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HYDROCHEMISTRY

INTRODUCTION

The hydrochemical data were collected during the pre-investigation phase of
the Aspo site characterization as described in /Wikberg et al, 1991, and Smellie
and Laaksoharju, 1992/. During the course of the tunnel excavation more data
has been obtained from the underground tunnel probe holes. Monitoring of the
hydrochemistry in the packed off boreholes at Aspd, of the Baltic sea and in the
1700 m deep borehole at Laxemar have provided additional data and knowl-
edge, which is used to present and update the model of the hydrochemistry of
the Aspé area. The description is made for the natural conditions on Aspé and
its surroundings. The situation caused by the inflow to and pumping from the
tunnel is described in Rhén et al /1997/ where the predictions made prior to
construction are assessed by the data collected during the construction phase.
These data obtained from the tunnel are of course useful both for evaluating the
natural conditions as well as the disturbed conditions. The situation after tunnel
construction is also presented.

During the entire Aspd project, starting with the site investigations in 1987 and
finishing with the end of the tunnel construction work in 1995, hydrochemical
data have been evaluated in many different aspects and with many different
purposes:

. The hydrochemistry of wells drilled in Kalmar County was compiled and
statistically evaluated by Liedholm /19871.

. Chemical sampling and analyses of water from percussion drilled holes
at Avrs, Aspd and Laxemar was reported by Laaksoharju /1988/.

. Laaksoharju and Nilsson /1989/ made the description of the hydro-
chemistry of the Aspé island based on the first deep drill holes at Aspo
and Laxemar. Data from the next deep drilling programme was reported
by Nilsson /1989/.

. Fracture filling minerals and their relation to the hydrochemistry was
investigated and evaluated by Tullborg /1989/ and Tullborg et al /1991/,
A systematic evaluation of carbon, oxygen and sulphur isotope data was
made as a pilot test of the KLXO01 borehole at Laxemar /Wallin, 1990/.
These methods were later used for careful examination of fracture
mineralogy in the tunnel /Wallin, 1992, Landstrom and Tullborg, 1993/,

. Monitoring of the hydrochemistry in borehole sections permanently
isolated by packers was started as soon as the boreholes had been drilled
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and investigated. The first compilation of these data was made by
Nilsson /1991/.

During the tunnel construction phase the monitoring data were reported
together with the data from groundwater flow measurements in the same
sections isolated by packers /Ittner et al, 1991, Andersson, et al, 1992,
Itiner, 1992 and Ittner 1994/. Itmer and Gustafsson /1994/ compiled all
the data from groundwater flow measurements and hydrochemical
sampling in the surface boreholes.

Data from all tunnel boreholes were reported by Nilsson /1995/.
Successively during the tunnel construction phase the data were
evaluated for tunnel sections 700-1475 m, 1475-2265 m, 2265- 2874 m
/Wikberg and Gustafsson, 1993, Wikberg et al, 1993, Wikberg et al,
1994/. Tunnel section 0-700 m was reported together with the hydrogeo-
logical and geological data /Stanfors et al, 1992/, An evaluation of the
hydrochemistry during the entire tunnel construction phase was made by
Laaksoharju and Skdrman /1995/.

Integrated reporting of the investigations and modelling of Aspd was
made by the principal investigators in 1988, 1989 and 1991 /Gustafson
et al, 1988, 1989, Wikberg et al, 1991/. A final conceptual modelling of
the hydrochemistry of the pre-investigation phase in relation to the
existing hydrological and geological conditions was made by Smellie and
Laaksoharju /1992/.

The prediction of detailed conditions to be found in the tunnel was
reported in advance of the tunnel construction work /Gustafson et al,
1991/. Methods to be used as tools for the prediction work were assessed
by Laaksoharju /1990/. A further more comprehensive assessment was
made during the tunnel construction phase /Wikberg et al, 1993 and
1994/.

USDOE scientists carried out a joint project together with SKB scientists
to combine stable and radiogenic isotopes of both the groundwater and
fracture fillings to evaluate the origin and residence time of the ground-
water /Wallin and Peterman, 1994/. The most useful combination of
methods was carbon-13, oxygen-18 and strontium-87 of calcites and
groundwater.

Hydrochemical modelling in general was an issue of particular interest
to many of the foreign organizations taking part in the Asps HRL project.
Modelling tasks were discussed at a workshop in 1994 /Banwart, 1994/
and the results presented at a second workshop one year later
/Laaksoharju and Wallin, 1997/. The hydrochemical investigations in the
deep KLXO02 borehole at Laxemar /Laaksoharju et al, 1995/ have
provided an important complement to the Aspé data.
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. During a three year period from March 1991 to February 1994 a block
scale redox experiment was conducted in a minor fracture zone in the
entrance tunnel to Aspd. The project which took place at a vertical depth
of 70 metres gave much information about the shallow groundwater
hydrochemistry in addition to the planned examination of redox
properties. The project has been summarized by Banwart (ed), /1995/.
The results of the investigations were compiled by Banwart et al /1995/.

. Microbial sulphate reduction was observed in the tunnel section between
HAl6 and Aspd. Since this process is important for copper canister
stability, the evaluation of the observations were organized as a separate
project /Laaksoharju (ed), 1995/.

TOOLS FOREVALUATING GROUNDWATER PROCESSES
AND HISTORY

Traditional hydrochemical evaluation is carried out by experts in the disciplines
of geochemistry and isotope hydrology. Correlation diagrams (cross plots) are
the most commonly used method for the purpose of understanding the system.
In a second stage thermodynamic equilibrium modelling is employed to
describe the processes which have caused the observed conditions. The
modelling work at Aspé was started along this line, but it was observed that a
different approach was more relevant.

The hydrochemical evaluation of Aspb indicated at an early stage that mixing
was the dominating process behind the observed conditions. There are two
main causes for the mixing. One is the disturbance caused by the borehole by
short-circuiting the different water conducting fracture systems, the other one
is the mixing which has taken place in the past due to varying hydraulic driving
forces which made the groundwater flow along different paths. In the
evaluation work, the mixing caused by the borehole is considered a disturbance
which is taken into account and corrected for. The remaining mixing propor-
tions of different water types is then described as the result of varying
groundwater flow conditions.

Simple two component mixing and mass balance calculations were made by
/Laaksoharju, 1990, Banwart et al, 1992 and Smellie and Laaksoharju, 1992/
The main aim was to differentiate between the influences of mixing and
water/rock reactions by using a single variable such as chlorine as a conserva-
tive (non-reactive) tracer. These methods had limitations because the Aspo
groundwater system involved several end-members, where e.g. the chloride
could have different sources, see Section 7.2.3. The end-members were strictly
defined during the tunnel construction phase, but they were identified already
during the pre-investigations. Groundwaters which had a similar chloride
concentration could have a quite different oxygen-18 signature and bromide
concentration which implied that they contained proportions of at least four
types with different origins /Wiberg et al, 1991, Smellie and Laaksoharju,
1992/.
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Multivariate Mixing and Mass balance calculations (M3)

The origin and evolution of the groundwater is described and the effect from
mixing and reactions can be examined separately, using a new method named
Multivariate Mixing and Mass balance calculations (abbreviated to M3),

The full sequence starts with a univariate analyses with the purpose of
describing the depth dependence of the main parameters, followed by the
Principal Component Analyses, reference water and end-member identification
and finally the mixing and mass balance calculations. The aim of the Principal
Component Analyses is to sort the data into different classes or water types.
The extreme points, see Figure 7-1, are selected as reference waters. All other
waters are then described as a mixing of the selected reference waters. The
mass balance calculations are used to define the magnitude of reactions which
have shifted the groundwater composition.

The M3 calculations contain the following steps:

1 A standard multivariate technique, called Principal Component Analysis
(PCA) is used for cluster analyses of the data by using the major
components Cl, Ca, Na, Mg, K, SO, and HCO, in combination with the
isotopes 6D, 6'*0 and *H. The PCA aims to describe as much of the
information from the ten variables as possible. The Principal Compo-
nents are calculated as linear combinations of all chemical components
in a way to minimize the difference (error) between the model and the
data.

The first principal component is applied to the initial data. The variation
not accounted for by the first principal component is described by the
second principal component and so on, For the Aspd hydrochemistry data
the first three principal components were calculated and analysed. It
turned out that the first two components did describe the system well
enough, whereas the third component mainly described the disturbance
caused by drilling and pumping in one single deep borehole at Laxemar,
KLXO02, see Section 7.5.2. For the first two principal components an x,
y scatter plot can be drawn. The x is the equation for the first principal
component and y the equation for the second principal component. The
plot is named the M3 plor and is used to visualise the clustering of the
data as well as to identify extreme waters.

2 Extreme waters are called end-members and reference waters. A
reference water is a well-sampled groundwater which resembles an
assumed or modelled end-member e.g. Glacial meltwater (see Figure 7-
la and b) Lines are drawn between the reference waters so a polygon is
formed. If well selected the reference waters can describe the observa-
tions inside the polygon. All observations are compared to the chosen
reference water compositions.



281

Component T

Companent 1

1 {m/ly

= %0040,
waling

I_] 1000 1o 5000,
lrnieiali

. = 1o,
i #illia

R L

Componess 2

€l fmg
= S,
waling

L_] 1000 ta 5000,
= brackish

= 10040,
nan saling

& Sample

# End

Mateorle
ilklng portlon
00 io 100%
6l (o B
A0 18 4%
WindPe
B {0 20%

Compenent I

ark] | # End-mepibar

Campaneit 1

Ol (gl
= 3000,
waline

l_l 1004 1o 30600,
d brnckinh

= 1000,
| non silisie

°  Humpls

Component 2

@_zd_,_-l_n:'mﬂ-

Baiirem / finks
HCO3 (nigh)
400 o £00

200 to 400
016200
<206 16 0
<A 10 <200
400 1o 400
"o Bangle
_'i End-memibar

L

[ Mutsoric

mizing portian
80 to 100%
0 Lo B0%
40 in 605
1010 40%

0o 2%

Conpenent 1

E ] Bl B -1 [ 1 3

Compsnent 1

Figure 7-1. Different steps in the M3 modelling; a) principal component
analysis is used to obtain the maximum resolution of the data set, b) selection
of end-members and reference waters - the other groundwaters are compared
to these, c) mixing calculations - portions of meteoric water are shown in the
figure, d) mass balance calculations - the sources and sinks of eg. Carbonate
are shown which cannot be accounted for by mixing. The groundwater samples
in Figure a, b and ¢ have been colour coded based on the Cl-content into

saline, brackish and non-saline groundwater.

Mixing calculations are done to calculate the portions of the reference
waters or the end-members in each observation, The calculated mixing
portion can be used to evaluate the origin of the groundwater i.e. how
large a proportion originates from the Baltic Sea etc. The mixing portions
are proportional to the trigonometrical distance to the selected reference
waters or end-members in the M3 plot (see Figure 7-1c).

Mass balance calculations are used to define the sources and sinks for
different elements which deviate from the ideal mixing concentrations
which are calculated from the known proportions and concentrations of
the reference waters (see Figure 7-1d). No deviation between the
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measured and calculated value indicates that mixing can explain the
element behaviour. A source or sink is due to reactions. The evolution of
the groundwater can be tracked and the effects of reactions are quantita-
tively described.

It is important to note that the M3 modelling is always relative to the selected
reference waters or end-members. The boundary conditions of the modelling
can be changed depending on the selection of reference waters or end-
members. E.g. the now selected reference water “Glacial” is 50% glacial melt
water (end-member) and 50% undefined meteoric water.

The advantage of using a reference water rather than an end-member in
claculations is that the composition of the end-member is never as well known
as for the reference water. Effects of reactions can therefore only be revealed
for calculations that are based on reference waters.

Principal component analysis

The Principal Component Analysis (PCA) method /Pearson, 1901/ is generally
used to classify and simplify data and to identify the most important variables
in a data set /Chatfield and Collins, 1989/. The technique, which is a linear
mathematical transformation of the selected variables, is used to describe the
water composition in an optimal way.

Factor analyses is precessor to the Principal Component Analyses. The
correlation matrix of the factor analyses resembles the weighting factors of the
constituent involved in the principal component analyses, cf. Figure 7-2.

In order to graphically represent the data, a two dimensional plane is oriented
to obtain the largest possible resolution. The equations used to express the two
dimensional plane are the Principal Components (first and second).

In Figure 7-2, as in all other figures where the PCA results are presented, the
two components are normalized to the average weight point of all data, This
means that the numerical values calculated for the two components are
different from the values presented in the figure. All data points are neverthe-
less located at the same position relative to all the other points.

The weights of the different variables in the principal component equations are
determined by the importance (variability) of each variable. The higher the
information content the greater the weight. For the first principal component
sodium, calcium, chloride and sulphate have the greatest weights. For the
second principal component oxygen-18 and deuterium together with potassium
and magnesium have the greatest weights. The reason is that chloride, calcium,
sodium and sulphate are the major constituents which have no solubility limits
and are congruent, i.e. increase and decrease simultaneously even if they are
not linearly correlated. Oxygen-18 and deuterium are also totally conservative
but do not correlate with the major constituents, Magnesium and potassium are
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indicators of marine input and do not correlate with the major constituents
either.

The advantage of the Principal Component Analyses is that all variables can be
treated simultaneously and that no preconceptions need be made. All analyses
are made on strictly mathematical bases.

Reference water and end-member identification

Groundwaters which are judged to be representative but have an extreme
composition are called reference waters. Reference waters are the ones which
constitute the corners in Figure 7-2. The reference waters have compositions
which resemble specific end-member compositions. An end-member is a
modelled water which is believed to be the original source of the reference
walter.

The reference waters and the identified end-members are labelled in Figure
7-2. They were selected so that most of the sampled Aspé site data can be
described. The selected reference waters and end-members are:

. Brine reference water is found at the deepest location of the borehole
KLX02, with a chloride concentration of 47000 mg/l. Characteristic of
the brine, except for the high salinity (above sea water) is the non-
meteoric values of deuterium and oxygen-18. No end-member is
identified since the long-term groundwater/rock interaction can result in
concentrated salt solutions with extreme isotopic composition /Blomgvist

et al, 1995/.

. Glacial reference water has been determined as a glacial water based on
stable isotope values which indicate cold climate recharge ("0 = -15.8
%0 and 62H = -124.8 %o) in combination with an apparent "“C age of
31 365 years /Smellie and Laaksoharju, 1992/. This type of water is
found in Aspd KAS03/depth 129-134 m. The water type is believed to
have been injected into the basement during the melting and retreating of
a continental ice sheet. The glacial reference water has a 50% proportion
of the glacial end-member, and 50% of other meteoric and sea water, and
50% of other meteoric and sea water.

. The Glacial meli-water end-member is a modelled glacial meltwater
composition where the stable isotope values (8'°0 = -21 %o and 62H =
-158 %) were based on measured values (6'°0) in the calcite fracture
fillings from different geological formations in Sweden. Some of the
fracture fillings were assumed to be subglacial formations /Tullborg and
Larson, 1984/. Tests using many possible water compositions for the
glacial water confirmed that the selected composition gave the best fit
with the measured 8"*O content in the reference water. The chlorine
content of this water was set to be zero although it may well be that the
subglacial water can be enriched in salinity when the permafrost freezes
the initially dilute subglacial water.
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tion of the reference water. The numerical values are normalized, see Section
TiBids
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. A possible Subglacial water end-member is shown in the PCA (Figure
7-2). The subglacial water composition probably changed with time
during repeated freezing and melting of the continental ice sheet. The
need for a sub-glacial end-member might also indicate that the ground-
water system is more complex than the selected reference-waters/end-
members are able to describe, see Section 7.5.3. Errors/uncertainties in
the M3 calculations cannot either be totally ruled out.

. Baltic Sea reference water represents modern Baltic Sea water, sampled
close to Aspo.

. The end-member is Litorina Sea water with a chlorine concentration of
6 100 mg/l which is based on analyses of micro fossils from the marine
sediments in southern Finland /Kankainen, 1986/. Similar determinations
in the south part of Baltic Sea gave concentrations up to 14 000 mg/l Cl
/Winn et al, 1988/. Influx tests were performed in which different
possible Litorina Sea water concentrations were tested. The former
concentration of 6 100 mg/l gave the best fit with the measured chlorine
and 6H'®0 content in the groundwater. Thus the salinity of the Litorina
Sea was higher (by a factor of almost two) than the selected sea reference
water composition which is 3 760 mg/l. It should be pointed out that
there is always a higher salinity in the south part of the Baltic Sea
compared to the northern parts.

. The Altered marine reference water represents Baltic Sea water
affected by bacterial sulphate reduction /Laaksoharju ed., 1995/. This
water type 1s obtained in the HRL tunnel below the marine sediments.

. The end-member of the Altered marine water is the extracted sediment
pore water /Landstrom et al, 1994/. The pore water composition
resembled more modern Baltic sea water than Litorina sea water. In
addition the groundwater flow calculations indicated that the modern sea
can affect the sediments. Based on this knowledge the modern isotope
values were retained in the modelling.

. The Meteoric reference water represents a dilute (Cl = 5 mg/l) non-
saline water found in HBHO2: 7.5 m, with a modern oxygen, deuterium
and tritium isotopic signatures of -10%o, -77%¢ and 20 TU respectively.

. 1960 precipitation water end-member with a typical chemical composi-
tion of an infiltrating meteoric water and with a high tritium content,
presently 100 TU after 5-6 halt litres.

The important characteristics of the reference waters and end-members are
listed in Table 7-1.
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Table 7-1. End-members identified in the Aspé groundwater system.

End-member/ 6%0 %o O6H % Q Tritium S0,
Reference water SMOW SMOW mg/l TU mg/l
Glacial melt-water 21 -158 0 0 0
Sub-glacial water -21 -158 11000 0O 1500
Litorina Sea -5 -35 6100 0 500
Sediment pore water -7 -61 3400 0 53
1960 precipitate -11 -80 0 100* 0
Glacial reference water -15.8 -124.8 1120 0.1 31
Baltic Sea reference water -5.9 -53.3 3760 42 325
Altered marine reference

water -7.3 -60.3 4490 17 112
Meteoric reference water  -10.2 -77.1 5 22 13
* the amount of tritinm 1996 (after 4-5 halflife periods).

Accuracy of the multivariate mixing mass balance calculations

An extensive confidence-building exercise on the Aspd site data was performed
with the Multivariate Mixing and Mass balance, M3, method. /Laaksoharju
and Skarman, 1995, and Laaksoharju and Wallin, 1997/.

Chloride and 'O are the only truly conservative (non-reactive) constituents. A
perfect model would therefore be able to describe their behaviour completely.
A test was performed in which the ability of the M3 model to predict the
chloride concentration and 8'*0 of the Aspé site groundwaters was compared
with more frequently used traditional linear regression. In the univariate model
the chlorine content was used as a conservative tracer to predict the 80
values. The calculations were then repeated using 6'%0 as a conservative tracer
to predict the chloride content. The results show that the multivariate method
is always better than the univariate methods by a factor of two. The only case
in which the univariate methods gave a better result was for '*O predictions in
the non-saline groundwater /Laaksoharju and Wallin, 1997/, which represent
only the uppermost 100 m depth.

A back propagation test was also made to check the consistency of the mixing
calculations. Preset proportions of the different reference waters, e.g. 10%
Baltic Sea water, 18% altered marine water, 9% meteoric water, 47% glacial
water and 16% brine water, were used to calculate a groundwater composition.
The composition was then evaluated by the principal component analyses. No
reactions were allowed to change the composition. The results gave a
difference of 10.5% on an average. However, the largest difference was
obtained for waters which are largely modified by reactions; meteoric water
and altered marin water.
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The standard code NETPATH /Plummer et al., 1991/ can be used to compute
the mixing proportions of two or more end-members as well as net geo-
chemical reactions that can account for the observed groundwater composition,
M3 can be used for the same purpose except that M3 reports sinks and sources
for different elements not accounted for by mixing. In the M3 approach the
mixing is regarded as the dominating process which changes the water
composition at site scale. In NETPATH, depending on the number of chosen
phases, reactions are generally regarded as the dominating process.

GENERAL HYDROCHEMISTRY OF THE ASPO-LAXE-
MAR AREA

General trends of the analytical groundwater data, x y scatter plots for the Aspo
site data (Aspﬁ, Avré, Laxemar, Redox zone, HRL tunnel, Baltic Sea,
precipitation and sea bed sediments) are shown in Figures 7-3 to 7-6 for Cl,
Na, Ca, HCO,, Mg, K, SO,, tritium, deuterium and *O plotted against Cl and
depth. The locations of the sampled boreholes in the area are shown in Figures
2-3 and 2-4 and the locations of sampling holes in the tunnel are shown in
Figures 7-40 and 7-41. The data is also presented in Appendix 3.

Figures 7-3 to 7-6 show that the salinity described by chlorine increases with
depth although non-saline waters occur at Laxemar down to a depth of 900 m.
At Aspb, the saline water exists at shallow depths especially in the samples
from the HRL tunnel. The other groundwater constituents such as Na, Ca, SO,
and stable isotopes such as deuterium and oxygen-18 seem to increase with the
salinity. K, Mg, HCO, and tritium seem to decrease with increasing salinity.
The first impression is that the groundwater system is fairly simple and its
evolution can be described by a non-saline and saline evolution path.
Surprisingly the two known groundwater conservative tracers (Cl and *0) do
not correlate when Cl <10 000 mg/L (Figure 7-4) which indicates a more
complex system than first assumed. In addition a more complex system is
depicted when plotting the Cl, Na, K, Ca, Mg, HCO, and SO, against depth
(Figures 7-3 to 7-6). The distribution of groundwater chemistry is very
heterogeneous when the Aspo site is considered as a whole. If only the
conducting fracture zones are considered i.e. where the majority of water
samples have been taken, then the groundwaters tend to have a more uniform
composition because they obtain their character through mixing along fairly
rapid conductive flow paths. Thus, knowing that most of the samples have been
taken from water-conducting fractures, the undisturbed system may be even
more complex, than the data imply.

Figure 7-3 represents the chloride concentration as a function of depths for
groundwaters collected in the Aspo area. The upper part of the figure, a,
represents the different locations where the samples were collected whereas the
lower part of the figure, b, represents the same data divided into three classes
of concentration, freshwater with a chloride concentration below 1000 mg/l,
brackish water with a concentration between 1000 and 5000 mg/l, and saline
water with a chloride concentration above 5000 mg/l. A careful comparison of



238

a and b in Figure 7-3 reveals a distinct difference between the Asp6 and the
Laxemar data. The Laxemar data are classified as freshwater down to a depth
of about 800 m whereas the Asp6 groundwaters are brackish or saline from a
depths of less than 100 m. This difference is thought to be result of recharge
and discharge conditions at Laxemar and seawater intrusion at Aspo taking
place after the latest glaciation, see Section 7.4.

Figure 7-4 and 7-5 presents the main constituents relative the chloride
concentration and depth. Sodium and Calcium are almost linearly correlated to
the chloride concentration, whereas Potassium, Magnesium, Bicarbonate and
Sulphate are not correlated. Potassium, Magnesium and Bicarbonate have a
maximum concentration in the boundary between brackish and saline water.

The reason is partly the effect of present day and ancient Baltic Sea water
intrusion in combination with biological activity, see Section 7.6.2.
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Figure 7-3. Scatter plots for the Aspd site data shown for Cl versus depth. a)
The samples from: Aspé (during the pre-investigation and moniioring phases
of the HRL tunnel), Avré, Laxemar, Redox Zone, HRL tunnel, Baltic Sea,
precipitation and sea bed sediments. b) The observations have been divided
according to the groundwater classification: non-saline, brackish and saline.
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Figure 7-6 presents the tritium, deuterium and oxygen-18 isotope data relative
the chloride concentration and depth. Non of these are linearly correlated with
chloride and there is a wider spread in the brackish than in the fresh or saline
water, which indicates that the brackish water is probably the most complex
mixing system, see Sections 7.5 and 7.6,

There are remaining uncertainties to how representative the single borehole
KLX02 is to the saline-fresh water interface at Laxemar. The long open
borehole section in KLLX02 makes it a fast path for near surface water to reach
deep fracture systems, see Section 7.6.2.

Figure 7-7 shows the complex mixing system of the brackish water indicating
that both seawater and glacial water can be dominating proportions in the
brackish water type. As expected, the saline water can also be largely
influenced by seawater, whereas the freshwater has a quite distinct meteoric

origin.

The pH values vary in a relative narrow range, see Figure 7-8. There are only
two observations with a value above 8.5. The vast majority lies between pH 7
and 8.5. pH values below 7 are mostly related to waters where biological
processes have affected the composition. The relatively low pH values of the
deep groundwaters is likely due to the high salinity Toulhout, 1992/,

Eh values were measured only during the pre-investigations. In Figure 7-9 the
Eh values are calculated for all data points where pH and ferrous iron
concentrations are reliable. The calculations are made by the formula suggested
by Grenthe et al /1992/, Eh = 835 mV - 57 mV (3 pH + log [Fe**]) at 15°C.

In Figure 7-10 the data points are coded as a function of depth. As expected the
two deepest groups are lying on a mixing line between brine and glacial water.
The implications of this fact are discussed in Section 7.6.2. There are reasons
to believe that the simple two component mixing system is much more
complex. It should also be noted that the 700 - 1000 m depth interval data
plotting close to the meteoric reference water are from the KLX02 borehole.
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Figure 7-6. Scatter plots for the Aspé site data for tritium, deuterium and
oxygen-18 versus the Cl concentration and depth. The observations have been
divided according to the groundwater classification; non-saline, brackish and
saline.
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Figure 7-7.  Principal Component plot showing the subdivision of the
groundwaters into non saline, brackish and saline groundwaters. The superim-
posed colour coding of the observations, i.e. the red colour, shows samples
containing more than 5 000 mg/l CL. The numerical values are normalized, see
Section 7.2.2,
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Figure 7-9. Principal Component plot showing the distribution of calculated
Eh values (according to Grenthe et al, 1992). The superimposed colour coding
of the observations, i.e. the red colour, shows a sample with an Eh value above
-100 mV. Open circles lack the necessary data for calculating the Eh values.
The numerical values are normalized, see Section 7.2.2.
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Figure 7-10. Principal Component plot showing the depth distribution of the
groundwater samples. The superimposed colour coding of the observations, i.e.
the red colour, shows observations collected from a depth greater than 1300 m.

The numerical values are normalized, see Section 7.2.2.
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In the PCA plots the non-saline waters consist of a [Na-Ca-K:HCO,-S0O,-Cl]
or a [Ca-Na-K:HCO,-50,-Cl] water and changing to a [Na-Ca-K:CI-HCO ;
SO,-] water near the surface (0-100 m). The brackish groundwater consists of
a [Na-Ca-K:S0,-HCO,] water at a depth of 100-350 m. The saline groundwater
found generally at a depth of 350-1700 m consists of a [Na-Ca-K:CIl-SO,-
HCO,] or a [Ca-Na-K:Cl-SO,-HCO,] type of water. The groundwaters are
moderately alkaline, pH values from 7.6-9, and reducing, with calculated Eh
of =100 to -300 mV values. The measured Eh values showed readings similar
to the calculated ones. These were only made during the pre-investigastions.

The way in which the flow and mixing affect the non-saline, brackish and
saline groundwaters is illustrated using the results from the M3 mixing
calculations (Figures 7-11--7-15). The calculated influx portions of the
different reference waters have been interpolated by Kriging /Henley, 1981,
Fortner, 1992/,

Figure 7-11 illustrates the proportions of brine reference water in the plane of
the two first principal components. The saline water might contain less than
20% of brine due to the the high salinity of the brine reference water, 48,000
mg/l of chloride. Per definition therefore the proportion of brine in a brackish
water must be less than 10%.

Figure 7-12 illustrates the proportion of glacial reference water in the plane of
the first and second principal components. It should be noticed that there are
many brackish and saline water points within the 60-80% proportion of glacial
water, It is important to reallize that this does not imply that the proportion of
glacial melt water is 60-80%. The proportion of real glacial melt water in the
glacial reference water is roughly 50%, see Section 7.2.2 and Section 7.7.1, and
thus the proportion of glacial melt water in the 60-80% glacial reference water
is 30-40%.

The influences of the Baltic Sea water, the altered marine water and the
meteoric water affect a smaller part of the plane than the glacial and the brine
waters. There is an important area formed between the Litorina sea and Galcial
end members together with meteoric water, see Section 7.7.1, where the water
is brackish, Cl = 1000 - 5000 mg/l, but where the mixing proportions can vary
substantially.

The M3 model was used to calculate a possible '*C age of the groundwater
(Figure 7-16). From a few measured "C ages the calculated mixing portions
are used to predict values for observations lacking measurements. The results
should only be used as an indication of a relative age rather than as a precise
age determination. The reason for a high "*C age (25 600 - 32 000 years) for the
glacial water is that the age probably reflects the precipitation rather than the
melting age.

Since the water is a mixture, different isotopes and elements give different
histories of the water and also different ages. *°Cl measurements give an age of
several million years in a water where ftritium measurements indicate
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proportions of water which have penetrated from the surface in less than 40
years

/Laaksoharju and Wallin, 1997/. In the same way the "'C age indicates only a
possible age range for the carbon source.
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Figure 7-11. Principal Component plot with a superimposed grey coding
showing the mixing portions of brine reference water in relation to the non-
saline, brackish and saline groundwater. The numerical values are normalized,
see Section 7.2.2.
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see Section 7.2.2.
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showing the mixing portions of Baltic Sea reference water in relation to the
non-saline, brackish and saline groundwater. The numerical values are
normalized, see Section 7.2.2.
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normalized, see Section 7.2.2.
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Figure 7-15. Principal Component plot with a superimposed grey coding
showing the mixing portions of meteoric reference water in relation to the non-
saline, brackish and saline groundwater. The numerical values are normalized,
see Section 7.2.2.
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THE GROUNDWATER HISTORY

The origin and sources of the different water types at the Aspd site reflect many
events such as pre-glacial, glacial and postglacial in combination with
water/rock interaction. The deglaciation and subsequent land rise are probably
the most important recent events in the Aspd groundwater history.

The Baltic Shield as a part o Northern Europe has been affected by a number
of glaciations during the Quaternary Period (2.4 Ma) /Ehlers, 1996/. Geological
evidence show that these glacial events had a great impact on the spatial
distribution of soil types and erosion of the surface of the bedrock. The heavy
ice load caused extensive isostatic movements of the basement, hence it also
changed the hydrogeological system which had a large influence on the
groundwater flow paths and groundwater chemistry.

The last three major glacial events during the Quaternary Period are Elster,
Saale and Weichsel, where the Weichsel is the latest glacial event. It reached
its maximum approximately at about 18 000 to 20 000 years ago /Ehlers, 1996/.
The cyelic behaviour in the climate during the Quaternary Period imply that
different groundwaters in the basement must have been modified and even
replaced several times. The extreme cold climate during the glacial events in
the high latitudes form waters with typical low isotopic (*H and '*O) signatures,
whereas the milder interglacials display a different isotopic pattern. Hence, the
wide range in isotopic signatures give us a very useful tool in order to
understand the meteoric water input, glacial meltwater and other end-members
involved in the groundwater formation during this period. The different scale
of the glacial events and different hydrogeological situations may have caused
differences in penetration depth of for example glacial melt water, and hence
there may be remnant waters still found in the basement from the early events
as well. Most probably the events after the last glaciation is dominating,
Bearing this in mind we present a working hypothesis and a conceptual model
for the groundwater system at the Aspd site. This model mainly focus on the
last glacial event and especially on the posi-glacial development of the Baltic
Shield and the Aspi area. Figure 7-17 shows the coast line of Sweden at the
different stages at the Baltic Sea during its shifting between fresh-water lakes
and brackish seas since the last glaciation.
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Figure 7-17. The different evolutionary stages of the Baltic Sea after the most
recent glaciation and a picture of the previous highest coastline. The pictures
were produced from SKB’s Geographic Information System. /SKB, 1995/,
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>13 000 BP

Baltic Ice Lake

Figure 7-18. A post-glacial scenario at Laxemar and Aspd. Possible flow
lines, non-saline, brackish and saline water interfaces are shown. Injection of
Glacial melt-water into the basement.

When the continental ice was melting and retreating, glacial melt-water was
injected in to the basement, (Figure 7-18). The depth to which the meltwater
reached is largely unknown. Groundwater flow models suggest that under
hydraulic gradients caused by a thick ice cover the meltwater could be pressed
to a depths of more than 1000 m /Svensson, 1996/, Whether or not this has been
the case is beyond present knowledge. It is important to note that a deep saline
groundwater with a relatively high density can act as a barrier which may
prevent less dense shallow water from penetrating the deeper regions. It is also
uncertain whether or not there has been a water pressure below the ice of such
a magnitude as the thickness of the ice cap.
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13 000 - 10 000 BP

Laxemar

Figure 7-19. A post-glacial scenario at Laxemar and Asps. Possible flow
lines, density-driven turnover, non-saline, brackish and saline water interfaces
are shown. Baltic Ice Lake stage.

The first stage of the Baltic Sea, known as the Baltic Ice Lake, started to form
about 13 000 years ago. 10000 B P the Baltic Ice Lake still covered the Aspi
area (Figure 7-19). The fresh water probably did not affect the glacial water in
the basement since there was no hydraulic hydraulic head difference when the
island was under water. Far to the west the Laxemar area rose above the water
level.
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Figure 7-20. A post-glacial scenario at Laxemar and Aspé. Possible flow
lines, density-driven turnover, non-saline, brackish and saline water interfaces
are shown. Yoldia Sea stage.

During the next phase the Yoldia Sea (10000-9000 B P) covered the island.
The brackish-marine water could have affected the more conductive upper parts
of the basement to some extent by density-driven turnover (buoyancy flow), as
shown in Figure 7-20. The Yoldia sea stage was short compared to the other
stages and the influence on the groundwater system could have been
insignificant. As implied in Figure 7-19 any effect of the Yoldia stage would
have differentiated the situation at Asp& from the situation at Laxemar, giving
a fresh-saline water interface at the shoreline at Laxemar,
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9 000 - 7 000 BP
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Figure 7-21. A post-glacial scenario at Laxemar and Aspé. Possible flow
lines, density-driven turnover, non-saline, brackish and saline water interfaces

are shown, Ancylus Lake stage.

The Ancylus Lake (9000-7000 B P), whicll'{ was a freshwater lake, probably did
not affect the water in the basement of Asps. At Laxemar the recharge and
discharge controlled by the topography affected the areas above the water level

(Figure 7-21).
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Figure 7-22. A possible post-glacial scenario at Laxemar and Aspd. Possible
flow lines, density-driven turnover, non-saline, brackish and saline water
interfaces are shown. Litorina Sea stage.

The next stage was the Litorina (7000-2000 B P) Sea which most likely
provided saline waters which reached salt content expressed as Cl = 7 000 mg/l
("0 = -4.5%0, 8D = -38%o0) Ipers. com. Tullborg, 1995 - calculation based on
Kankainen, 1986/. Density-driven turnover is believed to be an important
process during this period. The glacial water was replaced and mixed with the
sea water (Figure 7-22). In the Baltic Shield area the highly saline coastal
groundwaters are only found below the highest shoreline of the postglacial
Litorina Sea since the density-driven turnover was probably an important
process during this stage. Previous works /Frape and Fritz, 1987, Gascoyne,
1987, Nurmi et al, 1986, Fontes et al, 1989, Wallin, 1990/ showed that
groundwater in the crystalline basement on the Canadian and Baltic shields
may have been formed or affected by marine water intrusions.
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Present time

6 7

Figure 7-23. A possible post-glacial scenario at Laxemar and Aspd. Possible
Jlow lines, density-driven turnover, non-saline, brackish and saline water
interfaces are shown. Present day situation. The approximate location of the
deep borehole KLX02 is indicated by an arrow on this picture.

The Aspﬁ area rose above the sea level some 4000 B P). A meteoric water
aquifer started to form which created hydraulic head differences and started to
wash the sea water out of the more shallow parts of the basement (Figure 7-
23). Regional flow from the mainland could have started to affect the water
composition. The saline waters at depth were probably not affected by the post-
glacial events (Figure 7-21). Traces of deglaciation in more shallow
groundwaters should be detectable in the groundwater composition.

The isotopes, both radiogenic and stable, were used to evaluate the pre-history
of the groundwater. Due to the scarcity of the data from pre-investigations it
was not possible to predict the isotopic signatures of the groundwater. During
the construction phase /Wallin and Peterman, 1994/ the knowledge of end-
member signatures and background levels have increased. The combination of
several isotopic methods has provided the means to tackle the history of the
groundwater in a systematic way. So far the events occurring after the latest
glaciation have been resolved and these data have been of the outmost
importance for the identification of the end-members used to construct Model
96.
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An illustration of the models based on the data from pre-investigations and the
data from the tunnel construction phase are given in Figure 7-24. The
corresponding salinity distribution is presented in Figure 7-25 and 7-26. The
differences in salinity distribution are due to the effects caused by the tunnel
drawdown. The biological and redox conditions are not presented since they are
considered to be evenly distributed in the rock mass.

The Model 96, developed during the construction phase, is more developed and
quantitative than Model 90 from the pre-investigation phase, In Figure 7-24 the
presentation is made in such a way that the models can be compared, but it
must be realized that the figure only illustrates parts of the models. Model 90
groups the groundwater observations into four classes based on principal
component analyses. The Model 96 defines the end-members, reference waters
and mixing proportions of the reference waters. In Figure 7-24 the dominating
reference waters are qualitatively related to the statistically defined classes of
the previous model.

A consistent picture was obtained by *H, *H, "0, '*C, "C, ¥Sr,*S and **C| ana-
lyses which were made on different occasions during tunnel construction. There
are a few additional isotopic methods, **Ar/*Ar and ¥Kr which might be useful
for differentiating between the effects of the latest and previous glaciations. So
far these methods have not been employed on Aspé groundwater samples.
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Figure 7-24.  lllustration of Model 90 based on data from the pre-
investigations and Model 96 which also involves the data collected during the
tunnel construction phase. Model 90 defines 4 four classes based on statistical
treatment of the data, whereas Model 96 is based on identified end-members
and selected reference waters and the mixing proportions of these waters (see

Section 7.2.3).
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Figure 7-25. The salinity distribution presented as the chloride concentration
under the undisturbed conditions prior to excavation. The sampling locations
are marked in the figure. (Total salinity = 1.7 times the chloride
concentration).
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Figure 7-26. The salinity distribution presented as the chloride concentration
under the disturbed conditions after construction, The sampling locations are
marked in the figure. (Total salinity = 1.7 times the chloride concentration).
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REDOX CONDITIONS

Redox conditions are important for the safety assessment of a nuclear waste
repository /SKB, 1995/. The observed redox potential (Eh) and the redox
buffering constituents in the groundwater are extremely sensitive (o
disturbances caused by sampling and analyses. The redox buffer is to a large
extent provided by the fracture filling minerals in contact with the groundwater
and by the biological processes /Banwart (ed.), 1995/.

Great efforts have been made to investigate and solve the issue of deep
groundwater redox conditions /Grenthe et al, 1992/. The present understanding
is that the ferrous and ferric iron minerals generally govern the redox
properties. This is also the case for data from the investigations at Aspo.
However, occasionally other systems are thought to dominate, e.g. the uranium
system in an Uranium mineralization /Ahonen et al, 1992/. Regardless of
which system controls the Eh it has been clearly demonstrated that the deep
groundwaters in granitic rocks are generally reducing.

The redox-sensitive elements, for which analyses are normally made are iron
(total and ferrous), manganese, sulphide, uranium and dissolved oxygen. As
expected, there are normally no measurable concentrations of dissolved
oxygen, but the sensor is needed to register any disturbances in the groundwater
pumping and sampling procedure. A zero reading of the dissolved oxygen
content indicates that the water is anoxic.

Eh measurements are made using three types of electrode, gold , platinum and
glassy carbon. Only the sampling procedure denoted complete chemical
characterization, see Report 4 /Rhén et al, 1997/, included the proper Eh
measurements during the pre-investigations. The measurements were continued
for a period of several days (weeks) until the readings levelled out at roughly
the same value for all three electrodes. This is the reported Eh value. During
sampling in the tunnel no Eh or dissolved oxygen contents were measured,
except for those in the redox experiment /Banwart et al, 1995/.

The enhanced water flow in the upper part of the rock, caused by the inflow to
the tunnel, was expected to transport oxygenated water down into the fracture
zones and enter the tunnel. This phenomenon was studied in a fracture zone at
a depth of 70 m below ground level /Banwart et al, 1995/. The predictions of
oxygen breakthrough failed because the effects of biological oxygen
consumption were not taken into account. The conclusion is that an enhanced
groundwater inflow does not cause oxygenated water to reach any greater
depths, as long as the amount of organic matter is larger than the amount of
dissolved oxygen. These conditions could of course vary from place to place
but as a starting point the situation at Asps could also be expected at any other
place. At the Stripa mine, for example, where the hydrology had been affected
by the drawdown by the mine gallery for several decades, there was no oxygen
in the infiltrating groundwater at a depth of 400 metres. Most evidence suggests
that the penetration depth for oxygen is at maximum 100 m for undisturbed
conditions and it is not expected to be significantly deeper under disturbed
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conditions (drawdown in groundwater flow into tunnels of a facility). The
effective oxygen consumption by bacteria strengthens the general opinion that
anoxic (oxygen free) conditions could always be expected in the deep
groundwater.

The Eh value is coupled to the pH value. An empirical relation is a decrease of
60 mV with an increase of one pH unit. At pH 7 the Eh values are mostly
between -100 and -300 mV. Plots of the Eh-pH data from the pre-investigation
phase and from a few observations in the tunnel are shown in Figure 7-27. At
these low Eh-levels uranium exists in a reduced (+IV) form and is extremely
insoluble.

Eh/mV

-100 -

150 |
-200 4
-250 %

-300 1

-350 - )

=400 -

-450

-500 T T T T T T T T T

Figure 7-27. Eh versus pll for the data obtained from the pre-investigation
phase (squares) and from the construction phase (Circles). The uncertainty in
Eh is estimated to be 50 mV and the uncertainty in pH is 0.1 pH unit. The
figure includes the calculated Eh for the equilibrium between UQ, and
dissolved UO,* at a concentration of 10 ppb.

A practical approach for nuclear waste disposal safety assessment is therefore
to define reducing conditions to be when uranium (plutonium, technetium and
neptunium as well) exists in a reduced form, and oxidising conditions when
uranium exists in the hexavalent (+VI) state. The usefulness of this approach
is that it resembles well the conditions of the iron system. Under reducing
conditions ferrous iron is present in the groundwater in measurable quantities,
up to ppm levels. In this context it might also be worth mentioning that there
is a large difference between reducing and anoxic conditions. Anoxic
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conditions only mean that there is no measurable amount of dissolved oxygen
in the water, whereas reducing means that the Eh value needs to be low enough
to have uranium in a reduced form (concentrations at ppb levels). A reducing
groundwater is always anoxic.

THE SALINE GROUNDWATERS OF THE ASPO-LAXEMAR
AREA

General features of the saline groundwaters

Saline groundwaters, Cl >5000 mg/l, (Figure 7-6) are obtained from the deeper
part of Laxemar (>1100 m), Aspé (>350 m) and the HRL tunne] (>100 m).
Saline groundwaters have been described in detail by Smellie and Laaksoharju
71992/, Laaksoharju et al /1995/, Laaksoharju and Skdrman /1995/ and also
Louvat et al, Peterman and Wallin, Trotignon et al, Wallin and Peterman, in
Laaksoharju and Wallin /1997/.

The depth of the saline groundwaters is controlled by the prevailing hydrogeo-
logical conditions. The hydraulic head in combination with heterogenous
spatial distribution of the conductive fractures determines the position of the
interface between saline and brackish water. Laxemar, which is on the
mainland, has a relatively high water table resulting in an interface at large
depth (1100 m) between saline and brackish waters. On Asp6 island, whose
topography is flat, the water table is lower and the interface can exist at
shallower depths (350 m). Under the Baltic Sea saline groundwater may be
unaffected by any hydraulic forces since the Litorina Sea stage. Here the saline
groundwater can exist at close to a 100 m depth. The depth at which the saline
groundwater is encountered depends on the history of the groundwater, see
Section 7.4, and on the topography and density.

The saline groundwater is characterized by a sodium chloride rich variety at
depths of 100-600 m and a calcium chloride variety at depths greater than 600
m. At 100-600 m depths a complex mixing pattern includes several reference
waters. Possible regional flow in combination with near stagnant conditions
are believed to dominate at the deeper (>600 m) regimes.

Saline groundwaters with a brine component
Chemical composition

The deep (600-850 m) saline groundwaters at Aspé has a brine component. At
800 metres at Laxermar (KLX02), chlorinity increases dramatically by almost
three orders of magnitude (to approximately 16,000 mg/l) over a distance of
250 m (depth of 1150 m). Chlorinity continues to increase with depth (to
47,200 mg/1) displaying inflection points at approximately 1350 m and 1000
m, see Figure 7-30. Hydraulic tests showed that the transmissivity decreased
with depth at the Laxemar borehole. The working hypothesis is that the brine



320

water represents a hydraulically and geochemically isolated system such that
highly saline groundwaters exist in a near-stagnant environment /Laaksoharju
et al, 1995/. These calcium chloride dominated brines represent deep regional
groundwaters where long residence times and water/rock interactions have
played a dominant role in creating their composition.

“Ar/Ar
Evidence of water/rock interaction at great depth is suggested from **Ar/*Ar
ratio measurements. The isotope *Ar is enriched (from feldspar breakdown) by

a factor of four (compared with atmospheric input) in the highly saline
groundwaters /Smellie, 1996/

8"%0 and 6°H

The stable isotope data (8'*0 =-10.4 to -8.9% (SMOW); 8H = -60.2 to
-44.9%c (SMOW)) from the deep saline groundwaters show significant
deviation from the meteoric water line. The trend towards increasing salinity
can reflect a greater dependency on water/rock reactions in combination with
minimal influence from past marine and glacial melt fluctuations at great depth.
The long contact time with rock may have modified the "*O values from the
meteoric water line /Alley, 1993/ (Figure 7-28).

Figure 7-28. 60 versus deuterium for the Aspé and Laxemar groundwaters.
The long contact time with the rock may have shifted the "*O-deuterium
signature to above the meteoric water line. The data point below the meteoric
water line indicates a cold climate recharge.
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The high apparent age is supported by the measured *Cl values which indica-
ted the water has been isolated from the atmosphere for 1.5 M years /Louvat et
al, in Laaksoharju and Wallin, 1997/,

Cl'/Br-

By comparing the Aspt site groundwater CI/Br ratio with marine and
sedimentary ratios it was suggested that the brine correspond to an evoluted sea
water which has been concentrated by evaporation to the precipitation stage of
halite. The & '*0 signature (Figure 7-29) and chloride contents of the saline
samples coming from the deepest intervals of the Laxemar boreholes, could
then be explained by a sedimentary primary brine in the Aspd deep
groundwater /Louvat et al, 1997/. Preliminary noble gas analyses show that the
deep groundwaters give an Xe signature which indicates a possible recharge
temperature of 25°C which in turn suggests much warmer climatic conditions
than the present-day ones /Smellie, 1996/, which could support the sedimentary
primary brine assumption.



322

Figure 7-29. The glacial component shows a distinctive negative deviation
in 8°H contents which culminates at a depth of 1100 m (+ 200 m) at Laxemar.
Borehole (KLX02).

Srand 8%Sr

Dissolved Sr (0.5 mg/L) in the fresh-water layer has a *'Sr value of +9.9%.
whereas a sample of saline water from the interval of 1420 to 1705 m contains
449 mg/L Sr with a 6¥'Sr of +12.9%.. Throughout the deep Laxemar borehole
the strontium concentration increases congruently with the chlorinity /Wallin
and Peterman, 1997/ (see Figure 7-30). This is strongly indicating a long-term
interaction between the water and clay minerals.
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The 88 isotopie composition of sulphur in dissolved sulphate also reflects the
compositional stratification of this groundwater system with *'S values of
+10%e in the deep saline and +19% in the fresh layer.

Brine evolution: diffusion-mixing-processes

The age determination and the other isotope investigations indicate that the
brine exists in a stagnant environment. This in turn implies that the brines are
not affected to any large extent by advective flow and mixing, and in that case
diffusion is the only process by which the salt could have been transported.
The diffusion was calculated using Fick's second law, and the diffusivity of
chloride in water. The assumption for initial conditions was that there was a
sharp boundary between a saline and a fresh water. Cl diffusion calculations for
100Ka, 1Ma and 5Ma are shown in Figure 7-31 together with the measured
chlorine concentration at depths of 800-1600 m at KLX02. The figure shows
that the 1 Ma model plot is relatively close to the measured chlorine concentra-
tion which is within relative agreement with the measure °Cl value of 1.5 Ma.
The measured chlorine values show deviations from the diffusion line which
may indicate disturbance by mixing.

|
o
<l

Figure 7-30. Strontium and chloride concentrations in borehole KLX02.
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Figure 7-31. Results from the diffusion modelling of the deep groundwater
at Laxemar. Chlorine diffusion models for 100K, 1Ma and 5Ma are compared
with the measured chlorine concentration in borehole KLX02.

A test was conducted to find out whether mixing or diffusion is the dominating
process /Laaksoharju and Wallin, 1997/, The results from the two calculations
show that diffusion has been masked by mixing processes during the last 1.5
Ma. However, it is likely that the drilling and sampling activities in the
borehole has resulted in mixing. If this is the only reason for the mixing cannot
be concluded today.

Mixing processes, which could have disturbed the brine, might also have taken
place due to penetration of glacial water. The penetration depth of the glacial
water is difficult to estimate, since the boundary conditions are impossible to
define exactly. Assuming that the hydraulic gradient is established by a 3 km
thick ice cap, this could drive the meltwater to depths of several kilometres
/Svensson, 1996/. The high density of the brine may in any case have restricted
the mixing layer to the upper part of the interface between saline and non-saline
groundwaters seen in KLX02.

Disturbance from borehole activities is also seen in the tritium data which
indicates a significant content of surface derived water down to 1420 m. At this
level (1420 m) the presence of 26 TU (i.e. in excess of present-day recharge at
22 TU) suggests that, after excluding the possibility of in-situ production, one
of the mixing end-members may be "old" tritium rich meteoric waters infilling
during the period 1958-1965. This water may have been drawn into the
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borehole at various levels during drilling and other activities. The hydraulic
testing and the 6 month maintenance pumping prior to groundwater sampling
lowered the groundwater level by 4 m in borehole KLX01 situated almost one
kilometre away /S Follin, 1996/. Effects in the different sections of KLX02 are
not known. However, it must be kept in mind that the water sampled from the
borehole when it was newly drilled never exceeded 0.3 TU. Thus it is evident
that the high tritium content is caused by borehole activities.

In conclusion it is most likely that the deep brine below 1100 m depth has been
stable for a long time and can be considered stagnant in the time scale of a
waste repository, 100 000 years. The origin of the brine can be either an
evaporite or long-term leaching of the rock. Regardless of which, it has been
isolated from meteoric input for more than 1 million years. Whether or not the
brine is part of a slow regional transport system cannot be judged today.

Saline groundwaters with a glacial component

Regardless of the fact that the salinity increases by depth, there is a distinct
influence of glacial (cold climate) groundwater at depths. The cold climate
water might have been injected during the last glaciation but might also be a
remnant from previous glaciations.

8%0 and 8°H

The glacial component is shown as a distinctive negative deviation in the 6'°0
and 8H contents of the groundwaters. Saline groundwaters, sampled from the
deep (1705 m) borehole KLLX02, contain a glacial component which culminates
at a depth of 1100 m (£200 m) (Figure 7-29). At Asp® the glacial component
in the saline groundwater is found at variable depths (100-850 m).

Ca and SO,

When the melting started dilute and possibly aggressive glacial melt-water
could have oxidized the sulphide in the glacial soil debris. The M3 calculations
show a sink for Ca (Figure 7-32) and a source for sulphate (Figure 7-33) which
is believed to be associated with the influx of glacial water associated with
calcite precipitation. Losses can also be due to ion-exchange reactions.
However, the isotopic character of the sub-glacial water is such that it must be
developed during the course of the latest glaciation or be a remnant of previous
glaciations. It is not caused by the melting of the latest glaciation. This might
indicate that there is a missing end-member with a high sulphate and low
calcium concentration. Such a saline water could be resulting from repeated
freezing and melting of a permafrost which created stagnant conditions with no
groundwater flow below parts of the continental ice replaced by dynamic
conditions.
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Figure 7-32.  Principal Component plot used to illustrate the sinks of calcium
which are believed to be associated with the mixing of glacial water. The
mixing is shown progressively for 20%, 20-40%, 40-60%, 60-80% and 80-

100%. The numerical values are normalized, see Section 7.2.2.
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Figure 7-33.  Principal Component plot used to illustrate the sources of SO,
which are believed to be associated with the mixing of glacial water. The
mixing is shown progressively for 0-20%, 20-40%, 40-60%, 60-80% and 80-
100%. The numerical values are normalized, see Section 7.2.2.
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Saline groundwaters with a marine component
General Chemistry

The saline waters at Aspﬁ (350 - 600 m) and during construction of the HRL
tunnel (=100 m) were sampled from a hydrogeologically more dynamic system
than the deeper Aspd and Laxemar (brine) systems. The dominating
groundwater type is a sodium chloride water, The measured Cl concentration
for these saline groundwaters is 5000-12300 mg/l. A general feature of the
saline groundwaters sampled in the tunnel is that the location (i.e. under sea or
under land) and depth determine the origin. Under the sea at a moderate depth
influx of marine waters was observed. Observations at larger depths show that
these are dominated more by older water types such as glacial and brine water
/Laaksoharju and Skdrman, 1995/,

The results from the influx of a marine component on the saline groundwaters
can be seen as a source for Mg (Figure 7-34). The interpretation is that this
may be a result of a Litorina Sea influx. The salinity of Litorina Sea water was
a factor of two higher than modern Baltic Sea water. The Mg content
correspond well to a Litorina origin. This was further supported by the chlorine
content which is similar to the Litorina Sea water.

BRACKISH GROUNDWATER AT ASPO AND LAXEMAR
General features of the brackish groundwater

Brackish groundwaters (Figure 7-6) are obtained generally at a depth of 100-
350 m at Aspé and along the HRL tunnel. At Laxemar the brackish water is
found down to a depth of 1000 m. The difference in depth at which the
brackish water is found is due to the prevailing hydraulic conditions.

The brackish groundwater is of Na-Ca, CI-SO, type. The water is a result of a
complex mixing pattern that includes all the reference waters in varying
proportions. The brackish groundwaters represent a mixing regime where a
regional and local flow system, long-term, slow chemical reactions
(dissolution, precipitation, sorption, redox reactions, gas generation and
consumption) and short-term, fast reactions (ion exchange, precipitation,
dissolution, redox reactions and sorption) take place /Alley, 1993/.
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Multi-component mixing of brackish groundwater

Most of the brackish groundwaters were sampled from the HRL tunnel at
tunnel chainage 0-1500 m (0-200 m below sea level). The emphasis in this
section is therefore on the groundwaters sampled from the HRL tunnel.

The groundwater chemistry reflects the dynamics in the system which is driven
by changing hydraulic heads due to the construction of the HRL tunnel, The
groundwater observations were therefore sorted according to where and when
the sampling was conducted. The data has been divided into experimental days,
where day 0 (1990-10-14) indicates the start of the tunnel construction, day 150
represents 1991-03-13, day 350 (1991-09-29), day 550 (1992-04-16), day 750
(1992-11-02), day 950 (1993-05-21), day 1150 (1993-12-07) and day 1350
represents the date 1994-06-25. A sample collected closest to the actual
experimental day (e.g. day 150) was selected to represent that experimental
day. A comprehensive presentation of the results is made in Laaksoharju and
Skerman /1995/.

On experimental days 150, 350, 550 and 750 of the HRL tunnel construction
meteoric water and glacial water dominated the inflow to tunnel section below
the sea. On day 950 altered marine walter started to dominate at tunnel chainage
1200-1480 m, a tunnel section under land but in contact with the Baltic Sea
through the NE-1a and EW-3a fracture zones. On day 1150 Baltic Sea water
and altered marine water started to dominate at tunnel section 2110-2240 m
which is located under the sea. On day 1350 this domination was replaced by
meteoric water, although Baltic Sea water was still an important component.
At greater depths (>300 m) and tunnel chainages (>2400 m) the dominating
water type was a cold climate (glacial) water in combination with brine. A
general feature of the tunnel water is that the location (i.e. under sea, under
land) and depth determines the dominating water type and changes in the
mixing proportions with time. Observations under the sea at a moderate depth
(<300 m) show modern Baltic Sea water or altered marine water with time.
Observations below land at a moderate depth show meteoric water. Observa-
tions at greater depths show that these are dominated more by older water
types. These mixing calculations showed a general agreement with the
hydrogeological modelling /Laaksoharju and Skdrman, 1995/,

Dominating water types in the HRL tunnel over time, viewed from the side,
are shown in (Figure 7-35). It is important to note that in many tunnel sections
the difference between the calculated mixing portions are small (i.e. 26% Baltic
Sea water and 25% shallow water). Kriging was used to interpolate between the
observation points. Greater accuracy was obtained close to the sampling point.

In Figure 7-35 the reference waters has been changed compared to the
references in previous PCA figures. The saline reference water is now repre-
sented by the most saline water of Aspt (KAS02 860 m) and the glacial
reference water is the same as the glacial end member. The difference in the
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Figure 7-36. PCA plot, cf. Figure 7-2, of the groundwater data of the Aspi-
Laxemar area. Red line indicates the reference waters used to calculate the
mixing proportions presented in Figure 7-35. These reference waters are also
used to present the dominating groundwater in Figure 2-14.

data treatment is seen in Figure 7-36 where the new reference waters are
connected with the red line.

The presentation above is thought to give a better view of the dominating water
types along the tunnel than what is obtainer by the use of the reference waters
from the PCA plots.
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NON-SALINE GROUNDWATER AT ASPO
General features of the non-saline groundwaters

Non-saline groundwaters (Figure 7-7) are usually obtained at a depth of less
than 100 m at Asp6 and the HRL tunnel. At Laxemar the non-saline water is
found down to a depth of 850 m. The difference in the depth location of the
brackish water is due to different prevailing hydraulic conditions at Laxemar
compared with Aspo, see Section 7.6.2.

The non-saline groundwater is characterised by a Na-HCO, or a Ca-HCO, rich
groundwater. The water is a result of an influx of a meteoric water which is
mixed in a complex pattern with brackish water. The non-saline groundwaters
belong to the shallow bedrock where local flow systems exist and fast
reactions (ion exchange, precipitation, dissolution, redox reactions and
sorption) dominate /Alley, 1993/.

Most of the data comes from the Redox Zone in the HRL tunnel /Banwart ed,
1995/, The investigations were focussed on the redox conditions and how these
were developing. On March 13, 1991 tunnel construction in the HRL tunnel
intersected a sub-vertical, hydraulically-conductive fracture zone (Redox Zone)
at tunnel section 513 metres and at a depth of 70 metres. This provided an
opportunity to study geochemical changes resulting from non-saline water
inflow into a crystalline bedrock aquifer as anticipated during construction and
operation of a deep repository. For a period of three years the inflow to the
tunnel and discharge from boreholes drilled into the fracture zone from the
tunnel were monitored to observe if dissolved oxygen was transported from the
surface into the groundwater under the intense hydraulic disturbance created by
the tunnel construction work.

'H, surface water break-through

As predicted by model calculations prior to the start of the experiment, dilute,
non-saline (<10 mg/l, Cl) water from the surface displaced the native brackish
(5000 mg/l, Cl) water of the fracture zone. A sharp dilution front,
corresponding to 80% dilution of the native groundwater, indicated the arrival
of non-saline groundwater to the tunnel after 3 weeks. Although a slight oxygen
breakthrough was observed a few weeks after the non-saline water
breakthrough, the fracture zone rapidly returned to anoxic conditions /Banwart
et al, 1995/, By using tritium and deuterium as conservative tracers the
recharge of the Redox Zone was calculated to be 4050 m’/year with a
groundwater residence time of 8 months /Banwart (ed.), 1995/. The influx of
modern precipitation water is seen as a sink for the tritium content with respect
to the reference water content in (Figure 7-37). The meteoric reference water
contains (59 TU) which reflects precipitation dating from the 1960s (100 TU).
This fact gives a view of the residence time in the undisturbed conditions
prevailing before tunnel construction. The effect of the influx of meteoric water
affects both brackish and saline groundwaters. There is evidence of extensive
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lateral flow between the recharge areas and the discharge point in the access

tunnel.
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Figure 7-37.  Influx of modern precipitation water is seen as a source for the
tritium content with respect to the reference water content. The effect of the
mixing of meteoric water is shown in the background. The mixing is shown
progressively for 0-20%, 20-40%, 40-60%, 60-80% and 80-100%. The weight
for the different elements is shown in the equations for the first and second
Principal Component respectively.
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HCO,

Major element hydrochemistry and carbon and oxygen stable isotope data
indicated large inputs of HCO, and biogenic CO (g), Elevated CO

concentrations in the groundwater (6050 to 15037 ppm) exceed atmospheric
concentrations by one or two orders of magnitude. High TOC values (up to 20
mg/L) and the "C isotope values of the HCO, (-16 to -14%. PDB) and CO,
(-14 to -25%o0) confirm a large uniform organic carbon source as one end-
member for the carbon system. Methane (1030 to 4070 ppm) in the fracture
zone and the shallow boreholes with 6'°C values between -39.8 and -50.8%.
strongly support a biogenic source for this gas. The build up of the bicarbonate
reservoir most likely takes place in the lower saturated part of the shallow
groundwater (below 30 m). The effect of this process is seen as a source of
HCO, in (Figure 7-38).

The input of organic carbon with shallow groundwater provides a possible
energy and carbon source for anaerobic respiration. The accelerated input of
organic carbon added a net reducing capacity to the groundwater which, in turn,
prevented oxygen penetration. Reduction of iron (IT) minerals to iron (II) in
solution is an anaerobic process found to be the successor to the aerobic
respiration of organic matter observed in the block scale redox experiment. The
process takes place when the amount of organic matter is larger than the
amount of dissolved oxygen. This is roughly the case at =10 mg/I total organic
content. A detailed description of the iron reduction is given in the reporting of
the redox project /Banwart et al, 1995/. Inorganic oxygen reduction was
expected, but biological consumption of oxygen was found. Other processes
which can be a source for HCO, are calcite dissolution, iron and manganese
and sulphate reduction. Sinks for HCO, are often associated with calcite
precipitation.

S0,

The sulphate concentration increased, possibly by desorption from fracture
minerals or from an influx from a lateral flow including a glacial or marine
component (Figure 7-34). The possible release of sulphate may have been due
to adsorption competition with the large amounts of bicarbonate that
accumulated in the groundwater during anaerobic respiration. Proposed
mucrobial processes during lateral flow include anaerobic respiration coupled
with a reduction of iron hydroxide, methanogenesis, precipitation of calcite and
secondary ferrous minerals /Banwart et al, 1995, Banwart (ed.) 1995/
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Figure 7-38. Anaerobic respiration coupled to organic decomposition is
believed to be the major source of HCO,. The effect of the mixing of meteoric
water is shown in the background. The mixing is shown progressively for
0-20%, 20-40%, 40-60%, 60-80% and 80-100%. The weight for the different
elements is shown in the equations for the first and second Principal

Component respectively, The numerical values are normalized, see Section
72,2,
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Na and Ca

Associated Na-Ca ion-exchange was modelled in the Redox Zone /Viani and
Bruton, 1994/, This was supported by the M3 modelling which shows that a
Na/Ca ion exchange may occur not only in the Redox zone but also at the Aspo
site. The interpretation is that these processes occur in fracture systems
containing clay minerals. The sinks and sources of anions and cations described
above could be a result of surface complexation as suggested by /Bruton and
Viani 1997/,

Variably charged solids such as oxyhydroxides of Fe can serve as sources and
sinks of anions and cations through surface complexation. Surface
complexation reactions on hydrous ferric oxides involve sorption of both
cations and anions. The masses of sorbent required to exert a significant impact
on fluid chemistry through sorption/desorption reactions seem to be reasonable
when compared with the occurrence of hydrous ferric oxides at Aspd. Thus, it
is possible that small changes in fluid chemistry can cause significant releases
of cations or anions into the fluid phase or, alternatively, result in an uptake of
aqueous species onto hydrous ferric oxides surfaces.

s

The &"S values from dissolved SO, in shallow groundwater are available
from the Redox zone boreholes (KR0012B, KR0013B and KR0OO15B). The
isotope signatures varied between 421 to +17%e, indicating a mixed sulphur
source. One possibility is leaching of the Litorina-stage marine sediments by
meteoric water. The water residing at the site at the beginning of the
experiment had slightly higher chloride values (KAO483A = 4890 mg/l, Cl)
than modern Baltic Sea water (2500-4000 mg/l, Cl) and may therefore have
been older intrusions of saline waters such as Litorina Sea water (Figure 7-39).

Sr

Several samples of precipitation were also analysed by means of *Sr, showing
low concentrations of Sr in the range of 0,001 to 0.003 mg/L (8*'Sr values +1.7
to +7.5). These values indicate the ion exchange model presented by Viani and
Bruton /1994/ is consistent with the concentration behaviour of §*'Sr and Sr.
They suggested that smectite may be the principal exchanger within this zone.

Calcite fracture fillings
Calcite fracture fillings exhibit a wide range in 8"C of between -15 and -6%o

indicating a mixing of two different carbon sources. Oxygen isotope data from
the calcite fracture fillings show a range between +10.6 and +23.5%¢ and part
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Figure 7-39. Principal Component plot used to illustrate the measured 6*'S
values from dissolved SO in non-saline groundwater which may be
assoctated with leaching of Litorina-stage marine sediments by meteoric water.
The numerical values are normalized, see Section 7.2.2,

of the calcite may be in equilibrium with the water observed today in the
fracture zone. ''C analyses on the HCO, show a variation of between 61.4 and
91.8 pmC (per cent modern carbon) and organic carbon (fulvic acids) range
between 91.8 and 98.1 pmC. The average in-mixing of modern carbon in the
bicarbonate observed in the fracture zone corresponds to a residence time of
550 years. This is in agreement with the estimated rate of organic matter
degradation which is expected to be about 100 to 500 years in such a system.
The lower percentage of modern carbon observed in the bicarbonate may
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therefore be due to a dissolution of older calcite in the upper unsaturated zone
of the groundwater with respect to calcite or a result of mixing of shallow
waters with different ages /Wallin and Peterman, 1997/.

HYDROCHEMISTRY OF MAJOR FRACTURE ZONES

The hydrochemistry of the major fracture zones has been carefully evaluated
by Laaksoharju and Skdrman /1995/ for the entire tunnel construction phase.
The evaluation was based on the results of the Principal Component Analyses,
together with mixing and mass balance calculations (M3). The location of the
fracture zones which have been evaluated are shown in Figure 7-40, All
sampling points are shown in a vertical section along the tunnel in Figure 7-41.
A summary of the results is presented in Figures 7-42 to 7-48 where the
dominating reference waters are visualized along the tunnel at different time
intervals. The time intervals are 200 days. Observations which are 100 days off
are included, e.g. samples collected between days 650 and 850 are included in
the time step 750 days. Appendix 3 shows the proportion of each reference
water at the different time steps and the hydrochemistry in sampling points
associated with the different fracture zones at the different time intervals as
well as the proportions of the reference waters. Briefly the hard facts are:

Redox zone (KR0012)

Experimental days 150-1350; Cl = 695-1330-500 mg/L, HCO, = 198-245-325
(mg/L) and pH = 7.8-7.7-7.3 units. The chloride concentration increased
initially from 675 to 1330 mg/l and decreased to 500 mg/l. At the same time
steps the bicarbonate concentration went graduate from 198 to 245 to 325 mg/l
and pH 7.8 - 7.7 - 7.3. For a detailed description see Appendix 3.
Dominating groundwater types are: [Cl-Na-HCO,-Ca-50,-K]; [Cl-Na-Ca-
HCO,-8S0,-K]; [CI-Na-HCO,-SO,-Ca-K] .

The dominating influx is from meteoric water (73-64-82%).

No indications of sulphate-reducing bacteria.

NE-da, 4b (SA813B, SA850B)

Experimental days 350-1350: Cl = 5440-3450-3272 mg/L, HCO, = 170-481-
302 (mg/L) and pH = 7.7-7.3-7.0 units.

Dominating groundwater types are: [Cl-Na-Ca-HCO,-50,-K]; [C]-Na-HCO,-
Ca-50,-K]; [Cl-Na-Ca-HCO,-50,-K].
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The dominating influx is from Altered marine water (23-42-46%).

Indication of sulphate-reducing bacteria.

NE-3b, 3c (SA0976B, SA1062B, SA958B)

Experimental days 350-1350: Cl = 5590-5320-3641 mg/L, HCO, = 500-531-
274 (mg/L.) and pH = 7.2-7.3-7.0 units.

Dominating groundwater types are: [Cl-Na-Ca-HCO,-SO,-K]; [Cl-Na-Ca-
HCO,-S0,-K]; Cl-Na-Ca-SO,-HCO,-K].

The dominating influx is from Altered marine water (42-40-42%).

Indication of sulphate-reducing bacteria.

NE-1a, 1b (SA1342B, HA1327B, SA1229A)

Experimental days 550-1350: Cl = 4730-4211-3928 mg/L, HCO, = 170-426-
336 (mg/L) and pH = 7.3-7.0-7.0 units.

Dominating groundwater types are: [C1-Na-Ca-HCO,-SO,-K].
The dominating influx is from Altered marine water (23-44-44%).

Indication of sulphate-reducing bacteria.

EW-3a (SA1420A)

Experimental days 750-1350: Cl = 3930-3420-3053 mg/L, HCO3 = 170-215-
206 (mg/L) and pH = 7.6-7.3-7.2 units.

Dominating groundwater types is: [Cl-Na-Ca-SO,-HCO,-K].
The dominating influx is from Altered marine water (20-39-43%).

No indication of sulphate reduction.

NE2a-1(SA1614B)

Experimental days 750-1350: Cl = 5160-6207-5176 mg/I., HCO3 = 37-32-109
(mg/L) and pH = 7.4-7.6-7.2 units.

Dominating groundwater types is: [Cl-Na-Ca-SO,-HCO,-K].
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The dominating influx is from Glacial water (65-51-30%).

No indication of sulphate reduction.

NE2a-2 (SA1828B)

Experimental days 750-1350: C1 = 5200-6010-5123 mg/L, HCO, = 43-48-111
(mg/1.) and pH = 7.4-7.3-7.2 units.

Dominating groundwater types is: [Cl-Na-Ca-SO,-HCO,-K].
The dominating influx is from Glacial water (45-33-19%).

No indication of sulphate reduction.

NE2a-3 (SA25834)

Experimental days 1150-1350: Cl = 6647-6896 mg/L, HCO3 = 13-44 (mg/L)
and pH = 7.5-7.9 units.

Dominating groundwater types is: [Cl-Na-CaSO,-HCQ,-K].
The dominating influx is from Glacial water (47-45%).

No indication of sulphate reduction.

NNW-4H,0-1 (SA2074A)

Experimental days 950-1350: C1 = 5283-4276 mg/L,, HCO, = 47-94 (mg/L) and
pH = 7.0-7.3 units.

Dominating groundwater types is: [Cl-Na-Ca-SO,-HCO,-K].
The dominating influx is from Shallow water (30-30%).

No indication of sulphate reduction.

NNW-4H,0-2 (SA2109B, SA2142A, SA2175B)

Experimental days 950-1350: Cl = 4480-3880-5442 mg/L, HCO, = 67-127-127
(mg/L) and pH = 8.1-7.4-7.8 units.

Dominating groundwater type is: [Cl-Na-Ca-SO,-HCO,-K].

The dominating influx is from Shallow water (38-27%).
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No indication of sulphate reduction.

NNW-4H20-3 (KA3191F)

Experimental day 1350: Cl = 7410 mg/L, HCO, = 29 (mg/L) and pH = 7.3
units.

Dominating groundwater type is: [Cl-Na-Ca-SO,-HCO,-K].
'The dominating influx is from Glacial water (45%).

No indication of sulphate reduction.

HYDROCHEMISTRY IN A LOW CONDUCTIVITY-ROCK
MASS

A pilot study was conducted to sample and analyse the water of low-
conductivity rock. The samples were taken from boreholes KA1639A and
KA1750A. In addition to the water samples core samples were also prepared
and analysed. The entire pilot study is presented by Wikstrém and Bjérklund
/1994/. The hydrochemical data from the study is shortly presented in Table 7-2
and also reported in Nilsson /1995/.

The experiences are:

. The development and testing of equipment and methodology for
sampling water with extremely low flow were successful. Minor changes
in the procedure have been suggested.

. Only one of the tested analytical methods turned out to be practically
(and economically) feasible for the trace element analyses. The high
salinity caused serious problems for most of the methods. The successful
technique was ICP-MS with a modified nebulizer. AAS and INAA
methods failed.

. The results of analyses gave no clear indications of differences regarding
rock type or hydraulic conductivity.
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Table 7-2. The composition of groundwater in low-conductivity and
highly-conductive rock masses of Aspdé in both Aspé diorite and
greenstone. Concentrations are given in mg/1 or for element X(x)* in pg/l.
A represents chloride interval 6200-6600 mg/l and B 3900-4300 mg/l.
(Samples from boreholes KA1639A and KA1750A).

Aspb diorite Green-stone
Constituent Highcond. Lowcond. Highly-cond. Low-cond.
flow ml/ min 600 30 11 2.5
Na (A) 2030 1990 2080
Na (B) 1720 1610 1640
Ca (A) 1700 1680 1720
Ca(B) 620 650 750
Mg (A) 77 72 68
Mg (B) 142 128 43
HCO, (A) 40 34 24
HCO, (B) 260 252 17
Cl(A) 6400 6200 6600
Cl1(B) 4100 3920 4200
Br (A) 34 38 45
Br (B) 18 16 26
S0, (A) 435 444 450
SO, (B) 243 225 125
Sr(A) 26 27 30
Sr (B) 10 9 14
Fe (A) 0.44 0.32 0.05
Fe (B) 2.4 2.3 0.05
Mo (A)* 50 71 79
Mo (B)* 10 7 17
U (A)* 0.6 0.07 0.53
U (B)* 2 3 0.06
La (A)* 0.7 0.56 0.76

La (B)* 03 0.45 0.26
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BIOLOGICAL PROCESSES

The microbes themselves do not create new reactions, but they catalyse
reactions which would otherwise not take place, e.g. the reduction of sulphate
to sulphide and dissolution and reduction of ferric iron minerals. At Aspd the
biological processes turned out to be even more important than the chemical
interaction between the groundwater and the minerals. The microbial processes
always involve redox reactions. They mostly also produce (or consume) carbon
dioxide and thus affect both the calcite and redox systems /Pedersen and
Karlsson, 1995/. Because of the unexpected effects of the biological processes
the observed bicarbonate, sulphate and iron concentrations were different from
those predicted. This was especially noticeable in the tunnel sections passing
below the sea, where the water percolating through the seabed sediments
transported large quantities of organic matter into the rock.

The biological processes which have affected the hydrochemistry of Asp are:

. Sulphate reduction taking place most predominantly in the tunnel section
passing below the sea, but also occasionally at depth in the tunnel spiral.
A major effort to evaluate the conditions around the sulphate reduction
has pointed towards the salinity interval of 4000-6000 mg/I as optimum
for the process. Also a high content of organic material (>10 mg/l) seems
to favour the biological sulphate reduction. It has in a few cases been
observed to give bicarbonate concentrations of above 1000 mg/l with a
corresponding decrease of sulphate from above 500 mg/1 to less than 100
mg/l. No corresponding high concentrations of sulphide have been
observed. The sulphate reduction is reported in detail by /Laaksoharju
(ed), 1995/.

. Reduction of iron(Ill) minerals to iron(Il) in solution is an anaerobic
process similar to the sulphate reduction. This process was found to be
the successor to the aerobic respiration of organic matter which was
observed in the redox zone. A detailed description of the iron reduction
is given in the report on the redox project /Banwart et al, 1995/.

. The block scale redox experiment focused on the reduction of dissolved

oxygen in the infiltrating surface water to assess the risk for breakthrough
of oxidizing surface water into a repository during construction and oper-
ation. Inorganic oxygen reduction was expected, but biological
consumption was found. The process takes place when the amount of
organic matter is larger than the amount of dissolved oxygen. This is
roughly the case at > 10 mg/l total organic content. The conclusion is that
oxidizing surface water should not be expected in a repository, regardless
of the time of construction and operation /Banwart (ed), 1995/.
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GROUNDWATER FLOW AND TRANSPORT
OF SOLUTES

INTRODUCTION

The flow field below Aspé has been modelled by SKB using the computer code
PHOENICS /Spalding/, and iq_ Section 8.2 an overview of the flow situation in
the regional scale and below Aspd island is given based on simulations made
1997.

Up to 1995 only a few attempts have been made at the Aspé HRL to estimate
transport properties in the rock mass. Section 8.3 contains a brief presentation
of these results together with some data from other sites compiled in Andersson
/1995/ in order to give possible values or ranges for some of the transport
parameters.

The Aspé International Task Force on Modelling of Groundwater Flow and
Transport of Solutes was formed in 1992. Besides SKB, modelling teams from
ANDRA, CRIEPL, PNC, Posiva and Nirex have modelled a long-term pumping
and tracer test (called LPT-2) and the drawdown caused by the Asps HRL
following somewhat different approaches. The major conclusion is that the
general behaviour of the groundwater flow can be fairly well reproduced with
all approaches based on the available data. However, the tasks have also
illuminated needs for model developments and input data to the models.

The LPT?2 test was performed on a large test scale, several 100 m, and several
hydraulic conductor domains were tested. As a connectivity test it was useful
but the evaluation of the transport properties was more difficult. A number of
modelling groups used the data from the LPT2 test and tried to simulate the
transport, but found it difficult to find a ‘unique’ solution concerning the
transport parameters. The modelling work is summarized in Gustafson and
Strom /1995/ and reported in detail in Rhén et al /1992/, Hautojirvi /1994/,
Taivassalo et al /1994/, Billaux et al/ 1994/, Noyer and Fillion /1994/,
Barthelemy et al /1994/, Holton and Milicky /1996/, Gylling et al /1994/,
Kobayashiet al /1994/, Igarashiet al /1994/ and Uchida et al /1994/.

The simulations by others than SKB of the tunnel drawdown have up to autumn
1997 been presented in Uchida et al /1997/, Holton and Milicky /1997/,
Mészdros /1996/, Tanaka et al /1996/. The first simulations made by SKB of
the tunnel drawdown are presented in Svensson /1991/. In Lofiman and
Taivassalo /1995/ a few concepts were tested on how to model the pressure and
salinity fields around Aspd Island the last 3000 years. One conclusion was that
a dual-porosity approach seemed useful but there was no salinity data available
that was considered to represent the matrix blocks and that could be used for
consistency check.
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FLOW FIELD BELOW AND AROUND ASPO ISLAND

Purpose with the flow modelling

The expected interface between the fresh water and the saline water is quite
irregular due to the heterogeneity of the rock mass. This was shown in
Svensson /1988/ and is briefly presented in Section 8.2.4.

Late 1996 a regional groundwater flow model was set up based on Model 96
and some of the results are presented in Section 8.2.5. The purpose was to make
a 3D regional model useful for calculating the natural (undisturbed) groundwa-
ter flow and the groundwater flow with the Aspo HRL present. Density driven
flow dependent of the salinity of the groundwater was to be included. The
intension with the model was also that the regional model should be used for
calculating the boundary conditions for a site model. The detailed results are
presented in Svensson /19974/.

The site model was made to get a better resolution of the flow field below
Aspd that should be useful for the evaluation of the groundwater chemistry,
modelling pressures and flows in the rock mass outside the tunnel for planning
of future experiments and, finally, with the intention that the model should be
used for calculating the boundary conditions for a local detailed laboratory
model. The site model was finalized summer 1997 and the results were
reported in Svensson /1997b/. Some of the results are presented in Section
8.2.6.

For all models a stochastic continuum approach was chosen and the code used
was PHOENICS.

Concepts and data
Process description
The flow was based on the following equations:

. Continuity equation (mass balance equation).

. Equation of motions (Darcy's law including density driven flow).
. Transport equation.

. Equation of state (Salinity-density relationships).

The dispersion used was proportional to the local Darcy velocity. The
simulations were steady state simulations. See Chapter 3 for details of how the
the relations above were treated in PHOENICS.
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Geometric framework and parameters
Regional model

The model covers an area of 10-10 km® and down to a depth of 3 km. The
model consists of 360 000 cells and the cells are 100 m cubes below a depth of
100 m. Above 100 m depth in the model the height of the cells decreases and
the uppermost cells follow the topography on land as well as the topography of
the sea bottom, see Figure §-1. BFC (Body Fitted Coordinates) net is used. The
regional hydraulic conductor domains and hydraulic rock mass domains are
defined according to Appendix 2 and Chapter 6.

Site scale model

The model covers an area of 1.8-1.8 km* and down to a depth of 1 km. The
model consists of 445 500 cells and the cells are 20 m cubes below a depth of
100 m. Above 100 m depth in the model the height of the cells decreases and
the uppermost cells follow the topography on land as well as the topography of
the sea bottom, see Figure 8-1. BFC (Body Fitted Coordinates) net is used. The
site scale hydraulic conductor domains and hydraulic rock mass domains are
defined according to Appendix 2 and Chapter 6.

Material properties

The material properties assigned to the bedrock before calibration has started
are described in Appendix 2 and Chapter 6. Transmissivities of the hydraulic
conductor domains are constant for each domain and hydraulic rock mass
domains are described as a stochastic continuum. The hydraulic conductor
domains described in the site scale model in this report were simplified in the
regional scale due to the large cells in the regional model.

Regional model

Properties for the hydraulic rock mass domains are based on the hydraulic tests
in 100 m test scale as shown in Appendix 2 and Chapter 6.

The uppermost four cells (down to about 15 m below ground surface) in the
model are given constant hydraulic conductivities with higher values than the
geometric mean hydraulic conductivity for the rest of the model. This is made
in order to make the sub-program treating the unsaturated zone to work
properly. It may be interpreted as if there is a higher hydraulic conductivity of
the soil cover and the uppermost part of the bedrock, but also that a possible
overland flow (in the uppermost cell) should be incorporated in the model in
order to give a correct run-off for the modelled area.
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Regional model: 10 -10 -3 km

T

Site scale model: 1.8-1.8.1km
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Figure 8-1. Top: Finite-volume net close to surface for the regional model.
View from south-east with Aspé in the centre. (Vertical scale is magnified
about 15 times). /Svensson, 1997a/.

Bottom: Finite-volume net close to surface for the site scale model. View from
south-east with Aspé in the centre. (Vertical scale is magnified about 7 times).
/Svensson, 1997b/.



359

Two of the main streams are also simulated by assigning high hydraulic
conductivity (1 m/s) for the uppermost cells in the position where the streams
are.

Site scale model

Properties for the hydraulic rock mass domains are based on the hydraulic tests
in 3 m test scale, which are scaled to target scale 20 m. The model properties
are shown in Appendix 2 and Chapter 6. The uppermost five cells (down to
about 10 m below ground surface) in the model are given constant hydraulic
conductivities somewhat higher than the geometric mean hydraulic conductiv-
ity for the uppermost part of the domains. This is made in order to make the
sub-program treating the unsaturated zone to work properly.

Below the Baltic a clay layer of a few metres thickness is normally found. This
was modelled by placing a 3 m thick layer with a hydraulic conductivity of 10”
m/s 5 m below the sea bed.

Spatial assignment method
Regional model

Zonation was chosen as the assignment method for the hydraulic rock mass
domains, see Appendix 2 and Chapter 6 for details. No correlation between the
hydraulic conductivities of the cells are assumed. Each hydraulic conductor
domain was assigned a constant transmissivity. One realisation of the hydraulic
conductivities is shown in Figure 8-2.

Site scale model

Zonation was chosen as the assignment method for the hydraulic rock mass
domains, see Appendix 2 and Chapter 6 for details. No correlation between the
hydraulic conductivities for the cells are assumed. Each hydraulic conductor
domain was assigned a constant transmissivity.

Large drawdown and the algorithm for the unsaturated zone, see Chapter 3,
were found to generate isolated water columns above cells with very low
hydraulic conductivity. This was considered not realistic, and therefore a
minimum vertical hydraulic conductivity of 5:10”° m/s was used for the cells
above the tunnel spiral down to a depth of 140 m. One realisation of the
hydraulic conductivities is shown in Figure 8-3.
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Plotted hydraulic conductivity field: 2.5 E-7 - 5 E-5 m/s

Depth: 450 m

2500 (m)

Figure 8-2. Illustration of the hydraulic conductivity field for the regional
model. Plotted hydraulic conductivity interval: 2.5-107-5.0-107 m/s. /Svensson,
1997a/. Top: Perspective view. Bottom: Horizontal section at a depth of 450
m.
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Plotted hydraulic conductivity field: E-7 - E-4 m/s

ASPO

Depth: 450 m

500 (m)

Figure 8-3. Illustration of the hydraulic conductivity field for the site scale
model. Plotted hydraulic conductivity interval: 107-107 m/s. /Svensson,
1997b/. Top: Perspective view. Bottom: Horizontal section at a depth of 450
.
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Boundary conditions
Upper boundary:

Net precipitation (P-E, P: Precipitation, E: Evapotranspiration) on the upper
boundary was set 200 mm per year for the regional model and 100 for the mm
per year for the site scale model for the upper surface not covered by the sea.
Calculated net groundwater recharge locally depends on elevation of topogra-
phy and the elevation of the water table, see the algorithm for the unsaturated
zone presented in Chapter 3. 200 mm per year correspond approximatly to the
mean run-off for the area around Aspo, as mentioned in Chaper 6. In the site
scale model it was needed to decrease the (P-E) to 100 mm per year in order to
get a fresh water lense to the depth during naural conditions that approximately
corresponded to the measured values.

The sea surface was modelled as constant pressure. In the regional and site
scale models the salinity of the Baltic Sea is assumed to be 0.6 %. Precipitation
is assumed to have a salinity of 0 %.

Side boundary:

Regional model: Boundaries facing the Baltic (eastern and part of the southern
boundary) are assigned hydrostatic pressure and two linear functions for the
increase of salinity by depth, based on measurements of natural conditions at
Laxemar and Asp6. Zero flux conditions for water and salinity for other
boundaries.

Site model: Boundary conditions from regional model except for the uppermost

100 m in the model where zero flux conditions were used due to the difference
in resolution of the regional and site scale computational nets .

Lower boundary:

Regional model: Zero flux conditions.

Site model: Boundary conditions from regional model.

Internal boundaries:

Tunnel: Flow rates into the tunnel assigned to hydraulic conductor domains
intersecting the tunnel for two tunnel face positions; 2875 and 3600 m.
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Calibration
Regional model

The four top cells were given the following hydraulic conductivities, uniformly
applied on and sea, from surface downwards: 2-107, 8:10*, 5:10° and 1-10°®
m/s. Local calibration of the hydraulic conductivity of the area around Asp6
(1.4-1.2 km?®) was applied in order to be able to approximately reproduce the
drawdown by Aspd HRL. The top four layers were multiplied with 0.3 and the
cells below these with 0.5. This is in line with the properties given for Aspé in
relation to the regional model!

Site scale model

Four test cases were used: Natural (undisturbed) conditions, pumping test
LPT2 (pumping of borehole KAS06) and the drawdown by the Aspd HRL
when the tunnel was at chainage 2875 and 3600 m. The last case, “3600 m”,
was only used to test that the drawdowns would be approximately as for “2875
m”. Calibration was made to match the measured piezometric levels for all
cases and the salinity of the groundwater for natural conditions by adjusting the
transmissivities and the arithmetic mean of Log,(K), ( K: hydraulic conductiv-
ity) by trial and error approach.

Two major disagreements with the model presented in Chapter 6 and Appendix
2 were found. The transmissivity of NNW-7 and NE-2 should be more than 10
times more transmissive according to the calibration. The rock mass south of
Asp6 was too conductive and therefore the hydraulic conductivity of SRD4 was
decreased. In Tables 8-1 to 8-3 the calibration results are shown.

The measured salinity in 22 borehole sections were generally higher close to
surface but lower below 500 m depth, compared to the calculated values in the
calibrated model. The water table for the natural conditions and when the
tunnel was at chainage 2875 m compares rather well with the measured as
shown in Figure 6-27 and Figure 8-12.

The correction of the hydraulic rock mass domains on Aspé is as expected, see
Chapter 6. The correction of SRD4 is not surprisingly as the rock mass below
the Baltic is highly fractured and some of the tests in the probeholes outside the
wide hydraulic conductor domains may have been more representative for the
conductor domain than the rock mass domain. There are also comparatively
few tests along the part of the tunnel below the Baltic compared to the rest of
the site.

Sensitivity tests for drawdown with the tunnel face at chainage 2875 m were
made by multiplying the transmissivities for the hydraulic conductor domains
with 0.5 and 2 and two other cases by multiplying the hydraulic conductivities
for all the cells of the hydraulic rock mass domains with 0.5 and 2. Two other
cases for the undisturbed conditions were made by multiplying the net
precipitation 100 mm per year (P-E) with 0.5 and 2. The results indicate that
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the mean error of the piezometric levels or depth of the fresh water lense (mean
of (measured value-calculated value)) becomes larger for the cases above.
However, one of the realisations for the calibrated model had an error that was
slightly less than the 0.5 case for the hydraulic conductivity, see Svensson
/1997b/. It was concluded in Svensson /1997b/ that the depth of the fresh water
lense and the undisturbed water table is sensitive to P-E.

Table 8-1. Maodified properties by calibration of the site Scale hydraulic
Conductor Domains (SCD). T =Transmissivity, Calibration = Modifica-
tion according to Svensson /1997b/, Model 96 =V alues according to Chapter
6 in this report.

Group T T
of Calibration Model 96
domains
(m¥/s) (m%s)
10 10
EW-3 1.2 1.7
NE-2 0.8 0.012
NE-1 30 22
NNW-1 3.0 0.86
NNW-2 1.0 2.4
NNW-7 8.0 0.75
NNW-8 0.1 0.8

Saline interface is irregular due to the heterogeneity of the rock

Svensson /1988/ made a generic study which shows the interaction between the
fresh water recharge and the saline water in a coastal region. The only variable
that is changed is the magnitude of the heterogeneity, that is the number of low
and high values of hydraulic conductivity values changes but the mean value
is the same. As can be seen in the Figure 8-4, the flow pattern becomes more
channelized as the magnitude of the heterogeneity of increases. It is interesting
to note that more saline water can be found above water of lower salinity, that
is a heavier water can be found above a lighter water. It is therefore not
surprising if the salinity varies considerably within a broad zone near a coast
consisting of crystalline rock and with a saline sea.
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Table 8-2. Modified properties by calibration of the Site scale hydraulic
Rock mass Domain (SRD). K = Hydraulic conductivity, scale = target scale
= cell size in numerical model, m = arithmetic mean of Log,(K), Calibra-
tion = Modification according to Svensson /1997b/, Model 96 = Scaled
values according to Chapter 6 in this report .

Group Depth Scale m(Log,(K)) m(Log,,(K))
of range Calibration Model 96
domains

(m) (m) Log,(m/s) Log,(m/s)
SRD1 0-600 20 -7.8 -8.1
SRD2 0-600 20 -7.1 -7.18
SRD3 0-600 20 -8.7 -8.83
SRD4 0-600 20 -7.6 -6.36

Table 8-3. Modified properties by calibration of the uppermost cells in
the numerical model. K = Hydraulic conductivity, scale = target scale =
cell size in numerical model, m = arithmetic mean of Log,,(K), Calibra-
tion= Modification according to Svensson /1997b/, Model 96= Scaled values
according to Chapter 6 in this report.

Depth K K

below Calibration Model 96
surface

(m) (m/s) (m/s)

0-0.5 1-107 see Table 8-2
0.5-1.5 1-10° see Table 8-2
1.5-3.0 5:-10* see Table 8-2
3.0-5.0 1-107% see Table 8-2

5.0-10.0 3:107 see Table 8-2
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sd = Standard deviation for In(K)
K = Hydraulic conductivity

Figure 8-4. Sensitivity of flow patterns and salinity distribution due to the
magnitude of the heterogeneity of hydraulic conductivity. /After Svensson,

1988/,
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Regional model
Recharge- and discharge areas

The flow in the uppermost cells are shown in Figure §-5 and the two streams
in the area can easily be seen in the figure. The water tables for natural
conditions (undisturbed by tunnel) and with Aspé HRL is shown in Figure 8-6.
The notable change of the elevation of the water table is on Aspo island.

The groundwater flow field close to the surface and at approximately 500 m
depth is illustrated in Figures 8-7 and §8-8. The horizontal flow component is
shown in Figure 8-7 for depths 5 m and 450 m. The flow rate is considerably
lower at 450 m depth compared to 5 m depth but the flow pattern has great
similarities for the two depths on the mainland. A difference between 5 m and
450 m depth is that below the islands and peninsulas the flow rate is low
compared to the mainland at 450 m depth. Some of the regional hydraulic
conductor domains are indicated by higher flow rates in the figure for depth
450 m .

The recharge- and discharge pattern is also illustrated by the vertical flow
component shown as isolines, for downwards and upwards flow, in Figure 8-8
for depths 30 m and 500 m. As can be seen for depth 30 m, and in Figure 6-2
showing the topography, the recharge areas are in the situated on the hills and
the discharge areas are found in the valleys, as expected. The general pattern
of downwards and upwards flow is also seen for depth of 500 m, but the flow
rate is much smaller.

With the Aspé HRL present the flow pattern at 450 m depth changes
considerably below Aspé island, see Figure 8-9.

Salinity distribution

East-west and north-south vertical sections through the model are shown in
Figures 8-10 and 8-11. The sections intersects the centre of the tunnel spiral.
As can be seen in the figures there is fresh water (0.1% salinity iso-line) down
to about 850 to 950 m, where the boreholes KLLX 02 is sitnated, and about 300
m below Asp® under natural conditions. One can also see that the water from
the Laxemar area is discharging mainly close to the coastline.

The flow into the Aspé HRL tunnel changes the distribution of the salinity
mainly below Asp6, see Figures 8-10 and 8-11. Upconing of saline water can
be seen in the figures.
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Flow and saturated areas at ground level

Water table less
than 0.5 m from
ground level
marked as
saturated areas
(shaded areas)

Fluxes: e 1 E-3m/s

L BN e
0 2500 (m)

Figure 8-5. Regional scale groundwater flow model. Natural conditions.
Flow and saturated areas at ground level. Areas with the water table less than
0.5 m from ground surface are considered saturated and in the figure marked
as shaded areas. The rivers in the area are were the Darcy velocities are the
highest. Darcy velocity scale: Vector length 12 mm = 107 m/s. /Svensson,
1997a/.
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Undisturbed conditions
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Figure 8-6. Regional scale groundwater flow model. Water table (metre
above mean sea level). /Svensson, 1997a/. Top: Natural conditions. Bottom:
Drawdown due to inflow to Aspé HRL.
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Undisturbed conditions

Horizontal flow at
5 m depth.

6 (m/s)

1E

Horizontal flow at

8 (m/s)

2E

—

2500 (m)

Figure 8-7. Regional scale groundwater flow model. Natural conditions.
/Svensson, 1997a/. Top: Horizontal flow at 5 m depth. Bottom: Horizontal flow

at 450 m depth.
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Undisturbed conditions
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Vertical flow at
500 m depth.

Blue. Downwards flow
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Figure 8-8. Regional scale groundwater flow model. Natural conditions. Blue
colour indicates downwards and red upwards flow /Svensson, 1997a/. Top:
Vertical flow at 30 m depth. Bottom: Vertical flow at 500 m depth.
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Drawdown by the tunnel

Horizontal flow at
450 m depth.

Fluxes:

— 5E-8 (m/s)

2500 (m)

Figure 8-9. Regional scale groundwater flow model. Drawdown due to inflow
to Aspd HRL. /Svensson, 1997a/. Horizontal flow at 450 m depith.
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Undisturbed conditions

LAXEMAR “//ASPO

West KLX02 KLX01 East

Fluxes: —® 2 E.8 (m/s)

Drawdown by the tunnel

East

| LAXEMAR ASPO
West KLX02 KLX01 /

- Fluxes: ——= 2E.7 (m/s)

0 2500 (m)

Figure 8-10. Regional scale groundwater flow model. West-East vertical
sections through Aspo HRL. Salinity fields in %. Top: Natural conditions.
Bottom: Drawdown due to inflow to Aspé HRL. (Note: Flow field from surface
down to 100 m depth is not shown). /Svensson, 1997a/.
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Undisturbed conditions

ASPO
o

Fluxes: —™ 2 E.§ (m/s)

Drawdown by the tunnel

Fluxes: =¥ 2E.7 (m/s)

N W
0 2500 (m)

Figure 8-11. Regional scale groundwater flow model. North-South vertical
sections through Aspé HRL. Salinity fields in %. Top: Natural conditions.
Bottom: Drawdown due to inflow to Aspi HRL. (Note: Flow field from surface
down to 100 m depth is not shown). /Svensson, 1997a/.
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Site scale model
Recharge- and discharge pattern

The water tables for natural conditions (undisturbed by tunnel) and with Asps
HRL is shown in Figure 8-12. As can be seen in the figure the largest
drawdown takes place in the hydraulic conductor domains, as expected.

The groundwater flow field close to the surface, at approximately 100 m and
450 m depth is illustrated in Figures 8-13 to 8-15 for natural conditions and
with Aspé HRL present in Figures 8-16 to 8-18. The horizontal flow
component is shown in Figure 8-13 for depths 4 m and 100 m. As can be seen
in this figure, and also Figure §-15, the flow rate decreases with depth. In the
plot for 4 m depth one can see where the discharge to valleys and wet lands
takes place and in the plot for 100 m depth the hydraulic conductor domains are
indicated by somewhat larger flows.

The recharge- and discharge pattern is also illustrated by the vertical flow
component shown as isolines, for downwards and upwards flow, in Figures 8-
14 and 8-15 for depths 30 m and 500. The recharge and discharge pattern is
rather diffuse at 5 m depth but at 100 and 450 m depth much of the vertical
flow takes place in the hydraulic conductor domains.

The flow pattern, mainly on southern Asps, changes considerably with the
Aspd HRL present, see Figures 8-16 to 8-18. Much of the flow is concentrated
to the hydraulic conductor domains, except for close to the surface. The flow
rates around the tunnel system is also larger than for the natural conditions.

Salinity distribution

East-west and north-south vertical sections through the model are shown in
Figures 8-19 and 8-20. The sections intersects the centre of the tunnel spiral.
As can be seen in the figures the maximum depth of the fresh water lense
(0.1% salinity iso-line) is about 300 m below Asp6 under natural conditions.

The flow into the Aspd HRL tunnel changes the distribution of the salinity
mainly below Aspd. Upconing of saline water can be seen in the figures.
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Undisturbed conditions
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Figure 8-12. Site scale groundwater flow model. Water table (metre above
mean sea level). /Svensson,1997b/. Top: Natural conditions. Bottom:
Drawdown due to inflow to Asps HRL.
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Undisturbed conditions

ASPO

Horizontal flow at
4 m depth.

Fluxes:

— 1E-6 (m/s)

ASPO

Horizontal flow at
100 m depth.

Fluxes:

= 5E-8 (m/s)

Figure 8-13. Site scale groundwater flow model, Natural conditions.
/Svensson, 1997b/. Top: Horizontal flow at 4 m depth. Bottom: Horizontal flow
at 100 m depth. Darcy velocity scale: Vector length 10 mm = 510" m/s.
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Undisturbed conditions

ASPO

Vertical flow at
5 m depth.

Blue. Downwards flow
Red: Upwards flow
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ASPO

Vertical flow at
100 m depth.

Blue. Downwards flow
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| 25 and 50 mmly

Figure 8-14. Site scale groundwater flow model. Natural conditions. Blue
colour indicates downwards and red upwards flow /Svensson, 1997b/. Top:
Vertical flow at 5 m depth. Bottom: Vertical flow at 100 m depth.
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Undisturbed conditions

e ASPO

Horizontal flow at
450 m depth.
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Vertical flow at
450 m depth.
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Isolinevalues:

d3 and 10 mmly

Figure 8-15. Site scale groundwater flow model. Natural conditions. Blue
colour indicates downwards and red upwards flow /Svensson, 1997b/. Top:
Horizontal flow at 450 m depth. Bottom: Vertical flow at 450 m depth.
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Drawdown by the tunnel

Horizontal flow at
4 m depth.

Fluxes:

—» 1E-6 (m/s)

........

ASPO
Horizontal flow at
100 m depth.

Fluxes:

—* 1E-6 (m/s)

Figure 8-16. Site scale groundwater flow model. Drawdown due to inflow 1o

Aspd HRL. /Svensson, 1997b/. Top: Horizontal flow at 4 m depth. Bottom:
Horizontal flow at 100 m depth.
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5 m depth.
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Red: Upwards flow
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Ij' igure 8-17. Site scale groundwater flow model. Drawdown due to inflow to
Aspd HRL. Blue colour indicates downwards and red upwards flow /Svensson,
1997b/. Top: Vertical flow at 5 m depth. Bottom: Vertical flow at 100 m depth.
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Drawdown by the tunnel

K Horizontal flow at
450 m depth.

i}

ASPO

Fluxes:

—» 5E-7 (m/s)

ASPO
Vertical flow at
450 m depth.

Blue. Downwards flow
Red: Upwards flow

Isolinevalues:
400 and 800 mm/y

Figure 8-18. Site scale groundwater flow model. Drawdown due to inflow 1o
Aspd HRL. Blue colour indicates downwards and red upwards flow /Svensson,
1997b/. Top: Horizontal flow at 450 m depth. Bottom: Vertical flow at 400 m
depth.
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Undisturbed conditions

Fluxes: —m= 2 E-8 ( m/s)

Drawdown by the tunnel

T

Fluxes: ——p» 5E-7 (m/s)

N T
0 500 (m)

Figure 8-19. Site scale groundwater flow model. West-East vertical sections
through Aspé HRL.Salinity fields in %. Top: Natural conditions. Bottom:
Drawdown due to inflow to Asps HRL. (Note: Flow field from surface down
to 20 m depth is not shown). /Svensson, 1997b/.
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Fluxes: —m 2 E-8 (m/s)

Drawdown by the tunnel

S

Fluxes: — 5 E-7 (m/s)

.
500 (m)

Figure 8-20. Site scale groundwater flow model. North-South vertical
sections through Aspé HRL. Salinity fields in %. Top: Natural conditions.
Bottom: Drawdown due to inflow to Aspi HRL. (Note: Flow field from surface
down to 20 m depth is not shown). /Svensson, 1997b/.
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Box analysis of the fluxes

In Svensson /1997b/ the water and salinity fluxes over the boundaries of large
control volume, more or less corresponding to the site model, and a smaller
with dimension 600 - 400 - 400 m® were calculated. In Table 8-4 the results for
the smaller box is shown. The tables illustrates the magnitudes in the fluxes.

The fluxes and salinity distribution in the present site scale model is also
illustrated for depth level 450 m in Figures 8-21 to 8-23 and Tables §-5 to 8-6.
Figures 8-21 and 8-22 show the fluxes through the cell walls for each
computation cell and the magnitude or the flux-vector (called RES-Flux in the
figures and tables) computed as the vector sum of the cell wall fluxes. The
deterministic hydraulic conductor domains are indicated in the figures by
higher fluxes. The absolute values of the fluxes in Figures 8-21 and 8-22 are
also illustrated in a probability distribution plot in Figure 8-23 and some
characteristic values for the fluxes are shown in Table 8-5 and 8-6.

According to the calculations the average salinity of the water flowing into the
tunnel is 0.69 %, with a variation from 0.11% (NNW-1 crossing tunnel section
1745-1883 m) to 3.04% (NNW-1 crossing tunnel section 3179- 3426 m) for the
different hydraulic conductor domains. The electrical conductivity of the water
flowing into each tunnel section, limited by the dams in the tunnel, have been
measured a few times /Rhén et al, 1995/. Values from April and November
1995 showed a salinity of about 0.77 % for tunnel section 1745-1883 m, 0.6%
(min value for the tunnel spiral) for tunnel section 2028-2178 m, 1.5% (max
value along the entire tunnel) for tunnel section 2699-2840 m and 1.2% for
tunnel section 3179-3411 m. The values indicate that the model can still be
improved.



386

Table 8-4. Box analysis of the fluxes over the boundaries of a box with the
Aspi coordinates X: 1840 to 2440 m, Y: 7100 to 7500 m and Z: -600 to -200
m. / Svensson, 1997b/. Positive flux: flux in the positive coordinate
direction. ""Flux" in the table is the sum of the cell fluxes over one of the
sides in the box.

X: positive direction towards East in Aspé coordinate system.

Y: positive direction towards North in Aspé coordinate system.

Z: positive direction is upwards in Aspé coordinate system,

Boundary Netflox  Positive  Negative Max Min Salt
flux flux Darcy Darcy flux
velocity velocity

V/s) (/s) (Us) (mvs) (m/s) (g/s)
NATURAL CONDITIONS
West -4.0E-4 3.0E-3 3.4E-3 4E-10 -2E-9 0.19
East 6.9E-3 7.0E-3 1.0E-4 1E-9 -9E-11 0.47
South 9.0E-3 9.8E-3 8.0E-4 2E-9 -2E-10 0.69
North -8.0E-4 6.0E-3 6.8E-3 8E-10 -2E-9 0.18
Bottom -1.0E-3 1.0E-3 2.0E-3 2E-10 -4E-10 -0.15
Top 1.0E-3 2.0F-2 1.9E-2 3E-9 -1E-9 0.12
ASPO HRL
West 0.69 0.69 0 9E-8 -2E-13 2.19
East -1.71 0 1.71 7E-11 -1E-7 -7.98
South 1.26 1.39 0.13 2E-7 -0E-8 9.95
North -1.77 0.15 1.92 6E-8 -2E-7 -14.08
Bottom 2.31 253 0.22 3E-7 -8E-8 76.71

Top -2.87 0.13 3.0 8E-8 -1E-7 -14.75
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Figure 8-21. Darcy fluxes at a depth of 450 m. Natural conditions. /Svensson,
1997b/.
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Figure 8-22. Darcy fluxes at a depth of 450 m. Drawdewn by the Aspé HRL-
tunnel face ar 3600 m. /Svensson, 1997b/.
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Figure 8-23. Statistics of the absolute value of Darcy fluxes at a depth of
450 m, shown in Figures 8-21 and 8-22. Top: Natural conditions. Bottom:
Drawdown by the Aspd HRL-tunnel face at 3600 m. /Svensson, 1997h/,
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Figure 8-24. Salinity distribution at a depth of 450 m for natural conditions
and with complete tunnel. /Svensson, 1997b/.

Table 8-5. Statistics of the absolute values of the fluxes at a depth of 450 m.

Case Component (X) Mean (X) Median (X) Min (X) Max (X) sLog,, (X)
(m/s) (m/s) (m/s) (m/s)
Natural conditions Ay 9.7E-13  6.8E-13 6.2E-16 1.4E-09 1.19
A, 8.7E-13 5.8E-13 1.6E-16 1.5E-09 1.25
A, 1.2E-12  1.1E-12 2.1E-16 4.5E-10 0.92
RES (u,v,w) 47E-12 29E-12 43E-15 1.6E-09 1.01
Complete tunnel A, 3.8E-10  2.8E-10 1.4E-13 5.8E-07 1.15
A, 4,6E-10 2. 7E-10 4.8E-14 6.3E-07 1.27
A 54E-10  2.8E-10 1.1E-13 5.0E-07 1.42

RES (u,v,w)  23E-09 1.4E-09 1.1E-12 6.9E-07 1.15
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Table 8-6. Statistics of salinity at a depth of 450 m.

Case Component (X) Mean (X) Median (X) Min (X) Max (X) sLog, (X)
(%) (%) (%) (%)
Natural conditions Salinity 0.78 0.78 0.66 0.85 0.04
Complete tunnel Salinity 1.38 0.73 0.05 4.54 1.36
Transport

The transport time from deeper level up to surface is illustrated in Figures 8-25
to 8-26, Kinemetric porosity was assigned to elements according to Section 8.3
and the particles were tracked for 100 years, As illustrated in the figures about
15 % of the particles will reach surface in 100 years if the particles are released
at a depth of 450 m. If the particles are released at 550 m depth none will reach
the surface in 100 years, while about 50 % will reach the surface if the particles
are placed at a depth of 350 m. The sensitivity to the initial depth is mainly due
to the density stratification.

The salinity and flow field is also illustrated for a few hydraulic conductor
domains in Svensson /1997b/. Those figures illustrate that both the salinity and
flux field can be rather complex. One example is shown in Figure 8-27,



392

Initial positions
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Positions of
particles after
100 years.

Big particles
close to surface

Mean kinematic
porosity (ne):
0.004

ne=f(K)

Initial depth
for particles:
350 m

Figure 8-25. Transport time. Big blue particles are close to ground surface,
while smaller ones are at deeper levels. Top: Initial positions of particles.
Bottom: Positions of particles after 100 years for an initial depth of 350 m.
/Svensson, 1997b/.
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Positions of
particles after
100 years.

Big particles
close to surface

Mean kinematic
porosity (ne):
- 0.004

ne=f(K)

Initial depth
~ for particles:
450 m

Initial depth
for particles:
550 m

Figure 8-26. Transport time. Big blue particles are close to ground surface,
while smaller ones are at deeper levels. Top: Positions of particles after 100
years for an initial depth of 450 m. Bottom: Positions of particles after 100
years for an initial depth of 550 m. /Svensson, 1997h/.
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Undisturbed conditions Salinity in %

|

Figure 8-27. Flow and salinity distribution in hydraulic conductor domain
NNW-1 for depth interval -200 to -600 m. View from West. Salinity in %. (The
red part of the domain outside the box only illustrates the plane). Top: Natural
conditions. Bottom: Complete tunnel. /Svensson, 1997b/.
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TRANSPORT PARAMETERS

Background

A few tests have been performed at the Aspd HRL with the objective to
estimate the transport properties of the rock. These tests are described below

briefly.

At the Aspd HRL a Long-Term-Pumping test (called LPT2) was performed on
the southern part of Asp6 in 1990 /Rhén et al 1992/. During this test tracers
were injected into a number of boreholes with the main purpose of testing the
connectivity of the conductive system. The dilution in the injection sections
was monitored and the arrival of the tracers was monitored in the pumped
borehole.

During the construction of the tunnel a simple tracer test was performed in
hydraulic conductor NE-1 /Rhén and Stanfors 1993, Stanfors et al 1992/. The
purpose was to obtain some indications of the kinematic porosity before the
tunnel penetrated the hydraulic conductor NE-1.

Extensive investigations were performed in a conductive structure intersecting
the tunnel at approximately tunnel section 500 m, at about 70 m depth below
HAIS /Gustafsson et al, 1994; Banwart et al 1995/. As a part of these investiga-
tions, hydro tests and a tracer test were performed in the conductive structure.

A project called Tracer Understanding Experiment (TRUE) was started in 1995
and the first tracer test was performed in late 1995 /Winberg (ed), 1996/. The
tests were performed in a rock of fairly low conductivity.

The evaluations in the reports above were based on analytical methods
assuming radial or linear flow. Some of the results presented in these reports
have been plotted below. The results from the Asps HRL presented in the
figures below are based on the radial flow assumption, as it is considered
to be somewhat more realistic concerning the flow field for these cases. The
transport aperture and kinematic porosity were evaluated as below:

e = Qw ) t0 3.1
T - T 0 -
T (rz—r“zl) 6
er = Transport aperture (m)
Q, = Discharge from fracture zone (m?/s)
r = Distance to point of tracer injection (m)
r = Radius of borehole (m)

ty = Mean travel time for the tracer (s)
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n, =e;/ by (8-2)
K =T/b; (8-3)
by = Approximate zone width assumed to be representative

for evaluated T (m)
K = Effective hydraulic conductivity (m/s)
T = Transmissivity (m%s )

To put the data from Aspd in a general perspective data from a compilation
from the literature on tracer tests in fractured rocks presented by Andersson
/1995/ are shown. The evaluation methods used were analytical and/or
numerical and the evaluated parameters are given as a single value or range for
each parameter. In the figures below the range for evaluated parameters is
shown as a rectangle or line and the arithmetic mean value of the range is
shown as an open circle or open triangle. The tests presented in the figures
below were performed in crystalline rock and are reported to have been
performed in fracture zones, densely fractured rock or a single fracture (see
Figures 8-29, 8-30 and 8-31).

As can be seen in the figures the variability is generally large. The reason is
probably due to different conditions at different sites but probably also due to
the evaluation methods used. The equations below should be considered as
approximative relations that can be used for scoping calculations if no
conditions specific to the site are known.

Kinematic porosity and transport aperture

Crystalline rock is generally fractured and the groundwater flows mainly in the
larger fractures because of the low permeability of the matrix between the
larger fractures. A strict distinction between fractures and matrix cannot be
made as fractures down to micro fractures between or through the mineral
grains can be found. However, as larger fractures are generally assumed to be
the fractures that are hydraulically well-connected and also most transmissive,
a useful concept for advective flow is to divide the rock mass into (large)
fractures and matrix. For advective transport on the detailed scale (1-10 m) and
larger it is the kinematic porosity of the fractures on these scales that is of
interest.

As it 1s difficult to obtain site-specific values of the kinematic porosity (n,) and
the transport aperture (e;) it is useful if these can be correlated to other
parameters such as transmissivity (T) and hydraulic conductivity (K). The
rationale for expressing n, as a function of K and e as a function of T is the
relationship between the fracture aperture and equivalent hydraulic conductiv-
ity for a system of parallel and continuous fractures, in which the hydraulic
conductivity of the matrix (K,,) is neglected /Marsily, 1986/
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K=E-Kf-_E_=i-Tf-f_=
b; G b Cr
_e.e’pg F
b, 12 p Cp

by = Mean distance between fractures
C = Correction coefficient for flow regime
e =  Fracture aperture
F = Open fracture surface area / total fracture surface area
g = Acceleration of gravity
K; = Intrinsic fracture hydraulic conductivity
T, = Fracture transmissivity
M =  The dynamic viscosity of the fluid
p =  Fluid density

For laminar flow Cp= 1.

(8-4)

(m)
)
(m)

(m?/s)
(/)
(m?/s)
(Pas)
(kg/m’)

The kinematic porosity can be estimated using a simplified model of a fracture
system consisting of matrix blocks of equal size shaped like plates or cubes
(see Figure 8-28). It is assumed that the fracture aperture between the blocks
and the block size are both constant The relationship between permeability (k)
based on the cubic law, total fracture porosity (n), kinematic porosity (n,),
fracture width (e) and block size (b;) is shown in Table 8-8. 1t is further
assumed that fracture width is much smaller than the block size and that the
flow direction is parallel to fracture planes for the plates or one of fracture
planes separating the cubes. If the blocks are shaped like matches the values
will be equal to or between the values for plates and cubes in Table §-8.
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Table 8-8. Permeability and porosity of simplified models of the fracture
systems illustrated in Figure 8-28. Assumption: e<<b,.

be: distance between joints (m), e: fracture aperture (m), n: total porosity,
n: kinematic porosity, k: permeability (m?).

n n, k(n, e) k(n,, e) k(n, by) k(n,, by)
(=) - (m?) (m®) (m®) (m?)

plates e/b, elby &n/12  e*n/12  n*b¥Y12  nib¥12

cubes 3e/b; 2efb,  €*n/18  €n/12  n*bY162 nlb¥/48

PLATES MATCHES MATCHES CUBES

Figure 8-28. A simplified model of a fracture system consisting of matrix
blocks of equal size shaped either as plates, matches or cubes. /After van Golft-
Racht 1982/

For a multi-fracture random distribution, the permeability can be expressed as
/van Golft-Racht 1982/

k = n'/(299 (P,)) (8-5)
From Table 8-8 the relationship below can be set up:
n, = (" (1/b)*-C (8-6)

where the constant C, is about 2.3-3.6. If the hydraulic conductivity (K) is put
into Equation 8-6 instead of k the constant C, will become about 0.01-0.02,
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assuming F=Cg~1 and water temperature 10°C. It may be seen from Equation
8-6 that if the permeability increases at the same time as the distances between
the fractures decrease, the increase in the kinematic porosity relative to the
permeability will be somewhat greater than (k). For b, = 20- 0.01 m (1/ b))**
becomes about 0.1-22 and C, in Fquation 8-7 will be 1n the range:

b, c,
(m) (s/m)"?

20 1.6:107-2.5-10°

10 2.510%-410°

2 7.410%-1.2:10

1 1.2:102- 1.9-10?

0.1 5.4-102- 8.6'10>

0.01 2.510" - 410"

n, = (K"C (8-7)

As shown in Chapter 6, b, for the more or less intact rock mass can possibly be
within the range 2-20 m (1/ Py, in Table 6-25, 100-10 % of the fractures
conducting water), thereby putting C, in range 0.01-0.001. The values for n, in
Winberg (ed) /1996/ indicate C, values around 0.01, which compares rather
well with the b in the table above as the two features tested are considered to
be one or a few fractures over a test length of a few metres. The evaluated
kinematic porosity from the tests in NE-1, NNW-2 and the Redox zone indicate
C, values around 0.1 to 0.6. NE-1 is a highly fractured zone about 30 m wide.
The Redox zone is about one metre wide and highly fractured. NNW-2 is
interpreted as being 10-30 m wide and with a higher fracture frequency
compared with the surrounding rock.

The limited data above indicate that an increase in the hydraulic conductivity
should be coupled to an increase in the fracture frequency. This seems
reasonable. Figure 8-29 shows a plot of the limited data from the Asps HRL.
In Figure 8-29 the kinematic porosity (n,) is plotted as a function of the
hydraulic conductivity (K) and Equation 8-8 shows the linear approximation
between Log,, (K) and Log,,(n,).

n, =3487K" (8-8)
Equation 8-8 was tested numerical site model presented in Section 8.2.6. The
arithmetic mean kinematic porosity was calculated to 0.006. However, in some
very conductive cells the kinematic porosity became large. Assuming that the
kinematic porosity for a cell never can be larger than 0.05 gives a arithmetic
mean kinematic porosity of 0.004 in the site model. (The hydraulic conductivity
field was based on the implemented hydraulic conductor domains and the
hydraulic rock mass domains).
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Figure 8-29. Kinematic porosity versus hydraulic conductivity. Data from the
Aspd HRL. In the figure the range for evaluated parameters is shown as a line
and the arithmetic mean value of the range is shown as an open triangle. The
tests presented in the figures below were performed in crystalline rock and are
reported to have been performed in fracture zones, densely fractured rock or
a single or a few fractures. The line is based on a least-square fit of the points
indicated by circles and triangles. The highest value is based on the tests in
NE-1, the two lowest values from the first tests in the TRUE project and the
other two is related to the LPT2 test and the test in the Redox zone. The K
value is estimated from a judged zone width and the evaluated transmissivity.

The transport aperture (e;) may be defined as the total width needed for the
total flow, thus an effective value of the sum of a number of fracture apertures,
see Equation 8-1. If it assumed that the flow takes place in a number of sub-
parallel fractures (flow in two dimensions) the following relationships can be
set up. If the flow takes place in a number of sub-paraliel fractures (flow in two
dimensions) the transmissivity can be estimated at /Earlougher R C, 1977 /-

T=) T, (8-9)

i
n=1

Transmissivity of fracture i (m*/s)
Transmissivity (m*/s)

3
1
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Using Equation 8-4, Equation 8-9 can be transformed into Equation 8-10 in
which C, is approximately 0.63- 10®at a water temperature of 10°C:

T=Y C, ¢ (8-10)

n=1

If n fractures dominating the flow have approximately the same apertures the
transport aperture can be expressed as Equation 8-11 in which C, 1s approxi-
mately 1.2 -10? :

e = (D" Um”-C, (8-11)
er = neg=(M" @ C, (8-12)
er = Transport aperture (m)

n = Number of fractures

If the number of fractures increases with the transmissivity (T) the transport
aperture increases by a factor of more than (T)"? according to Equation 8-12.
If the number of fractures increase from 1 with T=10"° m*s to 40 with T=10"
m?s the transport aperture will increase by approximately (T)'” :

T n Er
(m’/s) () (m)
1010 1 5.6-10°
1010 10 2.6:10°
10* 1 5.6°10*
10 10 2.6:107
10 40 6.5-10°
10 100 1.2-10%

By using the mean travel time for a non-sorbing tracer and an assumption of the
flow dimension it is possible to estimate the mean total fracture width needed
for the transport, here called the transport aperture (e;), by considering the mass
balance, see Equation 8-1.

In Figure 8-29 the transport aperture (e;) is plotted as a function of trans-
missivity (T). Equation 8-13 shows the linear approximation between Log,, (T)
and Log,, (er).

ep = 142879 (8-13)

er =  Transport aperture (m)
T =  Transmissivity (m¥s)
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If the transmissivity and the transport aperture have been evaluated an
approximate estimate of the number of dominating flowing fractures can be
estimated from Equation 8-12 and 8-13.

Equation 8-12 and 8-13 give the approximate number of fractures for a given
transmissivity.

N = 1300 » (TO5212y32 5 1300 » T (8-14)

The high transmissivity (T) values in Figure 8-30 represent data for NE-1, a
fracture zone at Finsjon in Sweden and URL in Canada. The fracture zone with
T around 4+ 10 m?s is situated at Finsjon and the fracture zones with T around
1- 10 m?s are situated at Stripa in Sweden and Chalk River in Canada. The
range for the calculated transport aperture was very large for the Stripa case
according to Andersson /1995/. The other Asp6 zones are NNW-2, the Redox
zone and the feature A and B in Winberg (ed) /1996/. As can be seen in Figure
8-23 the transport aperture will increase by about (T)'” indicating an increasing
number of fractures as the transmissivity increases.

It should be remembered that values shown in Figures 8-29 and 8-30 and
Equations 8-8, 8-13 and 8-14 represent some mean values that should be
associated with increasing volumes (scales) as K or T are increasing. Locally
the transport aperture may be quite large. According to Chapter 4 centimetre
wide fractures in fracture zone NNW-4 were observed in the tunnel. The
variability shown in these figures also indicates that the equation should be
seen as approximate relations.
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Figure 8-30. Transport aperture versus transmissivity. Data from Andersson
/1995/ and the Aspé HRL. In the figure the range for evaluated parameters is
shown as a line and the arithmetic mean value of the range is shown as an
open circle. The tests presented in the figures below were performed in
crystalline rock and are reported to have been performed in fracture zones,
densely fractured rock or a single or a few fractures. The line is based on a
least-square fit of the points indicated by circles and triangles.

Matrix porosity

The porosity of rock samples from the Aspd HRL has been determined using
a number of different methods. Hg injection porosimetry, water saturation
(imbibition) followed by drying the samples and, finally, He gas expansion
technique. The results are compiled in Mazurek et al /1996/. A few results from

the report are presented below.

Fresh and undeformed rocks

Fine-grained granite has the lowest porosity (averages: 0.23-0.27 % by
volume), followed by Sméland granite (0.17-0.38 % by volume) and Asp6
diorite (0.40-0.45 % by volume).
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Foliated rocks and mylonites

Three samples had approximately the same porosities as the fresh and
undeformed rocks. However, analyses using some methods indicated low
porosities (< 0.08 % by volume), and core impregnations show that the
mylonites, due to their low grain-size and full recrystallization, have lower
porosities than undeformed rocks.

Cataclasites

The porosity distribution in epidotic cataclasites is highly inhomogeneous (0.5-
2.5 % by volume).

Hydrothermally altered rocks

The average porosity (0.43 % by volume) is slightly higher than that of fresh
rock. Excluding a sample of weakly altered fine-grained granite the average
porosity is 0.63 % by volume.

Dispersivity

As pointed out in Chapter 3 dispersivity is a factor that takes into account the
heterogeneity of the velocity field within a volume in which the hydraulic
conductivity and effective porosity are assumed to be constant. In Figure 8-31
the evaluated longitudinal dispersivity (a;, ) is plotted as a function of the spatial
scale (s). The spatial scale indicates the linear distance between the injection
point and the sampling point. Eguation 8-15 shows the linear approximation
between Log,, (s) and Log, ().
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Figure 8-31. Dispersivity versus test scale. Data from Andersson /1995/ and
the Aspé HRL. In the figure the range of the evaluated parameters is shown as
a line or a rectangle and the arithmetic mean value of the range is shown as
an open circle. The tests presented in the figures below were performed in
crystalline rock and are reported to have been performed in fracture zones,
densely fractured rock or a single or a few fractures. The line is based on a
least-square fit of the points indicated by circles and triangles.
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CONCLUDING REMARKS

General comments on the characterization of the rock mass

The contents of a model 1s always dependent on the intended use of the model.
The areal extent, different types and the level of detail of investigations are thus
closely linked to the objectives. However, the way the models are built up is
also dependent on site specific conditions that are found during the investiga-
tions. Due to this the regional model is normally less detailed than the site scale
model. Related to this are the “effective” properties considered important for
a certain scale and how to estimate the “effective” properties in another scale.
The transformation of “effective” properties from one scale to another is a
problem which requires further attention.

It is important to clearly state the purpose of the model, the processes that are
considered to be governing the situation that is to be studied and the concepts
used. The conceptual model is the systematic description of the approaches and
assumptions that are needed for models made for a certain scale. Having such
description it will be easier to understand the limitations of the models and the
data presented.

Integration between the different disciplines in both planning of investigations
and evalution of main features is considered important for developing a
consistent model and execution of investigations of good quality.

Below a few comments are outlined which are related to some of the possible
future developments of the present models.

Characterization of the rock mass around Aspo HRL

The models in this report cover regional scale to detailed scale but the main
focus in the report is the site scale models.

Geology

It is judged that the position and main orientation of the sub-vertical fracture
zones near Aspd HRL are well known. The frequency and orientation of minor
zones is partly known but their extent is less well known. The minor zones
must be treated as a stochastic variable until detailed investigations from the
tunnel can give a basis for describing some of them deterministically. The
database of the small scale fracturing, the mapped fracture minerals and main
fracture orientations is judged to be of good quality but less good regarding
fracture spacing and fracture length. The discontinuity model can be improved
if a better knowledge regarding the, possibly more or less continous spectrum,
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of discontinuity spacing and discontinuity radius/extent can be achived. For
example fracture frequency obsevations in boreholes and tunnels differ but to
a large extent this is probably a matter of the scale of the observations.

Data on is how the properties within the rock change along a (major) fracture
zone are limited. Better knowledge could improve the ability to localize
tunnels.

Mechanical stability

The measured rock stress orientation is judged to be reliable. The stress levels
presented in this report show great variability possibly due to a large natural
variability. Work has already started to get a better understanding of the
observed variability.

The evaluation of fracture surface properties involves major difficulties both
in predicting and documenting the selected parameters. Fracture surface
properties are, however, an important factor for the stability conditions in an
underground construction.

Hydrogeology

It is important to perform tests on different scales systematically in the
boreholes, both for scale relationships but also to gain flexibility in the
interpretation of how to divide the rock mass into hydraulic conductor domains
and hydraulic rock mass domains. It is also important to perform large-scale
interference tests for modelling purposes, and to provide data for interpreting
the hydraulic connectivity between the major fracture zones (or with the
nomenclature in Chapter 6, hydraulic conductor domains).

The Aspé site is heterogenous and anisotropic on a large scale. That makes the
investigations and evaluation work more extensive and difficult.

So far no spatial correlation model for hydraulic conductivity has been used in
the groundwater flow simulations. Data has shown a large nugget effect in the
variogram models and because of this a generated hydraulic conductivity field
becomes essentially stochastic without any major correlation. However, there
is probably some spatial correlation within the hydraulic rock mass domains
due to the probable existence of a number of permeable features which are
larger than the cell size in the present groundwater flow models.

A phenomenon related to the spatial correlation model is the fact that the
arithmetic mean and standard deviation of Log,, (hydraulic conductivity)
measured from a borehole section or entire borehole depends on the length of
each test interval in the borehole and the test time. The evaluation made shows
that the probability distributions of the (effective) hydraulic conductivity varies
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with test scale. So far an empirical relationship has been used for transforma-
tion of the mean and the standard deviation between geometrical scales.

In conclusion, continued efforts should be made to try to find a methodology
to define a reasonably good spatial correlation model for the hydraulic
properties that can include the effects of anisotropy and scale dependency.

Hydrochemistry

The hydrochemical situation at Aspd suggests that a variety of groundwater
regimes have been dominating for longer or shorter time periods since the latest
glaciation due to land uplift and evolution of the Baltic sea. Glacial melt water,
old and modern sea water and meteoric water, are mixed in different propor-
tions with deep old saline water.

The evaluation of the hydrochemistry of Aspo resulted in a new development
of a modelling tool called M3. The approach of M3 is to evaluate the effects of
mixing as the dominating process behind the observed conditions, Chemical
reactions and other processes affecting the chemical composition are consid-
ered to be of secondary importance. Further improvements of the tool is needed
to further assess areas of its application.

The spatial variability of the groundwater composition is based on only a few
points. The reason is that groundwater sampling normally is made in high
transmissive borehole sections for technical and economical reasons. Attempts
will be made to further develop and refine the sampling methodology and
techniques as well as improving the understanding of differences between the
low conductive and high conductive rock mass.

Redox conditions and also the general chemical conditions are important to
define in a long term perspective. Currant work is starting from the fairly good
understanding of the development of the conditions at Aspd since the latest
glaciation and possibly also up to the next glaciation. Emphasis will be made
to get a thorough understanding of the possible changes up to the next ten
thousand years.

Microbial processes have been investigated and evaluated. For a thorough
understanding of all aspects of relevance further work is needed.

Transport of solutes

Groundwater flow models for calculations of flow paths in the rock mass can
be compared to the geochemical groundwater mixing and mass balance
modelling to provide useful information on flow paths and transport times.
However, there is still much work to be done to improve the integration
between models on groundwater flow, groundwater chemistry and transport of
solutes. A task related to this issue was 1997 initiated as part of the work that
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is performed within the Aspd Task Force, with participants from several
international organisations /Rhén et al, 1997/.

Tracer tests are useful for checking the connectivity within and between
hydraulic conductor domains. At a relatively small scale, about 50-100 m, it
seems possible to get rough estimates of the flow porosity and dispersivity
within a hydraulic conductor domain. At larger scales it is difficult to evaluate
the transport properties but the tests can still be useful for defining hydraulic
connectivity.
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