his apparent isotropic permeability 
reflects the existence of four fracture sets in the rock mass 
and the use of the same aperture merlel for all fracture sets. 
Also the assumption of continuous fractures in the 
calculation is a major limiting factor in attempting to 
characterize the directional permeability of the rcx::k mass. 
Hence it is assumed that the data base is not sufficiently 
well defined to pennit the application of this method to the 
rock mass at stripa. '!he successful application of this 
approach to Stripa requires that we develop an aperture 
distribution mcrlel that reflects the relative orientation of 
the fractures in each set to the principal stress directions" 

Porosity. 

One of the major problems in fracture hydrology is to 
detennine the volume of pore space that controls fluid 
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movement ani how this ~re space is distributed. This 
includes not only the "effective" or flow ~rosity but all 
fracture openings whether they contribute to the flow process 
or not, i. e. the total ~rosity. 

~e total ani flow ~rosities of sirgle fractures from stripa 
have been detennined in the laboratory usirg a resin 
impregnation tec.hnique. Resin was injected while the fracture 
was subject to a given nonna! stress at which steady state 
flow tests had been conducted. ~e resin thickness an:i 
fracture aperture, which included the fracture ~re space not 
filled with resin, were measured. at every 0.025 nun along a 
number of cross-sections through each sample. '!he mean resin 
thickness for samples STR2 ani STR5, which should reflect the 
flow ~rosity, were 0.474 nun ani 0.224 nun, respectively, 
which can be compared to the apertures of 0.074 nun ani 0.095 
nun COlTpUted fram the hydraulic data. Sample S'IR3 had a mean 
resin thickness of 0.272 nun and a hydraulic aperture of 0.341 
nun. Only four profiles were cut through S'IR3 ani hence the 
resin thickness is not considered representative of the real 
aperture. '!he equivalent unifonn apertures for STR2 ani STRS, 
computed usirg the measured. variation in fracture aperture, 
were consistent with apertures computed fram the hydraulic 
data. Both the resin thickness and the total aperture appear 
to be lognonna!ly distributed. 

A secon:i approach to calculating the effective ani total 
~rosities consisted of combining the aperture data from both 
the field packer tests ani the laboratory studies with the 
fracture statistics for trace length and spacing. ~e mean 
effective porosity contributed by the fractures in the rock 
mass calculated using the field data was about an o:rder of 
magnitude less than the ~rosity COlTpUted using the hydraulic 
data from the laboratory tests on single fractures in the 
core samples. More inp:>rtant, the ~rosity calculated using 
the data on resin thickness is almost two o:rders of magnitude 
greater than that computed using the field data. 

Flow System Analysis. 

'!he flow system analysis was conducted on two scales. The 
regional model includes an area, defined by surface water 
drainage boundaries I of about 9 kIn by 12 kIn. The sub-model 
region includes an area of about 4 kIn by 4 kIn centered on the 
Stripa mine. Three different geological ani hydrogeological 
situations were simulated using the regional model. This 
included a) a single rock type (unifonn) with no fracture 
zones and the same hydraulic properties in all layers, b) a 
single rock type (rock) ani one fracture zone type with a 
logarithmic variation of hydraulic properties with depth and 
c) three rock types (rcx::ks) consisting of granite, leptite, 
metasediments ani two sets of major fracture zones 
incorporated in each model. '!he regional model was analyzed 
as a 7 layer case with a total thickness of 5000 m for the 
unifonn case ani 3000 m for the "rock" ani "rcx::ks" cases. 

For the sub-model only the "rock" ani "rcx::ks" cases were 
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total thickness of 3000 meters. '!he hydraulic head bourrlary 
corrlitions were obtained from the regional model. '!he 
penneability arrl porosity input parameters for each model 
were developed by averaging the existing data base from 
stripa arrl using the mine discharge rates to provide a 
constraining bourrlary corrlition.. '!he water table was 
developed from the lake levels am by fitting a smoothed 
surface to the surface topcxJraphy. 

Model results are presented as the distribution of 
isopotentials at the top of each layer. '!he uniform geology 
case resulted in a smoothing of the hydraulic head contours 
with depth. '!he other two simulations showed less smoothing 
of the isopotential distribution with depth, reflecting the 
effects of the fracture zones with their contrasting 
hydraulic properties. Simulating the mine within both the 
regional and. local model clearly shCMS that the mine perturbs 
the flow system to depths of at least 3000 m resulting in the 
discharge of deep groundwaters into the mine. 

'!he three-dimensional numerical model gave mine inflows of 
about 120 llmin when a single hydraulic conductivity of 
1.0E-09 mjs was used for all rock types arrl all layers" Using 
hydraulic conductivity averages that approximated the 
geometric mean of the penneabilities and the depth
penneability relationships observed in the three surface 
boreb.oles the "rock" case gave mine inflows of 534 llmin 
which closely approximates the average discharge from the 
mine. Similarly, the "rocks" case gave a mine discharge of 
177 l/min. 

Transit times predicted from the flow tube calculations were 
much shorter than those predicted from the existing 
geochemical arrl isotopic data for the range of porosities and 
penneabilities used in the flow model calculations. However, 
if the transit times are corrected for the higher porosities 
determined from the laboratory studies the actual travel 
times from surface recharge points to discharge points within 
the mine are more consistent with those inferred from the 
isotope data. 



1 

1.1 

1-1 

INTRODJCrION 

Background and scope 

The stripa iron-ore mine is the focal point of a comprehensive 
research and development program on the disposal of nuclear 
waste in granitic rocks. This program includes an extensive 
series of studies on (a) the fracture and hydrogeologic 
characteristics of the rock mass in the northeastern area of 
the mine and (b) the geochemistry and isotope characteristics 
of both the surface waters and groundwater from nearby ponds, 
surface boreholes and boreholes in the mine. 

The fracture studies at stripa have focussed on evaluating 
the variability in fracture spacings, trace lengths, and 
orientations from boreholes, drifts and outcrops in selected 
parts of the stripa rock mass. These parameters detennine the 
degree of fracture interconnection and hence fluid movement 
through the rock mass. Borehole packer tests have been used 
to define the range of fracture penneabilities and hOW' they 
vary laterally and with depth. 

The initial fracture hydrology research program (Figure 1-1) 
was based on the collection and integration of basic fracture 
geometry and hydraulic data in order to define the shape or 
configuration of the groundwater flaw system and hence the 
transit times for water moving through the fractured rock 
mass. The geochemical and isotopic signatures of the water 
flawing through the fractured rock mass were detennined in 
order to provide necessary constraints on residence and 
transit times for the flaw system analysis. The components of 
this research program were outlined and discussed in the 
initial program report [1]. 

In addition to the initial program report [1], additional 
reports, [2] and [3], have detailed the fracture and hydrolCXjy 
data collection procedures and tabulated the original data 
set. The initial results of the program are summarized in 
Gale et ale [4]. A detailed analysis of the fracture system, 
primarily in the Buffer Mass Test area, is given in [5] and 
[6]. Additional details have been presented in other 
conference papers and reports and these references are given 
in this and the above papers. Part I of this current study 
[7], funded under the stripa (OECD/NFA) project, included a 
review and analysis of the borehole packer injection and 
withdrawal test data, calculation of fracture penneabilities 
and fracture apertures using the above data, correlation of 
fracture penneabilities with fracture frequency, generation 
of fracture networks for the Buffer Mass Test area and 
comparison of the total flaw through these networks with the 
total flaw [8] measured during the macropenneability 
experiment, a large scale drift experiment. 

In Part II of this study, presented in this report, we have 
used the existing fracture and hydrology data to construct a 
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three-dimensional model of the groundwater flC1il system on 
both a local (in the i.nnnediate vicinity of the mine) and on a 
regional scale. While permeability measurements are assume:i 
to give reasonable estimates of the flux and the pathways 
follC1iled by groundwater moving through a fractured rock mass, 
predictions of fluid velocity are required if one is to fully 
integrate the physical hydrogeological, geochemical and 
isotopic data from a given site in a flC1il system context. 

Predictions of fluid velocity requires one to obtain a 
detailed understanding of the nature and distribution of the 
permeability and porosity within the rock mass. '!he anisotropy 
to flC1il imparted to the rock mass by the fracture geometry 
was investigated using a fracture network approach [7]. Given 
the dependence of water residence time, and thus rock-water 
interaction, on porosity, estimates of porosity are equally 
important if one is to properly interpret groundwater 
geochemistry and isotope data. Hence a major part of this 
current study was directed towards determining in the 
laborato:ry, using a resin intpregnation technique, the volume 
of pore space in selected fracture planes for known stress, 
fracture closure and fracture flux conditions. In addition, 
the fracture geometry data were integrated with the hydrology 
data from the field (borehole packer tests) and laborato:ry 
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Figure 1-1. Components of the initial fracture hydrology prcg.ram 
at stripa shCMing hCM the components are focussed 
towards a flCM system analysis [1] .. 
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resin studies to provide realistic descriptions of the 
fracture porosity in tenus of both total arrl flow porosity. 

1.2 Geological setting 

The stripa test site was developed in a mined-out iron-ore 
mine that is located in south-central SWeden, about 150 kIn 
west-northwest of Stockholm. The area aroun:l the Stripa mine 
is hilly, interlaced by a rn.nnber of steep stream-cut ravines 
arrl dotted with ponds arrl lakes. The lakes are usually less 
than 30 metres in depth. SUrface elevations vary from about 
60 metres at Lake Rasvalen, to about 140 metres at the stripa 
mine. Northwest of the mine many hills exceed 250 metres in 
elevation. Bedrock is well exposed on the hills arrl in many 
of the stream beds. However most of the region is covered by 
glacial sediments arrl tills which support thick forests. 
Glacial sediments in the low lying areas produce poor natural 
drainage requiring extensive drainage/irrigation networks. 

The bedrock geology is typical of highly folded arrl defonned 
shield terrains. The regional geology (Figure 1-2a) is 
characterized by a northeast - southwest trerrling suite of 
folded metamorphic rocks that have been intruded by a series 
of granitic rocks. The local bedrock structure (Figure 1-2b) 
arourrl stripa is dominated by a northeast-southwest trerrling 
syncline. Additional smaller synclines, one of which contains 
the stripa ore zone, trend both parallel arrl perpendicular to 
the major southwest trending syncline arrl add to the overall 
structural complexity of the region. 

SUperimposed on the regional fold pattern is a series of 
fracture zones arrl lineaments with at least one major fracture 
zone trending perpendicular to the major synclinal feature 
that cuts across lake Rasvalen. The trerrls of the major 
lineaments have been plotted on a frequency-strike diagram 
(Figure 1-3). '!his figure shows that while major features or 
fracture zones of all orientations exist the north-south 
trending features are dominant. 

The experimental rooms for much of the research program were 
excavated at a depth of 338 m below surface (Figure 1-4), 
urrler the north limb of a syncline (Figure 1-5), in a small 
bcxiy of granite (quartz monzonite) adj acent to the 
metasedimentary-metavolcanic sequence in which the mined-out 
ore bcxiy was located (Figure 1-2a). The general geology of 
the test site area arrl the general fracture system are 
described by Koark arrl Iundstrom [9] and Olkiewicz, et ale 
[10] • The petrology of the granite bcxiy is discussed by 
Wollenberg, et ale [11]. 

1.3 Sources of data and field measurements 

The principal sources of data for the initial fracture and 
hydrology studies included drift maps, three inclined surface 
coreholes, SEHl, SBH2 and SBH3 (Figure 1-4), seven shallow 
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vertical percussion boreholes an::i a series of subsurface 
coreholes (HG an::i R coreholes) in the Buffer Mass Test Area 
[2, 3,4,5, 6, 7] am the large macropenneability experiment [8]. 
Approximately 2,000 metres of additional hydrogeological 
coreholes (Figure 1-6) were drilled an::i investigated as part 
of l:hase I am II of the stripa Project. '!his included two 
subhorizontal coreho1es, E1 am N1, a vertical coreho1e, Vl, 
am the deepenin:J of an existing corehole at the 410 metre 
level (IlJh Vl, renamed V2) to a total depth of 1,230 metres 
below grourrl surface [12]. six corel101es, total1in:j 1,350 
metres in length, were drilled sub-paral1el to E1 for 
crossho1e measurements [13]. 

An extensive series of hydrology measurements were made in 
all surface am subsurface coreho1es. 'Ihese included: (1) 
in-situ pore water pressure measurements during dri11in:j in 
the SBH coreho1es, (2) lOC>nitorin:j of water levels in the 
shallow vertical boreholes (wr) that were left open at the 
surface, (3) water outflow measurements fran instruItent an::i 
heater boreholes in conjunction with the thermal experiments, 

10 

8 

( 4) measurement of water pressures as a function of time 
during shut-in tests arrljor both water pressures an::i f10wrates 
during injection arrljor withdrawal packer tests in the surface 
am subsurface coreho1es an::i (5) measurement of water levels 
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Figure 1-3. Frequency histogram of trends of major lineaments in 
the innnediate stripa area. 
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durirg pumping out tests in several surface water wells. I8ta 
obtained fram these measurements served as the basis for 
deve10pirg an initial hydrogeologic characterization of the 
stripa site. 

General fracture am hydrology characteristics 

Fractures intersecting the drill cores am drift walls were 
mapped to detennine fracture orientations, trace length 
distribution, spacirg or frequency as well as surface 
characteristics am mineral infillings or coatings. Fracture 
data fram the walls am floor of the Buffer Mass Test drift, 
when combined with the data fram 13 of the HG am R boreholes 
drilled fram the Buffer Mass Test drift, showed four main 
clusters or sets of fractures on a lower hemisphere, equal 
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area, pole plot (Figure 1-7). '!he trace lengths for the 
fractures that fall within the bourrlaries of each set are 
shown in Figure 1 .... 8. FIbe distribution of fracture spacings 
for each of the four sets is given in Figure 1-9. Detailed 
analysis [6] of this data set shCMed that the trace lengths 
am spacings are well approximated by a lognonnal 
distribution. Fracture densities, defined as the total area 
of fractures per volume of rock (m- 1 ), are 1.03 for set 1, 
2.64 for set 2, 0.91 for set 3, am 1.83 for set 4 [6,7] .. 
OVerall these fracture geometry data irrlicate a well 
interconnected fracture system. 

Fracture frequencies were cang;nlted for all of the coreholes. 
Figure 1-10 shCMS that while fracture frequencies within given 
depth intervals are log-nonnally distributed [7] there is no 
clear variation of fracture frequency with depth in the upper 
200 to 300 metres of the rock mass. However, a combination of 
the fracture data [12] from SBHl, SBH2, Vl am V2, although 
partly masked by the m:>re intense fracturing associated with 
fracture zones, shCMS a general overall decrease in fracture 
frequency with depth (Figure 1-11). FIbis tren:i may be related 
to a reduction in the number of subhorizontal fractures with 
depth as observed in the V2 corehole (Figure 1-12) between 
410 am 1,320 metres of vertical depth [12]. 
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'!he nost significant perturbation of the hydrologic regime at 
stripa, which influences the l:xrurrlary corrlitions for any flay 
system analysis, was that produced by excavations made during 
the mining operations. Mining started as an open pit 
operation some 400 years ago am continued as an urrlergrourrl 
operation for about the last 40 years. rrhe in-situ pore 
pressures for smn am SBRJ (Figure 1-13) irxlicated a 
deviation of the fluid pressures from hydrostatic corrlitions 
in smn with a strorg downward gradient starting about 100 m 
belOW' grourd surface. Dlring the drilling of SPH2 no 
measurements were made belOW' the 100 m level. However the 
data from SBH3 shOW'ed downward gradients starting at the 
surface. 'Ihese hydraulic gradients confinned the expected 
drainage effect of the old mine workings. Moreover, the 
measurements made by Olkiewicz, et al [14] in a flOW'ing 
borehole at the 410 m level of the mine, irxlicate upward 
acting gradients which suggest that grourrlwaters from a deep 
(1) flOW' system are discharging upward into the mine. 
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Hydraulic head measurements in packed off intervals in the HG 
am R coreholes during the macropenneability experiment [8] 
shaved a pattern of increasing hydraulic head with increasing 
distance from the drift (Figure 1-14). Hydraulic head data 
(Figure 1-15) oompiled by carlsson am Olsson [12] show the 
variation of hydraulic head in different boreholes as a 
function of distance from the nearest drift. It is worth 
notjn;;J that the measured hydraulic heads in V2 show llUlCh 
greater deviations from hydrostatic corrlitions over its entire 
length than any of the other coreholes. '!his is thought to 
reflect the hydraulic inp::>rtance of sub-vertical fracture 
zones that were encountered in this corehole. '!he other four 
coreholes in Figure 1-15 approach hydrostatic corrlitions at 
distances of about 200 metres from the nearest drift. '!his 
suggests that the mine perturbs the flow system over llUlch 
greater vertical depths than horizontally. 
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FRACIURE PERMEABILITY' 

In fractured crystalline rock, it is recognized that flow 
through the intact rock matrix is Sb low that significant 
flows through the rock mass can only take place through the 
fracture system. Previous studies [15, 16, 17] have shown 
that there is a decrease of penneability with depth in most 
fractured crystalline rocks. Field data from stripa [2, 7, 
12, 18, 19], reviewed in this report, suggest a similar 
pattern exists at stripa. Factors that may contribute to this 
observed decrease in fracture penneability with depth include 
(1) a decrease in fracture apertures with increasing depth or 
stress, and (2) a change in fracture density with depth. While 
it is recognized [20, 21] that fracture apertures decrease 
with increasing stress (depth), no data on the changes in 
fracture penneability as a function of nonnal stress were 
available for the fracture system at stripa. r.rhus as part of 
this study a laboratory investigation was conducted to 
determine the relationship between nonnal stress, fracture 
closure and flowrate for selected fractures from stripa. 

2.1 Laboratory measurements of fracture penneability as a function 
of nonnal stress and fracture closure. 

Changes in the fracture closure and flowrate for four core 
samples, that had been collected from the 360 m level of the 
stripa Mine, each containing a single natural fracture 
oriented perpendicular to the core axis, were measured for a 
range of uniaxial stress and radial flow corxlitions. These 
cores were collected using a rock bolting-overcoring 
technique. This technique consisted of drilling a centered 
borehole, inserting a rock bolt into the borehole such that 
it was anchored across the fracture plane. When the rock bolt 
was tensioned it exerted a compressive nonnal stress locking 
the two sides of the fracture together during overcoring of 
the 0.15 m diameter cores. 

Each sample was cut to a length equal to about 2.1 times its 
diameter (Table 2-1) and the ends of the sample were ground 
to provide end parallelism suitable for uniaxial compression 
testing. Holes for LVDr anchors and a fluid pressure port 
were drilled in each sample. Finally an injection tube sleeve 
was glued in the center borehole and strain gauges were 
attached to the surface of the sample. 

Each core was mapped by wrapping a sheet of mylar arourrl the 
core and tracing the outline of the fracture plane and the 
location of the strain gauges, pressure port, and the LVDr 
and anchor holes directly on the mylar. 'Ihese sample maps 
are given in Figure 2-1 and provide complete details on the 
surface characteristics of each core. Figure 2-1 indicates 
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Figure 2-1. Surface maps of core samples showing the intensity of fracturing in the core. 
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the complex pattern of old welded fractures, on the scale of 
the cores, that cuts through the granite at stripa. 

Table 2-1. Dimensions of Samples. 

SAMPIE LENGnI DIAMETER liD DIAMETER, rom 
NO. m m (center hole) 

STR2 0.309 0.152 2.03 17.3 
STR3 0.312 0.152 2.05 17.3 
S'IR5 0.306 0.152 2.01 17.5 
STR7 0.299 0.152 1.97 17.5 

Figure 2-2 is a schematic of an instrumented sample placed 
wi thin the loading frame for testing. A 2.67 MN capacity, 
closed loop, servo-controlled, testing machine was used to 
apply the axial loads. The applied load was measured with 
three 0.89 MN capacity load cells built into the upper loading 
platen. The samples were placed within a plexiglass water 
tank that maintained the water level above the fracture 
plane. Fracture and rock deformation were measured using 
three Linear Variable Differential Transducers (LVDrs) spaced 
at 120 degrees around the circumference of the fracture. The 
LVDrs are capable of recording deformations of less than one 
roicrometre. Rock deformation and rock strains were measured 
both with a LVDr and with strain gauges affixed to the upper 
block of the fractured samp::J.e. 

Samples STR3 and S'IR5 were subjected to two loading and 
unloading cycles. Samples STR2 and STR7 were subj ected to a 
minimum of three and four cycles of incremental loading and 
unloading, respectively. The nonnal compressive stress levels 
ranged from self weight to about 25 MPa. At each stress 
level, steady state radial flaw tests, from the center 
borehole, were conducted. 

Fracture closure as a function of nonnal stress 

Fracture closure has been expressed as the weighted average 
of the three LVDr readings (less the rock deformation). The 
weighted average was determined by taking the cube root of 
the average of the third power of the in:tividual LVDI' fracture 
closure measurements. The difference between the average and 
weighted average can be considered a measure of the degree of 
non-uniform fracture closure. In this section only the 
weighted average fracture closures have been presented. 

Fracture closure exhibits a highly non-linear relationship 
with normal stress at law levels of nonnal stress. This is 
clearly evident in Figure 2-3; the normal stress-fracture 
closure diagrams for each sample. Sample STR7 failed on the 
fourth and final loading cycle. Samples STR2, STR3, S'IR5 and 
STR7 shawed maximum fracture closure of about 1.15, 0.55, 
0.35 and 1.10 roicrometres, respectively, during the first 
loading cycle. Permanent fracture deformation between the 
first and final loading cycles, in this part of the test 
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program, was about 1.00, 0.25, 0.15 and 0.60 micrametres, 
respectively, for STR2, STR3, STR5 and S'IR7 (using the third 
cycle for S'IR7). 'Ibis pennanent fracture defomation is 
reflected in the hysteresis between the loading and unloading 
cycles for each sample; a response that is typical of most 
fractures. '!his hysteresis decreases with each loading cycle, 
indicating the importance of stress history in the response 
of a fracture to changes in the stress regime. 

'!he fracture closure curves in Figure 2-3 are typical of 
fracture closure behavior under nonnal stress and are equally 
well fitted. in the intermediate to high stress region by 
either a log function [22] or a hyperbolic function [23]. 
Ha,vever the hyperbolic function gives a better fit to the 
experimental data in the 10Vl stress reeJion. 

Fracture flux as a function of nomal stress 

The flowrates, nomalized. to unit head, at different levels 
of nomal stress are given in Figure 2-4 for three of the 
four test samples. Samples STR2 and STR3 shOVl the nonnal 
pattern of decreasing minimum flowrates with increasing number 
of loading cycles. Sample S'IR7 sha,vs a much more erratic 
pattern reflecting the increasing defomation along incipient 
and welded. fracture planes that this sample 

Load 

~ 
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LVDT/[ Pressure 
V \ Port V 

I[ 
~ 
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IAL. Plate\ Flow 
I \ :.---Tu be 

Figure 2-2. Schematic of 
instnnnented sample 
ready for testing. 
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underwent before corrp1ete failure occurred at the top of the 
fourth loading cycle. 

'!he change in flowrate with change in stress for the loading 
part of the test cycle is well-approximated by a logarithmic 
relationship as shown by the high correlation coefficients in 
Table 2-2. However, predicting values of flowrate from a given 
stress level for different stress histories is corrplicated by 
pennanent deformation between loading cycles - hysteresis. 
'!hus the unloading curve does not have the same slope as the 
loading curve but, on reloading, the slopes of successive 
loading curves are similar after the first cycle but they are 
offset. '!his loading-unloading hysteresis is similar to the 
characteristic void ratio - log pressure curves in soil 
mechanics. 

laboratory data such as that presented in Figure 2-4 tend to 
support the proposal that observed decreases in permeability 
with depth in fractured bedrock are in large part due to 
increase in stress with depth. 

Relationship between fracture aperture am fracture flux 

In order to calculate the fracture hydraulic corxluctivity or 
fracture permeability values for each fracture at different 
levels of normal stress we have to assume that the cubic law 
can be applied to the fractures that were tested. However, 
since only fracture closure measure:me:nts were made, we do not 
have a direct measure of the effective fracture aperture. 
'!hus to check the validity of the cubic law we recognize that 
the effective flow aperture (2b) consists of two components 
[24] : an unknown residual aperture (2br e s) which exists at 
the maximum applied normal stress (reference stress) am a 
measured value detennined from LVDr closure measure:me:nts 
(2bm ). '!hus, 

(2-1) 

If the cubic law describes the relationship between fracture 
flowrate am aperture, then the measured flowrate, expressed 
as "unit flowrate", and aperture data should plot as a 
straight line on a log-log plot with a slope equal to three. 

'!he unit flowrate is a slightly different fom of the flux 
per unit change in head, which, if the flow is steady am 
isothermal, can be developed from Darcy's law am may be 
written in silrplified fom as 

QI~H = C (2b)3 (2-2) 

where C is a constant, which in the case of radial flow is 
given by 

c = 2 1(" pg 
In(re/rw ) 12JL 

(2-3) 



Table 2-2. Values of the slope (a) and intercept ((3), for the empirical relationship, 
O/(iHC) = {3 (fa detennined from regression analysis of experimental nonnalized 
flowrate versus nonnal stress data, where (LY) is the change in nonnalized 
flowrate per log cycle of stress and {3 is the value of 0/ (iHC) at a nonnal 
stress of 1 MPa. 

Test STR2 S'lR3 SIR7 

Cycle (3 R2 {3 R2 6 R2 
a m3/s ex m3/s a m3bL 

cycle 1 -1.24 10-10•39 0.88 -1.20 10-10•23 0.96 -1.09 10-13 •44 0.95 

cycle 2 -0.79 10-12 •39 0.95 -0.77 10-11•62 0.95 -1.11 10-12 •54 0.98 

cycle 3 -0.52 10-12 •90 0.96 -0.74 10-13 •55 0.99 

cycle 4 -0.94 10-13 •50 0.99 

N 
I 

i-I 
N 
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Hence expressing "unit flow" as 

~ = (2b)3, 
(llH) C 

(2-4) 

having dimensions of (L3), we can make a direct comparison of 
the curves for the different samples, since the data have 
been normalized in tenns of both head and sample size (re and 
rw) • 

The basic cubic relationship between flow and fracture 
aperture is based on flow experiments in open smooth fractures 
with no contact between adjoining surfaces. For flow in rough 
fractures Lomize [25] contributed the concept of relative 
roughness, e*, which he defined as the ratio of the absolute 
height of protrusions, e, on the fracture wall to the fracture 
opening. The average fracture opening or aperture, 2b , was 
calculated by dividing the volume of fluid, V, conta~ed in 
the fracture plane by the length, L, and width, W, of the 
fracture plane. Hence 

2ba = V / (L x W) • (2-5) 

IDuis [26] defined the relative roughness as the average or 
mean height of the protrusions, ell} , divided by the hydraulic 
diameter, ~, which equals four tmes the hydraulic radius or 
two' times the fracture aperture. For unifonn roughness the 
average height, em' of the asperities equals the absolute 
height or roughness of the asperities, ~. Thus for laminar 
flow in rough fractures, experimental work by IDuis [26] gave 

~=(Q) (12p)/(2 7rpg(2b) 3 » (1 + 8.8(~/~ )1. 5 )In(rw-rb ). (2-6) 

For rough fractures whose walls are in contact, the maximum 
relative roughness (~/~) using the definition of IDuis [26] 
gives a value of 0.5. 

To plot the experimental data one must assume that the cubic 
law is valid at maximum normal stress in order to calculate 
the residual fracture aperture (2br e 5 ). '!his requires 
assumptions to be made about the roughness of the fracture 
surface. For this set of test fractures the residual apertures 
have been calculated assuming that the fractures are 
hydraulically rough and have a relative roughness of 1.0 [25]. 
In addition the non-unifonn closure of the fractures have 
been investigated by calculating the fracture closure first 
as the average of the individual LVDr fracture closure 
measurements and then as the weighted average. The resulting 
plots of aperture versus flowrate are presented in Figure 2-5 
for three of the samples. 

The best-fit straight line to each set of data given in Figure 
2-5 has been determined using least squares analysis. The 
slope of each line is a measure of the exponent (n) in the 
expression 

Q = (2b)n (2-7) 
(llH) C 
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and reflects the experimentally detennined relationship 
between fracture aperture and flowrate over the nonnal stress 
ranges applied to the test samples. '!he exponents (n) for 
all of the loading cycles for each sample are given in the 
individual figures along with the correlation coefficient 
(J<2 ), that indicates the overall scatter in the data. '!he 
range of exponents for the test samples, even when the 
roughness corrections have been applied, indicate that, over 
the range of stresses applied, there is considerable variation 
in the degree of fit of the cubic model to the test data. 

Relationship between fracture transmissivity and nonnal stress 

We conclude from the previous section that the cubic 
relationship between fracture aperture and flowrate does not 
hold over the full range of stresses that these samples were 
subjected to in the laboratory. Hence the effective fracture 
aperture and fracture hydraulic corrluctivity cannot be 
calculated using the parallel plate model. However, we can 
use fracture transmissivity (Tf ), which does not require any 
knowledge of the fracture aperture, to describe how the fluid 
flow properties of the fracture varies as a function of nomal 
stress. Fracture transmissivity is defined as, 

Tf = ~ lnCreftwl (2-8) 
flH 21(" 

Fracture transmissibilities have been plotted for each loading 
cycle and each sample in Figure 2-6 as a function of nonnal 
stress. In general there is a logarithmic decrease of 
transmissivity with the logarithm of increasing nonnal stress. 
Hence it is reasonable to fit a linear power law of the fonn 

(2-9) 

to the transmissivity - nonnal stress data, where {3 is the 
value of Tf at a (nonnal stress) equal to 1.0 MPa and a: equals 
the slope of the line on the log Tf versus log a diagram. 

A least squares regression has been carried out on the Tf 
versus a data and the calculated values of slope a:, intercept 
(3 and correlation coefficient J<2 are presented in Table 2-3. 
'!he overall linear nature of the data sets is confinned by 
the values of the correlation coefficients (J<2) in Table 2-3. 
'!hese transmissivity versus nonnal stress plots clearly show 
that the observed pennanent defomation of the fracture with 
each loading cycle produces a distinct pennanent decrease in 
transmissivity with increasing number of loading cycles. 

Field measurements of fracture penneability 

OVer 1,000 oorehole packer tests have been completed at stripa 
since 1976. '!he existing data, summarized [12] in Figure 2-7, 
show the average penneability measured at different depths. 
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Table 2-3. Values of the slope (a) and intercept (~), for the empirical relationship, 
Tf = ~ ua detennined from regression analysis of transmissivity versus 
nonnal. stress data, where a is the change in transmissivity per log cycle 
of stress and ~ is the value of Tf at a nonnal. stress of 1 MFa. 

Test STR2 8TR3 8TR7 

Cycle ~ R2 ~ R2 ~ R2 
a m2/s a m2/s a m2biL 

cycle 1 -1.24 10-4•49 0.88 -1.20 10-4•32 0.96 -1.09 10-7•54 0.95 

cycle 2 -0.79 10-6•48 0.95 -0.77 10-5•72 0.95 -1.11 10-6•64 0.98 

cycle 3 -0.52 10-6•90 0.96 -0.74 10-7•65 0.99 

cycle 4 -0.94 10-7•60 0.99 

tv 
I 
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'!hese data show a strong trend of decreasing penneability 
with depth. 

Figure 2-8 summarizes the borehole injection test data from 
the three surface boreholes, SBH1, SBH2 and SBH3. All three 
boreholes show decreasing penneabilities with depth. Linear 
regression analysis gave the following three equations for 
variation of penneability with depth: 

SBHl, 
SBH2, 
SBH3, 

Log(k)= -0.007 x D - 15.68 
Log(k)= -0.01196 x D - 15.565 
Log(k)= -0.0066 x D - 15.272 

wfiere D is the depth in metres and k is in m2 • 

'!he orientations of these three boreholes are shown on Figure 
1-4. '!he major principal stress [12], of about 20 MPa, is 
oriented approximately N7()oW with a shallow plunge to the SE, 
the intermediate principal stress is sub-horizontal and the 
minor principal stress, of about 5 MPa, is vertical. Hence 
fractures oriented sub-perpendicular to SBHl and SBH2 are 
most likely to be intersected by these boreholes. '!hese 
fractures would also be oriented sub-perpendicular to the 
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major principal stress. Similarly, the fractures that are 
sub-perpendicular to SBH3, and hence preferentially 
intersected by that borehole, are oriented parallel to the 
major principal stress. 

'!hus in general one would expect that if fracture penneability 
in-situ is a function of the stress acting normal to the 
fracture planes then SBHl and SBH2 should have lower averalJe 
penneabilities than SBH3. '!he regression lines (solid lines), 
identifierl by borehole number and RL, in Figure 2-8 confirm 
this expected trend. '!here is considerable scatter in the 
data as one would expect given the presence of four major 
fracture sets in the rock mass and the wide range of strike 
in each set (Figure 1-7) and hence the wide range of 
orientations of fractures intersecting each borehole. '!he 
broken lines in Figure 2-8, keyerl to each borehole, define 
the scatter in the data and represent the 95% confidence bands 
on an individual intel:val measurement falling within the 
definerl limits. '!he high penneability values, from 10- 14 to 
10- 13m2, in each set of borehole data are thought to coincide 
with zones of high fracture frequency or fracture zones. 

Figure 2-9 surmnarizes the penneability data [7] from the HG 
and R boreholes in the Buffer Mass Test area in the form of a 
cumulative probability lognormal plot. '!he penneability data 
follow a straight line suggesting that they are well 
approximaterl by a lognormal model. Using the mean and standard 
deviation for the natural logarithm of the penneability values 
the mean and standard deviation of the lognormal distribution 
are 1. 09 x 10- 16m2 and 1.53 x 10- 15m2 for the outflow tests 
and 1.73 x 10- 16 m2 and 3.14 x 10 - 15 m2 for the injection 
tests. For comparison, the macropenneability experiment in 
this same drift gave a mean penneability of 6.6 x 10- 16m2 

[8]. It is worth noting that about 5% (Figure 2-9) of the 
packer tests have penneabilities equal to or greater than 6.0 
x 10- 16 m2. 

Directional penneabilities computed from fracture geometry 
and fracture aperture 

'!he relationship between fracture density and penneability 
and hence the contribution of density to the obse:tverl decrease 
of fracture penneability with depth has not been determinerl 
since there have been no integrated fracture and hydrology 
studies in which variations in fracture density within a given 
rock mass have also been documented. '!he effect on 
penneability of the number of fractures intersecting the test 
intervals in the HG and R boreholes is shown in Figure 2-10. 
'!his figure shows that with an increase in the number of 
fractures intersecting a test interval (increase in fracture 
frequency) there is a general increase in the penneability. 
However, one would expect that if all fractures were 
contributing equally to the flow behavior, there should be a 
much stronger correlation. since we expect orientation of 
the individual fractures with respect to the stress field to 
be a major factor in determining fracture penneability the 
fractures in each inteJ:Val were separaterl into sets [7]. No 
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systematic correlation between penneabili ty and frequency of 
fractures from either of the four fracture sets was observed. 
[7] • Given the wide range of fracture orientations in each 
fracture set and the influence of the drift on the rock mass 
in which the boreholes were drilled. in tenns of both boundary 
conditions and stress concentrations it is probably necessary 
to examine the frequency of fractures with given orientations 
rather than the frequency of In.enlbers of a given fracture set 
in order to determine if a strong correlation exist between 
fracture orientation and penneability. 

As part of our overall effort to detennine the relationship 
between fracture geometry and penneability, we c:x:::mputed the 
directional penneabilities for the rock mass. '!his method 
assumes that flow in each fracture can be described using the 
parallel plate model, and that each fracture is continuous to 
some flow or pressure boundary. Thus by combining fractures 
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with different orientations, spacings and apertures one can 
produce a mathematical description of the penneability of a 
fractured rock mass in the fom of a secorrl rank tensor. The 
basic approach used follows that of Snow [27]. The 
penneability of a medium, with an impermeable matrix, 
containing a single fracture is given by: 

(2-10) 

where ki j is the intrinsic penneability tensor, L is the 
length of the sample line, b is one half the fracture 
aperture, ni is the direction cosines of the corrluit, D. is 
the direction cosines of the sample line, d i · is the ~necker 
delta, and Mi' equals ni n~., a matrix formed by the direction 
cosines of th~ nomal to me conduit. 'lbe penneability of a 
given medium is obtained by sununing the contributions of the 
individual fractures. Finding the eigenvalues and eigenvectors 
of this three by three matrix gives the principal COl'l'I};X>nents 
of the penneability tensor and the direction cosines of these 
corrp:>nents , respectively. 

At Stripa we assume that each corehole is a sample line, along 
which we have detennined the location and orientation of each 
fracture. 'lbe fracture data from 8 of the HG and R coreholes, 
when combined with the aperture model from the borehole packer 
tests, produced eigenvalues on the order of 10- 16m2 that 
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Figure 2-10. Fracture frequency versus penneability for the HG and R 
borehole fixed intenral inj ection test data [7]. 
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were essentially identically. This apparent isotropic 
penneability reflects the existence of four fracture sets in 
the rock mass and the use of the same aperture model for all 
fracture sets. Also the assumption of continuous fractures in 
the calculation is a maj or limiting factor in atterrpting to 
characterize the directional penneability of the rock mass. 
Hence it is assumed that the data base is not sufficiently 
well defined to permit the application of this method to the 
rock mass at stripa. 

In order to detennine the role of fracture geometry, and hence 
density, in irrg;xuting a directional penneability to the rock 
mass at stripa we undertook a limited series of numerical 
studies using a fracture network approach [7]. '!his approach 
allows us to evaluate the relative contribution of each set 
of fractures in the stripa bedrock to the preferred directions 
of flOYl by using the statistical characterization [6] of the 
fracture geometry (orientation, trace length and spacing) 
from the Buffer Mass Test area as input parameters for the 
stochastic generation of discrete fracture networks. Hence, 
the three-dimensional fracture system at stripa is simulated 
by a network of intersecting lines that reflect the 
discontinuous nature of the fracture system. This discussion 
of the network analysis follows that of Gale and Rouleau [7] 
and is repeated here for completeness. 'Ihe flowcharts for 
both the computer code NEIWRK that generates the 
~ional line network and the code NErFI.O that computes 
the steady-state fluid flOYl in the generated network, assuming 
an i:mpenneable matrix, are presented in Figure 2-11, [7]. 

since the objective of this part of the study was to evaluate 
the effects of geometry on flux, all of the generated fracture 
elements were assigned the same aperture value. HOYlever, one 
can assign the fracture apertures as a lQCJ-nonnal distribution 
to reflect the natural variation in fracture apertures. In 
addition, it is possible to assign an arbitrary aperture bias 
such that the fractures with the longest fracture traces have 
the largest apertures. To provide for variations in apertures 
of fracture elements along the same fracture an aperture 
generator program [7J can be used. This program, APEGEN, 
allows the same generated fracture network to be used as many 
times as desired and with a number of different aperture 
distribution parameters. APEGEN is run after NEIWRK but before 
NErFI.O. 'Ihe ability to assign different aperture values to 
different elements on the same fracture results in lrore 
realistic fracture networks in that it enables one to assign 
aperture values that are a function of the orientation of the 
fracture plane with respect to the principal stresses, hence 
reflecting the stress dependent nature of fracture 
penneability. 

Model Description 

For each fracture set, the program NEIWRK first generates a 
rnnnber of rarrlom points inside the two-dimensional field 
defined by the specified model bourrlaries. A line segment, 
with an orientation and length detennined by the orientation 
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and trace length distributions for a given fracture set, is 
then assigned to each random point. This line generation 
process is continued lll1til a prescribed line density (L-l) is 
reached. All the lines cutting across a mcx:lel boundary are 
tenninated at the boundaly. 

In a second step, NEIWRK locates all the intersections between 
the lines present in the generated line network and records 
the coordinates of these intersections or 'internal ncx1es I • 

After eliminating all the intersections that cannot oontribute 
to flow, because they are not located along flC7N paths, the 
computer defines as an ' element' every line segment between 
two consecutive nodes. D.lring this final step, NEIWRK also 
assigns a I fracture aperture', either as a fixed value or by 
random selection from a lognormal distribution (with a given 
mean and variance), to each line in the network and computes 
the total and effective fracture porosity for each fracture 
set. The output of the program NEIWRK can then be used 
directly as input to the program NErFID. If the aperture 
generator program, APEGEN, is used to change the apertures in 
the simulated fracture network it is run after NEIWRK and 
before NErFID. 

The program NErFID was used to can:y out the flow 
calculations. NErFID reads the generated network geometry 

NETWRK 

INPUT - GEOMETRY OF MODEL BOUNDARIES. 

{

-DENSITY OF FRACTURING. 

f h t 
- PARAMETERS OF DISTRIBUTIONS OF: 
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- ORiENTATION. 
- APERTURE. 

GENERATE A LINE NETWORK 

FIN D A LL I N T E R SEC T ION S 
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'-----

OP TI M I ZE NODE NUMBERING 
AN D 

DEFI NE M ATR IX CONDENSATION COD E 

SETUP AND PARTITION THE NODE 
CONDUCTANCE MATRIX 

(variable bandwidth storage) 

SOLVE FOR HEAD VALU E AT EACH NODE 
US IN G CHOLESKI ALGORITHM 

CAl.CULATE FLOW RATE AND VELOCITY 
IN EACH SEGMENT 

CALCULATE TOTAL FLUX 

Figure 2-11. Flowchart for (A) fracture network generation code and 
(B) fracture flow code [7]. 
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data and the fracture aperture data, as well as the boundal:y 
conditions for steady-state flow. '!his program first C!OlTp.ltes 
the fluid pressure at each node in the network, the flow rate 
and velocity in each element, or fracture segment, and finally 
the total flux through the model. 

Simulation of fracture networks 

since our goal in this numerical simulation of flow through 
computer generated fracture networks is to detennine whether 
fracture geometry imparts a preferred direction to fluid flow 
through the fracture system, an amitrary rectangular model 
geometry has been chosen. In addition, since the network Irodel 
is a two dimensional representation of a three dimensional 
network we have electe:l to simulate the fracture system in 
both the horizontal plane, with boundaries oriented 
North-South and West-East, and the fracture system in two 
vertical sections, the West-East and North-South sections. '!he 
intersections of the average fracture planes in the Buffer 
Mass Test area with all three sections are detennine:l by 
sinple proj ection using the stereonet in Figure 2-12. 

Figure 2-13 shows the Irodel geometry for the horizontal plane, 
and the angles formed by the projection of the average plane 
for· each fracture set into this plane, i. e. the trace of the 
strike line. All of the orientation angles are measured 
counter-clockwise from the positive x-axis. Hence, the trace 
of fracture set 1 makes an angle of 157 degrees with respect 
to the x-axis in the horizontal plane. '!he simulated network 
for the horizontal plane is also presented in Figure 2-13, 
directly above the diagram for the Irodel geometry. '!his 
fracture network (Figures 2-13) was generated using trace 
length data, corrected for censoring and truncation [6]. 

'!he model geometry for the vertical North-South and the 
vertical West-East sections and the corresponding generated 
fracture networks are given in Figures 2-14 and 2-15, 
respectively. In these sections the apparent dip is projected 
into the vertical plane. Hence the apparent dip trace of set 
1 fonns an angle of 122 degrees with the x-axis in the West
East vertical plane and an angle of 75 degrees in the 
North-South vertical plane. '!he three simulation planes in 
their correct relative position have been use:l to construct a 
cube (Figure 2-16) showing both the complexity and the 
variation in orientation of the generate:l network from section 
to section. '!he three sides of this cube show the contrast in 
the overall fracture continuity or interconnectivity between 
the horizontal plane and West-East vertical section on the 
one hand and the North-south vertical section on the other. 

Effects of fracture geometry on anisotropy to flow 

In order to determine the effects of fracture geometry on 
flow through the fracture:l rock mass at Stripa the fracture 
segments in the network generate:l for each section were 
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assigned element and nodal point numbers and used as input to 
the flCM model with each fracture in the model being assigned 
the same hydraulic aperture. FlCM bourrlary corrlitions for 
each fracture network model consisted of imposing a hydraulic 
head of 5 m on one side and a hydraulic head of O. 0 m on the 
opposite side, resulting in an applied hydraulic gradient of 
0.25 for the 20 m dimensions of the model. Given the irregular 
nature of the flCM pathway through the fracture network the 
effective gradients were on average much less. The two 
boundaries that were parallel to the ilnposErl flCM direction 
were assigned no-flCM bourrlary conditions. Thus flCM in the 
horizontal plane is from North to South with the West and 
East sides being no-flow boundaries. 

For each fracture network these flCM boundaries were also 
switched such that the North and South boundaries were no
flow boundaries and flow occurred from West to East. 
Similarly, in the vertical sections the flCM was from the 

N 

W~ __ ~W~-~E~S~E~CT~IO~N~ __ ~ ______ ~~ ______ ~~ ______________ r-~E 

S 

Figure 2-12. Stereonet shCMing average planes for each fracture set in 
the Buffer Mass Test area. 
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Figure 2-13. Schematic (bottom) showing the average line of strike for 
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fracture network (top part of diagram) produced using the 
fracture network generator. 
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Figure 2-14. Schematic (bottom) showing the average line of 
intersection of the fracture trace for each 
fracture set with the North-South vertical plane 
am the fracture network (top part of diagram) 
produced using the fracture network generator. 
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Figure 2-15. Schematic (bottom) showing the average line of 
intersection of the fracture trace for each 
fracture set with the West-East vertical plane 
and the fracture network (top part of diagram) 
produced using the fracture network generator. 
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Figure 2-16. Oblique view of cube created by combining the horizontal, 
vertical West-East am vertical North-South fracture 
network cross-sections. 
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bottom to the top of the model arrl from West to East or North 
to South. '!hus for each particular fracture geometry arrl 
boundary orientation the flowrate in two perperxlicular 
directions was computed. To detennine the flowrates in 
different directions, with respect to the fracture geometry, 
the entire fracture network in each simulation plane was 
rotated in 15 degree increments. '!his had essentially the 
same effect as rotating the model boundaries. Flowrates were 
computed for the two perperxlicular directions for each 
orientation of the fracture system with respect to the 
boundaries . 

'!he relative flowrates, nonnalized to a flux of 5 x 10- 10 

ro3 /s, for the horizontal plane arrl vertical section networks 
are plotted in Figure 2-17 as a function of direction. All 
fractures were assigned an aperture of 0.005 nun. '!he maximum 
flc:::Mrqte. direction is oriented approximately North-Northwest 

, and the :minimum flowrate is oriented East-Northeast with a 
flowrate ratio of about 1: 1. 5. '!he direction of maximum 
relative flowrate is subparallel to fracture set 2, which has 
the shortest mean trace length arrl the smallest spacing, and 
falls along the average line of intersection of fracture set 
1, 2 arrl 3. '!he direction of :minimum flowrate is subparallel 
to set 4. 

For the North-South vertical section, which has the poorest 
fracture connectivity, two directions of high flowrate are 
shCMn on Figure 2-17. Relative flowrates are high in both the 
vertical direction arrl the North-south direction. Two 
directions with lower flowrates are oriented about 45 degrees 
to the maximum flowrate directions .. The :minimum versus maximum 
flowrate ratio for the North-South vertical section is about 
1:4. 

In the West-East vertical section the degree of fracture 
interconnectivity is similar to that in the horizontal plane. 
'!he ratio of the maximum arrl :minimum flowrates is about 1:1.5, 
arrl while two directions of maximum flowrate, one inclined at 
about 15 degrees to the vertical arrl one inclined at 15 
degrees in the West-East direction, are present they are much 
more poorly defined than those in the North-South section. 
'!he direction of minimum flowrate rises about 30 degrees to 
the west in the West-East section. In this vertical section 
the direction of :minimum flowrate trends subparallel to the 
trace of fracture set 4" '!he flowrate anisotropy is 
approximately 1: 1.5 for the West-East vertical section. 

In all of the above simulations we have used the same value 
for all of the fracture apertures in order to isolate the 
effects of the geometrical properties such as orientation, 
trace length and spacing (density). However, it is recognized 
that fracture apertures are not unifonn within each fracture 
set or from set to set. Fracture apertures usually follow a 
log-normal distribution and are a function of stress, both 
normal and shear, mineral fillings and their mechanical and 
geometrical properties. In addition it is intuitively held 
that the fractures with the longest traces should have the 
largest apertures. In future studies one should examine the 
effect on relative flowrates through the fracture system of 
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Figure 2-17. Rosette type diagrams 
indicating the flCMrates 
in different directions 
through the fracture 
networks in the preceding 
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plane, (B) North-South 
vertical plane and (C) 
East-West vertical plane. 
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making the fracture apertures a direct function of the mean 
trace length for each fracture set as well as a function of 
orientation of the fracture plane with respect to the 
principal stresses. 

SUmmary 

'!he laboratory data presented in this report show that in 
single fractures there is a logarithmic decrease in 
penneability with increase in normal stress. Field data from 
borehole tests also show a marked decrease in penneability 
with depth, at least to depths of about 500 metres. At any 
given depth interval, the penneability values appear to be 
well approximated by a lognormal model as shown by the data 
from the HG and R coreholes. 

It is clear that there is some degree of correlation between 
fracture frequency and penneability. Howe,ver, it/is felt that 
the orientation of the irrli vidual fract1.¢'e plan~ with respect 
to the stress field may mask existing trends in ',the data from i \ 

the HG and R coreholes. Fracture network analysis showed that \, \ 
fracture geometry at the stripa site would result\ in preferred 
flowrates in the North-South direction in .:the horizontal plane 

.,and West-East in the vertical planes. 'Fractures intersecting 
the West-East vertical section will generally have a North
South strike VJh.ile those intersecting the North-South vertical 
section will generally have West-East strikes. However, 
fractures with a North-south strike are subperpendicular to 
the maximum principal stress direction. Hence, the effects of 
fracture geometry and stress tend to cancel each other to 
some degree. A tentative assessment of the penneability data 
from the three SBH boreholes suggests that the in-situ maximum 
penneabilities are oriented in the West-East direction since 
SBH3 has higher penneabilities than the other two SBH 
coreholes. This suggests, that at this site, the effects of 
stress on fracture penneability tend to override the effects 
of fracture geometry. 

I I 
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FRACTURE FOROSITY 

One of the most fundamental problems in fracture hydrology is 
determining the voltnne of pore space that controls fluid 
movement. This pore space is called the effective, or flow, 
porosity. However, there can be a significant amount of dead 
end pore space that does not affect fluid movement but which 
can influence the geochemical and isotopic character of the 
groundwater through the diffusion/mixing process. The total 
fracture porosity includes all fracture openings whether they 
contribute to the flow process or not. 

Fracture porosity, at least with regard to the granitic rocks 
that are being considered for waste isolation, is nonnally 
far less than the matrix porosity. Hard c:rystalline rocks, 
for example, have matrix porosities of o. 01 to O. 02 [29], 
whereas fracture porosities are typically less than 
10- 4. Thus, there are inherent problems in measuring fracture 
porosities in the field using geophysical tools especially 
when the methods are influenced by the relatively large voltnne 
of pore space in the matrix. As a result in-situ 
determinations of fracture porosity are usually based on 
tracer tests, which are difficult to interpret, and limited in 
number. Also the test results do not adequately reflect the 
variations in fracture apertures, and thus porosity, that are 
known to occur in the rock mass. 

Total and flow porosity from laborato:ry studies 

laborato:ry studies provide one of the most direct ways of 
measuring the voltnne of pore space in a fracture plane. While 
most samples contain only single fractures they do provide 
some idea of the actual size of the fracture opening or 
aperture over a range of stresses similar to those present in 
the rock mass. In this study we have combined a standard 
laborato:ry approach and a new resin technique to determine 
the voltnne of pore space in single fractures in three cores of 
the stripa granite for given flowrates and nonnal stress 
conditions. 

The initial set of loading and unloading fracture closure and 
flowrate measurements for these three cores have been 
presented and analyzed in Chapter 2. To determine fracture 
porosity I the fracture closure and flowrates were measured 
over a final complete loading-unloading cycle and each sample 
was then reloaded to a given nonnal stress level (Table 3-1) . 

Fracture closure was measured during this reloading of each 
sample and the flowrate was measured at this final stress 
level (Table 3-1). While maintaining the specified nonnal 
stress, the water was drained from the fracture plane followed 
by flushing the fracture plane with carbon dioxide and 
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nitrogen. 'Ihe fracture plane was isolated, placed under 
negative pressure and then injected with a room temperature 
curing resin. After the resin had hardened, each fracture 
plane was sectioned, the resin filled fracture cross-section 
polished on a surface grinder, photographed to provide 20: 1 
color enlargements and the trace of the fracture and resin 
digitized to provide a direct measure of contact area and 
roughness. 

Table 3-1. stress levels and flowrates at which each sample 
was impregnated with resin. 

I Sample I stress 1 QlOO I 2bs I 2br I 
I I (MFa) 1 (m2jsec) I nun 1 nun 1 

1----------------------------------------------------1 
1 STR-2 1 10.14 1 9.56E-07 1 0.074 I 0.142 1 

I STR-3 I 5.05 I 9.2lE-05 I 0.341 1 0.652 I 
I STR-5 I 5.03 I 1.99E-06 I 0.095 I 0.182 I 
I I 

For the normal stress conditions under which the resin was 
inj ected, the normalized flowrates for each sample are given 
in Table 3-1. From this hydraulic data the effective "parallel 
plate" fracture apertures (Table 3-1) were calculated, 
assuming first that they have smooth fracture surfaces and 
secondly that they have rough fracture surfaces in intimate 
contact and hence have a relative roughness of 0.5 [26]. 

Figure 3-1 shows the weighted fracture closure versus normal 
stress for the final load cycle for sample STR2. Figure 3-2 
shows both the weighted and average fracture closure for the 
final loading cycle for samples STR3 and STR5. 'Ihe difference 
between the weighted and average fracture closure is a direct 
indication of the degree of non-unifonn closure of the 
fracture. Figure 3-2 indicates that the degree of non-uniform 
closure for sample STR3 decreases from about 30 micro metres 
at about 1.0 MPa to less than 10 micro metres at about 15 MPa. 
Sample STR5 shows only a difference of about 5 micro metres at 
about 5 MPa of normal stress. Figure 3-3 shows that the 
typical pattern of decreasing flowrate with increasing normal 
stress is still present in the final loading cycle. 

'Ihe exponent "n" for each set of fracture aperture and 
flowrate data has been determined by simple linear regression 
and these exponents range from 4.02 to 4. 7 (Figure 3-4). The 
exponent tin" and the R,2 values (Figure3-4) indicate the degree 
of fit for each aperture-flowrate data set to the cubic model. 
Even assuming a completely rough aperture, when computing the 
residual aperture, and accounting for non-uniform closure by 
using the weighted fracture closure did not improve the 
overall degree of fit to the cubic model. 

On each diagram in Figure 3-4 we have also plotted the data 
point that represents the computed aperture for the measured 
flowrate at which the resin was inj ected into each fracture 
plane. Sample S'IRS was inj ected at the peak loading stress 
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and hence the data point representing the lowest flowrate is 
the data point for the resin test. All samples show results 
that are consistent with the final loading-unloading cycle, 
taking into account limited hysteresis and permanent fracture 
deformation. 

Fracture aperture and porosity 

In order to determine the fracture porosity, each resin filled 
fracture plane was sectioned perpendicular to the fracture 
plane to produce profiles of both walls of the fracture. 
Figure 3-5 is a schematic ~f each core cross-section showing 
the location of each profile and the numbering system used 
for each sample. Each profile was photographed at a 20: 1 scale 
and the lower and upper contact of the edge of the fracture 
with the resin, open sections of the fracture that did not 
contain any resin as well as crushed minerals in the fracture 
plane that were filled with resin, were digitized. 

Photographs of selected cross sections and matching line 
drawings of the fracture traces are given in Figure 3-6. The 
profile number on each photograph can be matched to those 
shown in Figure 3-5. The line drawings highlight those areas 
of the fracture plane that contain blebs of resin and provide 
an overall impression of the distribution and irregular nature 
of the pore space wi thin the fracture plane. A close 
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examination of the fracture cross-sections Shows that all of 
the open space of the fracture plane is not filled with 
resin. '!his unfilled pore space may represent either dead end 
pore space or failure to fully impregnate the fracture with 
resin. In some cases the grinding process used to poliSh the 
cross-sections may have plucked out parts of the resin filled 
fracture plane or loose mineral crystals. 

In this current set of experiments the load was maintained on 
the fracture until the resin had fully hardened. Hence those 
parts of the adjoining fracture walls that were in contact 
Should Show no resin or a very thin trace of the resin in 
cross section. To determine an approximation to the contact 
area the total length of the fracture traces on the 
photographic record of the fracture profiles was measured and 
coropared to the sum of the lengths over which the fracture 
surfaces were in contact during the resin impregnation. 

Mean contact length values for the primary fracture, averaged 
over all profiles for samples STR2 and STRS are 17.6% and 3.8% 
with standard deviations of 13.3% and 3.4%, respectively, 
and are assumed to be representative of the contact area for 
each sample. If we assume that the applied axial loads were 
supported by this small percentage of the area of the fracture 
plane then the average contact stress for samples STR2 and 
STRS are 57.6 and 132.4 MFa instead of the average stresses 
given in Table 3-1. If one assumes that these data are 
representative of the entire fracture sample the measured 
fractured closures given in Figure 3-1 and the variation of 
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apertures, detennined from these resin studies, can be used 
to calculate the average contact stress as a function of axial 
load. 

For each profile through the fracture plane the total aperture 
and the thickness of the resin in the fracture plane were 
measured at intervals of approximately 0.025 mm. In 
Figure 3-7 the total aperture is plotted on top or to the left 
in each diagram and the resin thickness is plotted directly 
below or to the right, for four radial profiles for each of 
the three samples. Each profile is located in its correct 
relative :position on a plan view of the core sample 
(Figure 3-5) and all four profiles combine to show the :pore 
structure in two perpendicular directions through the fracture 
plane. One should note that the scale used to show the 
aperture and resin thickness is about 15 to 20 times the 
horizontal length scale. 'Ibis produces a distorted image of 
the :pore structure and overall roughness but does provide a 
good visual image of the spatial variability of the aperture 
and thickness of the resin filled :pore space for the given 
stress conditions (Table 3-1). A close comparison of the 
digitized profiles shows that all of the open :pore space in 
the fracture plane is not filled with resin plus there is 
considerable variation in the resin thickness and it is 
discontinuous over the fracture plane. 

Figure 3-8 summarizes the measured aperture and resin 
thickness data for all profiles from each sample. Profiles 
are generally spaced 5 to 10 mm apart (Figure 3-5) and 
aperture and resin thickness measurements were sampled at 
every 0.050 mm along the length of each profile. '!he aperture 
and resin thickness distributions when plotted as raw data 
are highly skewed. However, while no "goodness-of-fit" tests 
have been carried out, the natural logarithm of both aperture 
and resin thickness approximate a normal distribution 
(Figure 3-8) and hence it is assumed that both distributions 
are approximated by a log-normal model. Table 3.2 summarizes 
the basic statistics for the normal distribution of the 
natural logarithm and the log-normal distribution parameters 
for both the aperture and resin thickness data from all three 
samples. 'Ibe mean resin thickness for STR2 and STRS is about 
six and two and a half times , respectively, the computed 
hydraulic or "effective" parallel plate aperture. 'Ibe resin 
thickness for STR3 is slightly less than the aperture computed 
from the hydraulic data. 'Ibis reversal of the pattern observed 
for STR2, STRS and other samples suggest that STR3 is an 
anomalous sample. However we should note that only a four 
profiles were digitized for STR3 and hence we may have missed 
a major channel through the sample. 

The histogram distribution parameters clearly demonstrate the 
non-uniformity of the aperture wi thin the fracture plane. In 
addition the volume of :pore space in the fracture plane, and 
hence the :porosity, that one would compute using the 
"effective" parallel plate apertures for STR2 and STRS (Table 
3-1) would be nruch less than that computed using the resin 
thickness in Table 3-2. 
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Table 3-2. Fracture apertures from field and laboratory 
measurements. 

Aperture X(IN) S(IN) X S 
Type (m) (m) 

FIEID DATA, OurFIDW TESTS 
2b (Smooth, m) -12.31 1.03 7.6E-06 10.5E-06 
2b (Rough, m) -11.75 1.35 19.6E-06 44.6E-06 
2b (Smooth, corr., m) -12.06 0.69 7.3E-06 5.7E-06 
2b (Rough, corr., m) -11.31 0.71 15.7E-06 12.6E-06 

FIEID DATA, INJEcrION TESTS 
2b (Smooth, m) -12.93 0.96 3.8E-06 4.7E-06 
2b (Rough, m) -12.52 1.31 8.6E-06 18.4E-06 
2b (Smooth, corr., m) -13.00 1.10 4.lE-06 6.3E-06 
2b (Rough, corr., m) -12.30 1.10 8.3E-06 12.7E-06 

IAOORA'IORY DATA - RESIN THICKNESS 
STR2 (m) -7.990 1.074 474.0E-06 699.0E-06 
STR3 (m) -8.511 0.778 272.4E-06 248.0E-06 
SIR5 (m) -8.651 0.708 224.0E-06 180.0E-06 

APERIURES FROM HYDRAULIC DATA (smooth) 
STR2 (m) 74.0E-06 
STR3 (m) 341.0E-06 
STR5 (m) 95.0E-06 

EQUIVALENT UNIFORM APERIURES (smooth) 
STR2 (m) 122.0E-06 
S'IR3 (m) 123.0E-06 
STR5 (m) 93.0E-06 

X (IN), S (IN) - Mean and standard deviation of the natural 
logarithm of the measured values. 

X, S - Mean and standard deviation of a lognormal distribution. 
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In an attempt to relate the aperture values detennined from 
the resin impregnation study to the apertures computed from 
the hydraulic tests, an equivalent "uniform" fracture aperture 
was computed from the apertures measured along each digitized 
profile. The equivalent "uniform" aperture for a fracture 
with a non-uniform aperture can be expressed [30] as 

(3-1) 

where Ii is the length of the i -th fracture segment and 2b. 
is its aperture. The computed equivalent "uniform" apertur~, 
2bu ' will conduct the same volume of fluid under the same 
hydraulic gradient as the non-uniform aperture. In both cases 
we are assuming the fractures are hydraulically smooth over 
the measured lengths. The computed 2bu values are tabulated 
in Table 3-2. The average equivalent "uniform" aperture values 
for sample STR2 is about a factor of two greater and for 
sample STR5 about equal to the equivalent "effecti veil parallel 
plate apertures computed from the hydraulic test data. The 
equivalent "uniform" aperture for STR3 is anomalous compared 
to the other samples. 

Differences between the "uniform" and "effective" or hydraulic 
apertures are to be expected since the calculated "uniform" 
apertures were based on aperture variations that were measured 
along vertical sections. Along nearly all profiles or sections 
some proportion of the fracture was closed, ie the fracture 
walls were in contact, and hence had zero aperture. These 
zero apertures cannot be included in the "uniform" aperture 
calculations when one is working with data from two
dimensional profiles. However, it is clear that the computed 
hydraulic apertures both in the laboratory and in the field 
are consistent with the hydraulic head losses produced by the 
non-uniform character of the aperture. 

Distribution of pore space in the fracture plane. 

The distributions of apertures and resin thickness give some 
indication of the structure of the pore space in the fracture 
plane. However, a better picture of the structure of the pore 
space is obtained by measuring the area of the individual 
blebs or pores, as opposed to the thin layers of resin, in 
each cross section. The distribution of pore areas, in terms 
of the natural logari thIn of area (_), for samples STR2 and 
STR5 are presented in Figure 3-9. These histograms indicate 
that the size distribution of the pore structure within the 
fracture plane can best be approximated by a lognormal 
distribution. In addition the aspect ratio, defined as the 
ratio of the length of the pore to its width, of these pores 
or blebs also appears to be lognormally distributed 
(Figure 3-10) . 

The smallest and largest pore size included in this analysis 
are indicated on each plot in Figure 3-9. These plots also 
give the mean and standard deviation of the natural logarithm 
of the area, (_), and the total number of pores above the 
minimum size intersected by all of the cross sections or 
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profiles for each sample. It is i.mp::>rtant to note that both 
samples have a mean pore size of about 2.0 nun2. In addition, 
while the maximum pore size varies, both samples contain a 
significant number of resin filled pores between 5 and 40 nun2 
in cross-sectional area. The aspect ratio diagrams for each 
plot show that the pores are generally tabular in shape and 
oriented parallel to the fracture plane. 

'!he contour diagrams in Figure 3-11 show the distribution of 
pore space over the fracture plane. '!hese contour diagrams 
have been constructed by combining all of the data from each 
profile for each sample. Al though the profiles are spaced 5 
to 10 nun apart and hence the data points are much denser along 
the profile, this bias has been taken into account in the 
contouring process. '!hese diagrams for the total aperture, 
including open and resin filled fracture pore space, show the 
discontinuous nature of the large pores within the fracture 
plane. A similar picture is presented by the contour diagrams 
(Figure 3-12) for the resin thickness for each sample. '!he 
discontinuous nature of the resin and hence the disconnected 
nature of the large pores within the fracture plane is evident 
from these contour plots. 

Fracture porosities computed from fracture apertures and 
fracture geometry. 

In order to calculate the porosity of the fracture system in 
a given rock mass one must include in the calculation the 
details of the fracture geometry, ie the trace length and 
spacing, for each fracture set as well as the aperture 
distribution. The geometry of the fracture system in the 
immediate Buffer Mass Test Area has been well characterized 
based on data from both drift maps and drillcore log'S [3, 5, 
6J. '!hese basic data for each fracture set (orientation, trace 
length and spacing) have been sununarized in Chapter 1. 

In addition to the laboratory data reported above, fracture 
apertures were detennined from the results of packer tests in 
coreholes drilled into the walls of the Buffer Mass Test area 
[2 J. '!hese apertures are plotted as a lognormal distribution 
in Figure 3-13 [7 J. The fracture geometry and apertures were 
combined to produced an estimate of the rock mass porosity 
using the drill core logs as sample lines. '!he three basic 
steps for each borehole (Figure 3-14) consist of (1) 
identifying the set to which each fracture intersecting the 
borehole belongs, (2) randomly selecting from the statistical 
distributions for that set a trace length and spacing for the 
given fracture and (3) randomly selecting an aperture for 
each fracture from the aperture distribution model. By sununing 
the porosity values for all fractures and repeating the 
calculation a number of times with different random number 
seeds one obtains an estimate of the porosity of the rock 
mass intersected by a given borehole. 

Table 3-3 summarizes the porosity calculations for the 
selected HG and R coreholes. The aperture models, determined 
from the field and laboratory data, that are tabulated in 
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Figure 3-14. Schematic showing how the statistics of fracture 
geometry and apertures are combined to produce a 
description of the rock mass porosity. 
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Table 3-2 were used in these calculations. '!he rock mass 
IX'rosi ty values have been calculated for each corehole and 
the averages for all the coreholes for each aperture model 
are given in Table 3-3. 

From Table 3-3 we can see that the IX'rosity contributed by 
the fractures in the rock mass, corrputed using the field data, 
is about an order of magnitude less than the IX'rosi ty computed 
using the hydraulic data from the laborato:ry tests on single 
fractures in the core samples. More important, the IX'rosi ty 
calculated using the data on resin thickness is almost two 
orders of magnitude greater than that corrputed using the field 
data. '!he network analysis in Chapter 2 showed that only about 
50% of the total fracture IX'rosi ty was effective IX'rosity, ie 
involved in the flow process. While such factors as fracture 
interconnection may be the cause of part of the difference 
between the field and laborato:ry data, it is felt that the 
IX'rosi ties corrputed using the resin thickness data give a 
much more realistic measure of the total volume of water in 
the fracture planes than is obtained from a direct 
interpretation of steady state field tests. Also a statistical 
description of the porosity in a fractured rock mass is more 
appropriate when one is attempting to describe the 
distribution of velocities and hence solute in a fractured 
rock system. 
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Table 3-3 Rock mass porosities computed by combining fracture geometry from 
the Buffer Mass Test area with apertures computed from field and 
laboratory flow tests and resin thickness. 

BOREHOLE NUMBER 
APERTURE MODEL HG3 HG4 R3 R5 R8 RIO average 

Field, smooth corr. m .15E-04 .12E-04 .16E-04 .16E-04 .18E-04 • 11E-04 .147E-04 
s .31E-09 .29E-10 .16E-09 .86E-10 .16E-09 .49E-10 

Field, rough corr. m .33E-04 .25E-04 .34E-04 .33E-04 .38E-04 .24E-04 .311E-04 
s .15E-08 .22E-09 .74E-09 .40E-09 .72E-09 .22E-09 

Field, smooth raw m .19E-04 .12E-04 .17E-04 .15E-04 .18E-04 • 11E-04 .153E-04 
s .91E-09 .47E-10 .34E-09 .11E-lO .23E-09 • 57E-lO 

Field, rough raw m .56E-04 .33E-04 .45E-04 .37E-04 .46E-04 .28E-04 .408E-04 
s • 13E-07 .88E-09 .43E-08 .89E-09 • 18E-08 .47E-02 

STR-2, resin tho m .12E-02 .77£-03 .11E-02 .95£-03 .11E-02 .69E-03 .968E-03 
s .40E-05 .20E-06 .14E-05 .45E-06 .92E-06 .21E-06 

STR-2, aperture m .17E-02 • 11E-02 .17E-02 .14E-02 .17E-02 .11E-02 .145E-02 
s • 76E-05 • 36E-06 .26£-05 .96E-06 .19E-05 .47E-06 

STR-3, resin tho m .24E-02 .23E-02 .27E-02 .29E-02 .31E-02 .24E-02 .263E-02 
s .35E-02 • 13E-05 .36E-05 .22E-05 .34E-05 • 19E-05 

STR-5, resin tho m .22£-02 .22E-02 .25E-02 .27E-02 .28E-02 .22E-02 .243E-02 
s .29E-05 • 12E-05 .31E-05 .18E-05 .29E-05 • 18E-05 

STR-2, hydraulic m .19E-02 .20E-02 .22E-02 .24E-02 .25E-02 .21E-02 .221£-02 
s .23E-05 • 16E-05 .24E-05 • 13E-05 .20E-05 • 17E-05 

STR-3, hydraulic m .19E-02 .21E-02 .22E-02 .24E-02 .24E-02 .21E-02 .216E-02 
s .22E-05 • 16E-05 .24E-05 .13E-05 .20E-05 • 17E-05 

STR-5, hydraulic m .53E-03 .57E-03 .81E-03 .67E-03 .68E-03 .58E-03 .603E-03 
s .62E-06 .45E-06 .66E-06 .36E-06 .55E-06 .47E-06 

m - mean; s - standard deviation 
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4 CHEMICAL AND ISOIDPIC CONSTRAINTS ON GRCX.JNIl'lATER FLOW SYSTEM 
OONFIGURATION 

4. 1 Grourrlwater chemistry 

On a general level, chemical variations in Stripa groundwaters 
shOVl increases in salinity and pH from shallOVl to deep levels, 
with an acconpanying decrease in dissolved inorganic 
carbonate. '!he chemistry of the saline waters probably OVles 

its existence to rock-water interaction and, possibly, 
somewhat to relict seawater from the last transgressive event 
9000 B.P. [18, 31]. It has also been suggested that fluid 
inclusions in the granite (and leptite?) may have contributed 
some or all of the CI and significantly affected cation ratios 
in the deep groundwater [18, 32]. 

In detail, the chemical variations in deep fluids are complex, 
both spatially arrl temporally. A 50% increase in CI in 
borehole M3 (Figure 4.1) discharge between 1977 and 1978 
suggests that deep groundwater incursion and mixing with 
shallOVl fluids may be caused by mine activities [18]. 
Coincidental with this CI increase, a significant decrease in 
the 18 0/16 0 ratio (Figure 4.1) in M3 also points to a 
transient increase in the proportion of deep fluid in M3, 
irrlicating that mixing does occur, and that deep, saline, 
water can move into shallOVler mine levels, possibly along sub
vertical fracture zones. On the other hand, no systematic or 
large CI trend was obse:rved in borehole N1 over 2 1/2 years 
although large variations in CI were fourrl in different short 
(5-10 m) intervals [18]. 

Very large variations were also seen in different inteJ:vals in 
deep borehole V2. Considering CI data from Nordstrom et al 
[18] over the most intensely sanpled depth range between 
356-471 m in V2, different packer intervals in this range 
shOVled CI varying from 285 ng/l to 608 ng/l (Figure 4.2). '!he 
highest CI concentrations were fourrl in the two largest 
flOVling fractures (70 and 12 ml/min.). Interestingly, these 
data suggest that, over different packer intervals in this 
depth range, the variation in CI may not be due solely to 
varying mixing ratios of high- and 10Vl - CI in different 
fractures, but may show a temporal variation, as well. 

'!be same packer intervals, sanpled over 1-6 months, shOVl 
approximately constant CI values (eg. 376-471 m inten:val, 
random 7ng/1 change; 401-428 m interval, 14 ng/l decrease; 
356-471 m inten:val, 10 ng/l decrease). On the other hand CI 
concentrations over the depth range 356-471 m may be 
increasing with time. '!his is suggested by considering the 
mixing ratios which would be required to produce the CI 
concentrations in intervals A, B, C and D (Figure 4.2) from 
two CI errl-members correspording to a 610 ng/l water seen in 
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Figure 4-1. variation of Cl and. d1 80 in borehole M3, showing coupled rise 
in Cl and. decrease in 18 0, consistent with a transient 
incursion of deeper, saline, 18 0 - depleted groundwater into 
shallCMer mine levels, apparently in response to heater 
experiments [18]. Data taken from compilations in [18, 32]. 
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Cllloride concentrations in lx>rehole V2, in different packer 
intervals sampled at different times. Assuming that fluids 
sampled in each interval are mixtures of a high-Cl and a lCM
Cl groundwaters, the Cl increases obsel:ved in intervals of 
approximately the same depth (A and. C; B and. D) suggest that 
the proportion of deep, saline groundwater has increased with 
time at these levels, possibly due to the effect of the mine 
on the regional flow system. Data from [18]. 
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the 406-410 m interval ani a 85 ng/l water seen in the upper 
parts of the borehole. The calculated mixin:J ratios, together 
with the observed 70 ml/min fla;..r rate of the 610 ng/l water 
[18, p. 4: 24], inlicate that infla;..r rates of an 85 ng/l 
em-member in intervals A, B, C ani D would have to be 
approximately 110, 30, 45 am 15 ml/min, respectively, to 
produce the observed Cl concentrations. 

'!hese considerations pose two problems: large previously 
unidentified inflows am very low Cl water would have to be 
available at depth .. other large fractures with significant 
inflows >15 ml/min may be fOUl"rl in future packer tests in this 
depth range, but the additional requirement of very low Cl 
concentrations at depth leaves two alternatives: a) either 
direct fracture connection am high permeabilities nrust 
connect low-Cl shalla;..r waters with some of the deep fractures; 
or b) the Cl variations in Figure 4.2 cannot be explained by 
mixin:J ratios alone, am a substantial Cl increase has 
occurred over 6 years at this depth. SUch a Cl increase may 
represent either a satrplil':g artifact wherein drilling fluid 
contamination (la;..r Cl) is decreasing in this depth range with 
continued satrpling, or a real Cl increase reflecting ingress 
of deeper more saline groundwater, in response to mine 
dewatering. That is, the M3 Cl decrease am possible V2 Cl 
increase may be due to the same phenomenon: increased 
hydraulic gradients around the mine which produce a warping of 
regional groundwater fla;..r lines, am prorrote mixin:J of very 
shalla;..r ani very deep groundwater at mine level. 

4.2 Groundwater Isotopes 

'!he interpretation of isotopic data nrust go hand in hand with 
that of the chemical data, ani vice-versa. Most isotope 
systems in old groundwaters exhibit some degree of 
non-conservative behaviour, due to extensive rock-water 
interaction which characterizes such fluids. Thus, chemical 
data can help to inlicate the nature of the rock-water 
interaction ani aid in isotope interpretation. However, the 
complexity of stripa rock-water interaction ani the 
uncertainty surrour:rli.rq the evolutionary history of 
groundwater chemistry in these rocks, leaves us more dependant 
on isotope systematics alone, to interpret residence times and 
fla;..r paths. Available data on radioactive ani non-radioactive 
isotopes which place constraints on geochemical residence 
times are reviewed bela;..r. Except for Chlorine-36 data which 
are from Arrlrews et al [33], all data are from Nordstrom et al 
[18]. 

Cosmic-ray Tracers: 

A. carbon-14; 
- interpretation is very model-dependent; 14 C data are 

in direct conflict with 3H data in same boreholes (in Rl we 
have high Trititnn but low 14 C; in N1 we have low Trititnn but 
high 14 C) • 

- Apparent piston ages: S1E3 irrlicates about 600 y, 
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while M3 anj V2 irrlicate about 15000 to 25000 years. 

B. Tritium: 
- fairly reliable interpretations possible, although 

useful age range only applies to modem waters. 
- Vl, V2, Nl anj M3 (pre-1978) show only in-situ 3H 

production levels, no modem water, apparent age >60 y. 
- Rl, F2, El;, SBH3 ani M3 (post-1978) show modem 

waters am apparent piston ages of 10-50 y. 

C. Chlorine-36: 
- interpretation appears to be most reliable of cosmic 

ray radiotracers, but is still model deperrlent [33]. 
- choice of model pennits an estimate of relative 

residence times in granite versus leptite 
... model residence times; Vl, V2 approximately 70000 to 

170000 y, deepest V2 (560-82Qm) approximately 300000 y. 

u-series Tracers: - interpretation is extremely difficult, 
very model-deperrlent, and deperrlent on knowledge of uranium 
concentration distribution • 

.... uranium 234-238 ratios irrlicate possible residence times of 
approximately; Vl anj V2 ,:5500, 000 y; and M3, Nl, Rl/9 ,:51000 y . 

.... Radium 226 activities irrlicate residence times for Vl at 
about 8000 Y and V2 about 3000 y • 

... Helium concentrations yield residence time estimates ~108y 
and are essentially not interpretable .. 

Stable IsotoJ;?e Tracers: 

Stable isotope contents correlate roughly with Cl, with the 
deepest, most saline waters the most D, 18 O-depleted. These 
depletions may irrlicate a) recharge during past cooler 
climatic conditions, or b) recharge at higher elevations. 
Interpretations of existing data have favored the fonner 
hypothesis, possibly because this would suggest a recharge 
time constraint during a QuatemaJ:y glacial period (consistent 
with residence time interpretations from radiotracers, but 
which are anything but conclusive). However, hypothesis (b) 
can also inpose residence time constraints, in conjunction 
with a flow model which defines where high-elevation recharge 
flows anj how long it resides in the subsurface. 

Discussion 

It is beyond the scope of the present work to make detailed 
interpretations of 3D flow model results in a geochemical 
context, but the foregoing discussions have been aimed at 
fonmllating the types of experiments which can be done with 
the 3D flow model, anj these are surmnarized below to aid in 
planning future work. 
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Many of the propose:l 3D flow IOOdel tests of isotopic am 
chemical variations in the stripa flow system outlined below 
will require considerable detaile1 interpretation of results 
as well as careful specification of input bou:rrlary 
conditions. Also, it is i.nqx>rtant to realize that the results 
of the flow-tube or streamline IOOdel will only assist in a 
qualitative (possibly semi-quantitative) interpretation of 
isotopic am chemical data, since dispersive effects are not 
considered in the flow-tube calculations. However, the value 
of these computations lies in the knowle1ge to be gaine1 about 
flow paths (orientations, lengths, rock types encountered) and 
the magnitude of fluid residence times in the Stripa 
system. SUch infonnation is crucial to the interpretation of 
geochemical residence times am chemical/isotopic evaluation, 
both in relation to the steady-state regional flow system and 
to the local, mining-pe:rtul:Ded flow systems, which show 
significant transient variations. 

Experiments for 3D streamline IOOdels: 

A. Residence times for water discharging in deep boreholes. 

Chlorine-36 seems to be the most reliable radiotracer for 
estimating residence times (although still highly 
IOOdel-depe:rrlent), so conclusions based on it can:y the most 
confidence. Based on Andrews et al [33], the groundwaters 
intersected by Vl am V2 indicate a comparatively short 
residence time (short flow path) in granite versus leptite, 
whereas the flow paths for M3 am the shallow boreholes are 
only in granite. '!he relative path lengths through granite vs 
leptite can be tested directly with the 3D flow tube 
IOOdel. '!hese results will also be of direct use in evaluating 
the role of fluid inclusions as a salt source. 

Chlorine-36 IOOdel calculations for Vl am V2 waters indicate 
residence times of 70000-170000 y, with the deepest V2 
interval (560-82Om) indicating 300000 y. '!he orders of 
magnitude implie1 by the chlorine-36 data should be quite 
amenable to testing with the flow tube calculations. 

B. Residence times for water discharging at shallow levels. 

Residence time inferences based on tritium also appear to be 
reliable, am indicate that Rl, F2, E1, SBH3 am post-1978 M3 
waters are all young «50 y apparent "age"), or have 
significant fractions of IOOdem water incorporated in 
them. SBH3, for exanple, is known to be affected by surface 
waters. Sometime after 1978, M3 started seeing IOOdem water; 
in contrast, N1 still does not have any IOOdem water. 

'!he apparent tritium residence times obseJ:.ve1 in shallow mine 
boreholes can be tested by the streamline calculations. For 
exanple, in the steady-state configuration, calculated 
streamline traj ectories will in:licate whether that part of the 
mine sample1 by N1 is hydraulically "tight" compared to the 
areas aroun::i Rl, F2, E1 arrl SIID. In contrast, the M3 tritium 
increase post-1978 may provide i.nqx>rtant infonnation on the 
transient effects of deepening of the mine (time scale 
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approximately 40 y) or of drilling irrli vidual boreholes. 

C. Flow paths of g:roun:lwater recharge, am water sources 

Stable isotopes am Cl provide reliable tracers of shallow 
g:roun:lwater sources, but no data are available on the chemical 
am stable isotope composition of Lake Rasvalen, adjacent to 
the mine. Streamline calculations can address the possibility 
of direct lake recharge to the mine, in order to detennine 
whether sampling of lake water is necessary to further 
constrain the importance of this water source in the mine's 
water budget. 

Streamline calculations must also be performed for several 
recharge points over the entire model region, in order to 
evaluate the possible contribution of shallow g:roun:lwater in 
the deep boreholes (i. e. conpare estimated proportions of 
shallow vs deep water at each mine discharge node with 
observed mixing ratios calculated from Cl and D, 18 0 
values). Also, the possibility of high elevation recharge of 
deep g:roun:lwaters must be explored in order to detennine if 
the D, 18 0 depletions observed in deep mine waters may be due 
to an altitude recharge effect or to cooler climatic 
corxlitions prevailing at time of recharge. '!he fonner 
possibility has only been considered superficially to date, 
possibly because of a reluctance to consider that "regional 
flow systems would have to be invoked". 
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5 SIMUIATION OF GRCXJNJ:MATER FI..CM SYSTEM 

5.1 site description 

'!he stripa site presents a unique q:p>rtunity to oanpare 
predictions on the configuration of a regional am local flow 
system to an extensive data base on the geochemical am 
isotopic signatures of the grourrlwater aver a broad area. 'Ihe 
area has a mnnber of large am small lakes (Figure 5-1), all 
of which define the interface between the surface am 
subsurface water, am hence areas of known hydraulic head. In 
addition, the mine acts as a large regional grourrlwater sink 
with a known discharge rate proviciirq an additional constraint 
to the IOOdel calculations. 

'!he lithology am structure of the stripa area have been 
summarized in Cllapter 2. '!he topography is typical of 
PreCambrian shield terrains. '!he c:xmt.alr map for the study 
area (Figure 5-2) was digitized am used to generate the 
northwest t.rernirg perspective views (Figure 5-3) of the 
three-dimensional surface of the 9 by 12 kIn area that includes 
the major areas oontributirg to the regional flow system 
aroum stripa. 'Ihese perspective views show that the stripa 
mine lies at about 140 m above sea level on the northeast side 
of a northwest t.rernirg valley system that rises fran the 60 m 
level of Lake Rasvalen to about 250 metres of elevation. 
Figure 5-3a shows the rough nature of the topography in the 
Stripa area. Figure 5-3b shows the same area after we have 
applied a smxrt:hirg routine to the topographic surface. '!he 
elevation data were used to help define the topographic 
divides am hence the l:xJun3aries of the local am regional 
drainage basins. 

While very little hydrograph data are available for the 
streams cuttirg t.h.rcugh the area, considerable data are 
available on the lUlPirg rate or grourrlwater discharge from 
the mine am on rainfall in the :inmediate mine area. Table 5-
1 summarizes the average discharge rate fran both the 260 m 
am 360 m levels in the mine aver a two year period. 

Table 5-1. Average discharge fran the 260 am 360 m mine 
levels (G. Rarquist, stripa Mine Services). 

Period 
18/1/84 to 3/12/84 
23/8/84 to 3/10/84 
3/10/84 to 1/11/84 
1/11/84 to 3/12/84 
3/12/84 to 2/01/85 
18/1/83 to 2/01/85 

Average Discharge IIMin 
486 
447 
562 
541 
487 
486 
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Figure 5-1. Map showing distribution of lakes and drainage systems in 
the stripa area. Note the location of the mine, marked by 
X, and the tailings pond inunediately north of the mine. 
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Figure 5-2. Contour map of the stripa region. Square grid is 1 kIn on a 
side. 



Figure 5-3. 
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vievl looking northwestward over lake Rasvalen from the 
southeast corner of the map area. 'Ihree-dimensional 
surfaces generated from (a) the raw contour data and (b) 
the smoothed contour data. The solid dot in each figure 
indicates the approximate location of the stripa mine. 
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Monthly rainfall records from the stripa Mine site are 
presented in Table 5-2. '!his table also presents the measured 
discharges from the mine at the 260 am 360 m level for the 
same periods. While the discharge fran the 260 m level 
reflects spring runoff, the discharge from the 360 m level is 
fairly constant over the entire year. From the data in Tables 
5-1 am 5-2 we can safely assume that the average discharge 
fran the mine is about 480 to 500 limine 

Table 5-2. Combined rainfall and mine discharge records 
(G. Ronquist, stripa Mine Services). 

Period Prec. (nan) Discharge lIMin. 
260 m 360 m 

July/85 86* 
August/85 82.5 
September/85 112.5 
0ct0ber/85 45.5 
November/85 54.5 
December/85 28.0 
January/86 56.0 34 451 
February/86 34 403 
Marchj86 52.0 48 379 
April/86 96.0 264 401 
May/86 32.0 152 386 
June/86 68.0 113 417 
July/86 82.5 72 330 
August/86 79.5 67 377 
SepteJnber/86 79.0 55 396 
0ct0ber/86 30.5 47 362 
November/86 71.5 

Average 90 391 

(* 22 nan in one 24 hour period.) 

In addition to the discharge from the mine a number of 
boreholes drilled from the different mine levels during the 
research program at stripa have been discharging into the 
mine. '!he discharge fran these boreholes has been measured and 
the total discharge fran selected boreholes since the drilling 
of the boreholes to the en:l of 1984 is tabulated in Table 5-3 
[18]. 

Table 5-3. Total discharge from each borehole since the time 
of drilling to the ern of 1984 [18]. 

Borehole Total discharge, In' 

N1 567 
E1 432 
V1 11,312 
V2 2,756 
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Total annual precipitation for the stripa area is about 780 
mnVyr [12]. '!he annual evapotranspiration is about 480 mnVyr 
with nmoff am the recharge component account~ for the 
remaining 300 nun [12]. since recharge rates in areas of good 
soils are about 7% to 15% the best estimates for the Stripa 
area are about 2% to 4% of the runoff/recharge component. 

Initial two-dimensional rnnnerical modell~ of the stripa site 
by carlsson am Olsson [12] assuming one s~le rock type, one 
hydraulic conductivity of 1.0E-09 nVs calculated a mine inflCM 
of 73 limine With hydraulic conductivity decreas~ from 2.0E-
08 at the surface to 3.0E-11 nVs at the bottom (see Figure 2-
7) the mine inflow was 96 limine Conputed flCMrates less than 
the measured flowrates are to be expected since the two
dimensional model does not take the flow in the fracture zones 
into account. 

5.2 Purpose am Scope 

'!he purpose of this three-dimensional model study is to 
determine the configuration of the groundwater flow system in 
the fractured bedrock at stripa both on a regional scale and 
in the immediate vicinity of the mine. By defining the 
configuration of the flow system we will be able to identify 
the regional recharge and discharge areas am hence the 
pathways or flO\lllines follO\lled by groundwater in moving from a 
recharge area to a discharge area am the groundwater 
residence times involved [34]. In addition we need to 
determine how the configuration am residence times are 
affected by the presence of the mine, changes in the hydraulic 
properties of the bedrock am major fault or fracture zones. 
This should enable us to determine both the source of the 
water discharging into the mine am whether the computed 
residence or travel time are compatible with the measured 
chemical and isotopic signatures. It is possible that as the 
mine developed the initial chemical am isotopic character of 
the groundwaters discharging into the mine reflected flow 
along natural flowlines. As the mine was deepened the changes 
in the chemistry of the water discharging into the mine may 
reflect the diversion of flowlines from deeper depths. 

To investigate the groundwater flow system on the regional and 
local scale 'bNo finite element models were constructed. '!he 
regional model covered an area of approximately 100 kJn2. '!he 
local model, centered on the mine, covered an area of 
approximately 20 J<:m2. We have calculated the distribution of 
hydraulic heads in both models, urrler steady state conditions, 
for a range of hydraulic properties, with am without the mine 
am with and without major fracture zones. 

5.3 Finite element mesh formulation and bourrlary conditions 

In this study we are concerned with the slow movement of water 
through rocks with low penneability.. We have to consider the 
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effects of highly fractured zones or shear zones on both 
regional am local grourrlwater flCM. '!his consideration arrl 
the need to simulate the decrease in permeability am porosity 
of the fractured bedrock am the fracture zones with depth 
requires the use of a three-dimensional numerical lOOdel to 
study grourrlwater IOCWement. For this study we have used a 
finite element, three-dimensional, coupled fluid, energy, and 
solute transport lOOdel (CFFST) written by Gupta, et al. [35]. 
Hydrogeologic systems am lakes am rivers usually have 
irregular l:x:>urxlaries which can be well approximated by the 
irregular grid utilized by the finite element method. 

The CFFST lOOdel allONS one to divide a region into a rnnnber of 
discrete nodes am elements at which all hydrologic parameters 
are defined. Connecting the nodes results in subdividing the 
entire surface region into two dimensional elements. At each 
nodal point a vertical borehole is simulated intersecting a 
rnnnber of layers of variable thickness. Connecting the nodes 
on the top am bottom of each layer defines a series of three
dimensional elements which in caLp:site make up the three
dimensional flCM region. Spacing of the lOOdel nodes am the 
layer thickness can be varied as required, thereby allCMing a 
closer spacing in areas where greater changes in hydraulic 
head are expected am a larger spacing in areas where smaller 
changes in hydraulic head occur. The CFFST lOOdel has been 
applied am verified on a rnnnber of test cases am grourrlwater 
systems [35]. 

Developing a conceptual hydrogeologic lOOdel from the 
hydrogeologic data base requires a rnnnber of sinplifying 
assumptions in order to prepare the input data for the 
numerical lOOdel. By locating nearly all of the regional ll'Odel 
l:x:>urxlaries along streams, rivers, lakes am topographic/ 
drainage divides, we have assumed that we can assign fixed 
head boundary corrlitions to all of the lOOdel l:x:>urxlaries. While 
the ll'Odel does not require it, we have assumed that all 
geological l:x:>urxlaries are vertical. In this initial study we 
have not attempted to model the layers of clay am till that 
exist in the valleys am ICM lying areas. It should be noted 
that including these layers would tend to retard deeper 
circulation patterns. '!he water table elevations were 
detennined by smoothing the digitized contour elevations, 
making the water table a sul:rlued reflection of the topography 
(Figure 5-4). Hence recharge calculations were avoided. In 
addition, all fracture zones are assumed to be vertical. 

The actual area included in the regiOnal rnnnerical model and 
the finite element grid are shown in Figure 5-5. nus figure 
shCMS the distribution of the three major rock types (granite, 
leptite and metasediments) representing a sinplified bedrock 
geology am the major fracture zones all of which have been 
approximated from published maps of the stripa area [9]. 

The finite element grid for the sub-region model, representing 
the inunediate mine area, superimposed on the bedrock geology 
am the maj or fracture zones is given in Figure 5-6. '!he old 
minirx;J areas have been developed over a vertical height of 60 
m or more am plunge at a steep angle fram the old surface 
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Figure 5-4. Water table contours for the regional model study. The 
major lakes in the area are outlined. 
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Figure 5-5. Finite element mesh and simplified bedrock geology 
for the regional model showing the location of the 
major lakes and fracture zones (heavy black lines). 
'!he ends of the three referenced cross-sections are 
indicated by W-E, SW-NE and NW-SE. For reference the 
Stripa mine ventilation shaft is indicated by the 
black dot. 
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Figure 5-6. Finite element mesh and simplified bedrock geology for 
the sub-region model showing the mine tailings pond, 
lake Rasvalen, fracture zones (heavy black lines) and 
the stripa mine ventilation shaft (black dot) • 
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\tJOrkings on the west side of the mine to the 410 m level on 
the east side of the mine with a kilometre or so of 
horizontal development. '!be old mining areas have been 
simulated by assigning a fixed hydraulic head equal to the 
elevation head to the nodal points at or near the mine drift 
locations. 'n1ree shafts, the current mine shaft on the west 
side of the mine with a depth of about 400 ro, the ventilation 
shaft near the experimental excavations on the northeast side 
of the mine with a depth of 360 ro am the Z-shaft on the 
extreme northeastenl end of the mine with depth of 360 ro, 
exist as major sumps in the mine area. The surface nodal point 
representing each shaft am each vertical node over the depth 
of the shaft were assigned fixed elevation heads. 

5.4 Model input parameters am calibration results. 

The size am shape of each element am the nodal point 
locations were chosen in order to best represent the actual 
topography am bedrock relationships in the modelled area. '!he 
major fracture zones are represented by discrete elements that 
have been assigned a width of 5 ro. '!\Yo different fracture 
zones, a northwest trending am a east-northeast trending set, 
with different permeability values are present in each model 
area. '!he difference in permeability was inferred based on the 
orientation of the fracture zones with respect to the 
principal stress direction. 

The CFEST model works with discrete layers in the vertical 
direction am for each layer the hydraulic properties are set 
constant. We have subdivided the regional model into seven 
layers am the sub-region model into eleven layers. For the 
regional model we have examined three cases .. The first case 
was the reference case (unifonn) in which all layers, 
including the fracture zones, were assigned a rock mass 
hydraulic corrluctivity of 1.0E-09 nVs am a porosity of 0.001. 

In the secorrl case (rock) the bedrock units were all assigned 
the same hydraulic conductivity values am all of the fracture 
zones were assigned hydraulic corrluctivity values a factor of 
10 greater than the rock mass in the same layer. Similarly the 
fracture zones were assigned porosities that were a factor of 
100 greater than the correspording rock mass layer. A 
logari tinnic decrease of rock mass hydraulic conductivity with 
depth was assumed based on field data. starting at the surface 
with hydraulic corrluctivities for layer 1 of ~ = ~ = 
2.309E-09 nVs, ~ = 5.703E-10 nVs, layer 7, the bottom layer, 
of the model had hydraulic corrlucti vities of l<x = l\. = 
7.686E-12 nVs am ~ = 6.149E-12 nVs. '!he rock mass porosities 
varied fram 0.000487 for layer 1 to 0.00001 for layer 7. '!he 
thickness of each layer was adjusted to give layers with equal 
transmissivities. 

For the third case (rcx::ks), three different bedrock units am 
two different fracture zones were sinrulated. '!he actual values 
for each rock type am fracture zone are tabulated for each 
layer in Table 5-4. Figure 5-7 gives the thickness of each 
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layer in the regional lOOdel, its depth belorw grourrl surface 
am shows the overall logarithmic variation of hydraulic 
ex>rrluctivity with depth for the three bedrock units am the 
two fracture zones. Figure 5-S shows horw the IX>rosity of the 
bedrock units am the fracture zones vary with depth. 

Table 5-4. Hydraulic corrluctivity am IX>rosity values for 
the three bedrock units am two fracture zones. 

Hydraulic Corrluctivity ~, I\r 
LAYER IEPI'ITE GRANITE MErASED EW-FRAC 

1 1.7E-OS 5.5E-OS 1.7E-07 9.0E-07 
2 4.SE-09 1.5E-OS 4.SE-OS 7.4E-07 
3 1.3E-09 4.2E-09 1.3E-08 6.2E-07 
4 3.4E-I0 1.LE-09 3.4E-09 5.lE-07 
5 3.SE-ll 1.2E-I0 3.SE-I0 3.5E-07 
6 3.lE-12 9.SE-12 3.lE-l1 9.9E-08 
7 3.lE-12 9.SE-12 3.lE-ll 6.9E-OS 

Hydraulic Conductivity ~ 
LAYER IEPITrE GRANITE MErASE EW-FRAC 

1 7.6E-09 2.4E-OS 7.6E-OS 4.5E-07 
2 2.lE-09 6.6E-09 2.lE-OS 3.7E-07 
3 5.SE-I0 I.SE-09 5.SE-09 3.lE-07 
4 1.4E-I0 4.5E-10 1.4E-09 2.5E-07 
5 6.lE-12 1.9E-l1 6.lE-l1 1.7E-07 
6 2.5E-12 7.SE-12 2.5E-ll 5.8E-OS 
7 2.5E-12 7.SE-12 2.5E-l1 5.5E-OS 

LAYER lEPrI'l'E 
1 4.7E-04 
2 4.0E-04 
3 3.3E-04 
4 2.6E-04 
5 1.IE-04 
6 1 .. 0E .... 05 
7 1 .. 0E-05 

Porosity 
GRANITE MErASED 
4.7E-04 4.7E-04 
4.0E-04 4.0E-04 
3.3E-04 3.3E-04 
2.6E-04 2.6E-04 
1@lE-04 l.lE-04 
1@OE-05 1.0E-05 
1.0E-05 1.0E-05 

EW-FRAC 
4 .. SE-04 
4.5E-04 
4.2E-04 
3 .. 8E-04 
3.lE-04 
7 .. 2E-05 
2.5E-05 

NS-FRAC 
2.SE-07 
2.4E-07 
2.0E-07 
1.6E-07 
1.IE-07 
3.lE-OS 
2.2E-OS 

NS-FRAC 
1.4E-07 
1.2E-07 
9.7E-OS 
S .. OE-OS 
5.4E-OS 
1.SE-OS 
1.7E-OS 

NS-FRAC 
4.SE-04 
4.5E-04 
4.2E-04 
3.SE-04 
3.lE-04 
7.2E-05 
2 .. 5E-05 

For the sub-lOOdel region we simulated. only two cases, the case 
(rock) with one single rock type in which all the fracture 
zones having the same hydraulic properties and the case 
(rocks) with three different rock types and two different 
fracture zones. 

In the "rock" case we assigned a logarithmic decrease of 
hydraulic conductivity with depth to the rock units, based on 
field data, starting with layer 1 at the surface having 
hydraulic corrluctivities of ~=0,,61216E-07, 1\,=0. 61216E-07 
ani ~=O.2S005E-07 mjs with a porosity of 0.47276E-03 .. layer 
11 was assigned a ~ =0. 9S102E-11, I\r =0. 98102E-l1 and 
~=O. 7S47SE-l1 m/s with a porosity of 0.10000E-04. '!he 
hydraulic conductivity values for layers in the upper 500 m 
were calculated. using the permeability relationship 

~ = -14.0 - O.OOS*depth(m) 
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in each layer of the regional finite element model. 
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am a ratio of ~~ = 0.5. Porosity values were computed 
usirq the relationship 

n = 5.E-04 - 9.8E-07*depth(m). 

Below 500 meters each layer was assigned a hydraulic 
corrluctivity based on a pe:nneability of 1eOE-18 m2 with ~~ 
ratio of 0.8. Below 500 m porosity values of 1.0E-05 were 
assigned. 

All fracture zones were assigned hydraulic corrlucti vities in 
the same way as the rock mass in order to make the fracture 
zone hydraulic properties greater than the correspondirq rock 
mass layer. startirq at the surface, layer 1 was assigned a 
hydraulic conductivity of ~ =0. 91183E-06, I\, =0. 91183E-06 am 
~=O.45467E-06 nVs with a porosity of 0.4869lE-03. layer 11 
was assigned hydraulic corrluctivities of ~=O.68672E-07, 
I\,=O.68672E-07 am ~ =0. 54935E-07 nVs with a porosity of 
0.2500lE-04. rrbe hydraulic corrluctivities for the fracture 
zone layers in the upper 1000 m were calculated usirq the 
relationship 

~ = -13.0 -0.0011549*depth(m) 

with a ~~ ratio of 0.5. In the upper 1000 meters the 
porosity was computed from the relationship 

n = 5.0E-04 -4.75E-07*depth(m). 

Below 1000 meters a constant porosity of 2 .. 5E-05 am a 
constant pe:nneability value of 7.0E-1S m2 were used with a 
~ ~ ratio of 0.8 for all layers. Eleven layers were used in 
this nodel to give lOOre detail in the mine area. 

For the sub-region "rocks" case, with three rock types am two 
different fracture zone properties, the hydraulic data are 
presented in Figures 5-9 arx:l 5-10. rrbe hydraulic conductivity 
a.rrl porosity values for each material am each layer are also 
tabulated in Table 5-5. rrhe two sub-region simulations have a 
total thickness of 3,000 m, divided into 11 layers. rrhe layers 
increase in thickness with depth, with the thickness of the 
layers near the top of each nodel beirq adjusted to match 
knc:Mn hydrogeolCXJic properties and/or depth to old mine 
workings. 

For the steady state nodel we have used the groundwater inflCM 
to the mine as the primary calibration parameter. rrbe 
isopotentials at each ncrlal point located on the mine shafts 
a.rrl mine drifts were set equal to the elevation of that nodal 
point. Hence below the water table these nodal points were 
points of discharge into the mine. rrbe discharge from these 
ncrlal points were summed to give an estimate of the total 
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Table 5-5. Hydraulic corrluctivity am porosity values for the 
sub-region simulation with three rock types am 

two different fracture zones. 

Hydraulic Corrluctivity, ~, ~ 
LAYER IEPI'l'I'E GRANITE METASED EW- C NS-FRAC 

1 1.9E-OS 6.lE-OS 1.9E-07 9.lE-07 2.9E-07 
2 7.SE-09 2.5E-OS 7.SE-OS S.OE-07 2.5E-07 
3 3.7E-09 1.2E-OS 3.7E-OS 7.2E-07 2.3E-07 
4 1.7E-09 5.5E-09 1.7E-OS 6.5E-07 2.0E-07 
5 5.lE-IO 1.6E-09 5.lE-09 5.3E-07 1.7E-07 
6 S.2E-ll 2.6E-IO S.2E-IO 4.lE-07 1.3E-07 
7 7.6E-12 2.4E-ll 7.6E-ll 2.7E-07 S.6E-OS 
S 3.lE-12 9.SE-12 3.lE-ll 1.4E-07 4.4E-OS 
9 3.lE-12 9.SE-12 3.lE-ll 7.3E-OS 2.3E-OS 

10 3.lE-12 9.SE-12 3.lE-ll 6.9E-OS 2.2E-OS 
11 3.lE-12 9.SE-l2 3.lE-ll 6.9E-OS 2.2E-OS 

Hydraulic Corrluctivity, ~ 
LAYER IEPITrE GRANITE METASED EW-FRAC NS-FRAC 

1 S.9E-09 2.8E-OS S.9E-OS 4.5E-07 1.4E-07 
2 3.7E-09 1.2E-OS 3.7E-OS 4.0E-07 1.3E-07 
3 1.SE-09 5.7E-09 1.SE-OS 3.6E-07 1.lE-07 
4 S.2E-IO 2.6E-09 8.2E-09 3.2E-07 1.OE-07 
5 2.0E-IO 6.2E-IO 2.0E-09 2.7E-07 S.4E-OS 
6 3.lE-ll 9.SE-ll 3.lE-IO 2 .. 0E-07 6.4E-OS 
7 3.lE-12 9.7E-l2 3.lE-ll 1.3E-07 4.2E-OS 
S 2.5E-12 7.SE-12 2.5E-ll 6.7E-OS 2.lE-OS 
9 2.5E-12 7.SE-12 2.5E-ll 4.9E-OS 1.6E-OS 

10 2.5E-12 7.SE-12 2.5E-ll 5.5E-OS 1.7E-OS 
11 2.5E-12 7.SE-12 2.5E-ll 5e5E-OS 1.7E-OS 

Porosity 
LAYER lEPI'lTE GRANITE METASED EW-FRAC NS-FRAC 

1 4.7E-04 4.7E-04 4.7E-04 4.9E-04 4.9E-04 
2 4.3E-04 4.3E-04 4.3E-04 4.6E-04 4.6E-04 
3 3.9E-04 3.9E-04 3.9E-04 4.5E-04 4.5E-04 
4 3.5E-04 3.5E-04 3.5E-04 4.3E-04 4.3E-04 
5 2.7E-04 2.7E-04 2.7E-04 3.9E-04 3.9E-04 
6 1.SE-04 1.SE-04 1.8E-04 3.4E-04 3.4E-04 
7 4.2E-05 4.2E-05 4.2E-05 2.7E-04 2.7E-04 
S 1.OE-05 1.OE-05 1.OE-05 1.5E-04 1.5E-04 
9 1.OE-05 1.OE-05 1.OE-05 3.4E-05 3.4E-05 

10 1.OE-05 1.OE-05 1.OE-05 2.5E-05 2.5E-05 
11 1.OE-05 1.OE-05 1.OE-05 2.5E-05 2.5E-05 

mine discharge for the given hydraulic properties am boundary 
con:litions. '!he discharge into the simulated mine in each 
IOOdel is tabulated in Table 5-6. '!he "rock" case gives the 
best match between the measured am OOll'g?Uted grourrlwater 
discharge rates from the mine. One should realize that the 
measured mine discharge rates do not included the grourrlwater 
that is discharged from the mine by the mine ventilation 
system. Hence one would expect that the total discharge 
OOll'g?Uted using the model should be higher than the measured 
discharge. 
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Table 5-6. Groundwater discharge to the simulated mine for 
both the regional am sub-region m::del cases. 

CASE 

I. UNIFORM 
II. K>CK 
III. Rocks 

5.5 Regional am local flow system 

DISaiARGE RATE l/ndn 
RIDIONAL SUB-RIDION 

120.8 
534.0 485.0 
177.0 250.0 

Figure 5-4 shows the water table contours for the regional 
model. '!his water table surface was held as a bourxlary 
corrlition for the three regional am two sub-region models 
examined. '!he finite element m::del calculates the grourrlwater 
potential distribution throughout the modelled region. '!he 
effects of assuming a sfnt:>le or con:plex geology, with 
corresponding variations in hydraulic properties, are shCMn by 
Figures 5-11 to 5-13. since each layer has a unifonn thickness 
the top of each layer mimics the shape of the water table 
(Figure 5-4). For the case of unifonn geology with the same 
hydraulic properties in all layers one can observe the change 
in character or con:plexity of the isopotentials on top of each 
layer for four different depths (Figure 5-11). starting at the 
top of layer 5 the hydraulic gradients begin to smooth out, 
with the top of layers 6 am 7 exhibiting a fairly unifonn 
gradient over the entire surface. 

Figure 5-12 shows the isopotentials for four layers in the 
"rock" case, ie. one set of hydraulic properties for the rock 
mass am a different set of hydraulic properties for the 
fracture zones. For both materials the hydraulic properties 
vary logarithmically with depth. In this case the variation in 
hydraulic properties in the model results in retention of the 
general shape of the water table to the top of layer 7. '!his 
suggests that surface waters are recharged to depths of 3000 m 
or greater. For the same m::del, Figure 5-13 shows how the 
isopotentials in the deepest layer are perturbed by the 
presence of the mine. '!he effect of the mine on the 
distribution of the isopotentials is more clearly shCMn by the 
three cross-sections through the regional m::del in Figure 5-
14. '!hese isopotentials maps in plan am cross-sections 
clearly show that the mine pertul:bs the grourrlwater system to 
depths of 3000 m or greater. In addition, the role of fracture 
zones in the development of deep flow systems is clearly 
apparent from the different plan am section views (Figures 5-
11 to 5-14). 

Figure 5-15 shows the local flow system in the inunediate 
vicinity of the mine but without the mine. It should be noted 
that the hydraulic bourxlary corrlitions for this m::del have 
been taken from the isopotential distribution in the regional 
model. Figure 5-16 shows how these isopotentials have been 
altered in the different layers by the simulated mine. '!he 
steep hydraulic gradients conplted by the numerical m::del in 
the immediate vicinity of the mine are consistent with the 
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TOP OF LAYER 3 
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Figure 5-11. Distribution of grourxiwater potentials 
on the top of layers 3, 5, 6 am 7 for 
the unifonn geology case - all layers 
have the same hydraulic properties. Note 
the SlOOOthinq of the potential 
distribution with depth. Lakes are 
in:ticated by the dashed lines. 
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Figure 5-11. Continued. 
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TOP OF LAYER 3 

ROCK CASE 

o 1 km 
= 

Figure 5-12. Distribution of groundwater potentials 
on the top of layers 3, 5, 6, and 7 for 
the single rock plus fracture zones 
case. Hydraulic properties vary 
logarithmicly with depth. Lakes are 
indicated by the dashed lines. 
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TOP OF LAVER 3 

ROCK CASE 
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= 
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ROCK CASE 
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( 
Figure 5-13. Distribution of groundwater potentials 

on the top of layers 3, 5, 6, and 7 for 
the single rock plus fracture zones case 
showing the effects of the simulated 
mine on the isopotentials in the 
different layers. 
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Figure 5-13. Continued. 
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NW-SE VERTICAL CROSS-SECTION WITHOUT THE MINE 

SE 

NW-SE VERTICAL CROSS-SECTION WITH THE MINE 

° 2000m 
I I 

WEST-EAST VERTICAL CROSS-SECTION WITHOUT THE MINE 

WEST-EAST VERTICAL CROSS-SECTION WITH THE MINE 

0C! =======2::::J0,OOm 

-- 100 - Hydraulic Head, m 
M - Mine 

Figure 5-14. Three sets of cross-sections (see Figure 5-5 for 
locations) showing the distribution of isopotentials 
in the vertical plane for the nonnal flow system and 
with the simulated mine. 
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Figure 5-14. Continued. 
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Figure 5-15. Distribution of isopotentials on the top of layers 
3, 5 and 8 in the submodel for nonnal boundal:y 
conditions. '!he edge of Lake Rasvalen is shown as a 
dashed line. Contours are in 10 m intervals. 
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Figure 5-16. Distribution of isopotentials on the top of layers 
3, 5 and 8 in the submodel shOVJing the effects of the 
mining operation. '!he ed.ge of lake Rasvalen is shown 
as a dashed. line. Contours are in 10 m intervals. 
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gradients observed in boreholes drilled from the urrlerground 
drifts (Figure 1-15). 

'!he shape am distribution of the isopotentials in plan am 
cross-section give a good description of the configuration of 
the flow system.. However to more clearly define the pathways 
that the grourdwater follows in lWVing through the rock mass 
we need to identify the recharge am discharge areas within 
the regional model am how these areas vary with depth .. 
Figures 5-17 to 5-19 show the distribution of recharge am 
discharge areas for different layers. rrhe outline of these 
areas has been canputed by calculating the difference between 
the hydraulic heads of two adjoining layers. Where the 
hydraulic heads decrease with depth is assumed to be a 
recharge area am where the heads increase with depth is 
assumed to be a discharge area. 

'!he isopotentials from the three-dimensional model have been 
used as input in an auxiliary program for CFEST to compute the 
travel time, travel path am travel distance along selected 
streamlines that start at known points near the sirmllated 
mine. '!hese streamlines give average residence times for 
grourdwaters discharging at given points within the mine. 
However it should be realized that the travel times are 
directly related to the porosities assigned to each material 
in the numerical model. 

Figure 5-20 shows the pathway followed by a limited number of 
streamlines in plan view. nLe travel times for water lWVing 
along each streamline urrler the given hydraulic gradients and 
hydraulic properties am the length of each streamline are 
given in Figure 5-20 .. All of the stream lines were started. 
from points near the simulated mine. In plan view the stream 
lines appear to cross one another. In Figure 5-21 we have 
plotted the streamlines as three-dimensional plots or as 
stereo-diagrams. '!he three mine shafts have also been added to 
each diagram to irrlicate the location of the mine. The origin 
of these stereo-diagrams is the same as the origin for the 
regional finite elenent mesh am is located at the southwest 
COn1er of the map area. Hence the streamline in "rock case 1" 
that is discharging in the bottom of the mine at 200 m below 
sea level has a total length of 5,910 m and a travel time of 
610 years (Figure 5-20). water following this streamline would 
be recharged on the west side of the regional area and fom 
part of a deep flow system before being pulled back up by the 
mine created sink. Similarly, the streamline in "rock case 2" 
discharging at 600 m below sea level has been traced over a 
length of 3,660 m into the deeper low penneability layers of 
the model. At this point the path of the streamline could not 
be defined due to numerical problems in defining the hydraulic 
gradients sub-parallel to the element bou.rrlaries. Hence we 
were not able to define the J:"eCharge area for this streamline .. 

By canbining the plan (F~gUre 5-20) am stereo views (Figure 
5-21) of each streamline~are able to see the interaction 
between the surface ani ~ace water am the location of 
the grourdwater discharging into the different levels of the 
mine for the assigned hydraulic properties and boun:ial:y 
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UNIFORM CASE 
DISCHARGE ZONES 

': , THROUGH LAYER 1 

UNIFORM CASE 
DISCHARGE ZONES 
THROUGH LAYER 4 

Figure 5-17. Distribution of areas of discharge 
(stippled) and recharge (clear) through 
layers 1 and 4 for the unifonn geology, 
unifonn hydraulic properties case. lake 
outlines are shown by dashed lines. 



5-31 

Figure 5-18. Distribution of areas of discharge 
(stippled) and recharge (clear) through 
layers 1 and 4 for the single rock and 
fracture zone case. lake outlines are 
shown by dashed lines. 
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ROCKS CASE 
DISCHARGE ZONES 
THROUGH LAYER 1 

Figure 5-19. Distribution of areas of discharge 
(stippled) and recharge (clear) through 
layers I, 4 and 5 for the three rock 
types and two fracture zones "rocks" 
case. lake outlines are shown 
by dashed lines. 
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Figure 5-19. Continued. 
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Figure 5-20. Plan view of selected flow lines for different 
depths and different mine discharge points for 
the rock case. 
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Figure 5-20. Continued. 
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ROCK CASE 1 

ROCK CASE 2 

Figure 5-21. Stereo diagrams showing the three-dimensional shape of 
selected flow lines discharging into the mine .. '!he three 
shafts, the main access shaft and the ventilation and Z 
shafts, are shown on one diagram in each stereo pair. 
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ROCK CASE 4 
Z-AXIS 

ROCK CASE 5 

Figure 5-21. Continued. 
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corxlitiCl'lS. Overall the stereo-diagrams give a nuch better 
picture of the configuration of the streamlines am the role 
of fracture zones in short circuitiIYJ the flCM system. 
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DISCUSSION AND OONCllJSIONS 

'!he rock mass from the surface to the depth of the Buffer 
Mass Test area exhibits some degree of penneabi1ity 
anisotropy. Analyses of the packer test data from the three 
surface boreholes showed that the average penneabilities for 
each borehole reflected the direction of the boreholes with 
respect to the direction of the maximum principal stress. 
Boreholes Sffil and SBH2 are oriented sub--parallel to the 
maximum principal stress.. Hence fractures oriented sub-
perpendicular to the maximum principal stress will be most 
likely to intersect these boreholes .. Similarly, fractures 
oriented sub--parallel to the maximum principal stress will 
preferentially intersect SBH3. '!he borehole packer test data 
for these three boreholes show that on average Sffil and. SBH2 
have lower penneabilities than SBH3. '!his is consistent with 
the pattern that one would expect for the orientation of the 
boreholes with respect to in-situ stresses if the 
penneability of the fractures is a function of the stresses 
acting on the fracture planes .. 

Laboratory tests on four cores of the stripa granite, each 
containing a natural fract:u:re, showed that the penneabili ty 
of .individual fractures does decrease with an .increase in 
nonnal stress urrler laboratory con::litions.. '!his dependency of 
fracture penneability on nonnal stress must produce 
significant anisotropy to flow in both the horizontal and 
vertical planes , given the anisotropic nature of the measured 
in-situ stress and. the increase of in-situ stress with depth. 
Analysis of the corehole packer injection tests showed a 
clear trend of decreasing penneability with depth in all 
three surface coreholes. since the directional penneabilities 
are controlled in part. by the fracture geometry, and. the 
fracture system is not isotropic, the penneability anisotropy 
due to the in-situ stress must be superimposed on the 
directional penneabilities produced by the fracture geometry. 

rrbe contribution of fracture geometry to the rock mass 
penneability anisotropy at Stripa is clearly apparent from an 
analysis of the relative flowrates in different directions 
through simulated fracture networks for three orthogonal 
planes. Flowrates were computed for two orthogonal directions 
assuming all fractures have the same aperture. '!he fracture 
network was then rotated in 15 degree increments and the 
flowrates in the two orthogonal directions recalculated to 
give a measure of the relative anisotropy to flow due to the 
fracture geometry" rrbe relative flowrates, nonnalized to 
5 .. OE-I0 Jli3 /sec, in:licate an anisotropy to flow of a factor of 
1 .. 5 for the horizontal plane with the maximum flow direction 
oriented North-Northwest. Similar degrees of anisotropy were 
determined for the two vertical planes, the N-S and. W-E 
planes, with the N-S plane having much lower fracture 
interconnection and hence lower overall flowrates. '!hus the 
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fracture geometry at stripa produces a flow anisotropy in 
which the direction of highest penneability is oriented sub
perpenlicular to the direction of highest penneability 
inferred from the packer test data for the three surface 
boreholes. Thus the penneability anisotropy due to fracture 
geometry tends to partly mask the penneability anisotropy due 
to the in-situ stresses. 

In addition to the need to describe the distribution of 
penneabilities in the rock mass one llUlSt be able to detennine 
the volume of pore space that controls fluid novement am how 
this pore space is distributed in order to properly describe 
the grourrlwater flow system. This includes not only the 
"effective" or flow porosity but all fracture openings 
whether they contribute to the flow process or not, i. e. the 
total porosity. 

The total am flow porosities of single fractures from stripa 
were detennined in the laborato:ty using steady state flow 
tests am a resin inpregnation technique. The apertures 
computed from the flow tests were from three to seven times 
smaller than the mean value for the resin thickness for two 
of the samples. The equivalent unifonn apertures for these 
two samples, computed using the measured variation in 
fracture aperture, were consistent with apertures computed 
from the hydraulic data. Both the resin thickness am the 
total aperture distributions are well approximated by a 
lognonnal. !rode1. 

The rock mass effective am total porosities were calculated 
by cx:nnbining the aperture data from both the field packer 
tests and the laborato:ty studies with the fracture statistics 
for trace length am spacing. r.rhe mean effective porosity 
contributed by the fractures in the rock mass calculated 
using the field data was about an order of magnitude less 
than the porosity computed using the hydraulic data from the 
laboratory tests on single fractures in the core samples. 
More importantly, the porosity calculated using the data on 
resin thickness was almost two orders of magnitude greater 
than that computed using the field data. The consistency 
between the equivalent unifonn apertures am the hydraulic 
apertures strongly supports the contention that apertures 
computed from field packer tests underestimate the fracture 
porosity by an order of magnitude or greater. 

Model results are presented as the distribution of 
isopotentials at the top of each layer. The unifonn geolc:xy 
case, where we have the same hydraulic properties throughout 
the Irodel, resulted in a smoothing of the hydraulic head 
contours with depth. r.rhe other two simulations, where we have 
included fracture zones am variation of hydraulic properties 
with depth, showed less smoothing of the isopotential 
distribution with depth, reflecting the effects of the 
fracture zones with their contrasting hydraulic properties. 
steady state simulations of the mine within both the regional 
am local !rodel clearly shows that the mine perturbs the flow 
system to depths of at least 3000 m resulting in the 
discharge of deep grourrlwaters into the mine. 
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rrhe tl1ree-dimensional rn.nnerical model gave mine inflows of 
about 120 l/min when a si.n:1le hydraulic corrluctivity of 
1.0E-09 m/s was used for all rock types am all layers. Using 
hydraulic corrluctivity averages that approximated the 
geometric mean of the permeabilities am the depth
permeability relationships obsel:ved in the tl1ree surface 
boreholes the "rock" case gave mine inflows of 534 l/min 
which closely approximates the average discharge from the 
mine. Similarly, the "rcx:::ks" case gave a mine discharge of 
177 l/min. 

'!he porosity am permeability values used in the numerical 
simulations were developed fram the field data. Hence the 
calculated transit times must be considered the shortest 
possible un:ier the existi.n:1 permeability and gradient 
corrlitions. O:langes in porosity, with no changes in 
permeability or boundary corrlitions, will not produce any 
changes in the steady state ronfiguration of the flow system. 
Hence, we can use a simple linear correction to detennine the 
much longer transit times that would result fram the use in 
the flow model of the much higher porosities detennined by 
combining the laboratory data fram si.n:1le fractures with the 
fracture geometry. 

Transit times predicted fram the flow tube calculations were 
much shorter than those predicted fram the existi.n:1 
geochemical and isotopic data for the range of porosities and 
permeabili ties used in the flow model calculations. However, 
the streamlines were much longer than expected and showed 
that the grourrlwaters discharging into the mine may have been 
recharged at a considerable distance from the mine. '!his 
effect of the mine development on the regional flow system is 
readily apparent from Figure 5-14. From the general pattern 
of isopotential lines shovm, grourrlwater recharge am shallow 
grourrlwater flow from within 3 km of the mine affect mine 
discharge at the deepest mine levels am support geochemical 
hypotheses that mixing of shallow and deep waters is 
occurri.n:1 in at least some mine boreholes. As discusSErl. in 
section 4.1, transients in CI roncentration have been 
obsel:ved in borehole M3, in:licati.n:1 a mixing of shallow 
grourrlwater into deeper mine levels or vice versa. O:langes in 
Oxygen-1S in M3 over the same 6 year period also suggest that 
mine dewatering may be responsible for promoting mixing of 
shallow am deep fluids. '!his hypothesis should be tested in 
lOOre detail by examining the response of the 3D model's fleM' 
lines to changing boundary corditions produced by deepening 
of the mine workings over the past 40 years. In addition, the 
possibility that V2 may be sheM'llg a temporal CI increase 
should be tested, by detennining to what extent regional flow 
lines were perturbed due to the opening of deep boreholes. 

Maximum flow path lengths of up to 9 km am residence times 
of about 900 years for the porosities used (Rock case 6, 
Figure 5-21), originating from topographic highs of about 220 
m west of the mine suggest that the approximately 0.1° 100 
delta 18 0 differences between shalleM' am deep grourrlwaters 
are not due solely to recharge altitude differences (unless 
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significant flow originates outside the present 3_D model's 
bourrlaries) am that most of the 18 o-depletion fourrl in deep 
grourrlwaters is due to cooler climatic corrlitions at 
recharge. SUch evidence would further suggest that calculated 
residence times based on porosities conp.l'ted from field data 
are too low. '!hat is, published evidence for approximately 
0.10

/
0 

18 o-depleted paleo-groundwaters in Western Europe 
suggests that, regionally, cooler climatic conditions 
prevailed in Europe about 10,000 years B.P. [36]. If the 
delta 18 0 differences obseJ:ved in Stripa grourrlwaters are due 
to different climatic conditions at recharge about 10,000 
years B.P., then a factor of 10 increase in calculated rock 
porosities would bring the 3D flow model's residence times 
into better accord with the 18 0 data. 

Of the independent geochemical/isotopic residence time 
estimates available (Section 4.2), a factor of 10 increase in 
model residence times would also create better agreement with 
Ra-226 am U-234/238 residence times, am possibly C-14 
estimates as well, if better constraints can be placed on 
inorganic carl::x:>n exchange models. SUrprisinglY, however, the 
3D model residence times would still be a factor of about 10-
30 lower than those predicted by CI-36, which up to now, has 
appeared to provide perhaps one of the best estimates of 
tracer residence time. '!his result may force a re-evaluation 
of the CI-36 model parameters used to interpret tracer 
a.bun:3.ances in these grourrlwaters, together with a critical 
appraisal of the effects of dispersion am "dead en:l" 
porosity on tracer versus water transit times in these rocks. 
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