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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 period of three 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 reasonably representative for the depth
sampled, from those which have been subject to
contamination from different sources. Groundwaters which
are here considered representative are defined as those
which show no evidence of mixing with other water
sources, whether from drilling water, younger, near-
surface water, or other deeper groundwaters. As a
consequence, only a very few sampled horizons can be
considered worth serious hydrochemical attention. The
lack of representative groundwater samples, whilst often
due to technical problems or sampling from non-conductive
sections of the boreholes, also illustrate the extremely
complex geometry of the permeable fracture systems in
crystalline bedrock, and thus the difficulty of
establishing the nature and depth relation of the
groundwater reservoir tapped.

Although the main findings of this study have revealed
gross inadequacies in the hydrochemical programme,
valuable experience has nevertheless been gained.
Consequently, some of the improvements recommended in
Section 7 of this report have been already implemented
resulting in higher sampling standards and thus water
samples which are much more representative for the
hydrogeological environment under investigation.



HYDROCHEMICAL INVESTIGATIONS IN CRYSTALLINE BEDROCK IN
RELATION TO EXISTING HYDRAULIC CONDITIONS: EXPERIENCE
FROM THE SKB TEST-SITES IN SWEDEN

INTRODUCTION

One of the many difficulties to be surmounted in the
storage of high-level radiocactive waste is predicting the
long-term effects on the geological environment in the
event of a slow release of radionuclide material (i.e.
through canister corrosion) to circulating meteoric
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 sound
knowledge of fracture geometry, hydraulic flow and
groundwater chemistry within the bedrock is therefore an
essential prerequiste for radioactive disposal safety
assessment.

Deep hole hydrogeological and hydrochemical
investigations have been a feature of the SKB programme
for site characterisation 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
environments. 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 continuously saturated with water)
were groundwater 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 characterising
programme.



SKB TEST SITES DESCRIBED
IN THIS REPORT
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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 Ehj pHi pS, environmental isotopes such as 2H
H, 80, L C, 4C and the chemical and

radiochemical behaviour of uranium.
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PARAMETERS CONSIDERED -

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

For a static hydraulic system, the hydrologic use of
surface water, near-surface water and groundwater, which
relate to depth of origin, conform fairly well with the
hydrochemical descriptive terms which relate to redox
conditions and the general chemistry of the waters, both
of which are usually to some degree a function of depth.
However, for a dynamic hydraulic system the description
of the water characteristics can be highly variable
depending on whether recharge or discharge environments
are being discussed. For example, in an area of recharge
characterised by a steep hydraulic gradient extending to
depth (e.g. via a large-scale 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 surface to
nearsurface chemistry. Contrastingly, in a strongly
discharging area, deep groundwaters of a highly reducing
character can dominate the near-surface and even the
surface water environments.

As most of the hydrogeological systems in this report
relate 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.



General Hydrologic Hydrologic terminology Hydrochemical terminology
classification (i.e. depth-related) (i.e. mainly descriptive but can
also be depth-related)
5 %
SURFACE WATER | 1
(i.e. streams, rivers, lakes etc) : .
8 5
NEAR-SURFACE WATER - l' T f N
(i.e. soil/capillary water 1 I Open bicarbonate |
extending down to the Oxidising i system |
zone of saturation). : (pH <7) :
} ]
GROUND WATER SHALLOW 1
(i.e. subsurface water Transitional : ;
which is in the zone of 1 g‘.“’ggmge”mgt
saturation). | icarbonate system
f (pH 7 to 9)
~— INTERMEDIATE 1
|
1 Reducing !
| ) Closed bicarbonate
, : system
] X (pH >9)
L~ DEEP < v v v

Figure 2.1: Schematic representation of groundwater characteristics within a non-static hydraulic flow system.

2.1 Hydrologic Parameters

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

Q= vA=ka d (2.1)



flow (m3/s)

Q =

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
(dn) 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 52)

At the groundwater table, p = O and consequently h = Z,
This 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 subject to both gravitional and pressure forces.
By defining a force potential @* = g h, it follows

that:

grad g* = g dh/d] = g (grad Z+~% grad p); (2.3)

acceleration due to gravity (m/sz) and

]

9

Q=vA=-KA dh/d] = -K A (grad Z+%~grad p) (2.4)



Q =- g-A grad 0* (2.5)
K *
V=-ggrad? (2.6)
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Figure 2.2: Groundwater head at different depths below a
circular hill with a 200 m radius. Hydraulic
conductivity decreases with depth (after
Carlsson et al 1983).



Figure 2.3: Two-dimensional theoretical potential distribution
and flow-pattern in a homogeneous porous medium.

Thus, for isotropic media (K = constant) the velocity
vector V 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-A")
and upwards in the lower parts (B-B”). The former are
referred to 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
Tow potentials. It can also be seen that the groundwater
flowing from the lowest part of the discharge area has



PERMEABILITY

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

To apply Darcy”s Law it is assumed that the
hydrogeological medium is homogeneous and uniformly
porous. However, even though these properties are not
normally characteristic of a crystalline rock
environment, this concept can still be used if the number
of fractures relevant 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 REV) is changed.

‘V

REV.
VOLUME

Figure 2.4: Statistical definition of a representative

elementary volume (REV). (After Long et al 1982).



The first criterion implies that the hydraulic
conductivity in a chosen test volume is a constant (i.e.
homogeneous 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 homogeneous anisotropic test volume a constant
hydraulic 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).

&
I
4
¥
¥
/,
.

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).
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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 head distribution and thereby on the
groundwater flow-rates, the presence of such divergent
fractures, or more commonly, concentrations of fractures
(i.e. fracture zones), must therefore be treated as
discrete elements in any model. The groundwater flow
paths will naturally be mostly confined to the fracture
zones as the resistance to flow in these high-conductive
channels is relatively small when compared to the
surrounding low-conductive, normally fractured bedrock.

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

Chemical Parameters

Radionuclide mobility and the lifespan 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
Tigands such as carbonate-, fluoride-, chloride-,
sulphide- and phosphate -ions, fulvic acids etc are the
most important chemical parameters for determining
radionuclide mobility and corrosion rates of the copper
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canisters. Copper is a stable metal under reducing
conditions and the solubility and mobility of most
actinides are expected 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 conditions. Very large
concentrations of chloride ions may have similar effects.
Complexation 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 model recognises deep ground
water, near-surface water and a mixing of these two
types. Here the surface and near-surface waters are
considered to have a fairly uniform composition. This
arises because the near-surface water obtains its
character through mixing along its flow-path. The
composition is then mainly determined by the hydraulic

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 horizontal line denotes a fracture zone.
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properties and conditions of the bedrock (e.g. flow-rate)
and not by the chemical interaction between the water and
the rock-forming minerals. In contrast, at greater
depths, the groundwaters tend to permeate slowly through
the bedrock which is more conducive to rock/water
interaction. Groundwater composition is therefore more
dependent on the local bedrock mineralogy.

The near-surface 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 content and neutral pH.
Groundwaters have a much higher pH, much higher sodium
and chloride contents, but lower carbonate contents. The
salt content of very old groundwater is sometimes
extremely high with no apparent upper limit for the
salinity. The source of the salinity is sometimes
debatable with seawater, fluid inclusions and rock/water
interactions all having been prosposed as possible
sources.

Environmental isotopes (e.g. 2H, 3H, 18O,

C) provide a very useful hydrochemical tool in
model1ing 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
radioactive isotopes “'C and tritium are suitable for
recognising very old and very young portions of water
respectively.

General groundwater 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
parameters are essential to site evaluation and safety
assessment considerations. These are pH, carbonate,
chloride, sodium and calcium contents and the redox
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sensitive parameters Eh, iron species, uranium, sulphide
and oxygen.

pH and carbonate content

The pH of the water determines the form of the species in
solution and is also a useful parameter for describing
the type of water that is investigated. Near-surface
groundwaters 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 buffered 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
CO3 " jon is a very strong complexing agent for the
actinides, appearing as soluble carbonate complexes in
the groundwater. The total carbonate content is highest
in the near-surface waters and decreases with depth, i.e.

as the water becomes older.

Surface waters percolating through the soil zone take up
carbon dioxide eventually becoming slightly acidic and
aggressive., As a consequence, this water dissolves
calcium carbonate when it penetrates to the upper part of
the bedrock. Here the system is still open to the input
of carbon dioxide with the result that the COZ-HCO3
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 extremely low and the
more slowly dissolving minerals will begin to have an
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 near-surface waters and groundwaters are
useful parameters in assessing the migrational history of
the waters. For example, surface to near-surface waters
tend to be calcium - bicarbonate in type whereas
intermediate to deep groundwaters are of a sodium -
calcium - chloride nature.

Near-surface and shallow groundwaters are characterised
by high concentrations of calcium and bicarbonate due to
the dissolution of 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 carbonate, the calcium
concentration remains at appreciable levels indicating an
input of calcium coeval with the increase in the sodium
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 canister 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 in an
oxidised form.
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The redox condition of the groundwater is reflected by
the measured redox potential, the amount of dissolved
oxygen, and by the contents and oxidation states of the
elements iron, sulphur and uranium. From all the various
redox couples present in the groundwater it is possible
to calculate a redox potential. However, these
calculations would give as many different results as the
number of redox couples used for the calculations. This
simply indicates that no true redox equilibrium exists in
the water. The reason for this might be a relatively late
mixing of different types of water, 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 amounts of oxygen
dissolved in the water will drastically affect the Eh
measurements. Oxygen reacts rapidly with sulphide which
means that these components should not be expected to be
found in the same water sample. The existence of
measurable amounts of sulphide in the water is an
indicator of very reducing conditions. The sulphide is
oxidized to sulphate by dissolved oxygen whereas the
opposite reaction only occurs in the presence of
bacterial activity.

As a word of warning, Eh and 02 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 0_ 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 stabilising. Before this effect
was appreciated, many cases therefore exist whereupon
inadequate time has been available for the measuring
electrodes to stabilise, and for the atmospheric-derived
0, to be effectively removed from the flow-through
cells.
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The Fe(II)-Fe(III) couple is thought to be the prime
redox determining reaction in most natural groundwaters
(Wikberg et al 1983). The theoretical calculations of the
Eh should be based on this system because the reactions
between the ferrous and ferric iron at the electrode
surfaces are reversible, the exchange current density is
high and the rock contains some 1-10 % iron, most of it
in the divalent form. However, in specific cases the Eh
can be controlled by other elements. The remaining
important redox sensitive parameter, that concerning the
behaviour of uranium, is described below. (Section
2.2.2).

Uranium investigations

The presence of dissolved uranium and its isotopic
daughter decay products in surface waters, near-surface
waters and groundwaters, is of particular interest in the
context of high-level radioactive waste safety assessment
considerations. Features of importance include:

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

b) because of its economic importance as a nuclear fuel,
uranium prospecting methods are highly developed and
very small quantities (<lppb) can be measured with
precision in groundwaters and rocks.

c) as uranium is an important constituent of spent
nuclear fuel, and because its chemical behaviour
resembles closely the more harmful actinides such as
neptunium and plutonium, the hydrochemical behaviour
of uranium in the geosphere and under laboratory
conditions, renders it extremely instructive in
helping to predict long-term actinide behaviour in the
far-field environs in the event of canister corrosion
and subsequent radionuclide leakage.
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d) the degree of uranium dissolution and mobility in
groundwaters can be used as an important 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; Langmuir, 1978; Giblin et al
1981). From such studies an extremely complex picture has
emerged which shows that many physico-chemical parameters
can influence the behaviour of uranium in natural ground-
waters. Based on Langmuir (1978) and Giblin et al (1981)
the major influencing parameters are listed below.

a)

b)

c)

the uranium content in the source rocks and its
leachability.

the proximity of groundwater to uranium-bearing rocks
and minerals.

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

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

pH and Eh states of the groundwater environment.
redox state of the uranium species.

kinetics of uranium speciation reactions.

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

Under strongly reducing conditions the solubility
limiting phase would be UO2 (solid) in either
crystalline (i.e. uraninite) or amorphous (i.e.
pitchblende) form, depending on the environment. The
characterisation of the uranium species present in
solution is however less clear. The U(IV) hydrocomplexes
U(OH)4 and U(OH)_ have been postulated as being
responsible for the UO2 (solid) solubility in
carbonate-free alkaline environments (Allard, 1983).
However later studies by Rai et al (1984) and Ryan and
Rai (1983; 1984) have disproved the possibility of
Ac(IV)(OH)5 (were Ac = the actinides U, Np, Pu). As a
result only U(OH)4 need be considered in reducing
carbonate-free environments.

Under less reducing conditions, and/or in the presence of
carbonate, the uranyl carbonate species UQ
(CO3)22- and UOZ(CO3)34- predominate.
Depending on the degree of crystallisation of UOQ

(solid) and the oxidation conditions of the surrounding
environment, uraninite is no longer the solubility limi-
ting phase. Instead, UOZ(OH)2 (solid) will control

the uranium content in solution (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.

2



19

The total uranium solubility, and as a consequence its
mobility, can be restricted by the possible ternary
species which can be found in a multivariant groundwater
system. The effect of mixed crystalline solids such as
carnotite KZ(UOZ)Z(VO4)2’ uranophane

,Ca(U02)2(3i030H)2 , autinite, Ca(U02)2

(P04)2 , bassetite Fe(UOz)Z(P04)2 etc has

been observed in natural environments. Thus, complete
modelling of uranium, which is beyond the scope of this
present report, 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 oxygen/carbon
dioxide-bearing groundwaters. Furthermore, and an
important point, is that the solubility of low
temperature amorphous UO2 (e.g. pitchblende), which is
considerably greater than that of crystalline uraninite,
can also occur under 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 UO2 stability field
boundaries were more appropriate for groundwater
equilibrium with rock matrices containing
well-crystallised U0, (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 UO_ (i.e.
pitchblende). In these cases amorphous UO2 stability-
field boundaries are recommended. However, depending on
the Eh-pH parameters of groundwaters representative of
the two geological environments, the uranyl carbonate
complexes may be stable in the aqueous phase thus
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restricting any uranium precipitation. Such a situation
has been described in groundwaters from Triassic
sandstones (Andrews and Kay, 1983) whereupon in the
absence of uranium deposition, some of the highest
uranium contents were recorded from those groundwaters
which generally exhibited the Towest Eh values. Of-course
it is important to note here that a realistic
interpretation of natural groundwater data based on
thermodynamic models is dependent on the confidence of
groundwater Eh measurements. Such confidence is often
debatable.

Nevertheless in general terms, natural groundwater
uranium concentrations tend to be relatively high
(>10ppb) in an oxidising environment, and correspondingly
Tow (<lppb) beyond the oxidation-reduction interface, and
that Eh, pH and total carbonate concentrations are the
dominating controlling parameters. Therefore, to use raw
uranium values as a direct indication of the redox state
of a groundwater environment should be treated with some
caution, until the physico-chemical characteristics of
the groundwaters are known.

Uranium isotope geochemistry

The uranium decay series (238U-234U-230Th)

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 238U-2§4U- 230Th attain

radioactive equilibrium after about 1.7 Ma, i.e. the

respective activity ratios 234U/238U, 230Th/

34U and 230Th/238U 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 U will
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result in their fractionation and thus isotopic
disequilibrium. The respective activity ratios will
therefore be greater or less than unity depending on
whether there is an excess or deficiency of U
and/or 234U.

Applied to groundwater investigations, uranium-series
desequilibrium studies should therefore indicate which
radionuclides are being leached from the bedrock, and
their subsequent behaviour during migration and transport
through the rock mass. Owing to the generally assumed
immobitity of thorium in natural groundwaters (Langmuir
and Herman, 1980), the isotopic signature is normally
expressed using the U/ U activity ratio.

Because groundwaters are rarely static over periods of
geological time, the addition and loss of nuclides will
be variable depending on the changing physico-chemical
properties of the groundwaters as they permeate through
‘bedrock of contrasting chemistry and at different depths.
As a result, the U/7" U activity ratios

invariably show isotopic disequilibrium.

U/7 U disequlibria have thus been used to
characterise water masses, estimate degees of mixing of
different water masses, estimate the intensity of water
circulation and as a means of dating groundwaters (e.g.
Osmond et al 1974; Kronfeld et al 1975; Osmond and
Cowart, 1976).

Well-documented work on large-scale sedimentary aquifer
systems (e.g. Kaufman et al 1969; Osmond and Cowart,
1976; Cowart, 1980; Andrews and Kay, 1982) have indicated
that during the transition from an oxidising to a
reducing environment, there occurs a decrease in total
dissolved uranium (discussed above), and an increase in
the 234U/238U activity ratio. It has been
ggggested (Osmond et al 1974) that such a build-up of

U with depth indicates anzgging effect due to the
natural decay of the parent U. However, as
summarised by Andrews et al (1982), uranium in solution
does not form a closed system and ingrowth of U



2.2.3

22

ocurs due to solution of alpha-recoil 234Th at the
rock/water interfaces during permeation of the
groundwaters. In additon, the ultimate extent or excess
234 234 238 L
of U and therefore the U/777U activity
ratio value, is also dependent on the natural groundwater
flow-rate and the possible interchange with active
Teaching waters. Furthermore, sampling procedures in
which artificial groundwater flow-rates have been
imposed, may also result in a modification of activity
ratio values and total dissolved uranium contents
(Smellie, 1983b,c).

It should therefore be recognised that, in common with
the other environmental isotopes in routine use, uranium
decay series studies of groundwaters should not 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 systems
mostly involve the light elements and their isotopes:
hydrogen (°H, 2H 3H) carbon (12C, ! c,

C), nitrogen (" 'N, "°N), oxygen (" 0

0) and to a lesser extent sulphur (778,

S)). These are normally chosen because isotopic
fractionation between different isotopes of the same
element, resulting from their differing geochemical and
physical behaviours, is sufficiently large to be of
geochemical interest. Of the heavier elements, the
gggnium de§g¥ series nuclides 2 U, u,

Ra and Rn exhibit significant measurable
fractionation differences to be of use in hydrochemical
studies. With greater instrumental sophistication2
measurement and application of isotopes such as I,
39Ar, 85Kr, Kr and ~Cl1 have
increasingly been carried out with Timited 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/H and 0/160. 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) groundwater source (s)

d) degrees of mixing of groundwaters from different
sources

e) as an aid in predicting future natural changes in the
chemistry 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; most
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.

Tritium

Tritium (3H) is the radioactive isotope of hydrogen
with a half-life of 12.4 years and is measured in tritium
units. One tritium unit (TU) is defined as the
concentration of one atom of "H in 10 8 atoms of

H. Tritium is derived:

- naturally from the atmosphere by cosmic-ray radiation
involving the interaction of nucleons with nitrogen,
oxygen and argon. Through oxidation to water it
eventually 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 "Li and 4He. Because of the near-absence of Li
in groundwater, “H production can be neglected.

- artificially from the testing of thermonuclear devices
in the period 1952-1962.

By far, most of the tritium present to-day in the
atmosphere and subsequently 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, enough is known
to be able to derive some natural tritium levels in
precipitation which range from 4 to 25 TU depending on
Tocation (Nir et al 1966). As a result of the
thermonuclear tests the tritium values increased
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 radioactive decay.

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

Radiocarbon

The primary source of 14C is the nuclear reaction

between the secondary cosmic-ray neutrons and nitrogen

nucleii which occurs in the transitional region between

the stratosphere and the troposphere (Libby, 1965). These
C atoms eventually oxidise to form = CO

molecules which, upon mixing with inactive atmospheric
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C02, subsequently enter the_biosphere and hydrosphere
in the form of CO2 and HCO3 .
The chemistry of the C02 - CaCO3 system for
groundwaters in contact with the soil and bedrock, which
comprise the surface and sub-surface environs, is
complex. In a CO2 - CaC0, open-system the carbonate
(surface and sub-surface environs) is dissolved by water
in continuous contact with the CO2 reservoir (the soil
COZ) at a fixed partial CO2 pressure. In the
closed-system case, the carbonate is dissolved by
infiltrating water which has initially been in contact
whith the CO_ reservoir. In nature however, nothing is
ever so simple and carbonate dissolution will more than
often take place under mixed conditions. Furthermore,
when the groundwater becomes supersaturated, the
precipitation of 14C-enriched calcite occurs under
favourable conditions resulting in groundwaters
correspondingly depleted in 1 C. As argued by
Tullborg (1985), to be able to discuss the relevance of
groundwater ~ 'C dating, it is important to know
whether dissolution or precipitation of calcite is
prevailing at the sampled levels. These complexities mean
that it is often difficult to reconstruct the original
carbon-14 content of the water. The ratios of the two
isotopes of carbon (12C and 13C) vary
considerably in nature and their ratios are widely used
to help unravel the geochemical history of the
roundwater and to estimate the original amount of

C introduced into the system. Because of these
uncertainties, and others which include chemical and
isotopic exchange with atmospheric COZ’ all of which
must be corrected for, the characterisation of
groundwaters by the L C technique is treated with
some doubt.

To combine 14C and 3H data in conjunction with
hydrogeological evidence has in some circles been
considered more appropriate (Eriksson, 1962; Geyh, 1972),
thus enabling water sources to be located and also as a
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validation of certain correction precedures. Dating of
relatively recent water (last 50 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 content of the humus layer effective in
producing the soil CO2

To conclude, the 14C 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 isotopes (170 and 18O) and deuterium

("H) occur naturally in water and are stable to
radioactive decay. Due to natural processes such as phase
transitions, water transportation, chemical and
biological reactions etc., isotopic fractionation occurs
resulting in a distinct isotopic signature for
groundwater deriving from different sources. Variations
in isotopic abundance is not thought to be adversely
influenced by presently-occurring radiogenic production
in the atmosphere. A1l of these factors render such
isotopic measurements as extremely useful in
characterising surface, near-surface and groundwater
environments. As summarised by Fontes (1980; p. 75), "if
the isotope content does not change within the aquifer,
it will reflect the origin of the water. If the isotope
content changes along groundwater paths, it will reflect
the history of the water. Origin deals with location,
period and processes of the recharge. History deals with
mixing, salinisation and discharge processes".
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r practical purposes the stable isotopes 2H and

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

Fo
18

a) condensation stages resulting in precipitation; this
tends to result in isotopic fractionation and depends
on changes of temperature and pressure.

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 plotted on a 2H
(ppt) vs 18, (ppt) diagram and interpreted relative

to present day oceanic precipitation which is
characterised by a deuterium excess (d ) of 10 ppt. This
is represented graphically by a linear relationship
expressed by 8°H = 8 ol 0 + 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 depletion)
indicates changes in palaeoclimate.

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

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

- enrichment of 6180 and depletion of 62H in waters
resulting from alteration of feldspars to clay
minerals.
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- gaseous exchange of CO2 and HZS from charged
groundwaters canzresu1t in a depletion of "0 and
enrichment for s H respectively.

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 1 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).
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INFLUENCE ON GROUNDWATER CONDITIONS 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 procedures. In
addition, water samples are taken from different levels
in the boreholes for chemical, physical and isotopic
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. Furthermore, a borehole which

penetrates zones or areas of different hydraulic head
will short-circuit the groundwater through the borehole.
Thus, the groundwater will flow into the borehole from
one or a combination of several horizons and out 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
influenced by drilling and cleaning operations (gas-lift
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
chemistry 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 debris).
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According to Ask and Carlsson (1984) the following
activities are considered to be the main causes of
influence on the groundwater:

- Borehole drilling

- Gas-lift pumping

- Hydraulic injection tests
-  Water sampling

- Open-hole effect

- DBrilling debris

Drilling and testing waters, which usually has a chemical
compositon diverging from the natural existing
groundwater, are introduced into the borehole and the
surrounding bedrock. Consequently the groundwater
chemistry is influenced to varying degrees. Gas-lift
pumping and water sampling on the other hand remove water
from the borehole. However, under certain 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 preventing a shortcircuiting
in the borehole. The disturbance caused by
short-circuiting might under certain conditions influence
the existing natural head distribution 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 period of time during which short-circuiting of
the groundwater exists in the borehole, the investigation
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proper is carried out. First geophysical logging is
conducted whereupon probes are lowered and raised within
the borehole creating a 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 conducted. This sampling
procedure starts with an extensive gas-1ift 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 completed, 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 around 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 borehole,
thus affecting both the hydraulic and chemical parameters
therein. These negative effects can be diminished by
using shallow groundwater (of similar chemical character
to that encountered whilst 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 the 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
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the equipment is brought up 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 depending on bedrock
conditions and on the condition of the drill bit; on
average 45 - 60 minutes is required 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 depth
for borehole Fj2 (Fjdllveden) which is 700 m in length.

Influence on the groundwater

The borehole radius of influence on the groundwater
conditions caused by the excess drilling fluid pressure
is dependent on the hydraulic properties of the bedrock
as well as on the excess pressure. It is also dependent
on the effective drilling time - the time it takes to
drill a certain distance - as well as the time it takes
to empty the core barrel and lower it into the borehole
again. During drilling 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 decreasing 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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Figure 3.1:
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Drilling time in days

Drilling time versus depth for the borehole Fj2.

When the flushing water passes down through the drillrods
the excess pressure is reduced by friction. The extent of
this reduction is partly dependent on the flow-rate of
the water and the diameter of the drill-rod, and can be
calculated according to the universal law of resistance
or Darcy-Weisbach™s formula:

2

no

v

L v _
hf =4 g 29 T 5= (3-1)

where h

g

= pressure reduction (m wc)

Z = resistance coefficient

v = average velocity (m/s)

g = acceleration due to gravity (m/sz)
L4 = tube resistance

L = tube length (m)

d = 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
when calculating the pressure reduction, the influence of
dimension changes must also be taken into consideration:

2 2 2
'2
he = Sy og *tpgg * (e + 2g) 55 (3-2)

where v, = velocity in the drill-rods

vy, = ! " " couplings
Ly = 0.028 x L/d
o = 0.027 x L/d

= (1-d22/d§1)22= 0.43
g4 = 0.5 (1-d 2/d 1) = 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 time, 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
recommended to compare the 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 division of the
borehole. Thus, in the 25 m section containing the actual
drilling section, a full excess water 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 instance, when the drilling has
reached section 100-125 m, section 75-100 m is assumed to
have an excess pressure of 0.8 times the excess pressure
at the drilling section.

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

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

flow of water (m3/s)

where @ =
o = parameter describing time and geometry ( = 1)
K = hydraulic conductivity (m/s)
L = length of borehole section (m) (L = 25 m)
AH = excess pressure in the borehole section (m)

The amount of water injected into the drilling section
being considered can then be estimated by multiplying the
flow-rate with the drilling time. However, the actual
time of water injection during drilling of the 25 m
section is estimated to be half of the actual drilling
time. The remaining water flow will continue to the next
section above where an estimate is carried out in the
same manner. Thus, a step by step calculation is carried
out and a summary of all steps will give an estimate of
the total amount of water injected to the bedrock during
drilling, disregarding any clogging effect and pressure
drop at the drill bit.

Figure 3.2 shows estimates of the injected water into
different 25 m sections of the boreholes Fj2 and Fjé
(Fjdllveden test-site). Table 3.1 summarizes the
estimates of the total inflow to the bedrock and the
water balance for the drilling period.
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Table 3.1: Estimates of the water balance during drilling of
selected boreholes. Each borehole is 700-800 m in
length.

Borehole Estimated total Calculated drilling Drilling water
use of flushing water injected into returned to the

water during the bedrock ground surface
drilling
3 3
(m™ )**) (m™) (m™)
Fj 2 135.0 134.9 0.1
Fj 4 135.0 134.9 0.1
Fi 7 125.0 3.3 *) ?
Fj 8 140.0 88.5 b1.5
Gi 2 130.0 112.3 17.7
Gi 4 130.0 125.9 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 24.7
Sv b 155.0 83.9 71.1
Ta 1 130.0 20.6 109.4

*) K-values are unavailable down to 125 m.
**) A1l measures are calculated on the assumption of a
drilling water rate of 20 1/min
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Figure 3.2: Estimated calculations of the amount of
drilling water entering different 256 m
sections during drilling of boreholes Fj2 and
Fj4.

Gas~1ift Pumping

After drilling is completed, the boreholes are cleared
from rock debris and drilling water by gas-1ift pumping.
This is performed by introducing nitrogen gas down the
borehole through a plastic hose and then forcing out the
water and drilling debris. The nitrogen gas is introduced
about 20 meters above the bottom of the borehole and no
packers are used to seal off any particular sections in
the boreholes. The initial pressure of the gas is 20 MPa.
The gas will continue to flush the borehole 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 4 times during the
complete cleaning operation after the drilling. The
amount of water removed from the boreholes depends on the
hydraulic properties of the rock. Usually it is about 4-5
m- for each flushing period and thus 16-20 m  in

total for one borehole.

Fj &
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During drilling Nal (0.01 mmol/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-1ift pumping for rough analyses on the
concentration of suspended particles and tracer.

The main cleaning operation is normally performed after
completion of the drilling but prior to geophysical '
Togging and hydraulic testing. However, additional
cleaning is also performed in some boreholes before water
sampling is conducted. The flushing is performed in the
same way as described above and is usually repeated 3
times. Thus, the total amount of water pumped out of
every investigated borehole is 28-35 m”,

Hydraulic Testing
General

Measurements of hydraulic conductivity are normally
performed in the boreholes. These measurements, in the
form of water injection tests, are carried out along
different sections of the boreholes (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 measuring limit of
the equipment used is 1.10-11 m/s when performing 25

m section tests.

The tests are carried out 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 (approx. 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 natural water head by 0.2
MPa (20 m water column). The pressure is then measured in
the test section and maintained at a constant value by
regulating the water flow. The water flow is registered
after commencement of water injection as a function of
time. Assuming an outward radial flow from the test
section, the flow can be expressed as:

Q(t) = 2T K L H Gla) (3-4)

where Q(t) = flow as a function of time t (m3/s)
K = hydraulic conductivity of the tested section
(equivalent porous media) (m/s)
G(a) = well function at constant head
H = constant excess pressure in the tested
section (m wc)
L = Tength of tested section (m)

a = Kt/r 23 (3-5)
W S

borehole radius (m) !
specific storage coefficient (m ~)

where r
w

S

S

When the value of o is large, i.e. extended testing time
and/or small values of r , G(a) can be approximated by
2/W(u), where W(u) constitutes Theis”s well function
whereupon

u=0.25/a (3-6)

For values of u < 0.01 (o > 25) the well-function may be
written as:

W(u) = =0,5772 - In u = )
= 2.30 log((2.25 K t)/rw 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/log((2.25 K t)/r‘wzss) (3-8)

The theoretical flow decrease might be influenced by
factors associated with the borehole, the equipment and
the bedrock (e.g. skin effect, equipment compliance and
hydraulic variations). By using constant head testing,
the effect of equipment compliance 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 injection test,
the water flow to the test section is stopped and the
pressure falls off. The hydraulic conductivity is
calculated both from the injection and the fall-off
phases.

Influence on the groundwater conditions

Water injected during hydraulic testing will influence
the hydrochemical and hydraulic conditions of the
groundwater. However, it is this change in hydraulic
conditons that forms the fundamental concept for the
hydraulic testing where the response of a controlled
disturbance in the groundwater system is monitored and
analyzed regarding the hydraulic properties and
conditions.
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Amount of water [ m3)

Hydraulic Conductivity (m/s)

Figure 3.3: Amount of water injected 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 during the injection phase, and
the area influenced around the borehole, have to be
calculated. The amount of water injected is given by:

t
V= /a(t) dt (3-9)
0
where V = amount of injected water during time t

By using equation (3-8) and (3-9) the diagram in Figure
3.3 is constructed. In the Figure the amount of injected
water is given as a function of the hydraulic
conductivity for an equivalent porous media with a test
section of one meter length in a borehole with 56 mm
diameter. The test duration is 2 hours and the excess
water pressure is 0.2 MPa. Thus, at hydraulic
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conductivities exceeding 5.10-9 m/s, more than one

Titre per metre test section is injected to the bedrock.
It 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 injected 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 hydraulic 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
(m3) (m3)
Fj 2 3.0 Km 3 0.9
Fi 4 0.9 Km 8 1.0
Fi 7 0.1 Km 13 0.5
Fj 8 0.4 Km (13 holes) 12.0
Fi (9 holes) 6.9
Sv 4 1.0
Gi 2 . Sv 5 1.7
Gi 4 2.2 Sv (6 holes) 8.0
Gi (13 holes) 24.0
Ta 1 0.3
K11 3.1

*FJ
Sv

Fjallveden; Gi = Gided; Km = Kamlunge;
Svartboberget; Ta = Taavinunnanen; K1 = Klipperésen.
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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 Tength 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 between one packer and
the bottom of the borehole. The water is transported to
the ground surface by a pump positioned above the sealed
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 below in Section 4. The total amount of
water pumped out from the boreholes during water sampling
is summarised in Table 3.3.

Table 3.3: Total amount of water pumped 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”)
Fj 2 13.7 Km 3 18.1
Fj 4 15.4 Km 8 >8
Fj 7 17.7 Km 13 11.8
Fj 8 4.0
Gi 2 18.1 Sv 4 15.7
Gi 4 9.5 Svb 6.9
Ta l 14.7 K11 1.9
* Fj = Fjdllveden; Gi = Gided; Ta = Taavinunnanen;

Km

Kamlunge; Sv = Svartboberget; K1 = Klipperdsen.



3.6

3.6.1

44
Open-hole Effect
General considerations

The mere existence of a borehole is a source of influence
on both the groundwater chemistry and the hydrogeological
conditions. This influence is due to the short-circuiting
caused by the borehole itself on the naturally existing
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 operate for a long
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, regional and
lTocal, and the remaining rock mass (Ahlbom et al, 1983a).
The results show that different hydraulic head exist in a
borehole, but due to the borehole itself the groundwater
level has equilibrated. However, the groundwater will
still continue to circulate in the borehole, flowing from
zones of higher hydraulic head to zones of lower
hydraulic head. Under ideal conditions, with a constant
groundwater level, the amount of water entering the
borehole should be equal to the amount removed. This
circulation will affect both the hydraulic and the
chemical situation in the bedrock surrounding the
borehole.

In order to illustrate the conditions mentioned, a series
of theoretical models are treated, starting with the
simple case of an unconfined aquifer above and a confined
aquifer below an impervious layer. In this case
groundwater will flow through the borehole from the zone
of higher to the zone of lower hydraulic head, and the
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groundwater level in the borehole 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=21KHAs / In (R/rw) (3-10)

flow of water (m3/s)

where (Q =
K = hydraulic conductivity (m/s)
H = thickness of the aquifer (zone) (m)
As = head difference in the borehole (m)
R = radius of influence (m)

r= radius of the well (m)

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

2

AlelHl ) AsszH2

1n(R1/rW) 1n(R2/rW)

(3-11)

Defining M =As1 +As2 and R” = 1n (Rz/rw)/1n(R1/rw)
the equation becomes:

(R KlHl/KZHZ)

A 52/M = (3-12)

(1+R KlHl/KZHZ)

The expression 1n(R /rw)/1n(R /rw) will probably
not exceed 2 or fa]% below 1/%.
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In Figure 3.4 a set of type curves is presented showing
ASZ/M for different values of Kl/K2 and H1/H2.

These curves show that the greater K1 and H1 become,
compared to KZ and H,, the closer to the higher
piezometric level will the equilibrium level be. The

models are described in detail in Appendix 1.

—=== Groundwater level
Piezometric head

AS1
— = M
Q) —» aS,; Hy
0.01 7 /
52222222L42 //62;%222
—r —
K, Qr—» - Ha
PIry
—R .
0.001 v T
0.01 0.1 1 10 100

KV/K2

Figure 3.4: The relation between the resulting
groundwater level (equilibrium level) and
hydraulic conditions of two conductive
fracture zones separated by an impervious
layer. A52/M as a function of Kl/KZ for
different ratios of Hl/HZ'
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3.6.2 Numerical calculations

A generic model, based on geometrical data from the
Kamlunge site, is calculated by the finite element
program GEOFEM-G (Runesson et al, 1979). The object is to
illustrate the influence on the groundwater head 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 performed in a sequence comprising:
1) calculation without a borehole, 2) calculations 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 extensive
presentation see Appendix 2.

S
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1000 -////////////////////////////rVVV/////////Vz:yOC///////
1 I ! s’ ! [ ]
1500 1000 500 0 500 1000 1500 m

CIRCUMJACENT FRACTURE ZDNE
HORIZONTAL FRACTURE ZONE
ROCK MASS

GROUNDWATER LEVEL
NON-FLOW BOUNDARY

LOLEE

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 within the whole area
studied. Four different cases are studied with different
hydrogeological parameters and conditions as shown in
Figure 3.6. In cases A and B, a constant hydraulic
conductivity is allocated for the rock mass. In cases C
and D the hydraulic conductivity decreases with depth
according to the formula given by Carlsson et al (1983)
for the Kamlunge site:

K=7.91 x 1075 2'3'17 (3-13)

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

In cases B and D the influences are illustrated by two
horizontal continuous fracture zones, with a thickness of
10 m each, which extend through the whole model. These
fracture zones are given a hydraulic conductivity of
1.107" m/s, while the outer limiting "circular" zone

has a conductivity value of 1.107° m/s.

log K {m/s) log Ki{mA}
-12 -1 0 -9 -7 -6 -12 -1 -1 -9 -8 0? ]
0 i " i i 0 1 1 1 L
200 200 A
400 4 00 A
600 A 600
z (@4
800 800
1000 1000 J
{m) {m)
log K{mA) log K{ms)
12 -1 -1 -9 -7 -§ -2 -1 -10 -9 -8 - -6
0 . L L L . ¢ : L L n L
200 + 200 o
w00 C wo 4 D

600 - 500 A
€z €z

800 A 800

1000 J 1000 J

{m) (m)

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 along the S-S~ symmetry axis

before the drilling (see Figure 3.5 for location of

symmetry axis).

Along the symmetric line S-S~ (see Figure 3.5), a
borehole is drilled to 600 m depth. The groundwater head

profile along the line before the borehole is drilled is
illustrated in Figure 3.7 for the different cases
considered. Based on these profiles the groundwater level
within the borehole is calculated (Table 3.4) assuming
that the water balance is maintained in the hole (i.e.
constant groundwater level). Furthermore, the influence
radius on the groundwater head from the borehole is
assumed to be the same, regardless of the hydraulic
conductivity value of the surrounding rock. The
analytically calculated head for the different cases are

shown in Table 3.4.



50

Table 3.4: Calculations of the groundwater level in a 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 numerical
calculations for different cases studied, see Figure

3.6.

Case Calculated groundwater Annual exchange of
level (m below gw-level groundwater within the
in the uppermost borehole (m3/year)
bedrock i.e. 160 m)

A 36.3 9
B 106.1 190
C 0.3 10
D 28.6 1500

The second and last runs of numerical calculations
comprise models where the groundwater level in the
borehole is given as boundary conditions along the upper
600 m of the symmetry axis S-S”. To illustrate the
influence on the hydraulic head orientated horizontally
out from the borehole, two sections of head profile at
160 m and at 550 m respectively down the borehole are
shown in Figures 3.8 and 3.9. In these figures the head
increase or decrease in relation to the conditions before
the borehole was drilled are given as a function of the
radial distance from the borehole for the different cases
considered under steady state conditions. The greatest
influence is obtained in case D where horizontal
fractures exist in the rock mass which has a decreasing
hydraulic conductivity with increasing depth. In the case
of constant hydraulic conductivity with depth (case A), a
large head influence is also obtained. However, the
distance of influence into the bedrock is greatest when
horizontal fractures are present.
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Figure 3.8: Groundwater influence due to the difference in
piezometric head before and after drilling along a
horizontal profile projecting from the borehole out
into the bedrock (steady state). Cases A and B.
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piezometric head before and after drilling along a
horizontal profile projecting from the borehole out
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Drilling Debris

The debris formed during drilling consists of a very
fine-grained powder. The grain size, which varies with
rock-type, drill-bit shape and drill-bit-pressure, is
5-10 pm for granite (Craelius Co pers. commun. 1983).
This corresponds to the finest interval of silt.

The bedrock volume converted into debris is 0.75 m3 for

a 700 m borehole of diameter 56 mm and a core diameter of
42 mm. Assuming a porosity of 70 % the drilling debris
will occupy a volume of 2.5 m", In general, below 100 m
depth no flushing water, and thereby 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_empty borehole of 56 mm diameter has a volume of
1.7 m” and the drilling debris would thus fill out a

900 m borehole.

Some of the drilling debris is removed by gas-1ift
pumping but to date only qualitative measurements have
been performed at the Swedish site investigations (see
Section 6). Some authors claim that gas-1ift 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 communication between the borehole and the
rock-formation. By using a transient hydraulic
test-procedure and long injection-times the skin-zone
will not normally affect the hydraulic conductivity
measurements, only the transient course (Andersson and
Carlsson, 1980). This is true when the injection time is
of a long enough duration so that the perturbation from
the imposed hydraulic pressure exceeds the skin-zone
(radius). According to Andersson and Carlsson (1981) the
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radius of influence (r ) of a hydraulic test can be
estimated from the formula:

1/2
ro= (135Kt (3-14)
€ S
S
where K = hydraulic conductivity (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 spécific storage is a parameter
describing the elasticity of the combined bedrock-fluid
system. The lower the SS 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 conductivity for a homogeneous medium
(injection 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-formation directly affected by
the drilling debris is known. The porosity of crystalline
rock can, according to Norton and Knapp (1977), be
divided into flow-, diffusion- and residual porosity:

gtot = QF + OD + OR (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
observations indicate that flow porosities range from
1.107° to 1.107 . Furthermore, flow porosity is a

small fraction of the total porosity. Gale (1982) points
out that it is quite possible that the total fracture
porosity is much higher than the flow fracture porosity
computed from injection tests. 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. Values of the flow
porosity in crystalline bedrock are presented in Table
3.5.

Table 3.5: Flow porosity determined from crystalline bedrock.

Rock type Flow porosity Reference

Granite (Stripa) 1.2 x 107" Lundstrém and Stille
(1978)

" " 8.0 x 107> Andersson and Klockars

(1984)

Granite 5x107%- 4x10™°  Bianchi and Snow
(1969)

Granite rock 1 x 1074 Gale (1982)

Quartz diorite 2-3 x 1073 Villas (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 %).

try ) (3-16)

where QF = flow porosity
r = skin-zone radius (m)
r = borehole radius (m)

In Figure 3.11 the estimated skin-zone radius versus
different flow porosities is given at different degrees
of filling. At a flow porosity of 1.1073 the

skin-zone radius changes from 1.4 m to 1.0 m when the
filling degree of the drilling debris changes from 50 %
to 100 %. )
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Figure 3.11: Estimated skin-zone radius (r ) for
different flow porosities (QF) at 100
% and 50 % outfilling with drilling debris
from a 700 m deep borehole.
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From Figure 3.10 it can be seen that with rs =1 mand
with an injection time of 120 minutes, the hydraulic
conductivity of the skin-zone must exceed 6.10 ~~ m/s
when SS = 1.10_6 for the imposed perturbation to

reach into the undisturbed rock formation.

For example, a skin-zone radius of rs =1 m along the
whole borehole is of course a purely statistical measure.
In reality the skin-zone is a function of the hydraulic
conductivity, i.e. the higher the K-value of a borehole
section the more drilling water will flow through it, and
also the amount of drilling debris. Therefore, from the
calculations in section 3.2 the amount of drilling water
from the drilling procedure entering 25 m-sections of a
borehole reflects the distribution of the width of the
skin-zone radius.

Supposing the concentration of drilling debris in the
flushing water is constant during drilling, then the
amount of debris entering every 25 m-section is easily
calculated. Furthermore, if the flow porosity and the
amount of debris accumulation in the rock is estimated,
the skin-zone radius of every 25 m-section can be roughly
calculated. Two examples are presented in Figure 3.12.

Fj 2
1072 107 10° 100 107 e tm) 10° rgtm)
1100 % =3 100 %
BOREHOLE L 50 % BOREHOLE {50 %

LENGTH (m) LENGTH {(m)

Figure 3.12: Rough calculations of the skin-zone radius in 25
m-sections of two 700 m cored boreholes assuming
an accumulation degree of 50 % and 100 % of the
flow porosity.
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Summary

A borehole drilled in crystalline bedrock influences the
groundwater conditions. In addition, borehole drilling,
gas-1ift pumping and hydraulic testing also influence the
hydraulic and chemical conditions 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 rough estimate can be made on the amount
of water injected into the bedrock during drilling. It
has been calculated that more than 100 m~ of drilling
water is injected to the bedrock under certain
circumstances. The drilling water has a chemical
composition normally diverging from the natural
groundwater at each respective groundwater level
traversed. During gas-1ift pumping, only a small part
(12-20 %) of the drilling water is flushed out;
consequently most of it remains in the bedrock.

The Tong-term influence of the open-hole effect is
illustrated by numerical modelling of a generic site.
Depending on the occurrence of different hydraulic units
such as fracture zones, and different assumptions as to
the variation of hydraulic conductivity with depth, the
amount of water circulating in a borehole might be
several hundreds of m3 per year.

During hydraulic testing additional water is injected
into the bedrock, although this amount is very small
compared to the amount injected during drilling. A second
gas-lifting operation performed prior to water sampling
flushes out some additional amounts (8-15 %) of the
remaining drilling water. The final procedure to take
place is water sampling, during which a somewhat smaller
volume of water is removed from the borehole than during
the cleaning operation. However, the major part of the
injected drilling water is still left in the bedrock.
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In Figure 3.13 the calculated amount of water entering
and leaving the bedrock surrounding boreholes Fj2 and Fj4
(disregarding the open-hole effect) is presented. The
figure also shows the water budget estimations for the
sampled level 123 m (borehole length) in Fj2. In this
case the long-term importance of the open-hole effect is
illustrated.

The different terms of the water budget for a water
sampled level (2.7 m length) is obtained by linear
extrapolation (i.e. x 2.7/25) of the calculated values
from the actual 25 m section. This excludes the sampling
amount, which is a direct measure of the 2.7 m section.
This extrapolation is valid if the hydraulic properties
(K-value, hydraulic head), measured in 25 m sections, are
uniformly distributed along the complete section. If the
water-conducting fractures are concentrated only within
the sampled horizon, the influence of the borehole acti-
vities is correspondingly higher. If the sampled horizon
falls outside a fracture zone, the opposite effect is
true.

The numerical calculations presented also show that the
fracture zones, i.e. zones of higher hydraulic
conductivity, are of major importance. Short-circuiting
by a borehole will eventually result in the drilling
water being replaced by fresh groundwater. This
replacement might be caused by the flow of drilling water
from the rock to the borehole (recharge zone). In this
case the fresh groundwater is likely to be from the
hydraulic zone itself and thus representative for the
level. When replacement is in the other direction
(discharge zone), i.e. an inflow of water from the
borehole to the rock, it is likely that the drilling
water will be replaced by groundwater emanating from
other parts of the rock than the actual zone. If the
borehole is left for a long time, without the most
conductive zones being sealed off by packers, the
short-circuiting might seriously affect the naturally
existing groundwater conditions at the site area.
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Figure 3.13: Estimated water budget during different activities

for boreholes Fj2 and Fj4 disregarding the open-
hole effect. The bottom diagram illustrates the
water budget for section 123-126 m within borehole

Fj2.
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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 influence depends on whether the sampled
section of the borehole represents a recharge or a
discharge zone. If sampling is carried out in a recharge
zone, all the drilling water once injected into the zone
may have been replaced by fresh groundwater and thus the
sample will consist of up to 100 % groundwater
representative for the actual level. If, in contrast,
sampling is carried out in a discharge zone, 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 zone, 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
programme are well established (e.g. Laurent, 1982;
Almén et al 1983) and will thereby only be briefly
outlined here.

In accordance with the hydraulic conductivity
measurements several water-conducting zones are horma]]y
selected from each borehole. In general, zones recording
positive heads combined with high hydraulic
conductivities (>1.10 ~ m/s) have proved to be the

most favourable for groundwater investigations. At lower
conductivities, it is not possible to achieve the
necessary pump flow of 100-250 ml/min for practical
sampling purposes. Normally a 2.7 m 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 pressure.

Guided by the geological results from the core mapping,
single fissures (if easily accessible) are preferred to
the larger fracture zones because of the difficulty in
ensuring complete isolation. If unsuccessful, water from
outside the packer sleeves may be sucked into the
sampling section by a short-circuiting fracture network
which can channel water in from outside sources. In some
cases samples are taken between one packer and the bottom
of the borehole.

Equipment

The equipment used for the groundwater sampling is
schematically shown in Figure 4.1. The water-bearing zone
is sealed off with two rubber packers between which the
sampling pump is positioned. Both the packers and the
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pump are hydraulically operated from the ground

surface. The water is transported up through a steel pipe
the inside of which is coated with a polyethylene plastic
lining. At the surface the water passes a "flow through"
cell where the physico-chemical parameters pH, redox
potential (Eh), sulphide content (pSz_), dissolved

oxygen content (DO) and conductivity are measured; pH, Eh
and pS~~ are registered on a continuously monitoring
chart recorder. The "flow through" cell is equipped with
inlet and outlet valves for convenient calibration of the
sensors. Calibration solutions are passed through the
cell using a circulation pump. The cell and the downhole
pump are made of stainless steel; all other parts that
come in contact with the groundwater are made of plastic.
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Figure 4.1: Schematic illustration of the sampling equipment.
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4.1.2 Sampling programme

After drilling and on completion of the hydrologic tests,
but prior to groundwater sampling, the borehole in
question is normally cleared of residual waters (e.g.
drilling water and groundwater mixtures from different
sources) and rock debris. This is carried out by gas-1lift
pumping (see section 3.2) which involves introducing
nitrogen gas down the borehole through a plastic hose.
The borehole contents are then forced from the hole in a
series of pulses of decreasing strength.

Sampling is usually carried out during a 14 day period
for each horizon. For the first 4 days groundwater is
continuously pumped to try and ensure maximum removal of
drilling water or other contaminants that may still
remain after gas-1ift pumping. Neither sampling nor
field-measurements are made during this stage. During 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 considerations, 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 is prolonged by an
additional two week period. After the sampling has been
completed, the packers and equipment are moved to another
suitable level or borehole. A schematic summary of
activities surrounding the sampling period is presented
in Table 4.1.



Table 4.1
period
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Sampling activities within a normal week pumping

Activit Day

12 3456 789 1011121314

Start up at a new
section :

Calibration of
field sensors

Field measurements

Sampling for analysis
of main constituents

Sampling for analysis
of trace elements,
isotopes and gases

Pumping for cleaning

Pumping for sampling

X)) x x X)) x %X % x

X X X X X

X X X X

X X X X X X X X

Table 4.2

Analysis performed on sampled groundwaters

Normal groundwater

Trace elements, isotopes

constituents and dissolved gases
pH Uranium and 234U/238U
Conductivity Radium
Sodium Radon
Potassium Thorium
Calcium ’H (Deuterium)
Magnesium *H (Tritium)
Silicon tic
Ammonium e
Iron 180
Manganese Nitrogen, degassed
Carbonate, total Helium, degassed
Chloride Carbon dioxide, degassed
Fluoride
Sulphate
Sulphide
Nitrate
Nitrite
Phosphate
TOC (Total organic content)

Todide
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Sample Preparation and Analysis

The sampled groundwaters are analysed for a whole range
of chemical 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 zinc acetate and sodium hydroxide.
Water for anion analysis is collected in a borosilicate
glass bottle with a ground glass stopper. Care is taken
to ensure that no air remains in the bottles after the
stopper is in place; a leak-free seal is maintained by
storing the bottle 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.

Analysis of tritium and the stable isotopes (2H and

0) are carried out on untreated water samples
collected in glass bottles (1 litre and 300 ml amounts
respectively). For 14C 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
Titres) is slowly filled with water which gradually
displaces the nitrogen gas. Hydrochloric acid is added to
convert the carbonate content to carbon dioxide and a
stream of nitrogen gas removes the carbon dioxide which
is passed and collected through a sodium hydroxide
solution.

The analysis of uranium, thorium and the uranium daughter
234 226 222

decay products ("7 'U, Ra and Rn) are

carried out at two laboratories. Where uranium is
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determined by delayed neutron activation (DNA), water
samples for analysis are collected in a 100 ml glass
bottle. From the same sample Ra is determined by
radiochemical separation and measurement of the alpha
radiation; radon is determined by direct gamma
spectrometry measurement, and thorium (23 Th) is
determined by instrumental neutron activation (INAA).
These results are normally reported in bequerel/litre
(Bq/1) or microgrammes/litre (ug/1). At the second
laboratory, the uranium content and uranium
parent/daughter decay pair 238U and 234U are

determined by high-resolution alpha spectrometry. For
these measurements a five litre volume of water is
collected and, in common for both analytical techniques,
the samples are immediately filtered (0.45 micron
membrane filter) and treated with sufficient hydrochloric
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 Mg/litre
and errors quoted are at the 20 level.

Determination of dissolved uranium and its decay
daughters using high-resolution alpha spectrometry was
only introduced after investigations were completed for
Gidea, Fjillveden and Svartboberget. Consequently, only
some reserve samples were available for analysis. For the
more recently investigated areas, i.e. Kamlunge,
Taavinnunnanen and Klipperas, 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 calculation purposes are based on hydraulic
measurements carried out along 25 m sections of the
boreholes (except for the total volume of water removed
during the sampling period which is measured directly).
The calculated hydraulic conductivity values for the 25 m
sections are then linearly 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 sampled ?

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 is contained solely within the 2.7 m 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 magnitude
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-1ift
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 non-saline

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

pH 7-9 caZ* 10 - 40
Eh, V 0 - (-0.45) Mg?* 2 - 10
HCO,™ 30 - 275 Na* 10 - 100
50, 0.5 - 15 Kt 1-5
HPO,Z™ 001 - 0.2 Fel* 0.02 - 5
NO,” 0.01 - 0.05 M2 0.1 - 0.5
F~ 0.5 - 4 NH, * 0.05 - 0.2
c1” 4-15 510, (tot) 3- 14
HS 0 - 0.5 ToC 1 -8

5.1

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

Regarding the following presentation of the water
chemistry, mention is made of non-saline groundwaters
characteristic of crystalline bedrock environments in
Sweden. For reference Table 5.1 presents the ranges of
the most common chemical species from such groundwaters
analysed within the SKB hydrochemical programme.

Fjdllveden

The Fjdllveden test-site is located in southern Sweden
approx. 80 km south-west of Stockholm (Fig. 1). The
region is characterised by a flat topography transected
by several valleys following lineament trends mostly
orientated in a north-westerly direction. The Fjidllveden
site is situated between two such valleys separated by a
distance of 3 km.
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Figure 5.1 The Fjdllveden test-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 m and 38 m above sea-level respectively
(Fig. 5.1).

The regional geology of the Fjdllveden area has been
previously described by Térnebohm (1882), St&1hés (1975),
Lundstrom (1974; 1976) and Wikstrém (1978). As a result
of SKB investigations carried out in the years 1981-1983,
the detailed geology of the Fjdllveden test-site area has
been described by Carlsten et al (1983) and summarised by
Ahlbom et al (1983b).
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A map of the Fjdllveden test-site area showing the
general topographic 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
dominated by veined gneisses of sedimentary origin;
subordinate masses of granite gneiss are also present and
tend to be mostly concentrated along the northern margin
of the area. The veined gneisses usually contain small
amphibolite bodies orientated parallel to the structural
foliation. Varying degees of migmatisation have occurred
coeval with the Svecokarelian orogeny (approx. 1800-2000
Ma) resulting in the formation of irregularly - shaped
migmatite granitic bodies orientated parallel to the
regional structural trend. Migmatitic gneiss is also
present especially along the southern and eastern margins
of the Fjdllveden 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 consequence of
isoclinal folding of the granite and veined gneiss
varieties along horizontal fold axes.

Pegmatite occurs throughout the study site in the form of
dykes and minor massifs. The youngest rock type present
is dolerite which occurs as vertical dykes (0.5 to 4.0 m
wide) orientated in a north-westerly direction, i.e.
perpendicular to the gneissic structures.

Structurally, the Fjdllveden site is bounded to the
north-east and south-west by old (approx. 1250 Ma)
Targe-scale lineaments orientated in a north-westerly
direction. Borehole investigations of these lineaments
revealed that periodic movement had occurred resulting in
shearing, crushing, brecciation and mylonitisation.
Detailed investigations at the test-site itself have
indicated the presence of 11 local fracture Zones at
depth, some of which are expressed at the bedrock surface
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Figure 5.2 Topographic map of the Fjdllveden test-site 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 regional and local fracture zones, which range in
width from <5 to 15 m to >50 m respectively, and vary in
dip from vertical to 700, are illustrated in Figure

5.2.

Fracturing of the rock mass based on surface outcrop
measurements has indicated two main directions:
north-east 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 depth the total fracture frequency is
2.5 to 4.0 fractures/m down to 200 m, and then around 1.8
fractures/m down to 700 m. The high fracture frequency at
depth is mainly due to horizontal release joints which
have resulted from the removal of the ice overburden
subsequent to the last ice epoch.

Taking individual rock types, the total fracture
frequency for the various rocks irrespective of depth is
lowest in migmatite (2.8 fractures/m) followed by granite
gneiss (4.3 fractures/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 Fjdllveden site is situated on the water divide
between two regional drainage basins of 3620 km2 and

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

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

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

Numerical modelling of the natural groundwater flow at
Fjdallveden shows a groundwater recharge rate in the
crystalline bedrock of about 5 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 groundwater levels of the
year.

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

Fjdllveden this means an average groundwater 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 more below
minor hills and under slopes. Thus, the groundwater level
at Fjallveden 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 Fjdllveden test-site.

Borehole Fj 2

Borehole Fj 2 was drilled at 60° to a vertical depth of
575 m (borehole length 700.76 m) in order to confirm the
presence of fracture Zone 1 at depth (see Fig. 5.2). This
was achieved between 340-360 m; in addition, three more
minor zones were intercepted at 466 m, 596 m and between
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598-599 m. Significant losses of drilling water occurred
at levels 24 m, 87 m and 466 m.

The dominant rock type in the borehole is migmatite
gneiss (90.6 length %) followed by gneiss granite (5.6
length %) and greenstone (3.7 length %); the migmatite
extends down to a depth of about 500 m before being
replaced by the gneiss granite. The number of
fractures/metre recorded for each rock type was
considered quite normal for the 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 uniform apart
from the upper 150 m (stress-release fractures combined
with a greater occurrence of greenstone), at 350 m (local
fracture horizon Zone 1), and between 600-700 m
(predominantly granite gneiss which is more susceptible
to fracturing than the more plastically deformed
migmatite).

I measured
. . - madelled
Borenole length m) 50% 100% 1797 fractures jEoREna.E G S R AN | h-static
Na of fractures/m - -

1 0-09 FIALLVEDEN . borehole Fj 2

= 10-10 SGAB 1982

73 20-49
50-99
;| = 0

Figure 5.3 Hydrogeological characteristics of borehole Fj 2.
a) Fracture frequency (for 10 m sections) and the
cumulative percentage of fractures
b) Hydraulic conductivity
c) Piezometric head distributions and hydrostatic
head in the borehole
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Figure 5.4 The groundwater flow-pattern and isopotentials in
the vicinity of borehole Fj 2 illustrated by a
vertical section in the sample plane as the
direction of the borehole (modified after the
numerical modelling of the Kemakta 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
component 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 gradients are small
and the piezometric head along 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 borehole, derived
from Horner-plots of the hydraulic tests (Ahlbom et al,
1983b), results in a more detailed picture than can be
achieved from the numerical calculations. As the borehole
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 Tine 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 Tower head can therefore receive water which orginates
either higher up or deeper down in the borehole, and the

. water mixture entering the section will mainly depend on

5.1.1

the hydraulic head and hydraulic conductivity of the
contributing sections. A qualitative estimate of flow
direction for the circulating water in the borehole,
together with the calculated water budget resulting from
the various borehole activities, is compiled in Table
5.2.

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

The sampled section is located within dark-grey migmatite
and is characterised by three distinct fracture zones 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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Table 5.23: Measured hydraulic parameters and calculated water budget values of the various influences due to borehole

activities at the water sampled levels in borehole Fj 2.

Level K-value*  Head Flow direction Drilling Gas-iift Hydraulic Cpen hole effect Sampled water
deviation* (borehole trends) water (+) pumping(-)} testing (+) before sampling(%) before analysis(-)

(m hole 3 . 3 3

N 3 3
length)  (m/s) (m) (m™) (m7) (m™) (m™) (m™)

-7 ¥ - 5 2 1.7
123-125 2.0-10 -0.35 (+) 5.25 0.24 0.08 3.92 .
3L2-344 _L.E‘:-.LQ-Cj +0.2 ¥ 0.03 0.002 0.001 -0.01 3.9

-7
483-485 3.9-10 -0.9 ¥ 4,793 Q.47 0.004 22.8 5.3

-9 o ¥ - -
605-607 3.0-10 -0.8 (+) Q.04 0.004 0.001 0.16 2.8
* 25 m section; head deviation from hydrostatic head in the borehole (in metre of water).
Table 5.2b: some physico-chemical parameters of greundwaters sampled from he SKE Test-site areas in Sweden.
SAMPLE DEPTH BELOW TRITIUM '“C(corr.!3c) 518y 524 oH sa® st re(Ii) 3(-1D) HCO, c. c1” 17 U-Content 23457238y

SURFACE 1) - ‘
(metres) (1u)”~ (years) (0/00vs SMOW) (0/00vs SMOW) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/i) (%) (ppE) Activity ratio
Fidllveden
Fj 2 123 (108) - 4723 ~1l.2% -30.5 37 15 1.6 180 -
F3 2 342 (293) 19 10960 ~11.31 - 26 13 5.7 lug -
£ 2 483 (409) 19 4235 -11.35 - 33 5 5.3 179 2.1
Fj 2 505 (506) <3 13920 -14,11 136 iz Sz -
N.B. These analyses represent samples taken towards the end of each sampling perisd; i
should therefore be the most representative for the groundwater at th

1} 1 Tritium unit (TU) = the number of tritium atoms per 10° hydrogen 37oms.
2) Laboratory values.

Samples considered suitably representative

Hydrology

The sampled level lies within a 25 m section of high
hydraulic conductivity (K = 2.1077 m/s). This is

perhaps not so surprising as this level is located at the
bottom margin of that portion of bedrock which is
commonly more highly fractured, and correspondingly
characterised by relatively conductive conditions. The
calculated water budget of the sampled level is presented
in Table 5.2a. The results show that a considerable
amount of contaminating water (i.e. drilling water;
injection test water) has been introduced into this level
(i.e. positive values) and that a significant amount
still remains after gas-1ift pumping and pumping prior to
sampling (i.e. negative values) (Fig. 5.5). These
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calculations also show, based on the presence of a
negative deviation in hydraulic head from the hydrostatic
pressure, that whilst the borehole was open (i.e. prior
to the second gas-1ift pumping and sampling), there was a
tendency for water to flow from the hole into the bedrock
along the conducting horizon, resulting in additional
contamination.

Water geochemistry

The sampled water (Table 5.2b) is characterised by a pH
of 8.0; of the major cations, Na+ and Ca2+ are all
present in appreciable but normal amounts for non-saline
groundwater in Swedish crystalline rocks; likewise for
the major anions HCO3_ and C1~ (see Table 5.1). The
presence of 2 % I (i.e. tracer) suggests some limited
mixing with the drilling waters.

Water volume (n?)
!
16 A : ..

Fj 2: 123-125 m
14 A
12 1

10 - 2

8 5 3%{\4

Y

1982 1983 1984

Figure 5.5: Schematic illustration of the calculated water
budget for level 123-125 m in borehole Fj 2
(Fjdllveden). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling; 5 =
Open-hole effect.
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Figure 5.6: 6180 and deuterium compositions of borehole

groundwaters from the SKB test-site areas.

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
-80 mV although partly off-set by the presence of small,
but significant amounts of oxygen (0.05 mg/1).

Isotope geochemistry

The level is characterised by 6180 and 62H values

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

T T T T L T T -
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Uranium geochemistry

A uranium content of 0.55 ppb is indicated by DNA; no
further data of uranium, or the u/—u
activity ratio, are available.

Summary

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

- residual water from drilling activities and hydraulic
testing

- water from nearby sources (at higher or lower levels)
whilst the borehole was open; penetration into the
bedrock 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 analysis represent a
significant fraction initially derived from other
sources. Chemically (Table 5.2b), such contamination is
most readily seen as low, but significant amounts of the
drilling water tracer (I ); the remaining chemical
parameters appear to be relatively insensitive.
Isotopically, particularly in the absence of tritium
analysis, it is difficult to assess any marked effect
although some "dilution" of the " 'C age might be
expected,

No significant variation 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 borehole. The
fractures intersect the axis of the core at angles
varying from 300-800, 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, and 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 2.1071C m/s and a negative head deviation

of -1.2 m. Thus the open-hole effects would tend to be
contrary to those indicated from the calculations.
However, as the overall influence effects are small, the
water budget is not expected to change from negative to
positive during sampling.

Short-time injection tests (15 minutes duration) along 2
m sections have ﬁgso been carried out resulting in a
K-value of 5.107 " m/s.
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Water geochemistry

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

for non-saline waters, likewise for the major anions
HCO3_ and C1~. The presence of 8.7 % I, which is
considerably higher than the previous level, indicates a
significant increase in mixing with drilling waters.

Redox-sensitive parameters

The presence of S{-II) and Fe(II) suggest an environment
which is still largely reducing. This is further
supported by an Eh value of -40 mV although the amount of
dissolved oxygen is high (0.2 mg/1).

Water volume (m3)

!
) Fj 2: 342-344 m

12 5 352

Y

1982 1983 1984
-2 4 4

Figure 5.7: Schematic illustration of the calculated water
budget for level 342-344 m in borehole Fj 2
(Fjdllveden). 1 = Drilling water; 2 = Gas-lift
pumping; 3 = Hydraulic testing; 4 = Sampling; 5 =
Open-hole effect.
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Isotope geochemistry

The 6180 value of -11.31 ppt (no 62H analysis is
available) supports a meteoric water source. The ~'C
indicates an age of some 10960 years; contrastingly the
tritium content (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/
activity ratio, are available.

Summary

The results show that the sampled 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 typical of near-surface water or
shallow groundwaters.

Drilling water contamination is seen as a high iodine
content (8.7 %) and may also have contributed to the
component of younger water present, as indicated by the
tritium content and the anomalously high Fe (II) content.
The iron may be partly explained by the reaction of
younger borehole water with the steel piping Teading up
from the isolated section. The significant amount of
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dissolved oxygen in the water may also reflect a younger,
near-surface water component.

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

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

This section represents an unfractured portion of fresh
dark-grey migmatite; the nearest recorded fracture zones
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 = 3.9.107" m/s) is extremely high for the
actual depth; the section is also characterised by a
negative 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 unevenly distributed the
hydraulic conductivity is along the section. In point of
fact, the hydraulic conductivity in the sampled section
is even lower than the measuring 1imit of the equipment,
showing that the water budget presented in Table 5.2 is
not representative for this horizon.
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Water geochemistry

The pH of the sampled water is 7.4; in common with the
upper two levels, the contents of Na+, Ca2+,
HC03- 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.
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Figure 5.8: Schematic illustration of the calculated water
budget for level 483-485 m in borehole Fj 2
(Fjdllveden). 1 = Drilling water; 2 = Gas-lift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Open-hole effect.
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Redox-sensitive parameters

The presence of S(-II) and Fe(Il) 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 oxygen (0.05 mg/1).

Isotope geochemistry

The 6180 value of -11.35 ppt (no GZH 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 component of young, near-surface
water.

Uranium geochemistry

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

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

Summary

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

- residual 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 is 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 (II) content which, as in the
previous level, was probably the result of reactions
between borehole water and the steel piping above the
packer system.

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

.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 common infilling constituent is chlorite, followed
by pyrite, calcite and biotite. This fractured portion is
Tocated just below the intersection of the borehole with
local fracture Zone 4 (approx. 598 m).

Hydrolaogy

The high hydraulic conductivity value obtained (K = 3.0.
1077 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 m section injection tests
showed 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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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.

Water geochemistry

In contrast to the above three levels, the representative
water sampled here exhibits a high pH (8.9) and contains
greater amounts of Na" and C1~ but lesser amounts of

ca?" and HCO3-; the more saline character of the

water is also reflected by the high conductivity value.
The relatively high 1™ 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(II),
and an Eh value of -20 mV (the highest of all four
measured levels) indicates that this groundwater 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 geochemistry

The 5180 value of -14.11 ppt (no analysis of azH is
available) is lower than for the other levels which
further emphasises 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

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, i.e. an
increase in C1~ from 140-170 mg/1 and a decrease of
HCO3- from 97-81 mg/1; a gradual increase 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 hydrological investigations along
25 m sections (in some cases more detailed measurements
have been carried out along 10 m and 2 m sections) in the
borehole, have resulted in Tocating four conducting
levels considered suitable for the chemical
Characterisation of the groundwaters. Two of these levels
(342-344 m and 605-607 m) represent the intersection with
the borehole of local fracture Zones 1 and 4
respectively, which are thought to extend to the bedrock
surface.

The natural groundwater flow in the near-vicinity of the
borehole is downwards, particularly towards Zone 1. At
the borehole intersection with Zone 1, a positive
piezometric head exists. This contrasts with the other
three levels which show negative values along the
measured 25 m sections. In general, the water budget
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 activities 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 the 2.7 m borehole lengths actually
sampled. Thus, from the hydrological point of view the
only representative water sample would be from level
342-344 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 indicated by non-detectable amounts of
tritium (< 3 TU), no component of young surface or
near-surface water is present. As the water is saline in
type, the presence of 3.9 % I” may be explained by
natural background values rather than due to drilling



91

water contamination. Finally, the high 140 age of

13920 years and a very low dissolved uranium content (<
0.20 ppb) are further indications that this water is a
true deep groundwater of reducing character.
Hydrologically, 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 section), or if water from Zone 4 has been
sampled via 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

14C age but is non-saline and also contains high
contents of both tritium and iodide. This water can
therefore be classified as a mixed water containing a
smaller component of deep groundwater and a larger
component of shallow groundwater which has leaked into
the sampling section from the borehole. Mixing 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 contributed
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 this 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 to compensate for the lack of water available
from the bedrock section. However, there is still the
problem to explain the 14C age differences between
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this level and the above section at 342-344 m. As
mentioned above, both water types exhibit similar
chemistries and similar tritium values and these
Characteristics suggest a dominant shallow groundwater
type. However the difference in 1 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 intersection and mixes with
the near-surface and shallow ground waters. Considerable
dilution of the older component will result in a lower
apparent 14C age. This water will tend to dominate

the composition of the water sampled at the 483-485 m
Tevel. 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 component 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 are present: 1) near-surface and shallow
ground waters of a young age, 2) intermediate to deep old
groundwaters (non-saline) and 3) deep to very deep old
groundwaters (saline).

Table 5.3: Uranium content and theoretical Eh values of
the groundwaters from borehole Fj 2.

Level Uranium Content Calculated Eh
(metres) (ppb) (mv)
123 - 125 0.6 - 150
342 - 344 0.2 - 70
483 - 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 borehole is slightly higher in the
uppermost level and then systematically decreases to
below detection limits 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 UO2 for three different
pH values which cover the range of most groundwater
types. It is interesting to note that the values for the
two most representative groundwater types (i.e. levels
123-125 m and 605-607 m) plot within the calculated
stability limits.

0 -
-5 . pH=810
LOG
SOLUBILITY
A o
-10 4
A 123 -125 metres
B 342- 344 -4~
® L4LB3-485 -7-
¥ 605-607 ~-"-
~-15 4
T T T T -
-300 0 + 300

OXIDATION POTENTIAL {mvV)

Figure 5.10: Plots of uranium content (expressed as log (mol/
Titre)) and the calculated theoretical Eh values
of groundwaters collected from borehole Fj 2. The
values are plotted with respect to theoretical
uranium solubility curves calculated for amorphous
(Tower stability 1imit) and crystalline (upper
stability limit) UO2 at a pH of 8.10.
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5.1.2 Borehole Fj 4

Borehole Fj 4 was drilled at 60° to a vertical depth of
585 m (borehole length 700.50 m) in order to confirm
geophysical investigations which had indicated surface
expressions of deep-seated fracture zones (i.e. local
fracture Zones 3 and 5; Fig. 5.2.). This was achieved
between 61-63 m (Zone 5) and 140-192 m (Zone 3); the
former is near-vertically orientated (800-850) and

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

The dominant rock-type in the borehole is migmatite
gneiss (96.7 % of the borehole length) followed by
greenstone (2.3 % of the borehole length) and granite
gneiss (1.0 % of the borehole length). The greenstone and
granite gneiss occurs as distinct horizons of maximum
thicknesses of 4.9 m and 5.9 m respectively. The green-
stone horizons occur throughout the drilled core length;
granite gneiss appears to be more restricted 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. Compared to borehole Fj 2
(Figs. 5.3 and 5.11), borehole Fj 4 shows a more distinct
contrast between a highly fractured (part crushed 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 in 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 400 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), is uniformly and strongly downwards around the
borehole. Only the upper part of fracture Zone 3
indicates a localised upward flow (Fig. 5.12).
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Figure 5.11: Hydrogeological 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.
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Figure 5.12: The groundwater flow-pattern and isopotentials in
the vicinity of borehole Fj 4 illustrated by a
vertical section in the same plane as the
direction of the borehole (modified after the
numerical modelling of the Kemakta Consulting Co).
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Table 5.4a: Measured hydraulic parameters and calculated water budget values of the various influences due to borehole
activities at the water sampled levels in borehole Fj &.

Level K-value*  Head Flow directicn Drilling Gas-1ift Hydraulic Open hole effect Sampled water
deviation* (borehole trends) water (+) pumping{-) testing (+) before sampling(z} before analysis(-)

(m hole 3
3 3 3 3 3
length)  (m/s) (m) (m”) (m™) (m™) (™) (m™)
X =7
151~153 l.2-10 +0.1 ¥ 4,25 0.32 0.11 ~0.31 4.4
-10
317-319 7.2°10 ~1.1L ¥ .03 0.002 <0.n01 0.04 4.5
-9
410-412 1.3.16 -1.5 ¥ 0.0k 0.004 <0.001 2.09 4.7
. -11 .
496-14398 1.9.10 -3.2 ¥ <0.001 <0.001 <0.001 0.004 1.8
* 25 m section; head deviation from hydrostatic head in the borehole (in metre of water).
Table 5.4b:some physico-chemical parameters of groundwaters sampied From the SKE Test-site areas in Sweden.
SAMPLE DEPTH BELOW TRITIUM !“C(corr.!3r) 318 82k pi Ik Conducti- Ha” ca®t re(11) s(-1I) HCOS ¢, 17 UeContent 23yr23%y
SURFACE 1 vizy . . 5 cot .
{merres) (1Y) (years) (0100 vs SMOW) (0/00v3 SMOW ) (m7)  (ms/=) (mg/L) (mg/i) (mg/l) img/i) (mg/l) (mg/l) (mg/l) (%) {ppt) fetivity ratio
Fiallveden
ss oy 151 (131) 3 3950 15 1.1 RERIT (3.5¢)
Fi 317 (272) B 375 5 5 5.1 01 138 Gae 3 (3.5%) 2
EE 410 (343) 12 5535 En 17 .37 s.ow i3 s (2.83)
AN w35 (420) 5 5350 a2 4 1.2 0,13 13 5 (<3.2) -

N.B. These analyses represent samples taken towards the =n
should therefore be the most representative for +the srou

1) L Tritiue unit (TU) = the number of tritium atoms per 197 hydrogen atoms.

2)  Laboratory values.

* Samples considered suirzably represertative

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 dominant flow component will
change from being influenced 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 its way towards Zone
2.

The measured piezometric heads in the borehole are in
good agreement with the modelled head profile illustrated
in Fig. 5.10. Open-hole effects, therefore, will result
in a general downward groundwater flow along the borehole
(c.f. Table 5.4a).
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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 approximately from 140-190 m. Two
rock-types are represented within the section: the
dominant dark-grey migmatite and a coarse-grained pink
pegmatite. Two distinct fracture zones occur varying in
width from 25 to 55 cm (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 intersect the axis of
the core at angles ranging from 20° to 900, and the

main infilling mineral phases include chlorite, calcite
and pyrite.

Water volume (rr?)
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Figure 5.13: Schematic illustration of the calculated water
budget for level 151-153 m in borehole Fj4
(Fjallveden). 1 = Drilling water; 2 = Gas-1ift
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"" 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 Ties within the most conductive 10 m
section. From 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
should be representative.

Water geochemistry

The sampled water (Table 5.4b) recorded a laboratory pH
of 8.2; no field 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% I is high

and represents a significant component of drilling water
contamination.

Redox-sensitive parameters

The presence of small amounts of S(-II) and Fe(II)
indicate an overall 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).

[sotope geochemistry

The water is characterised by a 5180 value of -11.50

ppt; no § "H is available. The 4C data indicate an

age of 3950 years and the tritium content of 9 TU shows a
significant component of young, near-surface water.
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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 disequilibrium 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
have been achieved over a longer pumping time as
suggested by the variation in chemistry during the period
of sampling. This showed small but significant increases
in Na+, HCO.  and conductivity, and decreases in

Ca2+, Fe(II) and Eh; small increases in oxygen were

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 component (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 Tevel chosen for water sampling is completely
contained within a greenstone horizon which extends from
316-321 m. The section is characterised mainly by two
narrow fracture zones (20 and 25 cm wide) containing 3
and 5 fractures respectively. These, together with two
single fractures, intersect the core axis at angles of
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
reasonably uniform (i.e. just below 1.107° m/s). The
piezometric head is -1.1 metres of water. As no detailed
water 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 representative for the sampled level. It
is known from experience that dykes or rock horizons 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+, although still
indicating contents within the range of non-saline
groundwaters, show lower Na+ and higher Ca ¥ than

the shallower level just described. Of the anions,

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
(Fjd1lveden). 1 = Drilling water; 2 = Gas-lift
pumping; 3 = Hydraulic testing; 4 = Sampling; 5 =
Open-hole effect.

Redox-sensitive parameters

A reducing environment is indicated by the presence of
S(-I1I) and Fe(Il); the latter is anomalously high (5.7
mg/1). This is supported by an Eh value of -85 mV
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 62H value of -82.6 ppt; this confirms a
meteoric origin to the water (Fig. 5.6). The tritium
content is higher (19 TU) and the 14C 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/u
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 borehole activities
(aided by a negative piezometric head).

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

Drilling water contamination is indicated by a
significant iodine content; a younger near-surface
component is indicated by a high tritium value and
further supported by the major ion chemistry (i.e. higher
ca” lower Na' etc.). The high uranium value of 3.0

ppb would also 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 outer surface of the steel piping
above the packers, which has subsequently leaked into the
sampled section during pumping. This is supported by the
Tow 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 major fracture zones {up to 1 m wide) occur
some 5 metres away at a depth of 417 m.

Hydrology

Hydraulically, this level represents 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?)
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Figure 5.15: Schematic illustration of the calculated water

budget for level 410-412 m in borehole Fj4
(Fjd@llveden). 1 = Drilling water; 2 = Gas-lift
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 Tow hydraulic conductivity means
that it is the water sampling procedure which is
responsible 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 HCO3- 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 Eh value of -100 mV indicates a further increase in
reducing conditions with depth. The Fe(Il) 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.

Isotope geochemistry

The stable isotope values indicate a meteoric origin to
the water (Fig. 5.6); the presence of tritium (12 TU)
shows a significant young component involved. The ~ C
data records a much older water (5535 years) than either
of the two previous levels.
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Uranium geochemistry

Only a small amount of uranium is present (0.63 ppb) when
compared to the previous two levels; no isotopic data are
available.

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 groundwater 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 Tow 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
preceding level. However,the 14C age of the water,

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

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

++,SO4 : and_conduc}ivity, and a decrease in
Na , HCO3 ,» C1 and I . This would suggest that
the initial groundwater sampled was gradually replaced by
an increasing amount of 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 cm 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 sampled water is 8.4; Na+, Ca2+,

HC03- 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(-II), and the
general absence of oxygen together with an Eh value of

-160 mV, indicate 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
(Fjdllveden). 1 = Drilling water; 2 = Gas-lift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Open-hole effect.

Isotope geochemistry

The stable isotope data (6180 = -11.88 ppt and 62H
= -84.7 ppt) indicate a meteoric water origin (Fig. 5.6).
Both the low tritium content (6 TU) and the old age of

the groundwater (6850 years) suggest a major portion of
old groundwater with a minor component of younger water.

Uranium geochemistry

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

The results show that the sampled groundwater is
characterised by:

- a general absence of drilling water.

- a minor component of younger, near-surface water.

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

From hydrogeological considerations, most 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 revealing. These show
a vary marked decrease within the first two days of
sampling of Na' (100 to 62 mg/1), Ca2+ (21 to 13

m?/”, Fe(IT) (3.3 to 1.3mg/1), C1~ (220 to 30 mg/1),
1'4.8 to 2.2 %) and conductivity, and increases in

Hco3' and SO %, This 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 replaced by
younger waters derived from higher levels within the
borehole and uncontaminated by drilling water.

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 budget calculations
suggest that representative groundwater samples should be
obtainable from all four demarcated levels. However, only
in the uppermost Tevel (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
actually sampled.

The hydrologic 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 inevitable within
these deeply penetrating local fracture zones which must
intersect and form conducting channels between different
groundwater environments.

From the water budget calculations the second level
(317-319 m) appears to be less promising because; 1) the
fractured greenstone is much broader (5 m) than the
sampled section, 2) an overall low K-value for the 25 m
measured section and, 3) a negative piezometric head.
This means that there is a high probability that borehole
water will be pumped around the packers, i.e. directly or
via a suitable fracture network, to the sampling section.
As the uppermost level is characterised by a positive
piezometric head and shallow groundwater composition, 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, near-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 volumes of groundwater for sampling
purposes. The effect of pumping is clearly seen from the
trends in water composition during sampling. In both
cases there is a rapid response, 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 intersection. It would thus appear
that these borehole waters are being leaked into the
sampling section from around the packers. The initial
more saline water removed (especially marked in the
Towermost level; very much weaker in the overlying level)
probably gives some very qualitative idea of the true
groundwater composition at these levels, although the
high I content in both cases may denote a significant
drilling water component. The 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. Moreover, the uranium is
present as low to trace amounts at both the lowermost
Tevels, suggesting strongly reducing conditions.

In summary, the major groundwater types represented by
borehole Fj4 are: 1) near-surface and shallow ground
waters of a young age, 2) intermediate to deep old ground
waters (non-saline) and 3) the possibility of very deep
old 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 borehole
Fj4 decrease with increasing depth. There is a clear
distinction between the two uppermost (3.66 and 3.03 ppb
U) and the two Towermost levels (0.63 and <0.2 ppb U).
The analytical contents, together with the theoretical Eh
values calculated for the iron 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 amorphous UO2 for a pH of 8.1 which is
reasonably representative for the waters from the
borehole Fj4. A11 four water compositions plot within the
uranium solubility boundaries.

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

Level Uranium Content Calculated Eh
(metres) (ppb) (mv)
151 - 153 3.66 -120
317 - 319 3.03 -130
410 - 412 0.63 -150
496 - 498 < 0.2 -260
0 —_
5 pH=8.10
LOG
SOLUBILITY *
°
-10 v
A 157-153 metfres
& 317-319 -~
® L10-412 ---
V¥ 496-498 ---
-15 4
-300 I (]) l +3;)0

OXIDATION POTENTIAL (mV)

Figure 5.17: Plots of uranium contents (expressed as log (mol/
litre)) and the calculated theoretical Eh values
of groundwaters collected from broehole Fj4. The
values are plotted with respect to theoretical
uranium solubility curves calculated for
amorphous {(lower stability 1imit) and crystalline

(upper stability limit) UO2 at a pH of 8.10.
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5.1.3 Borehole Fj8

Borehole Fj8 (borehole Tength 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 any large scale structural weaknesses
within the near-vicinity of the borehole. The drilled
bedrock was generally weakly fractured and no crush zones
were encountered.

Typically for the Fjdllveden area, the dominant rock-type
is migmatite (95 % of borehole length) containing up to 6
granite gneiss horizons (2.7 % of borehole length; max.
thickness 7.45 m) and several zones of amphibolitic
greenstone (2.3 % of borehole length; max. thickness of
2.70 m). The greenstone occurs throughout the drilled
Tength 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 lastly the migmatite (1.7). Figure 5.16 shows that
zones of higher fracture frequency occur between 460-480
m and around 660 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 illustrated in Figure 5.18, the downward flow is
directed towards the borehole. Considering the situation
in three dimensions, 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
metres; after this the drop is more gradual resulting in
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Figure 5.18:

The groundwater flow-pattern and isopotentials
within a vertical section along borehole Fj8
obtained from numerical modelling (modified after
the numerical modelling of the Kemakta Consulting

Co).
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a head of about 54 metres above sea-level at the

bottom of the borehole. The natural piezometric heads
derived from the hydraulic testing are illustrated in
Figure 5.19; it is noticeable that the head gradient
along the borehole is much greater than that obtained
from the numerical modelling. The measured results are
confirmed by detailed injection tests and also by
multi-packer piezometric measurements (Ahlbom et al
1983b). These somewhat surprisingly low hydraulic heads
are interpreted as having been caused by highly
conductive layers of granite gneiss which intersect the
boreholes (Ahlbom et al 1983b).

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 hydraulic conductivity; at
greater and Tower levels the bedrock records very low
K-values (Fig. 5.19). The unusually low hydraulic head
results in a significantly marked open-hole effect even
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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Table 5.6a: Measured hydraulic parameters and caliculated water budget values of the various influences due to borenhcie
activities at the water sampled levels in borehole Fj 3.

Level K-value*  Head Flow direction Driiling Gas-lift Hydraulic Cpen hole effect Samplred water
deviation* (borehcls trends) water (+) pumpirg(-) <testing (+) before sampiing(%) Lefore analysis(-)
(m hole 3 3 N - 3
length)  {(m/s) (m) (m™) (m™) (™) (m™) (m™)
-9
470-472 1.2.10 -12.2 ¥ 0.04 0.008 <0.001 .49 1.8
5 -8 - 5
866-668 1.9-10 -16.1 ¥ 2.20 0.12 2.01 11.3 2.2
* 25 m section; head deviation from hydrostatic nead in the borehole (in metre of water).
Table 5.6b: sone prysico-cnemical parameters of groundwaters samplse from the SKB Test-sits areas in Sweden.
SAMPLE H BELOW TRITIUM '“Cfeorr.!3c) 518 52 pH a’ sa®t re(1I) S(-1T) 5 -1 U-Content 23ug/238;
(T'J)*) (years) (0100 vs SMOW ) (@/00vs 3HCH ) (rg/l) (mg/1) (mg/iy (mg/l) (mg/i) (mg/l) (=g/1) (%) pot) Activity ratio
Fidliveden
Fi 3 470 (402) 3 3980 -11.21 -73.3 3 Sl e 1 25 P c.ol i3 Loz “ .5 3.5
£ 2 866 (382} 10 3973 -11.16 -77.8 5.5 -1ac e 1s 8 .2 5.61 135 c3 s 7 5
N.B. These analyses represent samples take
should therefore be the most represen
1) 1 Tritium unit (TU) = the number of tritium atoms per 15° hydrozen atoms.

2)  laboratory values.

Samples considered suitably representarive

Water volume (m3)

)

125352
m

Fj 8: 470-472 m

Figure 5.20:
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Schematic illustration of the calculated water

budget for level 470-472 m in borehole Fj 8
(Fjd1lveden). 1 = Drilling water; 2 = Gas-lift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Open-hole effect.



116

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 oﬁ the maggr anions HC03- and C1°, and

cations Na and Ca , are generally lower than the
previous two drillholes although still characteristic of
non-saline groundwaters. Significant iodine (5.5 % 1)
indicates a drilling water component.

Redox-sensitive parameters

Significant amounts of Fe(II), an Eh value of -110 mv,
and low O2 (0.02 mg/1), indicates a reducing
environment.

Isotope geochemistry

The 5180 and 52H isotopic values (-11.21 ppt and

-79.3 ppt respectively) confirm a meteoric water source
(Fig. 5.6). The ~'C data indicates an age of some

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

Uranium geochemistry

The amount of dissolved uranium is 1.183pr2§gNA) and
0.90 ppb (alpha-spectrometry) with an u/"u
activity ratio of 3.5, indicating 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/1
I').

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

These observations might be explained by the low
hydraulic conductivity of the sampled secton; it is
doubtful as to whether adequate water was available from
the packed-off bedrock section. As a consequence, a large
portion of borehole water (of a shallow, younger origin)
containing residual drilling water has been leaked past
the packers during sampling.

1. Level 666-668 m (approx. 562 m)

The sampled section is contained within a 7.5 m thickness
of fine-grained, grey granite gneiss. Apart from one
marked fractured zone (25 cm wide and comprising 5
fractures) the section is characterised mostly by single
fractures (a total of 5) approximately 5 mm 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
Tength characterised by a high hydraulic conductivity
(K=1.9.10"" m/s). For such depths this is an

unusually high value and, as clearly shown by the
detailed injection tests, is caused by the presence of
granite gneiss horizons (Ahlbom 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
view, the Figure shows that very long sampling pump times
are necessary to remove all contaminating waters. This
condition has not been fullfilled, and so the water
sampled from this level should represent a mixture of
water types from different sources.

Water geochemistry

The sampled water records a pH value of 8.9; the contents
of the major anions HCO_,  and C1~, and cations

Na+ and Ca +, are simi]gr to the above-described

level. Although the I  content is lower (4.7 %) it

still represents an appreciable portion of drilling
water.

Water volume (n?)
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Figure 5.21: Schematic illustration of the calculated water

budget for level 666-668 m in borehole Fj 8
(Fj@llveden). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Open-hole effect.



119

Redox-sensitive parameters

The presence of 3.2 mg/1 Fe(Il) 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 ¢ H) indicates a meteoric water origin (Fig. 5.6).
The ~ C data signifies an age of 3975 years and the
tritium content (10 TU) suggests a younger, near-surface
water component.

Uranium geochemistry

A slightly lower dissolved uranium content (0.43 ppb by
DNA, 0.60 ppb by alpha-spectrometry) and a slightly
higher U/777U activity ratio (3.8),

distinguishes this sampled level from the previous one.

Summary

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

On the basis of geological and hydrological
investigations, two levels were selected for water
sampling purposes. In both cases the hydraulic properties
measured and described are influenced to a major degree
by the granite gneiss horizons. These are generally
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 downward groundwater gradient around the vicinity
of the borehole. Measurements from the two borehole
levels indicate a very low piezometric pressure. This
feature combined with a Tow 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 calculations 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
therefore represent a mixture of water types from
different sources.

The chemistry of the water sampled from the two levels is
essentially the same, i.e. shallow groundwater type,
often characteristic of that associated with the local
fracture zones. This suggests the possibility of a
hydraulic connection from the borehole to a local
fracture zone - most likely Zone 8 (Fig. 5.2). The most
obvious connection is via the granite gneiss horizons
which, as pointed out above, are usually fractured,
highly 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 gquantities of drilling water are also
present within the sampled waters.

In conclusion, the waters represented in borehole 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.

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

are presented and plotted as a function of Eh. Both water
compositions plot along the crystalline U0, solubility
curve at a pH of 9.3.

2

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

Level Uranium Content Calculated Eh
(metres) (ppb) (mV)
470 - 472 1.10 -240

666 - 668 0.43 -320
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Figure 5.22: Plots of uranium contents (expressed as log
(mo1/1itre)) and the calculated theoretical Eh
values of groundwaters collected from borehole Fi8
(Fjd11veden). The values are plotted with respect
to theoretical uranium solubility curves
calculated for amorphous (lower stability 1imit)
and crystalline (upper stability 1imit) UO2 at a
pH of 8.10 and 9.3.
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Gided

The Gided test-site is situated in the county of
Angermanland about 480 km north of Stockholm and
approximately 10 km from the Baltic coast (Fig 1). The
coastal areas of this region reflect 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
carried 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 Precambrian
migmatitic sedimentary gneisses formed during the
Svecokarelian orogeny some 1800-1900 Ma. Metre wide dykes
and more massive pegmatite bodies traverse the region in
an eastwest direction, as do younger dolerite dykes
(approx. 1200 Ma) which are mostly < 1 metre wide; larger
dykes are often composite. The gneisses are unevenly
migmatised due to primary compositional differences and
Jocal melting has resulted in the formation of irregular
bodies of migmatised granite (granite gneiss). These tend
to be orientated parallel to the regional structural
trend.

The veined sedimentary gneiss is usually grey in colour
and fineto medium-grained in texture comprising on
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Figure 5.23: The Gided test-site. A: Topographic profile
across the site, B: Hypsographic curve
showing altitude characteristics.

average 56 % quartz, 19 % biotite, 13 % plagioclase and 6
% microcline (in vol %). Sulphides in the form of pyrite
and pyrrhotite are sporadically present as aggregates or
fracture fillings; 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 degree of
migmatisation and appears as a parallel orientation of
biotite; the foliation is in a general north-easterly
direction with a shallow dip of about 10°-30° towards

the north-west.
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As a result of some 24 shallow percussion boreholes (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 estimated 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 investigated 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 11 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 occurring 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 is 1.2 fractures/metre.
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Figure 5.24:

Topographic map of the Gided test-site area
showing the main structural zones of
weakness and the Tocation of the 13 (Gi 1
to Gi 13) cored boreholes (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
compared 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 frequency also
comprises all fractures irrespective of length; from
outcrop measurements all fractures less than 0.5 m have
been neglected.

The variation of fracture frequency 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 kmz), and the remaining area drains to the
west into the Gide river (catchment area of 3425 kmz);
drainage in both areas is via a system of small streams
and both the Husan and Gide rivers ultimately drain into
the Baltic. The site area contains minor local 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 mm/year
Actual evaporation 410 + 25 mm/year
Run-off 345 + 10 mm/year

The annual precipitation exceeds the sum of the actual
evaporation and run-off by about 10 mm which corresponds
to 3 % of the run-off. This may be a function of the
uncertainty caused by the estimated basic values and
should thus be regarded as acceptable. Groundwater
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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 bedrock has been
calculated to approx. 75 mm/year (Carlsson et al 1983).

The main period of groundwater recharge in the region
occurs 1in the Spring resulting in the largest groundwater
Tevel differential of the year. A minor period occurs 1in
the Autumn due to low evaporation 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 5-10 m
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 although 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 Husé&n.
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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 Zone 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 north 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. Dolerite dykes were intercepted at depths
of 223-224 m and 398-426 m; 1in both cases the dykes were
associated with fracture/crush zones. At 100 m depth
artesian water was encountered.

The dominant rock type traversed by the borehole is
migmatitic veined sedimentary gneiss (81.5 length %)
followed by migmatite granite gneiss (10.0 length %),
pegmatite (5.0 length %) and finally dolerite (3.5 length
%). 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
migmatite gneiss recorded the lowest fracture frequency
(5.74); this was superceded by the pegmatite (7.37),
migmatite granite gneiss (10.89), and lastly 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.



130

The dolerites are usually partly altered to chlorite and
the most common fracture filling mineral phases
regardless of rock-type are chlorite, calcite, pyrite and
laumonite.

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). The
borehole is located near the eastern (non-flow) boundary
of the modelled area, and therefore the calculated
groundwater flow is to some extent influenced by this. As
il1lustrated by Figure 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, i.e.
perpendicular to the plane of the paper.

The modelled head profile, illustrated in Figure 5.26c,
together with measured heads from the hydraulic testing
along 25 m sections, shows an increasing piezometric head
of 1 m from the surface to a depth of 50 m implying that
the upper bedrock horizon constitutes a discharge area;
this is supported by the artesian water encountered at
approx. 100 m during drilling. Down to a depth of 400 m
the head decreases from 107 to 102 m above sea-level; at
greater depths it is almost constant. The measured head
profile is in general agreement with these values,
significant deviations only occurring at 380-530 m along
the borehole whereupon values are much lower. A
qualitative estimation of the flow directions for the
circulating groundwater in the borehole, together with
the calculated water budget resulting from the various
borehole activities, is compiled in Table 5.8a.

The hydraulic conductivity (Fig 5.26) in the boreholes is
predictably high (around 1.10™" m/s) in the upper
part of the borehole before decreasing markedly at app-
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the vicinity of borehole Gi 2 illustrated by a
vertical 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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Hydrogeological characteristics of borehole Gi 2.
a) Fracture frequency (for 10 m sections) and the
cumulative percentage of fractures

Hydraulic conductivity

Piezometric head distributions and hydrostatic
head in the borehole

b)
c)
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Table 5.8a: Measured hydraulic parameters and calculated water budget values of the various influences due to borehole
activities at the water sampled levels in borehole Gi 2.

%*
Level K-value Head Flow direction Drilling Cas-1lift Hydraulic Open hole effect Sampled water
deviation* (borehole trends) water (+) pumping (=) testing (+) before sampling(¥) before analy-
sis (=)
(m hole (m/s) (m) (m3) (m3) (m3) (m3) (m3)
length) N
-7 (*}
178-180 1.3:10 +1.6 0.61 0.15 0.055 -8.5 7.7
328-330 8.6'10-11 -3.5 v 0.004 <0.001 <0.001 0.015 2.6
400-402 1.0'10_10 -11.0 ¥ 0.004 <0.001 <0.001 0.055 2.3
544~546 2. 1'10—ll ~0.5 v <0.001 <0.001 <0.001 0.001 2.0
602-604 405‘10_ll -0.4 3 <0.001 <0.001 <0.001 0.001 3.5

* 25 m section; head deviation from hydrostatic head in the borehole (in metre of water).

Table 5.8b: sone physico-cnemical parameters of groundwaters sampled from the 3KB Test-site arsas in Swedan.

SAMPLE T s1% 624 pH  Zh i vat ca™t reIn s(-11)  Heol A " U-Content 23,238
SURTACE R :
(metres) (TU)*) (years) (0/00vs SMOW)(o/00vs SMOW) (mv) (mg/l) (mg/l) (=mg/l) (/1) (mg/1)  (mg/l) (mg/L) (%) (ppi) Activity ratic
<3 5 i5 a2 u. (5.2%) 7.7 =
<3 1z - S (1.34) “
<3 13 i < (5.27)
<3 16 5 z. L (3.31)
<3 i1 1 . z t7.15)

H.B. These analyses represent samples taken towards the end of sach sam
should therefore be the most represantative for the

1) i Tritium unit (TU) 5 the number of tritium azoms per L0 hydrogen atoms.
2)  Laboratory values.

* Samples considered suitably representative

rox. 300 m; only around 400 m does the conductivity
) . -9
temporarily increase to 1.10° 7 m/s.

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

The sampled level is located within a section comprising
3 different rock types. The dominant rock is the veined
migmatite gneiss which is traversed by a coarse pegmatite
(approx. 50 cm thick); a small thickness of granite
gneiss constitutes the lower part of the section. The
frequency of fracture zones is high ranging in width from
10 to 30 cm; a 30 cm wide crush zone (50 fractures/metre)
is also present. These fractures intersect the axis of
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the core at angles ranging from 20° to 90o and the
'1nfi11ing mineral phases include chlorite, calcite,
epidote, pyrite and laumonite. The main concentration of
fractures occurs at the lower part of the section were
the contacts between the veined gneiss/ pegmatite/
granite gneiss are present.

Water volume (n?)

L Gi 2: 178-180 m

19 (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
testing; 4 = Sampling; 5 = Open-hole
effect.



134

Hydrology

The water injection tests conducted along 25 m and 10 m
sections of the borehole indicate that the sampled
section coincides with a water-conducting horizon. From
the 25 m section a hydraulic conductivity of 1.3.1077
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 believe that a representative
groundwater sample should be possible from this level.

Water geochemistry

The sampled groundwater (Table 5.8b) is characterised by
a pH of 8.8 and normal amounts of the major cations Na+
and Ca2+ and anions HCOB- and C1~ that would be

expected for non-saline groundwaters 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(-II) and Fe(II) are present; an
overall reducing environment is indicated by an Eh value
of -90 mV and a general absence of oxygen.

Isotope geochemistry

The groundwater is characterised by 6180 and 62H
values of -12.62 ppt and -90.4 ppt respectively which
indicate a meteoric origin (Fig 5.6); radiocarbon 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 contents by both methods give low
values (0.20 - 0.23 ppb); the 234U/238U activity

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

Summary

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 present in
significant quantities. This is supported by the
hydrological data which recorded a positive piezometric
head and resonable hydraulic conductivity for this
horizon. From the water budget calculations the small
amount of 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 the 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 is thus highly fractured and
contains three crush zones varying in width from 2 to 17
cm. Single fractures and composite fracture zones (10-15
cm wide and containing 4 and 6 fractures respectively)
constitute the remaining portion of the section. The
fractures intersect the axis 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 6.5.10“10 m/s. Although the
conductivity across the total width of the Zone has not
been measured in detail, it is clear that the sampled
section is located in a relatively conductive part. The
hydraulic head 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
characteristics and the calculated water budget values
compiled in Table 5.8 imply that the influence from the
borehole activities are very small. The movement of
groundwater in the borehole due to open-hole effects is
downwards (almost certainly in part from the higher
sampled Tevel at 178-180 m), and enters the sampled
horizon whereupon it is quickly removed during gas-1lift
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
cations (Na' and Ca°’) and anions (HCO.~ and

C17) there are no differences from the previous higher
Tevel and the water shows no significant drilling water
component (0.2 % I ).
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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 = Sampling; 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 low
and no oxygen was recorded. A moderately reducing
environment is indicated by a Eh value 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 6445 years; this
together with background tritium values (<3 TU) show that
there is no major young water component involved.

Uranium geochemistry

The dissg%xedzgganium content ranges from 0.12 - 1,13 ppb
and the U/7" U activity ratio is 5.4 which
denotes widespread disequilibrium in the groundwaters.
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Summary

The general chemistry of the groundwater from this level
differs little from the preceding horizon. The
representative groundwater predicted by hydrological
considerations seems to be borne out by the various
chemical parameters. There is no evidence of 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 the physico-chemical
parameters of the water during the sampling period were
observed.

5.2.1.3 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 ranging in width from 10 - 25
cm; single fractures and 2 fracture zones (up to 5 cm in
width and containing 3 fractures) comprise the remainder
of the drillcore section. These fractures intersect the
axis of the core at angles varying from 100-800; the

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

Hydrology

From the water injections 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 section. The hydraulic
conductivity of the 10 m section is 2.8.1071° m/s and

is thus assumed to be representative for the sampled
horizon. As a result the water budget values are somewhat
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Water volume (m3)
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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-1ift 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 contaminating waters introduced
along the fracture zone, i.e. drilling water and water
resulting from hydraulic testing and open-hole effects,
are rapidly removed during gas-1ift pumping and pumping
Just prior to sampling. The waters should therefore be
uncontaminated and representative for the sampled level.

Water geochemistry

The pH of the sampled water is 8.6; in common with the
upper two levels the contents of Na+, Ca2+,

HCO3- and C1~ are normal and representa}ive for
non-saline groundwaters. The very low I content (0.4

%) indicates little of drilling water contamination.
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Redox-sensitive parameters

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

02 content is still low (0.1 mg/1).

Isotope geochemistry

The 5180 value of -12.68 ppt and the 62H value of
-91.4 ppt supports a meteoric origin to the water. The

C age of 6570 years is close to the last level
described; this, together with background tritium values
(<3 TU), indicate the absence of a younger, near-surface
water component,

Uranium geochemistry

Only a single value for the total dissolved uranium is
available. This is low (0.27 ppb) and supports a
generally reducing environment; no activity ratio value
is available.

Summary

Water budget estimations from 10 m and 25 m sections
suggest that the introduction of contaminating water into
the fracture zone was minimal and was quickly removed
during gas-1ift pumping and pumping just prior to
sampling. This is supported by the chemical parameters
which point to a moderately reducing shallow to
intermediate groundwater with an absence of drilling
water contamination and groundwater mixing from younger,
surface and near-surface sources.
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No significant variation in the physico-chemical
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 (n?)
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Figure 5.30: Schematic illustration of the calculated
water budget for level 544-546 m in
borehole Gi 2 (Gided). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.
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Hydrology

Based on measurements carried out along 25 m sections,
the hydraulic conductivity (K = 2.1.10° 1! 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 removed
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+, Ca2+, HCO3- and C1~ characterise the

groundwater from this level (Table 5.8b). The low
background 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(II) 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

6 0 and § H values which record 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 uranium amounts are also 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 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 50 to 900; the main fracture filling
mineral 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 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.

Hydrology
A combination of a Tow hydraulic conductivity (K = 4.5,

107" m/s) and a small negative head deviation (-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 Tevel.

Isotope geochemistry

Essentially similar to the previous level.
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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 disequilibrium in the
groundwater,

Summary

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.

6 Borehole summary 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 10 m lengths) five suitably conducting
fracture zones were selected for groundwater sampling
purposes. It should be noted, however, that four of the
levels record hydraulic conductivity values which are
lower than 1.107 9 m/s. One of the sampled levels

(328 - 330 m) represents the intersection of the borehole
with Tocal fracture Zone 1 which is thought to extend to
the bedrock surface. A11 the selected fracture horizons
are markedly fractured; this is usually apparent as crush
zones, fracture zone and individual fractures of varying
widths 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 iron-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 a 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 budget calculations suggest that at
all levels, in particular the uppermost horizon, the
sampled groundwaters should be representative of the
respective depths sampled i.e. devoid of residual water
from borehole activities and 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 nature 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 considered shallow to intermediate in
origin exhibiting a pH of 8.6 to 8.9 and a major 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 no 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 moderately reducing environment (Eh is
-40 to -90 mV); O2 is on the whole absent and dissolved
uranium contents are uniformly low (0.06 to 1.34 ppb).
The 234U/ 238U are anomalously high (5.4 to 7.7)

which indicates widespread disequilibrium in the
groundwaters. The high values also suggest that the
groundwaters have had long residence times in contact
with the fracture zone interfaces allowing alpha recoil
processes to make a significant contribution to the
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excess U. The unusually low Fe(II) and S(-I1)
contents may reflect the moderately reducing nature of
the groundwaters.

As we have seen from the hydrological considerations, the
uppermost level is characterised by a positive head and
reasonable conductivity in comparison with the deeper
Tevels. Open-hole effects will then be 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 Tow conductivity values for the four deeper
horizons will result in an partial vacuum being produced
within the individual sections being sampled thus
encouraging borehole water to be pumped into the section
via an interconnecting network of fractures or between
the packers and the borehole walls. The water sampled
from these horizons will therefore be dominated by
borehole water which has its source in 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 uppermost Tevel can
be considered representative; the groundwater
characteristics of the deeper groundwaters are still
unknown.

The uranium contents of 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
ppb) correspond with the deepest level (602 m). The lack
of any systematic variation is in accord with most of the
chemical parameters measured from this hole. The
analytical contents, together with the 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 U0 _ for a pH of 9.50 which is

2



reasonably representative for the waters from borehole
Gi 2. A1l five water compositions plot within or just

outside the calculated uranium solubility boundaries.

Table 5.9: Uranium content and theoretical Eh values of

the groundwater from borehole Gi 2

Level Uranium Content Calculated Eh
(metres) (ppb) (mv)
178-180 0.20 -218
328-330 1.34 -256
400-402 0.27 -236
544-546 0.31 -280
602-604 0.15 -207
O —_
pH
-5
LOG
SOLUBILITY
_10 -
A 178
® 328
¥ 400
B 544
15 v 602
=300 I 0 + 300

OXIDATION POTENTIAL (mv)

Figure 5.32: Plots of uranium content (expressed as log
(mo1/1itre)) and the calculated theoretical
Eh values of groundwaters collected from
borehole Gi 2. The values are plotted with

respect to theoretical uranium solubility

curves calculated for amorphous (lower
stability 1imit) and crystalline (upper
stability limit) UO2

at a pH of 9.50.

=9.50

- 180 metres
=330 -
-402  -v-
-546 -~
- 604 -o-
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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 m) 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 veined migmatite 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
gneiss varied in thickness from 0.5 to 8.4 m with an
average thickness of 1.96 m, and the pegmatite ranged
from 0.2 to 5.5 m with an average thickness of 0.88 m.
The average number of fractures/metre is less than Gi 2
(i.e. 5.12 compared to 7.37) with the pegmatite being
Teast fractured (4.35 fractures/metre) followed by
migmatite gneiss (5.05) and Tastly 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 intersection of the borehole with
Zones 4 and 6. Within the major crush zones the most
common 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 illustrated by a vertical section in the
same plane as the direction of the borehole
(modified after the numerical modelling of
Kemakta Consulting Co).

The presence of three major structural zones of weakness
and their geometry have resulted in a very complex
groundwater flow pattern around the borehole, too complex
to be illustrated by the two-dimensional diagram shown in
Figure 5.33. However, if one accepts that the
considerable piezometric head is maintained to depth in
the vicinty of Zones 3A and 3B, the high head gradients
will result in a general groundwater flow directed
towards Zone 5 and also along Zones 4 and 5 towards the
east. Fracture Zones 3A and 3B thus facilitate fast
transport of groundwater to depth and it would therefore

be expected to find a younger water at greater depths
here than elsewhere.
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The hydraulic conductivity along 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 hydraulic conductivity of 2.10~ m/s,

2.10710 m/s and ¢5.107%2 m/s respectively.

According to the numerical modelling of Carlsson 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 measurements available between 300 - 500
m indicate a much lower head, which at greater depths
increases and even becomes positive implying an upward
groundwater flow.
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Figure 5.34: Hydrogeological characteristics of borehole

Gi 4.

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

b) Hydraulic conductivity

c) Piezometric head distributions and
hydrostatic head in the borehole
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Tabie 6,10a: Measured hydraulic parameters and calculated water budget values of the various influences due to borehole
activities at the water sampled levels in borehole Gi 4.

Level K-value® Head « Flow direction Drilling Gag-1lift Hydraulic Open hole effect Sampled water
deviation (borehole trends) water (+) pumping(-) testing(+) before sampling(#) l(a_e;?ore analysis

@ hole  (u/s) (m) @) (@) @) () (@)
length)

96- 98 4.4-107° -5.1 v 1.40 0.108 0.018 8.0 2.7
222-224 2.1'10_8 =-7.3 ¥ 6.82 0.053 0.004 5.9 1.3
404-406 2.3'10_9 -26.6 i 0.076 0.005 0.002 2.6 2.2
512-514 9.5'10_12 ~3.5 4 <0.001 <0.001 <0.001 0.002 3.2

616- 1.10—10 ** +4.0 + 0.007 <0.001 <0,001 -1.13 0.07

* . . .
25 m section; head deviation from hydrostatic head in the borehole (in metre of water).

*% Average of three 25 m sections

Table 5.10b: some prysico-chenical parameters of groundwaters sampled from the SKB Test-site areas in Sweden.

+ S . A =

SAMPLE DEPTH BELOW TRITIUM !“C(corr.}dr) sl% 4% SH IR Conducti- Na ca’ Te(II) S(-II) &G, . 2 1" Lecentent 234,238
FACE ) <y > <
(metres) (o) (years) (0/00vs SMOW)(0/00vs SMOW) () (ms/=) (mg/1) (2g/1) (me/l) (mg/l) (mg/1) (mg/l) (mg/1) (%) {ppb) activizy ravio
Sided
Gi = 38 (31) 35 - -
Gi s 222 (212) H 11335 .
i s w04 (385) 3 -
Giu 512 (438) 49 3830
Gis 518 (595) 1 -

tzken towards the end o
tive for the grou

¥.B. These analyses represent samples
should therefore be the most represe

1) 1 Trizium unit (TU) = che number of tritium atoms per 15° hydrozen azoms.
2)  Laboratory values.

Samples considered suitably representative

5.2.2.1 Level 96 - 98 m (approx. 91 m)

The section chosen for sampling represents the contact
between veined migmatite gneiss and a grey medium-grained
granite. The core is not heavily fractured but contains
some 15 single fractures and one narrow fracture zone (2
cm in width) comprising 3 fractures. The intersection
angle of the fractures with the axis of the core ranges
from 20° to 90°. The main infilling mineral phases

are calcite with subordinate pyrite and muscovite.
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Hydrology

The hydraulic conductivity of 4.4.10“8 m/s recorded

for this level is a moderate value for such a bedrock
depth. From the water budget calculations (Table 5.10a,
Fig 5.35) by far the geatest influence on the groundwater
conditions is caused by open-hole effects due to the
hydraulic head 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 the water in the borehole which probably
originates from higher, near-surface levels. It is
therefore highly unlikely that gas-1ift pumping and
pumping just prior to sampling will have any marked
effect on removing 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 higher, and C1~ somewhat Tower than normal
shallow to intermediate groundwaters encountered so far
in borehole Gi 2. This would suggest waters from a
near-surface horizon. A I” content of 0.5 % indicates
some contamination from drilling fluid.

Redox-sensitive parameters

An Eh value of +10 mV indicates an oxidising groundwater
environment. This is to some extent supported by low to
negligible amounts 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 calculated
budget for level 96 - 98 m i borehole Gi 4
(Gided). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing;
4 = Sampling; 5 = Open-hole effect.

Isotope geochemistry

Stable isotope values of 6180 = -12.93 ppt and 62H

= -93.4 ppt indicate a meteoric origin to the water (Fig
5.6). The very high tritium value of 36 TU supports the
significant young water component suggested by the
general chemical characteristics above; no radiocarbon
data are available.

Uranium geochemistry

Only one uranium value is available (1.02 ppb) suggesting
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 from 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 level, and that it has mostly
originated from higher more oxidising levels in the
bedrock.

2 Level 222 - 224 m (approx. 212 m)

The sampled section is composed of a single rock-type, a
light-grey, medium-grained granite; contact with the
veined migmatite gneiss occurs just below the section.
The core Tength comprises numerous fracture zones ranging
in width from 2 to 16 cm (containing 3 to 20 fractures);
3-4 single fractures and a narrow crush zone (3 cm wide)
constitute the remainder. These fractures represent part
of local fracture Zone 3A which extends from 217 - 259 m.
The angle of intersection of the fractures with the core
axis varied 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-1ift pumping and pumping prior
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Figure 5.36: Schematic illustration of the calculated
water budget for level 222 - 224 m in
borehole Gi 4 (Gided). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.

to sampling is inadequate 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+, Ca2+, HCO3_, c1)

more typical of non-saline groundwaters than the
preceding level. The presence of 1.5 % I  indicates a
significant drilling water component as suggested by the
water budget calculations.
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Redox-sensitive parameters

An Eh value of -60 mV renders this water as being
considerably more reducing than the previous level
although only small amounts of Fe(II) and S(-1I) are
present; 02 is more or less absent.

Isotope geochemistry

6180 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
which gggport a general reducing environment. The

u/s U activity ratio records a value of 6.7
which is high and indicates widespread disequilibrium 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 sampled should be from higher
lTevels. This maybe so, but the Tack of a significant
younger 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
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section, and that the sampled water may after all be

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.

5.2.2.3 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 30° to 900, and

the main infilling mineral phases consist of chlorite and
Taumonite 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 therefore 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 404-406 m in
borehole Gi 4 (Gided). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.

Water geochemistry

The sampled water has a pH of 9.3; compared with non-
saline crystalline bedrock groundwaters the major cations
Na+ and Ca2+ are respectively higher and lower than

would be expected, and the anions HCOé' and €1~ are
respectively lower and higher. The groundwater is
therefore saline in type and appears to contain a high
drilling water component (11 % I17).

Redox-sensitive parameters

Surprisingly, the groundwater is marginally oxidising as
evidenced by an Eh of +10 mV and low to negligible
amounts of Fe(II) and S(-II). The presence of small
amounts of 02 (0.25 mg/1) perhaps supports a near-
surface water component.
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Isotope geochemistry

The more saline groundwater is characterised by lower
6180 and 62H values (-13.6 ppt and -99.4 ppt
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/238U activity ratio records a

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

Summary

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 interconnecting
fractures through the bedrock. 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 being sampled, or via a fracture
system leading to greater depths. Sufficient water was
available as can be observed from the uniformity 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 I~ content to
sympathetically decrease from 13.4 -10.2 %. Although the
water is contaminated to some extent by drilling water,
and as can be seen from the tritium content by a younger
component also, sufficient saline water has been



5.2.2

161

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
groundwaters probably from the vicinity of the fracture
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.

.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
which occupies about 80 cm of the sampled section. The
migmatite is weakly fractured comprising mostly single
fractures (up to 10) with two narrow (2-3 cm) fracture
zone bands consisting each of 3 fractures. The
intersection angle with the axis of the core ranges from
10° to 90° and the main fracture filling minerals are
chlorite and laumonite with subordinate calcite.

Hydrology

The sampled horizon is characterised by a very low
permeability (K = 9.5.10" 12 m/s); this will result in
only very small amounts of contaminating water (i.e.
drilling and borehole waters) entering the bedrock
although the head deviation (-3.5 m) is not especially
small. The water budget calculation (Fig 5.38) points to
a groundwater which should be representative of the
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Figure 5.38: Schematic illustration of the calculated
water budget for level 512-514 m in
borehole Gi 4 (Gided). 1 = Drilling water;
2 = Gas-1ift pumping; 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.

Water geochemistry

The collected groundwater shows certain similarities with
the uppermost level sampled (Table 5.10b), i.e. when
compared with average non-saline groundwaters from
Swedish bedrock Na+ is lower, Ca2+ is higher, and

C1” and HCO3- are both lower, C1~ markedly so.

Although the pH is still 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 1ittle 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
O2 and S(-II). The high Fe(Il) content (7.3 mg/1) is
anomalous and may, as explained for some of the
above-described horizons, be due to reaction in the
borehole between the steel piping and borehole waters.

Isotope geochemistry

The stable isotope data (6180 = -12.94 ppt and$d 2H

= ~94.1 ppt) indicate a meteoric origin to the
groundwaters. A combination of a very high tritium
content (49 TU) and low radiocarbon age (3850 years)
point to a young water component being present.

Uranium geochemistry

The dissolved uranium content is Tow (<0.2 to 0.44 ppb);
the 23 U/238U activity ratio is 2.4 which is

similar to the preceding 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 young, surface to
near-surface component, as indicated by both the chemical
and isotopic data. It seems possible from the geology
that the cored section represents a relatively
impermeable bedrock horizon with the result that during
pumping 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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sampling section either directly between the packers and
the borehole wall, or via an open system of
interconnecting fractures. The waters sampled thus
represents surface to nearsurface waters which have
collected above the packer system. Once the hydraulic
connection between the borehole water and the sampled
section was established, there was a continuous flow of
water during the sampling period. This is shown by the
constant chemistry of the waters during sampling
(Laurent, 1983b).

5 Level 616 m - drillhole bottom

The sampled section represents some 75 m of drillhole
which intersects two major fracture zones, i.e. Zone 4 at
606-655 m and Zone 6 at 670-690 m. The section is thus
extensively fractured and the variation in rock-type and
fracture mineralogy noted for the upper part of the
borehole continues for the full extent of the hole.

Hydrology

This drillhole section has en estimated K value of
1.10710 m/s and an estimated head deviation of +4 m

of water. The water budget calculations (Fig 5.39) appear
to be promising for a representative water sample to be
obtained. However, the water removed prior to sampling
amounted to only 70 litres which is less than 40 % of the
total volume sealed off in the borehole section.
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Figure 5.39: Schematic illustration of the calculated
water budget for level 616-bottom in
borehole Gi 4 (Gided). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.

Water geochemistry

The sampled groundwater is characterised by a pH of 8.8,
high amounts of Na+, Ca2+ and C1~ and Tow

Hco3'; the content of I~ is very high (24 %) and

may indicate a considerable drilling water component.
Compared to a typical non-saline groundwater, this
horizon is distinctly saline (260 mg/1 C1 ).

Redox-sensitive parameters

The groundwater is markedly reducing (Eh = -290 mV); this
is supported by the absence of 02. No analyses of
Fe(Il) and S(-II) are available.
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Isotope geochemistry

Similarly to the more saline waters encountered from
section 404-406 m, the stable isotopes exhibits more
negative values (6180 = -13.81 ppt; 62H = -100.8

ppt) although still indicating a meteoric origin. A
tritium value of 10 TU infers a significant younger water
component; no radiocarbon data are available.

Uranium geochemistry

8;2501ved uranium values are very low (0.02 ppb); the
U/77 U activity ratio value is 2.0 which

indicates disequilibrium in the groundwaters.

Summary

Because of the borehole length sampled, a mixture of
groundwaters from different sources is inevitable. The
question is whether all the groundwater has originated at
the depth of sampling (i.e. 616 m to the borehole
bottom), and is therefore representative of deep
groundwaters, or has there been a substantial
contaminating component from higher levels. The chemistry
of the water indicates that considerable mixing has
occurred; the tritium and I contents show mixing from
drilling water and younger near-surface waters although
at the sampled depths a strongly reducing environment has
been maintained. From the data compiled by Laurent
(1983b), a steady increase in Na+, Ca2+ and C1~

occurred during the sampling period, with a corresponding
decrease in HCO_ ; the drilling water tracer I~

gradually increased from 4.4 % to 16.5 %, with local
highs of up to 29.9 %. The groundwaters from this section
are thus composed of:

- residual drilling waters
- younger, near-surface component
- deep reducing saline groundwaters
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The gradual increase in salinity during pumping, i.e.
probably the removal of higher level-derived
groundwaters, is supported by the hydrological data which
indicated that only 40 % of the borehole water in the
sealed section had been removed prior to sampling.
Continued pumping would most likely have resulted in
increasingly more saline groundwater. In this respect it
is interesting that the I  content appears also to
increase. Does this represent natural iodine levels in
the water, or does it indicate that considerable amounts
of drilling water have been unsuccessfully removed by
gas-1ift pumping? The former explanation would appear to
be more plausible.

6 Borehole summary and discussion

From hydrogeological considerations five suitably
conducting horizons have been selected from borehole Gi 4
for chemical characterising of the groundwaters. One of
these levels represents the intersection with a major
local fracture Zone 3A (217-259 m) which is believed to
extend to the bedrock surface; the Towest level, which in
reality comprises a borehole length of some 75 m,
includes the intersection with two local fracture Zones 4
and 6, also thought to extend to the bedrock surface.

The natural groundwater flow in the near vicinity of the
borehole according to measured piezometric head tends to
be generally downwards in the upper regions (0-300 m) and
upwards in the lower regions of the borehole. With the
exception of the lowest sampled section, which is
estimated to have a positive piezometric head, the
remaining levels are considered negative. The water
budget calculations suggest that the upper three levels
are problematic with regards to suitably representative
groundwater samples; this is attributed to the marked
negative piezometric heads (levels 96-98 m and 222-224 m)
resulting in important open-hole effects, and in rock
impermeability (level 404-406 m) resulting in inadequate
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volumes of water. The lower two levels (512-514 m and
616-bottom) are considered more hopeful although the
former level maybe somewhat impermeable.

The groundwater chemistry shows that degrees of
contamination are evident from all the sampled levels. In
general terms, two of the levels (404-406 m and
616-bottom) are characterised by saline groundwaters
(178-260 mg/1 C17) with a high I_ content which may
reflect natural background values rather than excessive
drilling water contamination. These, however, are
contaminated by small amounts of younger, near-surface
groundwater (8 - 10 TU); in addition the higher level
groundwater is marginally oxidising (+10 mV) compared to
the deepest sampled level (-290 mV) which can be
considered truly reducing. In both cases the degree of
salinity increased during sampling so that a more saline
and reducing groundwater would probably be typical for
these sampled depths. Two of the remaining three levels
(levels 96-98 m and 512-514 m) are characterised by
groundwaters of typical surface and near-surface
chemistry, i.e. lower than normal Na+ and C1~ and

higher Ca * when compared with non-saline

groundwaters from Swedish bedrock. High tritium contents
(36-49 TU) at both levels and a young (diluted) 14C

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

The remaining level at 222-224 m shows groundwater
compositions normal for non-saline waters. Moreover, it
is characterised by low tritium amounts (5 TU), an old
radiocarbon age (11895 years), and is moderately reducing
(-60 mV). This water would appear to be representative
for the depth sampled and can be regarded as shallow to
intermediate in origin.

Much of the observed contamination is due to the
incursion at depth of younger, near-surface waters. From
hydrological considerations there are indications that
the general water-flow direction in the upper part of the
borehole is downwards. This can, therefore, adequately
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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 open-hole effects contributed to the high
surface-derived content, and in the latter case low
conductivity has resulted in the near-surface-derived
borehole water being pumped around the packer system into
the sampling section. At level 212-214 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
Tevels. Its relative absence at the 212-214 m level
suggests that the more surface-derived borehole waters
have been largely removed and replaced by shallow to
intermediate groundwaters representative of the sampled
section. This has been probably facilitated by the
presence of the highly conductive Zone 3A which dominates
this part of the borehole from 217-259 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 reflects the true
groundwater situation, although 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 (i.e. -290 my
for the deepest section), is also suggested by low
dissolved uranium values (i.e. 0.02 ppb for the deepest
section). Regarding the U/777U ratio values,

Tevel 212-214 m recorded 6.7 which is high and suggests a
Tong residence time for the groundwater so that alpha
recoil processes have made a significant contribution to
the excess U. Furthermore, this value is similar

to the range of activities obtained for the three



170
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
signature that may have indicated long residence times
has been effectively destroyed.

Table 5.11: Uranium content and theoretical Eh values of
the groundwater from borehole Gi 4.

Level Uranium Content Calculated Eh
(metres) (ppb) (mV)
96 - 98 1.02 -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 levels, the
apparent systematic variation with depth is complicated
by groundwater contamination described above. In Table
5.11 and Figure 5.40 the analytical uranium contents and
the theoretically calculated uranium solubilities for
both crystalline and amorphous UO? 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
(mo1/1itre)) and the calculated theoretical Eh
values of groundwaters collected from borehole Gi
4. The values are plotted with respect to
theoretical uranium solubility curves calculated
for amorphous (lower stability limit) and
crystalline (upper stability limit) UO2 at a pH
of 8.10 and 9.50.
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Svartboberget

The Svartboberget test-site, which forms part of the
Voxna region (375 km2), is located in the western part

of the county of Hdlsingland, 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 aligned
in a N-NW direction. The south central part of the Voxna
region is sub-divided by such parallel valleys into three
areas which are 2 - 2.5 km wide and more than 8 km long.
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 lowest parts of the adjacent
valleys, are 70-85 m (Fig 5.41).

The regional geology of the Voxna region has been
previously described by Lundquist (1963) and Lundegdrdh
(1967). As a result of SKB investigations during the
period 1979-1982, the detailed geology has been described
by Tirén et al (1981), Tirén (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 illustrated in Figure 5.42. The
regional bedrock is dominated by migmatite (mostly of
sedimentary origin) and gneisses. These were formed
during the Svecokarelian orogeny (approx. 1800-1900 Ma);
at a relatively early stage granites and subordinate
amounts of basic rocks were intruded into the older
basement rocks. These igneous rocks, the so-called 01d
Granites, are to-day deformed and referred to as granite
gneiss. The youngest rocks in the area are dolerite dykes
estimated to be around 1200 Ma old.
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Figure 5.41: The Svartboberget test-site. A: Topographic
profile across the site; B: Hypsographic
curve showing altitude characteristics.

As a result of 14 shallow percussion boreholes {down to a
maximum depth of 150 m) and 7 deep cored boreholes (to a
vertical maximum depth 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.
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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 transitional
contact with the migmatite, although sharp contacts are
also observed. The presence of these granitic bodies
(usually minor, irregular, and medium- to coarse-grained)
appears to have an annealing effect on the bedrock.

Greenstones constitute 2-3 % of the bedrock, occurring 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 gabbroic.

Structurally, the Svartboberget site is bounded to the NE
and SW by N-NW trending, fracture-defined valleys, which
are widest when they intersect minor NW-orientated
valley/fractures (Fig 5.42). These major NW striking
regional fracture zones dip 30-40 degrees to the SW 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 granite/migmatite
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 Sweconorwegian
orogeny when the area was subjected to compression from
west to east.

The correlation between the major fracture type and
distribution indicated topographically and geophysically
is good within the test-site where there is an
insignificant soil depth. In all, 17 local fracture zones
and 2 regional lineament zones have been located within
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the test-site. The mutual distance 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 from 5-50 m and they are on average 30-80 m
apart. The remaining local fracture zones are 2-15 m wide
and the overall dip varies from 30-90 degrees, mostly
towards the south and south-west.

Surface outcrop measurements of rock mass fracturing
revealed a dominant strike of north to north-east, i.e.
at a high angle to the foliation in the migmatite. These
fractures show no indication of movement and are probably
tension fractures. The frequency of fractures longer than
0.5 m in outcrop is 1.0 fractures/m. At depth, the
fracture frequency in the rock mass between the local
fracture zones which records an average of 2.6
fractures/m, varies insignificantly. The rock mass to the
west of the area has a low fracture frequency (1.6
fractures/m) which contrasts eastwards whereupon 2.7
fractures/m occur. This difference is partly due to a
greater density of fractures out-cropping to the east,
and the fact that boreholes in the western part penetrate
most of the fracture zones at depth.

Taking individual rock-types, the total fracture
frequency for the various rocks irrespective of depth is
lTowest in the migmatite granite (2.7 fractures/m)
followed by migmatite gneiss (4.1 fractures/m), gneiss
granite (4.9 fractures/m) and finally greenstone (6.8
fractures/m). The most common fracture minerals are
chlorite, calcite and illite. I11ite usually appears in
the form of thick coatings of up to 2 mm thick on shear
surfaces; otherwise as a thin film on fracture surfaces.
Chlorite is present especially on fracture surfaces
parallel to the foliation. Zeolite minerals are also
sometimes observed within the large-scale fracture zones.
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The hydrological features have been described 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 6 % constitutes lake water. The Voxna
forms a tributary to the Ljusnan river (approx. 20 000
km2 catchment area) and they confluate some 40 km
downstream from the site. After an additional 40 km the
river discharges into the Baltic Sea. The test-site can
largely be subdivided into two drainage areas delineated
by two streams flowing east and west respectively. The
Tocal topography of Svartboberget indicates a groundwater
recharge area, with the main discharge areas located in
low-1ying areas around the margins.

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

Adjusted precipitation 715 + 50 mm
Actual evaporation 390 + 50 mm
Run-off 300 + 15 mm

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 Quaternary deposits so that the
run-off values is underestimated. However, in the long
term, the run-off corresponds to the groundwater recharge
of which most is cycled within the soil cover and the
surficial bedrock, and only a very small percentage
percolates to depth.

Climatically, the site is located in a region
characterised by two periods of groundwater recharge and
discharge. The former occurs in the Spring and Autumn.
The highest groundwater levels result from snow melting
in the Spring, and the lowest levels just prior to the
melting period or at the end of the Summer. The mean
groundwater temperature in the area varies between 4 and
5 degrees C (Knutsson and Fagerlind, 1977).
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The groundwater table profile is 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 slopes; in
the lower parts the level is only some 0.5-1 m below the
surface. Generally, the altitude of the groundwater table
varies from approximately 220-305 m above sea-level. Very
Tocalised discharge areas exist as indicated by two of
the boreholes which are artesian in character.

The local groundwater flow in the test-site is primarily
orientated towards the regional fracture zones 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
Tow-lying parts of the area are located.

Borehole 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
presence at depth of the large-scale NW-SE trending local
fracture zones indicated on the surface by aerial and
ground geophysical methods (see Fig 5.42). In addition,
the borehole was planned to intercept a positive anomaly
associated with one of the fracture zones; this may
indicate 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
their 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
migmatite gneiss is typically veined (mainly quartz/
feldspar-rich matrices) and is fairly evenly distributed
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throughout the hole. The migmatite granite has a very low
content of mafic constituents and feldspar commonly
dominates over quartz; garnet occurrences are quite
common. Texturally, this granite 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 granite occurs mostly
within the upper bedrock horizon (30-315 m) and the
Towest 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 along 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 borehole
horizon (down to approx. 300 m) the most marked fracture
frequency occurs between 30-80 m; for local fracture
Zones 17 and 15 the fracture frequency 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 hill 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
hydraulic conductivity varies from 1.10-9 m/s to

1.107" m/s, which is quite normal for this depth (Fig
5.44b). At greater depths the conductivity is near the
Timit of measurement apart from three exceptions, two of
which correspond with local fracture Zones 17 and 15
which record calculated values of 2.10° ' m/s and

2.1077 m/s respectively. The piezometric head

measured along the hole show excess pressure, according
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Table 5.12a: Measured hydraulic parameters and calculated water budget values of the various influences due to borehole
activities at the water sampled levels in borehole Své4.

*

Level K-value Head + FLow direction Drilling Gas-1lift Hydraulic Open hole effect Sampled water

deviation (borehole trends) water (+) pumping (=) testing(+) before sampling(¥) before analysis
=)
3 3 3 3

(m hole  (a/s) (m) () @) @) (@) (@)

length)

96- 98 8.4°10°° +1.0 + 1.86 0.88 0.032 -5.52 3.6
376-378 6.5‘10_9 +17.4 + 0.22 0.069 0.003 ~7.82 4.1
430-432 ]..9'].0—8 - ? 0.54 0.195 0.007 ? 4.1
630-632  2.0°10"1° - ? 0.001 0.002 <0.001 ? 3.9

25 m section; head deviation from hydrostatic head in the borehole (in metre of water).

Table 5.12b: Some physico-chemical paramevers »% groundwaters sampled from <he K& Test-zite srsas in Sweden

SAMPLE TRITILM 1“I(corr.ilg) 3l€g 32y it Ca e(II) S(-II} 5. o 1 234,238y
(metres) (TU)L) (vears) (0100 vs SMOW)(0/00vs SMCW) 3 (mg/l)  (wmg/l) (m2/1) (@g/l) t=mg/l) (meg/l) (mg/1) (%) (pot) activity ratic

Svartboberget

Sv 4 36 (33) H - - e 2L -

Sv o4 376 (324) <3 lug25 - .l il 3 *

5v 4 430 (373) <3 12933 - 32 17 L

Sv 4 830 (551) <z 13210 - iz 17 e

N.B. These analyses represent sampl
should therefore be the most r

La3 .
s per 197 hydrogen atoms.

IO T

2)  Laboratory values.

Samples considered suitably representarive

a) a
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Figure 5.44: Hydrogeological characteristics of borehole

Sv 4,

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

b) Hydraulic conductivity.

c) Piezometric head distribution and
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 uppermost part of the hole is
characterised by small negative head deviations. The
groundwater level in the borehole is very near the ground
surface for most of the year.

Water volume (n?)

a Sv b 96-98 m

Y

T T T
1981 1982 1983 1984
-7 3
5
2

N
o
1

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-1ift pumping; 3 = Hydraulic testing;
4 = Sampling; 5 = Open-hole effect.
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5.3.1.1 Level 96-98 m (approx. 83 m)

The sampled section is located within a light-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
fracture zone 20 cm wide comprising four fracture zones
which show evidence of weathering.

Hydrology

A high hydraulic conductivity (K=8.4.1078 m/s), in
combination with a positive piezometric head deviation
(+1.0 m), should contribute to a suitable water sampling
situation. The one injected 5 m borehole section resulted
in a lower conductivity value (and also a positive head
deviation) than the overall 25 m section. This, however,
is no guarantee that the fractures in the actual sampled
section are in fact water conducting. The water budget
calculations based on measurements along the 25 m section
are presented in Table 5.12a and illustrated in Figure
5.45,

Water 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~ s low and HCO_~ 1is normal

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

A positive Eh value (+50 mV), together with a near
absence of Fe(II) (0.04 mg/1) and S(-II) (<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).

Isotope geochemistry

This level is characterised by 6180 and SZH values
(-12.51 ppt and -90.0 ppt respectively) indicative of a
meteoric water source (Fig 5.6). The tritium data of 5TU
indicates a small surface-derived component; no ! C

data are available.

Uranium geochemistry

The dissolved uranium content is 3.47 ppb which is high
and supports an oxidising groundwater environment. No
isotope data are available for this level.

Summary

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

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

The presence of oxygenated near-surface groundwaters is a
function of the shallow depth of the sampled level, in
combination with high conductivity and a positive
piezometric head. However, the actual section length
sampled is quite compact and free of any major fractures.
There is therefore the real possibility that the waters
sampled represent borehole water obtained from higher-
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Tevel conducting fracture zones which have channelled
near-surface groundwaters (containing small quantities of
marked drilling water) into the borehole.

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

The main rock-type along this section is a fine- 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 one fracture
shows signs of weathering.

Hydrology

The sampled section length has a hydraulic conductivity
of 6.5.10_9 m/s and an unusually high excess pressure
(+17.4 m; Table 5.12a). Two 5 m sections have been
injection tested, one of which includes the most
fractured part of the 25 m sections (incorporates 3
fracture zones). Both of these 5 m sections resulted in
Tower K-values. It is therefore more plausible that the
sampled section containing only four single fractures
should be represented by the calculated water budget
illustrated in Figure 5.46, which favours a
contamination-free groundwater sample. The distribution
of fractures along the rest of the 25 m section is
similarly low.

Water geochemistry

The sampled groundwater has a pH of 9.0 and a major
cation and anion content typical for a shallow to
intermediate non-saline groundwater. However, a sizeable
I” content (1.9 %) indicates a significant drilling
water component.
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Figure 5.46: Schematic illustration of the calculated
water budget for level 376-378 m in borehole
Sv 4 (Svartboberget). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic testing;
4 = Sampling; 5 = Open-hole effect.

Redox-sensitive parameters

A strongly reducing groundwater environment is indicated
by an Eh value of -130 mV and significant amounts of
Fe(II) (0.21 mg/1) and S(-II) (0.03 mg/1); further
indications include a virtual absence of oxygen (0.01

mg/1).
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Isotope geochemistry

Stable isotope values (5180 = -13.22 ppt, 62H =

-95.3 ppt) suggest a meteoric origin. A below detection
Timit of tritium (<3TU) indicates no contamination from
young, surface to near-surface groundwaters, and a

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

Uranium geochemistry

Dissolved uranium contents are low (<0.01 - 0.22 ppb) and
the 23 U/238U activity ratio is high (3.3). This
further supports a reducing environment and shows
gggespread isotopic disequilibrium due to an excess of

U.

Summary

Hydrologically, the water budget calculations from the
measured 25 m section indicate that a representative
groundwater sample should have been possible; however,
the actual sampled 2.7 m section may be doubtful because
of an absence of convincing water-conducting fractures.
The chemistry of the water supports the water budget
calculations in that a representative sample was in fact
obtained. The only negative feature is the low but
significant iodine content which indicates the presence
of some drilling water contamination. It is proposed,
therefore, that most of the water collected was from the
borehole above or below the packer system. The origin of
this water was probably from those conductive zones
indicated from the hydrological data along the 25 m
section, which may come from the sealed-off horizon. This
groundwater is intermediate, non-saline in type, and is
representative for the bedrock depth sampled. The small
drilling water component probably comes from some
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residual contamination in the borehole. The authenticity

of the sample is supported by negligible tritium (<3TU),

negative Eh (-130 mV), an absence of oxygen, and an old
C age of 14820 years.

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

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

Hydrology

Injection tests conducted along the 25 m section (Table
5.12a) show that 88 % of the water corresponds to local
fracture Zone 17, which is known not to coincide with the
actual sampled section. Measurements along a 5 m section,
which includes Zone 17, also show a positive piezometric
head of +3.6 metres.

Water geochemistry

The major chemical components show no significant
variation from the above level (Table 5.12b). Some
drilling water component is still present, as indicated
by 1.0 % I,

Redox-sensitive parameters

There is an indication from these parameters that the
groundwater is less reducing; for example, an Eh value of
-50 mV and an increase of 02 to 0.25 mg/1. The Fe(II)
and S(-II) contents show little change, although the
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absence of any S(-II) might be some support for a less
reducing groundwater.

Isotope geochemistry

Little change in stable isotope composition can be
observed. An absence of tritium (<3TU) and an old 14C
age (12935 years) suggest a good representative
groundwater.

Uranium geochemistry

The dissolved uranium content ranges from <0.10 - 0.20
554 135. similar to the preceding level. The

/ U activity ratio is markedly higher and
again indicates widespread disequilibrium in the
groundwater.

Summary

The location of the sampled section within a fracture-
free, non-conducting part of the borehole is not
particularly conducive to groundwater sampling. The
sampled water is therefore from the borehole, probably
partly from above the packers, but even more probably
from the highly conductive Zone 17 situated just below
the packer system. The similarity in chemistry of this
groundwater with the preceding level indicates that both
samples mostly represent the same groundwater source. The
less reducing nature of the present level may indicate
some mixing with groundwaters from higher levels,
although the chemical characteristics are similar.
Residual drilling water from the borehole probably
accounts for the detectable I~ content.
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5.3.1.4 Level 630-632 m (approx. 551 m)

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

Hydrology

The 25 m section which includes the sampled section
records a hydraulic conductivity of 2.0.10° " m/s

(Table 5.12a). No hydraulic head data are calculated
because of defaulting pressure transducers. As the
injection tests are considered to correspond only to
Tocal fracture Zone 15, it is highly doubtful whether the
calculated water budget values reflect the actual
sitauation prevailing along the sampled section located
some 10 m above Zone 15.

Water geochemistry

A pH of 9.1 and major ion contents of 35 mg/1 for Na+,
17 mg/1 for Ca?*, 7 mg/1 for €17, and 126 mg/1 for
HCO3-, demonstrate the similarity of this groundwater
with the two preceding sampled levels. In some contrast,
the iodine content (0.6 %) is lower and therefore
suggests a smaller drilling water component.

Redox-sensitive parameters

Fe(Il) and S(-II) show similar levels to the previous
lTevel (0.27 mg/1 and <0.01 mg/1 respectively); the oxygen
content, however, has increased slightly to 0.50 mg/1
suggesting a greater near-surface component. The overall
groundwater environment is reducing (Eh = -110 mV).
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Isotope geochemistry

The stable isotope data (values for 6180 and 52H

are -13.10 ppt and -95.4 ppt respectively) show little
deviation to the previous level. The absence of
detectable tritium (<3TU), and the correspondingly old
L C age (13210 years), indicate a relatively
uncontaminated and representative groundwater.

Uranium geochemistry

Dissolved uranium is present in only very small amounts
(<0.1-0.15 ppb). This, together with a high u/
U activity ratio of 4.1, suggest a deep reducing
environment with widespread disequilibrium due to excess
U, probably caused by alpha-recoil processes.

Summary

Hydrological and geological considerations indicate that
Tittle water is possible from the sampled section length
which reveals only one single fracture. The water sampled
must therefore originate in the borehole, and the
similarity in chemistry with the two preceding levels
indicates a common source i.e. local fracture Zones 15
and 17. The small amounts of jodine tracer and the
continued measurement of some oxygen show that some
drilling water + a small surface component are still
present, although the quantities involved are not
sufficient to influence the isotopic data significantly.
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5.3.1.5 Borehole summary and discussion

Geological mapping, and hydrological investigations
carried out along 25 m sections (in some cases more
detailed measurements have been conducted along 5 m
lengths) in borehole Sv 4, have resulted on locating

three major conducting 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 borehole is thought to be located in a local

groundwater discharge area and therefore the piezometric
head might be expected to increase with depth. Hydraulic

measurements are reasonably high (>1.10°° m/s) in and
around the upper three 1nvest1?ated levels; the deepest
level records a value of 2.10 m/s. Positive
piezometric head values, when possible to measure,

Characterise the two uppermost levels. As a consequence,

the calculated water budgets for these two horizons

indicate that uncontaminated, representative groundwater
samples should be obtained. However, for at least three
of the four locations chosen for sampling, the section
selected fell outside the conducting horizons featured in

the water budget calculations. Thus, taking into
consideration the geological characteristics of the

drillhole, this effectively means that portions of the
borehole devoid of any significant conducting fractures

were sampled for groundwater. The only suitable water
source was the borehole itself, and the most likely
origin of these waters is from those major conducting

Tocal fracture Zones identified by the hydraulic testing.

The water chemistry indicates two groundwater types:

- oxygenated, near-surface water
- non-saline, intermediate groundwater of a reducing
character
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In both cases the presence of iodine indicates a residual
drilling water component. The presence of oxygenated,
near-surface water at level 96-98 m is a function of the
shallow depth of the sampling, combined with high
conductivity and a positive piezometric head. The source
of the water probably originates from higher-level
conducting zones which have channelled some near-surface
water (indicated by measureable tritium and containing
small amounts of drilling water) into the borehole. This
water has been subsequently leaked around the packer
system during sampling. The remaining three sampling
points are characterised by non-saline, intermediate
groundwater which is uncontaminated by any younger water
component (<3TU) and is greater than 12 000 years old;
small amounts of residual drilling water are present.
This groundwater source almost certainly originates from
the highly conductive local fracture Zones 15 and 17. The
high angle intersection of Zone 17 (850) with the
bedrock surface), together with the intersection of Zone
15 with several local fracture zones at depth, would
facilitate groundwater mixing and homogenizing from
different sources and may have a bearing on the similar
water chemistries obtained from these two potential
sources. However, the available hydrological data
suggests that level 376-378 m, close to the highly
conductive Zone 17, is the most likely groundwater source
which represents an intermediate non-saline type.

The dissolved uranium in groundwaters from the sampled
levels show high contents for the uppermost oxidising
horizon (3.47 ppb). At greater depths, and in accordance
with the other chemical parameters, the uranium content
is similar in the three remaining sampled groundwaters.
Here, the low to negligible contents (<0.1-0.22 Egb
support a reducing groundwater environment. The

U activity ratios for the three deeper levels
range from 3.3 to 4.5 which indicate substantial U
excess, probably from alpha-recoil mechanisms and suggest
fairly long residence 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 crystalline and amorphous UO2 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 samples plot in and around the amorphous

UO2 stability curve at a pH of 9.50.

Table 5.13: Uranium content and theoretical Eh values of
the groundwater from borehole Sv 4.

Level Uranium Content Calculated Eh
(metres) (ppb) (mV)
96- 98 3.47 -129
376-378 0.22 -355
430-432 0.20 -285

630-632 0.15 -273
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Figure 5.47: Plots of uranium content (expressed as log

(mo1/1itre)) and the calculated theoretical Eh
values of groundwaters collected from borehole Sv
4. The values are plotted with respect to
theoretical uranium solubility curves calculated
for amorphous (lower stability limit) and
crystalline (upper stability limit) U0, at a pH
of 9.50.

2

5.3.2 Borehole Sv 5

The
799

borehole was drilled at 86° to a vertical depth of
.50 m (borehole length 801.45 m) in order to:

study the hydrogeological properties of the bedrock
from a centrally-located deep borehole

study a relatively fracture-free portion (as deduced
from ground geophysical measurements) of the test-site
area

Tocate at depth the presence of possible local
fracture zones as suggested from geophysical

investigations

estimate the extent of the migmatite
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Resulting from the drilling 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 migmatite, and 3 % greenstone; percentages
relate to borelength length. The migmatite is typically
banded to veined in appearance, with more diffuse
homogeneous thicknesses commonly present. Below 200 m a
coarse veined gneiss with decimetre thick bands/veins
tends to occur more frequently. The granitic bedrock
variety is characterised by a coarse-grained,
Tight-coloured pegmatitic quartz/feldspar type, and a
grey-coloured, medium-grained, more homogeneous type. The
former type is a typical migatite granite which mostly
occurs within the upper part of the borehole (0-500 m) as
thin (<10 m) horizons fairly evenly distributed in the
migmatite gneiss. The latter type is mostly present as
greater thicknesses, e.g. 510-570 m, 605-670 m and
700-800 m, although of less frequent occurrence.

Greenstones (average thickness of 0.7 m) are often
sheared and occur parallel 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 frequency/metre for the hole is 3.5.
For individual rock-types, the greatest fracture
frequency is recorded by the greenstone (9.0
fractures/m), followed by migmatite gneiss (3.8) and
finally the migmatite granite (1.9). In general, fracture
frequency decreases with depth with the greatest
frequency occurring from 0-270 m, and the lowest
frequency being present between 270-360 m and 400-700 m
(i.e. less than 2 fractures/metre) (see Figure 5.49a).
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Figure 5:48 Location of the major fracture/crush zones
and their relationship to the groundwater
sampling horizons (Borehole Sv 5).
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As mentioned above, a characteristic feature of the
borehole is the presence of five major fracture zone
intersections one of which (Zone 18) being of regional
importance. These range in width from 5 to 15 m, and each
comprise 8 to 14 fractures/m. These zones are moderately
to steeply inclined to the borehole axis (30-80°) and

the three shallower zones (i.e. Zones 8, 15 and 7/14)
show evidence of widespread alteration due to weathering.
The most common fracture/crush zone minerals are illite,
chlorite and calcite with more minor amounts of other
clay mineral phases and zeolites.

Hydrologically, because of the borehole location close to
the summit of Svartboberget itself, groundwater
recharging conditions prevail, most probably accompanied
by a decrease of piezometric head with depth. The
groundwater level in Sv 5 usually exceeds 10 m depth. The
hydraulic conductivity measured along the hole roughly
decreases with increasing depth apart from four sections
at approximately 375, 500, 625 and 750 m. Two of these
correspond to fracture zone intersections, i.e. Zone 7/14
at 371-401 m and Zone 18 at 727-737 m. Zone 18, which is
regional in extent and delineates the eastern margin to
the test-site, records an extremely high conductivity

(K = 3.0.10-8 m/s) for this depth (Table 5.14a).

The piezometric head shows a rapid decrease to about 300
m depth; little variation occurs for a further 200 m
whereupon an increase is recorded towards the hole bottom
(Fig. 5.49c). The differences in piezometric head is
greater than 50 metres of water and varies between 245
and 300 m.
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Table 5.14a: Measured hydraulic parameters and calculated water budget values of the various influences due to borehole
activities at the water sampled levels in borehole Sv 3.

Level K-value* Head Flow direction Drilling Gas-lift Hydraulic Open hole effect Sampled water
deviation* (borehole trends) water (+) pumping (-) testing (+) before sampling(f) before analysis
(m hole 3 3 3 3 - 3
length) {(m/s) (m) (m™) (m™) (m™) (m™) (m™)
161-163 1.9'].0‘8 +0.5 + 0.78 0.147 0.007 -0.82 1.6
357-359 3.0'10_8 -52.0 ¥ 1.43 0.23 <0.001 +138.7 1.22
615-617  1.8°10° -45.5 () 0.043 0.014 0.001 +7.65 1.41
719-721 9.2'10_9 -30.5 + 0.10 0.072 0.004 +27.58 2.65

*
25 m section; head deviation fromhydrostatic head in the borehole (in metre of water).

Table 5.14b: some nhysis

TRITIVN '¥2(ccrr,tic) sigg 5% sH Zh

SAMPLE

(tu)‘) (years) (0/00 Y5 SMTW) (/08 VS SMIH) (=)

1) 1 Tritium uniz (TU) = zhe rumber of trizium a7sms per 197 ayirozen asanms,
2)  Laboratory values.
* Samsles considered sui

a) c)
0 2 ‘ 6 8 0 tractures/m = W s s55 275 295 %05
i . o e KmIS, N Lo
I m.a.sd.
I ZONE 8
1 ZONE 15 o
] zone 7,1 :
|
;
2 {
L
T ZONE 18 ;
T3
e P o 26 gent h
Borehote length (m) 0% 100% = 2815 tractures P OIEE Eot e measured
G st | h-static

No of fractures/m

Zo0-08 SVARTBOBERGET
=R Barenoie Sv 5
20- 49
B3 s0-99
M|z

Figure 5.49: Hydrogeological characteristics of borehole Sv 5.
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.



200
5.3.2.1 Level 161-163 m (approx, 160 m).

The sampled section is characterised by uniformly-grained
biotite quartz gneiss containing veining of a coarser,
pegmatitic material, which is structurally foliated along
the regional trend. The borehole section contains two
fracture zones varying in width from 10-25 cm and each
comprising 4 fractures. In addition, two single fractures
occur; the various fractures intersect the axis of the
core at angles ranging from 20-900, and all show signs

of weathering.

Hydrology

This level is Tocated within the highly conductive upper
part of the borehole, and records a conductivity value of
1.9.107" m/s and a head deviation of +0.5 m (Table

5.14 a). This results in a negative water budget (i.e.
all contaminating water should be theoretically removed)
even prior to sampling (Fig. 5.50). It is remarkable that
the most fractured part of the 25 m section (approx.
155-158 m), tested more specifically along a 5 m section,
records a hydraulic conductivity below the measuring
limit (i.e. <2.5.1071 n/s).

Water volume (m)

| Sv 5:161-163 m
4
2_
0 T T T -
1981 1982 4 1983 1984
-2
5 —_
-4
Y

Figure 5.50: Schematic illustration of the calculated water
budget for level 161-163 m in borehole Sv 5
(Svartboberget). 1 = Drilling water; 2 = Gas-lift
pumping; 3 = Hydraulic testing; 4 = Sampling;

5 = Open-hole effect.
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Water geochemistry

A laboratory pH value of 7.7 was recorded (Table 5.14b).
The major cations, Na+ and Ca +, and the anions,

HCO3- and C17, are present in amounts which,

although Tower than excpected for this level, still fall
within the range of shallow, non-saline groundwaters. The
presence of 2.4 % I  indicates a sizeable drilling

water component.

Redox-sensitive parameters

The stable isotope data (6180 = -12.8 ppt and 62H =

-92.2 ppt) is representative for a meteoric water origin
(Fig. 5.6). The tritium content (33 TU) indicates a major
near-surface component; no ~ 'C data are available.

Uranium geochemistry

The oxidising groundwater environment indicated by the
redox-sensitive parameters is further supported by very
h12h d1sso1ved uranium contents (40.19-44.5 ppb). An

U activity ratio of 2.1 indicates
1sotop1c disequilibrium in the groundwater.

Summary

From hydrological considerations, the sampled groundwater
should be free from all major sources of water
contamination and therefore representative for the
investigated level. However, the hydrochemical results
show that:

- there exists a sizeable drilling water component

- there exists a major near-surface component

- some of the sampled water comprises a non-saline
component which would be expected from such a level
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The discrepancy between the predicted result and that
obtained is due to the Tocation of the sampling section
within a relatively conductive part of the borehole, also
characterised by a marginally positive piezometric head.
In the largely recharging environment around the bore-
hole, groundwater flow in this highly fractured upper
section of the bedrock will therefore be strongly
downwards, resulting in the availability of younger,
near-surface derived water within and in the near
vicinity of the borehole. This effect will be
particularly emphasised during pumping for sampling
purposes, resulting in the mixing of representative
groundwaters for the sampled level with younger water
from shallower sources. Furthermore, because of the very
conductive/fractured character of the upper bedrock
horizon, there will be an extremely high drilling water
loss resulting in groundwater contamination for a
considerable radius around the borehole. The presence of
a sizeable drilling water component in the sampled water
is therefore not surprising.

2 Level 357-359 m (approx. 356 m).

The dominating rock-type in this section is a
grey-coloured, inhomogeneous gneiss with veining and fine
banding of quartzitic material sometimes containing large
sporadic feldspar grains; aggregates of garnet also
occur.,

Structurally, the section comprises one fracture zone (40
cm wide and containing 7 fractures) and four single
fractures; fracture intersection with the axis of the
core ranges from 15-80° and the main fracture filling
minerals are calcite, together with unidentified mafic
and non-mafic phases. Local fracture Zones 7/14 are
Tocated approximately 10 m below the sampled level.
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Hydrology

The 25 m borehole section containing the sampled length
(which excludes Zones 7/14) records a hydraulic
conductivity of 3.0.1078 m/s (Table 5.14a). Two 5 m
sections within the 25 m section, which are located close
to these fracture zones, show rather a low conductivity,
i.e. the most hydraulically conductive part of the 25 m
section appears to be furthest from these local fracture
zones. With respect to the actual section sampled for
groundwater, the one detailed water injection test, which
included the sampled horizon, showed a K-value below the
measuring limit. This effectively means that the water
budget illustrated in Figure 5.51 is not representative.

Water geochemistry

For such a sampling depth the recorded laboratory pH
value of 6.2 is unusually Tow (Table 5.14b) and more
typical for surface to near-surface waters. This is
further supported by the major ions (3 mg/1 Na+; 8 mg/1
ca?’; 28 mg/1 HCO, ™3 8 mg/1 C17) which are

Tower than would be expected for groundwaters of an
intermediate, non-saline nature. The virtual absence of a
drilling water component is indicated by a low I-content
(0.2 %).

Redox-sensitive parameters

A highly oxidising groundwater environment is indicated
by a positive Eh (+275 mV), an absence of S(-II), and a
high 02 content of 2.75 mg/1. In contrast, the Fe (II)
content is high (4.1 mg/1) which is not readily
explained.
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Schematic illustration of the calcualted water
budget for level 357-359 m in borehole Sv 5
(Svartboberget). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling;

5 = QOpen-hole effect.
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Isotope geochemistry

The6180 value of -12.60 ppt indicates a meteoric
origin; no deuterium data are available. The tritium
content is very high (36 TU) and strongly suggestive of
surface water. A similar source is supported by the

C data which indicates a very young water (285
years).

Uranium geochemistry

The dissolved uranium content is very low (<0.01-0.2
B g); isotopic disequilibrium is shown by a u/
U activity ratio of 2.6.

Summary

As illustrated by the hydrological data, the selected
borehole section for sampling is located below the
dominating conductive horizon within the 25 m section.
Thus, the illustrated water budget in Figure 5.51 is
representative for the horizon rather than for the
sampled section. The hydrochemical data points strongly
to a young surface origin to the water sampled, which can
only have originated from the borehole above the
packed-off section. This is also plausible from the
hydrogeological measurements which show that the
combination of high conductivity and positive piezometric
head occurs most convincingly in the very uppermost part
of the borehole, where the dominant water source is
young. The resulting downward transport of water is
further accentuated by the very low piezometric heads in
combination with significant K-values from 200 to 700 m,
which results in the flow penetration of young water into
the bedrock.
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5.3.2.3 Level 615-617 m (approx. 614 m).

This Tevel is located in a massive grey granite which is
weakly foliated, uniformly fine-grained, and sometimes
containing garnet. The drillcore section is characterised
by only two single fractures which intersect the axis of
the core at 30° and 75° respectively; calcite is the

only recorded fracture mineral.

Hydrology

The sampled borehole length forms part of a 25 m section
which records a higher conductivity (1.8.10°° m/s)

than the respective adjacent shallower and deeper
borehole lengths: the hydraulic head is -45.5 m (Table
5.14.a). The water budget illustrated in Figure 5.52
shows that the water sampled should be 100 % composed of
contaminating water from the borehole. Although
calculated from the 25 m section, the water budget may be
representative for the sampled sectin. This is supported
by the fact that the two 5 m sections tested, which
included the most fractured portions of the 25 m section,
still recorded low conductivtiy values (Fig 5.49b).

Water chemistry

Similar to the preceding level (Table 5.14b).

Redox-sensitive parameters

Similar in properties to the preceding level.

Isotope geochemistry

Similar in properties to the preceding level.

Uranium geochemistry

Similar to the preceding level.
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Figure 5.52: Schematic illustration of the calculated water

budget for level 615-617 m in borehole Sv 5
(Svartboberget). 1 = Drilling water; 2 = Gas-lift
pumping; 3 = Hydraulic testing; 4 = Sampling;

5 = Open-hole effect.

Summary

The hydraulic characteristics of the sampled level and
the immediately adjacent borehole lengths show that the
hydraulic conductivity is generally moderate and the
piezometric head markedly negative. Geologically, the
selected level for sampling is located in one of the
Teast promising sections which is characterised by only
two single fractures. The calculated water budget is
therefore considered possible for the section sampled and
this would indicate that the water collected is highly
contaminated and originates from the borehole having been
leaked past the packers during pumping. Contaminating
borehole water is supported by the hydrochemistry which
points to a young, near-surface derived, highly oxidising
water of similar origin to that described from the
preceding level.
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5.3.2.4 Level 719-721 m (Approx. 718 m).

This level 1is characterised by three distinct rock-types;
veined gneiss, greenstone horizon (55 cm wide), and
migmatite granite. Structurally, there exists one
fracture zone within the greenstone (30 cm wide and
containing 5 fractures); four single fractures
characterise the remainder of the core. Angles of
intersection with the core axis vary from 30-800, and
the main filling minerals consist of calcite together
with unidentified phases of mafic- and non-mafic-rich
compositon. Located some 10 m below the sampled horizon
is the regional fracture/crush Zone 18.

Hydrology

The very high hydraulic conductivity of the 25 m section
corresponds to the regional fracture Zone 18, which has
been tested along two 5 m sections. It is thus very
doubtful whether the horizon sampled is water-conducting
or is to any marked extent influenced by the open hole
effect as illustrated in Figure 5.53.

Water geochemistry

Similar to the previous two levels apart from a much
higher I~ content (4.7 %) indicting a significant
drilling water component (Table 5.14b).

Redox-sensitive parameters

Similar to the previous two levels in that a markedly
oxidising groundwater environment is indicated.
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Figure 5.53: Schematic illustration of the calculated water

budget for level 719-721 m in borehole Sv 5
(Svartboberget). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling;

5 = QOpen-hole effect.

Isotope geochemistry

Similar to the two previous levels in that a young,
near-surface to surface water, characterises the
collected sample.

Uranium geochemistry

The limited data that are available indicate very low
Tevels of dissolved uranium.
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Summary

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 sampled level.
Some limited groundwater may be expected from the
fractured greenstone contained within the packed-off
section. However, the hydrochemical data, in common with
the previous two levels, indicate a young, near-surface
to surface water which is significantly oxidising in
character. The source of the water is similar to that of
the two previous levels.

5.3.2.5 Borehole summary and discussion

Borehole Sv 5 was drilled to characterise the general
hydrological, geological, and hydrochemical
Characteristics of the bedrock from a central location in
the Svartboberget test-site area. The dominating bedrock
is a migmatite gneiss with subordinate migmatite granite
and greenstone/dolerite. At depth, several large-scale
fracture/crush zones were intercepted, the deepest of
which (Zone 18) being of regional scale. A1l of these
zones are considered to intercept the bedrock surface to
the east of the test-site area and all have a general
strike of NW-SE.

Because of the topographic location of Sv 5 close to the
highest point of the area, the local hydrological
conditions are considered recharging, probably
accompanied by a decrease of piezometric head with depth.
The measured hydraulic conductivity along the hole
decreases with depth apart from four sections, two of
which correspond to local fracture zones 7/14 and the
regional fracture Zone 18 (Fig. 5.49b). The latter
records an extremely high conductivity (3.0.10'8 m/s)

for such a depth (727-737 m).
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With the exception of the uppermost sampled level
(161-163 m), all other 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 due to open-hole effects which
result from medium to high hydraulic conductivities
combined with strongly negative piezometric heads. To
further complicate the situation, not only are the
sampled groundwaters not representative for the bedrock
depths investigated, but they are not even a product of
the packed off sections. For the lower three sampled
Tevels, the sections selected fell outside the conducting
horizons featured in the water budget calculations. The
groundwater samples must therefore have been leaked past
the packer system from the borehole most likely via a
short-circuiting network of fractures.

The hydrochemical data identify two groundwater types:

- surface to near-surface oxidising water
- intermediate to shallow non-saline groundwater

The second groundwater type is present only within the
uppermost level, and even then in a much diluted form
resulting from mixing with surface to near-surface

water and drilling water. In general the dominating water
sampled from all the levels is characterised by the first
type. There is no doubt that the waters sampled are
surface to near-surface in origin. The question is
whether they represent water in the borehole above the
packer system, or water removed from nearby fractured
conductive horizons which has collected as a result of
open-hole effects?. Because of the prevailing
hydrological conditions in the borehole (i.e. conductive
and positive heads), waters derived from the uppermost
100 m of the borehole will not surprisingly penetrate to
depth and into the bedrock were strong negative heads and
marked conductivities are indicated. It is thus proposed
that the waters sampled have their origin from the
uppermost part of the borehole. In the case of the
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uppermost Tevel, some mixing with bedrock groundwater has
occurred facilitated by the high hydraulic conductivity
and positive head. The next two levels are characterised
only by waters of surface origin which is in part
supported by an almost complete absence of iodine tracer.
The lowermost level sampled represents again mostly
surface-derived water although the presence of iodine
tracer (4.7 %) might suggest some mixing with drilling
water from the major fracture Zone 18.

It is noticeable that the three deepest levels record
high Fe (II) contents (4.1-11.0 mg/1). This may be the
result of reaction in the borehole between the metal
pipes and the downward penetrating oxidising waters.

Because of the non-representative character of the
sampled waters, interpretation of any uranium trends is
meaningless. The very high uranium contents from the
uppermost level (40.19-44.5 ppb) is further support that
some of the sampled water has originated in the bedrock,
and that the groundwaters have been sufficiently
oxidising to accomodate so much uranium in solution. In
contrast the very low contents from the other levels are
typical of highly oxidising surface water which has had
minimum contact with the bedrock. In Table 5.15 and
Figure 5.54 the analytical uranium contents and the
theoretically calculated uranium solubilities for both
crystalline and amorphous UO2 at a pH of 6.20 are
presented and plotted as a function of Eh. A1l water
compositions plot within the amorphous stability field.
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15: Uranium content and theoretical Eh values of
the groundwater from borehole Sv 5.

Level Uranium Content Calculated Eh
(metres) (ppb) (mv)
161-163 44 .5 +292
357-359 0.23 +179
615-617 0.15 +216
719-721 0.20 + 75
0 -
R H = 6.20
LOG A pri =
SOLUBILITY g
_10 -
A 161- 163 metres
® 357-359 -~-
W 615-617 -~-
v 719-729 -w-
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Figure 5.54:

OXIDATION POTENTIAL (mv)

Plots of uranium content (expressed as log
(mo1/1itre)) and the calculated theoretical Eh
values of groundwaters collected from borehole Sv
5. The values are plotted with respect to
theoretical uranium solubility curves calculated
for amporphous (lower stability 1imit) and
crystalline (upper stability limit) UO2 at a pH

of 6.20.
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5.4 Kamlunge

The Kamlunge test-site is situated in northern Sweden
about 35 km from the Baltic coast (Fig. 1). In common
with the other described areas, Kamlunge represents a
crystalline rock environment which is Precambrian in age.
Topographically the region forms a plateau with a ground
Tevel range of 40 to 175 m above sea-level (Fig 5.55);
ice-movement has imposed a dominant NNW - SSE orientation
on the Tocal topographic features. The plateau may be
described as a horst-type feature, a triangular block
some 16 km2 in area, bounded on three sides by
large-scale regional lineaments which are presumed to be
near vertical in penetration. Outcrop exposure is
generally good, otherwise a thin to moderate moraine
cover is usual (approx. 5-10 m).

The regional geology of the area has been described
generally by Odman (1957) and Lundqvist (1979). As a
result of SKB investigations between 1981-83 the area has
recently been described in more detail by Albino et al
(1983) and summarised by Ahlbom et al (1983e). The region
1s characterised by metamorphic and migmatitic rocks
which are Precambrian in age; the region is regarded as
having been relatively stable for long periods of
geological time. Briefly, the oldest rocks in the area
are basement Archean granite gneisses. In Finland and
further north in Sweden, similar basement rocks reveal
ages ranging from 2600-2800 Ma (Welin et al, 1971;
Perttunen, 1980). Overlying and discomformable with the
Archean basement are the younger Svecokarelian rock
groups. The Svecokarelian is initially represented by
metasediments and metavolcanics. These are followed by
the Haparanda series of deep intrusives comprising
granodiorite and gabbro which have been dated by Rb-Sr to
around 1840 Ma (Welin et al, 1970). The earlier
metasediments and metavolcanics are thus considered to be
within the range of 1900-2500 Ma. Metamorphism in the
region culminated during the Svecokarelian epoch at
approximately 1800 Ma resulting in widespread
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Figure 5.55: The Kamlunge test-site. A: Topographic profile

across the site; B: Hypsographic curve showing
altitude characteristics.

migmatisation. Coeval with metamorphism, and forming
Targe-scale intrusions in the region, is the Lina granite
which indicated a range of Rb-Sr ages from 1565-1800 Ma
(Welin et al, 1970).

The oldest rocks exposed at the Kamlunge test-site area
are the above mentioned metasediments and metavolcanics.
These are present as quartzitic gneiss, biotite gneiss
and amphibolite which are later intruded by granodiorite
and gabbro of the Haparanda series. The Lina granite,
with widespread pegmatitic activity, intrudes all older
rock types.
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Large-scale lineaments measured in an area of
approximately 600 km2 around Kamlunge revealed three
main groups characterised by orientation. The most
important group was orientated parallel to the dominant
ice-movement direction (N4OW-S40E); the remaining more
minor trends were NIOE-S10W and N30E-S30W respectively.
Detailed fault and joint patterns have been measured from
the exposed bedrock at the Kamlunge test-site. Local
fracture zones have been indicated by different
geophysical methods, and have suggested the presence of
seven zones ranging in width from less than 5m to 15 m
which traverse the test-site area (Fig 5.56).

The properties of these fracture zones at depth have been
investigated by means of 16 core drillholes (to a maximum
depth of 650 m) and 21 percussion drillholes (0-150 m
depth); the zones tend to be steeply inclined and spaced
about 500-1500 m apart. In addition, a horizontal
fracture zone was penetrated at a depth of 550 m. This
zone, which was water conducting, varied in width from 4
to 14 m and is less weathered and crushed than the
steeply inclined fracture zones.

Fracturing of the bedrock mass has been mapped on surface
outcrops and on drillcores. The fractures on the surface
have a dominant W-NW orientation which is largely
perpendicular to the direction of the regional foliation.
In the gneisses the fracture frequency averages 1.3
fractures/metre whilst the dioritic, granodioritic and
granitic rock-types are characterised by 1.1
fractures/metre.

In relation to depth the greatest fracture frequency (4
fractures/metre) is encountered in the upermost 200 m. At
greater depths an average of 2.5 fractures/metre is
usual. In common with the other areas it is important to
note that the higher fracture frequency of the drillcores
compared with the outcrop measurements is due to the fact
that the frequency of horizontal fractures is
underestimated in the outcrop mapping. Moreover, the
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fracture frequency of the drillcores include all
fractures regardless of length, whereas 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 amphibolite
(4.7), followed by granodiorite (4.0), quartzitic gneiss
(3.9) and lastly the biotite gneiss (3.6). The highest
fracture frequency has been recorded for an ultrabasic
rock only found in one borehole. The most commonly
occurring fracture filling mineral phases include
chlorite, calcite and zeolites with subordinate sulphide
minerals. Many of the local fracture zones (and others of
lesser dimensions) are often characterised by coatings of
iron oxides which include hematite and goethite.

Hydrologically the Kamlunge test-site is situated on a
ridge which constitutes the water divide between the
Kalix river catchment area to the west and the Sangis
river catchment area to the east. These areas are about
23 000 km2 and 600 km2 respectively and the rivers
eventually flow into the Baltic sea. The major part of
the investigated region is drained by the Korpikan stream
which forms part of the Sangis catchment area.

Since Kamlunge is a plateau the site as a whole can be

regarded as a recharge area. Minor discharge areas occur
in Tow-lying regions usually evident as expanses of marsh
or peat bog; additional discharge occurs along the steep
western slopes of the plateau resulting in several lakes.

The annual fluctuation in groundwater recharge and
storage in the Kamlunge area is typical for coastline
regions of northern Sweden. Two periods of recharge
occur, one in late Spring and the other in the Autumn.
The former coincides with snow melting and the latter
with moderate to heavy precipitation, in combination with
Tow evaporation rates. The minimum and maximum
groundwater levels occur just prior to and just after
snow melting.
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The mean groundwater temperature in this region is 3.50
to 4.OOC, i.e. some degrees above the annual mean air
temperature. This is due to the absence of any recharge
in the Winter in combination with the insulation effect
of the snow cover (Knutsson and Fagerlind, 1977).

The groundwater table level is in general 1 to 3 m below
the surface; this depth can vary up to more than 10 m
along slopes and under isolated topgraphic high spots. As
with the other areas described the morphology of the
groundwater table reflects on a smoother scale the
topographic relief of the area. The groundwater gradients
are relatively small along the top of the plateau and
considerably greater at the plateau boundaries,
especially at the western margin. The altitude of the
groundwater table varies between 135 and 165 m above
sea-level.

The water balance of the Kamlunge test-site during the
period 1951-1980 has been calculated to:

Adjusted precipitation 690 + 25 mm/year
Actual evaporation 350 + 25 mm/year
Run-off 330 + 10 mm/year

The discrepancy between run-off and available
precipitation (i.e. evaporation less precipitation) is
probably due to the uncertainty in these recorded values.
The groundwater run-off through the boundaries of the
area is supposed to be negligible. From the numerical
modelling by Carlsson et al (1983) the groundwater
recharge to the bedrock has been calculated to be approx.
2 mm/ year.
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5.4.1 Borehole Km 3

Borehole Km 3 was drilled at 60° to a vertical depth of
approx. 585 m (borehole length of 700.15 m) in order to:
1) investigate the bedrock comprising the steep western
edge of the plateau 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,
Zone 2 was intercepted at 313 - 337 m and Zone 3 at 441 -
450 m.

In terms of rock composition, the dominant rock-type in
the borehole is granodiorite (42.9 length %) followed by
granite/pegmatite (25.3 length %), amphibolite (22.2
Tength %) and lastly biotite gneiss (9.6 length %). With
regard to fracture density, granodiorite recorded 4.94
fractures/metre, granite 4.76, amphibolite 4.32, and
biotite gneiss 3.54. In general, pegmatite horizons are
most fractured. Related to depth the fracture frequency
is greatest in the uppermost 200 m, with more than 4
fractures/metre (i.e. area of stress-release fracturing).
Effective porosity measurements of individual rock units
(S. Sehlstedt, 1983, per. commun.) show a general low
porosity (<0.3 %). However, significant differences do
exist between the different rock units, for example,
amphibolite (mean 0.26 %) records slightly higher values
than biotite gneiss (mean 0.23 %) and granite/pegmatite
(mean 0.22 %) but significantly higher than granodiorite
(mean 0.13 %).

The fracture minerals that most commonly characterise the
drillcore are chlorite, calcite tzeolite, iron-oxides
such as hematite and goethite, and more rarely sulphides.

The location of the borehole along the steep western
slope of the Kamlunge plateau and its general orientation
downslope, will result in high hydraulic gradients. In
fact, the head difference in Km 3 between the bedrock
surface and the borehole bottom exceeds 20 m of water
according to the numerical modelling of the overall
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Figure 5.57: The groundwater flow-pattern and isopotentials in

the vicinity of borehole Km 3 illustrated by a
vertical section in the same plane as the
direction of the borehole (modified after the
numerical modelling of the Kemakta Consulting Co).

groundwater flow patterns at Kamlunge (Carlsson et al.
1983; Fig 5.57). The general feature of the groundwater
flow in the vicinity of borehole Km 3, which is
considerably influenced by the complex geometry of the
nearby local fracture zones (Zones 1, 2 and 3; Fig 5.56),
is a flow directed towards the regional lineament
demarcating the western edge of the plateau. In the
uppermost bedrock horizon near Km 3 a local groundwater
circulation cell can be recognised. At greater depths the
flow direction becomes more vertical, eventually
extending to a more regional circulation.

The calculated head distribution from the groundwater
model bears no similarity to the measured data from the
borehole (Fig 5.58). Unfortunately there is a lack of
data from below 300 m due to the fact that Tow K-values
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Table 5.16a:

activities at the water sampled levels in borehole Km 3.

L1 masl

] measured
,~ modeiled

f

h-static

Hydrogeological characteristics of borehole Km 3.
a) Fracture frequency (for 10 m sections) and
the cumulative percentage of fractures.

Measured hydraulic parameters and calculated water budget values of the various influences due to borehole

Sampled water

*
Level K-value Head Flow direction Drilling Gas-lift Hydraulic Open hole effect )
deviation (borehole trends) water(+) pumping (-) testing(+) before sampling(Z) before analysis(-)
3 3 3
(m hole (m/s) (m) (m3) (m3) (m™) (m™) (m?7)
level)
123-125 7.1'10-9 +2.1 + 0.32 0.006 0.009 -0.464 8.9
445~447 1.0'10_8 +6.3 ? 0.30 0.009 0.046 ~1.44 9.2
* . .
25 section; head deviation from hydrostatic head in the borehole (in metre of water)
Table 5.16b: some shysico-zremical parameters of groundwatars sampled from tha 3KE Test-site
SAMPLE SE Ih 2" 27t Re(IT) S(-tD) Ecol ool T U-Content hSVEELE
() (mg/1)  (ng/2) (mg/l) (m2/1) (rg/1) (ag/l) (mg/l) (%) (z55) sctivity ratic

analyses represer
nerefore be the m

rounit (TU) = the rumber of tritium
2)  Laboratory wvaluss.

* Samples censidered suitably representative
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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).

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

The sampled borehole section is Tocated 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 containing 3 fractures) and four single fractures.
The intersection angle of the fractures with the
drillcore axis ranges from 20—70o and the main fracture
filling minerals are chlorite and calcite; iron oxides
are present within the small fracture zone. Less than a
metre above the sampled section is a strongly brecciated
core length some 1.5 m in length which is stained with
iron-oxides.

Hydrology

The hydraulic conductivity measured along the 25 m
section containing the sampled length is 7.1.107° m/s

and the hydraulic head exceeds the hydrostatic head in
the borehole by 2.1 metres. This excess, although smaller
(+0.1 m), is confirmed by injection tests conducted along
a 5 m section, the lower part of which contains the
sampled length. Furthermore, most of the injected water
appears to penetrate the crush zone located above the
sampled level. The water budget calculations show that
the borehole activities are not important as some 9 m

of water are removed prior to sampling (Fig 5.59; Table
5.16a).
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Figure 5.59: Schematic illustration of the calculated water
budget for Tlevel 123-125 m in borehole Km 3
(Kamlunge). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Open-hole effect.

—

Water geochemistry

‘The sampled water (Table 5.16b) is characterised by a pH
of 7.9; the major cations Na+ and Ca2+, together

with anions HCO_~ and C17, all show lower than

normal values when compared to representative non-saline
groundwaters in Swedish crystalline rocks (Table 5.1).
This suggests a water of near-surface origin; negligible
amounts of iodine (0.04 %) show an absence of drilling
water,

Redox-sensitive parameters

Positive Eh values (+100 mV), a virtual absence of Fe(II)
and S(-II), and a sizeable oxygen component (0.48 mg/1),
all indicate a strongly oxidising groundwater
environment.
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Isotope geochemistry

No stable isotope data are available; the 140 data
record an age of 3375 years. The tritium value is
extremely high (49TU) which supports the general water
chemistry in that a young, surface to near-surface water
origin is indicated.

Uranium geochemistry

High amounts of dissolved uranium are indicated
(11.94-24.3 ppb) which once a2a1n suggests a strongly
oxidising environment. The U activity

ratio of 2.8 indicates w1despread groundwater
disequilibrium.

Summary

Contrary to the water budget calculations which indicated
that a representative groundwater sample was to be
expected from this level, all chemical data show that the
collected water was of surface or near-surface origin.
Minimal tracer contents of iodine show that drilling
water is not a major contaminating influence. The
combination of high conductivity and a positive
piezometric head, together with a sizeable crush zone
within the near-vicinity of the sampled horizon, has
probably resulted in near surface water being pumped from
higher, more oxidised horizons in the bedrock, or from an
interconnected fracture system to the borehole above the
packer system which has collected water from higher more
conductive levels.

No significant variation in the physico-chemical
parameters of the water during the sampling period were
observed.
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5.4.1.2 Level 445-447 m (approx. 376 m)

This sampled horizon is characterised by amphibolite
which is often biotite-rich and contains decimetre thick
bands of grey granodiorite. The area around the section
is heavily tectonised and represents the intersection of
Tocal fracture Zone 3. The actual borehole length sampled
is less fractured than the adjacent bedrock. It consists
of one broad fracture zone (comprising 16 fractures) and
6 single fractures; the intersection angles with the core
axis range from 30-70° and the dominant fracture

filling minerals are pyrite, chlorite and biotite.

Hydrology

The sampled horizon is located within the most conductive
part of the Zone 3. The calculated K-value of the Zone is
3.10-8 m/s and the corresponding value for the 25 m
section is 1.107° m/s with an excess head of +6.3 m.

The 5 m Tlength records K = 1.2.10”" m/s with a
piezometric head of +0.9 m. Regardless of which values
are used for the water budget calculations, the general
combination of high conductivity and piezometric head
should ensure that the water sample is representative
(Fig 5.60).

Water geochemistry

The sampled water (Table 5.16b) has a pH of 8.4; of the
major cations, Na+ and Ca2+ are present in low

amounts, likewise for the major anions HCO3_ and

C1 . These waters, in common with those just described
for the previous horizon, are therefore
characteristically surface to near-surface in origin and
not typical of the non-saline groundwaters that one would
have expected. Negligible jodine (tracer) shows an
absence of drilling water contamination.
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Figure 5.60: Schematic illustration of the calculated water

budget for level 445-447 m in borehole Km 3
(Kamlunge). 1 = Drilling water; 2 = Gas-1ift
pumping; 3 = Hydraulic testing; 4 = Sampling;
5 = Open-hole effect.

Redox-sensitive parameters

Markedly negative Eh values (-150 mV), even though there
is a low Fe(II) and an absence of S(-II), indicate that
the groundwaters are considerably more reducing than the
previous level; this is further supported by an absence
of oxygen.

[sotope geochemistry

No stable isotope data are available. The very high
tritium values (56 TU), together with a young ~ ¢

(2985 years), lend further support of a surface to near
surface origin to the sampled groundwaters.
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Uranium geochemistry

The groundwaters are still characterised by a high
uranium content (5.51-16.2ppb); a 234U/
activity ratio of 3.2 indicates widespread

disequilibrium,

Summary

The hydraulic combination of high conductivity and
piezometric head should have ensured a representative
ground water sample devoid of contaminants such as
drilling water, surface to near-surface water and
borehole water. However, the results show that the water
has a surface to near-surface character, is
uncontaminated by residual drilling water, and is
markedly reducing. In general, the water is not
representative of this depth (vertical depth of 376 m) in
the bedrock apart from its reducing character, but is
very probably typical of downward moving groundwaters in
the fracture Zone 3 which is thought to extend to the
bedrock surface. The high tritium contents show that the
water is still young but appreciably older than present
precipitation in the Kamlunge area (approx. 35TU). The
results all serve to illustrate the very strong hydraulic
gradient within these large-scale fracture zones. Because
of the very fractured nature of the bedrock, some of the
sampled water may have originated from the borehole.

No systematic variation of the measured physico-chemical
parameters of the groundwater were observed during the
sampling period.

.3 Borehole summary and discussion

Geological and hydrological investigations within
borehole Km 3 have confirmed the existence of three major
fracture zones (Zones 2,3 and 4) considered through
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geophysical measurements to extend to the bedrock
surface. The natural groundwater flow in the
near-vicinity of the borehole is directed downwards
towards the regional lineament which demarcates the
western‘edge of the plateau. In general, the hydraulic
conductivity decreases with depth with the exception of
Zone 3 which shows an increase to 1.10 ~ m/s from an
average background borehole value of 1.10 ~~ m/s as
measured along 25 m borehole sections.

Of the two levels sampled, the upper level at 123-125 m
is sufficiently shallow to be influenced by the
tension-release fractures which commonly characterise the
upper 200-250 m of the Swedish bedrock. The hydraulic
conductivity is therefore fairly high within this upper
bedrock region, and in this case is accompanied by a
positive piezometric head, at least from approx. 100-300
m depth. The lower sampled level, being located at the
borehole intersection with Zone 3 (445-447 m), is also
characterised by high conductivity and piezometric head
values. Thus, the water budget calculations from these
two levels suggest that all contaminating waters
introduced prior to sampling (i.e. drilling water and
water introduced during hydraulic testing) are minimal
and are effectively removed by pumping prior to sampling.
The sampled groundwaters should therefore be
representative.

The overall chemistry of the groundwaters indicates that
neither level has resulted in a representative sample.
The chemistries are remarkably similar except that the
deeper level waters are more reducing. In general, both
sampled levels are characterised by surface to
near-surface waters with high tritum contents (49-56 TU),
Tow 140 ages (2985-3575 years) and very high amounts

of dissolved uranium (5.5-24.3 ppb). The virtual absence
of the iodine tracer (0.04 %) shows that no drilling
water component is present. It is therefore apparent that
the collected groundwaters have a similar near-surface
scource with rapid transport to depth being facilitated
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by highly conductive fracture zones such as Zones 2 and 3
which intersect the borehole at the deeper sampled level.
In addition, the very marked open-hole effects will
result in large amounts of near-surface derived water
being present in the borehole; open fracture systems
around the borehole can easily lead to such borehole
water being leaked around the packer system during
sampling.

The uranium content of the sampled groundwaters from
borehole Km 3 is extremely high although there is a
distinct decrease between the upper and lower sampled
Tevels (i.e. 11.94 ppb vs 5.51 ppb). The analytical
contents, together with the theoretical Eh values
calculated for the iron system, are presented in Table
5.17 and Figure 5.61. The Figure also contains
theoretical uranium solubility curves calculated from
crystalline and amorphous UO2 for a pH of 8.10 which is
reasonably representative for the waters from the
borehole. Both water compositions plot around the
amorphous uranium stability boundary; the upper level
Just inside the crystalline stability boundary.

Table 5.17: Uranium content and theoretical Eh values of
the groundwater from borehole Km 3.

Level Uranium Content Calculated Eh
(metres) (ppb) (mV)
123-125 11.94 - 74

445-447 5.51 =212
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Figure 5.61: Plots of uranium content (expressed as log
(mol1/1itre)) and the calculated theoretical Eh
values of groundwaters collected from borehole
Km 3. The values are plotted with respect to
theoretical uranijum solubility curves calculated
for amorphous (lower stability limit) and
crystalline (upper stability limit) UO_ at a pH
of 9.50.
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5.4.2 Borehole Km 13

Borehole Km 13, drilled at an angle of 60° in an ESE
direction towards Zone 5 (Fig 5.56), is located within
the southern central part of the Kamlunge test-site area.
The total length of the hole is 703.05 m (vertical depth
of approx. 600 m) and the primary objective was to obtain
more geological information about the SE quadrant of the
test-area. As a result, a weak sub-horizontal fracture
zone was encountered at a depth of about 670 m.

The dominant rock-type in the borehole is granite (56.9 %
of the borehole length) followed by 18 % biotite gneiss,
11.9 % quartzitic gneiss, 8.5 % amphibolite and 4.3 %
granodiorite. The uppermost part of the hole (down to
around 350 m) is dominated by granite with pegmatite

oH = 810
pH =6.20

- 125 metres

w 445 - 447 metres
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horizons and minor bands of quartzitic gneiss. Between
365-413 m amphibolite is present; a small thickness also
occurs around 700 m, otherwise the rest of the hole
consists of an intermixture of granodiorite, granite/
pegmatite and biotite gneiss. The average fracture
frequency of the borehole is 3.40 fractures/metre. For
the component rock-types, the lowest fracture frequency
is recorded by granodiorite (2.14 fractures/ metre)
followed by biotite gneiss (3.15), granite (3.25),
amphibolite (4.22) and lastly quartzitic gneiss (4.62).
The majority of the fractures are parallel to the
regional foliation and these also vary between the
different rock-types; for example up to 53 % for the
biotite gneiss and a minimum of 16 % for the quartzitic
geniss. In general, the frequency of fractures is low
throughout the borehole Tength; an obvious exception
occurs at the intersection of the sub-horizontal zone
around 670 m. The main fracture infilling minerals are
chlorite, calcite and zeolite; within and around the
sub-horizontal fracture zone, which is located within a
pegmatite horizon, the rock is weathered and stained with
iron-oxides which include hematite.

The presence of the sub-horizontal fracture zone greatly
influences the groundwater conditions as it dissipates
the piezometric head gradient in the bedrock such that
the head gradient becomes much less below the zone than
above it (Fig 5.62). This implies lower groundwater
flow-rates below the zone and consequently the
possibility of encountering older waters. The large-scale
groundwater flow-pattern in the vicinity of the borehole
shows that water recharging at the highest part of the
plateau to the NW of Km 13, passes the borehole on its
way to local fracture Zone 5 (Fig 5.56). The piezometric
head along the borehole decreases almost linearly from
145 to 133 metres above sea-level at the hole bottom (Fig
5.63c). The piezometric head distribution obtained from
the field investigations have generally accomodated this
variation with some noteable exceptions. For example, at
borehole lengths around 230, 360 and 675 m the
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Figure 5.62: The groundwater flow-pattern and isopotentials
in the vicinity of borehole Km 13 illustrated by a
vertical section in the same plane as the
direction of the borehole (modified after the
numerical modelling of the Kemakta Consulting Co).
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Figure 5.63: Hydrogeological characteristics of borehole Km 13.
a) Fracture frequency (for 10 m sections) and the
cumulative percentage of fractures.
b) Hydraulic conductivity
c) Piezometric head distributions and hydrostatic
head in the borehole.
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piezometric head is essentially higher. The normal
hydraulic conductivity pattern is reflected by
measurements which show only a few sections with a
K-value less than 1.10“9 m/s occurring below 200 m.
Above 200 m the conductivity is unusually low.

Table 5.18a: Measured hydraulic parameters and calculated water budget values of the various influences due to borehole

activities at the water sampled levels in borehole Km 13.

x
Level K-value Head N Flow direction Drilling Gas-lift Hydraulic Open hole effect Sampled water
deviation” (borehole trends) water(+) pumping (~) testing(+) before sampling(f) before analysis
3 3 3 -
(m hole  (m/s) (m) m”) () ) (m”) O @
length)
230~-232 9.6'10-10 +1.8 (I) 0.036 0.038 <0.001 -0.063 1.4
514-516 3.1'10_9 ~11.2 ¥ 0.006 0.120 <0.001 +0.917 >5.0
670-672 2.5'10_9+ +0.7 + <0.1 0.094 <0.001 ~0.029 3.4
680-682 2.5‘10—9+ +0.7 + <0.1 0.094 <0.001 ~0.058 >2.0

* . L . .
25 m section; head deviation from hydrostatic head in the borehole (in metre of water)

+ .
52 m section

Table 5.18b: some physizo-chenical parametsrs of zroundwiters samsle? Srom the SKE Test-size sreas in Sweden.

TRITIDN MC(eorr.iin) 3% 425 PH o Ih

RES Tz Fe(Il) 3(-Ii) HCC, o Il I U-lzntant RS TAR

(years) {mg/l) (=2/2) (=z/1) =g/l (mg/l) (=/i) (mz/i) (%) [§=3=+) Activity ratic

Samples considered suizably representative

5.4.2.1 Level 230 - 232 m (approx. 197 m)

The investigated level lies within quartzitic gneiss
Ccharacterised by biotite-rich bands together with
schlieren and dykes of pegmatite. The sampled borehole
Tength contains very little evidence of fracturing; only
7 single fractures intersect the core axis at angles
ranging from 30-60° with the main filling minerals

being pyrite, chlorite and zeolite.
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Hydrology

The hydraulic conductivity measured along the 25 m
section is 9.6.10-10 m/s and the head deviation is

+1.8 m. Injection tests along 5 m sections outside the
sampled level support the hydraulic parameters used in
the water budget calculations (Table 5.18a) which are
therefore considered to be representative for the actual
section, i.e. the low K-value results in only small
volumes of contaminated water being introduced into the
bedrock from the borehole activities. As shown by Figure
5.64 any contaminating effects should be adequately
removed prior to sampling.

Water geochemistry

The water sampled (Table 5.18b) recorded a pH of 8.4; of
the major ions, Na+ and HCO3' are present in lower
amounts, and Ca ¥ in higher amounts, than normal
non-saline bedrock goundwaters usually characteristic of
this depth;the C1” content is about normal (5 mg/1).
The high Ca~ (99 mg/1) can be correlated to higher

than normal SO " contents in the groundwaters. The
presence of 0.21 % of jodine tracer indicates the

presence of a small drilling water component.

Redox-sensitive parameters

Negative Eh values (-70 mV) and virtually no oxygen (0.07
mg/1) indicate a moderately reducing groundwater
environment; the contents of Fe(II) and S(-II) are low.
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Figure 5.64: Schematic illustration of the calculated
water budget for level 230-232 m in borehole
Km 13 (Kamlunge). 1 = Drilling water; 2 =
Gas-1ift pumping; 3 = Hydraulic testing; 4 =
Sampling; 5 = Open-hole effect.

Isotope geochemistry

No stable isotopic data are available; 14C, however
reveals an age of 7365 years. The tritium value of 10 TU
indicates a sizeable near-surface component.

Uranium geochemistry

;92 d;§§o1ved uranium content is high (5.2 ppb); the
U/777U activity ratio is 2.1 which shows
isotopic disequilibrium in the groundwater environment.

Summary

Low hydraulic conductivity values and a small positive
piezometric head suggested minimum contamination into the
bedrock during the various borehole activities. A
representative groundwater sample was therefore expected.

The chemical parameters have established that a reducing
groundwater environment exists at the sampled level. The
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major ion concentrations (e.g. low levels of Na+,
HCO3- and C17) show that a sizeable surface to
near-surface component is present, a fact supported by
moderate tritium contents (10 TU) and 0.21 % I~
(tracer). However, the relatively old age of the water
(14C age of 7365 years) suggests that some portion of
the water is probably representative for the sampled
depth.

A further aspect of the groundwater chemistry is the high
5042— content (approx. 200 mg/1). As CaSO4 this

probably explains the increased conductivity value (56
mS/m) of the water.

In summary, the results from this level indicate a water
characterised by:

- representative water from the sampled depth. This is
reducing in nature, relatively old, and has a distinct
chemistry as shown by the unusually high CaS0
content.

- the presence of residual drilling waters which are
near-surface in origin.

- the presence of surface to near-surface waters from the
borehole which have originated from higher levels in
the bedrock.

4

Mixing of these different water types has probably been
facilitated by the low K-values of the section which has
Ted to leakage of borehole water past the packer system.
However, systematic changes in the physico-chemical
parameters of the groundwaters during sampling (Laurent,
1983d) show a steady increase in Na+, Ca +, c1-

and 5042- and a decrease in Eh. This infers that
increasingly more representative groundwater is being
encountered as a result of the gradual removal of
residual contaminating 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 previous level, the dominant bedrock
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 angles ranging from 45-800, and the main
infilling minerals are pyrite, calcite and zeolite with
more minor amounts of chlorite.

Hydrology

The Tevel sampled has been selected from a highly
conductive 25 m section (K = 3.1.10-9 m/s); this is
supported by data from two 5 m sections. Each of these 5
m sections has a transmissivity exceeding that of the 25
m section (i.e. a greater amount of water is injected
within each 5 m section than in the total 25 m section).
This is best explained by leakage occurring around the
packers. It was noted that two fracture zones (45 m wide)
coincided with the level of one of the packers. As these
fracture zones are not included in the sampled section,
it can be concluded that the level sampled is
characterised by a smaller K-value thus making the
calculated water budget a realistic one (Fig 5.65). The
water removed by pumping prior to sampling is greater
than 5 m™ which should have secured a representative
sample.

Water geochemistry

The groundwater sample is characterised by a pH of 8.6;
the major ion characteristics are similar to those of the
previous Tevel although more accentuated. For example,
greater amounts of especially Ca2+ (and 3042-)

with more minor increases of Na , C1  and HCO3_.
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Figure 5.65: Schematic illustration of the calculated
water budget for level 514-516 m in borehole
Km 13 (Kamlunge). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic testing;
4 = Sampling; 5 = Open-hole effect.

A small I” content (0.16 %) suggests some mixing of
near-surface derived drilling waters.

Redox-sensitive parameters

The groundwaters sampled are still reducing (Eh = -100
mV) although slightly more than the previous level.
Fe(II) and S(-II) are still low and significant amounts
of oxygen are present (0.1 mg/1).

Isotope geochemistry

Stable isotope data are not available; 14C data

records an age of 6460 years. The tritium value of 18 TU
suggests a substantial near-surface component, somewhat
greater than the previous level,

Uranium geochemistry

Greater amounts of dissolved uranium (10.2 ppb) supports
a substantial component of near-surface, less reducing
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groundwater. The 234U/238U activity ratio of 1.8
indicates disequilibrium in the sampled waters.

Summary

The selected borehole length is characterised by single
fractures and a moderate hydraulic conductivity. The
water budget calculations infer that a representative
sample should be obtained subsequent to gas-lift pumping
and pumping just prior to sampling. However, the chemical
parameters measured show a marked component of
near-surface water derived from higher levels and
transported to the sampling depth probably by the
borehole itself. This borehole water was subsequently
Teaked past the packer system during sampling.

The major portion of the sampled water is reducing and
Characterised by a high CaSO4 content. Because of
roundwater mixing from other sources the recorded
C age reflects dilution by younger waters (i.e.
near-surface waters resulting in a tritium of 20 TU) and
so a much older age would be more realistic.

In summary, the results from this level indicate a
groundwater characterised by:

- residual water from borehole activities, e.g. drilling
water, aided by a negative piezometric head.

- mixed water sources from within the borehole; this
includes a considerably younger near-surface component
probably introduced around the packer system.

- major portion of representative groundwater of distinct
Cchemistry

Variations in the groundwater chemistry (Laurent, 1983d)
during sampling show clearly that the groundwaters are
becoming much more reducing, richer in CaSO4 and

slightly more saline; a small increase in pH also occurs.
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5.4.2.3 Level 670 - 672 m (approx. 556 m)

The sampled section is located within an approximatly 15
m thick layer of granite with numerous pegmatite
horizons. The section is markedly fractured and
represents part of the weak sub-horizontal Zone H1 which
intersects the borehole around 667-673 m. The sampled
section overlaps with one dominant fracture zone which
extends from 671.40-674.25 m and comprises 78 fractures,
many of which are present within the sampled section. In
addition, one smaller fracture zone of 40 cm width and
comprising 15 fractures, is located within the section,
together with 4 single fractures. The range of angle
intersections with the core axis is 0-90° and the main
filling minerals are iron-oxides (hematite + hydroxy
iron-oxides), calcite, pyrite and more rarely chlorite.

Hydrology

Not surprisingly the groundwater transport at this depth
is strongly influenced by the sub-horizontal fracture
Zone Hl. The hydraulic conductivity of Zone Hl is set to
1.107" m/s and is estimated from the single packer

test (assuming that it stands for 50 % of the
transmissivity), which is the only hydraulic test
conducted at this level. The 53 m long measured section
indicates an excess piezometric head. However, even
though the overall lack of detailed hydrologic data make
the water budget calculation somewhat uncertain, the
great volume of groundwater sampled (3.4 m3) may

provide a sample that is fairly representative (Fig
5.66).

Water chemistry

The major chemical parameters (Table 5.18b) are all
characterised by lower than normal values for non-saline
groundwaters that may be expected from such sampled
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Figure 5.66: Schematic illustration of the calculated
water budget for level 670-672 m in borehole
Km 13 (Kamlunge). 1 = Drilling water;
2 = Gas-Tift pumping; 3 = Hydraulic testing;
4 = Sampling; 5 = Open-hole effect.

depths. These values, such as a pH of 6.9, and major ion
contents of 5 mg/1 for Na+, 8 mg/1 for HCO3- and 5

mg/1 for C17, are more in accordance with surface to
near-surface waters.

Redox-sensitive parameters

Eh values show that the groundwater environment is
marginally oxidising (+50 mV); this is supported by small
oxygen contents (0.09 mg/1). The Fe(Il) content is
unusually high (6.8 mg/1); S(-II1) is negligible.

Isotope geochemistry

No stable isotope data are available; 14C records a

very young age of 1015 years and almost certainly
indicates water of a surface or near-surface origin. This
is supported by a tritium value of 39 TU which is near
the average for surface precipitation.

]
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Uranium geochemistry

Dissolved uranium values are low (0.09-0.6 ppb); these
together with an 234U/238U activity ratio of 1.8,

indicate a typical surface water origin.

Sumnary

Although the hydrological data are inadequate, the very
fractured nature of the sampled section length, the
apparently high hydraulic conductivity and an estimated
positive piezometric head, all combine to suggest that a
representative water sample is possible. The results
show, however, that the sampled water is surface to
near-surface in origin with no evidence of any deep
groundwater component. The only obvious source is
borehole water which has been derived from the
near-surface environs of the bedrock. Accumulation in the
sampled section has been by leakage past the packer
system during sampling.

5.4.2.4 Level 680 - 682 m (approx. 564 m)

This sampled level is located some 6 m below the sub-
horizontal Zone Hl described above; the dominant rock-
type is a fine-grained amphibolite. The section includes
a narrow crush zone (15 cm wide), one fracture zone (70
cm wide and containing 16 fractures), and 8 single
fractures. The major infilling minerals are iron-oxide
(hematite + hydrous types), calcite, chlorite and
zeolite.
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Figure 5.67: Schematic illustration of the calculated
water budget for level 680-682 m in borehole
Km 13 (Kamlunge). 1 = Drilling water;
2 = Gas-1ift pumping; 3 = Hydraulic testing;
4 = Sampling; 5 = Open-hole effect.

Hydrology

The available hydrological data are similar to that of
the previous level and therefore the calculated water
budget (Fig 5.67) exhibits the same inadequacies. From a
general hydrological point of view, as expressed at the
begining of this chapter, an older, perhaps a chemically
distinct groundwater, might be expected from this level
as 1t is situated below the sub-horizontal fracture Zone.

Water geochemistry

A1l the measured parameters show a water identical in
composition to previous level (Table 5.18b).

Redox-sensitive parameters

In common with the previous level, all indications are
that near-surface derived groundwaters of a marginally
oxidising character have been collected.
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Isotope geochemistry

No stable isotope data are available; 14C records an
age of 800 years which is totally unrealistic for these
depths but supports a near-surface origin to the
groundwater.

Uranium geochemistry

Similar to the previous level,

Summary

Hydrologically this level differs little from the
previous. Geologically the section is less fractured and
another rock-type dominates. In general, it is assumed
that any contamination résuiting from borehole activities
should be effectively removed prior to sampling. However,
once again the results show that surface to near-surface
derived water has been preferentially pumped around the
packer system to the section being sampled, rather than
from the bedrock itself. This has probably been
facilitated by an interconnected fracture network between
the section and the borehole water. There is no
indication of any deep groundwater component and one must
therefore assume that the section chosen for sampling is
non-conducting.

5 Borehole summary and discussion

Geological mapping and hydrological investigations along
25 m sections in the borehole (5 m sections have
sometimes been measured in and around those levels
sampled) have resulted in the sampling of groundwater
from four different levels, the two deepest being Tocated
within and below the intersection of the borehole with a
sub-horizontal fracture Zone at 667-673 m borehole
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Tength. This Zone is hydrologically important in that it
serves to dissipate the piezometric head gradient in the
bedrock so that the head gradient becomes much less below
the zone than above it. There was therefore the
possibility that groundwaters of differing composition
would characterise these two environments. In all cases
the calculated water budgets were promising in that any
contamination due to borehole activities would be
effectively removed by pumping prior to sampling. The
sampled groundwaters should therefore be fairly
representative.

The natural groundwater flow around the borehole is
generally downwards and towards the north-west. Within
the borehole itself, hydraulic conductivity and head
measurements indicate that the water is downwards within
most of the borehole length (down to about 550 m) and
upwards within the deepest parts of the hole. The
uppermost level at 230-232 m is characterised by a low
K-value and a small positive piezometric head.
Contamination from borehole activities should be minimal
and easily removed prior to sampling. Even so, there is
some possibility that this level may be the source for
some near-surface derived groundwaters into the borehole.
The 514-516 m level is characterised by a low to moderate
hydraulic conductivity and a negative piezometric head.
Contamination is again possible but such effects were
expected to be removed prior to sampling. The two deepest
Tevels (670-672 m and 680-682 m) referred to above, are
both characterised by moderate hydraulic conductivity and
a piezometric head that is more or less neutral. Pumping
prior to sampling was considered to be adequate to remove
any contaminating waters originating from other sources.

From the measured chemical parameters of the groundwaters
the two upper Tlevels contain varying portions of water
which is chemically distinct (i.e. unusually high content
of CaSO4) for the Kamlunge area and is probably
representative for those general depths. In both cases
the variation in chemistry during the sampling periods
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indicated that the waters were becoming more reducing,
less contaminated and therefore more representative. The
representative nature of these waters is further
supported by their relatively old ages as indicated by
the ~ C data (6460-7365 years). Unfortunately, mixing
with surface to near-surface waters has taken place (i.e.
10-18 TU and 0.07-0.10 mg/1 oxygen), with the result that
a significant amount of "dilution" has occurred.

These near-surface waters at such depths are probably a
result of some residual drilling water being present in
the bedrock section (e.g. 0.16-0.21 % I  have been
recorded), and also borehole waters being leaked around
the packer system during sampling. The former explanation
is more acceptable as the groundwaters become more
representative during sampling which infers a systematic
depletion of these contaminating waters.

The two deepest zones are anomalous in that the sampled
water is almost competely surface to near-surface in
origin with very little influence of deeper groundwaters
such as those just described. It would appear that during
sampling the water capacity of the bedrock section proved
to be inadequate. A partial vacuum was soon established
within the sampling section resulting in near-surface
derived water being leaked around the packer system. This
is supported by the high Fe(Il) contents from these two
levels (6.8-8.2 mg/1) which previously have been
interpreted as a reaction of borehole water with the
steel piping that extends to the surface from the packer
system.

In summary, the major groundwater types represented by
borehole Km 13 are: 1) surface and near-surface waters of
a young age, 2) intermediate to deep old groundwaters
which are non-saline but are characterised by a high

CaS0, content. Unfortunately, none of the groundwaters
sampled can be considered truly representative.
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The uranium content of the borehole groundwaters shows a
marked change from the high values characterising the
upper two levels (5.2 - 10.2 ppb) and the two lower
Tevels located above and below the sub-horizontal zone H1
(0.04 - 0.60 ppb). Although these results show an
apparent decrease with depth, the uncertainty surrounding
the representative nature of the groundwaters makes
interpretation difficult. In any case the analytical
contents, together with the theoretical Eh values
calculated for the iron system, are presented in Table
5.19 and Figure 5.68. The Figure also contains
theoretical uranium solubility curves calculated from
crystalline and amorphous UO2 for a pH of 6.20, 8.10

and 9.50 which are reasonably representative for the
waters from the borehole. The water compositions plot
within and around the uranium stability curves for the
highest and lowest chosen pH values, a spread reflecting
the general inconsistancy of the groundwater
compositions.

Table 5.19 Uranium content and theoretical Eh values of
the groundwaters from borehole Km 13.

Level Uranium Content Calculated Eh
(metres) (ppb) (mV)
230 - 232 5.2 -199
514 - 516 10.2 -249
670 - 672 0.09 - 19

680 - 682 0.04 - 20
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Figure 5.68: Plots of uranium content (expressed as log
(mol1/1itre)) and the calculated theoretical Eh
values of groundwaters collected from borehole Km
13. The values are plotted with respect to
theoretical uranium solubility curves calculated
for amorphous (lower stability limit) and
crystalline (upper stability 1imit) U0, at a pH
of 6.20, 8.10 and 9.50.

2

5.4.3 Borehole Km 8

Borehole Km 8 is located in the west central part of the
Kamlunge test-area, some 50 metres from the surface
expression of local fracture Zone 3 (Fig 5.56). The
borehole (length 251.25 m; vertical depth approx. 200 m)
was drilled at an angle of 60° to confirm the presence
at depth of Zone 3; this was achieved at approx. 100 m.
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Strongly foliated biotite gneiss, with more minor
interlayers of skarn, 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 m biotite gneiss appears.
The average fracture density for the borehole is high
(7.30 fractures/metre) which is partly attributed to the
short length of the borehole and partly due to the fact
that Zone 3 is intercepted. Of the different rock
components, granite records the highest frequency of
fractures (10.28 fractures/metre), followed by biotite
gneiss (9.52), amphibolite (7.86) and lastly granodiorite
(3.69). The most common fracture filling minerals are
hematite, chlorite and calcite; local fracture Zone 3 is
characterised by several crush and fracture zones which
are generally brecciated and strongly weathered. Hematite
and other more hydrous iron-oxides impregnate the
fracture zones and the adjacent bedrock.

The groundwater pattern modelled by Carlsson et al (1983)
is illustrated in Figure 5.69. The groundwater flow
around the borehole is locally directed upwards along
fracture Zone 3, and more generally near Zone 2;
otherwise the dominating flow near Km 8 is downwards.
According to the model the piezometric head changes very
little along the length of the borehole, but much more
dramatically at depths of 350-550 m. Due to the very
large fracture density within this part of the bedrock,
it was impossible to conduct water injection tests in the
hole as planned without risking the equipment. As a
result only single packer injections were perfomed in the
upper part of the borehole.
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Figure 5.69: The groundwater flow-pattern and
isopotentials in the vicinity of borehole Km
8 illustrated by a vertical section in the
same plane as the direction of the borehole
(modified after the numerical modelling of
Kemakta Consulting Co).

1 Level 238 - 240 m (approx. 198 m)

The sampled borehole is located within biotite gneiss
which locally changes to epidote-rich skarn or diffuse
bands of granodioritic composition when the granodiorite
contact at 236 m is approached. The sample section length
is characterised by 3 fracture zones ranging in width
from 30-40 cm and each containing 5-6 fractures; the
bottom of the section partly overlaps another, much
broader fracture zone, consisting of 11 fractures. In
addition to these zones, the section contains 6 single
fractures. The intersection angle of these structures
with the core axis varies from 10-90° and the main
filling minerals are chlorite, calcite, jron-oxides and
minor amounts of epidote.
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Figure 5.70: Hydrological characteristics of borehole

Km 8:

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

b) Piezometric head distribution and
hydrostatic head in the borehole.

Hydrology

The hydraulic conductivity measurements from the single
injections tests give an average value of 1.4.10°

m/s for the borehole section 71 to 251 m. However, the
overall lack of detailed hydrologic data from the
borehole as a whole, and from the sampled section in
particular, made it pointless to carry out water budget
calculations. Nevertheless, some estimation of the
borehole conditions can be made (Fig 5.70). As the
selected horizon is penetrated by at least three fracture
zones the water sampled probably comes from the bedrock.
However, due to the hydraulic gradient in the hole,
open-hole effects will almost certainly result in water
penetrating into and along the fractures in the sampled
level. Thus, even though the water volume pumped out
prior to sampling is more than 8 m™, it is no guarantee
that a genuine water sample is obtained because the
K-value is high and thereby it is possible that the
amounts of water from the borehole activities 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 anion (HCO.

and C17) contents are much lower than normal non-saline
groundwater compositions expected from this depth in the
bedrock. The sampled water is undoubtedly of surface to
near-surface origin and devoid of any significant amounts
of drilling water tracer (0.002 % I7).

Redox-sensitive parameters

A strongly oxidising groundwater is indicated by the
measured parameters i.e. positive Eh (+270 mV),
significant oxygen (1.11 mg/1) and negligible S(-II1);
surprisingly the Fe(II) is present in appreciable amounts
(2.8 mg/1).

I[sotope geochemistry

No stable isotope or 14C data are available for this
level. Tritium is present in moderate amounts (20 TU)
which confirms a large surface to near-surface component.
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Uranium geochemistry

The dissolved uranium content is low (0.04 pgb) and
isotopic disequilibrium is widespread (234U/ 38U
= 2.4).

Summary

Because of the lack of hydrological data from the
borehole and due to the very high fracture density of the
bedrock, it has been impossible to calculate the effects
of the borehole activities on the quality of the sampled
groundwater. The chemical parameters, however, point
strongly to a surface or near-surface origin to the
groundwaters. A combination of low pH, below average
concentrations of the major ions, positive Eh values,
high oxygen content and very low dissolved uranium, all
support a near-surface origin. The possibility of a small
deeper water component should not be overlooked and may
in fact explain the lower than expected tritium (20 TU)
when compared with typical surface waters from the
Kamlunge area (approx. 35 TU).

The groundwater sampled has been pumped into the section
from higher, more oxygenated levels via the highly
conductive fracture system present in the bedrock, with
lTimited mixing with more representative groundwaters in
the near-vicinity of the borehole. Sampling of
near-surface derived drilling water from above the
borehole has also probably occurred. This may clarify the
significant Fe(II) content (2.8 mg/1) present in the
water.

The uranium content of the single groundwater sample is
0.02 ppb. This content, together with the theoretical Eh
values calculated for the iron system, are presented in
Table 5.21 and Figure 5.71. The figure also contains
theoretical uranium solubility curves calculated from

crystalline and amorphous U0, for a pH of 6.20 which is

2
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close to that of the sampled groundwater. The groundwater
composition lies within the amorphous uranium stability
boundary.

Table 5.21 Uranium content and the theoretical Eh value
of the groundwater from borehole Km 8.

Level Uranium content Calculated Eh
(metres) (ppb) (mV)
238 - 240 0.04 +14
0 —
-5 -
pH = 6.20
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-15 4

T T T T —

- 300 0 + 300
OXIDATION POTENTIAL (mV)

Figure 5.71: Plots of uranium content (expressed as log
(mol1/1itre)) and the calculated theoretical Eh
values of groundwaters collected from borehole Km
8. The values are plotted with respect to
theoretical uranium solubility curves calculated
for amorphous (lower stability 1imit) and
crystalline (upper stability limit) UO2 at a pH
of 6.20.
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Taavinunnanen

The Taavinunnanen test-site is situated in the county of
Norrbotten some 35 km ENE of Kiruna and 170 km north of
the arctic circle (Fig 1). The area, which constitutes a
gabbro massif, forms a topographically distinct hill
reaching above the timber line with its highest point at
780 m above sea-level. The last land ice moved in a NE
direction resulting in a gentle slope on the SW side of
the hill and a more rugged scarp on the NE side.
Consequently most of the outcrop is located around the
hill summit and NE slope. Moraine, however, covers most
of the gabbro; at the drill site this achieves a
thickness of 17.5 m. The altitude difference between the
gabbro summit and its margins is 250 m in the NW and 400
m in the SE.

The regional geology of the area has been previously
described by Welin (1970), Gulson (1972), Eriksson and
Hallgren (1975), Hallgren (1979) and Ambros (1980). As a
result of SKB investigations carried out over the period
1981-1983 the detailed geology of the Taavinunnanen
test-site has been described by Ahlbom et al (1980),
Henkel (1981), Ahlbom et al (1982), Gentzschein (1983b),
Albino (1984), Larson et al (1984), Larson and Tullborg
(1984) and Gentzschein et al (1985). Most of the
following description of the geological characteristics
of the gabbro-massif is taken from Gentzschein et al
(1985).

A map of the Taavinunnanen test-site area showing the
general geological features and the main structural zones
of weakness, is illustrated in Figure 5.72. The geology
of the area is dominated by a gabbro massif of
Proterozoic age. It is included in the younger series of
plutonic rocks in the area which consists of pegmatite,
aplite, granite, perthite-monzonite, syenite, grabbro and
anorthosite, and is regarded as the last major plutonic
event within the area. The series has been dated to about
1500 Ma; older rocks include quartzites, metadolerite,
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lTimestone and tuffite. The gabbro massif itself is
lopolithic in shape and represents a differentiated magma
sequence of tholeiitic character with a composition which
varies from pyroxenite to gabbroic in type due to a
rhythmic layering as well as multiple magma intrusions.
The thickness of the layers varies from some millimetres
to several tens of metres and generally dip at angles
ranging from 10-40° towards the centre of the massif.

The major mineralogical components are plagioclase (0-75
vol %), clinopyroxene (0-90 vol %), olivine (0-30 vol %)
and magnetite (0-20 vol %). Orthopyroxene occurs rarely
mostly as a secondary mineral. Clinopyroxene is the
dominating mafic mineral in the gabbro and high density
samples correspond to a significant magnetite content.
Secondary mineral alteration usually occurs in and around
the fracture zones.

Structurally the Taavinunnanen gabbro is characterised by
short, steep NE to NNE striking fractures, which are part
of the regional trend. Some fractures with more gentle
dips occur parallel to the igneous layering. Evidence of
faulting within the massif is observed as disturbances of
the magnetic pattern and breaks in chemical trends of the
gabbro. Surface studies show mylonitisation and
brecciation along some of the fracture zones. From
drillcore studies in the area there is a dominance of
steep fractures although zones with intense igneous
layering tend to show an increased frequency of
horizontal to subhorizontal fractures. The variation of
fracture frequency with depth is fairly uniform with the
most common range being 2.0-4.9 fractures/metre. The main
fracture filling minerals are chlorite, calcite and
smectite with more minor occurrences of prehnite and
zeolites.

Hydrologically the gabbro massif is drained by the
Vittangijoki and the Sekkujoki towards the west and east
respectively. These streams later meet the main water
course, the Torne river, which controls a drainage basin
of approximately 34.000 km .,
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The water balance of the Taavinunnanen area has been
estimated to be:

Adjusted precipitation 760~875 mm/year
Actual evaporation 200 mm/year
Run-off 560-675 mm/year

These values should be considered only as a guide, as
direct meteorological measurements are impeded by the
geographical isolation of the area. The nearest stations
are located 16 to 37 km away and at much lower altitudes
(i.e. about 300 m lower). A precipitation increase of 7 %
and 15 % per 100 m for rain and snow fall respectively
has been assumed and the orographical effect of the
massif has also been taken into account. The
precipitation is calculated for the 600 m level and the
high run-off is supposed to represent the local drainage
conditions.

The groundwater level, occasionally measured from the
borehole (Ta 1), has been located 15 to 18 m below the
ground surface. Recharge of groundwater occurs once a
year; during the snow melting period the groundwater
table rises from the lowest to the highest annual levels.
The annual mean temperature of the groundwater in this
part of Sweden is just above ZOC.

Topographically, Taavinunnanen is a recharge area with
Tocal disharge occurring in small depressions. The
general groundwater flow is circulated towards the
valleys surrounding the area primarily in the absence of
major fracture zones, granitic dykes of greater hydraulic
conductivity, together with the rhythmic layering texture
of the gabbro, may influence the regional groundwater
flow.
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5.5.1 Borehole Ta 1

Borehole Ta 1 was drilled at 85° to a vertical depth of
686 m (borehole length 700.80 m) in order to investigate
the geological extent of the massif and to locate
suitable conductive horizons for representative
groundwater samples. Guided by geophysical investigations
the hole was placed in an area of unfractured gabbro; the
nearest major fracture zone was estimated to be about 70
m from the hole.

For the most part the drillcore represents a
differentiated gabbro varying in composition from
pyroxenite to gabbroic in type due to the rhythmic
layering as well as multiple intrusions. The thickness of
the layers vary from some millimetres to several tens of
metres. Approximately 8 % of the drillcore consists of
aplite and granite dykes; some solitary thin basic dykes
are also present. Of the gabbro, some 14 % has been
altered to a fine-grained biotite-rich rock which is
almost always found within and around tectonically
disturbed areas.

The frequency of fractures for the drillcore is
considered normal (mean 3.9 fractures/metre) when
compared to the other investigated test-sites already
described. High fracture frequency occurs between 136-147
m, 220-235 m and 375-384 m which correspond mostly to
those granite and aplite dykes. This illustrates the less
competent nature of the dykes when compared with the
gabbro. Furthermore, these broad dykes often represent
horizons of enhanced hydraulic conductivity.

The general hydraulic conductivity along the borehole
Tength is low (Fig 5.73b), especially in the uppermost
200 m where only one 25 m section has a K-value exceeding
1.10_8 m/s. Below 200 m about 60 % of the sections

have a K-value Tower or near the measuring limit (K =
5.10-12 m/s) and only three sectors are greater than
1.107°" m/s. Water injection tests along 2 m sec-
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Figure 5.73: Hydrogeological characteristics of borehole

Ta 1.

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

b) Hydraulic conductivity

c) Piezometric head distributions and
hydrostatic head in the borehole

Measured hydraulic parameters and calculated water budget values of the various influences due to borehole

Table 5.22a:
activities at the water sampled levels in borehole Ta 1.
Level K-value® Head 4 Flow direction Drilling Gas—-lift Hydraulic Open hole effect Sampled water
deviation (borehole trends) water (+) pumping(-) testing(+) before sampling(l)  before analysis
(=)

3 3 3 3 3
(m hole (m/s) (m) (m™) (m™) (m™) (m™) (m™)
length)
496-498  1.7-107° +0.5 4 0.45 0.79 0.007 -1.38 10.34

+

11 - <0.001 <0.001 <0.001 ? 4.4

654-656  5.1°10

from hydrostatic head in the borehole (in metre of water).

25 m section; head deviation
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tion and of 15 minutes duration have also been performed
in the hole.

The results show that the most conductive sections of the
hole mostly correspond to the granite dykes or within the
gabbro adjacent to such dykes. The pressure conditions in
the groundwater, illustrated in Figure 5.73c, give no
satisfactory total picture of the piezometric head
distribution along the borehole as many sections record a
very low K-value. However, there may be a slight tendency
of decreasing head with depth.

1 Level 496 - 498 m (approx. 493 m)

The sampled section is located within the gabbro which is
dark-grey and fine-grained with poikilitic pyroxene
porphyroblasts up to 2 cm in size. The section comprises
one fracture zone (20 cm wide and containing 4 fractures)
and nine single fractures. The intersection angles with
the core axis range from 50° to 85° and the main

fracture filling minerals are calcite, chlorite and
smectite with lesser amounts of prehnite and zeolites.

Hydrology

The sampled level records a hydraulic conductivity of
1.7.10"° m/s along the 25 m section and a head

deviation of +0.5 m. From injection tests along 2 m
sections it is concluded that only 2 horizons conduct
water and that the sampled level constitutes the dominant
one. The considerable volume of water pumped out prior to
sampling would seem to ensure a representative
groundwater sample (Fig 5.74).
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Water volume (m3)

! Ta 1: 496-498 m

Figure 5.74: Schematic illustration of the calculated
water budget for level 496-498 m in
borehole Ta 1 (Taavinunnanen). 1 = Drilling
water; 2 = Gas-1ift pumping; 3 = Hydraulic
testing; 4 = Sampling; 5 = Open-hole
effect.

Water geochemistry

The groundwater sample of pH = 9.1 (Table 5.22b) is
. . . + 2+

characterised by a major ion content (Na , Ca" ,

HCOB_ and C17) which is considerably lower than

normal non-saline, intermediate to deep groundwaters,

which might have been expected from this bedrock depth.

The water is more typical of a near-surface origin.

Redox-sensitive parameters

The groundwater is oxidising (Eh = +200 mV) and this is
supported by an appreciable oxygen content (0.5 mg/1) and
Tow to negligible amounts of Fe(II) and S{-II).
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Isotope geochemistry

The stable isotope data (6180 = -13.66 ppt and 62H

= -97.6 ppt) are in accordance with other groundwater
samples of meteoric origin (Fig 5.6). The young ~'C

age and the extremely high tritium value (123 TU)further
emphasise that the sampled water is near-surface and
recent in origin.

Uranium geochemistry

The dissolved uranium content of 0.59 ppb reflects the
oxidising nature of the environment; no isotopic data are
available.

Summary

The hydrological properties of the sampled level
(reasonable hydraulic conductivity in combination with a
positive piezometric head) should point to a
representative groundwater sample from this level. The
chemistry of the groundwater showed, however, a markedly
oxidising water of near-surface origin {(e.g. significant
oxygen content and very high tritium contents). The
possibility of drilling water contamination (and hence
surface water contamination as the water source was a
small surface Take) must therefore be considered.
However, the high tritium content (123 TU), in comparison
with to-days precipitation value of around 35 TU, shows
that the water is some tens of years old and cannot
therefore be solely from the drilling water source. If
this water has been extracted from the fracture zone
within the sampled section, then it indicates a very
rapid groundwater circulation from the surface down to
considerable depths. If the ~'C is to be relied upon,
some mixing with older groundwater is suggested.
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5.5.1.2 Level 654 - 656 m (approx. 651 m)

This level is characterised by fine- to medium-grained
gabbro which contains poikilitic pyroxene porphyroblasts
of similar size range. The section contains one crush
zone some 15 cm 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°"" m/s. The
detailed injection tests show that only one 2 m section
conducts water and this lies outside the sampled horizon
(approx. 2 m below).

Water geochemistry

The sampled water is characterised by a pH of 9.2; as
with the previous horizon, the major fon contents suggest
a surface to near-surface origin to the groundwater.

Redox-sensitive parameters

Higher oxygen (0.62 mg/1) and Eh (+400 mV) values than
the previous level indicate a more oxidising groundwater
environment at these greater depths. Fe(II) and S(-II)
are present in approximately the same amounts.

[sotope geochemistry

Stable isotope, 14C and tritium data are similar to
that of the previous level and thus support a young,
near-surface meteoric source for the sampled water.
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Uranium geochemistry

Dissolved uranium contents are fairly high (1.52-1.54
ppb) and the 234U/238U activity ratio is 2.2
which indicates disequilibrium in the groundwater

environment.

Summary

There is 1ittle différence between this level and the
previous one. What is perhaps surprising is the increased
oxidising character of the water at greater depths. A
large component of the water must therefore be surface to
near-surface in origin and constitutes the borehole water
which has been pumped round the packer system into the
sampled section. This is supported by the hydrologic
properties of the section which indicated that it was
non-conductive.

3 Borehole summary and discussion

Considering the geochemical properties of the gabbro
massif, the depth of sampling, and the relatively normal
fracture frequency of the bedrock, intermediate to deep
groundwaters of a reducing to a very reducing character
would have been expected. In strong contrast, however,
the sampled waters are characteristically oxidising with
a chemistry and isotopic signature typical of a surface
to near-surface origin. Taking into consideration the
hydrologic properties of the two levels, the uppermost
Tevel was sufficiently conductive (with a positive
piezometric head) to have been representative, the lower
level, however, was non-conductive. It is important to
note that this hole was drilled in 1981 and remained open
until sampling was carried during 1983. There was
therefore ample opportunity for borehole groundwater
mixing to occur and also for the partial removal of any
residual drilling water component by natural flushing.
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On commencement of sampling and following gas-1ift
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 tritium contents recorded from
both Tevels indicates that near-surface accumulation of
slightly older groundwater (e.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 borehole. The two sections
selected for sampling had not a sufficiently high
groundwater capacity with the result that a partial
vacuum was established within the section being sampled.
This has led to a leakage of borehole water round the
packer system into the section. The two groundwater
samples are therefore not representative for the levels
investigated.

However, markedly reducing and more representative
groundwaters have been collected from the 494-496 m level
(Smellie, 1983c). This study, which was carried out after
the normal sampling period, and described in more detail
below (Appendix 3), employed a much reduced pump
flow-rate. This meant that the new pumping rate was able
to accomodate the groundwater capacity of the fracture
zone, so that compensating water was not forced into the
sampled section from the borehole. This demonstrates that
the higher level was hydraulically conducting as
initially predicted by the water budget calculations.

The uranium content of the groundwater samples varies
from 0.59-1.54 ppb with higher amounts being recorded
from the lower horizon. The uranium content of the water,
together with the theoretical Eh values calculated from
the iron content of the water, are presented in Table
5.23 and Figure 5.75. The Figure also contains
theoretical uranium solubility curves calculated from
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crystalline and amorphous UO2 for a pH of 9.50. The
groundwater from the 496-498 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 Content Calculated Eh
(metres) (ppb) (mv)
496 - 498 0.59 -292

0 —_

pH =9.50

_5 -
LOG

SOLUBILITY %

-10 —

® 496-498 metres
-15

T T T T -

- 300 o + 300
OXIDATION POTENTIAL (mv)

Figure 5.75: Plots of uranium content (expressed as log
(mo1/1itre)) and the calculated theoretical Eh
values of groundwaters collected from borehole Ta
1. The values are plotted with respect to
theoretical uranium solubility curves calculated
for amorphous (lower stability limit) and
crystalline (upper stability limit) UO2 at a pH
of 9.50.
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Klipperas

The Klipperds test-site is located in SE Sweden
approximately 300 km south of Stockholm (Fig 1). The
topography of the region is characteristically flat with
an almost complete moraine cover which makes geological
interpretation extremely uncertain; only a few weakly
discerned lineaments are indicated. The surface
expression of the geological features is therefore
reliant mostly on ground geophysics and aerial/satellite
photography together with borehole extrapolation.

The extremely flat nature of the topography is
illustrated in Figure 5.76 which shows that the maximum
altitude difference over a distance of 10 km from east to
west is approximately 30 m, due to a gradual slope
towards the east. The highest and lowest altitude points
are 205 m and 160 m above sea-level respectively.

The regional geology of the Klipperds area has been
previously described by Holst (1876, 1893), the Swedish
Geological Survey (1960) and Aberg (1978). As a result of
SKB investigations carried out in the years 1982-1984,
the detailed geology of the area has been described by
Olkiewicz, Magnusson, Tirén and Stejskal (1984).

Because of the virtual absence of outcrop in the area
(those that do exist occur mostly in the western part) no
detailed geological maps are available. However, based on
geophysical interpretation a tentative structural map,
together with the proposed distribution of dolerite
dykes, is presented in Figure 5.77. The rock-types which
dominate the area are magmatic and two main varieties
exist: the Smdland granite and porphyry. These have been
dated by Aberg (1978) to 1690 Ma for the granite and 1645
Ma for the porphyry; there is a possibility that the
porphyry at Klipperds may be somewhat older. Here the
granite has intruded the porphyry and normally the
contact between the two is parallel to the volcanic
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Tayering and scistosity within the porphyry; occasionally
the granite has penetrated through the structural
alignement. The porphyry is composed mainly of lava of
variable acidity, together with intercalations of
volcanoclastic sediment. As mentioned above it is
strongly sheared and the volcanoclastic fragments have
been deformed parallel to the regional structural trend.
The granite, in contrast, is coarse-grained and massive,
showing only a sporadic strong deformation fabric. From
geophysical data, a steeply dipping dolerite dyke, about
80 m wide, occurs in the western part of the test area.

Because of the near absence of surface outcrop,
geophysical investigations have been an important part of
the test-site studies. As illustrated in Figure 5.77
three dolerite dykes striking NNE-SSW have been detected.
In addition, four strongly tectonised zones of weakness
have been interpreted, three striking N-S and one NE-SW.
Weaker tectonic zones, generally of similar strike to
those just described, also occur within the area.
Drilling has shown that many of these large-scale
structures are near vertically inclined and are
characterised by microbreccia, coarse breccia and highly
mylonitised zones in the bedrock.

m.a.s. .
3
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Figure 5.76: The Klipperds test-site; topographic
profile across the area.
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/ Fractured dolerite dykes
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Figure 5.77: A tentative structural interpretation of
the Klipperds test-site. Included are the

major dolerite dykes and the location of
borehole K1 1.
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Hydrologically the Klipperds test-site is located in the
catchment of the Ljungbydn stream (approx. 400 km2) and
drains eastwards via smaller streams into the main
water-course. The area, which is situated along the
eastern slopes of the Smdland highlands, does not appear
to be either recharging or discharging. The frequent
presence of peatbogs especially on the western and
central parts at least indicate that local discharge
areas occur.

A rough estimate of the water balance on a regional scale
during the period 1931-1960 shows:

Adjusted precipitation 750 + 50 mm/year
Actual evaporation 475 + 25 mm/year
Run-off 275 + 25 mm/year

These values have been extrapolated from maps showing the
mean values for run-off, precipitation, and evaporation
(Eriksson, 1980). Local physical conditions may affect
these factors.

The groundwater level has been registered a few times
from borehole K1 1 and found to oscillate between 3.2 -
3.4 m below the ground surface. The seasonal variation of
the groundwater level in this part of Sweden generally
shows a single minimum and maximum value during the year.
The minimum value coincides with late Summer and the main
period of groundwater recharge is during the Autumn; this
is prolonged by the short mild winter so that the maximum
Tevels occur in Spring. The annual mean temperature of
the groundwater is about 70C.
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5.6.1 Borehole K1 1

Borehole K1 1 was drilled at 80° to a vertical depth of
approx. 555 m (borehole length 563.95 m) to make a
preliminary evaluation of the bedrock geology.

The dominant rock-type encountered is a medium- to
coarse-grained homogeneous granite, red in colour and
forms part of the so-called Vdxjd granite type. This is a
quartz-rich microcline granite with varying amounts of
plagioclase and little mafic content. Along the total
length of the drillcore this granite accounts for 82 vol
% followed by dolerite/greenstone (10 vol %),
intermediate to acid volcanite (8 vol %) and lastly
aplite (<1 vol %). The tectonic influence on the granite
is observed as: 1) microfracturing of the granite, 2)
alteration of feldspar to an iron-oxide fine-grained
aggregate; complete alteration of the mafic constituents,
3) strongly mylonitised zones accompanied by a reduction
in grain size and deformation of individual grains
parallel to the regional foliation.

The volcanites are subdivided, on the basis of colour and
macroscopic properties, into greenstone and intermediate
to acid varieties. The acid type is dark-grey to
grey-brown in colour, and is characterised by a dense
matrix devoid of any noteable phenocrysts. The
greenstones are considered to be altered varieties of
intermediate to basic volcanites. Ocurring occasionally
within the bedrock are fine-grained aplite dykes (up to
1.5 m wide) which show sharp contacts with the
medium-grained granite.

Investigations of the fracture distributions within the
borehole have revealed two distinct types of bedrock
tectonics. Above 300 m the bedrock is characterised by
horizontal to sub-horizontal fractures which are
stress-release in origin. This contrasts with the lower
borehole section which is dominated by steeply inclined
fractures (0—300). Using 5 m sections the recorded
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fracture frequency generally falls around 5 fractures/
metre for the borehole as a whole. There are, however,
three sections of high fracture frequency; at 25-30 m,
280-295 m and 450-564 m. In the uppermost zone
iron-oxides and chlorite dominate as fracture filling
minerals; there is a noteable absence of calcite. In the
intermediate zone chlorite and calcite dominate although
iron-oxide does sporadically occur, and in the lowermost
zone only chlorite and calcite occur.

The results of the hydraulic testing in this borehole
diverge from those of most of the borehcles in the other
test-sites (Fig 5.78b). The hydraulic conductivity is
very high down to about 300 m whereupon it decreases
markedly. The piezometric head in the upper conductive
part of the borehole shows small deviation from the
hydrostatic head (195 m above sea-level) in the borehole.
The two sections exhibiting the highest excess pressure
at depth are probably overestimated due to the
uncertainty in determining the piezometric head at low
K-values.

After several abortive attempts to sample adequate
groundwater at decreasing depths from the hole bottom, a
conductive section was finally located around the 406 m
level. Using a single packer tne borehole length from 406
m to the hole bottom was sampled.

.1 Borehole length 406 m - hole bottom

This borehole length is characterised by roughly 50 %
medium-grained, grey to red microcline granite, and the
remaining 50 % is comprised of acid porphyry and
greenstone horizons with thin zones of pegmatite and
aplite intrusions. Generally the fracture frequency is
Tow (Fig 5.78a) with an average of about 5 fractures/
metre. The main infilling minerals are calcite, chlorite,
epidote and muscovite.
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Table 5.24a: Measured hvdraulic parameters and calculated water budget values of the various influences due to borehole

activities at the water sampled levels in borehole K1 1.

%
Level K-value Head « Flow direction Drilling Gas-1lift Hydraulic Open hole effect Sampled water
deviation (borehole trends) water(+) pumping(-) testing(+) before sampling(%) before analysis(~)
. 3 3 3 3
(m hole  (a/s) () (@) (%) ") @) (@)
length)
406~ 3.2-10" 1 - 0.05 <0.001 <0.001 ? 1.9

* Average of six 25 m sections
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Figure 5.78: Hydrogeological characteristics of borehole
K1 1.
a) Fracture frequency for 5 m sections
b) Hydraulic conductivity
c) Piezometric head distribution and
hydrostatic head in the borehole
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Hydrology

It is clearly evident from Figure 5.78b that the most
conductive section of the borehole is located at
approximately 433-438 m depth. This is characterised by a
K-value of 1.5.10 " m/s (measured along a 25 m

section) and a positive piezometric head. Otherwise the
borehole section sampled records K-values which are below
the 1imit of measurement. The mean K-value for the
sampled borehole length is 3.10° L m/s. The pumped

volume is 1.9 m3 which is almost five times the

borehole volume of the packed-off section.

Water geochemistry

The sampled water (average of 3 analyses) is .
characterised by a pH of 8.4; of the major cations, Na
and Ca2+ are all present in appreciable but normal
amounts for non-saline groundwater in crystalline
bedrock, likewise for the major anions HCO3_ and

Cl (Fig 5.1). A complete absence of iodine shows that
no mixing with drilling water has occurred.

Redox-sensitive parameters

Very negative Eh values (-300 mV) and an absence of
oxygen indicate a markedly reducing environment. This is
further supported by significant amounts of S(-II) (G.30
mg/1); only the total Fe content (0.06 mg/1) is
available.

Isotope geochemistry

The stable isotope values (6180 = -12.11 to -11.96

ppt and 62H = -86.5 to -85.7 ppt) confirm a meteoric
origin to the groundwater (Fig 5.6). The realistically
old ~ C age (28 375 years) and the below detection
amounts of tritium (< 3 TU) support the absence of any
younger water component.
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Uranium geochemistry

The dissolved uranium contents are low (0.28 - 0.70 ppb)
and the 234U/238U activity ratios high

(5.58-6.05). These data would support a strongly reducing
groundwater with 1og§4residency times to account for the

build up of excess U by alpha-recoil processes.

2 Borehole summary and discussion

Even though the groundwater sampling was carried out
along the borehole length extending from approximately
406-564 m, hydrological considerations point to only one
conducting level of any major importance. This is
represented by a fracture horizon which intersects the
borehole at approximately 433-438 m. It is thus
reasonable to assume that the main portion of the sampled
water has come from this zone, together with minor
amounts of borehole water; the sampled water should
therefore be suitably representative.

The chemistry of the groundwater conforms to an
intermediate to deep non-saline water of a strongly
reducing character. As indicated by the tritium and
radiocarbon data, there is an absence of any young
surface or near-surface component, and no detectable
iodine tracer shows an absence of any drilling water
component. However, the slightly higher than average
conductivity values and chloride content (33.8-36.1 mS/m;
C1™ content of around 55 mg/1) may indicate limited
mixing with quantities of deeper, more saline
groundwaters.

The Tow uranium content supports a reducing groundwater
environment. The uranium content of the groundwater,
together with the theoretical Eh values calculated from
the total iron content of the water, is presented in
Table 5.25 and Fiqure 5.79. The Figure also contains
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theoretical uranium solubility curves calculated from
crystalline and amorphous UO2 for a pH of 8.10. The
groundwater from the 406 m-hole bottom length plots near
the calculated amorphous UO2 stability limit.

Table 5.25 Uranium content and theoretical Eh value of the

0
-5
LOG
SOLUBILITY
-10
-15

groundwater from borehole K1 1.

Level Uranijum Content Calculated Eh
(metres) {(ppb) (mV)
406 m - 0.28 -152
pH=8.10
Q‘

® 406 metres - hole botiom

-300

T T T T
0 + 300

OXIDATION POTENTIAL (mV)

Figure 5.79: Plots of uranium content (expressed as log

(mo1/1itre)) and the calculated theoretical Eh
values of groundwaters collected from borehole K1
1. The values are plotted with respect to
theoretical uranium solubility curves calculated
for amorphous (lower stability 1imit) and
crystalline (upper stability limit) UO2 at a pH
of 8.10.
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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 reasonably representative for the depth samp-
led, from those which have been subject to contamination
from different sources. As a consequence, only a very few
sampled horizons can be considered worth serious
hydrochemical attention, and these are indicated in Table
6.1 and discussed below. The lack of representative
groundwater samples, whilst often due to technical
problems or sampling from non-conductive sections of the
boreholes, also illustrate the extremely complex geometry
of the permeable fracture systems in crystalline bedrock,
and thus the difficulty of establishing the nature and
depth relation of the groundwater reservoir tapped.

General Geological and Hydrogeological Features of the
Representative Groundwater Horizons

The hydrological and geological features of the
groundwater environment for the five representative
samples are compared in Table 6.2 in an attempt to
distinguish any shared characteristics that may prove
useful in future investigations. For those borehole
sections (e.g. Fj 2 and K1 1) which failed to include the
conductive horizon that supplied the groundwater
(eventually leaked around the packer system during
sampling), the hydrogeological features of the conducting
zone are also presented for a more realistic comparison.

0f the five representative horizons, four different
test-sites are involved, ranging in bedrock composition
from migmatite to granite. Within two of the migmatised
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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 30° to

the core axes, although this is not considered especially
significant.

It was expected that these representative horizons would
be characterised by high hydraulic conductivity together
with positive piezometric heads. This is the case for Gi
2 and Sv 4, and to a much better extent when Zone 4 is
considered for Fj 2. Klipperas (K1 1), however, presents
a special case as the hydraulic conductivity is
relatively low and the sampled section length is 158 m.
Within this section there is only one conducting horizon
at 443-438 m, which also records a positive head.
Therefore, the successful extraction of representative
groundwater from Klipperds was possible through the use
of a much lower pump flow-rate than normal which
apparently did not exceed the hydraulic capacity of the
conducting zone. The Gi 4 sample is the most difficult to
explain as the sampled horizon is located within the
heavily fractured and strongly conducting Zone 3A. These
fractures, together with a considerable negative pressure
head, should have culminated in a strongly contaminated
groundwater sample. However, this may be partly explained
by an over-estimation of contamination in the water
budget due to leakage during hydraulic testing resulting
in an exaggerated K-value. On the other hand, if the
water budget is valid, then the water sampled must have
originated from areas of excess pressure in the bedrock.
This water during open-hole conditions has displaced the
contaminated water (resulting from drilling operations)
further into the bedrock.

In conclusion, the five respective horizons have no
significant geological or hydrogeological features in
common which can be used as guidelines when selecting
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Table 6.2: General geological and hydrogeological features of the five representative
sampled horizons from the SKB Test-site areas.

SampTed K © Water dp*  Zone Pumped Rock Fracture  Fracture Ffacture
Horizon. (m/s) Budget (m vc) yo}§me Type Angle Frequency Minerals
m
Fj 2 (605-607) Below measuring - - - - - - - -
Timit - o
(595-600) * 7.10 valid -2.6 Zone 4 2.8 Mimatite 20-80 Highly fractured Chiorite,
crush zone (> 1 m) Pyrite
Kaolinite
Clay
Gi 2 (178-180) (25m) 1.3.10_ valid ‘1.6 . 7.7 Migmatite + 40-90° Highly fractured Chlorite
(10m) 2.8 alid 3 peq. dykes Pyrite
Epidote
Calcite
Laumonite
Gi 4 (222-224) (25m) 2.1.10:2 Not -7.3  Partly 1.3 Migmatite + 30-90° Highly fractured Calcite
( 5m) 1.8.10 valid -4.3  Zone 3A part of granite Muscovite
dyke Chlorite
Laumonite
Sv 4 (376-378) (25m) 6.5.1077 valid +17.4 - 4.1 Part of a 45-90° Fractured Calcite
granite dyke
K1 1 (406-564) 32000 - - - - - - - -
(433-438)* 6.6.10°7 - +3.5 1.9 Granite 30-90° Fractured Calcite
Chlorite
Epidote
Hematite

* Proposed location of sampled groundwater.
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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
geometry 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
usually be determined. As a result, a fairly clear
impression of the general chemistry as a function of
depth can be ascertained.

The groundwaters show expected trends in chemical
composition as a function of depth (see Section 2.2.1).
For example, there is a general decrease in Ca2+ and
HCO3_ and a corresponding increase in Na+ and C1~

with depth; this is also accompanied by an increase in
pH. An increasingly reducing environment is indicated by
negative Eh values, an absence of oxygen, lower contents
of dissolved uranium, and sometimes the presence of small
but significant quantities of Fe(II) and/or S(-I1I). The
absence of any marked contamination from young, surface
to near-surface waters, or drilling water, is indicated
by very low to negligible tritium and jodine levels. It
is important to note, however, that high iodine levels
are sometimes present as natural background levels in the
more saline groundwaters.

As emphasised in Section 2.2.3., groundwater isotopic
compositions should at best be used as “signs-posts” when
interpreted in isolation; certain isotopes (e.g. 1 C)
when considered individually can be fraught with
uncertainty. Used collectively, much more qualitative to
semi-quantitative information can be obtained. Of
particular use in this respect has been the pairing of
tritium with 14C, with constructive support from the
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234U/238U activity ratios (discussed below). In
general, high tritium (i.e. young, surface to
near-surface water) has been equated with young 14C
ages, and old waters (absence of tritium) give
correspondingly old 14C ages. The mixing of
groundwaters from different sources has been
qualitatively evaluated by relating low to moderate
tritium contents to varying “dilution” degrees of the

C data accordingly.

The stable isotope data indicate a predominantly meteoric
origin to the groundwaters, even those which are
anomalously saline in character (e.g. Fj 2, level 605 m
and Gi 4, levels 404 m and 616 m). Small depletions of
6180 and ¢ H help to distinguish the more saline

varieties.

Within the investigated test-site areas one of the
present drawbacks of groundwater isotope interpretation,
and hydrochemical evaluation as a whole, is the absence
of a regional pattern. For example, most of the waters
analysed are collected from shallow to deep hole
locations and there exists little information of the
regional recharge/discharge groundwater compositions to
put the borehole data into a larger-scale perspective. To
some extent this has been attempted by Tullborg and
Winberg (1985), who have compared the 6180 of the
precipitation with that of the deep groundwaters from
each of the investigated areas. Their conclusions
indicated that there was a corresponding agreement
between relevant 6180 values from discharge areas

with those calculated from the precipitation. To
complement these data, and as a valuable aid to the
general hydrochemical investigations, it is recommended
that a programme of surface to near-surface sampling
(e.g. to include sampling from percussion borenholes used
in the hydrogeological studies) based on a regional
hydrogeological model should be carried out to facilitate
eventual evaluation at depth, and help to 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 latter case, however, discharge
water initially originating from depth and sampled near
the surface will represent a mixture of different
groundwater 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 sources. One
disadvantage is that only small volumes will be available
and careful sampling techniques are therefore necessary.

Groundwater Redox Conditions and the Geochemical
Behaviour of Uranium

The behaviour of uranium in groundwater is mostly a
function of pH, Eh and the total concentrations of the
1igands which form complexes of relative strength with
uranium in its different oxidation states, i.e.
carbonate, biophosphate etc (see section 2.2.2).
Measurements of pH, Eh and the most important ligand,
carbonate, form part of the hydrochemical data presented
in this report. However, because of the sizeable degree
of groundwater contamination encountered, only the data
from five horizons can be used (Table 6.1), although the
chemical properties of surface, and near-surface waters,
which have given rise to some of the contamination, can
also be used. From the available data, the following
general bedrock groundwater redox trends can be observed:

- increasingly reducing conditions are encountered with
depth (i.e. decrease in Eh, 0
S(-11) and pH).

% increase in Fe(Il),
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- the dissolved uranium content decreases sympathetically
with increasing reducing conditions.

- oxidising waters are characterised by significant
uranium contents and 234U/238U activity ratios
of around 2.0-3.0; highly reducing groundwaters are
uranium depleted and exhibit high activity ratios from

3.0-8.0.

Of course this generalised pattern is locally disturbed
and modified by deep, highly conductive fracture/crush
zones, which can serve to allow less reducing groundwater
to penetrate to considerable depths.

As discussed by Wikberg et al (1983), the redox
conditions of the groundwater can be qualitatively
described by the contents of oxygen, iron and sulphide.
Oxidising groundwaters contain dissolved oxygen, whilst
the presence of iron and sulphide suggest reducing
conditions. However, because of the difficulty in
obtaining an air-free environment during the sampling
operations, the amount of oxygen monitored in the
flow-through cell is generally not representative of the
groundwater, but rather the result of oxygen
contamination from the atmosphere. A much more
quantitative grasp of the true redox conditions can be
achieved from the measured and theoretically calculated
Eh and the amount of dissolved uranium. There is,
however, a large variation observed between measured and
calculated Eh due to the experimental difficulties
referred to above. The measuremants are disturbed by
atmospheric oxygen to the extent that the electrodes
require a considerable time to stabilise following
calibration. In most of the test-site investigations
there has been inadequate time for stabilisation between
calibration halts, resulting in Eh measurements which are
nigher than should be expected in the absence of oxygen.
To rectify this problem the frequency of electrode
calibration during sampling at Klipperds (K1 1) was
drastically reduced so that a stable monitoring plateau
was achieved. From Table 6.3 it can be noted that the
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groundwater, besides having a very negative Eh, exhibits
a measured Eh which is even Tower than the calculated
value. Subsequent investigations have supported these
findings (Wikberg, 1985) indicating that the simple Eh
model used for calculation purposes is inadequate.

Table 6.3: Redox-sensitive parameters and pH for
representative reducing and oxidising
groundwaters from the SKB Test-sites.

Borehole Level pH U Ehm Eh

(metres) (ppb) (my) FmV)
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 5 160 7.7 44 .5 +120 -
Km 3 123 7.9 24.3 +100 -
K11 403 8.4 0.68 -300 -152
Ehm = monitored Eh in the flow-through cell

theoretically calculated En

im
o0
o+
]

The relationship between uranium content and the
theoretically calculated groundwater Eh has been already
presented for each borehole from each of the described
test-sites. However, it should be pointed out that
thermodynamic data, when considered, is only valid on
groundwater data which represent equilibrium conditions.
Consequently, the following discussion is based mostly on
those groundwater samples considered representative in
Table 6.1. Figure 6.1 illustrates the position of these
reducing groundwater compositions, together with the
uranium (IV) and uranium (VI) stability field systems
based on Eh - pH criteria. It can be clearly seen that
all the reducing groundwaters plot within the stability
field of uranium (IV) whereas the truly oxidising waters,
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as expected, plot within the uranium (VI) field.
Furthermore, from Table 6.3 the uranium content of the
oxidising groundwaters is seen to be far in excess of the
reducing varieties where the concentrations are limited
by the solubility of the uranium oxide phase. Because of
the Eh range for each sample, and the lack of any
mineralogical data, the nature of these limiting U0
phases (i.e. amorphous vs crystalline) is unfortunately
not known, although, as suggested by Andrews and Kay
(1983), “crystalline UO2 boundaries are appropriate for
groundwater equilibration with rock matrices containing
well-crystallised UOZ’ as for example in some granitic
(i.e. crystalline bedrock) environments”:

+450 .
o, % UG, {0H1, (S}

2

+300

UOZ(OH) {S)
]

+150

-150

Eh (mv)

-300
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STABILITY FIELD |
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’ ' 2
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-600 -

=750

-900 r .
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Figure 6.1: Eh-pH diagram showing the stability fields of
the more important U (VI), U (V) and U (IV)
complexes considered relevant to groundwater
compositions from crystalline bedrock
environments in Sweden. The choice of
thermodynamic parameters is summarised and
discussed by Bruno et al (1984). Uranium
boundaries are shown for equilibria with
crystalline U0, (lower boundary) and with
amorphous UO2 (upper boundary).



288

As previously noted, the marked depletion of dissolved
uranium in strongly reducing groundwaters appears to be
accompanied by an increase in the u/

activity ratios caused by a build-up of excess 234U.

This is in accordance with other studies mostly carried
out in sedimentary aquifer systems (Osmond and Cowart,
1976; Andrews and Kay, 1982). Osmond and Cowart (1974)
suggested that such a build-up of 234U with depth
indicates an aging effect due to the natural decay of the
parent U. However, as pointed out by Andrews et al
(1982), uranium in solution does not form a closed system
and ingrowth of 234U occurs due to solution of
alpha-recoil Th 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 slowly through the bedrock at
depth so as to allow a U excess to accumulate.

These groundwaters would therefore be expected to
originate from low conducting horizons within the bedrock
and be of considerable age. As discussed above, and
excluding Klipperas which does in fact record a low
hydraulic conductivity, the remaining four suitably
sampled horizons are actually characterised by hydraulic
conductivities in excess of 6.5.107° m/s. However, in

all cases with available L C data, the recorded ages

are in fact significantly old, ranging from 11895 -

28375 years.

Hydrological Models

Throughout the report continual reference has been made
to the general groundwater flow-pattern in the vicinity
of the various boreholes examined. These flow-patterns
have been derived from the numerical modelling as
described by Carlsson et al (1983). The question can be
posed as to what practical use is the actual numerical
model in the interpretation of hydrochemical data?
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The model employed in this study, in common with other
models of similar type, are limited by the amount of
geological and hydrological information that can be
processed. As a consequence, the characteristic
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 rockmass, regional fracture zones,
and local fracture zones. The rockmass constitutes the
normal, fractured bedrock, located between the two major
types of fracture zones. If the 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.
Fjdllveden and Gided, granite gneiss horizons within the
migmatic bedrock show a much higher hydraulic
conductivity comparable in fact to the local fracture
zones 1in the respective areas. To accomodate the model it
was therefore necessary to assume an anisotropic
hydraulic conductivity for the rockmass. However, in
reality these distinct rock-types, which occur as
discrete layers or dykes, behave more like the fracture
zones.,

As a further simplification of the geological data, two
local fracture zones striking parallel to each other are
sometimes considered as one hypothetical fracture unit,
which is ascribed the total transmissivity of the two
fracture zones. This means that the calculated
groundwater flow adjacent to a borehole in such an
situation will be erroneous. Furthermore, the local
fracture zones are each considered to have the same
hydraulic properties, irrespective of their orientation
in the stress field. However, it should be pointed out
that the Timited amount of data available from such zones
prevents a more tnorough approach, and consequently the
calculated groundwater flow and flow-directions can only
be 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 from 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-lift
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 idea of the volumes of water involved
during such an operation was obtained from the Klipperés
test-site. Here, 6 m  of water was flushed to the

surface during each of 4 pumpings, giving a total of 24

m . The reason why such large amounts of water were
flushed up is probably due to a high average hydraulic
conductivity in the bedrock. Immediately after the
flushing was stopped, the water level in the borehole was
Tess than 10 m from the bedrock surface. During the first
flushing period, the water level in two boreholes at a
distance of 20 m and 170 m respectively from the flushed
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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 about 0.8 m after 165 minutes.

Secure in the knowledge that large volumes of water can
be removed, the next question is what percentage of the
water originated during drilling (i.e. drilling water
component) ? Recent investigations (Ahlbom et al, 1985)
at Finnsjon (approx. 150 km north of Stockholm) showed
that on removal of around 62.5 m3 water during gas-1ift
pumping, only 3 % comprised drilling water. The Finnsjdn
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 bedrock
which, in common with the other test-site areas, is
characterised by a highly conducting stress-released
fracture system. In conclusion, gas-1ift pumping is not
an efficient method of removing the total drilling water
volume introduced into the hole and adjacent bedrock. The
more localised effect along individual fracture horizons
is also minimal as illustrated in the water budget
calculations presented for every sampled level.

In conclusion, because of the high fracture frequency and
associated high hydraulic conductivity normally
characterising the upper 200-300 m of bedrock (resulting
in widespread mixing and dilution of groundwaters),
gas-1ift pumping is least effective for removing residual
drilling water within this depth. To be more efficient at
greater depths, it is recommended that the upper 200-300
m horizon should be packed off before the remaining
borehole length is cleared of residual water and debris
(see section 7). This method should prevent groundwaters
originating from surface and near-surface sources (which
often comprises considerable amounts of drilling water)
from penetrating to depth. Furthermore, is should be a
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more efficient method to remove a greater percentage of
residual drilling water below this level.

Investigations at Finnsjén (Ahlbom et al, 1985) have also
indicated qualitatively that gas-1ift pumping only
removes a small amount of drilling debris; 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 the
initial drilling period before all drilling water was
Tost to the bedrock (see section 3.7 for detailed
discussion). Considerable amounts obviously still remain
at the hole bottom and as coatings on the borehole
surface and along intersecting fractures (see Section
3.7). Although the debris particles are thought to
penetrate only short distances into the bedrock, and to
be relatively unaffected by the natural hydraulic
properties of the bedrock, colloidal particles, which can
be of important chemical significance in radionuclide
complexing and transportation, probably penetrate to
considerable distances along with the natural groundwater
flow.

To test for residual debris particles in the
groundwaters, some monitoring of samples have been
carried out during sample pumping at Fjillveden (Fj 2 at
468 m depth). Here samples have been systematically taken
from a fracture zone of interest and analysed for
particle content and bulk chemistry. It was found that
the groundwater quickly became clear after commencement
of pumping and a uniform particle content was soon
achieved (0.01-0.10 mg/1) dominated by Al, Si and Ca; Fe
is also sometimes present. This suggests an absence of
drilling debris. These results may be interpreted as
showing that fine debris particles introduced into and
along certain hydraulic fracture zones are only partly
removed during the initial surge of groundwater taken
from the zone after pumping has begun. The system soon
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stabilises and the particle content drops off.
Furthermore, variation in pump velocity would probably
reactivate particle removal during the initial stages of
pumping. The presence of such particles, many of them
comprising iron-oxides or coated with iron-oxides play an
important role in absorption of ions such as uranium
(e.g. Kamlunge test-site; Smellie, 1983a).

Location of Hydraulically-conducting Horizons

For the SKB programme, the normal hydrologic sequence is
to carry out hydraulic testing along 25 m borehole
sections (in some cases 10 m, 5 m and even 2 m sections
have been measured). At a later stage which can vary from
days to months, the 25 m section is relocated and sampled
for groundwater. The question arises as to how certain
one is of Tocating precisely the water conducting
fracture (or fractures) that is to be sampled? It has
been shown from several localities that the 2.7 m section
sampled for groundwater, although falling within the 25 m
section hydraulically tested, does not coincide with the
actual conducting horizons; as the correlation between
high fracture frequency and high hydraulic conductivity
is normally poor, it is often a hit and miss situation.
In the event of sampling from a non-conducting section of
the borehole, a partial vacuum is established within the
sampled section, resulting in borehole water being forced
round the packer system.

During future investigations it is thus recommended that:
1) water-conducting fracture horizons are located
initially using Tube Wave and/or borehole radar
techniques prior to sampling and hydraulic measurements,
2) detailed hydraulic measurements (within approx. 2 m
section lengths) are carried out along those borehole
sections exhibiting a positive Tube Wave response;
obtaining the pressure heads of the tested sections would
facilitate the choice of the most suitable horizon for
sampling, 3) the section length chosen for the detailed
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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 Tube Wave technique,
work carried out at Klipperds (K1 2) involved the
location of suitable sampling horizons based solely on
this method (Stenberg, 1984). During subsequent
groundwater sampling other fracture zones mapped from the
drillcore but not registered by the Tube Wave technique
were also sealed off in the borehole and pumped. However,
none of these were found to be conducting thus confirming
that all the successfully sampled levels were those

initially located by Tube Wave.

Regarding the second point, hydraulic testing which
avoids the injection of water into the measured sections
under investigation might initially be considered an
obvious advantage. However, bearing in mind the more
serious contaminating influence which results from the
water-flushed core drilling, such a modified approach is
considered unnecessary.

Influence of Bedrock Geochemistry on the Groundwater
Chemistry

Little has been done in this area. The chemical
Characteristics of groundwaters have been observed to
change significantly during their passage through the
bedrock from near-surface conditions to depth. The
chemical changes which occur depend largely on the
leaching and retention properties of the waters as
increasingly reducing conditions are encountered. The
chemistry of the bedrock is therefore of major importance
as an influence on groundwater composition and in turn on
the formation of some of the low temperature fracture
mineral phases. The contribution of the bedrock under
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oxidising and reducing conditions from rocks of different
physico-chemical characteristics therefore requires to be
quantified. Of particular interest in this context is the
existence of saline groundwaters; the salt content of
very old groundwater is sometimes extremely high with no
apparent upper limit for the salinity. The source of the
salinity is sometimes debatable, with seawater, fluid
inclusions and rock/water interactions all having been
proposed as possible sources (Nordstrom, 1985). However,
regardless of the ultimate origin, chemical modification
of the waters have undoubtedly occurred due to contact
with surrounding bedrock under relatively stagnant
conditions 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 enrichments of individual elements. For
example, in Fjdllveden where waters have been sampled
from greenstone horizons, i.e. there is a strong
possibility that the groundwater has been in contact with
the greenstone for some time/distance, there are
detectable increases in iron. Large increases in sulphate
were observed in groundwaters collected from an '
amphibolite bedrock mass in Kamlunge. Perhaps of even
greater significance is the possibility that bedrock
composition can influence the redox characteristics of
the groundwater. For example, within a basic rock-type
(e.g. greenstone, biotite gneiss, amphibolite etc) the
increase in Fe +, in comparison with a more acid

granite variety, is conducive to a more reducing
environment for the groundwaters which are permeating
through the rock via fractures and fissures.

From the evidence obtained from the test-site
investigations, it may be more common than previously
thought that many of the water-conducting horizons
sampled are directly associated with dykes, schlieren or
bands etc of rocks characterised by compositions distinct
from the overall bedrock; these may also influence the
groundwater compositions. Greater attention 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 for sampling 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 Between Fracture Mineralogy and
Groundwater Characteristics

Low temperature fracture mineral phases can prove to be
an invaluable complement to hydrochemical studies. As
fracture filling mineral phases constitute the contact
between groundwater and the bedrock, a detailed study of
the mineralogy provides information about the chemical
conditions prevailing at the groundwater/ fracture
interface. Using suitable data programs to evaluate
reliable water analyses and the chemistry of the fracture
minerals, equilibrium processes can be investigated in
the groundwaters. This can indicate whether the water has
had long residence times in contact with the fissure
minerals (equilibrium conditions) or whether water
movement has been too rapid for equilibrium to be
established.

Furthermore, the bulk groundwater chemistry retains the
signature of the dominating bedrock chemistry througn
which the waters have permeated. The possibility exists,
therefore, given a data base of common rock-types and
their related fracture mineral compositions, to predict
the rock-type and its groundwater environment from the
groundwater composition (D. Langmuir 1985, per. commun.).
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Site specific investigations of low temperature fracture
fillings (i.e. recent mineralisation) have been carried
out at three of the test-sites: Finnsjdn (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 obtained. For example,
calcite equilibrates easily with contact groundwaters and
is a convenient mineral to identify, map and analyse.
Thus calcite frequency and composition (stable isotopes
of 70 and C) provide information on the

groundwater physico-chemical environment and extent of
the conducting pathways. Furthermore, it has also been
observed that calcite frequency 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 near-surface waters,
forming newly precipitated calcite at depth, a depth
defined by the hydraulic conductivity, depth of
overburden, fracture orientation, and bedrock type.

Calcite mobility plays an important part in the
interpretation of radiocarbon data from the groundwaters;
as pointed out earlier (section 2.2.3) such data should
be treated with considerable caution. Repeated
dissolution and precipitation of calcite will influence
the 140 content in the groundwater because the
dissolution of calcite will contribute radiometric "dead"
HCO3— to the groundwater and precipitation will

result in an enrichment of ~'C in the newly formed
calcite. These combined effects will serve to decrease
the 14C in the groundwater which in turn will produce
high radiocarbon ages. However, the dating of calcite and
the groundwaters can result in useful data in the
interpretation of groundwater circulation in the bedrock.
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Another very useful approach is to carr% out uranium
decay series measurements (= U- 4U-23 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 section (usually selected from a drillcore)
represents a redox environment of uranium leaching or
precipitation. Work of this nature has been carried at
Kamlunge (Smellie, 1984; 1985). In this study samples
were investigated from the intact bedrock and compared
with large-scale water-conducting fractures which
extended from the bedrock surface to depths of at least
600 m. The results showed that: 1) the investigated
bedrock environment (100-600 m) was generally reducing,
however, 2) there was some evidence to indicate that
rock/water interaction had removed total uranium
resulting from the presence of less reducing groundwaters
within the large-scale fracture/crush zones which
intersect the bedrock surface. Such a marginally
oxidising groundwater 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 investigations at the Kamlunge test-site
(Smellie, 1983a), whereupon systematically collected
groundwater samples were analysed for dissolved uranium
and its daughter isotopes 238U and 3 U, it was

noted that an increase in uranium content and the
234U/238U activity ratio occurred in the

groundwater following an unscheduled pump stop of some 14
hours. Monitoring of Eh during this period indicated a
sympathetic increase. These findings resulted in
controlled experiments being carried out at the Kamlunge
and Taavinunnanen test-sites. The results are reported in
full by Smellie (1983b, 1983c) and summarised in Appendix

3 of 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-rate during sampling can result in
the tapping of groundwaters from shallower or deeper
sources in the bedrock, depending on the geometry of the
hydraulic fracture mosaic, causing varying degrees
contamination and mixing. As an excessive pump flow-rate
at one level may be adequate for another, it is
important, prior to sampling, to evaluate an optimum
flow-rate by continuous monitoring of, for example, Eh
and oxygen content, over a suitable time period. When the
character of the groundwater has stabilised to what might
be expected for the horizon under investigation, and
there is adequate groundwater for sampling purposes,
sampling can proceed.

6.10 Drilling Water Properties

For the majority of boreholes described from the
different test-sites, drilling has been carried out using
flushing water pumped from shallow levels in the bedrock;
most would be classified as shallow groundwater in type
and marginally reducing in character. Surface waters have
been used in some instances, e.g. Taavinunannen, were
surface lake water was used.

Shallow groundwaters have been employed in an attempt to
reduce the contaminating effects during drilling.
However, whilst being an important step in the right
direction, the problem of contamination still remains.
For example, using shallow groundwater as drilling fluid
is favourable for a shallow groundwater environment.
However, at deeper levels such drilling water will
introduce an unwanted younger, shallower component to the
surrounding bedrock. The ideal, but mostly impracticable
solution, would be to drill each succeeding depth of
borehole with drilling water obtained from the
corresponding general depth. Shallow groundwater would
therefore appear to be the best compromise.
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One of the main problems encountered using a shallow
groundwater source is that when the groundwater 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 be required during high water loss to a
substantially fractured bedrock. Pumping and storing will
Tead to the water becoming oxidised. Dril1ling with such
oxidised water at depth can serve to oxidise F62+ to

Fe3+ resulting in Fe ¥ precipitation along the

fine fractures, which can Tead to the preferential
absorption of certain species such as uranium. This
problem can be tackled by storing the drilling water in
tanks under pressure and under an inert atmosphere {e.q.
NZ).

In the event of the drilling water being recycled during
drilling, samples should be systematically collected and
analysed. Thus, by knowing the composition of the initial
drilling water, and later knowing the composition of the
recycled water, an idea of which elements are being
removed either chemically or mechanically, can be
ascertained. For example, it is suspected that easily
dissolved elements (e.g. uranium especially if the
drilling water is slightly oxidising) can be removed from
fracture zones which are later investigated in detail. It
is thus important to know whether these elements have
been removed by solution under high pressure drilling, or
by naturally circulating groundwater in the fracture zone
prior to drilling.

Bedrock Sampling Locations - Bedrock vs Fracture Zones

Continual reference has been made throughout this report
to representative or contaminated groundwater samples.
Representative samples are those which show no evidence
of mixing with other water sources, whether from drilling
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 Tocations
naturally occur when these fractures are intercepted by
the borehole. Because of the volumes of water required
(the removal of contaminating waters prior to sampling,
and subsequently waters for sampling and analysis), only
the most conductive zones have been chosen, i.e. in some
cases the Tocal fracture Zones which normally extend to
the bedrock surface. Experience has shown that
groundwaters sampled from such zones are usually a
product of groundwater mixing from different sources, and
hence often representative for the various groundwater
environments breached by these deeply penetrating
fractures. In other words, the groundwaters resulting
from highly conductive fracture horizons are
representative for the fracture zones but not necessarily
for the sampling depth because, depending on the
orientation and hydraulic properties of the fracture
zone, the groundwater contained therein may have
primarily originated at depths considerably higher and/or
lower than the sampled point.

Groundwaters which are more precisely depth-related
should be obtained from fractured horizons of a more
Tocal extent in the bedrock. Unfortunately such zones are
usually of limited conductivity which requires long
sampling periods at an optimum 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 classified as representative,
the majority have been sampled from fracture horizons
which are reasonably conducting and therefore probably
represent groundwater accumulated over a considerable
thickness of bedrock. To ensure that the groundwater
represents a bedrock source, rather than a borehole
source (by short-circuiting processes), only fracture
zones of hign intersection angles with the borehole axis
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should be selected. Low angle fracture intersections
might encourage short-circuiting with the borehole. Very
little information is available from the bedrock at
specific depths; this is necessary as the groundwater
chemistry of the bedrock samples should be more typical
of rock/water interaction processes etc. Longer borehole
sections should be sampled systematically to really
classify the groundwater chemistry.

Borehole Sealing

Following borehole drilling, and then later subsequent to
groundwater sampling, the borehole is normally left open
for long periods of time. During such periods open-hole
effects become important within the borenole which acts
as a short-circuiting pathway. This can result in the
mixing of groundwaters from different depths and of
different character.

In an attempt to reduce this risk, plugging of the
borehole is recommended whenever the hole is to be left
for any considerable time. The water-conducting horizons
to be isolated will be those characterised by a
sufficiently high hydraulic conductivity. As a
suggestion, based on the test-sites described in this
report, a limiting value of 1.1.107° m/s could be
considered as being appropriate. In addition, some
section of great head deviation should also be isolated.
The number of plugs required will depend on whether
hydrological or water chemical properties are being
investigated. As pointed out on many occasions, the upper
200-300 m of bedrock in Sweden is normally highly
fractured and conductive. From a hydrochemical point of
view the borehole should be plugged, as standard
procedure, at the lower limit of this zone. This would
effectively avoid the incursion to depth of surface to
near-surface waters which form a major contaminating
component to many of the sampled groundwaters described
in this report. At deeper levels each conducting zone
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could be plugged with independent, self-functioning
packers which can be installed and removed when required
for hydraulic, hydrochemical and geopnysical
measurements.

From hydrological considerations, even those conducting
horizons within the upper bedrock environs should be
plugged as a better impression of the overall groundwater
flow conditions can then be ascertained.

However, depending on special circumstances such as well-
defined conductive horizons in an otherwise
non-conductive bedrock, the natural bedrock hydraulic
flow pattern may not be markedly influenced by the
boreholte. For example, groundwater sampling in borehole
K1 1 (Klipperas) was carried out immediately after
drilling in December 1983. This should have minimised any
open-hole effect due to conductive horizons 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 borehole was re-sampled in June
1985. The results show that the groundwater composition
was relatively unchanged. In this case, therefore,
whereupon the only conducting horizon was characterised
by a Tow hydraulic conductivity and small positive
piezometric head, the open-hole effect has had little
impact.
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RECOMMENDATIONS FOR IMPROVING GROUNDWATER SAMPLING
QUALITY

Based on the findings of this report, there is much room
left for the improvement of groundwater sampling methods.
These improvements can be subdivided into the cored
borehole system already employed, and a new untried
system employing percussion or booster hole techniques.
Several of the improvements recommended have to some
extent been already implemented.

Cored borenole system
The following procedure is recommended:

- plugging the drilling water supply hole (percussion
borehole 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 atmosphere (e.g.
NZ)' Otherwise there is the risk that the waters
become oxidised before being flushed down the hole
during 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 into the bedrock and
thus increase considerably the volume of rock debris
eventually removed from the borehole by gas-1ift

pumping.

- systematic sampling of the initial and recycled
drilling water (including the volume necessary for mass
balance calculations) to evaluate the drilling water
impact on the bedrock geochemistry. This would be
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facilitated by casing the uppermost 100-250 m during
drilling.

- on completion of the drilling and removal of the
temporary casing, the hole should be plugged at the
lower 1imit of the casing. This will: a) increase the
clearing efficiency at depth during gas-1ift pumping,
and b) ultimately reduce a major source of near-surface
contamination prior to groundwater sampling.

Presented with a plugged and cleared borenole, the
following procedure is recommended for the selection and
sampling of suitably conducting horizons:

- location and sampling of the major water-conducting
horizons identified by Tube Wave and/or borehole radar
techniques.

- detailed geological examination of the core combined
with hydraulic testing to further locate potential
zones for groundwater sampling. It is recommended that
the packer spacing for the hydraulic injection tests
should be smaller than that employed during sampling.
This will ensure that the conducting horizon located by
the hydraulic testing can be fully contained by the
wider packing section used for sampling.

- the packer spacing for sampling should be flexible
depending on the hydrogeological and geological
properties of the fractured horizon to be sampled and
the adjacent bedrock. For example, the borehole section
to be sampled should: a) contain no fractures near or
overlapping with the packers, b) enclose completely the
horizon to be sampled, and c¢) not be located in the
near-vicinity of large-scale parallel or sub-parallel
fracture zones which could easily be interconnected via
a more minor fracture system 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 registration to avoid
leakage of borenole water into the sampling section.
This approach, combined with continuous monitoring of
Eh, pH, O2 etc, can also be used to establish an
optimum groundwater pump flow-rate for the horizon of
interest, in order to ensure as representative a sample
as possible. This may require up to one week in order
to ensure stabilisation of the Eh electrodes.

- systematic sampling of the bedrock sections devoid of
significant fracturing to evaluate the local influence
of the bedrock chemistry on the composition of the
groundwater.

- packer lengths of at least one metre should be
employed; in very fractured borehole sections, a series
of packers are recommended to minimise 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 problems of
groundwater sampling and interpretation revealed from
this study, a special percussion hole for hydrochemical
purposes has been proposed. Such an approach offers
several advantages, two of which are:

- the absence of flushing water during drilling avoids a
major source of contamination 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
conducting horizons (whether characterised by a
positive or negative piezometric head) would be
expected.

Ideally, hydrochemical investigations should be conducted
before the complete programme of bedrock drilling and
hydraulic testing is carried out at the test-site. It is
thus proposed that investigations should involve at an
early stage the drilling of a percussion borehole for
hydrochemical purposes central to the delineated site. It
should be vertical and extend down to at least 600-800
metres.

The envisaged hydrochemical programme would entail:

- sampling carried out during drilling, i.e. when a
significant water-conducting horizon is breached, the
drilling head can be removed, a single packer installed
just above the conducting zone, and groundwater
collected from between the hole bottom and the packer.

- if no water-conducting horizons are encountered,
sampling should be attempted after every 100 m of
drilling. The packer would be systematically raised in
the borehole from close to the hole bottom until
groundwater could be collected.

- after drilling is completed, the second phase of
sampling can be initiated. The horizons chosen will be
selected on the basis of Tube Wave and borehole radar
measurements. Horizons already sampled can be
supplemented to check for any compositional changes.

- subsequent to this second sampling phase the hydraulic
tests snhould be conducted which would include detailed
measurements of the sampled horizons.
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In a recent study of the Finnsjtn area (Ahlbom et al,
1985) a crude simulation of groundwater sampling was
carried out during the drilling of a shallow percussion
hole. Sampling entailed collecting water as soon as a
water-conducting zone was encountered. In this instance
the technique has proved to be very promising.

One of the potential disadvantages of percussion drilling
is the resulting uneveness of the borehole wall; this
will depend on the mechanical 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 leakage around the packer systems.
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