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ABSTRACT 

This report represents the compilation, discussion and 
Interpretat ion of hydrochemical and hydraulic data 
result ing from the SKB tes t -s i te investigations carr ied 
out over a period of three years (1982-84). By 
systematical ly applying hydrological and geological 
considerations to each sampled horizon, i t has been 
possible to di f ferent iate between those grouadwaters 
which are reasonably representative for the depth 
sampled, from those which have been subject to 
co^Jtamination from dif ferent sources. Groundwaters which 
are here considered representative are defined as those 
which show no evidence of mixing with other »jater 
sources, whether from d r i l l i n g water, younger, near-
surface water, or other deeper groundwaters. As a 
consequence, only a y/ery few sa*Bpled horizons can be 
considered feforth serious hydrochemical attention. The 
lack of re«:iresentative groundwater samples, whilst often 
due to techsilcal problems or sampling from non-conductive 
sections of the boreholes, also i l l us t ra te the extreaiely 
cwnplax geos^try of the permeable fracture systems i n 
crysta l l ine bedrock, and thus the ( I j f f icu l ty of 
establishing the nature and depth relation of the 
groundwater reservoir tapped. 

Although the main findings of t h i s study have revealed 
gross Inadequacies in the hydrochemical programme, 
valuable experience has nevertheless been gained. 
Consequently, some of the improvements recortmended i n 
Section 7 of this report have been already implemented 
result ing i n higher sampling standards and thus water 
sasples which are much nwre representative for the 
hydrogeological environment under if ivestigatiof. 

# 
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HYDROCHEMICAL INVESTIGATIONS IM CRYSTALLINE BEDROCK IN 

RELATION TO EXISTIIiG HYDRAULIC CONDITIONS: EXPERIENCE 

FROM THE SKB TEST-SITES IN SWEDEN 

1 . INTRODUCTION 

One of the many d i f f i c u l t i e s t o be surmounted in the 

storage of h igh- level rad ioacf ive waste i s pred ic t ing the 

long-term e f fec ts on the geological environment i n the 

event of a slow release of rad ionucl ide material { i . e . 

through caa is ter corrosion) to c i r c u l a t i n g ireteorlc 

groundwaters wi th in the surrouRding bedrock repos i tory . 

For the c r y s t a l l i n e bedrock rejsository as envisaged in 

the SKB programme, the rocks a t disposal depths w i l l be 

f r a c t u r e d , even p r i o r to excavat ion, and that f r ac tu re 

permeabi l i ty w i l l be the dominiant mode of flow. A sound 

knowledge o f f racture geometry, hydraul ic flow and 

groundwater chemistry within tfse bedrock i s therefore an 

essent ia l prerequiste f o r rad ioact ive disposal safety 

assessfient. 

Deep hole hydrogeologlcal and hydrochemical 

i nves t i ga t i ons have been a fea tu re of the SKB programme 

f o r s i te charac ter isa t ion dur ing the l a s t 4 years. This 

has been a time fo r instrumental development, of prov ing 

d i f f e r e n t techniques, and adapting previously establ ished 

methods used with success in o t l i e r geological 

environments. One major probleca i s that most of the wel l 

documented hydrogeologlcal and hydrochemical studies have 

been confined to sedimentary s t ra ta -bear ing aquifers 

{ i . e . a porous medium cont inuously saturated with water) 

were groundwater f low patterns and redox paraiaeters can 

be r e l a t i v e l y eas i ly ironitored and modelled. 

Con t ras t i ng l y , In c r ys ta l l i ne bedrock areas groundwater 

E!0\fement i s l a rge ly cont ro l led by f rac tu res , cracks, and 

f i ssures i n an otherwise ispertseable medium. This 

s l t t i a t l on presents a whole new Bsost of problesss to be 

so lved, a f f ec t i ng a l l aspects o f the s i t e character is ing 

prograuBie. 



TEST SITES DESCRSBED 
IN THIS REPORT 

1 FJALLVEDEN 

2 GIDEA 

3 SVARTBOBERGET 

4 KAMLyNGE 

5 TAAVINUNNANEN 

6 KLIPPERAS 

Fig. 1 Location of the SKB test -s i te areas described in this 

report . 

This report presents the results of hydrogeologlcal and 
hydrochemical investigations carr ied out at six s i tes in 
Sweden during the last 4 years {F ig . 1). Emphasis is p-st 
on deep hole hydrological characterisation of fractured 
bedrock environments and groundwater sampling methods, 
and the i r Influence on the grouncfeater chemistry, 
part icular ly snth reference to redox-sensitive parameters 

such as Eh, pH, pS, environmental isotopes such as H, 
3^ 18„ l5^ i * r ^ . . . . • • . . H, 0 , C, C and the chemical and 
radiochemical behaviour of uranium. 



PARAMETERS CONSIDERED 

Before describing the various hydrologic and chemical 
parameters measured and discussed below, i t is considered 
expedient to resolve some of the d i f f i cu l t ies in the use 
of hydrologic and hydrochemical terminology employee' to 
describe the type and character of the waters. Figure 2.1 
i l lustrates a schematic representation of the terminology 
used in this report. 

For a static hydraulic system, the hydrologic use of 
surface water, near-surface water and groundwater, which 
reLate to depth of o r ig in , conform f a i r l y well w i th the 
hydrochemical descriptive terms which relate to redox 
conditions and the ge^ieral chemistry of the waters, both 
of which are usually to some degree a function of depth. 
However, for a dynamic hydraulic system the description 
of the water characteristics can be highly variable 
depending on whether recharge or discharge environments 
are being discussed. For example, in an area of recharge 
characterised by a steep hydraulic gradient extending to 
depth (e.g. via a large-scale f racture) , waters which are 
oxidising and with a low pH can quickly penetrate through 
the bedrock resul t ing, in the extreme case, in an 
intermediate to deep groundwater of typical surface to 
nearsurface chemistry. Contrastingly, in a strongly 
discharging area, deep groundwaters of a highly reducing 
character can dominate the near-surface and even the 
surface water e.ivironments. 

As most of the hydrogeologlcal systems In this report 
relate to active flow conditions, the tenninology 
outlined in Figure 2.1 has been employed to c l a r i f y the 
yery complex nature of groundwater flow and chemistry, 
both within the undisturbed bedrock prior to d r i l l i n g , 
and subsequently when changes are Incurred during and 
after dr i l l ing. 

« £ S » i ^ 



Geneva 1 HyCrclocic 
dassi^^icat ior-

Hydrologic terminology 
{ i . e . depth-related) 

HydrtxhetTiical terminology 
( i . e . cainly descr ip t i ve but can 
also be depth-re lated) 

SURFACE WAT[? 

( i . e . streams, r i v e r s , lakes etc) 

^CAR-SL'R^aCE WATER 

( i . e . so i l 'Cap i l l a r y water 
extending lowr. to »he 
zone of satura l ion) . 

GROUND WATER 

( i . e . subsurface water 
which i s in the 7onp^ of 
sa tu ra t i on ) . 

-£?JTERMED1ATE-

-£^EP-

Gx i d i. s i ng I 

Trans i t ional 

J Reducing 

i 

4̂  

Open bicarbonale 
system 
(pH <7) 

Closing/opening 
bicarbonate cysten: 
(pH 7 to 9) 

Closed bicarbcnaa 
system 
(pH >9) 

^ -2- A 

Figure 2 - 1 : Sch^atic representation o f 'groundwater character ist ics w i t h i n a non-s ta t ic ' lydraylic f low system. 

2.1 Hydrologic Parameters 

The occurrence of mobile groundwater in crystal l ine rock 
environments is restricted to the interconnected system 
of fractures in the bedrock. Water-filVsd voids in the 
bedrock unconnected to the fracture system ex is t , but are 
not considered to take part i n the flow of groundwater. 

The flow o f groundwater is i n most cases laminar and the 
velocity Is therefore determined by the hydraulic 
gradient and the conductivity of the medium in which the 
flow occurs. This staternent, known as Darcy's Law, is 
val id for porous media and can be expressed as: 

vA=-IC-A dh 
IT (2 .1) 



0 = f low (m^/s) 

V = ve loc i t y (m/s) 

A = area (m ) 

K = hydraul ic conduc t i v i t y (m/s) 

dh/dl = hydraul ic gradient (si/m) 

The hydraul ic conduct iv i ty (K) depends on the propert ies 

of the rock medium and f l u i d (water) which are generally 

assumed to be constant . Thus, the hydrau l ic gradient 

represents the force that i n i t i a t e s groundwater flow. I f 

the hydraul ic g rad ien t is equiva lent t o the energy loss 

(dh) along a f low p a t h , d l , then h can be expressed as: 

h = Z + £ (2.2) 
Y 

Z = elevat ion above an a r b i t r a r y datum plane (m) 
2 

P = groundwater pessure at the e levat ion Z (N/m ) 
2 2 

Y = speci f ic weight o f f l u i d (kg/ni s ) 

At the groundwater tab le , p = 0 and consequently h = Z. 

This means t ha t the f low between two po in ts near the 

groundwater tab le i s proport ional to the d ip o f the 

groundwater t a b l e . A t greater depth the hydrau l i c 

gradient decreases as does the groundwater f l ow (Figure 

2 . 2 ) . 

At any depth beneath the groundwater t ab le a u n i t mass of 

f l u i d is subject to both g rav i t i ona l and pressure forces. 

By def in ing a force potent ia l 0* = g h , i t fo l lows 

t h a t : 

grad 0* = g '^'^/dl = g (grad Z + - grad p ) ; (2.3) 

2 
g = accelerat ion due to g r a v i t y (m/s ) and 

Q = v A = - K A ^ V d l = -K A (grad Z + - g r a d p) (2.4) 



Q = - - A grad 0 
9 

V̂  = - 1 g rad 0* 

(2.5) 

(2.6) 

AOO 

10 

>oo 200 400 

0 m 

< 
10 

< 
5 
Q 
Z 10 
•D 
O 
cr 
^ 0 

100 m 

200 m 

10 

iOO 200 200 

500 m 

too m 

Figure 2.2: Groundwater head at d i f f e ren t depths below a 
c i rcu la r h i l l with a 200 m radius. Hydraulic 
condsjctivlty decreases wi th depth (after 
Carlsson et a1 1983). 



A' 

0.9 : 

0.8 

Figure 2.3: Two-dimensional theoret ical potential d is t r ibut ion 
and flow-pattern in a homogeneous porous n^dium. 

Thus, f o r isotropic media (K = constant) the veloci ty 
vector V̂  and the direct ion of flow is perpendicular to 
the equipotential surfaces (0* = constant). These 
pr inciples are i l l us t ra ted in Figure 2.3. I f the medium 
Is anisotropic the velocity becomes oblique to 
0*-surfaces. 

As shown i n rigure 2.3 the direct ion of groundwater flow 
i s downwards in the elevated parts of the te r ra in (A-A') 
and upwards in the lower par ts (B-B'). The former are 
referred to as recharge areas and the l a t t e r discharge 
areas. In the recfsarge areas the hydraulic head, h, or 
the force potent ia l , 0*, I s decreasing with Increasing 
depth whi le the opposite s i tua t ion is prevai l ing in the 
discharge areas. Thus, the f low is directed from high to 
low potent ials. I t can also be seen that the groundwater 
flowing from the lowest pa r t of the discharge area has 
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migrated frosn deeper In the bedrock and over a much 
larger distance than groundwater seeping out at higher 
elevations in the slope. This implies that the oldest 
groundwater is to be found in of the val ley bottom. This 
phenomenon is further accentuated i f the hydraulic 
conductivity decreases with increasing depth, which is a 
general feature in crys ta l l ine bedrock. 

To apply Darcy's Law i t is assumed that the 
hydrogeologlcal medium i s homogeneous and uniformly 
porous. However, even though the •» properties are not 
normally characteristic of a crystallirse rock 
environaient, this concept can s t i l l be used i f the number 
of fractures relevant for describing the groundwater flow 
provide a great enough density to j u s t i f y a porous medium 
approach. Based on c r i t e r i a discussed by Long et al 
(1982), a fractured c rys ta l l ine rock can be regarded as 
an equivalent porous medium when: 

- there is an ins igni f icant change in the value of the 
equivalent hydraulic conductivity wi th a small change 
of the test volume (Figure 2.4) 

- an equivalent syimetric hydraulic conductivity tensor 
exists which predicts the correct f l u x when the 
di rect ion of hydraulic gradient (in a REV) is changed. 

R.E.V. 
VOLUME 

Figure 2A : Stat ist ical def in i t ion of a representative \ 
elementary volume (REV). (After Long et al 1982). 



'The f i r s t cr i ter ion implies that the hydraulic 
conductivity In a chosen test volume is a constant ( i . e . 
homegeneous test volume). The second cr i ter ion implies 
that the hydraulic conductivity (In a three-dimensional 
flow) i s a syiranetric anisotropic parameter and that the 
boundary conditions i re chosen in such a way that i n a 
t ru ly homogeneous anisotropic test volume a constant 
hydraulic gradient would be prcKluced. Furthermore, 
fracture systems behave more l i k e porous media v^hen: 1) 
the f racture density is increased, 2) the considered 
volume is expanded, 3) the var iat ion in fracture 
aperatures is small and, 4) the fracture orientations are 
disturbed rather than constant (Figure 2.5). 

\rCpPm^^^^^zy 

Figure 2.5: Fracture systems with varying parameters (30x30 
cm). For A, fracture aperatures are log nortEsally 
d is t r ibu ted, for B, fracture aperatures are uniform 
but with two di f ferent or ientat ions, for C, 
f racture orientations are normally d is t r ibu ted, for 
0 to F, the result ing distr ibut ions of hydraulic 
conductivity are shown (af ter Longest al 1982). 
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On the other hand th i s porous medium concept i s not 
suitable i f the d is t r ibut ion of the fractures, together 
wi th their respective lengths and aperatures, are such 
that the flow properties of an area are dominated by the 
largest fractures surrounding and traversing the area 
(Stokes, 1980). Because of the i r great Influence on the 
hydraulic heao dist r ibut ion and thereby on the 
groundwater flow-rates, the presence of such divergent 
f ractures, or more com»nly, concentrations of fractures 
( i . e . fracture zones), GHjst therefore be treated as 
discrete elements i n any model. The groundwater flow 
paths w i l l naturally be iws t l y confined to the fracture 
zones as tte resistance to flow in these high-conductive 
channels Is relat ively small tfhen compared to the 
surrounding low-conductive, normally fractured bedrock. 

However, the effects of such fracture zones on 
groundwater flow-rates are also dependent on the 
oriecitation of the zones. More or less ver t ica l ly dipping 
fracture zones of re la t ive ly high hydraulic conductivity 
tend to decrease the change of hydraulic head and 
consequently maintain the hydraulic gradient to great 
depths, thus increasing the f low-rate. Contrastingly, 
horizontal or sub-horizontal fracture zonss act as 
senii-impervious layers through which only a small flow 
occurs. As most of the flow w i l l be directed along these 
horizontal zones, the flow-rates at greater depths tend 
to become diminished (Carlsson et al 1983) (Figure 2.6). 

2.2 Cheiaical Parameters 

Radionuclide mobility and the lifespan of the waste 
canisters for nuclear waste are strongly affected by the 
hydrochemical properties of groundwaters. The redox 
condit ion, pH, and the concentrations of metal c<wplex1ng 
ligands such as carbonate-, f l uo r ide- , chlor ide-, 
sulphide- and phosphate - ions , fu lv ic acids etc are the 
moat important chemical parameters for determining 
radionuclide mobility and corrosion rates of the copper 
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canisters. Copper Is a stable metal under reducing 
conditions and the so lub i l i t y and mobility of most 
actinides are exi>.»ctfid to be low in a naturally reducing 
environment. Sulphide, on the other hand, w i l l react with 
copper and make copper oxidation with water possible 
despite the reducing conditions. Very large 
concentrations of chloride "Ions may have s i^ i^ar ef fects. 
Cosplexation with carbonates can for instance Increase 
the so lub i l i t y of uranium. 

The chemical and flow characterist ics of the groundwaters 
can be used to model the history of the waters and 
predict future changes in cowpositosn and flow pat tern. A 
very s impl i f ied stat ic model recognises deep ground 
water, near-surface water and a mixing of these two 
types. Here the surface and near-surface waters are 
considered t o have c fa i r l y uniform composition. This 
arises because the near-surface water obtains i t s 
character through mixing along i t s flow-path. The 
composition i s then inainly c£etermined by the hydraulic 

i 

i 

J 

-I 

I 

I 

i 

tH 

.a* 

Figure 2.6: Modelled Isopotentials and projected flow vectors 
along a vert ical section from the Kamlunge tes t -
site i n N. Sweden (af ter Carlsson et al 1983). 
The dashed horizontal l ine denotes a fracture zone. 
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properties and conditions Of the bedrock (e.g. flcw-rate) 
and not by the chemical Interaction between the water and 
the rock-forming minerals. In contrast, at greater 
depths, the groundwaters tend to permeate slowly through 
the bedrock which is more Conducive to rock/water 
interact ion. Groundwater composition is therefore more 
depe?i/dent on the local bedrock mineralogy. 

The near- :«rface and deep ground waters are best 
distinguished from each other by pH and the to ta l salt 
and carbonate contents. Shallow waters are rather dilute 
with a high carbonate content and neutral pH. 
Groundwaters have a much higher pH, much higher sodium 
and chloride contents, but l̂ ĥ-er carbonate contents. The 
sal t content of very old groundwater is sometimes 
extremely high with no appare.»t upper l im i t for the 
s a l i n i t y . The source of the sa l in i ty is sometimes 
debatable with seawater, f l u i d inclusions and rock/water 
interactions al l having been prosposed as possible 
sources. 

2 3 18 
Environmental Isotopes (e .g . H, H, 0, 

C) provide a very useful hydrochemical tool i n 
modelling ground water h istory. A cross plot of tlie 
stable isotopes deuterium and 0 w i l l reveal the 
or ig in of the water. I .e. meteoric or otherwise. The 

14 
radioactive Isotopes C and t r i t i um are suitable for 
recognising very old and yery young portions of water 
respectively. 

2.2.1 General groundwater chemistry 

y i t h i n the SKB tes t -s i te progransne a complete set of 
chemical analyses has always been carried out on the 
»ater samples. Kov^ver, only some of these analysed 
parameters are essential to s i te evaluation and safety 
assessment considerations. These are pH, carbonate, 
ch lor ide, sodium and calcium contents and the redox 
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sensitive parameters Eh, iron species, uranium, sulphide 
and oxygen. 

pH and carbonate content 

The pH of the water determines the form of the species in 
solution and is also a useful parameter for describing 
the type of water that is Investigated. Near-surface 
groundssaters are mostly neutral with a pH of seven or 
s l i gh t l y lo '^ r and deep groundwaters are usually 
characterised by a b.igh pH; In some cases values above 
nine hsve been obtained. In near-surf-^ce waters the pH is 
solely buffered by the carbonate system whereas other 
salts contribute to the buffering capacity of the deep 
grc'undwaters. 

The carbonate content of the water is important as the 
2-

CO Ion is a very strong complexing agent for tha 
act inides, appearing as soluble carbonate complexes in 
the groundwater. The total carbonate content is highest 

in the near-surface waters and decreases with depth, i .e . 
as the «ater becomes older. 

Surface waters percolating through the soil zone take up 
carbon dioxide eventually becoming s l ight ly acidic and 
aggressive. As a consequence, this water dissolves 
calci i 's carbonate when i t penetrates to the upper part of 
the bedrock. Here tiie system i s s t i l l open to the input 
of carbon dioxide with the resul t that the CO -HCO. 
system determines the pH giving a value of seven or just 
above. From about 100 m depth in the bedrock the system 
is no longer open to the input of carbon dioxide and the 
pH r ises to a value around 8.5. In s t i l l deeper parts of 
the bedrock the groundwater f low is extremely low and the 
more slowly dissolving minerals w i l l begin to have an 
impact on the composition of the water. Dissolution of 
feldspar wi l l Increase the pH which in turn w i l l cause 
precipitat ion of ca lc i te . The iiwre advanced these 
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reactions become, the higher is the pH and the lower i s 
the carbonate content. 

Sodium, calcium and chloride content 

The amounts of sodium, calcium, chloride and bicarbonate 
dissolved in near-surface waters and groundwaters are 
useful parameters in assessing the migrational history of 
the waters. For example, surface to near-surface waters 
tend to be calcium - bicarbonate in type whereas 
intermediate to deep groundwaters are of a sodium -
calcium - chloride nature. 

Near-surface and shallow groundwaters are characterised 
by high concentrations of calcium and bicarbonate due to 
the dissolution of ca l c i te . As the flux decreases in the 
deeper parts of the rock the more slowly dissolving 
minerals (e.g. feldspar) w i l l result in an increase of pH 
and in the sodium and chloride concentrations. Even when 
the amount of carbonate decreases due to the 
precipi tat ion of calcium carbonate, the calciua 
concentration remains at appreciable levels indicating an 
input of calcium coeval with the Increase in t l ie sodium 
and chloride concentrations. 

Redox-sensitive parameters 

The redox condition of the groundwater Is one o f the most 
Important parameters for estimating the safety of a 
nuclear waste repository. For example. I f the actinides 
( i . e . released through canister corrosion) are assumed 
for modelling considerations to migrate in a reduced form 
through the geosphere, the radiation dose released to the 
biosphere wi l l be two orders of magnitude lower than in 
the case where the actinides are transported i n an 
oxidised form. 
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The redox condition of the groundwater is ref lected by 
the measured redox potent ia l , the amount of dissolved 
oxygen, and by the contents and oxidation states of the 
elements i r o n , sulphur and uranium. From al l the various 
redox couples present in the groundwater i t is possible 
to calculate a redox potent ia l . However, these 
calculations would give as many different results as the 
nuisfoer of redox couples used f o r the calculations. This 
simply Indicates that no true redQx equilibrium exists in 
the water. The reason for th i s might be a re la t ive ly la te 
mixing of d i f ferent types of watsr, but could also 
re f lec t the large uncertainties in the analytical data. 

Oxygen is a >/ery strong oxidant in the Eh-regfon of 
interest fo r the groundwaters. Small amounts of oxygen ' 
dissolved i n the water wi l l d ras t ica l ly affect the Eh 
measurements. Oxygen reacts rapidly with sulphide which 
means that these components should not be expected to be 
found in the same water sample- The existence of 
measurable amounts of sulphide in the water Is an 
indicator of vary reducing condit ions. The sulphide is 
oxidized to sulphate by dissolved oxygen whereas the 
opposite reaction only occurs In the presence of 
bacterial ac t i v i t y . 

As a word of warning. Eh and 0 monitoring in the 
flofef-through cel ls should be treated with some caution. 
In contrast to the contents of dissolved species In the 
sampled water, the Eh and 0 contents are not solely 
character ist ic of the groundwater, but are severely 
affected by atmospheric 0 during cal ibrat ion. Each 
time the ce l l s are opened for electrode ca l ib ra t ion , 
subsequent Eh measurements are disturbed for periods of 
up t o several days before s tab i l i s i ng . Before th i s effect 
was appreciated, many cases therefore exist whereupon 
Inadequate time has been dvailal>le fo r the measuring 
electrodes to s tab i l i se , and f o r the atmospheric-derived 
0 to be ef fect ive ly removed from the flow-through 
cells. \ ' - J 



16 

The F e ( I I ) - F e ( I I I ) couple i s thoufht t o be the prime 

redox determining react ion i n most rsatural groundwaters 

(Wikberg e t al 1983). The theore t i ca l ca lcu la t ions of the 

Eh should be based on th is system because the react ic«s 

between the fe r fH is and f e r r i c Iran a t the e lec t rode 

surfaces are revers ib le , the ex':hcng€ current dens i ty is 

h igh and the rock contains soaie 1-10 % iron, most of i t 

i n the d iva len t form. However, in s p e c i f i c cases the th 

can be con t ro l l ed by other elements. The reaaini^sg 

important redox sensi t ive parameter, t ha t concerwing the 

behaviour o f uranium, is described below. (Sect ion 

2 . 2 . 2 ) . 

2.2.2 Uranium inves t iga t ions 

The presence of dissolved uranium and i t s i so top ic 

daughter decay products in surface wa te rs , r.ear-s&irface 

waters and groundwaters, i s o f pa r t i cu la r i n t e r e s t in the 

context of h igh- leve l rad ioac t ive waste safety assessJient 

cons idera t ions . Features of importance include: 

a) uranium i s a na tu ra l l y occurr ing radionucl ide which 

e x i s t s , a t least i n small q u a n t i t i e s , in a l l rocks and 

there fore In most contact groun<s«aters. 

b) because o f I t s economic importatKe as a nuclear fuel , 

uranium prospect ing methods are hi*ghly developed and 

\/ery small quan t i t i es {< lppb) Cen be measured iwith 

p rec is ion In groundwaters and n ^ k s . 

c) as uranium Is an Important constita^ent of spent 

nuclear f u e l , and because I t s cbairlcal behaviotsr 

resembles c losely the snore harrofHl act in ides sigch as 

neptuniuBi and pTutonium, t.he hyt&'ochemlcal behaviour 

o f uranium In the geosphere and snder laboratory 

cond i t i ons , renders I t extremely i n s t r u c t i v e i n 

helping t o p red ic t long-tersa act in fde behaviour in the 

far-f1<^1d environs in the event of canister corros lcn 

a n d " ^ s e q u e n t radionucl ide leakage. 
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d) the degree of uranium d isso lu t ion and Rwbll i ty i n 

groundwaters can be used as an importarst redox-sensit ive 

parameter. 

Ifranium geochemistry 

Uranium d isso lu t ion and m o b i l i t y have over the yea rs been 

subject t o extensive study both in the laboratory and in 

the f i e l d (see, for example, Hostet ler and Garre ls , 1962; 

Osmond and Cowart, 1976; Langmuir, 1978; Giblin e t al 

1981). From such studies an extremely complex p i c t u r e has 

emerged which shows t ha t many physico-chemical parameters 

can in f l uence the behaviour o f uranium i n natural ground

waters. Based on Langmuir (1978) and G i b l i n et a l C1981) 

the major inf luencing paraseters are l i s t e d i^elowi, 

a) the uranium content i n the source rocks and i t s 

l e a c h a b i l i t y . 

b) the prox imi ty of groundwater to urasiium-bearing rocks 

and minera ls . 

c) concentrat ions In the groundwaters o f carbonate, 

phosphate, vanadate, f l u o r i d e , sulpt iate, ca lc ius i , 

potassium and other species which can form uranium 

complexes or Insoluble uranium minerals. 

d) the sorp t i ve propert ies of mater ia ls such as organic 

compounds, oxyhydroxides o f i r o n , imanganese and 

t i t a n i u m , and c lays. 

e) pH and Eh states of the grottndwater environment. 

f ) redox s ta te of the uranium ^ e d e s . 

g) k i n e t i c s of uranium spec ia t lon reac"tions. 

h) ra tes o f groundwater mixing and c i r c u l a t i o n . 
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However, t h i s l i s t need n o t be so formidable as i t 

appears because only a few need to be considered in 

model l ing the behaviour o f uranium in groundwaters. These 

are pH, Eh and the to ta l concentrations of the l igands 

which form complexes of r e l a t i v e strength wi th uranium in 

i t s d i f f e r e n t oxidat ion s ta tes . I . e . carbonate, 

biophosphate. 

Under st rongly reducing condi t ions the s o l u b i l i t y 

l i m i t i n g phase would be UO (so l i d ) in ei ther 

c r y s t a l l i n e ( i . e . u ran in i t e ) or amorphous ( i . e . 

p i tchblende) form, depending on the environment. The 

charac te r i sa t ion of the uranium species present i n 

so lu t i on i s however less c l e a r . The U(IV) hydrocomplexes 

U(OH)^ and U(OHX ^^^^ been postulated as being 
4 5 

responsible for the UO ( s o l i d ) s o l u b i l i t y i n 

carbonate-free a lka l ine environments (A l la rd , 1983). 

However l a t e r studies by Rai et al (1984) and Ryan and 

Rai (1983; 1984) have disproved the poss ib i l i t y of 

Ac(IV)(OH) (were Ac = the act in ides U, Np, Pu) . As a 

r e s u l t only U(OH) need be considered in reducing 

carbonate-free environments. 

Under less reducing cond i t i ons , and/or in the presence of 

carbonate, the uranyl carbonate species UO 

(CO,) and U0.(C02)3 ' P^^^O'^^f^^s-

Dependlng on the degree o f c r y s t a l l i s a t i o n of UO 

( s o l i d ) and the oxidat ion condi t ions of the surrounding 

environment, u ran in i te 1s no longer the s o l u b i l i t y l i m i 

t i n g phase. Instead, UO (OH) ( s o l i d ) w i l l con t ro l 

the uranium content i f i so lu t ion (Bruno, 1984). At the pH 

values usual ly found In groundwater systems, the U(VII) 

biophosphate complex formation can also play an important 

r o l e . The re la t i ve occurrence of U(VI)-phosphate 

complexes vs carbonate complexes Increases as pH 

decreases from 8 to 6.5. Under more acidic condi t ions 

f l u o r i d e , sulphate and hydroxy complexes w i l l be the 

dominant species. 
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The t o t a l uranium s o l u b i l i t y , and as a consequence i t s 

m o b i l i t y , can be res t r ic ted by the possible ternary 

species which can be found in a mu l t i va r i an t groundwater 

system. The e f f e c t cf mixed crysta l ! i .ne so l ids such as 

ca rno t i t e K (UO ) (VO ) , uranophane 

Ca{UO2)2(Si03OH)2 . a u t i n i t e , Ca(U02)2 

{PO^)^ , tessetite Fe(U02)2(PO^)2 etc has 

been obsensed i n natural environments. Thus, complete 

model l i n g of uranium, which i s beyond the ieope of this 

present n?t?ort, should Include these species, even i f the 

present state o f knowledge regarding the thermodynamic 

parameters invo lved are sosnewhat r e s t r i c t e d at t h i s time. 

Experimental ly-derived conclusions are general ly borne 

out by geological observations. These show that 

te t rava lent u r a n i n i t e remains immobile under reducing 

condi t ions but slowly mobilises during increased exposure 

to atmospheric condit ions or to oxygen/carbon 

dioxide-bearing groundwaters. Furthermore, and an 

important p o i n t , i s that the s o l u b i l i t y of low 

temperature art?orphous UO ( e . g . p i tchb lende) , which is 

considerably greater than that of c r y s t a l l i n e uran in i te , 

can a lso occur under more reducing condi t ions than the 

more stable u r a n i n i t e . I t is therefore important to 

c o r r e c t l y assess the hydrogeologlcal features of an area 

under invest iga t ion before applying experimentally-based 

hydrochemical da ta . For example, Andrews and Kay (1983) 

suggested that c r y s t a l l i n e UO s t a b i l i t y f i e l d 

boundaries were more appropriate for groundwater 

equ i l i b r i ua w i t h rock matrices containing 

w e l l - c r y s t a l l i s e d UO ( i . e . u r a n i n i t e ) , as would be 

associated w i t h some granite environments. Contrast ingly, 

for cer ta in sedimentary environments, uranium deposition 

in the absence o f c rys ta l l i ne nuc le i i would tend to 

p re fe ren t i a l l y form disordered or amorphous UO ( i . e . 

pitchblen<te). I n these cases amorphous UO s t a b i l i t y -

f i e l d boundaries are recomended. However, depending on 

the Eh-pH parameters of groundwaters representat ive of 

the two geological environments, the uranyl carbonate 

complexes say be stable In the aqueous phase thus 
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restr ict ing any uranium prec ip i ta t ion. Such a si tuat ion 
has been described in groundwaters from Triassic 
sandstones (Andrews and Kay, 1983) whereupon in the 
absence of uranium deposition, some of the highest 
uranium contents were recorded from those groundwaters 
which generally exhibited the lowest Eh values. Of-course 
i t is important to note here that a rea l is t ic 
interpretation of natural groundwater data based on 
thermodynamic models is (Jependent on the confidence o f 
groundwater Eh measurements. Such confidence is o^ten 
debatable. 

Nevertheless i n general terms, natural groundwater 
uranium concentrations tend to be re lat ive ly high 
(>lGppb) In &'i\ oxidising environment, and correspondingly 
low (<lppb) beyond the oxidation-reduction interface, and 
that Eh, pH and tota l carbonate concentrations are the 
dominating con t ro l l i ng parameters. Therefore, to use raw 
uranium values as a direct indication of the redox state 
of a groundwater environment should be treated with some 
caution, un t i l the physico-chemical characteristics of 
the groundwaters are known. 

Uranium Isotope geochemistry 

QOQ O'iA 0^C\ 

The uranium decay series ( U- U- Th) 
has been increasingly used to characterise groundwaters 
and rocks (Rosholt, 1959, 1983; Thurber, 1962; Rosholt e t 
al 1963, 1966; Koide and Goldberg, 1965; Kigoshi, 1971; 
Kronfeld, 1974; Osirond and Cowart, 1976; 1982 and 
Fleischer and Raabe. 1978). In closed geological systems 

238 234 9W 
the nuclides '^•^**u-'^'^^U- "̂̂ ^Th at ta in 
radioactiye equi l ibr ium after about 1.7 Ma, i . e . the 

respective a c t i v i t y ratios ^ ^ \ / ^ ^ % , ^^Sh / 
234 230 238 

U and Th/ U a l l equal uni ty . However, 
I f the systems are exposed to weathering and groundwater 
c i rcu lat ion, and assuming that Th is iBsnobile 
under normal groundwater conditions, the di f ferent i 

238 234 ' ' ^ ^ 
physico-chemical properties of U and U w i l l 
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resu l t in t h e i r f r ac t i ona t i on and thus isotopic 

d i sequ i l i b r i um. The respect ive a c t i v i t y ratios ^ 1 1 

therefore be greater or less than un i t y depending on 
238 

whether there is an excess o r def ic iency of U 

and/or ^^"^U. 

Applied to groundwater i n v e s t i g a t i o n s , uranium-series 

desequi l ibr ium studies should therefore in<Sicate which 

radionucl ides are being leacJied from the bedrock, and 

the i r subsequent behaviour de^rihg migrat ion and t ranspor t 

throiigh the rock mass. Owing t o the generally assumed 

inmobi l i ty o f thorium in na tu ra l groundwaters (Langmuir 

and Herman, 1980), the i s o t o p i c signature is normal ly 
234 238 

expressed us ing the U/ U a c t i v i t y ra t io . 

Because groundwaters are r a r e l y s t a t i c over pe r i ods of 

geological t i m e , the add i t ion and loss of caicl1<Ses w i l l 

be var iable depending on the changing physico-ditjiTiical 

propert ies o f the groundwaters as they persaate through 

bedrock of con t ras t ing chemistry and a t d i f f e r e n t depths-

As a r e s u l t , the U/ U a c t i v i t y r a t i o s 

invar iab ly show isotopic d i s e q u i l i b r i u m . 
234 ?38 

U/ U d i s e q u l i b r i a have tJius been used to 

character ise water masses, est imate degees of raixing of 

d i f f e ren t water masses, e s t i a a t e the intensi ty o f water 

c i r cu l a t i on and as a means o f dating grounckaters (e.g. 

Osmond et a l 1974; Kronfeld e t al 1975; 0s®)nd and 

Cowart, 1976). 

Well-documersted work on large-sca le sedimentary aqui fer 

systems ( e . g . Kaufman et al 1969; Osmond and Cofesart, 

1976; Cowart, 1980; Andrews and Kay, 1982) have ind icated 

that during the t rans i t i on f r o m an ox id is ing t o a 

reducing environment, there occurs a decrease I n to ta l 

dissolved uranium (discussed above), and an Increase In 
234 238 

the U/ U a c t i v i t y r a t i o . I t has been 

suggested (Osmond e t al 1974) that such a ba l Id -op of 

U wi th depth Indicates an aging e f f e c t dte t o the 

natural decay of the parent U. However, as 

sunBiarised by Andrews e t al (1982) , uranlus In so l u t i on 
\ i 234 

does not fona a closed sySWos and Ingrowth of U 
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234 
ocurs due to solution of alpha-recoil Th a t the 
rock/water interfaces during perToeation of the 
groundwaters. In additon, the ultitsate extent or excess; 
of U and therefore the [}/ U act iv i ty 
r a t i o value, is also dependent on the natural groundwater 
f low-rate and the possible interchange with act ive 
leaching waters. Furthermore, sampling procedures in 
which a r t i f i c i a l groundwater floa-rates have been 
imposed, may also result i n a modification o f act iv i ty 
r a t i o values and total dissolved uranium contents 
(Smellie, 1983b,c). 

I t should therefore be recognised that , in cc^snon with 
the other environmental Isotopes in routine use, «raniua 
decay series studies of gr©jjndwaters should not be used 
in Iso la t ion , but rather as one «K)re Important factor t o 
be considered in hydrochemical in terpretat ion. 

2.2.3 Environmental Isotopic Studies 

Environmental isotopic stutfles of hydrologic systsas 
nwstly Involve the l ight elements and their Isotopes: 
hydrogen (^H, V \ ) , carbon (^^C, ^^C, 

C) , fsitrogen ( N, N), oxygen ( Q. 
0) and to a lesser extent sulphur ( S, 
S ) ) . These are normally t&osen because Isotopic 

f ract ionat ion between d i f ferent Isotopes of the sase 
element, resulting froa the i r d i f fer ing geoch^aical and 
physical behaviours, is su f f i c ien t ly large to be of 
geocheiaical interest. Of th® heavier elements, the 

238 234 
uraniuB decay series nuclides U. U. 

Ra and Rn exhibit sigsiifleant nseasurable 
f ract ionat ion differences t o be of yse In hydrocheaical 
studies. With greater instrtstantal sophis t icat ion. 

129 
measurement and application of isotopes such as I , 
39 ffi 81 36 

A r , Kr, Kr and Cl have 
increasingly been carried osat with l is i l ted success. 
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Within the Swedish radwaste hydrochemical programme, and 
in most other countries, the major routinely applied 
isotopes have been t r i t i um, radiocarbon and the stable 

18 16 
isotopic rat ios of D/H and 0/ 0. Increasing 
use is being made of the uranium decay series Isotopes 
(see above). Using such isotopic data, groundwaters can 
be characterised in terms o f : 

a) ident i f icat ion of areas o f static groundwater where 
regional migration of radionuclides should be minimal 

b) estimation of water veloci t ies in c i rculat ing 
hydrologic systems 

c) groundwater source (s) 
d) degrees of mixiag of groundwaters from d i f ferent 

sources 

e) as an aid in predicting future natural changes in the 
chemistry of the groundwater 

f ) an estimation of groundwater age 

Only in yery r&re cases of extreme isolation and 
confinement can a groundwater be ascribed an age; mst 
groundwaters when sampled are the products of mixing 
Incurred ei ther prior t o , o r during sampling, and so 
derivation of an age can be fraught with uncertainty. 

Trit ium 

Trit ium ( H) is the radioactive Isotope of hydrogen 
with a h a l f - l i f e of 12.4 years and i s measured in t r i t i um 
un i ts . One t r i t ium unit (TU) is defined as the 

3 18 
concentration of one atom o f H In 10 atoms of 
H. Tri t ium 1$ derived: 

- natural ly from the ataiosphere by cosmic-ray radiation 
Involving the Interaction of nucleons with nitrogen, 
oxygen and argon. Through oxidation to water I t 
eventually reaches the earth and groundwater systems 
through precipi tat ion. 
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naturally in the sub-surface by the induced reaction of 
neutrons (from the decay of U and Th in the bedrock) 

6 4 
with Li and He. Because of the near-absence of Ll 

3 
in groundwater, H production can be r.eglected. 

- a r t i f i c i a l l y from the test ing of thermonuclear devices 
in the period 1952-1962. 

By fa r , most of the t r i t i u m present to-day In the 
atmosphere and subsequently in most surface and 
near-surface waters, i s due to thermonuclear 
contamination. As the potent ia l use of t r i t i um as a 
hydrological tool has been mostly recognised during and 
after th is event, there exists only a few pre-test 
t r i t i um measurements ava i lab le . However, enough is known 
to be able to derive scwae natural t r i t i um levels in 
precipitat ion which range from 4 to 25 TU. depending on 
location (Nir et al 1966). As a result of the 
thermomuclea." tests the t r i t i um values increased 
dramatically reaching a peak of several thousands TU 
around 1963, and since then levels have decreased 
steadily tb several tens TU, mostly through an Inventory 
decrease of 5.5 % per year through radioactive decay. 

The attract ion of t r i t i um as a hydrologic tool Is i t s use 
in distinguishing between recent water (recharge after 
1952) and older water (recharge prior to 1952) thus 
providing Important Information on, for example, 
groundwater recharge ve loc i t i es . 

Radiocarbon 

14 
The primary source of C Is the nuclear reaction 
between the secondary cosmic-ray neutrons and nitrogen 
nuclei i which occurs in the transit ional region between 
the stratosphere and the troposphere (Libby, 1965). These 

C atoms eventually oxidise to form CÔ  
molecules which, upon osilxlng with inactive atn»spher1c 
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CO , subsequently enter the biosphere and hydrosphere 
in the form of CO and HCO. . 

The chemistry of the CO - CaCO- system fo r 
groundwaters in contact with the soil and bedrock, which 
comprise the surface and sub-surface environs, is 
complex. In a CO - CaCO. open-system the carbonate 
(surface and sub-surface environs) is dissolved by water 
in continuous contact with the CO reservoir (the soi l 
CO ) at a f ixed partial CO pressure. In the 
closed-system case, the carbonate is dissolved by 
i n f i l t r a t i n g water which has i n i t i a l l y been in contact 
whith the CO reservoir. In nature however, nothing is 
ever so simple and carbonate dissolution w i l l more than 
often take place under mixed conditions. Furthermore, 
when the groundwater becomes supersaturated, the 
precipitat ion of C-enriched calcite occurs under 
favourable conditions resul t ing in groundwaters 
correspondingly depleted in ^ C« As argued by 

Tullborg (1985), to be able to «.11scuss the relevance of 
14 groundwater c dating, i t i s important to know 

whether dissolution or precipitat ion of calci te i s 
prevailing at the sampled leve ls . These complexities mean 
that i t is often d i f f i c u l t to reconstruct the or ig inal 
carbon-14 content of the water. The rat ios of the two 

12 13 
isotopes of carbon ( C and C) vary 
considerably in nature and the i r ratios are widely used 
to help unravel the geochemical history of the 
Groundwater and to estimate the original amount of 

C Introduced into the system. Because of these 
uncertainties, and others which include chemical and 
isotopic exchange with atmospheric CO , a l l of which 
must be corrected fo r , the characterisation of 

14 
groundwaters by the C technique is treated with 
some doubt. 

14 3 
To combine C and H data i n conjunction with 
hydrogeologlcal evidence has in sosse c i rc les been 
considered Bsore appropriate (Eriksson, 1962; Geyh, 1972), 
thus enabling water sources to be; located and also as a 



26 

val idat ion of certain correction precedures. Dating of 
r e l a t i ve l y recent water ( l as t 53 years) is also possible. 
Hcn^ever, because of the large number of unknown 
var iables, many reservations s t i l l remain. As sunmarised 
by Mook (1980; p. 70) such variables include: 

1) the mixing rat io of old and young water, 
2) the t r i t l u a content of the precipitation to which the 

sample refer?, 
14 

3) the C contsftt of the humus layer effect ive in 
" producing the so i l CO 

14 
To conclude, the C method should not be 
over-emphasised in terras of providing concrete evidence, 
but rather as a soEs^tinss important "sign post" to the 
or ig in and characterization of a groundwater system. 

Oxygen and deuteriuia 

17 18 
The oxygen isotopes ( 0 and 0) and deuterlurs 
2 

( H) occur naturally in water and are stable to 
radioactive decay. Due to natural processes SUCIJ as phase 
t rans i t i ons , trater transportation, chemical and 
biological reactions etc. , isotopic f ract ionat ion occurs 
resul t ing in a d is t inc t isotopic signature for 
groundwater deriving from dif ferent sources. Variations 
In isotopic abundance is not thought to be adversely 
Influenced by presently-occurring radiogenic production 
in the at^KJsphere. A l l of these factors render such 
Isotopic ^asurements as extremely useful In 
characterising surface, near-surface and groundwater 
environments. As sueisaarised by Fontss (1980; p. 75), " i f 
the isotope content does not change wi th in the aquifer, 
i t w i n re f lec t the or ig in of the water. I f the Isotope 
content changes along groundwater paths, i t w i l l reflect 
the history of the water. Origin deals with locat ion, 
period and processes of the recharge. History deals with 
mixing, sal inlsat lon and discharge processes". \ ^ i 
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2 
For practical purposes the stable isotopes H and 

0 are used to distinguish water orginating from 
di f ferent sources in the assumption that they remain 
unchanged from recharge to groundwater-How condit ions. 
The i n i t i a l stable Isotope concentration In water is 
basically controlled by: 

a) condensation stages result ing in precip i tat ion; th is 
tends to result in isotopic fr.=!etiolation and depends 
on changes of temperature and jiressure. 

b) subsequent evaporation stages; t h i s tends to resul t in 
an Increase in isotopic content o f the residual water 
and depends on the relat ive humidity. 

2 
Stable isotope values for waters are plotted on a H 
(ppt) vs 0 (ppt) diagram and interpreted re la t ive 
to preisent day oceanic precipitation &hich is 
characterised by a deuterium excess Id ) of 10 ppt . This 
is represented graphically by a l inear relationship 
expressed by 6̂ H = 8 6* o + 10 iCraig, 1961). I n 
general, a slope less than 8 ( i . e . relat ive deuterium 
enrichment) is indicative of water resulting from 
evaporation in an enclosed basin environment, wh i ls t a 
slope greater than 8 ( i . e . relat ive deuterium depletion) 
indicates changes in palaeoclimate. 

However, the situation is not always quite so simple; for 
example, some groundwater stable Isotope contents are 
sensitive to special hydrogeologlcal and chemical 
circumstances: 

18 
- enrichment of 6 0 in water result ing from 

rock/water geothermal Interactions 

18 2 
- enrichB«nt of 6 0 and depletion o f "S H in waters 

result ing from alteration of feldspars to clay 
minerals. 
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- gaseous exchange of CO and H S from charged 
groundwaters can result in a depletion of 6 0 and 
enrichment for 6 H respectively. 

Nevertheless, in the majority of cases deuterium excess 
is a powerful tool for groundwater Ident i f i ca t ion, in any 
case much safer than the study of only H and 0 
contents. For example, such a l imi ted study can be 
Influenced by local conditions of recharge (e.g. 
exceptional rains or floods) without a signif icant change 
in general climatic conditions (Fontes, 1981). 
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3. INFLUENCE ON GROUNDWATER CONDITIONS BY BOREHOLE AND 
BOREHOLE ACTIVITIES 

3.1 General 

In order to carry out investigations of groundwater 
conditions in the bedrock, boreholes are required down to 
di f ferent depths. These holes are ut i l ized for in -s i tu 
investigations such as single or crosshole ir^asurements 
using hydraulic and geophysical tes t ing procedures. In 
addit ion, water samples are taken frosn different levels 
in the boreholes for chemical, physical and Isotopic 
analyses. 

The hydraulic conductivity and other groundwater 
parameters vary considerably wi th in the bedrock. Because 
of such var ia t ion , in combination with topographical and 
meteorological conditions, d i f ferent hydraulic head w i l l 
occur in the bedrock. Furthermore, a borehole which 
penetrates zones or areas of d i f fe ren t hydraulic head 
wi l l short-circisl t the groundwater through the borehole. 
Thus, the groundwater w i l l flow in to the borehole from 
one or a combination of several horizons and out Into the 
bedrock through others. Such conditions wi l l influence 
both the hydraulic and the chemical situation in the 
bedrock at varying distances fros) the borehole. 

Groundwater conditions in the bedrock wi l l also be 
influenced by d r i l l i n g and cleaning operations ( g a s - l i f t 
pumping). The d r i l l i n g water pressure wi l l result in an 
inflow of water Into the bedrock. The amount of Inflow 
and distances of influence are, ^long other things, 
dependent on the hydraulic properties of the bedrock sur
rounding the borehole. In par t i cu l i r the groundwater 
chemistry is Influenced by these operations, but an 
influence on the >\ydraulic conditions might also occur 
from clogging of the borehole due to fine particles In 
the dr i l l ing f l u id (dr i l l ing debris). 
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According to Ask and Carlsson (1984) the following 
ac t iv i t ies are considered to be the rsain causes of 
influence on the groundwater: 

Borehole d r i l l i ng 
Gas - l i f t pumping 
Hydraulic Injection tests 
Water sampling 
Open-hole effect 
D r i l l i n g debris 

D r i l l i ng and testing waters, which usually has a chemical 
compositon diverging from the natural existing 
groundwater, are introduced into the borehole and the 
surrounding becirock. Consequently the groundv -̂ater 
chemistry i s influenced to varying degrees. Gas- l i f t 
pumping and water sampling on the other hand remove water 
from the borehole. However, under certain circumstances 
this inight also result in waters wi th different chemical 
compositions replacing the water being sampled in the 
borehole. 

The open-hole effect w i l l act during long periods of tiime 
i f the borehole Is l e f t open. By introducing a 
straddlepacker system, sections with different hydraulic 
head w i l l be sealed o f f thus preventing a shortc ircui t ing 
in the borehole. The disturbance caused by 
shor t -c i rcu i t ing might under certain conditions Influence 
the exist ing natural head d is t r ibu t ion within a large 
area, the groundwater chemistry, and the turn over time 
In the system. 

The d i f fe ren t sources of influence j us t described usually 
occur in the following order when performing a s i te 
investigation (Ahlbom et al 1983a). F i rs t borehole 
d r i l l i n g takes place followed by an i n i t i a l gas - l i f t 
pumping to remove d r i l l i n g debris and dr i l l i ng f l u i d from 
the borehole. After being l e f t open for a longer or 
shorter period of time during which short-c i rcui t ing of 
the groundwater exists In the borehole, the investigation 
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proper is carried out. First geophysical logging is 
conducted whereupon probes are lowered and raised within 
the borehole creating a oiixture of the water within the 
borehole i t s e l f . Following that the hydraulic tests are 
performed, usually for a total duration of about one 
month for a 600 a long borehole. The borehole is then 
usually l e f t again without any packers installed unti l 
the water sampling procedure is coR4ucted. This sampling 
procedure starts with an extensive gas - l i f t pumping 
before the actual sampling procedur-e begins. The sampling 
time Is about 2 weeks per sample-section and about 2 
months for one borehole (see Section 4) . 

After the water sampling is completed, the borehole is 

f ina l l y l e f t open without any packer-system. 

3.2 Borehole d r i l l i n g 

3.2.1 Performance 

In order to cool the d r i l l b i t during d r i l l i ng and to 
remove d r i l l i ng debris, flushing water (also referred to 
as d r i l l i ng water) is used in the Swedish progranme. This 
water is usually of a divergent che^iical character from 
the groundwater in and around the borehole, and is 
continuously pumped down into the borehole under high 
pressure (2 HPa). Under such pressure this flushing water 
w i l l be forced Into the bedrock surrounding the borehole, 
thus affecting both the hydraulic and chemical parameters 
therein. These negative effects can be diminished by 
using shallow groundwater (of s imi lar chemical character 
to that encountered whilst d r i l l i n g ) from a nearby 
air-flushed percussion hole. 

The core-dr i l l ing operation consists of three phases: 1) 
the d r i l l - r od with the d r i l l b i t and the core barrel are 
lowered Into the borehole unt i l the bottom is reached, 2) 
d r i l l i ng starts with an applied excess pressure on the 
d r i l l i n g water, 3) after having d r i l l e d a 6 metre section 
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the equipment is brought up to the surface and the 
d r i l l ed core is taken out and stored. Due to the 
deplacement of the d r i l l rod e tc , the groundwater level 
in the borehole wi l l be lowered during up-take and thus 
an Inflow of water from the rock to the borehole occurs. 

The time required for the i n i t i a l d r i l l i ng phase 
increases with d r i l l i n g depth. The d r i l l i ng time involved 
in the second phase varies deps^nding on bedrock 
conditions and on the condition of the d r i l l b i t ; on 
average 45 - 60 minutes Is required to d r i l l 6 m. The 
time required for the third phase also increases m t h 
d r i l l i n g depth. As an example Figure 3.1 shows the 
relationship of total d r i l l i ng titr* versus dr i l l i r tg depth 
for borehole Fj2 (Fjallveden) which is 700 m in length. 

3.2.2 Influence on the groundwater 

The borehole radius of Influence on the groundwater 
conditions caused by the excess d r i l l i ng f lu id pressure 
is dependent on the hydraulic properties of the bedrock 
as well as on the excess pressure. I t is also dependent 
on the effect ive d r i l l i ng time - the time i t takes to 
d r i l l a certain distance - as well as the time i t takes 
to empty the core barrel and lower I t into the borehole 
again. During d r i l l i n g the flushing water is Injected a 
certain distance into the bedrock formation. When the 
d r i l l i n g Is stopped, the equipinent raised and the core 
barrel emptied, the pressure I s lowered In the borehole. 
This causes the d r i l l i n g water to flow back into the 
borehole, thus decreasing i t s radius of Influence- When 
the d r i l l i n g cotrmences again, the radius of influence 
w i l l continue to expand, reaching the maximum at the end 
of the last d r i l l i n g period. 

>ea>/ 
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Drilling time in days 

Figure 3 .1 : Dr i l l i ng time versus dept.h for the borehole FJ2. 

When the flushing water passes down through the dri 11 rods 
the excess pressure I s reduced by f r i c t i o n . The -extent of 
this reduction is par t ly depencfent on the flc«-rate o f 
the water and the diameter of t ^e d r i l l - r o d , and can be 
calculated according to the universal law of resistance 
or Darcy-Weisbach's formula: 

L p 
'3 2g ^ ^ ^ (3-1) 

where h 
f 

V 

9 

^d 
L 
d 

pressure reduction (m wc) 
= resistance coeff ic ient 
= average v e l o c i ^ (m/s) 
= acceleration d^e to g rav i ty (ra/s ) 
= tube resistance 
» tube length (ral 
= tube diameter Can) 

i > f f ! S ^ 
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The d r i l l - rods , which have an inner diameter of 37.5 mn 
and are 3 m in length, are connected by 0.2 m long 
couplings with an inner diameter of 22 mm. The average 
wate/flov^ during d r i l l i n g is 20 1/min. This implies that 
when calculating the pressure reduction, the influence of 
dimension changes must also be taken into consideration: 

2 2 . 2 
V. Vp Vp 

\ - n W * ^2 7 g - * ^̂ '3 ' ^4) Tg- ^3-2) 

where v̂  = velocity in the d r i l l - r o d s 

Vp = " " " couplings 
Ĉ  = 0.028 X L/d 
U = 0.027 X L/d 
2 2 2 2 

C3 = ( l - d ^ / d ) Y 0 . 4 3 
^ = 0.5 (1-d ^ /d^ ) = 0.33 

The f i r s t two tenns refer to the pressure reduction due 
to flow in the rod and coupling respectively. The las t 
term refers to energy losses due to eddying at the 
widening and contraction of the Inner diameter. This 

-2 
gives a total pressure reduction of 1.6.10 m/m. An 
additional pressure drop w i l l occur a t the d r i l l b i t . 

Taking into consideration the actual d r i l l i n g time, the 
excess water pressure and flow, a rough estimate to the 
amount of d r i l l i n g water entering the bedrock can be 
carried out. The estimate is very rough and i t is 
recorranended to compare the results obtained by detailed 
measurements of f low and pressure during d r i l l i ng . 

The time for d r i l l i n g 6 m is set to one hour. During this 
time an excess pressure of 200 m of water wi l l prevail at 
the d r i l l i n g sect ion. Since the measurements of f^ydraulic 
conductivity are usually performed i n 25 m sections, 
these longer sections are used as a base divlslsn of the 
borehole. Thus, in the 25 m section containing the actual 
d r i l l i ng section, a f u l l excess water pressure Is assumed 
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to preva i l . The overlying 25 m sections lying above have 
a l l a decreasing excess watier pressure in accordance with 
a linear decrease. For Instaance, when the d r i l l i n g has 
reached section 100-125 m, section 75-100 m is assumed to 
have an excess pressure of € .8 times the excess pressure 
at the d r i l l i n g section. 

The water flow into or out £>f each 25 m-section c?f the 
borehole can be calculated t)y the fol lowing equation 
(Carlsson and Carlstedt, 1977): 

Q = a . K . L • AH (3-3) 

3 
where Q - flow of water fisB /s) 

a = parameter describing t i ^ e and geometry ( = 1) 

K = hydraulic condiK:t1v1ty (m/s) 
L = length of boreteole section (m) (L = 25 m) 

AH = excess pressure in the borehole section (ra) 

The amount of water Injected into tfse dr i l l ing se<:tion 
being considered can then fcse estimated by mult iplying the 
flow-rate with the d r i l l i n g time. However, the actual 
tims of water Injection during d r i l l i n g of the 25 m 
section i s estlisiated to be t?alf of the actual d r i l l i n g 
time. The remaining water f low w i l l continue to t^e next 
section above where an estisnate Is carried out i n the 
same manner. Thus, a step b^ step calculation i s carried 
out and a surmtary of a l l steps w i l l give an est i i i ^ te of 
the total amount of water ienjected to the bedrock during 
d r i l l i n g , disregarding any clogging effect and pressure 
drop at the d r i l l b i t . 

Figure 3.2 shows estimates ®f the Injected water in to 
d i f ferent 25 ro sections of ^ e borefwles Fj2 and Fj4 
(Fjailveden tes t -s i te ) . Table 3.1 ^ursnarizes the 
estimates of the to ta l Inflow to t t ^ bedrock and the 
water balance for thtf d r i l l i n g period. 
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Table 3 .1 : Estimates of the water balance during d r i l l :ng of 
selected boreholes. Each borehole Is 700-800 m in 
length. 

Borehole Estimated total Calculated d r i l l i n g D r i l l i i t g water 
use of flushing water Injected into returned to the 
water during the bedrock ground surface 

Fj 2 
Fj 4 
Fj 7 
Fj 8 

Gi 2 
Gi 4 

Km 3 
Km 8 
Km 13 

Kl 1 

Sv 4 
Sv 5 

d r i l l ing 
(m^)**) 

135.0 
135.0 
125.0 
140.0 

130,0 
130.0 

130.0 

125.0 

105.0 

125.0 
155.0 

iB?) 

134.9 
134.9 

3.3*) 
88.5 

112.3 
125.9 

130.0 

21.4 

105.0 

100.3 
83.9 

(ni^) 

0 .1 
0 .1 

•9 

51.5 

17.7 
4-1 

^ 

103.6 

• -

24.7 
71.1 

Ta 1 130.0 20.6 109.4 

*) K-values are unavailable do&s» to 125 ID. 
**) Al l fseasures are calculated on the assumption of a 

d r i l l i n g water rate of 20 l /ai in 
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3.2 : Estimated calculations of the amount of 
d r i l l i n g water entering dif ferent 25 m 
sections during d r i l l i n g of boreholes Fj2 and 
Fj4. 

Fj4 

3.3 Gas- l i f t Pumping 

After d r i l l i n g i s completed, the boreholes are cleared 
from rock debris and d r i l l i n g water by gas- l i f t pumping. 
This i s performed by introducing nitrogen gas down the 
borehole through a plastic hose and then forcing out the 
water and d r i l l i n g debris. The nitrogen gas i s Introduced 
about 20 Raters above the bottom of the borehole and no 
packers are used to seal o f f any part icular sections in 
the borenoles. The I n i t i a l pressure of the gas is 20 HPa. 
The oas w i l l continue to flush the borehole un t i l the 
pressure has dropped to about 8 MPa. After that there i s 
a recovery period, during ^hich the water level in the 
borehole rises to i t s maximum again due to the Inflow of 
water from the rock. The flushing and recovery procedure 
is then repeated, in total usually 4 times during the 
complete cleaning operation af ter the d r i l l i n g . The 
amount of water removed from the boreholes depends on the 
hydraulic properties of the rock. Usually i t is about 4-5 
ra for each flushing period and thus 16-20 m IPx 
total f o r one borehole. 
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During d r i l l i n g Nal (O.Ol B T T O I / I ) has been added to the 
d r i l l i n g water (now superceded by uraninine), to enable 
the tracing of any residaal d r i l l i n g water remaining in 
the groundwaters. As an est isate to the amount of 
resaalning d r i l l i n g water, samples are occasionally taken 
during the gas- l i f t pusiping f o r rough ai.dlyses on tSie 
concentration of suspended par t ic les and tracer. 

The main cleaning operation i s normally performed a f t e r 
completion o f the d r i l l i n g bsrt prior to geophysical 
logging and %draulic tes t ing . Hoover, additional 
cle«;iing is also performed irs some boreholes before skater 
saapling is conducted. Tm fisjshiftg Is performed in the 
saf^ way as ctescrlbed above and is usually repeated 3 
t i ses . Thus, the total asount o f mter pusped out o f 

3 
every investigated borehole i s 28-35 m . 

3.4 Hydraulic Testing 

3.4.1 General 

Measurements of t\ydraul1c conKductivity are normally 
performed in the boreholes. TSiese seasurements. In the 
for® of water injection tests, are carried out along 
d i f ferent sections of the bor^Sioles (diameter 56 nm). 
Usually 25 m sections are sealed off by means of 
inf latable mbber packers. In addi t ion, sections of 2 , 5 
or 10 m are used In parts of t h e boreholes where fracture 

zones of interest are found. The lower measuring l i r a l t of 
-11 the equipment used is 1.10 ii^/s when performing 25 

m section t es t s . 

The tests are carried out as constant head water 
in ject ion tests performed in th ree consecutive phases 
(Carlsson et a l 1983): 

- packer sealing C^prox. 30 roin.) 
- tester in ject ion (approx. 120 mln.) 

- pressure f a l l - o f f l»^prox. 120 mln.) 
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After the borehole section to 1 ^ tested Is isolated, a 
constant water pressure is appl ied. As a rule this 
pressure exceeds the existing natural water head by ©.2 
MPa (c'O m water i o l u ^ i ) . The pressure is then measured in 
the test section and maintained at a constant value Bsy 
regulating the water flow. The t^ater flow is reg1ste«red 
af ter commencement of water in ject ion as a function ®f 
tire«. Assuming sn outward radia l flew from the test 
section, the fU*a can be expressed as: 

Q( t ) = 2n K L H G(a) {3~M) 

3 
where Q(t) = flow as a funct1<Ks of time t (m/s) 

K = ^vdraullc conductivity of the tested section 
(equivalent porof.ss media) (ta/s) 

6(a) = well function at constant head 

H = constant excess pressure in the tested 
section (m wc) 

L = length of tested section (m) 

o = Kt / r ^S (3-5) 
w s 

where r = borehole radius (m) 
w - 1 

S a s>ecif1c storage coeff ic ient (m ) 
s 

When the value of a i s large, i . e . extended testing tame 
and/or small values of r , G(oi5 can be approximated ^y 
2/l!l(u), where y(u) constitutes Theis's wel l function 
whereupon 

u « 0.25/O (3-5) 

For values o f u < O.Ol (a > 25) the well-function Ria^ be 
wr i t ten as: 

(u) » -0,5772 - In u " 
2.30 log((2.25 K t ) / r ^S ) (3-7) 

\M s 

'H,--. 
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Thus, without any sk in -e f fec t , equation (3-4) may be 
written a s : 

Q(t) = 5-46 K LH/log((2.25 K t ) / r Ŝ ) (3-8) 
tf s 

The theoretical f low decrease might be influenced by 
factors associated with the sJorehole, the equipment and 
the bedrock (e.g. skin e f f ec t , equipment compliance and 
hydraulic wariatioais). By using constant head tes t ing , 
the effect of equipment compliance is reduced and by 
using transient test ing i t i s possible i n nrost cases to 
evaluate o r estima'te the Influence of the disturbing 
factors. 

In the t h i r d and l a s t phase o f the water Injection test, 
the water f low to the test section is stopped and the 
pressure f a l l s o f f . The hydraulic csnductivlty i s 
calculated both frcm the in ject ion and the f a l l - o f f 
phases. 

3.4.2 Influence Cin the groundwater conditions 

Mater injected during bydrauHc testing m l } inflicence 
the hydrochemical and hy< î̂ sul1c cof^rtlcus of the 
groundwater. Ko-«iever, i t is t i i i s chsnge In Jydraulic 
condltons that forss the fundamental concept for the 
hydraulic testing tsijere the response o f a control led 
disturbance in the groundwater syst^ I s monitored and 
analyzed regarding the hydraulic properties and 
condit ions. 
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Figure 3.3: Amount of water Injected during hydraulic 
testing as a function of tiie hydraulic 
cow'uctivity for a one meter section w i t h an 
excess pressure o f 0.2 HPa and a testing time 
of 2 hours. (N.B. For explanation of the 
specific storage (S ) see Section 3.6). 

To estimate the Influence of the hydraulic testing, the 
amount of 6#ater Injected during the Injection phase, and 
the area Influenced around the borehole, have to be 
calculated. The amount of water Injected Is given by : 

t 
V »y^Q(t) dt (3 -9 ) 

0 
where V = amount of Injected tasater during time t 

By using equation (3-8) and (3-9) the diagram In Figure 
3.3 Is constructed. In the Figure the amount of In jected 
water is given as a function o f the hydraulic 
conductivity for an equivalent porous media with a t s s t 
section of one i^ter length l a a borehole with 56 ts^ 
diameter. The test duration I s 2 hours and the excess 
water pressure Is 0.2 MPa. Tteas, at hydraulic 
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_9 
conductivit ies exceeding 5.10 m/s, more than one 
l i t r e per metre test section is injected to the bedrock.' 
I t should be noted that the amount of water Injected 
during the hydraulic test ing is u/iually not removed from 
the borehole. During the recovery phase of the tes t the 
head w i l l drop but no water is allowed to flow out from 
the borehole. 

By using equations (3-3) and (3-9) and total ing the 
amount of water injected in each test-section of a 
borehole, the total atwjunt of injected water to the 
borehole w i l l be obtained. In Table 3.2 an estimation is 
given of the amount of water injected into the bedrock 
during the hydraulic test ing in the sites considered in 
th i s repor t . 

Table 3.2: Estimated amount of water injected into the bedrock 
during hydraulic test ing along 25 s?.-sec tions a t 
d i f ferent tes t -s i tes . 

Site/ 
borehole 

Fj 2 
Fj 4 
Fj 7 
Fj 8 
Fj (9 holes) 

Gi 2 
Gi 4 
Gi (13 holes) 

Ainount of water 
injected along 
25 m sections 

(m^) 

3.0 

0.9 
0.1 
0.4 
6.9 

2.5 
2.2 

24.0 

Si te/ 
borehole 

Km 3 
Km 8 
Km 13 

Km (13 hol( 

Sv 4 
Sv 5 

Amount of water 
injected along 
25 m sections 

(m^) 

0.9 

1.0 
0.5 

es) 12.0 

1.0 
1.7 

Sv (6 holes) 8.0 

Ta 1 
Kl 1 

0.3 
3.1 

* Fj = Fjallveden; Gi = GIdeS; Km = Kamlunge; 

Sv » Svartboberget; Ta » Taavinunnanen; Kl = Klipperlsen. 
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3.5 Water Sampling 

Water is sampled continuously from sealed-off sections in 
selected boreholes within each s i te . The sections are 2.7 
m in length and sealed-off by rubber packers expanded to 
a pressure of 0.8-1 MPa above the groundwater pressure. 
In sosie cases samples are taken between one packer and 
the bottom of the borehole. The water i s transported to 
the ground surface by a pump positioned above the sealed 
off sect ion. The pump has a maximum capacity of about 330 
1/^&y. 

The sampling procedure is consnonly f^rformed during 14 
days for each section. Details of the sampling procedure 
are outl ined below in Section 4 . The to ta l ansount of 
water pumped out from the boreholes during water sampling 
is suEjnarised in Table 3.3. 

Table 3.3: Total amount of water primped out from the boreholes 
during water sampling at d i f ferent test-s i tes. 

Site/borehole Total amount Site/borehole total 
of water pumped amount o f 

out (m ) water pumped 
out (m"') 

Fj 
Fj 
Fj 
Fj 

Gi 
Gi 

2 
4 
7 
8 

2 
4 

13.7 

15.4 

17.7 

4.0 

18 .1 

9.5 

Km 3 

Km 8 

Km 13 

Sv4 
Sv 5 

1 3 . 1 

>8 
11 .8 

15.7 
6.9 

Ta 1 14.7 Kl 1 1.9 

* FJ = Fjallveden; Gi = Gidel; Ta » Taavinunnanen; 
Kia = Kamlunge; Sv = Svartboberget; Kl = KlipperS^n. ^ 
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3.6 Open-hole Effect 

3.6.1 General considerations 

The mere existence of a borehole is a source of influence 
on both the groundwater c h ^ i s t r y and the hydrogeologlcal 
conditions. This Influence is ilue- to the short-circuit ing 
caused by the borehole i tse l f on the naturally ex is t ing 
hydraulic head differences witf-dn the bedrock. These 
differences depend on the regional and local geological 
and topographical conditions a i t h l n tl^e actual area. In 
an open borehole short -c i rcui t ing w i l l operate for a long 
t'iiiie, af fect ing under certain conditions both the 
exist ing head d is t r ibu t ion , the groundwater chemistry and 
the groundwater turnover tifse, wi thin a large area. 

The results from hydraulic test ing and core-logging 
carried out wi thin each site subdivides the bedrock into 
d i f ferent hydraulic un i t s . Currently, this subdivision 
recognises two types of fracture zones, regional and 
l oca l , and the refnaining rock mass (Ahlbom et a l , 1983a). 
The results show that di f ferent hydraulic head ex i s t In a 
borehole, but due to the borehole i t s e l f the groundwater 
level has equi l ibrated. Hoi^ver, the groundwater w i l l 
s t i l l continue to circulate in the borehole, f lowing from 
zones of higher t\ydraulic head to zones of lower 
hydraulic head. Under ideal condi t ions, with a constant 
groundwater l eve l , the amount of water entering the 
borehole shoula be equal to the amount removed. This 
c i rculat ion w i l l af fect both the hydraulic and the 
chesical s i tuat ion in the t^drock surrounding the 
borehole. 

In order to i l l u s t r a te the conditions anentioned, a series 
of theoretical models are treated, start ing with the 
simple case of an unconfined aquifer above and a confined 
aquifer below an iBipervfous layer . In this case 
groundwater w i l l flow through the borehole from the zone 
of hl^gher to the zone of lc«eR hydraulic head, and the 
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groundwater level in the borehole w i l l be situated 
somewhere between the two d i f ferent piezometric leve ls . 
The amount of flow (Q) is deterrained by the difference in 
hydraulic head and the hydraulic conductivity of the 
actual zones and can be calculated from Dupuit's formula: 

2n K H AS / In (R/r ) (3-10) 
w 

3 
where Q = flow of water (m/s) 

K = hydraulic conductivity (m/s) 
H = thickness of the aquifer (zone) (m) 

AS = head difference in the borehole (m) 
R = radius of influence Cm) 

r = radius of the well (m) w 

As the flow from the zone of higher head (Q ) is. equal 
to the flow into the zone of lower head (Q ) the 
equation becomes: 

ASjKjHj As^K^H^ 

ln(R,/rJ MR.prJ 
(3-11) 

Defining M =As +As and R* = In (R2/'"w^/^"^''l/'"w^ 
the equation becomes: 

(R'K^Hj/K^H^) 
A s / M = (3-12) 

2' 
(l+R'KjHjAgHg) 

* ^ * ^ • 

The expression ln(R / r )/ln(R / r ) w i l l probably 
not exceed 2 or fa l l below 1/2. 
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In Figure 3.4 a set of type curves is f:n"«sented showing 
AS /M for d i f ferent values of K./K and H /H . 
These curves show that the greater K and H become, 
compared to K and H-, the closer to the higher 
piezometric level w i l l the equil ibrium level be. The 
models are described in detail in Appendix 1. 

0.001 

Figure 3.4: The relation between the resulting 

groundwater level (equnibrium level) and 
hydraulic conditions of two conductive 
fracture zones separated by an ieipervlous 
layer . AS^/M as a function of K /K. for 
d i f ferent ratios of H /H . 
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3.6.2 Numerical calculations 

A generic model, based on geometrical data from the 
Kamlunge s i te , is calculated by the f i n i t e element 
program GEOFEM-G (Runesson et a l , 1979). The object is to 
i l l us t ra te the inflsilence on the groundwater head of a 
borehole sited in the central part of a c i rcular area 
having a diameter of 3.2 ksa. The area comprises a large 
h i l l with a relat ive height difference of 120 m 
surrounded by a "circular" fracture zone In the 
circumjacent valley. A section through the h i l l is given 
in Figure 3.5, where the boundary conditions used in the 
model calculations are also shown. Tte to ta l depth of the 
calculated section i s 1000 m. 

The calculations are performed in a sequence comprising: 
1) calculation without a borehole, 2) t'elcuTations only 
within a borehole, and 3) calculations when the borehole 
in the studied models is taken into account. In th is 
section a brief sunimary of the results of the model 
calculations is described; for a more ext*?pc'>e 
presentation see Appendix 2. 

X y i X ' / ^ J ' / 7 7 / 7 / 7 / / 7 / y / / r / 7 / / / y j > ' t / 7 7 / / / 7 7 - J ' F / T r 7 \ ^ / / / 7 / / / / F ' y 

1500 1000 500 500 1000 1500 m 

OROWJACENT FSAOURE 2DNE 
HORCDNXW. FRACTURE Z 0 « 
ROCK MASS 
GROUNDWATER LEVEL 
NON-FUW Bm/NDAHY 

Figure 3.5 Section through the generic area modelled with 
boundary conditions given in the calculat ions. 
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Based on the boundary conditions given in Figure 3 . 5 , the 
hydraulic head i s calculated witlrSn the whole area 
stuCied. Four d i f fe rent cases are studied with d i f f e ren t 
hydrogeologlcal parameters and conditions as shown "ssi 
Figus-e 3 . 6 . In cases A and 8, a constant hydraulic 
cdfidiuctlvity is allocated for the rock mass. Incases C 
and D the hydraulic conductivity decreases with dept3i 
according to the formula given by Carlsson et al (1«®3) 
for the Kamlunge s i t e : 

K = 7.91 X 10"-^ Z"^'^^ (3-13) 

where Z I s the depth below ground surface (Z > H) m)-

In cases B and D the Influences ana I l lustrated by tasso 
horizontal continuous fracture zonss, with a ttilckness of 
10 ©each, which extend through th« whole model. These 
fracture zones are given a hydraulic conductivity o f 
1.10 m/s J while the outer l im i t ing "circular" zone 
has a conduct iv i ty value of 1.10~ m/s. 

0 •* 

!» ^ 

U K • 

UO ' 

400 • 

n •n « • » 
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Um « ! o A 

B 

' 
C I 

Ipg K (»A I 

Figure 3.6 Hydraulic conductivity versus depth in the 
d i f fe rent cases studied, c.z. = circuirjacent 
f racture zone. 
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KTORAUUC Ht»G t o I • 

S ^ FtQCtf* t o n t 

Figure 3.7: Groundwater head alorsg the S-S' syni^try ^3sis 
before the d r i l l i ng fsee Figure 3.5 fjr Icissratloi? of 
syiifiietry ax i s ) . 

Along the syranetrlc line S-S ' (see Figure 3.5), 3 
borehole is d r i l l e d to 500 ^ depths. The ^Hindfe«sS:er h£*d 
pro f i le along the Hrte before tte b©ff«hole is ^ ^ l i e d is 
i l l us t ra ted In Figure 3.7 f o r tise d i# fe r ^5 ca^es 
considered. Based on these profiles t h e ^saidvss^er lesel 
within the borehole is calculated (Table 1.4) ajssumlng 
that the v/ater balance is maintained i n ©a hole ( I .e . 
constant groundwater level ) . Furthenss>re, ^ igs^luence 
radius on the groundwater htead from tSie te^sfiol© Is 
assuined to be the sat^, reg^ardlcss o# t h s ^ d r a ^ l i c 
conductivity value of the sirrossidlng rocJL The 
analy t ica l ly calculated head for the different cases &9 
shown in Table 3 .4 . 
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Table 3.4: Calculations of the groundwater level in a 600 a 
deep borehole sited in the centre of the si^udied 
Esodel, and of the groundwater i n - asd outf^low 5rithin 
the borfihole. For the analyt ical and numer-ical 
calculations for d i f ferent cases sbidied, see figure 
3 . 6 . 

Case 

A 

B 
C 
D 

Calculated groundwater 
leve l (m below gw-level 
I n the uppermost 
bedrock 1 .e. 160 m) 

36.3 
106.1 

0.3 
28.6 

Annual exchan^g; of 
groundwater wi tSi in the 
borehole (a /^mar) 

9 

1% 
10 

15(ffl 

The second and last runs of numerical calculati©sis 
comprise models where the groundwater level in litse 
borehole is given as boundary conditions along -Stie 4s?per 
600 m o f the synmetry axis S-S' . To I l lustrate -S^e 
influence on the hydrauMc head orientated horfsontally 
out frojB the borehole, two sections o f head pro-^i le at 
160 m and at 550 m respectively fimn the borehole are 
shown I n Figures 3.8 and 3.9. In these figures Sfse head 
increase or decrease in re la t ion to the coaditlssns tefore 
the borehole was dr i l led are given as a fcnctio^ of the 
radial d-istance from the borehole f o r the diffe^*«nt cases 
considered under steady state conditions. The ^rsatest 
influence is obtained in case D srfiere horizontal 
fractures exist in the rock BJass which has a decs^asing 
hydraulic conductivity with Increasing depth. Im the case 
of constant hydraulic conductivity w i t h 4epth (c^se A), a 
large ftsad Influence is also obtained. Hcssver, -SJie 
distance of Influence into the bedrock Is sreatest ê «n 
horizontal fractures are present. 
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Figure 3.8: Groundwater Influence due to the difference i n 
piezOTietric head before and after d r i l l i ng along a 
horizontal p ro f i l e projecting from the borehole out 
into the bedrock (steady s ta te) . Cases A and B. 
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Figure 3.9: Groundwater Influence due to 6)6 difference i n 
p i e z o ^ t r i c head before arad after d r i l l i ng along a 
horizontal p ro f i l e projecting from the borehole out 
into the bedrock (steady s ta te) . Cases C and 0 . 
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3.7 Dr i l l i ng Debris 

The debris formed during d r i l l i n g consists of a very 
fine-grained powder. The grain size, which varies with 
rock-lype, d r i l l - b i t shape a?»d dr i l l -b i t -pressure, is 
5-10 um for granite (Craelius Co pers. coirarfun. 1983). 
This corresponds to the f ines t Interval of s i l t . 

3 
The bedrock volume converted in to debris is 0.75 ra for 
a 700 m borehole of diameter 56 sm and a core diarraeter of 
42 nm. Assuming a porosity o f 70 % Oie d r i l l i ng de^sris 
6*111 occupy a volume of 2.5 m . in .jeneral, below 100 m 
depth no flushing water, and thereby no d r i l l i n g ctebris, 
is returned to the surface. TSius, 2.2 m d r i l l i n g 
debris w i l l remain in the borehole and the adjacent 
bedrock af ter the d r i l l i ng i s completed. In comparison, a 
7{K) m empty borehole of 58 ir^ diameter has a voluire of 

3 
1.7 m and the d r i l l i n g debris would thus f i l l out a 
90O m borehole. 
SoGje of the d r i l l i ng debris i s re?noved by g a s - l i f t 
pumping but to date only ty jal i tat ive measurements have 
been perfonced at the Swedisgi si te Investigations (see 
Section 6) . Some authors claisi that gas- l i f t pumping does 
not remove the impairment (NIIREG, 1983). 

The d r i l l i n g debris influences the hydraulic conditions 
In the bedrock by obstructing the groundwater f low in the 
fractures. The bedrock volun® around the borehole 
is called the skin zone, which serves to reduce the 
hydraulic cosBnunication between the borehole and the 
rock-formation. By using a transient hydraulic 
test-procedure and long injection-times the skin-zone 
w i l l not norsaally af fect the hydraulic conductivity 
Bteasurements, only the transient course (Andersson and 
Carlsson, 1980). This is true when the inject ion time is 
of a long enough duration so t ha t the perturbation from 
the imposed hydraulic pressure exceeds the skin-zorse 
(radius). According to Andersson and Carlsson (1981) the 
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radius of influence (r ) of a hydraulic test can be 
estimated from the formula: 

r = 
e ( 

135-K.t 
1/2 

) 

where K = hydraulic conductivity 

t = in ject ion time 

S = speci f ic storage 

(m/s) 
(min) 
(1/m) 

(3-14) 

Thus, the influence radius is dependent on the hydraulic 
conductivity of the tested borehole section and in ject ion 
time (Figure 3.10). The specific storage is a parameter 
describing the e las t i c i t y of tIse confined bedrock-fluid 
system. The lower the S value the more r ig id is the 
system and thus the Influence radius Increases as the 
force (excess water pressure) i s less absorbed by the 
e las t i c i t y of the system. 

1000 

K (m/s) 

Fig 3.10: Theoretical relationship between Influence radius and 
hydraulic conductivity for a homogeneous medium 
( In ject ion time 120 mln). 
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The skin-zone radius (r ) foreied by the dr i l l ing debris 
within the 700 m borehole (2.2 m ) can be estimated i f 
the porosity of the rock-formation d i rect ly affected by 
the d r i l l i n g debris is known. The porosity of c rys ta l l ine 
rock can, according to Norton and Knapp (1977), be 
divided into f low-, d i f fusion- and residual porosity: 

0 = 9 + 9 * 
tot F D (3-15) 

The flow porosity represents the voids within a rock 
through which the dominant mode of f l u i d and aqueous 
species transport is by f l u id f low, and thus the 
potential volume for the d r i l l i n g debris to be deposed. 
According to Norton and Knapp (1977), published and f i e l d 
observations Indicate that flow porosities range from 
I.IO" to I . IO ' . Furthermore, flow porosity is a 
small f ract ion of the total porosity. Gale (1982) points 
out that i t is quite pt'SSible that the total fracture 
porosity is much higher than the flow fracture porosity 
computed from 1-njection tests. In fact, i t is reasonable 
to assume that the fractures have openings which are not 
part ic ipat ing in the flow, but rather provide voids for 
the contaminant of d r i l l i ng debr is. Values of the flow 
porosity In crystal l ine bedrock are presented In Table 
3.5. 

Table 3.5: Flow porosity determined froa crystal l ine bedrock. 

Rock type Flow porosity Reference 

Granite (Stripa) 1.2 x 10 r r 

-5 

Granite 

Granite rock 

8.0 X 10 

5x10'^- 4x10"^ 

1 X 10 
-4 

Quartz d ior i te 2-3 x lO' 

Lundstrom and St i l le 
(1978) 

Andersson and Klockars 
(1984) 

Bianchi and Snow 
(1969) 

Gale (1982) 
V i l l as (1975) 



55 

The skin-zone radius can be estimated using the fol lowing 
expression for a 700 m borehole at maximum flow porosity 

( i . e . 100 %). 
t /2 

2,2 .. 2, 
( 7WYT, -V ) (3-16) 

where 0 = flow porosity 
r = skin-zone radius (m) 
r. = borehole rsdius (m) 

In Figure 3.11 the. estimated skin-zor.e radius versus 
dif ferent flow porosities is given at di f ferent degrees 
of f i l l i n g . At a flow porosity of I.IO" the 
skin-zofie radius changes frosi 1.4 a to 1.0 m when the 
f i l l i n g degre?! of the d r i l l i n g debris changes from 50 % 
to 100 %. 

Q, 

Figure 3.11: Estimated skin-zone radius (r ) for 
d i f ferent flow porosities (0 ) at 100 

\ % and 50 * ou t f l l l i ng lw l t h d r i l l i ng debris 
from a 700 m deep borehole. 
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From Figure 3.10 i t can be seen that fe^'th r = 1 m and 
with an in ject ion time of 120 eiinutes, tlie hydraulic 
conductivity c f tfee skin-zone must exceed 6.10 ^ s 
when S =1,10 for the issposed pertisrbation to 
reach into the undisturbed rock fonnat:ion. 

For example, a skin-zone radius of r = 1 m along t t ie 
whole borehole i s of course a purely s ta t i s t i ca l measure. 
In rea l i t y the skin-zone is a functions of the hydrasjlic 
conductivity, 1 ,e. the higi'far the K-value of a boretiole 
section the more d r i l l i ng water will f low through i t : , and 
also the amount of d r i l l i n g debris. Tterefore, frosti the 
calculations i n section 3.2 the siount of d r i l l i ng asater 
from the dri lH&ig procedure Altering 25 sj-sections o f a 
borehole re f lec ts the distribaation of ^he width of the 
skin-zone radius. 

Supposing the com-.2ntration o f ^r i l l ing i debris in t^te 
flushing water i s constant discing d r i l l i n g , then the 
aisount of debris entering eves^y 25 s-section is eas i l y 
calculated. Furt.h£..f«ore, i f ttse flow p©rosity and tfee 
arsount of debris accumulation i n the r©ck is estima-ted, 
tiie skin-zone radius of every 25 B-secl:ion can be roughly 
calculated. Two examples are presented in Figure 3 .12. 

Fj k 

r. I m ) 

BOREHOLE 
LENGTH (m) 

W" ' TlO"' 10° 10* 10* r ^ l m ) 

•SOC -

? « ) . • 

3 ! ^ -
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J 
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/ : 

f 

^ 100 "J i 

i 5 0 % 

F1@44̂e 3.12: Rough calcBlations of the $k1n-20ne radius im 25 
m-sectiosis of two 700 m cored ^ reho les assuming 

" a n accussiUtion degree o f 50 % and 100 % of ^ e 
flow poreslty. 
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3,8 Suimary 

A borehole d r i l l e d in c r y s t a l l i n e bedrock in f l i ^nces t h e 

groundwater cond i t i ons . In a d d i t i o n , borehole d r i l l i n g , 

g a s - l i f t pumping and hydraulic testing a l s o Influence the 

hydraul ic and chemical condit ioeis of the groundaater. The 

two main sources of inf luence found are those of d r i l l i n g 

and the open-frale e f f e c t . 

Based on values of d r i l l i n g r a t e , d r i l l i n g water pressure 

and f l o w - r a t e , and the I jydray l lc conduct iv i ty of the 

borehole, a v e r y rwgh estimate can be fsiade on the &imourit 

of water i n j e c t e d into the bedrtDCk durieaq d r i l l i n g . I t 

has been ca lcu la ted t h a t more tfean 100 m of d r i l l i n g 

water i s I n j e c t e d to t t e bedrock under c e r t a i n 

circumstances. The d r i l l i n g s a t e r has a chemical 

composition nonaal ly diwerging f r o a the natural 

groundwater a t each respective g r o u n d ^ t e r level 

t raversed. Dur ing g a s - l i f t p^imp-fsig, only a small p a r t 

(12-20 %) of t h e d r i l l f m g *«ter i s flys&ied out; 

consequently E o s t of i t remains i n the E&edrock. 

The long-term in f luence of tite ©pen-hole e f fec t is 

i l l u s t r a t e d by nunerlcal mo<fellfng of a generic s i t e . 

Dependlng on t h e occurrence of d i f f e r e n t hydraulic u n i t s 

such as f r a c t u r e zoines, and d i f f e r e n t assumptions as t o 

the var ia t ion o f hydraulic conduct iv i ty w i t h depth, t h e 

amount of water c i r cu la t i ng In a borehole might be 

several hundreds of m per year . 

During hydrau l i c testireg add i t iona l water i s in jected 

in to the bedrock, althc^igh t t i is smount f s very small 

compared to t h e ammint in jected during d r i l l i n g . A second 

g a s - l i f t i n g operat ion performed p r io r t o water sampl ing 

f lushes out s&se addit ional snoejsjts (8-15 %) of the 

remaining d r i l l i n g na t e r . The f f r sa l procedure to take 

place i s water sampling, during ^^hich a somewhat s m a l l e r 

voluit» of water I s removed frofa the borehole than du i r ing 

the cleaning o§»€ration. However, the o a j o r part of t ise 

in jec ted d r i l l i n g eater i s s t i ' l l e f t l a the bedrock-
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In Figure 3.13 the calculated amount €Pf wats- errgSserlBj 
and leaving the bedrock surrounding bc "̂eholES FjS? aniFj4 
(disregarding the open-hole effect) i s pre-ssited— The 
figure also shows the water budget estimatisas f̂ Esr tiK 
sampled level 123 m (borehole length) "an Fj2. In ^h is 
case the long-term Importance of the cpen-tele e#^ect is 
i l l u s t r a ted . 

The d i f ferent terms of the water budget for a wa^sr 
sampled level (2.7 m length) is obtainsed by linens* 
extrapolation ( i . e . x 2.7/25) of the c^lculsted ^s^lues 
from the actual 25 m section. This excluttestSie samplisg 
amount, which is a direct seasure of tfee 2.? a sssctios. 
This extrapolation is va l id i f the hydr'aulic propsertiss 
(K-value, hydraulic head), sneasured i n 25 B sectfesns, sre 
uniformly distr ibuted along the complei:e section- I f tSs 
water-conductifsg fractures are concents-iited unly ^a^ithis 
the sampled horizon, the influence of Che terehol^ acti
v i t ies is correspondingly higher. I f tssse s^ led '^oriss) 
f a l l s outside a fracture zone, the opposite effecnit is 
t rue. 

The numerical calculations presented a l so sfeEw t l s s t tSa 
fracture zones, i .e . zones of higher hydraulic 
conductivity, are of major Importance. Short-circaaitif? 
by a borehole w i l l eventually result ISJ the #111^ng 
sr'ater being replaced by fresh groundwater. Bis 
replacement might be caused by the f los* of firilliasg w t̂̂ r 
from the rock to the borehole (recharge zone). In; this 
case the fresh groundwater I s l ikely -̂ js be fnssi tUse 
hydraulic zone i t se l f and thus represeRrtativs f o r the 
leve l . When replacement Is In the other d l rst ion 
(discharge zone), i .e . an inf low of watar frsa t fes 
borehole to the rock, i t i s l i ke ly that^ the <Sri 11 Ssig 
water w i l l be replaced by groundwater €®anatfffig f&iom 
other parts of the rock than the actual zone. I f SSie 
borehole is l e f t for a long time, withsiat tfe B » S ^ 
conductive zones being sealed off by packers, the 
shor t -c i rcu i t ing might seriously a f fec t the sa tu rs l l y 
existing groundwater conditions at the s1te«rea. 
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Figure 3.13: Estimated water budget during di f ferent ^ t l v i t i e s 
fo r boreholes Fj2 and Fj4 disregarding t̂ »e open-
hole ef fect . The bottom diagram i l lustrates tfse 
water budget for section 123-126 m within borehole 
F j 2 . 
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The time elapsed before sampling is conducted in the 
borehole w i l l Influence the qual i ty of the sampled water. 
The kind of Influence depends on whether the sampled 
section of the borehole represents a recharge or a 
discharge zone. I f sampling is carr ied out in a recharge 
zone, a l l the d r i l l i n g water once injected into the zone 
may have been replaced by fresh groundwater and thus the 
sample w i l l consist of up to 100 % groundwater 
representative for the actual l e v e l . I f , in contrast, 
sampling is carried out in a discharge zone, the water 
sample may be up to 100 % d r i l l i n g water or fresh 
groundwater unrepresentative for the actual l e ve l . 
Consequently, depending on the hydraulic head, the 
hydraulic conductivity of the sampled ZORS, and on the 
time elapsed since completion of the core d r i l l i n g , the 
sampled v/ater may consist of anything b t̂seen 100% 
d r i l l i n g water and 100% fresh groundwater. 

v « a » ^ 



61 

4 . GROUNDWATER SAMPLING AND ANALYSIS 

4.1 Sampling Procedures 

Deep-hole groundwater sampling methods ur i th in the SKB 

progranroe are well establ ished (e.g. Laurent , 1982; 

Almen e t al 1983) art«3 w i l l thereby only be b r i e f l y 

o u t l i n e d here. 

In accordance v \ n tSie hy»:lraul-ic conduct iv i ty 

measurefsents several water-cort<duct1ng zcmes are normally 

se lected froa each borehole. Isi general, zones recording 

p o s i t i v e heads combisied with h i gh hydraul ic 

conduc t i v i t i es (>1.10 m/s) have proved to be the 

most favourable f o r groundwater- i nves t iga t ions . At lower 

conduc t i v i t i e s , i t i s not poss ib le to achieve the 

necessary pump f low o f 100-250 ml/sin f o r p rac t ica l 

sampling purposes. Kerm^lly a 2 .7 m sec t ion conta in ing a 

s ing le o r multiple f i ssu re zon« i s i s o l a t e d using rubber 

packers in f la ted w i t tJ nitrogen gas to a pressure of 

0 .8-1.0 MPa above thse groundwat^er pressure. 

Guided by the geological r e s u l t s from t i ^ core mapping, 

s ingle f issures ( i f eas i ly accessible) a r e preferred to 

the l a r g e r fracture zones becaaise of the d i f f i c u l t y i n 

ensur ing complete i s o l a t i o n . I f unsuccessful, water from 

outside the packer sleeves may be sucked into the 

sampling section by a sho r t - c i r cu i t i ng f r a c t u r e network 

v.'hich can channel water In frcjEi outside sources. In some 

cases samples are talcen between one packer and the bottom 

of the borehole. 

4 ,1 .1 Equipment 

The equipment used f o r the groajndwater sampling i s 

schematical ly shown i n Figure 4 . 1 . The water-bear ing zone 

i s sealed off with fcuo rubber packers between which the 

sampling purap is pos i t ioned. B©th the packers and the 
i 
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pump are hydraul ica l ly operated fmom the ground 
surface. The water is transported up through a steel pipe 
the inside of which is coated witia a polyethylene p las t i c 
l i n i ng . At the surface the water gsasses a "flow througii" 
ce l l where the physico-chemical parameters pH, redox 
potential (Eh), sulphide conte-nt CpS ), dissolved 

oxygen content (DO) and conductivity are measured; pH, Eh 
2-

and pS are registered on a continuously monitoring 
chart recorder. The "flow through*" cell i s equipped wit* i 
i n l e t and ou t l e t valves for convenient calibration of the 
sensors. Cal ibrat ion solutions are passed through the 
c e l l using a c i rculat ion pump. The cell and the downhole 
pump are made of stainless steel; a l l other parts that 
come in contact with the groundwat:er are made of p l a s t i c . 

Drive water pamp 

Pressure ve$s^ 

Pulsator 0 0 

V 

J 

RHH 
:̂: 1 _ 

y 

1 

A/ = l/l r . Vn 

PesSters 

î easuri?ig elactrodes 

Outlet for 
emplir^g 

Conductivy 

Figure 4 . 1 : Schematic i l l us t ra t ion of the sampling equipment. 
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4.1.2 Sampling prograrsBe 

After d r i l l i n g and on completion of the hydrologic lests, 
but prior to groundwater sampling, the borehole in 
question i s nor-mally cleared o f residual waters ( e . g . 
d r i l l i ng water and groundwater mixtures from d i f fe rent 
sources) and rock debris. This is carr ied out by g a s - l i f t 
pumping (see section 3.2) which Involves introducing 
nitrogen gas down the borehole through a plastic hose. 
The borehole contents are theei forced from the hole in a 
series of pulses of decreasing strength. 

Sampling is usually carried c u t during a 14 day period 
for each horizon. For the f i r s t 4 days groundwater i s 
continuously pumped to try and ensure maximum removal of 
d r i l l i ng water or other contasiinants that may s t i l l 
remain a f te r gas - l i f t pumping. Neither sampling nor 
field-measurements are made during t h i s stage. During the 
remaining 10 day period, sysitematic groundwater satapling 
(usually comprising 7 to 8 samples) and f ie ld 
measurements are carried out- The f low-rate chosen to 
pump the groundwater to the surface (100-200 ml/min) Is 
based mainly on practical considerations, i .e . the 
groundwater y ie ld ing capacity of the fracture zone and 
the time required to collect the necessary volumes of 
water for adequate chemical characterisation of the 
groundwaters. 

In some cases the sampling programme is prolonged by an 
additional two v.'eek period. Af ter the sampling has been 
completed, the packers and equipRient are moved to another 
suitable level or borehole. A schematic sufmnary of 
ac t i v i t i es surrounding the sasnpling period is presented 
in Table 4 . 1 . 
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Table 4.1 Sampling act iv i t ies wi th in a normal week pumping 
period 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

X X S t a r t up 5 t a new 
s e c t i o n 

Calibrat.ioEa of 
f i e l d sensoars 

F i e l d nieastsxeiTients 

Sampling foar a n a l y s i s 
of i rain c o K - S t i t u e n t s 

Sampling f o 3 - a n a l y s i s 
of t r a c e el^^ments , 
i so topes ar2«3 gases 

Pumping f o r c l ean ing 

Pumping f o r sampling 

(X) X X ( x ) 3C X X 

X X X X 

X 

X 

X X X X 

X X X X X X 

Table 4.2 ^^alysis performed on sampled groundwaters 

Normal crourx-dwater 
c o n s t i t s ^en t s 

Trace e l e m e n t s , i s o t o p e s 
and d i s s o l v e d a a s e s 

pH 
C o n d u c t i v i t y 
Sodium 
Potassium 
Calcium 
MagnesiiBTi 
S i l i c o n 
Ammonium 
I ron 
Manganese 
Carbonate , fcotal 
Ch lo r ide 
F l u o r i d e 
Su lpha te 
Sulphide 
N i t r a t e 
N i t r i t e 
Phosphate 
TOO (Total oarganlc con t en t ) 
I o d i d e 

Uranium and ^-^^u/^^^U 
Radium 
Radon 
Thorium 
' H (Deuterium) 
^H (Tr i t ium) 

N i t r o g e n , d e g a s s e d ' 
Helium, degassed 
Carbon d i o x i d e , degas sed 
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4.2 Sample Preparation arid Analysis 

The sampled groundwaters are analysed for a whole range 
of chemical species which are l i s ted In Table 4 .2 . Most 
of the samples are collected i n acid-washed polyethylene 
bottles and those for analysis of metals and cations are 
ac id i f ied with hydrochloric a d d . For the analysis of 
total sulphide, the sample is collected in a glass bottle 
and preserved using zinc acetate and sodium hydroxide. 
Water fo r anion analysis is col lected in a borosi l icUe 
glass bo t t l e with a ground glass stopper. Care is taken 
to ensure that no a i r remains i n the bottles af ter the 
stopper I s in place; a leak-free seal is maintained by 
storing the bottle upside down. Particulate material is 
removed f o r analysis by f i l t r a t i o n using a 0.45 micron 
maibrane f i l t e r . During the period 1982 to the present 
several laboratories have been Involved in the sample 
analysis. The n»st corranon methods used are atomic 
absorption and calorfmetry. 

2 
Analysis o f tr i t ium and the stable isotopes ( H and 

0) are carried out on untreated water samples 
collected in glass bott les (1 l i t r e and 300 rol amounts 

14 
respect ively), for C analysis suff ic ient carbonate 
and carbon dioxide must be available from the ground
waters under investigation. I f present, these contents 
have to be concentrated and care has to be employed to 
avoid any contaajination by a i r or chemicals. Sample 
preparation is usually carried out in the f ie ld whereupon 
a n i t rogenf i l led polyethylene barrel (capacity 130 
l i t res ) i s slowly f i l l e d with water which gradually 
displaces the nitrogen gas. Hydrochloric acid is ad<Sed to 
convert the carbonate content t o carbon dioxide and a 
stream of nitrogen gas removes the earbon dioxide tshich 
is passed and collected through a sodium hydroxide 
solut ion. 

The analysis of uranium, thoriua^and the uraniuEi daughter 
decay products ( u, ^ Sa and ^ ^Rn) are 
carried out at two laboratories. Where uraniuoi 1$ 

. i S a ^ 
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determined by delayed neutron activation (OKA), water 
samples for analysis are collected in a 100 ml glass 
bo t t l e . From the same sample Ra is detenainedi by 
radiochemical separation and measurement of the alpha 
rad ia t ion ; radon is determined by direct gafiima 
spectrometry measurement, and thorium ( Th) i s 
determined by Instrumental neutron activation (IIIAA). 
These results are normally reported in bequerel / l i t re 
(Bq/1) or roicrGgrammes/litre (iug/1). At the seeded 

laboratory, the uranium content and uranium 
238 234 

parent/daughter decay pair U and U are 
determined by high-resolution alpha spectrosetry. For 
these roeasursiiients a f ive l i t r e volume of Mter i s 
col lected and, in constion for both analytical techniques, 
the samples are Inmediately f i l t e r e d (0.45 aicron 
membrane f i l t e r ) and treated fefith suff icient hydrochloric 
acid to attain a pH of 1.0. Details of sample preparation 
for alpha spectrometry are outl ined by Dunlec e t al (in 
preparation); uranium contents are expressed i n j j g / l i t r e 
and errors quoted are at the 2a leve l . 

Determination of dissolved uranium and i t s decay 
daughters using high-resolution alpha spectrometry was 
only introduced after investigations were completed for 
GideS, Fjallveden and Svartboberget. Consequently, only 
some reserve samples were available for analysis- For the 
more recently investigated areas, i . e . Kamlunge, 
Taavinnunnanen and KlipperSs, this method has n&^ become 
part of the hydrochemical progranBne. 

. a a ^ 
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RESULTS AND DISCUSSION FROM THE TEST-SITE INVESTIGATIONS 

The resul ts from the investigated test-sites are 
presented i n Tables 5.2 to 5.25 and Figures 5.1 to 5.79. 
As discussed in Section 3.7, t l ie hydrological data used 
for calculat ion purposes are based on hydraulic 
measurements carried out along 25 m sections of the 
boreholes (except for the total volume of water removed 
during the sampling period which i s measured d i r e c t l y ) . 
The calculated hydraulic conductivity values for the 25 m 
sections are then l inearly extrapolated to 2.7 m lengths. 
Usually there is a wide d is t r ibu t ion of fracture type and 
frequency within such a 25 m sect ion, and as only a small, 
percentage of these fractures w i l l be sampled for water 
( I . e . the 2.7 m section), the question arises as how 
representative are the hydrological ^ata for the actual 
fracture o r fracture zone being sampled ? 

Linear extrapolat ion of the data to 2.7 m sections gives 
a true p ic ture of the water budget i f the hydraulic 
conductivity is uniformly spread along the 25 BI length of 
borehole. However, In the event that the conductive 
horizon i s contained solely w i th in the 2.7 m sect ion, the 
amount of contaminating water Injected and ressoved due to 
d r i l l i n g , Jtydraulic testisig, open-hole effects and 
gasl 1ft pulping, w i l l be about one order of magnitude 
larger ( i . e . max 25/2.7). This problem Is par t l y resolved 
for those sampled sections where more detailed 
measurements ( i . e . 5 or 10 m) have been performed. 
Furthermore, the selected levels for water sampling have 
in most cases high hydraulic conduct iv i ty, thus having a 
dominating influence on the piezoEsetric head. 

In add i t ion , the asount of water removed by the g a s - l i f t 
pumping i s considered to be 100 percent of the d r i l l i n g 
water. In pract ice, however, the d r i l l i n g water is mixed 
with groundwater from dif ferent levels in the borehole so 
that the port ion of d r i l l i ng water may vary f ran 10 to 
100 percent of the water which i s removed by the g a s - l i f t 
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Table 5.1 Probable compositional ranges of non-saline 
groundwaters in Swedish crysta l l ine bedrock. Tlie 
concentrations are given in mg/l. (Source: KBS-3), 

pH 

Eh, V 

HCO3" 

so/-
HPO/" 

NOj" 

F 

Cl" 

HS' 

7 -

0 -

90 -

0.5 -

0.01 -

0.01 -

0.5 -

4 -

0 -

9 

(-0.45) 

275 

15 

0.2 

0.05 

4 

15 

0.5 

Ca^* 

^ 2 . 

ssa* 

K* 

Fe^^ 

^ 2 * 

^ / 

SiO^ 

TOC 

(tot) 

10 

2 

10 

1 

0.02 

0.1 

0.05 

3 

1 

.- 40 

- 10 

- 100 

- 5 

- 5 

- 0.5 

- 0.2 

- 14 

- 8 

pumping. The amount of dri l l lsag water reaoved is then a 
factor o f 0.1 to 1 times the amount of the total water 
removed. 

Regarding the following presetitation of the water 
chemistry, mention is made o f non-saline groundwaters 
characterist ic of crystal l ine bedrock environments i n 
Sweden. For reference Table 5 .1 presents the ranges o f 
the most consnon chemical species from such groundwaters 
analysed within the SKB hydrcK:heffltcal prograsane. 

5.1 Fjallveden 

The Fjallveden test-s i te is located in southern Swe<Sen 
approx. &) km south-west of Stockholm (Fig. 1) . The 
region Is characterisej by a f l a t topography transected 
by several valleys following lineament trends raostly 
orientated in a north-westerly direction. The FJallueden 
si te i s situated between two such valleys separated fey a 
distance of 3 kn. 
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A 
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Figure 5.1 The Fjallveden t e s t - s i t e . A: Topographic p r o f i l e 
across the s i t e , B: Hypsographic curve showing 
al t i tude characterist ics-

The differences of alt i tude i n the area are small and the 

r e l i e f within the area is low- The highest and Ic i i ^s t 
points are 76 a and 38 ra above sea-level respectively 
(Fig. 5.1). 

The regional geology of the Fjallveden area has been 
previously described by Tornebchm (1882), Stilhbs (1975), 
Lundstrom (1974; 1976) and Wikstrbm (1978). As a r e s u l t 
of SKB investigations carried tsut in the years 1981-1983, 
the detailed geology of the Fjallveden test-s i te area has 
been (Ascribed by Carlsten et a l (1983) and surmnarlsed by 
Ahlboffl et al (1983b). 



70 

A ssap of the Fjallveden t e s t - s i t e area showing the . 
general topographic features, together with the d(^1nant 
rock-types and the main st ructura l zones of weakness, is 
i l l us t ra ted in Figure 5.2. The geology of the area is 
dominated by veined gneisses of sedimentary o r i g i n ; 
si^>ord1nate masses of granite gneiss are also pres;ent and 
temd to be ruostly concentrated along the northern ssargin 
of the area. The veined gneisses usually contain f ^ a l l 
gs^hibol i te bodies orientated parallel to the striectural 
f o l i a t i o n . Varying degees o f migmatlsation have occurred 
C(^val with the Svecokarelian orogeny (approx. 18(M)-2000 
Ma) result ing In the formation of irregularly - shaped 
m i ^ a t i t e granit ic bodies orientated parallel to the 
regional structural trend. Higmatitic gneiss is a lso 
present especially along the southern and eastern margins 
of the Fjallveden area. 

As a result of some 49 shallow percussion boreholes (down 
to a maximum of 150 ra) and 15 deep cored boreholes (to a 
ver t i ca l maximum of 700 m) the granite gneiss horizons 
are seen to be snore continuous horizontally than 
ve r t i ca l l y . This is thought to be the consequence o f 
Isocl inal folding of the grani te and veined gneiss 
var iet ies along horizontal f o l d axes. 

P e ^ a t l t e occurs throughout the study s i te In the form of 
dykes and minor massifs. The youngest rock type present 
Is doler i te 6*h1ch occurs as vert ical dykes (0.5 to 4.0 m 
wide) orientated In a north-westerly d i rect ion, i . e . 
perpendicular to the gnelssic structures. 

Str jgctural ly,. the Fjallveden s i te Is bounded to the 
north-east and south-west by o ld (approx. 1250 Ma) 
large-scale lineaments orientated In a north-westerly 
d i rec t ion . Borehole investigations of these llneajnesits 
revealed that periodic FK)v^3ent had occurred resul t ing In 
shearing, crushing, brecciation and mylonit isat lon. 
Detailed investigations at the test-s i te i t se l f have 
Indicated the presence of 11 local fracture Zones a t 
deptti, some of which are expressed at the bedrock sesrface 
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Figure 5.2 Topographic rrap of the Fjallveden test -s i te area 
showing the dominant rock types, the main 
structural zones of weakness, and the location of 
the 15 (F j 1 to Fj 15) cored boreholes. (After 
Carlsten e t al 1983). 

. J S * / 
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as geophysical anoisalies and/or topographic features. 
These regional and local fracture zones, yhich range in 
width from <5 to 15 m t o >50 m respectively, and vary i n 

dip 
5.2, 
dip from ve r t i ca l to 70 , are i l l us t ra ted in Figure 

Fracturing o f the rock eiass based on surface outcrop 
measuresents has Indicated two Htain direct ions: 
north-£^st asid north-west, i .e . parallel w i th and 
perpendicular to the prevail ing gneiss structures. The 
frequency o f fractures longer than 0.5 m on outcrops i s 
0.9 fractures/m; at depth the t o t a l f racture frequency I s 
2.5 to 4.0 fractures/m down to 200 m, and then around 1.8 
fractures/m down to 700 m. The high fracture frequency a t 
depth is mainly due to Jiiorizontal release jo in ts which 
have resulted from the removal o f the Ice overburden 
subsequent t o the last ice epoch. 

Taking individual rock types, the total fracture 
frequency f o r the varioais rocks irrespective of depth i s 
lowest in m1,;p3atitc (2.8 fractures/m) followed by grani te 
gneiss (4.3 fracturts/©) and f i n a l l y amphibolite (5.9 
fractures/m). 

The hydrological features of the area have been described 
by Larsson (1983) and SMmnarised by Ahlbom et al (1983a). 
The Fjal lve(^n site Is situated on the water divide 

2 
bet̂ ^een two regional drainage basins of 3620 km and 

340 km respectively. Tl»is ef fect ively means that the 
s i te constitsites a region of groundwater recharge, with 
the lov«r- ly ing parts representing local discharge areas 
for shallow groundwaters, which usually coincide with 
marsh or peat bog eapanses. 

The water balance in the Fjallveden area during the 

period 1951-1980 has been calculated to be: 

Adjusted precipitat ion 650 + 25 nm/year 
Actual evaporation 450 _+ 25 imi/year 
Run-off ; 200 +̂  10 nrai year 
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Most of the run-off circulates in the near-surface soil 
horizons; only a minor fraction percolates into the 
bedrock. 

Numerical modelling of the natural groundwater flow at 
Fjallveden shows a groundwater recharge rate in the 
cry.?talline bedrock of about 5 nm/year (Carlsson et al 
1983). The main recharge period in th is part of Sweden 
generally occurs in the Autumn whilst a secondary period 
occurs in the Spring when the accumulated snow cover 
melts result ing in the maximum croundwater levels of the 
year. 

The groundwater temperatures at depths of 5-10 m show a 
very regular annual variation which ref lects the annual 
mean air temperature (Knutsson and Fagerlind, 1977). For 

Fjallveden this means an average groundi^/ater temperature 

of about 7°C. 

A general feature of the groundwater table profi le in 
Sweden i s that i t ref lects, on a much smoother pattern, 
the surface topography. At Fjallveden th i s means that the 
groundwater table is generally 1-3 m below the ground 
surface, but this depth increases to 10 m and riiore below 
minor h i l l s and under slopes. Thus, the groundwater level 
at Fjallveden varies from 40 to 70 m above sea-level 
which indicates a re lat ively weak hydraulic gradient. The 
greatest gradient would appear to be along the slopes of 
the valleys which delineate the Fjallveden test -s i te . 

5.1.1 Borehole Fj 2 

Borehole F j 2 was dr i l led at 60° to a vert ical depth of 
575 a (borehole length 700.76 m) In order to confirm the 
presence of fracture Zone 1 at depth (see Fig. 5.2). This 
was achieved between 340-360 m; In addi t ion, three more 
minor zones were Intercepted at 466 m, 596 m and between 

p - * ^ 
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598-599 m. Signif icant losses of d r i l l i n g water occurred 

at levels 24 m, 87 m and 465 m. 

The dominant rock type in the borehole is miqmatite 
gneiss (90.6 length %) followed by gneiss granite (5-6 
length %) and greenstone (3.7 length «) ; the migmatite 
extends down to a depth of about 500 m before being 
replaced by the gneiss granite. The number of 
fractures/metre recorded for each rock type was 
considered quite normal for the Fjallveden area, i . e . 2.4 
for migmatite, 3.3 fo r gneiss granite and 5.2 for the 
greenstone. Related to depth, the fracture frequency 
(Fig. 5.3) was considered low and f a i r l y unifons apart 
from the upper 150 m (stress-rslea:- ' J I ' ., s combined 
with a greater occurrence of gretc '.onf?) •. 350 m ( loca l 
fracture horizon Zone 1 ) , and bet . .?n L^'^ ,00 m 
(predominantly granite gHsIss which is more susceptible 
to fracturing than the more p las t i ca l l y deformed 
migmatite). 

a) b) <:> 

L 
I 
I r 

. . l a s Bw»*oi» « ; 

Figure 5.3 Hydrogeologlcal characteristics of borehole Fj 2 . 
a) Fracture frequency ( fo r 10 m sections) and the 

cumulative percentage of fractures 
b) Hydraulic conductivity 

c) Piezometric head distr ibut ions and hydrostatic 
head in the borehole 



75 

Fj 2 

CL 
01 
O 

200 

400 -

600 -• 

Figure 5.4 The groundwater flow-pattern and isopotentials i n 
the vicinity of borehole Fj 2 i l l us t ra ted by a 
vert ical section in the sample plane as the 
direct ion of the borehole (modified a f te r the 
numerical modelling of the Kemakta Consulting Co). 

The groundwater flow-pattern in the v ic inty of borehole 
Fj 2 i s i l lustrated by a vertical section in the same 
plane as the direction of the borehole (F ig . 5.4). The 
flow-pattern is derived from the numerical modelling of 
the groundwater flow at the Fjallveden s i t e (Carlsson e t 
al 1983). The pattern shows that the. groundwater flow 
component in the drawn section Is directed towards the 
fracture Zone 1 (Fig. 5.4). In a three-dimensional 
respect, the flow direct ion is along Zone 1 towards the 
northwest (Fig. 5.2). The hydraulic gradients are small 
and the piezometric head along the borehole decreases 
rapidly from 57.0 m above sea-level in the uppersaost par t 
of the bedrock to 56.0 m at about 150 m along the 
borehole length, and i s almost constant throughout the 
rest o f the borehole (Fig. 5,3). 
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The natural plezoroetric head In the borehole, derived 
froai Horner-plots of the hydraulic tests (Ahlbom et a l , 
1^3b), results In a more detailed picture than can be 
achieved from the numerical calculations. As the borehole 
intersects and shor t -c i rcu i ts a l l the water-con ducting 
sections, an open-hole water c i rculat ion occurs. 
I n i t i a l l y , the groundwater level in the borehole will 
adjust to the integrated pressure o f a l l the borehole 
sections, i .e . the hydraulic heads. This is represented 
by the vertical l i n e i l lust rated in Figure 5.3.C. 
Following t h i s , a l l sections of greater head than the 
hydrostatic head o f the borehole w i l l tend to contribute 
water to the borehole, and contrastingly sections of 
lo*»r hydraulic head wi l l receive water. These sections 
of lower head can therefore receive ii/ater which orglsates 
either higher up or deeper down in the borehole, and the 
water mixture entering the section w i l l mainly depend on 
the hydraulic head and hydraulic conductivity of the 
contributing sections. A qual i ta t ive estimate of floa 
direction for the c i rcu lat ing water in the borehole, 
together with the calculated water budget result ing from 
the various borehole ac t i v i t i es , is compiled i n Table 
5.2. 

5.1.1.1 Level 123 - 125 m (approx. 106 m) 

The sampled section is located wi th in dark-grey mifsatite 
and i s characterised by three d is t inc t fracture zones in 
the core varying In width from 20 to 40 cms (5-10 
fractures are character ist ic of each zone), and more 
minor single f ractures. These fractures Intersect the 
axis of the core a t angles ranging from 20° to 90°, 
and I n f i l l i n g mineral phases Include ca lc i te , chlori te, 
epidote and p y r i t e . 

t , ^ > ^ ^ 
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T a b l e S-2a: V3---e3 Z- ne va r : : : i s i r . f l - j^r .ces cue ' : . t c i e h c i e 
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Xato le 5.2b: 

Hydrology 

The sampled level l i e s withia a 25 ra section of high 
hydraulic conductivity (K = 2 .10 ' i ^ s ) . This i s 
perhaps not so surprising as th is level Is located at the 
bottom margin of that portion of bedrock which I s 
coiwnonly rw>re highly fractured, and correspondingly 
characterised by relatively conductive conditions. The 
calculated water budget of t ^ e sarapled level is presented 
in Table 5.2a. The results sfeow that a considerable 
amount of contaminating water ( i . e . d r i l l i n g water; 
injection t es t water) has b e ^ introduced into t h i s level 
( I . e . posit ive valines) and t laat a s igni f icant afi^unt 
s t i l l remains after gas-l i f t pumping and pumping prior to 
sampling ( I . e . negative ya l i ^s ) (F ig. 5.5). These 
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calculat ions also show, based on the presence of a 
negative deviation in hydraulic head froni the hydrostatic 
pressure, that whilst the borehole was open ( i .e . p r i o r 
to the second gas- l i f t pumping and sampling), there was a 
tendency fo r water to flow from the hole into the bedrock 
along the conducting JKirizon, result ing In additional 
contamination. 

Water geochemistry 

The sampled water (Table 5.2b) I s characterised by a pH 
+ ?+ 

of 8.0; of the major cations, Na and Ca" are a l l 
present in appreciable but normal amounts for non-saline 
groundwater in Swedish c rys ta l l i ne rocks; likewise f o r 
the major anions HCO,* and C l ' (see Table 5.1). The 
presence of 2 % l " ( i .e . tracer) suggests some l im i t ed 
mixing wi th the d r i l l i pg waters. 

volume (mi 

19 8 2 19 8 3 198 4 

Figure 5.5: Schematic i l l us t ra t ion of the calculated water 
budget for level 123-125 m i n borehole Fj 2 
(Fjal lveden). 1 » D r i l l i n g ssater; 2 » Gas- l i f t 
pumping; 3 « Hydraulic tes t ing ; 4 = Sampling; 5 
Open-hole ef fect . 
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Figure 5.6: 6 0 and deuterium compositions of borehole 

groundwaters frwn the SKB tes t -s i te areas. 

Redox-sensitive parameters 

The presence of S ( - I I ) and Fe( I I ) indicate a reducing 
environment. This Is In part supported by an Fh value of 
-80 mV although part ly of f -set by the presence of small, 
but s ign i f i cant amounts of oxygen (0.05 mg/l). 

Isotope geochemistry 

18 2 
The level i s characterised by 6 0 and 6 H values 
(-11.24 ppt and-80.5 ppt respectively) representative of 
a meteoric water source (Fig. 5.6). The C data 
indicate an age of sosne 4725 years; no t r i t ium analysis 
Is avai lable. 
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Uranium geochesaistry 

A uranium content of 0.55 ppb i s indicated by DNA; no 

further data of uraniura, or tbe U/ U 
ac t i v i t y ra t i o , are avai lable. 

Sunroa ry 

The results show that the sampled horizon is 
characterised by waters which represent: 

- residual water from d r i l l i n g ac t iv i t ies and f\ydraulic 
test ing 

- water from nearby sources (st . higher or lower levels) 
whi ls t the borehole i^s opera; penetration into the 
bedrock was fac i l i ta ted by a negative piezometric head 
and a high K-value. 

Such contaminating waters were not completely renjoved 
during gas - l i f t pumping or puii^ing pr ior to sampling. 
Thus the waters sasipled for analysis represent a 
s igni f icant fraction i n i t i a l l y derived from other 
sources. Chemically (Table 5.2S>), such contamination is 
most readily seen as l o ^ , but s ign i f icant amounts o f the 
d r i l l i n g water tracer ( l " ) ; ttee reaaining chemical 
parameters appear to be re la t ive ly Insensitive. 
Isotopical ly , part icular ly in the absence of t r i t i u m 
analysis; i t is d i f f i c u l t to assess any marked e f fec t 
although some "dilution'^ of t t e C age might be 
expected. 

No s ign i f i cant variat ion in tha pbysico-chemical 
parasjeters of the waters dur i r^ the period of sampling 
was observed (Laurent, 1983a). 



81 

5.1.1.2 Level 342 - 344 a (approx. 293 m) 

The dominant rock type is dark-grey migmatite; a 
greenstone horizon occurs at about 350 ta depth. The 
sampled borehole section is characterised by a high 
fracture frequency ( i . e . approx. 12 fractures/metre) 
which comprises part of fracture Zone 1 (Fig. 5 .2 ) , 
defined from 340 - 354 m along the boreitole. The 
fractures intersect the axis of the core at angles 
varying from 30 -80 , and the i n f i l l i n g mineral 
phases mostly include pyrite and ch lo r i te . 

Hydrology 

The hydraulic conductivity measured along a 25 m section 
was recorded as 1.6.10° ra/s, <3nd the piezometric 
head was fou^d to exceed the hydrostatic borehole 
pressure by 0.2 m. The calculated water budget presented 
in Figure 5.7 and Table 5.2 show that the dif ferent 
influence ef fects, should be minimal and that 
contaminating waters should be removed soon after the 
conmencement of water sampling. 

In th is part o f the borehole detailed vtater in ject ion 

tests have been carried out and a»asure«3ents froa a 10 m 
section, which includes the 2.7 m section, yielded a 

-10 
K-value of 2.10 m/s and a negative head deviation 
of -1.2 m. Titus the open-hole effects would tend to be 
contrary to those Indicated fro® the calculations. 
However, as the overall Influence effects are smal l , the 
water budget i s not expected to change from negative to 
positive during sampling. 

Short-time in ject ion tests (15 ©inutes duration) along 2 
m sections hsve also been carr ied out resulting In a 
K-value of 5.10'^° ra/s. 
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Water geochemistry 

The sampled water has a pH of 7.3; of the major cat ions, 

+ 2+ 
Na and Ca ars a l l present in appreciable amounts 
for non-saline waters, likewise for the major anions 
HCO." and C l ' . The pressnce of 8.7 % l ' , which is 
considerably higher than the previous leve l , indicates a 
s ign i f icant increase in mixing with d r i l l i n g waters. 

Redoa-sensltive paranieters 

The presence of S ( - I I ) and Fe(I I ) suggest an environsnent 
whicfj is s t i l l largely reducing. This i% further 
supported by an Eh vaTg.3 of -40 niV al though the amount of 
dissolved oxygen is high (0.2 B ^ / 1 ) . 

Wafer volume (nf) 

4 
>* 1 

2 

Fj 2- 342-344 m 

12 5 3 5 2 
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4 I 198 3 1984 
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Figure 5.7: Schematic i l l us t ra t ion of the calculated water 
budget for level 342-344 m In borehole Fj 2 
(Fjallveden). 1 » D r i l l i ng water; 2 » Gas- l i f t 
pumping; 3 » Hydraulic test ing; 4 » Sampling; 5 
Open-hole ef fect . 
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Isotope geochemistry 

18 2 
The 6 0 value of -11.31 ppt (no 6 H analysis is 
available) supports a meteoric water source. The C 
indicates an age of some 10960 jears; contrastingly the 
t r i t ium content (19 TU) suggests a signif icant mixing 
with younger, near-surface water. 

Uranium geochemistry 

A uranium content of 0.24 ppb was obtained by DNA; no 
additional data of uranium, or the U/ U 
act iv i ty r a t i o , are available. 

Suiisna ry 

The results show that the sampled horizon is character i 

sed by waters which represent: 

- residual water from d r i l l i ng ac t i v i t i es and hydraulic 
test ing. 

- minimal mixing of open-hole waters along the conducting 
fracture zone because of the low f^draulic 
conductivity. 

- the waters are characterised by a signif icant older 
14 

component (from C dating), although this Is not 
reflected by the t r i t iura value or the other cheaiical 
species which are more typical of near-surface water or 
shallow groundwaters. 

Dr i l l i ng water contamination is seen as a high iodine 
content (8.7 %) and may also have contributed to the 
component of younger water present, as indicated by the 
t r i t ium content and the anosalously high Fe ( I I ) content. 
The iron may be partly explained by the reaction of 
younger borehole water ttflth the steel piping leading up 
firofD the isolated section. The s igni f icant asnount o f 
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dissolved oxygen in the water may also ref lect a younger, 

f^ear-surface water component. 

No s igni f icant variat ion in the physico-chemical 
parameters of the water during the sampling period was 
observed. 

5.1.1.3 Level 483 - 485 m (approx. 409 m) 

This section represents an 5i?ifractured portion of fresh 
dark-grey migmatite; the nearest recorded fracture zone^ 
along the core are located some 2 m on either side of the 
sampled section. 

Hydrology 

The measured hydraulic condi«:t1v1ty along the 25 m 
section (K = 3.9.10" m/s) i s extremely high for the 
actual depth; the section i s also characterised by a 
negative piezometric head (Table 5.2). The resul t is that 
the «ater budget Is greatly influenced, primari ly from 
open-hole effects (Fig. 5 .8 ) . 

In t h i s part of the borehole hydraulic tests have been 
carr ied out along 2 ra and 10 01 sections. These results 
are simi lar and show how unevenly distributed the 
hydraulic conductivity is along tbe section. In point of 
f a c t , the hydraulic conductivity In the sampled section 
Is even lower than the measuring l im i t of the equipment, 
showing that the water budget presented in Table 5.2 is 
not representative for this horizon. 
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Mater geochemistry 

The pH of the saepled water is 7.4; in coiranon with the 
+ 2+ 

upper two levels, the contents of Ha , Ca , 

HCO and C l " are normal and representative for 
non-saline waters. The presence of 7.9 % I is s t i l l 
high and suggests a signi f icant d r i l l i n g water component. 

Wafer volume (m) 

30 

20 

10 

Fj 2 483-465 m 

198 2 19 8 3 198 4 

Figure 5 .8 : Schematic i l lus t ra t ion of the calculated water 
budget for level 483-485 m in borehole Fj 2 
(Fjallveden). 1 » Dr i l l ing water; 2 « Gas- l i f t 
pumping; 3 » Hydraulic tes t ing ; 4 » Sampling; 
5 » Open-hole e f fec t . 



Redox-sensitive parameters 

The presence of S ( - I I ) and Fe(II) indicate a reducing 
environment. This is in part supported by an Eh value of 
-110 mV although part ly off-set by the presence of small 
but s ign i f icant amounts of dissolved oxygen (0.05 mg/l). 

Isotope geochemistry 

18 ? 
The 6 0 value of -11.35 ppt (no 6 H analysis is 
available) supports a meteoric or ig in to the water. The 

C age determination of 4235 years is sisnilar to the 
shallowest sampled l eve l , but considerably lower than the 
intermediate level described. This, together with the 
high t r i t i u m value of 19 TU, would suggest a 
s ign i f i can t ly high cosiponent of young, near-surface 
water. 

Uranium geochemistry 

Uranium contents vary (depending on the analytical 
method) from <0.1 to 0,12 ppb; the U/ U 
ac t i v i t y ra t io of 2.1 indicates that the waters at this 
level are not at isotopic equil ibrium. 

Sunmary 

The resul ts show that the sampled level is characterised 
by waters which represent: 

- residual water from d r i l l i n g ac t i v i t i es and hydraulic 
tes t ing . 

- mixed ^ater sources from the borehole. 

Water budget estimations from 2 m and 10 m sections 
suggest tha t the contaminating water was minimal and was 
quickly removed during the sampling period. However, the 



87 

chemical analyses (Table 5.2b) show that a signif icant ly 
high component o f young shallow groundwater ir. present in 
the sampled waters, together wi th residual d r i l l i ng 
water. This former component was probably pumped into the 
sampled section from above the borehole; this is further 
Indicated by the high Fe ( I I ) content which, as in the 
previous level, was probably the result of reactions 
between borehole water and the steel piping above the 
packer system. 

No signif icant variat ion in the physico-chemical 
parameters of waters during sampling was observed. 

5.1.1.4 Level 605 - 607 ra (approx. 506 sn) 

The sampled section represents the dark-grey migmatite 
which contains several single fractures (approx. 5 rran 
wide) orientated at 30 -50 to the borehole axis. The 
most conmon I n f i l l i n g constituent is ch lor i te , followed 
by p y r i t e , calc i te and b io t i t e . This fractured portion Is 
located just below the intersection of the borehole with 
local fracture Zone 4 (approx. 598 m). 

Hydrology 

The high hydraulic conductivity value obtained (K = 3.0. 
10 m/s) is readily explained by the presence of 
fracture Zone 4. In fact the 10 ra section measured (which 
included Zone 4) corresponded to the total transmissivity 
of the 25 m section ( I . e . the water injected during the 
25 m t e s t flowed mainly into the bedrock within the 10 m 
section). Ironical ly the 2 ro section Injection tests 
sfe^ed that the hydraulic conductivity along the sampled 
section yas below the measuring l i m i t . As a result , the 
water budget calculation i l lus t ra ted In Figure 5.9 
reveals some small effects from the borehole act iv i t ies 
which, hovv'ever, are not applicable to the sampled zone. 
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Figure 5.9: Schematic i l lus t ra t ion o f the calculated water 
budget fo r level 605-607 m In borehole Fj 2 
(Fjallveden). 1 = D r i l l i n g water; 2 = Gas-l i f t 
pumping; 3 = Hydraulic test ing; 4 = Sampling; 5 = 
Open-hole effect. 

Water geochemistry 

In contrast to the above three levels, the representative 
water sampled here exhibits a high pH (8.9) and contains 

> -
greater amounts of No and Cl but lesser amounts of 

2+ -
Ca and HCO ; the more saline character of the 
water is also reflected by the high conductivity value. 
The relat ively high l ' content (3.9 %) may be partly a 
function of d r i l l i n g water mixing or naturally high 
contents in the more saline water. 

Redox-sensitive parameters 

The presence of only small amounts of S(- I I ) and F e ( I I ) , 
and an Eh value of -20 rrtV (the highest of a l l four 
measured levels) indicates that this groundwater is only 
laarglnally reducing. This is fur ther supported by the 
highest dissolved oxygen content (0,30 mg/l) encountered 
wi th in the borehole. 
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Isotope geochemistry 

18 2 
The 6 0 value o f -14.11 ppt (no analysis of 6 H Is 
available) is lo&ier than fo r the other Uvels which 
further ejsphasises the difference in character of this 
water, although a meteoric origin is s t i l l assumed. The 
depth/ age relationship i s supported by a value o f 13920 
years by the C method; nriniraal mixing by younger 
waters is indicated by the near-absence of t r i t iua i (< 3 
TU). 

Uranium geochemistry 

One analysis is available Indicating a very low dissolved 
uranium content o f < 0.2 ppb. 

Sunmiary 

The results show that the water sampled from this level 
di f fers in most respects from the three higher l eve ls ; 
the vaters thus represent: 

- minimal presence of residual water from borehole 
ac t i v i t i es (aided by a very low hydraulic 
conductivity). 

- no mixing with younger, near-surface or shallow 
groundwater types. 

- an old saline groundssater. 

During the period of sampling there was a tendency for 
the waters to become Increasingly mre saline, i . e . an 
increase in C l ' from 140-170 mg/l and a decrease o f 
HCO from 97-81 ^ / l ; a gradual Increase in pH f roa 
8.6-8.9 was also c^served. These trends probably 
represent the i n i t i a l rensoval of soii» residual 
contaminating water before the water composition became 
stabil ised and representative. 

•tjSHj/^ 
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5.1.1.5 Borehole surranary and discussion 

Geological mapping, and hydrological Investigations along 
25 m sections ( in some cases more detailed measurements 
have been carried out along 10 m and 2 m sections) in the 
borehole, have resulted i n locating four conducting 
levels considered suitable for the chemical 
characterisation of the groundwaters. Two of these levels 
(342-344 m and 605-607 m) represent the intersection with 
the borehole of local fracture Zones 1 and 4 
respectively, which are thought to extend to the bedrock 
surface. 

The natural groundwater f low in the near-vicinity of the 
borehole is downwards, par t icu lar ly towards Zone 1 . At 
the borehole intersection with Zone 1, a positive 
piezometric head exists. This contrasts with the other 
three levels which show negative values along the 
measured 25 m sections. In general, the water budget 
celculations suggest that at only two levels ( i . e . those 
characterised by Zones 1 and 4) should t ruly 
representative water be sampled, i.c-. devoid of residual 
water from borehole ac t i v i t i es or water mixtures from 
other sources within the bedrock. However, only at levels 
123-125 m and 342-344 m i s i t thought that the water 
budget values ( i . e . based on 25 m sections) are d i rec t l y 
applicable to the 2.7 m borehole lengths actually 
sampled. Thus, from the hydrological point of view the 
only representative water sample would be from level 
342-344 ra. 

The overal l chemical results indicate that at only the 
deepest level is the water t ru ly representative and 
therefore uncontaralnated by borehole act iv i t ies and/or 
mixing wi th other waters or ig inat ing from d i f ferent 
sources. As Indicated by non-<tetectable amounts of 
t r i t ium (< 3 TU), no component of young surface or 
near-surface water is present. As the water 1$ saline in 
type, the presence of 3.9 S l ' say be explained by 
natural background values rather than due to d r i l l i n g 

1 .^2*^ 
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14 
water contamination. F ina l l y , the high C age of 
13920 years and a very low dissolved uranium content (< 
0.20 ppb) are further indications that this water is a 
true deep groundwater of reducing character. 
Hydrologically, th is could only be explained i f the 
fractures contained wi th in the sampled section are in 
some way connected with Zone 4 (located 4.5 m above the 
sampled section), or i f water from Zone 4 has been 
sampled via the borehole. Zone 4 has an estimated K-value 
of 7,10"^ m/s. 

The water associated with the local fracture Zone 1 
(section 342-344 m) is also characterised by a high 
14 

C age but is non-saline and also contains high 
contents of both t r i t i um and iodide. This water can 
therefore be classi f ied as a mixed water containing a 
smaller component of deep groundwater and a larger 
component of shallow groundwater which has leaked into 
the sampling section frosi the borehole, fi ixing of shallow 
and deep groundwater types has most probably been 
fac i l i t a ted by the hydrological characteristics of 
fracture Zone 1 ( i . e . high hydraulic conductivity and 
positive piezometric head). The high iron content has 
l i ke ly resulted from reactions with the outside surface 
of the steel piping used to transport the water to the 
surface. Alternatively, the presence of a nearby 
fractured greenstone horizon may have contribut>:'d 
groundwaters s l igh t ly enriched in i ron. 

The water sampled from section 483-485 m has a 
composition which is very similar to that of section 
342-344 m. I.e. both contain major portions of shallow 
groundwater type. The data show that at t-ils level the 
bedrock i s unfractured and that the hydraulic 

-11 
conductiwity is low (<10 rn/s). I t is thus highly 
probable that some port ion of the water sampled has 
leaked in to the sampling section around the In f la ted 

packers t o compensate for the lack of water available 
from the bedrock section. However, there is s t i l l the 
problem to explain the C age differences beteseen 

••V . '->'-JV*'-^-
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th is level and the above section at 342-344 m. As 
mentioned above, both water typss exhibit s imi lar 
chemistries and s imi lar t r i t i um values and these 
characteristics suggest a dominant shallow groundwater 
type. However the difference in C age indicates 
that in one case a s ign i f icant ly large port ion of very 
old water is also present; less marked in the other. A 
possible explanation to these observations is that during 
open-hole conditions a component of very o ld groundwater 
(not necessarily from the deepest saline var iety) enters 
the borehole at the Zone 1 intersection and mixes with 
the near-surface and shallow ground waters. Considerable 
d i l u t i on of the older component w i l l result i n a lower 

14 
apparent C age. This water w i l l tend to dominate 
the composition of the water sampled at the 483-485 m 
leve l . Subsequently, t̂ hen the sampling equipst»nt is 
raised to the 342-344 m level and the packers Inf lated 
around the sampling section, a greater portion of the 
older water component w i l l thus be obtained resul t ing in 
a water of similar chemistry but greater C age. 

The indications are , therefore, that at least three,main 
water types are present: 1) near-surface and shallow 
ground waters of a young age, 2) intermediate to deep old 
groundwaters (non-saline) and 3) deep to very deep old 
groundwaters (sal ine). 

Table 5.3: Uranium content and theoretical Eh values of 

the groundwaters from borehole Fj 2 . 

Level 
(metres) 

123 - 125 
342 - 344 
483 - 485 
605 - 607 

Uranium Content 
(ppb) 

0.6 
0.2 

< 0.1 
< 0.2 

Cal culated Eh 
(mV) 

- 150 
- 70 
- 80 
- 250 

• Z Z - ^ '• 
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The measured uranism content of the groundwater sampled 
from the F j 2 borehole Is s l ight ly higher in the 
upperfiiost level and then systematically decreases to 
below detection l im i ts in the lowest level. The uranium 
content o f the water, together with the theoretical Eh 
values calculated from the Iron content of the water, is 
presented in Table 5.3 and Figure 5.10. The f igure also 
contains theoretical uranium soluMl i ty curves calculated 
from crystal l ine and artorphous UO for three d i f fe rent 
pH values which cover the range of most groundwater 
types. IZ is Interesting to note that the values for the 
two TOst representative groundwater types ( i . e . levels 
123-125 as and 605-607 m) plot within the calculated 
s t a b i l i t y liosits. 

LOG 
SOLUBILITY 

pH=8.10 

A 123-125 metres 
a 3«-3a •--
• (.83-485 - -

V 605-607 - • -

1 1 1 

0 + 3 0 0 

OXIDATION POTENTIAL (mV) 

Figure 5.10: Plots of uranium content (expressed as log (mol/ 
l i t r e ) ) and the calculated theoretical Eh values 
o f groundwaters collected from borehole Fj 2. The 
values are plotted with respect to theoretical 
uranium so lub i l i t y curves calculated for amorphous 
(lower s tab i l i t y l i m i t ) and crystal l ine (upper 
s tab i l i t y l im i t ) UO at a pH of 8.10. 

;i'*.V/f-W^3%'.-tlt(..',.*i',-,"'.'; 



94 

5.1.2 Borehole Fj 4 > 

Borehole Fj 4 was d r i l l e d at 60 to a vert ical depth of 
585 m (borehole length 700.50 m) in order to confirm 
geophysical investigations which had indicated surface 
expressions of deep-seated fracture zones ( i . e . local 
fracture Zones 3 and 5; Fig. 5 .2 . ) . This was achieved 
between 61-63 m (Zone 5) and 140-192 m (Zone 3 ) ; the 
former is near-vertical ly orientated (80 -85 ) and 
the lat ter i s considered ve r t i ca l . Significant losses of 
d r i l l i n g water occurred at 62 m. 

The dominant rock-type in the borehole is migmatite 
gneiss (96.7 % of the borehole length) followed by 
greenstone (2.3 % of the boreSsole length) and granite 
gneiss (1.0 % of the borehole length). The greenstone and 
granite gneiss occurs as d is t inc t horizons of maximum 
thicknesses of 4.9 m and 5.9 m respectively. The green
stone horizons occur throughout the dr i l led core length; 
granite gneiss appears to be sare restricted to below 40C 
m. The number of fractures/metre recorded, normal for 
Fjallveden, shoti?ed 3.0 for m i ^ a t i t e , 6.4 for greenstone 
and 5.4 for granite gneiss. Cs^pared to borehole Fj 2 
(Figs. 5.3 and 5.11), borehole Fj 4 shows a more d is t inct 
contrast between a highly fractured (part crushed and 
breciated) upper 200 m, and t ! ^ lov^er 200-700 m which 
exhibits several areas of low fracture density. The 
highest fracture densities w i th in this lower length inter 
val are mostly associated with the greenstone horizons. 

Hydrologically, the bedrock i n the near-vicinity of 
borehole Fj4 is characterised by small hydraulic 
gradients. The piezometric head is 57 ra above sea-level 
and almost constant down to 400 m before decreasing to 56 
m above sea-lev^l towards the bottom of the borehole at 
700 m (Fig. 5.11). The direct ion of the groundwater flow, 
based on the nuaarical modelling of Carlsson et al 
(1983), is uniformly and strongly downwards around the 
borehole. Only the upper part o f fracture Zone 3 
indicates a localised upward f low (Fig. 5.12). 

, . . . S , ,"•.•'''s 
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Figure 5-11: Hydrogeologlcal characteristics of borehole Fj4. 
a) Fracture frequency ( fo r 10 m sections) and the 

cumulative percentage of fractures. 
b) Hydraulic conductivi ty 
c) Piezometric head dist r ibut ion and hydrostatic 

head in the borehole. 
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Figure 5.12: The groundtjater flow-pattern and isopotentials in 
the v ic in i ty o f borehole Fj 4 I l lustrated by a 
vert ical section in the same plane as the 
direct ion of t ^e borehole (modified after the 
numerical modelling of the Keraakta Consulting Co). 
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Considering the regional sett ing of borehole Fj4 (Fig. 
5.2) , bounded on one side by local fracture Zone 1 and on 
the other by Zone 2, the hydraulic gradient is strongly 
Increased nearer Zone 2. The dominant flow component will 
change from being influenced by the nearest fracture zone 
tjowards Zone 2 as the depth increases. This implies that 
groundwater flowing from fracture Zone 1 at depth « i l l 
pass by tlie deeper parts of Fj4 on i t s way towards Zone 

T^e ffeasured piezometric heads in the borehole are in 
^>od agreement with the nwdelled head profile i l lustrated 
In Fig. 5.10. Open-hole effects, therefore, will resul t 
in a general downi^rd groundwater flow along the borehole 
( c f . Table 5.4a). 

. e» / 
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5.1.2 .1 Level 151-153 m (approx. 131 m) 

The sampled section represents part of fracture Zone 3 
which extends approxisately from 140-190 m. Two 
rock-types are represented within the section: the 
dominant dark-grey migaiatite and a coarse-grained pink 
pegmatite. Two dist inct fracture zones occur varying in 
width from 25 to 55 cs ( i . e . 9 to 17 fractures, 
respectively) and one narrow crush zone some 2 cm in 
width; these a l l occur within the migaiatite. In contrast 
the pegmatite is characterised by 5 to 6 single 
fractures. Generally the fractures Intersect the axis of 
the core at angles ranging from 20° to 90 , and the 
main I n f i l l i n g mineral phases Include ch lor i te , calcite 
and py r i t e . 

Wafer volume (m) 

A 
FJ 4- 15M53 m 

Figure 5.13: Schematic i l l us t ra t i on of the calculated water 
budget for level 151-153 m in borehole Fj4 
(Fjal lveden). 1 = D r i l l i n g water; 2 = Gas- l i f t 
pumping; 3 = Hydraulic tes t ing; 4 » Sampling; 
5 a Open-hole ef fect . 



Hydrology 

The water-saiapled horizon is characterised by a hydraulic 
conductivity of 1.2.10 a/s and a piezometric head 
excess of 0.1 metres. Injection tests carried out along 
10 m sections confirm these data and show that the 
horizon selected l ies within the most conductive 10 m 
section. Froa water budget considerations (Table 5.4a; 
Fig. 5.13) t i ie contaminating Influences of the d r i l l i n g 
and other borehole act iv i t ies should have been removed 
during the sampling period and therefore the groundwater 
should be representative. 

Water geocheaiistry 

The sampled ^-ater (Table 5.4b) recorded a laboratory pH 

of 8.2; no f i e l d mesur'ements are avai lable. The major 
+ 2+ - -

cations Na and Ca and anions HCO and Cl 
are present i n normal concentrations for non-saline 
groundwaters representative of crysta l l ine bedrock areas 
in Sweden (Table 5.1). The presence of 6% l " is high 
and represents a significant component of d r i l l ing water 
contaminatior.. 

Redox-sensitive parameters 

The presence of small amounts of S ( - I I ) and Fe(II) 
Indicate an overal l reducing environment. This is par t ly 
supported by an Eh value of -70 mV although partly 
of f -set by trace amounts of oxygen (0.04 mg/l). 

Isotope geochemistry 

18 
The water is characterised by a * 0 value of -11.50 

2 14 
ppt; no 6 H i s available. The C data Indicate an 
age of 3950 years and the t r i t i um content of 9 TU shows a 
signif icant component of young, near-surface water. 
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UraniuBi geochemistry 

The water contains 3.5 ppb uranium and records an 
isotopic ac t i v i t y rat io of 4.1 which is a high value and 
indicates widespread disequilibriurn in the sampled water. 

Summary 

The hydrologic data indicates that the sampled 
groundwater should be largely free of al l contamination 
resulting from the borehole ac t i v i t i es . However, the 
chemistry o f the waters showed: 

- residual ^ater from d r i l l i ng act iv i t ies ( i . e . high 
I content). 

- water from a younger, near-surface source ( i . e . 
s igni f icant t r i t ium content). 

This shows that the pumping carried out immediately pr ior 
to, and during sampling, was Inadequate to remove a l l 
water contasiination derived from other sources. This may 
have been achieved over a longer pumping time as 
suggested by the variation In chemistry during the period 
of sampling. This showed small but significant increases 
In Na , HCO_ and conductivity, and decreases i.i 

2 + 3 
Ca , Fe( I I ) and Eh; small Increases in oxygen were 
also noted (Laurent, 1983d). However, these variations, 
which on one hand suggest an increasing reducing 
component, and on the other hand an increasing, more 
oxidising near-surface component (further supported by a 
moderate t r i t i u m content), probably accurately re f lec t 
the complexity of characterising waters from such 
large-scale fracture zones as Zone 3, which can Intersect 
different groundwater physicochemical environments at 
varying depths. 
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5 .1 .2 .2 Level 317-319 m (approx. 2)2 m) 

This level chosen for water sampling is completely 
contained within a greenstone horizon which extends from 
316-321 m. The section is characterised mainly by two 
narrow fracture zones (20 and 25 cm wide) containing 3 
and 5 fractures respectively. These, together with two 
single fractures. Intersect the core axis at angles of 
15 -80 ; the main i n f i l l i n g mineral phases are 
chlor i te and ca lc i te . 

Hydrology 

The sampled section is located central to the sector of 
the borehole were the hydraulic conductivity Is 
reasonably uniform ( i . e . just below I.IO" m/s). The 
piezometric head is -1.1 metres of water. As no detailed 
watt:* in ject ion tests were performed along the 25 m 
section, i t is unclear i f the hydraulic properties and 
the corresonding water-budget calculations (Fig.5.14; 
Table 5.4a) are representative fo r the sampled l eve l . I t 
is known from experie.nce that dykes or rock horizons of 
d i f fer ing composition and physical properties (e.g. in 
this case the greenstone) often have a greater fracture 
frequency and are correspondingly more conductive. 

Water geochemistry 

The water sampled recorded a laboratory measured pH of 
+ 2+ 

7.5. The major cations Na and Ca , although s t i l l 
indicating contents within the range of non-saline 

+ 2+ 
groundwaters, show lower Na and higher Ca than 
the shallower level just described. Of the anions, 
HCO recorded a s l ight ly lower value and Cl" a 
small increase. The presence of 4 .4 i I~ is s t i l l f a i r l y 
high and shows that d r i l l i ng water is present. 

. • ; ' l ^ - ; - •' "-.••rT--" - 5 < ' 
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Figure 5.14: Schematic i l lus t ra t ion o f the calculated water 
budget f o r level 317-319 m In borehole Fj4 
(Fjallveden). 1 = Dr i l l i ng water; 2 = Gas-l i f t 
pumping; 3 = Hydraulic testing; 4 = Sampling; 5 = 
Open-hole ef fect . 

3.e<^ox-sens 1 t i ve pa?'a"'eters 

A reducing environment is indicated by the presence of 
S(- I I ) and F e ( I I ) ; the la t ter is anomalously high (5.7 
mg/l). This Is supported by an Eh value of -85 mV 
although trace levels of oxygen (0.04 mg/l) are s t i l l 
present. 

Isotope geochemistry 

.18, The water is characterised by a 6 0 value of -11.57 
ppt and a 6 H value of -82.6 ppt; this confirms a 
meteoric origin to the water (Fig. S.6). The t r i t ium 
content is higher (19 TU) and the *̂C age (3475 
years) correspondingly lower than the previous shallower 
level sampled. 
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Uranium geochemistry 

The uranium content of 3.0 ppb is only s l igh t l y lower 
234 238 

than the previous level , although the U/ U 
ac t i v i t y r a t i o is more markedly reduced to 2.0. 

Sunmary 

The results from this level Indicate a water 
characterised by: 

- the presence of residual water from borehole ac t i v i t i es 
(aided by a negative piezometric head). 

- mixed water sources from within the borehole; this 
includes a considerably younger near-surface component. 

D r i l l i ng water contamination is indicated by a 
s ign i f icant Iodine content; a younger near-surface 
component is Indicated by a high t r i t ium value and 
further supported by the major ion chemistry ( I . e . higher 
Ca lower Na e tc . ) . The high uranium value of 3.0 
ppb would also suggest a near-surface water component. 
The high iron content is unusual and may ref lect the 
greenstone horizon which appears to be conducting the 
water. A l ternat ive ly , i t may be due to a reaction of the 
borehole water with the outer surface of the steel piping 
above the packers, which has subsequently leaked into the 
sampled section during pumping. This is supported by the 
low hydraulic conductivity recorded for the sampling 
section. The chemical composition of the water has 
remained uniform during the sampling period. 
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5 .1 .2 .3 . Level 410-412 m (approx. .349ra) 

The section Investigated I s comprised of the dark-grey 
migmatite. Only four isolated single fractures (5 nm 
wide) characterise the sect ion, intersecting the core 
axis at angles ranging froa 50 -60 ; pyr i te is the 
most readily 1 .identifiable i n f i l l i n g mineral phase 
pre.sent. More major fracture zones (up to 1 m wide) occur 
some 5 metres away at a depth of 417 m. 

Hydrology 

Hydraulical ly, th is level i-epresents the same sector as 
that of the preceding level (Fig. 5.11). The hydraulic 
conductivity Is 1.3.10" Pi/s and the hydraulic head 
Is -1.5 tts^res; the water flowing into th is level almost 
cer ta in ly has i t s source higher up in the borehole. 
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Figure 5.15: Schematic i l l u s t r a t i on of the calculated water 
budget for level 410-€12 a in borehole Fj4 
(Fjallveden). 1 « D r i l l i n g water; 2 " Gas- l i f t 
pumping; 3 » Hydraulic testing; 4 = Sarapllng; 
5 • Open-hole ef fect . 
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The lack of detailed infonnation on the hydraulic 
parameters introduces sone uncertainty into the water 
budget calculat ions, even though the fracture frequency 
within the level is representative of the measured 25 m 
section as a whole. The low hydraulic conductivity means 
that i t is the water sampling procedure which is 
responsible for the negative water budget, i . e . a l l the 
water introduced as a resu l t of the borehole ac t i v i t i es 
is removed before the water sample is taken (Fig. 5.15). 

Water geochemistry 

The laboratory pH recorded a value of 9.3. Na , 

Ca , Cl and HCO are present in similar 

amounts to those recorded for the uppermost leve l . The 
presencie of 4.3% l " s t i l l Indicates a signif icant 
amount of d r i l l i n g water. 

Redox-sensitive parameters 

The Eh value of -100 niV indicates a further increase in 
reducing conditions with depth. The Fe(II) is s t i l l high 
(6.5 mg/l) although the S ( - n ) has decreased somewhat 
from the previous level. The oxygen content is below the 
l imi ts of detection. 

Isotope geochemistry 

The stable Isotope values Indicate a meteoric or ig in to 
the water (F ig . 5.6); the presence of t r i t ium (12 TU) 
shows a s ign i f icant young component involved. The C 
data records a much older i^ater (5S35 years) than ei ther 
of the two previous levels. 
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Uranium geochemistry 

Only a small amount of uranium is present (0.63 ppb) when 

compared to the previous two levels; no isotopic data are 

available. 

Sunroary 

The results indicate that the sampled water is 
characterised by: 

- residual waters derived from borehole ac t i t i v i es . 
- a younger water component derived from a near-surface 

level . 
14 

- an older groundwater as suggested by the C data. 

I t would appear that the water budget prediction of a 
representative groundwater being possible from this level 
has not been realised. 

Because o f the low K-value and the geological features of 
the section, i t is almost certain that much of the water 
sampled originates from higher levels within the 
borehole. This is supported by the t r i t ium content and 

the high Fe(II) content, both of which characterised the 
14 preceding level . However,the C age of the water, 

the lote®r Eh values and the v i r tual absence of oxygen, 
would suggest a deeper groundwater component. 

Analytical trends In water composition during sampling 
(Laurent. 1983a), show a steady Increase in Ca , 

2 + 2 -
Mg ,S0. and conductivity, and a decrease in 
Na , HCO ~, C l ' and l " . This would suggest that 
the i n i t i a l groundwater sampled was gradually replaced by 
an increasing amount of shallower groundwater, s t i l l of a 
reducing character. 

..«»%/ 
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5.1.2.4. Level 496-498 m (approx. 420 m) 

The sampled section is located within a length of 
unfractured, fresh, dark-grey migmatite. The nearest 
s ign i f i can t fracture zone (40 cm in width and containing 
some f ive fractures) is at approx. 4S9 m depth and 
associated with a greenstone horizon. 

Hydrology 

This bedrock section is characterised by very low 
hydraulic conductivities (Fig. 5.11) near the l i m i t s of 
measurement. The calculation of the hydraulic head is 
therefore somewhat uncertain. The water volume Injected 
in to the bedrock frotn the borehole act iv i t ies probably 
corresponds to the fractured greenstone horizon located 
about 0.7 m below the sampled leve l . Calculation of the 
water budget, though not representative of the l eve l , i s 
i l l u s t r a t e d in Fig. 5.16. 

Groundwater geochemistry 

+ 2+ 
The pH of the sampled water is 8.4; Na , Ca , 
HCO and C l ' are a l l present in normal amounts for 
non-saline groundwaters. Low amounts of I ' (0.7 %) 
indicate the absence of any signif icant amounts of 
d r i l l i n g water. 

Redox-sensitive pararseters 

The presence of Fe ( I I ) , re lat ive ly high S ( - I I ) , and the 
general absence of oxygen together with an Eh value of 
-160 BW, Indicate the enost reducing mter measured from 
th is borehole. 
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Figure 5.16: Schematic I l l us t ra t ion of the calculated water 
budget for level 496-498 m in borehole Fj4 
(Fjallveden). 1 = D r i l l i n g water; 2 = Gas- l i f t 
pumping; 3 = Hydraulic test ing; 4 = Sampling; 
5 = Open-hole ef fect . 

Isotope geochemistry 

.18. 
The stable isotope data (6 o = -11.88 ppt and 6 H 
s -84.7 ppt) indicate a meteoric water origin (F ig . 5.6). 
Both the low tr i t ium content (6 TU) and the old age of 
the groundwater (6850 years) suggest a major port ion of 
old groundwater with a minor component of younger water. 

Uranium geochemistry 

The uranium content l ies below the level of detection 
(< 0.2 ppb); no Isotopic data are available. 

. £ ^ 
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Summary 

The results show that the sampled groundwater Is 
characterised by: 

- a general abŝ ence of d r i l l i n g water. 
- a minor component of younger, near-surface fefater. 
- a major, old groundwater por t ion, probably 

representative for the sampled depth. 

From hydrogeologlcal considerations, most of the sampled 
water must have cosie from sources other than the section 
of the borehole sampled. The two most l ikely sources are 
the borehole waters above and below the packed-off 
section. Analytical trends in water compostion during 

sampling (Laurent, 1983a) are very revealifig. These show 
a vary marked decrease within the f i r s t two days of 
sampling of Ma* (100 to 62 ng/1) , Ca * (21 to 13 
mq/1), Fe ( I I ) (3 .3 to 1.3mg/l), Cl ' (220 to 30 mg/ l ) , 

I 4.8 to P..2 %) and conductivity, and increases in 
HC0_" and SO, . This indicates that a limited 

J 4 

amount of old saline groundwater (which s t i l l retains 
some l ' from the i n i t i a l d r i l l i n g period) is Quickly 
removed from the section and increasingly repleiced by 
younger waters derived from higher levels within the 
borehole an'i uncontaralnated by d r i l l i n g water. 

5.1.2.5. Borehole sunmary and discussion 

Geological mapping and hydrological Investigations along 
25 m sections In the borehole (at one level more detailed 
measurements were made along 10 ra sections), have 
resulted in the sampling of groundwater from four levels. 
The most promising level (151-153 m), due to posi t ive 
head deviation, represents the intersection of the 
borehole with fracture Zone 3 (140-192 m); a less 
promising level was located a t 317-319 ra, and the lowest 
two levels were the stost doubtful. 
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The natural groundwater flow around the borehole is 
downviards; th is is evident at Zone 3 feihich records a 
marginal positive piezometric head. Otherwise the lower 
three levels show negative values along the measured 25m 
sections. In general, the water bu«!get calculations 
suggest that representative groundwater samples should be 
obtainable from al l four demarcated levels. However, only 
in the uppermost level (151-153 m) i s i t thought that the 
water budget values ( i . e . based on 25 m sections) are 
d i rec t ly applicable to the 2.7 m borehole lengths 
actually sampled. 

The hydrologic promise of the fracture Zone 3 level was 
not ref lected by the water chemistry which indicated a 
rsixture of water sources. The major water component Is 
thought to be a shallow reducing groundwater with 
signif icant amounts of residual water from the various 
borehole ac t iv i t ies . A younger, near-surface component is 
also indicated by the t r i t ium content. As pointed out 
above, groundwater snixing is probably inevitable within 
these deeply penetrating local fracture zones vihich must 
intersect and form conducting channels between di f ferent 
groundssfater environments. 

From the water budget calculations the second level 
(317-319 m) appears to be less promising because; 1) the 
fractured greenstone is mucJJ broader (5 m) than the 
sampled section, 2) an overall low K-value for the 25 m 
measured section and, 3) a negative piezometric head. 
This ^ a n s that there is a high probability that borehole 
water w i l l be pumped around the packers, i .e . d i rec t l y or 
via a suitable fracture network, to the sampling section. 
As the uppermost level Is characterised by a posi t ive 
piezosietric head and shallow groundwater composition, one 
snight expect such a composition to dominate the borehole 
water. However, the chemistries are suf f ic ient ly 
d i f ferent to show that the dotninant water in the borehole 
at the second level i s of a younger, near-surface water 
o r i g i n , and imist therefore have come f r m a higher level 
than the uppermost level sampled. 
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The two lowermost levels saispled are similar in that they 
are both characterised by K-values which are too low to 
resu l t in adequate volumes o f groundwater f o r sampling 
purposes. The effect of pumping is clearly seen froia the 
trends in water composition during sampling. In both 
cases there is a rapid response, after the f i r s t day or 
so, result ing in less saline groundwater of the satne 
composition, i . e . reducing sl^allow groundwater types 
s imi lar to those entering the borehole at level 151-153 m 
at the fracture Zone 3 intersect ion. I t would thus appear 
that these borehole waters are being leaked into the 
sampling section from around the packers. Tlie I n i t i a l 
more saline water removed (especial ly marked in the 
lowersiost l eve l ; very much ^se&ker in the overlying leve l ) 
probably gives some very qual i ta t ive idea of the tr??e 
grourtdwater composition at these levels, although ti^a 
high I content in both cases may denote a slgnlf icarat 
d r i l l i n g water component, Tte greater percentage of <2eep 
reducing groundwater at these two levels is reflecte<fi by 
lower t r i t ium and older ages derived from the C 
data than the Zone 3 level. I4oreover, the uraniuia i s 
present as low to trace asaou t̂s at both the lowermost 
leve ls , suggesting strongly reducing conditions. 

In susanary, the major groundwater types represented by 
borehole Fj4 are: 1) near-surface and shallow* ground 
waters of a young age, 2) Intermediate to deep old gT-ound 
waters (non-saline) and 3) tlse possibil ity o f very (feep 
old groundwaters (saline). Unfortunately, none of U^e 
groundi^aters collected from the four levels can be consi
dered truly representative. 

The uranium contents of the sampled waters from borea le 
Fj4 (tecrease with increasing depth. There i s a cka r 
dist ir tct lon between the two ^sppermost (3.66 and 3.03 ppb 
U) ansS the ti^o lowermost levels (0.63 and <0.2 ppb US. 
The analyt ical contents, together with the tSieorstical Eh 
values calculated for the I rmi system, are presented In 
Table 5.5 and Figure 5.17. The figure also contains 
theoretical uranium so lub i l i t y curves calculated fro® 
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crysta l l ine and amorphous U0_ for a pH pf 8.1 which Is 
Z t 

reasonably representative for the Waters from the 
borehole Fj4. All four m*.er compositions p lot wi thin the 
uranium solubi l i ty boundaries. 

Table 5.5: Uranium content and theoretical Eh values of the 
groundwater from borehole Fj4. 

Level 
(metres) 

151 - 153 
317 - .319 
410 - 412 
496 - 498 

Uraniura Content 
(ppb) 

3.66 
3.03 
0.63 

< 0.2 

Cal culated Eh 
(BlV) 

-120 
-130 
-150 
-260 

LOG 
SOLUBILITY 

-10 -

-15 -

-300 
1 • 1 

O 

OXIDATION (K7TENTIAL imVl 

«300 

pH=8.10 

A « M 5 3 

a v,i-in 
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Figure 5.17: Plots of uraniura contents (expressed as log (mol/ 
l i t r e ) ) and the calculated theoretical Eh values 
of groundwaters collected from broehole Fj4. The 
values are plotted wi th respect to theoretical 
uranium solubi l i ty cur^/es calculated for 
amorphous (lower s t ab i l i t y l imi t ) and crystal l ine 
(upper s tab i l i ty l im i t ) UO at a pH of 8.10. 

M ? a / 
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5.1.3 Bofehole Fj8 

Borehole Fj8 (borehole length 731.80 m and ver t ica l depth 
615 m) was d r i l l ed at 60 to Investigate the underlying 
bedrock mass; there were no surface geophysical 
indications of any large scale structural weaknesses 
within the near-vicinity of the borehole. The d r i l l e d 
bedrock was generally weakly fractured and no crush zones 
were encountered. 

Typically for the Fjallveden area, the dominant rock-type 
is migmatite (95 % of borehole length) containing up to 6 
granite gneiss horizons (2.7 % of borehole length; max. 
thickness 7.45 m) and several zones of amphibolitic 
greeiistor.e (2.3 % of borehole length; max. thickness of 
2.70 m). The greenstone occurs throughout the d r i l l e d 
length whilst granite gneiss tends n»stly to occur at the 
very top or at depths greater than 500 ra. 

The average fracture frequency/snetre for the to ta l 
borehole is 1.9 fractures/metre. Of the individual 
rock-types, granite gneiss exhibits the greatest 
frequency/metre (7.0), followed by the greenstone (4.3) 
and las t l y the migmatite (1.7) . Figure 5.16 shows that 
zones of higher fracture frequency occur between 460-480 
m and around 660 rn and 690 m, a l l of which can be 
explained by horizons of granite gneiss. 

Hydrologically, borehole Fj8 penetrates a groundwater 
t ransi t ion zone thereupon the direction of flow changes 
from downward-penetrating to upwards (Fig. 5.18). On the 
section I l lus t ra ted In Figure 5.18, the downward f low is 
directed towards the borehole. Considering the s i tuat ion 
In three disnenslons, the flow i s towards Zone 10 ( i . e . 
Inwards through the plane of the section which i s 
Inclined towards the plane of the section. The hydraulic 
ftead along the borehole i n i t i a l l y drops rapidly frosj 59 
ssetres above sea-level at the bedrock surface doun to 2(W 
snetres; after th i s the drop Is sBore gradual resul t ing in 
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Figure 5.18: The groundwater flow-pattern and isopotentials 
within a vertical section along borehole Fj8 
obtained frtgi numerical modelling (modified after 
the nuiBsrical modelling of the Kemakta Consulting 
Co). 
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Figure 5.19: Hydrogeologlcal characteristics of borehole Fj8. 
a) Fracture frequency ( fo r 10 m sections) and the 

cisulat ive frequency of fractures 
b) Hydraulic conductivity 
c) Piezometric head distr ibutions and hydrostatic 

head in the borehole 
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a head of about 54 metres above sea-level at the 
bottom of the borehole. The natural piezometric heads 
derived froai the hydraulic test ing are i l lus t ra ted in 
Figure 5.19; i t is noticeable that the head gradient. 
along the borehole is much greater than that obtained 
from the numerical modelling. The measured results are 
confirmed by detailed inject ion tests and also by 
multi-packer piezometric measurements (Ahlbom et al 
1983b). These somewhat surprisingly low hydraulic heads 
are Interpreted as having been caused by highly 
conductive layers of granite gneiss which intersect the 
boreholes (Ahlbom et al 1983b). 

5.1.3.1 Level 470-472 m (approx. 402 m) 

The sampled section core is characterised by dark-grey 
migmatite containing some 10 single fractures (average of 
5 nm wide) distr ibuted fa i r l y evenly along the section. 

These fractures Intersect the axis of the borehole a t 
angles ranging from 24 to 50 ; the main i n f i l l i n g 
mineral phases are calcium, ch lor i te and pyr i te. 

Hydrology 

The sampled level represents a section of the borehole 
characterised by increased hydraulic conductivity; a t 
greater and lower levels the bedrock records very low 
K-values ( F i g . 5.19). The unusually low hydraulic head 
results in a signif icantly marked open-hole effect even 
though the K-value (1.2.10" rn/s) is not especially 
high. The various Influencing ac t i v i t i es and the 
calculated ss«iter budget for the level are presented In 
Table 5.6a and Figure 5.19. The values quoted in Table 
5.6a are believed to be an over-estimation because the 
K-value of the sampled level i s supposed to be lower than 
the measured value. I t is highly probable that the raost 
conductive par t of the 25 ra section is represented by the 
5 m horizon o f granite gneiss located outside the saapled 
area ( I .e. 2 m below). 
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Figure 5.20: Schematic i l l us t ra t i on of the calculated water 
budget for level 470-472 m in borehole Fj 8 
(Fjallveden). 1 = Dr i l l i ng water; 2 = Gas-l i f t 
pumping; 3 = Hydraulic test ing; 4 = Sampling; 
5 = Open-hole ef fect . 
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From the overall water budget (Fig. 5.20) i t can be seen 
that the open-hole e f fec t plays an important r o l e , 
although the indications are that the contaminating 
Influence of a water In f lux from the borehole in to the 
sampled zone is removed whilst sampling, especial ly 
during the la t ter part of the sampling period. 

Water geochemistry 

The sampled water (Table 5.6b) has a pH of 8.6; the 

contents of the major anions HCO." and C l " , and 
+ 2+ 3 

cations Na and Ca , are generally lower than the 
previous two dr i l lho les although s t i l l character ist ic of 
non-saline groundwaters. Signif icant iodine (5.5 % I ) 
indicates a d r i l l i ng water component. 

Redox-sensitive parameters 

Signi f icant amounts of Fe ( I I ) , an Eh value of -110 siV, 
and low 0 (0.02 mg/ l j , indicates a reducing 
environment. 

Isotope geochemistry 

18 ? 

The 6 0 and « H isotopic values (-11.21 ppt and 
-79.3 ppt respectively) confirm a meteoric water source 
(Fig. 5.6). The C data indicates an age of some 
3980 years, whereas the t r i t i um analysis gives 8 TU 
indicating an appreciable portion of younger, near-
surface water. 

Uranium geochemistry 

The amount of dissolved uranium is 1.10 ppb (DMA) and 
0.90 ppb (alpha-spectrometry) with an ^^ u / U 
ac t i v i t y rat io of 3.5, Indicating widespread 
disequil ibrium. 
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Summary _ • 

The results show that the sampled water is characterised 

by: 
- a considerable portion o f d r i l l i n g water ( i . e . 5.5 mg/l 

I " ) . 
- a portion of young, near-surface water ( i . e . generally 

14 
low C age and moderate tritium content). 

These observations might fee explained by the low 
hydraulic conductivity of Zhe sampled secton; i t i s 
doubtful as to whether adequate «<ater was available from 
the packed-off bedrock section. As a consequence, a large 
portion of borehole water (o f a shallow, younger or ig in) 
containing residual d r i l l i n g water has been leaked past 
the packers during sampling. 

5.1.3.1. Level 666-668 in (approx. 562 ra) 

The stapled section is contained within a 7.5 ra thickness 
of f1ft«-grained, grey granite gneiss. Apart from one 
marked fractured zone (25 era wide and comprising 5 
fractures) the section is characterised mostly by single 
fractures (a total of 5) approximately 5 srw in width. The 
fractures Intersect the plsne of the borehole at angles 
ranging from 30 -45 , and the main mineral f i l l i n g 
phases are ca lc i te , ch lor i te and py r i te . 

Hydrology 

The ssiopled section represents part of a 25 m borehole 
length characterised by a high }\ydraul1c conductivity 
(K»1.9.10' @/s). For such depths th is is an 
unusually high value and, as clenrly shown by the 
detailed injection tests, i s causes! by the presence of 
granite gneiss horizons (Alilbom et al 1983b). 
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The combination of a low hydraulic head and a high 
K-value results in an extreme open-hole ef fect as 
i l l us t ra ted in Figure 5.21. From a sampling point of 
view, the Figure shows that very long sampling pump times 
are necessary to remove a l l contaminating waters. This 
condition has not been fu l l f i l l ed , and so the water 
sampled from th is level should represent a mixturg of 
water types from dif ferent sources. 

Wa te r geoc hem1s t r y 

The sampled water records a pH value of 8.9; the contents 
of the major anions HCO.' and C l ' , and cations 

+ ;?+ 3 
Na and Ca ' , ere similar to the above-described 
l e v e l . Although the l " content i s lower C4.7 %) i t 
s t i l l represents an appreciable portion of d r i l l i n g 
water. 

Water volume (m) 
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Figure 5 .21: Schematic I l l us t ra t i on of the calculated ^mter 
budget for level 666-568 m in boretiole FJ 8 
(Fjal lveden). 1 » D r i l l i n g water; 2 ° 6as-11ft 
pumping; 3 •» Hydraulic test ing; 4 s Sampling; 
5 » Open-hole ef fect . 
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Redox-sensitive parameters 

The presence of 3.2 mg/l Fe( I I ) and the absence of any 
signif icant oxygen indicate reducing conditions. This is 
further supported by an Eh value of -140 mV. 

Isotope geochemistry 

18 
The stable isotope data (-11.16 ppt 6 0 and -77.8 
ppt 6 H) Indicates a meteoric water origin (F ig . 5.6). 14 . 3 ^ 
The C data signif ies an age of 3975 years and the 
t r i t i um content (10 TU) suggests a younger, near-surface 
water component. 

Uranium geochemistry 

A s l ight ly lower dissolved uranium content (0.43 ppb by 
DNA, 0.60 ppb by alpha-spectrometry) end a s l i gh t l y 
higher U/ U act iv i ty ra t io (3.8), 
distinguishes this sampled level from the previous one. 

Summary 

Apart from minor differences In pH, and the contents of 
Fe ( I I ) , uranium and l ' , the water from this level is 
similar to that described previously. The water budget 
ii^dicates a very large open-hole effect due to the low 
piezometric head and high hydraulic conductivity. The 
sampled water thus represents the borehole water which 
has previously penetrated the fractured horizon, and con
sequently is similar in type to that from the upper 
horizon. 
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5.1.2.5 Borehole summary and discussion 

On the basis of geological and hydrological 
invest igat ions, two levels were selected fo r water 
sampling purposes. In both cases the hydraulic properties 
measured and described are influenced to a major degree 
by the granite gneiss horixons. These are generally 
highly fractured, and are believed to oxtend for 
considerable distances into the bedrock paral le l to the 
regional structural trend, i . e . usually along the 
isocl inal fo ld axes. 

The hydrological data generally Indicate a re la t i ve ly 
strong downward grGmd^ater gradient around the v ic in i ty 
of the borehole. Measurements from the two borehole 
levels indicate a very low piezometric pressure. This 
feature combined with a low hydraulic conductivity within 
level 470-472 m, has resulted in a l imited water Inf lux 
into the bedrock during open-hole conditions, although 
the water budget calculations indicate that th is should 
be adequately removed during the i n i t i a l stages of 
sampling. For the lowermost level at 666-668 m, the low 
pieztMiietric head in combination with a high hydraulic 
conductivity has resulted in a considerable water inf lux 
into the fractured bedrock horizon. The water budget cal
culations show that only a small fraction of th is water 
is removed by gas - l i f t pumping and pumping pr ior to 
sampling. The saimpled water frwn this zone should 
therefore represent a mixture of water types from 
di f ferent sources. 

The chemistry of the water sampled frora the two levels Is 
es,sentia1 ly the same, i . e . shallow groundwater type, 
often characteristic of that associated wi th the local 
fracture zones. This suggests the poss ib i l i ty of a 
hydraulic connection from the borehole to a local 
fracture zone - BJOst l i ke l y Zone 8 (Fig. 5.2) . The most 
obvioys connection is via the granite gneiss horizons 
which, as pointed out above, are usually f ractured, 
highly conducting, and can be traced for considerable 
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distances paral lel to the regional structural t rend. 
Because of the negative piezometric head present at both 
levels, appreciable quantities of d r i l l i ng water are also 
present wi th in the sampled waters. 

In conclusion, the waters represented in borehole Fj8 
comprise: 1) a residual d r i l l i n g water component, 2) 
reducing shallow groundwaters possibly originating in a 
nearby local fracture zone, and 3) a young, near-surface 
component which may partly represent the d r i l l i n g water 
source. 

The uranium content of the waters collected at the two 
levels indicate a decrease with depth. In Table 5.7 and 
Figure 5.22 the analytical uranium content and the 
theoret ical ly calculated uranium solubi l i t ies for both 
crysta l l ine and amorphous UO at a pH of 8.1 and 9.3 
are presented and plotted as a function of Eh. Both water 
compositions plot along the crysta l l ine UO so lub i l i t y 
curve at a pH of 9.3. 

Table 5.7: Uranium content and theoretical Eh values of the 
groundwater from borehole Fj8. 

Level Uraniura Content Calculated Eh 
(metres) (ppb) (mV) 

470 - 472 1.10 -240 
666 - 668 0.43 -320 



122 

0 -I 

- 5 

LOG 
SOLUBILITY 

-10 -

15 

pH=9.50 

4 i70-1.72 metres 
•J 666- 665 iaeires 

-300 
r , 

0 

OXIDATION POTENTIAL (rnV) 

+ 300 

Figure 5.22: Plots of uranium contents (expressed as log 
(BK)l / l i t re)) and the calculated theoretical Eh 
values o f groundwaters collected from borehole Fj8 
(Fjallveden). The values are plotted with respect 
to theoretical uranium so lub i l i t y curves 
calculated for amorphous ( lov^r s tab i l i t y l i m i t ) 
ami crysta l l ine (upper s tab i l i t y l im i t ) UO at a 
pH of 8.10 and 9.3. 
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5.2 GideS 

The Gidea tes t -s i te is situated In the county of 
?.ngermanland about 480 km north of Stockholm and 
approximately 10 km from the Balt ic coast (Fig 1). The 
coastal areas of this region re f lect the highest land 
isostatic u p l i f t evidenced In Sweden. This has helped to 
produce a markedly undulatory topography which tends t o 
plane out northwards. The Gidea test-s i te i s located on a 
f l a t plateau area enclosed by major fracture-dependent 
valleys orientated in a north-westerly d i rect ion. The 
differences in alt i tude in the area are relat ively small 
varying between 80 m and 130 ra above sea-level (Fig 
5.23). 

The regional geology has been recently described by 
Lundqvist (1980); resulting from SKB investigations 
carried out in the years 1981-1983 the detailed geology 
of the Gidea test-s i te area has been described by Albino 

^et al (1982) and later susranarised by Ahlbom et al 
(1983c). A map of the Gidea tes t -s i te area shoeing the 
general topographic features and the main structural 
zones of weakness is i l l us t ra ted In Fig 5.24. 

The geology of the area is dominated by Precambrian 
migmatitic sedimentary gneisses formed during the 
Svecokarelian orogeny some 1800-1900 Ma. Metre wide dykes 
and more massive pegmatite bodies traverse the region In 
an eastwest d i rect ion, as do younger doler i te dykes 
(approx. 1200 Ma) which are nrostly < 1 n»tre wide; larger 
dykes are often composite. The gneisses are unevenly 
migmatised due to primary compositional differences and 
local melting has resulted in the formation of Irregular 
bodies of migmatised granite (granite gneiss). These tend 
to be orientated parallel to the regional structural 
trend. 

The veined sedimentary gneiss Is usually grey in colour 
and fineto medium-grained in texture comprising on 
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Figure 5.23: The GideS t e s t - s i t e . A: Topographic p r o f i l e 
across the s i t e , B: Hypsographic curve 
showing al t i tude characterist ics. 

average 56 % quartz, 19 % b i o t i t e , 13 % plagioclase and 6 
% ralcrocline (In vol %). Sulphides in the form of py r i t e 
and pyrrhot i te are sporadically present as aggregates or 
fracture f i l l i n g s ; disseminations and th in enrichnrents 
parallel to the regional f o l i a t i on also occur. 
Distributed throughout the gneiss are lenses, schlleren 
and Irregular bodies of varying mineralogical composition 
which usually represent fragments of the original 
sed1iT»nt; these also trend paral le l to the regional 
structures. The schlstoslty varies with the degree of 
raiginatisation and appears as a paral lel orientation of 
b io t i t e ; the fo l ia t ion is in a general north-easterly 
direction with a shallow dip of about 10*'-30° towards 
the north-west. 
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As a result of some 24 shallow percussion boreholes ( t o a 
maximum depth of 153 m) and 13 (teep cored boreholes ( t o a 
maximum depth of around 700 m) the granite gneiss is 
estimated to comprise some 6 % of the tota l bedrock 
volume and consists of almost horizontal horizons 
parallel to the regional f o l i a t i o n . I t i s typically grey 
In colour and Bediura grained. 

Structural ly the GideS area is enclosed by near-vertical 
regional fracture zones str ik ing west-north-west and 
north-west (Fig 5.24). As estimated from geophysical data 
the former zones are extensive varying in width in excess 
of 100 m; the la t ter zones are generally smaller (50-100 
m). Within the Investigated area only local fracture 
zones are present, i .e . those of 15-20 m and 5-15 m i n 
width (Fig 5.24). These have been interpreted from aer ia l 
photography, surface geology and geophysics, and shallow 
and deep dr i 11 Log. As a result 11 fracture zones have 
been located with an average width of 11 m; the mutual 
distance between these local zones ranges from 400-800 m 
and the general dip varies from 30 -90 to the 
horizontal. Down to depths of 100-200 m there exist 
horizontal tensional release j o i n t s ; at greater depths no 
further horizontal fracturing has been observed. The fsost 
commonly occurring fracture i n f i l l i n g mineral phases are 
ca lc i te , ch lo r i t e , laumonite, pyr i te and clay minerals 
such as smectite and i l l i t e . 

Fracturing in the bedrock blocks separating these local 
fracture zones have been mapped from outcrop and 
dri11 cores. Surface fractures have two dominant 
direct ions, north and north-east. The la t te r trend is 
parallel to the regional fo l ia t ion exhibited by the 
gneiss. The frequency of fractures longer than 0.5 ra on 
the outcrops Is 1.2 fractures/metre. 
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Figure 5.24: Topographic mp o f the Gidel test-site area 
showing the aaire structural zones of 
weakness and the location of the 13 (Gi 1 
to GI 13) cored Bsoreholes (After Albim) e t 
«1 1982). 



127 

The fracture frequency variation with depth in the rock 
mass is greater than 4.0 fractures/metre down to 400 m; 
below 500 m i t decreases markedly to 2.0 fractures/metre. 
The higher fracture frequency of the dril lcores as 
compared to the outcrop measurement i s due to the fact 
that the frequency of horizontal fractures ( i . e . 
tensional release jo ints) has been underestimated frora 
the outcrops. The dri 11 core fracture frequency also 
comprises a l l fractures irrespective of length; from 
outcrop measurements a l l fractures less than 0.5 m have 
been neglected. 

The variation o f fracture frequency of the various 
rock-types, i n order of decreasing frequency, is dolerite 
(20.6 fractures/metre), granite gneiss (7.4) and f ina l ly 
veined gneiss (4.2). 

Hydrologically the (Jidea site Is located on the water 
divide between two drainage areas. The northern part 

drains to the north-east into the Husan stream (catchirtent 
2 

area of 579 kra ) and the remaining area drains to the 
2 west into the Gjde r iver (catchment area of 3425 km ); 

drainage In both areas is via a system of siaall streams 
and both the KusSn and Gide rivers ultimately drain into 
the Bal t ic . The site area contains minor local discharge 
areas in the low-lying parts, usually characterised by 
peat bogs. 

The water balance of the GideS site for the period 
1951-1980 has been calculated to: 

Adjusted precipitation 765 *_ 25 m/year 
Actual evaporation 410 _+ 25 miyear 
Run-off ^ 345 *_ 10 miyear 

The annual precipitat ion exceeds the sum of the actual 
evaporation and run-off by about 10 ma which corresponds 
to 3 % of the run-off. This my be a function of the 
uncertainty caused by the estimated basic values and 
should thus be regarded as acceptable. Groundwater 

. 0 % / 

\ 
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drainage outside the boundaries of the test-s i te is 
considered to be negl igible. The major portion of the 
run-off is circulated in the soi l horizon and the 
uppermost part of the fractured bedrock. In the numerical 
modelling of the groundwater flow in the Gidea test-s i te 
the groundi^ater percolation rate to the bedrock has been 
calculated to approx. 75 tm/year (Carlsson et al 1983). 

The main period of groundwater recharge in the region 
occurs in the Spring resulting in the largest groundwater 
level d i f ferent ia l of the year. A minor period occurs in 
the Autumn due to low evaporation in combination with 
precipitat ion on the ground which has not yet become 
impermeable due to freezing. The groundwater temperature 
in Sweden tends to be uniformly low; at depths of 5-10 ra 
i t generally coincides with the annual mean air 
temperature which at Gidea is jus t below 5 degrees C 
(Knutsson and Fagerlind, 1977). 

In general, the p ro f i le of the groundwater table reflects 
on a much smoother scale the topographical re l i e f . In the 
Gidea area the groundwater table is located 1-3 m below 
the ground surface although in the more h i l l y parts and 
adjacent slopes the groundwater level depth can be in 
excess of 10 m. As a consequence the groundwater level at 
GideS varies between 85-120 ra above sea-level. The 
groundwater level p ro f i le is dome-shaped, highest in the 
centre of the site area and fa l l i ng of f towards the 
marginal boundaries. The greatest gradients are towards 
the eastern depression which contains the Husan. 

t . 5 ^ ^ 
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5.2.1 Borehole Gi 2 

Borehole Gi 2 was dr i l led at 60 to a vert ical depth of 
510 ra (borehole length of 705 m) in order to confirm the 
presence of local fracture Zone 1 at depth (Fig 5.24), 
earlier indicated by the near-surface percussion 
d r i l l i n g . In addit ion, more iriformation was required to 
adequately describe the occurrence of narrow dolerite 
dykes which outcropped just north of the d r i l l i ng s i t e . 
As a result of d r i l l i n g fracture Zone 1 was located 
between 309-335 m; furthermore, more minor crush zones 
were encountered at depths of 100 ra, 199-202 m, 462-505 m 
and 541-643 m. Dolerite dykes were Intercepted at depths 
of 223-224 m and 398-426 m; In both cases the dykes were 
associated with fracture/crush zones. At 100 m depth 
artesian water was encountered. 

The dominant rock type traversed by the borehole is 
migmatitic veined sedimentary gneiss (81.5 length %) 
followed by migmatite granite gneiss (10.0 length %), 
pegmatite (5.0 length %) and f inal ly doler i te (3.5 length 
%). Essentially the borehole section is comprised of 
veined gneiss with more minor horizons of granite gneiss 
(2-20 ra in extent) , up to 28 pegmatite zones (to a 
maximum thickness of 11.5 m), and 8 doler i te dykes mostly 
ranging in thickness from 0.35-2.45 m although one 
recorded 11.5 m. More massive thicknesses of these 
subordinate rock types tend to occur below 400 m. The 
number of fractures/nsetre recorded for th i s borehole was 
anomalously high for the area (7.38). The veined 
migmatite gneiss recorded the lowest fracture frequency 
(5.74); th is was superceded by the pegmatite (7.37), 
migmatite granite gneiss (10.89), and l as t l y dolerite 
(36.10). The doler i te can be considered completely 
crushed. I .e. an average value of 50 fractures/metre. 
Related to depth the fracture frequency is uniformly high 
(average of around 8-10 fractures/metre) with the highest 
values (15-25 fractures/metre) being recorded between 
400-600 m. 
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The doler i tes are usual ly partly altered to ch lo r i te and 
the most consnon fracture f i l l i n g Hiiseral phases 
regardless of rock-type are ch lor i te , ca l c i t e , pyr i te and 
laumonite. 

The groundwater flow-pattern in the v ic inty of the 
borehole, derived from the numerical modelling of the 
groundwater flow at the GideS s i t e by Carlsson et al 
(1983), is n iustrat f rd by a vert ical section In the same ^ 
plane as the direction o f the borehole (Fig 5.25). Tlse 
borehole is located near the eastern (non-flow) boundary 
of the modelled area, and therefore the calculated 
groundwater flow is to some extent influenced by tSils. As 
I l l us t ra ted by Figure 5.25 the grounikater flow tha t 
comes in contact with the borehole is directed tot^ards 
fracture Zone 2; there also exists a directional 
component along the Zone towards the north. I .e. 
perpendicular to the plane of the pajter. 

The modelled head p r o f i l e , i l lus t ra ted in Figure 5-26c, 
together with measured ?ieads from the hydraulic test ing 
along 25 m sections, shows an Increasing piezometric head 
of 1 ra frora the surface t o a depth of 50 s implying that 
the upper bedrock horizon constitutes a discharge area; 
this i s supported by t i ie artesian feiater encountered at 
approx. 100 ra during d r i l l i n g . Down to a cfepth of 400 ra 
the head decreases frosj 107 to 102 ra above sea-level; at 
greater depths i t is alitiost constant. The ^asured head 
pro f i le Is in general agreement wi th these values, 
s ign i f icant deviations only occurring dt ^0-530 m along 
the borehole whereupon values are much lots^r. A 
qual i ta t ive estimation of the flow directions for the 
c i rcu la t ing groundwater I n the borehole, together arlth 
the calculated water budget result ing from the various 
borehole ac t i v i t i es , i s ccwpiled i n Table 5.8a. 

The hydraulic condiatlwlty (Fig 5 . ^ ) in ^ te boreholes is 
predictably high (arou^ 1.10' m/s) in the upper 
part o f the borehole before decreasing marfeedly at app-
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Figure 5.25: The groundwater flow-pattern and isopotentials in 
trie vicinity of borehole Gi 2 i l lustrated by a 
vertical section in the samle plane as the 
direction of tfse borehole (modified after the 
numerical modelling of the Kemakta Consulting Co). 
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Figure 5.26: Hydrogeologlcal characteristics of borehole GI 2. 
a) Fracture frequency (for 10 m sections) and the 

cuEulative percentage of fractures 
b) Hy^aulic conductivity 
c) Piezciiietric S»ead distributions and hydrostatic 

head In the borehole 
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Tabio 5.8a: Measured h y d r a u l i c p a r a m P t ^ r s and c a l c u l a t e d water b u d g e t v a l u e s of Che v a r i o u s I n f l u e n c e s d u e to borehole 
a c t i v i t i e s a t t h e water s^so^led levels i n b o r e h o l e Gi 2 - • 

!.evel 

(m h o l e 
l e n g t h ) 

K-vaiue 

(m/s) 

« r i i 
t l t v i a t i o n * 

(m) 

Flow ( f i r e c t i c o 
( b o r e N o I c trends) 

Dr i 11 ing 
w . l t e r (») 

, 3, 
(m'') 

C a i i - l i f t 
p u n p i n g ( - ) 

, 3 
(m-") 

Rydraul ic 
t e s t i n g ( • ) 

, 3, 
(m-") 

Open h o l e e f f e c t . 
b e f o r e s amp l ing (» ) 

, 3 , 
( o ) 

Saopled water 
b e f o r e ana ly 
s i s ( - ) 

, 3 , 
( o ) 

i ; s - i eo 

328-330 

iQO-402 

544-546 

602-604 

1.3-10 

s l b - i o - ' ^ 

i .o-io- '" 

2 . r . o - " 

4 , 5 - 1 0 - ' l 

•1 .6 

-3 .5 

- U . O 

-0 .5 

-0 .4 

0 . 6 1 

0 . 0 0 4 

0 . 0 0 4 

0 . 0 0 1 

0 . 0 0 1 

0 . 1 5 

'O .OOl 

' O . 001 

<t>.001 

'.O-OOl 

0-055 

'O.OOI 

' 0 . 0 0 1 

' 0 . 0 0 1 

< 0 . 0 0 l 

- 8 . 5 

0 . 0 1 5 

0 . 0 5 5 

0 . 0 0 1 

0 . 0 0 1 

7 .7 

2 . 6 

2 . 3 

2 . 0 

3 . 5 

* i 5 ID s e c t i o n ; head dev ia t ion f r o a h y d r o s t a r i c head in t h e b o r e h o l e ( i s sae t re of, w a t e r ) . 

Table 5 . 8 b . 

' r ^ , _ » I - ^ . ' : J ( = j / . 

1 ' - : : t H : : : ; 

' = 5 - ; ' •-ig;:) i - v / ; . • « « . : » 

rox. 300 sn; only around 400 m does the conductivity 
-9 temporarily Increase to 1.10 m/s. 

5.2.1.1 Level 178 - 180 ra (approx. 157 m) 

The sampled level Is located within a section comprising 
3 different rock types. The dominant rock is the veined 
migajatite gneiss which is traversed by a coarse pegmatite 
(approx. 50 ca thick); a s^all thickness of granite 
gneiss constitutes the lower part of the section. The 
fre<juency of fracture zones is high ranging In width from 
10 to 30 csj; a 30 ca wide crush zone (50 fractures/metre) 
is also present. These fractures Intersect the axis of 
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the core at angles ranging from 20 to 90 and the 
I n f i l l i n g nrineral phases include chlor i te, c a l c i t e , 
epidote, pyrite and laumonite. The main concentration of 
fractures occurs at the lower part of the section were 
the corJtacts between the veined gneiss/ pegmatite/ 
granite gneiss are present. 

Water volume (m) 

Gi 2: 178-180 m 

T 1 
1 9 83 19 8 4 

Figure 5.27: Schematic i l l us t ra t i on of the calculated 
water budget for level 178-180 ra In 
borehole Gi 2 (GideS). 1 = D r i l l i ng water; 
2 = Gas- l i f t puraping; 3 » Hydraulic 
testing; 4 » Sampling; 5 » Open-hole 
ef fect . 

.ft'*>^j33"C'^:fVi'^"V"';?^'."'-
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Hydrology 

The water injection tests conducted along 25 m and 10 m 
sections of t?ie borehole indicate that the sampled 
section coincides with a tiater-conductlng horizon. From 

-7 
the 25 K section a bydraulic conductivity of 1.3.10 
pi/s was calculated which is considered normal for this 

depth. The piezcMtric head is determined to 1.6 m above 
hydrostatic head In the borehole; the 10 m section 

measurement doubles th is value. Overall, these hydraulic 
characterist ics result in a water budget (Fig 5.27) which 
gives good reason to believe that a representative 
groundwater sample should be possible from th is leve l . 

Vater geochemistry 

The sasnpled groundwater (Table 5.8b) is characterised by 
a pH of 8.8 and nonaal amounts o f the major cations Ha 

2 + • - -
and Ca and anions HCO and Cl that would be 
expected for non-saline groundwaters in Swedish 

crys ta l l ine rocks (Table 5.1). Iodine is very low and 
probably represents background levels ; this would infer 
minimal mixing with d r i l l i n g waters. 

Redox-sensitive parameters 

Only low amounts of S ( - I I ) and Fe( I I ) are present; an 
overall reducing environment is Indicated by an Eh value 
of -90 niV and a general absence of oxygen. 

Isotope geochemistry 

18 2 
The groundwater Is characterised by 6 0 and 6 H 
values of -12.62 ppt and -90.4 ppt respectively which 
indicate a sateoric o r ig in (Fig 5 .6 ) ; radiocarbon data 
are not available from th i s horizon. The background 
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t r i t i um value (<3 TU) shows an absence of mixing with 
younger surface and near-surface waters. 

Uranium geochemistry 

Dissolved uranium contents by both methods give low 
?34 238 

values (0.20 - 0.23 ppb); the U/ U act iv i ty 
rat io records a value of 7.7 which Indicates widespread 

disequilibrium in the groundwater. 

Sur̂ nary 

The results show that the sampled horizon is 
characterised by groundwaters which appear to be 
representative for shalloi^ groundwaters of a mildly 
reducing character. There Is no indication that d r i l l i n g 
water or younger more sur f i c ia l water are present In 
s igni f icant quantit ies. This i s supported by the 
hydrological data which recorded a positive piezometric 
head and resonable hydraulic conductivity for this 
horizon. From the water budget calculations the small 
amount of d r i l l i n g water Introduced into the bedrock was 
quickly removed by open-hole effects as determined by the 
bedrock hydrology. No signi f icant variation in the 
pt^sico-chemical parameters of the water during the 
sampling period t*ere observed. 

5.2.1.2 Level 328 - 330 m (approx. 288 m) 

The bedrock present within the sampled section length 
represents the contact between brecciated veined gneiss 
and pegjsatite. The section is thus highly fractured and 
conta^ins three crush zones varying in width from 2 to 17 
cm. Single fractures and composite fracture zones (10-15 
cai wide and containing 4 and 6 fractures respectively) 
constitute the remaining port ion of the section. The 
fractures intersect the axis of the core at angles 



136 

varying from 40° to 90 and the dominant i n f i l l i n g 
minerals Include laumonite, ca lc i te , ch lor i te , and 
muscovite; the fractures are coiranonly weathered. The 
fractur ing exposed along th i s section forms part of the 
much larger local fracture Zone 1 which extends from 
309-335 m. 

Hydrology 

The hydraulic conductivity oif fracture Zone 1 is 
-10 

estimated to be 6.5.10 m/s. Although the 
conductivity across the total width of the Zone Has not 
been measured in de ta i l , i t i s clear that the sampled 
section is located in a re la t ive ly conductive part . The 
hydraulic head determined from the 25 m section tes t is 
calculated to -3.5 metre of ^ater and to -1.6 m using 

measurements along a 10 m sect ion. The hydraulic 
characterist ics and the calculated water budget values 

compiled in Table 5.8 imply tha t the influence from the 
borehole ac t iv i t ies art^jery ss^all. The movement of 

groundwater in the borehole du& to open-hole effects is 
downwards (alrsiost certainly i n part from the higher 

sampled level at 178-180 in), and enters the sampled 
horizon whereupon i t i s quickly removed during g a s - l i f t 
pumping and pusnping pr ior to sampling. The water sample 
should therefore be representative and uncontasninated. 

Water geochemistry 

The sampled groundwater has a pH of 8.8; of the major 
cations (Na and Ca ) and anions (HCO ~ and 
Cl ) there are no differences from the previous higher 
level and the water shows no s igni f icant d r i l l i ng water 
component (0.2 % l " ) . 
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Water volume (m) 

U -

2 -

Gi2: 323-330 m 

1 2 5 3 5 2 

-2 
19l|8 2 19 8 3 1 9 8 t 

41 5 

Figure 5.28: Schematic i l l u s t r a t i o n of the calculated 
water budget for level 328-330 m in 
borehole Gi 2 {Gi<§el). 1 = Dr i l l ing water; 
2 = Gas- l i f t pumping; 3 * Hydraulic 
testing; 4 = Sampling; 5 -- Open-hole 
effect. 

Redox-sensitive parameters 

In comparison with the higher stapled level only Fe( I I ) 
shows an Increase to 0.59 mg/l; S( - I I ) i s similarly low 
and no oxygen was recorded. A rodsderately reducing 
environment i s indicated by a Ehi value of -60 mV. 

Isotope geochemistry 

18 2 
A meteoric or ig in Is indicated by the 6 0 and <5 H 
values of -12.57 ppt and -90.1 p^t respectively. The 
radiocarbon data recorded an age of 6445 years; this 
together with background t r i t l u s valets (<3 TU) show tha t 
there is no major young water c<^poneint involved. 

Uranium geochemistry 

The dissolved uranium content r&sigei from 0.12 - 1.13 ppb 
and the ^^*u/'^®U act iv i ty rat io 1s 5.4 which 
denotes widespread disequll ibriusj in the groundwaters. 
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Sumna ry . • 

The general chemistry of the groundwater froa th is level 
di f fers l i t t l e from the preceding horizon. The , 
representative groundwater predicted by hydrological 
considerations seems to be borne out by the various 
chemical parameters. There is no evidence of s igni f icant 
mixing with younger, more surface-derived waters, nor 
with d r i l l i ng water. The waters, in cossnon aith the 
previous higher leve l , appear to be representative of 
shallow to intermediate grouncfeiaters o f a nwlerately 
reducing character. 

No signi f icant variation in the physico-chemical 
parameters of the water during the samplir.g period were 
observed. 

5.2.1.3 Level 400 - 402 m (approx. 353 m) 

The rock-type characterising t h i s section is a red, 
twomica grani te, strongly crushed and fractured. Four 
crush zones are in evidence ranging in width from 10 - 25 
cm; single fractures and 2 fracture zones (up to 5 cm in 
width and containing 3 fractures) comprise the remainder 
of the d r i l l co re section. These fractures intersect the 
axis of the core at angles varying frora 10°-S)°; the 
main i n f i l l i n g mineral phases are ca lc i te and chlor i te 
with subordinate laumonite and f l uo r i t e . 

Hydrology 

From the water Injections tests I t was indicated that the 
sampled level formed part of a measured 10 m section 
which conducted al l of the wat«r frsai ^ t h i n the 
i n i t i a l l y measured 25 ai section. The hydraulic 
conductivity of the 10 m section is 2.6.10" m/s and 
ts thus assumed to be representative fo r the sampled 
horizon. As a result the water budget values are somewhat 
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.Water volume (m) 
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5 
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I 
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Figure 5.29: Schematic i l l us t ra t i on of the calculated 
water budget for level 400-402 m in 
borehole Gi 2 (Gidea). 1 = Dri l l ing water; 
2 = Gas-l i f t pumping; 3 = Hydraulic 
test ing; 4 = Sampling; 5 = Open-hole 
effect. 

greater than those presented in Table 5.8a, which are 
calculated from the 25 ra sections. Hoviever, this does not 
change the general overall picture I l lustrated in Figure 
5.29 which shows that contaminating waters introduced 
along the fracture zone. I.e. d r i l l i n g water and water 
resulting from hydraulic test ing and open-hole ef fects, 
are rapidly removed during g a s - l i f t pumping and pumping 
just prior to sampling. The waters should therefore be 
uncontaminated and representative for the sampled leve l . 

Water geochemistry 

The pH of the sampled water i s 8.6; in conmon with the 
-f 2*̂  

^YF^r two levels the contents of î a , Ca , 
HCO and Cl are normal and representative for 
non-saline groundwaters. The very low l ' content (0.4 
i ) indicates l i t t l e of d r i l l i n g water contamination. 
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Redox-sensitive parameters 

S(-I I ) and Fe( I I ) are s t i l l present in low amounts (0-04 
and 0.41 mg/l respectively); a higher Eh value (-40 ^ ) 
Is obtained than the two preceding levels although t h e 
Op content is s t i l l low (0.1 t i g / l ) . 

Isotope geochemistry 

18 2 
The 6 0 value of -12.68 ppt and the 6 H value of 
-91.4 ppt supports a meteoric o r i g in to the water. T t ^ 
14 

C age of 6570 years i s close to the last level 
described; t h i s , together with background t r i t i u a valsses 
(<3 TU), indicate the absence of <a younger, near-surfdace 
water component. 

Uranium geochemistry 

Only a single value for the total dissolved uraniwn i s 
available. This is low (0.27 ppb) and supports a 
generally reducing envir©,nment; no act ivi ty rat io va ls^ 
is available. 

Sunmary 

Water budget estimations from 10 m and 25 m sections 
suggest that the introdwrtion of contaminating water imto 
the fracture zone was minimal and was quickly retaoved 
during g a s - l i f t pumping and pumping just prior to 
sampling. This Is supported by the chemical paraaaters 
which point to a moderately reducts>g shallow to 
intermediate groundwater with an aijsence of d r i l l i ng 
water contamination and groundwater mixing from younge*-, 
surface and near-surface sources. 

. ^ 
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No s i g n i f i c a n t va r i a t i on in the physico-cheaical 

parameters of the water during the sampling period were 

observed. 

5 .2 .1 .4 Level 544-546 m (approx. 478 m) 

The sect ion chosen for sampling i s contained w i t h i n a 

heavily crushed c h l o r i t i s e d do le r i t e dyke. Fractur ing 

along the sect ion consists of a crush zone (20 cm wide) , 

three f rac tu re zones vary ing In width from 2 to 12.cm, 

and a s ing le f r ac tu re ; the in tersect ion angles w i t h the 

axis o f the core range from 10 to 90 . The dominant 

f rac ture f i l l i n g minerals are c h l o r i t e , epidote and 

c a l c i t e . 

Water volume (m ) 

2 -

Gi 1 544-546 m 

1 2 5 3 5 2 

I 19 82. 1 983 1 9 8 4 

Figure 5.30: Schematic i l l u s t r a t i o n of the calculated 

water budget for leve l 544-546 m In 

borehole Gi 2 (GideS). 1 = Dr i l l i ng water; 

2 » G a s - l i f t pumping; 3 » Hydraulic 

t e s t i n g ; 4 » Sampling; 5 « Open-hole 

e f f e c t . 
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Hydrology 

Based on measurements ca r r i ed out along 25 m sect ions, 
-11 

the hydraul ic conduc t i v i t y (K = 2.1.10 m/s) and 
the piezometric head deviat ion ( i . e . -0.5 m) are q u i t e 

small (Table 5 .8a) . This means tha t the po ten t ia l ex ten t 

o f groundwater contamination during d r i l l i n g and 

I n j e c t i o n tes t ing is minimal and should be eas i l y reiBoved 

p r i o r to sampling (Fig 5 .30) . A downward t ransport o f 

groundwater along the borehole i s a lso Ind icated at t h i s 

depth . 

Water geochemistry 

A pH of 8.8 and normal non-saline groundwater amounts of 

Na*, Ca "*", HCO " and C l ' character ise the 

groundwater from t h i s leve l (Table 5 .8b ) . The low 

background amounts of l ' (0.4 %) i nd i ca te the absence 

of a s i g n i f i c a n t d r i l l i n g water component. 

Redox-sensit ive parameters 

The S ( - I I ) and F e ( I I ) values are low (0.2 and 0.78 mg/l 

r espec t i ve l y ) ; the s l i g h t l y higher F e ( I I ) value compared 

w i th the preceding three levels may be a l oca l inf luence 

from the d o l e r i t e . A more negative Eh value (-90 mV) and 

an absence of 0 might suggest a more reducing 

groundwater than the previous two l e v e l s . 

Isotope geochemistry 

A meteoric o r i g i n t o the groundwater I s i nd ica ted by the 

6 0 and 6 H values which record respec t i ve l y 

-12.44 ppt and -89.5 ppt (Fig 5 .6 ) . The radiocarbon data 

Ind ica te an age of 6720 years fo r the groundwater; t h i s , 

together w i t h background t r i t i u m values (<3 TU) , Ind ica te 

the absence of a younger near-surface component. 
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Uranium geochemistry 

Low uranium amounts are also maintained at th is level 
234 238 

(0.31 ppb); supplementary uranium and U/ U 

ac t i v i t y r a t i o data are not a v a i l a b l e . 

Suirena ry 

From the hydrological and water budget considerations 

th is sampled zone should be character ised by a minimum of 

contamination e i t he r from d r i l l i n g water or from 

in jec t ion tes t ing and open-hole e f f e c t s . From the var ious 

chemical parameters measured this should appear to the 

case, wi th an absence of d r i l l i n g water t racer and of a 

younger, near-s.urface water compone.nt. The sampled waters 

are typ ica l of shallow to intermediate groundwaters. 

No s ign i f i can t va r ia t i on i n the physico-chemical 

parameters of the water dur ing the sampling period was 

observed. 

5 .2.1.5 Level 602 - 604 m (approx. 528 m) 

The bedrock sect ion chosen fo r sampling represents the 

contact between a f ine-gra ined c h l o r i t i s e d doler i te and 

the dominant migmat i t ic veined gneiss . The core section 

Is markedly tectonised resu l t i ng in two crushed port ions 

(4 and 20 cm wide) , one major f r ac tu re zone (10 cm wide 

and containing 10 f r a c t u r e s ) , and one single f racture. 

The angle of f rac ture Intersect ion w i t h the axis of the 

core ranges from 5 to 90 ; the main f rac ture f i l l i n g 

mineral phases Include c h l o r i t e , laumonite and pyr i te 

w i th some evidence of i ron oxide s t a i n i n g on the f rac tu re 

in te r faces . 
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Figure 5 . 3 1 : Schematic I l l u s t r a t i o n of the ca l cu la ted 

water budget f o r level 602-604 m I n 

borehole Gi 2 (Gi( fe l ) . 1 = D r i l l i n g water; 

2 = G a s - l i f t pumping; 3 = Hydraul ic 

t e s t i n g ; 4 = Sampling; 5 = Open-hole 

e f f e c t . 

Hydrology 

A combination o f a low hydrau l ic conduct iv i ty (X = 4.5. 

10 m/s) and a small negat ive head deviation ( - 0 . 4 

m) make t h i s leve l s i m i l a r to the previous one. 

Water geochemistry 

Essen t i a l l y s im i l a r to the previ&iS level (Table 5 .8b) . 

Redox-sensit ive parameters 

Esse f i t i a l l y s i m i l a r to the pevlous l e v e l , 

Isotope geochemistry 

Essen t i a l l y s im i l a r to the previous l e v e l . 

« ^ 
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Uranium geochemistry 

More Information is available from th is level. The 
dissolved uranium content i s low ranging from 0.06 to 
0.15 ppb and the act iv i ty r a t i o is 5.9 which I s high and 
Indicates extensive isotopic disequil ibriua in the 
groundwater. 

Suniiiary 

There are no significant differences in the hydrological 
and chemical properties of the groundwater sampled from 
this level when compared wi th the previous l e v e l . In 
addi t ion, there was no var iat ion in the physico-chemical 
properties of the water during the sampling per iod. 

5.2.1.6 Borehole suiranary and discussion 

Based on geological considerations and hydrogeologlcal 
investigations carried out along 25 m sections o f the 
borehole (in some cases more detailed ti^asurefRents were 
conducted along iO m lengths) f ive suitably conducting 
fracture zones were selected for groundwater sampling 
purposes. I t should be noted, however, that four of the 
levels record »\ydraul1c conductivity values which are 

-10 
lower than 1.10 m/s. One o f the sampled levels 
(328 - 330 ra) represents the Intersection of the borehole 

with local fracture Zone 1 which Is thought to extend to 
the bedrock surface. A l l the selected fracture horizons 
are Etarkedly fractured; ^ ! s Is usually apparent as crush 
zones, fracture zone and individual fractures o f varying 
^ildths and orientations. The dominating fracture 
i n f i l l i n g phases are ch lor i te and pyr i te with subordinate 
aia)unts of laumonite; epidote tends to occur within the 
doler i te and isuscovite within the more granite/pegmatite 
rock ^ p e s . Red staining due to iron-oxide disseminations 
is sporadic. 
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The natural groundwater f low in the near-vicinity of the 
borehole is generally (townfê vsrds and directed towards 
fracture Zone 2 (Fig 5.24). 

At the uppermost level a posit ive piezometric head exists 
which contrasts wi th the renaining four levels which show 
negative values along the ^asured 25 ra sections. In 
general, the water budget calculdtfons suggest that at 
a l l levels, in particular the uppermost horizon, the 
sampled groundwaters should be representative of the 
respective depths sampled I . e . devoid of residual water 
from borehole act iv i t ies ared from other sources wi th in 
the surrounding bedrock. Because of the very fractured 
nature of the bedrock, the chosen siater conducting levels 
are reasonably representative for the hydrologic 
parameters jaeasured. 

Considering the fractured r&ature of the bedrock and the 
variat ion i n depth o f the groundwater samples, i t is 
remarkable to note tJie homogeneity of the groundwater 
chemistry from all sampled fsorizons. In general, the 
groundwaters can be considered shallow to intermediate in 
or ig in exhibit ing a pH of 8-6 to 8.9 and a major ion 
content indicative o f non-saline g»-oundwaters conmon to 
Swedish crystal l ine bedrock environments. Residual 
d r i l l i n g water is generally absent and the isotopic data 
show that nc younger, surface or near-surface component 
is present. The radiocarbon ages are uniform (64-35-6720 
years) and the stable isotope data suggest a meteoric 
or ig in to the waters. The n^asured redox parameters 
indicate a low to taoderately reducing environment (Eh is 
-40 to -90 t ^ ) ; 0 1$ on th® whole absent and dissolved 
uranium contents are uniformly low (0.06 to 1.34 ppb). 
The ^ ^ \ / ^ ^ U are anomalously high (5.4 to 7.7) 
which indicates widespread disequillbriuai in the 
groundwaters. The high values also suggest that the 
groundwaters have had long residence tin^s in contact 
with the fracture zone Interfaces allowing alpha recoi l 
processes to make a s ign i f icant contribution to the 
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234 
excess U. The unusually low Fed l ) and S ( - I I ) 
contents may ref lect the ^derately reducing nature of 
the groundwaters. 

As we have seen from the hydrological considerations, the 
uppermost level is characterised by a positive head and 
reasonable conductivity In comparison with the deeper 
leve ls . Open-hole effects w i l l then he dominated by water 
entering the borehole at the uppermost level; groundwater 
sasipled from this horizon w i l l therefore be 
representative. However, the combination of a negative 
head and low conductivity values for the four deeper 
horizons w i l l result in an par t ia l vacuum being produced 
w i th in the individual sections being sampled thus 
encouraging borehole water to be pumped into the section 
via an interconnecting network of fractures or between 
the packers and the borehole walls. The water sampled 
from these horizons w i l l therefore be dominated by 
borehole water which has i t s source •an the uppermost 
l e v e l . This would account fo r the observed uniformity of 
a l l cheialcal parameters neasured, and wuld explain why 
a l l the sampled waters can be classif ied as being shallOjv 
to Interriediate in o r ig in . Only the esppernwst level can 
be considered representative; the groundwater 
characterist ics of the deeper ground&saters are s t i l l 
ujtknown. 

The uranium contents of the sampled groundwaters frora 
borehole Gi 2 are mostly low (0.06 - 0.31 ppb) with the 
exception of one analysis from level GI 2 which recorded 
1.34 ppb. There is no obvious systematic decrease of 
content with depth, but the lowest vslues (0.06 - 0.15 
Pf*) correspond with the deepest level (602 m). The lack 
of any systematic variation i s In accord with most of the 
cl'^mlcal parameters measured from th^s hole. The 
analytical contents, together with t ^ theoretical Eh 
values calculated for the i ron system, are presented in 
Table 5.9 and Figure 5.32. The figure also contains 
theoretical uraniura so lub i l i t y curves calculated from 
crysta l l ine and amorphous UO. for a g^ of 9.50 which is 
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reasonably representative for the waters frora borehole 
Gi 2. A l l f ive water compositions plot wi thin or j u s t 
outside the calculated uraniusi so lubi l i ty boundaries. 

Table 5.9: Uranium content and theoretical Eh values of 
tlie groundwater from borehole Gi 2 

Level 
(metres) 

178-180 
328-330 
400-402 
544-546 
602-604 

Uranium Content 
(ppb) 

0.20 
1.34 
0.27 
0.31 
0.15 

Calculated Eh 
(EJV) 

-218 
-256 
-236 
-280 
-207 

LOG 
SOLUBILITY 

-to -

-15 -

-ax) • 300 

0XIDAT8OM POTENTIAL (taiV) 

pH = 9S0 

A 178 -180 « » " • « 

• 339 350 -

« tOO-1.02 - • • 

O 5U. • 5W • • • 

V 60? bOk • • -

Figure 5.32: Plots of uraniura content (expressed as log 
( B » 1 / l i t r e ) ) and the calculated theoretical 
Eh values of groyndwaters collected from 
borehole GI 2. Tlse values are plotted with 
respect to theoretical uraniusj so lub i l i t y 
curves calculated for amorphous ( l o t ^ r 
s tab i l i t y l le i i t ) and crystal l ine (upper 
s tab i l i t y H a l t ) UO^ at a pH of 9.50. 
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5.2.2 Borehole Gi 4 

Borehole Gi 4 was d r i l l e d at 70 to a vert ical depth of 
543 m (borehole length 692 a) t o investigate at depth 
local fracture Zone 4 which could be detected 
topographically and geophysically in a east-west 
orientat ion just to the north o f the d r i l l i n g s i te (Fig 
5.24). In addit ion, the area I s characterised by a 
magnetic anomaly which could indicate subsurface 
structures of interest. D r i l l i ng of the borehole 
encountered three main structural zones of weakness in 
addition to several more minor zones of increased 
fracture frequency. The i n i t i a l 250 a was representative 
of near horizontal tensional fractur ing due to the 
removal of the ice burden darirjg Pleistocene times. 
Between 217 - 259 m fracture Zone 3A was traversied and 
Zone 4 between 606 - 655 m; Zone 6 ^ s Intercepted at 670 
- 690 m (Fig 5.24). 

The dominant rock type is veined mipiatite gneiss (93.3 
length %) with subordinate intercalations of granite 
gneiss (4.0 length %) and f^gisatite (2.7 length %); no 
doler i te dykes were intercepted by d r i l l i n g . The granite 
gneiss varied in thickness from 0.5 to 8.4 ra with an 
average thickness of 1.96 a, and the pegmatite ranged 
frwn 0.2 to 5.5 mwith an average thickness of 0.88 m. 
The average number of fractures/metre is less than Gi 2 
( i . e . 5.12 compared to 7.37) t r f th the pegmatite being 
least fractured (4.35 fractures/metre) followed by 
mlgsJatite gneiss (5.05) and l a s t l y the granite gneiss 
(7.05). The greatest concentration of fractures (apart 
froa the upper 200 - 250 ra) occurs between 600 - 700 ra 
which represents the intersection of the borehole ferfth 
Zones 4 and 6. Within the oajor crush zones the c^st 
coiiwson fracture f i l l i n g minerals are ch lo r i te , ca l c i t e 
and laumonite. 
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Figure 5.33: The groundwater flow-pattern and 
isopotentials in the v i c in i t y of borehole Gi 
4 i l lus t ra ted by a vertical section I n the 
same plane as the direction of the borehole 
(fflodifled a f ter the nuiRerical tnodelllng of 
Kemakta Consulting Co). 

The presence of three major structural zones of weakness 
and their ^ometry have resulted in a very complex 
groundwater flow pattern around the borehole, too complex 
to be I l lus t ra ted by the two-diiiienslonal diagram shown In 
Figure 5.33. However, i f one accepts that the 
considerable piezcssetric head Is maintained to depth in 
the v ic in ty of Zonss 3A and 38, the high head gradients 
w i l l resu l t in a general groundwater flow directed 
towards Zorte 5 and also along Zones 4 and 5 towards the 
east. Fracture Zones 3A and 38 thus f ac i l i t a te f a s t 
transport o f groundwater to depth and I t would therefore 
be expected to f ind a younger water at greater depths 
here than elsewhere. 
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The hydraulic conductivity along the borehole is variable 
with sections o f high conductivity separated by 
re lat ive ly Impermeable rock sections (Fig 5.34b). The 
three Intercepted fracture Zones 3A, 4 and 6 have ^ » 
estimated hydraulic conductivity of 2.10" m/a, 

-10 -12 
2.10 m/s and <5.10 m/s respectively. 
According to the nss^rical nwdelling of Carlsson e t al 
(1983) the piezometric head decreases almost l inear ly 
from 114 m above sea-level to 104 m at the bottom o f the 
hole. The results from the Injection tests diverge 
signi f icant ly from th is , especially below 2O0 a. Tĥ e few 
piezosjetric head rreasureasents available between 30C - 5(X) 
m indicate a much lower tead, which at greater deptfes 
Increases and even becomes positive if??ply1ng an upt^rd 
groundferater flofei. 

a) 

Figure 5.34: Hydrogeologlcal characteristics of bor^»ole 
GI 4 . 
a) Fracture frequency (for 10 ta sectlcsas) 

and the ctsnulative percentage of 
fractures 

b) Hydraulic conductivity 
c) Piezometric head distr ibutions and 

hydrostatic head in the borehole 
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Table 5 . 1 0 a . Measured hwdrauUc p a c z s i e t e r s and c a l o t i l a t e d «j ;er b u d g e t vaiscs of t h * v a r i o u s i n f l u e n c e s d«« to borc-*x>lc 
a c t i v i t i e s a t the w a t e r saizpted l e v e l * i n borehrle Ci 4.-

I t v t l 

(m hole 
U n g t h ) 

K-valuc 

(m/») 

dev i a t i on 

(a) 

Floy d i r e c t i o n 
(borehole crv!33i2s) 

Dri lHog 
water (•) 

. . ' ) 

C a . - I i f t 
I«=?ing(- ) 

u') 

H y d r a u l i c 
l e s t i n g C * ) 

(»') 

Open hole e f f e c t 
b e f o r e saaipl ingC*) 

(»^ 

Sanplod w a t e r 
b«rore i ^ a l y s i s 

( . ' ) • 

96- 98 i . 4 - l 0 

;;:--2i z . \ - i F 

i 0 i - i 0 6 2 . 3 - l o " 

5U-514 9 . 5 1 0 " 

„-10 " 

- 5 . 1 

- 7 . 1 

- 2 6 . t 

- 3 . 5 

. 4 . 0 

1.10 

O.K 

O.Wi 

o.r.: 

O.'H? 

0.108 

0.053 

0.005 

'O.OOI 

<0.001 

« . 0 1 8 

O.004 

<D-oo: 

* ^ . 0 0 l 

-10 . 001 

8.0 

5.9 

2.6 

0.002 

-1 .13 

2.7 

1.3 

2.2 

3.2 

0.07 

Zb 31 s e c t i o n ; head d e v i a t i d froEB hydros t a t i c Jaead i n tb« bo rehoE* ( i n sae t r e of w ^ t e r ) . 

*• Average of th ree 2b m sect iang 

Table 5 .10b : 

• i . « ; r « i • ' r , I * • : 

5.2 .2 .1 Level 96 - ^ m (approx- 91 m) 

The section c l^sen for sap l i ng represents the contact 
between veined ralgmatite s^eiss and a grey mediusj-grained 
granite. The ca>re is not iseavily f ractured but contains 
s&̂ e 25 single fractures and one narrow fracture zone (2 
ca i n width) comprising 3 fractures- The intersection 
angle of the fractures w 1 ^ the ax is of the core ranges 
frpra 20 to SO . Thesaain I n f i l l i n g aslneral phases 
ar« calci te ^ f t i» subordinate pyr i te and muscovite. 
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Hydrology 

-8 The hydraulic conductivity of 4.4.10 m/s recorded 
for t h i s levei is a croderate value for such a bedrock 
depth. From tfe® water budget calculations (Table 5.10a, 
Fig 5.35) by f a r the geatest influence on the groundwater 
conditions is caused by open-hole effects due to the 
hydraulic heads being some 5 ra below hydrostatic head i n 
the borehole. This wi l l result in d r i l l i n g water 
contamination feeing drawn far into the fracture zone 
together with the water in the borehole which probably 
originates fr«^» higher, near-surface levels. I t is 
therefore higisly unlikely that gas - l i f t pumping and 
pumping just ps"ior to sampling w i l l have any marked 
effect on remcwfing the contaminated water. From 
hydrological €a)ns1 derations this groundwater should not 
be representat:ive. 

Water geochemfstry 

The sampled wa^er (Table 5.10b) records a pH of 7.9; the 
• 2+ 

major ions Na and Ca are respectively somewhat 
lower and higlaer, and Cl somewhat lovi«r than normal 
shallow to intermediate groundwaters encountered so far 
in borehole GI 2. This v^ould suggest waters froin a 
near-surface torizon. A l ' content of 0.5 % indicates 
some contamination from d r i l l i ng f l u i d . 

Redox-sensitive parameters 

An Eh value o f -t̂ lO nfV indicates an oxidising groundwater 
environment. TOIs is to some extent supported by low to 
negligible amosants of Fe( I I ) and S ( - I I ) ; in th is context 
the presence o f only 0.O4 rog/1 of oxygen is rather 
surprising. 
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1 9 82 1 ̂  3 (, 

Figure 5.35: Schematic i l l u s t r a t i on of ii:he a lcu ls^ed 
budget for level 96 - ^ ^ 1 te^hole GI 4 
(Gidea). 1 = D r i l l i n g Batsr ; 2 = Gas—lift 
pumping; 3 = Hydraulic test;1ng; 
4 = Sampling; 5 = Open-hols effect. 

Isotope geochemistry 

18, 
Stable Isotope values of <5 0 = -12.93 ^ t eM& H 
" -93.4 ppt indicate a meteoric origin tm tht^ater- (Fig 
5.6). The very high t r i t ium value of 36 ¥U a b o r t s the 
s igni f icant young water component sugges^a^d 1^ the 
general chemical characteristics above; msi raMocar^on 
data are available. 

Uranium geochemistry 

Only one uranium value is available ( l . ( ^ pj^l sug^&stissg 
a marginally oxidising environment; m Iso to j ^ data 
exist . 
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Sunmary 

The chemical parameters of the water sample indicate that 
a major portion is derived from young near-surface 
sources; a smaller percentage is from the dr i l l ing water 
source. I t is thus reasonable to assume, as predicted by 
the hydrological data, that the sampled groundwater is 
not representative for th is leve l , and that i t has mostly 
originated from higher more oxidising levels in the 
bedrock. 

5.2.2.2 Level 222 - 224 m (approx. 212 m) 

The sampled section is composed of a single rock-type, a 
l iyht-grey, medium-grained granite; contact with the 
veined migmatite gneiss occurs j us t below the section. 
The core length comprises numerous fracture zones ranging 
in width from 2 to 16 cm (containing 3 to 20 fractures); 
3-4 single fractures and a narrow crush zone (3 cm wide) 
constitute the remainder. These fractures represent part 
of local fracture Zone 3A which extends from 217 - 259 m. 
The angle of intersection of the fractures with the core 
axis varied frora 10 to 80 and the main in f i l l i ng 
minerals are calc i te with subordinate chlori te. 

Hydrology 

Because the sampled section is located marginally to 
fracture Zone 3A, i t does not constitute the most 
conductive par t . The hydraulic tests carried out along 25 
m and 5 m length recorded a K-value of around I.IO" 
m/s. The low piezometric head (101 m above sea-level) 
emphasises the Important Influence open-hole effects w i l l 
have on the waters sampled from th is horizon (Fig 5.36). 
The water budget thus indicates that the groundwater 
sampled is not representative and probably originates 
from shallower levels; gas- l i f t pumping and pumping prior 
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Water volume ( m ) 

1982 

Figure 5.36: Schematic I l lus t ra t ion of the calculated 
water budget for level 222 - 224 m i n 
borehole Gi 4 (Gidea). 1 = Dri l l ing ^a te r ; 
2 = Gas- l i f t pumping; 3 = Hydraulic 
test ing; 4 = Sampling; 5 = Open-hole 
ef fect . 

to sampling is inadequate to remove such contamination, 
which w i l l also Include a d r i l l i n g water component. 

Hater geochemistry 

The sampled waters (Table 5.10b) have a pH of 9.0 and a 
+ 2+ 

major ion content (Na , Ca , HCO. , Cl ) 
more typical of non-saline groundwaters ttian the 
preceding level. The presence of 1.5 % l " indicates a 
s igni f icant d r i l l i ng water component as suggested by the 
water budget calculations. \ 

< J S ^ 
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Redox-sensitive parameters 

An th value of -60 mV renders this water as being 
considerably more reducing than the previous level 
although only small amounts of Fe(I I ) and S(-II) are 
present; 0 i s more or less absent. 

Isotope geochemistry 

18 2 
6 0 and 6 H values (-12.55 R)t and -89.7 ppt 
respectively) indicate a meteoric or ig in to the waters. A 
t r i t iura value of 5 TU suggests only a small , younger 
near-surface component, which is essential ly supported by 
the old radiocarbon age of 11895 years. 

Uranium geochemistry 

Dissolved uranium contents range from 0.67 to 0.98 ppb 
which subport a general reducing environment. The 

U/ U ac t iv i ty ratio records a value of 6.7 
which is high and Indicates widespread disequilibrium In 
the groundwaters. 

Surmnary 

In contrast wi th the previous level th is horizon from a 
chemical viewpoint is more representative for a shalloa 
to intermediate groundwater environment. The hydrological 
data suggest that the water sampled should be from higher 
leve ls . This maybe so, but the lack of a significant 
ycunger water portion shows that the waters must be 
coHBnIng frora a deeper level than those sampled frwn the 
previous horizon; dr i l l ing water, as shown by the l ' 
content, plays a part and this may account for the small 
anwunts of t r i t i um observed. This infers that perhaps the 
hydrological prediction is not quite va l id for this 
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section, and that the sampled water may after all be 
reasonably representative for t h i s depth, or 
al ternat ively, the groundwaters may be originating from a 
highly conductive zone at a greater depth than the 
previous section sampled, i . e . a nsDre conductive part of 
the fracture Zone 3A positioned below the present 
horizon. 

No significant variation in the physico-chemical 
parameters of the water during the sampling period were 
observed. 

5.2.2.3 Level 404 - 406 m (approx. 385 in) 

The chosen section is comprised of veined migmatite 
gneiss which are only moderately fractured. Apart from 
one fracture zone some 8 cm wide amd containing 11 
fractures, the remaining core is ctaaracterised by 10 to 
12 single fractures. Angles of intersection between 
fracture and the core axis range from 30 to 90 , and 
the main inf i l l ing mineral phases consist of chlor i te and 
laumonite with subsidiary calcite and pyrite. 

Hydrology 

The water budget calculations for t h i s level, based on 
hydrological parameters measured along 25 m sections and 
Il lustrated In Figure 5.37, are not representative for 
the sampled horizon. Detailed injection tests perfont«d 
have shown a Eiuch lower K-value for this horizon (below 
the limit of sseasurement) than the calculated values. It 
should therefore be impossible to oS)tain adequate 
groundwater from this rock section. 

•*?># 
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Figure 5.37: Schematic i l l us t ra t ion of the calculated 
water budget fo r level 4Q4-406 m in 
borehole Gi 4 (Sidea). 1 = Dr i l l ing water; 
2 = Gas-l i f t pusiping; 3 « Hydraulic 
testing; 4 = Sampling; 5 = Open-hole 
effect. 

Hater geochemistry 

The sampled water has a pH of 9.3; cosnpared with non-
saline crysta l l ine bedrock groundwaters the major cations 

+ 2+ 
Na and Ca are respectively higher and lower than 
would be expected, and the anions KCO " and Cl" are 
respectively lot^r and higher. The groundwater is 
therefore saline in type and appears to contain a high 
d r i l l i n g water component (11 % l ' ) . 

Redox-sensitive parameters 

Surprisingly, the groundi«ter Is marginally oxidising as 
evidenced by an Eh of -«-10 mV and low to negligible 
aeiounts of Fe(II) and S( - I I ) . The presence of small 
a^unts of 0 (0.25 rag/1) perhaps supports a near-
surface ^ater cc^ponent. 



160 

Isotope geochemistry 

The more saline groundwater Is characterised by lower 

18 2 
6 0 and 6 H values (-13.6 ppt and -99.4, ppt 
respectively) than for non-saline waters; the t r i t i y m 
value (8 TU) indicates a small younger water component. 
No radiocarbon data are available. 

Uranium geochemistry 

Dissolved uranium I s present in low amounts (0.06 ppb for 
one method and below the level of detection for the 

234 238 
other) and the U/ U ac t i v i t y ra t io records a 
value of 2.8 which is markedly nearer to unity than level 

222 - 224 m although s t i l l ind icat ing isotopic 
disequil ibrium in the groundwaters. 

Sunsna ry 

From hydrological consideratlorss no representative 
groundwater should be possible from the demarcated zone. 
The water collected is tSierefore TOst l ike ly from the 
boehole, having been pumped around the packer system 
either d i rec t ly or via a network of i^itercofi.'iecting 
fractures through the bedrock. However, the sampled water 
shows saline properties whicti contrasts with the borehole 
water composition thought to have been collected from the 
higher leve ls . This saline water must therefore have come 
from the bedrock section beireg sampled, or via a fracture 
system leading to greater depths. Suff icient water was 
available as can be observed from the uniformity of water 
chemistry during stapling (Laurent, 1983b), in point of 
fact during sampling there was a tendency for the 
sa l in i ty to increase s l igh t ly and the the l " content to 
sympathetically decrease froia 13.4 -10.2 %. Although the 
water Is contaminated to soma extent by d r i l l i n g water, 
and as can be seen from the t r i t i um content by a younger 
component also, suff ic ient saline water has been 
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available to influence the coraposition s ign i f icant ly . The 
groundwater collected from t h i s level is thus 
characterised by: 

- residual d r i l l ing waters 
- younger, more near-surface Maters from the upper 

horizons of the bedrock 
- component of more typical marginal reducing 

groundwaters probably from the v ic in i ty of the fracture 
Zone 4 

- saline groundwaters of l imi ted quantities from tSte 
sampled level or from deeper levels via f ractures, 
which are probably approaching representative 
compositions for these depths. 

5.2.2.4 Level 512 - 514 m (approx. 498 m) 

The geology of the cored section consists of veined 
migmatite gneiss with a decimetre thickness of p e ^ a t i t e ; 
t h i s is in contact with a more substantial pegmatite 
^hich occupies about 80 cm of the sampled section. The 
migmatite is weakly fractured comprising nastly sissgle 
fractures (up to 10) *rith bvo narros-i (2-3 cm) fracture 
zone bands consisting each of 3 fractures. The 
Intersection angle with the axis of the core ranges from 
10 to 90 and the main fracture f i l l i n g minerals are 
ch lo r i te and laumonite with subordinate calc i te . 

Hydrology 

The sampled horizon is characterised by a very low 
permeability (K » 9.5.10" m/s); this w i l l result I n 
05ily very small amounts of contaminating water ( l . e . 
d r l l l i n g and borehole tsaters) entering the bedrock 
although the head deviation (-3.5 ra) is not especially 
s a a l l . The water budget calculation (Fig 5.38) poirelts to 
a groundwater which should be representative of the 
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Figure 5.38: Schematic i l l us t ra t i on of the calculated 
water budget fo r level 512-514 m In 
borehole Gi 4 (GideS). 1 = Dr i l l i ng water; 
2 = Gas- l i f t p u l l i n g ; 3 = Hydraulic 
test ing; 4 = Sampling; 5 = Open-hole 
ef fect . 

sampled depth. On the other hand the low K-value w i l l 
l i m i t the amount of water that can be taken from the 
bedrock section. 

Hatgr geochemistry 

The collected groundwater shows certain sleai lar i t les with 
the uppermost level sampled (Table 5.10b), i .e. when 
coinpared with average non-sall^^s groundwaters frora 

* Z* 
Swedish bedrock Na Is lo t^ r , Ca is higher, and 
Cl and >C0 " are both lo i ^ r , C l " markedly so. 
Although the pH is s t i l l rather high (8.8), the general 
characterist ics of the groundwater point t o a 
surface/near-surface or ig in w i th a deeper groundwater 
component. Low amounts of 1° are present ( 0 . 3 * ) 
indicating l i t t l e d r i l l i n g water contamination. 
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Redox-sensitive parameters 

An Eh of -50 mV indicates a marginally reducing 
groundwater; this Is supported by negligible amounts of 
0 and S ( - I I ) . The high Fe(II) content (7.3 mg/l) is 
anomalous and may, as explained for some of the 
above-described torizons, be due to reaction in the 
borehole between the steel piping and borehole waters. 

Isotope geochemistry 

18 2 
The stable isoto j^ data (S 0 = -12.94 ppt and<5 H 
= -94.1 ppt) indicate a meteoric origin to the 
groundwaters. A combination of a very high t r i t ium 
content (49 TU) and low radiocarbon age (3850 years) 
point to a young water component being present. 

Uranium geochemistry 

The dissolved uranium content Is low (<0.2 to 0.44 ppb); 
234 238 

the U/ U act iv i ty ratio i s 2.4 which is 
similar to the pficeding horizon and Indicates 
disequil ibrium in the groundwaters. 

Sunanary 

Due to the low permeability of the sampled section, only 
small amounts of contamination Into the bedrock were 
expected. However, the chemistry of the groundwaters show 
that they are cosposed primari ly of a young, surface to 
near-surface component, as Indicated by both the chemical 
and isotopic data. I t seems possible from the geology 
that the cored section represents a relat ively 
iespermeable bedrock horizon wi th the result that during 
pumping a par t ia l vacuum was established t<«1thin the 
sampling section. As the only substantial water source 
was the water i n the borehole, th is eas pumped into the 
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sampling section either d i r e c t l y between the f a k e r s aM 
the borehole wa l l , or via an m^ea systea of 
interconnecting fractures. Tfee waters sampled Sfeus 
represents surface to rearsurface t i t e r s whicij feave 
collected above the packer systWB. Cacs the hyaraul^c 
connection between the borehssl® later assd the sasijjl^fd 
section was established, ther® was a ct^tinuoss f l « ^ of 
water during tiie sampling per fod . Ibis i s sho^ by ®J»e 
constant chemistry of tfse watssrs during samplisg 
(Laurent, 1983b). 

5.2.2.5 Level 616 m - dr i l lho le bot:t:aKn 

The sampled section ?"epresents soae 75 a of d r i l l ho le 
which intersects two major f racture zones, i.e. loms A sJ 
606-655 m and Zone 6 at 6 7 0 - 6 ^ B. Tfe section is tSmis 
extensively fractured and the variation i n rock-typ^ an6 
fracture sirneralogy noted for 'the upper p.art of the 
borehole continues for t&e f u l l extent o f the fele. 

Hydrology 

This d r i l l ho le section has en estimated SC value of 
1.10 wi/s and an estimated fB&snd Av ia t ion of <4 tn 
o f water. The water budget calcs^latlmjs (F ig 5.B) agig>ear 
to be promising for a represereS^ti^e wafcer sanple t o S>e 
obtained. However, the water r^soved p r i o r to s g ^ l f ^ g 
amounted t o only 70 l i t res whIci j is less than ^% tt^ the 
tota l vol«ne sealed o f f In the tJoref^le section. 

.,<SV 
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Gi 4: 616- bottom 

Figure 5.39: Schematic i l l u s t r a t i on of the calculated 
water budget for loevel 616-bottom la 
borehole 61 4 (Gi<SeS). 1 = Dr i l l ing water; 
2 = Gas- l i f t pimpfsng; 3 = Hydraulic 
testing; 4 = Sampling; 5 = Open-hole 
effect. 

Water geocheCTstry 

The sampled groundwater i s Cfsarscterised by a pH of 8 . 8 , 
+ 2+ — 

high anwunts o f Na , Ca and Cl and lo» 
HCO ' ; the cositent of l " Is ^ery high (24 %) and 
may Indicate a considerable t i r l l l i n g "^ater component. 
Compared to a typical non-salihe grouftdwster, this 
horizon is d is t inc t l y saline ( 2 ^ mg/l C l " ) . 

Redox-sensitive parameters 

The groundwater is markedly reducing (Eh » -290 m¥); t i l l s 
is supported Ssy the absence of 0 . No analyses of 
Fe( I I ) and S ( - I I ) are available. 
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Isotope geochemistry 

Similarly t o the more saline waters encountered fro®: 

section 404-406 o, the stable IsotoMs exhibits sore 
18 2 

negative values (5 0 = -13.81 ppt; 8 H = -IdQ.B 
ppt) alth05«gh s t i l l indicating a meteoric origin. A 
tr i t iura val636 of 10 TU Infers a signi f icant yosnger skater 
coffiponent; 8K> radiocarbon data are available. 

UraniuB geochemistry 

Dissolved tiraniusi values are very low (0.02 pi*); tfes 
234 238 V rr- . 

U/ U ac t i v i t y ra t io value i s 2.0 which 
indicates disequil ibrium in the groundwaters. 

Sunmary 

Because of t t ie borehole length sampled, a mixture o f . 
groundwaters froa di f ferent sources is inevitable. J^ss 
question is a*hetlver a l l the gro^indwater has originat^sS at 
the depth of^ sampling ( i . e . 616 ai to the borehole 
bottom), and is tnerisfore representative o f dee? 
groundwaters, or has there been a substantial 
contam1natin--g component from hig^jer levels. Tte chem'sstry 
of the water indicates that considerable mixing has 
occurred; ttae tritiura and l ' contents shoa raixlBg f r e ^ 
d r i l l i ng water and younger near-surface i^aters althofi^3> 
at the sampled depths a strongly reducing envirensien^ 95as 
been ma1nta1s?ed. From the data compiled by Laurent 
(1983b), a steady Increase in Na , Ca and Cl ' 
occurred dur ing the sampling per iad, with a correspofs^lng 
decrease in Î CO "; the d r i l l i ng issater tracer T 
gradually Irecreased from 4.4 % to 16.5 S, ^ i t h local 
hlfhs of up t o 29.9 %. The grouftdi^aters frora this secltfon 
are thus co^osed of : 

- residual ( b i l l i n g waters 
- younger^ re^ar-surface component 
- deep reducing saline groundwaters 
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The gradual increase in salinity during psMmpirq, i.e— 
probably the removal of higher leve^-(Ssrived 
groundwaters, is supported by t^e hydrological &ta iî ihiiM 
indicated that only 40 % of the borehole sjater is tfee 
sealed section had been removed prior to samplieg. 
Continued pumping would most l ike ly have resulted ira 
Increasingly more saline groundwater. In t h i s res^cxS. i t 
Is interesting that the I content appears also to 
Increase. Does this represent natural iodine lewis "ssa 
the water, or does i t indicate tihat considerably snos^ t s 
of drilling water have been unsssccessfuHy rerni^ \ ^ 
gas-lift pumping? The former explanation Mould a ^ e r r to 
be more plausible. 

5.2.2.6 Borehole suimnary and discussion 

From hydrogeologlcal considerations five <5uitablj 
conducting horizons have been selected frssa bor^ le S i 4 
for chemical characterising of the groundasaters. Sne «25f 
these levels represents the intersection terith a ssjo^-
local fracture Zone 3A (217-259 m) v^ich i s beliaed ^5o 
extend to the bedrock surface; tfse lowest level , '^ icfe in 
reality comprises a borehole ler^th of s o ^ 75 «, 
Includes the intersection with tssso local fracture Zos^ss 4 
and 6, also thought to extend to the bedr€K:k surface-

The natural groundwater flow in the near vicinity of •©Sie 
borehole according to measured piezossetric head tesds ito 
be generally downwards in the upper reglores (O-M ral ^nd 
upwards in the lower regions of ^ e borehole. Hita t^s^ 
exception of the lowest sampled section, ^ l ich 1$ 
estimated to have a positive piezometric Isead, tea 
remaining levels are considered negative. The sater 
Isydget calculations suggest that the upper three l e v e l s 
are problematic with regards to suitably r®pres®tatf®s5 
groundwater samples; this is attributed to the ^f te^ 
negative piezometric heads (levels 96-98 m and 2S2-2B® m) 
resulting in important open-hole effects, and in irack 
Impersieabllity (level 404-406 m) resulting in ias^&qt^sae 

ft. 

6^ 
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volumes of water. The lower two levels (512-514 ID and 
616-bottom) are considered K)re SBopeful although the 
former level maybe some%^at isipersi^.able. 

The grouridwater chemistry shews t t j a t degrees of 
contamination are evident frm a l l the saapled levels. In 
general terms, two of the levels (40-4-406 ra and 
616-bottom) are characterised by saline groundwaters 

(178-260 mg/l C l ' ) with a high I~ content which may 
ref lect natural background valu&s rather than excessive 
d r i l l i ng water contamination. These, however, are 
contaminated by small asounts of younger, near-surface 
groundwater (8 - 10 TU); in addit ion the higher level 
groundwater i s marginally oxidisfsrsg (+10 mN) compared t o 
the deepest sampled level (-290 ^ ) k^ich can be 

considered t r u l y reducing. ?;•* botfh cases the degree of 
sal in i ty increased during sa^li fsg so that a nwre sal ine 
and reducing groundwater would probably be typical for 
these sampled depths. Two of the remaining three levels 

(levels 96-98 ra and 512-514 a) a re characterised by 
groundfe-aters o f typical surface asd near-surface 
chemistry, i . e . lower than normal îa and Cl" and 

2+ 
higher Ca ^ e n compared with non-saline 
groundwaters from ^'edish bedrock- High t r i t i um contents 
(36-49 TU) at both leve^^s and a ys^ng (diluted) C 
age (3850 years) from the 512-514 ^ level, support a 
major near-surface component to t ^ e waters. 
The remaining level at S2-224 m shows groundwater 
caropositions normal for non-salIree waters. Moreover, I t 
is characterised by low t r i t i ua saounts (5 TU), an old 
radiocarbon age (11895 years), ared is naderately reducing 
(-60 mV). This water would appear t o be representative 
for the depth sampled and can be regarded as shallow to 
intermediate In origin. ^ 

Much of the observed contarainatiosg is due to the 
incursion at depth of younger, near-jarface waters. Frcsi 
hydrological considerations tt^re are indications that 
the general water-flow direction fsi the upper part of tfae 
borehole Is downwards. This can, tS^erefore, adequately 
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explain the presence of such waters at the 96-98 m l e v e l , 
and even as deep as the 512-514 m level. In the fonner 
case open-hole effects contributed to the high 
surface-derived content, and In the latter case low 
conductivity has resulted in the near-surface-derived 
borehole water being pumped around the packer system into 
the sampling section. At level 212-214 sn similar 
open-hole effects to the uppermost level should have 
resulted i n a sizable younger, near-surface water 
component, which is known to have penetrated to deeper 
levels. I t s relative absence at the 212-214 m level 
suggests that the mre surface-derived borehole waters 
have been largely removed and replaced by shallow to 
interfsffidiate groundwaters representative of the sampled 
section. This has been probably f ? . Mst.-,' -y the 
presence of the highly conductive oi.e :-:.* ^;ch dominates 
t h i s part o f the borehole from 2i iSSr). 

The increase in groundwater sa l in i t y and reducibi l i ty 
w i th depth as suggested by the waters sampled from levels 
404-406 m and 616 ra - bottom, probably reflects the true 
groundaater s i tuat ion, although i n a much diluted scale 
due to contaiiiination from other sources. The presence of 
o lder, more saline water within the lower borehole 
sections i s supported by the hydrology which indicated an 
upward groundwater direction f low. I.e. from deeper, more 
saline levels . This upward water trend may explain the 
systematic Increase in sal ini ty o f the groundwaters 
during the samling period. 

Increase in reducing conditions. In addition to being 
indicated by more negative Eh measurements ( i . e . -290 mV 
fo r the deepest section), is also suggested by low 
dissolved uranium values ( i . e . 0.02 ppb for the deepest 
section). Regarding the U^^^U rat io values, 
level 212-214 m recorded 6.7 which is high and suggests a 
long residence tinse for the groundwater so that alpha 
ngcoil processes have made a si^'nlf icant contribution to 
the excess U. Furthermore, th i s value is similar 
to the range of ac t iv i t ies obtained for the three 
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234 238 
analysed Gi 2 levels ( U/ U act iv i ty ratios 
of 5.4 - 7.7). The remaining rat io values for the Gi 4 
borehole are considerably lower (2.0 - 2.8) and, although 
s t i l l indicating widespread disequilibrium in the 
groundwater environment, show that mixing with other 

groundwaters has occurred and that any original isotopic 
signature that may have indicated long residence times 
has been effect ively destroyed. 

Table 5.11: Uranium content and theoretical Eh values of 
the groundwater from borehole Gi 4. 

Level Uranium Content Calculated Eh 

(metres) (ppb) (mV) 

96 - 98 

222 - 224 

404 - 405 

512 - 514 

616 -

1.02 

0.98 

<0.2 

<0.2 

<0.1 

-128 

-258 

-283 

-266 

-262 

Even though the uranium contents show a d is t inc t boundary 
between the upper two and the lower three levels, the 
apparent systematic variat ion with depth is complicated 
by groundwater contamination described above. In Table 
5.11 and Figure 5.40 the analytical uranium contents and 
the theoret ical ly calculated uranium so lub i l i t ies for 
both crystal l ine and amorphous UO at a pH of 8.10 and 
9.50 are presented and plotted as a function of Eh. 

b^S^/^^ 
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Figure 5.40: Plots of uranium content (expressed as log 
(mo l / l i t r e ) ) and the calculated theoretical Eh 
v?,'ues of groundwaters collected f n m borehole S I 
4. The values are plotted wi th respect to 
theoretical uranium so lub i l i t y curves calculated 
for amorphous (lower s t a b i l i t y l i m i t ) and 
crys ta l l ine (upper s t a b i l i t y l i a i t ) UO at a pH 
of 8.10 and 9.50. 
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5.3 Svartboberget 

The Svartboberget t e s t - s i t e , which forms part of the 
Voxna region (375 km ), i s located in the western part 
of the county of Halsinglared, some 260 km north-west of 
Stockholm and approximately 80 kra due west of the Baltic 
Sea (Fig 1) . Topographically, the most prominant features 
in the region are a series o f h i l ls and valleys aligned 
in a N-NW di rect ion. The smith central part of the Voxna 
region is sub-divided by siK;h parallel valleys i n t o three 
areas which are 2 - 2.5 km ^ d e and more than 8 km long. 
The smoothly sculptured h i l l of Svartboberget constitutes 
the central ly located area. The differences in a l t i tude 
between the highest point o f the s i t e , approximately ^5 
m above sea-level, and the lowest parts of the adjacent 
val leys, are 70-85 m (Fig 5 .41) . 

The regional geology of the Voxna region has been 
previously described by Lundquist (1963) and Lundegardh 
(1967). As a result of SKB investigations during the 
period 1979-1982, the detailed geology has been described 
by Tiren et al (1981), Tirees (1982), and later 
surffflarised by Ahlbom et al C1983d). 

A map of the Svartboberget area showing the general 
topographic features, togetfser with the main zones of 
structural weakness, is i l l iastrated in Figure 5.42. The 
regional bedrock is dominated by niigmatite (mostly of 
sedimentary origin) and gneisses. These were formed 
during the Svecokarelian orogeny (approx. 1800-1900 Ma); 
at a re la t ive ly early stage granites and subordinate 
aiTOunts of basic rocks were intruded into the older 
basement rocks. These Igneot^ rocks, the so-called Old 
Granites, are to-day deformed and referred to as granite 
gneiss. The youngest rocks I s the area are do ler i te dykes 
estimated to be around 1200 Ma old. 

A y - ' 7 '•'''• '''• y . A - - - ' - - ' ' ' ' •^'M^'^'s:^:;.^'''"'M'' '' ''-'''•'' 
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Figure 5 .41: The Svartboberget tes t -s i te . A: Topographic 
prof i le across the s i te ; B: Hypsographic 
curve showing al t i tude characterist ics. 

As a resul t of 14 shallow percussion boreholes (down to a 
maximum depth of 150 ns) and 7 deep cored boreholes (to a 
vert ical maximum depth of SCM) m) the bedrock of the s i te 
consists of 95 % migmatite sa^ich has a maximum thickness 
of at least 800 a. Intercalated throughout the migmatite 
are lenses and schlleren of quartzite and rocks of 
varying grain-size. These represent variations of the 
primary sediments which occurred within the domijiating 
pel l t i c host sediments. 

. ^ 
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A grey grani t ic component (<0.5 % of the bedrock) also ' 
occurs within the migmatite. Forti^d during m i ^ t i s a t i o n , 
this granite conforms to the internal structural trends 
of the migmatite, and loca l l y forBJS a transitional 
contact with the migmatite, although sharp contacts are 
also Observed. The presence of these grani t ic bodies 
(usually minor. Irregular, and medium- to coarse-grained) 
appears to have an annealing ef fect on the bedrock. 

Greenstones constitute 2-3 % of the bedrock, occurring as 
evenly distr ibuted layers and lenses paral lel to the 
fo l ia t ion of the migmatite. The average thickness of 
these layers i s less than one metre, and the coaposltlon 
ranges from amphibolitic to gabbrolc. 

Structural ly , the Svartboberget s i te is bounded to the NE 
and SW by N-NW trending, fracture-defined valleys, which 
are widest when they Intersect minor NW-orlentated 
val ley/ f ractures (Fig 5.42). These major NW str ik ing 
regional fracture zones dip 30-40 stegrees to the SW and 
can be fol lov^d for 10-15 km. They can exceed Wm i n 
width and normally comprise sets o f parallel fractures 
often with a central part of crushed rock ( less than 5 m) 
surrounded by narrow sections of high fracture frequency. 
The central parts are usually weatfsered and permeable to 
water. Approximately 40 km west of Svartboberget one of 
these zones delimits to the east an old granite/si g^natite 
region (approx. 1800 Ma) from a younger (1400-1600 Ma) 
series of granites and volcanites. The zones are 
therefore extremely old and m̂ y have been re-activated 
approximately 900-1200 Ma ago during the Sweconorwegian 
orogeny when the area was subjected to compression from 
west to east. 

The correlat ion between the major fracture type and 
d is t r ibut ion Indicated topographically and geophysically 
is good wi th in the tes t -s i te where there is an 
ins igni f icant soi l depth. In a l l , 17 local fracture zones 
and 2 regional lineament zones have been located wi th in 
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Tiren et al 1981). 
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the t e s t - s i t e . The mutual distaiBce between the local 
fracture z©nes as indicated on the surface are generally 
100-500 m. To t5s€ NE of the area the occurrence of local 
zones is very marked (Zones 1-6); the width of these 
zones ranges f r o 5-50 m and they are on average 30-80 m 
apart. The remaining local fractaire zones are 2-15 m wide 
ahd the overal l dip varies from 30-90 degrees, iwjstly 
towards the south and south-west. 

Surface outcrop measurements of rock mass fracturing 
revealed a aSomlnant s t r ike of north to north-east, i . e . 
at a high ai?gle to the fo l ia t ion in the migmatite. These 
fractures stjow m indication of sm)sement and are probably 
tension fractures. The frequency of fractures longer than 
0.5 m in osstjcrop is 1.0 fractures/o. At depth, the 
fracture frequency In the rock ^^ss between the local 
fracture zcmes ahich records an average uf 2.6 
f ractures/s , varies ins ign i f i can t l y . The rock mass to the 
west of the area has a low fractaire frequency (1.6 
fractures/^) which contrasts eastwards t«iereupon 2.7 
fractures/s occur. This differefwre is part ly due to a 
greater density of fractures out-cropping to the east, 
and the f a c t that boreholes in the western part penetrate 
roost of the fracture zones at depth. 

Taking individual rock-^pes, t ^^ total fracture 
frequency f o r the various rocks irrespective of depth is 
lowest In tMe mifnatite granite C2.7 fractures/m) 
folloia'ed by siigmatite gneiss (4.S fractures/m), gneiss 
granite (4.9 fractures/m) and f lwa l ly greenstone (6.8 
fractures/®!. The most coBsson fracture minerals are 
ch lor i te , ca lc i te and I l l i t e . I l l i t e usually appears in 
the form o f thick coatings of up to 2 RSD thick on shear 
surfaces; otJierwise as a thin f i l r a on fracture surfaces. 
Chlorite i s present especially on fracture surfaces 
paral lel to the f o l i a t i on . Zeol i te ainerals are also 
sometiR^s ^served wi th in the large-scale fracture zones. 
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The hydrological features have b«ren fescribed by 
Gentzschein (1983a) and sufmar1s«d by Ahlbom et al 
(1983d). The Svartboberget tes t -s i te is located w i th in 

2 
the drainage basin of the Voxna r i ve r (3708 km ), 
whereupon some 6 % constitutes lake water. The Voxna 
forms a t r ibu tary to the Ljusnan r iver (approx. 20 CM)0 

2 
km catchsent area) and they confluate so.''<e 40 km 
downstreaia from the s i t e . After &m additional 40 km the 
river discharges into the Baltic Sea. The test-si te can 
largely be subdivided in to tao drainage areas delineated 

by two streams flowing east and ^es t respectively. The 
local topography of Svartboberget indicates a groundiwater 
recharge area, ^ i th the main discliarge areas located in 
low-lying areas around the margins. 

The water balance of the SvartboE^rget s i te has been 
calculated to: 

Adjusted precipitat ion 715 +̂  50 nra 
Actual evaporation 390 _+ 50 nm 

Run-off 300+15 m 

The prec ip i ta t ion excess of ZS nm can part ly be explained 
by the uncertainty in nsasuring tfse various paran^ters, 
but can also be partly attr ibuted to the permeation o f 
groundwater through the Quaternary deposits so that the 
run-off values Is underestimated. Hov^ver, in the long 
terra, the run-off corresponds to t:he groundwater recharge 
of which 8s>st Is cycled within the soi l cover and the 
sur f ic ia l bedrock, and only a very small percentage 
percolates to depth. 

Cl imat ical ly , the site i s located I n a region 
characterised by two periods of groundwater recharge and 
discharge. The former occurs in t ^ Spring and Autumn. 
The highest groundwater levels re i ^ i l t from snow melt ing 
in the Spring, and the louest levels Just prior to the 
melting period or at the end of t ^ St^sser. The mean 
groundwater teroperature In the area varies between 4 and 
S degrees C (Knutsson and Fagerllmf, 1977). 
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The groundwater table prof i le Is a smoothed version of 
the general Svartboberget topography. From measurei^nts 
conducted in the site area, the depth of the groundwater 
table is estimated to be 10-15 m ( in some cases >25 m) 
within the higher re l ie f regions and along the slopes; in 
the lower parts the level is only some 0.5-1 ra below the 
surface. Generally, the a l t i tude of the groundwater table 
varies from approximately 220-305 m above sea-level. Very 
localised discharge areas exist as indicated by two of 
the boreholes which are artesian in character. 

The local groundwater flow in the test -s i te is pri iaari ly 
orientated towards the regional fracture zones which 
detersiine the valley directions not only to the west and 
east, but also in a northerly trend. From a regional 
aspect, the groundwater flow i s apparently towards the 
Voxna r iver to the south and south-west u'mre the 
low-lying parts of the area are located. 

5.3.1 Borehole Sv 4 

Borehole Sv 4 was dr i l led at 80 to a vertical depth of 
569 m (borehole length 641.5 m) in order to conflrra the 
presence at depth of the large-scale NW-SE trending local 
fracture zones Indicated on the surface by aerial and 
ground geophysical methods (see Fig 5.42). In add i t ion, 
the borehole was planned to Intercept a positive anosualy 
associated with one of the fracture zones; this my 
Indicate the presence of a doler i te dyke. Of the 
fractures, three major zones were located; Zones 17, 13 
and 15 at 435-437 m, 545-549 m, and 643-648 m 
respectively. Zone 13 represents the fractured do ler i te 
dyke (Fig 5.43). 
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Figure 5.43: Location of the major local fracture zones and 
thei r relationship with the groundwater sampling 
horizons: (Borehole Sv 4 ) . 

The dominant rock-^pe intercepted by the borehole i s 
mlgsnatite gneiss (67 length %), follofe^d by migmatite 
granite (28 length I ) and greenstone iS length %). The 
migmatite gneiss is typical ly veined (mainly quartz/ 
feldspar-rich swtrices) and is f a i r l y evenly d ist r ibuted 

fci^^^ 
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throughout the hole. The migmatite granite has a very low 
content of mafic constituents and feldspar commonly 
dominates over quartz; garnet occurrences are quite 
common. Texturally, this granite i s medium- to coarse
grained, and often contains lenses of gnelssose mater ia l , 
sheared out along the fo l ia t ion trend. The thickest 
occurrence is about 42 m; the granite occurs mostly 
within the upper bedrock horizon (30-315 m) and the 
lowest horizon (500-550 m). 

The greenstone horizons (average thickness 0.6 m; maximum 
around 3 ra at 574 m depth) comprise amphibolite, b i o t i t e 
altered greenstones, and do le r i te . The amphibolite 
variet ies usually occur along shear zones. 

The average nuttdier of fractures/snetre fo r the borehole I s 
1.9; of the representative rock-types greenstone exhib i ts 
the highest (5.2 fractures/n'etre), fo l lo i ^d by migmatite 
gneiss (1.9 fractures/metre) and f ina l l y the migmatite 
granite (1.3 fractures/metre). In the up^rmost borehole 
horizon (down to approx. 300 m) the most marked fracture 
frequency occurs between 30-80 m; for local fracture 
Zones 17 and 15 the fracture frequency i s 5.0-9.9/metre; 
Zone 13 is considerably weaker a t 1.0-1.9 
fractures/metre. 

Hydrologically, Sv 4 Is located In the loaer part of a 

slope and in a direction beneath the h i l l such that the 
inmedlate v ic in i ty can be considered a local groundwater 
discharge area, with an expected Increase In piezometric 
head wi th depth. In the upper 200 ra of the hole the 
hydraulic conductivity varies from l . i o ' m/s to 
I.IO" Hi/s, which is quite normal for this depth (Fig 
5.44b). At greater depths the conductivity is near the 
l im i t o f measurement apart from three exceptions, two of 
which correspond with local fracture Zones 17 and 15 
which record calculated values of 2.10' ©/s and 

-9 
2.10 m/s respectively. The piesometric tjead 
measured along the hole show excess pressure, according 
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T a b t e 5 .12a : Mea^iureJ hyvlrjulic ^ara^ioter i a a ^ c a l c u l a t e d water bu<lget v a l u e s of the v a r i o u s in f luences due to b o r e h o l e 
j i ' t i v i t i e s «t t he w a t e r saz? led l e v e l s in bo reho le SvA. 
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Figure 5.44: Hydrogeologlcal characterist ics of borehole 
Sv 4 . 

a) Fracture frequency ( for 10 m sections) 
and the cumulative percentage of 
fractures. 

b) Hydraulic conductivity. 
c) Piezometric head distribution and 

Siydrostatic head in the borehole. 
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to the bydrostatic head, along a major length of the hole 
(F ig 5.44cj; the greatest head deviation exceeds 17 
metres of water (below 420 m piezometric heJd 
measurements are missing due to a default with the head 
transducers). The uppenfiost part of the hole is 
characterised by small negative head deviations. The 
groundwater level in the borehole i s very near the ground 
surface for srost of the year. 

Water volume I m ) 
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Figure 5.45: Schematic i l l us t ra t ion of the calculated 
water budget for level 96-98 n in borehole 
Sv 4 (Svartboberget). 1 = Dr i l l i ng water; 2 
= 6as-11ft pumping; 3 » Hydraulic testing; 
4 » Sampling; 5 = Open-hole e f fec t . 
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5.3.1.1 Level 96-98 m (approx. 83 m) 

The sampled section is located within a l ight-coloured, 
garnetiferous migmatite granite with local b io t i te - r ich 
zones. The borehole length is characterised by three 
simple fractures which intersect the axis of the core a t 
angles ranging from 55 to 90 . The dominating 
fracture minerals are ch lor i te , epidote and an 
unidentif ied mafic mineral. >lery close to the upper p a r t 
of the section, and covered by the packer length, is a 
fracture zone 20 cm wide comprising four fracture zones 
which show evidence of s lather ing. 

Hydrology 

-8 
A high hydraulic conductivity (K=8.4.10' HJ/S), in 

combination with a positive piezometric head deviation 
(+1.0 m), should contribute to a suitable water sampling 

s i tuat ion. The one injected 5 m borehole section resulted 
in a lower conductivity value (and also a positive head 

deviation) than the overall 25 m section. This, however. 
Is no guarantee that the fractures in the actual sampled 
section are in fact water conducting. The water budget 
calculations based on measurements along the 25 m sect ion 
are presented in Table 5.12a and i l lustrated In Figure 
5.45. 

Ijater geochemistry 

The sampled water (Table 5.12b) Is characterised by a pH 
of 8.4; of the major cations, Na is present in 

2+ 
s l ight ly lower, and Ca in s l ight ly higher amounts 
than for normal non-saline groundwaters in Swedish 
crysta l l ine rocks. Cl ' i s low and HCO " is nonsal 
for such shallow groundwaters. The presence of 1.0 * I~ 
Indicates a significant d r i l l i n g water component. 

m 
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Redox-sensitive parameters 

A positive Eh value (+50 mV), together with a near 
absence of Fe( I I ) (0.04 ^ / l ) and S ( - I I ) (<0.01 mg/l), 
Indicate a groundwater largely derived frcai a 
near-surface environment. This is further supported by a 
sizeable oxygen content (0.42 sjg/ l ) . 

Isotope geochealstry 

18 2 
i M s level Is characterised by 6 0 and 6 H values 
(-12.51 ppt and -90.0 ppt respectively) indicat ive of a 
Sj?eteoric water source (Fig 5.6). The t r i t i u m data of 5TU 

14 Indicates a small surface-derived component; no C 
deta i re available. 

Uranium geochemistry 

Tfm dissolved uranium content Is 3.47 ppb which is high 
and supports an oxidising groundwater env l ron^n t . No 
Isotope data are evalUble for ^ i s 1@^@1. 

TTm results show that t l is level saepled Is characterised 
by &at%ri which represent: 

- ^ ^ 1 1 resldiial near-s«rface/dri l l lng »at@r cos^nent. 

TiMJ pmum@ ©f m y ^ m t ^ stas'-syrfiies ^ m 4 m t e r % 1$ a 
fumtiQSi of 9̂® slta11©t? ^ p t i i ®f ifet sss|>1©d I t w l , in 

p i B z ^ i r i c imM, H§mv€^, &$ scteal m c t i m ?©sftJ» 

§mp^&4 H ^ i t ® impact md fm® of my @aJor fractures, 
. J ^ r Q H Ui^mfor^ ^ $ f t a l p t s s l f e l l l ^ iftat 1 ^ m U n ,-, 
g ^ p l s d irtpt^$@r*t ^mfiQ%Q m t s r ^ U i m 4 ffe® Mgfetr-
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level conducting fracture zones which have channelled 
near-surface groundwaters (containing small quantities of 
laarked d r i l l i ng ^ater) into the borehole. 

5.3.1.2 Level 376-378 a> (approx. 324 ra) 

Ti?e main rock-type along th is section is a f i r i«- to 
E^dium-grained grey gneiss grani te; grain size can be 
fieterogeneously d is t r ibuted. Structaarally, the section 
consists of four single fractures ^ i c h Intersect the 
core at angles varying fran 45* to ^ ^ ; the main 
fracture f i l l i n g minerals ere ca lc i te and one fractwre 
shows signs of weathering. 

Hydrology 

Tt!€ sampled section length has a (hydraulic conductivity 
-9 

o f 6.5.10 ^ s and sn ynusually high excess pressure 
(•«'17.4 ro; Tebis 5.12s). Two 5 m sections Mve ^©gn 
Injection tested, one of which Inclsfiss tha mmt 
fractured part of tUs 25 m sections {imorpQr&tss 3 
fract^yrt x&nes). iotlJ of thes© 5 m ^ t l o n s resulted in 
l ® » r K-va1y0S. I t Is th^rtfore mr® plausible ^ la t &a 
tgmp)2d ssction cefttalfilng only fot^r single frsctur-ai 
sr̂ Hild ^ r^pn%<snts4 by the esUuUtsd mtBr b»#@8t 
i l l os t ra ted in Figurs 5.46, i^ ich favours « 
C0f^tasinit<on-fy^^ gre«ndj^at«r s s ^ l e . Ths dfstHbytlen 
©f fractures &}m§ ttia r©st of ms tS ® ssctiesi Is 
si 

(§t im $fi4 mim a ^ ^ n t t;̂ pic4!l fsr* @ îba^ms «© 
ifit^srmdUU mn^'^ilfm ^mn^Her» W ŝ̂ Q̂r̂  a sUtsbl® ^ 
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Water volume (nv) 

Sv 4 37S-378 m 

F1ft«p@ S.4S: Scfts^atlc 111ysts°at1ofl of ine calculated 
?sattr bMf i t for 1%̂Q] 3?€»37@ ® In ^ r tho le 
Sv 4 (S*arsa®&@r^t). 1 ^ pHlHsig watsr; 
S o ^8-11ft p i ^ i n ^ i 3 « J^^t«11c ^ s t i n i ; 
4 • S&^l Jflg; S o #pgn-h-©l0 effect. 

fey ss £h m^m ®f ^ilS §^ aiMl sf^1flc^«t ^sunt i of 
F@(!l) (0.11 ^ / W ^ m S(-n) |§,03 ^ 1 ) ; further 
iMim%im)% i m \ ^ s viriud\ mmm$ ®f my^n (O.Ol 
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Isotope geochealstry 

Stable isotope values (*̂ ®0 » -13.22 ppt, *^H » 
-95.3 ppt) sajggest a neteoric or igin. A below detection 
Hal t of tr i t ium (<3TU) indicates no corstamination from 
young, surface to i>€ar-surface s^oundwtters, and a 

C age of 14820 years is further rsinforcesant that 
this sample is representative for an intermediate 
nor,-saline groundt^ter. 

Uranium sgoc^g^ist^y 

^^^^flF^^tf l^"^"' ' *'°''^®"^* ®'^ '**^ (<0.0l - 0.22 ppb) and 
tfis ^^ U/ U activity ratio Is high (3.3). This 
further supp^ r̂ts a reducing environment and shows 
|1|esprsad Isotopic disequilibrium due to an excess of 

Hyflro1©i1cal ly^ the ^t@r budget calculit iois f rm the 
Rgasurtd 25 m sgctfen iRdfCit® that s rtprtsentative 
groyndwater %mp\% %HMH lsav§ teefl |>oss1b1@; lN>wtver. 
tha actual s îapted 2.7 B section isay ba i^ybtful btcause 
of m abstftc^ of convlfjcing i*atsr-£on«f«ct1og r^-acttires. 
T^ ^hmi%lry of M?® ̂ t e r supimrts th® uatsr bud^t 
€a1c«it®tloii« 1B that a r^pr^tm^Sitim se^l© was In fact 
e&Ulnsd. Tfes «nly mq^tUQ fmtMr% Is th® 1©« but 
slfwificafit fsdine Gmtmt idilcis Ifidlcetes «i@ pmssnce 
of %m^ dr i l l ing m ^ r contMlRatlOfi. I t «s proposed, 
tt^TOftrs, t ^ t m%% Of %M «®t@r collected m% f r ta tlis 
l^srg^lf m^vn @r telsw t?JS packer $y%^, 1 ^ oHf ln of 
%ms m ^ r « s ps^&iDly fr-» m@%B c&n4i^tim z^mt 
iRdlcaltd f r ^ m§ t^^olof lcal m u alenf «li® 15 m 
%mtimt ^ i c h m y cm^ f r m tis® s#ilt6-eff imrUm. This 
gfoyij^^ttr i s inurm6i&tQ» n m - u U m in t^pa, md is 

. m m m n u t i m f&r ^ i U^mik fepsus^^lti. tsi© ssall ..• 
<lri11iftg mt^T c§gp®iitfii ^f#iabl^ t^m% f r m tsi® 
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residual contamination in the bor^ihole. The authenticity 
of the sample Is supported by negligible trit ium (<3Tll), 
negative Eh (-130 mV), an absence of oxygen, and an old 
*̂C age of 14820 years. 

5.3.1.3 Level 430-432 m (approx. 373 m) 

This level is located within a thick horizon (ipprox. 30 
®) of a frey, giieissose granite characterised by 
por|%robl3sts/velns of feldspar and garnet; so®« 
biotite-rich horixons also occur. The section sarapl€<4 is 
totally devoid of fractures; the nearest ©ajor fracti.?? 
2one (20^8 17) occurs at greater depth sos® 2-3 a aî ay. 

Hydrology 

Injection tests conducted alsng the 25 ra stction (Table 
5.12a) sissw that ^ % of the mter corresponds to local 
fractup© ZoR© 17, wJiich Is known not to colsictdt wish the 
Ktual stspUd section. Keasur^tnts elon^a 5 ® section, 
wtiich Inclydss lent 17, also %Kim a positive plexomgtric 
hggd of *3.6 r^tr©8. 

Matgy s-§o€hea1stry 

Ths aaj©r cJisslcil ceapoTOnts s h ^ no algriifleant 
varfat1®n froa tfts sbm@ level (Table 5.12b). Sose 
4tiUift§ fesater ̂ mpsn^nt Is s t i l l prestnt, ss indicated 
by l.O % r . 

ThdfB is Sfl Isi^lcatloii f r ^ ^m@ pstrm^Urt tha4 t ^ 
ffoun^^ter Is loss miming; for ©saapU, sn Eh n l m @f 
- ^ m sn4 m imm&m af 0 ta O.n ^ / K rm F®(III 
i m S ( - i n smunt i %fm l i t t l e tlmn§@, sltfioagh tMe 
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absence of any S(-II) might be some support for a less 
reducing groundwater. 

Isotope geochemistry 

L i t t l e change In stable isotope composition can be 
14 

observed. An sbsewe of t r i t l i r a (<3TU) and an old C 
age (12935 years) suggest a goo>d representative 
ground\^ater. 

Uranium geochealstry 

The dissolved uranium content ranges from <0,10 - 0,20 
gob. I .e. s imi lar to the prec«d1sig level . The 

U/^ U ac t i v i t y ra t io is aarkcdly higher and 
ag&in indicates wi(^spr@ad d1seQ^11ibriu!a in the 
grosisidwater.. 

The location @f tii9 sas^led section » i th in a f ract t f r t* 
f ree, non-cof^ucting par t of tlse borecole Is not 
par t icuUr ly condisive t o grotmfiaater sarapHng. The 
seapled water Is tfeertfere fr&s the borthole, p rob^ l y 
part ly froa ^ o v e Uis psc&ers, ^ t even (sore probably 
fftm ths highly conductive iQim 17 situated just M l o n 
t̂ .s packer systes. The s l a l U r S ^ in chemistry of gSjis 
^romd^stsr ^ t h the pr©c<efi1ng level Indicates that both 
$dQj)1es m i t l y represent ttm s ^ ^ groyri^watsf source. The 
less T^dt^ing nature of tfis present level m&y indicate 
so!^ @(x1ng ^ t h ^m^^ iB t&n f r ^ higher levels, 
elthough tti@ ch^ lca l d ^ r s c t s r i s t l c s 3r@ sltal lsr. 
R@s1dysl d r i l l i n g m%®r f r ^ W® borehol® probably 
accoynts for tJie Electable l " i n t e n t . 
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5.3.1.4 Level 630-632 m (approx. 551 ra) 

This level Is characterised by a ligtet-coloured 
pegmatitic granite coataining subordinate bands (approx. 
10-20 era) of darker, b1ot1te»ricft sneiss. The 
investigated section contains a single leathered fracture 
orientated at 40° to the core axis. 

Hydrology 

The 25 m section which inclsjdes the sasepled section 
records a hydraulic conductivity of 2-0.10* ER/S 
(Table 5.12a). No 5\ydraulic fiead data art calculated 
because of ^ faul t ing pressure trans<feicers. As the 
injection tests are considered to corŝ espond only to 
local fracture Zone 15, I t is Siilghly «Soybtful fefjjsttier the 
calculated (sjater budget values reflect tĴ s actual 
sit@uat1on prevailing along the saapled section locsted 
s^e 10 B above Zone IS. 

boater jeochtiaistry 

A pH of 9.1 ind fisajor i m eontents ©f ^ ®g/l for l a * , 
17 s^/1 for Ca * , 7 <^/\ for C l " , end 126 ^ / ) for 
HCO * , ^ss©nstrats th@ sIffliUrlty of ithls groyR^^^atsr 
yith tlse fe^o preceding tripled lev@ls. In so®§ contrast, 
the fo41ns content (O.S %) is I t ^ r %md tlisrgfofs 
gug^sts s saaller dr i l I f fig ^ t s r cojipofitat. 

Fe(II) and $( - ! ! ) sho» stellar levels to th® pr©vl@y8 
kvQl (0.27 ^ / l m i ^ M ^ / 1 j^spct!vely); tSi© ©%pfl 
content, hoaever, has incf€as#^ sllgttsly to 0.SO ^ 1 
8M§feating i frtatsf f?ear-8urfac© c^^^fif-nt. Ths.^©fa11 
gi*oun<fegst«r tnvlro^^nt is rsdjclng (Elj » ^ U O ^ ) . 



191 

Isotope geochemistry 

18 2 
The stable isotope data (values for 6 o and <S H 
are -13.10 ppt and -SS.4 ppt respectively) show l i t t l e 
deviation to the previous level . The absence of 
^ tec tab le t r l t i u o (<3Tll), and the correspondingly old 

C age (13210 years), indicate a re la t ive ly 
uncontaminated and representative groundwater. 

Uranium geoctemistry 

Dissolved ursfflluin is present In only very sBiall amounts 
(<0.1-0.15 ppS>). This, together with a high ^ ^ V 

U ac t i v i t y ratio o f 4 .1 , sufgest a deep reducing 
enviroraaent ^ t h widespread d lsequl l ib r iun due to excess 
234 

U, probably caused by alpha-recoil processes. 

Hydrologlcil and geolegical considerations Indicate thet 
IH t l® »at©p I s possible from the strapled section ttngOi 
which rgveals only ons single f rac ture. The water sampled 
^ s t ^^t refofs originate In the borehole, and the 
sl f f l l lar l ty i n cheslstrjr fe^lth the two preceding levels 
indicates a cmmn ssurct I.e. local fracture Zones 15 
and 17. Tf?t ©^11 aiJioiints of Iodine tracer and the 
csntlnasgd sgasuresent of %fm OKy^n sfsesr tfiat ss^e 
d r i l l l f i g MMt&r ^ a S M I I surface cmsponent are s t i l l 
present, although ttie quantities involved are not 
suff ic ient to iflflasncie the isotopic data s lgf i l f lcant ly . 
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5.3.1,5 Borehole sunroary and discussion 

Geological mapping, and Hydrological investigations 
carried out along 25 s sections ( In sosae cases more 
detailed Measurements have %^en conducted along 5 m 
lengths) In borehole Sv 4 , l̂ ave resulted on locating 
three major conducting horizons at efepth, two of which 
correspond to the Intersection of the hole with local 
fracture Zones 17 and 15. TStese are thought to extend to 
the bedrock surface. 

The borefsole is ti'^ought to be located in a local 
groundwater discharge area and therefore the pieztKaetric 
head mi^kt be expected to Increase tsith depth. Hydraulic 
^ s u r e e s n t s are reasonably liigh (>1.1Q'' m/%) in and 
around tfse upper three Investigated levels; the deepest 
level records a value of 2.10° o / s . Positive 
plezOiEttfi^ic head values, when possible to measure, 
characterise the two uppsr^^st leve ls . As a consequence, 
the calculated water budgets for these t^o hos t̂sons 
Indicate that yncontajalnate^, representative groundwater 
sasples should be ^ t £ l n e d . Hoi^ver, for at least three 
of t M four locations chosen for sssipling, the section 
selected f e l l outside the conducting horUons fsatyred In 
^ e m t& t bijdget c d U u l d t f ^ s . Ttius, taking Into 
cm%i4@r^tion the f t o l o f l c s l characteristics of th@ 
S H l l h o l s , this ef fect ive ly ^ans that portions of th@ 
^rehol® dsvoid o f any sfgwlf leant coftdycting fractures 
y@r@ s a i l e d for frounfe^ter. The only gyltable water 
ssurce ^ s ttie bomhole U s t l f , and the ^ s t l i k e l y 
©Hgln &f thms waters i s f f i ^ tlios® ffiajor coisducting 
1 seal frac tyre Zon^s ident i f ied by the ^drau l l c tes t ing. 

1 ^ teit®r c M ^ H t r y Indicates ^ M groyndi^ter t y i ^ s : 

- SKyftfiit©^, ftear-sttrfice Mster 
- rofl-ssllat, Ifstermdiat® groundwater of a reducing 
x-CHaractir 
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In both cases the presence of iodine indicates a residual 
d r i l l i n g water component. The presence of oxygenated, 
near-surface water at level 96-98 la is a function of the 
shallow depth of the sampling, co^ lned with high 
conductivity and a positive p l e z o ^ t r i c head. The source 
of the dialer probably originates f r m higher-level 
conducting zones aihlch have channelled some near-surface 
water (Indicated by measureable t r i t i y m and containing 
small angjunts of dr i 11 Ing water) ^nto the borehole. This 
water has been subsequently leaked around the packer 
systesa during sampling. The reaaining three sampling 
points are characterised by non-saline, intermediate 
groundwater which is uncoatamlnat^ by any younger ^ater 
component (<3TU) and is greater tfean 12 000 years o ld ; 
saall aiwunts of residual d r i l l i n g w t e r are present. 
This groyftdfe^ater source aliw>st certainly originates froa 
the highly conductive local fractssre Zones 15 and 17. T ^ 
rdgh angle Intersection of Zone 17 (85 ) with the 
bedrock surface), together with tlse intersection of Zone 
15 with several local fracture 2O«BSS at depth, woisld 
f a c i l i t a t e grayndaater mixing and liomogenixing fr®m 
d i f f t r e n t sources and may have a tear ing on the slcailar 
aater chemistries obtained frc® t ^ s e two potential 
sources. Hov^ver, the available t^drologlcal data 
suggests that level 376-378 m, cl@se io the highly 
condtctfve Zone 17, is th§ most I f&e ly groundwater source 
i^hlch represents sn In te r^d ls te ^on-saline type. 

The dissolved yranlum in groundwafsrs froia the sssspled 
levels show high contents for the yppereiost oxidising 

Jiorl£on (3.47 ppb). At greater €e^ths, and In accordance 
^ t h the other c l in ica l paraaeters, tfse uranium c®ntent 
i s siiBllar in the Wiree-r^aJnlng saisplsd groyrsiliaters, 
K©re, t t e Tos to Rsgligible ctuteets (<0.1-0.22 ® b ) 
|ypport a redycing groun^jater i^nwirommt. The U/ 

U ac t i v i t y ra t ios for tlse ^re@ (knpsr levels 
S34 

rm§@ f r m 3.3 to 4.5 which indicate substantial U 
§^@ss, probably frsis a lp^ * reco i l @@ch§n1sms and suggest 

. ^ f a i r l y long residence t i res in th@ bedrock. 
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In Table 5.13 and Figure 5.47 the analytical uranium 
contents and the theoretically calculated uranium 
solubil i t ies for both crystalline and amorphous UO a t 
a pH of 8.10 and 9.50 are presented and plotted as a 
function of Eh. The upper^^st water sampled plots within 
the calculated stability boundaries for a pH of 8.10. The 
remaining three sssples plot in and around the amorphous 
UO s tabi l i ty curve at a pH of 9.SO. 

Table 5.13: Uranium content and theoretical Eh values of 
the grounded t e r frcsn borehole Sv 4. 

Level 
(metres) 

Uranium Cwstent 
(ppb) 

Calculated Ch 
(mV) 

96° 98 
376-378 
430-432 
630-632 

3.47 
0.22 
0.20 
0.15 

-129 
•355 
-285 
•273 
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Figure 5.47: 

pH 9S0 
^ e.io 

A 96' 93 cekvs 
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• 150 

OSIOATiON POTENTIAL (inW) 

Plots of uranium content (expressed as log 
(n©l/11tre)) and the calculated theoretical Eh 
values of groundwaters col lected from borehole Sv 
4. The values are plotted wi th respect to 
theoretical uranium so lub i l i t y curves calculated 
for amorphous (lower s tab i l i t y l imi t ) and 
crysta l l ine (upper s tab i l i t y l im i t ) UÔ  at s pH 
of 9.50. 

5.3.2 Borehole Sv 5 

The borehole was d r i l l ed at 86° to a vert ical depth of 
799.50 B) (borehole length 801.45 ra) In order to : 

- study the hydrogeologlcal properties of the bedrock 
from a central ly-located deep borehole 

- study a re lat ively fracture-free portion (as <fcduced 
from ground geophysical measurements) of the test-s i te 
area 

- locate at dept^ the presence of possible local 
fracture zones as suggested from geophysical 
investigations 

estimate the extent of the migmatite 
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Resulting from the d r i l l i n g a total of f ive major 
fracture zones were intersected; Zone 8 at 128-136 si. 
Zone 15 at 254-270 ra. Zones 7 and 14 at 371-410 m, and 
Zone 18 at 727-737 ro (see Figures 5.42 and 5.48). 

The bedrock encountered coraprised 71 % migmatite gneiss, 
25 % granitic migmatite, and 3 % greenstone; percentages 
relate to borelength length. The migmatite is typical ly 
banded to veined in appearance, with m>re diffuse 
homogeneous tiilcknesses co!!sm>nly present. B̂ l̂ow 200 m a 
coarse veined gneiss with decimetre thick bands/veins 
tends to occur more frequently. The gran i t i c bedrock 
variety is characterised by a coarse-grained, 
light-colewred psgs-stitlc quartz/feldspar type, and a 
grey-coloured, esediuia-grained, m>re ht^^geneous type. The 
former t^pe Is a typical migatite granite which aostly 
w:curs within the upper part of the borehole (0-500 ra) as 
th in (<10 ei) horizons fa i r l y evenly distr ibuted in the 
migmatite gneiss. The la t ter type ^s esostly present as 
greater thicknesses, e .g . 510-570 n, ®)5-670 m and 
700-800 m, although of less frequent occurrence. 

Greenstones (avs-age thickness of 0.7 ®) &re often 
sheared and occur paral le l to the regional structural 
trend. Certain do ler i te varieties can be distinguished; 
these are present throughout the bedrock and have an 
average thickness of around 1 a. 

The average fract i i re frequency/metre fo r the hole 1$ 3.5. 
Fer individual rock-types, the greatest fracture 
frequency is recorded by the greenstone (9.0 
fractures/ta), followed by ©igaatlte gneiss (3.8) and 
f i n a l l y the rafgiBatite granite (1.9) . In generals f rac^ re 
frequency decreases w i ^ (tepth wItJi tb© greatest 
frequency oceyrring f r ^ 0-270 a, snd ^ s I c ies t 
frequency bcla^ present between 270-360 in snd 400-700 a 
( i . e . less than 2 f rac tares /^ t re) (g@€ Figure 5.' 

4''-v , , , ^ . i : . i : . ' •> ' • 
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S*5 ^«?e8 Zone 7 
ZKte 15 

Figure 5:48 t ^ a t i s n of the ©ajor ffagsip©/cnjsl^ lonss 
^ ^ ^e i f relationship to the groi0iSM>at@r 

'FXXZ.F- '• F-r •t.mpMn^ hsHiwi (E^rehol® S« S). • • • -'• -
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As s^ntloned abc^^e, a characteristic feature of the 
borehole is the presence of five major fracture zone 
Intersections one of which (Zone 18) being of regional 
1^}ortance. These re?>ge in »idth fr(^ 5 to 15 m, and each 
cc^prise 8 to 14 fractyres/a. These zones are sioderately 
to steeply Inclif^d to the borehole »̂ x1s (30-80 ) and 
the three shallo^r zo^es ( I .e . Zones 8. 15 and 7/14) 
show evidence of Midespread alteration ^ue to t^atherlTjg. 
The ^ s t c<̂ ra>n fracture/cn^sh zone sinerals are I l l i t e , 
chlorite end calcite with ^ r e ainor ssmtnts of other 
clay aineral phases snd zeolites. 

Hydrologically, because of ^ e borehole location close ^ 
the s«®Jit of Svartboberget Itself, groi^daater 
r^hsrging conditions prevail, ^ s t probably sccof^nled 
by a Urease of plezosstric h2&d »1th ^p th . The 
§ro«R<^ater level In %% 5 usually exceeds 10 m ^epth. Tlie 
Sn^draulic c&fsductivity ^ssyred along ths hole roughly 
^jcreases wlt^ increasing ^p th tpart fr̂ m four sectioas 
et spproxl^itely ^ 5 , SOO, ^ 5 snd 7S0 m. l^o of tbese 
correspond to freeture gofi© Intersections, i . e . Zone 7A4 
at 371^1 © and l®ns 18 at 727-737 ®. Z©nt 18, «hlch is 
r&fional fn @st@nt dftd SsHi^aiss the esstem iiirgin to 
tM t@8t->si^, r§£3rd8 sn @«tr^1y hi^it €@n̂ i<:€t1v1ty 
(It • 3.0.10°® ffl/s) for tfsfs #eptii (T^le 8.14a). 

The p1@£̂ i@tr1c fm d̂ ^om a rspid ^emsse lo ibout ^ ^ 
m ̂ p th ; l i t t l e variation occurs for d f&rfh^r 2&Q a 
li^rmpsn m increase i% f^csrdtd ti^^r^s tlie hole ^ t t £ » 
(Fig. 5.4Sc). The ^iffersuces fa p i ^ z ^ t r t c 8©2d is 
gftater ^ ^ ^ wstret »-? mter &nd 94rim tm^amn 245 
m4 3§9 0. 
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Tat»4«S.14,. n.«»ur«.d hydrauU: pari£MC«r» and . :a lcuUt,d v3t*r budg.t valu** of tS* v«Tiou» in(l««)c«ft in* K^ boreholt 
a c t i v m . k *t tSe ^ . t e r ft«spl.<i Ire-el . in bor .Sol . Sir S. 
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ci^ilstive p©r̂ @iitsp ®/ frsc^res. 
b) %^sMii€ csftdi^tivity* 
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5.3.2.1 Level 161-163 a (approx, 160 m). 

The sampled section is characterised by uniformly-grained 
b iot i te quart! gneiss containing veining of a coarser, 
p&§iQatlt1c sa te r l a l , which 1$ strwctural ly fo l iated along 
the regional tr@nd. Ute borehole section contains t^o 
fracture gmes varying la width frora 10-25 €m and each 
c$^prislng 4 fractures. In addi t ion, t3»o single fractures 
cjccur; the various fractyres intersect the axis of the 
core at angles ranging f rmt 20-90®, awd a l l shsa signs 
of tseatigering. 

Hydrol0§y 

This level Is located ^ i t t i l n the highly co^^dticlive upper 
part of the borehole, sr^ records s ceMuct lv l ty value o f 
1.9.10 m/% smS a head deviation of ^ . 5 ^ (Table 
5.14 s ) . Tnis results In a neg<st1̂ @ wdter b«?dget (1.®. 
i l l cont<sslRatf©f sister should be tesoretically rwsv®d) 
even prfor to sssspHng (F ig . i.SO). I t Is rsfflarkibVe that 
titt @sst f ract i i r td part ®f t M 2S i) section (approx. 
1I5»IS8 a ) , tested mr^ s p t c l f l c i l l y along « 5 a aect^on, 
v'KOrds i ^drsei l le €0»(^^t iv i ty be)m t^e assur ing 
Ha l t ( i . e . <2.5. i0 ' * " 

<» • 

2 -

-2H 

Sv S: 1i1»1^3ffl 

1901 1 9 S 2 4 
..ffi. 

1 9 9 6 

3 . ^ : S c h i s t i c i l l i i s t r s t l ^ of ^ e €aleu1st@4 ^ t @ f 
iHsiget ?®r level I S l ' l i } ei in ter^tol® Sv % 
( S v s f ^ ^ ^ r p t ) . 1 « OrHHflg n^ ts f i 2 » ^ d s ^ l l f t 
i w ^ f n g ; 3 • % d r ^ 1 i c tes t ing; 4 » S^pl l f l f ; , 
5 » . 0 ^ s * ^ l 0 e f f€€t . 
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Hater ^ocheaistry 

A laboratory pH value of 7.7 ^as recorded (Table 5.14b). 

The aajor cations, Na and Ca , and the anions, 
KCO ' and Cl ' ' , are present in asounts *«fh1ch, 
although loiter tMm excpected for this level, s t i l l fa l l 
within the range of sl^l loa, r«on-sal1ne groundwaters. The 
presence of 2.4 t I* Indicates a siieable dr i l l ing 
MS t e r c<@poi%ent. 

Re^ox-sensi t l ve' para^ters 

The stable isotope data (6 0 =» -12.8 ppt and « H « 
»92.2 ppt) i s representative for a meteoric ^ t e r origin 
(Fig. 5.6). The t r i t l ^ content (33 TO) Indicates a saajor 
neir-surfsc® coi^nent; m C 4aU ©r^ svailable. 

Uriofya flesritwistry 

Th® ©xldislaf gr^und^ter %mimmsnt 1ft4lcattd by tSie 
r®^s»se«i<tlve psraettsri-is fyrthsr sypporttd by y%ry 

^ ^ U r U fict^vity rat io of 2.1 fndlcatts 
H d t ^ l e d1s®Qu1!1ferisis in tl%t ffsasiiaster. 

f f » %ii^T0f1cal c©ft§lisfati©fis, tte sa®p1td gf©*r»^«itef 
sj^sild 1^ fr©@ frea a l l fsajtr sources of » t e r 
€mtemimti@^ &M ^mref&m s^^r^s^tiStir® for Hag 
i m m t i m ^ ^ UmU Itesgver, &m %df«cli»lcal msalts 

- I^f^ txists.a sl^t&le #i l1l f l§ mtse csapostfst 
- &mm €Hift3 3 mSor mif'mrUe^ m^msm 
- i ^ a ©f m© s«ap1#d mUf ©gs^fists a wi3«s^lli» 
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The discrepancy between the predicted result and that 
obtained is due to the location of the sampling section 
withiR a relatively conductive g»art of the borefMjle, also 
characterised by a marginallyjxssHive piezcssetrlc head. 
In tSse largely rechargiog envircjiaent ©reand the bore
hole, groundwater flow in W% Mgfily fractured «3̂ per 
section of the bedrock will theinefore be stroagljr 
do?!jn«9rds, resulting In the availability of youRSsr, 
near-surface derived mter withisi and in the rssar 
vicinity of the borehole. Tills effect will be 
particularly esij^ssised during ĵ !«$1ng for ssapHag 
purposes, resulting in ^ e aisisg of representative 
groui»̂ %?a£srs for the saa^led l©v@l with younger ^3ter 
froa sSwullOî r sources. Fyrther^re, because of ^ e very 
coad«t1ve/frectMred cteracter of tlve ispper b©if@ck 
horls^n, tt^ire will be ^s extr^sely higli d r i l l t ^ «at«r 
loss resulting In groan^^ter costasfs^stlen for a 
coi)si^rabl@ rsdiys armmd th@ borehole. T̂ e pres<®nce of 
a slMsfele drilHsig t*8t©r ces-̂ f̂tignt In the sampled water 
is tJi^refor© not fyrprlsifif. 

S.3.2.2 Uvtl 3S7-359 @ (sppr^s. 315 m}, 

ThQ ^^imtinQ rmk'typ® in tisf$ §gctl®s Is a • 
gs^y-c^loamd, inh^Q^mmi f^glsi ^ t n vetnffif md fim 
bm4i&§ of ^jisrtiltlc ^ t s H a l &@^tl^s contaifli^ Uf@e 
%pQrsejic feldspar fraffls; ^ggr^pcts &f §Brmt s lss 
^cur . 

Stfuetgirally, tha s^tis® c^ri&B% m^ fr$c^r§ Emî  (40 
aa t d ^ md ^ataisting 7 frKtMr&s) aisd f ^ r slugls 
frsct^s'^as; frgct«r« int^rmitim with t ^ aa1« of ^ e 
cere rasfes frm li*@9 ^iS ^@ ^mU frmtur^ fil I Ing 

n̂d smi'mfH ^ m t . tms^ fmt^r§ Zm^m 7/14 ss^ 
l i ^ s t ^ spproxi^t^ly 19 @lis1$i0 ^.3 tabled level! • 

. *>N/ 
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Hydrology 

The 25 a borehole section containing the sampled length 
(sbich t x c l u ^ s Zones 7/14) records a fyrdrauHc 
conductivity ©f 3.0.1O m/s (Table 5.14a). Two 5 ai 
sectiofjs wit f i ln tbe 25 m section, ^ i c h are legated close 
to these fracture zones, show rather a low conductivity. 
i .e. t l ie m s t f\ydraul1cally conductive part of tfee 25 a 
secti<m appears to be furthest from these local, f racture 
20j»e$. Mith respect to the actual section sampled for 
grouRs^ater, ^ e one ^ t a i l e d ^-ater Injection tes t , which 
ii%li$«^d the stapled horixon, showed a K-value below the 
wasyring H a l t . This ef fect ively eeans that the water 
budget l l l u s ^ a t e d in Figure 5.Si is not representative. 

Hater ^ochpalstry 

For such a s r ^ l l n g 4epth the recorded laboratory pH 
vsl(@ of 6.2 i s unususlly IOM (Table 5.14b) and aore 
typical far stirface to ntar-syrface waters. This i s 
f u r t ^ t r mipportsd by ttie major ions (3 Eg/1 Ma ; a j ^ / l 
C«^*; 2B i i / 1 m o ' i 3 ug/1 Cl " ) ^hlch are 
} ^ ^ r than ^otmH h t^pected for groun<^ttfS of sn 
inter®&d1ate, non-saline natyre. The v i r tual abseŝ ce of a 
d r t l H j i f wat&t co^nerat is iu^icated by a 1o» I-content 
(0.2 %) . 

Mdo^".fensi t l v@ pifaaei^rs 

A h i f M y ox l ^s lng gr®yi?d«3ter env1r®f®tnt fs indicated 
by a i ^s i t l v® £|j (•27S m ) , m absence of S ( - n ) , and a 
fifgSi 0 c&nt@«t of 2.7S ^ / l . Sn contrast, toe F® ( I I ) 
c o i t a l Is h i f h (4.1 ^ / l ) which is not reidi ly 
ixplaif isd: 

y 
A'̂ iMi'.- zFpx.j^rA 7yhy^A''i. A7.yA..^ 
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Woter voluiR® Irn) 

4 0 -

30 -

20 • 

10 

s 

S^ S: 3S7-359 m 

\ 

1 9 8 1 1 9 S 2 19 83 19@4 

. « i v : , ; . . , . ' , ; ; » ^ ; - , 

n p r € S.S15 Sc^^i t lc %\%mVt%%\m of th§ a l c y a l t ^ mUr 
hm§@t for Itvel 3S7-3S9'a In.fear^hole Sw 5 
(Svar^#&trfst). 1 " DHIIlRg »at«r; 2 ^ €as- l i f t 
^s^ i f i f ; 3 « Ny«N ŝulU testing; 4 « S^pllwg; 

.S • 6ptfi-h9l® effect. 

.J 
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Isotope geochealstry 

18 
The6 0 value of -12.60 ppt Indicates a meteoric 
origin; no deuterium data are a ^ a i l ^ l e . The tritiuia 
content 1$ very high (36 TU) and strongly suggestive of 
surface %^ter. A siallar source Is ^jppofted by the 

C data ^ i c h Indicates a very you®3 « te r (285 
years). 

Uraniuia ^ochg is t ry 

The dissolved yraniw® conttnt Is very toa (<0,0l-0.2 
1^) ; Isotopic d1s®quil1br1«a Is i l i®« by a u/ 
*^U activity ratio of 2.6. 

Syggar̂  

As i l lustrated by f M f^drological <iat#, the selec^d 
borehole section for siapltng Is locit®^ l^loa the 
*:5ilftdtlsf coR^ystlvi horizon ^ th i® tfee IS m section, 
lm%, th^ 11lMStrat©d mtur bu^f§t-t« Figtsr® S.51 Is 
rtprtsentattvi for t^e hsrtgon rattor ^an for the 
saspltd m c t i m . The hyiroelitiiical ^ t a ^ Ints strongly 
to i ymn§ surface §ri%in to t M m '^ r saspltd, ^ i c h can 
©«1y H m offf lnattd f r ^ rjis bsrttelo sfeov® ths 
p.scktd-©ff section, tnis 1« al io p)mi§1b)i frmt th@ 
fty^ropol^gical ma%iir^nt% ^ I ch ' ^ & ) m t ^ a 
c^ is i f la t i ^ of silgh coJiiactlvi^ g m ' ^ ^ i t i m p ie i^^ t r ic 
head occurs m t t convlncinfly in om mry ypptmast part 
of tils ^f^hol®, ^mr@ ^e iimlimftt watsr source Is 
y^ng. lh§ rtsalting d^mmrd- t r m ^ ^ r t ©f mt^r Is 
fyrt^sr scctntaatei.&y t ^ mry l«s f i@2^i t r ic fm@4i in 
t ^ i m t i m wlt^ sl^lf lcaf»t S-t?al®©s f r m 200 to 7 ^ a, 
^ i c b rts«1t8 in t ^ flea psiietratf©ii ®f ^mn§ m%$r lata 
tlie beflr^k. 
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5.3.2.3 Level 615»617 m (tpprox. 614 m). 

This level is located ta a massive gr^y granite which Is 
i«akly foliated, uniformly fine-grained, and sostetî ses 
containing fsrnet. The dri l lcore section is characterised 
by only two single fractures ^ I c h Intersect the axis of 
the core at ^"^ and 75** resi^ctively; calcite is the 
only F®earded fractare aineral. 

i^drology 

The sasjpled ^rehole laRgtii for»s nart of a. 25 m section 
«hlch records a Mgtitr condiKtlvity (1.8,10" m/s) 
than the respective adjacent sha lH^ r end deeper 
borehole lengths: t^e f^ydraullc M%d Is -45.5 ® (Table 
5.14.a). The water budget il lysSratsd In Figyre 5.S2 
thms that ^te ^later saepled should be 100 % composed of 
contisihatiRf «ater f r ^ ©le borehole. Although 
celcylattd f r m the 25 © seetfon, the mtsr budget s«y. &e 
ftprest«tatlv@ f§r tlie sa i led s^ctin. This is suppof£©d 
by the fact tM^t t^ t t ^ S m i-tct^Qfls tested, which 
inclii^td th© fast frf€tur@d portions of the 25 m sectioh, 
s t i l l recor^d lo® c©B4yct1vt1y m\mt (Fig S.49b). 

UBt®r Cli€gi<§try 

Stellar 10 the prtc^^ing It.^sl (T^ le S.Wb). , 

Stellar in pre^r t ies to t ^ prmming level. . 

,ls®,tg,^ ^^^§a1stry, 

Stellar In p m ^ r t i m to ^m pr^®4in§ level. 

Urmim |ggciiea1siry 

•,, SlaiUr to ^le pffcfding U m \ . . . . . , . , 
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Water vdusns Imh 

1981 1 932 1 983 1 984 

Figure 5.52: Schetaatlc i l lwstr i t ion of the calculated wter 
budget for level 615-61? a In borshole Sv 5 
(Svartboberget). I ^ Dr i l l ing ^ater; 2 a 6as-11ft 
puapinf; 3 » Hydrayllc testing; 4 « Srapllng; 
5 a Open-holt effect. 

S^aary" 

T^i'hy^aylic etiar«ci«ri§t1cs §f th§ MKpled Itvel md 
tr^t l»^g>diat®ty sdjictnt borth#l© Itfsfths ihe» th i t th® 
hydraulic mMi^ t iv i ty isfgfteral ly ®od«rat« and the 
pl®ies®tric head sjrkt^ly Rtgatl^®. Seoleglcally, tlje 
selected level for tsaplSflg is l^cat^d in §m of the 
least prsslsifti sections yhich is character!std by only 
^ 0 sissfle frsctseres. tfm calcylsted ^ ter budpt Is 
merefsr® c^fisfdemd possible for tlie section s&spled aad 
ttiis teiMsId Indicate tliat tfte w®te«* collected Is tifghly 
C'SBtsffllii^ttd ai5d^or1f1«it#s ff^B ^m bof^iolQ feavlsg ^ sa 
1 talced p s t tM packers ilyrlflg pg^lng. Ce^ttslnatlag 
iNjrehol© m U r is s^pforttd fey 1 ^ feydrechfslstry aJslch 
points to a yOtfflf, niir-syrfac© ^ r i ved , highly oxidHlsig 
isater ©f slallsr origin tô  that fescfibtd frsii the 
,pft€edlf»| I f ^ f l . 
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5.3.2.4 Level 719-721 m (Approx. 713 m). 

This level i s characterised by three dist inct rock-types; 
veined gneiss, greenstone horizon (55 cm wide), and 
Biigmatite granite. Structural ly, there exists one 
fracture zone within the greenstone (30 cm wide and 
containing 5 fractures); four single fractures 
characterise the remainder of the core. Angles of 
intersection y i th the core axis vary from 30-80 , and 
the Pfldln f i l l i n g minerals consist of calcite together 
(sith ^ I den t i f i ed phases of ^ i t f l c - end ron-mafic-rich 
co85|3ositon. Located son« 10 m feselow the sampled horizon 
is the regional fracture/crush Zone 18. 

Hydrology 

The very high l^ydraulic conductivity of tiie 25 ra section 
corresponds to the regional f racture Zone IB, which has 
been tested along two 5 rn sections. I t is thus very 
doubtful whether ^ e horizon sss^pUd is water-conducting 
or Is to any marked extent influericed by the open hole 
effect as i l lus t ra ted i-fl Figyr© 5.53. 

Sis l lar to t^is previous two Iswsls epart from a (such 
Mgmr r content (4i7 ft) Ind ic t ing a significant 
d r i l l i ng wa^r coBpontnt (Table 5.14b). 

Sedox-ssfls i t i ye parameters 

Sis i lar to tlie previous tfe« l e ^ l s in that a earkedly 
oxidising froundaater mv i rammi t Is tjid1cat@d. 

.eiajr 
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Wafer volume (m ) 

1981 19 82 1 9 8 3 198t 

Figure 5.53: Sch^aatlc I l lus t ra t ion of the calculated water 
budget for level 719-721 m In borehole Sv 5 
(Svartboberget). 1 = Dr i l l i ng ^Mter; 2 » Gas- l i f t 
pumping; 3 ° Hydraulic testing; 4 ^ Sasspling; 
5 » Open=-hole ef fect . 

I sotope geocheoi str> 

SIsHlar to the tao previous leti?e1s in that a young, 
near-surface to surface water, characterises the 
collected saisiple. 

Ursssium geochealstry 
II I I I - • - • 1 1 1 ^ f - II 1 • - - - • I • i f i i 

The litnlted data that are available Indicate very lo» 
levels of dissolved ursnius. 
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Sunroary 

Because of the doralnatlng influence of Zone 18 located 
some 10 Ktres below the sampled horizon, the i l lus t ra ted 
feater bud^t is not representative fo r the sarspled leve l . 
SiHje limited groundwater may be expected frora the 
fractured greenstone contained within the packed-off 
section. However, the %drochefiiical data, in corason with 
the previiMis two levels . Indicate a young, nedr-surface 
to surface water fe/hich is s ign i f icant ly oxidising In 
-itiaracter. The source of the water is similar to that of 
t ^ t^o previous levels . 

5.3.2.S Borehole surmtary and discussion 

Borehole Sv 5 was d r i l l e d to characterise the general 
t^drologlcal, geological, and hydrochemical 
characteristics of the bedrock from a central location in 
the Svartboberget t es t - s i t e area. The ^oalnating bedrock 
is a giigidtlte pe iss ^ I t h subordinate migmatite granite 
and greenstone/dolerite. At depth, several large-scale 
fracture/crush zones vsre Intercepted, Vhe deepest of 
^ i c t i (Zone 18) being o f regional seal®. Al l of tl^sse 
z^es are eonsldtred t o intercept the ^drock surface to 
^ east of the tes t -s i te area and a l l have a general 
strike of HW-SE. 

Secanse of ^ e topographic location of Sv 5 close to the 
hfgtest jKJint of the &r^6t the local feyfirologlcdl 
c^dit i©n$ ^r^ considered recharging, probably 
scc(^^nisd by a decrease of pleze^etr^c head t ^ t h depth. 
The fissured i ^ ^ a u l i c conductivity s1@ng the tole 
<^rf-.is®s ©itn ^ p t h a i ^ r t f r ^ four s ^ t i o n s , t^o of 
^ i c ^ mm%pm4 to l<^£:al fracture m m t 7/14 m4 the 
f@g1@ii3l ffsctuf® lm@ 18 (Ffg. S.^fb). The l a t t t r 
ffcords m t x t f ^ s l y ti igh condiictlvlty (3.0.10 ^ s ) 
for such a depth (727-737 a ) . 
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With the exception of thte uppermost sampled level 
(161-163 ra), all other s^ter budget calculations for the 
25 ra borehole sections indicate waters which are highly 
contaminated and therefore non-representative. The major 
cause of contamination is (Jye to open-hole effects which 
result from roediura to high .^draulic conductivities 
combined with strongly f^gatlve piezc^aetric heads. To 
further complicate the situation, not only are the 
sampled groundwaters not representative for the bedrock 
depths investigated, but they are not even a product of 
the packed off sections. For the looser three sampled 
levels, the sections selected fell outside the conducting 
horiions featured in the water budget calculations. The 
groundwater samples ®ust therefore have been les&sd past 
the packer systera frosn t^e bsrehole ^^st likely %'1a a 
short-circuiting network of fractures. 

The hydrochemical data identify too grount^ater types: 

- surface to near-surfsce oxidising feiater 
- Intermediate to shallow non-saline groundwater 

The second ffoundwter type is present only within the 
ypptr^st level, md even then in a m^h diluted fora 
resulting f r ^ ® 1x1 ng with surface to ncar-surfsce 
witer and drilling isater. In pneral tlie dpialnat^nf t^ter 
sampled froa all tJ»s levels is chsracltrlied by U»a f irst 
type. Timre Is no ^ubt tl^at the m%&r% M«p1ed are 
surface to nsar-surfac© in origin. Tfes question Is 
»hst}^r tfssy represwt Mter in the b®r@hole sfe@ ê tha 
packer systss, ©r water rtasved fre® marby fractured 
condtctive horizons ^ 1 ^ has co l l ec t s as a resijU of 
opsn-i^le effects!. Eecause of the pr^^ailing 
l)y<lro1#gical conditions in the boreiiol® ( i . e . mmdiicti^a 
md i^sitive heads), ssa^rs mrims frtm tM npi^r^st 
i ^ m of ^m borehole ^11 not ^r^risingly ^mtt&U t& 
dtpth md into ^ i tedrm:k mm $trs«§ ritptiv® i^ads and 
mi^ed condi^tlvltles 4r^ ««4<cfited. I t fs tJjys reposed 
tliat th@ «it®rs sa i led tiav© th^ir &-i§in frm tMe 
uw§tm%i part ®f tto ^ ^ N J 1 « . U '-^^ u m of •&§ 
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iippersost level, so8^ f ixing with 8»drock grcii.'^d^ter has 
occurred facilitated by the high Siydraulic conductivity 
snd positive head. The mut tsfo levels dre characterised 
€^ly by *<itfrs of surf^ice origin i^lch is in part 
supported by an a l ^ s t coisplete absence of Iodine tracer. 
The lo^^raast lewel sfispled represents again ^ s t l y 
syrface-iferived « t e r ilthousts tfiis presence of Iodine 
tracer C4,7 %) ©ifht suggest s c ^ ralxlag with t r i l l i ^ g 
^ater f r » tlie ^ o r fracture I©?^ 18. 

I t Is noticeable that th® three ^epest levels record 
feigh Fe ( i l ) contents (4.1-11,0 ^ 1 ) . This »sy be ll^e 
result of rtactlca In t ^ Cortisol@ befe^en tlis ©etal 
pipes e^d t?>s towiwrd ptsetratlnf oxidising l i t e r s . 

i©cs«se ©f INJ ti»'»rtpfts^tsti«re„cliarscter of the 
%.mip}Q& l i t e rs , laterpr^tit^tn of %ny urmim treai^s is 
e#iRiii§l@s$. The wry ftlgh ur-miu^ coaft^ts free Use 
ttppsf»ist level •C'tO. I f "-M.S i ^ l 1$ fyr^er sjipport tliat 
K^e of ^ss ss^ le i k i t t r km ©rlf lntted In tfee bt4rosk, 
&^_ tftat t ^ fr-ojis^jiterf liive bmn. safflcisntly 
®&idi%in§ to 8ce^»iit@ so stjeh ursaiya In lolyti®*!. In 
c©«tpast t i l t viry 1©» egnitsts f f » l l ^ ©tiser I t v t l s t re 
%-p1eil ©? highly ©si^lsliig l i i r f i c t m U r ^hicSi h i t lisd 
sinimm csntiet with Hit ^gr tc l ; . In Tab1@ S.IS grefl 
FifMf® S.M ^§ ftsilyttcil w i n l i s etnte'Sts sn^ Um 
^ m f t t i € ^ U y C6Uu\&Ud -urmim §©li^ll«tl@8 for feot^ 
crystal)lR© iftd a«9f̂ fe§y8 IM)̂  at a #« of S.a) are 
|M^i#at#i M^ p1@ttid m a f^iKtl#« of a . All « f . t r 
e»pos«tl®jis plot ^ imin m@ ̂ r 0 m m §UbiUty f U U . 
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Table 5.15: Uranium content and tteoretlcal Eh values of 
the groundwater froa borehole Sv 5. 

Level 
(^tres) 

Uranlus Content 
( p ^ ) 

Calculated Eh 
(®V) 

161-163 

357-..3S9. 

615-617 

719-721 

U.% 
0.t3 

0,15 

O.SS 

*292 
*179 
•216 
• 75 

(.90 
pH < i.% 

mm̂ sn̂ L î vt 

f i§m^ S.S4: Pists of mmim s^ste^t {©aprtssed m l̂ sg 
Ca1/1ltr®)) md ms uUulMUd tfttorfetical £I» 
talms of p^m^mUn mU-mtU4 f r m l^r^hol® S« 
S. Ifl® val 1̂ 8 i m '|j1@ti®d ^ t f t r t s ^ t io 
tf^OffUcal yriflfssa ss l^^ l l l ly Ciirvts calcttl j t id 
f®r mp»r0.mii ilmmr stsbi l i ty l l aH) md 

...erymmm .iapp^ ju&i^i^.}mt} m^ @t § $n.. .. 
©fs.to. 

. , . , ; > • 

i-Mx 
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5.4 Kamlunge 

The Karalunge test-site is situated in northern Sweden 
about 35 kra from tf.z Baltic coast (Fig. I ) . In cosa^n 
with the other described areas, Karalunge represents a 
crystalline r®ck enviro«^«t which is Precas^rian in dge. 
To^graphically the region for®s « plateau with a gresind 
level range ©f 40 to 175 m sfeov© sea-level (Fig S.SSI; 
Ict-CTvessnt feas iatposed a d^laant m^ - SSE ork*rttat1on 
on trie local ^pographlc features. The platesu my be 
described as a horst-^pe featyre, a ^UnguUr block 
i&se 16 ka In area, bounded on tl^ree %i4m by 
larp»«sc9le r©gional lineai^nts which ^re presuissd to be 
near vertical In ^net?3tloa. Oatcrgp expos îre is 
gtnerilly g»© ,̂ othsryist a ttil® to ^derate ©oraine 
cover Is usual (tpprox. 5-10 m). 

The regional oology of the are® his bteR «®scr1bgd 
f^erally by ^mmn (1^7) md Lend^vlst (1179). As a 
rtsylt of ^B iRWStlgatlons feg^tn 1181-83 the %rm U% 
rtcwtly fe#era #sscr1bed in wr® ^ t a l l by Albino et al 
m m ) and si^Jirfsed by Ahlfeta m il ( I t t le ) . The .rsflon 
is cftaricttrlstd by ^tisorptjic ani - i lpati t lc rocks 
lifhlc^ ars Pr^ca^fign ^r, gggj ^ ^ ^^g^^ ^̂  rtgardtd as 
,l5sv1nf feitr, r^lailvfly stabl® f®r Isng ^ r iods of 
tio1©g<eal t i m , mef iy , ifes olAst rocks in the &rm 
&f$ M%^H ^nhmn §rmit@ p ^ i s i t s . In finlmd md 
furtmr nQfth in %mmn, %imi\Br basi^nt rtc^s rtv©a1 
t ^ s rtnglftg t r m i^m-nm m (mMn et i l , IS7lj 
Ptrtfejsisa, l « S ) . Overlying md 4iumf§fmbU ^ith tfe® 
Atcimm h & ^ ^ t «f® iM ymm^r Sv©c©%are11aa rock 
§mm» The Swscclcarellin Is IfiSslally ripr®S€flted by 
mtam4imnt% m4 i^ta^ktf t lcs . Tliise are fo11@wd by 
nm liipafsaii :str1ts ©f mep Ints^sl^tg c^^ l s lng 
§mmm§riu md §&mm Mcb tmm ^§n 4&U4 by m-%r u 

immi mm m imnn ®t ai, wm), n@ @arii®r 
^tss#4i»nss m4 mt&m\uniu &m tfess csfisfitrgd u hs 
^imin m mm§$ ®« l^-gS0O m . P^HmrpMhi in th§ 
r§§im £y1sifi»t®d darl^f tM§ Svfc#5$i> l̂Sifj ^ ^ h at 

• r.,F,Bm^»^mu\y 1 # 9 m m m t t i ^ in w i m m m - • .'• -'• -z. 
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Figgre S.IS: Tfej R ^ l ^ f s t@@t-sfte.. hx Topogriphic pref l l t 
^*«0ss 1 ^ s<t»; 3: Hyps^riphk cajrv® shOHing 
i l t i t y « et^graettristles. 

a i fast ls i t ion. C©&val jsrlth ^tassrphiigi, ®«d foralng 
Uftf-»sca1# i^tm%im% in U^ t ^ i o n ^ Is ^m Una ^an i te 
whicij 1f̂ dU4t®d a rsfsge of ^ - $ r i p § -ttm ISSS l̂̂ SS Ma 
CUslifl ®t t l , l f70) . 

ins © l ^ s t recks txpssd at ^ § fe^l^jp test-sit© arsa 
i i ^ ®i®- i&s¥® ^ t l M s d ^ t a f « J l ^ t s isd s^uve lc^ ics . 
Ttei-st ®rt pr©s@ t̂ as ^®srt2«t1c ^ ^ I s s , ^«©lit® ^i®lss 
%m,m^ih^MU talJJch sr© I j l ^ r %®%tumd by %rhfmiuriu 
^m g f ^ ^ of ttes Ntparasiga Sffl@«. Tfe Lisa f rsn i t * . 
i j i th ^ ^ f p m a d ptpatHic act iv i ty , IntriHits al l older 
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Large-scale llRsasents ^asured In an area of 
approalfsately K)0 ka around K« lun^ rewaled three 
main grfiups characterised by orientation. TJw isost 
l^l^rtant group ^as orientated parsllel to the «^1nant 
ice-asvssent direction (IS40!i-S4OE); me reaialnlRg asore 
Bisior treads ^ r e iilOE-SlOli and N30£-S îa respectively. 
Detailed fault snd Joint p t ^ r a s have fesen ©sasared from 
tte saposed biMmzk at ttse K^lynga tast-site. Local 
fractare zones have besn Indicated by different 
geophysical wthsds, md ĥ ve sufgested tlse preseiice of 
seven sones ririglsig in '^dth f r t a less tfesn 5 a to 15 a 
s?h1ch traverse tl?® test-sits ^r^^. (Fig S.55). 

The properties of thest fr«ctur@ 2(mes at dspth hme been 
investigated by mms of 16 asm dril l toles (ta ® B^ îmm 
fepth of iSO a) SRd 21 percussion dri l i t t l e s (0-lSO m 
feptSi); theients tend to be steeply incllRed @«d spaced 
ite-yt ^0-lS©0 B spart. In sd^ltlon, a l ior ist^t i l 
frsctisrt 2one ^ s f^nstrit td i t a ctefth ©f ISO m. This 
JORS, ^hlch ^ s safer cowfyctifif, vir l td in ^d th froa 4 
to 14 @ snd is less M^ t ^ r t d md c^^sted than t ^ 
s^aply IncllRSd f r sc^ r t lones. 

Frtetaring ©f t M ^ d r ^ k m%% h&% bmn ®ippfd m surf see 
eiit€r»ps ind ©a d r l l l c s r ^ . T ^ fraeturts ^ ths §«fface 
h§m § msimnt M̂ m ^r isaUti^n ^Ich i s Urgely 
p@r^ndim\ir ts m d l r ^ t l on ©f m r^fionul fo l ia t ion. 
Ifl tUt §mi$mi th§ f r m ^ n fr^qmiKy s^traffs 1.3 
fracferes/^tr© ^ l l s t « l ^ d isr i t ic , fraaodiorltic and 
f fsn i t ic f®€k-%p@8 am ^aract«r1fsd by 1.1 
frmt&m$/mtt@. 

In ralatloffl to # ip^ ^ is fmst^st frutur® fn^ ismy (4 
fracter@s/&3t?^l Is ^ c ^ t g r t ^ in ^ ^ r ^ s t ^ ®. At 
gf^^ter ^ptfes ifs mm'M§& of l«S ffs£ter®s/^tr@' 14 
Bsaal. Jfl ^ ^ f i Mitli ^ i t ©^©r artaj i t is l ^ ^ n s s t t© 
n@t® t i i i t ^ ! t 8!lfh®r f r^tur® fr@^at»cy ®f t ^ i ^ i l l cor ts 
em^md » l i ^ .tua ^tcrgp siis^r»®ftti i% dm t& ^ t fact 
teat tl»s f f t fU f^y ©f i^HiOfital fractsif^s I f 
m ^ r m t i m t m in tfef ^ ^ r « p ©spplf^. ^ f s i ? s r , t ^ 

. , - ' v , - ^ . _ , ^ ' i • - " _ / 
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• • ^ • • ^ a ' : ^ ' • * ^ 

WOTH (^ F^CTim a»€s 

egi?>^ ^Mft @E9 dOa 5 * S o 

•a» Ol «3 «» <B>«» . » a» « ^ A 

^ ) ^ ^ sf j^jr^Tsufs^^s^ • 29 

IG£ 

CsiBinS dftf^ te'^si* 

Fifura 1 . ^ : Tspograpfiic isp of the fealunge test-site area 
s^^ng t t ^ ssin strtictteral sonts of ^akness snd 
t ^ location of the 14 {^e 1 to te 14) cored 
boreholes. 
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fracture frequency of the drillcores irsclude al l 
fractures regardless of length, whereas the outcrop 
©a^ping toas not include fractures shorter than 0.5 ra. 

Regardless of depth the total fracture frequency for 
different rocS;-types Is greatest for tHe amphibolite 
(4,7), follov^d by granodiorite (4,0), quartiitlC gneiss 
(3,9) and lastly the biot i te gneiss (3.6). Ilia highest 

. fracture ^ frequency has beea r^cor^ad f©r an ultrtbasic 
rock only found in one borthole. The i»st cosaianly 
occurring fracture f i l l i n g mineral phssts inc lu^ 
chlor i te, c i l c l te and leol l tes with sul^ordinate sulphide 
minerals. Winy of the local fracture i&ms (and ©timers of 
lesser di^nslons) ar© often characterised by costings of 
iron oxiies ^hlch Include fieaatite md goethite. 

Hydrologically the Kaalynge test-site i s situsted on a 
•• Id^ whicti constitutes tJsa ^t@r divide b^ti^^n ts?e 
s:,tllx riwer catchs^nt area to the v^st and the Ssngls 
j^vgrci tctesnt area to t^e t t s t . Thtsa ir^es ar® gbout 
23 (BO ko* and 600 ka respectively and the rl^srs 
©ventyally flosd into the Baltic sea. Tfesf-tjor psrt of 
ths Investlgited region Is drilned by the Korplkln str^aa 
te^ieh frnwi part of th® Ssngis catchB®at irea. 

Since Km1un§% is a plattdu ^@ site §% a wholt csn be 
rtiarded as a rtcharfs s rm. ninor discharge ^rm% occur 
in low-lying r®@le«r agually evident M expanses ®f ©arsh 
®r peat b®f;. M^ltianal dlidsarge occyrs vlong t M st®©p 
^iestern slopes, of tha p1st@au refuUlft j in several U&«8. 

Tl3g innyal fluctuation in greaftdtiater rechirgt aisd 
storage i n tlie E^l«s^p srea is typicsl for coastline 
f^glons ®f nsrtf^m S^edea. IWQ psrle^s of recl&ar^ 
^cu f t mB in lit® Spring md tlse etter In tfe@ Aefy®i. 
t f ^ f e i ^ ^ colncidas ^ t h mmn mHin§ ted tha lat ter 
s^th m4sr&U to heavy prtc1pit®t!®«, fn c^&ffi it lon wlt l i 
Isia evgpsratloa rates. I M si^imm ms stsliy^ 
frouftd^iter levels occur Jgst prior t® and just «fter 
mmm^tin^..- . , . , . . . • , . . • . . . , - , . . . : : ; . . , . . . . , „ . 
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The man groundwater te©i«rature in this region is 3.5 
to 4.o''c, i . e . soas degrees above the ennual ^an air 
temperature, This is due to the abserwre of any recharge 
in the Hinter In CQiî lnatton «ith the insulation effect 
of the snow cover (Knutsson and Fagerlind, 1977). 

lie grouH?h^ter table level Is in gsRsral 1 to 3 © bsloM 
the surface; tl»1s depth can vary up to ^)re than 10 a 
along slopes and un^er isolated titpgrsp^ic high spots. As 
with the other areas described the ^rplseles^ of tsse 
grounds ter tsble reflects on a s-^otJjer scale the 
topographic relief of the area. Tl^ grosathaiter frsdients-
art relatlvtly seall a1©ng th§ top of t ^ platesu end 
owslderably greater ®t the plat^iy bst^^arlts, 
e'specUlly at the western ^rgln . Tte ©Itftu^ of the 
groundsfSiter table varies .befeseen 135 ©nd 165 m abow 
sea-level. 

Tbt MS^r balance of the Ktalunge test-site daring the 
period ItSl-lfSO has been c^kuUttd to : 

Adjusted precipitation 6&0 ^ 25 m/yur 
Actual "evaporitlon. 350 ^ 25 m/^-ur 
Rufl-off 139 • 10 m/y% r̂. 

T̂ ^ difcrtpificy fefteen run-off tnd ivailtble 
P»-mipltatloft ( I .e . evaperatlon less precipitation) Is 
ĵ robably 4w3-to the yffCertalnty In tli®&® rmcffflsd vilyss. 
Tf̂  pfOun&mtBf mn'Qff thrm^h th§ fesa»darles of Wse 
ir@a is fyppssed to be r«gglig1ble. frmi th^ mmrics) 
md9Uin§ by Carlsson et al (19S3) tfea ^vmn^mtsr 
rec^irfe to tlie bedrock lias btm calcatattd %a b^ &ppfon. 
2 m/ ymr. 
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5.4.1 Borehole Km 3 

Borehole Km 2 »as drilled at 60 to a vertical depth of 
approx. ^ 5 (3 (borehole length of 700.15 Q) In order to: 
1) Investigate the t^drock comprising the steep %%stem 
edge of ts'^ plateau and 2) to locate st depth tlse 
presence of local fracture Zone 4 (see Fig S.56). As a 
result Z< ê 4 ^ s located at 504 - 517 a; In addition. 
Zone 2 t^s intercepted at 313 - 337 m and Zone 3 at 441 • 
450 ra. 

In ter^s of rock coisposltion, t^e dmsinant r(^k-%pe In 
the borehole is granodiorite (42.9 lemgth %) follo«;d by 
g ran l t e / i ^^ t l t e (25.3 length %), ^^Ibol l te (22,2 
length %) snd lastly biotite gneiss (9.6 length %). Hith 
regard to fracture itenslty. granodiorite r»cor<fed 4.94 
fracturts/teetre, granite 4.76, ®a|^lbsllte 4,32, and 
biotite gneiss 3.54. In general, pe^atlte horizons are 
isost fractyr©d. Related to deptl* the fracture frequtncy 
Is greatest in the uppsrraost 200 fa, t d ^ ^re titan 4 
fracturts^^tre ( i .e . srta of stress-rtleejs fracturing). 
Effective porosity ^Mur^^nts of Individual rock units 
(S. Sehls^dt, lf83, | ^ r . co^un.) sh©^ a pnsrgl Ion 
^rosl ty (<0.3 %). Hm^ver, slgnlflcsnt dlfferetaces 6© 
eslst fe©te«ta ths different rock units,.for exgis^le, 

. smphlboHt^ imm 0.2S %) records slightly higt^r valt^s 
than biottts gnsiss {mm 0.23 %) and granlte/^^atl te 
im&n 0.22 %) but signillcsntly Mgf^r than grai^ddlorlte 
(i>.̂ n O.O %). 

IM ffkct^m sIfitraU t^st e^st c^ssonly characterise the 
• dril ker® ar® chloritSs calcite *^2eolit«, lr®.**.—33si<fes 

Sî Si as fi^^tite snd ^set^lte, md smrQ rarely ui^phidss. 

Ifm ^Qcatim of tM® ̂ reH§1e a l ^ g t l ^ steep i^tstsm 
slsps ©f n^a Kmlm^% platssy md i t s §ti%era1 orimtstion. 
do^sl©^* 1̂ 11 r^fylt in high Es^^aylle @rsd1@»ts. In 
fg£t, Um hB@6 4iff®fsm§ In I© 3 te^sn tfe@ l-i^ock; 
surface and tfte ^rehole l ^ t ^ tacesds ^ s ©f mv&p/-' 
according t© |l!@ mt^ricdl s@#111ng of ths ©v@ra11 
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Km 3 

200 -

400 -

m ' 

800 J 

Fifure 5.57: The ffoundwater fleis-pattem md isopotentials In 
the vicinity of borehole Ra 3 Illustrated by a 
vertical section In the sa^ plgs^ as the 
direction of ttie borehole (ed i f i ed after the 
Ry^rical B^dtlllng of the Keatkta Consulting Co). 

greuftdi^t^r f l^« patterns at K m \ m ^ (Carlsson @t a l . 
1IS3; Fig S.I7). Tte gsneral featur© of tht grosindt^tsr 
f?©» In t M vicinity ©f borehole %m 3, yhkh Is 
censldtrably if»f1tienc©d by the. cespltx ftssstry of thQ 
nearby local frtctur® aones (Zofles S, 2 and 3; Fig S.Si), 
Is a-flow dlr©ct«d t&mri% the mglcaial llnsai^nt 
*lis?afcatiftg tlie v n t ^ m ^4§^ of the plateau. In the 
«ppsfe©it bMmck Imrison mar Km ?•, @ l i^a l gr©4*fidte2ter 
c1rcaljti®n cell cm M recognised. .At freater mpth% tfee 
flea direction tect^ss mr^ vert ical , ©ventaally 
extf^ding to a m r̂e regloail circulatlen. 

Ths cslculated limd dlstribullon f r ^ tlse ^ r o m ^ t s r 
m^ ) M%r% no f l i l l a r U y to tlie s?*ssur@d sata f r ta the 
feerehol® I F l g J ^ ) . ynfortunately m^^m Is a lack of 
data fros U)QV ^ 0 ©-due to the f®ct tshat low R-valoes 
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a) b) 

F T 

S3 .-.. 

Figure 5.S8: Hydrogeologlcal Chiracteristies of borehole Kra 3. 
a) Fracture frequency (for 10 m sections) and 

t ^ cumulative percentage of fractures. 
b) Hydraulic condactlvlty 
c) Pfe2<^etr1c head distributions and f^ydrcstatic 

tmid In ^ e borehole. 

Ts&ift& lOa Iftnumtffi tt»4?«alu ^ r t u s t f t a <s^ c*!^*!^!^^ w*l«t ^ ^ i « l vittaft « i t l i t var iM* i«(lu«<K#t i t t la bi»<?>4l> 
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require very long measuring times of pressure f a l l - o f f to 
obtain rel iable resul ts . 

The hydraulic conductivity decreases gently with depth; 
the only exception occurring at the Intersection point of 
Zone 3 with the borehole. Zones 1 and 2 (to not influence 
the conductivity as can be seen frosn Fig 5.58b). 

5.4.1.1 Level 123-125 ro (approx. 106 in) 

The saapled borehole section i s located within 
granodiorite which i s dark-grey in colour, medliim-grained 
and structural ly fo l i a ted . The section i t se l f Is only 
weakly fractured comprising one fracture zone (10 on wide 
and containing 3 fractures) and foyr single fractures. 
The intersection angle of the fractures »1th tlie 
d r i l l core axis ranges froffl 20-70 and tfse main fracture 
f i l l i n g minerals are chlor i te and ca lc i te ; iron exides 
are present within the saall fracture zone. Less than a 
metre above the sa«)pled section is a strongly brecciated 
core length some 1.5 @ In length ^hlch Is stained tafith 
iron-oxides. 

Hydrology 

Ttm t^draullc conductivity B^asured along the 25 a 
section containing t M sampled length Is 7.1.10" a/s 
and the hydraulic titsd exceeds the f\ydrostatlc head In 
t t « borel!o1@ by 2.1 ^ t r e s . This excess, althoygh smaller 
( ^ . 1 m)t Is c o n f l r ^ ^ by in ject ion tests condsictdd along 
a S @ section, ^ e " i&^r part of «^lch contains the 
sampled length. Furte«?ia>re, i ^s t ©f tue injected ^ater 
apisears to penetrate the crush zone located above the 
s^p led l eve l . The »ater budget calculations sho» that 
t l ^ borehole ac t iv i t ies ar© not lisportant as s o ^ 9 o 
of »at i r ar® r®a>v0d prior to sssipllng (Fig 5.59; Table 
S.ISa). 
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Figure 5.59: Schistic 11 Is^stration of ^e calculated water 
budget for level 123-125 ra In borehole Km 3 
(Kerolunge). 1 » Orill ing water; 2 = Gas-iift 
puBrjjIng; 3 « Hydraulic tasting; 4 « Safapllng; 
5 = ©î sn-hole effect. 

Mater geocf^tmistry 

The saupled »ater (T&fele 5.lib) is characterised by a pM 
of 7.9; the iiajor cations Na* md Ca * , togstlser 
with sftlens HCO • ind C l " , all shew l o « r tha« 
normal values when c^^sared to representative non-saline 
gfoundi^aters In Swedish crystalling roc&s iTtlslc S. i ) . 
This suggests a water of nsar-sasrface or ig in ; ^g l lg lb le 
a^unts of Iodine (0.04 %) sho^ sn sbrnmce of dr i l l ing 
^ater. 

RedQg-sensitive p a r a ^ t m 

fosStive £h valMis ( * 1 ^ aV), a virtual abstftc© of F d l l ) 
"and S( - I I ) , asid a s i^&ble exy^a cm^smmt i § M @g/l), 
a l l ifldlcate a strongly ox I dis I eg grcus^^atsr 

- @ r J V l f © S I S § n t . ?vs/ . f , - , , - . , .>. •;•,:, . .:..,.-:.:.,- . : •, , w , c- •- ....-•- ^ - - j : , J ..;,,, . . . , : . . : .XF fF ; . ^ • : * , - . , - • . ( f t . : , , -
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Isotope geocheialstry 

Wi stable Isotope dat^ are available; the C data 
record an age of 3375 ^ears. Th® tritiusa value Is 
extres^ly high (49TU) ^ I c h supfsorts tiis general wter 
cS^fflistry in that a yo«:ng, surface to nesr-surface water 
origin Is indicated. 

Uranium geochealstry 

High as^ynts of dissolved uranf^ are indicit td 
(11.94-24,3 peib) ^ I c h once aaa^n suggests a strongly 
oxidising environs^nt. The \ i r \i activity 
ratio of 2.8 Indicates tilsStspread groijadwater 
disequilibrium. 

Contrary to the «iter ^ydfgt cal€ulatl©«s tdiich Indlcite^ 
ttiat s rtpresentative sreunfi»*it®r s^pl© ^ s to bs 
tsptcted ffoa this l e r ^ l , all efe^lci l ^ t a ifwjw lliat the 
c©l!tctfd »it@r was of surface @r ?iiar»surf.«c© origin. 
^inlsal tractr eenttnts of ledles §l»^ ^ a t b i l l i n g 
te'^ter Is not s «i jor ceritaslngtlflg laflysnct. Tl^ 
emMmt im §f l i l fh e ^ y c t l w l t ^ md a .positive 
ple2c«ftr1c titsd, f®fttter alth i sifsable cnjsh f«ft§ 
within tUs r5#ar-¥i€ln1^ of th9 sfffiplsd liorlfiNi, feas 
probably resa l t ^ In fmM fyrf ics m u t belftf p^^gd fre© 
iHgMr, » f t ealdlMd m t i t m i M m% ^4roc&, ®r ?fm m 
Iflt̂ fCORftSCted f r t c ^ r© sy t t ^ m ^le 6si^?to1t mm® t^s" 
p;Scter systfii sislct} tea csllecte^ fe^ttr f rm hi%Mr mm 
m m m t i m l e w i s . 

i© sigf l i f lci f l t mr i& t i& i in ^ #iysic©»«r^€e1 
^ f i ^ t a r s ©f t to .»at#r Curing ©i^ s i ^ l i n f pfH®4 ®re 

^ 
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5.4.1.2 Level 445-447 m Capprox. 376 ©) 

This sasapled hori2o>n Is characterised by smî lbc"«1te 
fejbich is often blotlte-ricJB and certains ^©ciiatre thick 
bai^s of g r ^ gra®KJ1©r1te. Tte area aroynd the section 
Is ^av l l y tectcnised and represerets the Intersection of 
local fracture Zoi^ 3. Tt«e ^ tua l ^rehole length sampled 
1$ less fractured «5an ©le adjdcefit bs4r©ck. I t consists 
of ®ns broad fracture lene Ccosprising 16 fractures) md 
6 single fractures; the Intsrsecti®?! angles «1WJ the core 
axis range fr«9 30-70® md tlie ^c^lntnt frscture 
f i l l i n g minerals are pyrite, ctilorlte %nd biot i te. 

Tt^ stapled liorli^a Is lecst^d %?ltf3in th^' i^st c^ductlve 
part of ^ie Ime 3 . Tlie calculated tt-valy® of the lene Is •: 
3,19° m/% mi4 t|@ corrggps^ifif valys f©r ^le 25 a 
sictlea Is 1.10 -mf% vim m mcm% teai ©f ^ , 1 m. 
Tl^ S a liftftls ftc^rds K a 1,1,10" ®/s witfl a 
ples^^iPle hmd #f *0.9 m. ttgarelsss ©f irtifch vily^s 
am uitid for ^ ^mUf b y i ^ t calcelatlens, tl?2 f t f i t ra l 
c ^ l f i i t l e a ®f ftlfS €@n^tfv l t r i®^ p l t g ^ t r l c tissd 
i l ^ i i ld i^surs that ISi§ ystar ^p1@ Is r^pngmUti^o 
(F i f S . ^ ) . 

Tfes ^ispttd « t e r iTabli f. lSb) M^ § p« ®f S.4; ®f 11^ 
@ i | ^ c^t l^ is, ^ i * md Ca ar© prsMut la tf-a , 
^ © ^ t s , 1i&#wlf© #i5r iM eajor ss lws l ^a * and 
C l " , TteM « ^ r s , in «sif«^ ^ t ^ nmm $mt #tscri&#di 
f©r ©Si p-mims r ^ r l i ^ , ®r^ tetr®f©f9 
€fesrs£|®rlstica11y surf set t§ f^ar-sarfM^ lis ©rlf la md 
m t %plcs1 ®f in® m a ' U l i m §r©^i€Ml®rs t ^ t «^^ wssild 

' ^mm§ of ^1111^ ^ d r €mtmimtion. 
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Figure 5.S): Scheaatic illustratlesi o f ' ^ e calculated ^ t e r 
bwi^n for le^sl 445-447 s in borehole m 3 
(K»lanfe). 1 ° Drilllf»g m U r ; t = Sas-l l f t 
pacing; 3 " Hy^^^alic ttst1«g; 4 • S&apling; 
S a Open-tele effect. 

igdQg-stnsitlve g^rg^tars 

ferkedly n ^ m m £b valsits (-ISO ^ ) , mm tho^-fh thtre 
is s le»* r©(II) aftd m ab^nce of SC-II). I^ lcste eiiat 
IHa ^^m4m%&r% i re CMilSsrably i^?^ m^yclng tJian t l ^ 
ps^vi®«s Um\% t^ls is far tMr wppsrt©d by m absence 
of sxypn. 

^ 

i© i t i^ l® i s0 t§^ m u %m availab1@. Ti^ very m%b 
t r i i f y s vsl4®s 1 ^ TU), t#§tllier yltls a yom% ^ c 
CBS5 y ts rs l , l e i ^ furtMr m^^ f t ®f a ^rf@ce to m^r 
fjjrftce ®rf|lfl t« ^le siapled f r ^ iUJ^ i t r s . 



asoiSi 

228 

Uraniya geochealstry 

The ground^iters are s t i l l c^racterised by a high 
uraniMSj content (5.51-16.2ppi>); a * u/^ U 
activity ratio of 3.2 Indicates wiifespread 
dIsequllibrluiB. 

Sugary 

The rydraul ic co^inatloa of Mgh cor^dyctlvity and 
plexei^trlc Issad should hive ensured a represeistatlve 
groand tetter s^sple ^vo id of contaals%ant$ such as 
dr i l l ing ®sttr,. surfice ^ i^ar-«jrf@c© water and 
bortholt i*it©f. Hoover, the results s?50w ^lat the tjater 
his a sarfice to Rear-sii.rface cli«ract©r, 1$ 
«ncontt83lnat©d by resUm} f i l l i n g ^sater, md Is 
Bsrkedly r@d«cir*f. in g tasr i l , the ^ster is not 
reprts€ntatlve §f this mpm Cvtrt lct l ^p th of 376 m) in 
t ^ b©-sr@ck apart f r ^ i t s reducing character, but is 
mry pi^b&b\y trpies) of tfo^is^fd ^v ing fr©MR^^t«rs in 
the fracture Ion® 3 «hleh Is ttiought ^ extend to t^e 
fe&arock surfacs. Tf^ Mgl» trftly«» csnttnts 5itio« ^®t t l ^ 
sattr is s t i l l yeang but appmclifely ©Idur tkm pmmnt 
pmclplt i t lsn In the Kslssip ir@a (ipprox. 3STU). The 
rssylts all ^trvt to i l l i is tp®^ the v@ry string t^t fr iul lc 
fra^ltat altti la Ifcti® lsff@»^il@ fractare mnm, i^aus® 
of Hie very frsciMftd nafcare ®f ^»8 fetdrock, s^. . «f t ^ 
%mpUd m u r my hive erlgifnt^d f r M tJie fe©r@tio1e. 

Ho syitstiatlc variation ©f ^ ^ mMum-4 p%§ico-cii»lcal 
prsssters ©f U^ froafiitoter mr^ ^s^rvtd during t l ^ 

S.4.1.3 i®f®!i©l9 ^rs§ry md di§€m%im 

^ l o g i c a l and t^^-ologlcal i@ir@stl§atl©ns ^ t h l n 
^rthol® ^ 3 Myw conflr^d m@ ©slst^ace of mrm ©sj®r 
fracfeir® se^s (2SB@$ 2,3 md 4) coasl^trtd ffirmigl* 
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feophysical E®s$ures«nts to extend to the bedrock 
surface. The natural groun«ia?ater f loa in the 
Ksar-viclnlty of ^ e boretele 1$ directed «̂w?jt#ar<is 
towards the regloftal l lnea^sit sitich'^aarcates the 
^es^rn edge of t l ^ plateau. In funeral, the fiydraulic 
conductivity decreases «ltl> deptli «1th ttie exception of 
Ime 3 ^ i c l J sliot?$ an Increase to 1.10 s/s frea an 
average bdCkgreund l^rehol® vsl i^ of 1,10~ ^ s as 
©sasured iloag 25 ® borehole sections. 

©f the ^ levels :;a®pled, me upper level at \23-125 m 
i s suff iciently stisHoa to ^ i n f l m m ^ by t M 
t©nslon-re1©^se fr^tojres B^ich c^^iionly chartsterise the 
Mppsr g ^ - 2 ^ ® of the ^e^fsb bedrock, Hit hj^auHc 
coBiliCtlvity is Wftsrefore fa i r ly Mgl? within ^ I s ypp©r 
^t^rtck ?^glon, ted. In this case is #cce?apftied fey a 
pesltiv© pf®2©isetric haad, a t least fr^a apprex., 100-300 
@ '^pt l i . Ttss l e ^ r %mp}̂ d H^vel, fe©i«g located «t tsie 
fe#rtliol@ intersection wills lane 3 (^5-447 ©), Is also 
cSitfactsrls©d by Jilgh coRisctlvity md plsi^^etrlc t^ id 
wiltfis.' Tfeis, tht « i t t r 6»#fet calculstlens f r m theit 
tso l§v@1s surest that a l l eontaiilfiitlng l i t e rs 
lfitr©4tfC#d prior pa l i i p l i i i f ( I .e. d r i l l i n f t*iter ind' 
w i t r lKtf©dyctd ©urlng l^&MuMe ttstlng) ^r t sfniei l 
tna ar© t f f t c t l v e l ^ pt igfM by pmpiH Î ^̂ Qf ^ Mapltof. 
Tlig s»p1td |r©on^at@rs sl^^iild tUtrefars fee 
represtntatlv®. 

Ti^ ©Viral 1 ctealftry of » s frosmjfeaters Is^lgatts ^ a t 
«@llfeer 1©ve1 h&i rtsulted in a r©pr@sgfltitlvs &a^ta. 
HI® c i i ^ is t r les ar^ rtaarkt^ly s l a i l i r g/sctpt tisat ^ e 
^^p§f l€vt1 miMr% r̂@ g»^# rMic inf . In a n t r a l , &&th 
sa i led levels ar® chi rsc^ lsed by mrfme to 
i ^ar -a j r f ^e t i t e r s with & f ^ tritms contesits {4S-I6 Tii), 
t m C a^s C2^S-3S7S >«arf) m^ v®ry Silffj i i ^ f i t s 
@f ^%m%md wmi^& (S.S»^.3 j ^ ) . Tfit ^ir^%\ sbssfsc© 
®f 1̂® iuidins ^mmr (O.M SI sheas tisat m dH l l In f . 
w ter €®i^Mfl t ig pr t i i f l t . f t Is ^r%fQr§ apparent tisat 
^m collected gre^s^iters nave s similar sifar-sarf#c@ 
umf%% «^tU rapl^ t rsns^r t to itpcft ^ Ing fac l l l ta f td 

file:///23-125
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by h i f h l y conductive fracture gones swch as Zones 2 md 3 
which Intersect thi borehole a t the deeper sampled leve l . 
In ad€tition, t^e ^ r y forked open-hole effects w i l l 
result In lsr>fe mtmts of near-surf ace derived isater 
being present i n the ^ reho le ; ©pen fracture systeas 
around the borehole can easily lead to such borehole 
fejater being lc-«ked ar^jad the ^ c k e r s y s t ^ during 
samplffig. 

The armiu® content of the "sa»p1ed grouR^lwaters f r ^ 
borstole K® 3 i s extrts«ly l̂ igfe al^ougt^ t^ere Is a 
d i s t l ^ t decrease bet̂ seen the y^per end lo i ^ r ssfopled 
lev t l s ( I . e . 11.93 ppb vs 5.51 ppb), THe analytical 

contents, to^tSisr «itSj the t h ^ r t t l c a l tb values 
calculated for the Ir^a s y s t ^ , ar® presented in T^ble 
5,17 amd F I f y r t 5.61, Ihe F i p r t i H o contains 
theoretical ur&mim se lyb l l l t y curves calcjiUted f roa 

crystalHfsf m ^ e^rptfom iMi f®r i pH of S.IO ^hich i s 
reasoaably rtp.ir©sff»tativ@ for t®^ festers froia the 
b©fth®1t. §ot^ mt&r c^sposltls^s plot ar©ynd the 
is®rpf»«$ yra^fot s t t b i l *ty bsu^tJary; ^m wpptr I t ^e l 
Jyst inside Vfm crystsl l lne s t i& IH ty bQund^ry, 

Ti&le S,17: Urt«il«a c&attnt md ^©oret lcal Eh v a l ^ s of 

i t v t l Uranf^ CerJttris CiUy1at@d l b 
(mtrm) (p#l>) t m ) 

I234 IS 1 1 - ^ - 74 
44S-447 S.SI -212 

: • • . _ - • ' : ! % . : • - : -
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Figure 5.61: Plots of uranlisn content (expressed as log 
(©ol/lltr®)) ami the calculated theoretical Eh 
v i l « $ of gi-onndwaters collected fr^a borehole 
Kra 3. The values are plotted alth respect £o 
theoretical ur&nim sol^11 I ty curves calculeled 
for ^rpS^us (lc«tr stabi l i ty l i a f t ) mid 
crystal! I nt (upper stabi l i ty Hal t ) UO at a pH 
of S.SO. 

S,4.l Boftftole I® 13 

Bsr®fio1© Ka 13. dri l led al &n snfle ®f 60® in an £SE 
diftctlon tewards Zeftt S (Fig S .K) . Is located within 
tho s^ythsru central part of the K.ss1u?ifi test-site area. 
THe U U } 1t«fih of ms hale Is 703.05 a (^ r t l ca l ^ p t h 
of ippmx. m i @) md tue prlaary ©Isjectlv© m% to c^taln 
f^re fesloflcal inf&rmtlen smut . tM ^ ^ a d r a a t of m@ 
test- i r ta. As a rssuU, a feftak sisb-feorlioistal fracty*^ 
zmB m^ @ftcc®fsterg4 at a depth ®f sioyt ©70 s. 

Hit ^^'^flant rtc^-typt ifl tli® b©? -̂ii0le is f r in i ta ( ^ . f % 
of tft® tefgii^l© Itngt^J fo l lo^d liy 18 S &«#tlts .peiss, 
11.S % w a r t i m e gfl@lss, 8.S S mpkibo^its and 4.3 S 
ffSfiedloHt®. ms ifpptrwst part ©f the hoi® ( # ^ ^ 
aroiiiiii 3S0 ©) Is toilaated by grsnlta idth ptpatit® ^ 
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horizons and minor b a ^ s of Quartsitic fs^eiss. Bett^en 
365-413 raaaphi boll te i s present: a sssall thickness also 
occurs around 700 a, ©theraise t&e rest of the hole 
consists of an Interaf^Jtyre of granodior i te, grani te / 
pegaatite and biot i te ^ e i s s . Ths average fracture 
fre^pency of the barelsale is 3.40 fracttsres/isetr^, f o r 
tfse ccsf^nent rock - t y^s , ti\9 lQs«®st fracture frequeticy 
is recorded by grsnodiarite (2 .1^ fractures/ ^ t r e ) 
follofesd by b iot i te gississ (3.151, granite (3,25), 
aiaphifeelite (4.22) snd last ly q u a r t i i t i c gneiss (4 ,62) . 
Tte majority of tbe fractures ar© psra l ls l to the 
regional fo l i a t l<^ and these also vary fest^j&ea the 
di f ferent r o c k - ^ ^ s ; f o r exasspl© wp to S3 % far the 
blot i t© gneiss md & ©InlPu® of 16 % for t^e p d r t t i t i c 
genlss. In general, t ^ frequency ©f fractures i s J^^a 
throMgl»yt ^ e borehole length; & obvlmis exception 
occurs @t ts^ intersection of t ^ sub-toriieatal mne 
around 670 0, Tht aaln fracture l u f l 1 1 1 ^ minerals are 
ch lo r i te , ca lc i te and i ^ o l l t e ; w i th in m 4 around t ^ 
sy&-torl2©ntal f r i c tu r« xone, ^ I c 5 i Is l ^a ted wi th in a 
pegaatit© ^ H i o n , l lt^ rock Is gathered ind stalntd with 
Iron-orsldes ^ I c h Inc1®<& hp? i t l te . 

The presence of ^.§ SMS^-horlx^tsl fractsire zone g r M t l y 
t n f l y t ^ e s tho groun^^ter eondlti&ns iS I t dlsslpst^s 
^is p l t t ^ t H c m d ^ M i m t in ms ^ i r©ck gycti m a t 
the Istsd grs^ l tn t b t e ^ f ^ c h )m% fe®l#«a the 2©ne m^n 
ibove i t (Fig S . ^ ) . T ^ s Implies 1ei@r gromuv^Up • 
f l o ^ r a t ^ s beloa t l ^ ^ t md coKse^yently ti>« 
p&sslbl lUy of @flC0yfit#rliigol#r « t@rs . Tl® U r f © » ^ i l e 
groy^di^tsr flow-patttt»fl in Wte v f c i n l t y sf tiJS fe#f^l^1e 
sho?i$ m a t «af#r recfetrf log at t ^ ^Igr^st part ©f m ^ 
plslet^ t ^ I l ls i » of Ki^ 13. psss€s ths gssref'^te m i t s 
may to local fracture Zm§ S (Fl f S . ^ ) . Tfej pi§zmmtric 
tead el®flf 11^ ^ f ^ i o l ^ ^c r tas ts a ls^s i l l f i ta r ly f r ^ . 
145 to 133 « t r®s m ^ s©a-lev©1 a t ^ B M @ b^ t tm I f i g 
§.63c). T ^ p 1 « ^ t r l c teJd d i f t r l ^u t l®^ «btalji@d f r m 
tM@ f i ® H Ifli?tgtl09il©®s imm ^ m r a } ) y m c o ^ B t ^ m i i 
m r i i t i m with §m8 'mt^BbU © x ^ t i e n s . For mmp\@, st 
^rgnsl® ItngtlJS ^muna 230, m mi4 §75 m the 
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c i^ j ls t iva peretfrtsge of fractures. 
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c) Pi^s^trif pf®M diUrî MtUns m4 ^dre§utic 

tm§4 i n tfef &@r®-fe§1f. 
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plezQSE t̂rlc head is essentially higher. The norm} 
^i '̂arau^ic conductivity pattern I s reflected by 
©easur^s^nts ^Mch sho« only a f&) sections ^ith a 

-9 
K-value less than 1.10 ^ s occi^rlng belo» 2(K) a, 
Atove 2 ^ a the conductivity i s i^usually lo». 

'sa««a,iea-- a s a a u t . 4 tiytlrealU t^rnaaxort «nd caUnUteA srat.t jru^et « » » , aJ « a vjiriou, iaetMscca *i» lo tcircfista 
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S.4.2.1 Isvel t ^ • 232 a (ipprox. I f? ^ 

Tl^ iflvestifated level lies d ^ i ® qyartsUlc pslss 
ctiaract©ri^<l by 6rlot1t@-r1ch fesis^ tep t l ^ r with 
schllereis i^d dj4@s ©f ptpat i t®. Tt^ ^^1@i ^rehol® 
Isngtl! ctat j ins vtry l i t t l e sv l^^:© ©f frsctMrlng; ®n1y 
7 fIngle frsctares intsrs^ct ^ ^ «^r© axis at angles 
raiiglflg f rsa lO-SO with t'i® s i l n f i l l i n g slnsralj 
fe©|j»g i^ r l t®. Chlorite and i t a l l t e . 
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Hydrology 

The hydraulic conductivity tseaswred along the 25 o 
section Is 9.6.10" a/s and th ŝ head <S€w1at1on is 
+1.8 SI. Inject ion tests along 5 a sections outside the 
sarapTgd level support the l^(Jraallc parataeters used in 
the water budget calculations (Table 5.18a) ^ i c h are 
therefore consl^red to be representative for the actual 
section, 1,e, t M loa K-va1j^ resul ts in only ss^l l 
volufi^s of contealnated aater being introdiaed tnto the 
bedrock froai the borehole ac t i v i t i es , As sho^ by Figure 
5.64 any contasifiating effects shoyld be adequately 
reeved pr ior t© sampling. 

Hater ggQche^istry 

The fe^ater saspled (Table 5,lSb) recorded a pH of 8.4; of 

t m rajor Ions, ^a" and ICO 
2* 

m^ pr@s@iit ifl' Hi '^r 
gi^unts, ©nd Ca'" In higter psar.t^, tlian nofwal 
no?5=sal1ne feedreck gouni«ttr$ usual ly characteristic of 
tuls tepUi;^e £ 1 " content l i about norsal (S a g / l ) . 
The high Ca ( ^ rog/l) can bt ^ r r e l a t e d to hlgritp 
than nofsal SO ' contents 1^ t ^ grounswi^rs. The 
prtsenc© of O.l l % of Iodine tracer Indicates th@ 
presence of a §^11 dr I l l lRg w t t t r exponent. 

,^f i9x-^nsl t lv® psra^ters 

&!egatlv@ £h v a l ^ s (-70 fl¥) 
®g/l) indicate a ssoderitely 
envlr«r^gnt; &i& contents of 

and v i r t u a l l y no oxypn (0.07 
redtalfig grounSafiter 
Te iU ) ^nd S(-II) are l o » . 
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Km 13: 230-132 m 
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Figure 5.64: Scl^tmtlc Il lustration of tt\z calculated 
watsr budget fQr -level 130-232 a In borehole 
K® 13 (Kaslunge), 1 " Drill ing watsr; 2 » 
Sas-l i f t p ip ing; 3 « Hydraulic testing; 4 » 
Sampling; 5 »« Oj^n-N)!© effect. 

Isotope s&och^istry 

14 
Mo stable isotopic ^ t a are ival lable; C, hoi^ver 
revtels an i fe of 7^65 years. Th© trit lu® valt^ of 10 TU 
indicates i sUeible riear»^rf#ce exponent. 

UranlMa geochttalstry 

I I I dl||elv©d uranltf© conttnt Is hlg^ (5.2 j fb) ; t?»e 
U/̂  U activity ratio Is 2.1 ^^Icn ihei^ 

Isotopic dHftuillbr^ua In tfi© groundwater ©nvlrof^tnt. 

l m ^drsul ic c©ik(J«ctl¥ity m%uB$ m4 a S M I I positive 
plex^TsStrlc head su^ested minimtm centaalnation Into t te 
fetdrock 4min§ the %mrle«s li^rehole sct lv i t i ts. A, 
rMpm$mtatiw qrmn^^tQt §mp\@ m% mr^for@ mpi€te4, 

TM ch^lcal parsaetsrs have ©stabllshed that a r^-^ycing 
froundj^ter t uv l fS f i ^ t exists at th€? saapled 1©v@l. Tf» 
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aajor ion concentrations (e.g. low levels of Na , 
HCO ~ and Cl") show that a s'zeable surf ace to 
near-surface coaponent is present, a f a c t supported by 
ssoderate t r i t i u a contents (10 TU) and 0.21 % l " 
( t racer) . Hoover, the relat ively old sge of the water 
( C age of 7365 years) suggests that sogse portion of 
the meter is probably representative f®r the sett led 
depth. 

A :^r tber aspect of the groundwater chsaistry is the high 
SO ' content (approx. 200 s g / l ) . As CaSO^ this 
probably explains the increased conductivity value (56 
BS/U) of the ¥3ter. 

In su^Jary, the results froai th is level indicate a »ater 
characterised by: 

- ffpreseatatlvs water frc^ the saapled depth. Tftis is 
reducing in nature, re lat ively old, and h«s a d is t inc t 
cheaii try as shovm by the unusually Mgh CaSO. 
content. 

- tlie presence of residual d r i l l i n g ^at̂ ^ers yhlch are 
ne^r-surface in or ig in. 

- the presence of surftce to near-surfece waters frora the 
borthole which have orlgl-iated fr(® higher levels In 
the bedrock. 

f i x i ng of thtss d i f f t rent isater types ^ s probably been 
fac i l i ta ted by th© 1o» K-valt»s of the section tssfilch h^j 
led to leakage of borefsole water past t i ie packer systesn. 
Hotfisver, systematic changes In the pbysico.-chealcal 
pars^ters of tl?e groyndwaters dyring sampling (Laurent, 
1^3d) shoa i steady irtcrease In ?la , Ca , Cl 
and ^ * and a decrease In Eh. Tills le fers that 
Increasingly ^ r@ representative grom^ater is being 
encountered as a result of th® gradual re»}va1 of 
r@%idmy contssinatlng waters result ing f r m th© borehole 
ac t i v i t i es . 

« « 5 » / 
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5.4.2.2 Level 514 - 516 m (approx. 432 ra) 

In contrast to the prei^ious leve l , the '^minant bedrock 
at th is depth consists o f biotite gneiss with schlleren 
and dykes of p e ^ a t i t e - The sampled borehole length Is 
s imi lar ly lacking in u®Jor shear or crissh zones, 
containing j u s t 7 single frsctures. These intersect the 
core axis at angles raisging from 4 5 - ^ , and the main 
I n f i l l i n g rainerdls are pyr i te, calcite and zeol i te with 
roore minor assounts of c t i lor i te . 

Hydrology 

The level satapled has feen selected frwa a highly 
conductive 25 m section (K « 3.1.10" ^ s ) ; th is Is 
supported by data fro® ti^o 5 m sections. Each of these 5 
m sections has a tfansarfssivity exceedii^ t^at of the 25 
a section ( I . e . a greater aanint of vat&r is injected 
wHhIn each 5 ra sectlosa than in tlse t o t a l 25 ra section). 
This i s best explained ^y leakage CH:curr1ng around the 
packers» I t ims noted t ^ t foo fracture lones (45 m ¥i4e) 
cslncliStd with tl^e level of one of the packers. As these 
fracture zones sre not I n c l ^ d In the sampled section, 
I t can be conclu«^d t h s t the level sampled Is 
chsracterlsed by a smaller K-va1ut ^us ssking the 
calculated ^ t e r budget a realist ic one (Fig 5.65). The 
water m m w d by pyaplfisf prior to sasplfng Is greater 
than 5 a Bhich should ^ave secured a r^ resentat lve 
ssaiple. 

Mater g®och^fstry 

TS© grcjindwater sasple I s clsrac^rised t»y a pH of 8.6; 
H ie mS®r lo» charscterf sties are s l a l l a r to those of the 
previous I tve l sll^^oygfe mtrt acce?ityate^- For exasple, 
greater shunts ®f fsp^r ia l l y Ca (and S) . ) 
y i t h m r ^ Minor i m r m ^ ; ^ of Ua , c i ' t ^S i € 0 ' . 
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Woter volume (nri 
I 

19S2 

Kra 13 514-516 HI 

Figure 5,65: Schematic i l lus t r i t ioa ©f t t ^ calculated 
water budget for level Si4-516 m in bOF^hole 
SC© 13 (Kdalunge), 1 => Orllllgjg water; 
2 s Gas-lift pyaping; 3 « Hydraulic testing; 
4 o S ib l i ng ; 5 « Opea-fesle ©ffect. 

A s ^ l l r content CO.16 %) suggests sose mixing of 
n^r-s«rface derived dr i l l ing waters. 

Rgdoa-sensitive pr®s8t@rs , 

The freyndwaters sampled ^re s t i l l r^uclsig (Eh • -100 
^ ) although slightly i®re than the prevleus level. 
Fed!) arid $(-11) ar^ s t i l l lo» and i lgnlf leant @^ynts 
of o i ^^n gre present (O.l Bg/1). 

Isotoj^ ggoch^lstry 

14, Stable Isotope data are not svallsble; *"£ data 
records an age cf MSO years. Hie t r i t lu® val i^ of 18 TU 
suffests a sybstantial f^ar-surface cfm^mats s^Kwhat 
grtater tMm the prsvloys level. 

y 
Uraniya geochwistry 

Sreatar asounts of dissolved uranlua (10.f f^b) supports 
s substantial coapenent of nsar-surfsce, less t®4min9 
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ground^ter. 1 ^ " ^ u / U act iv i ty ratio of 1.8 
Indicates disequilibrium In the sampled waters. 

Sugary 

The selected ^rebol t length Is ctiaracterlsed by slngl© 
frictares snd a ^dgrate %draulic condiativlty. Tte 
^ater fea^^t calculations infer ^ ^ t §• representative 
$2®pl© sJiould be obtalRSd ajbseq^isat to gas-l i f t ^ ^ - i ag 
md ^laping jast prior to saspKif^. Hosever, the ch^ical 
paras^ters ®e«isyred shea € ®ark©d ci^^Bent of 
r»far-surface ^^tm- ferlv©^ frea isifhgr levels dad 
tfS??sport©d t© tfse sispHng ^ptSi- probably fey tfee 
borefesl© i t se l f . TIJIS bor^^le ®at^r m% subse^ently 
leaked past tfee-pclftr syst^a duriag seapHng. • 

The ©sjor p r t i on of tStt t i sp lM ^atsr Is rtdncing ind 
.char®ct@ristd by a high £aS). ©sattnt. Secause of 
§r®mi^mt&r ©laipg f r ^ ©ther ^^arces tbe rtcor^d 

C ©ft reflects dl1ytl@i!i by y@ys?fsf « t t r s ( I . e . 
fitir-'S^rfacg isi t trs resyltlng in ^ i f I t ins of ^ TU) Mid 
so a ^£sh o]6sr tge ^u ld bs » r t real ist ic. 

In ssfsiary, ^@ results f rm t^ ls 1tv@l Indleat® a 
§mm^mt^r etergctsrissd by: • 

- m0&m\ mtj^r frmb^mhoU M t i v l t l t s , e.g. ^ f l lHug 
yat®r, ^ld§^ by a ntpt ive p1ti©®ftrlc M U . 

- ® f ^ mtMr starc^s fnffl wlt^la ®if mr§M@i th i i . 
I f i s l t ^ s a- mm'i^mb^y y§mt^r isfar-^rf^.ce ^ ^ ^ ^ a t 
pf^a&ly Iflfs-'Siiaed ar^«d @^ giscker syst^ . 

- aaj®r ^ r t l ^ ®f rtpfeseisiatiw ^mmOmUr of d i s t f ^ t 
sl^Bistrjr 

firfatl®ss8 in m® ^ r ^ m ^ t ^ r ^ ^ i f t r y ( immntt l ^ t s ) 
4wi»§ s ^ p l l ^ mmi c l t i r l y ^m t •»© fr©,afi^^t®r8 ar® 
a ^ ^ i n g ®^h mr§ refill Sue, Hcr^ r in CM% §m 
sl lgMly ©&p® Ml i f i f ; a SJMII ii€^r@jse ia ^ s 1 ^ ^ c « ^ ^ . 
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5.4.2,3 Level 670 - 672 m (approx. S&6 a) 

The sampled section Is located »1thl«) an approxissatly 15 
m thick layer of granite with nuseroais pegsiatite 
horl£4^s. Tha section Is markedly fractured and 
represents part of the ^ak s ^ "horizontal lone HI «?!ich 
intersects toe borehole around 667-673 a. Tte saiaplsd 
sectlGfl overlaps \aith one dominant fracture zone ^ i c h 
extends fr<» 671.40-674.25 a SRd comprises 78 fractures, 
many o f ^ i c h are present wi th in the sampled sect ion. In 
addit ion, one d ia l le r fracture sone of 40 CP tddth sf)d 
C(^>ris1ng 15 fractures, is Imrated a l th in the section, 
t oge t ^ r a l th 4 single fractures. Tl® range of angle 
In teract ions ®ith the core a»1$ Is ©-80 and the ©ain 
f l l l l f s f minerals are Iron-oslC-ses (teMfctte •* hydroxy 
Iron-«^ides), c a l c i t e , pyrite snd i» -« rarely ch lo r i t e . 

Hot siij4i>rlsingly the ground^tsr tra^usport at th is ^ p t i i 
is s t rs^gly Influenced by the SMb-N>rl2ontal fracture 
iGm | 1 . Tt^ hy^su l l c conductivity ®f Zone HI Is m t t© 
I.IO @/s and Is es t l ^ t ed f r ^ the single picker 
test (sssuolng that I t stands fo r ^ % of ^ e 
trgns@1sslvlty), tshlch Is the ^ i l y l^draul lc t t s t 
condtcts^ at t l ) ls leve l . T9% ̂  n 1@ f̂ measured a c t i o n 
IftdkiStts an ©KCess p l@i«^t r lc h«id. He^vt r , even 
thoy^ thQ overall Isck of detailed ^dro log lc data ®ak@ 
thi ^smtsr bodgtt caU«jl3tlsn s s ^ ^ ^ a t uficeriain, ths 
great i^lusa of f rotmd^ter s ^^ l ed !3.4 @ ) my 
p rev ia a sa@pt© that i s fa l r l j ^ rspr^sentstlve (Fig 
S.66). 

Mater c ^ ^ i s t n r 

lbs m^or chi^lcal pars^ters {7^1© i. lSb) dr§ a l l 
charecS@rlS€d &y 1©ssr f^sn fi§*®3l ^alyss for ^ n - s s l l n s 
g r o u ^ ^ t e r s t ^ t @^ ^ €xp§ct€^ f r ^ s»ch sampled 

file:///aith
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Figure 5,66: Schesiatlc i l lust rat ion of the calculated 
water budget for le^el 670»672 a in borehole 
Ka 13 (Keg5l«fsge). 1 » Drill lns water; 
2 e Sas-llft puaping; 3 » Hydraulic testing; 
4 a Saspling; 5 » Oper.-r»le effect. 

depths. These valu«s, such as a g^ of 6,9, and ^ o r Ion 
contents of 5 sg/1 for Ka*, 8 ssg/l for KCO " md 5 
©g/1 for Cl", &t^ mre In dccord&?5ce alth surface ta 
near-surface asters. 

Mdox-sensUlvQ pareB^ters 
II II riilma IIIIIIIBHI, III I IIIMIM,lllil«IIIIU«uiujHHIW.UIHI .l.._J l l J I J M f 

|h valsj^s sh©a tJiat th@ fr̂ Mndwatser fsvlro^ggnt Is 
earglfi i l ly ©xidlglng (*^0 ^ ) ; tf t is Is supported by ssall 
©aypn contents (0 .09^ /1 ) . TM f@(II) content 1$ 
u«^usyal1y high (6.8 i g / l ) ; S(-n) Is f^g l i f lb le. 

Ub fit@ls1@ Isotope ^ t a ars s v s l l ^ l e ; C nacords & 
very ymn§ aft ef 1011 fs t rs and a1®3t ctrtalnly 
iasdicates ^ t t r ©f a surf^e ©r s^ar-iarfase ©r1gl». Tfeis 
is sypp©rt®d by a trlt lyis ^aljia ®f B TU ̂ i c h Is f^ar 
tMs atreriigQ for syrface pmclpltatlea. 
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Uranlua geoct^lstry 

Dissolved ursnluo values sre low (0.09-0.6 ppb); these 
234 2^3&' 

togetJisr with an U/^ U activrity ratio of 1.8, 
indicate a typical surf see wate«* origin. 

Stffisnary 

Although tlse ^drologlcal data ®re lne«Je4|uate, the very 
fractured natssre of \he saapled sectiwi length), the 
appdr^ently h l f l i ^<^aulic con<3ict;1v1ty &nd an estimated 
positive pies^^ir lc hesd, sl l c^^ine to suggest t̂ -̂ t̂ a 
representative «ater sa^ le Is possible. The results i 
show, hoover, that the saapled ^mtm;- is surface to 
near-surface ia origin with no e îd£?»ce of any deep 
grtkund^^ter cc^pdnent. Tl® only ^vlous source is 
•:^rehole mter ^ i ch has been <i^1ved froa the 
nsar-surfdct envlroas of the bei^t>ck. Accumulation in tSie 
s^pled sectin^^ has been by lea^ge past the packer 
systea during ssmplii^g. 

5.4.2.4 U v i l 630 - €^Z 'B (approx. ^ 4 a) 

This $a@p1ed I#ve1 is l&eat©o §@3̂  § i b@1o» the sab> 
horU^ta l l ^ NI inscribed sbs^s; ^Q ^ l i m n t r©ck> 
type is a f l n ^ - f r a l i ^ i^phlbol<t©. Ths &©ctlei» Inc1w«s@« 
a ftarrow crys?i sons (15 ^ w l ^ ) , ©ne f r ^ tu rs .ime (W 
cffl »lde and c^^italnlng Id fractiisrts), and 3 sliigle 
fractyres. T!K ^ e r In f i l l ing sJfttraU ar© i ron-ox i^ 
(teasatit® • iiy&'oui typ®s)« ca l r i ta , chl©rlt@ and 
zeollts. 

. f f s a ^ 



244 

Wafer volume I nn 
I • ' • • • 

4 ' 

2 -

Km 13: 680-632 m 

15§3 S 2 
StJ t̂?ft"'i-lT,j,i.iHcail I 'iflg I V J — — . • ^ ^ . • ^ • — I — I — ^ ^ M l • — l l l ^ i ^ M I I I I I — M ^ . M 

1 9 8 2 411 933 1984 
-2 1 

-4 

Figure 5,67: Sche«aatlc i l l«stratto« of tJ»e calculated 
watsr buclget for level 6^-682 a In boreltole 
KQ 13 (Ka^lun^). 1 o Drill ing water; 
2 " Sas-llft piaping; 3 = Hydraulic testSag; 
4 » Ssipling; S » Op©n-h9le effect. 

K^ology 

Us a¥al1§l>l® }^6r«l6glcal data ar« slfsilar to that ©f 
t ! ^ pr@vi@ys kveVand tlier©fof^ i^t calculated tester 
bi^get (F i f §.i7) ©xhlblts tbe sa^s iRa^s^uaclss. f r m a 
§tif»@rdl %dre1ogical ^ I n t ©f v l t» , ai ©^pressed st t^e 
R i f l i ng of this chaptsr, an older, ^rhaps a chemically 
€ i s t i ^ t 0f^ifid^t©r, isight to ©xpscted f r ^ this Uv©! 
as I t Is s i ^ a t t d ^1©w the Siib>t^rli^td1 fracture ton®. 

a#|@rje^|s^l s try 
rr llll II II Hi imi fc ll I • ii mi i imn i i i I I M B U ^ 

Al l ^ s@ss«if©d psrss^tirs ^m i s -̂Star l^gnllcal in 
c ^ ^ s l t i ^ t© pr@vloys l^vsl (Te^le 5. l ib). 

f ^ ^a -^«3 i t l v9 Mra^l®rs 
•WMm-iiinitiwi m\\mmMMimrmm\Bii\tmii,immi'.iimu,JlfgmiinMmiMmuiiiM»t.' miam 

Ifl € 0 ^ ^ ^ ^ ^m prtvi©ys 1@^@1, all ir^dlcations ar© 
t M t igar-^rf ic© ^r lved f foyn j^ t i rg ©f a mr^in&My 
f^ i ^ l i l f l f cfearscttr havs j ^n collected. 
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Isotope geochaaistry 

14 ^ stable Isotope data ®re available; C records an 
sge of 800 years ^ ich Is totally unt^alistlc for these 
^pths but supports a n&sr-surface origin to the 
groundwater. 

<|raniuj3 geochgaistry 

Siailar to t l ^ previous level. 

%drologically ^ I s kvel differs l i t t l e f rm the 
pT^vious, Geologically t$^ section Is less fractured and 
getother rock-type iosins^s. In §enersl, i t is assu^d 
t ^ t &ny contamination resulting f r ^ fesrehole activit ies 
sliould be effectively r^ssved prior to sespling. Hossver, 
eŝ ce again tJie results ssaoa titst surface to irMr-surfece 
^r lved water sias b&sn preferentially piaped around the 
picker syste® to the section bel^g ssn^pled, r&th@r than 
f r m the ^4r&ck Itself. This has probably been 
fscl l l tated by an lnt@rc^inseted fracture R@t̂ »rk bettî ^en 
^hs section md the bor^iola t^atsr. There Is m 
SndicatI©© of 4i(^ desp p^undwater eosp^ient t$)d one ^ s t 
thsreforo sss«igis that t M sactlon chosen for siopllng is 
s^en-condtatlng. 

S.4.2.5 Soreholt s^^iary snd ^1scyssi@n 

S©Glog1ca1 Sispplng and ^drologlcal Invsstlgstions alcisg 
2B B mctiom in t^§ ^ r&^ \Q (§ @ sections ba^o 
^ ! ^ t i m i b ^ is0asyr@d In md a r m M t h o ^ Is^els 
siapled) ^V0 resulted i n th© s^^ l ing &f gr©ii}i<S»ster 
f r m four dlffersflt levels, ths t^o deepest ^ i n g located 

^ e^thln and to1o» the I n ^ r s e c t l ^ of the boreNtl© ^ t h a 
s^tb-horU^tal fracttir© Zona at i67-673 © bor@^1« 
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«ji€^ s$^ji@ ^3»s )fi^ @î |is@!̂  tf(oSe Sf i^i^ify(eny©3 

*PfN^ 9MJ^^S@Sd aAt$@i^ 9 P ^ /^ )A() :^pa#9 ©HRfi^^M 

a^ej#^^ ©I ftoi ? /q p^jj^jaw©^ i | ieft@| ® fls-t!S ^ 4 
i4^ 03^nos ant ag t̂@ I@A@I s i ^ %m hhii^i^^ '^ ^^^ 

si sjata *os u@&3 '6uiid@@s n jo^jd p&Am<m Xn%m pu^ 
lfei^^@ @q Pin«^ saii|d|93@ 3l©^®j®q ^ j ^ ^ ^ l ^ t y p n ^ ^ 

*p@atj dMl^!^®!^ SA^SIS^ U^s e put SHISA-X 

ft@l e ^q p9S|,£@)3@jt«|3 s( @ 2gi-0O )e is&^^ $3(sjaddn 
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aia dJO^dJati) se^ djsm *)i 3Aoq& uei^ euoz ajA 

ROi@«i ss@i M:»̂ J sas^Dsq ^ws^pejS pessi atj) ^eta os îMjpsq 
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Indicated that the waters ^ r e beco^aing mre reducing, 
less contaminated and therefore mre representative. I t ^ 
representative nature of these waters Is further 
supported £y their re lat ive ly old ag®s ss IndicalCrd by 
the C data (6460-7365 years). Unfortunately, aixing 
with surface to nsar-surface waters tejs taken place ( l . e -
10-18 TU and 0.07-0.10 ag/l OJ^ygcn), wi th the result th®« 
a s igni f icant s ^ n t of "d i lu t ion" tes occurred. 

These near-surface vaters a t such dep^s are pr©fe§bly a 
result of s<^8 residual d r i l l i n g water being present In 
the bedrock section (e.g. 0.16-0.21 % T have been 
recorded), snd also borghole waters being leaked around 
the packer s y s t ^ during s a i l i n g . T5® former eKplanatie^ 
Is mr^ acceptable as ^ e groundwsttrs btcose ^ r e 
rtpresentative during sampling «hie8i infers a systefsatic 
depletion of these contaminating t i t e r s . 

The te© ;feej^st i4i«3S i re aRosaalous i n that tl)e ssspled 
water Is als^st ees^te ly surface to 6^ar-surface In 
or igin with very l i t t l e Influence of ^eper grousiS^^ters 
such as those j ys t Ascr ibed. I t tjould sppear tl^at ^ar ie^ 
sasspHng the mt&r capacity of the bMrock section proved 
to 1^ ina€e^<^ate. A part ial vscuu^ i$ss soon estiblfsbed 
within the sampling section r tsu l t lng In rmtT'mrf§C9 
derived mt%r l>elng Itsked sround 1 ^ picker sysl ta. T^ is 
Is supported by the high F@(I1) conisats f r ^ tl̂ es© ^ o 
levels (6.0-8.2 w^/\) y^lch prtvlously have bmn 
Interpreted as a reaction ©f bor^hol^ ^dtsr witf) the 
steel piping that eatsnds to th© mrf&ce f r m ths packer 
sy f i t ^ . 

In su^sary, ^ e isajor groaaj^^ter ^ p s s represeated fey 
borehole Ka 13 are: 1) s y r f ^ e and f^ar-surfac© ^ t e r s o f 
a younf age, 2) Inter^dlat© to dsep ©Id groyn^g^aters 
»hlcb sr© n8^)-S3l1ft8 but are chsrac^r ised by a high 
CaSO. €dnts$9t. Unfartysat^ly, p>©f̂  of ^ ^ groti^i^atsrs 
s^pTtd can ^ considered tm}y representative. 
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The uranium content of tJte borehale groundwaters sh^as a 
sarked change from the ^Igh values characterising M^ 
upper tsfo levels (5.2 - 10.2 {̂ bl snd the two losar 
levels located above and below t i ^ sub-horizontal z^m HI 
(0.64 - 0.60 j^b) . Alth!@ygh thes© results show an 
apparent decrease 5̂1 th ^p th , th® yncgrtainty surrou^sing 
the representative nature of the sroundwaters mkes 
interpretation difficult. In any case the analytical 
contents, toother with the tiseop^tical Eh valjas 
calculated for tJie Iron ^stem, s^^ presented la Tabl« 
5.19 and Figure 5,68, T ^ Figure s l so contains 
tlworetlcal uranlua sols^ility cj^r^es calculated fnm 
crystalline af»d aaorpho^s m for % 0 of 6.20, 8,10 
and 9 , ^ which are reas^iably r«p®^se«tatl^ for ^ e 
l i te rs fro® ^ e te)fehole. Ths mts^r ce^s^sitions plo^ 
^It^in and around th9 ursnius st^^ility curves for t ^ s 
htgl^st and l o ^ s t chos^i pH vali^^, a spread rtflec^ng 
the fsneral Inconslstancy of Wig t̂ouMh-f î̂ r 
Ci^posl tions. 

Table 5.19 Uranlu® eo^t^int and ^*gorstlcal Sh val^g^ of 
^le grounds t@rs fp«© borthol© to 13. 

Ltvel 
C^trts) 

2 ^ - 212 
§14 - §16 

670 - 672 

Ufsn1s@ Content 
(ppb) 

S.2 
10.2 
®.ef 

im) 

-199 

-249 

- 19 

• 2 0 
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-10 -

-15 -
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OXC&^TtON POT&t41\hl tmV) 

pH=Sl50 
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Figure 5.68: Plots of uraniuQ content {sspressed es log 
(e«)l/lltre)) and the calculated theoretical Oi 
values of groun(h^ters coll i^tsd froa t^rehole Ks 
13. The values are plotted ^ t h respect to 
theoretical uranlyia solubil ity curves calculated 
for gsorphous ( l e ^ r stabi l i ty l l s i t ) and 
cryitalHne (upper s t -sb i l l ^ llssit) UO. st a pH 
of 6.20, a.lO and 9.50. 

S.4.3 Bore^le Res 8 

8orehole fCis 8 is located in the i ^s t central part o^ tDe 
Kafflljinfe test^area, sossa SO estres f r ^ tfse surface 
expression of local fracture lone 3 (Fig 5.56). The 
borehole (length 251.25 s ; vertical <^ptli spprox. t ^ @) 
Mas dr i l led at m angle of 60 to confirm the presets® 
at 4Bpth of ?^m 3; this »a8 achie^^ at approx. lOS a . 

• . e n ^ 
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Strongly fol iated b io t i te gneiss, « i th more minor 
Interlayers of skarn, pegmatite and quartz bands, 
dominate the upper 100 m or so of the borehole. A more 
substantial pegmatite horizon »hlch Is heavily tectonised 
sftd stained with Iron-oxides occurs froa 35-45 si. With 
Increasing depth granodiorite, »1th pegmatite lM>ri2ons, 
begins to dominate; around 236 @ biot i te gneiss appears. 
The average fracture density for the bo'ehole Is high 
( 7 . ^ f rac tures/^ t re) ahich 1$ part ly attr ibuted to the 
slu>rt length of the borehole and partly due to the fact 
that Zone 3 is Intercepted, Of the different rock 
c (^^nents , granite records the highest frequency of 
fractures (10.28 fractures/metre), followed by b io t i te 
gneiss (9,52), aaphibollte (7,88) end lastly §rsnodiorite 
(3.69), The ms t c<^^n fracture f l l l lRg siinerals are 
b^satl te, chlor i te and calc i te ; local fracture Zone 3 is 
characterised by several crush and fracture sones «h1ch 
are generally brecciated and strongly weathered, Hee^atite 
and other ^ r e t^ydrmis l ro«-ox i^s Impregnate the 
fracture zones and tlie adjacent bedrock. 

TJie groundwater pattern aiodelled by Carlsson et al (1983) 
i s I l lustrated In Figure 5.69. Th% groundaater flow 
aroynd the borehole Is locally direct©^ r- - '3s a'cng 
fracture Zone 3, snd mre generally near Zone 2; 
otherwise the dominating f1©« near Ka 6 Is do^m^ards. 
According to ^ 8 ^ d e l the pleztmstrlc head changes vsry 
l i t t l e along the length of &ie borehole, but ^ jch more 
d r a s t i c a l l y at depths of 350-SSO n. Dye to the vQry 
large fracture danslty within ^ I j part of the bedrock, 
i t ms Icsposslble ^ conduct ^ t e r Injection tests in the 
^ole as planned wit^sut risking the equlps^nt. As a 
resul t only single packer Injections tisre per^<^ssd In the 
upper part of the ^ reho le . 
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Figure 5.69: The groundwater floa-p^tter^ and 
Isopotentials in the vicinity of borebole KB 
8 illustrated by a vertical section in the 
same plane as the direction of the borehole 
(iBodlfied after tlse nuBsrical a»delling of 
Kemakta Consulting Co). 

5.4.3.1 Level 238 - 240 n {approx. 1 ^ n) 

The sampled borehole Is located within feiotlte gneiss 
t̂ hlch locally changes to epidote-rlch sitam or diffuse 
bands of granodlorltic composition \ihen the granodiorite 
contact at 236 @ Is approached. The samf̂ le section length 
is characterised by 3 fraclyre 2ones ranging in »ldtJi 
froa 30-40 ĉ  and each containing 5-6 fractures; IŜ e 
bott^^ of the section partly overlaps siBstber, msch 
broader fracture xone, consisting of 11 fractures. In 
addition to these zor^s, the section cotw^lns 6 single 
fractures. The intersection angle of these structures 
with tJ»0 core axis varies from 10-90** at^ the isalf* 
filling sginerals are chlorite, calcite, iron-oxides and 

«p^ {Binor aswunts of e p l ^ t e . 

file:///ihen
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a) 
O t i t I n Irocfurn/. 

Ssr«csii lamsRi lai SDIi t!$% i S B n o t u m 

b) 
KS no Q tto RQti 

Figure 5.70: Hydrological characteristics of borehole 
Km 8: 
a) Fracture frequency (for 10 m sections) 

and the cumulative percentage of 
fractures 

b) Piezffiiwtric head distribution and 
hydrostatic head in the borehole. 

Hydrology 

The f^draullc conductivity ^asureosents froa the single 
Injections tests give an average value of 1.4.10" 
Bi/s for the borehole section 71 to 251 et. However, ^e 
overall lack of detailed f^drologlc data frm the 
borehole as a shole, and froa the sampled section In 
particular, made i t polntltss to carry out ^ster budget 
calculations, ^vertheless, 50fi» estimation of the 
borehole conditions can be ©ade (Fig 5.70). As the 
selected horizon is f^netrated by at least three fracture 
zones t M mter sampled probably coses froa the bedrock. 
Ho^v®r, due to the ^drauHc gradient In the hole, 
open-s^le effects »lll a l ^ s t certainly result In »ater 
penetrating Into snd along the fractures in the saepled 
level. Thus, even though the @ater vo^me p u ^ d out 
prior t o sailing is ^ r ^ ^lan 8 n , i t Is no fuarantee 
that a fenulne t^ater sample is cl>tained becayss the 
K-va1s^ is high md thereby i t Is possible that ^e 
dsiounts of t^ter f r ^ the torehole activities my exceed 
that vm'̂ i^^. 
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TzbiaS.20 \.-^ ; 

Water geochealstry 

The sasapled water (Table 5.20) recorded a pH of 6.3; the 
major cation (Na and Ca ) and anion (HCO " 
and Cl ) contents sre mch lotssr than norssal non-saline 
groundwater compositions expected f rca this depth In the 
bedrock. The sarapled water Is undoubtedly of surface to 
near-syrface o r ig in and devoid of any s igni f icant ai'vunts 
of d r i l l i n g water tracer ( 0 . ^ 2 % l " ) . 

Re^x-sensit lve para« te rs 

A strongly ox id is ing groundaater 1$ Irsdlcated by 
ffieasured parai^ters i . e . posit ive Eh (*270 fSV), 
s ign i f icant oxygen (1.11 &§/)) and negligible S ( - I I ) ; 
surpr is ingly the FeCIl) I s present In epprsclabl® a^ants 
(2.8 m§/ \ ) . 

I s o t o ^ geocheaisl^^ 

14 
^0 stable isotope o r c dsta are available for this 
leve l . T r i t i ua Is present i o md^r&to ammts (20 TU) 

which conflriss a l a r ^ surface to Rear-surface conpoftent. 
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Uranlua ggoch^ristry 

The dissolved cranium omtent Is lo» (0.04 pot) 
isotopic diseQ«i^libriua is widespread (^^u/^^ l 

and 

Sy^^tary 

8ecause of the lack of ^drological data froa the 
borehole sad dii® to the ^ r y hl fh fracture density &f the 
fc€<Sr©ck, I t has ^en l^^sslble t^ calcsalate the e f f ^ t s 
of the borehole activit ies en t l ^ ^ a l i ^ of the ss^led 
gre&L'fid»ater. Tbe chealcal pr^sgtsrs, N^^ver, point 
streagly to a surface or Rear-s@rface origin to t ^ 
gr05sn^^ter$, A c^^laatica of 1^« ^ , l^lo« &^%ri^ 
c^'tcentratlens.©f the i ^ o r leas, pc ts l t i ^ Eh val i^s, 
high oî yfsa centsent and ^Qry loss dissol^©^ uranlosi, a l l 
stspport a ^ar-ssjrface erigln. T!^ possibility of a smW 
^ep^r water ci^pontnt ^leald m t M ev@rleoked sa^ ®ay 
In f@ct espials she lo«®r than @«pg€t©d tritiusa ftO TO) 
when co^arsd lalsh typical surface asters f r ^ the 
Ks^lungt arta (^^prox. ^ TU). 

The grotfR(^ai§r s&«pHd h&% feetia pm^d Into the section 
f r m high&r, m r ^ oxypsitsd \mm\% via ^ s highly 
c§f id^t l^ i fractere syste® pregs.'fit in H^ te^rock, ^ t h 
l ls l t®^ ©lalng ^ t h mm f§pfts€fit3tlv@ ffQundaa^rs in 
the Rsar»vlclflf% of th@ fesrtltolt. S ^ l ^ ^ g o f 
ntar-§yrfac® {I'trlved dr i l l ing m m r fresi ^»v® the 
berc^le has i l s ^ pr^a&ly occyrs^d. This say c lar i fy m 
significant Fed I ) conteiit (2.8 ^ / l ) ptmMnt ifl m® 
water. 

The aranfua cmtm<At of W® $f«g1® ^»®ur« î®t®r ssaple Is 
0.(^ ^ . ^ Is €^©fltent, ^ e t ^ ^ r si^t^ t^^ t^eof^sticsl £h 
m}mt ca1celat€5^ for tlsa irta g^stis, ®f^ prtssntad 39 
Table S.fl &d f i fyr® S.H. Th© f i ^ r © also c@ t̂alns 
Ci»t©r^tlca1 ar®®f4rffl i o l t ^ i l l t y emvm calcakttd f r ^ 
crystal lifts afid a^rphmjs 1^^ f©?* a pH @f 6.20 te-hich H ^ 
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Close to that &f the sampled ground^ter. The groundwater 
cc ÎKisltlofl lt®$ within the e^rphoijs uraniu® stability 
boundary. 

Table 5.21 ^̂ aniu@ content eŝ d the theoretical Eh value 
^ the groun<teater f r ^ borehole K@ 8. 

Level 
(^ t res) 

Uraai*^ cont^t 
(P!ri>) 

Calculated 0» 
(ssV) 

238 - 140 0,04 •14 

t.08 
seitisfkiTv 

^ t 6 20 

• itt'hsx 

©m&̂ftOH r̂e.MTsAt iBjyJ 

figtr© S.71: Plots ^ ttranl^s content (sspr@ssed as log 
imMU^s^)) md th© ealcylst®^ lUg^retfcal th 
taljiss ^ ^mmimUn €oU®€Ud frsga fesrefesl® Um 
S. ^ s m\im r̂® p1®t^ Mit̂  fmpmt to 
tliespt^cgl m'mim ^ l^ l l lgy carvsgs calculated 
for m§0^mi (lemr s t^ l l i ty l l i l t ) and 
eryim^im l ^ ^ r stability llsit) m â  & ^ 
of g.20- ' W 
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S.5 Taavlfiunnanen 

The Taavinunnanen tes t -s i te i s situated In the c ^ ^ t y of 
^lorrbotten some 35 k@ CNE of Kiruna and 170 km mss-th of 
tf̂  arctic circle (Fig 1), T?ie area, i^lch csnst i^ tes a 
gafebro aassif, forsis a topograg^lcally distinct 1^11 
reaching above the t i ^ e r l ine ^ t h I ts highest ^ i n t at 
780 m above sea-level. The Tssl land ice ^ved im s KE 
direction resulting in a gentls slope @n the SM s^de of 
the N i l and a sore rygge4 sc<S9i) on thi@ l€ side, 
Conse^ently ^ s t of the ou tc ry Is locsted srmif^ the 
hill syaait and HE slope, Korafae, however, covers s^st 
of tf^ gabbro; at the drill si®e this Achieves a 
thickesess of 17,S ©. The a l t^ t®^ dlfferewe feet^i^n tfee 
pbbro sue^it and Its eargit^ fs ^0 '^ In tha ^ ^md ^ 
S3 In the ^ . 

The rrfi^nal geology of the ®r©a has J^ea previously 
described by ^elln (1970), ^ls©n (If7f), Eriksse® and 
Hallgr©n (1175), Hallgren (l§7t) &m AM>ros (IMS3. As a 
result of SK8 lOTestlgstlons carried ©at over ^ e ^rled 
1131-1^83 the ^ ta l l e^ gtslofy of tM TdavlftunnsR^i 
t^st-site has b^n ^scHitd ^ ^ Ahlboa @t al ( 1 ^ ^ ) , 
Hsnkel ( l§ i l ) , Ahl^^ ©t al ( 1 ^ 2 ) , Statssch&ln (tfS3b), 
Albino (lfS4), Urson @t al C1^4), Larson and Tyilborg 
( l ^ S md ^ntischein et si III35). ^ s t of th& 
follo^ng descflptl^ of ^ ^^loglcsl ehsrsctsrfsllcs 
©f ^ e §sbbfO»iPjsslf is taken frm g@nts&ch@ln ®t s i 
(se-3S). 

A mp of ^ ^ Tmvimnn&nQn t@ss--8lt§ af©a shoirlifif -®jf 
p^arsl p©1@glcal features s i ^ the min structsjral itMi 
of i^itftess. Is illystrstsd f̂  figure S.72. Th@ ^^lo^r 
©f ^ arsa ^s i ^ i m t ^ by ® gsbl̂ Tt) i^sslf ef 
Prot^f^soi€ ^§3. It is ificle^di la th© ymn^Qr s©rf®s of 
pliitosrSe r^^ks in Ito sres i ^ lc^ consists ©f ^ p r ^ i l a , 
split®, ff.i-«^tt, f ^ r ^ i t e - ^ s ^ ^ l t e , ^©site, §rg^^ro md 
ansrt^sife, md Is f€§Br̂ sd §s ii^ last ^ o r pi atonic 
m§(it mi thin î@ %r§s, TH mrfmi has ^^en dst®d @ sb^t 
JS0O ^ i ; - © ^ r r^ks iftcly^ ^start^ltes, ®»tsdo1#rf t«, 
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| [ ^ V^ «>9V« aOMM 

^e?tJr 

fi%m^ %.1Z: TM Tmvim^^m^ Itst-slta s^f^ng 
, t ^ ^ r a ^ , ^© fgiitral p®1#fical 

fs j^fss, m^ a fsdl^icsl profile thm^^i 
t M gs^r© s^sslf. 
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l i^s tone and tuf f l te. Ttm gabbro ^ s s i f I tse l f Is 
loi»ollthlc in shape and ref»resents a differentiated ^ ^ 
sequence of tholei l t ic character s^th a cc^s^sition i^ ich 
varies fmm p^rosenlte ^ fabbrolc In t y ^ due to a 
rr^thmic layering as k@ll as ^ I t ^ p l e oag^ 1ntrusi<^s, 
The thickness of the layers varies fr«Ka S f ^ raillig^tres 
to several tieas of ^ t res snd generally dip at angles 

0 

rasging fr<® 10-40 to^isrds t ^ c^stre of ^se » s s l f . 
T!^ ©ajor aiaeralogical ci^osents are plafloclase (©-75 
vol * ) , cllfsoiiyroxene ( 0 - ^ vol S>, olivine (0-30 ^ol %) 
and iagnetlte (0-20 m} %), Ortho^roxene s^curs rarely 
last ly as a secondary sli^eral. Clim>pypoxesss Is the 
dwinating Bs@flc salneral ia ^ie gs&bra and feigh density 
s ^ l e s corr^spORd tes- a sis«lflca®t ©agj^tifte content. 
Secondary ralfj^ral alterati^? usually occurs In and around 
t ^ fracture soaes. 

Stnatyral ly ^ e Tuvinunn^mn ga^ro Is characterised by 
stert , steep ^ U mZ striking fr®ctures, ®«hlch ©re part 
of the regloisisl trend. S<^ fractssres wlt^ s®re gentle 
dips ^cur psrsl lel to ^ s Igneoys Ityerlng. Evldeac® af 
fsalting a l t ^ in the j^ss l f is ^st^^ved as €^styrb8s^©s of 
1 ^ ©ignstle pattern sn© fer©al$ in ehesleal trends of the 
f^sbpo. Sisff^ce sftjdles shmi ^ l^s l t l se t lea and 
feftceiatlon sleag s ^ ©f Wn fractyr© genes, f rm 
flH1k®p© stidiss In t̂ ® &rm thtr® Is a isstfisnce o f 
%m p̂ fractures 3llh©«igh ^ m n ^ m Iniehs© Igneous 
laysrlflf tsnd to ^§s &n imr&u&d fre^tncj ' ©f 
hsHs^tdl ^ ^bhorl£©fltil frgctus^s. TM variation ©f 
fmcUro fr@^m£y with ^ p t h l i fa i r ly Mfllfor® ©Ith the 
m$t c ^ ^ rasga feslng 2.©-4.9 fractares/^^r«. Tfee ^ I n 
fmctaj^ f l l lSeg aifieraU Br@ chlosHte, calrit© and 
^ ^ t i t t ® i ^ ^f@,aln®r ©ccsjrreRces ©f prefeslte m4 
fgel l tss. 

H y i ^ l ^ l c a l l j f th® gabbro ^ s s l f la r̂alssed by th© 
Vinafi f i joki ^3d tM ^^mi&k i U m r m t$m ^ s t and mmt 
f«©picti^®1y. T^®f« stresBs later ^ t t ^ m^in m U r 
c^irs©« ^i© T®rf® river, 6^?th e^^rols a dr j lna^ tosifl 
©f &pproaimtis^y 3 4 . ^ fer. 
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The water balance of the Taavinunnanen area has been 
estieiated to be: 

Adjusted precipitation 760-875 sa/year 
Actual evaporati^t 200 ssa/year 
Run-off 560-675 m/year 

Tiiese vali^s should be cc^siflered only as a guide, as 
direct E^tsoro1(^cal Esessuresmnts are lis^ded by the 
geographical Isolation of the ared. The nearest stat1«;^s 
are located 16 ^ 37 k@ @iay and st @w:h l o ^ r aUit<j^s 
( l ,e, aboiit 3)0 m }Q^r), A precipitation Increase of 7 % 
and 15 % per lOO s for rain and SBI?W fal l respectively 
has been ©ssu?a»d and the orographfcal effect of the 
Giassif M% also ^ e n tak^i Into account. Tl% 
precipitation is calculated for ^ e 600 a level and tl»» 
high rufi-off Is ^p^sed to represent the local dralnsse 
conditions. 

The groands^ter l©vel, wecasionally i^asured fres the 
borehole (Ta 1), Ssas b$e@ located 15 to 13 Q belo» the 
ground surface. Recharge <of groundwater occurs once a 
year; ^ r i n g the s n ^ s i t i n g juried the ground '̂eter 
table rises frm^ the loi^^t to t ^ highest annuel levels. 
Thg annMSl mm t^^^rat^r© of tlse groun^ater In this 
part of Sŝ den i s Just a^ve 2^C. 

Topographically, T@av1naigaan#n Is a r@chargs srss wltu 
local disfiargs ©ccurrlng in gsall depressions. Tsis 
ftneral fround^ster flo» Is circulated to^rds the 
valleys surroundlflg tha as^s pfleari ly In th§ absence ©f 
©ajor fractisre i ^ e s , gr^Jltlc dytes §f frsater f^ydraollc 
c©nductl9ityt t@^th3r tdth the r%^Silc layering tB^tmre 
of the fs&bro, m ^ Infly^^jce tei r&§i§m} grosifldMter 
floa. 
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5.5.1 Borehole Ta I 

Borehole Ta I «as b i l l e d at ^** to a vertical depth of 
686 m (borehole length 700.^ ®) In orc^r to Investlfate 
the ^©logical extent of tl̂ s massif and to locate 
suitable cos^disctlvs horizons for representative 
grou? îsater sables, Qiided by ^opl\ysical Investigations 
tJ® hole was placed la an §rea of unfrectyred ga8^ro; the 
nearest eajor fracture som «^s estl@et@d to be s^mt 70 
@ fr@9 the ^ 1 e , 

. For the ®cjst part the dri 11 cor© represei^ts a 
differentiated ga^ro varying in cc^^s^tion froa 
pyrosenlte to gabbrelc in ty5>e d « to t i ^ rl?yth®ic 
Ityerlng.as ^11 as esaltiple i®tr«is1®n$- The thic&Bt^s of 
t ^ layers vsry f r ^ s ^ © i l l l i t r e s , to several t^&z of 
Slims. Apr©«t©ately 8 S of S^t drllle©r@ consists ®f 
apllte md ^ m i t e d^es; s<^ solitary thin basic ^ e s 
arc also present. Of ©s gabbro, s©ŝ  14 % has l>t®« 
altered to a flne-irai^e© blot l ts>Hch>^k ^ Ich is 
almst always founds thin md ground tectealcally 
dIsti^rbed 8r@as. 

The fregency ef frietures for t^e drlMcort Is 
ccH5sltfir©d fisrEal Cseaa 3.9 frMfewf@s/i^f©) t̂ ®n 
expired to th© @thsr lRv®itlpt®d te§t-§lt§8 i*5f®a% 
^ascribed. High fr tctert f r t ^ i ^ ^ * ' gccurs fesMgn lIS-147 
L»5 ̂ ^-23S © and 3?S«^4 a fethlch ccifrsip^fl^ ssstly t s 
ths&9 granit® and aplft© dykes. ThU llltssts'stti ©ss 1@8i 
c^petent nstare of ^ s dykts ^ m c & ^ ^ r ^ elth ^ e 
p&bf®. fur tMrmrs, ^mm Wmd dyies ©fita rgpr®M!«t 
hsrU^flis of €r.hsfic€d ^draul lc c^Miictlsity. 

Tte' ^%ra1 ^firaallc coadia t i^ i^ alesig the feortfeol® 
1g5?f̂  is ŝm (FlgS.fSb), es^c i^ l ly i® ^fS e^pc^s-^t 
M s î@r© ^ l y sua ^ a sect^^ has s l-^alu© esc€®d1ng 
1.10*^ m/9, ielea BO ® ®^®«t ^ S ©f ^ s ss€tl®rj« 
jssv© I g - v a l ^ l o ^ r &r sssar mB ma$urim§ Halt IE • 
S.IO" ^ s ) ^ d ealy t3ir©Q i tctsrs af^ frester tfeaa ^ 
1.10' ^ 3 . . fe'atfr If l j fci len fefts alesf 2 @ ss«-
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Figure 5.73: Hydrofeoleglcal cfearacterlsties of tejrehole 
Ta 1. 
a) Fractojre freqaes^y (for SO si sections) 

and ^ s custulstive ^rce®ta§i of 
fractures 

b) Hyi^aullc condistlvity 
c) Piesos^trlc t^sd distriS^itlons snd 

8\ydrostitlc head in th® ^rehole 
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tion snd of 15 sinutes duratiem have also i^n perfomed 
In the hole. 

The results sho^ that the ^ s t conducf:1ve sectloins of the 
hole mostly corresporijl to the §rsn1te <^es or s^thln the 
gabbro adjacent to such dtykes. The pressure comfitions In 
the grayads^ter. Illustrated io FIgur© 5.73c, giire no 
satisfsctory total pic^re of tS^ ple^^etric 5^ad 
distribution al^ng the borehole as ^ r ^ sections record a 
very loa K-valys. Ho^^ver, ^,er® ©^ fea a slight ^ndency 
of decreasing head with depth. 

S.5,1.1 Level 496 « 4f8 m (approx. 493 m) 

The sa i led section is located within ^He gabbro ^ ich Is 
dark-grey md flat-grslned aitfe ^ ' i k i H t t c pyroxene 
porp^robiasts t^ ^ 2 era In sise. The action emprises 
ene fracture ion® (20 c§ w i ^ BS^ containing 4 fractures) 
aad nisie siagle fractures. The intersection angles «lth 
the core is is rang© fres H)® t® 85*̂  arna the ©a I» 
fractare f i l l i n g ©inerals are calc i te, chlorite ®nc 
s^c t l t e with lesser ^loynts of prehnl^ and zeolites. 

Th© ss^led level rtcorde a ^ ^ a u l l c ^ndoctlvlsy of 
1.7.10 n/% al§^g ^© 25 m section tn& a hsad 
iltvlation ©f 40.i a, f r m Injection ts^ts along 2 n 
Sfctloaa I t is ^fiely«lgd Uiat ©sly 2 terliMs c^^ i ^ t 
mt@r m)d t^at tSse tabled l@ve1 constftutss the dominant 
one. T ^ m m i ^ r ^ ^ Q voligaa of tsstw ^ g ; ^ out prior to 
t^pMn§ u^uld mm to en&yre » representative 
f f on f i ^ te r sts^le (Fig 1.74). 

, . e ^ 
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Water volumo (n?) 

-8 • 

1 2 

TQ 1: 496-498 m 

Figisre 5,74: Scl^e^tic i l lustrat ion of tlie calculated 
»ater budfet for level 496-^98 @ In 
^r©hQle Ta 1 (Taavinu^sRiaftsa). 1 • Drill ing 
skater; 2 B Sas-llft psisipinf; 3 » Hydraulic 
testing; 4 » Siupllag; 5 » Opsn-hole 
effect. 

Hater sti?€h^lstry 

Tbs frmind^tgr %mpU of pH « 9.1 (Tsbl© %.2ib) Is 
characterised by a aajor ion content (^a*, Ca , 
ICO * ^ d Cl*) ^ I c h Is e®ns I drably lov^r than 
f̂ r@a1 f^n-sallae, Inter^^lata to dmp ^ c u n ^ a ^ r t , 
yhlch sight have ^en espectsd fr^s this iest'ock sspth. 
Ths a^tMr Is mm Epical of a m^r-mrf^Q origin. 

fied^g'^BSltlve ^riiagters 

Th© f f ^ n d ^ t s r Is 
supporttid by m 
leu to negligible 

^ (£h a * t ^ ^ ) md this Is 
oxy^fl contefit (0.$ ^ / l ) and 

of Fe(Il) and &(- I I ) . 
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Isotope geochemistry 

18 2 
The stable Isotope data (6 0 ° -13.66 ^ t and 6 H 
« -97.6 ppt) are In accordance w i th other ground^ter 
samples of seteoric or ig in (Fig 5.6) . The young C 
age and the extrea^ly high t r i t i t ^ valjs {123 TU)further 
eiaplidsise that the sampled water I s near-surface and 
recent in o r i g i n . 

Uranlua geochealstry 

The dissolved uranlua content of 0.59 ^ s'^flects the 
oxidising nature of tlse envlroni^^t ; m> Isotopic data are 
i va i l ab le . 

T ^ l\ydrolog1cal properties of tSte sasaplnd level 
(reasonable l^draulic conductivity In c ^ i n a t l o n with a 
posit ive piesos^trlc ^&d) should polntJ$o a 
rtpresentative grouni&^ter saispl^ froa this leve l . The 
cheslstry of the groundwater s h o ^ ^ , hoesver, a markedly 
oxidising water ©f near-sarface or ig in (e.g. signif icant 
oay^n e o n t ^ t i?5d v§ry high t r i t l y s contents). Tte 
poss ib i l i ty of d r i l l Ing biater centaalnatlisfl (find hence 
i y r f i ce ^ t@r contaialf^atlon as t l^ t ^t@r §ourc@ m% a 
s@al1 SMffact lake) msit ^ s r e f o r a ^ considered. 
l iot^ver, the high t r l t ius i content C123 TU), i n cosp^rlson 
mith tO'dayi pr©elplt3tlen valu© &f arosmd 35 TU, shote 
that th9 m t s r Is $ ^ tern of y^m^t old snd' caniiot-
tter@f©r@ be solely frmt tSie d r i V t i i ^ w&ier source. I f 
t h i i mter has ^&n eis t raded f r ^ tha fracture zon© 
^ t h i n th t sampled section, then i t Indicates a very 
r ^ l d ^ " ^ n ^ ^ t e r c i rculat ion f r ^ the ^r face ds^ai t© 
consi^rable depths. I f t ^ C i s to ^ rel ied upon, 
§ ^ ^ olxlng ^ t h o'id@r f ro i i n^ t@r Is syggesl^. 
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5.5.1.2 Level 654 - 656 @ (approx. 651 m) 

This level is characterised by f ine- to Eoediufs-grained 
gcbbro ahich contaisis poi k i l l t i c pyroxenie porphyroblasts 
of similar size ran^ge. The section contains one cf<ish 
zone %om 15 ca ai<ie comprising 4 fracture, and 4 single 

fractures. The Intersection angle with the core axis 
ranges f r m 15-85 and the main f i l l i n g mineral phase 
are ca lc i te , ch lor i te and day ainerals. 

%drology 

The f^drauHc coadi^t lv l ty along the 25 m section, which 
iacluiies the sa<^led section. Is 5,1,10" p>/s. The 
dstal1e«l injection tests show that only one ? a section 
conducts water and this l ies outside the sattpled horizon 
Capprox. 2 m below). 

The sai^led ^ater i s characterised by a pH of 9.2; as 
%«1th the previous l^ r lzon, the ^ o r Ion contents suggest 
a surface to near-swrface or ig in to the groundwater. 

iedsx-i^nsltlvB gNsra^ters 

Sllgter ©aypn (0.62 eg/1) and £h (+400 ©V) values than 
the previous level Indicate a mre oxidising groundwater 
®nvlrons&flt at t h ^ m greater «fepths. F©(II) and S ( -n ) 
are present In appnoxliMtely the M@e a^sounts. 

Isotope ^ochealstry 

14 
Stable Isotop©, C md t r i t i um dsta are s la l la r t© 
that of ^@ pr@vi©i/es level snd thus support a young, 

£}far-surface ffisteoric source for th® stapled water. 
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Uranium geochemistry 

Dissolved uranium contents are fa i r l y feigh (1,52-1.54 

ppb) and the ^ \ / ^ ^ % ac t i v i t y rat io i s 2.2 

which indicates disequil ibrium in the froundwater 

environment. 

Sustaary 

There Is l i t t l e d i f fen^ce between th i s level and the 
previous one. Mhat is perhaps s u r p r i s i ^ Is the increased 
oxidising character of the water at g r a t e r depths. A 
large co@»»nent of the ssfater aust therefore be surface to 
near-surface i n origin and constitutes ^ e borehole water 
which has been pulped round the packer systetn Into the 
stapled section. This i s supported by tSse ^drologic 
properties of the sect1©n ^ i c h indicated that i t was 
pon-conductlve. 

5.5.1.3 Borehole suspary and discussion 

Considering the geoehselcal properties ©f the gabbro 
massif, the 4i?pth of sampling, and the s^ lat lvely norsial 
fracture frequency of tfee bedrock. Intermediate to ^ep 
groundfeitsrs of a reducing to a n r y re^aclng character 
woyld have bisn expected. In strong contrast, however, 
t M ssapled Kat#rs &re cha rgc te r l s t ka l l y oxidising with 
a chsalstry and Isotopic signature typical of a surface 
to near-surffice o r ig in . Taking Into consideration the 
hydrologic properties of the t^o levels , tha upper»>st 
le«ifl m i suf f ic ient ly c^nd«jctlvg (^Ith A positive 
plezsjEfStric head) to hasss been represen^t lve, the lower 
l eve l , tesisver, «as non-coadJ^tive. I t f s ie j^ r tant to 
note that this t^ l© was d r i l l e d In 1981 md r^alned ©pen 
un t i l sajspling ^ s carrf@d dyrlog 1§S3. I f ^ r e m i 
tkQreforQ mp]e opportudilty for borehole groiiniS^ter 
Slicing to Mcur snd alsd for the part ia l re^va l of any 
resldt^ l d f l l l 1©f wattr smp&n^H by natesral f lushing. 

^ 
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On commencement of sampling and following gas- l i f t 
pumping, the accumulated borehole water w i l l probably 
have originated frora the higSser, nwre conducting 
horizons, and w i l l therefore be oxidising and high in 
t r i t i um. The very high t r i t i e m contents recorded from 
both levels indicates that near-surface accjsaulation of 
s l igh t ly older groundwater (e .g . about 10-20 years old) 
has occurred and been retained at shallow levels thus 
ref lect ing the irapertnsable nature of the gabbro massif. 

To conclude, the sampled water is typical of a young, 
surface to near-surface source and has quickly 
accumulated within the borehole. The tfeso sections 
selected for sampling had not a su f f i c ien t ly high 
groundwater capacity with the result tl^at s part ial 
vacuum was established wi th in the section toeing sasipled. 
This has led to a leakage of borehole isater round the 
packer system into the section. The two grcundwater 
samples are therefore not representative fo r the levels 
investigated. 

Hoover, raarttedly reducing aad mre representative 
fround^aters have been collected fro^ the 454-496 BI level 
(Smellie, 1983c). This s t u ^ , which was carried out after 
the nerval sampling period, md descr ied in mre detai l 
below (Appendix 3 ) , ^ployed a much reduced puap 
f lo^^rate. This me^nt that ^se new pyx ing rate v«as able 
to accomodate the grouni^ster capacity of ^te fracture 
2©ne, sd that compensating water was not forced Into the 
sampled section froa the borehole. This d&s^onstrates that 
the higher level was hy<^aulically conducting as 
I n i t i a l l y predicted by the wster budget calculat ions. 

The uranlus content of ^ e groun<hi;ater sai^les varies 
f r^a 0.59-1.54 ppb ^ t h ^ i g i ^ r asiounts 3>e1î g recor^d 
frosa the l o ^ r horizon. The jsranlys ccittent of the aater, 
together with the ^ieor@tica1 £h values calculated froa 
tim iron ca^U^nt of the @^t@r, are p ressn t^ If l Table 
S.23 and Figure 5.75. Th® FIfare also a>nta1ns 
theoretical uraniusi s o l ( ^ | l l t y curves calcsilat^d f r<^ 
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crystalline and assorphous IM). for a pH of 9.50, The 
groundwater frost the 496-4^ m level plots just above the 
calculated crystalline stabil i ty l im i ts . 

Table 5.23 Uraniusi content and theoretical Eh value of 
the groundwater from borehole Ta 1. 

Level 

(©etres) 

Uranium Content 
(ppb) 

Calculated Eh 

(mV) 

496 - 498 0.59 'Zn 

0 1 

IOC 
SOLUSSLirV 

-18 

-soo 

pH>9S0 

o ^ • l ^ G s N a i 

*sso 
O^mATtm! POT&HTlAl. isxy) 

Figure 5.75: Plots of u rm im content (expressed as log 
( » l / l l t r ^ ) ) and the calculated theoretical Ch 
va1«^s of ^ r ^n^a te rs collected f r ^ borehole Ta 
1. Ti^ values are plotted wltls respect to 
^isoretlcsl urmim ^ l u b l l l t f curvas calculated 
fer iagrphons ( l o^ r stabi l i ty 1l©it) and 
crystalline Copper stabil i ty l i a l t ) UO at a pM 
©f 9,50. 
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5.6 Kllpperls 

The KlipfserSs test -s i te i s located in SE Sa*eden 
approxl^ te ly 300 km soutte of Stockholm (Fig 1). The 
topograps^ of t l ^ region f s characterist ical ly f l a t with 
an almost complete ssoraine cover t ^ i ch makes geological 
Interpretation estreiBely ^ K e r t a l n ; only a few weakly 
discerned l inea^n ts are fsidicated. The surface 
expression of t l ^ geological features Is tSierefore 
reliant ss>st1y <m ground ^^physics and ae r ia l / sa te l l i t e 
photography together with ^ reho le extrapolation. 

The ext^'Si^ly f l a t nature ©f the topography is 
i l l us t ra ted In Figure 5.7$ w^ich ŝ suws thst the ^xlEmia 
a l t l tuc^ differ®«3ce over a distance of 10 &a frea east to 
west Is approx l^ te ly ^ @, di^ to s gradual slope 
towards the east. The h lg l ^s t and l o ^ s t alt1tu(Se points 
are 205 @ end 1 ^ m above sea-level respectively. 

The regional geology of ttse Kllpperls area has been 
previously described by Hoist (1876, 1893), t ^ S^sdlsh 
Seologlcdl Survey (I960) mid ^berg C1978). As a resul t of 
SKB Investlgati&as carried m t in the yQ^n 1932ol984, 
the dets iUd geolo^ of t ^ area has bsen Ascribed by 
Olklewles, ^gnusson, T l r ^ and Stsjskal (1934). 

Secfiuie &f ^ 3 v i r tua l ab^^nc© of ^ t c r o p i n tM 6rM 
(those l ^ t do eals t occur ^ s t l y i n the fe^stewi part) m 
dstslled feologlcal mps ^ ^ avallsble. H^^ver, based on 
geophysical Interpretation a tentative structyrsl <Mp, 
together ?dth t h ^ proposed «3lstrlbut;lon of doleri te 
dykes. I s presented In F l g » ^ 5.77. The rock-types t ^ l ch 
d^l i^ i t® th© area are @a^^tlc and t^o i&aln varieties 
exist: ^ e ^ l a a d granite and por^syi^. Tl^se have been 
dated by Iberg (1978) to 1 € ^ Ha f@r the ^snl t© and 1645 
Ha ror t s ^ porpt^ry; there is a p o s s i b l l l ^ ^ a t the 
porpf^rjr a t X l l ^erSs @ay ^ so^^lsst ©Ider. Here ^ 3 
granite f ^ s lntr@d@d the pssrpS\yry ^ ^ normally the 
contact ^ t ^ e n the tw© Is parallel to the wlcanic 
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layering and sclstosity w l^ ln the porphyry; occasionally 
the granite has penetrated througfa ^ structural 
allgi^ement. The perp>\yry Is composed mainly of lava ©f 
variable ic id l ty , together «ith Ifstercalations of 
volcsnoclastlc sedl^nt. As mnti^med above I t is 
strosgly sheared and the v©lcanoc1astic fragjBsats have 
been c^for^d parallel to the regional stnictsiral trend. 
The granite. In contrast, fs coarse-grained ®Rd aasslve, 
showing only a sporadic strong (tefor^ttion fabric, Fr<sa 
geophysical data, a steeply d ipp l^ dolerite %ke, ab^ t 
80 Q ̂ d e , ^curs in the western part of the test area. 

Because of the ne^r absence of surface outcrop, 
g@op%s1cal Investigations tvave b©©n an lEportint part of 
the ^s t -s i te studies. As I l lus t rg tM in Figure 5.77 
three i&lerite <3yke$ strlkfi^g ^E-SSM have bee® <fetected. 
In a^^ltion, four strongly tectonised xones of weakness 
have Ŝ en interpreted, thr©a striking -̂% and om ^-SM. 
Weaker tectonic z^es, generally &f similar strike to 
those just described, also 'Occur ^ ^ 1 n the area. 
Dri l l fng has shown that i ^ ^ of ttese large-scale 
str^tures are near vertlc^ally inclined md are 
Characterised by slcrobreccla, cosrse br^cla and highly 

onltlsed sones in the bedrock. 

•W 

o a. ft. 4. 

Q 4 - • ^ J i . . i . ' . . l . I 1,1.1.1. . i i i ~ . . . i ^ J . y — . . , I. j l . 1 1 mp. 

i I < 4 s • y a 

Figur® S.76: The Klip^rSa t i s t -s l te ; topegra^lc 
profil© across the a ^ a . 
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Q • I k s 

i ^ 

Strof^ly ir̂ i£Qt@d stn^turel fsna 

i • * am 0 m m> 0 t 

Fif«r® $.77: A tentative strucfejral Interpretation of 
^m ILMpperh -Sest-slt®. !ncl«^d are th©" 
@ij®r i^lerlt© dykB^ ^md t ^ locatltn of 

S© Kl 1. 
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Hydrologically the KHpperSs tes t -s i te Is located ir( the 
c a t c i ^ n t of the LjungbySn stream (approx, 400 ka ) and 
dralc%s eastwards via saaller stres@s Into the aain 
water-course. Tf^ area, ti^lch Is situsted along the 
eastern slopes of the SmSland higlilands, <^s aot appear 
to be either recharging or discharging. The f recen t 
presence of peatbogs especially om the western and 
central parts at least la i lcate tt^at IOCAI dlscl^ar^ 
areas occur. 

A r o ^ h e s t i ^ t e of the ^ater balance w a regional scale 

dyrlisg the period 1931-1960 shows: 

Adjusted precipi tat ion 7W • 50 sa/year 
Actual evsporatlon 475 ^ 25 ^ / y e a r 
Run-off 275 * 25 ^t/ye^r 

These 'B'ilues liav^ been extrapolated f r ^ @aps sitowing ^ e 
i@an valuss fo r run-off, p r f c lp l t s t l on , ^ d evaporation 
(Eriksson, I f ^ ) . Local pl^slcal conditlsfls my affect 
ttiese factors. 

The ^ ^ u n ^ a t e r lavel has been r tg ls t^red a few t lc^s 
f r ^ ^ f ^ h o l e Kl 1 and fotind to ©scl l lste bet̂ M>n 3.2 -
3.4 m b^low t^.9 ground surface. Tii© seasonal variation of 
ths groundwater level In th is part af y&den pnera l l y 
sh©^ d single minimm snd m&nim^ value iluring the year. 
Th© mi f i im^ ^alue c o l f ^ i ^ s with lat© Sys^r md the m i n 
p ^ r l ^ of ^r&uMmtsr recharge Is during the Au to^ ; ^ I s 
Is pr^long^d by the stntrt @lld ^ n t e r so that t M ' S M X I ^ ^ 

levels occur i n Spring. Ttis annual i^an t/mperBtMre of 
V^ ^r3un€»3tsr Is about 7 C. 

» , ^ f c ^ 
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5.6.1 Borehole Kl 1 

Borehole Kl 1 was d r i l l ed at 80 to a vertical depth of 
spprox. 555 m (borehole length 563.95 m) to make a 
preliminary evaluation of the bedrock geology. 

The dosalnant rock-type encountered Is a i ^ d l u ^ to 
coarse-grained ho^^neous grani te, red In colour and 
foras part of the so-called ¥ ix j6 granite type* 'f^^s Is a 
^ ia r tz - r l ch®ic roc l l«e granite with varying asounts of 
plagioclase an4 l i t t l e ©afic content. Along the to ta l 
length of the d r i l l co re this granite accounts for 82 vol 
% fo l lo^ t^ by dolerite/greenstone (10 vol %), 
Intermediate to acid volcanlts (8 vol %) md las t l y 
ap l l te (<1 >«1 %). TSas tsctoalc influence on Vhe granite 
Is (^served as : 1) eicrofractyr ing of the grani te, 2) 
al terat ion of feldspar to an ir©n-ox1de fine-grained 
aggregate; e^splete a l terat ion of the ©afic constituents, 
3) strongly @|ylon1tlsed serves accompanied by a reduction 
In grain sise and defort^tlon of Individual grains 
paral le l to tlse regional f o l i a t i on . 

The volcanites sre ^,^dlv1fe«i, on the basis of colour and 
m^roscoplc propert ies, into greenstone sn4 I n t e r ^ l a t e 
to a d d var ie t ies . THe scld type Is dark-grey to 
grey-brown In colour, and Is characttrUed by a ^ n s e 
matrix istvold of any ^ teab le phenocrysts. The 
greenstones ©re considered to be altered variet ies of 
liitsr@®^1^te t© ftaslc volcanites. Octarring occasionally 
wi thin the tedrock ar« flrig-gralne© i p l l t e dykes (up to 
I.S m wl©@) ^ I c h sh^f sharp c«ntdcts with the 
^dIi i£^grained granite. 

Investigations ©f the fracture distr ibutions wi th in the 
bsr^^ole have revealed t t ^ d is t inc t types of ^drock 
tectonics. A&sve 3(X) a ^ b e ^ ' ^ k Is characterlssd by 
horl iontal ^ s»b-h9ri2©nta1 fractures which are 
s t ress- re lea^ In ©r lg in . This contrasts i^ th th© l e t ^ r 
borehole section which is d^iinated by s t ^ p l y Incl ined 
fractures (0-30 ). Using S a sections th@ rtc©rded 
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fracture frequency generally f a l l s around 5 fractures/ 
B^tre for the borehole as a whole. There are, hote«ver, 
three sections of high fracture frequency; at 25-30 a, 
28C-29S @ and 450-564 a. In the upperEsost zone 
Iron-oxides and chlorite ^^ Ina te as fracture f i l l i n g 
minerals; ther® 1$ a noteable absence of ca lc i te . In the 
Intergtedlate ztme chlori te and calcite laminate although 
Iron-oxide does sporadically occur, and In the loaer^jst 
zcme only ch lor i te and ca lc i te occur. 

The results of the hydraulic testing In this borehole 
diverge from tl»ose of eost o f the boreholes In the other 
test-s i tes (Fig 5.78b). The hydraulic conductivity Is 
very high ©os^ to sbout ^ 0 a '̂ hereupon i t ^creases 
markedly. The plezoaelric tead In the upper coaeuctlve 
part of th§ borehole shows ix^all Av ia t i on f r<^ the 
t^y^rostatlc head (195 © abo^e sea-le»f€V| In the borehole. 
Tri^ two sections exhibiting the highest excess pressure 
at depth are probably overest l^ ted tsue to tht 
uncertainty In detereslnlng ^he plesoae^rlc head at low 
K-vali^s. 

After several sbortlvg 3itt@apts to sample adequate 
gr©un<twater at decrtesing fepths fro© the hole bottom, a 
conductive section was f i n a l l y located ®rogna Xh^ 406 a 
level . Using a single pscke<* the borehole length fro^ ^ ' o 
@ to the hole g « t t ^ wss saspled; 

S.6.1.1 lorehole length 405 o - h©le bott̂ Ms 

This b©r#hole length Is charact t rUtd by roughly 50 * 
©sdluss-grjlng©, grey to rgd ©Icrocllfis granite, and the 
n^alnlng §0 t fs c^prlsed of acid porphyry and 
greensto^ (orisons with th in zones of pe^at l t® and 
apl l te in t rus ions. General 1 ^ the fracture frequency Is 
lea (Fig S.78a) %Hth an average of about 5 fr&ctarss/ 
sstre. The aaln i n f l l l l f ^ srljierals ^re cs lc l te , ch lo r i t e , 
ep l^ t© and mMov i t a . 
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Tab'© S-?Aa !«r4kur*J hv<jr«utic pAr«3k«t*T» And catcu^AtoMj wicti bu^tcet values of th« V4ri^«u inftu*ac*s du« to twrv^k^le 
A«ttviti«» At t s« wjitvr ftJEc^led levels io V^r*Sol« Kl I. 

l.r*"»I I-v.aitt» 

«3 ^.^l« i«i'ft) 

b - ^ Flow J:r»ctiaQ Strjlling 
dwiaskca tiv>i«-^*I« tr«nJ«) te£at«t(*) 

Cas - l i l i Rydraulic O ^ B h^\t »ff*ci SM^Iipd v!»a»r 
p^caj>ii«<-> tvitinftl*) befare i«apl(.cs(t> h*(or« 4[»»lysi«(-) 

Avvra^ x«f miK J^ a &w>rtt;:A.s 

T*»»9 S.j'^ia 

-"V . - '>» . ' • • * 

0 
(,» •,» <»• <*» • • « . 

=.-J 

3 - -

Figure 5.78: Hydrogeologlcal characteristics of borehole 
Kl 1. 
a) Fracture frequency for 5 m .̂ectlonf 
b) siydraulic cojJdiartivlty 
c) PiBg^etric head distribution and 

%drostatlc head in the borehole 
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Hydrology . 

I t Is clearly evident f roa figure 5,78b that the ^ s t 
conductive section of the borehole Is located at 
approxigiately 433-438 m depth. This Is characterised by a 
K-value of 1,5.lO" m/s (raeasured along a 25 a 
section) and a positive p1e2(»«tr1c head. Otherwise the 
borehole section sau^led records K-values which are beX'ew 
the l i © i t of e^asureeent. The mean K-value for the 
sampled borehole length i s 3.10 @/s. The psiaped 
v o l u ^ Is 1.9 m which I s a l ^ s t f i ve t i ^ s t t ^ 
borehole volusse of the jacked-off section. 

y a te r geoc hesa i s t ry 

The 5QS|)led water (avera^ of 3 analyses) Is 
characterised by a pH of 8.4; of the ̂ o r cations, Na 

2^ 
and Ca m-% a l l prese^it i n appreciable but n o r ^ l 
arajunts for nori-sallne groundwater In crysta l l ine 
bedrock, l ikewise for the ®aJor anions tCO. ©nd 
Cl* (Fig 5.1), A cos^lete absence of iodine shows tM t 
no (siKing with d r i l l i n g ^ t e r has occurred. 

Rfeaox-sensltlve parameters 

V&ry fitfstlve Eh values (-300 »V) and an absence of 
0K^%^ Indicate a markedly reducing ©nvlron^nt . Tbis i s 
further fypport^d by significant i®ouflts of S ( - I I ) (0.3© 
m f U i ©nly the total Fe content i O M ®g/\) Is 
s^al lable. 

18 
The stable isotope vali^s i i 0 » -12-11 ^ - 1 1 . ^ 

ppt and 3 H 3 -#6.5 to - IS.7 ppt) conf l rp a E^teoric 
or ig in to the groyjsd^tsr (Fig 5 .6) . Th© real is t ica l ly 
old C £09 (28 37S y©ars) and the below detection 
shunts of t r i t i ^ ^ (< 3 1^) support the absence of dny 
yoyngsr imtsr cs^sponent. . 

.«»/ 



Uranium geochemistry 

The dissolved urdslum contents are low (0.28 - 0.70 ppb) 
234 23B 

and the U/ U ac t i v i t y ratios high 
(5.58-6.05). These data would support a strongly reducing 
grotsndwater wi th long residency times to account for the 

bui ld up of excess U by alpha-recoil processes. 

5.6.1.2 Sorehole suanary and discussion 

Eve» though the grount^ater sai^pling ^^s carried out 
aloag the borehole length extending f r^a approximately 
408-554 B, hydrological considerations point to only one 
condiacting level of any raajor iraportasKe. This is 
represented by a fracture horizon %^ic^ is^tersects the 
borei»ole at approxiiaately 433-438 a. I t i s thus 
reasonable to assutse that the ^ i n port ion of the sasspled 
water has cose froa th is zone, together with minor 
aiaossflts of borehole water; the sampled water should 
therefore t^ suitably representative. 

The cheslstry of the groundwater conf©rms to an 
In tera^ la te to deep non-saline water of a strongly 
reducing character. As Indicated by t ^ t r i t ium and 
radiocarbon data, there is an absence of any young 
surface or near-surface coaponent, and no detectable 
Iodine trdcer shows an absence of any d r i l l l f i g water 
c^sf^nent. Hoi^ver, the sl ight ly higher ti»an everage 
con-Sactivlty values and chloride content (33.8-36.1 B6/BI; , 
Cl" content of around 15 tsg/i) my Indicate llffllted 
f i x i n g »1th quantit ies of deeper, ssore saline 
groundwaters. 

The low uranlufi] content supports a reducing groundwater 
environiBent. The ursnias content of t ^ groundwater, 
together with the theoretical Eh valt^s calculated froa 
the total Iron content of the water, i s presented In 
Table 1.25 snd Figure 5.79. The Figure also contains 



theoretical uranium solubil ity curves calculated fr^m 
crystal l ine and esjorpftous UO for a pH of 8.10. The 
groundwater from the 406 a-hole bottom length plots near 
the calculated a»>rphous IK) s tab i l i t y l i m i t . 

Table 5.25 Uraniura content and theoretical Eh value of t ^ 
groundwater froa borehole Kl 1 . 

Level 

(^tres) 

Uranium Content 

(ppb) 

Calculated Eh 

(BiV) 

406 m - 0.28 •152 

0 ^ 

•5 

LOG 
SOUUSILITt 

-W 

•18 

pHcStO 

9 i d i i*»«^#» - fwi* fesnoa 

-300 • 300 

OXIDATiCN POrg^riAL (mV) 

Figure 5.79: Plots of ssranlt^ content (exfsrsssed as log 
[ m M M t r s ) ) and the calculated theoretical Eh 
values of froun^aaters collected froa borehole Kl 
1 . The val lies are p lo t t td wi th respect to 
theoretical ur&nimt so lub i l i ty curves calculated 
for smirpf^u% l̂ ower s tab i l i t y H a l t ) and 
crystallliis© (upper s tab i l i t y lisait) UO at a pH 
of 8.10. 

• * ^ 5 = ^ 



279 

DISCUSSION AND CONCLUSIONS 

This report has compiled a l l the available hydrochemical 
and hydraulic data result ing from the SKB tes t -s i te 
investigations carried out over a period of 3 years 
(1982-84). By systematically applying hydrological and 
geological considerations to each sampled horizon, i t has 
been tjossible t o differentiate between those groundwaters 
which are reasonably representative for the depth samp
led, from those which have been subject to contamination 
fros) d i f ferent sources. As a consequence, only a very few 
sampled horizons can be considered worth serious 
hydrochemical a t tent ion, and these are Indicated in Table 
6.1 and discussed below. The lack o»" representative 
groundwater samples, whi lst often due to technical 
problesis or sespling from non-conductive sections of the 
boreholes, also I l lust rate the e x t r ^ w l y complex geometry 
of t*ie jj^irmeable fracture systems in c rys ta l l ine bedrock, 
and thus the d i f f i c u l t y of establishing the nature and 
depth relat ion of the groundwater reservoir tapped. 

6.1 General (kjologlcal and Hydrogeologlcal Features of the 
Representative Groundwater Horizons 

The fyi'drologlcal and geological features of the 
groundwater environment for the f i ve representative 
saaplts are c^spared In Table 6.2 In an attempt to 
distinguish any shared characterist ics that ssay prove 
useful in future Investigations. For t f^se borehole 
sections (e.g. Fj 2 and Kl 1) y i i ch fa i led to Inclufe the 
condi^tlve horizon that sup>plied t M gr&uni^ater 
(eventually Issl^ed around t.he packer system during 
s^pHng) , the hydrogeologlcal featisrgs of the condjctlng 
zone are also presented for a sore r e a l i s t i c cooparlson. 

Of the f ive n&ssresentatlve fwrUons, fo&r d i f ferent j 
test-s i tes are Involved, ranging In bedrock coaposHlon 

• f r m @i«^tlt@ to granite. Ml th in t»o of tfea srt^at ls^d 
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areas (e.g. GideS and Svartboberget) dykes of 
granite/pegmatite composition characterise the bedrock 
either within or near the sampled sections. At only tao 
sites (Fj 2 and Gi 4) have major local fracture zones 
been Involved; generally, in a l l the horizons the 
Intersecting fractures form angles geater than 30° to 
the core axes, although this is not considered especially 
s igni f icant . 

I t was expected that these representative horizons wcajld 
be characterised by high hydraulic conductivity together 
with posit ive piezossetric heads. This i s the case fo r Gi 
2 and Sv 4, and to a mtch better extent when Zone 4 1s 
considered fo r Fj 2. KlipperSs (Kl 1 ) , hoover , presesits 
a special case ss the hydraulic conductivity Is 
re lat ive ly low and the sampled section length Is 1S8 sa. 
Within this section there is only one conducting horizon 
at 443-438 m, which also records a posi t ive head. 
Therefore, the successful extraction of representative 
groundwater from KlipperSs was possible through the use 
of a sych lower purap f low-rate than normal which 
apparently d id not exceed the hydrauHc capacity of tfse 
conducting zone. T>» GI 4 sample 1$ the raost d i f f i c u l t to 
explain as the sampled horizon 1$ located within the 
heavily fractured and strongly conducting Zone 3A. Tteese 
fract«re$, tofether wi th a considerable negative pressure 
head, should have culainated In a strongly contaminated 
groun«^ater staple. Hoover, th i s may be par t ly explained 
by an ©ver-estlssstlon of contaislnation In the water 
budget due to leakage daring hydraulic test ing resul t ing 
in an exaggerated K-value. On the other hand, i f the 
water tedget i s va l id , then the ssatsr sampled mst hswe 
originated fr®s areas of excess pressure in tlie bedrock. 
This ssatsr during opsn-fsol© cofKSItlons has displaced tS^ 
ccnta^nated water ( resy l t lng f r m b i l l i n g operations) 
further into the tedr^ck. 

In co j ^us l on , the f ive respective horizons have no 
signif icant ^©logica l or f^dro^©l©gical features In 
cc f̂en ^Ich can be used as guidelines i ^ n selecting 



graaia«@i^ait^ffgi^^^^^py<^^^ssaggs^^^Esaj;agsi^^ 

281 

T.bi«6.1 

.-l 

W U ' fir* *SK« 

it J 'X.T^tB-y, i P i S ; ;;^:^^«"**:;i 

t i l U ' U * ; 
• t» , l - J H - ' J »()<< . t . t lafl, M 

i . * UJS-11) J « « i ». i . lS * U t M •»»-4 

• 11 
• ?s 

• j . » 

7.1 

4 . 1 

U * 

«>-«r " f 1/ ••»t t*»»« 

m j H , f r u - i P . * * 

}'8»»t« iB f t fF »•««.>•«*« 

M s ' - " " ! * 

' . • ' I 'U 

UU<t« 

t4U>t* 



282 

suitable sampling sections in the future. I t would thus 
appear t m t every area has i t s own d i s t i nc t 
hydrogeologlcal signature which in turn ref lects the 
physical properties of the bedrock and the fracture 
geofftetry result ing from regional tectonic influences. 

6.2 General Hydrochemical Characteristics of the GroumJwaters 

Even though aany of the collected groundwaters are not 
representative for the depth sampled, the i r surface, 
near-surface and intersedlate to deep or ig ins , can 
usually be entertained. As a resu l t , a f a i r l y clear 
Is^ression of the general chenistry as a function of 
depth can be ascertained. 

The groundwaters show expected trends in chemical 
C(®position as a function of depth (see Section 2.2.1) . 

24-
For esBSsple, there is a general decrease in Ca and 
KCO, ^ d a corresponding Increase in Ma and Cl 
^ I th <^pth; ^ I s Is also accompanied by an Increase In 
pH. An Increasingly reducing environaeat Is Indicated by 
negative Eh values, an absence of oxygen, looser co««tents 
of dissolved uranium, snd s<^etittes the presence o f small 
but s i f n i f l c a n t quantities of Fgf(II) and/or S ( - I ! ) . The 
absence of any mrksd contamination f r ^ j young, surface 
to near-surface waters, or d r i l l i n g water. Is Indicated 
by very low to negligible t r i t i um and Iodine I c v c H . I t 
Is important to note, bovver , that high Iodine levels 
are s ^ ^ t l ^ s present as n&tura^ background levels In the 
mre ssl lne groundwaters. 

As ^J^aslsed i n Section 2 .2 .3 . . grountSs-^ter Isotopic 
c ^ i o s i t l o n s sS^NjId at i^st be srsed as 's igns-posts ' «^en 
Interpreted in iso la t ion; certa in Isotopes (e.g. C) 

^Han c o ^ s l ^ r e d I n d l v i d ^ l l y can b@ frsyght with 

uf^er ta lnty . U&ed co l lec t ive ly , mtcb mre qual i tat ive to 
s g s l - ^ ^ n t l t a t i v e Information can be «^tslned. Of 
part icular use In th is respect f^s been the pair ing of 

14 
trltli@ with C, with constructive support frm ^ e 
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234 238 
U/ U ac t i v i t y ratios (discussed below). In 

general, high t r i t i u a ( i . e . young, surface to 
near-surface water) has been equated with young C 
ages, and old waters (absence of t r i t lu is) give 

14 
correspondingly o ld C ages. The mixing of 
groundwaters fr tm di f ferent sources has been 
qual i tat ively evaluated by relat ing low to moderate 
t r i t ium contents to varying ' d i l u t i o n ' degrees of the 

C data accordingly. 

The stable Isotope data Indicate a predominantly frete(>rlc 

origin to the groundsaters, even those vidiich are 
ar.onsalously sal ine In character ( e .g . Fj 2, level 605 sa 
and Gi 4 , levels 404 ai and 616 m). Small depletions of 
18 2 

6 0 and 6 H help to distinguish the more saline 
var ie t ies . 

Hithin the Investigated tes t - s i t e arsas one of the 
present drawbacks of grosindwater isotope Interpretat irai , 

and (\ydrochemical evaluation as a whole. Is the absence 
of a regional pa t t en . For extmple, ms t of the waters 
analysed are collected from shallow to deep hole 
locations and there exists l i t t l e inforvsatlon cf the 

regional recharge/discharge grou^ndwater compositions to 
put the borehole data In to a larger-scale perspective. To 
%ms ext^^fit th is has bee^ atttff lp^d by Tullborg and 

18 
Winberg (1985), w^o have compared the 6 0 of the 
precipitat ion wi th tJiat o f the ©s-ep groundwaters froa 
each of the Investigated areas. Their conclusions 
indicated that there was a correspo.iding agreesient 
beti^en relevant a 0 values f rc^ discharge areas 
with t ^ s e calculated f r t ^ the psreclpftation. To 
cmp^&^nt these data, imd as a valuable sid to the 
general l^drocheslcal Invest igat ions, i t Is recct^ndsd 
that a progress® of surface to r^ar-surface sampling 

(e.g. to Include sa ip l l f ^ f r m ^ r c u t s i o n boreholes used 
In the hydrogeologlcal st4<dles) ^ s e d on a regional 
lydrogeologlcal ^jdel s r^^ ld be carried out to f ac i l i t a te 
eventual evaluation at ^ • p t h , ar^ help to put Into 

file:///ydrochemical
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perspective the more localised rechar^/dlscharge 

conditions which characterise each test -s i te area-

A cautionary mention should be made about hydroch^aical 
Investigations from recharge and discharge areas. In the 
fon!?er areas representative recharge waters are easi ly 
accessible at f a i r l y shallow depths, and in suf f ic ient ly 
large volumes. In the la t te r case, however, discharge 
water i n i t i a l l y originating from depth and sampled near 
t*»e surface w i l l represent a mixture o f dif ferent 
groundwater sources and ages accumulated during I t s 
upward passage through the bedrock. Sisch waters are best 
sampled at depth, before upward c i rculat ion has 
Incorporated groundwater frora other s^mirces. One 
disadvantage is that only small volusisss wi l l be available 
and caieful sampling techniques are therefore necessary. 

6.3 Groundwater Redox Conditions and the ^ochemical 
Behaviour of Uranium 

The behaviour of uraniura in groundwater is trostly a 
function of pH, Eh and the total concentrations o f tie 
ligands which form complexes of re lat ive strength with 
uranlua In I t s di f ferent oxidation states, I.e. 
caH^onale, biophosphate etc (see section 2.2.2). 
Reesureiasnts of pH, Eh and the e»st l(^>ortant l lgand, 
carbonate, form part of ^ e hydrochemical data presented 
In th is report. However, because of tfes sizeable degree 
of groundwater contamination encoontened, only tl*e data 
froEJ f ive horizons can be used (Table 6.1), although the 
chemical properties of surface, and near-surface s*atcrs, 
which have given rise to some of the contamlnati^t. can 
also be used. From the available data, the f o l l c ^ n g 
general bedrock groundwater rsdox trerids can be ol»served: 

- Increasingly redi^lng conditions ars encountered with 
depth ( I . e . dscrease In Eh, 0 • Increase in F e d l ) , 
S ( - I I ) and pH). 
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- the dissolved aranium content decreases sympathetically 
w i th Increasing reducing conditions. 

- oxidising waters &re characterised by signif icant 
234 238 

uranium contents and U/ U ac t i v i t y ratios 
o f around 2.0-3.0; highly reducing groundwaters are 

uraniura (tepleted and exhibit high act iv i ty rat ios from 
3.O-8.0. 

Of course t h i s ^ e r a l i s e d pattern is local ly disturbed 
and cjodlfied by deep, highly conductive fracture/crush 
zones, which can serve to allow less reducing groundwater 
to penetrate to considerable depths. 

As discussed by Kikberg et al (1983), the redox 
corsditions o f tJ» groundwater can be qual i tat ively 
described by the contents of oxygen, iron and sulphiclsj. 
Oxidising groundwaters contain dissolved oxygen, whi ls t 
the presence of Iron and sulphide suggest reducing 
conditions. However, because of the d i f f i cu l t y I " 
obtaining an air-free environisent during the sampling 
operations, the ^Min t of oxygen nwnltored In the 
flou-through cell 1$ generally not representative of the 
groundwater, but rather the result of oxygen 
coatamlnfitlon frea the atmosphere. A ®uch nore 
quanti tat ive grasp of the true redox conditions can be 
achieved from the sseasured and theoretically calculated 
Eh and the < ŝount of dissolved uranium. There I s , 
however, a large variation (H)served >^tween measured and 
calculated £h d(» to the experls^ntal d i f f i cu l t i es 
referred to above. The cieasurefiJents are disturbed by 
at^spher lc oxygen to the extent that the electrodes 
r e h i r e a considsrsul© t i m to stabi l ise following 
ca l ib ra t ion . In t^st of the test-s i te Investigations 
there has bs«n lfia<^quate tli?« for stabi l isat ion S^tween 
cal ibrat ion halts, result ing in Eh seasurs^nts which are 
higher than should ^ expected in the absence of oxygen. 
To rect i fy t h i s ^ r o b l ^ the frequency of electrode 
cal ibrat ion during saffipling at Kllpperls (Kl 1) ^ s 
drast ical ly redt^ed so ^that a stable ^>nltorlng plateau 
was achieved. Fr^ Table 6.3 I t can be noted t^ lx the 
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groundwater, besides having a very negative Eh, exhibi ts 
a measured Eh which is even lower than the calculated 
value. Subsequent Investigations have supported these 
f indings (Wikberg, 1985) indicating that the simple Eh 
model used for calculation purposes fs inadequate. 

Table 6.3: Redox-sensitive parameters and pH fo r 
representative reducing and oxidising 
groundwaters from the SKB Test-sites. 

Borehole Level pH U Eh Eh 
m t 

(o»tres) (ppb) (roV) (mV) 

Fj 2 
Gi 2 
Gi 4 
Sv 4 
Sv 5 
Km 3 
Kl 1 

Zl\ m ©onltored Eh In the flow-through cell 
th m theoretical ly calculated Eh 

The relat ionship bet^en uran^ym content and the 
theoret ical ly calculated groundwater Eh has been already 
presented for each borehole from each of the Ascr ibed 
tes t -s i tes . Hoi^ver, I t should lis pointed out that 
thermodynamic data, when considered. Is only va l i d on 
groundij^ter data which represent equilibrium condit ions. 
Consec^etitly, the following discussion Is based esostly on 
those grcynfeater saisples considered representative In 
Table 6 . 1 . Figure 6.1 I l lus t ra tes the position of these 
redi^lng groun^ater cosposltlons, together tsrith the 
uranium (IV) and uraniam (VI) s tab i l i t y f i e ld systeas 
based on £h - pH c r i t e r i a . I t can be clearly seen that 
a l l th© rsdi*c1ftg groundwaters plot ^ t h l n the s t a b i l i t y 

'F%J^ 
f i e l d of uranlua (I¥) ^ereas the t ru ly oxidising waters. 

605 
178 
222 
376 
160 
123 
403 

8.9 
7.7 
9.0 
9.6 
7.7 
7.9 
8.4 

<0.2 

0.23 

0.98 

0.22 

44,5 

24.3 

0.68 

-115 

-100 

-120 

-140 

•120 

•100 

-300 

-250 

-218 

-268 

-355 

-

-

-152 
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as expected, plot witlsin the uranium (VI) f ie ld . 
Furtherffiore, from Table 6.3 the uranium content of the 
oxidising groundwaters is seen to be f a r in excess of the 
reducing varieties where the concentrations are l imi ted 
by the so lub i l i ty of the uranium oxide phase. Because of 
the Eh range for each sample, and the lack of any 
mineralogical data, t f ^ nature of these l imit ing W) 
phases ( i . e . amorphous vs crystal l ine) Is unfortunately 
not known, although, ss suggested by Andrews and Kay 
(1983), 'crystal l ine W boundaries are appropriate for 
groundwater equi l ibrat ion with rock matrices containing 
well-crystal Used UO , as for example i n some grani t ic 
( i . e . crysta l l ine bedrock) environments': 

Figure 6 . 1 : Eh-pH diafraa showing the s tab i l i t y fiel<9$ of 
the more fsiportant U (VI), U (V) and U (SV) 
c<®plexes considered relevant to grousidwater 
C(^ipos1tl^?)S f r m crystallli%e bedrock 
environments In S^den. The choice of 
themodyn^lc par^^ters Is sunmarised amd 
discussed dy Bruno et al ( 1 ^ 4 ) . Uranlua 
boundaries are sho^i for e ^ j l l l b r l a with 
crysta l l ine IK) (lower boundary) and w l t» 
amorphous SM) (upper boundary). 
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As previously noted, the marked depletion of dissolved 
uranium in strongly reducing groundwaters appears to be 
accompanied by an increase i n the U/ U 
ac t i v i t y ratios caused by a build-^up of excess U. 
This is in accordance with other studies B»stly carried 
out in sedimentary aquifer systems (0sn»nd and Cowart, 
1976; Andrews and Kay, 1982). Osmnd and Cowart (1974) 

234 suggested that such a build-up of U with depth 
indicates an aging effect due to the natural decay of the 

238 
parent U. However, as pointed out by Andrews et al 
(1982), uranium in solution does not form a closed system 

234 
and ingrowth of U occurs due to solution of 

234 
alpha-recoil Th at the rock/water interfaces 
during permeation of the groundwaters through the 
bedrock. The inference, therefore, froa these 
representative groundwater data is that the groundwaters 
are saving suff1cle??tly s'oaly through the bedrock at 
depth so as to allow a u excess to accumulate. 
These groundwaters would therefore be expected to 
or iginate from 1 OK conducting horizons within the bedrock 
and be of considerable age. As discussed above, and 
excluding Kllpperls which does In fact record a low 
f^ydraullc conductivity, the remaining four suitably 
sampled horizons are actually characterised by J\ydraullc 
conductivit ies In excess of 6.5.10' ra/s. However, In 

14 
a l l cases with available C data, the recorded ages 
are In fact s igni f icant ly o l d , ranging from U895 -

28375 years. 

6.4 Hydrological Models 

Throughout the report contlnsjal reference has been made 
to the general groundwater flow-pattern In t i ^ v i c in i t y 
of the various boreholes ex^slned. These flow-pattsrns 
have b@en <terlyed froa the fijsserical {^dell lng as 
described by Carlsson et al (1983). The question can be 
posed as to t^at practical »se i s tlte actual numrica] 
ssdel i n the Interpretation of f^drecheslcal data? 
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The model employed in this study, in cc»Eon with other 
models of similar type, are limited by the amount of 
geological and hydrological information that can be 
processed. As a consequence, the characteristic 
hydrogeologlcal properties of an area must be suitably 
simplifred to accomodate the capacity of the numerical 
model program. For example, the l>edrock is simplified 
into three units: the rockfndss, regional fracture zones, 
and local fracture zones. The rockmass constitutes the 
normal, fractured bedrock, located between the two major 
types of fracture zones. If the cwdel requires, the rock 
mass can t>e considered as a single hydraulic unit 
irrespective of geological heterogeneities (e.g. widely 
differing bedrock ct^posUion and therefore competency) 
which could result In different hydraulic properties. In 
two out of three of the modelled test-site areas, i . e . 
Fjallveden and GideS, granite gneiss horizons within the 
rafgsiatic bedrock show a ^ch higher hydraulic 
conductivity comparable In fact to the local fracture 
zones in the respective areas. To accosKxlate the iTK)del it 
was therefore necessary to assuise an anisotropic 
hydraulic conductivity for the rock®as$. However, In 
reality these distinct rock-types, t^lch occur as 
discrete layers or dykes, behave more like the fracture 
zones. 

As a further ii^]ificstion of the feologlcal data, two 
local fracture zones striking parallel to each other are 
seeetle^s considered as one hypothetical fracture unit, 
which 1$ ascribed Vis total transmissivity of the two 
fracture tones. This msm that the calculated 
groundwater flow adjacent to a boreho'ie in such an 
situation will be erroneous- Furthertsjore, the local 
fracture zones are each considered to have the same 
hydraulic properties. Irrespective of their orientation 
In the stress field. Hoover, I t sl^uld be pointed out 
that the limited a^^unt of data available fros such zones 
prevents a mtre thorough approach, md consequently the 
calculated groundwater flow snd fl&w-dlrectlons can only 
be generalised. 
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The findings of th is report show, however, tha t even 
allowing for the very simplif ied approach of such 
inodelllng, the results do i l l us t ra te the general ground
water-flow direction and relative velocity i n the area as 
a whole. This is useful in achieving an indication as to 
the relat ive age of the groundwater sampled from the 
various levels. For example, whether the water sampled 
has circulated slo«ly from depth, or rapidly froa higher, 
mire oxidising and younger horizons. The lack of deta i l , 
however, means that the modelled information cannot be 
used to predetermine borehole locations or tsjhich horizons 
to be sampled pr ior to d r i l l i n g . Furthermore, the absence 
of detail is also evident in the discrepancy between the 
p '̂i?d1cted and measured piezometric head values. 

6.5 Gas- l i f t Pumping 

As described under Section 3 there are several sources of 
groundwater contamination Introduced during the various 
borehole ac t i v i t i es . Such contamination, e .g . dr i l l ing 
water, d r i l l i ng debris, hydraulic test ing, open-hole 
effects e tc . , are thought to be roinlalsed by gas- l i f t 
pumping carried out just prior to sampling. The 
eff ic iency of such a technique w i l l be dependent on the 
physical and hydraulic properties of the bedrock In 
general and of the fracture zone selected f o r saispllng In 
part icular . 

A qualitat ive Ides of the volumes of water Involved 
during such an operation was obtained from the KlipperSs 
tes t - s i t e . Here, 6 m of water was flushed to the 
surface during each of 4 pumplngs, giving a tota l of 24 
a . The reason why such large amounts of water sere 
flushed up Is pro3>ab1y due to a high average hydraulic 
conductivity In the bedrock. iBSiediately a f t e r the 
flushing was stopped, the water level in the borehole was 
less than 10 m fr<» the S^drock surface. During the f i r s t 
flushing period, the water level In two boreholes at a 
distance of 20 ra and 170 m respectively fro® the flushed 
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borehole was measured. A t 170 m the water level was only 
lowered a few centimetres, whereas at 20 m distance the 
water level had sunk aboiit 0.8 m after 165 minutes. 

Secure i n the knowledge tha t large volumes of water can 
be removed, the next question is what percentage of the 
water originated during d r i l l i n g ( i . e . d r i l l i n g water 

component) ? Recent investigations (Ahlbom e t a l , 1985) 
at Finhsjon (approx. ISO km north of Stockholm) sho>»<i 

3 
that on recaoval o f around 62.5 m water during gas - l i f t 
pumping, only 3 % comprised d r i l l i ng water. The Finnsjor 
area i s characterised by an overall higher average 
bedrock fracture frequency than the areas <tescribed I n 
this report, and so E»st of the d r i l l i n g water introduced 
during d r i l l i n g has slxed with existing borehole water 
and disappeared Into the bedrock. Loss of d r i l l i n g water 
occurs especially within the upper 200-300 a of bedrock 
which, i n consnon with the otier tes t -s i te areas, is 
characterised by a highly corducting stress-released 

fracture systefli. In conclusion, gas - l i f t ptjaping Is not 
an e f f i c ien t method of removing the tota l d r i l l i n g water 

vol'ifi^ Introduced into ^se hole and adjacent bedrock. Tne 
mi.-.'e localised effect along Individual f racture horizons 
is also S)1n1mal as i l lus t ra ted in the water budget 
calculations presented f o r every sampled l e v e l , 

la conclusion, because o f the high fracture frequency and 
associated high hydraulic conductivity nonaally 
character'sing the upper 200-300 m of bedrock (resulting 
In widespread mixing and di lut ion of groundwaters), 
gas - l i f t pumping is least effective for refaovlng reslryal 
d r i l l i n g mter within t h i s depth. To be more ef f ic ient at 
greater depths, i t is rect^sended t h i t the upper 200-300 
ra horizon should be packed off before the reaaining 
borehole length i s cleared of residual water and debris 
(see section 7 ) . This ^ t h o d should prevent groundwaters 
originating fro® surface and near-surface sources ( t ^ ich 
often coisprlses conslders&le an^unts of d r i l l i n g ^ t e r ) 
from penetrating to deptls. Furtheraore, Is should be a 
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more ef f ic ie tv t method to ret^ve a greater percentage of 
residual d r i l l i n g water below this l e v e l . 

Investigations at Firensjon (Ahlbom et a l , 1935) have also 
indicated qua l i ta t i ve ly that gas - l i f t pumping only 
removes a Sf®all amount of d r i l l i n g debr is ; for example, 
the amount of d r i l l i n g debris produced from one of the 
boreholes (length 376 metres) was calculated to be about 
1000 kg. As a result o f flushing the hole twice, an 
estimated t o t ^ l of 5 kg was recovered. This is in excess 
of the small amounts that were extracted during tha 
i n i t i a l d r i l l i n g jur ied before a l l d r i l l i n g water aas 
lost t o the bedrock (see section 3.7 fo r detailed 
discussion). Considerable amounts obviously s t i l l remain 
at the hole bottom and as coatings on the borehole 
surface and along Intersecting f r a c t a l s (see Section 
3.7). Although the deljris part ic les are thought to 
penetrate only short distances into t l ie bedrock, and to 
be re la t i ve l y unaffected by the natural rydraul Ic 
properties o f the bedrock, col lo idal par t ic les, which can 
be of important chemical signlficence In radionuclide 
compleaing and transportation, probably penetrete to 
considerable distances along %̂ ;1th the natural groundwater 
flow. 

To tes t for residual <aebrls part ic les In the 
groundwaters, i,«je mosiltorlng of sasples have been 
car-led out during sesjple pue^ing at Fjallveden (FJ 2 at 
468 a depth). Here sesples have &een systeaatlcal ly taken 
frora a fractwr© zone o f Interest and analysed for 
par t ic le cohsent and l)ulk ch^ i is t ry . I t ^ $ found that 
the groundwater quickly becass clear a f te r co®nsnc«^3ent 
of p u l i n g ana a uniform part ic le content was soon 
achieved (O.Ol-0.10 i ^ / l ) dominated by A l . SI and Ca; Fe 
Is also scEJeti©*»5 pres-snt. This suggests an absence of 
d r i l l i n g debr is. These results my be interpreted as 
sho*f1ng that f ine debris part icles Introduced Into and 
^ ^ g certain hydraulic fr&ctare zones are only par t ly 
r©m)ved during the I n i t l j l sarge of groundwater taken 
froa t ^ zone after pimping ^ s begun. The systsa soon 
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stabi l ises and the part ic le content drops off. 
Furthermore, variation in pump velocity would probably 
reactivate part ic le removal during the i n i t i a l stages of 
pumping. The presence of such par t i c les , tmny of them 
comprising iron-oxides or coated with iron-oxides play an 
Important role in absorption of ions str:h as uranium 
(e.g. Kamlynge tes t -s i te ; Smell ie, 1983a). 

6.6 Location of Hydraulically-condacting torizons 

For the SKB prograjsue, the n o r ^ l hydrologic sequence i s 
to carry out >\ydrdulic testing along 25 ra borehole 
sections ( In some cases 10 ra, 5 ^ and even 2 m sections 
have been measured). At a l a te r s t a ^ t ^ l c h can vary from 
6ays to ^ n t h s , the 25 @ sectloti is relocated and sarapled 
for groundwater. The question arises as to how certain 
one i s of locating precisely tfee water conducting 
fracture (or fractures) that I s to be.sampled? I t has 
been shown frtK!) several l oca l i t i es that the 2.7 m section 
sampled for groundwater, although f a l l i n g within the 25 a 
section ^d rau l leal ly tested, <^es ttot coincide with the 
actual condifCting horizons; as the correlation bs^^en 
high fractung frequency and h l f h ttydrmMc conductivity 
Is fnormally poor, I t Is often © h i t and IBISS s i tua t ion . 
In the event of sampling f rs^ a non-co®di«t1ng section of 
the borehole, a part ia l vacuus is ©sta^lHhed wi th in the 
sampled section, result ing In l^rehol© water being forced 
round the packer system. 

During future Investigations i t Is thus rec<^!!^nded t h f t : 
1) isater-condiKting fracture tmriions are located 
i n i t i a l l y using Tube Wave and/&r boretole radar 
techniques pr ior to s a i l i n g & ^ I^<^^il1c i^asur^sents, 

2) detai led hydraulic g@asur^©73ts ( w i ^ i n approx. 2 a 
section lengths) ar© carried ©srt along those tortliole 
sections exhibit ing a posit ive Tube H s ^ response; 
obtaining the pressure heads o f the tested sections wsuld 
f a c i l i t a t e the choice of the s^st s u l t ^ l e horizon for 
s & ^ l l n g , 3) the section l e n g ^ chosen for the detail@d 
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hydraulic neasurements should be shorter than the section 
length employed for sampling, and 4) the length of the 
section sampled should be f lex ib le so as to accosndate 
the local geological features of the borehole ( i . e . 
fracture frequency; bedrock c<^)os1tion e tc ) . 

To i l l u s t r a te the f i r s t point, the Tube Have technique, 
work carried out at KlipperSs (Kl 2) Involved the 
location of suitable sanpllng horizons based solely on 
th is ssethod (Stenberg, 1984). Diaring subsequent 
groundwater sampling other fracture zones mapped from the 
d r i l l co re but not registered by the Tube Have technique 
were also sealed off in the bore^sole and pu^«d. However, 
none of these were found to be condi^tlng thus confiraing 
that ©11 t!?e successfully sampled levels were those ' 
I n i t i a l l y located by Tube Have. 

Regarding the second point, hysgraullc testing which 
avoids the Injection of water in to t ^ KJeas'jr>5d sections 
mder Investigation might I n i t i a l l y b^ considered an 
obvious ad^/antage. However, bearing l ^ @lnd the sore 
serious contaminating Influence which results from the 
water-flushed core d r i l l i n g , such a modified approach Is 
considered unnecessary. 

6.7 Influence of Bedrock Geoch^lstry on the Groundwater 

L i t t l e has been ^ n g In this sr&s. Th^ chealcal 
characterist ics ©f groundwaters Mve Men observed to 
change s igni f icant ly during the i r passage through the 
bedrock f r m ne&r-surface conditions to ^ p t h . The 
c(^®ica1 changes ^ I c h occur d£>^nd largely en the 
leaching and retention properties of the waters as 
Increasingly redi^lng add i t i ons are encountsred. The 
c h ^ l s t r y of the bedrock is ^er^for© of i ^ o r i^ortQnce 
as an influeiice on gro^^ndwater c^>©sit lon and in tsim on 
ttw fot^at lon of s^s of the lew te^sratur© fracture 
3ln@ra1 phases. The contrlbutldn of l^e bedrock und^r 



295 

oxidising and reducing conditions from rocks of di f ferent 
phafsico-chemlcal characterist ics therefore requires to be 
qisantlf led. Of part icular interest in this contest is the 
eaistence of saline groufiCiwaters; the salt conteait of 
ves-y old gproundaater i s sometlEses extremely high with no 
af^arent upper l irait for the sa l i n i t y . The source of the 
sa l in i t y i s so^tlEes debatable, with seawater, f l u i d 
inclusions &nd rock/6®ter interactions al l having been 
proposed as possible sources (Hordstrda, 1985). I^wever, 
regardless of the ult iBate o r i g i n , chemical modification 
of the waters ^^ve undoubtedly occurred due to contact 
w i th surro«ind1ng bedrock under relat ively stagnant 
conditions over long periods of geological tiese. 

Frsa some ©f the areas described in th is present report 
t t e re are soae Indications tha t the bedrock has resulted 
in certain enHchi^nts of individual elsa&nts. For 
exssple, i n Fjillvedea wbere isaters have &een saapled 
f r s ^ greenstone horl£«>ns, I .e . there i s a stroag 
poss ib i l i t y thf3?. the froundwater has been in contact with 
t f ^ greenstone for ss®e time/distance, there are 
detectable increases i n iron. Large Increases In sulphate 
weir® ebsersred In groysswaters collected from an 
a ^ h l b o l l t e bedrock mB$$ In Ks^lunge. Perhaps of even 
greater gifniflcance i s the poss ib i l i t y that bedr-ock 
ces^osHlo«i can Infltg&nce the r^do* characterist ics of 
the groundwater. For ©Mtple, ^ t h l n a basic rock-type 
(e .g . greenstone, b i o t i t e p e i s s , ^ph lbo l l te e tc) the 
Increa&e i n Fe , In cmip&rimn «fth a mr9 scld 
granite variety, Is csmdudve to a mre reducing 
enwirens^nt for the ^^undwatsrs t^ilch are pef^^stlng 
through the rock via fractures snd fissures. 

frtss the e^ldsnce s ta i ned f r ^ the test-s i te 
Investigations, I t m y be esore cssaon tl)>sn prevlctusly 
t ^ s g h t thst iMny of f ^ witer-c^nditcting boriz&is ' 
s ^ ^ l ed ar® directly sjsocfat^d ifedth dykes, schlissren or 
bastds etc ©f rocks characterised by compositions d is t inc t 
fns® the otiferall bedrock; these say als© InflysnCi© t i n 
gr^^ni^ster c o ^ s l t l ^ ^ s . Gr@ster sTitntlon should be 
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given to such horizons In order to quantify their 

inf luence. 

In addit ion to the highly conducting horizons which are 
normally sampled, i t is also of interest to classify the 
total groundwater pattern by locating and sampling low 
conducting zones or pockets in the bedrock (which ojaiy or 
may fM)t be represented by saline waters) t^ ich up to noa 
have i^en Ignored by the preference for large volumes of 
water is)re convenient for sfimpling purposes. I t i s these 
isolated groundwaters, estractable froa minor fissures 
and cracks, that are m s t l i ke ly to be d i rect ly 
influenced by the bedrock geochemistry. 

6.8 The Relationship Bet̂ êen Fracture S^ineralogy and 
Groundwater Characteristics 

Low t^pera ture fracture aineral phases can prove to be 
sn invaluable c^pl^^ent to {\ydroch€s;1cal studies. As 
fracture f i l l i n g BJineral phases constitute the contact 
bct*?een groundv^ater and the bedrock, a s t a l l e d study of 
the ©Inerglogy provides information about tŜ e cheaical 
conditions prevailing at the gro%jndwatsr/ fracture 
Interface. Using suitable data programs to evaluate 
re l iab le wattr analyses and the chesiUtry o f the fracture 
Rinerals, equlllbrlusi prscgsses can be Investigated In 
the groundwaters. This can Indicate whether the water has 
had long residence t l ^ s in contact with th^ fissure 
minerals (@qu11lbrlua conditions) or ^hHhBr water 
©ove^snt has been to© rapid for €sQall1brlu© to be 
established. 

F«rtfter^>re, the bulk grsundwat^r cJ^slstry retains the 
signatare of th© ^a ina t ing bedrwrk chiQlstry through 
isfhlch the asters have pe^^^ated. T ^ ^ s s l b l l l t y ex is ts , 
t f ^ re fe re , given a data feas© of c ^ ^ m rock^typsi and 
thei r related fracture mineral compositions, to predict 
th® r©ck-^p3 and I ts gr©un<^t®r gnvirof la^t f r ^ th© 
groun«^»ster C(mposltlon CO. L e n ^ ^ l r 1905, ^ r . cmm^un.). ^ 
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Site specific investigations of low temperature fracture 
f i l l i n g s ( I . e . recent mineralisation) have been carried 
out a t three of the tes t -s i tes : Finnsjbn (not featured i n 
this report) , GideS and Taavinunnanen (Tullborg and 
Larson, 1982, 1983; Larson and Tullborg, 1984). These 
workers found that by using frequency plots of ca lc i te . 
Iron-oxides and clay minerals ((Kcurrence and 
composition) related to depth, useful infortaation of the 
hydrological environesent can be obtained. For example, 
calc i te equilibrates easily with contact groundwaters and 
is a convenient mineral to iden t i f y , sjap and analyse. 
Thus calc i te frequency and composition (stable isotopes 
of 0 and C) provide information on the 
groundwater physico-cheeaical environi^nt and extent of 
the conducting pathways. Further^)re, i t has also been 
i^bse-ved that calcite frequency Is related to regions of 
recharge and discharge. In an area of recharge the 
ca lc i te near the ground sur faces! 11 be dissolved by the 
downward (^rcolating surface and near^surface waters, 
foraing newly precipitated ca lc i te at depth, a depth 
deHned by the ^drauHc conductivity, <<§pth of 
overburden, fracture o r l e i t a t l on , and bedrock type. 

Calcite a»b l l l t y plays an Isiportaot part In the 
Interf^retstloa of radiocarbon data froa the groundwaters; 
&s pointed ou t earl ier (section 2.2.3) such data she>u1d 
be t r ts ted wif«i consldtrsble caution, tepeated 
dissolution STtd precipitation ©f calc i te w i l l Influence 

14 
the C content In tHe gre«n^«atsr ^^inae the 
dissolution of calcite t^ l l l contribute radiometric •dead' 
HCO ' to the frouni»#ater ana precipitat ion w i l l 
result In an e n r k h ^ n t of C IR the newly formed 
ca l c i t e . These cesailned effects »111 serve to decrease 
the C in the groundwater which i n turn w i l l prod(»:e 
high radlocar^n ages. Hoover. tHe dating of ca lc i te s?^ 
the $royndis^t@rs can result i n y§^ful dats In the 
interpretat ion ef groyn^water clir^ulatlon In the ttedrock. 

„^s / 
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Another very useful approach is to carry out uranium 
238 234 230 

decay series seasurements ( U- U- Th) 
on careful ly selected fracture zone mineral phases, 
together with the contact groundwaters. Isotopic 
characterisation of the fracture zones can reveal the 
redox nature of contact groundwater, i .e. whether the 
fracture section (usually selected froa a dr i l lcore) 

represents a redox environment of uranium leaching or 
prec ip i ta t ion. Hork of this nature has been carried at 

Kamlunge (Sevi l le , 1984; 1985). In this study samples 
were investigated froa the Intact bedrock and corspared 

with large-scale water-conducting fractures w'-iich 
extended from the bedrock surface to depths of at least 
600 ra. The results showed tha t : 1) the investigated 
bedrock envlrons^nt (lCK)-60O ra) was generally reducing, 
however, 2) there was sose evidence to indicate that 
rock/water Interaction had resjoved t o t i l uranium 

result ing frt^a the preseiKe of less reducing groundwaters 
within the large-scale fracture/crush zones ^hlch 

intersect the bedrock surface. Such a marginally 
oxidising grounduater envlrom^nt was also suggested from 
the groundiifater chemistry fltescribed under Section 5.4. 

6.9 Influence of Pumping on the Physico-ch^lcal Properties 

of Groundwaters 

Resulting f r t ^ Investigations at the Kamlunge tes t -s i te 
(Ss%111e, l f83a) , whereupon systessatlcally collected 
groundwater samples were analysed for dissolved uranium 

238 234 
and i t s daughter Isotopes U and U, I t was 
noted that sn Increase In uranium content and the 

u r U ac t i v i t y ra t i o occurred In the 
groundwa*:er following an unscheduled pump stop of soi^ 14 
hours. Monitoring of £h during th is period indicated a 
S)^3psthetic increase. These f indings resulted In 
controlled exj^rlsients being carr ied out a t the Kasilunge 
and Taavinunnanen tes t -s i tes . The results are reported In 
f u j l by Smallle (1983b, 1983c) and suraaarlsed In Appendix 

- ^ o f this report. 
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The most important conclusion arising from these studies 
is that in certain geological environaients an excessive 
groundwater pump flow-rate during sampling can resul t in 
the tapping of groundwaters fr©ra shallower or deeper 
sources In the bedrock, depending on the geon»try of the 
hydraulic fracture mosaic, causing varying degrees 
contamination and mixing. As a^ excessive pump flow-rate 
at one level may be adequate f'or another, i t i s 
Important, prior to sampling, to evaluate an optimum 
flow-rate by continuous Eaniteaming of, for example. Eh 
and oxygen content, over a suitable tisne period. k*hen the 
character of the groundwater has stabilised to what Bight 
be expected for the horizon ui^der investigation, and 
there is adequate groundwater fo r sampling purposes, 
sampling can proceed. 

6.10 D r i l l i n g Hater Properties 

For the majority of boreholes described from the 
d i f ferent test -s i tes, d r i l l i n g has been carried out using 
flushing »ater pumped from shallow levels In the bedrock; 
most would be classi f ied ss sh<allow groundwater In type 
and marginally reducing In character. Surface waters have 
been used In so{% instances, e .g . Taavlnuninnen, ŵ ere 
surface lake water was used. 

Shallow groundwaters have been employed In an attempt to 
reduce the contaminating ef fects during d r i l l i n g . 
However, whi lst being an Important step In the r ight 
d i rec t ion , the problem of contsmlnatlon s t i l l resalns. 
For exas^le, using shallow groundwater as d r i l l i n g f l u i d 
Is favourable for a shallow groundwater envlrontsent. 
However, a t dse^r levels sucSa d r i l l i n g water w i l l 
Introduce an unwanted younger, shalloiesr cos^nent to the 
surrounding bedrock. The Idea l , but ^ s t l y l i ^ rac t l csb le 
solut ion, would be to d r i l l esch succeeding ^ p t h of 
borehole with d r i l l i ng ^ater «^talned f r m the 
corresponding general t ^p th . S^iallow groundwater would 
tnor«^fore appear to be the best cosproalse. 
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One of the main problems encountered using a shallow 
groundwater source is that uhen the groundwater i s pumped 
to the surface, i t i s stored i n tanks and can remain 
there for varying periods before yse <tepending on the 
nature of the bedrock propert ies, i .e. sjore d r i l l i n g 
water w i l l be required during high water loss to & 
seibstantially fractured bedrock. Pimping and stor ing w i l l 

lead to the water becoming oxidised. D r i l l i ng with such 
2+ oxidised water at depth can serve to oxidise Fe to 

3+ 3+ 
Fe resul t ing in Fe precipitat ion along the 
f i ne f ractures, which can lead to the preferential 
a&sorption of certain species such as uranium. This 
problem can be tackled by s to r ing the d r i l l i n g water in 
tanks under pressure and under an Inert atfwsphere (e .g . 

I« the event of the d r i l l i n g ^aater being r ^yded during 
d r i l l i n g , sat^les should be syst^fsadcally collected and 
as^alysed. Thus, by knowing the composition of the i n i t i a l 
d r i l l i n g water, and later kno^ng the composition o f the 
recycled water, an Idea of which elessents are being 
res5oved e i ther chemically or ^^chanlcal ly, can be 
ascertained. For exaaple. I t i s suspected that eas i ly 
dissolved eleiaents (e.g. ursnius especially I f the 
d r i l l i n g water Is s l ight ly oxidising) can be ree^wed from 
fracture zones which are la te r Investigated In ( t e ta l l . I t 
I s thus Important to know whettser these elttsents have 
b@en temv&4 by solution under high pressure d r i l l i n g , or 
by natural ly c i rculat ing grouR^wsier In tlie fractare zone 
p r io r to d r i l l i n g . 

6.11 i@drock S a i l i n g Locations • Sedrock vs Fracture Zones 

Continual reference ^ s been sade throu^out this report 
t d representative or contaialnsted gr©imdwiter samples. 
Representative samples are t l ^ s e tdilch show no evidence 
o f @lxlng w i t h other water sources, whether f r m b i l l i n g 
^3 te r , younger, surface to near-surface water, or other 
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deeper groundwaters. However, because crystall ine rock 
permeability is mostly a function of fractures which are 
hydraulical ly connected, groundwater sampling locations 
naturally occur when these fractures are intercepted by 
the borehole. Because of the VOIUESSS of water required 
(the revival of contaminating waters pr ior to sampling, 
and subsequently waters for sampling and analysis), only 
the most conductive zones have been chosen, i.e. In some 
cases the local fracture Zones fehich normally extend to 
the bedrock surface. Experience has shown that 
groundwaters sampled from such zones are usually a 
product of groundwater mixing fro® di f ferent sources, and 
hence often representative for the various groundwater 
environments breached by these deeply penetrating 
fractures. In other words, the grjHsndwaters resulting 
from highly conductive fracture horizons are 
representative for the fracture zenes but not necessarily 
for the sats^Ting depth because, d^iendlng on the 
orientation and f\ydraulic properties of the fracture 
zone, the groundwater contained tfesrein may have 
primarily or iginated at depths cor-slderably higher and/or 
lower than the sampled point. 

Groundwaters trfiich sre more precisely depth-related 
should be obtained from fractured horizons of a more 
local extent In the bedrock. Unfortunately such zones are 
usually of l l s l t e d conductivity wtslch inquires long 
sampling periods at an optlmu® puagp flow-rate. Longer 
sampling sections of the borehole would fac i l i ta te such 
sampling. 

In sura^ry. of the few groundwater sa«^1es discussed In 
^ I s report which have been c lassi f ied as representative, 
the majority have been s a i l e d froia fracture horizons 
which are reasonably condi^tlng a^d therefore p r t ^ b l y 
represent groundwater accss^ulsted over a considerable 
thickness o f bedrock. To ensure t^at the groundwater 
represents a l^drock source, ratiWr than a borehole 
source (by shor t -c i rcu i t ing processes), only fracture 
zones of high intersection angles wlUi th© borehole axis 



302 

should be selected. Low angle fracture Intersections 
eight encourage short-circuit ing with the borehole, ^ery 
l i t t l e Information is available from the bedrock at 
specific depths; this is necessary as the groundwater 
cheslstry of the bedrock samples should be more typical 
of rock/water interaction processes e tc . Longer borehole 
sections should be sampled systematically to rea l ly 
c lassi fy the groundwater cheaistry. 

6.12 Borehole Sealing 

Following borehole d r i l l i n g , and then la ter subsequent to 
groii»<Jfeater sampling, the borehole is normally l e f t open 
for long periods of time. During such periods open-hole 
effects beccise important within the borehole which acts 
as a short-circuit ing pathway. This can result i n the 
Bising of groundwaters from di f ferent depths and of 
•different character. 

In en attempt to reduce this r i s k , plugging of the 
bor^H>le Is fec(Ks îended whenever the hole Is to be l e f t 
for any considerable t l ( ^ . The water-con«5«ct1ng horizons 
to 1 ^ Isolated w i l l be those characterised by a 
suf f ic ient ly high t\ydrau1lc conduct iv i ty. As a 
sutfest lon, based on the test -s i tes described In th is 
report , a H a l t i n g value of 1.1.10° a/s could j ^ 
consldsred as being appropriate. In addit ion, s^se 
section of great head deviation should also be Isolated. 
The ftip^er of plugs required w i l l dgpend on uhcther 
hydrological Or water cheslcal properties are b§lng 
Investigated. As pointed out on ^any sessions, the upper 
2 ^ - : ^ ) 0 of bedrock in Sweden i s nors^l ly highly 
fract^jred and conductive. froB a hydrt^h^)icsl point of 
v1e» the borehole should be plugged, ss standard 
pr^tcedure, a t the l o ^ r l l s i t of ^ I s z&m. This »ou1d 
effect ively avoid the Incursion to ^ p t h of surface to 
near-^rface *saters which fons a aajor centsslnsting 
C(^onent to ©any of the saepled groundwaters inscribed 
In t h i s report. At deeper levels each conducting zone 
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could-be plugged with independent, self-functioning 
packers which can be insta l led and reaoved when required 
fo r hydraulic, ^ydrocheaiCal and geophysical 
Eeasurements. 

From (hydrological considerations, even those conducting 
horizons within the upper bedrock environs should be 
plugged as a better impression of the overall groundwater 
f low conditions can then be ascerta<?^d. 

Ko^^ver, copending on special circumstances such as well-
defined conductive horizons i n an otherwise 
non-condiKtive bedrock, the natural Isedrock ^oi'd^aulic 
f low pattern may not be markedly influenced by the 
borehole. For example, grount^ater sampling in S^rfhole 
Kl 1 (KlipperSs) was carried m t lo^d ia te ly a f t e r 
d r i l l i n g i n Decesĵ er 1583. This should ĥ ve Rilnlsaised any 
open-hole effect due to condjKtIve horizons characterised 
by d i f ferent piezometric pressures. As reported above 
(Section 5.6) a representative groundwater was obtained. 
To test f o r open-hole effects over a ssuch longer 
t i s^ -sca le , the ŝ fne borehole was re-sampled In June 
l%5 . The results show that the groundwater cos^s l t l on 
W4S relat ively unchanged. In this case, therefore, 
t̂̂ ierQitpon the only condi^tlng torlzon was characterised 

by a l o w ^ d r g y l l c conductivity and ssal l posit ive 
p l e z ^ c t r l c head, the open-hole ef fect has had l i t t l e 
Isaaci. 

. ^ ^ 
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RECOMMENDATIONS FOR IMPROVING GROUNDWATER SAMPLING 
QUALITY 

Based on the findings of th is report, there is much room 
l e f t for the Improvement of groundwater sampling methods. 
These improvements ctn be subdivided Into the cored 
borehole system already employed, and a new untried 
system employing percussion or booster hole techniques. 
Several of the Improvements recotrsnended have to some 
extent been already lapleraented. 

7.1 Cored borehole system 

The following procedure is recosjsnended: 

- plugging the d r i l l t i i g water supply hole (percussion 
borehole down to 100-150 m) with riA>ber packers to 
ensure that the groundwater used i s from a particular 
horizon (preferably shallow to intensediate groundwater 
i n type) and thereby uncontaminated by higher-level 
oxidising waters. 

- te^en pumped to the surface the d r i l l i n g water should be 
stored under pressure and in an Iner t atmospJiere (e.g. 
K ). Otherwise there 1$ the risk that the aaters 
becons oxidised before being flushed down the hole 
during d r i l l i n g . 

- casing (temporary) of the uppermost 100-250 m of the 
borehole during d r i l l i n g . This w i l l diminish the loss 
of d r i l l i ng water and rock debris Into the bedrock and 
VHiS Increase considerably the volus* of rock debris 
eventually removed frea the borehole by gas - l i f t 
pumping. 

- systematic sampling of the i n i t i a l and recycled 
d r i l l i n g water (Including the vo^usss necessary for mass 
balance calculations) to evaluate tMe d r i l l i n g water 
impact on the bedrock geochemistry. This would be 
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fac i l i ta ted by casing the uppermost 100-250 a during 
dri111ng, 

en cosupletion of the d r i l l i n g and re®)val of the 
temporary casing, the hole should be plugged at the 
lovsrer l imi t o f the casing. This w i l l : a) increase the 
clearing ef f ic iency at depth during g a s - l i f t pumping, 
and b) ultimately reduce a major source of near-surface 
contamination prior to groundwater sampling. 

Presented with a plugged and cleared borehole, the 
following procedure i s recossnended for the selection and 
sampling of suitably conducting horizons: 

- location and sampling of the major water-conducting 
horizons ide»ti f1ed by Tube Wave and/or borehole radar 
techniques. 

- tetalled geological examination of the core confined 
with l^ydraulic testing to further locate potential 
zones for grcgjndwater sampling. I t Is reconssended that 
the packer spacing for the hydraulic injection tests 
should be Sisaller than that employed during sampling. 
This w i l l ensure that the conducting horizon located by 
the Jgrdraullc testing can be f u l l y contained by the 
wider packing section used for sampling. 

- the packer spacing for sampling should be f lexible 
depending on the r^ydrogeologlcal and geological 
properties o f the fractured horizon t o be saepled and 
the adjacent ^d rock . For example, tS^ borehole section 
to be sampled should: a) contain no fractures near or 
overlapping erith the packers, b) enclose completely the 
horizjw) to be sampled, and c) not be located In the 
Bear-vicinity of large-scale paral le l or sub-parallel 
fracture zones which could easi ly be interconnected via 
a 5S>re 0lnor fracture systea with the section to be 
sampled. 
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to minimise sampling of groundwater of mixed o r i g i n , 
sections of moderate hydraulic conductivity, excess 
piezometric pressure, and a suitable flow-rate, are 
preferable. 

use of pressure regulated groundwater saEpling 
f low-rate by continuous pressure registrat ion to avoid 
leakage of borehole water in to the sampling sect ion. 
This approach, coc^ined with continuous K)ni tor ing of 
Eh, pH, 0 etc, can also be used to establish an 
optimum groundwater pump f low-rate for the horlzoa of 
In terest , in order to ensure as representative a sample 
as possible. This may require up to one i^ek in order 
to ensure s tab i l isa t ion of the Eh electrodes. 

systematic sampling of the bedrock sections devoid of 
s igni f icant f ractur ing to evaluate the local inflssence 
of the bedrock chemistry on the coisposition of the 
groundwater. 

packer lengths of at least one o^tre should be 
employed; In very fractured borehole sections, a series 
of packers are recosst^nded to minimise shor t -c i rcu i t ing 
from the borehole via conducting fracture networks to 
the section being sampled. 

7.2 Percussion (Booster) Hole D r i l l i n g 

In an atte»pt to overcose many of the problems of 
groundwater saiiipling and Interpretat ion revealed f r t m 
this study, a special percussion hole for Ssydroches^cal 
purposes has been proposed. S^h an approach offers 
several advantages, ^ o of which are: 

• the absence of f lushing water during d r i l l i n g avoids a 
^ o r source ©f contamination which otherssewc^iId 
occur. 
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- air flushing during percussion d r i l l i n g should be 
suf f ic ient to remove the fine rock debris from around 
the d r i l l head. Minimuna penetration of debris along 
conducting horizons (whether characterised by a 
posit ive or negative piezei^etrlc head) would be 
expected. 

Ideal ly , hydrochesiical investigations should be condifcted 
before the coe^plete prograng^ of t^drock d r i l l i ng and 
hydraulic testing is carried out at the test -s i te . I t is 
thus proposed that investigations should involve at an 
early stage the d r i l l i ng of a percussion borehole f o r 
hydrochemical purposes central to the ^ l ineated s i t e . I t 
should be vert ical and extend iiow\ to at least SOO-̂ M) 
metres. 

The envisaged bydrochemical prograras^ would enta i l : 

- sampling carried out during d r I l H n g , i . e . when a 
signi f icant water>condyct1ng ^ r i z o n I s breached, the 
d r i l l i n g head can be rei^ved, a sfsigle packer instal led 
jus t above the conducting zone, and groundwater 
collected from between Pie hole bottom and the pscker. 

- I f no water-conducting horizons ar© ^count t red, 
sampling should be attempted a f t e r ^v^ry 100 m of 
d r i l l i n g . The packer would be tys t^aat lca l ly rals#d In 
the borehole from close to the hole bottoa until 
groundwater could be col lected. 

- af ter d r i l l i ng i s co^ le ted, ^ e secfefid phase of 
sampling can \ ^ Inlt lat^^d. The horlz(^s chosen w i l l be 
selected on the basis o f Tube yave and ^rehole r^dar 
fsmsuremsnts. Horizons already sai^led can be 
s y p p l t ^ t e d to check f o r any compositional changes. 

- subsefuent to © I s secc^sd Sispllng phase the f^draul lc 
tests should be conducted whlc^ »0uld Incls^^ ^ t s U e d 
^ ^ s u r ^ ^ n t s of the sa^ l^d h&r ls^ is . 
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In a recent study of the Finnsjfin area (Ahlbom et a l , 
1985) a crude siimjlation of groundwater sampling &as 
carr ied out during the d r i l l i n g of a shallow percussion 
hole. Sispling entailed co l lec t ing water as soon as a 
water-conducting zone was encountered. In th is Instance 
the techniqs^ has proved to be very pr t^ is ing. 

One o f the ^ t e n t l a l disadvantages of percussion d r i l l i n g 
Is the result ing uneveness of ^ e borehole wal l ; th is 
wi l l ^pend i»i the e^chanical act ion of the d r i l l i n g and 
also ©n the s>hys1cal properties of the bedrock. Packing-
off t^e hole for groundwater s a i l i n g ajy therefor© be 
suspect In tertas of leakage around the packer systems. 

.^s*/ 
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10. APPENDICES 

Appendix 1: Theoretical models on the open-hole effect 

1.1 Two cond^t ive zones separated by an imj^rvious layer 

Two iones of di f ferent ^^ydraulic conductivity separated 
by an li^^ervlous layer are i^netrated by a borehole. The 
groundwater w i l l flow through the borehole f ro^ the zone 
of h1gf»r to the ^o^e of lower hydraulic ^ a d , and the 
groundwater level In the borehole w i l l be situated 
swse^^ere between the two d i f fe ren t p1ez(^etric levels. 
The amount of flow (0) is sfetersined by the difference In 
hydraulic head and the »<ydraulic conductivity of the 
actual zones. 

The f low of water can t» calculated fr<» Dupuit 's 

formt^az 

AS " Q/(2n KH) ln{R/r ) f l - l ) 
w 

uhere AS " head difference In the borthale (a) 
0 • flow of water (s /$) 
K • r^draullc cond<ctlvlty (m/s) 
H a thickness of the aquifer {gom) (ss) 
R a radius of inflytnc© (ss) 
r « radius of the s^ l l im) 

As the flow fr&s the z«^e of higher bead CO,) I& #qua1 
to the f low Into the zone of lower head (0^* the 
equation becc^^s: 

ASjKjMj ^*2S'*2 
(1-2) 

1a(B , / r ) l n ( a , / r ) 
S V s W 

or ASj « (ASjKjHj/iC^Mj) « ' (1-3) 

Where i ' • l n (R^r )/ln(a / r ) (1-4) 
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Figure 1.1 Tvo conductive fracture zones.As /M as a 
fujsctfen of K /K , 

I f As Is the distance from the Higher, gnd ^ the 
dlstSfKe froa tha l e t ^ r , pleieaetric level to the 
©quilibriua I t v e ) . and M l i the ^stance batmen the two 
p i e z ^ i t t r k l #veU , then N « As •A5 tftus 

A«2 - (H-As^l KjHjR'/K^Hj (1-5) 

I f & i ^ Is expregfted as a percentage of R the equation 
bec^s-s 

A $ ^ • 

( l^ 'KjHj /KgH^) 
(1-6) 
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The expression ln(R„/r ) / ln (R, / r ) w i l l probably 
fr w J w 

not exceed 2 or f a l l below 1/2. 

In Figure 1.1 a set of type curves is presented, showing 
AS /M for d i f ferent values of K /K and H,/H . 
These curves show that the greater K and H beconw. 

compared to K and H , the closer to the higher 
piezometric level w i l l the equil ibr ium level be. 

1.2 Two conductive zones separate by a semi-pervious layer 

I f the layer separating the two conductive zones is not 
c<^pletely laipervious, seepage wi l l take place through 
th is layer f r ^a the zone of higher to the zone of lower 
^^ydrau^ic head. Thus the flow through the borehole w i l l 
be sos»what reduced and conse<^ently As /M w i l l be 
Ic-'^r, 

For an open aquifer above a se^si-pervlous layer, the 
following equation applies (Hulsman 1972): 

AS " (Q/2n KH)ln(L/R) (1-7) 

where L Is the leakage factor. 

For a confined aquifer below a seml-pervlous layer, the 
equation Is (Carlsson and Gustafsson 1984): 

AS « (Q/2fi KH)ln(l.l23L/R) (1-8) 

In a rough estimate I t Is usually permitted to l e t L > 

R/2 yhere R Is the radius of i fsf l t^nce. I f L ' R/2 and 

0- » 0- t^e« ^ 2 ^* ^ percentage of ^ Is : 

0.833(K^HjA2H2) 
As^/M . (1-9) 

1^.833(K H A^H^) 
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Figure 1.2 shows a set of type curves ofAS /M for 
d i f ferent values of K /K. and H./H. for a leaky 
two-aquifer Rwdel. As can be seen when comparing those 
curves with those In Figure 1.1, the values of ^s /M 
w i l l be lower with leakage than without. 

ai 

o 

ftOl 

ooot 

K/K, 

Figure 1.2 Two conductive fracture zones with leakage. 

& i j n as a function of K . A - . 

1.3 Three coi>dM;tlve zones, ^ o d i f ferent hydraulic i^ads 

This s ^ ^ ^ consists of three zones with hydraulic 
conductivit ies K , K and K- wt^re the hydraulic 
heads In zones K and K- are equal and l o ^ r than the 
head In zone K c.f . Figure 1.3. Jhs water ««flll flow 
froa the zone of higher to the "too tones of lower hesdL 
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I,.T, i s M i 

Figure 1.3 Three conductive f racture zones. As /M as a 
fusKtion of Tg^T- f o r dif ferent values of 

Supposing tha t R • R » R ©?»© that 0, • 0« • 

0. leads t o : 

ASjKjHj » AS^K^H^ • ^ i / ^ ' ^ j {1"10) 

As KH « T snd AS • AS- » M-nŜs the equation (I-IO) 
bect^ies: 

A S j d j . T j ^ T j ) . ^(T^^Tj) 

or As^y^ « *V^3*^*^1*V^3' 

(1-11) 

(1-12) 

In Figure 1.3 a set of typecserves are presented, s l^Mng 
As / ^ as a fisnctlon of T-*T^ fo r different values 
©f T . 
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1.4 Three zones of dif ferent hydraulic conductivity and head 

In this case water w i l l flow from the zone(s) of higfser 
to the zQne(s) of lower hydraulic head. In the f o l l o ^ n g 
discussion i t is assumed that the water flows from c^e 
Z(^e of higher head to two zonaes of lowsr head. M i s the 
distance f r t ^ the higf^st to the lowest head and N I s the 
distance f r « i the highest to the Intermediate head. I f 
the intermediate level is situated central ly between the 
highest and the lo\i®st l eve l , then the situation w i l l be 
the same as the ©fie described In section 1.1. 

«i -

0P1 « 

flwl ' 

Figure 1.4 Three conductive fracture zones. As /M as a 

f i c t i o n of T /T j for d i f ferent values of 
T ^ y n/fi - 6.25. 
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at -

Figure 1.5 Three conductive fracture zo^es.As / 
as a function of T./T., for different 

1 2 
values of T /T,. N/^ " 0.5. 

Figure 1.6 Three conductive fr&cture iciaes. As /a 
as a function of T / r for different 

Isies ©f T /T . nm " 0.75. 
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If ".""-"R, and Q,=Qp*0« the flow e<5uat1on 
becor^s: 

ASjKjHj = ASgK̂ Ĥ  *ASjKjHj (1-13) 

As M » As + As and H = As • As and KH » T the 
equation t l -13 j can be writ ten: 

ASjTj = TgCN-ASj) • T2(M-ASj) (1-14) 

(M/M)T2+T̂  
or As /M » (1-15) 

Three sets of type curves are drawn In Figures 1.4, 1.5 
and 1.6 for three different values of N/M , 0.25 , 0.5 
and 0.75 , showing the variations ira As /M for 
different values of T /T and T /T -

.ff*4 
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Appendix 2: Numerical calculations of the open-hole effect 

A generic osodel based on geometrical data from the 
Kamlunge s i te Is calculated by the f i n i t e element program 
KOFEM-G (Runesson et a l , 1979). The object is to 
i l l us t ra te the influence on the groundwater head of a 
t>orehole si ted in the central part of a c i rcular area 
having ? -Ilaroeter of 3.2 km. The area comprises a large 
h i l l with a re lat ive height difference of 120 m, 
surrounded by a "c i rcu la r " fracture zone In the 
circuBQacent val ley. A section through the h i l l is given 
in Figure 2 , 1 , where the boundary conditions used in the 
fSKlel calculations are also shown. The to ta l depth of the 
calculated section Is 1000 m. 

/rrrrrTrTrrrrrTTTTTTyrrTTTn 
I I I S' I 

1500" "^00 500 0 500 

^SSSi. »&ss 

t300 1500 n 

Figure 2.1 Section through the generic arm i^del led with 
boundary conditions givsn In the calculat ions. 

The calculations are fMsforc^d in a sequence coraprising 1) 
calculation without a borehole, 2) calculations only 
iwithin a borehole and 3) calculations wh^re account Is 
taken of the borehole In the studied @o£^ls. Based on the 
bmndary conditions given In Figure 2 . 1 , the hydraulic 
head I f calculated w i th in th© coc^lete studied area. 

k^5»^r 

Tw-~^.t-rjggy»'-r> .•}'" ^««^^.*».^.<n''«Wiss?W«i|!??Si!5^Je^^*>?*' -X-' ^'•.'7•p?J^'^'""-l«•S'^^Tf^?|????S 
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The element net used is shown in Figure 2.2. Due to axial 
syireranetry only hal f of the section shcam in Figure 2.1 is 
used in the nun^rical calculations. 

Four dif ferent cases are studied with d i f ferent 
Hydrogeologlcal parameters and conditions as shown In 
Figure 2.3. In the cases A arad B, a cssnstant hydraulic 
conductivity i s allocated to the rock ^»ass. In the cases 
C and D the hydraulic condiKtivity decreases with depth 
according to the formula given by Carlsson et a l , (1983) 
for the Kamlunge s i te : 

K = 7.91x10 -3.17 
(2-n 

where Z is the depth below ground surface (Z > 50 m). 

In the cases 8 and 0, influences are i l l us t ra ted where 
upon two horizontal continuous fracture zones, with a 
thickness of 10 ra each, extend through the whole model. 
These fracture zones are given a hydraulic conductivity 
of 1.10* m/s, ^ i l e the outer l i m l t l e ^ "circular" 
zone has a conductivity value of 1.10 m/s. 
The results of the calculations shown as l ines of equal 
potentials are given In Figure 2.4, 2 -5 , 2.6 and 2.7. 

^ Figure 2.2 Elec^nt-net used In F£M-calc«latlons of the 
studied area. 
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Figure 2.3 Hydraulic condwtivity versus (fepth in the 
different cases studied, c .z . » circumjacent 
fracture zone. 

IS90 ial 

figure 2.4 Groundwater head distribution for case A. Lines 
of equal potentials In m. 
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Figure 2.5 Gro^tadwater head d is t r ibut ion for case B, L i 

of etptal ^ t s n t l a l s in a. 

a m isal 

Figure 2.6 SrouiJ^Mter head d is t r ibu t ion for case C. Llssgs 
of @^al potentials In a. 
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(0) y 
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Figure 2.7 Gri^indwater head distribution for case 0. Lines 
of «qual potentials In m. 

Alo^g the ^ ^ « t r l c l ine S-S* in Flgwr© 2.1, a borehole 
is dri l led to 600 ra depth. The t\ydraullc head prof i le 
along the l ine before the borecole Is dril led is 
l l lystrstee In Figure 2.8 for the different cases 
considered. Based on th@s« profiles the groundsajatsr level 
within the ^^rehole is calculate assuming thdt the %^ter 
balance Is ©alntalft^d In the ^ l@( l . e . constant 
groandwiter level). F«rth§r^r«, the Influence radios on 
the froufi^^tsr htad fr©t3 the ^rghol© Is ssiussed to be 
the sa^.^sregarding the f^ydraullc conductivity value 
of the fyrfi^jndlng rock. The analytically calculated 
level for wm different cases ^r© itimm In Table 2 . 1 . 

The second and last mns of m^ r l ca l calculations 
c (^ r l se i^^^ls wher% the gros^^^water level In the 
bo r ^^ l i i s f 1v^ $s boun4sry ^sndltlons along tha ^per 
6(a m of m& f y^ t t r y e>!ls S-S'- This »I11 i l lustrata the 
effect of t^e borehole &\ the ^drau l ic hssd and also 
r fsa l t in values of tSm groun^ster flow within the 
berg^le {frw® and ta the surr̂ s^mdlng bedrock). 
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Table 2.1. Calculations of the groundwater level in 2 600 m 
<teep borehole sited in the centre of the studied 
eodel, and of the groundwater In - and outf low 
within the borehole. For the analytical and 
nuE^rical calculations fo r different cases 
studied, see Figure 2.3. 

Case Calculated groundwater 

leve l (s below the 
^ - l e v e l in the 
{appertaost bedrock I.e 160 ra) 

Annual exchange of 
groundwater within 
the borehole 
( E /year) 

9 
190 

10 
1500 

A 
B 
C 
0 

36.3 
106.1 

0.3 
28.6 

Cround^ter bead along the S-5' s y ^ t r y axis 

before the d r I lHhg . ^ 
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The resu l t s , shown as lines of equal potentials, are 
given In Figures 2.9, 2.10, 2.11 and 2.12. To i l l u s t r a t e 
the Inflyence on the hydraulic head j^s i t ioned 
horizontal ly out from the borehole, t^o sections of bead 
at 160 m and at S50 m respectively dc^a the borehole are 
shown I n Figures 2.13 and 2.14. In th«se figures the head 
Increase or decrease in re la t ion to the conditions before 
the borehole was dr i l led is given as a function of the 
radial distance from the borehole for the d i f ferent cases 
considered under ste*5dy state conditions. The greatest 
inf luence Is obtained in case 0 where horizontal 
fractJires exist in the rock saass which has a decreasing 
hydraul ic conductivity with <Jepth. In the case of a 
constant J^draulic conductivity «i th 4spth (case A) a 
large head influence Is also obtained. Hovi^ver, the 
influence distance into the bedrock Is greatest when 
horizontal fractures ars present. 

The grouncfeater flow into and out frc® the borehole i s 
given In Table 2.1 for the d i f fe rent cases considered. U 
should be noted that in the cases with fracture zones, 
these arse the main channels fo r In and outflow wi th in the 
borehole. 

. ^ 



339 

ISOO (a) 

Figure 2.9 Groundwater head d is t r ibu t ion for case A with a 
borehole 600 m deep along the axis of sy@3%try. 
Lines of equal potentials in m. 

'160 ISO UO 139 U8 no too 90 eo 70 M so 

^ 

1S0O ia i 

Figure 2.10 Groundwater head d is t r ibu t ion for case 8 i f l t h a 

borehole 600 a deep along the axis of s y s ^ t r y . 

Urns of equal potentials in m. 
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1090 
ISOO i m 

Figure 2.11 Groundwater head distribution for case C with a 
borehole 600 a deep along the axis of syî sastry. 
Lines of equal potentials in m. 

tSOd ( a l 

Figure 2.12 Groundwater head distribution for case 0 tssrlth a 
borehole Q̂Q a deep alon^ tho axis ©f sys^t ry . 
Lines ©f e<|ual potentials In a. 
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Figure 2.13 Groundwater influence as the difference in head 
before and after the drilling along a horlsontal 
profile froa the borehole out In the bedrock 
(steady state). Cases A and B. 

« tsg ^!^B I a I 

Figure 2.14 Srounfeater inflt^nce ss the difference In 8 âd 
before and after the ^grilling along a horlsontal 
profile f r ^ the tore^le out In the bedrock 
(steady state). Cases C and 0. 



342 

Appendix 3: Groundwater pump flow-rate and i t s e f fec t on 
some physico-chemical parameters - controlled experiments 
carried out at Kamlunge and Taavinunnanen. 

3.1 Kamlunge 

Controlled conditions were established at the 238 m level 
i n d r i l l ho le Km 8 following the completion of the nonaal 
groundwater sampling prograEs^e (see Section 5 .4 .3) . The 
object of the experisant was to record any evidence that 
the physico-cheraical characteristics of the groundwaters 
are infliseftced by changes In the ground^ter pump flow-
rate. 

tar ing trends of Eh, pS, 0^, conductivity and 
t i^perature are presented In Figure 3 . 1 , together with 15 
(out of a to ta l of 24) groundwater analyses shewing the 

23' 
variat ion o f dissolved uranlua contents and the u/ 
238 

U isotopic act iv i ty ra t ios . With i^e exception of 
pH, al l s^asured physlco-chesaical parameters Indicate 
s«s5e level of variation that can be sjostly a t t r ibuted to 
changes i n the groundwater p u ^ flow-rate. 

Generally, the results Indicate that by lowering the 
groundwater flow"rate by ha l f , thtre Is a change to 
groundwaters of a mre reducing Miare, I . t . redt^t lon In 
0 - , pS, Eh and Increase In conductivity. In add i t ion, 
during the f i r s t 20 to 25 hours after restart ing pumping, 
the groundwaters wgr© mre rtdyclng than In %he l a t t e r 
half of the f i r s t pushing period. The extrt£^ values 
recorded wi th in tjne f i r s t 1 to 2 hours represent ^ t e r 
^ I c h was trapped In the cable system during the j ^ ^ 
ha l t . Cor.t.s^lnation due to d r i l l i n g t^ ter Is not thought 
to be a sa jo r problem as th is exj^rls^ntal run was 
carried mst after 27 days continuous p u l i n g at the ssise 
leve l . This Is supported by t^^ v&ry low Iodine tracer 
valt^s whlcfs ranged bet^en 0.81-0.03 % l ' dyring the 
stapling ^ r l o d (Laurtnt, 1983d), 
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The data thus surest .that"the groundwaters representing 
the star t of the experssantal run become Increasingly 
mixed with waters of a less reducing character (higher 
oxygen content); this appears to reach a maximum between 
40 and 50 hours. The sssbsequent laarked decrease (between 
50 and 60 ho^srs) feefor® leve l l ing out, probably indicates 
a return to ^ore reduced ( i . e . normal) conditions. During 
the reduced flow-.-ate per iod, the groundwaters are 
v i r t ua l l y f ree of oxy^n and, together with the ots^r 
physico-chemical parssi^ters, suggest typical reduced 
groundwater conditions- Increase of the groundwater 
f low-rate once again isstroduces contamination by less 
reducing waters. 

The presence o f mre c:2^genated groundwaters at high pump 
flow-rates po in t to t ^ ^ 1 n possible conducting 
pathways: 

- groundwater derived Cvia Interconnecting fracture 
systems) f r < ^ higher, sore oxy^nated levels In the 
bedrock. 

- j^ar-surface dt'lved borehole i^ter obtained via a 
short clrculatlssg fracture bets^ork l^tween the fracture 
horizon and the bore^tole. 

3.1.1 Conclusions 

The recorded ^senratlcsas appear to be wholly dependent 
on the pu«Ep f1©w-rate. A high pump fUns-rate ( in th i s 
case 260 m]/min) intro^s^es salxlng and thus contamination 
of the groyn(S^at(r, a s i tua t ion ^ I c h is not apparent at 
tl^e looser f l ^?- ra te . I t femild se^a that at the l o t ^ r pump 
f low-rate, the gr^ntestsr resul ts fro® within the saaln 
fracture zone and its t ^ ^ d l s t e surreandlngs, and tfsat 
the hydraulic cap^lty &f Vtte fracture can sccosodate the 
VOIMK^ requir^a fma t ^ p u l i n g . At & higher pusp-rste, 
h^i^ver, the % d r ^ l l c capacity ©f the fracture z o ^ Is 
insdequate so ttiat o t te r grou^i^^ter sources, which ©sy 
result In cont&AiMtiQm, are tapped. 
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ITie following points result ing frwi this investigation 

are considered i s ^ r t a n t : 

1) Changes In the pui^ flow-rate has resulted in 
significant variations in the physico-chemical 
parameters of groundwaters. 

2) High ptiEjp flow-rates have resulted in an increase of 
oxygen in the groundwaters. This may be due to mixing 
of waters frm higfeer, fmre oxidised sources, or, 
contamination from surface-waters which have (^rmeated 
from the drill-hole area. 

3) Low pu^ flow-rates have resulted in groundwaters 
which are truly reducing In character. These are ®ore 
representative of ^ e depth (238 s) at which the 
espsrisisnt has bee® carried out. 

4) The results show t ^ t dissolved uranium and the 
U/ U activity ratio ar̂ e subject to 

changes in f1(^ conditions. 

3.2 Taavinunnanen / 

In order to further lisvestigate the effects recorded at 
icafslunge, a slsllar e&i^rls^nt was carried out at 
Taavinunnanen (level ^ 3 n). Mor^l 9r©undwdter sampling 
from level 493 B at Taavinunnanen had b&en carried mit 
for tw©, eight-day ^r lods ; conlifiuous pyaping (apart 
fros an approx. 3 day tinscheduled pussp-h l̂t between the 
t^o stapling periods) had tf^erefore been In operation for 
a total of ^ d&yi. f n ^ the end of the second period to 
th© conclusion of th© ex^rlssent, a total of 14 days tfsre 
avtilsbl© and these u^re subdivided as follows: 

- During the rest perfM following tiie end of the second 
sa i l ing progrssae, the groundwater puiî  flow-rate i^s 
Increased f r ^ 190 @l/@ln to 260 ml/sin. 

.4S»f 
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- The experiiDental min was begun after the rest period; 
the groundwater was monitored and sampled before 
decreasing the flow-rate to approx. 60 ml/sin. Pumping 
at th is rate was continued for 4 days. 

- Groundwater flow-rate was increased to 150 ml/rain and 
Mi ntai Red at this level for 2 days. 

- Groundfesater flow-rate was further increased back to the 
in i t i a l flow-rate of 260 ml/esin; th is was maintained 
for 1.5 days. 

During t h i s period Eh, 0 pS, pH, te®p. and 
cofwluctiwlty were continually Eonitored, and two 
groundwater samples were collected dal ly for chemical 

234 analysis which included dissolved uranium, U and 
238 

U Isotopes, and t r i t i um. 

3.2.1 Results and Discussion 

Because o f the available infortaation throughout the 
groundwater sampling prograiisne at level 493 m, the 
}*esults from a l l three period (the th i rd pe*"' - i t i n g the 
experimental run) are presented In Figure i . i . The 
cheaical parameters I l lus t ra ted, represent those which 
Indicated a systematic variation that may be part ly 
attr ibutable to groundwater puisp flow-rates. 

3.2.1.1 Redox-sensitive parameters 

Ini t ial Stapling Periods 

During t ^ f i r s t sampling period, whereupon I n i t i a l 
grtKjndwater contamination Is to be ex|»cted after 
d r i l l i n g , hydraulic testing, and gas - l i f t putaping to 
clear the hole. I t took approximately 4 days before the 
groundwater approached mre representative reducing 
conditions. However, this was followed by an Inf lux of 

' ^ ^ . 
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Increasingly oxygenated water which might Indicate a 
short-circuit ing between the fracture zone -mder 
investigation and the water in the borehole above the 
packer system. During the rest period before the second 
sampling phase, there was a pump ha l t for up to 3 days. 
Renewed pumping at the beginning of the second sampling 
period thus took a further 3 days to remove the residual 
contaminating water that had entered the fracture zone 
during the la t ter half of the f i r s t sampling period and 
up to the time of the pump halt . 

Although a similar pump flow-rate was used during both 
periods, the groundwater for the l a t t e r 4 days of the 
second sampling period continued to stabi l ise without 
showing any signif icant Increase of m>re oxygenated 
groundwater. 

Ext^riroental Period 

For the six days pr ior to the experfsental run, the 
groundwater flow-rate was Increased to a maximum (260 
fal/©ln). During th is period, 0 pS, Eh and pH 
(especially laboratory n^asurements) increased a^d the 
conductivity decreased. Thus, at the beginning of the 
experifi^ntal run, the groundwater cfsaracteristies were 
approximately similar to the groundwjater experierKed at 
the beginning and the end of the f i r s t si^mpllng period, 
and at the beginning of the second sampling period. This 
would suggest, therefore, that the shor t -c i rcu i t ing 
paths, via fracture/f issure systems In the bedrock to the 
borehole water above the packer system, had been 
reactivated due to the higher pump-rate. 

Redi^tion of the groundwater f low-rate to 60 m\/min 
produced over the next four days, a gradual reduction of 
pS, Eh, pH, and an increase of conde^tlvlty. Grot^ndwater 
stabi l isat ion at t h i s f l o ^ r a t e did aot occur; a t least a 
further 5-7 days would have been r e h i r e d . I t was 
therefore (Welded to increase the water flow-rate to 150 

,fS,^^,^^,.^^,,.,;^,yi.,y^:^^y!r^mf^:i^^ F ' F s ^ . ^ . ' . ^ . ' , n ^ ^ . - \ - ^ ^ - . . 
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ml/ffiin. As a resul t , the pS and Eh continued to decrease 
and conductivity vWd pH increased; Increasingly more 
reducing groundwater was therefore being encountered. 
After approximately 1.5 days, however, the trend began to 
be reversed as the e f fec t of the higher flow-rate began 
to set up a part ial vacuum which responoed by bringing in 
less reducing groundwater again. This e f fec t is seen as 
levelling out of Eh and pH and a small reduction in 
conductivity. These effects were further accentuated as 
the flow-rate was Increased to a maxinaim for the f ina l 
2.5 days. Eh at this stage indicated ssa l l increases 
(electrodes Pt l and C2); 0 also suggested a small 
increase. 

3.2.1.2 General groundwater chemistry 

2+ + 
Of all the ^«asured anions and cations, Ca , Na , 

Fe (total) and F showed the most systesnatic 
2+ + 

variations. In general, Ca , Na and F 
decreased during the i n i t i a l sampling per iod, increased 

during the three day pump stop, and then decreased again 
during the second period unti l the groundwater 
composition s tab i l ised. The experimental period Indicated 
small systei^atic Increases with the Increase in pump 
flow-rate. Total Fe In ct^sparlson, suggested a 
antipathetic re lat ionship; the Fe(I I ) analyses are not 
reliable for cosjparison. 

2'*' * Uranium varied In a s imi lar manner to Ca , Na and 

F* and noticeably decreased in content w i th 
234 238 

Increasingly reducing condit ions. The U/ U 
activity ra t i o shoi^d no obvious sysie@dt1c var iat ion. 

As described in Section 5 . 5 . 1 . 1 . , the t r i t i u m contents 
were very high. Ijo var iat ion was Indicated during the 
sampling periods; tm^ievert sharp f luctuat ions occurred 
throughout the-experlE^ntal period for ^ I c h there Is no 
apparent systematic relat ionship with the pump f low-rate. 
^Inlaus values were encountered subsequent to Increasing 
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the pump flow-rate to 150 ral/mln but after one day 
sharply Increased and levelled out for the rest of the 
experlEiental run. This variation probably indicated the 
influx of other sources as the flow-rate was increased. 

3.2.1.3 Representative groundwaters 

The hydrochemical sampling prograraie carried out at 
Taavinunnanen illustrates t*̂ e difficulty in knowing which 
sampled groundwaters are most representative for the 
bedrock level (493 m). At best, the groundwaters are only 
representative for the artlficiany-lraposed groundwater 
flow-rate, which may or may not be similar to the 
groundwater that might be collected under nortnal 
hydraulic pressure. Frosa the available data, the R«)st 
representative groundwater for potential chefaical 
examination and rock/si®ter interaction studies, would be 
that Obtained during the last two days of the second 
sampling period. As indicated during the ex^risnental 
run, R»re reducing groisndwater can be obtained at loteer 
groundwater flow-rates, which might be even m>re. 
representative. Froa a practical point of view, however, 
sampling at these low flow-rates Is tedious and tls;^-
consumlng, but not impossible. 

3.2.2 Conclusions 

Examination of all the data from level 4g3 m at 
Taavlnynnanen, Illustrates the follc?rfing main points: 

1) Several groundwater comiMSitions are encountered as a 
result of surface or near-surfacs water contamination. 

2) These t^arlatlons ar© reflected both by paraseters Siych 
as Eh, pS, pN, condi»:t{vlty and ony^an content, and 
also by the Ionic variation of especially Ua , 

2'*' Ca , F total Fe end uranlua. 

.W* 
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3) These variat ions, result ing fr<wi surface or near-
surface water contamination, are thought to be caused 
by: a) shorlt-clrcuit ing, via bedrock fractures/ 
f issures, between the saeipled fracture zone and the 
borehole water above the packer system, and/or 

b) borehole water being forced do^i between the 
packers and the borehole wal ls , aod/or c) 
higher-level, mire oxygenated groundwaters from wi th in 
the bedrock. Point a) and possibly b) are considered 
t t e most l ike ly causes. 

4) Adjusting the groundwater f low-rates to di f ferent 
capacities has resulted la d i f fe rent groundwater 
types. 

5) Of the hydrochsalcal sampling profrasse carried out 
during the f i r s t two periods, only the groundwater 
frmt the last t»o days of the second period are 
considered representative. 

6) The results ^ne ra l l y confirm the findings from the 
Kamlunge test-run. 

. * » ^ 
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Figure 3.1: T»̂  variation of §ma grcufl^t®r physics 
chi®lcal ^rm^t$r i with chanî s In the pmp 
flow-rate. (K^lunge). 
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c^sslcal i^rai^ters with changes In the t̂vsp 
f1<^-rflte. (Taavlntt^tanen). 
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Stats y^iv^stty of ŵsver Yorh g! SuHalO 
Suffsi©. Hm Yorti M2ia. 
JuJ ; t ^3 

B&miGmtts&i&n 

St^radlsh Gsoio$lcs( Compsny 



TR8S(» 
In sHu ©ne-^ar burial experiments with 
sirsiylated rtsscie^ waste glasses 
Lanry L Hench. Derek Spilman and T Buona-
quisti 
College of Ef̂ ^snee's^g. Univ. of Florida. 
Gainesville. USA 
ASesander Locsding 
CPtalmers Unh* of Technology, Gott^enburg. 
Sweden 
LarsWerme 
SKS. Stockhc^n. Sweden 

TR85-09 
C^t^Hitrei^fi @f̂  «^tft»utl«fi ®! natural 

BfOm Sundblas .̂ Ove LandistrOm. toxins .^saisson 
Siwdsvik Enei^leki^ AB. NykOping. Sw©den 

TR 85-10 

kmn ̂  p^ll© mm a mpailtory lor 

E^rar«3 Fritz and M&tie Karn 
l^vergit^ L&1.1ISS Pasi^ur d© S l rasb^^ , Instt-
tut de G6oiCf^^. Freoce 
Jt^yiSSS 


