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ABSTRACT

This‘report represents the compilation, discussion and
interpretation of hydrochemical and hydraulic data
resulting from the SKB test-site investigations carried
out over a pericd of three years {31982-84). By
systematicaliy applying hydrological and geologicatl
considerations to each sampled horizon, it has been
possible to differentiate between those groulsdwater‘ts
which are reasonably reprusentative for the depth
sampled, from those which have been subject to
cofitamination from different sources. Groundwaters which
are here considered represe'ntati've are defined as those
wnich show no evidence of mixing with other sater
sources, whether from drilling water, younger, near-~
surface water, or other deeper gromdwafers. As a
consequence, only a very few sawmpled horizons can be
considered worth serious hydrochemical attention. The
lack of rewrssentative groundwater samples, whilst often
due to tecnmical problems or sampling from non-cenductive
sections of %he borehales, also illustrate the extremely
complex geometry of tha permeable fracture systems in
crystalline bedrock, and thus the #ifficulty of
establishing the nature and depth relation of the
groundwater reservoir tapped.

Altihough the main findings of this study have revealed
grosé inadequacies in the iydrochemical programme,
valuable experience has nevertheless been gained.
Consequeﬁﬂy, some of the improvements recommended in
Section 7 of this report have bszen already implemented
resu]ting' in higher sampling standards and thus water
samples which are much more representative for the
hydrogeological environment under imvestigatior.
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HYDROCHEMICAL INVESTIGATIONS IM CRYSTALLINE BEDROCK . IN
RELATION TO EXISTING HiDRAULIC CONDITIONS: EXPERIEMCE
FROM THE SKB TEST-SITES IN SWEDEN

INTRODUCTION

One of the many difficulties to be surmounted in the
storage of high-‘ﬁeve] radicactive waste is predicting the
~ Jong-ternm effects on the geological environment in the
eveint of a slow release of radionuclide material (i.e.
through canister corrosion) to circulating metearic
groundwaters within the surrounding bedrock repository.
For the crystalline bedrock repository as envisaged in
the SKB programme, the rocks at disposal depths will be
fractured, even prior to excavation, and that fracture
~permeability will be the dominant. mode of flow. A souAnd‘
inowledge of fracture geometry, hydraulic flow and
groundwater chemistry within the bedrock is therefore an
essential prerequiste Yor radicactive disposal safety
assessment.

Deep hole hydrogeological and hydrochemical ,
investigations have been a feature of the SKB programme
for site characierisation during the last 4 years. This
has been a time for instrumental development, of proving
different techniques, and adapting previously established
methods used with success in -other geological
enyironments. One major problem is that most of the well
documented hydrogeological and hydrochemical studies have
been confined to sedimentary strata-bearing aquifers
{i.e. a porous medium continucusly saturated with water)
were groundwster flow patterns and redox -parameters can
be relatively easily monitored and modelled. ' ‘
Contrastingly, in crystalline bedrock areas groundwater
movement is largely controlled by fractures, cracks, and
fissures in an otherwise impermeable medium. This
situation presents a whole new host of problems to be
solved, affecting all aspects of the site chafacterising
programme.
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Fig. 1 Location of the SKB test-site areas described in this

report.

This report presents the results of hydrogeological and
hydrochemical investigations carried out at six sites in
Sweden during the last 4 years (Fig. 1). Emphasis is put
on deep hole hydrological characterisation of fractured
bedrock environments and groundwater sampling methods,
and their influence on the groundwater chemistry,
particularly with reference to redox-sensitive parameters
such _as Eh3 pHi pS, environmental isotopes such as 2H,

H, 180, 1 C, 4C and the chemical and

radiochemical behaviour of uranium.



PARAMETERS CONSIDERED

Before describing the varicus hydrologic and chemica1
parameters measured and discussed below, it is considered
expedient to resolve some of the difficulties in the use
of hydrolsgic and hyﬁrochemicalAtermihology employed to
describe the type and character of the waters. Figure 2.1
illustrates a schematic representation of the termincgiogy
used in this report,

For a static hydraulic system, the hydrologic use of
surface water, near-surface water and groundwater, which
reiate to depth of origin, conform fairly well with the
hydrochemical descriptive terms which relate.to redox

" conditions and the gensral 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

cepending on whether recharge or discharge environments

are being discussed. For example, in an area of recharge
characterised by a steep nydraulic gradient extending to
depth (e.g. via a large-scale fracture), waters which are
oxidising and with a Tow pH can quickly penetrate through
the bedrock resulting, in the extreme case, in an
intermediate to deep groundwater of typical zurface 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 eavironments.

As most of the hydrogeological systems in this report
reiate to active flow conditions, the terminology
outlined in Figure 2.1 has been employed to clarify the
very complex nature of groundwater flow and chemistry,
both within the undisturbed bedrock prior to drilling,
and subsequently when changes are incurred during and
after drilling.’



Hyarologic terminology Hydrachemical terminology

General Hycrclagic inol
classhrfication (i.e. depth-related) {i.e. rainly descriptive but can
also be depthi-related)
3 %
SURFACE WATER | [
(i.e. streams, rivers, lakes et} ' X
A $
1
NEAR-SURFACE WaTER AIL —2 1 _..__A.__.
(i.e. sail:capllary water 1 l Open bicarbonaie |
extencing “ows to the xidising|. | system I
zone of saturation). : (pH <7) :
f ] ]
GROUNC WATER ———1— SHALLOW . i -
{i.e. subsurface water Transitional Closing/ )
(8. SUD2 - ; g/opening
whicn e 0 e 7one, of bicarbonate systec
saturation). {(pH 7 to 9)
— ENTERMEDIATE
: ‘Reduc i ] !
. ucaIn
: ! i Closed bicarbonate
. : system
1 ‘ {ph 9
L prep g ¥ — L~ ,'_L-.,.‘__JZ___

Figure 2.9: Schesatic representation of groundwater characteristics within 3 non-static nydraulic flow system.

2.1

Hydroiogic Parameters

The occurrence of mobile groundwater in crystalline rock
environments is restricted to the interconnected system
of fractures in the bedrock. Water-filiad voids in the
bedrock unconnected to the fracture system exist, but are
not considered to take part in the fiow of groundwater.

The flow of groundwater is in 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 statement, known as Darcy”s Law, is
valid for porous media and can be expréssed as:

Q = v-As-K-A %? (2.1)



Q = flow (m3/s)

v = velocity (m/s)

A = area (m")

K = hydraulic conductivity (m/s)
dh/dl = hydraulic gradient {m/m)

’

The hydraulic conductivity (K) depends on the properties
of the rock medium and fluid (water) which are generally
assumed to be constant. Thus, the hydraulic gradient

represents the force that initiates groundwater flow. If
the hydraulic gradient is equivalent to the energy loss
(dh) along a flow path, d1, then h can be expressed as:

h=2+2 ' - (2.2)
Y

Z = elevation above an arbitrary datum plane (m)

P = groundwater pessure at the elevation Z (N/m")

vy = specific weight of fluid (kg/m2 SZ)

At the groundwater table, p = 0 and consequently h = Z.
Tiiis means that the flow between two points near the
groundwater table is proportional to the dip of the
groundwater table. At greater depth the hydraulic
gradient decreases as does the groundwater flow (Figure
2.2).

At any depth beneath the groundwater table a unit mass of
fluid is subjact to both gravitional and pressure forces.
By defining a force potential @* = g h, it follows

that: -

grad g* = g dh/dl = g (grad Z+% grad p); (2.3}
g = acceleration due to gravity (m/sz) and

dh 1
Q=vA=-KA /dl =K A (gradAZ+—Y- grad p) (2.4)



K *
Q =-§A grad 9 (2.5)
K * : }
V=-ggradg (2.6)
400 200 2 \ 200 Wl m
S g
0 !
/\ o
) : '
10
2 100 m
z 0
i—‘- L ———— B e —
q
2
0
Z 0
8 200m
o .
U]

500 m

wo 200 o200 w0 m

Figure 2.2: Groundwater head at different depths below a
circular hill with a 200 m radfus. Hydraulic
conductivity decreases with depth (after
Carlsson et al 1983).
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Figure 2.3: Two-dimensional theoretical potential distribution
and flow-patiarn in a homogeneous porous medium.

Thus, for isotropic media (K = constant) the velocity
vector ¥ and the direction of flow is perpendicular to |
the equipotential surfaces (@* = constant). These
principles are illustrated in Figure 2.3. If the medium
is anisotropic the velocity becomes oblique to
g*-surfaces.

As shown in Figure 2.3 the direction of groundwater flow
is downwards in the elevated parts of the terrain (A-A7)
and upwards in the lower parts (B-B"). The former are
referred %o as recharge areas and the latter discharge
_areas. In the recharge areas the hydraulic head, h, or
the force potential, @*, is decreasing with increasing
depth while the opposite situation is prevailing in the
discharge areas. Thus, the flow is directed from high to
low potentials. It can also be seen that the groundwater
flowing from the lowest part of the discharge area has

e e
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migrated from deeper in thé bedrock and over a much
larger distance than groundwater seeping out at higher
elevations in the slope. This implies that the oldest
groundwater is tc be found in of the valley bottom. This
phenomenon is further accentuated if the hydraulic
conductivity decreases with increasing depth, which is a
Qeneral feature in crystalline bedrock.

To apply Darcy”s Law it is assumed that the
hydrogeological medium is homogeneous and uniformly
porpus. However, even though the-< properties are not
normally characteristic of a crystalline rock
enyironment, this concept can still be used if the number
of fractures relavant for describing the groundwater flow
provide a great enough density to justify a porous medium
approach. Based on criteria discussed by Long et al
(1982), a fractured crystalline rock can be regarded as
an equivalent porous medium when:

- there is an insignificant change in the value -of the
equivalent hydraulic conductivity with a small change
of the test volume (Figure 2.4)

- an equivalent symmetric hydraulic conductivity tensor
exists which predicts the correct flux when the
direction of hydraulic gradient (in a REY) is changed.

A
>
2 |
&
Azl
Q.
REV. i
 VOLUME

Figure 2.4: Statistical definitfon of a representative ..
' elementary volume (REV). (After Long et al 1982),

[ T S N RS E IR R
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‘The first criterion iﬁaplies that the hydraulic
conductivity in a chosen test wolume is a constant (i.e.
homi-geneous test volume). The second criterion implies
that the hydraulic conductivity (in a three-dimensional
flow) is a symmetric anisotropic parameter and that the
boundary conditions are chosen in such a way that in a
truly hoinogeneous anisotropic test volume a constant
'h_ydraulic gradient would be produced. Furthermore,
fracture systems behave more like porous media when: 1)
the fracture density is increased, 2) the considered
volume is expanded, 3) the variation in fracture
-aperatures is small and, 4) the fracture orientations are
disturbed rather than constant (Figure 2.5).

sy

TR - AN ; \
8 /.‘. . ) ....\_ .
AT IS ?Z ok !

Figure 2.5: Fracture systems with varying parameters (30x30
cm). For A, fracture aperatures are log normally
distributed, for B, fracture aperatures are uniform
but with two different orientations, for C,
fracture orientations are normally distributed, for
D to F, the resulting distributions of hydraulic

conductivity are shown (after Long et al 1982).
_ N nf



2.2

10

On the other hand this porous medium concept is not
suitable if the-distribution of the fractures, together
with 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 their great influence on the
hydraulic heaa distribution and thereby on the

© groundwater flaw-rates, the presence of such divergent

fractures, or more cowronly, concentrations of fractures
(i.e. fracture zones), must therefore be treated as
discrete elements in any model. The groundwater flow
paths will naturally be wmostly confined to the fracture
zones as the resistance to flow in these high-conductive
channels is relatively small when compared to the
surroundisg low-conductive, normally fractured bedrock.

However, the effects of such fracture zones on
grwndéater flow-rates are also dependent on the
orientation of the zones. More or less vertically dipping
fracture zones of relatively high hydraulic conductivity
tend {0 decrease the change of hydraulic head and
consequently maintain the hydraulic gradient to great
depths, thus increasing the fiow-rate. Contrastingly,
horizontal or sub-horizontal fracture zonses act as
semi-impervious layers through which only a small flow
occurs. As most of the flow will be directed along thase
horizontal zones, the flow-rates at greater depths tend
to become diminished (Carlsson et al 1983) (Figure 2.6).

Chemical Parameters

Radfonuclide mobility and the 1ifespan of the waste
canisters for nuclear waste are strongly affected by the
hydrochemical properties of groundwaters. The redox
condition, pH, and the concentrations of metal complexing
1igands such as carbonate-, fluoride-, chloride-,
sulpnide- and phosphate -fons, fulvic acids etc are the
mogt important chemical parameters for determining
radfonuclide mobility and corrosion rates of the copper

R
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cariisters. Copper is a stable metal under reducing
conditions and the solubility and mobility of most
actinides are exgociad to be low in a naturally reducing
environment. Sulphide, on the other hand, will react with
copper and make copper oxidation with water possible
despite the reducing condittons. Yery large
concentrations of chloride ions may have similar effects.
Cfm-p)exatlon with carbonates can for instance increase
the solubility of uranium.

The chemical and flow characteristics of the groundwaters
can be used to model the history of the waters and
predict future changes in compositon and flow pattern. A
very simplified static moded recognises deep groi.md
water, near-surface water and a mixing of these two
types. Here the surface and near-surface waters are
considered to have & fairly uniform composition. This
arises because the near-sui-face water obtains its’
characier through mixing aleng its flow-path. The’
cemposition is then mainly determined by the hy‘drauHc

\\

Figure 2.6: Modelled isopotentials and projected flow vectors
along a vertical section from the Kamlunge test-
site in N. Sweden (after Carlsson et al 1983).
The dashed horfzontal line denotes a fracture zone.



2.2.1

12

propertieé and conditions of the bedrock (e.g. flcw-rate)
and not by the chemical interaction between the wster 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
interaction. Groundwater composition is therefore more
depentdent on the loca)l bedrock mineralogy.

The near-~:.rface and deep ground waters are best
distinguished from each other by pH and the total salt
and carbonate contents. Shallow waters are rather dilute
with a high carbonate coiitent and neutral pH.
Groundwaters have a much highar pH, much higher sodium
and chloride contents, but «wer carbonate contents. The
salt content of very old groundwater is sometimes
extremely high with no apparert upper limit for the
salinity. The source of the salinity is sometimes
debatable with seawater, fluid inclusions and rock/water
interactions all. having been prossosed.as possible
sources.

vironmental isotopes (e.g. 2H, 3H, 180,

C) provide a very useful hydrochemical tool in
modelling ground water history. A cross plot of the
stable isotopes deuterium and 0 will reveal the
origin of the water, i.e. meteoric or otherwise. The
radidactive 1sotopes " C and tritium are suitable for
recognising very old and very young portions of water

En
14

" respectively.

‘General grouncdwater chemistry

Within the SKB test-site programme a complete set of
chemical analyses has always been carried out on the
water samples. However, only some of these analysed
parametersvare'essential to site evaluation and safety
assessment consideratifons. These are pH, carbonate,
chloride, sodium and calcfum contents and the redox
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sensitive parameters Eh, iron species, uranium, sulphide
and oxygen,

pH anid carbonate content

The pH of the water determines ihe form of the species in
solution and is also a useful parameter for describing
the type of water that is investigated. Near-surface
grouncwaters are mostly neutral with a pH of seven or
slightly lower and deep groundwaters are usually
characterised by a high pH; in some cases values above
nine have been obtained. In near-surface waters the pH is
solely tuffered by the carbonate system whereas other
salts contribute to the buffering capacity of the deep
groundwaters., ’

" The carbonate content of the water is important as the
C032' ion is a very Strong complexing agent for ths
actiniges, appearing as soluble carbanate complexes in
the groundwater. The total carbonate content is highest .
in the near-surface waters and decreases with depth, i.e.
as the water becomes older.

Surface waters percolating through the soil zone take up
carbon dioxide eventually beccming slightly acidic and
aggressive. As a conseguence, this water dissolves
calcivm carbonate wnen it penetrates to the upper part of
the bedrock. Here ¢;e system is still open to the input
of carbon dioxide with the result 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 rises to a value around 8.5. In still deeper parts of
the bedrock the groundwater flow is extremel y Yow and the
more slowly dissolving minerals will begin to have an B
impact on the composition of the water. Dissolution of
feldspar will increase the pH-which in turn will cause
precipitation of calcite. The more advanced these
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reactions become, the higher is the pH and the lower is
the carbonate content.

Sodium, calcium and chloride content

The amounts of sodium, calcium, chloride and bicarbonate
dissolved in rear-surface waters and groundwafers are
useful parameters in assessing the migraticnal 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 hiah concentrations of calcium and bicarbonate due to
the dissolution of calcite. As the flux decreases in the
deeper parts of the rock the more slowly dissolving
minerals (e.g. feldspar) will result in an increase of pH
and in the sodium and chloride concentrations. Even when
the amount of carbonate decreases due to the

"~ precipitation of calcium carhbonate, the calciua

concentration remains at appreciabie levels indicating an
inbut of calcium coeval with the increase in the sedium
and chloride concentrations.

Redox-sensitive parameters

The redox condition of the groundwater is one of the most
important parameters for estimating the safety of a
nuclear waste repository. For example, if the actinides
(i.e. released through canfster corrosion) are assumed
for modelling considerations to migrate in a reduced form
through the geosphere, the radiation dose released to the
biosphere will be two orders of magnitude lower than in
the case where the actinides are transported im an
oxfdised form,
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The redox condition of the groundwater is reflected by
the measured redox ,poténtial , the amount of dissolved
-oxygen, and by the contents and oxidation states of tie
elements ircn, sulphur and uranium. From all the various
redox couples present in the groundwater it is possible
to calculate a redox potential. However, these
cai<ulations would give as many different results as the
nuziier of redox couples ‘used for the calculations. This
simply indicates that no true redox @quilibrium exists in
the water. The reason for this might be a relatively late
mixing of different types of watar, but could also
reflect the large uncertainties. in the analytical data. (

Oxygen is a very strong oxidant in the-Eh-region of
interest for the groundwaters. Small amcunts of oxygen -
dissolved in the water will drastically affect the Eh
measurements. Oxygen reacts rapidly with suiphide which
means that these components should not be expected to be
found in the same water sample. The existence of
measurabie amounts ¢f sulphide in the water is an
indicator of wvery reducing conditions. The sulphide-is
oxidized to sulphate by dissolved oxygen whereas the
opposite rzaction only occurs in the presence of
bacterial activity. -

As a word of warning, Eh and 0, monitoring in the
flow-through cells should be treated with some-caution.
In contrast to the contents of dissolved species in the
sampled water, the Eh and 02 contents are not solely
characteristic of the groundwater, but are severely
affected by atmospheric 02 during calibration. Each
time the cells are opened for electrode calibration,
subsequent Eh measurements are disturbed for periods of
up to several days before stalilising. Before this effect
was appreciated, many cases therefore exist whereupon
inadequate Zime has been available for the measuring
electrodes to stabilise, and for the atmospheric-derived
0, to be effectively removed from the flow-through

cells. : N o nd
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The Fe{(11)-Fe(1I1) couple i35 thought to be the prime
redox determining reaction in most matural groundwaigrs
{Wikberg et al 1983). The theoretical calculations of the
Eh should be based on this system because the reactiams
between the ferrwus and furric irn at the electrode
surfaces are reversible, the ex hange current density is
high and the rock contains sgame 1-10 % iron, most of it
in the divalznt form. However, in specific cases the th
can be controlled by other elements. The remaining
important redox sensitive parametsr, that concerming the

-behaviour of uranium, is described below. (Section

2.2.2).

Yranium investigations

The presence of dissolved uranium and its isaotopic
daughter décay products in sﬁrface waters, near-surface
waters and groundwaters, is of particular interest in the
context of high-level rddicactive zaste safety assessmnt
considerations. Features of importance include:

a) uranium is a naturally occurring radionuctide which
exists, at least in small quantities, in all rocks and
therefore in most contact grountraters..

b) because of its economic importance as a nuclear fuel,
uranium prospecting metiods are highly developed and
~very small quantities (<1ppb) can be measured with
precision in groundwaters and rcks.

¢) as uranium is an important constituent of spent
nuclear fuel, and because its chemical behaviowur
resembles closely the more harmful actinides swch as
neptunium and plutonium, the hyéochemical behaviour
of uranium 1n the geosphere and snder laboratory
conditions, renders it extremely instructive in
helping to predict long-term actinice behaviour 1in the
far-ff’gld environs in the event of canister corvosicn
and'%%sequent radfonucl ide leakage.‘
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d) the degree of uranium dissolution amd mobility in
groundwaters can be used as an importamt redox-sensitive
parameter.

Uranium geochemistry

Uranium dissolution and mobility have over the years been
subject to extensive study both in the laboratory and in
the field (see, for example, Hostetler and Garrels, 1962;
Osmond and Cowart, 1976; Lanomuir, 1978; Giblin et al
1981). From such studies an extremely complex piciure has
emergad which shows that many physice-chemical parameters
can influence the behaviour of wranium in patural ground-
waters. Based on Langinuir (1978) and Giblin et a1 (1981)
the major influencing paraceters are 1isted below.

"a) the uranium content in the source rocks and its
leachability.: '

b) the proximity of groundwater to uramium-bearing rocks
and minerals. '

c) concentrations in the groundwaters of carbonate,
‘phosphate, vanadate, fluoride, sulphate, calcium,
potassium and other species which can form uranium
complexes or insoluble uranium minerals.

d) the slorptive properties of materials such as organic
compounds, oxyhydroxides of iron, manganese and
titanium, and clays.

e) pH and Eh states of the groundwater environment.

f) redox state of the uranium species.

g) kinetics of uranium speciation reactions.

h) rates of groundwater mixing and circulation,
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However, tnis list need not be so formidable as it
appears because only a few need to be considerad in
modelling the behaviour of uranium in groundwaters. These
are pH, Eh and the total concentrations of the ligands
which form compléxes of relative strength with uranium in
its different oxidation states, i.e. carbonate,
biophosphate.

Under strongly reducing conditions the solubility
1imiting phase would be UOZ (solid) in either
crystalline (i.e. uraninite) or amorphous- {i.e.
pitchblende) form, depending on the envirorment. The
characterisation of the uranium species present in
solution is however iess clear. The U(IV) hydrocomplexes
U(OH)4 and U(GH)_ have been poatula;ed as being
responsible for the 902 (solid) solubility in
carbonate-free alkaline environments (Allard, 1983).
However later studies by Rai et al (1984) and Ryan and
Rai (1983; 1984) have disprovsd the possibility of
Ac({IV){OH)_ (were Ac = the actinides U, Mp, Pu). As a:
result on]y,U(OH)4 need be considered in reducing
carbonate-free envircnments.

Under less reducing conditions, and/or in the presence of
. carbonate, the uranyl carbonate species UO
(C03)22- and U0,(C0,), " predominate. |
Depending on the degree of crystallisation of UO
{solid) and the oxidation conditions of the surrounding
~environment, uraninite is no longer the solubility Jimi-
ting phase. Instead, UD,(OH), (solid).will control
the uranium content in solut%on {Bruno, 1984). At the pH
values usually found in groundwater systems, the U(VII)
biophosphate complex formation can also play an important
‘role. The relative occurrence of U(VI)-phosphate
complexes vs carbonate complexes increases as pH
decreases from 8 to 6.5. Under more acidic conditions
fluoride, sulphate and hydroxy complexes will be the
- dominant species. I

2
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The total wranium solubility, and as a consequence its

- mobility, can be restricted by the possible ternary
sﬁecies which can be found in a multivariant groundwater
system. The effect cf mixed crystallise solids such as
carnotite X, (U0,),(Vd,),, uranophane

Ca(UOZ) (5i0 OH)'2 , autinite, Ca\(UO?_)2

(P04) , bassetite FE(UOZ)Z(P%)Z etc has :
been observed in natural environments. Thus, complete
modelling of uranium, which is beyond ths scope of this
present veport, should include these species, even if the -
present state of knowledge regarding the thermodynamic
parameters involved are somewhat restricted at this time.

Experimentally-derived conclusions are generally borne
out by geological observations. These show that
tetravalent uraninite remains immobile under reducing
conditions_but slowly mobilises during increased exposure
to atmospheric'conditions' or to oxy.gen/carbon ‘
dioxide-bearing groundwaters. Furthermore, and an
important pcint, is that the solubility of low
temperature amorphous UO_ (e.g. pitchblende), which is
considerably greater than that of crystalline uraninite,
can also efcur urider more reducing conditions than the
more stable uraninite. It is therefore important to
correctly assess the hydrogeological features of an area
under investigation before applying experimentally-based
hydrochemical data. For example, Andrews and Kay (1983)
suggested that crystalline U02 stability field
boundaries were more apprapriate for -groundwater
equilibriua with rock matrices containing
well-crystallised UOé (i.e. uraninite), as would be
associated with some granite environments. Contrastingly,
for certain sedimentary environments, uranium deposition
in the absence of crystalline nucleii would tend to
preferentially form disordered or amorphous U0_ (i.e.
pitchblende). In these cases amorphous U0, stability-
field boundaries are recommended. However, depending on
the Eh-pH parameters of groundwaters representative of

~ the two geslogical environments, the uranyl carbonate

complexes say be stable in the aqueous phase thus
.
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restricting any uranium xprecipitation.’Such a sitvation
has been described in groundwaters firom Triassic
sandstones {Andraws 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
it is important to ncte here that a realistic
interpretation of natural groundwater data based on
therniodynamic models is cependent on the confidence of
groundwater Eh measurements. Such confidence is c%ien
debatable,

Nevertheless in general terms, natural groundwater
uranium concentrations tend to be relatively high
(>10ppb) in zn oxidising environment, and correspondingly
Tow (<1ppb) beyond the oxidation-reduction interface, and
that Eh, pH and total carbonate concentrations are the
dominating controlling parameters. Therefare, to use raw
uranium values as a direct indication of the redox state
of a groundwater environment should be treaizd with some

- caution, until the physico-chemical characteristics of

the groundwaters are known.

Uranium isotope geochemistry

238, 234, 230,

The uranium decay series ( u )
has been increasingly used to characterise groundwaters
and rocks (Rosholt, 1959, 1983; Thurber, 1962; Rosholt et
al 1963, 1966; Koide and Goldberg, 1965; Kigoshi, 1971;
Kronfeld, 1974; Osmond and Cowart, 1976; 1982 and
Fleischer and Raabe, 1978). In closed geological systems
the nuclides 2380-234U- 230Th attain v ‘
radiocactive equilibrium after about 1.7 Ma, 1.e. the
respective activity ratios 2 U/ u, 230Th/

4U and 30Th/' 8U all equal unity. However,
if the systems are exposed to weathering and groundwater
circulation, and assuming that “° Th is immobile
under normal groundwater conditions, the different
physico-chemical properties of U and Uwill
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result in their fractionation and thus isotopic
disequilibrium. The respective activity ratios will
therefore be greater or less than unity degendimg on
whether there is an excess ov deficiency of U

234 .
and/or U.

Applied to groundwater investigations, uranium-series
desequilibrium studies should therefore indicate which
radionuclides are being leach=d from the bedrock, and
their subseguent behaviour during migration and transport
-through the rock mass. Owing to the generauy assumed
immobility of thorium in natural groundwaters (Langmuir
and Herman, 1980), the isotopic signature is nermally
expressed using the ~~ y/""U activity ratio.

Because groundwaters are rarely static over perieds of’
geological time, the addition and loss of mclides wili
be variable dependihg on the ciranging physico-chamizal.

properties of {ie groundwaters as they permeate *irough

bedrock of contrasting chemistry and at different depths.
As a result, the —~ U/ U activily ratios
iAnvariably show isotopic disequilibrium,

U/238U disequlibria have thus been used to
characterise water masses, estimate degees of mixing of
different watler masses, estimate the intensity of water
circulation and as a means of dating groundwaters (e.g.
Osmond et al 1974; Kronfeld et al 1975; Osmnd and
Cowart, 1976). |

Well-documerized work on large-scale sedimentary aquifer
systems (e.g. Kaufman et al 1969; Osmond and Cowsart,

"~ 1976; Cowart, 1980; Andrews and Kay, 1982) have indicated

that during the transition fiom an oxidising to a
reducing environment, there occurs a decrease in total
dissolved uranium (discussed above), and an increase in
the 2 u’/2-3 Y activity ratio. It has been
ggggested (Osmond et al 1974) that such a build-mp of

U with depth indicates anﬁging effect Ge to ‘the
natural decay of the parent U. However, as
sumarised by Andrews et al (1982), uraniua {n_solution

does not form a closed sys%é' and ingrowth of 23AQU
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- . ’ ., 234
ocurs due to solution of alpha-recoil Th at the
rock/water- interfaces durimg permeation of the
groundwaters. In additon, ghe ultimate extenk or excess
of U and therefore ihe -234U/2380 activity _ :
ratio value, is also dependent on the natural groundwatér
flow-rate and the possible interchange with active
1each~;ng waters. Furthermowe, sampling procedures in
which artificial groundwater flou-rates have been
imposed, may also result im a modification of activity
ratio values and total dissclved uranium contents
(Smellie, 1983b,c).

It should therefore be recognised that, in cozmon with
the other environmental isotopes in routine use, yranium
decay series studies of groundwaizrs should rot be used
in isolation, but rather as one more important factor to
be considered in hydrochemical interpretation.

Environmental Isotopic Studies

Environmental isotopic studies of hydrologic sysieas -
mostly involve the light elements and ineir iéotOpes:
hydrogen (¥H, Hf H), carbon (" °C, 13C.

C), nitrogen ( 4N, 5N),, oxygen (
0} and to a lesser extent sulphur (S,
S)). These are normally :hosen because isotepic
fractionation between different isotopes of the same
element, resulting froz thedr differing geochemical and
physfcal behaviours, is sufficiently large to be of
geochemical interest. Of the heavier elements, the
u;gnfu deggg series nuclides u, u,

Ra and Rn exhibit sigaificant measurable
fractionation differences to be of use in hydrochenical
studies. With greater instrezmental sophistication
measurement and application of isotopes such as I,

Ar, Kr, " Kr and ~ Cl have
fncreasingly been carried out with 1imited success.
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Within the Swedish radwaste hydrochemical programme, and
in most other countries, the major routinely applied
isotopes have been tritium, radiocarbon and the stable
isotopic ratios of D/4 and ~ 0/ 60. Increasing

use is being made of the uranium decay series isotopes
(see above). Using such isotopic data, groundwaters can
be characterised in terms of:

-a) identification of areas of static groundwater where
regional migration of radionuclides should be minimal

b) estimation of water velocities in circulating
hydrologic systems

c) groundwatcr sguvce (s)

d) degrees of wmixing of groundwaters from different
sources’

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

f) an estimation of groundwater age

Only in very rare cases of extreme isolation and
confinement can a groundwater be ascribed an age; mst
groundwaters when sampled are the products of mixing
incurred either prior to, or during sampling, and so
derivation of an age can be fraught with uncertainty.

I_ri tium

Tritium (3H) is the radioactive isotope of hydrogen

with a haif-1ife of 12.4 years and is measured in tritfum
unfts. One tritium unit (TU) is defined as the
concentration of one atom of "H in 1018 atoms of

'H. Tritium is derived: |

- naturally from the atmosphere by cosmic-ray radiation
1involving the interaction of nucleons with nitrogen,
oxygen and argon. Through oxidation to water it
eventuaily reaches the earth and groundwater systems
through precipitation. '
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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)
with 6Li and "He. Because of the rcar-absénce of Li
in groundwater, “H production can be fegiected.

~ - artificially from the testing of thermonuclear devices
in the period 1952-1562.

By far, most of the tritium present to-day in the
atmosphere and subseguently in most surface and
near-surface waters, is due to thermonuclear
contamination. As the potential use of tritium as a
hydrological tool has been mostly recognised during and
after this event, there exists only a few pre-test '
tritium measurements available. However, encugh is known
to be able to derive some natural tritium teveis in
precipitation which range from 4 to 25 TU. depending on
location (Nir et al 1966). As a result of the
thermonucleas tests the tritium values increzsed:
dramatically reaching a peak of several thousands TU
around 1963, and since then levels have decreased
steadily to several tens TU, mostly through an inventory
decrease of 5.5 % per year through radiocactive decay.

The attraction of tritium as a hydrologic tool is its use
fn distinguishing between recent water {recharge after
1952) and older water (recharge prior to 1952) thus
providing important information on, for ex_.amp1e,'~
groundwater recharge velocities.

Radiocarbon
; 14 .
The primary source of = C s the nuclear reaction
petween the secondary cosmic-ray neutrons and nitrogen
nucleii which occurs in the transitional reg'ion between
- the stratosphere and the troposphere iUbby. 1965). These
C atoms eventually oxfdfse to form = CO
molecules which, upon mixing with fnactive atmospheric
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0., subsequently enter the biosphere and hydrosphere
in the form of (0, and HC03-.
The chemistry of iie (:02 - CaCo, system for . :
groundwaters in coniact with the soil and bedrock, whlch
comprise the surface and sub-surface environs, is
complex. In a CO2 - (aC0, open-system the carbonate
(surface and sub-surface environs) is dissolved by water
in continuous contact with the COZ reservoir (the soil
C02) at a fixed partial (202 pressure. In the
" closed-system case, the carbonate is dissclved by
infiltrating water which has initially been in contact
wirith the CO_ reservoir. In nature however, nothing is
ever so smp%e and carbonate dissolution will more than
often take place under mixed conditions. Furthermore,
when the groundwater becomes supersaturated, the
precipitation of L C-enriched calcite occurs under
favourable conditions resu-a?nq in-groundwaters
correspondingly depleted in “"C. As argued by
Tullborg (1985), to be able to :fiscuss the relevance of
groundwater = C dating, it is dmportant to know
whether dissolution or precipitation of calcite is
prevailing at the sampled levels. These complexities mean
that it is often difficult ¢o reconstruct the original
carbon-14 content of the water. The ratios of the two
isotopes of carbon (lzc and "TC). vary
considerably in nature and their ratios are widely used
to help unravel the geochemical history of the
?roundwater and to estimate the coriginal amount of

C {ntroduced into the system, Because of these
uncertainties, and others which include chemical and
isotopic exchange with atmospheric C02, all of which
must be corrected for, the characterisation of
groundwaters by the 1 C technique is treated with
some doubt. '

14 3

To combine ~'C and "H data fn conjunction with
hydrogeologfical evidence has {in some circles been
considered more approprfate (Erfksson, 1962; Geyh, 1972),
thus enabling water sources to be located and also as a
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validation of certain correction precediures. Dating of
relatively recent water (last 53 years) is also possible.
However, because of the large number of unknown
variables, many reservations still remain. As summarised
by Mook (1980; p. 70) such variables include:

1) the mixing ratio of old and young water, .

2) the tritium content of the precipitation to which the
sample refers, : ,

3) the " 'C conmtent of the'_ humus layer effective in

- producing the soil (202

To conclude, the 140 method should not be’

over-emphasised in terms of providing concrete evidence,

but rather as a sometimes important "sign post™ to the

origin and characterization of a groundwater system.

Oxygen and deuterium

The oxygen isbtﬁ{;esv- (170 and 180) and deuterium -

("H) occur naturally in water and are stable to
radicactive decay. Due to natural processes such as phase
transitions, water transportation, chemical and
biolegical reactions etc., isotopic fractionation occurs
resuiting in a distinct isotopic signature for
groundwater deriving from different sources. Yariations
in isotopic abundance is not thought to be adversely.
influenced by presently-occurring radiogenic preduction
in the atmosphere., All of these factors render such
fsotopic measurements as extremely useful in
characterising surface, near-surface and groundwater
environments. As susmarised by Foniss (1980; p. 75), "if
the isotope conlent dees not change within the aquifer,
it will reflect the origin of the water. If the {sotope
content changes aleng groundwater paths, it will reflect
.the history of the water. Origin deals with location,
perfod and precesses of the recharge. History deals with
mixing, salinisaiion and discharge processes”. -
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For practical purposes the ctable isotopes 2H and

0 are used to distinguish water crginating from
different sources in the assumption that they remain
unchanged from recharge to groundwater-ilow conditions.
The initial stable isotope concentration in water is
basically controlled by: ‘

a) condensation stages resulting in precipitation; this

tends to result in isctopic fractionation and depends
on changes _of temperatire aad iressure.

b) subsequent evaporation stages; this tends to result in
an increase in isotopic content of the residual water
and depends on the relative humidity.

.Stable isotope values for waters are plotied on a 2H

(ppt) vs ~ 0 (ppt) diagram and interpreted relative

to present day oceanic precipitation which is A
characterisec hy a deuterium excess id ) of 10 ppt. This
is represented gmphic?ﬂy by a linear relati‘_onship
expressed by §°H =8 60 + 10 (Craig, 1961). In
general, a slope less than 8 (i.e. relative deuterium
enrichment) is indicative of water resulting from

. evaporation in an enclosed basin environment, whilst a
-slope greater than 8 (i.e. relative deuterium deplietion)
-indicates changes in palaeoclimate. '

However, the situation is not always quite so simple; for
example, some groundwater stable isotope contents are

sensitive to special hydrogeological and chemical

circumstances:

- enrichment of 6180 in water resulting from
rock/water geothermal interactinns

- enrichment of 6180 and depletion of 62H in waters
resulting 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 § "0 and
enrichment for ¢ H respactively. '

Nevertheless, in the majority of cases deuterium excess
is a powerful tool for groundwater identification, in any

case much safer than the study of only 2H and 0

contents. For example, such a limited study can be
influenced by local conditions of recharge (e.g.
exceptional rains or floods) without a significant change
in general climatic conditions (Fontes, 1981).

e
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INFLUENCE 0N GROUNDWATER !ﬁONDITIONS BY BOREHOLE AND
BOREHOLE ACTIVITIES

General

In order to carry out investigations of groundwater
conditions in the bedrock, boreholes are required down to
different depths. These holes are utilized for in-situ
investigations such as single or crosshole measurements
using hydraulic and geophysical testing procodures. In
addition, water samples are taken froa different levels
in the boreholes for chemical, physical and isotepic
analyses.

The hydraulic conductivity and other groundwater
parameters vary considerably within the bedrock. Because
of such variation, in combination with topographical and
meteorological conditions, different hydraulic head will
occur in the bedrock. Fuirihermore, a dborehole which
penetrates zones or areas of different hydraulic head
will short-civrcuit the groundwater through the borehole.
Trus, the groundwater will flow into the borehole from.
one or a combination of several horizons and cut into the .
bedrock through others. Such conditions will influence -
both the hydraulic and the chemical situation in the
bedrock at varying distances from the borehole.

Groundwater conditions in the bedrock will also be
fnfluenced by drilling and cleaning cperations (gas-1ift
pumping)_. The drilling water pressure will result in an
inflow of water into the bedrock. The amount of inflow
and distances of influence are, among other things,
dependent on the hydraulic properties of the bedrock sur-
rounding the borehole. In particular the groundwater
chemfistry is influenced by these operations, but an
influence on the hydraulic conditions might also occur
from clogging of the borehole due to fine particles in
the drilling fluid (drilling dedbris). '
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According to Ask &nd Carlsson (1984) the following
activities are considered to be the main causes of
influence on the groundwaier:

- Borenole drilling

- Gas-lift pumping

- Hydraulic injection tests
- Water sampling ‘
- Open-hole effect

- Drilling debris

Drilling and testing waters, which usually has a chemical
compositon diverging from the natural existing
'groundwater, are iniroduced into the borehole and the
surrounding bedrock. Consequently the groundwater
chemistry is influenced %0 varying ¢egrees. Gas-lift
pumping and water sampiing ci the other hand reiove water
from the boreshole. However, under cesiain circumstances
this might also result in waters with different chemical
compositions replacing the water being sampled in the
borehole,

The open-hole effect will act during long periods of time
if the borehole is left open. By introducing a
straddlepacker system, sections with different hydraulic
head will be sealed off thus prevanting a shortcircuiting
in the borehole. The disturbance caused by
‘short-circuitin'g might under certain conditions influence
the existing natural head distributicn within a large
area, the groundwater chemistry, and the turn over time
in the system.

The different sources of influence just described usually
‘occur in the following order when performing a site
investigation (Ahlbom et al 1983a). First borehole
drilling takes place followed by an initial gas-lift
pumping to remove drilling debris and drilling fluid from
the borehole. After being left open for a longer or
shorter perfod of time during which short-circuiting of
the groundwater exists in the borehole, the 1nvéstigatio,n
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proper is carrizd out. First geophysical logging is

" conducted whereupon probes are lowered and raised within

3.2

3.2.1

the borehole creating a mixture of the water within the
borehole itself. Following that the hydraulic tests are
performed, usually for a total duration of about one
month for a 600 @m long borehole. The borehole is then
usually left again without any packers installed until

the water sampling procedure is corducted. This sampling
procedure starts with an extensive was-lift pumping
before the actual sampling procedure 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 éomp]etéd, the borehole is
finally left open without any packer-system.

"Borehole drilling

Performance

In order to cool the drill bit during drilling and to
remove drilling debris, flushing water (also referred to

‘as drilling water) is used in the Swedish programme. This

water is usually of a divergent chemical character from
the groundwater in and arsund the borehole, and is
continuously pumped down into the borehole under high
pressure (2 MPa). Under such pressure this flushing water
will be forced into the bedrock surrounding the boreho1e;
thus affecting both the hydrauiic and chemical parameters
therein. These negative effects cam be diminished by
using shallow groundwater (of similar chemical character
to that encountered wnilst drilling) from a nearby
air-flushed percussion hole.

The core-drilling operation consists of three phases: 1)

_ the drill-rod with the drill bit and thg core barrel are

lowered into the borehole until the bottom is reached, 2)
drilling starts with an applied excess pressure on the _
drilling water, 3} after having drilled a 6 metre section

. i X
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the equipment is brought dp to the surface and the
drilled core is taken out and stored. Due to the
deplacement of the drill rod etc, the groundwater level
in the borehole will be lowered during up-take and thus
an inflow of water from the rock to the borehole occurs.

The time required for the initial drilling phase
increases with drilling depth. The drilling time involved
in the second phase varies depanding on hzdrock
conditions and on the conditicen of the driil bit; »n
average 45 - 60 minutes is reqguired to drill 6 m. The
time required for the third phase also increases with
drilling depth. As an example Figure 3.1 shows the
relationship of total drilling time versus drilling cepth
for borehole Fj2 (Fjdllveden) which is 700 m in length.

Influence on the groundwater

The borehole radius of influerce on the groundwater
cenditions caused by the excess drilling fluid pressure
is dependent on the hydraulic pmperties of the bedrock
as well as on the excess pressure. It is also dependent
on the effective driiling time - the time it takes to
drill a certain distance - as well as the time it takes
to empty the core barvel and Tower it into the boreinule
again, During drﬁ]ing the flushing water is injected a
certain distance into the bedrock formation. When the
drilling is stopped, the equipment raised and the core
barrel emptied, the pressure is lowered in the borehole.
This causes the drilling water to flow back into the
borehole, thus decrecasing its radius of influence. When
the drilling commences again, the radius of influence
will continue to expand, reaching the maximum at the end
of the last drilling period.
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Oritling time n days

3.1: Drilling time versus depth for the borehole F3i2.

When the flushing water passes down through the drillrods
the excess pressure is reduced by frictiom. The sxtent of
this reduction is partly dependent on the flow-rate of
the water and the diameter of the drﬂl-md and can be
calculated according to the uniwversal law of resistance
or Darcy-Weisbach™s furmula:
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where h. = pressure reduction {(m wc)

= resistance coefficient

average velocity (m/s)
acceleration dwe to gravity (m/s )
tube resistance

tube lenyth (m)

tube diameter {m) -
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The drill-rods, which have an inner diameter of 37.5 mm
and are 3 m in length, are connected by 0.2 m long
couplings with an inner diameter of 22 mm. The average
waterflow during drilling is 20 1/min. This implies that
whén calculating the pressure reduction, the influence of
dimensicn changes must also be taken into consideration:

2 2 2
L V1 VZ V2‘
he = Syzg tl2zg (53t ve) 2 (3-2)

where v‘1 = yelocity in the drill-rods

v, = " " " couplings
Ly = 0.028 x L/d
&y = 0.027 x L/d

. (1-a"’2/a§1 )22= 0.43
cq = 0.5 (1-d",/d")) = 0.33

The first two terms refer to the pressure reduction due
to flow in the rod and coupling respectively. The last
term refers to energy losses due to eddying at the
widening and contraction of the inner diameter. This
gives a total pressure reduction of 1.6.10"2 m/m. An
additional pressure drop will occur at the drill bit.

Taking into consideration the actual drilling tiwe, the
excess water pressure and flow. a rough estimate to the
amount of drilling water entering the bedrock can be
carried out. The estimate is very rough and it is
racommended to compare 3he results obtained by detailed
measurements of flow and pressure during drilling.

The time for drilling 6 m is set to one hour. During this
time an excess pressure of 200 m of water will prevail at
the drilling section. Since the measurements of hydraulic
conductivity are usually performed in 25 m sections,
these longer sections are used as a base divisisn of the
borehole. Thus, fn the 25 m section containing the actual
drilling section, a full excess wa'te'r‘ pressure is assumed
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to prevail. The overlying 25 m sections lying above have
all a decreasing excess water pressure in accordance with
a linear decrease. For ins&ance, when the dri]]i_mg has
reached section 100-125 m, section 75-100 m is assumed to
have an excass pressure of 0.8 times the excess pressure
at the drilling section.

The water flow into or out ©of each 25 m-section ¥ the
borenale can be calculated Dy the following equation
(Carlsson and Carlstedt, 1977):

Q= a-K-L-o (3-3)

flow of water (m\3/s)

Qhere Q =
a = parameter describing time and geometry ( = 1)
K = hydraulic condwctivity (m/s) ‘ |
L = length of boretzole section (m) (L = 25 m)
AH = excess pressure in the borehole section (m)

The amount of water injected into the drilling section
be'ing considered can then b= estimated by multiplying the
flow-rate with the drilling time. However, the actual
time of water injection diridng drilling of the 25 m
section is estimated to be Malf of the actual drilling
‘time. The remaining water ¥low will continue to the next
section above where an estimate is carried out im the
same manner. Thus, a step by step calculation is carried’
out and a summary of all st=ps will give zn estimate of
the total amount of water imjected %0 the bedrock during
drilling, disregarding any <logging effect and pressure
drop at the drill bit.

Figure 3.2 shows estimates of the fnjected water into
different 25 m secticns of 2he boreholes Fj2 and FJ‘A'
(F§dliveden test-site). Tab3e 3.1 summarizes the
estimates of the total inflow to the bedrock and the
water balance for the drilidng perfod.’
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Table 3.1:  Estimates of the water balance during drilling of
selected boreholes. Each busehole is 700-800 m in
length.

Borehole Estimated total Calcelated drilling Drilliemg water
use of flushing water injected into returned to the

water during the Bedrock ground surface
dril%ing, 9 3
(a7 )**) (m) (m)
Fj 2 ' 135.0 134.9 0.1
Fj 4 o 135.0 134.9 0.1
Fj 7 125.0 3.3 %) ?
Fj 8 140.0 88.5 51.5
Gi 2 130.0 112.3 17.7
Gi 4 - 130.0 i25.9 4.1
Km 3 130.0 130.0 -
Km 8 ' :
Km 13 125.0 . 21.4 103.6
K11 105.0 105.0 -
Sv 4 125.0 100.3 2.7
Sv5s 155.0 83.9 71.1
Ta l 130.0 20.6 109.4

*) K-values are unavafiable ¢owm to 125 m.
#*) Al measures are calculated on the assumption of a
drilling water rate of 20 1/min
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Figure 3.2: Estimated: ralculatwuns of the amount of
dritling water entering dwfferent 25 m
sections during drilling of boreholes Fj2 and
Fj4.

Gas-lift Pumping

After drilling is completed, the boreholes are cleared
from rock debris and drilling water by gas-lift pumping.
This is performed by iniroducing nitrogen gas down the
borehole through a plastic hose and then forcing out the

about 20 meters above the bottom of the borshole and no
packers are used to seal off any particular sectfons in
the boreholes. The initial pressure of the gas is 20 MPa.
The gas will continue to flush the burehole until the
pressure has dropped to about 8 MPa. After that there is
a recovery period, during which the water level in the
borehole rises to its maximum again due to the inflow of
water from the rock. The flushing and recovery procedure
is then repeated, in total usually 84 times during the
complete cleaning operation after the drilling. The
amount of water removed from the boreholes depends on the
hydraulic properties of the irock. Usually it is about 4-5
m for each flushing perfod and thus 16-20 m™ in,

total for one borehole. '
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3.4.1

During drilling Nal (0.0l smol/1) has been added to the
drilling water (now superceded by uraninine), to enable
the tracing of_any residual drilling water remaining in
the groundwaters. As an estimate to the amount of
remaining drilling water, samples are occasionally taken
during the gas-lift pumping for rough aralyses on the
concentration of suspended particles and tracer.

The main cl:zaning operatica is romally performed after
com;ﬂetibn of the drilling bwt prior to geophysical
logging and hydraulic testing. Howsver, additional
cleswing is a1s0o parformed im some boreholes iefore water
sempling is conducied. Tie flasiiing is pesformed in the
same way as described above and is usually repeated 3
times. Thus, the total zmount of water pumped out of
every investigated borencle is 28-35 m™,

Hydraulic Testing
General
Measurements of hydraulic conctuctivity are normally

performed in the boreholes. These measurements, in the
form of water injection tests, are carried out along

_different sections of the dboreholes (diameter 56 mm).

Usually 25 m sections are sealed off by means of
inflatable rubber packers. In addition, sections of 2, 5
or 10 m are used in parts of the boreholes where fracture
zones of interest are found, The lower measuﬂng limit of
the equipment used {s 1.0 /s when performing 25

m section tests. ‘ :

. The tests are carried cut as constant head water

injection tests performed in three consecutive phases
(Carlsson et al 1983):

- packer sealing - {approx. 30 min.)
- water injection {approx. 120 min.)
- pressure fall-off &adprox. 120 min.)
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After the borehole section to Be tested is isolated, a
constant water pressure is applied. As a rule this
pressure exceeds the existing matural water head by ©.2
MPa (£0 m water zolumn). The pressure is then measured in
the test section and maintained at a constant value by
regulating the waier flow. The water flow is registesed
after commencement of water imiection as a funciion of
time. Assuming on outward radial flew from the test
section, the fluy can be expressed as: '

Q(t) =20 KL HEE) (3-8)

where Q{t) flow as a functiom of tims t (ms/s)
K = hydraulic conductivity of the tested section.
A{equivalent porowss media) (m/s)
G{a) = well function at constant head
H = constant excess gwessure in the tested
- section (m wc)
L = lensth of tested section (m)

a = Kt/r %s (3-5) -
w's

where r,c borehole radius (m) 1
Ss = specific storage coefficient (m )

When the value ofa is large, ¥ .e. extended testing tiEme
and/or small values of r , G{a} can be approximated My
2/¥(u), where ¥(u) constitutes Theis's well function
whereupon '

u = 0.2/a | (3-6)

For values of u < 0.01 {a > 25) the well-function may be
written as: ‘ C

Wu) = -0,5772 - Iny =
= 2.30 Togl(2.25 K t)/r:ss) (3-7)
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Thus, without any skin-effect, equation (3-4) may be
written as:

Q(t) = 5.46 K LH/Togl(2.25 K t)/r:Ss') (3-8)

The theoretical flow decreass might be influenced by
factors associated with ithe orehole, the equipment and
the bedrack (e.g. skin effect, equipment compliance and
hydraulic variaticns). By using. cosstant head testing,
the effect of equimment c'omplianms is reduced and by
using transient testing it is possible in most cases to
evaluate or estimate the influence of the disturbing
factors. ' '

In the third and last phase of the water injectiom test,
the water flow to the test section is stopped and the
pressure falls off. The hydraulic cznductivity is

calculated both from the injection and the fall-off

3.4.2

phases.

Influence on the groundwater conditions

Yater injected during hydraulic testing will influence
the hydroczemical and hydraulic conditicss of the
groundwater. However, it is this change in hydraulic
conditons that forms the fundamental concept for the
hydraulic testing where the response ¢f a controlled
disturdbance in the groundwater system is monitored and
analyzed regarding the hydraulic praperties and
conditions.
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Amount of water (m?)

10 10°° w - it 0°

Hydraulic Conducivity (mis)

Figure 3.3: Amount of water imjectied during hydraulic
testing as a function of the hydraulic
conductivity for a one meter section with an
excess pressure of 0.2 MPa and a testing time
of 2 hours. (N.B. For explanation of the
specific storage (Ss) see Section 3.6).

To estimate the influence of <The hydraulic testing, the
amount of water injected durimg the injection phase, and
the area influenced around the borehole, have to be
calculated. The amount of water injected is given by:

t _ :
ve/ o) at (3-9)
0
where Y = amount of injected water curing time t

By using equation (3-8) and {3-9) the diagram in Figure
3.3 is constructed. In the Figure the amount of injected
water is given as a function of the hydraulic
conductivity for an equivalent porous media with a gest
_section of one meter length ia a borehole with 56 n=a
diameter. The test duration 1s 2 hours and the excess
water pressure is 0.2 MPa. Thass, at hydraulic
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conductivities exceeding 5,107 m/s, more than one

litre per metre test section is injected to the bedrock.’
I% should be noted that the amount of water injected
during the hydraulic testing is usually not removed from
the borehole. During the recovery phase of the test the
head will drop but no water is allowed to flow out from
the borehole.

By using equations (3-3) and (3-9) and totaling the.
amount of water injeécted in each test-section of a
borehole, the total amount of injected water to the
borehole will be obtained. In Table 3.2 an estimation is
given of the amount of water injected into the bedrock
during the hydraulic testing in the sites considered in
this report. '

Table 3.2: Estimated amount of water injected into the bedrock
during hydraylic. testing along 25 m-sections at
different test-sites.

Site/. Amount of water Site/ Amount of water
borehole injected along borehole injected along
25 m sections 25 m sections
() 3 (m)
Fj 2 3.0 Km 3 0.9
Fi g - 0.9 Km 8 1.0
Fj? 0.1 Km 13 0.5
Fj 8 0.4 ¥m {13 holes) 12.0
FJj (9 holes) 6.9 3 ,
' Sv 4 1.0
Gi 2 2.5 Svs 1.7
Gi 4 2.2 Sv (6 holes). 8.0
Gi (13 holes) 24.0 :
Ta l 0.3
Kl 1 ‘3.1

* Fj = Fjdllveden; Gi = Gided; Km = Kamlunge;
Sv = Svartboberget; Ta = Taavinunnanen; K1 = Klipperdsen.
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Water Sampling
Water is sampled continuously from sealed-off sections in

selected boreholes within each site. 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 some cases samples are taken betweenm one packer and
the bottom of the borehole. The water-is transported. to
the ground surface by a pump positioned above the scaled
off section. The pump has a maximum capacity of about 330
1/day.

The sampling procedure is commonly performed during 14

" days for each section. Details of the sampling procedure

are outlined helow in Section 4. The total amount of
water pumped out from the boreholes during water samplisng
is suemarised in Table 3.3. ‘

Table 3.3: . Total amount of water puuiped out from the boreholes

during water sampling at different test-sites.

Site/borehole Total amount Site/borehole Total

of water pumped amount of
out (m”) water pumped
- ’ out (m”)

Fi 2 13.7  Km3 13.1

Fj 4 15.4 Km 8 . >8

F§ 7 17.7 Km 13 11.8

Fj 8 4.0

Gi 2 18.1 Sv 4 15.7

Gi 4 9.5 v S 6.9

Ta 1l 14.7 K1 1.9

* F§ = Fjillveden; Gi = Gided; Ta = Taavinunnanen;
Km = Kamlunge; Sv = Svartboberget; K1 = Klfpperdsen.
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3.6 Open-hole Effect
3.6.1 Gzneral considerations:

The mere existence of a borehcle is a source of influence
on both the groundsater chemistry and the hydrogeological
conditions. This influence is due to the short-circuiting
caused by the borehole itself an the maturally existzing
hydraulic head differences within the bedrock. These
differences depend on the regional! and local geological
and topographical conditions within the actual area. In-
an open borehole short-circuiting will cperate for a Tong
time, affecting under certain conditions both the
existing head distribution, the groundwater chemistry and
the groundwater turnover time, within a large area.

The results from hydraulic testing and core-logging
carried out within each site subdivides the bedrock into
different hydraulic units. Currently, this subdivision
recognises two types of fracture zones, regignal and
local, and the remaining rock mass (Aklbom et al, 1983a).
The results show that different hydraulic head exist in a
borehole, but due to the borehole itself the groundwater
level bas equilibrated. However, the groundwater will
still continue to circulate in the borehole, flowing from
zones of nigher hydraulic kead to zones of lower '
fiydraulic head. Under ideal conditions, with a constant
groundwater Jevel, the amount of water entering the
borehole shoula be equal to the amount removed. This
circulation will affect both the nydraulic and the
chemical situation in the bedrock survounding the
borenole.

In order to illustrate the conditions mentioned, a series
of theoretical models are treated, starting with the
simple case of an unconfined aqaifer above and a confined
aquifer below an fmpervious layer. In this case
groundwater will flow through the borehole from the zone
of higher to the zone of lezi? hydrauiic head, and the
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groundwater level in the borchole will be situated
somewhere between the two different piezometric levels.
The amount of flow (Q) is determined by the difference in
hydraulic head and the hydraulic conductivity of the
actual zones and can be calculated from Dupuit’s formula:

Q =2nK H as /In (R/-rw) : (3-10)

where Q = flow of water (m3/s)
K = hydraulic corductivity (m/s)
H = thickness of the aquifer (zone) (m)
4As = head difference in the borehole (m)

radius of influence {m)
= radius of the well (m)

As the flow from the zone of higher head (Q ) is equal
“to the flow into the zone of lower head (02* the
equation becomes: '

AlelHl . ASZKZHZ

1n(R1/rw) ]n(R'z/rw)

(3-11)

‘Defining M =as) +4s, and R” = 1n (Ry/r )/ In(Ry/r)
the equation becomes:

(R’KIHI/KZHZ)
As_/M = e . (3-12)

2 -
(1+R KlHl/KZHZ)

The ‘ekpression Tn(R /ru)/ln(R /rw) will probably
~not exceed 2 or fal?_be'low 1/%.
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In Figure 3.4 a set of type curves is gresented showing
As,/M for different values of Kl/k?. and H M,

These curves show that the greater l(1 and Hl become,
compared to K and H_,, the closer to the higher

- piezometric level wifl- the equilibrium level be. The
models are described in detail in Appendix 1.

2
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Figure 3.4: The relation between the resulting
groundwater level (equilfibrium level) and
hydraulic conditions of two conductive
fracture zones separated by an impervious
layer. as,/M as a function of l(l/l('2 for
different ratios of HI/HZ'
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A generic model, based on geometrical data from the
-Kamlunge ‘site, is calculaied by the finite element '
program GEOFEM-G (Runesson et al, 1979). The object is to
illustrate the influence on the groundwater heaad of a .
.borehole sited in. the central part of a circular area
having a diameter of 3.2 km. The area comprises a large
hill with a relative height difference of 120 m
surrounded by-a “circular" fracture zone in the
circumjacent valley. A section through the hill is given
in Figure 3.5, where the boundary conditions used in the
model calculations are also shown. The total depth of the

calculated section is 1000 m.

The calculations are perfermed in a ssquence comprising:
1) calculation without a horehole, 2) <alculations only
within a borehole, and 3) calculations when the borehole
in the studied models is taken into account. In this
section a brief summary of the results of the model
calculations is described; for a more extencive

m
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CIRCUMJACENT FRACTURE ZDNE
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Figure 3.5 Section through the generic area modelled with

boundary conditions given in the calculations. . . =
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Based on the boundary conditions given in Figure 3.5, the
hydraulic head is calculated withiin the whole area
studted. Four different cases are studied with different
hydregeological parameters and comditions as shown im
Figure 3.6. In cases A and B, a comstant hydraulic
conductivity is allocated for the rock mass. Incases C
and D the hydraulic conductivity decreases with depth
acceréing to the formula givén- by Larlsson et al (1483)
for the Kamlunge site:

-3 2-3'.17

K =7.91 x 10 (3-13)

where Z is the depth below ground surface (Z > 50 m).

In cases B and D the influences are illustraled by t=s0
horizontal continuous fracture zones, with a thickness of
10 @ each, which extend through the whole model. Theze
fracture zones are given a hydrauidc conductivity of
1.107 m/s, while the outer limitimg "circular® zone

“has a conductivity value of 1.107° m/s.

log K i) ® taA)
-n A ] -9 -8 ‘? -8 B4 - -0 -9 -8 h’ 6
a 1 n 1

-’ , . a o

A

(@4 (94

log K [aA]
K -8

(& 4 2
820

Figure 3.6 Hydraulic conductivity versus depth in the

different cases studied. c.z. = circumjacent
~ fracture zone.
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Figure 3.7: Groundwater head a}ng the S-S~ sym=try &@xis
before the drilling {see Figure 3.5 &ir Baxcatios of

symmetry axis). -

Along the symmetric line S-S~ (se2 Figure.5), a
borehole is drilled to 600 m depik. The ¢gmunduw=Ter hed
profile along the lire before the borehole is ¢rdlled is
illustrated in Figure 3.7 for the di Ffere cas=s
considered. Based on these profiles the gmmdwster leve
within the borehole is calculated (Table 1.4) assuning
that the water balance fs maintained in iz hole (i.e.
constant groundwater level). Furthermore, e $=¥Fuence
radius on the groundwater head from ¢he torchole is
assumed to be the same, regardless oF the ydrazms? ic
conductivity value of the surromding rod. The
analytically calculated head for the diffemt cases e

shown in Table 3.4.
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3.4: Calcd?ations of the groundwater level in @ 600 &
deep borehole sited in the centre of the sZudied
model, and of the groundwater in- and outfiow within
the borehcle. For the analytical aad rumer3cal
calculations for different cases studied, =ee Fig'uré

3.6.
 Case Calcutated groundwater . Annual exchangz of

Tevel (m below gw-level groundsater widhin the
in the uppermost " borahole (3/ymar)
bedrock i.e. 150 m)

A 36.3 9

B 106.1 190

c 0.3 - 10

D 28.6 1500

The second and last runs of numerical calculatiems

comprise models where the groundwater level in &he
borehole is given as boundary conditions along e wyper
600 m of the symmetry axis S-S”. To illustrate he
influence on the hydraulic head orientated horf=zontally
out from the borehcle, two sections of head proFile at
160 m and at 550 m fespecti vely dows the borchoBe are
shown in Figures 3.8 and 3.9. In these figures @he head
increase or decrease in relation to the conditicns tefore
the borenole was drilled are given as a functiom of the
radial distance from the borehole for the diffes-ent cases
considered under steady state condiiions. The g=—=atest
influence 1s obtained in case D where Horizonta®
fractures exist in the rock mass which has a decsreasing
hydraulic conductivity with fncreasing depth. Im the case
of constant hydraulic conductivity with depth (=ase A), a
large head influence is also cbtained. Hoever, €he
distance of influence into the bedrock {s greate=st when
horizontal fractures are present. '
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Figu're 3.8: Groundwater influence due to the difference im
piezometric head before: amd after drilling along a.
horizontal profile projecting from the borehole out
into the bedrock (steady state). Cases A and B.
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Figure 3.9: Groundwater influence due to the difference im
piezometric head before amd after drilling along a
horizental profile projecting from the borehole out
into the bedrock (steady state). Cases C and D.
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Drilling Debris

The debris formed during dri®ling consists of a very

fine-grained powder. The grain size, which varies with
rock-type, drill-bit shape amd drill-bit-pressure, is
5-1D pm for granite (Craelius Co pers. commun, 1983).
This corrcesponds to the finest interval of silt.

The bedrock volume converted into debris is 0.75 m3 for
a 700 m borehole of diameter 56 wm and a core diameizr of
42 mm. Assuming a nporosity of _70 % the driliing deSris

will occupy a volume of 2.5 . in yeneral, below 100 m

depth no flushing water, and theredy no drilling debris,
is returned to the surface. Thus, 2.2 m drilling

debris will remain in the borehole and the adjacent
bedrock after the drilling is completed. in comparison, a
700 m =mpty borehole of 56 mm diameter has a volume -of
1.7 w” and the drilling debris would thus fill out a

900 m borehole. '

Some of the drilling debris ¥s removed by gas-lift
pumping but to date dnl_y cuafitative measurements have
been performed at the Swedish site investigations (see
Section 6). Some authors claftm that gas-lift pumping. does
not remove the impairment (NUREG, 1983).

The drilling debris influences the hydraulic conditions
in the bedrock by obstructing the groundwater flow in the
fractures. The bedrock volume around the borehole

is called the skin zone, which serves to reduce the
hydraulic cosmunication between the borehole and the
rock-formation. By usfng a transient hydraulic
test-procedure and long injection-times the skin-zone
will not normally affect the hwydraulic conductivity
measurements, only the transfent course (Andersson and
Carlsson, 1980). This 1s true when the injection time is
of a long enough duratfon so that the perturbation from
the imposed hydraulic pressure exceeds the skin-zome
(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 formu]a:

5-K-t 2. \

ro = (-.—___’3SS ) (3-14)
where K. = hydraulic cenductivity  (m/s)
t = injection time (min)
Ss = specific storage (1/m)

Thus, the influence radius is dependent on the hydraulic
conductivity of the tested borehole section and injection
time (Figure 3.10). The specific storage is a parameter
describing the elasticity «f the combined bedrock-fluid
system, The Tower the S value the more rigid is the
system and thus the influence radius increases as the

" force (excess water pressure) is less absorbed by the
elasticity of the system. '
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Fig 3.10: Theoretical relationship between influence radius and
hydraulic comductivity for a homogeneous medium
(injectfon time 120 min).
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The skin-zone radius (r_) formed by the drilling debris
within the 700 m borehole (2.2 m”) can be estimated if
the porosity of the rock-faormation directly affected by
the drilling debris is kncwn. The porosity of crystaliine
rock can, according to Norton and Knapp (1977), be
divided into flowﬂ_ diffusion- and residual porosity:

gtot = QF + GD + GR (3-15)
The flow porosity represents the voids within a rock
through which the dominant mode of fluid and aqueous
species transport is by fluid flow, and thus the
potential volume for the drilling debris. to be deposed.
According to Norton and Knapp (1977), published and field
gbservations indicate that flow poresitics range from
1.107 ¢ 1.107°. Furthermore, flow porosity is a
small fraction of the total porosity. Gale (1982) points
out that it is quite pussible that ihe- total fracture
porosity is much higher inan the flow fracture porosity
computed from injection tesis. In fact, it is reasonable
to assume that the fractures have openings which are not
participating in the flow, but rather provide voids for
the contaminant of drilling debris. Yalues of the flow
porosity in crystalline bedrock are presented in Table
3.5. '

Table 3.5: Flow porosity determined fromycrystanine bedrock.

Rock tyne Flow porosity Reference
Granite (Stripa) 1.2 x 10 Lundstrom and. Stille
(1978)
" " 8.0 x 107 Andersson and Klockars
| (1984)
Granite 5x_1o‘2- 4x107°  Bianchi and Snow
’ {1969)
Granite rock 1 x 107 Gale (1982)

Quartz diorite 2-3 x 10-3 ¥Yillas (1975)
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The skin-zone radius can be estimated using the following
expression for a 700 m borehole at maximum flow porosity

~(i.e. 100 %). :
1/2

- 2.2 2. '
v e ) (3-16)
where OF = flow porosity
r = skin-zore radius (m)
ry = borehole rudius (m)

In Figure 3.11 the estimated skin-zose radius versus
different flow porosities is given at different degrees
of filling. At a flow porosity of 1.10~3 the

skin-zone radius changes frem 1.4 m to 1.0 m when the
filiing degrzz of the drilling debris changes from 50 %
to 100 %. :

01 S — —

10" . 10°3

Figure 3.11: Estimated skin-zone radius (r_ ) for
different flow porosities (9'3 at 100
v % and 50 % outfﬂl»wwith drilling debris
from a 700 in deep borehole.
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From Figure 3.10 it can be seen that with r =1 m and
with an injection time of 120 minutes, the hydraulic
conductivity cf the skin-zone must exceed 6.10 mfs
‘when S = 1..?10"'6 for the isposed pertwrbation to

reach ?'ﬁ?’io the urdisturbed rock formation.
For example, a skin-zone radius of r_ =1 m along the
whole boreziole s of course a purely statistical measure.
In reality the skin-zone is a functiom of the hydramlic
conductivity, i.e. the highar the %-value of a borelcie
section the more &rilling water will flow through ik, ard
also %he amount of drilling dedbris. Therefore, from the
calculations in section 3.2 the amount of drilling water.
from the drillima procedure entering 25 m-sections of a
borehole reflects the distribution of &he width of the
skin-zone radius.

Supposing the caucentration of «drilling debris in the
flushing water s constant during drilBing, then the
amount of debris estering every 25 m-section is easily
calculated. Furthesmore, if the flow porosity and tie
ariount of debris accumulation in the reck is estimated,
tie skin-zore radiss of every 25 m-secion can be rowghly
calculated. Two exsmples are presented in Figure 3.E2.

f 2 Fj 4 -

0?0 w0 e e m) w? oAt 10 e im

" e I A i 4 ya e — A

100 -
200 4
300 -
400 4
500
600 4

700 4-——-—!—[
I toon 2 100

BOREHOLE : EOREHAE :
LENGTH (m) i LENGTH n) $R0 %

F1Me 3.12: Rough calculations of The skin-zone radius §m 25
m-sections of two 700 @ cored boreholes assuming
an accumuslation degree of 0 ¢ and 100 ¢ of €he
flow povrssity.
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Summary

A borehole drilled in crystallime bedrock influences the
groundwater conditions. In addi&ion, borehole drillimg,

gas-1lift pumping and hydraulic testiing also influence the
hydraulic and chemical conditioms of the groundwater. The
two main sources of influence found are- those of drilling
and the open-hole effect.

Based on values of drilling rate, drilling water pressure
and flow-rate, and the hydraulic conductivity of the
borehole, a very raugh estimte can be made on the wmount
of water injected into the bedrock durieag drilling. It
has been calculated that more than 100 m of drilling
water is injectad to the bedrock under certain
circumstances. The drilling vater has a chemical’
composition normally diverging Twowm the natural
groundwater at 2ach respective groundwater level _
traversed. During gas-3ift pumpiang, caly a small part
(12-20 %) of the drillimg water is fiushed out;
consequently most of it remains in the bedrock.

The long-term infliuence of the open-hole effect is
itlustrated by numerical modellémg of a genzric site.
Depending on the occurrence of aifferent hydréulic units
such as fractuvre zomes, and different assumptions as to

- the variation of hydraulic condectivity with depth, the

amount of water circulating in @ borehoTe might be
several hundreds of m~ mer year.

During hydraulic testing additiomal water is injected
into the bedrock, althouigh this amount 8s very small
compared to the amount injected during drilling. A second
gas-1ifting operation perforzed prior to water samp!ing '
flushes out some additional amomnts (8-15 %) of the
remzining drilling water., The fimal procedure to take
place is water sampling, during which a somewhat smaller
volume of water 1s remowed from the borehole than during
the cleaning operation. However, the major part of the -
ifnjected drilling water 1s sti’® left i@ the bedrock.
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In Figure 3.13 the calculated amount of water enfierim
and leaving the bedrock surrounding bos=reholes F 2 an¢Fjé
{disregarcing the open-hole effect) is presated—~ The
figure also shows the water budget estimatisas faer th
sampled level 123 m (borehcle length) dn Fi. In this
case the long-term importance of the cpen-lzle efffectis
illustrated.

The different terms of the water budge® for a watzer
sampled level (2.7 m length) is obtainaed by lineasr
extrapolation (i.e. x 2.7/25) of the calculated w=lues
from the actual 25 m section. This excBudes the =ampling
amount, which is a direct measure of tie 2.78 sexctios.
This extrapolation is valid if the hy@raulic proprertis
(K-value, hydraulic head), measured in 25 o sectiomns, #re
uniformly distributed along the complete section. I7 e
water-conducting fractures are concentzated ealy wyiihis
the sampled ﬁoﬁzon, the influence of &he borehoTem acti-
vities is correspendingly higher. If tize sampled “orizm
falls outside a fracture zone, the opposite effect is
true.

The numerical calculations presented a¥so show teat te
fracture zones, i.e. zones of higher hydraulic
conductivity, are of major importance. Short-circ:mi’tiyg
by a borehole will eventually result im the &rill&ing
water being-replaced by fresh grouﬂdwa"s:ser. Tais
replacement might be caused by the flow of ¢rill famg wter
from the rock to the borehole (recharge zone). Im this
case the fresh groundwater is likely to be from time
hydraulic zone itself and thus represerstativ for the
level. When replacement is in the other directiom
(discharge zone), i.e. an inflow of water fra thee
borehole to the rock, it is likely that the &ril}Gng
water will be replaced by groundwater eamanating ferom
other parts of the rock than the actual zcone. If =he
borehole is left for a long time, withomt the mosx
conductive zones being sealed off by packers, the
short-circuiting might seriocusly affect the saturally
existing groundwater conditfons at the site irea.
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Figure 3.13: Estimated water budget during different activities’

for boreholes Fj2 and Fj4 disregarding tte open-

hote effect. The hottom diagram 11lustrates the
water budget for section 123-126 m withis borehole
Fi2. :
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The time elapsed before sampling is conducted in the
borehole will influence the quality of the sampled water.
The kind of influencé depends on whether the sampled
section of the borehole represents a recharge or a
discharge zone. If sampling is carried out in a recharge
zong, all the drilling water once injected into the zone
may have been replaced by fresh groundwazer and thus the
sample will consist of up to 100 % grounduater
representative for the actual level. If, in contrast,
sampling is carried out in a discharge zose, the water
sample may be up to 100 % drilling water or fresh
groundwater unrepresentative for the actual level.
Consequently, depending on the hydraulic head, the
hydraulic conductivity of the sampled zome, and on the
time elapsed since completion of the core drilling, the
sampled water may consist of anything between 100%
drilling water and 100% fresh groundwater.
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GROUNDWATER SAMPLING AND ANALYSIS
Sampling Procedures

Deep-hole groundwater sampling methods within the SKB
programne are well established (e.q. Laurent, 1982;
Almén ot al 1983) and will thewety only be briefly
outlined here. :

~In accordance v_un the hydrauldic conductivity

measurements several water-conducting zaenes are normally
selected from each borehole. Im general , zones recording
positive heads combimed with hiigh hydrawlic ’
conductivities (>1,107 m/s) have proved to be the

most favourable for groundwatew investigations. At lower
conductivities, it 5 not possible to achieve"thg
necessary pusp flow of 100-250 ml/zin for gractical
sampling purposes. Morm:ily a 2.7 B section containing a
single or multiple fissure zone is isolated using rubber
packers inflated with nitrogen gas to a pressure of
0.8-1.0 MPa above the groundwater pressurve. '

Guié_ied by the geological resul&s from tiwe core mapping,
single fissures (if easily accessible) are preferred to
the larger fracture zones becamse of the difficulty in

ensuring complete isolation. I€ unsuccessful, wa?;er from
outside the packer sleeves may be sucked into the '
sampling section by a short-circuiting fracture network
which can channel water in fross outside sources. In some

' cases samples are taken betweem one packer and the bottum

4.1.1

of the borehole.

Equipment

The equipment used for the growndwater sampling is
schematically shown 1in Figure 4.1. The water-bearing zone
is sealed off with two rubber packers between which the |
sémpHng pump is positioned. Both the packers and the

N _&j
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pump are nydraulically operated from the ground

surface. The water is iransported up through a steel pipe
the inside of which is coated witls a polyethylene plastic
lining. At the surface the water passes a "flow througi™
cell where the physico-chemical parameters pH, redcx
potential (Eh), sulphide content ﬁpSz-), dissolved

oxygen content (DO) and conductivity are measured; pH, Eh
and p$~ are registéred on a continuously monitoring
chart recorder. The "flow through™ cell is equipped with
inlet and outlet valves for convemient calibration of the
sensors. Calibration solutions are passed through the
cell using a circulation pump. The cell and ihe downhole
pump are made of stainless steel; all other pirts that
come in contact with the groun&waﬁer are made of plastic.

Drive water - -

Drive water jump

Outlet for
sampling
Pressire vossel Conductivy
* Pulsator @ ®
' \ Measuring electrodes
Peckers

Figure 4.1: Schematic illustration of e sampling equipment.
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4.1.2 Sampling programne

After drilling and on completion of the hydrologic #ests,
but prior to groundwater sampling, the borehole in
question is normally cleared of residual waters (e2.g.
drilling water and groundwater mixtures from different
sources) and rock debris. This is carried out by gas-lift
pumping (see section 3.2) which involves introducing
nitrogen gas down the borehole through a plastic hose.
The burehole contents are then forced from the hole in a
series of pulses of decreasimg strength, ' '

~Sampling is usually carried cut é;;ring a 14~déy period
for each horizon. For the first 4 days groundwater is
continuously pumped to try anmd ensure maximum removal of
drilling water or other coentaminants that may still
remain after gas-lift pumping. Neither sampling nor
field-measurements are made during this stage. Suring the
remaining 10 day period, systematic groundwater sampling
(usually comprising 7 to 8 samples) and field
measurements are carried out. The flow-rate chosen to
pump the groundwater to the surface (100-200 ml/min) is
based mainly on practical considerétions, i.e. the
groundwater yielding 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 1is prolonged by an
additional two week period. After the sampling has been

. completed, the packers and equipment are moved to another
suitable level or horehole. A schematic summary of
activities surrounding the sampling period is presented
in Table 4.1. '
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Table 4.1 Sampling activities within a norma) week pumping
m2riod

;2223??7\\‘\\£31\» 12345678910 11121314

Start up #& a pew X X
section

Calibratiom of X X
field sensoxs

Field measwurxrerents . (xX) x x(x) x x X x

Sampling forxr enalysis XX X X X
of main comstituents

Sampling for analysis _ x
of trace elaments,
isotopes amel gases

Pumping foxr cleaning X X X X

Pumping for sampling X X X X X X X X

Table 4.2 Amalysis performed on sampled groundwaters

Normal grourz<iwater Trace elements, isotopes
consti twents and dissolved gases

pH Uranium and 234[}/2380

Conductivity Radium

So6dium Radon

Potassium Thorium

Calcium H (Deuterium)

Magnesium *H (Tritium)

Silicon 3¢ :

Ammonium , s

Iron '%0

Mancanese Nitrcgen, degassed

Carbonate, total Helium, degassed :

Chloride Carbon dioxide, degassed

Fluoride

Sulphate

Sulphide

Nitrate

Nitrite

Phosphate 5 o

TOC (Total @Eganic Content) - e e LG e e e L e e e e

Iodide
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Sample Preparation and Analysis

The samp)éd groundwaters are analysed for a whole range
of chemiszal species which are listed in Table 4.2. Most
of the samples are collected in acid-washed polyethylene
bottles and those for analysis of metals and cations are
acidified with hydrochloric acid. For the analysis of
total sulphide, the sample is collected in a glass bottle
and preserved using zirnc acetate and sodium hydroxide. '
Water for anion analysis is collected in a borosilicate
glass boztle with a ground g1ass§ stopper. Care is taken
to ensure that no air remains in the bottles after the
stopper is in place; a leak-free seal is maintainad by
storing the boitle upside down. Particulate material is
removed for analysis by filtration using a 0.45 micron
membrane filter. During the period 1982 to the present
several laboratories have been involved in the sample
analysis. The most common methods used. are atomic
absorption and calorimetry. ‘

Aralysis of tritium and the stable isotopes (ZH and

0) are carried cut on untreated water samples
collected in glass bottles (1 Titre and 300 ml amounts
respettiveliy). For MC analysis sufficient carbonate
and carbon dioxide must be available from the ground-
waters under investigation. If present, these contents
have to be concentrated and care has to be employed to
avoid any contamination by air or chemicals. Sample
preparation is usually carried out in the field whereupon
a nitrogenfilled polyethylene barrel (capacity 130
litres) is slowly filled with water which gradually
displaces the nitrogen gas. Hydrochloric acid is added to
convert the carbonate cortent to carbon dioxide and a
stream of nitrogen gas removes the carbon dioxide which
is passed and collected throajgh a sodium hydroxide

- solution.

The analysfs of uranium, thorium_and the uranium daughter

226

decay products ("7 U, Ra and ‘:ZZRn) are
carried out at two laboratories. Hher{g uranium 1s
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determined by delayed neutronm activation (DNA), water .
samples for analysis are collecisd in a 100 ml glass

-bottle. From the same sample f’Ra is determined by

radiochemical separation and measurement of the alpha
radiation; radon is determined by direct gam‘ma
spectrometry measurement, and thorium (23 Th) is
determined by instrumental neutron activation (INAA).
These results are norwally reported in bequerel/Vlitre
(Bq/1) or micregrammes/litre (ug/1). At the second
laboratory, the urani‘um content and uranium
parent/daughter decay pair 23 U and 234U are

determined by high-resolution alpha spectrometry. For
these measuremeénts a five litre volume of water s
collected and, in common for both analytical tséa:hriiques,
the samples are immediately filtered (0.45 aicron
membrane. filter) and treated with sufficient hyd=ochloric
acid to attain a pH of 1.0. Details of sample preparation
for alpha spectrometry are outlined by Duniec et al (in
preparation); uranium contents are expressed in aig/litre
and srrors guoted are at the 2o level.

Determination of dissolved uranium and its gecay
daughters using high-resolution alpha spectrometry was
only introduced after investigations were compieted for
Gided, Fjdllveden and Svartboberget. Consequently, only
some reserve samples were available for analysis. For the
more recently investigated areas, i.e. Kamlunge,
Taavinnunnanen and Klipperds, this method has now become
part of the hydrochemical programme.
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RESULTS AND DISCUSSION FROM THE TEST-SITE INVESTIGATIONS

The results from the investigated test-sites are
presented in Tables 5.2 to 5.25 and Figures 5.1 to 5.79.
As discussed in Section 3.7, the hydrological data used
for calcutation purposes are based on hydraulic
measurements carried out zlong 25 m sections of the
boreholes {except for the total volume of water removed
during the sampling period which is measured directly).
The calcutated hydsr‘aulic- conductivity values for the 25 m
sections are then tinearly extrapolated to 2.7 m lengths.
Usually there is a wide distribution of fracture type and
frequency within such a 25 m section, and as only a small.
percentage of these fractures will be sampled for water
(i.e. the 2.7 m section), the question arises as how
representative are the hydrological data for the actual
fracture or fracture zone being sampied ?

Linear extrapolation of the data to 2.7 m sections gives
a true picture of the water budget if the hydraulic
conductivity is uniformly spread along the 25 m length of
borehole. However, in the event that the conductive
horizon 1S contained solely within the 2.7 @ section, the -
amount of contaminating water injected and removed due to
drilling, hydraulic testing, open-hole effects and -
gaslift pumping, will be about one order of magm‘tude
larger (i.e. max 25,2.7). This problem is partly 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 conductivity, thus having a
dominating influence on the piezometric head.

In addition, the amount of water removed by the gas-lift
pumping is considered to be 100 percent of the drilling
water. In practice, however, the drilling water is mixed
with groundwater from different levels in the borehole so
that the portion of drilling water may vary from 10 to
100 percent of the water which is removed by the gas-1ift
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Table 5.1 Probable compositional. ranges of nen-saline

groundwaters in Swedish crystalline bedrock. The
concentrations are givem in mg/1. {Source: KBS-3).

oH ' 7-9 ca?* 10 - 40
v 0 - (-0.45) - mg®t 2 - 10
HCOy™ 90 - 275 %a® 10 -~ 100
50,5 0.5 - 15 x* 1-5
HPO,Z™ 0,01 - 0.2 re?* 0.02 - S
N0y~ 0.01 - 0.05 mnl* 9.1 - 0.5
F- S 0.5-4 ' s, 0.05 - 0.2
cr 4-15 510, (tot) 3-14
HS™ 0-0.5 f J0C . 1-8

5.1

pumping. The amount of drilling water removed is them a
factor of 0.1 to 1 times the amount of the total water.
removed.

éegarding the following presesnitation of the water
chemistry, mention is made of non-saline groundwaters
characteristic of crystalline bedrock environments im

. Sweden. For reference Table 5.1 presénts the ranges of

he most common chemical species from such groundwaters.
analysed within the SKB hydrochemizal programme.
Fidllveden

The Fjdllveden test-site is located in southern Sweden
approx. 80 km south-west of Stockholm (Fig. 1). The

- regfon is characterise: by a flat topography transected

by several valleys following lineament tremds mostly
orientated in a north-westerly direction. The Fjillveden
site is situated between two such valleys separated by a

distance of 3 km.
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Figure 5.1 The Fjdllveden zast-site. A: Topographic profile
across the site, B: Hypsographic curve showing
altitude characteristics.

The differences of altitude in the area are small and the
relief within the area is low. The highest and lowest
points are 76 and 38 m above sea-level respectively

. (Fig. S.1). ‘

The .regional geology of the F§Zl1lveden area has been
previously described by Térnebohm (1882), Stdlhés. (1975),
Lundstom (1974; 1976) and Wikstrom (1978). As a result
of SkB investigations carried cut in the years 1981-1983,
the detailed geology of the Fiallveden test-site area has
been described by Car¥sten et a1 (1983) and summarised by
Ahlbom et al (1983b).
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A wap of the Fjdllveden test-site area showing the,
general td;:ographic ‘features, together with the dominant
rock-types and the main structural zones of weakness, is
illustrated in Figure 5.2. The geology of the area. is
de=inated by v'eined gneisses of sedimentary origin;
subordinate masses of granite gneiss are also pres2nt and
tend to be mostly concentrated along the northern s3argin
of the area. The vweined gneisses usually contain zmall
gmphibolite bodies orientated parallel to the structural
foliation. Varyihg degees of migmatisation have occurred
coeval with the Svecokarelian orogeny (approx. 18G:£-~2000
Ma) resulting in the formation of irregutarly - shaped
migmatite granitic bodies orientated parallel to the
regional structural trend. Migmatitic gneiss is also
present espe<ially along the southern and eastern margins
of the Fjdllwveden area.

As a result of some 49 shallow percussion boreholes (down
to a maximum of 150 m) and 15 deep cored boreholes (to a
vertical maximum of 700 m) the granite gneiss horizons
are seen to be more continuous horizontally than
vertically. This is thought to be the ccnsequence of
isoclinal folding of the granite and veined gneiss
varicties along horizontal fold axes.

Pegmatite occurs throughout the study site in the form of
dykes and minor ina_ssifs) The youngest rock type present
is colerite which occurs as wvertical dykes (0.5 to 4.0 m
wige) orientated in a north-westerly divection, i.e.
perpendicular to the gneissic structures.

Structurally, the Fjallveden site is bounded to the
north-east and south-west by old (approx. 1250 Ma)
large-scale lineaments orientated in a north-westevly
direction. Borehole investications of these lineaments
revealed that periodic movement had occurred resulting in
shearing, crushing, brecciation and mylonitisation.
Detailed investigations at the test-site i¢self have
indicated the presence of 11 local fracture Zones at
depth, some of which are expressed at the bedrock swurface

L
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Figura 5.2 Topographiic map of the Fjdllveden test-siie area
showing the dominant rock types, the main
structural zones of weakness, and the location of

the 15 (FJ 1 to Fj 15) cored boreholes. (After
Carlsten et al 1983).
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as geophysical anomalies and/or topographic features.
These regiomal and local fracture zones, which range in

V width from <5 to 15m to >50 m respectively, and vary in

dip from ver-tical to'?.Oo, are illustrated in Figure

5.2.

Fracturing of the reck mass based on surface outcrop
measurasents has indicated two main directions:
north-zzst -and north-west, i.e. parallel with and
perpendicular to the prevailing gneiss structures. The
frequency of fractures longer than 0.5 m on outcrops is
0.9 fractures/m; at dép.ﬁ:h the total fracture frequency is
2.5 to 4.0 fracturss/m down to 200 m, and then around 1.8
fractures/m gown to 700 m. The high fracture frequency at
“depth is mainly due to horizontal release joints which
have resulted from the removal of the ice overburden
subsequent to the last ce epoch.

Taking individual rock types, the total fracture
frequency for the variows rocks irrespective of 4epth is
lowest in miomatite (2.8 fractures/m) followed by granite
gneiss (4.3 fFractures/m) and finally amphibolite (5.9
fractures/m) .

The hydrological features of the area have been described
by Larsson (1983) and summarised by Ahlbom et al (1983a).
The Fjallvecden site is situated on the water divide
between two regional drafnage basins of 3620 ka and

340 km2 respectively. This effectively means that the
site constitutes a region of groundwater recharge, with
the Yower-lying parts representing local discharge areas
for shallow groundwaters, which usually coincide with
marsh or peat bog eapanses. ‘

The water balance in the Fjillveden area during the
period 1951-1980 has been calculated to be:

Adjusted precipitation 650 + 25 am/year
Actual evaporation - 450 + 25 mm/year
Qun-off 200 + 10 mm year

N
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Mo.st 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
Fjdllveden shows a groundwater recharge rate in the
crystalline bedrock of atout S mm/year (Carlsson et al
1983). The main recharge period in this part of Sweden
generally occurs in the Autumn whilst a secondary period
occurs in the Spring when the accumulated snow cover
melts resulting in the maximum croundwater levels of the
year.

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

Fjdllveden this means an avérage groundizater temperature
of about 7°C.

A general feature of the groundwater table profile in
Sweden is that it reflects, on a much smoother pattern,
the surface topography. At Fjdllveden this means that the
groundwater table is generally 1-3 m below the ground
surface, but this depth increases to 10 m and nwre below
minor hills and under slopes. Thus, the groundwater level
at Fjdllveden varies from 40 to 70 m above sea-level
which indicates a relatively weak hydraulic gradient. The
greatest'gradient would appear to be along the slopes of
the valleys which delineate the Fjallveden test-site.

Borehole Fj 2

Borehole Fj 2 was drilled at 60° to a vertical depth of
575 a (borehole length 700.76 i) in order to confirm the
presence of fracture Zone 1 at depth (see Fig. 5.2). This
was achieved between 340-360 m; in addition, three more
minor zones were intercepted at 466 m, 596 m and between
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© §98-599 m. Significant losses of drilling water occurred
at levels 24 m, 87 m and 465 m.

The dominant rock type in the borehole is migmatite:
gneiss (90.6 length %) foliowed by gneiss granite (5.6
Tength %) 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 Fjdllveden area, i.e. 2.4 -
for migmatite, 3.3 for gneiss granite and 5.2 for the
greenstone. Related to depth, the fracture frequency
(Fig. 5.3) was considered low and fairly unifore apart
from the upper 150 m (stress-ielea:- "'v'.-':x'""p-. s combined
with a greater occurrence of grecn-Lon2!. % 350 m (local
fracture horizen Zone 1), and bet. an ¢ ;0 m
(predominantly granite gieiss whick is more suéceptib]e
to fracturing than the more plastically deformed
migmatite).
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Figure 5.3 Hydrogeological characteristics of borehole Fj 2.
a) Fracture freqguency (for 10 m sections) and the
cumulative percentage of fractures
b) Hydraulic conductivity ,
¢) 'Piezometric head distributions and hydrostatic
head in the borehole
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Figure 5.4 The groundwater flow-pattern and isopotentials in
the vitim‘ty of borehole Fj 2 illustrated by a
vertical section in the sample plane as the.
direction of the borehole (modified after the
numerical modéﬂing of the XKemakta Consulting Co).

The groundwater flow-pattern in the vicinty of borehole
Fj 2 is illustrated by a vertical section in the same
plane as the direction of the borehole (Fig. 5.4). The
flow-pattern is derived from the numerical modelling of
the groundwater flow at the Fjdllveden site (Carlsson et
al 1983). The pattern shows that the groundwater flow
cemponent in the drawn section is directed towards the -
fracture Zone 1 (Fig. 5.4). In a three-dimensional
respect, the flow direction is along Zone 1 towards the
northwest (Fig. 5.2). The hydraulic cradients are small
and the piezometric head alang the borehole decreases
rapidly from 57.0 m above sea-level in the uppermost part
of the bedrock to 56.0 m at about 150 m along the
borehole length, and is almost constant throughout the
" rest of the borehole (Fig. 5.3).
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The- natural piezometric head in the borenole, derived
from Horner-plots of the hydraulic tests (Ahibom et al,
1983b), results in a more detailed picture than can be
achicved from the numerical caiculations. As the berehole
intersects and short-circuits all the water-conducting
sections, an open-hole water circulation occurs.
Initially, the groundwater level in the borehole will
adjust to the integrated pressure of all the borehole
sections, i.e. the hydraulic heads. This is represented
by the vertical line illustrated in Figure 5.3.c.
Following this, all sections of greater head than the
hydrostatic head of the borehole will tend to contribute
water to the borehole, and contrastingly sections of
lower hydraulic head will receive water. These sections
of lower head can therefore receive water which orgisates
either higher up or dezper down in the borehole, and the
water mixture entering the section will mainly depend on
the hydraulic head and hydraulic comductivity of the
contributing sections. A qualitative estimate of flow
direction for the ﬁircuhtiﬁg water in the borehole,
together with the calculated water budget resulting from
the various borehole activities, is compiled in Table
5.2.

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

The sampled secticn is located within dark-grey migratite

and is characterised by three distimct fracture 2zores in
the core varying in width from 20 to 40 cms (5-10
fractures are characteristic of each zone), and more
minor single fractures. These fractures intersect the
axis of the core at angles ranging from 20° to ’900,

and infilling mineral phases include calcite, chlorite,
epidote and pyrite. ' '
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Hydrology

The sampled level 1ies withim a 25 m section of high

~ hydraulic conductivity (X = 2.10'7lmls). This is
perhaps not so surprising as this level is located at the
bottom margin of that porticm of bedrock which is
coimonly more highly fractured, and correspondingly
characterised by relatively conductive conditions. The
calculated water budget of t&e ssmpled level is presented
in Table 5.2a. The results sow that a considerable
amount of contaminating water (i.e. drilling water;
injection test water) has been introduced into this level
(1.e. positive values) and that a significant amount
still remains after gas-lift pumping and pumping prior to
sampling (f.e. negative values) (Fig. 5.5). These
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calculations also show, based on t%he presence of a
negative deviation in hydrauli’c head from the hydrostatic
pressure, that whilst the borehole was cpen (i.e. prior
to the second gas-lift pumping and sampling), there was a
tendency for water to flow from the hole into the bedrock
along the conducting horizon, resulting in asditional
contamination. |

Water geochemistry

The sampled water (Table 5.2b) is characterised by a pH
of 8.0; of the major cations, Na‘r and Ca2+ are all
present in appreciab:ie but normal amounts for non-saline
grouncwater in Swedish crystallime rocks; likewise for

. the major anions HCO, and C1~ (see Table 5.1). The
presence of 23 1 (i.e. tracer) suggests some limited

mixing with the drillirg waters.

Fj 2:123-125 m

1982 1983 1984

Figure 5.5: Schematic illustration of the calculated water

budget for level 123-125 m 4n borehole Fj 2
(Fjallveden). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling; 5 =
Open-hole effect. ‘ ' '
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Figure 5.6: 61 0 and deuterium compositions of borehole
' groundwaters from the SKB test-site areas.

Redox-sensitive parameters

The presence of S(-11) and Fe(Il) indicate a reducing
environment. This is in part supported by an Fh value of
-80 mV although partly off-set by the presence of small,
but significant amounts of oxygen (0.05 mg/1).

~ Isotope geochemistry

The le_'vel is characterised by 6180 and 62H values

(-11.24 ppt and -80.5 ppt respectively) regresentative of
a meteoric water source (Fig. 5.6). The 1 C data
indicate an age of some 4725 years; no tritium analysis

is available.



80

Uranium geochemistry

A uranium content of 0.55 ppb #s indicated by DNA; no
further data of uranium, or the u/ "y
activity ratio, are available.

Sunmafx

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

- residual water from drilling activities and hydraulic
testing :

- water from nearby souwrces (at higher or lower levels)
whilst the borehole was opem; penetration into the
tedrock was facilitated by a negative piezometric head
and a high K-value.

Such contaminating waters were not completely removed
during gas-1ift pumping or pumping prior to sampling.
Thus “the waters sampled for amalysis represent a
significant fraction initialiy derived from other
sources. Chemically (Table 5.2B), such contamination is
most readily seen as low, but significant amounts of the
drilling water tracer (I7); the remaining chemical
parameters appear to be relstiwely insensitive. .
Isotopically, particulazly in &he sbsence of tritium
analysis, it is difficult to assess any marked effect
although some “dilution® of the 1 C age might be
expected., ‘

No significant variatioa in the physico-chemical
parameters of the waters during the period of sampling
was observed (Laurent, 1983a).
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5.1.1.2 Level 342 - 344 m (approx. 293 m)

The dominant rock type is dark-grey migmatite; a
greenstone horizon occurs at about 350 m 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 borefsole. The '
fractures interséct the axis of the core at angles
varying from 30°~80°, and the infilling mineral
phases mostly include pyrite and chlorite. .

Hydrology

The hydraulic conductivity measured along a 25 m section
was recorded as 1.6.107° m/s, snd the piezometric

head was found 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 different
influence effects should be minimal and that.
contaminating waters should be removed soon after the
commencement of water sampling.

In this part of the borehole detailed water injection
tests have been carried out and measurements from a 10 m
section, which includes the 2.7 m section, yielded a
K-value of 2.10°10 /s and a negative head deviation

of -1.2 m. Tnus the open-hote effects wculd tend to be
contrary to those indicated from the calculations.
However, as the overall influence effects are small, the
water budget s not exgpected to change from negative to
positive during sawpling.

Short-time injection tests {15 minutes duration) along 2
m sections have f(l’so been carried out resulting in a
K-value of 5.10 " a/s. -
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Hater _geochemi‘strl _

The sampled water has a pH of 7.3; of the major cations,
Na* énd Ca * are all present in appreciable amounts

for non-saline waters, likewis2 for the major anions
HCo;” and €1, The pressnce of 8.7 3 1_, which is
considerably higher %han the previocus level, indicates a
significant increase in mixing with drilling weters.

Redox-sensitive parameters

The presence of S{-11) and Fel(ll) suggest an environment
which is still largely reducing. This i35 further

supported by an Eh waly: of -40 wmV although the amount of
dissolved oxygen is high (0.2 mg/1). ‘

Water volume (ne)

0 Rz 3234
. |
, 125 252 |
’ 1982 | 1983 C 1984
-2 - 4 '
5
-‘4

Figure 5.7: Schematic fllustration of the calculated water
budget for level 342-344 m in borehole FJ 2
(Fja1lveden). 1 = Drilling water; 2 = Gas-lift
pumping; 3 = Hydraulic testingi 4 = Sampling; 5 =
Open-hole effect.

!



Isotope geochemistry

The 6180 value of -11.31 ppt (no ézH analysis is
available) supports a meteoric water source. The = C
indicates an age of some 10960 years; contrastingly the
tritium contant (19 TU) suggests a significant 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
activity ratio, are available. :

Summar

The results show that the sémp%d horizon is characteri-
sed by waters which represent: ’

- residual water from drilling activities and hydraulic
testing.

- minimal mixing of open-hole waters along the conducting
fracture zone because of the low hydraulic
conductivity. '

- the waters are characterised by a significant older
component ( from 14c dating), although this is not
reflected by the tritium value or the other chemical
species which are more typfcal of near-surface water or
shallow groundwaters.

Drilling water contamination is seen as a high fodine
content (8.7 %) and may also have contributed to the
component of younger water present, as fndicated by the
tritium content and the anomalously high Fe (II) content.
The iron may de partly explained by the reaction of
younger borehole water with the steel piping leading up
from the {isolated section, The significant amount of

.

~F
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dissolved oxygen in the water may also reflect a yuunger,

xpar-surface water coemponent.

No significant variation in the physico-chemical
parameters of the water during the sampling period ¥as
observed. ‘

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

This section represents an umfractured portion of fresh
dark-grey migmatite; the rearest recorded fracture zores
along the core are located some 2 m on either side of the
sampled section. '

Hydrology

- The measured hydraulic conductivity along the 25 m

section (K = 3.9.10"" 'm/s) is extremely high for the
actual depth; the section is also characterised by a
regative piezometric head (Table 5.2). The result is that
the water budget is greatly influenced, primarily from
open-hole effects (Fig. 5.8). |

In this part of the borehole hydraulic tests have been:

carried out along 2 m and 10 m sections. These results
are similar and show how unewenly distributed the
hydraulic conductivity is alcng the section. In point of
fact, the hydraulic conductiwity in the sampled section
fs even lower than the measuring limit of the equipment,
showing that the water budget presented in Table 5.2 is
not representative for this fworizon.
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Hater geochemistry

The pH of the sespled water is 7.4; in common with the
upper two levels, the contents of Na*, Ca +,

HCO, and C1~ are normal and representative for
non-saline waters. The presence of 7.9 % I is still
high and suggests a significant drilling water component.

Water volume (m’)

T

30 /

20 '
Fj 2 483-485 m

10

T : T : N R
1982 1983 1984

. Figure 5.8: Schematii: inustra_tibh of the calculated water
- budget for level 483-485 m in borehole Fj 2
(Fjallveden). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5§ = Open-hole effect,
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Redox-sensitive parameters

- The presence of S{-II) and Fe(II) indicate a reducing

environment. This is in part supported by an Eh value of
-110 mV although partly off-set by the presence of small
but significant amounts of dissolved vxygen (0.05 mg/1).

Isotope geochemistry

The 5180 value of -11.35 opt (no 5 %H analysis is
available) supports a meteoric origin to the water. The

C age determination of 4235 years is similar to the
shallowest sampled level, but considerably lower than the
intermediate level described. This, together with the
high tritium value of 19 TU, would suggest a
significantly high compcnent of young, near-surface
water.

Uranium geochemistry

Uranium contents vary (depending on the analytical
method) from <0.1 to 0.12 ppb; the 4U/ U

activity ratio of 2.1 indicates that the waters at this
Tevel are not at isotopic equilibrium.

Surmary

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

- resfidual water from drilling activities and hydraulic
testing.
- mixed water sources from the borehole.

Water budget estimations from 2 m and 10 m sections
suggest that the contaminating water was minimal and was
quickly removed during the sampling period. However, the
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chemical analyses (Table 5.2b) show that a significantly

- high component of young shallow groundwater ic present in
the sampled waters, together with residual drilling
water. This former component was probably pumped into the
sampled section from above the borehole; this is further
indicated by the high Fe (i) content which, as in the
previous level, was probably the result of reactions
between borehole water and the steel piping abcve the
packer system. ' :

No significant variation in the physico-chemical
_parameters of waters during sampiing was observed.

5.1.1.4 Level 605 - 607 m (approx. 506 m)

The sampled section represents the dark-grey migmatite
which contains several single fractures (approx. 5 mm
wide) orientated at 30°-50° to the borehole axis. The
‘most cowmon infilling constituent is chlorite, followed
by pyrite, calcite and biotite. 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 abtained (K = 3.0.
1079 m/s) is readily explained by the presence of
fracture Zone 4. In fact the 10 m 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 test flowed mainly into the bedrock within the 10 m
section). Ironically the 2 msection injection tests
sfirwed that the hydraulic conductivity along the sampled
section was below the measuring 1imit. As a result, the
water budget calculation illustrated in Figure 5.9
reveals some small effects from the borehole activities
which, however, are not applicable to the sampled zone. .
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water volume (m)
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Fj 2: 605-607 m

i

82 |4 s 1983 1984

‘Figure 5.9: Schematic illustration of the calculated water

budget for level 605-607 m in borehole Fj 2
(Fjdllveden). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling; 5 =
Open-hole effect.

Hater geochemistry.

In contrast to the above three levels, the representative
water sampled here exhibits a high pH (8.9) and contains
greater amounts of Na' and C1” but lesser amounts of
ca®* and HCO.™; the more saline character of the

water is also reflected by the high conductivity value.
The relativ‘ely ‘high I” content (3.9 %) may be partly a
function of drilling water mixing or naturally high
contents in the more saline water.

Redox-sensitive parameters

The presence of only small amounts of S(-II) and Fe(Il),
and an Eh value of -20 mV (the highest of all four
measured levels) indicates that this groundwatef is only
marginally reducing. This is further supported by the
highest dissolved oxygen content (0,30 mg/1) encountered
within the borehole. “'

\- ~
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~ Isotope geoche'mi stry

The 5180 value of -14.11 prt (no analysis of 52H is
available) is lower than for the other l:ovels which
further ésﬁphasises the difference in- character of this
water, although a meteoric origin is still assumed. The
depth/ age relationship is supported by a value of 13920
years by the " C method; minimal mixing by younger
waters is indicated by the near-absence of tritium (< 3
TU). '

Uranium geochemistry 4

One analysis is available indicating a very low dissolved
uranium content of < 0.2 ppb. ’

Summary

The results show that the water sampled from this level
differs in most respects from the three higher levels;
the waters thus represent:

- minimal presence of residual water from borehole
activities (aided by a very low hydraulic
conductivity).

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

- an old saline groundwater.

During the period of sampling there was a tendency for
the waters to become increasingly more saline, f.e. an
increase 1n C1~ from 140-170 mg/! and a decrease of
HCO, from 97-81 mg/); a gradua) fncrease in pH from
8.6-8.9 was also observed. These trends probably
represent the initial removal of some residual -
contaminating water before the water composition became
 stabilised and representative.
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5.1.1.5 Borehole summary and discussion

Geological mapping, and hydrolegical investigations along
25 m sections (in some cases more detaiied measurements
have been carried out along 10 m and 2 m sections) in the
borehole, have resulted in 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 groundrater flow in the near-vicinity of the

~ borehole 1is downwards, particularly towards Zone 1. At
the borehole intersection with Zone 1, a positive
piézometfic_head exists. This contrasts with the other
three levels which show negative values along the
measured 25 m sections. In general, the water budget
calculations suggest that at only two levels (i.e. those
characterised by Zones- 1 and 4) should truly
representative water be sampled, i.e. devoid of residual
water from borehole activiiies or water mixtures from.
other sources within the bedrock. However, only at levels
123-125 m and 342-344 m is it thought that the water
budget values (i.e. based on 25 m sections) are directly

- applicable to tke 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 m.

The overall chemical results indicate that at only the
deepest level is the water truly representative and
therefore uncontaminated by borehole activities and/or
mixing with other waters originating from different
sources. As i{ndicated by ron-detectable amounts of

tritium (< 3 TU), no component of young surface or
near-surface water {s present. As the water s saline in
type, the presence of 3.9 % I” may be explained by

natural background values rather than due to drilling

B >5
?
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water contamination. Finally, the high 14(: age of

13920 years and a very low dissvlved uranium content (<
0.20 ppb) are further indications that this water is a
true deep groundwater of reducing character.
Hydrologically, this could only be explained if the
fractures contained within the sampled section are in
some way connected with Zone 4 (located 4.5 m above the
sampled sazction), or if water from Zone 4 has been
sampled wvia the borehole. Zone 4 has an estimated K-value
of 7.107° m/s.

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

C age but is non-saline and also contains high
contents of both tritium and icdide. This water can
therefore be classified as a mixed water containing a
smaller zomponent of deep groundwater and a larger
component of shallow groundwater which has leaked into
the sampling section from the borehole. Yixing of shallow
and deep groundwater types has most probably been
facilitated by the hydrological characteristics of
fracture Zone 1 (i.e. high hydraulic conductivity and
positive piezometric head). The high iron content has
likely 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 contributad
groundwaters slightly enriched in iron.

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 inis level the
bedrock is unfractured and that the hydraulic
conductivity is low (<10"11 m/s). It is thus highly
probable that some portion of the water sampled has
leaked into the sampling section around the inflated
packers %o compensate for the lack of water available
from the bedrock section., However, there is still the
problem to explain the 1 C age differences between

Pa e B eye P Bie o AL el S ke e T e R N
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this level and the above section at 342-344 m. As
mentioned above, both water typss exhibit similar
chemistries and similar tritium values and these
characteristics suggest a dominant shallow groundwater
type. However the difference in ~ C age indicates

that in one case a significantly large portion 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 old groundwater
(not necessarily from the deepest saline variety) enters
the borehole at the Zone 1 interseciion and mixes with
the near-surface and shallow ground waters. Considerable
dilution of the older component will result in a lower
apparent ! C age. This water will tend to dominate

the composition of the water sampled at the 483-485 m
level. Subsequently, when the sampling equipment is
raised to the 342-344 m level and the packers inflated
around the sampling section, a greater portion of the
older water componient will thus be obtained resulting in
a water of similar chemistry but greater =~ C age.

The indications are, therefore, that at least three main
water types a3z 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 (saline).

Table 5.3£ Uranium content and theoretical Eh values of
the groundwaters from borehole Fj Z.

Level © Uranium Content Calculated Eh
{metres) - {ppd). (mv)
123 - 125 0.6 _ - 150
342 - 344 0.2 - 70
433 - 485 < 0.1 - 80

605 - 607 < 0.2 - 250
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The measured uranium content of the groundwater sampled
from the Fj 2 borenole is slightly higher in the
uppersiost level and then systematically decreases to
below detection 1imits in the lowest level. The uranium
content of 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 figure also
contains theoretical uranium solubility curves calculated
from crystalline and amorphous UD,_ for three different
pH values which cover the range of most groundwater
types. It is interesting to note that the values for the
{wo most representative groundwater types (i.e. levels
123-125 @ and 605-607 m) plot within the calculated
stability limits.

o -
-5 A pH=8.10
LOG
SOLUBILITY
-10 -
A 123125 metres
B 342-34 -~-
® 483-485 -~-
v 605-607 ---
-15
T ) T - T T = R
-300 ' 0 +300

GXIDATION POTENTIAL (mv)

Figure 5.10: Plots of uranium content (exgressed as log (mol/

1itre)) and the calculated theoretical Eh values
of groundwaters collected from borehole Fj 2. The
values are plotted with respect to theoretical
uranium soludbility curves calcylated for amorphous
(Jower stability 1imit) and crystalline (upper

stability Vimit) UOZ at a pH of 8.10.




5.1.2 Barehole Fj 4

Borehole Fj 4 was drilled at 60° to a vertical depth of
585 m (borehole lerigth 700.50 m) in order to confirm
geophysical invastigations 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-vertically orientated (80°-85°) and

the latter is considered vertical. Significant losses of
drilling water occurred at 62 m.

The dominant rock-type in the boiehole is migmatite
gneiss (96.7 % of the borehole length) followed by
graenstone (2.3 $ of the borehole length) and granite
gneiss (1.0 % of the borehoie length). The greansione and
granite gne'»iss Gccurs as distinct horizons of maximum
thicknesses of 4.9 m and 5.9 ® respectively. The yreen-
stone horizons occur throughout the drilléd core length;
granite gneiss appears to be more restricied to below 400 -
m." The number of fractures/metre recorded, normal for
Fjdllveden, showed 3.0 for migmatite, 6.4 for greenstone
and 5.4 for granite gneiss. Campared to borehole Fj 2 ‘
(Figs. 5.3 and 5.11), borehole Fj 4 shows a more distinct
contrast between a highly fractured (part‘érushed and
breciated) upper 200 m, and the lower 200-700 m which
exhibits several areas of low fracture density. The
highest fracture densities within this lower length inter
val are mostly associated with the greenstone horizons.

Hydrologically, the bedrock im the near-vicinity of
borehole Fj4 is characterised by small hydraulic
gradients. The piezometric head is 57 m above sea-level
and almost constant down to 460 m before decreasing to 56
m above sea-level towards the bottom of the borehole at
700 m (Fig. 5.11). The direction of the groundwater flow,
based on the numerical modelling of Carlsson et al
(1983), 1s uniformly and stromgly downwards around the
borehole. Only the upper part of fracture Zone 3
indicates a localised upward Flow (Fig. 5.12).
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Hydrogecological characteristics of borehole Fj4.

a) Fracture frequency (for 10 m sections) and the
cumulative percentage of fractures.

b} Hydraulic conductivity

c) Piezometric head distribution and hydrostatic
head in the borehole. '

The groundwatesr flow-pattern and isopotentials in
the vicinity of borehole Fj 4 illustrated by a
vertical section in the same plase as the
direction of the borehole (modified after the
numerical modelling of the Kemakta Consulting Co).

S N L e v e
Vo L I

-t mos!




(.
.y,

96

;irauliz parateters and faitisted water hudget values of the varisus infiuences due t: tcorencie
v the witer samples [eveus in borwehile T &,

Tabte 5.4a: Yes

2.

Gas-1if+ Eydraslic Opern hole offect Sanpled water
pumpingt -}  testizg (+) Dbefore sampiingi#a) befire asalysist-)

(=is) im) =) =% %) (=) %)
..... +Z. 1 v L e} 3 .l =2.51 Y-
ROV AR ‘ s.23 0.002 <0.901 2. “.i
1300077 e B l.7e 0.004 <n.001 s.3 -
o
wHewsi o 1.E11TTY L3 ‘ <0.001 <g.0n1 <0.001 o iz

* 0bom osecticon; nex: Zeviatics froz nydrescatic heal in the Mcrehcle (in metre of water).

Considering the regional setting 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 dcminant flow component will
change from being iifluenced by the nearest fracture zone
towards Zone 2 as the depth increases. This implies that
groundwater flowing from fracture Zone 1 at depth will '
pass by the deeper parts of Fj4 on 1ts way towards Zone
2.

The measured piezometric heads in the borehole are in
good agreement with the modeiled head profile i1lustrated
in Fig. 5.10. Open-hole effects, therefore, will result
in a general downward groundwater flow along the borehole
-.__(c.f. Table 5.4a).

s
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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 approxizately from 140-190 m. Two
rock-types are represented within the section: the
dominant dark-grey migmatite and a coarse-gréined pink
pegmatite. Two distinct fracture zones occur varying in
width from 25 to 55 @ (i.e. 9 to 17 fractures .
respectively) and one narrow crush zone some 2 cm in
width; these all occur within the migmatite. In contrast
the pegmatite is characterised by 5 to 6 single
fractures. Generally the fractures mtersect the ast of
the core at angles ramging from 20° to 90° , and the
main infilling mineral phases include chlorite, calcite
and pyrite.

Water volume {m)
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Figure 5.13: Schematic iliustration of the calculated water

budget for level 151-153 m in borehole Fj4
(Fjdllveden). 1 = Drilling water; 2 = Gas-lift

* pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Open-hole effect.
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Hydrology

The water-sampled horizon is characterised by a hydraulic
conductivity of 1.2.10~7 m/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 lies within the most conductive 10 m
section. Fras water budget considerations (Table 5.4a;
Fig. 5.13) the contaminating influences of the drilling
and other borehole activities should have been removed
during'the sampling period and therefore the groundwater
shouid be representative.

Water geochemistry

The sampled water (Table 5.4b) recorded a laboratory pH
of 8.2; no fieild mesurements are available. The major
cations Na* and Ca’’ and anions HCO3- and C1~

are present in normal concentrations for non-saline
groundwaters representative of crystalline bedrock areas
in Sweden (Table 5.1). The presence of 6% 1 is high

and represents a significant component of drilling water
contaminatior.. '

v

Redox-sensitive parameters

The presence of small amounts of S(-II) and Fe(II)
indicate an cverall reducing environment. This is partly
supported by an Eh value of -70 mV although partly
off-set by trace amounts of oxygen (0.04 mg/1).

Isotope geochemistry

The water is characterised by a 5180 value of -11.50

ppt; no 52H is available. The ~ C data indicate an

age of 3950 years and the tritfum content of 9 TU shows a
significant component of young, near-surface water.

I IR LR N
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Uranium geochemistry

The water contains 3.5 ppb uranium and records an
isotopic activity ratio of 4.1 which is a high value and
“indicates widespread disequilibiium in the sampled water.

Summary

The hydrologic data indicates that the sampled
groundwater should be largely free of all contamination
resulting from the borehole activities. However, the
chemistry of the waters showed:

- residual water from drilling activities (i.e. high
I” content).

- water from a younger, near-surface source (i.e.
significant tritium content).

This shows that the pumping carried out immediately prior
to, and during sampling, was inadequate to remove all
water contamination derived from other sources. This may
pave been achieved over a longer pumping time as
suggeste'd by the variation in chemistry during the period
of sampling. This showed small but significant increases
in Na+, HCO.  and conductivity, and decreases in

: Ca2+, Fe(I1) and Eh; small increases in oxygen wcre

. also noted (Laurent, 1983a). However, these variations,
which on one hand suggest an increasing reducing '
‘component, and on the other hand an increasing, more
oxidising near-surface componeht {further supported by a
moderate tritium content), probably accurately reflect
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. 272" m)

This level chose}\ 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 <m wide) containing 3
and 5 fractures respectively. These, together with two
single fractures, intersect the core axis at angles of
150-800; the main infilling mineral phases are

chlorite and calcite.

Hydrology -

The sampled section is located central to the sector of
the borehole were the hydraulic conductivity is
rcasonably uniform (i.e. just below 1.10°° m/s). The
piezumetric head is -1.1 meires of water. As no detailed
wate> injection tests were performed along the 25 m
section, it is unclear if the hydraulic properties and
the corresonding water-budget calculations {Fig.5.14;
Table 5.4a) are reprasentative for the sampled level. It
is known from experience that dykes or rock horizens of
differing 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
-7.5. The major cations Na+ and Ca2+, al though still

indicating contents within the range of non- salme

groundwaters, show lower Na and higher Ca than

the shallower level just described. Of the amons,

HCO, recorded a slightly lower value and C1” a

sma'?l increase. The presence of 4.4% I is still fairly

high and shows that drilling water is present.
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Figure 5.14: Schematic illustration of the calculated water

budget for level 317-319 m in borehole Fj4
(Fjdllveden). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling; 5 =
Open-hole effect.

Redox-sensitive parameters

A reducing environment is indicated by the presence of
S(-1I) and Fe(IX); the Istter is anomalously high (5.7
mg/1). This is supported by an £h value of -85 my

'although trace levels of oxygen (0.04 mg/1) are still

present.

Isotope geochemistry

The water is characterised by a 6180 value of -11.57
ppt and a GZH value of -82.6 ppt; this confirms a
meteoric origin o the water (Fig. 5.6). The tritium
content is highes (19 TU) and the 14(: 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 slightly lower
than the previous level, although the u/mu
activity ratio is more markedly reduced to 2.0.

Summary

The results from this level indicate a water
characterised by: '

- the presence of residual water from dorehole activities
(aided by a negative piezometric nead).

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

Drilling water contamination is indicated by a
significant jodine conteat; a younger near-surface
component is indicated by a high tritium value and
fur}her suppozted by the major ion chemistry (i.e. higher
Ca” lower Na etc.). The high uranium value of 3.0

ppb would alse suggest a near-surface water component.
The high iron content is unusual and may reflect the
greenstone horizon which appears to be conducting the
water, Alternatively, it may be due to a reaction of the
borehole water with the ouier 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. 349m)

The section investigated is comprised of the dark-grey
migmatite. Only four isolated single fractures (5 mm
wide) characterise the section, intersecting the core
axis at angles ranging from 500-600; pyrite is the

- most readily indentifiable infilling mineral phase

present. More wajor fracture zones {up to 1 m wide) occur
some 5 metres away at a depth of 417 m.

Hydrology

Hydraulically, this level iepresents the same sector as

" that of the preceding level (Fig. 5.11). The hydraulic

conductivity is 1.3.107 m/s and the hydraulic head
is -1.5 metres; the water flowing into this level almost
certainly has its source higher up in the borehole.

Water volume (n?)

Fj & 410-412m

[.—
:.Z-
12 5 352
0 T 3 T : T T
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Figure 5.15: Schematic 1llustration of the calculated water

budget for level 410-212 m in borehole Fj4
(Fjallveden). 1 = Drililing water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Open-hole effect. ‘
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The lack of detailed information on the hydraulic
parameters introduces some uncertainty into the water
budget calculations, 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 it is the water sampling procedure which is
responAs'iMe for the negative water budget, i.e. all the
water introduced as a result of the borehole activities
is removed before the water sample is taken (Fig. 5.15).

Water geochemistry

. The laboratory pH recorded a value of 9.3. Na+,

Ca +, C1™ and HCO. are present in similar

amounts to those recorded for the uppermost level. The
presence of 4.3% I” still indicates a significant
amount of drilling water.

Redox-sensitive parameters

" The Eih value of -100 mV indicates a further increase in
. reducing conditions with depth. The Fe(lI) is still high
(6.5 mg/1) although the S(-II) has decreased somewhat
from the previous level. The oxygen content is below the
limits of detection.

Isoiope geochemistry

The stable isotope values indicate a meteoric orfgin to
the water (Fig. 5.6); the presence of tritium (12 Ty)
shows a significant young component involved,  The 1 c
data records a much older water {5535 years) than either
of the two previous levels. '




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.

Summary

The results indicate that the sampled water is
characterised by: '

- residual waters derived from borehole actitivies.

- a younger water component derived from a near-surface
level.

- an older grounduater as suggested by the 14c data.

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

Because of the low K-value and the geological features of
the section, it is almost certain that much of the water
sampled originates from higher levels within the
borehole. This is supported by the tritium content and
the high Fe(II) content, both of which characterised the
praceding level. However,the 146 age of the water,

the lower Eh values and the virtual absence of oxygen,
would suggest a deeper groundwater component.

Ahalytica] trends in water composition during sampling
(ngrent 1983a), show a steady increase in Ca°,

Mg+ ,So4 . and-conaucfivity, and a decrease in

Na , HCO, , C1 and I . This would suggest that

the initial groundwater sampled was gradually replaced by
an increasing amount nf shallower groundwater, still 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
-significant fracture zone (40 c¢m in width-and containing
some five fractures) is at approx. 499 m depth and
associated with a greenstone horizon.

Hydrology

This bedrock section is characterised by very low
hydraulic conductivities (Fig. 5.11) near the limits of
measurement. The calculation of the hydraulic head is
therefore somewhat uncertain. The water volume injected
into the bedrock from the borehole activities probably
'corresponds to the fractured greenstone horizon located
about 0.7 m below the sampled level. Calculation of the
water budget, though not representative of the level,is’
illustrated in Fig. 5.16.

Groundwater geochemistry

The pH of the sambled water is 8.4; Na+, Ca2+

HCOB- and C1~ are all present in normal amounts for
“non-saline groundwaters. Low amounts of I~ (0.7 %)

indicate the absence of any significant amounts of

drilling water.

Redox-sensitive parameters

The presence of Fe(II'), relatively high S(-II1), and the
-general absence of oxygen together with an Eh value of
-160 @V, fndicate the most reducing water measured from
this borehole.
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Figure 5.16: Schematic illustration of the calculated water
budget for level 496-498 m in borehole Fj4
" (Fjallveden). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Cpen-hole effect.

Isotope geochemistry

The stable isotope data (6180 = -11.88 ppt and62H _
= -84.7 ppt) indicate a meteoric water wrigin (Fig. 5.6).
Both the low tritium content {6 TU) and the old age of
the groundwater (6850 yecars) suggest a major purtion of
old ‘groundwater with a minor component of younger water.

Uranfum geochemistry

The uranfum content lies below the level of detection
(< 0.2 ppb); no isotopic data are available.
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Summary

The resulis show that the sampled groundwater is
characterised by:

- a general abssnce of drilling water. A

- a minor comporient of yocunger, near-surfice water.

- a major, old groundwater portion, prubably
‘representative for the sampled depth.

From h_ydrogeo]ogicai considerations, mest of the sampled
water must have come from sources other than the section
of the borehole sampled. The two most likely sources are
the borehole waters above and below the packed-off
section. Analytical trends in water compostion during
sampling (Laurent, 1983a) are very revealirg. These show’
a vary marked gecrease within the ﬁ;it two days of
sampling of Na (100 to 62 mg/1), Ca~ {21 to 13

m%/\), Fe(II) (3.3 to 1.3mg/1), C1° (220 to 30 mg/1),
1'4.8 30 2.2 %) and conductivity, and increases “in

Hcos‘ and SO," . Tnis indicates that a limited

amount of old saline groundwater {which still retains
some I~ from the initial drilling period) is quickly
removed from the section and increasingly rep]éced by
younger waters derived from higher levels within the
borehole and uncontaminated by drilling water.

5.1.2.5. Borehole summary and discussion

Geological mapping and hydrological investigations along
25 m sections in the borehole (at one level more detailed
measurements were made along 10 m sections), have
resulted in the sampling of groundwater from four levels.
The most promising level (151-153 m), due to positive
head deviation, represents the intersection of the
borehole with fracture Zone 3 (140-192 m); a less
promising level was located at 317-319 m, and the lowest
two levels were the most doubtful.
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The natural groundwater flow around the borehole is
downwards; this is evident at Zone 3 which records a
marginal positive piezometric head. Otherwise the lower
“three levels show negative values along the measured 25m
sections. In general, the water butget calculations
suggest that representative groundwater samples should be
obtainable from al} four demarcated levels. However, only
in the uppermost level (151-153 m) is it thought that the
water budget values (i.e. based on 25 m sections) are
directly applicable to the 2.7 m borehole lengths
actuaily sampled. '

The hydro‘logi'c promise of the fracture Zone 3 level was
not reflected by the water chemistry which indicated a

- mixture. of water sources. The major water component is
thought to be a shallow reducing groundwater with
significant amounts of residual water from the various
borehole activities. A younger, near-surface component is
also indicated by the tritium content. As pointed out
above, groundwater mixing is probably inev.itab]e within
these deeply penetrating local fracture zones which must
intersect and form conducting channels between different
'gmsmdsvater environments. ' : '

~ From the water budget calculations the second level
(317-319 m) appears to be less promising because; 1) the
fractured greenstone is much droader (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 means that there is a high probability that borehole
water will be pumped around the packers, f.e. directly or
via @ suftable fracture network, to the sampling section.
As the uppermost level is characterised by a positive
piezometric head and shallow groundwater composfition, one
might expect such a composition to dominate the borehole
water. However, the chemistries are sufficiently
different to show that the dominant water in the borehole
at the second level is of a younger, mear-surface water
origin, and must therefore have come from a higher level
than the uppermost level sampled.
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The two lowermost levels sampled are similar in that they
are both characterised by K-values which are too low to
result in adequate volures of groundwater for sampling
purposes. The efifect of pumping is clearly seen from the
trends it water composition during sampling. In both
cases theére is a rapid réspo-nse, after the first day or
so, resulting in less saline groundwater of the same
composition, i.e. reducing shallow groundwater types
similar to those entering the borehole at level 151-153 m
at the fracture Zone 3 intr;'rsection, it would thus appear
that these horehole waters are being lesked into the
sampling section from around the packers. The initial
more saline water removed (especially mirked in the
lowermost level; very much weaker in the overlying level)
probab]y' gives some very qualitative idea of the true
groundwater composition at these levels, although the
high I” content in both cases may denote a significamt
drilling water component. Tn2-greater percentage of deep
reducing groundwater at these two levels is reflected by
lower tritium and older ages derived from the ~

data than the Zone 3 level. tSoreover, the uranium is
present &s Tow to trace amounts at both the lowermost
levels, suggesting strongly reducing conditions.

In su=mary, the major groundwater types represented by
borenhole Fj4 are: 1) mear-surface and shallow ground
waters of 2 young age, 2) intermediate to deep old ground
waters (non-saline) and 3]} the possibility of very deep
0ld groundwaters {saline). Unfortunately, none of the
groundwaters collected from the four levels can be consi-
dered truly representative.

The uranium contents of the sampled waters from borzhole
FJ4 decrease with increasing depth. There 1s a clsar
distfmction between the two uppermost (3.66 and 3.03 opb
U) and the two lowermost levels (0.63 and <0.2 ppdb Uj.
The amalytical contents, togeiher with the theoretical En
values calculated for the from system, are presented in
Table 5.5 and Figure 5.17. The figure also contains
theoretical uranium solubility curves calculated from
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crystalline and amwphous UO2 for a pH of 8 1 which is
reasonably representative for the Wwaters from the
borchole Fj4. All four wa*er compositions plot within the .
uranium solubility boundaries.

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

Level Uranium Content Calculated Eh

(metres) : (ppb) : {(my)

151 - 153 3.66 -120

3_17 - 319 ‘ 3.03 <130

410 - 412 0.63 -150

496 - 498 < 0.2 S =280

o —

-5 pH=810
LOG

SOLUBILITY

-10
A 151153 memws
a w3
O u0-e2 -
T 998 - -

¥ * T Y Y
-300 [+] + 300
OXIDATION POTENTIAL { mv)

Figure 5.17: Plots of uranfum contents (expressed as log (mol/

litre)) and the calculated theoretical Eh values
of groundwaters collected from brochole Fj4. The
values are plotted with respect to theoretical
uranfum solubility curves calculated for
amorphous (lower stability 1imit) and crystaliine
(upper stability limig) 002 at a pH of 8.10.

N ' | ..;::J
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5.1.3 Borehole Fj8

Borehole Fj8 (borehole length 731.80 m and vertical depth
615 m) was drilled at 60° to investigate the underlying
bedrock mass; there were no surface geophysical
indications of anyvlarge scale structural weaknesses
within the near-vicinity of the borehole. The drilled
bedrock wasAgenerany weakly fractured and no crush zones
were encauntered.

Typically for the Fjillveden area, the dominant rock-type
is migmatite (95 % of borehole length) containing up to 6
granite gneiss horizons (2.7 % of borehole 1ength; max.
thickness 7.45 m) and several zones of amphibolitic _
greenstone (2.3 % of borehole length; max. thickness of
2.70 m). The greenstone occurs throughout the drilled
length whilst granite gneiss tends mostly to occur at the
very top or at depths greater than 500 m.

The average fracture frequency/metre for the total
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 lastiyfhe migmatite (1.7). Figure 5.16 shows that
zones of higher fracture frequency occur between 460-480
m and around 660G m and 690 m, all of which can be
explained by horizons of granite gneiss. '

Hydrologically, borehole Fj8 penetrates a groundwater
transition zone whereupon the direction of flow changes
from downward-penetrating to upwards (Fig. 5.18). On the
section fllustrated in Figure 5.18, the downward flow is
directed towards the borehole. Considering the situation
in three dimensfons, the flow is towards Zone 10 (i.e.
inwards through the plane of the section which is |
inclined towards the plane of the section. The hydraulic
head along the borehole initially drops rapidly from 59
metres above sea-level at the bedrock surface down to 200
metr*es; after this the drop {is more gradual resuliting in

.
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Figure 5.18: The groundwater flow-pattern and isopotentials

within a vertical section along horehole Fj8
obtained frea numerical modelling (modified after
" the nuwerical modelling of the. Kemakta Consulting
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a head of about 54 metres above sea-level at the

bottem of the borehole. The natural piezometric heads
derived from the hydraulic testing are illustrated in
Figure 5.19; it is noticeable that the head gradiemnt.
along the bor:hole is much greater than that obtained
from the numerical modelling. The measured results are
confirmed by detailed injection tests and also by
multi-packer piezometric measurements {Anlbom 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 (Ahibom 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 mm wide) distributed fairly evenly along the section.
~ These fractures intersect the axis of the borehole at
angles ranging from 24° to 500; the main infilling
mineral phases are calcium, chlorite and pyrite.

Hydrology

The sampled level represents a section of the borehole
characterised by increased hydvaulic conductivity; at
greater and lower levels the bedrock records very low
K-values (Fig. 5.19). The unusually low hydraulic head
results in a significantly marked open-hole effect @ven
though the K-value (1.2.107° m/s) is not especially

high. The various influencing activities and the
calculated water 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 is supposed to be lower than
the measured value. It is highly probable that the most
conductive part of the 25 m section is represented by the
5 m horizon of granite gneiss located outside the sampled
area (i.e. 2 m below). '
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Figure 5.20: Schematic illustration of the calculated water
: budget for level 470-472 m in borehole Fj 8
(Fjallveden). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Open-hole effect.
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From the overall water budget (Fig. 5.20) it can be seen
that the open-hole effect plays an important role,
although the indications are that the contaminating
influence of a water influx from the borehole into the
sampled zone is removed whilst sampling, especially
during the latter part of the sampling period.

Water geochemistry

The sampled water (Table 5.6b) has a pH of 8.6; the
contents of the ma%or anions HCO_  and C1°, and

cations Na and Ca" , are generally lower than the
previous two drillholes aithough still characteristic of
non-saline groundwaters. Significant jodine {5.5 % 1)
indicates a drilling water component. '

Redox-sensitive parameters

Significant amounts of Fe(II), an Eh value of -110 zv,
and Tow 0 {0.02 mg/l), indicates a reducing
env1ronment.

Isotope geochemistry

The 5180 and sZH isotopic values (-11.21 ppt and

-79.3 ppt respectively) confirm a mateoric water source
(Fig. 5.5). The " 'C data indicates an age of some

3980 years, whereas the tritium analysis gives 8 TU
indicating an appreciable portion of younger, near-
surface water.

Uranium geochemistry

The amount of dissolved uranium is 1.10 gpb SQHA) and
0.90 ppb (alpha-spectrometry) with an

activity ratio of 3.5, indfcating widespread
disequilibrium.
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Summary

The results show that the sampled water is characterised

by: :

- a considerable portion of drilling water (i.e. 5.5 mg/}
1N). '

- a portion of young, near-'surface water (i.e. generally
Tow ~'C age and moderate tritium content).

These observations migat be explained by the low °
hydrauglic conductivity of he sam;ﬂed secton; it is
doubtful as to whether adequate water was available from
the packed-off bedrock section. As a consequerice, a large
portion of borehole water {of a shallow, younger origin)
containing residual drillimrg wateé« has been leaked past
the packers during sampling.

5.1.3.1. Leve) 666-668 m (approx. 562 m)

The zampled section is contained within a 7.5 m thickness
of fis2-grained, grey granite gneiss. Apart from one
marked fractured zone (25 cm wide and comprising 5
ractures) the section is characterised mostly by single
fractures {a total of §) approximatsly 5 wm in width. The
fractures intersect the plane of the borehole at angles
ranging from 300-450, and the main mineral filling
phases are calcite, chlorite and pyrite.

Hydrology

The sampled section represents part of a 25 m borehole
length characterfsed by a high hydraulic conductivity
(5(»1.9.10':8 a/s). For such deptas this is an

unusually high value and, as clearly shown by the
detaflded injection tests, s caused by the presence of
_granite gnelss horfzons (Anibom 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 effect as
illustrated in Figure 5.21. From a sampling point of
vie&, ithe Figure shows that very long sampling pump times
are necessary to remove all contaminating watars. This
condition has not been fullfilled, and so the water
sampled from this level should represent a mixture of
water types from different sources.

Hater geochemistry -

The sampled water records a pH value of 8.9; the contents
of the major anions H£03' and C1~, and cations

Na' and Ca*+, are -similar to the above-described

level. Although the 1 content is lower {4.7 %) it

still represents an appreciable portion of drilling
water.

Water volume (ma)
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ngure 5.21: Schematic il1lustration of the calculated water
budget for lTevel 666-668 m in borenole Fj 8
(Fjdllveden). 1 = Drilling water; 2 = Gas-11ft
pumping; 3 = Hydraulic testing; 4 = Sampling;
5o Gpen-ho!e“effegt.

P

N N




119

Redox-sensitive parameters

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

Isotope geochemistry

The stable isotope data {(-11.16 ppt 6180 and -77.8

ppt 6 H) indicates a meteoric water origin (Fig. 5.6).
The ~ € data signifies an age of 3975 years and the
tritium content (10 TU) suggests a ycunger, near-surface
water component.

Uranium geochemistry

A sligntly lower dissolved uranium content (0.43 ppb by
DNA, 0.60 ppb_by alpha-spectrometry) and a slightly
higher U/ 77U activity ratio- (3.8), :
distinguishes this sampled lavel from the previous one.

Summary

Apart from minor differences in pH, and the contents of
Fe(Il), uranium and I°, the water from this Tevel is
similar to that descridbed previcusly. The water budget
{adicates a very large open-hole effect due to the low
piezometric head and high hydraulic conductivity. The
sampled water thus represents the borehcle water which
has previocusly penetrated the fractured horfzon, and con-
sequently is similar fn type to that from the upper
horizon. ' ‘
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§.1.2.5 Borehole summary and discussion

On the basis of geological and hydrological
investigations, two lcvels were selected for water
sampling purposes. In both cases the hydraulic properties
measured and described are influenced to a major degres
by the granite gneiss horizons. These are generaily
highly fractured, and are believed to extend for
considerable distances into the bedrock parallel to the
regional structural trend, i.e. usually along the
isoclinal fold axes.

The hydrological data generally indicate a relatively
strong downw&rd‘grgaadwater gradient around the vicinity
of the borehole. Measurements frocm 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 limited water influx
into the bedrock during open-hole conditions, although
the water budget ca]chlations indicate that this should
be adequately removed during the initial stages of
sampling. For the lowermost level at 666-668 m, the low
piezometric head in combination with a high hydraulic
conductivity has resulted in a considerable water influx
into the fractured bedrock horizon. The water budget cal-
culations show that only a small fraction of this water
is removed by gas-1ift pumping and pumping prior to
sampling. The sampled water from this zone should
theraefore represent a mixture of water types from
different sources.

The chemistry of the water sampled from the two levels is
essentially the same, f.e. shallow groundwater type,
often characterfistic of that assocfated with the local
fracture zones. This suggests the possibility of a
hydraulic connection from the borehnle to a local
fracture zone - most likely Zone 8 (Fig. 5.2). The most
obviouys connection is via the granfte gnefss horizons
which, as pointed out above, are usually fractured,
iighly conducting, and can be traced for considerable
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distances parallel to the regional structural trend.
Because of the negative piezometric head present at both
levels, appreciable quantities of drilling water are also
present within the sampled waters.

In conclusion, the waters represented in porehote Fj8
comprise: 1) a residual drilling 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 drilling water
source. o

The uranium contert of the waters collected at the two
levels indicaite a decrease with depth. In Table 5.7 and
Figure 5.22 the analytical uranium content and the
theoretically calculated uranium solubilities for both
crystalline and amorphous UO2 at a pH of 8.1 and 9.3

are presented and plotied as a function of Eh. Both water
compositions plot along the crystalline U0, solubility

) 2
curve at a pH of 9.3.

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

Level ' Uranfum Content | Calculated Eh
(metres) ‘ (ppb) {mv)
470 - 472 1.10 v -240

666 - 668 0.43 -320
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Figure 5.22: Plots of uranium contents (expressed as log
(mol/Vitre)) and the calculated theoretical En.
values of groundwaters collected from borehole Fj8
(Fjdllveden), The values are plotted with respect
to theoretical uranium solubility curves
calculated for amorphous (lower stability limit)
and crystaliine (upper stability limit) UO_ at a

2
pH of 8.10 and 9.3.




5.2

123

Gided

The Gided test-site is situated in the county of
Ragermanland about 480 km north of Stockholm and
approximately 10 km from the Baltic coast (Fig 1). The
coastal areas of this region refiect the highest land
isostatic uplift evidenced in Sweden. This has helped to
produce a markedly undulatory topography which tends to
plane out northwards. The Gided test-site is located on a
flat plateau area enclosed by major fracture-dependent
valleys orientated in a north-westerly direction. The

"differences in altitude in the area are relatively small

«

varying between 80 m and 130 m above sea-level (Fig
5.23).

The regional geology has been recently described by
Lundqvist (1980); resulting from SKB investigations
carvied out in the years 1981-1983 the detailed geology
of the Gided test-site area has been described by Albino
et al (1982) and later summarised by Ahlbom et al
(1983c). A map of the Gided test-site area showing the
general topographic. features and the main structural
zones of weakness is illustrated in Fig 5.24.

The geology of the area is dominated by Precambriari
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 direction, as do younger dolerfte dykes
(approx. 120G Ma) which are mostly < 1 metre 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 gnetss 1s usually grey in colour
and fineto medium-grained in texture comprising on

: "
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Figure 5.23: The GfdeS test-site. A: Topographic profile
across the si_te, B: Hypsographic curve
showing altitude characteristics.

average 56 % quartz, 19 % biotite, 13 % plagfoclase and 6
% micracline (in vol %). Sulphides in the form of pyrite
and pyrrhotite are sporadically present as aggregates or
fracture f1llings; disseminations and thin enrichments
parallel to the regional foliation also occur.
Distributed throughout the gneiss are lenses, schlieren
and irregular bodies of varying mineralogical composition
which usually represent fragments of the original
sediment; these also trend parallel to the regional
structures. The schistosity varies with the dagree of
migmatisation and appears as a parallel orizntation of
biotite; the foliatfon is in a general north-easterly
direction with a shallow dip of about 10°-30° towards

the north-west. .@J
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As a result of some 24 shallow percussion boreholes (to a
maximum depth of 153 m) and 13 deep cored boreholes (to a
maximum depth of around 700 m) the granite gneiss is
estimated to comprise some 6 % of the total bedrock
~volume and consists of almost horizontal horizons
parallel to the regional foliation. It is typically grey
in colour and medium grained.

Structurally the Gided area is enclosed by near-vertical
regional fracture zones striking west-north-west and
north-west (Fig 5.24). As ssiimated from geophysical data
the former zones are extensive varying in width in excess
of 100 m; the latter zones are generally smaller (50-100
m). Within the iavestigated area only local fracture
zones are present, i.e. those of 15-20 m and 5-15 m in
width (Fig 5.24). These have been interpreted from aerial
photography, surface geology and geophysics, and shallow
and deep drilling. As a result 11 fracture zones have
been located with an average width of 1 m; the mutual
distance between these local zones ranges from 400-800 m
and the general dip varies from 300-900 to the
horizontal. Down to depths of 100-200 m there exist _
horizontal. tensional release joints; at greater depths no
" further horizontal fracturing has been observed, The most
commonly occurving fracture infilling mineral phases are
calcite, chlorite, laumonite, pyrite and clay minerals
such as smectite and illite.

Fracturing in the bedrock blocks separating these local
- fracture zones have been mapped from outcrop and
drillcores. Surface fractures have two dominant
directions, north and north-east. The latter trend is
parallel to the regional foliation exhibited by the
gneiss. The frequency of fractures longer than 0.5 m on
the outcrops 1s 1.2 fractures/metre..
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Figure 5.24:

Topographic map of the Gided test-site area
showing the maim structural zones of
weakness and the Yocation of the 13 (Gi 1
to Gi 13) cored Doreholes (After Albino et
al 1982). ‘
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The fracture frequency variation with depth in the rock
mass is greater than 4.0 fractures/metre down to 400 m;
below 500 m it decreases markedly to-2.0 fractures/metre.
The higher fracture frequency of the drillcores as
compa'red to the outcrop measurement is due to the fact
that the frequency of horizontal fractures (i.e.
tensional release joints) has been underestimated from
the outcrops. The drillcore fracture frequeacy also
comprises all fractures irrespective of length; from
outcrop measurements all fractures less than 0.5 m have
been neglected.

The variation of fracture ‘freq'uency of the various
rock-types, in order of decreasing frequency, is dolerite

(20.6 fractures/metre), granite gneiss (7.4) and finally

veined gneiss (4.2).

Hydrologically the Gided site is located on the water
divide between two drainage areas. The northern part
drains to the north-east into the Husdn stream (catchment
area of 579 km ), and the. remaining area drains to the
west into the Gide river (catchiment area of 3425 km );
drainage in both areas is via a system of small streams
and both the Husdn and Gide rivers ultimately drain into
the Baltic. The site area contains minor lecal discharge
areas in the low-lying parts, usually characterised by
peat bogs.

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

Adjusted precipitation 765 + 25 ms/year
Actual evaporation ' 410 + 25 m/year
Run-off ¢ 345 + 10 m/year

The annual precipitation exceeds the sum of the actual
evaporation and run-off by about 10 mm which corresponds
to 3 % of the wvun-off. This may be a function of the
uncertainty caused by the estimaied basic values and
should thus be regarded as acceptable. Groundwater

N

_@j
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‘drainage outside the boundaries of the test-site is
considered to be negligible. The major portion of the
run-off is circulated in the soil horizon and the
uppermost part of the fractured bedrock. In the numerical
modelling of the groundwater flow in the Gided test-site
the groundwater percolation rate to the bediuck has been
calculated to approx. 75 mm/year (Carlsson et al 1983).

The main period of groundwater recharge in the region
occurs in the Spring resulting in the largest groundwater
.level differential of the year. A minor period occurs in
the Autumn due to low eVaporatiQn in combination with
precipitation .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 5-10m
it generally coincides with the annual mean air
temperature which at Gided is just below 5 degrees C
(Knutsson and Fagerlind, 1977).

~In general, the profile of the groundwater table reflects
on a much smoother scale the topographical relief. In the
Gided area the groundwater table is located 1-3 m below
the ground surface aithough in the more hilly parts and
adjacent slopes the groundwater level depth can be in
excess of 10 m. As a consequence the groundwater level at
Gided varies between 85-120 m above sea-level. The
groundwater level profile is dome-shaped, highest in the
centre of the site area and falling off towards the
marginal boundaries. The greatest gradients are towards
the eastern depression which contains the Husén.
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5.2.1 Borehole Gi 2

Borehole Gi 2 was drilled at 60° to a vertical depth of
510 m (borehole length of 705 m) in order to confirm the
presence of local fracture Zcne 1 at depth (Fig 5.24),
earlier indicated by the near-surface percussion
drilling. In addition, more information was required to
adequately describe the occurrence of narrow dolerite
dykes which outcropped just norih of the drilling site.
As a result of drilling fracture Zone 1 was located
between 309-335 m; furthermore, more minor crush zones

" were encountered at depths of 100 m, 199-202 m, 462-505 m

and 541-643 m. Do}erite dykes were intercepted at depths
of 223-224 m and 398-426 m; in both cases the dykes were
associated with fracture/crush zomes. At 100 depth
artesian water was encountered. )

The dominant rock type traversed by the borehole is
migmatitic veined sadimentary gneiss (81.5 length %)
followed by migmatite granite gneiss (10.0 length %),
pegmatite (5.0 length %) and finally dolerite (3.5 length
%2). Essentially the borehole section is comprised of
veined gneiss with more minor horizons of granite gneiss
(2-20 m in extent), up to 28 pegmatite zones (to a
maximum thickness of 11.5 m), and 8 dolerite-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/metre recorded for this borehole was
anomalously high for the area (7.38). The veined
mignatite gneiss recorded the lowest fracture frequency
(5.74); this was superceded by the pegmatite (7.37),
migmatite granite gneiss (10.89), and lastiy dolerite
(36.10). The dolerite 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 dolerites are usually partly altered to chlorite and
the most comnon fracture filling mireral phases
regardless of rock-type are chlorite, calcite, pyrite and
laumoni te.

The groundwater flow-pattern in the vicinty of the
borehole, derived from the numerical modelling of the
groundwater flow at the Gided site by Carlsson et al
(1983), is illustrated by a vertical section in the same ,
plane as the direction of the borehole (Fig 5.25). Tie
borehole is located near the eastern {(non-flow) boundary
of the modelled area, and therefore the calculated
groundwater flow is to scme extent influenced by this. As
illustrated by Ficure 5.25 the groundwater flow that
comes in contact with the borehole is directed towards
fracture Zone 2; there also exists a directional
component along the Zone towards the north, {.e.

- perpendicular to the plane of the paper.

The modelled head profile, illustrated in Figure 5.26c,
together with measured ieads from  the hydraulic testing
along 25 m sections, shows an,?ncre'asing piezometric head
of 1 m from the surface to a depth of 50 =z implying that
the upper bedrock horizon constitutes a discharge area;
this is supported by the artesian water ericountered at
approx. 100 m during drilling. Down to a depth of 400 m
the head decreases from 107 to 102 mabove sea-level; at
greater depths it is aimost ~onstamt. The eeasured head
_profile 1s in general agreement with these values,
significant deviations only occurring at 330-530 m along
the borehole whereupon values are much Tower. A |
qua’ifmtive estimation of the flow directions for the
circulating groundwsater im the borehole, togetier with
the calculated water budget resulting from the varfous
borehole activities, 1s compiled {n Table 5.8a.

The hydraulic conductivity (Fig 5.26) in the boreholes {s
predictably high (around 1.107" m/s) in the upper
- part of the borehole before decreasing markedly at app-
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Figure 5.25: The groundwater flow-pattern and isopotentials in

trhe vicinity of borehole Gi 2 illustrated by a
veriical section in the samle plane as the
direction of the borehole (modified after the
numerical modelling of the Kemakta Consulting Co).
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ure 5.26: Hydrogeologica‘l characteristics of borehole Gi 2.
a) Fracture frequency (for 10 m sections) and the
curtulative percentage of fractures
b) Hydraulic cenductivity _ :
c) Plezcmetric head dfstributions and hydrostatic
head in the borehole
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Measured Svdraulic parameters and calculated water budget values of the various influences due to borehole

Tabia 5.8a: 1
activities at the water sampled levels in boreholg Gi 2. _ .
Level K-value. Bead Flow directica Driiling Cas-lifte Hydraulic Cpen hole effect | _§amp1ed water
deviation® (horehole trends) water () pumping(~) testing (+) before sampling(®) before analy-
, . sis (=)
(@ hole  (afs) (m) %) @) @) @) (@)
length) N . i . .
- ) ]
17g-160  1.31077 1.6 ‘3 0.61 0.15 0.055 -8.5 1.7
28330 8610t a3 N 0.004 <0.001 <0.001 0.015 2.6
| 400-402 1‘0'10-10 -1L.0 L 4 0.004 «@a. 001 <0.001 0.055 2.3
sea-sa6 21010010 g5 . <0.001 <D.001 <0.001 0.001 2.0
002-606 4571010 0.8 e <0.001 ~e.001 <0.001 0.001 3.5
* 25 m section; head deviation frowm hyvdrostatic bead in the borehole (ir metre of wvater).
teuite areas 2 e la
" WU rely seenow T weanes -
-:.;.::) IRgi LY tmgil) Aagii) UGV ngIL) ANl dmgl i 0o = diiiwiiyore

Ste Telxrtel el um:
Irvestisyticg,

rox. 300 e; only around 400 m does the conductivity
temporarily increase to 1.107° m/s.

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

The sampled level s located within a section comprising
3 different rock types. The dominant rock 1s the veined
migmatite gneiss which {s traversed by a coarse pegmatite
(approx. 50 c thick); a sma)l thickness of granite
gnefss constitutes the lower part of the section. The
frequency of fracture 2ones is high ranging in width from
10 2o 30 om; a 30 c¢m wide crush zone (50 fractures/metre)
is also present. These fractures intersect the axis of




133

the core at angles ranging from 20° to 900 and the
infilling wineral phases include chlorite, calcite,
epidote, pyrite and laumonite. The main concentration of
fracturas occurs at the lower part of the section were
the costacts between the veined gneiss/ pegmatite/
granite gneiss are present.

~ Water volume (m3)

] | Gi 2: 178-180 m

T
82 1983 1984

Figure 5.27: Schematic illustration of the calculated
water budget for level 178-180 m in
borehole Gi 2 (Gided). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic
tesiing; 4 = Sampling; 5 = Open-hole
effect.
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Hydrology

The water injection tests conducted along 25 m and 10 m
sectians of the borehole indicate that the sampled _
section coincides with a water-conducting horizon, From
the 25 @ section a hydraulic conductivity of 1.3.10

m/s was calculated which is considered normal for this
depth. The piezometric head is determined to 1.6 m above -
hydrostatic head in the borehole; the 10 m section:
measurement doubles this value. Overall, these: hydraulic
characteristics result in a water budget (Fig 5.27) which
gives good reason to beiieve that a representative
groundwater sample should be possible from this level.

Hater geochemistry

The sampled groundwater (Table 5.8b) is characterised by
a oH o§+8.8 and noringl amounts of the major cations Na*
and Ca~ and anions HCO3 and C1  that would be
“expected for non-saline grsundwaters in Swedish
crystalline rocks (Table 5.1). Iodine is very low and
probably represents background levels; this would infer
minimal mixing with drilling waters. '

Redox-sensitive parameters

Only Tow amounts of S(-I1) and Fe(Il) are present; an
overall reducing en_vironment is fndicated by an Eh value
of -90 m¥ and a general absence of oxygen.

Isotope geochemistry

The groundwater 1s characterised by 6180 and 62H

values of -12.62 ppt and -90.4 prt respectively which
indicate a meteoric origin (Fig 5.6); radfocarbon data
_are not available from this horizon. The background

-
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tritium value (<3 TU) shows an absence of mixing with
younger surface and near-surface waters. ‘

Uranium geochemistry

Dissolved uranium centents by both methods give Tow
values (0.20 - 0.23 ppb); the 234U/23 U activity

ratio records a value of 7.7 which indicates widespread
disequilibrium in the groundwater.

Surmary

The results show that the sampled horizon is
characterised by groundwaters which appear to be
representative for shallow groundwaters of a mildly
reducing character. There is no indication that drilling
water or younger more surficial water are pre‘sent in
significant quantities. This is supported by the
hydroliogical data which recorded a positive piezometiric
head and resonable hydraulic conductivity for this
horizon. From the water budget calculations the small
amount of drilling water introduced into the bedrock was
quickly removed by open-hole effects as determined by the
bedrock hydrology. No significant variation in the
‘physico-chemical parameters of ihe water during the
sampling period were 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 pegmatite. The section {s thus highly fractured and
contains three crush zones varying in width from 2 to 17 -
cm. Single fractures and composite fracture zones (10-15
<m wide and containing 4 and 6 fractures respectively)
constitute the remaining portion of the section. The
fractures intersect the axfis of the core at angles
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varying from 40° to 90° and the dominant infilling .
minerals include laumonite, calcite, chlorite, and
muscovite; the fractures are commonly weathered. The
fracturing exposed along this section forms part of the
much larger local fracture Zone 1 which extends from
309-335 m.

Hydrology

The hydraulic conductivity of fracture Zone 1 is
estimated to be 6.5.1070 m/s. Although the
conductivity across the total width of the Zone kas ot
been measured in detail, it ¥s clear that the sampled
section is located in a relatively conductive part. The
hydraulic nead determined from the 25 m section test is
calculated to -3.5 metre of water and to -1.6 m using
measurements along a 10 m section. The hydraulic
characieristics and the calculated water budgét values
compiled in Table 5.8 imply that thz influence from the
borehole activities ar2 very small. The movement of '
groundwater in the borencle du2 to open-hole effects is
downwards (almost certainly in part from the higher -
sampizd level at 178-180 m), and enters ihe sampled
horizon whereupon it is quickly removed during gas-lift
pumping and pumping prior to sampling. The water sample
should therefore be representative and uncontaminated.

Water geochemistry ‘

The sampled groundwater has a pH of 8.8; of the major
catfons (Na' and Ca’) and anfons (HCO.~ and )
 C17) there are no differences from the previcus higher
level and the water shows no significant drilling water
component (0.2 % 1°).
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Figure 5.28: Schematic illustration of the calculated
water budget for level 328-330 m in
borehole Gi 2 {Gided). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic
testing; 4 = Samp¥ing; 5 = Open-hole
effect. '

Redox-sensitive parameters

‘In comparison with the higher sampled level only Fe(II)
shows an increase to 0.59 mg/1; S(-II) is similarly Tow
and no oxygAen was recorded, A moderately i'educing
environment is indicated by a Ev valee of -60 mV.

Isotope geochemistry

A meteoric origin is indicated by the 6180 and 52H

values of -12.57 ppt and -90,1 ppt respectively. The

~ radiocarbon data recorded an age of €445 years; this
together with background tritium valses (<3 TU) show that
there is no major young water componeat involved.

Uranium geochemistry

The dissg;xedzgganium content ramges from 0.12 - 1.13 ppb
and the U/ U activity ratio 1s 5.4 which
denotes widespread disequilibrium in the groundwaters.
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Suirar

~ The general chemistry of the groundwater frea this level

5.2.1

differs little from the preceding horizon. The
representative groundwater predicted by hydrological
considerations seems to be bovne out by the various
chemical parame‘;&rs..There'is no evidence of significant
mixing with younger, more surface-derived waters, nor
with drilling water. The waters, in common with the
previous higher level, appear to be representative of
shallow to intermediate groundwaters of a moderately
reducing character,

No significant variation in tise physico-chemical
parameters of the water during the sampling period were
observed,

.3 Level 400 -~ 402 m (approx. 353 m)

The rock-type characterising this section is a red,
twomica granite, strongly crushed and fractured. Four
crush zones are in evidence ramging 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 drillcore section. These fractures intersect the
axis of the core at angles varying from 10%-80°; the

main infilling mineral phases are calcite and chiorite
with subordinate laumonite and fluorite.

szroiogz

From the water injectfons tests it was indicated that the
sampled level formed part of a measured 10 m section
which conducted all of the water from within the
initially measured 25 m sectiom. The hydraulic
conductivity of the 10 m section s 2.5.107 " m/s and

fs thus assumed to be representative for the sampled-
horizon. As a result the water budget values are somewhat
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.Water volume ()

Gi 2: 400-402 m
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Figure 5.29: Schematic illustration of the calculated

water budget for level 400-402 m in .
borehole Gi 2 (Gided). 1 = Drilling water;
2 = Gas-Tlift pumping; 3 = Hydraulic

testing; 4 = Sampling; 5 = Open-hole

effect. -

greater than those presented in Table 5.8a, which are
calculated from the 25 m sections. However, this does not
change the general overall picture illustrated in Figure
5.29 which shows that-conteminating waters introduced
along the fracture zone, i.e. drilling water -and water
resulting from hydraulic testing and open-hoie effects,
are rapidly removed during gas-1ift pumping and pumping
Just prior to sampling. The waters should therefore de
uncontaminated and representative for the sampled level.

Hater geochemi try

The pH of the samp1ed water is 8.6; in common with the
- +
upper two levels the contents of ﬁa+, Ca ,

HCO3

and C1~ are normal and representative for

non-saline groundwaters. The very low 1 content (0.4
1) indicates little of drilling water contamination.

et
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Redox-sensitive parameters

S(-11) and Fe(II) are still present in low amounts (0.04
and 0.41 mg/1 respectively); a higher Eh value {-40 =¥)
is obtained than the two preceding levels although the

0, content is still low (0.1 mg/1).

Isotope geochemistry

The 6180 value of -12.68 ppt and the GZH value of

-91.4 ppt supports a mereoric origin to the water. The
77C age of 6570 years is close to the last level
described; this, together with background tritium valwmes
(<3 TU), indicate the absence of a younger, near-surface
water component.

Uranium geochemistry

Only a single value for’ the total dissolved uraniwm is
available. This is low (0.27 ppb) and supports a
gvenerally reducing envircament; no activity ratio value
is available.

Summary

Water budget estimations from 10 m and 25 m sections
suggest that the fntroduction of contaminating water §mto
the fracture zone was mimimal and was quickly removed

" during gas-1ift pumping mnd pumpirg just prior to -
sampling. This is supported by the chemical parameters
which point to a moderately reducimg shallow to
intermediate groundwater with an absence of drilling
water contamination and groundwater mixing from youngews,
surface and near-surface sources.

[
P
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No significant variation in the physico-cheaical
parameters of the water during the sampling period were
observed.

.4 Level 544-546 m (approx. 478 m)

The section chosen for sampling is contained within a
heavily crushed chloritised dolerite dyke. Fracturing
along the section consists of a crush zone (20" cm wide),
three fracture zones varying in width from 2 to 12_cm,
and a single fracture; the intersection angles with the
axis of the core range from 10° to 900. The dominant
fracture filling minerals are chlorite, epidote and °
calcite.

Water volume (ma) )

‘] Gi 2: S4h-546 m
21
. 1253 5 2
T aeeg| ' 983 1984
L 1982y g o |
-[.q
'

Figure 5.30: Schematic illustration of the calculated
water budget for level 544-56 m in
borehole Gi 2 (Gided). 1 = Drilling water;
2 = Gas-lift pumping; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.
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Based on measurements carried out along 25 m sections,A

" the hydrau]ic conductivity (K = 2.1.10'11 m/s) and

the piezometric head deviation (i.e. -0.5 m) are quite
small (Table 5.8a). This means that the potential extent
of groundwater contamination during drilling and
injection testing is minimal and should be easily femoved
prior to sampling (Fig 5.30). A downward transport of
groundwater along the borehole is also.indicated at this
depth. '

Water geochemistry

A pH of 8.8 and normal non-saline groundwater amounts of
Na®, Ca’’, HCO3- and C1~ ‘characterise the '
groundwater from this. level (Table 5.8b). The low
bagkground amounts of I~ (0.4 %) indicate the absence

of a significant drilling water component.

Redox-sensitive parameters

The S(-II} and Fe(II) values are low (0.2 and 0.78 mg/1
respectively); the slightly higher Fe(Il) value compared
with the preceding three levels may be a local influence
from the dolerite. A more negative Eh value (-90 mV) and
an absence of 0, might suggest a more reducing
groundwater than the previous two levels.

Isotope geochemistry

A meteoric_origin to the groundwater -is indicated by the

¢ 0 and & H values which recurd respectively

-12.44 ppt and -89.5 ppt (Fig 5.6). The radiocarbon data

indicate an age of 6720 years for the groundwater; this,

together with background tritium values (<3 TU), indicate
the absence of a younger near-surface component.
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Uranium geochemistry

Low uraniuym amounts are aiso maintained at this level
(0.31 ppb); supplementary uranium and ~—~ U/ " U
activity ratio data are not available.

Summary

From the hydrological and water budget considerations
this sampled zone should be characterised by a minimum of
contamination either from drilling water or from
injection testing and open-hole effects. From the various
chemical parameters measured this would appear to the
case, with an absence of drilling water tracer and of a
younger, near-surface water component. The sampled waters
are typical of shallow to intermediate groundwaters.

No significant variation in the physico-chemical
parameters of the water during the sampling period was
observed.

5.2.1.5 Level 602 -~ 604 m (approx. 528 m)

The bedrock section chosen for sampling represents the
contact between a fine-grained chloritised dolerite and
the dominant migmatitic veined gneiss. The core section
is markedly tectonised resulting in two crushed portions
(4 and 20 cm wide), one major fracture zone (10 cm wide
and containing 10 fractures), and one single fracture.
The angle of fracture intersection with the axis of the
core ranges from 5° to 900; the main fracture filling
mincral phases include chlorite, laumonite and pyrite
with some evidence of iron oxide staining on the fracture -
interfaces. '
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Figure 5.31: Schematic illustration of the calculated
water budget for level 602-604 m in
borehole Gi 2 (Gided). 1 = Drillimg water;
2 = Gas-lift pumping; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.

Hydrology .

A coTbination of a low hydraulic conductivity (K = 4.5,
10" m/s) and a small negative head doviation (-0.4
m) make this level similar to the previous one.

Water geochemistry

Essentially similar to the previous level (Table 5.8b).

Redox-sensitive parameters -

Essentially similar to the pevious level.

Isotope geochemi stry

Essentially similar to the previous level.
N

L
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Uranium geochemistry

More information is available from this level. The
dissolved uranium content is low ranging from 0.06 to
0.15 ppb and the activity ratio is 5.9 which is high and
indicates extensive isotopic disequitidbrium in the .
groundwater. '

Sumzisary

There are no significant differences in the hydrological:
and chemical properties of the groundwater sampled from
this level when compared with the previous level. In
addition, there was no variation in the physico-chemical
properties of the water during the sampling period.

5.2.1.6 Borehole sumrary and discussion

Based on geological considerations and hydrogeological
investigations carried out along 25 m sections of the
borehole (in some cases more detailed measurements were
conducted along i m lengths) five suitably conducting
fracture zonss were selected for groundwater sampling
purposes. It should be noted, however, that four of the
levels record hydraulic conductivity values which are
lower than 1.1071° m/s. One of the sampled levels

(328 - 330 m) represents the fntersection of the borehole
with local fracture Zone 1 which is thought to extend to
the bedrock surface. A1l the selected fracture horizons
are markedly fractured; this is usually apparent as crush

‘zones, fracture zone and fndfvidual fractures of varying

wyidths and orientations. The dominating fracture
infilling phases are chlorite and pyrite with subordinate
amounts of laumonite; epidote tends to occur within the
dolerite and muscovite within the more granite/pegmatite
rock types. Red staining due to fron-oxide disseminations
is sporadic,
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The natural groundwater flow in the near-vicinity of the
borehole is generally downwards and directed towards
fracture Zone 2 (Fig 5.24).

At the uppermost level o positive piezometric head exists
which contrasts with the remaining four levels which show
negative values along the measured 25 m sections. In
general, the water bs.édget calculztions suggest that at
all levels, in particular the upgermost horizon, the
sampled groundwaters should be representative of the
respective depths sampled #.e. devoid of residual water
from borehole activities amd from other sources within
the surrounding bedrock. Because of the very fractured
nature of the bedrock, the chosen water conducting levels
are reasonably representative for the hydrologic
parameters measured.

-Considering the fractured mature of the bedrock and the

variation in depth of the groundwater samples, it is
remarkable to note the homogeneity of the groundwater
chemistry from all sampled horizons. In general, the
groundwaters can be cConsidered shallow to intermediate in
origin exhibiting a pH of 8.6 to 8.9 and a pajor ion
content indicative of non-saline groundwaters common to
Swedish crystalline bedrock environments. Residual '
drilling water is generally absent and the isotopic data
show that nc younger, surface or near-surface component
is present. The radiocarbon ages are uniform (6435-6720
years) and the stable isotope data suggest a meteoric
origin to the waters. The measured redox parameters
indicate a low to mnderately reducing environment (Eh is
-40 to -90 m¥); 02 is on the whole absent and dissolved
uranium contents are uniformly low (0.06 to 1.34 ppb).
The 23 u/ 2380 are anomaiously high (5.4 to 7.7)

-which indicates widespread disequilibrium in the

groundwaters. The high values also suggest that the
groundwaters have had long resideace times in contact
with the fracture zone interfaces allowing alpha recoil
processes to make a sfgiuificant contribution to the
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excess 234U. The unusually low Fe(II) and S(-II)
contents may reflect the moderately weducing nature of
the groundwaters. :

As we have seen from the hydrolegical considerations, the
uppermost level is characterised by a positive head and
reasonable conductivity in comparisom with the deeper
levels. Open-hole effects will then De dominated by water.
entering the borehole at the uppermost level; groundwater
sampled from this horizon will therefore be
representative. However, the combination of a negative
head and low conductivity values for the four deeper
horizons will result in an partial wacuum being produced
within the individual sections being sampled thus
encouraging borehole water to be pumgzed into the section
via an interconnecting network of fractures or between
the packers and the borehole walls. The water sampled
from these horizons will therefore be duminated by
borehole water which has its source 3n the Uppermost
level. This would account for the observed uniformity of
all chemical parameters measured, and would explain why
all the sampled waters can be classified as being shallow
to intermediate in origin. Only the wppermost level can
be considered representative; the greundwa-ter ’
characteristics of the deeper groundwsaters are still.

" unknown, ’

The uranium contents o%‘ the sampled groundwaters from
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 values (0.06 - 0.15
ppd) correspond with the deepest level (602 m). The lack
of any systematic varfation fs in accord with most of the
chemical parameters measured from this hole. The
analytical contents, together with tie theoretical Eh
values calculated for the iron system, are presented in
Table 5.9 and Figure 5.32. The figure also contains
theoretical uranium solubility curves calculated from

crystalline and amorphous UO'2 for a pH of 9.50 which is
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reasonably representative for the waters from borehole
Gi 2. A1l five water compositions plot within or just
outside the calculated uranium solubility houndaries.

Yable 5.9:

'Uranium content and theorz2tical Eh walues of
the groundwater from borehole Gi 2

Level - Uranium Conient Calculated Eh

{metres) {opb) (=v)
178-180 0.20 -218
328-330 1.34 -256
400-4G2 0.27 =236
544-546. 0.31 -280
602-604 0f 15 -207
0 -
pH=9.50
-5 §
LOG
SOLUBILI\"Y
-10 -
A 170 -180 metres
9 328-33%0 -
# L00-402 ---
[ JETVRYIV IR
-18 : ’ v 602- 804 -
- 300 ' o ' + 300 -

Figure 5.32:

OXIDATEON POTENTIAL (V)

Plots of uranium content (expressed as log .
(mol1/1itre)) and the calculated theoratical
Eh values of groundwaters collected from
borehole Gi 2. Tke values are plotted with
respect to theorz2tical uranfum solubiiity
curves calculated for amorphous (lower
stability 3iimit) and crystalline (upper

stability 1imit) 002 at a pH of 9.50.
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'~ 5.2.2 Borehole Gi 4

Borehole Gi 4 was drilled at 70° to a vertical depth of
543 m (borehole length 692 =) to investigate at depth
local fracture Zone 4 which could be detected
topographically and geophysically in a east-west
orientation just to the north of the drilling site (Fig
5.24). In addition, the area is characterised by a
magnetic anomaly which could indicate subsurface
structures of interest. Drilling of the borehole
encountered three main structural zones of weakness in
addition to several more minor zones of increased
fracture frequency. The initial 250 m was representative
of near horizontal tensional fracturing due to the
removal of the ice burden during Pleistocene times.
Between 217 - 259 m fracture Zone 3A was traversed and
Zone 4 between 606 - 655 m; Zone 6 was intercepted at 670
- 690 m (Fig 5.24).

The dominant rock type is weined mignatite gneiss (93.3
length %) with subordinate intercalations of granite
gneiss (4.0 length %) and pegmatite (2.7 length %); no
dolerite dykes were intercepted by drilling. The granite
gnéiss varied in thickness fram 0.5 to 8.4 m with an
average thickness of 1.96 m, and the pegmnatite ranged
from 0.2 to 5.5 mwith an average thickness of 0.88 m.
The average number of fractures/metre 1s less than Gi 2
(i.e. 5.12 compared to 7.37) with the pegmatite being
least fractured (4.35 fractures/metre) followed by
migmatite gneiss (5.05) and lastly the granite gneiss
(7.05). The greatest concentration of fractures (apart
from the upper 200 - 250 m) occurs between 600 - 700 m
which represents the fntersection of the borehole with
Zones 4 and 6. Yithin the mjor crush zones the most
cormon fracture filling minerals are chlorite, calcite
and laumonite.
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Figure 5.33: The groundwater flow-pattern and
isopotentials in the vicinity of borehole Gi
4 iilustrated by a vertical section in the
sane plane as the direction of the borehole
(modified after the numerical modelling of
Kemak ta Consulting Co).

The presence of three major structural zones of weakness
and their geometry have resulted in a very complex
groundwater flow pattern arocund the borehole, too complex
to be illustrated by the two-dimensional dfagram shown in
Fiqure 5.33. However, if one accepts that the
considerable plezcmetric head fs maintained to depth in
the vicinty of Zones 3A and 38, the high head gradfents
will result in a general groundwater flow directed
towards Zone 5 and also along Zones 4 and 5 towards the
east. Fracture Zuones 34 and 3B thus facilitate fast
transport of groundwatar to depth and it would therefore
be expected to find a younger water at greater depihs .
here than elsewvhere. : o - j
. . g
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The hydrau]ic conductivity zlong the borehole is variable
with- sections of high conductivity separated by’
relatively impermeable rock sections (Fig 5.34b). The
three intercepted fracture Zones 3A, 4 and 6 have an
estimated hydi-aulic conductivity of 2.10”7 0,
2.10710 /s and <5.1072 ay/s respectively. v
According to the numerical modelling of Carlssor et al
(1983) the piezometric head decreases almost linearly
from 114 m above sea-level to 104 m at the bottom of the
hole. The results from the injection tests diverge -
significantly from this, especially below 200 m. The few
piezometric head measurementis available between 30C - 500
m indicate a much lower head, which at greater deptirs
increases and even becomes positive implying an upw@rd
groundwater flow. '

Figure 5.34: Hydrogeologica_’l characteristics of borehole
Gi 4,

a) Fracture frequency (for 10 m sectioms)
and the cumylative percentage of
fractures

b) Hydraulic conductivity

c) Piezometric head distributions and

- hydrostatfc head in the borehole
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Tabie 5.10a: Measured hydraulic parzeters and calcalated witer budget vaises of the warjous influences due to borelole
activities at the vater sazpled levels in boretle Gi 4&- )

Level K-value® Head Flov directiom Drilling Gas-life Hydraulic Open Iole effect Sampind vater
deviation (borehole trends) uarer (¢) pmping (=) zesting(+) before sampling¢=) Dbafore inalysis
. )
3

(@ hole  (m/s) @ ) o) @) ) @)
length) . .

9- 98 4.4-107° -5.1 . 1.3 0.108 2.018 8.0 2.7
mrze 2101078 -1.3 C s 0.® 0.0 . ©.004 5.9 1.3

- ' + . . . .
404-406 2.3°10 9 -26.¢ + 0.276 0.005 ©.002 2.6 2.2
siz-s16 9.5 1072 -3 . 0.7 “0.g01 <3.001 " 0.002 3.2
-10 L2
616~ 1.10 +4.0 - * 0.%7 <G.001 «3.001 -1.13 0.07

» ’ - N N -
25 o section; head deviatia: ir.cm hydrostatic head in the borehoLe (in metre of w==ter).

#*» ayerage of three 25 m sections

JY o arnsacir;, Talees.

® lempler oriilerel ilitalli repreme-iwtive

5.2.2.1 Level 96 - 28 m (approx. §l-m)

The saction clzosen for sammpling represents the contact
between veined migmatite gnelss and a grey medium-grained
granite. The core is not heavily fractured but contaims
sere 15 single fractures @nd one narrow fracture zone (2
ca in width) comprising 3 fractures. The intersection
angle of the Fractures wizh the axis of the core ranges
from 20° 1o 50°. The =aim infilling minera) phases

3 calcite with subordinate pyrite and muscovite.
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Hydrology

The hydraulic conductivity of 4.4.10™ m/s recorded

for this level is a moderate value for such a bedrock
depth. From tize water budget calculations (Table 5.10a,
Fig 5.35) by ffar the geatest influence on the groundwater
conditions is caused by open-hole effects due to the
hydraulic iead being some 5 m below hydrostatic head in
the borehole. This will result in drilling water
contamination Being drawn far into the fracture zone
together with tha water in the borehole which probadly
originates fram higher, near-surface levels. It is
therefore highely unlikely that gas-1ift pumping and
pumping just grior to sampling will have any marked
effect on remawving the contaminated water. From
hydrological considerations this groundwater should not
be representative.

Water geochemistry

The sampled water {Table 5.10b) records a pH of 7.9; the
major ions Na® and Ca * are respectively somewhat

lower and higier, and C1~ somewhat lower than normal
shallow to intearmediate groundwaters encountered so far
in borehole GV 2. This would suggest waters from a

- near-surface forizon. A 1™ content of 0.5 % indicates
some contaminaTisn from drilling fluid.

Redox-sensitiva parameters

An Eh value of +10 mV¥ indicates an oxidising groundwater
environment. Thifs is to some extent supported by low to
negligible amoants of Fe(II) and S(-II); in this context
the presence of only 0.04 mg/1 of oxygen is rather
surprising.
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Figure 5.35: Schematic illustration of the alculazed
‘ budget for level 96 - 98 m i borehole Gi 4
(Gided). 1 = Drilling water; 2 = Gas—Tift
pumping; 3 = Hydraulic tes¥ing;
4 = Sampling; 5 = Open-hot= effect.

Isotope geochemistry

Stable isotope values of6180 = -12.93 ppt ad 62H»

= -93.4 ppt indicate a meteoric origin £ the vater (Fig
5.6). The very high tritium value of 3§ TU siggorts the
significant young water component suggesied by the
general chemical character‘lstics' above; =p rafiocar»on
data are available.

Uranium geochemistry

Only one uranifum value fs available (1.02 ppd) sugg=sting
a marginally oxidising environment; no isotope data
exist, '
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Summary

The chemical parameters of the water sample‘indicate that
a major portion is derived froim young near-surface
sources; a smaller percentage is from the drilling water
source., It is thus reasonable to assume, as predicted by
the hydrological data, that the sampled groundwater is
not .representative for this levél, and that it 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 :*::a::thype, a -
light-grey, medium-grained granite; contact with the
veined migmatite gneiss occurs just below the szction.
The core length comprises numerous fracture zones ranging
in width from 2 to 16 cm (containing 3 to 20 fraciures);

- 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 exteads from 217 - 259 m.
The angle of intersection of the fractures with the core
axis varied from 10° to 80° and the main infilling
minerals are calcite with subordinate chlorite.

Hydrology

Because the sampled section is located marginally to
fracture Zone 3A, it does not constitute the most
conductive part. The hydraulic tests carried out along 25
m and 5 m length recorded a K-value of around 1,10~
m/s. The low piezometric head (101 m above sea-level)
emphasises the important influence open-hole effects will
have on the waters sampled from this horizon (Fig 5.36).
The water budget thus indicates that the groundwater
sampled is not representative and probably originates

~ from shallower levels; gas-lift pumping and pumping prior
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Figure 5.36: Schematic illustration of the calculatad
water budget for level 222 - 224 m in
borehole Gi 4 (Gided). 1 = Drilling water;
2 = Gas-lift pumping; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.

to sampling is inadéquate to remove such contamination,
which will also include a drilling water component.

Water geochemistry

The sampled waters (Table 5.10b) have a pH of 9.0 and a
major ion content (Na+, Ca +, HCO3-, c1)

more typical of non-saline groundwaters than the
preceding level. The presence of 1.5 % I~ indicates a
significant drilling water compgient as suggested by the

water budget calculations. N
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Redox-sensitive parameters

An En value of -60 mV renders this water as being
considerably more reducing than the previous level
although only small amounts of Fe(II) ana S(-II) are

present; 0_ is more or less absent.

2

Isotope geochemistry

5180 and 62H values (-12.55 ppt and -89.7 ppt
respectively) indicate a meteoric origin to the waters. A
tritium value of 5 TU suggests only a small, younger
near-surface component, which is essentially supported by
the old radiocarbon age of 11895 years.

Uranium geochemistry

Dissolved uranium contents range from 0.67 to 0.98 ppb
\,zvhxch sggport a general reducing erv1ronment The

U/ U activity ratio records a value of 6.7
which is high and indicates widespread d1 sequilibrium in
the. groundwaters.

Summary

In contrast with the previous level this horizon from a
chemical viewpoint is more representative for a shallow.

~ to intermediate groundwater environment. The hydrological
data suggest that the water sam;ﬁl ed should be from higher
levels. This maybe so, but the lack of a significant
ycunger water portion shows that the waters must be
comming from a deeper level than those sampled from the
previous horizon; drilling water, as shown by the I~
content, plays a part and this may account for the small
amounts of tritium observed. This infers that perhaps the
hydrological prediction is not quite valid for this

1

o
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section, and that the sampled water may after all pé
reasonably representative for this depth,. or
alternatively, the groundwaters may be originating from a
highly conductive zone at a greater. depth than the
previous section sampled, i.e. a more 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. '

3 Level 404 - 406 m (approx. 385 m)

The chosen section is comprised of veined migmatite
gneiss which are only moderately fractured. Apart from
one fracture zone some 8 cm wide and containing 11

- fractures, the remaining core is characterised by 10 to

12 single fractures. Angles of intersection between
fracture and the core axis range from 300 to 900, and
the main infilling mineral phases consist of chlorite and
laumonite with subsidiary calcite and pyrite.

Hydrology

The water budget calculations for this level, based on
hydrological parameters measured along 25 m sections and
illustrated in Figure 5.37, are not representative for
the sampled horizon. Detailed injection tests performed
have shown a much lower K-value for this horizon (below
the 1imit of measurement) than the calculated values. It
should therefcre be impossible to obtain adequate
groundwater from this rock section. '
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Figure 5.37: Schematic illustration of the calculated
water budget for level 424-406 m in
borehole Gi 4 (Gided). 1 = Drilling water;
2 = Gas-lift pumping; 3 = Hydraulic
tésting; 4 = Sampling; 5 = Open-hcle
effect.

Hater geochemistry

The sampled water has a p{ of 9.3; compared with non-
saline crystalline bedrock grouncwaters the major cations
Na' and Ca * are respectively higher and lower than
would be expected, and the anions KCO_ - and C) are
respectively lower and higher. The groundwater is
therefore saline in type and appears to contain a high
drilling water component (11  17). ‘

Redox-sensitive parameters

Surprisingly, the groundwater is marginally oxidising as
evidenced by an Eh of +10 m¥ and low to negligible
amounts of Fe(Il) and S(-11). The presence of small
amounts of 02 (0.25 mg/1) perhaps supports a near-
surface water coamponent.
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Isotope g‘eochemistrl

The more saline groundwater is characterised by lower
6180 and 62H values (-13.6 ppt and -99.4 vnt
respectively) than for non-saline waters; the tritium
value (8 TU) indicates a small younger water component.
No radiocarbon data are available.

Uranium geochemistry

Dissolved uranium is present in low amounts (0.06 ppb for
one method and below the level of detection for the
other) and the U/z 8U activity ratio records a

‘ value of 2.8 which is markedly nearer to unity than level
222 - 224 m although still imdicating isotopic
disequiiibrium in the groundwaters.

Surmar

From hydrological considerations no representative
groundwater should be possible from the demarcated zone.
The water collected is therefore most likely from the
boehole, having been pumped around the packer system
either directly or via a network of intercesnecting
fractures through the hedrock. However, the sampled water
shows saline properties which contrasts with the borehole
water composition thought to have been collected from the
higher levels. This saline water must therefore have come
from the bedrock section befrg sampled, or via a fracture
system leading to greater depths. Sufficient water was
avaflable as can be observed from the unfformity of water
chemistry during sampling (Laurent, 1983b), in point of
fact during sampling there was a tendency for the
salinity to increase slightly and the the 1~ content to
sympathetically decrease frcm 13.4 -10.2 %. Although the
water {s contaminated to soma extent by drilling water,
and as can be seen from the tritium content by a younger
component also, sufficient saline water has been
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available to influence the composition significantly. The
groundwater collected from this level is thus
characterised by: ‘

- residual drilling waters :

- younger, more near-surface waters from the upper
horizons of the bedrock

- component of more typical marginal reducing
groundwaiers probably from the vicinity of the fwracture
Zone 4 ’

- saline groundwaters of limited quantities from the
sampled level or from deeper levels via fractures,
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 pegmatite;
this is in contact with a more substantial pegmatite
waich occupies about 80 cm of the sampled section. The
migmatite is weakly fractured comprising mostly simgle
fractures (up to 10) with two marrow (2-3 cm) fracture
zone bands consisting each of 3 fractures. The
intersection angie with the axis of the core ranges from
10° to 90° and the main fracture fil1ing minerals are
chlorite and laumonite with subordinate calcite.

Hydrology

The sampled horizon {s characterised by a very low
permeability (K = 9.5.1071% w/s); this will result <n
only very small amounts of contaminating water (i.e.
érilling and borehole waters) entering the dedrock
although the head deviation (-3.5 m) {s not especially
small, The water budget calculation (Fig 5.38) poimts to
a groundwater which should be representative of the
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Figure 5.38: Schematic illustration of the calculated
water budget for 1lzvel 512-514 m in
borehole Gi 4 (Gide&). 1 = Drilling water;
2 = Gas-lift pui@fng; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.

sampled depth. On the other hand the low K-value will

limit the amount of water that can be taken from the

bedrock section.

Hater geochemistry

The collected groundwater shows certain similarities with
the uppermost level sampied (Table 5.10b), {1.e. when
comipared with average non-saline groundwaters from
Swedish bedrock Na' {s lower, E:az is higher, and

C1” and HCO, are both lower, ©£1° markedly so.

Although the pH is stil) rather high (8.8), the general
characteristics of the groundwater point to a
surface/near-surface origin with a deeper groundwater
component, Low amounts of I are present (0.3 %)
indicating Tittle drilling 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
02 and S(-I1). The high Fe{lI) content {7.3 mg/1) is
aromalous and may, as explained for some of the
above-described horizons, be due to reaciion in the
borehole between the steel piping and borehole waters.

Isotope geochemistry

The stable isotope data (6180 = -12.94 ppt and$ 2H
= .94.1 ppt) indicate a meteoric origin to the
groundwaters. A combination of a very high tritium
content (49 TU) and tow radiocarbon age (3850 years)
point to a young water component being present.

Uranium geochemistry

The dissolved urznium content is low (<0.2 to 0.44 ppb);
the ,3 U/23 U activity ratio is 2.4 which is

‘similar to the priceding horizon and indicates
disequilibrium in the groundwaters.

 Summary

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 composed primarily of a younq, surface to
near-surface comgonent, as indicated by both the chemical
and isotopic data. It seems possible from the geology
that the cored section represents a relatively
impermeable bedreck horizon with the result that during
punping a partial vacuum was established within the
sampling section. As the only substantial water source
was the water ‘in the borehole, this was pumped into the
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sampiing section either directly between the patkers and
the borehole #all, or via an eaen system of
interconnecting fractures. The waters sampled thus
represents surface to nearsuriFace vaters which kave
collected above the packer system. Gace the hyrauldc
connection between the borehoBe water and the sapted

" section was established, ther® was a ceatinuos flome of
water during the sampling perfod. This is shom by Ehe

" constant chemistry of the watumars during samplieg
{Laurent, 1983b).

5.2.2.5 Level 616 m - drﬂ]hole bot&:nm

The sempled section represents soze 15 = of drillhoB=
which intersects two major fracture zones, i.e. lon= 4 &t
606-655 and Zone 6 at 670-63D m. The section is timus
extensively fractured and the wariation i@ rotk-type= and
fracture mineralogy noted for he ugper part of the
borehole continues for the fuld exteat of the iule.

Hydroicgy

This 4rillhole section has en estisated X value of

1.10°0 /s and an estimated fz=ad deviation of 4 m

of water. The water budget calcwiations (Fig 5.8) ampear
to be promising for a represenative valer samplie to De
obtained. However, the water resmoved pricr to sswpl famg
amounted to only 70 litres which s less than &3 oF the
total volume sealed off in the Dorehcle section.
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Figure 5.39:  Schematic illustr@Rion of the calculated
water budget for Tevel 616-bottom in
borehole Gi 4 {(Gicd). 1 = Drilling water;
2 = Gas-1ift pmpimg; 3 = Hydraulic
testing; 4 = Samp?ing; 5 = Open-hole
effect.

Hater geochemistry

The sampled groundwater is characterised by a pH of 8.8,
high amounts of Na+, Ca * and C} and low

HCO_™; the comtent of I is very high (24 %) and

may indicate a considerable @ril¥ing vater component.
Compared to a %ypical non-saline grousdwater, this.
horizon is distinctly saline (268 mg/1 C17).

Redox-sensitiwve parameters

The groundwater is markedly redwecing (Eh = -290 aV); this
{s supported Dy the absence of 02. No analyses of
Fe(I1) and S(-1I) are availadle. '
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Isotope geochemistry

Similarly ®0 the more saline waters encountered from
section 408-406 m, the stable isotopes exhibits more
negative values (5180 = -13.81 ppt; 6 H = -100.8°

ppt) althowgh still indicating a meteoric origin. A
tritium valae of 10 TU infers a significant yomger mater
component; mo radiocarbon data are available,

Uranium geachemistry

lz)gzsoggd uranivm values are very low (0.02 ppb); the
U/ 70 activity ratio value is 2.0 which
indicates disequilibrium in the groundwaters.

Summary

Because of Zhe borehole length sampled, a mixture of
groundwaters froa different sources is inevitable, Toxe
question is whether all the groundwater Ras originateﬁ at
the depth of sampling (i.e. 616 m to the borehele
pottom), and is tnerefore representative of degp
groundwaters, or has there been a"substantiﬂ
~¢untaminatisg component from higher levels. The chemEstry
of the watzv indicates that considerable mixing has
occurred; the tritium and I” contents show mixisg fre=m
drilling water and younger near-surfice waters althowsh
at the sampled depths a strongly reducing enviresment has
been maintafmed. From the data compiled by Laurent
(1983b), a s2eady increase in Na’, Caz* and C1°

occurred durdng the sampling perizd, with a correspomaling
decrease in HMCO_~; the drilling water tracer 1°

- gradually increased from 4.4 % o 16.5 %, with local

highs of up 20 29.9 %. The groundwaters from this secTion
are thus commgsed of:

- residua) érilling waters
- younger, near-surface component
- dezep reducing saline groundwaters
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Th_e'gradual increase in salinity during pumping, i.e—
probably the removal of higher level-derived
groundwaters, is supported by tiie hydroicgical Gta wefhich
indicated that only 40 % of the borehole water iz tis=
sealed section had b2en removed prior to samplieg.
‘Continued pumping would most likely have wesuited im
increasingly more saline groundwsater. In this regec® it
is interesting that the 1" content appears also to
increase. Does this represent natural iodine lewls &m
the water, or does it indicate that considerabls sncuzmts
of drilling water have been unsesccessfully remowd by
gas-lift pumping? The former explanation would gpezz— to
be more plausible. '

5.2.2.6 Borehole summary and discussica

From hydrogeological considerations five Sm'tably
conducting horizons have been selected from boreigle i 4
for chemical characterising of the groundwaters. ine wf
these levels represents the intersection with a ssjos
Tocal fracture Zone 3A (217-259 m) which s beliwed =0

‘ extend to the bedrock surface; the lowest level, ehiciEs in
reality comprises a borehole lergth of scme 75 m,
includes the intersection with o local fracture Zomees 4
and 6, also thought to extend to the bedrock surfice.

The ratural groundwater flow in the near wicinity of #T@he
borehole according to measured piezometric head tinds o
be generally downwards in the upper regioms (0-3% m} and
upwards in-the lower regions of ¢he borehcle. Hith tize
exception of the lowest sampled section, which is
estimated to have-a positive piezometric head, the
remaining levels are considered megative. The water

hudget calculations suggest that the upper three leveTs
are problematic with regards to suitably represestatiwze
groundwater samples; this is attributed to the sxted
negative piezometric heads (levels 96-98 m and 222-223 m)
resulting in important open-hole effects, and ia mck
impermeabi 14ty (level 404-406 m) resulting in insequa=te
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volumes of water. The lower two Tevels (512-514 m and
616-bottom) are cunsidered more Bzopeful although the
former level maybe somewhat imperummeadle.

The groundwater chemistry shows that degrees of
contamination are evident frem al1 the sampled levels. In
general terms, two of the levels {4(4-406 m and
616-bottom) are characterised by saline groundwaters
(178-260 mg/1 C17) with a high I content which may
reflect natural background valués rather than excessive
drilling water contamination. These, however, are
contaminated by small amounts of 3jrounger, near-surface
groundwater (8 - 10 TU); in eddition the higher leval
groundwater is marginally oxidisimg (+10 &V) compared to
the deepest sampled level (-230 =% ) which can be
considered truly reducing. s botir cases the degree of
salinity increased during samplireg so that a more salime
and reducing groundwater would probably be typical for
these sampled depths. Two of the remaining three levels
(levels 96-98 m and 512-514 a) are characterised by

© groundwaters of typical surface amd mear-surface
chemistry +i .e. lower than normal ﬂa and €1 ‘and
higher Ca~ when compared with nem-saline

groundwaters from Swedish bedrock. High tritium contents
{36-49 TU) at both leve's and a young {diTuted)

“age (3850 years) from the 512-514 = level, support a
major near-surface component to tHhe waters.

The remaining level at 222-22§ m shows groundwater
compositions normal for non-salime waters. Morecver, it
“{s characterised by low tritiua zmounts (5 TU), an old
radfocarbon age (i1895 years), and fis moderately reducing
(-60 my). This water would appear to be representative
for the depth sampled and can be wegarded as shallow to
intermediate in origin.

Much of the observed contaminatiom is due to the

_incursion at depth of younger, near-:zurface waters. From

“hydrological considerations there are indfcations that

the general water-flow direction £n the upper part of the

borehole is downwards. This can, therefore, adequately L
N
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explain the presence of such waters at the 96-98 m level,
and even as deep as the 512-514 m level. In the former
case oben-ha?e 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 m similar
open-hole effects to the uppermost level should have
resulted in a sizable younger, near-surface water
component, which is known to have penetrated to deeper
levels. Its relative absence at the 212-214 m level
suggests that the more surface-derived borehole waters
have been largely rcmoved and replaced by shallow to
intermediate groundwa ters representative of the sampled
section. This has been probably faz.""7t3t-’ ~y the
presence of the highly conductivs .zie 23 *ich dominates
this part of the borehole from 2i 256 m, '

The increase in groundwater salinity and reducibility-
with depth as suggested by the waters sampled from levels
404-406 m and 616 m - bottom, probably refiects the true
groundsater situation, al though in a much diluted scale
due to contamination from other sources. The presence of
older, more saline water within the lower borehole
sections is supported by the hydrology which indicated an
upward groundwater direction flow, i.e. from deeper, more
saline levels. This upward water trend may explain the
systematic increase in salinity of the groundwaters
during the samling period. '

Increase in reducing conditions, in addition to being
indicated by more negative Eh measurements (1.e. -250 mV’
for the deepest section), is also suggested by low
dissolved uranium values (i.e. 0.02 ppb for the deepest
section). Regarding the 2 U/ U ratio values,

level 212-214 m recorded 6.7 wirich 1s high and suggests a
long residence time for the groundwater so that alpha
recoil procggzes have made a significant contribution to
the excess — U, Furthermore, this value 1s similar

to the range of activities obtained for the three
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analysed Gi 2 levels (234U/238U activity ratios
of 5.4 - 7.7). The remaining ratio values for the Gi 4
borehole are considerably lower (2.0 - 2.8) and, although
still indicating widespread disequilibrium in the
" groundwater environment, show that mixing with other
groundwaters has occurred and that any original isotopic
signdture that may have indicated long residence times
has been effeciively 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)

%9 - 98 1.0? -128
222 - 224 0.98 -268
404 - 406 <0.2 -283
512 - 514 <0.2 =266
616 - ' <0.1 -262

Even though the uranium contents show a distinct boundary
between the upper two and the lower three leveis, the
apparent systematic variation with depth is complicated
by groundwater contamination described above. In Table
5.11 and Figure 5.40 the analytical uranfum contents and
the theoretically calculated uranium solubilities for
both crystalline and amorphous UO2 at a pH of 8.10 and
9.50 are presented and plotted as a function of Eh.
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Figure 5.40: Plots of uranium content (expressed as log

(mo1/1litre)) and the calculated thewreiical Eh
values of groundwaters collected from borehole Gi-
4. The values are plotted with respect to
theoretical uranium solubility curves calculated
for amorphous (louer stability limit) and
crystalline (upper stability liwit) U0, at a pH

, 2
of 8.10 and 9.50.
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Svartboberget

The Svartboberget test-site, which forms part of the

Voxna region (375 kmz), is located in the western part
of the county of Hdlsirglamd, some 260 km north-west of
Stockholm and approximately 80 km due west of the Baltic

Sea (Fig 1). Topographically, the most prominant features

in the region are a series of hills and valleys alignzd
in a N-NW direction. The sauth central part of the Voxna
region is sub-divided by swch parallel valleys into three
areas which are 2 - 2.5 km wide and more than 8 km lorg.
The smoothly sculptured hill of Svartboberget constitutes
the centrally located area. The differences in altitude
between the highest point of the site, approximately 305
m above sea-level, and the Towest parts of the ad1acent
valleys, are 70-85 m (Fxg ,,41)

The regional geology of the Yoxna region has been
previously described by Lundquist (1963) and Lundegardh
(1967). As a result of XB dnvestigations during the
period 1979-1982, the detai¥ed geology has been described
by Tirén et al (1981), Tirém (1982), and later
summarised by Ahlbom et al §1983d).

A map of the Svartboberget area showing the general -
topographic features, together with the main zones of
structural weakness, is illwstrated in Figure 5.42. The
regfonal bedrock is dominated by migmatite (mostly of
sedimentary origin) and gneisses. These were formed
during the Svecokarelian orcgeny (approx. 1800-1900 Ma);
at a relatively early stige granites and subordinate
amounts of basic rocks were f#ntruded into the older
basement rocks. These igneows rocks, the so-called Old
Granites, are to-day deformed and referred to as granite
gneiss. The youngest rocks im the area are dolerite dykes
estimated to be around 1200 3a old.

Can e AENY Lot
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Figure 5.41: The Svartboberget tést-site. A: prographic
profile across the site; B: Hypsographic
curve showing altitude characteristics.

As a result of 14 shallow percussion boreholes (down to a
maxfimum depth of 150 =) and 7 deep cored boreholes (to a
vertical maximum depih of 800 m) the bedrock of the site
consists of 95 % migmatite which has a maximum thickness
of at least 800 m. Intercalated throughout the migmatite
are lenses and schlieren of quartzite and rocks of
varying grain-size, These represent variations of the
primary sediments which occurred within the dominating
pelitic host sediments.

N
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A grey granitic component (<0.5 % of the bedrock) also
occurs within the migmatite. Formed during migmatisation,
this granite conforms to the internal structural trends
of the migmatite, and locally forms a transitisnal
contact with the migmatite, although sharp contacts are
also observed. The presence of these granitic bodies
(usually minor, irregular, and medium- to coarse-grained)
ahpea?'s to have an annealing effect on the bedrock.

Greenstones constitute 2-3 % of the bedrock, otcurring as
evenly distributed layers and lenses parallel to the
foliation of the migmatite. The average thickness of
these layers is less than one metre, and the composition
ranges from amphibolitic to gabbroit.

Structurally, the Svartboberget site is boumded {o the NE
and SW by N-NW trending, fracture-defined valleys, which
are widest when they intersect minor NH-orientated
valiey/fractures (Fig 5.42). These major NW striking
regional fracture zonas dip 30-40 degrees to the SH and
can be followed for 10-15 km, They can exceed 30'm in
width and normally comprise sets of 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 weathered and permeable to
water. Approximately 40 km west of Svartboberget one of
these zones delimits to the east an old grani te/mi'gmati te
region (approx. 1800 Ma) from a younger (1400-1600 Ma)
series of granites and volcanites. The zones are
therefore extremely old and may have been re-activated
approximately 900-1200 Ma ago during the Swewonorwegfan
orogeny when the area was subjected to compression from
west to east.

The correlation between the major fracture type and
distribution i{ndicated topographically and geophysically
is good within the tast-site where ghere is an
insignificant soil depth. In ail, 17 local fracture zones
and 2 regional lineament zones zpave been located within

A
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Figure 5.42:

(Sv. to Sv 7) cored boreholes. (After

Tirén et al 1981).
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the test-site. The mutual distamce between the local
fracture zones as indicated on the surface are generally
100-500' m. To the NE of the area the occurrence of local
zones is very marked (Zones 1-6); the width of these
zones ranges frea 5-50 m and they are on average 30-80 m
apart. The wremaining local fracture zones are 2-15 m wide
and the overall dip varies from 30-30 degrees, mostly
towards the south and south-west.

Surface outcrop measurements of rock mass fracturing
revealed a dominmant strike of north to north-2ast, i.e.
at a high angle to the foliatiom in the migmatite. These
fractures show no indication of swiement and are probably
tension fractures. The frequency ¢i fractures longer than
0.5 m in ouwtcrop is 1.0 fractures/m. At depth, the
fracture freguency in the rock mass between the local
fracture zemes which records an average ¥ 2.6
fractures/es, varies insignificantly. The rock mass to the
west of the area has a low fractaure frequency (1.6
fractures/m) which contrasis eastwards thereupon 2.7
fractures/s occur. This difference is partly due to a

- greater demsity of fractures out-cropping to the east,
and the fact that boreholes in the western part penetréte
most of the fracture zones at degpth.

Taking indfwidual rock-types, the total fracture
frequency for the varfous rocks frrespective of depth is
lowest in the mignatite granite (2.7 fractures/m)
followed by migmatite gneiss (4.3 fractures/m), gnefss
granite (4.9 fractures/m) and fimally greenstone (6.8

. fractures/m}). The most common fracturs minerals are
chlorite, caicite and illite. I1131te usually appears in
the form of thick coatiangs of up to 2 mm thick on shear
surfaces; otherwise as a thin fi%m on fracture surfaces.
Chlorite is present especfally oo fracture surfaces
parallel to the foliation. Zeolite minerals are also
sometimes oserved within the large-scale fracture zones.
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The hydrological features have been dzscribed by
Gentzschein (1983a) and summarised by Ahlbom et al
(1983d). The Svartboberget test-site is located within
the drainage basin of the Voxna river (3708 kmz),
whereupon some b % constitutes lake water. The Voxna
forms a tributary %o the Ljusnan wiver {approx. 20 COO
km2 catchment area) and they confluate sowe 40 km
downstream from the site. After am additional 40 km the
river discharges into the Baltic Sea. The test-site can
Targely be subdivided into two drainage areas gelineated
by two streams flowing east and west respectively. The
local topography of Svartboberget indicates a groundwater
recharge area, with the main discharge areas located in
low-lying areas around the margims.

The water balance of the Svartboberget site has been
calculated to:

Adjusted precipitation 715 + 50 mm
Actual evaporation 390 + 50 mm
Run-of f ' 300 + 15 rm

The precipitation excess of 25 mm can partly be explained
by the uncertainty in measuring the various parameters,
but can also be partly attributed to the permeation of
groundwater through the Guaternary deposits so that the
run-of f values is underestimated.. However, in the lomg
term, the run-off corresponds to the groundwater recharge
of which most s cycled within the soil cover and the
surficial bedrock, and only a véry small percentage
percolates to depth.

Climatically, the site is located ¥n a region
characterised by two periods of groundwater recharge and’
discharge. The former occurs in tize Spring and Autumm.
The highest grounduater levels result from snow melting
in the Spring, and the lowest levels just prior to the
melting period' or at the end of thxe Sumer. The mean
Agrcundwater temperature fn the area varies between 4 and
5 degrees C (Kmutsson and Fagerlimd, 1977).




5.3.1

178

The groundwater table profile fs a smoothed version of
the general Svartboberget topography. From measurements
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 relief regions and along the Aslopes; in
the lower parts the level is only some 0.5-1 m below the
surface. Generally, tihe altitude of the groundwater table
varies from approximately Z20-305 m above sea-lewel. Very
localised discharge areas exist as indicated by two of
the boreholes which are artesian in character.

The lgcal gfoundwater flow in the test-site is primarily
orientated towards the regional fracture zcnes which
determine the valley directions not only to the west and
east, but also in a northerly trend. From a regional
aspect, the groundwater flow is apparently towards the
Voxna river to the south and south-west where the
low-1ying parts of the area are located.

Borehale Sv 4

Borehole Sv 4 was drilled at 60° to a vertical depth of
569 m {borehole length 641.5 m) in order to confirm the
sresence at depth of the large-scale MNW-SE trending local
fracture zones indicated on the surface by aerfal and
ground geophysical methods (see Fig 5.42). In addition,
the borehole was planned to intercept a positive ancmaly
assocfated with one of the fracture zones; this may
fndicate the presence of a dolerite 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 dolerite
dyke (Fig 5.43).
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Figure 5.43: Location of the major local fracture zones and
thefr relationship with the groundwater sampling
horizons: {(Borehole Sv 4).

The dominant rock-type intercepted by the borehole is
migmatite gneiss (67 length %), followed by migmatite
granite (28 length %) and greenstone (5 length %). The
mighatite gneiss {s typically veined (mainly quartz/
feldspar-rich matrices) and is fairly evenly distributed
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" throughout the hole. The migniétite granite has a very low
content of mafic constituents and feldspar commonly
dominates over quértz; garnet occurrences are quite
common. Texturally, this giranite is medium- to coarse-
grained, and often contains lenses of gneissose material,
sheared out along the foliation trend. The thickest
occurrence is about 42 m; the grahite occurs mostly
within the upper bedrock horizon (30-315 m) and the
Yowest horizon (600-650 m).

The greenstone horizons (average thickness 0.6 m; maximum
around 3 m at 574 m depth) comprise amphibolite, biotite -
altered greenstones, and dolerite. The amphibolite '
varieties usually occur algag shear zones.

The average number of fractures/metre for the borehole is
1.9; of the representative rock-types greenstone exhibits
the highest (5.2 fractures/metre), followed by migmatite
gneiss (1.9 fractures/metre) and finally the migmatite
granite (1.3 fractures/metre). In the uppermost borehcle
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 is 5.0-9.9/metre;
Zone 13 is considerably weaker at 1.0-1.9
fractures/metre.

Hydrologically, Sv 4 is located in the lower part of a
slope and in a direction beneath the hil! such that the
immediate vicinity can be considered a local groundwater
discharge area, with an expected increase in piezometric
head with depth. In the upper 200 m of the hole the
hydriglic conductivity varies from 1.107 ws to
1.10 ° m/s, which is quite normal for this depth (Fig
5.44b). At greater depths the conductivity is near the
limit of measurement apart from three exceptions, two of
which correspond with local fracture Zopes 17 and 15
which record calculated values of 2.107 &/s and |
2.107° m/s respectively. The plezometric head
measured along the hole show excess pressuie, according
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Tabie 5.12a: Measured hydraulic parazeters anE calculated wvater budget values of the various influences due to borehole
’ activities at the water sazpled Ievels in borehole Svi.

5 -

Level K-value Head o Flow direcziza Drilling - Gas-life Hydraulic Open hole effect Sampled water
deviation (burehele trends) water (+) pumping{-) testing(+) before sampling() before analysis

)

ta hole =/s) (n) (7-13) (ﬂl]) (ml) (IIJ) (ﬂl)

iength)

96- 8 8.2-1070 1.0 . 1.86 0.88 0.032 -5.52 36

376378 ':.5'1'.--9 7.4 ’ . 0.22 0.r49 0.003 ~7.82 a1

230-230 1971070 - : 0.54 0.195 0.007 ? 4.1

630-832  2.0t107t? - 1 0.001 0.002 <0.001 ’ 3.9

-

25 = section; head devﬁation froz hydreastar2co head in che borehole (in metre of water).

Tabie §5.12b: -+ .. -ocet.oataratecsloore ioimees g lpr s eee tE Teies e arel It oceelen.
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Figure 5.44: Hydrogeological characteristics of borehole

Sv 4,

a) Fracture frequency (for 10 a sections)
and the cumulative percentage of
fractures.

b) Hydraulic conductivity.

¢) Piezometric head distribution and
hydrostatic head in the borehole. | '
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to the hydrostatic head, along a major length of the hole
(Fig 5.44c); the greatest head deviation exceeds 17
metres of water (below 420 m piezometric head
measurements are missing due. to a default with the head
transducers). The uppeiwost part of the hole is
characterised by small .nregative head deviations. The
groundwater level in the borehole is very near the ground
surface for most of the year.

Water volume § m3-)

’ Sv 4 96-98 m

.

Figure 5.45: Schematic illustration of the calculated
water budget for level 96-98 m in borehole
Sv 4 (Svartboberget). 1 = Drilling water; 2
= Gas-11ft pumping; 3 = Hydraulic testing;
4 = Sampling; 5 = Open-hole effect.

T T — :
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183
5.3.1.1 Level 96-98 m (approx. 83 m)

The sampled section is located within a 1ight-coloured,
garnetiferous migmatite granite with local biotite-rich
zones. The borehole length is characterised by three
simple fractures which intersect the axis of the core at
angles ranging from 55° to 900. The dominating

fracture minerals are chlorite, epidote and an
unidentified mafic mineral. Very close to the upper part : ‘
of the section, and covered by the packer length, is a j
fracture zone 20 cm wide comprising four fracture zones
which show evidence of weat'hering.

Hydrology

A high hydraulic conductivity (K=8.4.10 m/s), in
combination with a positive piezometric head deviation
(+1.0 m), should contribute to a suitabie water sampling -
situation. The one injected 5 m borehole section resuited
in a lower conductivity value (and also a positive head
deviation) than. the overall 25 m section. This, however,
i< no guarantee that the fractures in the actual sampied
section are in fact water conducting. The water budget -
calculations based on measurements al'ong the 25 m section
are presented in Table 5.12a ‘and illustrated in Figure
5.45.

Yater geochemistry

The sampled water (Table 5.12b) is characterised by a pH
of 8.4; of the major cations, Na* is present in

slightly lower, and Ca2+ in slightly higher amounts

than for normal non-saline groundwaters in Swedish
crystalline rocks. C1” is low and HCO. is normal

for such shallow groundwaters. The presence of 1.0 % I~
indicates a significant drilling water component.

R e e

n—
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Redox-sensitive parameters

A positive Eh value (+50 mV), together with a near
absence of Fe(ll) (0.04 m=mg/1) and S(-11) (<0.01 mg/1),
indicate a groundwater largely derived from a
near-surface environment. This is further supported by a.
sizeable oxygen content (0.42 mg/1).

Isotepe geochemistry

1his level is characterised by 618,&) and GZH values

(-12.51 ppt and -90.0 ppt respectively) indicative of a
meteoric water source (Fig 5.6). The tritium data of 5Ty
indicates a small surface-derived component; no ~ C
data are avatlable.

Uranfum geochemistry

The dissolved uranfum content §s 3.47 opd which {s high
and supports an oxidising groundwater environment. No
fsotope data are svailable for inis level.

Ss&mar!

The results show that the level sampled 18 characterised
by waters which reprasent:

- small residual near-surface/drilling water cosmponent.
- shallow groundwaters.

The prasence of orygensted near-syrface groundsaters s 3
function of the shallow dapth of ihe sampled lavel, i
cazbination with high conduttivity and a positive
plezometric head, howover, the sctual gection lenpth
sampled 19 quite compact 2ad free of any major fractures.

. There 13 thorefore $he real possibiiity that the waters . - .

sampled represent borehole water cbtained frem highare

et e
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Jevel conducting fracture zones which have channelled
near-surface groundwaters {containing small quantities of
marked drilling water) into the bowehole.

5.3.1.2 Level 376-378 m (approx. 324 m)

The main rock-type along this section is a fins- to
medium-grained grey gneiss granite; grain size can be
heterogeneously distributed. Structurally, the section
consists of four single fractures which intersect the
core at angles varying from 45° to 900; the main
fracture filling minerals are calcite and cne fracture
shows signs of weathering. '

Hydrology

Tre sampled section length has a hydrsulic conductivity
of 6.5. 10'9 m/s and an unusually high excess pressure
(¢17.4 m; Tebio 5.12a). Two 5 @ sections have been
injection tested, one of wiich inclwmees the must
fractured part of the 25 m sections {imcorporates 3
fracture zenes). Both of these 5 m sections resulted in
lowsor X-values, It s therefore more plausidle that the
sampled gection containing only four single fractures
should be represanted by the calculates water budget
193ustreted In Figure 5.46, which favours @
centasination-free groundsater 3zmple. The distridution
of fractures aleng tho rest of the 25 B section 1
similarly Youw.

Uater ceochemistry

‘Tﬁ:a sampled groundiszter has o aﬁ of 9.0 and 4 sajor

catign and anfen Cantent typicsl for o shallow to
{ntermediste non-saling groundwater. Howaver, 8 sizeadlo =/
17 content (1.9 3) mﬁ!cetes J sﬁgnsﬂcsnt ariiling

" wator cmﬂsﬂc.
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Water volume (rl?)

Sv 4: 376-378 m

]

T
1982 1983 1984

Figure 5.46: Schematfc 11lustration of e calculated

: : water Budget for Jevel 37£-378 @ in borehole
Sv & (Svartboderget). 1 = Drilling water;
2 o Gag-167¢t pumping; 3 = Yydraulic tosting;
4 = Sa=pling; § © Open-hole effoct.

fedoz-sansitive sarametars

A strongly reduciag grounduater eavireammt 18 indicated
by an Eh valup of -120 &Y 2nd significant emsunts of
Feli1) (0.21 %Waﬁa 5(-11) {0.03 =9/1); further
indications iacludo o virwal absence of saygen {0.08

’ @ﬁ).



187

Isotope geochemistry

Stable isotope values (5180 = -13.22 ppt, 62H 2
-95.3 ppt) saggest a meteoric origin. A below detection
limit of tritium (<3TU) indicates no contamination from
{gung, surface to near-surface groundwaters, and a

C age of 14820 years is further rzinforcement that
this sample is representative for an intermediate
non-saline grounduater.

Uranium geochenistry

Diss%zedz%anium contents are low (<0.01 - 0.22 ppd) and
the "~ U/ T U activity ratio is high (3.3). This
further supports a reducing envircnment and shows
gggasgread tsotopic disequilibrium due to an excess of

u.

Sumrz

Hydrologically, the water budget calculations from the
measured 25 @ section indicate that a representative
grounceater sample should have bean possible; howover,
the actual sazpled 2.7 o section may be doudtful because
of ¢n absence of comvincing wster-conducting Tractures.
The chemistry of the water supports the water dudget
cslculations n that a represeniative sample was In fact
obtained. The only megative feature 1s the low but
significant Sodine content wiich indicates the presence
of some 6rilling water contamination. It s proposed,
therefore, that most of the water collected was frem the
boreholo sbowe or bolew the packer system. The origin of
this waler was prededly from those conductive zones
ingicoted fram the Rydrological dats olcng the 25 m
section, which may come from the sealed-off herizon. This
groundwater 93 Intereediste, nen-ssliine {n tyce, snd (s

i e s PEPPOSENTALIDE for Ghe Bodrock depth sespled, The seall

érilling wator compenent predadly comes from £0%0

PG
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residual contamination in the borzhole. The authenticity
of the sample {1s supported by ﬁegﬁgible tritium (<3TU),
negative Eh (-130 aV), an absence of oxygen, and an old
1‘C age of 14820 years.

5.3.1.3 Level 430-432 m (approx. 373 m)

This Yevel is located within a thick horizon {sppreox. 30
m) of a grey, gneissose granite characterised by
porphyroblasts/veins of feldspar and garnet; some
bietize-rich horizons also occur. The section sampled is
totally devoid of fractures; the nearest major. fracture
zone (Zome 17) occurs at greater depth some 2-3 @ away.

Hydrology

Injecticn tests conducted alang the 25 m section (Tabdle
§.12a) show that 88 % of the water corresponds to lecal
fracture Zone 17, which i3 kaown not %o coincide wigh the
actual sempled section. Measurzments slong a § @ section,
which includes Zore 17, 2130 show a positive giezometric
head of +3.6 metres. " "

Hater geochemistry

The major chemfcal compononts show a0 signfficant
variation frop the above level (Table 5.12b). Some
érilling uater component 18 sti1ll present, as fndicated
by 1.0% 17,

‘Redon-2ensitive paravetars

There 18 an indication frem those parcmoters that the
groundmater 15 loss reducing; for excmple, an Eh velus of

-50 a¥ gnd an fncresse of 0, <0 0.25 mg/l. The Fe(il)

and §(-11) contants show 11igle change, although the
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‘absence of any S(-l1I) might be some support for a less
reducing groumdwater.

Isotope gqeochamistry

Little change in stable fsotope composition can be
observed. An absence of tTritium (<3TY) and an old M¢:
age (12935 years) suggest a good representative
groundwater,

Uranium geocemistry

The dissolved uranium coatent =anges from <0.10 - GL20
ggg- ljg. similar to the preceding level, The

u/c7%y activity ratio is markedly higher and
again indicates wicespread diseguiiidbriun in the

grouaduater..

Surzaary |

The location of the sampled section within a fracture-
free, non-conducting part of the dorchole s not
particuiorly condicive 2o groumcwater sampling. The
sempled uater {s therefore from the borehole, probadly
partly from adove the packers, but evea more probadly
from the hfghly conductive Ione 17 situated Just below
the packer gystem. The siaflarity in chemistry of &his
groundwater with the preceding level fndlicates that both
samples mostly represent the same groundwater source. The
less reducing nature of the present level may fadicate
some @ixing with groundemters From highar levels,
altihough the chenfcal characteristics are siniler.
Residual ériiling wster from the borcholo prodadly
sccounts for the dstectadle 1~ content.
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5.3.1.4 Level 630-632 m (approx. 551 m)

This Tevel is characterised by a light-coloured
pegmatitic granite cowitaining subordfnate bands (approx.
10-20 cm) of darker, biotite-rich gneiss. The
investigated section contains a single weathered fracture
orfentated at 40° to the core axis. |

Hydrelogy

The 25 m section which includes the saupled section
records a hydraulic conductivity of 2.0.107 w/s

(Table 5.12a). Mo Wydraulic head data are calculataed
because of defaulting pressure transdacers. As the
injection tests are considered %o corvespond only %o
Tocal fracture Zone 15, it is kighly @oubtful whether the
calculated water budget values reflect tite actua)l
sitauation prevailing along the sempled section located
‘seme 10 @ above Zone 15. '

Hater asochenistry

A pH of 9.1 and major fen contents of 35 mg/) for f:éa

17 8g/1 for €a%*, 7 mg/1 for €17, and 126 e/ for

HCO émoastrate the siatlarity of Zhis groundwater
Mtg the two preceding sampled levels. In some contrast,
the fodine content (0.6 3) 18 Yewar amd thargfore
euggests a smaller drilling watar componant.

flicdox-sensitive parameters

Fel1l) and S(-11) show sieflar levels to he provicus
Yevel {0.27 mg/1 and <0.01 eg/} msyaﬁ:t!;m!y); the oiygen
content, however, has Increascd slighely to 0.50 ap/)
suggesting 8 greator mesr-surface comyonent. The cverall
groundwator environzent 18 reducing (€0 = -110 w).

. .. S e, ‘ 3 Segt PR
R A P NI e A U VI A
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Isotope geochemistrj

The stable isotope data (values for 6180 and 62H

are -13.10 ppt and -3%.4 ppt respectively) show little
deviation to the pravious level. The absence of
detectable tritium (<3TU), and the correspondingly old
14(: age (13210 years), indicate a relatively
uncontaminated and representative groundwater,

Uraniua geo;h@mistry

Dissolived uranium is present in only very smal) amounts
{€0-1-0.15 ppd). Tris, together with a high By
U activity ratio of 4.1, suggest a deep reducing
environment with widespread disequilidbrium due to excess
U, probably ceused by alpha-recoil processes.

Summary

Hydrological and geolegical considerations indicate ihat
little water 1s possible from the sampled section length
which reveals only one single fracture. The water sampled
sust therefore originate in the borehole, and the
sinflarity in cheaistry with the two preceding levels
indicates a common scurce 1.e. local fracture lones 1§
and 17. The omall amounts of fodine tracesr and the
continued seasurcoent of some oxysen show that some
drilling water ¢ a small surface component ere sti))
present, although the gquantities fnvolved are not
sufficient to infiuence the 1sotopic data significantiy.
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5.3.1.5 Borehole summary and discussion

Geological mapping, and hydrological investigations
carried out along 25 = sections (in some cases more
detailed measurements have H@en conducted along 5 m
lengths) in borehole Sv 4, have resulted on locating
three major cornducting horizons at depth, two of which
correspond to the intersection of the hole with local
fracture Zones 17 and 15. These are thought to extend to
the bedrock surface. :

The borenole is tiought to be located in a local
grounduater discharge area and therefore the piezometric
head might be expected to imcrease with depth. Hydraulic
mezsurenents are reasonably afgh (>1.107° m/s) in and
around the upper three imiestj?gted levels; the deepest
level records a value of 2.10 °~ @/s. Positive.
plezometric head values, when possible to measure,
charatterise the two upperanst levels. As a consecuence,
the calculated water budgets for these two horizons
{ndicate that unconteninated, representative groundwater
samples should be cbtained. However, for at least three
of the four locations chosen for sampling, the sectien
selected fell outside the conducting horizons featured in
the water budget calculaticns. Thus, taking tnto
consiceration the geologicel characteristics of the
grillhole, this effectively moans that portions of the
porehoie devoid of any sfgnificant conducting fractures
ware sampled for groundwater., Tihe only suftable water
source sas the borehole itself, and the aost Vikely
origin of these waters i3 fron those major conducting
local fracture Zones féentified by the hydraulic testing.

Tse water chemistry indicates two groundwater types:
- gRygenated, near-syrface water

- non-331ine, Intermediate groundwater of & reducing
. -Character - @j
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In both cases the presence of iodfne indicates a residual
drilli ng. water component. The presence of oxygenated,
near-surface water at level 96-98 m is a function of the
shallow depth of the sampling, cozdined with high
conductwity and a positive'piezmtric head. The source
of the water probably originates from higher-level

- conducting zones which have channelled some near-surface
water (indicated by measureable twritium and containing -
small amounts of drilling water) fnto the borzhole. This
water has been subsequently leaked around the packer
system ¢uring sampiing. The remaiming three sampling
points are characterised by non-saline, intermediate
groundwater which is uncentaminated by any youngéé- water
cezponent (<3TU) and is greater than 12 000 years old;
small amounts of vesidual drilling wéter are present.
This groundwater source almost certainly originates from
the highly conductive local fractwve Zores 15 and 17. The
nigh angle interseciion of lone 17 (35“‘) with the
bedrock surface), together with te intersection of Zone
15 with several local fracture zomes at depth, would
facilitate grouncwater mixing and homogenizing from
different sources and may have a Bearing on the similar
water chemistries obtained from ¢hese two potantial
sources. However, the available hydrological data
suggests that level 376-378 m, close to the highly
-conductive Zone 17, is the most 16kely groundmiter source
which represents an intermediate mon-saline type.

The dissolved uranfum in groundwagers from the sampled
Jevels show high contents for the uppermost oxidising
“horfzen (3.47 ppb). At greater degpths, and in accerdance
with the other chemical parameters, (he uranfum content -
15 simflar 1n the three resaining sampled groundwaters,
Here, the Yow 20 megligidle conmtemts (<0.1-0.22 %2-)
gggport a reducing groundwater environment. The u/

U activity ratios for the three deeper levels
range frem 3.3 to 4.5 which indicate gsudstantial 234u
exc039, probably from alpha-recofd mechanisms and suggest
fatrly long resticence times in the bedrock.
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In Table 5.13 and Figure 5.47 the analytical uranium
contents and the theoretically calculated uranium
solubilities for both crystallire and amorphous U(')2 at

a pH of 8.10 and 9.50 are presented and plotted as a
function of Eh. The uppermost water sampled plots within
the calculated stability boundaries for a pH of 8.10. The
remaining three sazpiss plot in and around the amorphous

'UDz stability curve at a pH of 9.50. -

Table 5.13: Uranium content and theoretical Eh volues of
_ the groundvater from borehole Sv 4,

Level Uraniuym. funtent Calculated Eh
(metres) (ppd) (mV)
95- 98 - 3.47 , -129
376-3718 0.22 ' =355
430-432 ' 0.20 -285

630-632 ' 0.15 -273
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Figure 5.47:

CRIDATION POTENTIAL (=w)

Plots of uranium content (expressed as log
(mo1/Vitre)) and the calculated theoretical Eh
valuas of groundwaters collected from borehole Sv
4. The values are plotied with respect to
theoretical uranfum soludility curves calculated
for amorphous (lower stability limit) and
crystalline (upper stability limit) UD, at s pH

of 9.50. 2

5.3.2 Borehole Sv 5

"The boretole was drilled at 86° o a vertical depth of
7199.50 m (borehole length 801.45 m) fn order to:

study the hydrogeological propertfes of the bedrock

from a centrally-located deep borehole

- study a relatively fracture-fres portion {as deduced
from ground geophysical measurements) of the test-site

area

- TJocate at depth the presence of possidle Jocal
fracture zones as suggested from geophysical
fnvestigations .

- estimate the extent of the migmatite
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Resulting from the drill‘ing a total of five major
fracture zones were intersected; Zone 8 at 128-136 m,
Zone 15 at 254-270 m, Zones 7 and 14 at 371-410 m, and
Zone 18 at 727-737 m (see Figures 5.42 and 5.48).

The bedrock encountered comprised 71 % migmatite gneiss,
25 % granitic migmztite, and 3 % greenstone; percentages
relate o borelength length. The migmatite is typically
banded to veined in apg'ﬁea'rance. with more diffuse
homogenzous thicknesses comnonly present. Balow 200 m a
coarse veined gneiss with decimetre thick bands/viins
tends to occur more frequently. The granitic bedrock
vartiety is characterised by a coarse-grained,
light-coleured pegratitic quartz/feldspar type, and a
grey-coloured, medium-grained, more homogeneous type. The
former type is a typical migatite gramite which mostly
occurs within the upper part of the borehole (0-500 m) as
thin (<10 @) horizons fairly evenly distributed fn the
migmatite gneiss. The latter type is mdstly present as
greater thicknesses, e.g. 510-570 m, 605-670 m and
700-800 m, although of less frequent cccurrence.

Greenstones {ave-age thickness of 0.7 m) are often
sheared and occur paraliel to the regional structural
trend. Certain dolerite varieties can be distinguished;
these are present throughout the bedrock and have an
average thickness of around 1 m.

The average fracture ¢requency/metre for the hole s 3.5.
For fndividual rock-types, the greatest fracture
frequency {s recorded by the greenstone (9.0 '
fractures/n), followed by migmatite gnefss (3.8) and
finally the migmatite granite (1.9). In general, fracture
frequency decreases with dapth with the grestest
frequency occurving from 0-270 m, and tho lowest
frequency beiny present betwcen 270-360 m and 400-700 m
(1.0, less than 2 fractures/zetre) (see Figure 5.49a).

3
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Flaure 5:48 Losatica of tho major fragtﬁlmlcmssa 20708
~ and thelr relationship 0 the grouncwater
e ganpling horigons (Borehole Sv §). -
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As mentioned above, a characteristic feature of the
borehole is the presence of five major fracture zone
intersectfons one of which (Zone 18) being of regfonal
izportance. These range 1n width from 5 to 15 m, and each
comprise 8 to 14 fractures/m. These zones are mnderately
to steeply inclirad to tihe dorghole axis (30-80°) and’
the three shallower zomes (i.e. Zones 8, 15 and 7/14)
show evidence of widespread alteration due to weathering.
The most common fracture/crush zone minerals arve illite,
chlorite and calcite with more minor amounts of other
clay mineral phases and zeolites.

Hydrologicaily, because of the borehole Tocation close %o
the sumnit of Svartboberget itself, groundwater
recharging conditions prevail, most probabdbly accompanied
by & decrzose of plexcmetric hosad with depth. The
groundwater level in Sv § usually exceeds 10 @ depth. The
hydraulic conductivity measured along the hole roughly
gocreases with incressing depth apart froa four sections
at approximately 375, 500, 525 and 750 @. Two of these
cerrespond to frecture zone intersections, i.e. Ione 7/14
st 371-401 @ and Zone 18 at 727-737 =, Zone 18, which is
vegional 1n extens and d2lincates the eastern margin o
the wstasi%, records an oxtre=aly high conductivity

(k = 3.0.10 ~ av/s) for this depth (Tadle §.14a).

The plezemetetc haad shows & rapid decrease to adbowt 300
m gapth; 1iitle vartation eccurs for 3 farther 200 a
wisreupsn an iacrease i3 recorded towards the hole bottca
{Fi9. 5.48c). The @iffersnces ia piazcseteric head fs
greater than 50 ootres of water and varies belwoen 245
arg 3890 o,
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Tatre 8.140. Measurod hvdrauli: paradeters and calculated water dudget values of the variocus influences &ue 2o borehole

activities at the vater sa=pled levels in borehole Sw 5.

Level K-value® EBead Flow directicm Orilling Gas-life Bydraulic pea Yole offexce Sazpled vater
Jeviation® (Sorehole ttemds)  water o) popingt=) testing (*) Oefore soxplicg(l) before acalysis
(-1 '.‘colv' 3 3 3 ) [y
lemgth)  {a/s) (a) ') (@) ta’) {a") (a’)
lei-18)  1.9°107% 0.3 . 0.8 0137 0.00? -o.8: 1.6
-3 naie? -52.0 . 1.33 o.n <0.001 NE R L2
(3% 4 3%} 1«0‘10‘0 -33.3 ty 0.04)3 8.01% 0.0M o7.6% 1.41
- 9.!‘!0_’ -30.% . 0.10 o.072 0.0 7. % 2.43
L . .
3% D section hedd deviation (rod hedrostatic dmid in the Soredole (in metre of water).
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me 3. &9 Hycrogeolegical charactoristics of bom@wte Sv S.
8) Fractura froguoncy (for 10 o socticas) and the
cumylative percentsge of Fractures.
b) Sycéreulic conquctivity.
¢) Plezomotric head distributicn and Rydrostatic
hesd ia the Soreisle,
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5.3.2.1 Level 161-163 = {approx, 160 m).

The sampled section is characterised by uniforely-grained
biotite quariz gneiss containing veining of a coarser,
pegmatitic material, which {s structurally folfated along
the regional trend. The dorehole sectfon contains 0
fracture zones varying in width from 10-25 cm and each
comprising 4 fractures. in addition, ©wo single fractures
secur; the various fractures intersect the axis of the
core at angles ranging frem 20-90°. ard a1 show sigms

of weatkering. '

szml ogy

This level {s located within the highly conductive upper
part of the borehole, and records a ceaductivity valwe of
1.9.10 © a/s and & head deviation of <0.5 & (Table

5.14 g). This results in a regative water budget (i.e.
al) contaminating water should be theoretically removed)
even prior to sampling (Flg. 5.50). it fs remarkable that
the sost fractured part of the 25 @ section (approx.
185-158 =), tested more specifically along a 5 @ zection,
+ac0rds @ hydraulic ﬂﬁ&mtwity bolow the measuring
Yisit (§.0. <2.5.10°°" mfs).

Water sBiude (ﬂh

D) - Sv 5: 161-163 m
54
zd.
0 e e N
N il | R |
1981 1962 ML'\ 1908
.y
-8 .

Fsm 8.50: Schematic {1lustration of the calculated water
budget for level 161-163 @ n Borcholo Sv §
{Svartbebergot), 3 o Brillfng water; 2 o Gas-1ift
pumping; 3 s {ydraulic wsuag, 4 smpliﬁg,

- 8 » Oponehole of fact. o ~

¢ Mash ok
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later geochemistry

A labdoratory pH value¢of 1.7 wis recorded (Table 5.14b).
The major cations, Na and Ca , and the aaions,

KGO, and CV , are present in gmounts which,

although lower than excpected Tor this level, still fall
. within the »ange of shallow, ron-sglime groundwaters. The
presence of 2.4'% I” indicates a sizeable <rilling

water cempcs%ent.

Redox-sensitive parameters

The stadle isctope data (6180 = -12.8 ppt and ezﬂ =
-92.2 ppt) s represemtative for a meteoric water origin
(Fig. 5.8). The tritium content (33 TU) indicates a major
near-surface component; =0 - C data are available.

Uranium geochemistry

The oxldisimg grounGwsier eavironaent Indicated by the
redox-sensitive parametars 18 further supported by very
Sgia Ighsew@g uranfum contents (40,19-34.5 ppb). An

u activity ratio of 2.1 indicates
isotopic diseguilibrium in the grounduster,

Susmnary -

Frem hydrological censiderations, the sampled groundwiter
should be free frem al) malor scurces of water |
conlanination ond therefore regresentativa for the
{avestigated lovel. Housver, €8 Rydrachemical -mas
show that:

- thare @zims 3 sizeadle ¢riliing water omponent
- there exfsts o zajor nosresyriace coapsnent
- s0m0 of tRo seapled woter Cumprisss 3 non-saline

$eEFenent which would bo erpscled {rea guch o tavel s R
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The discrepancy between the predicted result and that
obtained is due to the location of the sampling section
within a relatively conductive part of the borehole, also
characterised by a marginally positive pleazcmetric head.
In the largely recharging envirgnment arcund the dore-
“hole, grounduater flow ¥a this highly fiactured wpper
section of the bedrock will therefore Be stroagly
dowmwards, resulting in the availability of yourger,
near-surfece derived water »ithia and in the roar
-yicinity of the borchole. This effect will be:
particularly emphasised during pumping for sempliag
purposes, resulting in the aizing of representative
groung=aters for the sampled level with younger water
from shallower sources. Furthermore, decause of the very
conductive/fractured character of the upper bedrock
horizen, there will b2 an extremely high drilliag weter
loss vesulting in groundeater comtanimation for a
consi€aradle radius around the borehole. The presence of
a sizzahle drilling water compongat in the sampleg water
- 1s therefore rot surpriszimg.

§.3.2.2 Level 357-359 B lapprox. 356 m).

he inating rock~type in this sectics s 8-

- grey-coloured, inhonogensous grRoiss with veiniag 2nmd fing
banding of gquartaitic materisl sometizse containiag large
sporacic feldspar graing; oggrogsies of garnet alse
accur, :

Seructurally, the sectico cesprises one fraciure zone (40
oo wige and coatainlng 7 fractures) and four single
fractures; frecturs Intersection with tha axfs of he
core ranges fres 15-30° &g the ®aln frocture Fi1ling
airarals are calcits, topether with unidentified =afic
and ncn-zsfic chasos. Lozal fracture Izass 7/18 eran
1ocoted gpprosinmataly 10 ® delsw dhe coapled level.

N
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Hydrodogy

The 25 m borehiole section containing the samewd length
(vhich excluges Zones 7/14) records a hydrauiic
conductivity of 3.0.10°° /s (Table 5.18a). Two 5 m
secticns within the 25 m section, which are Yocatad close
to these fracture zones, show. rather a low conductivity,
i.e. the most hydraulically conductive part of the 25 &
section appears to be furthest from these local fracture

zenes. Hith respect to the actual section sampled for

grounduater, the one detailed water injection test, which
included the sampled horizon, showed a K-value below the
reasuring limiv, This effectively means that the water
budget illustrated ia Figure 5.51 is not representative.

Hater geochemistry

For such a sempling depth the vecorded laboratory pH

value of 6.2 is unusually low (Table 5.14b) and nore
typical for surface to near-surface waters. This is
fug&@r suznorted by the mjor fons (3 mg/) Ma 8 mg/)
Ca®'; 28 my/) HCO, ; B ®g/) CV) which are

Yewer than would é@ gspected for groundwaters of an
intersediate, mon-salime nature. The virtual absemce of a.
ériliing vater compinent is indicated by a low l-content
‘eob 5,0 | )

fedox-gensitive parameters

A highly oxigising groundwater environment fs {ngicated
by & positive Eh (+275 a¥), an adbsence of S{-I11), and a
nigh 9, content of 2.75 mg/1. In conirast, the Fe (11)
C@ﬁ%ﬂ% 1s high (4.1 @@/1) which 13 fot r@adily
¢zplafnad,

o
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Sv §: 357-359 m

Flgura 5.51:

s
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Schgmatic §1lustration of the calcualied wator
budget for leve) 367-359 @ {n Sorchole Sv §
{Svartbsborget). 1 © Dridling =ater; 2 = Gasg-14Ft
pumping; 3 » Hydraulic testiag; & o Sampling;

& = Open-hinle ef‘f@m.~ R

>
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Isotope geochemistry

Theélao value of -12.60 ppt indicates @ meteoric

origin; no deuterium data are availadle. The tritium
content is very high (36 TV} and strongly suggestive of
syrface water. A similar source is supported by the

% data which indicates a very youmg water (285

years).

- Uranium Eoch%istq

The dissolved uranium contznt s very low (migx«-o.z
ggg); isotopic disequilibrium 1S uneam by a = U/
U activity vatio of 2.6. '

Suzzary

As 1llustrated by the hydrological €ata, the selected
borghole section for sampling i3 lozated telow the
guainating conductive horizon withia the 25 @ section.
Thus, the 11lustrated water budget 8a Figure 5.51 is
reprasentative for the horizon vathee than for the
sampled section., The hydrochemica) £3ta points strongly
to & young surface origin to the waer sampled, which can
only have originated fron the borchole above the
nacked-off coction, Tais 18 also plausible from the
hydrogeological moasyrements which show thit the
coslination of nigh conductivity and positive plezemetric
head occurs sost convincingly 10 the very uppersost part
of the borghole, uhere the dowinant ®alor source s
young., The resuiting dounmard transport of water s ‘
further accentuated dy the very low plezozatric hoads ia
corbinaticn with significont X-valuss Fren 200 ¢o 760 a,
which results 1n the flow ponetration of young witer {ate
the bedrock, '
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5.3.2.3 Level 61%-617 m (approx. 614 @).

This level is located in a massive grey granite which is
weakly foltated, uniformly fine-grained, and sometimos
contaiaing garnet. The drillcore section is characterised
by only two ﬁingle fracwms which {ntersect the axis of

 the core at 30° and 75° respectively; calcite is the
only recorded fracture mimeral, :

Bydgrology

The sampled borchole lungth forms part of a 25 @ section

which records a nigher conductivity (1.8,16'.9 als) |

than the respective adjecent shallower and decper ‘
 porchole lemgths: the hydraulic head is -35.5 m (Tadle

5.14.a). The water budget 1llustrated in Figure 5.52

shows that the water sazpled should be 100 § composed of

contaminating uater fro2 the borehole. Although

calculated from the 25 b section, the water Dudget may be

representative for the sampled sectin. This i3 supporied

by the fact that the ¢ 5 @ sections tested, which

includad the most fractured portions of the 25 m sectien,

stil) rocorged low conductively values (Fig 5.49b).

Yager Chemistry

Similar to the proceding level (Tadle 5.14b).

Redox-sons{tive parameters

Stailar in properties to the preceding level.

lsotope gsochenistry

Similar 1a propertics to tho praceding level.

Uraniua goochenistry

. Simflar to the preceding tevel, =
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‘Figure 5.52: Schematic 11lustration of the calculated water
bucget for level 615-617 @ in dorchole Sv 5
{Svartboberget). 1 = Driiling water; 2 = Gas-1ift
pumping; 3 » Hydraulic testing; 4 = Swpling,
$ = Open-hole effect.

Susmary

The hydraulic characteristics of the 5&5&91@6 level ang
the fmmediately adlscent borshole langths show that the
hydraulic conductivity s goncrally sodsrate and the
plezezetric head markadly regative. Geolegicaily, the
solected level for esupling 15 Yocated in sae of the
1zast proufsing seciions which 15 characierfeed by only
tw0 single fractures. The calculated water budget 1s
therefore considercd possidle for tho section sempled and
this would Indfcate that the water collected s highly
sontaninoted and originates frem The borehole having Leca
lesked psst the packers during pumsing. Contaminsting -
borehole water 18 susported by the hydrochemlistry which
points €0 a8 young, near-surface derived, nighly oxfdisieg
water of statlsr origin to that described frwa the
preceding level,
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5.3.2.4 Level 719-721 m (Approx. 718 m).

This level is characterised by three distinct rock-types;
veined gneiss, greenstone horizon (55 cm wide), and
migmatite granite. Structurally, there exists one
fracture zome within the greenstone (30 cm wide and
containing 5 fractures); four sihgle fractures
characterise the remainder of ¢he core. Angles of
intersection with the core axis vary fr‘omBO-BOo, and
the main filling minerals consist of calcite together
with wnigentified phases of ma¥ic- and ron-mafic-rich
comp0siton. Located some 10 m Bielow the sampisd horizon
is the regional fracture/crush Zone 18. '

Riérolog!

The very high hydraulic conductivity of the 25 m section
corresponds to the regiomal fracture Zone 18, which has -
been tested along two 5 m sectfons, It s thus very
doubtful whether the horfzon samipizg 1s water-conducting
or fs to any marked extent fnfluencad by the open hole
effect as illustrated in Figure 5.53,

Hater geochenistry

Similar to the grevious two lewels epart from a nuch
higher 1” content (4.7 %) Indfcting a significant
driiling water component (Tadle §5.14b).

Redoxn~-sonsitd ve paramaters

Stmflar to the previcus two lewels in that a markedly
oxidising groundwater environment s indicated.
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Water volume (ma) o

o ' 2
5 ;
Sv 5: 7119-721 m ‘/

1981 © 1982 1983 T o196

Figure 5.53: Schematfc 1llustration of the calculated water

budget for level 719-721 m in borehole Sv §
(Svartboberget). 1 = Drilling water; 2 = Gas-11ft
pumping: 3 = Hydraulic testing; 4 = Sampling;

5 = Open-hole effect. -

Isotope geochwistr),

 Siflar to the twe oprevious levels in that a young,

near-surface to surface water, characterfises the
collected sample.

Uranfum geochemistry

The limited Gata that are avatladle indicate very low
levels of dissolved uranfum. ' »

. e
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Summar:

Because of the dominating influence of Zone 18 located
some 10 metres below the sampled horizon, the illustrated
water budget is not representative for the sawpled level.
Some limited groundwater may be expected from ihe

fractured greenstone contained within the packed-off

Section. Howaver, the hydrochemical data, in comsmon with
the previcus two levels, indicate a young, nedr-surface
to surface water which is significantly oxicising in

_ gharacter, The source of the water is similar to that of .

the w0 previous levels.

5.3.2.5 Borehole summary and discussion

e s Tt

Borehole Sv 5 was drilled ©o characterfse the general
kydrological, geological, and hydrochemical
characteristics of the bedrock from a central location in
the Gvartboberget test-site area. The doninating vadrock
fs a migmatite gneiss with subordinate migmatite granite
and greenstone/dolerite. At depth, several large-scale
fracture/crush zones were intercepted, the deepest of
vhich (Zose 18) befng of regiona) scale. A1l of ghose
2cnes are considered 2o {nZarcept the Dedrock surface to
the east of the t«est»sﬁte area and 811 have a gemral
strike of W-SE.

Because of the topographic location of Sv 5 close to the
highest point of the area, the local Rydrologicael
conditfons ara conzidered recharging, probabdly
acompanied by a decrease of pfezometric head with depth.
The measured hydraulic conductivity aleng the hole
facreases wita depth apart froa four sections, w0 of

which correspond to loeal fracture zomas 7/14 znd the

regional fracture Zone 18 (Fig. 5.49b). The lat
records an extremely hiigh conductivity (3 0.10 © ays)
for such a depth (727»737 &)
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With the exception of the uppermost sampled level
{151-163 m), all s;ther_' water budget calculations for the
25 m borehole sections indicate waters which are highly
contaminated and therefore non-representative. The major
cause of contamination is ¢ue to cpen-hole effocts which
result from medium to high hydraulic conductivities
combined with strongly megative piezcmeiric heads. To
further complicate the situation, ret 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 lower three sampled
levels, the sections selected fell cutside the canducting
horizons featured in the water budget calculations, The
groundwater samples must therefore have been leaked past
the packer system from the borehele mast likely »ia s
short-circuiting network of fractures.

The hydrochemical data identify two groundwater Types:

- surface to néa_r-surf&ce oxidising water
- intermediate to shallow mon-saline grounduater

The second grouncwater Lype s present only within the
uppermost level, and even then in & much diluted form
resulting from mfxing wizh surface o mear-surface

water and drilling water. In general the doninating water
sampled from all the lovels s characterised by the first
type. There 18 no doudt that the waters sampled are
surface to near-surface n origin, The gquastion 9
whether they represont water in the borehole above the
packer systea, or water ssmsved from meardy fractured
conductive horfzons which has collecisad as a result of
open-hole effeces?. Because of the prevailing
hydrological conditions n the borehole (f.e. cenductive
and positive heads), waters dorfved Troa the upporsost
100 ® of the borchole will not surprisingly penstrate ¢o
depth and fnto the bedrock were strong negstive hesds and
marked conductivities sre Indicsted. It fs thus proposed
that the waters samplod have thelr crigin from the

- uppermost part of the torehole. 1n the case of the
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uppermost level, some mixing with bedrock gromdwéter nas
occurred facilitated by the high hydraulic conductivity
and posflive head. The neat two levels are characierised
ealy by waters of surface origfn mhich s in part
supported by an aimost complete absence of lodine tracer.
The lowermost lewel sempled represents again 2ostly
surface-darived water although the presence of iodine
gracer (2.7 %) night suggest some mixing with dritling
mater from the major fracture Zome 18.

It is noticeable that the three deepest levels recavd
high Fe (11) conteats (4.1-11.0 ug/1). This way be whe
vesult of reaction {n the horehole between ths metal
pipes end the dowmuward ponetrating oxidisiag waters.

Because of ihe mon-representative character of the
sampled waters, iaterpretation of any uraniup treads is
mzaningiess. The very high wanium conlonts from the
uppermnst level {80.13-44.5 ppb) s further support that
some of the sampled water has oviginated in the bedreck,
and that the grounduwaters hove boen sufficiently
pxidising to sccomotate 8o much uraaium in solutien, In
goatrast the very low coateats from the other levals are
typical of nighly oxidising surface wster which has had
2inimN contact with the botrock, In Vable 5.1% ond
Figure 5.54 the aaalytica) uranius contoats ond the
hecretically colzulated uranium soludilizies for Both
crystalling and 290rohous tﬁoz at a gH of 6,20 are
presented and plotiad as & funciien of Zh. A1) wmier
campositiens plot within the emorphous stladility field.
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TableIS.IS: Uranium ¢ontent and thaoretical Eh values of
’ the groundwater from borehole Sv 5.

Level Uranium Content Calculated Eh
(metres) (ppd) (=V)
161-163 84.8 +292
357-359. 0.23 +179
615-617 0.:5 +216
719-721 0.2 + 75
0 -
=8 o
08 Y pH= 4D
SOLUBILIFY D
=10
a8 B:irarm
o B89 -
8 oHhot? oo
TRV .
=18 4
) . 7 ” ¥ L . ¥ e
~308 » ' 9 + 2300

Flgure 5.58:

e CPyot01 1400 (upper stebi1IGy Melt) V0 st agd . .. ...

SutpaTICn  PEYEZTIAL {mY)

Plots of wranium content {empressed as log

{m01/iitre)) and e calculated theoretics) En

valuzs of groundisaters ¢collecied frem borshole Sv
8. Tno valuss are plotted with respact 20

theoretical urenfum solediB ity curves calculated

for smporphous {Tomer 3tability Timit) end

of 6.20,
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5.4 Kamlunge

The Kamlunge test-site is situaged in northera Sweden
about 35 km from the Baltic coast (Fig. 1). In common
with the other descrided areas, Kamlunge represents a .
crystalline mock environment which is Precasbrian in age.
Topographically the region forms a plateau with a ground
Tevel range of 40 to 175 m above sea-level (Fig 5.551i;
ice-movement has imposed a domizant MMM - SSE orientation
on the leca) topographic features. The plateau may be
gescridbed 3s @ horst-type feature, 8 teiangular block
scme 16 k@™ #n area, bounded on three sides by
large-scale regional Vineameats which are presumed to be
rear vertical in penetration. Quicrop exposure is B
generally good, otherwise a thim w0 moderate moraine
cover is usual (approx. 5-10 m).

The regiona) geology of the area has been described
generally by Ocmen (1957) end Lundquist (1979). As a
vesult of SXB investigations dedween 1081-33 the srza has
racently been described in more dotail by Aldino et al
(1233) and simmarised by Anlboam et a) (1983e). The reglon
is characterized by metamorphic anc migmatitic rocks
which are Precasbrisn In age; the rogion I8 regardod as
haviag been relatively stadle for long perfods of
yeological tize, Belefly, the oldest rocks in the ares
sra Dasezent Mrchosn granite gnefgses. In Finland snd
furtiar north in Swaden, simtlsr Dasement rocks roves)
agas ranging From 2600-2800 23 (¥ella et a1, 1971;
Perttuncn, 1880). Overlying and <fscenformadble with the
Archoan basezent gre the younsor Svecolsrelian rock
groups. The Szecchareldan is 1aizially represented by
setagediacats and ostavelcanics, Thesce are followed by
the Haparands ories of dzep intrusives conpriging
graagdicrita and gaddro which haws booa dated By Rd-Se %o
around 1650 Ha (Wellm 62 Y, 197D). The earlice
oetesedinents $nd metavelcanics are thus consfdeorad ¢s s
within the rasge of 1680-2500 #a. memrqﬁé@ in the
- region culeinsted duriag the Svecokarelian epoch ot

- pproninstely 1800 He rosulting 4a widegpread . - - - iii
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Figure 5.55: Thoe Kamlunge wst-siio.. A: Togographic profile

acw988 the site; B: Hypsographic curve showing
altituge eharactoristics.

migmatisation. Cooval with metomsrphise, aad forming
largz-gcate fatrusions a the rogion, 13 the Lina granite
 witich indicoted o range of RS-Sr ages frem 1565.1800 Ma
{e)im et 81, 1970).

Tie oldest rocks exposed st the Tzolunge test-site srea
e the shove meationcd noiasediments and motavelcanics.
Thasa aro prosent as quartzitic grelss, blotize gnelss
&nd eaphibolite uhich erg Yator atrucsd by groncdiorite
and @a&ﬁp of the Maparands series. The Lina gronite,
with widsspyread pegaatitic sctivity, fntrugss a1l oldor
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Lafg&scale 1inzaments measured in en area of
approximately 600 kaz around Ka=lunge revealed three
zain groups characterised by orientation. The most
important group was orientated parallel Ro the dominant
ice-movement direction (5:40u-S20E); the vemaining more
pinor treads were WIOE-S20W and N30E-S3BY respectively.
Detailed fault and joiat patterms have Deoen measuved from
the exposed badrock at the Xamlunge test-site. Local
fracture zones have been indicated by 4 ?ferent
gmgajsical methods, and have suggested the preseace of
seven zones ranging im width frw Tess &han S a %o 15 m
which traverse the test-site arca (Fig 5.36).

The properiies of these fractuve zones at depth have been
iavestigated by means of 16 core drillholes (%o a mauimun

- dopth of 650 ®) ard 21 percussion dritifoles (0-150 m

d2pth); the zones tend %o be steeply inclined and spaced
about $00-1300 @ apart. In addition, a borizoatal
fracture 20ne was peretrated at 8 dipth of 550 @. This
009, which was water comnducting, varied in width from 4

to 14 @ 2nd i3 Yeoss weathered and crushed than the
~steeply inclined fracture zones.

Frecturing of the bedrock Pass has boen @2pped on surface
cuterops and on Grillcores, The fractures on the surface
have 8 domipant Y-IY erizataticn uhich I3 largely
serpondicular o the éirection of the regions) foliation,
In tho gnatsses the fracture froguonty aversgos 1.3
fractures/ostre unilst the disritic, grenodioritic and
granitic rock-types ara characterised by 1.1
fractures/actre.

In #alation 20 dapth Tho grestest fracture freguency (4
fractures/oatre) {5 encountered {n the uperaost 200 o, At
greater Copths an sverage of 2.5 fracturas/astre 13
vesal . In common with ¢he other aroas 12 is imporetant ©0
reta thot the higher frecture frequency of the drillcores
cempared with the cutcrsp ssasurcments 18 dud to Tho Tact
that the froguoncy of Borlzental frectures is

gnegrestiszated 1n the cuicrdp Bapping, Horoover, the
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Figure 5.56: Topographic Bap of the Kanlunge test-site area
showing the main structural 20nes of weakness and
tha lecation of the 14 (Xm 1 to ¥m 14) cored

boreholes.




a8

fracture frequency of the drillcores imclude all.
fractures regardless of length, whergas the outcrop
mapping does not include fractures shorter than 0.5 m.

Regardless of depth the total fracture frequency for
different rock-types is greatest for the smphibolite
(4.7), followed by granodiorite. (4.0), quartzitic gneiss
(3.9) and lastly the biotite gneiss (3.6). The highest

. fracture frequency has been recordad for an ultradasic
rock only found in one borehole. The most commonly
occurring fracture filling mineral phases include
chiorite, calcite and zeolites with subordinate sulphide
minerals. Many of the loca) fricture zones (and cthers of
lesser di=ensicns) ave often characterised by coatings of
fron oxides which include Rematite and goethite.

" Hydrologically the Xamlunge test-site 1s situated on a
‘4dge which constitutes the water divide between the
Falin river catchzent area to the west and the Sangls
é‘?va“r‘caer%mmt eres 1o the east. Thesa aress are about
23 000 ke~ and 600 km™ respectively and the rivers
aventually flow into the Baltic sea. The major part of
the {nvestigsted region 1s drained by the Kerpikla stresm
which forms part of the Sangis catchaemt area. |

Since Kemlunge 15 4 plateau the site &3 & whole can be

r2jarded 23 a recharge area, HMinor discharge aress occur
in low-1ying reglons usually evident as expenses of morgh
or poat Dog; edditional discharge occurs olong the steep
western slopes of the platesu resulting in several lakes.

The annual fluctsation In grounduster recharge andg
storage in the Keslunge area 18 typical for coastline
regions of northern Sweden. Two perfeds of recharge

- gccur, on2 in late Spring and the other in the Autumn,
The feraer coincides with snsy melting and the latisr
with modorate to heavy precipitation, In combipssfon with
low eveporation rates. The aintoun eng auniewm
groundzater levels occur Just prior to snd Just after
enty 2glting, - '
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The mean groundwater temperature in this region is 3.5°
to 4.0°C, i.e. some degrees above the annual sean air
temperature, This is due to the absence of any recharge
in the Hinter in comdbination with the imsulation effect
of the snow cover (Knutsson and Fagerlima, 1977).

The groundwater table level is in general 1 to 3 @ below
the surface; this depth can vary up to more than 10
along slopes and under isolated topgraphic high spots. As
with the other areas described the morpholegy of the
groundwater tedble reflects on a sznother scale the
topographic relief of the area. The groundwater aradients:
are relatively small along the top of the plateau and
consideradly greater at the plateau boundaries,
gspecially at the uwestern margia. The altitude of the
groundwater table varfes between 135 and 165 m above
sea-level, '

The water balance of the Xamlunge test-site during the
period 1951-1980 has been calculated to:

Adjusted precipitation 690 + 25 em/yesr

Actual ‘evaporation 350 ¢+ 25 em/yeur

Run-of f 330 + 10 en/yesr

The discrepsncy botwoen run-off and avasladle
gracipitation (4.e. evaporation less pracipitation) fs
srobadly dus 2o the uncortainty in these recordad walues.
The groungwater run-off through the boundaries of the
srea 18 supposed to be megligible. From the munerical
eodelling by Carlsson et a) (1383) the groundwater
recharge t0 the bedrock has been calculated to be spprom.
2 =/ year.
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5.4.1 Borehole ¥m 3

Borehole Km 3 was drilled at 60° to a vertical depth of
approx. 585 m (borehole length of 700.15 m) in owder to:
1) investigate the bedrock comprising ihe steep western
edge of the piateau and 2) to locate at depth the
presence of local fracture Zone 4 (see Fig 5.56). As a

~ result Zone 4 was located at 504 - 517 m; in addition,

~ lone 2 was intercepted at 313 - 337 m and Jone 3 at 441 -
450 a.

In teras of vock cozposition, tie Gominant rock-type in
the borehsle is grarodiorite (42.9 lgngth 3) followzd by
granite/pegmatite (25.3 length &), amphibolite (22.2 '
length %) and lastly biotite greiss (9.6 length %), Hith -
regard to fracture ceasity, granodiorite recorded 4.9
fractures/metre, granite 4.76, zmphibolite 4,32, and
bictite gnefss 3.54. Ia general , pegmatite horizons are
most fractured. Related to depth the. fracture frogquency .
s greatest in the uppermost 200 @, with more than §
fractures/metre (1.e, area of stress-relesse fracturing).
Effective porositly measuronents of individual rock units
(S. Sehlszzaedt, 1283, por. commun.) show 3. genaral low
porosity {<0.3 3). lowever, sigrificant differences do
exist botwsen the differeat rock units, for example,

. amphiboiite (mean 0.26 3) records slightly higher values
than blotite gnafss (mean 0.2 %) and granite/pagnatite
{mean 0.22 1) but significantly higher than grenodiorite
{mean 0.13 %),

The fracture @insrals thst 06t cosmonly characterise the
“grillcere are chlorite, calcite szeolite, troa-gufdes
such as nomatite and goethiite, &nd more rarely sulphides.

The location of tho borchole along the steep westorn
slope of 4he Ysalunge platesu and {ts general orientation
dounslope, will result in high Bydraulic gradiemts. In
fact, the hzed differcace In K@ 3 Batwoen the %ﬁroct;
surface and the borchole Dotien exceeds 0 8 of wotenl

. according to the cumprical modeliing of the overal)
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Figure 5.57: The arountwater flew-pattern and isopotentials in
the vicinity of borehole Km 3 illustrated by a
vertical section in the same plame as the
direction of the borehole (modiffed after the
nyaerical modelling of the Kemakta Consulting Co).

groundudtar flow patterns at Kamlunge (Carlsson @t al.
1683; Fig 5.57). The goneral festure of the grounduater
fiow {n the vicinity of borchole Xm 3, which is
consiceradbly influonced by the complex cocsetry of the
neardy Yocal fracture zones (Zones 3, 2 and 3; Fig 5.56),
15 3. flow directed towards the regfonal linsament
dzmarcating the western edge of the platesu. In the
upperuost Bedrock horfzen moar #9 3 8 loca) grounduater
circulation cell cam Be rocognised. At greater dopths the

- flow divection becomes more vertical, eveatually
extending 0 a more reglonal circulation. .

The calcylated hoad distribution from ¢ groundwater

mode) Bears no similarity o he messured 0sta from the
N borehole {Fig 848). Unfortunstely there 13 a lack of

data from Lelow 300 @-dus to the fact that low K-values
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Hydrogeological characteristics of borehole Km 3.

a) Fractre froquency (for 10 m sections) and
the cumulative percentage of fractures.

' b) Hydraulic conductivity

¢) Plezometric head distridutions and hydrostatic
head {n the borehole. ' '

Yepte B 100 Mussuiid bydteulic Paramaters ond eslcylated vatar Buidet veluse of the various influentes due Lo botsnale

Bitivities of the wotet sempled lovels is botensle 2 ),

. . . - )
Lovel S>velny Bead Tlow direvtion Priiting Lap=1ife Hydrsulic  fen tole ofivet  — Sumplod uster
dotidtion  (bvietole diundi) water(®) paging(=) testizgtos) before seeapliag(l) Betote suslysial~)
i e LL SR Y is) u’) (n,) ta’) (n’) (o')
trveld ’
s LY . 0,32 0.0 o.bov =0,5pe 00
T W T 2 . ' 9. 39 5,669 0,080 R 9.2
. .
1) sentioni hesd Jevistivo {190 tydisststic Busf is the berohsle (io astte cf wiet)
TEHG G IBY oo prors v e € pursier o o pedeetant K8vggef Pem wie P Yeessdies weds P et
- MITe JLO TEITS R Yl ¢ BO - P iv  cwmarde sl sett tensy seeine e’ B H P . T
I . . wia -
gy FRE 3 smmrg 1y [¥ e DK SRS, srid Amade ang Lt demge.d WA Lb FAETLE img )l ek ie tagrad e i gma A Livse, saay

g .
.- v dates . T . - LIRS SN e R T 4t et
e ¥ evt VYen - L se - e g 3, 4 - .

v
4

e

ae - X3,

Bal Tkt Sl PEET PEEOGIT 0] o6 Linan Aisar B Mo gt st Samglite jew isay e Aaynd cwl whe amy
Prosai *LrEl e fag et tar suit osmiwt Sve oo tty povundecram 40 fea apyper ~d Srome Lretl o

v
B I R A R R A ¥ P
P R Y

G g aes R L3RI T eARe amaen



223

require very long measuring times of pressure fall-off to
obtain reliable results.

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 do not influence
the conductivity as can be seen from Fig 5.58b).

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

The sampled borehole section is located within
granodiorite which is dark-grey in colour, medium-grained
and structurally foliated. The section itself is only
weakly fractured comprising one fracture zone {10 cm wide
and contatning 3 fractures) and four single‘fractures.
The intersection angle of the fractures with the
drillcore axis ranges from 20-70° and the main fracture
filling minerals are chlorite and calcite; iron axides
ere present within the small fracture zone. Less than a
metre above the sampled section is a strongly brecciated
core length some 1.5 @ in length which is stained with
iron-oxides. » '

Hydrology

The hydreuifc conductivity measured along the 25 @
section containing the sampled length fs 7.1.107° a/s
and the hydraulic h2ad exceeds the hydrostatic head in
the Dorehole by 2.1 metres. This excess, although smaller
(+9.1 ), 1s confirmed by injection tests conducted along
a5 o section, the lower part of which contains the
sampled length. Furthermore, wost of e injected water
appears to penetrate the crush zone located above the
sampled level. The water budget calculations show tha
the dorchole activities are not important 3s soge 9 m

of water are removed prior to sampling (Fig 5.59; Table
5.15a). -
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Figure 5.59: Schewatic {l13ustration of the calculated water
budget for level 123-125 m in borehole Km 3
(Kamlunge). 1 = Drilling water; 2 = Gas-iift
pusping; 3 = Hydraulic gasting; 4 = Sampling;
5 = {pen-hole effect,

———

Hater geochemistry

The sampled water (Table 5.16b) s charscierised by a pH -

of 7.9; the major cations Na' and 692’, together
with anfons KCO_™ and €17, o)) show lower tham
" norma) values ac%en compared to vepresentative non-galine
grounduaters in Swedfish crystalifne rocks {Tadi: 5.1).
This suggests a water of npar-surface origing megligidle
emounts of fodine (0.04 %) show an adsemce of drilifng
water, ' ‘

, Redox-sensitive parm“ﬁers

Positive Eh values (#3100 «¥), a virtusl absence of Fe(ll)
‘and S(-11), and a sizeadle oxygen companent (5.48 =9/1),
- al.l {adicate a strongly osidising grounduwstsr

: @ﬁvf ?@@mto ,jf‘:’;{ Lomae rewe et LR e e e BT ~"«‘7--"‘;"‘c“f;{;,v‘?‘"’f’i-} P R 'v'.::i;‘t;‘ﬁ'_-

[
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Isotope geochemistry

do stable isotope data are available; the 1“C data -

record an age of 3375 years., The tritium value is
extremely high (49TU) ehich supports the general water
chéaaistry in that a young, surface to mear-surface water
origin is indicated.

Uraniym geoChemistry

High amounts of dissolved uranizm gre indicatad
{11.94-28.3 gub) vwhich oncezgggﬁn 3asuggests a strongly
oxidising envircnment. The ~ U U activity

ratio of 2.8 indicates uicespread grounduater
disequilibrium, '

Contrary to the water Dudget calculatiens which indicateg
that a ropresentative groundwater sample uwis 0 bo
expected from this Yevel, 81l cheaica) ¢dats show that the
collected water was of surfoce or npar-surizce origin,
Mintmal tracer contents of fodime show that crilling
water 18 not 3 major contaminaging influence. The
condination of high conductivity and a positive
plezcdetric head, together with g sizesble crush Zone
within the asar-vicinizy of the ssmplad horizon, has
probably resylted in sesr surfece water boing punped fred
higher, Bore onidised 2orizons 9a the dedreck, oF frob en
{nterconnacted fracture systsa 2o the Dorewele sbove the
packer systen which has collectod water frua higher Sore
conductive levels.

%o stgnificant varfatica fa the physico-chentcal
parsmetors of ¢he wates Curing 2he sempling poricd wmre
chserved. | o«
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5.4.1.2 Level 445-447 m (approx. 376 m)

This sampled horizen is characterised by amphib¢iite
which is oftan biotite-rich and contains decimetre thick
bards of grey gramadicrite. The area arcund the sectien
is neavily tectonised and ropresemts the ingersection of
local fracture Zone 3. The actual Borchole length sampled
is 3ess fractured Tham the adjacent bedrock. It consists
- of a@ne broad fracture zone {comprising 16 fractures) aad
6 siagle fractures; the intersection angles with the core
aris range from 30-70° and the domimant fracture

filling minerals gre pyrite, chiorite and biotite.

" zm!eg;

The simpled Morizea is located withia the most comductive
par® of the Zone 3. The calculated ¥X-value of the Zere s
3.&9"8 B/s and the corresponding value for the 25 @
section 13 1.10 ~ #ys with an @xca%s hoad of 6.3 o,

The § @ length records K » 1.2.307 @/s with a
piezozetric hoad o7 +0.9 @. Regaréiass of which values
are uscd for the wator budgat caleulations, the gonera)
comdination of high cenductivity and plezcretric heod
should onsure that the witar sazple is reproseatative

- {Fig 5.60).

The sazpled water {Teble %a%b) has a o of 8.4; of the
pajer catiens, ﬁa’ and Ca ¢ are present 18 dow

smaunes, 1ikevise For the major aﬁﬂ@mm; and

€Y". These waters, In coiom with those Just described
fer the srevieus horizen, gre therefors ,
chsractoristicslly surfsce 20 nesr-gurfoce 1a erigin sad
Aot typical of the asn-s0ling grounCaters that eng weuld
‘have ospscted, Nepligivle fodine (oracer) shous an
sbsence of ariilieg w8br contentration.

. Lo e . . € . .. AT e L
A T L AERTEE - . D - % Saaad e R T

B PS——————
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Water volume (n?)

. } C Km 2 445-4L7m

2 1

0
-2 4
-4 4

. ¥ .
1983 1994

-6<

-3 o

-0 |
-iq : s

-‘51'

~-16 <
]

Figure 5.80: Schematic 11lustraticn of the caleculated water
budget Tor Yewe) 445-447 & in borehole K& 3
{Xamiuvnge). 1 = Drilling water; 2 = Gas-Bift
pumping; 3 = Hydraulic testing, 4 = Sampliag;
§ = Open-hole effect.

Redox-sonsitive parsmetors

Markedly acgative £h values (-150 =), even though there
i3 8 Yow Fel(ll) and an absence of S(-11), indicate thst
the groundwilors are considarably @ore roducing Than ghe
provious level; this 18 Turther Supported By an adgence
of oxygea,

Izotone _g@r@t%%ﬁ%@!

fs gtadle isotope date are svailable. The very ﬁgh
$ritlyn valuens (356 TU), tegsthor with ¢ young ! L 9
{2988 yoars), Yemd furthor support of 3 surfaco 2o ager
surfoce ¢rigin €o the sizpled groundustsrs. |
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Urantum geochemistry

The grounds:aters are still characterised by a high
uranium content (5.51-16.2ppd); a 23 !.!/2 380
activity ratio of 3.2 indicates widespread
disequilibrium,

Suzmary

The hydraulic combination of high conrductivity and
plezemetric head should have easured a representative
ground water sample devold of coatamimants such as
drilling watsr, surface o near-surfece water and
borehole waver. However, the results show that the water
has a surface to meer-surface character, is
uncontamingted by residual ¢rilling water, and is
parkedly veducing, In genoral, the water is mot
represeatative of this cepth {verticel depth of 376 m) ia
the becreck apert frea iis reducing charecter, but s
very probadly typical of downsard moving grounduaters ia
the fracture Zone 3 which {3 thought 2o extend to the
bedrock surface. The high tritium conionts +how that the
woter 13 still young but appreciably elder than prosent

- pracipitation in the Ksmlunae avea (approx, 35TU), The
results all 2erve to 1)lustrate the very strong hydraulice
gradient within these large-scale fracture zones. Because
- of the very fractured fature of the bedrock, seme of the
sampled water may have eriginsted frem the berchole.

No systematic varfation of the msssured physico-chenical
garamaters of the groundualter were edserved during the
sampling poriod.

5.8.1.3 Sgrehcle suraary snd discussion

eological and hydrologica) favestigations mzm
borehole Ko 3 have confirmad the existence of three majer
fracture sones (Zones 2,3 ond 4) consfdered Shrough
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geophysical measurements to extend to the bedrock
syrface. The natural groundsater flow in the
near-vicinity of the borehcle 15 directed downwards
twouards the reglonal linezmzat which demarcates the
western edge of the plateau. In general, the hydraulic
conductivity decreases with dapia with the exception of
Zone 3 which shows an increase 1o 1.10 z.aﬁ frou an
average background borehoie value of 1,10 °° @fs as
measured along 25 © borghole sectioms.

Of the two levels :ampled, the upper level at 123-125 a
is sufficiently shallow to Be influsnced by the
tension-release fractures which commonly charatierise the
upper €00-250 @ of the Swedish bedrock, The Hydrauiic
conductivity is thoerefore fairly high within this upper
dedreck reglion, and ia this case is accumpanied by a
positive plezomeiric head, at least from apprex. 100-300
® ¢epth. The lowor sampled level, being tocated at the
borehole fatersection with Zone 3 {445-447 m), is alse
gcharacterised by high conductivity and pizzometric head
values, Thus, the wuater bugget caleuylations from these
w0 lovels suggest that all eontaminating watees
introduced prior to sampling (f.e. €rilling water ind
water fatroduced uring hyGraulic testing) are minimal
ang arg effectively removad By pumping prior to sampling.
The sempled groundaters shiouwld therefore be
representative. :

The overal) chamistry of e groundusters tndicates that
ratther level has #esulted in o repredentative sample,
Tha chemistries sre remarkedly simidar sacept that the
Geeper Izvel waters gre @Sre reducing. In geners), bDoth
sazpled Jevels are charpcterised By surface 20
m&arﬁuﬂ&ce waters with digh tritum contents {99-56 1Y),
low " C agos (2985-3575 years) ond very high essunts

of dlssolved yrandua (5.5-28.3 ppd). The virtus) sbeence
of the foding tracer (0.08 B) shows that mo érflling
water component 18 present. It 18 thorefore apparent thst
ghe collected groundwaters Dave o similar near-surfsce

scoyrce with rapld transpore to dapih belng factlitates
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by highly conductive fracture zones such as Zones 2 and 3
which intersect the borehole at ihe deeper sampled level.
In actition, the wery marked open-hole effects will
resule in large t2ounts of mear-surface derived water
being present in the Bovrehole; cpen fracture systems
around the dborehole can easily lead to such borehole

- water being leaked arcuad the packer systea during

sampl ing.

The yranium content of the sampled groundwaters fream
borehole Ka 3 is extremmely high although there is a
distimct decrease betwaen the upper and 1wer sampled
Tevels (i.e. 31.95 ppb vs 5.51 ppb). The amalytical
contents, together with the theoretical Eh values
calculated for the frem systea, are presented in Tadle
§.17 and Figure 5.61. The Figure also containg
theoretical uyranivn selubility curves calculated frem
crystalline and exorphous UD, Tor a pH of 8.10 which is
reasomably vepresentative for the waters from the
borehole. Soth water cempositioms plot around the
aorphays urantum stability douadery; the udper lewel
Sust faside the crystaliine stadility boundary.

Table 5.17: Uraalus centent and thooretical En values of
the smn%mr frem borenole Ko 3,

Level Yrantum ﬁént@nx Caleculated £h

{20trgs) {psd) | (ev)
123-123 13.94 | -7
445-447 5.51 -212
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Figure 5.61:

ORIDATION SOTERTIAL (o)

Plots of uranium content (expressed as log

(207 /7itre}) and the calculated theoretical £h
values of groundwaters collected froa borghole
Km 3. The valuss are plotted with respect %o
theorztica) urantum soludility curves calculzted
for zmorphous {lower siudility Yimit) znd
crystalline. (upper stability limit) uoz' at a pM
of $.9%0. o

'§.8,2 Borehole Knp 13

Borehole Xa 13, drilled ot an sngle of 60° 4n an ESE
girection towards Tone 5 (Fig 5.56), 18 located within

tho soulhera centrs) part of the Kamlunge test-site srea.
The tota) leagyth of the hole §s 703.05 » {vertical Gepth
of approx. 630 @) snd the prinsry odjeciive wis 2o ehtain
aore geological Informatien sbout the S$E guadrant of the
test-area. As a result, 2 weak subd-Rorizontal fracture
ione wag encountered at 3 depth of about 670 a.

The Zeminant reck-type {n the borehole 1s grenite (56.9 %
‘of the borehole length) followed dy 18 3 bistite gnefss,
11.2 & quartzitic gnotss, 8.5 8 zshidolite and 4.3 &
granediorite. The upporsost part of the hole (down ta
around 350 m) 13 &afnated by granite with peguatite

Shars e pet L T e cs B L S L P S L
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horizons and minor barmds of quartzitic gneiss. Between
365-413 m amphibolite 1s present; a small thickness alse
cccurs around 700 m, olherwise the rest of the hole
consists of an intermixture of grancdicrite, graﬁitel
pegmatite and biotite gneiss. The average fracture
frequency of the borehole is 3.40 fractuves/zmetre. For
tie component rock-tyges, the lowest fracture freguency

‘is recorded by granodiorite (2,18 fractures/ zetre)

followad by biotite gmaiss (3.15), granige (3.25),
amphibolite (24.22) and lastly quartzitic gneiss (4.62).
The majority of the fractures are parallel to the '
reglons? foliation and these also vary between the
different rock-types; For example up to S3 3 fur the
blotite greiss and 8 minimum of 16 % for the guartzitic

 geniss. In general, the frequency of fractures 1s low

throughout the borehole length; on obvious exceptica
occurs at the intersection of the sub-hoviszcatal zone
arcund 670 @. The maim fracture #afilling minerals ave .
chlorize, calcite and zeolite; within and arcund the
sut-horizontal fractura zome, which is lotated within &
pegmtite horizon, the rock IS weathered and stained with
iron-oxides which inclade hematite, '

The presence of the sud-horizonta) fracture zone greatly
iafluences the grountumter conditiens as it dissipates
the plazametric hoed gradient in 2he bedrock such that
the kead gradient bucomss Such Vess Bolow the 2000 Lhan
above it (Fig 5.62). Toiis implies lewer grouncuster

flow-rates below the zone and comsequently the

possibitity of encountering oldor wators. The largo-scale
grounduaior flow-pittern fn the vicinity of the Borehole
shows thet watse recharging 8t the highest per? of the
platesu 2o the MY of Km 13, passes the borehole on its
way 9 local fracture Zong § (Fig 5.56). The plezcmetefc
head along the borchole decreases almose Yinsarly Frem
145 to 133 =ctros sbove sea-level at ihe fNole bottom (Fig
5.63c). The plezometric head distributics cdtatned from
the field fnvestigstions have generally sccomodated this
var{aticn with soxs no%eeble ercipticns. For exsmple, at
torehgle lengths arcung 230, ang 6715 o the
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 Figure 5.62: The grountuater flow-pattera and isopotentials

in tae viciaity of borehole Xm 13 illustrated by a
vertical saction in the sama plane as the
direction of tre berchole {modified after the
aumerical modelling of the Remakta Consulting Co).

20 waesosts
’,‘qmu
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H%m 5.63: Hydrogeologica) charscterfstics sf borehole o 13.
; a) Fracture froquency (for 10 n sections) end the
=/ curulative percentage of fractures.
B) Hydraulic conductivity
€) Plezezetric hesd distridutions and hydrostatic
ficad 1n the barchele,
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. plezemetric head is essentially Bigher. The normal
hydraulic conductivity pattern 1s reflected by

measurements wiich show only & few sections with a
K-value less than 1.10°3 /s occurring below 200 o,
Above 200 =@ the conductivity is wmusually low.

Tadpto .18 Mozsured bydromlic parcmeters and calewlated warer dulzot values of C3m various influsnces due to borelnle .
acivitios at the wator tazplwd levels in bozedole Em 1) i

level  Featme Eesd  Plov dimeciios  Dril¥ing Cas=life Bvdravlic  Open hals effect Sazpled vater
doviation® (borodnic ivenda) waTer(s) mesing(-3 cestingls) before sampling(l) befcre soalysis
2 nile  tmial (a) : ) @) ta’) ta®) ) e}
lemgtn) :
P Ol L B t*) 0.23% 0.21 «3.00 .08 1.4
Madie  yy-aa? -n.2 < o.am8 0.2 ~oem ~g.311 13,0
sio-all 1330 .? . w0 0.0% a0 -5.329 34
. eiteatl  1.3°38 e 0.7 . 0 a.0% .01 ~0.038 .2.0

L] . . s
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5.4.2.1 Leve) 230 - 232 @ (approx. 157 @)

The favestigated level 11os withim quartzitic gnefss
charactorisaed by blotite-rich bangs togothoer with
schlicrem and dyies of pegastite., The sampled borehole
1sagth containg very 1ittle evideace of fracturing; only
7 single Fractures ntorsect tho core axis at angles
ranging frem 30-60? wizh the @stn §1111ng sinerals

Being pyrite, chlorito and af%in&.




235

Hydrology

The hydraulic conductivity measured along the 25 m
section is 9.6.10'30 /s and the head deviation is

+1.8 m. Injection tests algng 5 @ sections cutside the
sampi¥ed level support the %@&raulic parameters used in
the water budget calculations (Table 5.13a) which are
therefore considered to be r«fpresentative for the actual
section, i.e. the low K-valug results in only small
volumes of contaminated wat# being introduced into the
bedrock from the borehole activitias. As shown by Figure
5.6% any contaminating effects should be adequately
removed prior to sampling. ‘

Hater geochemistry

The water sampled (Table 5.18b) recordad a pH of 8.4; of
the rzjor fons, %aa# and #@03' are preseat in iower
amounts, and Ca * in higher mounts, than normal
non-saline bedrock goundwsiers wsually characteristic of
this dapth; the €1 content Is adout mormal (5 =2g/1).
The high Ca~ (%9 wg/l) can b2 correlated to higher
than normal $0.°° conteats in the groundwaters. The
presence of 0.21 % of defﬂ@J tracer indicates the
presence of a smal) drilling water component,

Reodox-sengitive parabeters

Negative En valwes (-70 mV) end virtually no oxygen (0.07
29/1) ingicate a soderitely reducing groundmster
environment; the contents of Fe{il) and S(-11) are low.
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Figure 5.66: Schematic illustration of the calculated

water Dudget for level 230-232 w im boreshole
Km 13 (Kemlunge). 1 = Drilling watsr; 2 =
Gas-1iFt pumping; 3 = Hydraulic testing; 4 =
Sampling; 3 = Open-hole effect.

Ts0tope cegchenistiry

#o stable 7soteopic cats are available; 16c. howaver
reveals an age of 7385 years. The tritium volue of 10 TU
indicates a sizeable near-surface component.

" Uranlum geochemistry

& dfggc\wﬂ uraniun content 18 Righ (5.2 ppd); the
u/2 U activity ratio 15 2.1 which shows
{sotopic disequilibrium in the groundwster environmont,

Syzmary

Low hydraulic conductivity values and a smal) positive
piezcsetric head sugdested vinimus centaaminstion into the

“bedrock during the varfous borehsle activities. A

reprosentative groundwator gample was therofore expected.

The chemical parsmoters have established that a reducing
groundwater environment exfsts ot the sampled level. The
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major ion conceatrations (e.g. low levels of Na+,
HCO,™ and C17) show that a s’zeable surface to
near-surface ccaponent is present, a fact supported by
_moderate tritium contents (10 TU) and ©.21 % I”
{tracer). However, the relatively old zge of the water
(14C age of 7365 yearé) suggests that some portion of
the water is probably representative for the sampled
depth.

A fyrther aspect of the groundwater chemistry is the high
$0, " content (approx. 200 mg/1). As CaSOQ this

probably explains the increased conductivity value (56
BS/m) of the water. ' '

In suzmary, the results from this level indicate & water
characterised by:

- representative water from the sampled depth. This is
reducing 1n pature, relatively old, and has a distinct
chemisizy as shown by the unusually Bigh CaS0
content, ‘

- the presence of residual drilling waters which are
near-surface ia origin,

= the presence of surface to ~ear-surface waters from the
borehole which have origiated froa Righer levels fa
the bedrock,

4

Mixing of thase dffferent watar types 2as probably been
faciisgated by the low K-values of the section which hes
1ed to lezkage of borehiole water past €he packer system.
Howover, systematic changes 1n the physico-chemical
- paraaeters of the groundwaters during ﬁamgﬁng (Laurent,
1¢834) %gms a steady increase in Wa', ca®’, o1
and S% and a decrease in En. This fmfers that
{ncreasingly more representative groundwater is Being
encountered as a result of the gradual removal of
residua) contzminating waters resulting from the borehole
activities. '
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5.4.2.2 Level 514 - 516 m (approx. 432 m)

In contrast to the prewious level, the <owinant bédrock
at this depth consists of biotite gneiss with schlieren
and dykes of pegmatite. The sampled borehole length is
similarly lacking in major shear or crush zones,

- containing just 7 single fractures. These intersect the
core axis at anglies racging from 45-800, and the main
infilling minerals are pyrite, calcite and zeolite with
more minor amounts of chlorite.

Hydrology

The lovel sampled has Been selected from a highly
conductive 25 m section (K = 3.1.10'9 mfs); whis is
supported by data from two § m sections. Each of these §
m sections has a transarissivity exceedis»g that of the 25
m section (1.e. a greater amount of water is injected
within each 5 m section then in the total 25 m secticn).
This {s best explained Dy lezkage occur=ing around the
packers. It was noted zhat two fracture zones (45 m wide)
colnciced with the level of ene of the packers. As these
fracture zones are not included in the sampled section,
it can be concluded that the leve! szmpled is
characterised by a smaller K-value thus @sking the
calculated water budget a realistic one {Fig 5.65). The
water removed by pumping prior to sempléng is greoater
than § @ which should have secured a representative

Hater geochemistry

Th2 groundyater sample 9¢ characterised Dy a pH of 8.6;
the major fon characteristics are sin{lar to those of the
previous level although @ore accentusied. Fgr example,
greater emunts of especially Ca®* (and $0,°7)

with @ore minor facreaszs of Ha , €1 amd 81:03'.

- R L 1 o P . - iagr . . R LI P
i B T T T T IR R I T
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Woter velume (n?)

Km 13: 514-516 m

‘-
&

0
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Figure 5.65:. Schematic illustration of the calculated
water budget for level 514-316 @ ia dorchole
Km 13 (Kamlunge). 1 = Drilling water; .
2 = Gas-lift pumping; 3 = Mydraulic testing;
4 » Sampling; 5 = Opea-Rdle effect.

A s2all I content (0.16 ) suggests some mixing of
near-surface cerived drilling waters.

Redox-sensitive parapeters

The groundwaters sampled are still reducing (Eh = =100
gY) although slightly more than the previeus level,
Felll) and S(-1I) are sti)) Yow and stgnificant amounts
of oxygen are present (0.1 ma/1).

Isotepe geochemistry

Stable feotope data are not svailable; Mc ¢sta

records an age cof §460 yoars., The tritium valee of 18 TY -
susgests a substantial near-surface compgment, scZewhat
greater than the previous level. ‘

Uranfum aeochemistry

Greater zngunts of dissolved uranfum (10.2 ppd) supports

@ substantiel component of neor-surface, less reducing
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groundwater. The 234lJ/238lJ activity ratio of 1.8
indicates disequilidbrium fn the sampled waters.

Susmary

The sclacted 2orehole length s characterised by single
fractures and a moderate hydraulic conductivity. The
water budget calculations infer that o representative
seaple should be odtained subseguent to gus-lift pumping
ard pumping Just prior to sampling. However, the chemica)l
parzeeters seasured show @ marked component of
aear-surface watsr derived from aigher levels and
transported 0 twe sampling depth probadly by the
borehole itself. This borehole water wes sudsoguently
leaked past the packer systsm durimg sempling.

The major portion of the zimpled water i3 reducing and
characterised dy a high f;mma content. Becsuse of
fmmﬁmt@r aixing from other sgcurces the rocorded

€ age vreflects dilution by yourger waters (1.e.
&%i’w%ﬂ’fét@ waters resulting in a tvitium of 20 TU) and
30 a &uch eléer age would be more realistic.

In suzmary, the results Froa this leve) indicate 2
grouncuater ckarectarised by:

- resicual water frod borchole activitios, e.9. @rmmg
wataer, 81ded by & nagative plezszatric hosd,

= singd water sources frod within €2 borehole; this
ineludes o consideradly youngssr mpar-gsurfoce cespsnzat
predadly introduced arcund the pecker systen.
- major portien of representstive grountater of ¢istimet

. chemistry

Yariations in the grountemdter chomistry {Laurent, 18834)
during sampling show clzsarly thet ihe grountimters &re
becoming @uch @ore reduciag, richar 18 €580, ang
slighely core saling; 8 ¢l Yacrease 9n pﬁ 8140 eccurs.
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5.4.2.3 Level 670 - 672 m (approx. 556 m)

The sampled section is located withiam an approximatly 15
thick layer of granite with numercus pegmatite
horizans. The section i3 markedly fractured and
represeats part of the weak sub-horizontal Zone H1 which
intersects the dorehole around &67-673 m. The saupliw
sectica overlaps with one dominant fracture 20ne which
extengs fron 671.40-674.25 @ and comprises 78 fractures,
 many of which are present within the sampled sectioa. In
addition, one smaller fracture zore of 40 cm width and
cozprising 15 fractures, is located within the section,
togetier with 4 single fractures. The range of aagle
intersections with the core axis is 0-90° and the @main
filling minerals ave tfrom-oxiges (hematite ¢ hydroxy
iron-oxides), calcite, pyrite a2nd mawe rarely chlorite,

ﬁxérol 2gy

Hot susrprisingly the groundwater tremsport at this dézpth
is strengly {nflusnced by the zub-horizontal fracture
Zom_gl. Tre hydraulic conduckivity of Zone Ml s set %o
1.10 © &/ and i3 estimated from the single packer

test (assuning that ft stands Tor 50 % of ihe
transaissivity), which is the only hydraulic test
conduceod at this level. The 53 o long moasured seciion
indicatas an ercess plezvaetric hoed. Howver, even
though the overall lack of detailed Hydrologic data mske
the water budget calculstion somewhat uncertain, the
great wolume of groundwstor sampled 3.9 3)‘ may
provige a sazple that 18 falrly representative (Fig
5.65).

Yster chemistiy

The smjor chemical parsmaters {Tadle 5.180) arg all
charactarised Dy Yowor then norsw) valuss for non-¢aling
grouncusaters tiat agy Be expscied fras such sampled
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Water volume (M’)

.  Km13:670-672m

N |

0 125352 - . .
24 1982 a\|1983 1984
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Figure 5.66: Schematic illustration of the calculated
 water budget for level 670-672 @ in borehole -
Ke 13 {Xzalunge). 1 = Drilling water;
2 = Gas-lift pumping; 3 = Hydraulic testing;
4 = Sampling; 5 = Open-hole effect.

¢epths. These values, such as 8 pH of 6.9, and major fon
contents of 5 mg/1 for E&a",’ 8 =g/ for Hco; and 5

ma/1 for C1°, are wore §n accordence with surface to
pear-surface waters.

Redox-senstitive parimeters

Eh values show that the groundwster enviromment s
garginally oxidiging (+50 a¥); thris 1s supported by small
orygen contents (0.09 =3/1), The Folll) content fs
unusually high (6.8 mg/1); S(-11) i3 regligidle.

Isotege coochemisiry

¥o steble fsotope duts are evailadle; Mc records a

very young age of 1015 yoors and alesst certsinly
{ndicates water of o surface or moar-wrisce origin. This
15 supportad by a tritlud valua of 39 TU wibich s near
the aversge for surface precipitatics,
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Uranfum gecchemistry

Dissolved yramium va\uega are low (0.09-0.6 ppb); these
together with an 23‘ll/z U actiwity ratio of 1.8,
indicate a typical surface water origin.

Summary

Although he Rydrological data are inadeguate, the very
fractured nature of the sampled section length, the
apparently high hydraulic conductivity and an estirated
positive piezemmeivic head, al) comdine to suggest t:at a
representative water sample is gossidble. The resulis
show, howaver, that the sampled mater is surface to
near-surface fa origin with ro ewideace of any deep
grounduater component. The only @bvious source is
porehole water which hag been devived frem the
near-surface eaviross of the bedrock. Accumulation in the
sampled seciian has been dy leakage past the packer
system during samplieg,

5.4.2.4 Leve) 680 - 682 o (approx. 568 m)

This sampled level 13 lecated some 6 o below the sud-
rorizontal Jens Kl dscrided sdowe; the uninant rocks
type 18 8 firc-grained amphibold e, The sectior includes
a nsrrow crush zone (15 <@ wide), one frecture tone (20
<o wide and contatning 88 fracluwrps), and 8 stngle
fractures., The aajor nf91ling m3neraly sre fron-oxide
(hemstite ¢ ydrous types), calcdte, chlorite and
2solite. .

"
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Water yglusne lm‘l :

l |
o Km 13: 680-682 m
z‘
o] 1283 8 2
1982 ’ alresy 1984 N
.z< - -
-l,<'

Figure 5.67: Schematic 1llustratica of the calculated
wator budget for level 680-G82 m in borehole
Ko 13 (Kemlunge). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Mydraulic testing;
4 = Sazpling; S = Open-hole effect.

¥ydrology

Tha availadle hydrolegical data are similar %o that of
the provieus level and thergfore the calculated mater
busgget (Fig 5.67! oxhibits the same iradogquacies. From a
gemoral hydrological poiat of view, a3 capressed at the
begining of this chapter, an older, porhaps a chealcsily
aistinct groundwator, aight be expeected frod this Jeve!
as 1t 18 siguated bolow the sub-horiionta) fracture Zone.

Hater geochenisiry

A1) the moasured peraneters &how & water fdentical fa
cenposition €0 provicus level (Tedle 6.18p).

Redon-gousigiva psranotors

In coszen with the previous evel, 8l fndicatiens ere
that sparesurfece Sorived groundwatlers of & merginally
oxigising ckaractor have fien collected.

Fooom T
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Isotope geochemistry

Mo stable isotope da%a are available; 8¢ records an

age of 800 years which is totally unrealistic for these
déepths but supports a near-surface origin to the
groundwater,

Yranium geochemistry

Stmilar to the previous level.

Summary

Hydrologically this level differs little froam the
grevious. Geologically the section is less fractured and
~amother rock-type domingtes. In generazl, it is assumed
that gny contamination resulting from borehole activities
should be effectively removed prior to sempling. Hosever,
ente again the results show that surface to near-surface
¢erived water 73s bzza preferentially pumped around the
packer gystem to the section beimg sampied, roiher tham
fron the bedrock 1tself. This has prodably been |
facilitatod by an interconnacted {racture retwgrk betwoen
the section and the borchole water. There 18 RO
irdication of sny detp groundwater component 2nd ong Bust
therefore assume that the gection chosen for sampling 1
fen-conducting.

5.4.2.5 Borchole summary and @iscussicn

&eelogical mepping and Zydrological {nvestigations along
25 b sections {n the borshole (5 @ sections have
sometires been measured In ond arsund those levels
szmpled) have rosulted fo tho sampling of groundwater
from four difforent levels, the Two docpest doing lecoted
within end Below the intargsectisn of the borehole with &

sud-horizental fracture Zono et £67-673 o borehole
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fndicated that the waters were becoming more reducing,
less contaminated and therefore more representative. The
representative nature of these waters 1s further
supported by their relatively old ages as indicatsd by
the ~ C data (6460-7365 years). Unfortunately, mixing
with surface to near-surface waters has taken place (i.e.
10-18 TU and £.07-0.10 ®g/V oxycen), with the result that
a significant amount of “dilution® has occurred.

These rear-surface raters at such ¢epths are probabdly a '
result of soxe residual drilling water bdeing present ia
the bedrock section (e.g. 0.16-0.21 % I . 'have been
recoréad), and also borehole waters belng lesked around
the packer system Guring sempling. The former explanatica
{s more acceptadle as the groundwaters bacome more
representative during sampling which infers a systematic
¢epietion of these contaminating waters.

The ts0 Cdegpest zunes sre ancmalous im that the samiied”
water 1s almost cempetely surface o mear-surfece in
origin with very 1ittle influence of Ceeper grouadwaters
such as those just described. It would asppear that durieg
sampling the water cepacity of the bedrock saction proved
to ba inadeauate. A partial vacuum was soon estadlished
within the sampling section resulting in noar-surface
derived water being lesked ground the packer sysStem. This
is supported by the high Felll) conteats from these tio
lovels {(6.8-8.2 ma/1) which previously have been
interproted as a roaction of dorehole wmater with the
steel piping that eatonds to the surfece from the packer
systen,

In sycmary, the @ajor groundhmater typos ropresented by
borehole Ka 13 are: 1) surface and near-syrface waters of
8 young age, 2) intermadiate to deep ©)d groundwators
which are non-gsaling buk are charecteriscd by a high

Cas0, contgnt. infortunately, nong of the groundwateors
sempled can do considered truly representative,
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The uranium content of the boreh@!e' groundwaters sheass
marked change from the high valums characterising the
upper two levels (5.2 - 30.2 ppb) and the two lower
levels located above and delow t2 sub-horizontal zc=e Hl
(0.04 - 0.60 ppb). Although these results show an
apparent decreds: with <epth, the unCertainty surroumding
the representative nature of ihe groundwaters eskes
interpretaticn difficule. In any <ase the analytical
contents, together with the ticormtical Eh values
calculated for The Tron system, are presented in Table
§.19 and Figure 5.68. The Figure aliso contaias
zhearetical urantum soludility cumves caiculated from
crystalline and amorphous 002 for a ¥ of 6.20, 8.10

and 9.50 which are reascnadly repesentative for the
waters from the borenole. The wabee Compnsitions plo
within and around the uraniua steDility curves for tho
kighest and lowest chosen pH valizzs, a spread reflectiag
the geoneral {nconsistancy of the groursuater
compositions, ~ '

Table 5.19 Uranium comtent and Gheoretical Eh valuzs of
the groundwaltars frem borchole Ka 13,

Level _ lraniym Centont - Caleulatsd En
{zmatres) ' {msd). {mv)
230 - 232 5.2 ~199
514 - 516 i0.2 _ -249
670 - 672 0.6 : - 19

680 - 682 0.04 - 20
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Figuré 5.68: Plots of uranium content {empressed as 10g

{=m01/1itre)) and the calculated theoretical En

. values of groundwaters collected from borehcla Ka

13. The values are plotted with respect to
theoretical uranfum solubildty curves calculated
for amorphous (lower stabildgy limit) end
crystalliine (upper stadility limit) uoz st a DM
of 6.20, 8.10 &ng 9.50,

5.4.3 Borohole kn 8

Borehole Ku 8 fs located 4n the west central part of the
Kanlunge test-area, som@ 30 metres $rom the surface '
expression of local fracture Zone 3 (Fig 5.56). The
borehole (lengin 251.25 m; vertical depth approx. 200 =)
was drilled st an angle of 60° to confira the presemce
at depth of Zcwe 3; this was achfewed at approx. 109 o,
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Strongly foliated biotite gnefss, with more minor
interlayers of skarmn, pegmatite and quartz bands,
dominate the upper 100 m or so of the borehole. A more
substantial pegmatite horizon which is heavily tectonised
and stained with iron-oxides occurs from 35-45 m. With
increasing depth granodiorite, with pegmatite horizons,
begins to dominate; around 236 @ biotite gneiss appears.
The average fracture density for the borzhole is high
(7.30 fractures/metre) which is partly attriduted to the
short length of the borehole and partly due to the fact
that Zone 3 is intercepted. Gf the different rock
components, granite records the highast {reguency of
fractures (10.28 fractures/metre), followed by biotite.
gneiss (9.52), emphibolite (7.86) amd lastly granodiorite
(3.69). The most cozmon fracture filling minerals are
hematite, chlorite and calcite; local fracture Zone 3 s
characteriszd by several crush and fracture zones =hich
are generally brecciated and sirongly weathered. Hematite
and other more hydrous iron-oxiges impregnate the
fracture zones and the adjaceat dsdrock,

The groundwater pattern modelled by Carlsson 2t al (1983)
18 illustrated in Figure 5.69. The groundwater flow
arcund the borehole 1s locally directe” :r.uids aleng
fracture Zone 3, and more generally mcar 2one 2;
otherwise the éoninating flow necar Ko 8 18 downwards.
According to the model the plezemetric head changes very
Tittle along the length of the borehole, but Buch more
dramatically at cepths of 350-550 m. Due to the very
large fracture density within this part of the Bedrock,
it was fopossible ¢o conduct water fnjection tests (n the
fole 8s planncd without risking the ecuipment. As a
result only single packer injectfons uore perfomed in the
upper part of the borezhole. :
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Depth

Figure 5.69: The groundwater flow-pattewra and
isopotentials in the vicinity of borehole Ka
8 illustrated by a wartica® section fn the .
same plaae &s the directiom of the borehole
(modified after the numerical modelling of
Kemakta Consulting Co).

5.4.3.1 Level 238 - 240 m (approx. 198 m)

The sampled borehole §s located within Bfotite gneiss
which locally changes to epidote-rich skarn or diffuse
bands of granodicritic composigion when the granodiorite
contact at 236 @ {s approached. The sample sectfon longth
is characterised by 3 fraciyre zones ramging in width
from 30-40 cm and cach containing 5-6 fractures; the
bottom of the section partly cwverlaps amather, much
droader fracture zone, consisting of 11 Tractures. In
addition to these 2omes, the section comRaling 6 sfngle
fractures. The intersection angle of these structures
with the core axis varfes from 10-90° ared the mainm

- f1114ng minerals are chlorite, calcite, dron-oxfdes and

_@j minor amounts of epicote.



file:///ihen

252

b)

'y [ ] B fracturer/e %S B} % MO0 most

L3
E Jont )

)

1Y

l' Sostlen
BEE S

Pl OSSN )

/

X% QX txxtures

Figure 5.70: Hydrological characteristics of borehole
Km 8: "
a) Fracture frequency (for 10 m séctions)
and the cumulative percentage of
. fractures -
d) Plezometric head distribution and
hydrostatic head in the borehole.

HydroTogy

The kydraulic conductivity measurements from the ;ingle
fnjections tests give an average value of '1.4.10f

n/s for the borehole section 71 to 251 o. However, the
overal®l lack of detailed hydrologic data from the

. borchole as a whole, and from the sampled sectfon in

. particular, made it pointiess to carry out water budget
calcudations. Mevertheless, some estimation of the:
borchole conditions can be ®made (Fig 5.70). As the
selecged horfzon 1s penetrated Dy at lsast three fracture
20nes The water sampled probadly comes from the bedrock.
Hoxever, due to the hydraulic gradient fn the hole,
open-Role effects will almost certafnly resule {n water
penetrating 1nto and along the fractures in the sampled
level. Thus, even though the water volume pusped out
“prior 20 sazpling s more than 8m™, 1t fs mo guarantee
that 8 genuine water senple 1s odtained decause the
K-valez2 {s high ond thereby 1t s possidble that the
smounts of witer from the borehole activitfes may exceed
that volume. ’
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Water geochemistry

The sampled water (Table 5.20) recorded a pH of 6.3; the
major cation (Na' and Ca2+) and anton (HCO.

and C17) contents ere much lower than norma) non-saline
groundwater compositions expected frem this depth in the
bedrock. The sampled water 1s undoudtedly of surface o
near-surface origin and devoid of any significant a=aunts
of drilling water tracer (0.002%17).

Redox-sensitive parameters

A strongly oxidisfng groundwater is fndfcated by the
measuired parameters f.e. positive Eh (+270 av), .
sfgnificant oxygen (1.11 @g/1) and negligidle S(-11);
surprisingly the Fe{1l) is present fn appreciabic amounts
(2.8 eg/1).

Isotope gecchenistry

o stadle fsotope orF “c é3ts are avatiabdle for this

Tevel. Tritfum 13 present fn ooderate smounts (20 TU)
which confisrms & large surface to near-surface component.
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Oraniu geachemistry

The dissolved uraniua content is low (Oéﬁg ;3%3 and
isotopic disequilibrium 1s widespread (“~ U/ U

Suzmar

Because of the Yack of hydrological ¢ata frem the

- borehole ¢»d due to the very high fracture density of the

tedrock, 1t has Soen impossidble o caleulate the effects

of the borchole activities on the quality of the sampled A
groundwater, The chenical pirgmelers, however, point )
streagly to 3 swrface o near-surface grigin to the
grounduaters. A cozdination of lcw pH, below average
congentrations of the major fons, zositive Eh values,
high oxygen conzent end very low dissolwed yrantym, all
support a rear-surface erigin, The possidility of a =l
deeper waler componeit Should aot e overlooked and may
in fact explain The Yower than gxpected Tritiun (7D TU)
when cozgared with typical surface waters from the '
Kemlunge ares (zppror. 35 TU),

The groundmter sampled has beem pumpsd ingo the section
from higher, Bore onygenatod levals via the highly
cenductive fractere cystam preseat In the bodrock, with
linited aixing with sore voprosentative groundwators In
the ngar-vicinity of the borehole. Seoplimg of
near-surfate corived crilling vater frem adove the
borchole has alco predably occurvad. This 2ay clarify the
significant Fe(11) content (2.8 /1) proseat in the
water, :

The uranfua content of the single groundsater saople s
0.02 ppd. This content, Sogather with the theoretical £b
veluss calcolated for the iron system, are presented fa
Table 8.21 end Figure 5.71. The Figure also contains
theoretics) urantun 501111ty curvas calculated from
crystalling and s20rghous !'202 for & ol of 6.20 which s >

S———
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close %o that of the sampled groundwater. The groundwater
composition 1i@s within the amorphous urantum stabiligy

boundary.

Table 5.21 Usanium content ;md the theoretical Eh value
of the groundwater frem borehole Ksa 8.

Level U?aﬁﬁ«;sse conteat . Calculated Eh
(eetres) {ppd) {e¥)
238 - 240 0.0¢ , +14
° -
-5 4 . ,
Lo8 ' BH» 6.20
SOLIBILITY

8 23 e

3
] ¥ - R4 L 4

-89 ] » 560
CAULATION POTENTIAL (mV)

Figure 8.71: Plots off uranfud content (engrogssed as 109
{ml/152re)) 228 tho calculated theoretical £D
values of grounds=aters ¢olleciad frod borehole Ha
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theoretica) uranlum solediisey curves calculated
for emsrahous {lowor stadilfey 1imig) and
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Taavi auananen

The Taavinunnanen test-site s situated in the comnty of
torrbotten some 35 km ENE of Kiruna and 170 ko mozth of
the arctic circle (Fig 1), The area, which consti®utes a
gesdro massif, forms a topograghically distiact Bl
reaching above the timder 1ine with 133 highest poiat at
780 @ above sea-level. The last land ice ~oved im a M
direction resulting fa a gentle slope @n the SH side of
the RE11 and a =ore rugged scarp on the ME side. '
Consequently most of the cutcrep is located aroundd the
M suzamit and KE slope. Horadme, howover, covers most
of the gabbro; at the drill sie this achieves a
thickmess of 17.%5 a. The altitmde dificrence betu=en the
cadbro summit and its margins ¥3 250 @ ia the MM and &0
in the SE.

The reglonal geology of the area has beea previcusly
¢escribed by Welin (1970), Gulsen (1972), Erlkssem end
Hallgren (1975), Haligren (1973) ans Asbros (13803, Asa
resylt of SXB investigstions carried cut over the goriod
1881-1283 the detailed geclogy of the Taavirunnansn
test-site has been descrized By Ahlbem et 8l (18891, ,
Henkel (1981), Ahicom ot al (1©82), Geataschein (25830},
Albino (1%84), Larsen ot a1 {1€34), Larson and Tus Ibory
(1634) and Gentzschoin et 3) £19685), Rost of the
following d2scription of the gzological charactardstics
of the eabbro-massif {s taken Fron Gentrechein gt 3l
(14359,

A map of the Tasvirunnsnon tost-site sres showing The
genaral goologica) features ang the matn structural zones
of waakness, 13 {1lustrated 9o Figure 5.72. The geology
of the area s doninated by @ gaddro anssif of

Proterozsfc age. It 18 inclucead in the youager seedes of
plutentc vacis 1n the ares wHich congises of peomuiite,
=nite, syenite, §raadro o8 -
snorihneite, and 18 regorded 38 the 108t aajor plaenic
avent within the ares. T sorses has Doen €3tod S about

1800 %ﬁ;-@%@r rocks frciude ouarizites, cotadolavite,
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Figue 5.72: The Tesvicumasasn fes2-site shewlng
topograghy, he genoral gsolegical
features, and a gsolegics! profilo though

the gabdro masssif., '
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lizestone and tuffite. The gabbro massif itself is
lepolithic ia shape and represents a differentiated magma
seguence of tholelitic character with 2 composition which
varies from pyrozenite to gaddroic 1in t{ype due to a
riythaic layering as well as sultiple magma intrusioms.
The thickness of the layers varies frea some millimeires
to several tens of metres and generally dip at angles
ranging frem 10-40° tovards the ceatre of the massif.

The major aimsralogical components are plagioclase (0-75
vol %), cliropyroxene {(0-90 vol %}, ollvire (0-30 w2l %)
ard wagretite (0-20 w0l 8). Orthogyroxene occurs rarely
zostly as a secondary mimeral. Climopyrozens is the
dominating mafic aineral ia the gadbro and high density
samples corraspond to 3 significamt magretite content.
Secondary mineral alteratica usually occurs in ané arcund
the fracture Zores.

Structurally the Taavinunnanen gabdro s characterised by
short, stoep ML o INE steiking fractures, which are part
of the reaional trend. Scme froctuwres with more gentle
dips occur parallel to the igneous layering. Evidemce of
faulting within the massif I3 observed as @isturdbances of
the magnetic pattern and Brecks 1n chesical tronds of the
gadbro. Surface studies shou gylomitisstion and
bracciation aleng seme of The fracfure zones. Frem
arillcore studies 1n the ares there s o dowinance OF
steop fractures although zomes with fntense {gnoous
layoring tend to show 3 incroased frecuoncy of
horizental to subhorizental fractumos. The vartation eof
fracture froguenty with opth 1s falrly uniforo with ghe
Es3t coumen range Baing 2.0-4.9 fractures/metre. The Zain
fracture f11Y9ng sinerals are chlawrite, calecite and
smactite with sore alngr cccurrgnces of gredaite snd
2eolitos.,

Rycrolegically the gabbro @aesif 98 dretned Dy (he
Yittangifoki and the Sckhufek! 0umrds the «sst and east
reepactively. Those streams lster =oot the @aln wtar
course, the Tsrno river, ¢ h coatrels 8 &ra!mga Bosin
 of spproaimstely 34.000
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The water balance of the Taaviaurnanen area has been
estimated to be:

Adjusted precipitation 760-875 ma/year
Actual evaporationm 200 @a/year
Run-of f 560-675 em/year

These valuses shoz2ld be considered only as a guide, as
direct meteorological peasurcaents are impeded by the
geographical isolation of the arca. The rearest statigms
are located 16 © 37 km away and at much Tower altitudas
(i.e. about 300 = lower). A precipitation incresse of 7 ¢
and 15 © per 100 = for rain and snow fall respectively ' ‘
has beem assuncd and the orographical effect of the
massif has aiso Deen taken into account. The
precipitation is calculatad for the 600 @ level and the
high run-off is supposed to represent the local dralnazge
conditions.

The groundwmater Tevel, otcasionally measured from the
borehole (Ta 1), Bas beem located 15 to 18 m below the
ground suvface. Rechirge ©f groundwater oCCurs once 8
year; Guring the snow £2lting period the groundwiter
table rises frem the lowast to the highsst amnual levels,
The annual mean famperatusve of the groundwater in this
part of Swoden ¥ Just obdve 2°%.

Topograghically, Taavinumnansn 18 a recharge ored with
lecal disharge accurring 9n 223l depressions. The
general grounduater flow 18 circulated towsrds the
vallays surrounging the svos primarily tn the absence of
eajor fracture zenes, granftic dykes of groater hydrauslic
coenductividy, together with the riyythuic layering texture
of the gabdbro, may {aflusnce the regisne)l groundwater
flow.
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5.5.1 Borehole Ta 1

Borchole Ta 1 was ¢rilled at 85° to & vertical ¢epth of
685 o (borehole length 700.80 @) 1n oréer to {mrvestigate
the geological extent of tiiz massif and to locate
suitadble conductive horizons for representative
groundmater samples. Guided by geophysical investications
the hole was placed ia an srea of unfrectured gabdre; the
nearest major fracture z0ne vas estimatad to be aout 10
a frem the hole. '

For the most part the drillcore represemts @
differentiated gabbro varying Ja compesition Tro@
pyroxgnite ¥o cabdreic i type due to the riythaic
layeving as w2l 35 exltiple fatrusions. The thickawss of
the anws vary fron some millizetros ¢ sovera) teas of.
mptres. Approximately 8 % of &2 drillcmre consists of
aplite and granite dykes; some selitary thin bastc gykes
are also prosent. Of the gabdbro, seme 18 $ has deen
altered to 3 fime-grained blotita-rich rock wilech is
aleost aluays found within snd around tecteaically
disturbed arzas,

The Frequency of Fractuves for the crilicore is
considered nerdal {Span 3.9 fracturos/omtre) when
cozpared 0 the other iavestigated tost-3ites 3irsady
dascribed, High fracturs frequency stCuws between 138-14)
@, 220-235 m and 375-324 o uhich correspond sogtly o
those granite and aplite dykes. This iilusirates Tho less
cespalent poture of the dyies when CoRpared with the
gaubro. Furinargore, Tthege bresd gyles often reprosent
hor{zong of enhinced Rydrauliec concuctiwity. .

The genera) RBydraulic conductivity along the boredole
leagth 18 low (Fig 5.73b), espectally im the uppermost
200 o _where ealy ono 25 @ section has 8 X-value exceeding
1.1072 /5. Selow 200 @ avout 60 2 of the sections

tzaveo? 2&-3@!@9 loszr or near the esssuring Halt (X =
5.10’1 o &/s) and orly three scolces are groster thaa

1.10 °7 «/s. tater infection tests alenp 2 B soc-
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tion and of 15 @inutes duraticm have &1s0 been performed
~in the hole.

‘The results show that the most conduc&ive sectioms of the
hole mostly correspond to the granite alykes or writhin the
gabbro adjacent to such dykes. The pressure conditions {a
the grourdwater, 11lustrated in Figure 5.73¢, give no
satisfaciory total picture of he plemometric head
distribution aleag the borchole as mamy sections record a
very low X-valua. However, theme may b= 3 slight tendency
of decreasing h=2ad with depth,

§.5.1.1 Level 496 - 498 @ (approx. 493 m)

The sampled section fs loceted within 2he gebbro which is
dark-grey and fing-grained with podkildtic gyroxere
porphyroblasts up to 2 cm in size. The section comprises
one fracture zone (20 c@ wide snd containing 4 fractures)
and aine siagle fractures. The intersextion angles with
the core axis range fren 50° ¢o 85° anat the main
fracture filling minerals are calcite, chlorite and
smactite with lesser amounts of prehni@e and zeolites.

Hyérology

The sampled level records a hyeraulic conductivizy of
1.7.10 ~ m/s algng the 25 m secifon and & hoad

geviation of +0.5 », Fron fnjection tosts aleng 2 0
sgctions 1t {8 concluced that emly 2 hartzens comduct
water &nd that the sampled level constiitutes the doainsnt
one. The congideradle volume of wstor ppusped cut prior to
samnling vould seen o onsure 3 representative
ground=ater sample (Fig 5.74),
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Figure 5.74: Schematic 11lustration of the calculated
water budget for level 455-498 m in
berchole Ta 1 (Taavimunnaren). 1 = Drilling
uater; 2 = Gas-1ift pumping; 3 = Hydraulic
testing; & = Samplimg; 5 = Qaen-hole
effect. :

Hater enochomistry -

The groundwatar sample of pH » 9.1 (Tadle §5.22n) s
characterised by a major fon Content (&a’, “2».

HCOy™ and C17) which 15 considerodly leuer than

nor:s) aon-saline, interempdiate €9 dpep groundwators,
which a@ight have Soen expected frea this bedrock depth,
The wator 13 core typical of & noar-surfecs origin,

fedon-congitive marimeters

The groundwater 1s oxidising (Eh = 4200 &) end this s
supported by an apprecieble oxygen content (0.5 =g/1) and
Tou o segiigidle smounts of Fe(ll) and $(-11).
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Isctope geochemistry

The stable tsotope data (6180 = -13,66 ppt and'czu

= -97.6 ppt) are in accordance with other groundﬁter
samples of meteoric origin (Fig 5.6). The young ~ C

age and the extremely high tritium value {123 TU)further
emphasise that the sempled water is near-surface and
recent in origia,

. UYraniup geocheaistry

The dissolved uraniym content of 0.59 ppd reflects the
oxidising rature of the eavironmeat; no isotopic data are
availadle.

Sumaary

 The hycrological properties of the simpled level

{reasonable hydraulic conductivity in cordination with a
positive plezometric head) should point 3o a
reprosentative grouncwater sampla from this level. The
cheaisiry of the grourduwater showad, however, 8 markedly
pridising water of near-surface origin (e.g. significant
gonygon content a3nd very high trigdum contents). The
possibility of drilling water contanination (snd hence
surface water contemiration as the witer source was 8
s2a11 surfoce lake) must therefore bo considared,
Howover, the high tritium conteat {123 TU), fA cemparison
with to-days precioftation value of arcund 35 TV, shows
that the water 15 some tens of years 01¢ cnd cannot
therefore be sololy froa the ¢riliing water source. If
gthis water Pag been extracted frgm the fracture zone
within the sampled section, then §T ndicates a very
rapi{d groundumlsr c!rcs?evo?‘frm tha syrface dswn to
ceagiceradble cepths. 1f the " C is to be relfed upon,
som afxing with older groundwstor 13 suggested.

. —————
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5.5.1.2 Level 654 - 656 @ (approx. 651 m)

This level is characterised by fine- to medium-grained
gabbro which contaias poikilitic pyroxene porphyroblasts
of similar size range. The section contains one crish -
zone scme 15 om wide comprising 4 fracture, and 4 single
fractures. The intersection angle with the core axis
ranges from 15-85° and the main filling mineral phases
are calcite, chlorite and clay minerals.

Hydrology

The hydraulic conductivity along the 25 m section, which
includes the sampled section, is 5.1.10"1! ays. The
detailed injection tests show that only one 2 m section
conducts water and this lies outside the sampled horizon.
{approx. 2 m belew). '

Hater geochemistry

The sampled water s characterised by a pH of 9.2; as
with the previous harizon, the major 1on contents suggest
A surfece to near-surface origin to the groundwater,

Redox-zensitive paransters

#igher onygen (0.62 /1) and E€h (+400 &Y) values than
the previous level incicate a more oxidising grounduater
anvironment at those greater depths. Fe(ll) and S(-11)
are present in approxinately the same &mounts.

Isotope Qéochemistq
' 18, |
| Stable dsotope, = C and tritium data are simflar to
ghat of the proviows level and thus support 3 young,
ngar-surface metoo: 1¢ source for the sampled water.
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Uranium Jqéochemi stry

Dissolved uranfum contents are fairly migh (1.52-1.54
ppb) and the z34U/238U activity ratio ¥s 2.2

which indicates disequilibrium in the groundwater
environment,

Surmary

There is little difference between this level and the
previous one, ¥hat is perhaps surprisiag is the increased
oxidising character of the water at greater depths. A
large component of the water must therefore be surface to
near-surface ia origin and constitutes. ghe borehole water
which has been pumped round the packer system into the
sampled section. This §s supported by the hydrologic
progerties of the section which indicated that it was
ron-conductive.

5.5.1.3 Borehole summary and discussion

Considering the oeochemical properties of the gebbro
massif, the depth of semplimg, and the =elatively normal
fracture frequency of the bedrock, fntermediate to deep
groundwaters of a reducing o 3 very reducing character
would have been expected. In strong conZrast, howoever,
the sampled waters are characteristicaliy oxidising with
a chamistry and {sotopic signature typica) of a surface
to near-surface orfgin. Taking into consideraticn the
nydrologic progerties of the two levels, the uppermost
level was sufficliently conductive (with a posttive
piezczetric head) t0 hawe been represengative, the lower
level, horever, was non-conduciive. It €3 fmportant to
note that this Dole was drilled in 1981 and rematned open
until sampling was carrfed Quring 1283, Thers was
thereforo ample opportumity for borehcle groundmater
aixing to occur and also for the partiad removal of any

residual érillimg water component by namral flushing.

e
ST L e -



267

On commencement of sampling and following gas-lift
pumping, the accumulated borehole water will probably
have originated from the higher, more conducting
horizons, and will therefore be oxidising and high in
tritium. The very high tritiem conients recorded from
both levels indicates that near-surface accumulation of
slightly olGer groundwater (@.g. about 10-20 years old)
has occurred and been retained at shallow levels thus
reflecting the impermeable 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 borenole. The two sections
selected for sampling had not & sufficiently high
groundwater capacity with the result that a partial
vacuum was established within the section deing sampled.
This has Yed to a leakage of borehole wmater round the
packer sy:iem into the section. The twod groundwater
samples are therefore not representative for the levels
fnvestigated.

However, markedly reducing and more representative
grouncéwaters have been collected from Tthe 49%4-496 o leve)
{Smellie, 1983c). This study, which was carried out after
the normal sampling period, &nd described 4n more detaf)
below (Appendix 3), enployed a much reduced pusp
ficw~rate. This oeant that the new pumping rate was able
%0 accemodate the groundwater capacity of the fracture
zona, so that compensating watler was not forced into the
sampled section from the borehole. This dezonstrates that
the higher leve) was hyéraulfcelly conCucting as
initially predicted by the water bulget calculations.

The uranfum content of the groundwater saeples varfes
from 0.59-1.54 ppd with higher amounts Defmg recorded
from the lower horfzon, The wsranfum content of the water,
together with the theorstical Eh walues calculated from
the fron contont of the walar, are presented {n Table
5.23 and Figure 5.75. The Figure 21s0 containg
theoretica) uranfua sclf}lizy curves calcalated from
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crystalline and amorphous UO, for a pH of 9.50. The
groundwater from the 496-458 m level plots just above the
- calculated crystalline stability limits,

Table 5.23 Uranium content and theoretical Eh value of

the groundwater from borehole Ta 1.

Level Uranium Comtient Calculated Ein
(setres) (ppd) (=¥)
8495 - 498 0.59 . -292
4] i
pH=9%
-5
Lor
SOLUBILITY
-t0 o
O 435480 sgttes
=18 4 .
7 N 2 2 ] 4 st
-360 -] * 360

Figure 5.75:

OXIDATICH . POTENTRAL (mv)

Plots of uraniua content (exprossed as log
(z=01/1itre)) and the calculated theoretical Eh
values of grountvaters collected fros borehole Ta
1. The valuss are ploltied with respect to
thegretical uranium solubility curvas cglculated
fer emorphous (lowor stadility lMaft) and
crystalline {uppor stadilit, 3dait) uoz at a pH
of 9.50.
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gykes, §s presented in Figure 5.77. The rock-types which

contact datwoen the two fs parallel ¢o the volcsmic

289

Klipperds

The Kligperds test-site is located in SE Sweden

~approximately 330 km souttr of Stockhola (Fig l). The

topography of the region #s characteristically flat with
an almost complete moraine cover which makes geological
interpretation extremely wncertaing conly a few weakly
discerned lineaments are #ndicated. The surface
expressfon of the geological features Is therefore
reliant @ostly on ground geophysics and aerial/satellite
photography together with Borehole extrapolation.

The extremely flat nature of the topography fs

illustrated in Figure 5.76 which shows that the maxisum
altituge difference over @ distance of 10 & from east to
west is approximately 30 =, due to a gradual slope

towards the east. The higkest and Iouest altitude points
are 205 = and 160D m adove sea-level respectively.

The regfonal geology of the Klipperds area has been
previously described by Holst (1876, 1893), the Swedish
Geological Survey (1960) end Aberg (1978). As a result of
SKB favestigatiens carried out in the ycars 1982-1984,
the detatlied geology of the area has been Zescrided by
Olkfewicz, Magnussen, Tirfa and Stajskal (3984).

" Because of the virtual absence of cutcrop 0 the area , ;

(those eRat do exist occur £0stly §a the wostern part) ao 1
antziled geological maps avo available. licwover, based on ' i
geophystcal interpretation a tentative structursl map,
together with the proposed distriduiion of dolerite

doninate the area are @agmatic and wo main wvarioties
exist: the Sallama granfte and porphyry. These have been
dated by Zderg (1978) to 1690 Ma for the granite and 1645
Ha ror ee porphyry; there 413 & possibility that the
porphyry at Klipperls may Be semeshat older. lore the
granite Ras ntrudsd the gorphyry and normally the




27C

layering and scistosity wighin the porphyry; occasionally
the granite has pemetrated through the structural
alignement. The porphyry is composed mainly of lava of
variable acfdity, together with imtercalations of
volcanoclastic sediment. As mentioned above 1t is
strongly sheared and the velcanoclastic fragmesits have
been deformed parallel to ghe regional structural tread.
The granite, in contrast, is coarse-grained ang massive,
showing only a speradic strong deformation fadric. From
geophysical data, 3 steeply dippimg dolerite Qyke, about
80 o wide, occurs in the wastern part of the test area.

Because of the near absence of surfizce outcrop,
geoplyysical {avestigations have teen an important part of -
the test-site studies. As §1lustrated in Figure 5.77
three dolerite dykes striking MIE-3SW have beea detected.
In agdition, four strongly iZectonfsed zones of weakness
have been {atarpreted, three striking ¥-S and cne NE-SW.
Heaker tectonic zones, gensvally of similar steike to
those jJust describded, also accur within the area.
Driliiag has shown that memy of these large-scale
structures gre near vertically inclined and ave
characterised by microbreccia, coarse breccia and highly
myloaitiszed zones 1A the dedrock.

2 e.9.¢
[Xin] 4’

260 4

L

Figure 5.76: Tho Xlipperls test-site; topograshic
profile acress the ares.
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Fractured dolerite dykes

- > S?mﬁgly indicated structural zone
- = Yegkly =e-  -e- e

-

Figure 5.77: A tontative struttural interpretation of
the Kifgperds test-site. lacluded ore the
2ajer dolerito Gykes snd the locatien of
borehole XY 1.

o
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Hydrologically the Klipperds test-site 13 located in the
catcizment of the Ljungbydn stream (approx. 400 kmz) and
drains castwards via smaller streams into the main
water-course. The area, which 1s situsted along the
eastern slopes of the Smdland highlands, does not appear
to be either recharging or discharging. The freguent
presence of peatbogs especially om the western and
central parts at ledst {sdicate that local discharge
areas oocur, :

A rough estimate of the water balance on 2 regional scale
duriang the period 1931-1980 shows: ‘

Adjusted précf»pieet!on 750 @ S0 ma/year
Actual evaporation , 415 * 25 mm/yesr
Bun-o¥f _ 275 » 25 mmsyéar

These walues have been eatrapolated from maps showing the
- mesn valves for run-off, pracipitation, and evaporation
{Eriksson, 198D), Local ghysical conditions may affect
these factors., '

The grouncuater lovel has deen registered o fow times
fro@ sorchole K1 1 2rd found to oscillate betuoen 3.2 -
3.4 o below tRhe ground surface. The seascnal variation of
the groundwater level 1n this part of Sweden gomerally
shows a single dinteun and maxtmum valus during the year.
The ednimun valye cofncides with late Su=mor 2nd the @ain
perics of grounguater recharge 18 during the Autumn; this
is srolenged Dy the short ®i1d winter so that the manigun
levels occur Ia Spring. Tie annual foan Sempsrature of
the groundwster is about 7°C.
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5.6.1 80rehofe Kl 1

Borehole K1 1 was drilled at 80° to a vertical dzpth of
approx. 555 m (borehcle length 563.95 m) to make a
preliminary evaluation of the bedrock geology.

The dominant vock-type encountered is a medium ¢
coarse-grained homogemeous granite, red in colour and
forms part of the so-called VExjb granite type. This is 2

- quartz-rich microcline granite with varying amounts of
piagioclase and Yittle mafic content. Along the total
length of the drillcore this granite accounts for 82 wol
% followid by dolerite/greenstone (10 vol 3),
intermediate ©o acid volcanite (8 vol %) and lastly
aplite (<] vol 3). The tectonic inflyence on the granite
is observed as: 1) wicrofracturing of the granite, &)
aiteration of feldaspar to aa irga-oxide fimg-grained
.agyregate; complete alteration of the mafic constituents,
3) strongly mylonitised zenes accempanied by a reduction
in grain size and ceformation of iadividual grains
paraliel to the regional foliation.

The volcanites sre suddivided, on the basis of colour and
mecroscopic properties, into greemstene and intermediate
to acid variecties. The 3cid Rype 13 dark-grey to
grey-brown fn colour, and is charactarised by a dense
matrix cevoid of any notesble phenocrysts. The
greenstones ane considered to B2 altered varieties of
intermadiate oo basic wolcanites. Ocurring occasionally
within the bedrock sre firo-grained aplite dykes {up to
1.5 @ wide) =Dich show sharp cuntacts with the
oediub-groined granige.

Investigations of the Fracture distributions within the
borehole have rovesled o distinct types of bedrock
tectonics. Adsve 300 = the bedrock s characlerised dy
herizontal to sub-horfzontal Fractures which are
stress-release 1n origin. This contrasts wi(h the lower
borehole section which {s dominated by steeply tnclissd
fracturas (0o30°). Using 5§ o sections the vacorded
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fracture frequency generally falls around 5 firactures/
metre for the Borehole as & whole. There are, however,
three sections of high fracture frequency; at 25-30 @,
280-235 m and §50-564 . Im the uppermost zo0ne
tron-orides and chloriie dominate as fracture filling
minerals; there 1s & noteable absence of calcite. In the
intermediate zone chlorite and calcite cominate although
iron-oxide does sporadically occur, and in the louerzost
zone only chinrite and calcite otcur.

The results of the hydraulic testing in this borehole
giverge from those of most of the boreholes in the other
test-sites (Fig 5.78b). The hydraulic conductivity is
very high down to adout 00 m whereypon it decreases
markedly. The piezemetric Road in the ugper comductive
part of the borehole shows small deviation frea the
hydrostatic head (195 o abowe sea-level} fn the borehole.
The tzo sections exhibiting the highest excess pressure
at depth are prebdably overestimaiad due £0 the
uncertainty in determining the plezomelric head at low
K-values. : :

After seversl adortive attempts to sample adequate
groundwater at gecreasing depths from the hole bottom, a
conductive section was finaily located sround The 406 @
lTevel. Ustng a single packer the borchole length from &'
B to the hole Bottonm was sampled.

5.6.1.1 Borehole longth 406 o ~ hole bottim

This borotole Jength 1s characterised by roughly 50 ¢
Bediun-gratned, grey to red microcline granite, and the
remaining 50 3 s comprised of acid porphyry and
greenstane horfzons with thin zones of pegnatite and
aplite fmtrusions. Generally the fracture frequency s
low (Fig 5.782) with an average of about 5 fractures/
zetre. The sain 1nfilling otacrals are calcite, chlorite,
epidote &nd muscovite.
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Tabie 5.248 Nearuted hydraulic paranetess and calcelataed vater dudget values of the varivas influences due to dotedole
astivities at the witel supied levels in Borehole K1 L.
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Figure 5.78:

Hycerogeoiogical characteristics of dorechole
Kt 1.

8) Fracture frequency for 5 @ sections
b} Hydraulfc conductivity
¢} Plezometric head distridution ard

hydrostatic head in the borehole
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Hydrology

It is clearly evident from Figure 5,780 that the st
conductive section of the borehole fs located at
approximately 433-438 m depth. This is characterised by a .
K-valye of 1.5.10  n/s (measured along a 25 a

section) and a positive piezometric head. Otherwise the -
borehole section sampled records K-values which are below
the limit of measurezent. The megn K-value for the '
sempled boreholg lemgth is 3.10 &/s. The pumped

volume is 1.9 @ which is almost five times the

borehole volume of the packed-off section,

Yater: ﬁbche?aistr,y

The sampled water (average of 3 analyses) is .
characterised by & pH of 8.4; of the wmajor cations, Na
and Cez’ ara all present §n appreciable but normal
smounts for non-saline groundwiter in crystalline
bedrock, likewise for the major anions wco{ and

€V (Fig 5.1). A complete absence of {odine shows that
no @ixing with drilling water has occurred.

Redox-sensitive sarameters

Very negstive En values (=300 aV) and an sbsence of
oxygen {ndicate 3 mirkedly reducing environment., This g
further supported by significant amounts of S(-11) (0.30
~m9/1); only the total Fe content (0.05 mg/1) s
avallable,

1s0tope eeochemistry

The stablg fsotope values { 6280 » -12.11 t0 -11.96
ppt and g H = -86.5 to -65.7 ppt) confirm 3 @eteoric
or!gl to the groundwster {Fig 5.6). The reglfstically
old " C age (28 375 years) and the below detection
amounts of tritfum (¢ J TU) support the sbsence of any

younger water component.




Uranium geochemistry

The dissclxed urasium contents are low (0.28 - 0.70 ppd)

and the 23 0/238U activity ratios high

(5.58-6.05). These data would support a strongly reducing

groundwater with long residency times to account for the
. } 234 .

build up of excess U by alpha-recoil processes.

$.6.1.2 Borehole summary and discussion

Even though the groundwater sampling was carried out
2long the borehole length extending from aoproximately
406-564 m, hydrological considerations point to only one
conducting level of any major importamce. This is
represented by a fracture horizon which iatersects the
borehole at approximately &33-438 m, It is thus
reasonable to assume that the main portion of the sampled
water has come frem this 2one, together with miror
ampunts of borehole water; the sampled water should
therefore be suitsbly representative.

The chemistry of the groundwiter conforms to an
intermediste to deep non-saline water of a strongly
reduc trg chavacter, As indicated by the tritium and
radfocarbon data, there is an absence of any young
surface or near-surface component, and po detectable
fodtne tracer shows an absence of any drilling water

conponent., However, the slightly highar than 2verage
conductivity values and chloride content (33.8-36.1 wS/m;.
C1" content of around 55 m9/1) may indicate limitea
Bining with quantities of deeper, more saline
arossndraters.

The low uranfum content supports 8 reducing groundwater
envirgnaent. The uranfum content of the groundriter,
together with the theoretical Eh valuss calculated from
the total fron content of the water, 1s presented in
Table 5.25 and Figure 5.79. The Figure also contains




theoretical uranium solubility curves calculated from
crystalline and amorphous UO2 for a pH of 8.10. The .
grounduater from.the 406 m-hole bottom length plots near
the calculated amorphous W, stability limit. '

Table 5.25 Uranium comtent and theoretical En value of the
groundwatecyr froa borehole K1 1.

Level _ Uranium Content Calculated Ek
(metres) (ppb) (mV)
405 » - : - 0.28 A-ISZ '
° ~
-8 o ) o DH= 8%
106G
SOLUBILITY
-0
© D Bxvdn - A3l PR
=18 o
~300 0 ' + 300

OXIDATION POTEHNTIAL {(awW)

Figure 5.79: Plots of wranium content (esprossed as log
(m01/11tre)) and the calculatad theoretical En
values of groundwaters collected from borenole K)
1. The values are plotizd with respect to
theoretical uranfum solubility curves calculated
for amorsirous (lower stability 11ait) and
crystatlime (upper stability 1imit) UO_ at a pH
of 8.10..

- '!
A
A .@\J
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DISCUSSION AND CONCLUSIONS -

This report has compiled all the available hydrochemical
and hydraulic data resulting from the SKB test-site
investigations carried out over a period of 3 years
(1982-84). By systematically applying hydrological and
geological considerations to-each sampled horizon, it has
been possible to differentiate between those groundwaters
which are reasorably representative for the depth samp-
Ted. from those which have been subject to contamination -
fron different sources. As a consequence, only a very fow
sampled horizens can be considered worth serious
hydrochemical attention, and these are indicated in Table
6.1 and discussed below. The lack of representative
groundwaicr samples, whilst often due to technical
probleas or sampling from non-conductive sections of the
boreholes, also illustrate the extremely complex geometry
of the purmeable fracture systems fn crystalline bedrock,
and thus the difficulty of establishing the nature and
depth relation of the groundwater reservoir tapped.

General Gsologfical and Hyamgeoiogical Features of the
Representative Groundwater Horizons

The hydrological and geological -features of the
groundwater environment for the five representatfve

-samples are compared in Table 6.2 1n an attempt to

distinguish any shared characteristics that may prove

useful in future investigatfons. For those borehole

sections (e.g. FJ 2 and K1 1) which fatled to fnclude the
conductive horizon that supplfed the groundwater
{eventually leaked around the packer system Guring
sampling), the hydrogeological festures of the conducting
zone ere also presented for o more realfstic comparisen,

0f the five representative horfzons, four @ifferent ;

test-gites sre 1nvolved, ranging in bedrock composition

- fron migmatite to granfte, Within two ef tho mfgmatised
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areas (e.g. Gided and Svartboberget) dykes of
granite/pegmatite composition characterise the bedrock
either within or near the sampled sections. At only two
sites (Fj 2 and Gi 4) have major local fracture zones
been involved; generally, in all the horizons the
intersecting fractures form angles geater than 3° to

the core axes, although this is not considered especially
significant.

It was expacted that these representative horizons would
be characterised by high hydraulic conductivity together
'uith positive piezometric heads. This is the case for Gi
2 and Sv 4, end to a much better extent when Zone 4 fs
considered for Fj 2. Klipperds (K1 1), however, presests
a special case as the hydraulic conductivity s .
relatively low and the sampled section length is 158 =.
Within this section there is only one conducting horizon
at 443-438 m, which also records a positive head.
Therefore, the successful extraction of mpresentatwe
groundwater from Klipperds was possible through the use
of a much lower pump flow-rate than noral which
épparently dicG not exceed the hydraulic capacity of te
conducting zone. The Gi 4 sample s the most difffcult to
explatn as the sampled horizon 1s located within the
heavily fractured and strongly conductfng Zone 3A. These
fractures, together with a consfderzble negative pressure
head, should have culminated 1n a strongly contsnfnated
groundwater sz@ple. However, this may de partly explatned
by an over-estimstion of contamination In the water
budget due to leskage during Bydraulfc testing resulting
fn an exaggerated K-value. Gn the other hand, 1f gthe
water Dudget s valid, then the water sampled must hawve
originated from arcas of excess pressure in the bogreck.
This water during open-hole condftions has displaced ehe
contemtinated water (resulting from &rﬂhng sperations)
furthar 1nto the bedrock.

B e T S

In coa&fusfon. the five respective horfzons have no
sfgnificant geological or hycrogeological features in
- CEmen which can be used os guidalinos when solecting
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suitable sampling sections in the future. It would thus
appear that every area has its own distinct '
hydrogeological signature which in turn reflects the
physical properties of the bedrock and the fracture
geomietry resulting from regional tectonic influences.

General Hydrochemical Characteristics of the Groundwaters

“Even though many of the collected groundwaters are not

representative for the depth sampled, their surface,
near-surface and intermediate to deep origins, can
vsually be determined. As a result, a fairly clear

impression of the general chemistry as a function of

Gepth can be ascertained.

The groundwaters show expected trends in chemical
composition as a function of depth (see Section 2.2.1).
For sazmple, there is a general decrease in Ca ¥ and
HCOB' and a corresponding increase in Mo’ and O1°

with depth; this is also accompanied by an {ncrease in
pH. An increasingly reducing environment is fndicated by
negative Eh values, an absence of oxygen, lower coatents
of dissolved uranium, and scmetimes the presence of small
but s!gm‘ﬂcant guantities of Felll) and/or S(-11). The -
absence of any marked contamination from young, surface
ts negr-surface witers, or drilling water, 1s fndicated

- by very low to negligidble tritium and fodine levels. It

s fmportant o note, howover, That high fodine lewels
are sometimes present as natura) background levels in the
more s3line grountuaters.

As enphasised in Section 2.2.3., groundwater 1sotopic
conpositions should at dest be wsed as ~“signs-posts” when
interpreted in 1s0latfon; certain isotopes (e.g. Mc)
whon considored individually canm D2 fraught uith
yncertainty. Used collectively, such more gualitative to
seni-guantitative Information cen be obisined. Of
particulsr use in this respect hos been the pairing of
tritius with ° C, with constructive support frem the
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234U/238U actﬁiiy ratios (discussed below). In
general, high tritium (i.e. young, surface to
near-surface water) has been equated with young 14(:
ages, and old waters (absence of tritium) give
correspondingly oid 14C ages. The mixing of
grouncwaters from differznt sources has been
qualitatively eval uated by relating low to moderate
tritium contents to varying “dilution” dagrees of the

C data accordingly. '

The stabl'e"isotope dava’ indicate a predeminantly metieoric
origin to the groundwaters, even those which are

~ ancmalously saline in character {e.g. F§ 2, level 605 m

and Gi 4, levels 404 m and 616 m). Small depletions of
6 0 and & H help to distinguish the more saline
varieties. ' '

Hithin the investigated test-site areas one of the
present drawbacks of groundwater 1so;ope interpretaticn,
and hydrochemical evaluation as a whole, is the absence

of a regional pattert. For exsmple, most of the waters'

analysed are collected from shallow to deep hole

locatfons and there exists little fnforivation ¢f the

regional recharge/discharge groundwater compositicns €o
put the borehole dats into a4 larger-scale perspeciive. To
some extent this has been atiempted by Tullborg and
Hindberg (1985), who have compireg the & 0 of the .
precipitation with that of the ceep groundwsters from
cach of the fnvestigated areas, Thelr cenclustons
indicated that there was 2 corresponding agreement
between relevent 61 0 values frem discharge areas

with those calculated from the precipitation. To
complement these data, and as a8 waluadle 3id to the
general hydrochemica) 1Mestigat‘lcns. it s recommznéed’
that 3 programme of surface to rear-surface sampling
(e.g. t0 include samplimg from percussion borcholes used
in the hydrogeologica) studies) based on a regionsl
hydrogeological emndel sheould be carried out to faciligate
eventual evaluatfon ot Gepth, 3rd help 2o put into

-
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perspective the more localised recharge/discharge
conditions which characterise each test-site area.

A cautionary mention should be made about hydrochemical
investigations from recharge and discharge areas. In the
former areas representative recharge waters are easily
accessible at fairly shallow depths, and in sufficiently
large volumes. In the laXter case, however, discharge
water initially originating from depth and sampled near
the surface will represent a mixture ef different
grounawatér sources and ages accumulated during its
upward passage through the bedrock. SuCh waters are best
sampled at depth, before upward circulation has
incorporated groundwater from other saurces. One
disadvantage is that only small volumes will be available
and careful sampling techniques are tizerefore necessary.

Sroundwater Redox Conditions and the Geochemical
Behaviqur of Uranium '

The behaviour of uranfum in groundwater is mostly a
function of pH, Eh and the total concentrations of the
ligands which form complexes of relatfve strength with
uranfum in its different oxidation states, i.e.
caribbonate, bfophosphate etc (see section 2.2.2).

-Heasurements of pH, Eh anc the most fmmportant Hgasn_d,E

carbonate, form part of the hydrochemtical data presented
fn this report. However, because of the sfzeadble degree
of groundwater contamination encounter=d, only the data
from five horizons can be used (Table 6.1), although the
chemical properties of surface, and near-surface waters,
which have gfven rise to some of the contaminatfon, can
aiso be used. From the available data, the follewing
general bedrock groundwater redox tresds can be odserved:

- increasingly reducing conditfons sre encountered with
cepth (f.e. dzcrease in Eh, 02; fncrzase In Fe(1l),
S{-11) and pH). .

e e b s
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- the dissolved sranium content decreases sympathetically

~ with increasing reducing conditions. ~

- oxidising waters are characterised by significant
uranium contents and v/t activity ratios
of around 2.0-3.0; highly reducing groundwaters are
uraniym éepleted and exhibit high activity ratios from
3.0-8.0.

0f course this gemeralised pattern is Tocally distuvbed
and modified by ¢eep, highly conductive fracture/crush
zones, which can serve to allow less reducing groundwater
to penetrate to considerable depths.

As discussed by ¥ikberg et al (1983), the redox
conditions of the groundwater can be qualitatively
described by the contents of oxygen, iron and sulphice.
Oxidising grountaters contain dissolved oxygen, whilst
the presence of fron and sulphide suggest reducing
conditicns. However, because of the difficulty in
obtaining an air-free environment during the sampling
oparations, the sount of oxygen monitored in the
flow-through cell is generally not representative of the
groundwater, but rather the result of oxygen
contaminstion frem the atmosphere, A much more
quantitstive grasp of the true redox conditions can be
achieved from the measured and theoretically calculated
Eh and the ammount of dissolved uranfum. There s,
however, 8 large vartfation observed Setween messured and
calculated Eh due to the experimental difficulties
referred to above. The measurements are disturbed dy
atmospheric oxygen to the cxtent that the electrodes
require 8 consfdradle time to stabilise following
caltbration. Ineost of the test-sfte fnvestigations
there has been inadequate time for stadilisation between
calibration halts, resulting fn Eh measur¢ments which are
higher tham should be expsctad In the absence of oxygen,
To rectify this srodlem the frequency of electrode
calibraticn durieg samp)ing at Klipperls (X) 1) sac
drastically reduced so that 8 stable monftoring platesu
w33 achieved. From Table 6.3 1t can be noted that the
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groundwater, besides having a very negative Eh, exhibits
a measured Eh which is even lower than the calculated
value. Subsequent investigations have supported these
findings (Wikberg, 1985) indicating that the simple Eh
model used for calculation purposes is Tnadequate.

Table 6.3: Redox-sensitive parameters and pH for
represantative reducing and oxidising
groundwaters from the SKB Test-sites.

Borehole Level pH U Eh

n Eh

{metres) ' {ppb)  {mV) imv)

Fj 2 605 8.9 0.2 -115 -250
Gi 2 178 7.7 0.23 -100 -218
Gi ¢4 222 9.0 0.98 -120 -268
Sv 4 376 9.6 0.22 -140 -355
Sv§. 160 1.7 44.5 +120 -
Km 3 123 7.9 24.3 - +100 -
K1l 403 8.4 0.68 -300 -152

Eh, = monitored Eh fn the flow-through cell
Eht = theoretically calculated En

The relatfonship between uranium content and the
theoretically calculated groundwater Eh has been already
presented for each borehole from each of the cescribed
test-sftes, However, it should So pofnted out that
thersiodynamic data, when considered, s only valid on
grounctater data which reprosent equilibrium conditfons.
Consequently, the following aiscussion 1s based mostly on
 those groundwater semples considered representative in
Table 6.1. Figure 6.1 11lustrates the positicn of these
reducing grounCwater compositions, together with the
urenfum (IV) and uranfus (V1) stability fleld systems
based ¢n Eh - pH critoria. It can be clesrly seen that
all the redpcing groundwaters plot within the stability
field of%urantum (1¥) whereas the truly oxidising waters,
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as expected, plot within the uranium (VI) field.
Furthermiore, from Table 6.3 the uranium content of the
oxidising groundwaters is seen %o be far in excess of the
reducing varieties where the concentrations are 1imited
by the solubility of the uranium oxide phase. Because of
the £h range for each sample, and the lack of any
mineralogical data, tie nature of these limiting U0
phases (i.e. amorphous vs crystalline) is unfortunately
not known, although, as suggested by Andrews and Kay
(1983), “crystalline ¥D, boundaries are appropriate for
groundwater equilibration with rock matrices containing
well-crystallised U0 _, as for example in some gramt1c
(i.e. crystanine bedrock) environments”: :
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Figure 6.1: Eh-pH dlagram showing the stability fields of
the more fsmportant U (VI), U (V) and U (3V)
‘cofiplexes consfdered relevant to groundwater
cempositicns from crystalline bedrock
environmerr®s In Sweden, The choice of
thermpdynamic parameters 1s summarised amd
discussed By Bruno et al (1284). Urantynm
boundaries are shocwn for eguilidris with
crystallime UD, (Yower boundary) and with
amorphous REOZ 7upper 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 in the u/

activity rattios caused by a build-up of excess 2:‘MU.
This is in accordance with other s;udies mostly carried
out in sedimentary aquifer systems (Osmond and Cowart,
1676; Andrews and Kay, 1982). Osmond and Cowart (1974)
sdggested that such a build-up of 2340 with depth
indicates an aging effect due to the natural decay of the
parent 3 U. However, as pointed out by Andrews et al
(1982), uranium in solution does not form a closed system
and ingrowth of U occurs due to solution of
alpha-recoil 2341"\ at the rock/water interfaces

during permeation of the groundwaters through the
bedrock. The inference, therefore, from these
representative groundwater data is that the groundwaters
are moving sufficiently slouly thrdugh the bedrock at
depth so as to allow & ~ U excess 2o accumulate.

These groundwaters would therefore be expected to
originate from low conducting horizons within the bedrock
and be of consideradle age. As discussed above, and’
excluding Klipper8s which does in fact record a low
Rydraulic conductivity, the remaining four suitadbly
sampled horizuns are actually charscterised by hydraulic
conductivities in excess of 6.5.10 " m/s. However, in

.81l cases with avatlatle l‘t: data, the recorded ages
are in fact significantly old, ranging from 11895 -

28375 years.

Hydrological Hodels

Throughout the report continual reference has boen made
to the general groundwater flou-pattern in the wicinity
of the various boreholes examined. These flow-patterns
have been derfved from the numerical modelling as
described by Carlsson et al {1983). The question can be
posed as to what practical use 13 the actua) suzierfca)
model In the interpretation of hydrochemica) data?
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The mode1 em;ﬂoyed in this study, in comon with other
models of similar type, are limited by the amount of
geological and hydrclogical information that can te
processed. As a consequence, the characteristic
hydrogeological properties of an area must be suitably
simplified to accomodate the capacity of the numerical

.model program. For example, the bedrock is simplified

into three units: the rockmess, regional fracture zones,
and local fracture zones. The rockmass constitutes the
normal, fractured begrock, located between the two major
types of fraciure zones. If the model requires, the rock
mass can be considered as a single hydraulic unit
irrespective of geological heterogeneities (e.g. widely
differing bedrock composition and therefore competency)
which could result in different hydraulic properties. In
two out of three of the modelled test-site areas, i.e.
Fjéllveden and Gided, granite greiss horizons within the
migmatic dedrock show a such higher hydraulic
conductivity comparable in fact to the local fracture
zones in the respective areas. To accomodate the model it
was therefore neceszary to assume an anisotropic
hydraulic conductivity for the rockmass. However, in
reality these distimct rock-types, which occur as
discrete layers or dykes, behave more like the fracture
z0nes.

As a further simplification of the geologice) dats, two
local fracture zones striting paralle) to each other are
sometines considered as one hypothetfical fracture unit,
which 13 ascridbed the total tramgmissivity of the two
fracture zones. This moans that the calculated
groundwater flow adiacent to 8 Dorehole In such an
situatfon wi1) de errgnecus. Furthermore, the local
fracture 2om2s are each considered %o have the same
fydraulic properties, frrespective of thefr crientation
in the stress fleld. However, it sixpuld be pointed out
that the Yimited eaount of Gata availedle from such zones

- prevents a @ore thorough approach, and consequently the

calculated groundwazer flow and ﬂw—d!rectlom can only
ta generalised,
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The findings of this report show, however, that even
allowing for the very simplified approach of such
modelling, the results do illustrate the general ground- -
water-flow direction and relative velocity in the area as
a whole. This is useful in achieving an indication as to
the relative age of the groundwater sampled from the
various levels. For example, whether the water sampled
has circulated slowly from depth, or rapidly ¢roa higher,
more oxidising and younger horizons. The lack of detail,
however, means that the modelled information cannot be
used to predetermine borehole locations or which horizons
to be sampled prior to drilling. Furthermore, the absence
of detail is also evident in the discrepancy between the
predicted and measured piezometric head values.

Gas-1ift Pumping

“As described under Section 3 there are several sources of

groundwater contamination introduced during the various
borehole activities. Such contamination, e.g. drilling
water, drilling debris, hydraulic testing, open-hole
effects etc., are thought to be minimised by gas-1ift
pumping carried out just prior to sampling. The
efficiency of such a technique will be dependent on the
physical and hydraulic properties of the bedrock in
general and of the fracture zone selected for sampling in
particular,

A qualitative fdea of the volumes of water fnvolved
during such an operatfon was obtained from the Klipperds
test-site. Here, 6 m of water was flushed to the
Sgrface during each of 4 pumpings, givmg a total of 24
@ ., The reason why such large amcunts of water were
flushed up s probably due to a high average hydraulic
conductivity in the bedrock. Immediately after the

- flushing was stopped, the water level in the borehole was

less than 10 m frem the bedrock surface. Duriag the first
flushing perfod, the water level in two boreholes at a
distance of 20 m and 170 m respectively from the flushed



borehole was measured. At 170 m the water level was only
lowered a few centimetres, whereas at 20 m distance the
water level had sunk abo&it 0.8 m after 165 minutes.

Secure in the knowledge that la_rge volumes of water can
be removed, the next question is what percentage of the
water originated during drilling (i.e. driliing wvater

component) ? Recent investigations (Ahlbom et al, 1985)
at Finnsjon (approx. 150 km north of Stockholm) showed

that on removal of around 62.5 m water during gas-lift
pumping, only 3 % comprised drilling water. The Finnsjor

~area is characterised by an overall higher average

bedrock fracture frequency than the areas described in
this report, and so most of the drilling water introduced
during drilling has mixed with existing borehole water

and disappeared into the bedrock. Loss of drilling water

~occurs especially within the upper 200-300 m of dedrock

which, in common with the otier test-site areas, is
characterised by a highly corducting stress-released
fracture system. In conclusion, gas-lift pumping is not
an efficfent method of removing the total drilling waver
volume fntroduced into the hale and adjacent bedrock. The
mw e localissd effect aleng individual fracture horizons
s also minimal as fllustrated in the water budget
calculatfons presented for every sampled level.

In conclusfon, because of the high fracture frequency and
assocfated high hydraulfc conductivity normally
characterising the upper 200-300 m of bedrock (resultfag
fn widespread mixing and dilution of grouncdwaters),
gas-11ft pumping §s least effective for removing resfcual
drilling water within this depth. To be more efficfent at
greater depths, it is recosmended that the upper 200-300
m horfzon should be packed off before the remaining
borehole length s cleared of residusl water and dedbris
(see section 7). This method should prevent groundwaters
originating from surface and near-surface sources (which
often comprises consfiderzble amounts of drilling vater)

from genetrating to depth. Furthermore, 13 should be a
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more efficient method to remove a greater percentage of
residual drilling water below this level.

Investigations at Fimnsjon (Anldém et al, 1935) have also
indicated qualitatively that gas-1ift pumping only
removes a small amount of drilling ¢edris; for example,
the amount of drilling debris produced from one of the
boreholes (length 376 metres) was calculated to be about
1000 kg. As a result of flushing the hole twice, an
estimated total of 5 kg was recovered. This is in excess
of the small- amounts that were extracted during tha
initiaY drilling period before 3ll drilling water was
Tost t7 the bedrock (see section 3.7 for detailed
discussion). Considerable amounts cbviously still wemain
at the hole dottom and as coatings on. ihe borehole
surface and along intersecting fractu~es (see Section
3.7). Although the dedris particles are thought to
penetrate only short distances Tnto the bedrock, and to
be relatively unaffected by the natural hydraulic '
properties of the bedrock, colloidal particles, which can
be of fmportant chemical significance in radionuc)ide -
complexing and transportaticn, probably penetrete to
consicerable distances a]ong uith the natural grounauater
ﬂow. :

To test for residus) cobris particles fn the
groundwaters, Lume monitoring of samples have been
car=1ed out Quring semple pumping at FJillveden (F§ 2 at
468 m depth). Here szmples have hoen systematically taken
from a fracture zone of fnterest and analysed for
particle conzent and Bulk chemistry. It was found that
the groundwater quickly became clear after commencement
of pumping and a uniform particle content was soon
dchieved (0.02-0.10 =g/1) dominated by A}, Si and Ca; Fe
is alzo scmevimes present, Thifs suggests an absence of
arilling debris. These results may be interprated as
showing that fine dedris particles {ntroduced fnto and
gyg certain hydraulic fracture zones are only partly
removed during the Inftial surge of gmunewater taken
from the zone after pumping has begun. The system soon
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stabilises and the particle comtent drops off.
Furthermore, variation in pump wvelocity would probably
reactivate particle removal during the ¥nitial stages of
pumping. The presence of such particles, many of them
comprising iron-oxides or coated with fron-oxides play an
important role in absorption of ions su=h as uranium
(e.g. Kamlunge test-site; Smelliie, 1923a).

Location of Hydraulically-conducting Horizons

For. the SKB programme, the norma) hydrelogic sequence is -
to carry out hydraulic testing along 25 @ borehole
sections (in some cases 10 m, 5 » and even 2 m sections
have been measured). At a later stage wdich can vary fron
days to months, the 25 m secticm is relocated and sampled
for groundwater. The question arises as to how certain
one is of locating precisely the water conducting
fracture {or fractures) that is to be sampled? It has
been shown from severa) localigties that the 2.7 m section
sempled for groundwater, although falling within the 25 8.

~ section hydraulically tested, ¢oes mot cofnctde with the

actual concucting horizons; as the correlation detween
high fracture frequency and high hydrauslic conductivity
s normally poor, 1t 13 often & hit and m@iss sftuation.
In the event of sampling from a non-comducting section of
the borehole, a partial vacuum 1s established within the
sampled section, resulting in Dorehole water boing forced
round the packer systes. R

During future favestigations 12 {s thus recommended that:
1) wster-conducting fracture horizons ore located
initially using Tube Wave and/cr borehole radar
techiniques prior to sampling a=d hydrsmlic measurcments,
2) ¢etailed hydraulfc measurecents (wi2hin approx. 2 @
section lengths) are carrfed gwt aleng those borehole
sections exhibiting a positive Tube Yswe response;
obtaining the pressura heads of the tested soctions would
facilitate the choice of the wost suitadle horizon for
sampling, 3) the section length chosen for the detatled
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hydraulic measurements should be shorter than the section
length employed for sampling, and 4) the length of the
section sampled should be flexible so as to accomodate
the local geological features of the borehole (i.e.

fracture frequency; bedrock composition etc).

To illustrate the first point, the Tubde Wave technique,
work carried out at Klipperds (X1 2) involved the
location of suitable sampling horizons based sclely on
this =ethod (Stenberg, 1984). During subsequent
groundwater sampling other fracture zones mapped from the
drillcore but not registered by the Tube Kave technique
were also sealsd off in the borehole and pumd. However,
none of these were found to be conducting thus confirming
that a1l the successfully sampled levels were those °
initially Jocated by Tube Wave.

Regarding the second point, hvdraulic testing which

avoids the injection of water into the measured sections
urder investigation might fnitially be considered an
obvious acvantage. However, bearing in mind the more
serious contamingting inflyence which results from the
water-flushed core drilling, such a @odified aporoach fs
considered ynhecessary.

Influence of Bedrock Geochemistry on the Groundwater

. Chemistry

Little has been done In ihis area. The chemica)l
characteristics of groundwaters nave Deen observed o
change significantly during thefr passage through the
dedrock from pesr-surface conditions o depth. The
chemical changes which occur cepend largely on the
oaching and retention properties of The walers 4s
increasingly reducing conditions are encountered, The
cheaistry of the bedrock 13 thereforo of major d@pocriance
23 an inflyence on grounduwator Composition and in turn on
the formation of some of the low tespersture fracture
aineral phases. The contridution of e bedrock under




295

oxidising and reducing conditions from rocks of different
physice-chemical characteristics therefore requires to be
quantified. Of particular interest in this context is the
existence of saline groundwaters; the salt contemt of
ver'y 0ld groundwater is sometimes extremely high with no
apparent upper limit For the salinity. The source of the
salinity is sozetimes debatable, with seawater, fluid
inclusions and rock/water interactions all having been
proposed as possidle scurces {Mordstrom, 1985). However,
regardiess of the ultimate origin, chemical modification
of the waters have undoubtedly occurred due to contact
with surrounding bedrock under relatively stagnamt
cenditions over long periods of geological time.

From some of the areas described in this present report
there are some indications that the bedrock has resulted

~ in certain envichments of individual elgments. For
exzmple, im Fjillveden where maters have deen sampled
from greenstene horizons, 1.e. there 1s @ strong
possidility that the grounduater has been in conZact with
the greenstone for some time/distance, there are _
dezaectable increases tn fron. Large ircreases in sulphate
were observed in groundwsters collected from an
amphibolite bedrock mass in Kamlunge, Perhaps of even
greater stanificance §s the possibility that bedeock
cempositioa can Influence the redor characteristics of
tha groungwsater. For zaample, within 2 basic rock-type
{e.9. greenstone, blotite gneiss, smphibolite etc) the
fncrease fn Fe ’, fn coapar{son with &8 more scid
granite variety, 18 conducive to a apre reducing
ervironzent for the grountwaters which gre perseating
through the rock via Fractures and fissures,

Frem the evidance obtained from the test-site
fesestigations, it may be sore com2on thin previously
thought that mony of Ehe water-conducting horfzons
szmpled aro directly associated with dykes, schlferen or
bamds etc of rocks characterised by cumpositions distinct
fraom the overs)) bedrock; these =3y 31s0 Influence tihe
grounduater cospusitions. Greater aitention should be
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given: to such horizons in order to quantify their
influence.

In addition to the highly conducting horizons which are
normally sampled, it is also of interest to classify the
total groundwater pattern by locating and sampling low.
conducting zones or pockets in the bedrock {which may or
may not be represented by saline waters) which up to now
have been ignored by the preference for large volumes of
water more convenient fur szmplimg purposes. It is these
isolated groundwaters, extractable from minor fissures
and cracks, that are most likely to be directly

influenced by the bedrock geochemistry.

The Relationship Betweer Fracture Hineralogy and
Grouncdwater Characteristics

Low temperature fracture wineral phases cen prove to be
on invaluable complement to hydrochemical studies. As
fracture filiing mineral phases constitute the coatact
between grounduwster and the bedrock, a datatiled study of
the mineralogy provides information about the chemical
conditions greveiling at the grounduater/ fracture
interface. Using suitable data programs to evaluate
reliatle water analyses and the chemistry of the fracture

‘minerals, cquilibrium processes can be Investigated In

the groundwaters. This can indicate whother the water has
had iong residence times in contact with the figssure
minerals (aquilibriue conditions) or whether water
movement has been too rapid for eguilidbrium to be-
established. :

Furthermore, the bulk grountwater chenistry retains the

- signature of the domingting bedrack chenmistry through

which the waters have perapated. The possibility eaists,”
therefore, given 3 data Dase of comngn rock-types and
their reloted fracture mineral compositions, to predict
the reck-type and {ts grounduster environment frod ke

- groundwater composition {D. Langmuir 1985, gpor. cozmin.).



297

Site specific investigations of Tow temperature fracture
fillings (i.e. recent mineralisation) have been carried
out at three of the test-sites: Finnsjon (not featured in
this report), Gided and Taavinunnanen (Tullborg and
Larson, 1982, 1983; Larson and Tullborg, 1984). These
workers found that by using frequency plots of calcite,
iron-oxides and clay minerals (occurrence and
composition) related to depth, useful information of the
hydrological environment can be cbtained. For example,
calcite equilibrates easily with contact groundwaters and
is a convenient mineral to identify, map and analyse.
Thus_calcite frequency and camposition {stable isotopes
of "0 and C) provide information on the

groundwater physico-chemical environment and extent of
the conducting pathways. Furthermore, it has also been
_nhse=ved that calcite fregqueaCy is related to regions of
recharge and discharge. In an area of recharge the
calcite near the ground surface will be dissolved by the
downward percolating surface and mear-surface waters,
forning newly procipitated calcite at depth, a depth
déefined by the hydraulic conductivity, gepth of
overdyrden, fracture orfeitation, and bedrock type.

Calcite z-«mbﬂ_ity plays an important part in the
{nterpretation of radiocarbon dsta from the groundwaters;
88 rointed out garlier (section 2.2.3) such data should
be treated wigh consigoradle coution. Repoated
dissolution and precipitation of calcite will inflyence
the ~ € content in the groundwater bocause the
dissolution of calcile will contribute radiometric "dead”
S%CO" %o the groun@uater angd precipitation will

result In an enricheent of ~ € In the newly formed
calcige. These cosbined effects will gerve €0 decresse
the € 1in the groundwater which in furn will produce
high radiocarbon ages. Mowsver, the dating of calcite and
the groundwaters con result 1A useful date in the
intergrotaticn of groundwater cirgcuylation in the bedrock.
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Another very useful apprcach is %o carry out uranfum
decay series measurements (~-U- " U= Th)

on carefully 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 secticn (usually selected from a drillcore)

represents a redox eavironment of uranium 1eaching or

precipitation. Hork of this nature has been carried at
Kamlunge (Smellie, 1984; 1985). In this study samples
were investigated from the intact bedrock and :ompared
with large-scale water-conducting fractures wirich
extended from the bedrock surface to depths of at least
600 m. The results showed that: 1) the inv:stigated
bedrock environment (100-600 m) was generally reducing,
however, 2) there was some evidence to ‘ndicate that
rock/water interaction had removed totil uraenium
resulting from the preseace of less reducing groundwaters
uithin the large-scale fracture/crush zones which
fntersect the bedrock surface. Such. a marginally
oxidising grdun@wter environment was also suggested from
the groundwater chemistry described under Section 5.4.

Influence of Pumping on the Physico-chemical Properties
of Groundwaters

Resulting from fnvestigaticns at the Kamlunge test-site
(Smellie, 1983a), whereupon systesatically collected
groundwater samples were analysed for dissolved uyranfum
and {ts daughter {sotopes ~ U and 2 U, 1t was
noted that an Increase in uyranfum content and the

U/z U activity ratfo occurred in the
groundwater following an unscheduled pump stop of some 14
hours. Bonftoring of th during thig period indicated a
sympathetic {mcrease. These findings resulted in
controllad experiments deing carried out at the Kamlunge
and Taavinunnanen test-sites. The results are reported in
full by Smellde (1983b, 1983c) and summarised 1n Appendix

".‘f‘%f this report,
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The most important conclusion arising from these studies
is that .in certain geological environments an .excessive
groundwater pump flow-ratie during sampling can result in
the tapping of groundwaters. {rom shallower or deeper

" sources in the bedrock, depending on the geometry of the
hydraulic fracture mosaic, causing varying degrees
contamination and mixing. As am excessive pump flow-rate
at one level may be adequate for another, it is
igportant, prior to sampling, to evaluate an optimum
flow-rate by continuous monitoeing of, for exampiz, Eh
and oxygen content, over a suitable time period. Yhen the
character of the groundwater has stabilised to what might
be expected for the horizon under investigation, and
there is adequate groundwater for samp!ing purposes,
sampling can proceed. o ' ’

6.10 Drilling Hater Properties

For the majority of boreholes described from the
different test-sites, arilling hss been carried out using
flushing water pumped from shellow levels in the bedrock;
‘most would be classified 2s shallow groundwater in type
and marginally reducing in character, Surface waters have
been used in some instances, e.g. Tesavinunannen, wore
surface lake water was used.

Shallow groundwaters have been employed fn an attempt to
reduce the contaminating effects Guring drilling,
However, whilst being an fmportant step in the right
direction, the problem of contamination still remaing.
For example, using shaliow groundwster as drilling fluid
fs favourasble for a shallow groundwater envirgcnment.
However, at deeper levels such drilling water will
fazroduce an unwanted younger, shallower component to the
~ surrounding bedrock. The {deal , but mostly fmpracticabdle
solution, would be to drill esch succeeding cepth of
borehole with drilling water cdtained fron the
corresponding general depth, Shallow groundwater would
tnorefore appear to be the best cozpromise.
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One -of the main problems encountered using a shallow
groundwater source is that when the groundwster is pumped
to the surface, it is stored in tanks and can remain
there for varying periods before use depending on the
nature of the bedrock properties, i.e. more drilling
water will de required during hign water loss to &
substantially fractured bedrock. Pumping and storing will
lead to the water becoming oxidised. Brilling with such
oxggised water at'degfh can serve to oxidise Fet' to

Fe” resulting is Fe~ precipitation along the

fine fractures, which can lead %0 the preferential
absorption of certain species such as uranium. This
problém can be tackled by storing the drilling water in.
tanks under pressure and under an inert atmosphere (e.g.

Nz)‘

In the event of the drilling water being recycled curing
drilling, samples should be systematically collected and
analysed. Thus, by knowing the composition of the initial
dérilling water, snd iater knowing the composition of the
recycled water, &n ides of which elements are being
rexoved either chemically or machanically, can be
ascertained. For example, 1t fs suspected inat essily
di330lved elements (e.9. urantum especially if the
erilling water is slightly ox$dising) can be removed from
fracture 2ones which are later fnvestigated fn detail. It
is thus fmportant to know whether these elements have
been removed by solution under Righ pressure drilifng, or
by naturally circulating groundwster ia the fracture zone
prior to drilling. -

Bedrock Saipling Locations - Bedrock vs Fracture Zones

Continual reference has been made throughout this report
to representative or contaminaled grountCwater samples.
Representative gamples are those which show ro ovidence
of mixing with other water sowrces, whather from Grilling
water, younger, surface to near-surface water, or other
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deeper groundwaters. However, because crystalline rock
permeability is mostly a function of fractures which are
hydraulically connected, groundwater sampling locations
naturally occur when these fractures are intercepted by
“the borehole. Because of the volumes of water required
(the removal of contaminating watevs prior to sampling,
and subsequently waters for sampling and analysis), bnly
the most conductive zones have been chosen, i.e. in some
cases the local fracture Zones which normally extend to
the bedrock surface. Experience has shown that
groundwaters sampied from such zones are usually a
product of groundwater mixing fro@ different sources, and
hence often representative for the various groundwater
environments breached by these ceeply penetrating
fractures. In other words, the groundwaters resulting
from highly coaductive fracture horizons are ’
representative for the fracture zones but not necessarily
-for the sampling depth because, depending on the
ortentation and hydraulic properties of the fracture
zone, the groundwater contained thsrein may have
primarily originated at depths considerably higher and/or
lower than the sampled point.

Groundwaters which are more precisely depth-related
should be odtained fron fractured horizons of & more
Tocal extent in the bedrock. Unfortunately such zones are
usually of limited conductivity ubich requires long
sampling periods at an optiaum pump flow-rate. Longer
sampling sections of the borehole would facilitate such
sampling. '

In summary, of the few groundwater samples discussed in
this report which have been classéfied as representative,
the majority have been sampled fram fracture horizons
which are reasonably conducting amd therefore probadly
represent groundwater accumylated over 3 considerable
thickness of bedrock. To cnsure that the groundwater
represents a bedrock source, raiier ihan a borohole
source (by short-circufting processes), only fracture
zones of high intersection angles with the borehole axis
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should be selected. Low angle fracture {ntersections
might encourage short-circuiting with the borehole. Very
Jittle information is available from the bedrock at
specific depths; this is necessary as the grouncwater
chemistry of the bedrock samples should Be more typical
of rock/water interaction processes etc. Longer dorehole
sections should be sampled systematically to really
classify the groundwater chemistry.

Borehole Sealing

Foltowing borehole drilling, and then later subsequent to
groundwater sampling, the borehole is novmally left open
for long periods of time. During such periods open-hole
effects become important within the borehole which acts
as a short-circuiting pathway. This cam resylt in the
nixing of groundwaters from differeat depths and of
jifferent character,

In en attempt to reduce this risk, plugging of the
borehole is recommended whenever the hole fs to te left
for any constderable time. The water-conducting horizons
to be fsolated will be those characterised by i

suf Ficiently high hydraulic conductivity. As a

suggestion, based on the test-gites descrided in this
report, 8 1imiting value of 1.1.10"9 /s could be
consigared as being appropriste. In addition, some
section of great head deviation should alse-be fsolated.
The muider of plugs required wil) depend on whetrer
nydrological or water chemfcal properties sre betng
fnvestigated. As pointed ocut on many occasions, the upper
200-300 m of bedrock in Sweden {s normally highly
fractuyred and conductive. From a hydrochamicel point of
view the borehole should be plugged, as standard
procedyre, at the lower 1imit of this zone. This would
effectively svofd the Incursion to depth of surface to
near-surface waters which form a major contaminating
component to many of the sampled groundwaters described
in enis report. At deeper Yevels esch comducting zone

N
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could-be plugged with independent, self-functioning
;;ack_ers which can be installed and removed when required
for hydraulic, h,ydmchemi‘cai and geophysical '
measurements. :

' From nydrological considerations, even these comducting
horizons within the upper bedrock environs should be
plugged as a better impression-of the overall groundwater
flow conditions can thin be ascertained.

However, cCepending on special circumstances such as well-
defined conductive horizons in an otherwise
non-conductive bedrock, the natural badrock Zyéraulic
flow pattern may not be markedly influcnced by the
borehole. For example, groundwater sempling in dorzhole
K1 1 (Klipperds) wos carried out immediately after
drilling in December 1983. This should have minimised any
cpen-hole effect due to conductive hovizons characterised
by different piezometric pressures. As reported above
(Section 5.6) a representative groundwater was obtained.
To test for open-hole effects over a much longer
time-scale, the same borechole s re-sampled in June
1985, The results show That the groundwater composition
was relatively unchanged. In this case, therefore,
whercupon ¢he only conducting horizon was characterised
by 3 low Kydraulic conductivity and small positive
piezoacteic head, the open-hole effect has had lYittle
fmpact, '
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RECOMMEHDATIONS FOR IMPROVING GROUNDWATER SAMPLING
QUALITY o '

Based on the findings of this report,,there'is much room
left for the improvement of groundwater sampling methods.
These improvements c&én be subdivided into the cored
borehole system aIready employed, and a new untried
system employing percussion or booster hole techniques.
Several of the improvements recommended have to some
extent been already impiemented.

Cored borehole system
The following procedure . is recormended:

- plugging the drilling water supply hole (percussion
borenole down to 100-150 m) with rubber packers to
ensure that the groundwater used is from a particular -
horizon (preferably shallow to intermediate groundwater
in type) and thereby uncontaminated by higher-level
oxidising waters.

- when pumped to the surface the drilling water should be
stored under pressure and in an inert atmosgnere (e.g.
N, ). Otherwise there is the risk that the waters
become oxidised before being flushed down the hole
aguring drilling.

- casing (temporary) of the uppermost 100-250 m of the
borehole during drilling. This will diminish the loss
of drilling water and rock debris fnto the bedrock and
thus increase consfderadly the volume of rock dedris
eventually removed from the borehole by gas-1ift
pumping.

- systematic sampling of the inftial and recycled
@rilling water (including the volume necessary for mass
balance calculations) to evaluate the drilling water
fmpact on the bedrock geochemistry. This would be

1
P

Py
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facilitated by casing the uppermost 100-250 m during
ariiling. '

- on coapletion of the drilling and removal of the
iemporary casing, the hole should be plugged at the
lower limit of the casing. This will: a) increase the
clearing efficiency at depth during gas-1ift pumping,

and b) ultimately reduce z major source of near-surface

contamination prior to groundwater sampling.

Presented with a plugged and cleéred'borehole-. thve
following procedure is recommended for the selection and
saapling of suitably conducting horizons:

- location and sas'npling'of the major wéter—conducting
horizons ideatified by Tube Wave and/or borehole radar

techniques.

- detailed geological examination of the core comdined
with fydraulic testing to further locate potential
zones for groundwater sampling. It s recommended that
the packer spacing for the hydraulic fnjection tests
should be smaller than that employed during sampling.

This will ensare that the conducting horizon located by

the Mydraulfc testing can be fully contafned by the
wider packing sectfon used for sampling.

- ihe packer spacing for sampling should bde flexible
depending on the hydrogeological and geological
properties of the fractured horizon to be simpled and

the adjacent Dedrock. For example, the borehole section

to be sampled should: a) contain no Fractures near or

overlapping with the packers, b) enclose completely the

horfzon to be zampled, and c) not be located {n the
near-vicinity of large-scale parallel or sub-parallel

. fracture zones which could easfly be fnterconnected via

. & more einor fracture gystem with the section to be
sampled. :
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- to minimise sampling of groundwater of mixed origin,
sections of moderate hydraulic conductivity, excess
piezometric pressure, and a suitable flow-rate, are
preferable.

- use of pressure regulated groundwater sampling
flow-rate by continuous pressure regisiration to avoid
leakage of borehole water into the sampling secticn.
This approach, combined with continuous monitoring of
Eh, pH, 0. etc, can also be used to establish an
optimum groundwater pump flow-rate for the horizom of
interest, in order to ensure as representative a sample
as possidble. This may require up to one week in order
to ensure stabilisation of the Eh electreéeé.

- systematic sampling of the bedrock sections devoidg of
significant fracturing to evaluate the local influence
of the bedrock chemisiry on the compasition of the
groundweter. ‘

- packer lengths of at least one metre should be
employed; in very fractured dorehole sections, a8 series
of packers are recommended to @dinimise short-circuiting
from the borehole via conducting fracture networks to
the section being sampled.

Percussion (Booster) Hole Drilling

In an attempt to overcome many of the prodblems of

groundwater sampling and interpretation revealed from

this study, a special percussfon hole for hydrochemtca)

purposes has been proposed, Such an approach offers

several_ advantages, two of which are:

- the adsence of flushing water during drilling avedds a3
aajor source of conteminstion which otherwise would
occur.
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- air flushing during percussion drilling should be
sufficient to remove the fine rock debris from around
the drill head. Minimum penetration of debris along
cenducting horizons (whether characterised by a
positive or negative piezemetric head) would be
expected.

Ideally, hydrochemical investigations should be comrducted
before the complete programme of bdbedrock drilling and
hydraulic testing is carried out at the test-site. It is
thus proposed that investigations should invclve at an
early stage the ¢rilling of a percussion borehole for
hydrochemical purposes central to the delineated site. It
should be vertical and extend down o at least 600-800
metres. ’

The envisaged hydrochemical programme would entail:

- sampling carried out during drilling, f.e. when a
sigaificent water-conducting horizon is bDreached, the
drilling head can be removed, & sisgle packer installed
Just above the conducting 20ne, and groundwater
collected from between the hole bottowm and the pecker.

- = if no water-conducting horizons are encountered,
sampling should Do sttempted after every 100 @ of
drilling. The packer would be systematically raised in
the borehole from close %o the hole bottom untf)
groundwater could e collected.

- after drilling ¥s completed, the socend phase of

- .3ampling can be initiated. The horfzens chosen will de
selected on the basis of Tube Have and dorehole radar
mzasurements, Morizons alrcady sampled can Be

 supplicmented to check for any compositional changes.

- subgeguent to this second sampling phase the hydraulic
- tosts should be conducted which would include Getatled
eeasyrenents of the sampled horizons,
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In a recent study of the Finnsjbén area (Ahlbom et al,
1985) a crude simlation of groundwater sampling was
carrizd out during the drilling of a shallow percussion:
hole. Sazplimg entailed collecting water as soon as a
water-conducting zone was encountered. In this instance -
the technique has proved to de very promising.

One of the potential disadvantages of percussion d@rilling
fs the resulting uneveness of the borehole wall; this
will &cpend on the maechanical action of the drilling and
also on the physical properties of the bedrock. Packing- -
off the hole for groundwater sampling may therefore be
suspect in terms of lecakage arcund the packer systems.
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APPENDICES

Appendix 1: Theoretical models on the open-hole effect

Two conductive zones separated by an {mpervious layer

‘Two zores of different hydraulic conductivity separated

by an impervious layer are penetrated by a borehole. The
grounduwater will flow through the borehole from the zone
of higher to the zove of lower hydraulic head, &nd the
grounduzater level in the borehole will be situated
sozgwhere between the two different piezemetric levels.
The amount of flow (Q) is determined by the difference in
hydraulic head and the hydraulic conductivity of the
actua) zones. ' ‘

The flow of water can be calculated from Dupuit’™s
forsula:

as = Q/(2n kKH) :A(R/rw) A {1-1)

where as = head difference in the borchole (m) -
Q = flow of water (a°/s)
X = hydraulic conductivity (m/s)
H = thickness of the agquifer (zone) ()
R = radius of influence (m)
r, * redius of the well (m)

As the fliow froa the zone of higher head {Q, ) 1s equal
to the flow into the zore of lower head (0'2 the
eguatisn decoxos:

A8 K M as K M
1 1 1 . 222 (1-2)
M(Rl/r') 1n(ﬂ2/ra)
or 632 ® (Aslxlnlllznz) R (1-3)

where R° o '"“z".m"‘ax"u’ {31-4)
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Figure 1.1 Two conductive fracture zones. Aszm as a

furction of Kl/Kz.

f 651 fs the distance fron the mafgher, and &5_ the
distance from the lower, plezometric leve) to the
equilibriun lavel, and M {3 the Sistance batwaen the two
plezozetiric l@vels, then K 2 As‘oész. Thus

as, = (?44&2) Klﬁlﬂ ﬁz"z ‘ (1-5)

if as, 13 exmm' as a percentage of # the equation
beconss :

(2K 4. /™)
As /A = 1122 - (1-5)

rd .
(1+R Klulﬂznz)

100
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The,express%on In(R_/r )Y/In(R_ /r ) will probably

,hot exceed 2 or fal%— b:]ou_l/é- ¥

In Figure l.l'a set of t;ypé curvas is presented, showing

: Aszm for different values of i(lll(2 and HL'IHZ'

These curves show that the greater Kl and Hl become,
compared to K, and H,, the closer to the higher
plezometric level wi?l the equilibrium level be.

Two conductive zones separate by a semi-pervious layer

If the layer separating the txso conductive zones is not
completely impervious, seepage will take place through
this layer from the zone of higher to the zone of lower
hydraulic head. Thus the flow through the borehole will
be somewhat reduced and conseguently Aszm will be
lower, : ‘

For an open aguifer above a semi-pervious layer, the
following equation applies (Huisman 1972):

as = (Q/20 XH}In(L/R) ‘ (1-7)
where L 1s the leakage factor.

For a confined aquifer below a semi-pervious layer, the
equation 15 {Carlsson and Gustafsson 1984):

as = (Q/28 KH)In(1.123L/R) (1-8)

In & rough estimate 1t 1s usually permitted to let L =
R/2 where R 13 the radius of fmfluence. If L = R/2 and
2 38 8 percentage of H 1s:

0.833(K H_/X H,))
11 22

190.833(K1ﬂ1ﬂ2’12)
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Figure 1.2 shows a set of type curves ofASZ/M for
differeat values of I(l/t(2 and Hl/ﬁ'z for a leaky
two-aquifer model, As can be seen when comparing thosa
curves with those in Figure 1.1, the values of ASZ/N
will be lower with leakage than without.

al

AS%;'

an

X, | & e }

000, 7 7
< ;

K 8 —

000 +

o o ! 0 100
Ky/Ky

Figure 1.2 Two conductive fracture 2ones with leskage.
Aszlﬂ as o function of "1”‘2'

1.3  Three coaductive 20nes, two different hydraul{c heads

This zodel consists of three zores with hydraulic
conductivitiss Kl . xz and x3 where the hydraulic
heads in 2ones Kz and K, are egual and lower then the
head in zone ‘l' c.f. F?gure 1.3. The water will flow

- from the zone of higher to the two 20nes of Tower heae.

=/
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Figure 1.3

Three conductive fracture ones. Asl/N 8s a
function of T +T, for different values of

. ¢ 3
l.

Supéosing that Rl * R, » R, and that Ql s Q. ¢
0, leads to:

2 3 2

83K H) = B3R H, ¢ B K H, (1-10)
As KH = T and 83, » 83, @ Nq&.-sl the equation {1-10)
becomes:
Asl(r{?onJ) ) :4(12013) | (1-11)
Or 83, /4 = (T 4T,)/(T,T,¢T,} (1-12)

In Figure 1.3 a set of typecurves are presented, showing

As /4 as a function of T +T. for ¢ifferent valuos

1
of 71.

23
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1.4 Three zones of different hydraulic conductivity 2nd head

In this case water will flow from the zonels) of higher
to the zore(s) of lower hydraulic head. In the follcaing
discussion it is assumed that the water flows from ome
zone of higher head to two zores of lower head. M is the
distance from the highest to the lowest head and N is the
distance from the highest to the intermediate head. If -
the intermadiate level is situated centrally between the
highest and the lowest level, then the situation will be
the same as the owne described in section 1.1. |

- H
A K, By =
q
0ot
Ky 8y =
" ﬁg oy
0001 v
em o1 1 10 160
W/

Figure 1.4  Three conductive fracture zones. 8s /M as a
fumction of T /T, for different values of

YZITJ. E/¥ = 3.2 .
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If R =R sR_ i
1 RZ R3 and Ql=02f03 the flow equation
becomes: -

ASIKIHI = Aszxzﬂz #As3K3H3 (1.-13)

As M = &s + 4s_ and N = Asl+ As2 and KH = T the
equation *1-13? can be written:

Asl 1" TZ(N.ASI) + TS(N-AsI) (1-14)

. _ (NM)TZ+T3 |

or Asl/M =2 , . (1-15)
LM

Three sets of type curves ave 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 v;r_iations in ASI/M for

different valyes of Tx"z and T2/1’3-

AT 1 IR o PSR MR 5 0 A e TR KT e ITMZARS S Semerpnmes s S g gAY N St s e, ST it
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Appendix 2: Numerical calculations of the open-hole effect

A generic model based on geometrical data from the
Xamlunge site is calculated by the finite element program
GEOFEM-G (Runesson et al, 1979). The object is to
illustrate the influence on the groundeater head of a
borehole sited in the central part of a circular area
having > Aiameter of 3.2 km. The arca comprises a large
hill with a relative height difference of 120 m,
surrounded by a “circular® fracture 2one in the
circumjacent valley. A section through the hill is given
in Figure 2.1, where the boundary conditions used in the
model calculations are also shown, The total depth of the
calculated section is 1000 m.

. 8

@ |
IR S|

g

LACSRARNNNN

® @
@)

URDPUALENT FRATURE 26
HOZONTAL RACTURE 20
ROt 4SS

CROUOWATER (EVEL
10N - R0W BOUNDARY

. Figure 2.1 Section through the generic aréa modelled with
' boundary conditions givan fn the calculations.

The calculations are peformed in a sequence comprising 1)
calculation without a borehole, 2) calculations only
‘within 8 borehole and 3) calculations where account 1s
taken of the dorechole in the studfed mocdels. Based on the
boundary conditfons gfven in Figure 2.1, the hydraulic
head 1s calculated within the complate studfed area.

: p
A m’ﬁj

P
X
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The element net used is shown in Figure 2.2. Due to axial
symmmetry only half of the section shomn in Figure 2.1 is
used in the numerical calculations.

Four different cases are studied with different
hydrogeological parameters and conditions as shcwn in
Figure 2.3. In the cases A and B, a comstant hydraulic
conductivity is allocated to the rock =ass. In the cases
C and D the hydraulic conductivity decreases with depth
according to the formula given by Car¥sson et al, (1983)
for the Kamlunge site:

K = 7.91x10"3 . z'3'17 : (2-1)

where Z is the depth below ground surface (Z > 50 m).

In the cases B and D, influences are #1lustrated where
upon two horizontal continunus fractuse zones, with a
thickness of 10 m each, extend througZ the whole model.
These fracture zones are given a hydraulic conductivity
of 1.107 a/s, while the outer Hmitifg "circular®

zone has a conductivity value of 1.10 ~ m/s.

The results of the calculations shown as lines of equal
potentials are given in Figure 2.4, 2.5, 2.6 and 2.7.
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Figure 2.2  Element-net used 1n FEM-calculatfons of the
studfed area. :
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Figure 2.3 ° Hydraulic conductivity versus depth in the
: gifierent cases studied. c.z2. = circumjacent
fracture zone.
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Figure 2.4  Groundwater head distribution for case A. Limes
of equal potentials inm.
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Figure 2.5 Groundwater head distribuTion for case B. Linmes
of eqgual potentials in m.
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figure 2.7  Groundwater head distribution for case D. Limes

~ of equal potentials in @,

Along the gy=metric Vine $-§° in Figure 2.1, & borehole
is drilled <o 600 © depth, The hydraulic head profile
atong the Bine before the borehole 1s grilled is
111ustratea in Figure 2.8 for the different cases

-considered. Based on these profiles the groundwater level

within the Dorehole s calculated assuaing that the wmater
talance I3 @maintained in the hole(i.e. constant
grounduater level). Furthermore, the taflyence radius on
the grouncmmter head froa the Borehole 1s assumed to be
the same, GSsregarding the hyeraulfc conductivity value
of %he surraaunding vrock. The cmalytically calculates
leval for ©De different cases are shoun in Tedle 2.1.

The second and last runs of numorical calculations
comprise molels vhere the grounduwater level {a the
borenole 18 @iven as Soundsry canditions along the upper
600 @ of the gymmetry oxfs $-§”. This will 11lustrate the
effect of e borehsle cn the Hydraulfc hesd and 8lso

. resuit 1n values of The groundator Flow within the

borehole (From ond to the surrsunding bedrock).
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Table 2.1,  Calculations of the groundwater level in-2 600 m
deep borehole sited in the centre of the studied
model, and of the groundwater in- and outflow
within the borehole. For the analytical and
pumerical calculations for different cases
studied, see Figure 2.3.

Case Calculated groundwater Annual exchange of
level (= below the groundwater within
gw-level in the . the borenole

_uppermost bedrock i.e 160 m) (m?/year)

36.3 9
106.1 ' 190
0.3 10
28.6 1500

QO O >

Ri
L

v 4 Ll [

.
[7 VR » - ] w t:

Figure 2.8 ' Groundsater head glong the S-S~ symetery axis
Before the drilling. F
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‘The results, shown as lines of equal potentials, are
given in Figures 2.9, 2.10, 2.11 and 2.12. To illustrate
the influence on the hydraulic head positioned _
horizontally out from the borchole, two sections of head
at 160 m and at 550 m respectively down the borehole are
shown in Figures 2.13 and 2.14. In these figures the head
increase or decreise in relation to the conditions before
the borehole was drilled is given as a function of the
radial distance from the borehole for the different cases
considered under steady state conditions. The greatest
inflyence is obtained in case D where horizontal
fractures exist in the rock mass which has a decreasing
hydraulic conductivity with cepth. In the case of a
constant hydraulic conductivity with depth (case A) a
large head influence is ciso obtained. However, the
influenace distance into the bedrock is greatest when
horizontal fractures are present.

The groundwater flcw into ard out frocam the borehole is
given in Table 2.1 for the Gifferent cases considered. it
" should be noted that in the cases with fracture zones,
these are the main channels for in and outflow within the
borehole. | ' V

e
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Figure 2.9  Groundwater head distribution for case A with a

borehole 600 m deep atong the axis of symmetry.
Lines of equal potentials in m.
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Sroundwater head distridbutfon for case B with a
borehole 600 o ceep along the axis of symmetry.
Limes of equal potentials in m.
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&0

Figure 2.11 Groundwater head distribution for case C with a
borehole 600 m deep along the axis of symmetry.
Lines of equal potentials in m.

0 %9 ' 1090 1500 ()
o) < | 4

Figure 2.12 Grounduater head distributfon for case D witha
borchole 600 8 deep alomg the axis of syzm=etry.

Lines of equal potentials in o,
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Appendix 3: Groundwater pump flow-rate and its effect on
some physico-chemical parameters - controlled experiments

' carried ocut at Xamlunge and Taavinunnanen.

Kamlunge

Controlled conditions were established at the 238 @ level
in drillnole Kn 8 ‘following the completion of the normal
groundwater sampling programme (see Section 5.4.3). The
object of the expericient was to record any evidence that
the physico-chemical characteristics of the groundwaters
are influenced by changes in the groundwater pump flow-
rate,

Monitoring trends of Eh, pS, 0, conductivity and

temperature are presented in F?gure 3.1, together with 15

{out of a total of 24) groundwater analyses shwing the
variation of dissolved uraniu:a contents and the

U isotopic activity ratios. Hith the exception of
pH, all measured physico-chemical parameters indicate
some level of variation that can be mostly attributed to
changes in the groundwater pump flow-rate.

Generally, the results indfcata that by lowering the
groundwater flow-rate by half, there is a change to
groundwaters of & more reducing nature, f.e. reduction in
02'. pS, Eh 3nd facrease {n coaductivity, In addition,
guring the Tirst 20 to 25 hours after restsrting pumping,
the groundwaters were @ore reducing than 1n the latter
nalf of the first pumping period, The extreme values
recorded within the first 1 20 2 hours represent water
which was trapped 1n the cable system during the pump
halt, Contamination due to drilling water 18 not thought
to be a major prodlem as this experimental run was
carried cut after 27 days continuous pumping at the same
level, This 13 supported by the very low fodine tracer
valuss which ranged betwscen 0.01-0.03 3 §° curfng the
gampling period {Laurent, 15834).
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The data thus sugest that the groundwaters representing
the start of the experimental 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 smbsequent marked decrease (between
50 and 60 hours) defore levelling out, probably indicates
a return to more reduced (i.e. normal) conditions. During
the reduced flou-rate period, the groundwaters-are
virtually free of oxygen and, together with the other
physico-chemical paremeters, suggest typical reduced
groundwater conditions. Increase of the groundwater
flow-rate once agin imtroduces contamination by less
reducing waters.

The presence of mre oxygenated groundwaters ét high pump
flow-rates point to two main possible conducting
pathways: . , :

= groundwater cerived {via intesconnrecting fracture

systeas) from higher, more oxygenated levels in the
bedrock. -

- near-surface de-ived dorehole water cbtained via a
short circulating fracture betwork Detween the fracture
horizon and the borelole.

Conclusions

The recorded oDservations appear to be wholly depengent

on the pump ¥low-rate. A high pump flow-rate (in this
case 280 ml/min) tntroSuces Dixing and thug contamination
of the gfounéwst_&r, & situation which 1s not apparcmt at
the lower flow-rate. 1% would seca that at the lower pump
flou-rate, the groundualer resulls from withia the main
fracture zore and its feediste surroundings, and that
the hydraulic capuity of the fracture can gccompdate the
volume required from U2 punping. At 8 higher pump-rate,

however, the hydraulic capacity of the frecture zome 1s
- inadequste so Thet other groundwater sources, which @ay

resylt in concaminatiom, are tapped. ‘
. o @;
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The fo]louing points rasulting from this investigation
are considered izportant:

1) Changes in the pump flow-rate has resulted in
‘significant variations in the physico-chemical
parameters of groumdwaters.

2) Nigh pump flow-rates have resulted in an increase of
oxygen in the groumdwaters. This may be due to mixing
of waters from higher, more oxidised sources, or,
contamination from surface-waters which have permeated
from the drili-hole area.

3) Lovw pump flow-rates have resulted in groundwaters
which are truly recucing in character. These are @ore
representative of the depth (238 @) at which the
experigent has beem carried out.

8);’231% rggglts show Tzat dissolved uranium and the
U/"7 U activigy ratio are subject to
changes in flow comditions.

Yaavinunranen /

In order to further imvestigate the effects recorded at
Kamiunge, & sinfler experiment was carried out at
Teavinunnanen (level £33 m). Normal groundwater sampling
from level 493 b at Taavinunnanen had been carried out
for two, etight-day periods; conliauous pumping (spart
from an gpprox. ) day unscheduled pump-halt between the
two sampling perfods) had thereforg boen in operation for
3 tota) of 22 days. Fron the end of the second period to
the conclugsion of the experiment, a total of 14 days were

avaflable and these were subdivided as follows:

- During the rest perfod follcwing the end of the second
sampling programe, the groundwater pump flow-rate was
{ncreased fros 190 &1/sin to 260 =1/ain,
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- The experimental run was begun after the rest period;
the groundwater was monitored and sampled tefore

¢ecreasing the flow-rate to approx. 60 ml/min. Pumping
at this rate was continued for 4 days.

- Groundwater flow-rate was increased to 150 ml/min and
e3intained at this level for 2 adays.

- Groundwater flow-rate was further increased back to the
initial flow-rate of 260 ml/min; this was maintained
for 1.5 days. ’

During this period Eh, 02. pS, pH, temp. and

conductivity were continually monitored, and two

groundwa ter samples were collected daily for chemica)

amlysis which included dissolved uranium, ~ U and
U isotopes, and tritium, )

3.2.1 Results and Discussion

Because of the available information throughout the
groeundwater sampling programme at level 493 m, the

results from all three period (the third per!-: ::ifng the -
experimental run) are presented in Figure 3.¢. The

chzafcal parameters 1llustrated, represent those which
fndicated a systematic varfatfon that may be partly
attributadble to grouncwater pump flow-rates.

3.2.1.1 Redox-sensitive parameters

Initial Sampling Periods

Ouring the Frst sampling perfod, whereupon inftial
groundwater contamination is to be expected after
drilling, hydraulic testing, and gas-1ift pumping to .
clear the hole, it took approximately 4 days before the
greundwater approached more representative reducing
~conditions. However, this was followed by an influx of

LA 7 e e A T T T e T ey T T s e T A T e P e M iy = o s T Iy iy W BT ER e TED,
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increasingly oxygenated watér which might indicate a
short-circuiting between the fracture zone wnder
investigation and the water in the borehole above the
packer system. During the rest period before the second
samplipg phase, there was a pusp halt for up to 3 days.
Renewed pumping at the begianing 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 latter half of the first 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 latter 4 days of the
second sampling period continued to stabilise without
showing any significant increase of zZore oxygenated
groundwater. ‘ -

Experimental Pe?‘iod

For the six days prior to the experimental run, the
groundwater flow-rate was increased to a maximum (260
®l/@in}. During this period, 02, pS, Eh and pH
(especially laboratory measurements) increased amd the
conduc tivity decreased. Thus, at the beginning of the
experimental run, the groundwater characteristics were
approximstely similar to the groundwater experienced at
the beginning and the end of the first zampling seriod,
and at the beginnfng of the second sampiing period. This
would suggést. therefore, that the short-circuiting
paths, via fracture/fissure systems in the bedrock to the
borehole water above the packer system, had been
reactivated due to the higher pump-rate.

Reduction of the groundwater flow-rate to 60 ml/@in
produced over the next four days, a gradual reduction of
pS, Eh, pH, and an increase of conductivity. Groundwater
stabflisatfon at this flow-rate did mot occur; at least a
further 5-7 days would have been required. It was
therefore decided to increase the water flow-rate to 150

;
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ml/min. As a result, the pS and Eh continued to decrease
and conductivity and pH increased; increasingly more
reducing' grodndwater was therefore being encountered.
After approximately 1.5 days, however, *he trend began to
be reversed as the effect of the higher flow-rate began
to set up a partial vacuum which responded by bringing in
less reducing groundwater again. This effect 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 tc a maximum for the final
2.5 days. Eh at this stage indicated small increases
(electrodes Ptl and C2); 02 al 50 suggested & small
increase.

3.2.1.2 General groundwater chemistry

Of all the measured anions and cations, CaZ+, Na+,

Fe (total) and F showed the most systematic

variations. In ceneral, Ca  , Na and F

decreased during the initial sampling serfod, increased
during the three day pump stop, and then decreased again
during the second period until the groundwater _
composition stabilised. The experimental period fndicated
small systematic increases with the increase in pump
flow-rate. Total Fe 1n comparison, suggested a
antipathetic relationship; the Fe(ll) analyses are not
relfable for comparfson. |
Urantum varfed in a similar manner to Caz'. Na’ and
F~ and notfceably cdecreased in content with
increasingly reducing conditions. The QU,Z%U ,
activity ratfo showed no obvious sysiematic variaztion.

As described in Sectfon 5.5.1.1., the tritium contents
werg very high, Ho varfation was indfcated during the
sampling perfods; however, sharp fluctuations occurred
throughout the experimental perfod for which there 1s no
apparent systematic relativnship with the pump flow-rate..
Minieuz values were encountered subsequent to increasfing
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the pump flow-rate to 150 ml/min but after one day

sharply increased and levelled out for the rest of the
experimental run. This variation probably indicated the
influx of other sources as the flow-rate was increased.

3.2.1.3 Representative grouncuaters

The hydrochemical samp!ing programme carried out at
Taavinunnanen illustrates the difficulty in knowing which
sampled groundwaters are most representative for the
bedrock level (433 m). At best, the groundwaters are only
representative for the artificially-imposed groundwater
flow-rate, which may or may not be similar to the
groundwater that might de collected under normal
hydraulic pressure. From the available data, the most
representative groundwater for potential chemical
examination and rock/water interaction studies, would be
that obtained during the last two days of the second
sampling period. As indicated during the experimental
run, more reducing groundwater can be obtained at lower.
groundwater flow-rates, which might be even =ore.
representative. From a practical point of view, however,
sampling at these low flow-rates is tedious and tice-
consuming, but not impessible.

3.2.2 Conc!usivons‘

Exemination of all the 'data from level 493 m at
Tasvinunnanen, {l1lustrates the following mafn points:

1) Several groundwater compositions are encountered as a
result of surface or near-surface water contaminatfon.

2) These variations are reflected both by parameters such
as Eh, oS, pH, conductivity and oxygen coatent and
also by the fonic varfation of especially Na' .

Ca ,2* , F~ total Fe snd yranfum.
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These variations, resulting from surface or near-
surface water contamination, are thought to be caused
by: a) short-circuiting, via bedrock fractures/
fissures, betueen the sampled fracture zone and the
borehole water above the packer system, and/or

b) borehole water being forced down between the

" packers and the borehole walls, amd/or c)
- higher-level, more oxygenated grewndwaters from within

the bedrock. Point a) and possibly b) are considered
the most likely causes.

4) Adjusting the groundwater flow-rates to different

5)

6)

cepacities has resulted ia different groundwaier
type.s'.

Of the Wydrochemical sampling programme carried out
during the first two periods, only the grouadwater
from the last two days of the secend period are
censidered ‘mpresentative.

The results generally confirm the findings from the
Kemlunge test-run, '
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