
INTERNATIONAL 
COOPE RATION S4-13 
REPORT

ASPOLABORATOmET

Proceedings of The Aspo International 
Geochemistry Workshop, 
June 2-3, 1994, 
Asp6 Hard Rock Laboratory 

Steven Banwart (editor) 

December 1994 

Su.-ported by SKB, TVO, Nirex, U.S. DOE, CRIEPI

SVENSK KARNBRANSLEHANTERING AB 
SWEDISH NUCLEAR FUEL AND WASTE MANAGEMENT CO 

BOX 5864 S-102 40 STOCKHOLM 

TEL. +46-8-665 28 00 TELEX 13108 SKB TELEFAX +46-8-661 57 19 

9505310314 950424 
PDR WASTE 
WM-11 PDR



ISSN 1104-3210 
ISRN SKB-ICR--94/13--SE 

PROCEEDINGS OF THE ASPO INTERNATIONAL 
GEOCHEMISTRY WORKSHOP, JUNE 2-3, 1994, 

ASPO HARD ROCK LABORATORY 

Peter Wikberg (chairman) 
Steven Banwart (proceedings editor) 

December 1994 

Supported by SKB, TVO, Nirex, U.S. DOE, CRIEPI 

This document concerns a study which was conducted within an Aspb HRL joint 
project. The conclusions and viewpoints expressed are those of the author(s) and do not 
necessarily coincide with those of the client(s).



PROCEEDINGS OF

THE ASPO INTERNATIONAL GEOCHEMISTRY 

WORKSHOP 

JUNE 2-3, 1994 

ASPO HARD ROCK LABORATORY 

Peter Wikberg 
(chairman) 

Steven Banwart 
(proceedings editor) 

The Swedish Nuclear Fuel and Waste Management Company, SKB 
Stockholm



EXECUTIVE SUMMARY 

An international geochemistry workshop was held on June 2-3 
at the Asp6 Hard Rock Laboratory. Participants included 
SKB investigators and international partners in the Asp6 Hard 
Rock Laboratory Project. The purpose of the workshop was 
to present and discuss geochemical modelling of groundwater 
data obtained at Asp6. The aim of the workshop was to 
facilitate the coupling between hydrochemistry and 
hydrogeology, and to improve the understanding of 
groundwater flow and evolution in the past. The outcome of 
the workshop was two modelling exercises to be carried out 
by different teams, with the intention to present and compare 
results after completion of the work. The objective of the 
exercises is to develop a site model for coupled geochemical 
and hydrogeological processes at Asp6. One exercise will 
focus on the present day situation, while the other will 
address the paleohydrology of the Asp6 groundwater.  
Performance assessment of Asp6 as a deep repository site, 
based on the developed site model, has been proposed as a 
future exercise.  

Peter Wikberg, 
chairman 

Steven Banwart, 
session coordinator: coupling hydrology and geochemistry 
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session coordinator: paleohydrology
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SUMMARY OF WORKSHOP SESSIONS 

INTRODUCTION 

This report details contributions to the Asp6 International Geochemistry 
Workshop held June 2-3, 1994 at the Asp6 Hard Rock Laboratory (HRL).  
The work presented reflects results, and data interpretation to date, from 
hydrochemical and associated geochemical investigations completed during 
the pre-investigation and construction phases at the HRL. This is the first 
time that a description of investigation objectives, methodology and results 
from the SKB Groundwater Chemistry Program within the Asp6 Hard 
Rock Laboratory Project has been compiled. The authors represent SKB 
investigators and their international partners on projects at the HRL.  

The purpose of the workshop was to present and discuss geochemical 
modelling of groundwater data obtained at Asp6. The aim of the workshop 
was to facilitate the coupling between hydrochemistry and hydrogeology, 
and to improve the understanding of groundwater flow and evolution in the 
past. The outcome of the workshop was development of two modelling 
exercises to be carried out by different teams, with the intention to present 
and compare results after completion of the work. The objective of the 
exercises is to develop a site model for coupled geochemical and 
hydrogeological processes at Asp6. One exercise will focus on the present 
day situation, while the other will address the paleohydrology of the Asp6 
groundwater. Performance assessment of Asp6 as a deep repository, based 
on the developed site model, has been proposed as a future exercise.  

This report is divided into four sections that correspond to the main 
sessions at the workshop. The content of these sessions and of the working 
sessions is summarized here: 

A. Geochemical Investigations within the Asp6 Hard Rock Laboratory 
Project 

B. Geochemical Modelling within the Asp6 Hard Rock Laboratory 
Project 

C. Case Studies of Groundwater Flow Modelling within the Asp6 Hard 
Rock Laboratory Project 

D. Field Investigations and Modelling Activities within other Nuclear 

Waste Programmes.  

E. Working Sessions
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SESSION A. Geochemical Investigations Within the Aspo Hard Rock 
Laboratory Project 

The workshop started with a summary of field methodology, results and 
experience gained during the pre-investigations at the HRL. This work 
reflected the need to obtain general site information under undisturbed 
conditions at potential repository sites. Particular attention was given to 
evaluating methodology that can provide hydrochemical data upon which a 
conceptual model for the origin, distribution and movement of groundwater 
at the site can be based.  

The next project presented was the Asp6 Redox Experiment in Block Scale.  
This field investigation was started early during the construction phase of 
the HRL and focused on changes in geochemistry, especially the redox 
status of the groundwater and fracture zones, resulting from increased 
recharge during repository construction.  

Next, a compilation and overview of results from investigations of 
lithology, mineralogy and geochemistry of Asp6 bedrock and fracture 
fillings was presented. Here the focus was on rock alteration as a record of 
tectonic and mineralization events, and the role of fracture minerals to act 
as sorbing barriers to radionuclide migration in the future.  

The final presentation of this session was preliminary results and 
assessment of methodology for a project to sample the water chemistry 
from low-conducting zones in the granite surrounding the HRL. This was 
in contrast to the first two presentations which focused on borehole 
techniques that sample large volumes of water from conductive fractures.  

SESSION B. Geochemical Modelling Within the .spio Hard Rock 
Laboratory Project 

The second section on geochemical modelling started with a comparison of 
statistical methods for predicting groundwater chemistry in samples taken 
from the HRL tunnel during construction. The predictions were made 
based only on information from the pre-investigations. This methodology 
helps to quantify the degree of a priori information needed to satisfactorily 
characterize site hydrochemistry.  

The second contribution in this section was application of conservative 
mixing calculations as a starting point for understanding coupled 
geochemical and hydrogeological processes at a site. The composition of 
water sampled from a conductive borehole section can represent 
geochemical reactions taking place locally, or can represent waters of 
differing origin and history that are mixed locally as they flow to the
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discharge section of the borehole. Depending on the dissolved constituents 
studied, hydrologic or geochemical information can be inferred from the 
water composition.  

The third contribution continued with this theme and addressed methods for 
comparing natural conservative and reactive tracers in waters sampled from 
a borehole, with tracers sampled from other locations in the area. This 
provides a starting point for understanding the spatial distribution of 
groundwater composition, and the relative contribution of the mixing of 
waters of different location and origin, and geochemical reactions, to the 
composition of water sampled from a borehole.  

The next contribution presented an interpretation for the behavior of 
selected elements in waters sampled from boreholes, based on coupled 
processes of both mixing of waters of different origin and geochemical 
reactions. The final contribution in this session was an overview of the 
stable isotope systematics in the deep groundwaters of Asp&. This 
information contributes to interpreting the paleohydrology of the site, and 
identifying reservoirs and pathways for transfer between reservoirs, of the 
major elements in the deep groundwaters.  

SESSION C. Case Studies of Groundwater Flow Modelling Within the 
'pa Hard Rock Laboratory Project 

The first presentation concerned results and experience gained from the 
Combined Long Term Pumping and Tracer Test. This test provides 
hydrogeological information that can be compared and combined with the 
conceptual model for groundwater flow on Asp6 that was based largely on 
hydrochemical data from the pre-investigations.  

The following presentation was the first results from the tracer test for the 
redox experiment in block scale. As with the long-term pumping and 
tracer test, the results presented here can be compared with the conceptual 
model for site hydrology based on hydrochemical data obtained during the 
experiment.  

The third presentation posed the question "Can bacterial DNA signatures 
be used as tracers for groundwater flow, mixing and origin?". Preliminary 
results on DNA sequencing from waters, sampled from various locations 
within the fracture zone studied in the block scale redox experiment, were 
compared in order to see if a spatial pattern in the sampled genetic material 
can be related to site hydrology and sub-surface flow paths. These results 
were thus directly related to those presented in the preceding talk, and 
represent a novel application of field microbiology to hydrogeology.
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The final presentation in this section reviewed coupled transport and 
reaction models that are currently used in geochemical applications, and 
focused on a recent approach to model sharp reaction fronts in the sub
surface. Model results from the Polos de Caldas natural analogue study 
were presented as a case study for application of the code to water-rock 
interactions coupled with uranium mobility in groundwaters.  

SESSION D. Field Investigations and Modelling Activities Within Other 
Programmes.  

The first presentation summarized site investigations by the Japanese 
Central Research Institute of Electric Power Industry (CRIEPI) at the 
Rokkasho site for second phases disposal of low level waste. The site is 
based on concrete and clay backfill, with a natural barrier of sand, 
sandstone and tuff. The talk focused on geochemical investigations at the 
site.  

The second talk discussed modelling of hydrochemistry at the Olkiluoto 
nuclear waste investigation site in Finland. The first phase of modeling 
focused on the origin, distribution and mixing of groundwater types 
sampled at the site. An ongoing site investigation program is expected to 
compliment the existing data in order to develop a conceptual 
hydrogeochemical model by building from the existing geochemical model.  

The next talk presented hydrochemical data acquisition and interpretation 
for the Sellafield site in Great Britain. The main topics presented were 
methods and data from the deep groundwater investigations at the site.  

The final talk in the session was a summary of the present status of the 
deep disposal program of France. Four candidate sites are proposed for 
investigation. An overview of the sites was presented.
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Working Sessions

The workshop was divided into two working sessions: 1) paleohydrology 
and 2) facilitating the coupling between hydrology and geochemistry. Both 
working groups agreed to meet for second working sessions in Autumn, 
1994.  

PALEOHYDROLOGY 

General points: 

1. Since the most recent series of glaciations during the last 20 000 
years, the East Northeast - West Southwest regional groundwater 
flow gradient can be effectively considered stagnant.  

2. Groundwater flow at Asp6 does not represent a steady-state system.  
Episodic turnover has occurred during recent geological time, at 
least during the last 20 000 years. Turnover of the groundwater 
system has resulted from a vertical "pumping" of the water initiated 
during periodic glaciations.  

3. To test the "turnover" hypothesis, three groundwater samples will 
be chosen from shallow, mixed and deep localities at Asp6 for 36C1 
analysis. Equilibrium of 36Cl between the rock and groundwater 
indicates that no major movement of the groundwater system has 
occurred during the last 3 million years. The choice of samples 
should indicate the influence of such turnover effects at the various 
depths sampled.  

4. What is the origin of the salinity represented by the fossil marine 
groundwaters of, for example, the Yoldia/Litorina transgression 
periods? Could origin be evaporites? 

Performance Assessment (PA) Specific Points: 

1. What is the regional relationship between Asp6 island and the 
mainland? 

2. Is the flow-rate increasing or diminishing along the major recharge 
(named EW-1) and discharge (named NE-1) zones that might be 
attributed to the state of isostatic recovery? 

3. Present studies center around the disturbance of a natural system by 
glacial influences. What is of more relevance to PA is the 
disturbance of an excavated repository system. How stable is the 
groundwater system?

viii
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FACILITATING THE COUPLING BETWEEN HYDROLOGY AND 
GEOCHEMISTRY 

General summary: 

1. The conceptual model for the hydrology of Asp6, based on 
hydrochemical data, represents unexcavated conditions for a 
repository site.  

2. The Asp6 redox experiment, on the other hand, represents highly 
disturbed conditions during repository construction.  

3. Data from the Asp6 pre-investigations and from the redox 
experiment show strong vertical gradients in redox conditions; 
especially related to penetration of oxygen (none), iron-reducing 
zones and deeper sulfate-reducing zones.  

4. Performance assessment considers the stability of the groundwater 
environment during the repository lifetime; changes in salinity, 
changes in redox status and general groundwater composition. Can 
we extend a site model for Aspb to consider these changes over 
long time scales? This should link with the paleohydrology 
modelling.  

Conclusions: 

1. A variety of modelling interests and competencies are represented.  

2. Coupling flow models to natural tracer data can help test 
conceptual models for the hydrology of Asp6 and the redox 
experiment.  

3. the heterogeneity of groundwater composition may be a major 
uncertainty in mass balances for dissolved components.  

4. We need to couple trace element speciation to the major processes 
that determine pH and redox status. Organic carbon must be 
considered important for trace element speciation in the redox 
experiment.  

5. We need to transfer the emerging site model from the redox 
experiment to other fracture zones on Aspo. Are results from the 
redox experiment general?
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A.1 Results from Geohydrochemical Investigations at the 
Aspo HRL Site in Sweden 

Peter Wikberg 
SKB 
Stockholm, Sweden 

John Smellie 
Conterra AB 
Uppsala, Sweden 

Bill Wallin 
Geokema AB 
Liding6, Sweden 

Eva-Lena Tullborg 
Terralogica AB 
GrAbo, Sweden 

Marcus Laaksoharju 
GeoPoint AB 
Sollentuna, Sweden 

1. INTRODUCTION 

Since the end of 1986 the Swedish Nuclear Fuel and Waste Management 

Company (SKB) has conducted investigations for the evaluation and 

planning of an underground research laboratory, the Asp6 Hard Rock 
Laboratory (HRL), to be situated in SE Sweden.  

The main goals of the R&D work planned for the Hard Rock Laboratory 
are to: 

Test the quality and appropriateness of different methods for 

characterizing the bedrock with respect to conditions considered 
important for a final repository.  

Refine and demonstrate methods for adapting a final repository to 

the local properties of the rock in connection with planning and 
construction.
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Collect material and data of importance to demonstrate the safety 
of the final repository and to give confidence in the quality of the 
safety assessments.  

Prior to the siting of a final repository for spent fuel scheduled for the 
mid-1990s, the activities at the Hard Rock Laboratory shall serve to: 

Verify pre-investigation methodology 
Demonstrate that the investigations at the ground surface and in 
boreholes provide sufficient data on essential safety-related 
properties of the rock at repository levels, 

Finalize detailed investigation methodology 
Refine and verify the methods and technology needed for 
characterization of the rock in the detailed site investigations.  

Geoscientific investigations, including geology, geohydrology and 
geohydrochemistry, were carried out at the surface and at depth from 
boreholes between 1987-1990. The results of these comprehensive studies 
provided the basis for the overall conceptual models which were 
constructed prior to the excavation of the tunnel. To a large extent, ve
rification of the pre-investigation methodology consists of a comparison 
between predicted behaviour and that encountered during tunnel con
struction.  

An overview of the project has been presented by (Bd.ckblom, 1991) and 
also in the SKB R&D programme 92 (SKB, 1992). An evaluation of the 
results has been presented by Gustafson et al. (1988), Gustafson et al.  
(1989) and Wikberg et al. (1991). A final evaluation of the pre
investigation geohydrochemical data was made by Smellie and 
Laaksoharju (1992).  

2. GEOHYDROCHEMICAL INVESTIGATIONS 

2.1 OVERVIEW OF THE INVESTIGATIONS 

In order to evaluate the hydrogeochemical conditions, water conducting 
sections have been sampled in 14 deep core drilled holes down to 1000 
metres, and from thirteen 100 m deep percussion drilled holes. In table 
2.1 the different sampling methods and the number of sampled borehole 
sections are presented.  

In addition to groundwater analyses, a large number of fracture filling 
samples have been mapped and analysed in detail; i.e. for Carbon-13 and 
oxygen-18 analyses of calcites and sulphur-34 analyses of pyrite and 
dissolved sulphate. Distribution factors for uranium, thorium, rare earth 
and other trace elements have been evaluated from analyses of fracture
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2.2

Complete Chemical 
Characterization 
(CCC) 

Sampling during 
Pumping Test 
(SPT) 

Sampling During 
Drilling 
(SDD)

KAS 02 
KAS 03 
KAS 04 
KLX 01

KAS 
KAS 
KAS 
HAS

02 
03 
06 
13

5 
2 
3 
6 

2 
6 
4 
1 

2 
2 
2 
5 
4 
3 
1 
1 

2 
3 
2 
2

KAS 03 
KAS 04 
KAS 05 
KAS 06 
KAS 07 
KAS 08 
KAS 09 
KAS 10 
KAS 12 
KAS 13 
KAS 14 
KBH 02

Airflush pumping 3P: HAS 02, HAS 03, HAS 05, HAS 06, HAS 0
HLX 01, HLX 03, HLX 06, HLX 07, HAV U•,, 
HAV 05, HAV 06, HAV 07

A-4

infillings and groundwater sampled from the same fracture zone, 
whenever possible.  

COMPLETE CHEMICAL CHARACTERIZATION, CCC 

The most tedious work, and yet the most reliable data, result from a 
sampling campaign where a mobile field laboratory and a multihose 
system were connected. With this system it is possible to monitor pH and 
Eh in situ within a packed off borehole section, sample water at existing 
pressures and collect samples at the surface before contact with the 
atmosphere. Water sampled in this way is analysed for major and minor 
constituents, gases and isotopes.  

Table 2.1 Methods, Boreholes and Number of Sections 
Where Groundwater Samples Have Been Collected.  

Sampling method Borehole sampled 
sections



The equipment and the procedures for sampling and analyses is described 
in Alm6n and Zellman (1991), Wikberg et.al. (1987) and Smellie and 
Laaksoharju (1992).  

2.3 SAMPLING DURING PUMPING TEST, SPT 

During the hydraulic test pumping campaigns a small portion of the water 
is diverted into the mobile laboratory. This sampling procedure results in 
the same kind of groundwater analyses as described above. However, due 
to technical reasons the redox conditions are severely affected by the 
pumping procedure. Isotopic signatures are mostly reliable.  

The sampling procedure is described by Alm~n and Zellman (1991), 
Nilsson (1989) and Smellie and Laaksoharju (1992).  

2.4 SAMPLING DURING DRILLING, SDD 

The core drilling was interrupted at approximately every 100 m core 
length whereupon an air-flush test was conducted and a groundwater 
sample collected. These samples were highly contaminated by the drilling 
water and therefore of limited use. The sampling procedure is described 
by Almrn and Zellman (1991) and Nilsson (1989).  

2.5 SAMPLING IN PERCUSSION BOREHOLES, 3P 

A portable air driven pumping unit was used for the rapid sampling of 
newly drilled percussion holes at an early stage of the investigations 
(Laaksoharju, 1988,1992). The results were useful for major constituents; 
no redox sensitive constituents were measured and only oxygen-18 
isotopes analysed.  

3. GROUNDWATER CHEMICAL ANALYSES 

The results of all the groundwater chemical and isotopic analyses on the 
groundwater samples are briefly presented in Wikberg et al. (1991) and 
discussed in detail by Smellie and Laaksoharju (1992). All data are stored 
in GEOTAB, the SKB database for all collected field data.  

3.1 MAJOR CONSTITUENTS 

Sodium and calcium are the dominant cations in the Asp6 groundwater 
with chloride and sulphate as the dominant anions.
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Close to the surface there is a shallow freshwater lens covering the more 
saline groundwater below. From the 3P sampling in percussion boreholes 
it could be discerned that the freshwater reached a depth of approximately 
50 metres (Laaksoharju, 1988).  

The salinity of the groundwater increases with depth. In Table 3.1 some 
typical groundwater compositions are presented.  

Table 3.1. Selected Groundwaters from the Deep Borehole KAS 03 on 
Northern Asp6. BSW is Baltic Sea Water from 2 m Depth.  

Depth Na Ca Mg Sr Cl SO4 HC03 
(m) mg/L

129 
196 
248 
347 
453 
609 
860 
BSW

600 
1200 
1300 
1700 
1700 
2000 
3100 
2100

160 
480 
500 

1400 
1200 
1700 
4400 
100

20 
60 
54 
45 
40 
39 
50 

250

3 
10 
10 
26 
21 
28 
75 
1.5

1230 
2900 
3000 
5200 
4600 
5900 

12300 
4000

32 
31 
40 

340 
300 
470 
720 
570

61 
60 
53 
12 
27 
11 
11 

100

REDOX SENSITIVE ELEMENTS 

In situ Eh monitoring was carried out each time the complete chemical 
characterization was done. The resulting values agree with the model 
presented by Grenthe et al. (1992) showing that the redox conditions of 
the groundwater are probably controlled by the ferrous/ferric redox 
couple.  

With a few exceptions the iron concentration ranges from 0.1 to 1 mg/l 
and the sulphide concentration is typically 0.01 to 1 mg/l.  

The uranium concentrations ( 0.15-27.0 jig/l) are also in agreement with 
the measured Eh level. The variation in the U-234/U-238 activity ratio 
between 2.6 and 7.2 also indicates that near-stagnant reducing conditions 
have prevailed for a long time.

A-6
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ISOTOPIC ANALYSES

4.1 ISOTOPIC ANALYSES OF THE GROUNDWATER 

Oxygen-18 and deuterium was analysed on all the groundwaters sampled 
by the CCC and SDP procedures. The results of the oxygen-18 and 
deuterium data were modelled by Tullborg and Wallin (Tullborg et 
al.,1991; Smellie and Laaksoharju,1992). They found that the 0-18 vs 
deuterium consistently plot below the meteoric water line. No single 
reason for this could be found. However, the 0-18 values themselves 
generally indicate a present day signature in the uppermost part of the 
rock, mixing conditions down to 500 m depth and constant conditions 
extending below 500 m depth.  

Carbon-14 determinations of dissolved carbonate were made whenever the 
carbonate concentration was high enough. The percentage modem carbon 
ranged from 2-45 % corresponding to relative carbon-14 ages of seven to 
thirty thousand years; however, these should not be considered the 
residence times of the groundwater. Even though it is difficult to find a 
depth correlation in the data, the low percentage modem carbon (<5%) 
and high relative age is an indication of stagnant groundwater environ
ment, although the carbon-13 data indicate that the organic carbon is the 
dominating source.  

Tritium analyses were regularly carried out. The detection limit for the 
ordinary analyses was 1 bq/l; all the samples below this detection limit 
correspond to about 8.5 Tritium Units (TU). Some selected samples were 
further analysed at a much lower detection limit and, with a few 
exceptions, were found to be in the range 0 - 1 TU. The exceptions relate 
to borehole sections which were in contact with hydraulically active 
fracture systems such that younger water from higher levels was 
introduced into the sampled sections.  

4.2 ISOTOPIC ANALYSES OF FRACTURE-FILLING MINERALS 

Oxygen-18 and carbon-13 were analysed on separated calcite phases from 
drillcores KAS02, KAS03, KAS04, KAS06 and KAS09. The studies were 
focused on open water conducting fractures (Tullborg et al., 1991).  

The results show a wide spread of data indicating that there are several 
calcite generations of different origin. The majority of the calcites in the 
open fractures are in equilibrium with, or affected by, the present 
groundwater or surface water. On the other hand, no calcite precipitates 
were observed which indicated equilibrium with the present day Baltic Sea 
water. Extremely low carbon-13 values, <-20 in a few samples, suggest 
the oxidation of methane or organic matter to carbonate.

A-7
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Sulphur-34 contents of dissolved sulphate and in pyrite were examined by 
Wallin (1992); oxygen-18 of dissolved sulphate was also included. The 
results point towards a multiple source for the sulphate, which could 
include marine sulphate, reduced sulphur from the basement and organic 
sulphur. All the initial sources are masked by ongoing organic sulphate 
reduction and mixing between marine and meteoric brines.  

5. DISTRIBUTION OF TRACE ELEMENTS IN 
GROUNDWATER AND FRACTURE COATINGS 

A comprehensive study was made in order to define the water conducting 
fractures of selected drillcores (Sehlstedt and StrAhle, 1991). Groundwater 
samples and fracture fillings, when possible from the same location, were 
analysed for uranium, thorium, rare earth and other trace elements by 
Landstr6m and Tullborg (Tullborg et.al, 1991). From the results the 
distribution factors were calculated and compared to experimentally 
determined Kd values obtained from crushed granite.  

Characteristic trace element patterns for different groups of fracture 
fillings were also constructed.  

6. THE GEOHYDROCHEMICAL SITUATION ON ASPO 

6.1 GROUNDWATER RESIDENCE TIME 

The saline ksp6 groundwaters reflect a slow circulation. The fact that the 
freshwater pillow is only some 50 m deep indicates that precipitation and 
infiltrating freshwater has reached this depth only during the past 3000 
years since the island emerged above sea level. This can be partly 
explained by Asp6 being surrounded on all sides by the Baltic sea which 
serves to level out the hydraulic gradient.  

However, there is no sharp boundary between the fresh and the saline 
groundwater. This can be seen from figure 6.1 where the chloride 
concentration is plotted against depth. From this figure one gets the 
impression that the chloride concentration, and salinity, increases linearly 
with depth. The simplest explanation to this is that even though the fresh
water has been able to totally replace the saline water to a limited depth, it 
has been further mixing with the saline water to much deeper levels. This 
confirms the general observation that wherever groundwater in a fractured 
rock is sampled, it represents the mixing of varying proportions of water 
of different origins. In this case the end members might consist of modem 
fresh water, present day Baltic Sea water, ancient Baltic sea water, glacial 
melt water and very old formation water.
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Figure 6.1 The chloride concentration of the ,Asp6 groundwater as 
a function of depth. The samples were collected in four deep cored 
holes during the complete chemical characterization or hydraulic 
pumping test campaigns.  

In figure 6.2 the oxygen-18 values are presented as a function of the 
chloride concentration. The straight line in the figure represents the 
dilution of ocean water with freshwater which has an oxygen-18 value of 
17.5 . Present precipitation has a value of about -10.  

The open circles plotting on the theoretical sea water mixing line can be 
explained as a result of mixing of a Litorina stage Baltic Sea water and a 
glacial meltwater with a more negative oxygen-18 character. At the 
Litorina stage the Baltic Sea was up to three times more saline than at 
present and due to the colder climate, the oxygen-18 of the meltwater was 
more negative than the present precipitation. However, it should be noted 
that the exact proportions of water from different sources is impossible to 
define exactly.  

The open circles showing chloride concentrations above 6000 mg/l do not 
follow the theoretical seawater dilution line. This implies that these waters 
have been less affected, if at all, by the trans- and re-gressions of the 
Baltic Sea that have taken place since the last glaciation. The indications 
are therefore that groundwaters, at depths of about 500 m and deeper, 
have been isolated from upper influences during more than ten thousand 
years and probably much longer.
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The carbon-14 data of the dissolved carbonate suggests "ages" between 
7000 and 31000 years which is consistent with the oxygen-18 data. The 
three samples with the lowest carbon-14 content are the ones plotting 
furthest to the left along the mixing line in figure 6.2. In this context it 
should be noticed that there are no carbon-14 data available for the waters 
plotting furthest to the right in the figure. Even if the carbon-14 ages, as 
already mentioned, should not be considered as representing the residence 
times of the groundwater, they rather confirm the assumption that the 
groundwater is virtually stagnant, or has had a long residence time.  

The filled circles in figure 6.2 represent samples where the tritium 
concentration varied between one and four tritium units, i.e. containing a 
younger near surface-derived component. The 1 TU level indicates that 
the proportion of modem water is in the orders of a few per mill. These 
samples were collected in conjunction with the hydraulic pumping tests in 
KAS 06 and in KAS 04. In KAS 06 a N-S striking conductive fracture 
system is thought to be responsible for the rapid drawdown of modem 
water to depth, whilst KAS 04 crosses a major recharging shear zone in 
the middle of Asp6 and the tritium is considered to be representative for 
the location sampled.  
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Figure 6.2 The oxygen-18 data of the groundwaters from Asp6 as a 
function of the chloride concentration. The filled circles represent 
water samples with a measurable tritium concentration.
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The fact that these waters plot above the other waters in figure 6.2 
supports the assumption that other plotted groundwaters represent the di
lution of old Baltic sea water by glacial meltwater. In the case of the filled 
circles, the proportion of modem freshwater has influenced the overall 
oxygen- 18 values.  

REGIONAL CONTEXT OF THE ASPO GROUNDWATERS 

The Asp6 groundwaters, particularly their saline character and isotopic 
signatures, have also been studied in relation to other investigated areas in 
the Baltic Shield. The Br/Cl ratio for saline waters is considered to be a 
useful indicator of a marine or non-marine origin. This is readily illus
trated in figure 6.3 which shows the positions of various Baltic Shield 
waters related to the Br/Cl ratio; the two extreme end-members are 
represented by Baltic seawater and Stripa groundwater, which is 
considered non-marine in origin.
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0,008 0,010 0,012

Figure 6.3 Variation of Ca/Mg with Br/Cl (expressed as 
molecular ratios) for the Asp6 groundwaters compared to other 
Baltic Shield areas (after Smellie and Laaksoharju, 1992).

A-1I

6.2

1000,000

100,000 

10,000 

1,000

E 

Co

0,100 1 

0,000



The Asp6 groundwaters plot over a wide range, which includes most of 
the other studied areas, indicating the mixing of various proportions of 
marine and non-marine waters. The overall impression is that two distinct 
saline groundwater groups exist; a major group (down to 500 m) with a 
sizeable marine component and a subordinate component of non-marine 
derived salts (< 0.0062 mg/i Br/Cl), and a minor group (> 500 m) with a 
major non-marine component and a marginal marine component 
(>0.0062 mg/1 Br/Cl). This conclusion is in agreement with the sulphur 
isotope studies which indicate the presence of non-marine sulphur at 
depths greater than 500 m (Wallin, 1992).  

The non-marine saline waters, in common with much of the Baltic Shield, 
are Ca/Na-rich and originate deep in the bedrock (> 1000 m). They 
chemically represent the large-scale, sub-horizontal regional groundflow 
direction which is moving very slowly eastwards from beneath the 
Scandinavian landmass. At Asp6, as with other areas in the Baltic Shield, 
these Ca/Na-rich saline waters are replaced at shallower levels by marine
derived water and glacial/precipitation waters, usually mixed to varying 
degrees.

-;1 
Jg0 o %.)

Figure 6.4 Stable isotope composition of the Asp6 groundwaters 
(infilled circles), plotted as 52 H (o/oo) vs. 5180 (o/oo), 
compared to other saline groundwater environments in the Baltic 
Shield (after Smellie and Laaksohaiju (1992; modified after 
Nurmi et al., 1988).
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Since the Weichselian glaciation (20 000 years ago) several marine trans
gressions-/regressions have influenced Baltic Shield subsurface 
groundwaters, not least changing their isotopic compositions by 
intermittent mixing. Following periods of isostatic uplift and exposure the 
near-surface marine waters were gradually replaced/flushed out by fresher 
water, mostly precipitation, together with some present Baltic Sea 
component. Local hydraulic fracture systems impose an important control 
on the extent of this flushing and mixing.  

As a result, and depending on their location as being, for example, 
coastal, or beyond the greatest extent of the postglacial Litorina Sea 
shores, different areas show different degrees of groundwater mixing and 
isotopic composition. This is illustrated in figure 6.4 which also shows, in 
common with the Br/Cl ratios, that the spread of A.sp6 data encompasses 
most of the other studied areas in the Baltic Shield. This helps to illustrate 
the great complexity and extent of groundwater mixing at ksp6, and also 
indicates that varying proportions of both marine and non-marine 
groundwaters are involved in their genesis. This complexity also goes a 
long way in explaining the lack of any consistent isotopic trends observed 
in separated filling phases sampled from hydraulically conducting fracture 
zones.  

7. CONCLUSIONS.  

Geohydrochemical studies at Asp6 have helped to unravel the complex 
groundwater evolution which characterises this area. The value of using 
several investigative methods, some overlapping, has been demonstrated.  
The main conclusions are: 

* Two main meteoric water bodies exist superimposed on deep 
regional groundwaters. These consist of a marine-derived water 
and a floating lens of fresh (to brackish) water, with a narrow 
dispersion zone at the interface located at around 50 m depth.  

At greater depths the highly saline regional groundwaters, which 
are welling up very slowly from depth, also mix to limited degrees 
with the marine-derived waters along an interface which extends 
approximately from 400-500 m depth.  

There are at least three sources of meteoric waters which are 
entering and mixing within the upper 500 m: a) recent fresh to 
brackish near-surface waters, b) modem Baltic Sea, and c) deep 
saline waters. Subordinate amounts of ancient seawater and glacial 
melt water also contribute.
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* The major hydrogeochemical character of the groundwaters can be 
explained by the mixing of waters from two major sources; 
shallow fresh/brackish vs. deep saline.  

* The three-dimensional fracture grid system which characterises the 

island of Asp6 results in the active hydraulic mixing, circulation 
and redistribution of the groundwaters, particularly within the 
upper 100-200 m, but also down to 400 m.  

* The lack of any systematic groundwater and fracture filling 

isotopic trends reflects the complexity of the mixing processes.  
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The Aspo Redox Experiment in Block Scale

performance assessment issues, project description, 
expected and observed results 

Steven A. Banwart 
The Royal Institute of Technology 
Stockholm, Sweden 

ABSTRACT 

This chapter summarizes the Asp6 Redox Experiment in Block Scale. Two 
detailed final reports of the three year project are currently in preparation.  
During construction and operation of a deep repository for high level waste, 
the deep groundwater environment will be open to oxidizing surface 
conditions and surface water inflow. This project studied the possibility of 
oxygen intrusion into vertical fracture zones under the disturbed hydraulic 
conditions created by tunnel construction at the Asp6 Hard Rock Laboratory.  
Oxygen in the repository environment is a concern because it is corrosive 
toward the copper cannisters containing spent fuel, and because redox 
sensitive radionuclides, Pu, Np, Tc, U are highly soluble and thus more 
mobile under oxic conditions.  

On March 13, 1991, tunnel construction at the kspb Hard Rock Laboratory 
opened a vertical fracture zone at a depth of 70 meters. Three weeks later, a 
sharp dilution front arrived in the initially saline inflow to the tunnel. This 
signaled shallow surface water at the 70 m depth. The fracture zone remained 
persistently anoxic. Rather than an input of molecular oxygen, there is an 
input of reducing capacity in the form of organic carbon. The supply of 
oxygen is apparently diffusion-limited in the most shallow reaches of the 
fracture zone where it is rapidly consumed. Anaerobic respiration is the 
dominant process influencing the fracture zone geochemistry. This result 
demonstrates that even thin soil covers, such as at this site, can act as a net 
source of reductants to the groundwater environment during repository 
construction.  

1. INTRODUCTION 

The SKB concept for disposal of high activity nuclear waste includes 
isolation of spent fuel in copper cannisters buried several hundred meters in 
granitic bedrock. The most critical safety aspect is the design ol 
engineered barriers; cannisters, buffer and backfill material. Safety 
assessment must consider eventual failure of these barriers. Exposure of
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the biosphere to long-lived radionuclides then depends on hydrology and 
radionuclide adsorption and solubility. Of special concern are the long
lived isotopes of Neptunium, Plutonium, Technetium, Iodine, and Cesium.  
Of these elements, Technecium and the actinides form sparingly soluble 
solid phases when reduced but are highly soluble under oxic conditions.  

Performance assessment issues related to groundwater redox chemistry are: 

1. The presence and fate of molecular oxygen, which can corrode 
copper metal, in the deep environment at the time of repository 
closure.  

2. Production of hydrogen sulfide, which can corrode copper metal, in 
the deep environment after repository closure.  

3. Dissolved oxygen in vertical fracture zones due to surface water 
inflow during construction and operation of the repository.  

The Asp6 Redox Experiment in Block Scale addresses the fate of molecular 
oxygen entering fracture zones during construction of a deep repository.  

On March 13, 1991 construction of the access tunnel to the Aspl5 Hard 
Rock Laboratory (HRL) intersected a vertical fracture zone at a depth of 70 
meters. The fracture zone hydrochemistry was then monitored through 
time. Groundwater sampling and analysis before intersection by tunnel 
construction, and examination of drillcores taken from the fracture zone 
early in the experiment, provide a reference state against which to compare 
subsequent evolution of groundwater conditions. The shallow groundwater 
is dilute while the native groundwater is extremely saline. Dilution of 
chloride ion is therefore a good indicator of surface water intrusion.  

1.1 OBJECTIVES 

The objectives of this experiment are: 

1. to determine the extent of surface water intrusion induced by 
opening the fracture zone at a depth of 70 meters, 

2. to observe whether molecular oxygen transport from the surface or 
from the tunnel can create oxic conditions in the fracture zone, 

3. to assess dominant transport and reaction processes controlling the 
fracture zone geochemistry under the disturbed conditions.

A-17



PREDICTION OF OXYGEN FRONT BREAKTHROUGH

We predicted the breakthrough times for surface water and dissolved 
oxygen to the 70 meter depth expected upon intersection of the fracture 
zone (Banwart and Gustafsson, 1991; SKB PR 25-91-06). The objective of 
these predictions was to list possible influences on oxygen transport and 
consumption, and to understand the relative importance of hydraulic and 
chemical parameters; hydraulic conductivity, porosity, wetted surface area, 
reducing capacity. We predicted surface water to arrive in the tunnel 
between 6 hours and 21 days after opening the fracture zone.  

We predicted retardation of the oxygen front by reaction with the reducing 
capacity of the fracture zone which was quantified by the concentration of 
dissolved organic carbon, dissolved Fe(II)- and Mn(II)-species and the 
abundance of reducing mineral surfaces in contact with the wetted flow 
path. Because of the large uncertainty in wetted surface area, there was an 
associated uncertainty in the reducing capacity. We assumed that recharge 
to the fracture zone contained dissolved oxygen in equilibrium with the 
atmospheric reservoir. We predicted oxygen breakthrough to occur 
between 36 hours and 5 years.  

1.3 OBSERVED RESULT OF ENHANCED SURFACE WATER INFLOW 

A sharp dilution front arrived in the access tunnel 21 days after intersection 
of the fracture zone. A short-lived redox breakthrough was observed 
between days 25 - 50, as evidenced by the temporary disappearance of 
dissolved iron in the inflow to the access tunnel during this period. The 
breakthrough is expected based on the conceptual model upon which the 
predictions are based. The predictions fall within the range of predicted 
breakthrough times. The return to reducing conditions after day 50 
showed that, in fact, the boundary conditions chosen for our predictions 
were incorrect. We assumed a continuous input of dissolved oxygen with 
the recharge, and a finite reservoir of reducing capacity within the fracture.  

Three years after the initial disturbance by tunnel construction, the fracture 
zone remains persistently anoxic. Molecular oxygen is apparently 

transport-controlled by slow diffusion processes. Any traces of 02 
entering the fracture zone are consumed in the most shallow reaches of the 
overburden, and in a relatively thin reactive "skin" around the access 
tunnel. Rather than adding molecular oxygen, increased inflow of surface 
water adds reducing capacity in the form of very young organic carbon.  

This increases rates of anaerobic respiration within the fracture zone as 
shown by elevated pC02(g), 13 C signatures in dissolved inorganic carbon 
that are consistent with input of biogenic CO2(g) and dramatic increases iv 
the 14 C activity of dissolved organic and inorganic carbon. These results 
show that the soil layer can have an important impact on groundwater 
redox status during construction and operation of a deep repository.
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SITE DESCRIPTION

Figure 2.1 shows the location of the HRL and the fracture zone studied in 
this project.

Figure 2.1. Locator maps showing the Asp6 Hard Rock 
Laboratory (HRL) and the fracture zone on HAi6 island. The 
access tunnel to the HRL is shown as a heavy black line starting 
at Simpevarp on the Baltic coast and passing under the sea floor 
to the island of Asp6. The laboratory is housed in the tunnel that 
spirals down to a depth of 500 meters below ,sp6.
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The Asp6 Hard Rock Laboratory (HRL) is located on the Baltic coast near 
the town of Oskarshamn in S. E. Sweden. The access tunnel to the HRL 
starts at the coastline and proceeds approximately 1 km out under the sea 
floor and terminates under the island of Aspo. The experimental site for 
this project is on the small island of HA16 lying between the coastline and 
Aspb.  

The island of HA16 comprises a slightly undulating topography of well 
exposed rock 5 - 10 m above sea level. The geology is characterized by a 
red to grey porphyritic granite-granodiorite known locally as "Smiland" 
granite, belonging to the vast Transscandinavian Granite-Porphyry Belt 
(G,1 and Gorbetschev,1987) with U-Pb intrusion ages between 1760 
1840 Ma (Johansson, 1988), i.e., late- to post-orogenic in relation to the 
Svecofennian origin (1800-1850 Ma). The major fractures and fracture 
zones control recharge, discharge and ground water flow through the 
island(s) (Smellie and Laaksoharju, 1992).  

The fracture zone studied here transects the island of HA16 and appears 
from the surface as a small ditch in the exposed granite. The depression is 
2-5 m wide, 2-3 meters deep, and extends laterally across the northern tip 
of the island (220 m). The topography along the fracture zone defines a 
catchment area, on HM1 itself, of 10,000 m2 . Considering average annual 
precipitation (550-675 mm) and evapotranspiration (500 mm) leaves 50
175 mm each year for runoff and groundwater recharge. This corresponds 
to a maximum recharge of 1.0 - 3.3 L min- 1 from HAl6 alone. Prior to 
intersection of the fracture zone by tunnel construction, the water table 
above the tunnel was approximately 0.5 below the ground surface and 
approximately 1.5 m above the surrounding level of the Baltic Sea. There 
was only a small drawdown in the water table during the experiment, i.e., 
the fracture zone remained hydraulically saturated.  

Within the depression, directly above the tunnel, there is a 0.2 m deep 
layer of organic-rich soil. This soil overlies a zone of re-worked sand and 
gravel extending to 0.5 meters, below which a layer of glacial clay extends 
to at least 1 meter depth. A percussion borehole drilled from the surface 
showed a granite base at a depth of 5 meters. A moraine layer exists 
between the glacial clay and the granite, as indicated by loose moraine 
fragments found during attempts to drill a borehole into the fracture zone at 
a depth of only 3 meters.  

The plane of fracture is approximately vertical and is clearly visible from 
the interior of the access tunnel as a band of water-bearing fractured rock 
with a nominal width of 1 meter. The tunnel intersects the vertical fracture 
plane 513 meters from the tunnel mouth.  

Figure 2.2 summarizes the fracture zone mineralogy and the Fe(II) conten* 
of host rock and fracture minerals based on characterization of drillcores 
take from the three boreholes in the side tunnel.
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Fracture coatings : Chl - 35 vol. %

Figure 2.2. A representation of mineralogy in the host granite, 
in the altered layer at the fracture surface, and in the fracture
filling material. Chl=chlorite, Ep = epidote, Py =pyrite, 
Ca=calcite.  

Table 2.1. Chemical Composition of Shallow and Native Groundwater and Baltic 
Seawater

Variable Shallow Native Baltic 
Groundwater Groundwater Seawater 

[CI-], mg L- 1  6.0 4890 2180 

[Na+], mg L-1 10.3 1480 1160 

[Ca2 +], mg L-1 43 1250 61 

[Mg 2 +],mg L-1 3.3 132 140 

[HCO3 -], mg L- 1  114 42 22 

[S042-], mg L- 19.5 60 320 

[Si]total, mg L- 1  6.8 5.6 2.6 

[Fe]total, mg L-1 0.95 0.6 0.2 

[Mn]total, mg L- 1  0.43 0.94 0.05 

[Br-], mg L- 1  0 30 3.6 

TOC, mg L- 1  20.0 *0.5 16 

pH 6.6 7.5 7.7 

8180, o/oo SMOW -10.2 -11.3 -7.8 

3H, TU 60 8.4 42
Shallow Groundwater: sampled Sept. 12, 1991 (day 182) 24 meters along surface borehole HBH02 
(15m depth from surface).  
Deep Groundwater: sampled March 12, 1991 (day -4) from borehole KA0483 drilled into fracture 
zone at 70 meter depth prior to intersection by tunnel construction.  
Baltic Seawater: sampled May 14, 1992 (day 428) from 2 m depth between Asp6 and HAI6.  
* TOC (total dissolved organic carbon): was not analyzed in the sample taken from KA0483, but was 
estimated from regression of data for similar groundwater types.
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The unaltered host rock is a typical granite composed of 30% quartz, 30% 
plagioclase, 30% K-feldspar, and 10% biotite. Upon approaching the 
altered section of the drillcores, there is increasing (ancient) oxidation of 
the rock. Complete oxidation of magnetite to hematite and extensive 
alteration of biotite to chlorite characterize the altered layer. Micro
fractures, filled with what appears to be iron oxyhydroxide, appear when 
approaching the fracture surface. Chlorite, calcite and epidote are the most 
abundant fracture minerals. Clay minerals, iron oxyhydroxides, and some 
hematite occur.  

Based on the groundwater classification for Asp6 (Smellie and Laaksoharu, 
1992) and the location of this fracture zone within the Baltic Archipelago, 
we identified three dominant water types at this site; dilute shallow 
recharge water ([C1-] = 10 mg L' 1 ), saline native groundwater ([C1-] =5000 
mg L- ), and brackish water from the Baltic Sea([C1-]=2000-4000 mg L
1). Table 2.1 lists characteristic compositions of these three dominant 
hydrochemical resevoirs.  

3. PROJECT ORGANIZATION 

This project was not a blind compilation of results from a variety of field 
investigations. We planned and carried out this work as a field research 
experiment. We defined our initial hypothesis by predicting the surface 
water and oxygen breakthrough times in the tunnel. We designed field 
investigations to systematically test the conceptual model upon which we 
based the predictions. In addition to identifying dominant hydrologic and 
chemical processes, we needed to quantify element mass balances and 
process rates. Figure 3.1 represents the sequence of activities that 
developed during the project.  

After the first 71/2 months of investigations we compiled the results as a site 
characterization (SKB PR 25-92-04; Banwart et al.,1992). During the 
second year of the project, we monitored the fracture zone hydrochemistry 
and also re-evaluated our predictions and the initial conceptual model (SKB 
PR 25-93-03;Banwart et al.,1992; Banwart et al.,1994). The revised 
model was then tested by a final series of highly specific field 
investigations during 1993. Based on these results, we developed a site 
model for coupled hydrologic, geochemical, and microbiological 
processes.  

The scientific coordinator (S. Banwart) had the responsibility to synthesize 
project results and conclusions, and to report them formally to SKB.  
Interim results and conclusions were reported at the tertial meetings of the 
SKB groundwater chemistry program where decisions on experimental 
planning were taken. Figure 3.2 shows a schematic representation of thr 
project organization.
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review of exisiting data, 
development of conceptual model, 
prediction of oxygen breakthrough,

I
initial investigations, 
site characterization

monitoring phase, 
modification of conceptual model 

based on initial results 

final field investigations, 

further modification of conceptual 
model

Ir
site model

I
application to repository 
performance assessment

Figure 3.1. Project stages 
development of a site model for 
and microbiological processes.

from initial predictions to 
coupled hydrologic, chemical,
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It was apparent from early in the project that investigation techniques 
would need to be combined from a variety of disciplines; hydrochemistry, 
hydrology, mineralogy, colloid chemistry, microbiology, stable isotope 
geochemistry. Synthesis of a model for coupled hydrological, 
geochemical, and microbiological processes at the site was a collaborative 
effort between investigators. This required project participants to learn 
basic theoretical concepts, and to understand field investigation techniques, 
from all of these disciplines.  

MICROBIOLOGY ISOTOPE GEOCHEMISTRY HYDROCHEMISTRY

RESU

GEOCHEM|CAL MUUJDLUNG 

TS PROJECT 
"COORDINATION PLAN G 

FPROJECT U 
CONCLU IONS IMANAGEMENT 

PERFORMANCE PREDIC ONS 

L ASSESSMENT 
FLOW MODELLNG

LCOLLOID CHEMISTRY FRACTURE MINERALOGY HYDROLOGY /

Figure 3.2. Project organization for The Asp6 Redox 
Experiment in Block Scale. Results from the combined 
investigations were critically evaluated and synthesized into a site 
model. Development of this model was a collaborative effort and 
required participants to learn basic theoretical concepts and 
investigation techniques from the variety of scientific disciplines 
represented on the project. Information was usually passed 
informally between investigators who often worked directly 
together. The scientific coordinator, with help from the other 
participants, formally presented project results to SKB as written 
progress reports.

CONCLUSIONS

The overburden at this site plays an important role in 
subsurface redox conditions during repository construction.  
the accelerated recharge of surface water, the soil layer

determinin, 
Even under 
provides an
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important diffusion barrier to oxygen, and is a source of reducing capacity 
in the form of organic carbon derived from biomass degradation.  

Results from the multi-disciplinary investigations provide the basis for a 
site model of the coupled hydrologic, chemical, and biological processes 
that control the groundwater chemistry (Banwart et al.; SKB Progress 
Report, in preparation). Performance assessment modelling will focus on 
evolution of groundwater chemistry; redox status, pH, salinity, over time 
scales of relevance to a repository. Performance assessment issues include 
the chemical stability of engineered (cannisters and backfill) and natural 
(rock, fracture material) barriers for waste containment.  
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Bedrock and Fracture Fillings 
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GEOLOGY OF THE AREA 

A detailed description of the rocks on the Asp6 island (representative of 

the Simpevarp area) has been presented by Kornfilt and Wikman (1988) 

(c.f. the geological map in figure 1.1). Below is given a summary of the 

regional and local geology according to their report.  

The rocks belong to the Transcandinavian igneous belt (TIB) according to 

Gorbatschev (1980) (cf. also Gal and Gorbatschev, 1987). The granitoids 

of the TIB, dominated by so-called Smland-VWrmland granitoids, are 

regarded as late-to post-orogenic in relation to the Svecofennian orogony.  

Datings of Smland granites and porphyries from southeastern Sweden 

yield ages of 1760 to 1840 Ma (Aberg and Persson 1984, 1986; 

Johansson, 1988). In the ksp6 area, Sm/.land granitoids ranging from 

granites to monzodiorites dominate. Mapping of drillcores from Asp6 and 

the entrance tunnel have shown that the monzodiorite dominates at depth.  

Xenoliths of basic to intermediate metavolcanics occur in the granitoids.  

Fine-grained alkali granites post-date the Sm~dand granitoids and are 

present as lenses and dikes. Some fine-grained granites are closely related 

to the SmAland granitoids whereas others show distinct contacts and might 

be associated with the 1400 Ma anorogenic G6temar granite present in 

outcrops c. 2 km north of kspb. A few dikes of pegmatite and aplite 

occur. These are seldom more than a few dm wide. Dolerite dikes have 

only been observed at a few localities on Asp6. These dikes are usually 

very narrow (< 2 dm) and they cross cut the foliation in the granitoids.  

A sequence of deformation for the area has been proposed by Munier 

(1983). The earliest fabric in the granitoids of ksp6 is a penetrative planar 

foliation generally trending ENE. Subsequent strain was increasingly 

localised to block boundaries developing gneissic zones. Later mylonites 

segmented the region into rock blocks. The G6temar granite does not 

show any regional foliation, whereas the SmAland granitoids and some of 

the fine grained granites do. The original foliation is reorientated and 

intensified in the mylonites.

A-26



Brittle deformation caused fragmentation of the rocks resulting in the 

observed sets of lineaments (N-S, E-W, NE and NW; Tir6n and 
Beckholmen 1987; Nisca 1987). Most of these faults and fractures are 
superimposed on older zones of intense foliation and or/mylonite zones.  

Dominating fracture coatings are chlorite, calcite and epidote. In some 

zones hematite is very frequent; in places together with Fe-oxyhydroxide.  
Fluorite, quartz, prehnite and laumontite are other minerals found in the 

fractures. Clay minerals are relatively rare in the drillcores. However, in 

undisturbed samples from the tunnel clay minerals seem to be more 
frequent which indicates serious disturbances caused by flushing of water 
during the drilling.  

2. MINERALOGY, TEXTURES AND RELATIVE AGES 
RESULTS FROM MICROSCOPY 

More than 100 thin sections from the drillcores in Asp6 (Wikman et al., 
1988; Landstr6m and Tullborg 1990) and from the NE-1 (Landstr6m and 

Tullborg 1993) and the Redox zone (Banwart et al., 1992, 1994) have 

been studied by transmission microscopy and some also by reflection 
microscopy (for the opaque minerals). Identification of minerals, as well 

as studies of textures and relative ages of the fracture fillings, have been 

the main objective. Most of the thin sections are from fractures in the 
Sm,.land granitoids but also the fine grained granite and the metabasite are 
represented. Alteration of the Sm~1and granite has been studied by 
Eliasson (1993).  

Generally the femic minerals, within the fresh granitoids, consist of 
weakly chloritised biotite. However, epidote is frequent in some places.  

When approaching the fracture edges the biotite is almost absent and 

replaced by chlorite/epidote. Magnetite is found within the fresh 
granitoids but close to the fracture walls it is oxidised and hematite/Fe

oxyhydroxide have been formed causing redstaining. The plagioclase is 
usuallly more altered (sericitised or sausuritised) close to the fracture walls 
than within the fresh rock.  

Relative ages of fracture mineralisations have been determined on textural 

ground e.g. by crosscutting relations. It must however be kept in mind 

that although one mineral post-dates another the time span between could 
be very small (or large). A "tectonic history" for the granitoids (Table 
2.1) has been suggested based on a compilation of the results from 
microscopy, XRD-analyses and available age data from the region.  

The first visible deformation (1 in Table 2.1) is the E-W to ENE-WSW 
foliation (c.f. Munier, 1993). This foliation is part of the large scale 

regional pattern which possibly continues to the Protogine zone to the 

west. The age of this deformation can only be determined as pre 1400 Ma
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as this age corresponds to the intrusion of the undeformed Gbtemar 
granite (Aberg et al., 1984; Smellie and Stuckless, 1985).  

The next tectonic event is the formation of mostly E-W trending mylonites 
(2 in Table 2.1) consisiting of fine grained epidote, recrystallised quartz 
and in some cases muscovite.  

A second generation of epidote exhibits euhedral, yellow crystals (c.f. 3 
in Table 2.1). Fluorite is often seen in the center of these epidote-coated 
fractures, and it is probably closely related to the epidote formation. This 
is the first generation of fluorite observed in the fractures and it is 
suggested to correspond to the intrusion of the G6temar granite. The 
texture of these epidote/fluorite fracture fillings suggests a tensional 
regime during the period of their formation.  

Table 2.1. Sequence of Tectonic Events and Fracture Mineralisations 
(References to ages in the table 2 are given in the text)

Formation of the Sm~land 
granitoids c. 1800 Ma

1) Regional deformation resulting in 
E-W to ENE-WSW foliation.  

2) Mylonitisation; formation of fine
grained epidote, muscovite and 
recrystallisation of quartz.  

3) Reactivation of mylonites and 
formation of idiomorphic epidote 
and fluorite.  

4) Growth of idiomorphic quartz, 
muscovite, hematite, fluorite, calcite 

and spherulitic chlorite.  

5) Prehnite, laumontite, calcite, chlorite 
and fluorite.  

6) Illite dominated mixed-layer clay, 
calcite chlorite? 

7) Calcite, Fe-oxyhydroxide, possibly 
clay-minerals

anorogenic G6temar 
intrusion c. 1400 Ma.  

Post-magmatic hydrothermal 
circulation.  

c. 1100 Ma? 

c. 300 Ma 

Recent
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In some reference samples of the G6temar granite it can be seen that 
fracture coatings of idiomorphic quartz, muscovite, hematite, fluorite and 
calcite are common. As a last phase in these mineralisations a spherulitic 
variety of chlorite can be seen. This complex type of coating is also 
frequent within the drillcore samples from ,sp6 (4 in Table 2.1) and is 
probably a result of circulation of late-magmatic fluids from the Gotemar 
granite.  

Some solitary fractures show a mineral paragenesis of prehnite, calcite 
and hematite stained laumontite (5 in Table 2.1). It is suggested that this 
paragenesis is a result of the low temperature "burial metamorphism" 
affecting the Jotnian and sub-Jotnian rocks in central Sweden as described 
by Nystr6m (1982). Rb-Sr dating of prehnite veins from Uppland 
(Wickman et al., 1983) yield ages of c. 1100 Ma.  

Most of the clay minerals (6 in Table 2.1) in the fracture zones consist of 
illite-rich mixed-layer clay. The formation of such mixed layer clay 
requires temperatures of > 1000C and depth of > 1 km depth according to 
Velde (1983, 1985). Dating of autogenic "illite" from fracture zones NE-3 
and NE-4 yields ages of 300 to 350 Ma (Maddock et al., 1994). All this is 
in agreement with the tentative model of a several km thick sedimentary 
cover in Sweden during the Upper Paleozoic time (c.f. Tullborg et 
al., 1994). The raised temperatures have certainly increased the formation 
rate for the mixed-layer clays.  

Recent mineral formation is dominated by dissolution and reprecipitation 
of carbonates, mostly calcite. Iron reducing bacteria as well as sulphate 
reducing bacteria most probably also facilitates precipitation of pyrite. In 
the near surface region also oxidation of Fe(II) produces some Fe
oxyhydroxide. Low temperature clay minerals like kaolinite and smectite 
occur but in minor amounts and the rate of clay formation is at present 
very low.  

3. MINERALOGY OF TWO FRACTURE ZONES: THE 
REDOX ZONE AND FRACTURE ZONE NE-1.  

Two fracture zones have been studied in detail concerning mineralogy and 
trace element chemistry. These are the Redox Zone (Banwart et al., 
1994a,b,c) and the fracture zone NE-1 (Landstr6m and Tullborg, 1993).  

3.1 THE REDOX ZONE 

The Redox zone is an originally semiductile (Precambrian) deformation 
zone in Smiland granite. The deformation is associated with hydrothermal 
alteration of the host granite resulting in breakdown of biotite and 
magnetite to form chlorite and hematite/FeOOH in connection to

A-30



saussuritisation of the plagioclase (plagioclase=albite+epidote+sericite).  
Subsequent brittle deformation has created the present zone, which can be 

described as a fracture zone containing blocks and rock fragments of 

hydrothermally altered granite. The fragments, of dm to cm size, are 

surrounded by unlithified fine grained gouge material in sizes from mm 

down to micrometer. This material, which consists of quartz, K-feldspar, 

chlorite, illite and mixed-layer clay, calcite and FeOOH form the structure 

of the main water pathways in the zone (Banwart et al., 1994b).  

The opening of the fracture zone (by the excavation of the tunnel) has 

caused increased inflow of shallow dilute water rich in organic material.  

Water from the boreholes penetrating the zone from the tunnel (70 m 

below surface) shows that the original salinity (c. 5000 mg/1) have 

decreased to <2000 mg/1 CI-. Mixing of shallow water and native saline 

water largely explains general trends in major element distribution except 

for addition of Na+ and HC03- and depletion of Ca 2 + (Banwart et 

al.,1994b,c). Anaerobic respiration of organic material is believed to be 

the main source of the alkalinity and the high C02 partial pressure.  

Fe(III) bearing fracture minerals are possible electron acceptors for the 

organic respiration and Fe reducing bacteria has been identified in the 

zone. Ion exchange by clay minerals in the fracture zone and/or the 
sediment cover can explain the changes in Na+/Ca2 + ratio.  

3.2 FRACTURE ZONE NE-1 

Zone NE-1 is an originally ductile/semiductile zone hosted in mylonitised 

fine grained granite. The latest reactivation of the zone resulted in the 

gouge formation. Later precipitation of calcite and pyrite as well as 

formation of mixed-layer clay with high illite content have taken place.  

The fine grained granite is an alkali granite with relatively high SiO 2 

content (c. 75%) and also the gouge material is rich in quartz and the 

amounts of calcite and clay minerals are significantly lower compared 
with the Redox zone.  

The hydrochemistry in the NE-1 zone at natural undisturbed conditions is 

characterised by a saline water with c. 5700 mg/l Cl, 2200 mg/1 Na, and 

900 mg/i Ca (Wikberg and Gustafsson, 1993). The excavation of the 

tunnel has changed the hydraulic situation and caused a decrease in 

chlorinity from 5700 to 4400 mg/1 Cl. The oxygen isotope signature (c. -7 

o/oo) indicates that marine water enters the zone. This marine water can 

either be present Baltic Sea water or ancient marine water. In contrast to 

the situation in the Redox zone the component of shallow non saline water 
is very low in the NE-1 zone. The HC0 3 content remains relatively high 

c. 280 mg/l and is accompanied by low SO4 values which indicates that 

respiration through sulphate reduction has taken place in the zone. This is 

also supported by Pedersen et al. (1994) who report identification of 

sulphate reducing bacteria in water from this zone.
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3.3 COMMENTS ON THE PROPERTIES OF A FRACTURE ZONE IN 
FINE GRAINED ALKALI GRANITE COMPARED WITH ONE IN 
SMALAND GRANITE 

A higher fracture frequency is observed in the quartz rich fine grained 
granite than in other rock types at Asp6, and major water conducting 
fracture zones are more common in the fine grained granite. The higher 
fracture frequency can be ascribed to the more brittle behaviour of the 
quartz rich rocks. A consequence of this is that a rock type, although 
being in the minority, can host a major portion of the water path ways and 
thus constitute the critical rock medium for radionuclide migration.  

A rock type dominated by quartz and K-feldspar has a relatively low 
capability to form highly sorbing clay minerals and chlorite, which usually 
results in low uptake of trace elements from the water passing by. This is 
also indicated by analyses of gouge samples from the NE-1 zone where 
quite weak enrichments of trace elements were observed.  

A lower capacity to retard radionuclides could thus be expected for 
fracture zones in the fine grained granite than in other rocks at Aspo.  
Furthermore, the low capability to form clay minerals has the 
consequence that the sealing of the zone will be a very slow process, and 
the zone will thus stay water conducting for long periods of time.  

4. GEOCHEMISTRY OF TRACE ELEMENTS (U, Th, Cs, Sr 
AND REE) IN FRACTURE COATINGS AND GOUGE 
MATERIAL 

Trace element data on fracture fillings and gouge materials from fractures 
and fracture zones at Aspl and the entrance tunnel are reported in 
Landstr6m and Tullborg (1990;1993) and Banwart et al., (1994b). The 
materials analysed comprise fillings from water conducting fractures 
(which also have been sampled for groundwater) in borehole KAS 02 and 
KAS 06 and samples from the Redox zone (c. 70 m depth) and the NE-1 
zone (c. 180 m and 400 m depth).  

The studies revealed significant enrichments of certain elements which are 
relevant to nuclear waste disposal, e.g. Th, U, REE and Cs. These 
enrichments are results of hydrothermal events (and other extremes) and 
natural processes which have operated during long periods of time.  
Similar processes (except for the hydrothermal events) are also expected 
to affect the distribution of leached radionuclides within the future 0.1 - 1 
Ma, the time span usually covered by predictive models. A realistic 
measure of the retardation capacity of different fracture mineral 
assemblages would be the portion of an enriched element which has been 
taken up from the fluid phase (net gain). To estimate these portions we
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have applied the immobile element method (c.f. Nesbitt, 1979), assuming 

Zr, Hf and Ti as being immobile, and treated the fracture filling/wall rock 

system in analogy with a weathering profile (i.e. assuming alteration of an 

originally fresh rock surface through different water/rock interaction 

processes). Such a treatment is of course not without objections but has 

given worthwhile pictures of the effectiveness of different mineral 

assemblages in the retardation of radionuclides. A straight interpretation 

of e.g. sources and migration paths of the enriched elements, paleo

chemical environments, sorption processes, sequence of alteration events, 

etc., is difficult or impossible due to lack of additional data.  

Complementary studies aiming to elucidate and better understand 

especially the enrichment processes have therefore been initiated and are 

in progress. These follow two main lines: 

1. Sequential extraction studies. Main purposes are to determine 

a) the distribution of elements on different mineral phases 

b) reversibly and irreversibly sorbed fractions 

c) distribution factors from the reversibly sorbed fraction and 

corresponding groundwater data.  

These experiments are focused on important groups of fracture fillings 

like chlorite and clay minerals.  

2. Studies of ongoing retardation processes in connection with the 

formation of Fe-oxyhydroxide and calcite. These minerals are often 

suggested to be important scavengers of REE, Ra, Th and U.  

Precipitations of Fe-oxyhydroxide and calcite on the walls of the 

underground laboratory at Asp6 offer unique possibilities for such studies 

since e.g. the environmental conditions can be observed directly.  

Although these studies mainly help to specify dominant processes and 

important minerals associated with- and responsible for- the observed 

retardation of trace elements in natural fracture systems, they allow 

validation of certain laboratory data as well (e.g. distribution coefficients).  

A short review of the results of the fracture filling studies is given below, 

emphasising the distribution of important elements and the retardation 

capacity of different fracture filling minerals. Main results of ongoing 

work are also presented and briefly discussed in the following section.  

4.1 TRACE ELEMENTS ENRICHED IN FRACTURE COATINGS 

The uranium and thorium contents in most fracture fillings are generally 

low (U <8 ppm and Th <30 ppm), largely similar to those in the 

bedrock. Exceptions are samples dominated by clay minerals and Fe-
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oxyhydroxide e.g. fine grained samples (enriched in clay minerals) from 
the Redox and NE-1 zones and samples from KAS 02:860-900 m and 
KAS 06:553-557 m. The highest U value is 88 ppm (KAS 06:554.22 m) 
and the highest Th value is 195 ppm (KAS 02:900.15 m).  

Cesium varies between 0.15 to 82 ppm. It is usually low in calcite 
samples but significantly enriched in the clay mineral samples. The 
highest value, 82 ppm, is in a chlorite and mixed-layer clay dominated 
fracture (KAS 16:428.10). Generally, rubidium seems to be correlated to 
Cs.  

The strontium values of the fracture fillings vary within a wide range, 
from below 100 ppm (generally found in the calcites) to 6000 ppm.  
Strontium seems to be significantly enriched in the epidote dominated 
samples.  

The REE contents in most of the fracture filling samples are of the same 
order of magnitude as those in the host rock or somewhat higher (La 
<200 ppm; Lu <1 ppm). Exceptions occur however, like e.g. samples 
KAS 02:900.1 which shows a strong enrichment of LREE (La 980ppm) 
and KAS 02:876.15 m which shows extreme enrichment of HREE. No 
mineralogical explanation can at present be given for these two extreme 
values. Otherwise, high values are associated with samples containing 
calcite and Fe-oxyhydroxide 

4.2 TRACE ELEMENT PATTERNS OF CERTAIN FRACTURE 
MINERALS 

After corrections with the immobile element method, distinct patterns of 
gain and loss were obtained for the different minerals dominating the 
fracture coatings. The major trends of these patterns are summarised: 

Calcite: REE (especially LREE) and to some extent U seem to be 
enriched in the calcite.  

Chlorite: The trace element contents of chlorite dominated samples are 
similar to that of the host rock. Enrichments of Cs and Rb are however 
not unusual. Also Sr sems to be somewhat enriched.  

Hematite/Fe-oxyhydroxide: Enrichments of U, Th and REEs are 
observed in these samples.  

Clay-minerals: Enrichment of Cs is the most evident feature of the clay 
samples (usually dominated by illite rich mixed-layer clays). Also U, Rb, 
Ba, Sr and to some extent Th are enriched in the clay mineral samples.
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SEQUENTIAL EXTRACTION

The sequential extraction scheme used is described by Salbu et al. (1992).  
It is applied to samples which have earlier been irradiated by neutrons and 
analysed for major and trace elements by gamma-spectroscopy 
measurements (INAA). After the extractions, gamma-spectroscopy was 
applied for the measurements of element distribution on the different 
fractions. Advantages with this combination of INAA and sequential 
extraction are that the same sample is used (which can be very small) and 
that several elements are easily studied simultaneously.  

After applying the extraction method to a gouge sample (a mixture of fine 
grained altered rock fragments, mixed-layer clay, chlorite and calcite) 
from the Redox zone the following distribution of Cs was obtained: Of 
total Cs content (46 ppm,) about 4 ppm is original or inert. This portion 
was estimated by the immobile element method with Hf as immobile 
element and the host rock granite as reference. 0.64 ppm is found in the 
two "mobile" fractions (according to Salbu et al., 1992), i.e. the "water 
soluble" and the "exchangable" fractions. The rest (41 ppm) is interpreted 
as irreversibly sorbed and mainly found in the fine-grained fraction of the 
residue (clay and very fine grained particles).  

When relating the "mobile" fractions (0.64 ppm) to the corresponding 
groundwater Cs content, a distribution factor similar to the laboratory 
Kd's is obtained. The total Cs content can thus be divided into an inert 
fraction (4 ppm) and two mobile fractions both of which have been taken 
up from the fluid phase. The smaller one (0.64 ppm) is reversibly sorbed 
whereas the larger one (41 ppm) is irreversibly sorbed.  

4.4 STUDIES OF TRACE ELEMENT UPTAKE IN FRESH 
PRECIPITATES OF FE-OXYHYDROXIDE AND CALCITE 

Fe-oxyhydroxide and calcite are fracture minerals in which enrichment of 
REE, U and Th are often observed. Both these minerals precipitate, due to 
Fe(II)(aq) oxidation and degassing of C0 2 , when groundwater emerges 
from fractures into the Asp6 tunnel. The precipitates found on the tunnel 
walls are built up of layers with varying thicknesses. All precipitates 
contained 6-12 % Ca (as calcite).  

The following elements and radionuclides have been accumulated in the 
precipitates (i.e. by uptake from the fluid phase): Sr, Ba, REE, Sc, U, 
Ra-226, Ra-228, Th-228 and probably also Th-232. The concentrations of 
Al, Na, Rb, Cs, Sb, Co, and Cr are usually low and, like the immobile 
elements Hf and Ta, mainly held in contaminating rock fragments.  

The concentrations of enriched elements and radionuclides vary strongly 
between different fracture zones, probably reflecting differences in water
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chemistry, host rocks and fracture minerals as well as physical and 
hydrological conditions. The following review is focused on samples from 
the Redox and NE-1 fracture zones.  

Sr correlates with Ca. Most Sr is found in the carbonate phase, as 
revealed by the sequential extraction. Sr is also high in the pure calcite 
minerals separated by handpicking. This is surprising as the Sr content in 
the fracture coatings analysed is usually low. The Sr/Ca ratio in the 
precipitate is similar to that in groundwater, suggesting co-precipitation of 
Sr with Ca.  

The main part of Ba is associated with Fe. According to the sequential 
extraction experiments the specific uptake is, however, higher for calcite 
than for Fe oxyhydroxide. Similar Ra-226/Ba ratios in groundwater and 
precipitates indicates that the behaviour of these elements is the same, 
which is also expected from the similarities in chemistry between the two.  
A comparison between the Ra-226/Ba ratio in groundwater and host rock, 
respectively, suggests alpha recoil effects (affecting only Ra) being more 
important in releasing Ra in the present environment than are chemical 
processes (affecting both Ba and Ra).  

Th and U are generally low, less than 3 and 6 ppm, respectively.  
Uranium is however, significantly higher in the NE-I samples. Deposition 
of Th-232 in the Redox samples is indicated.  

Th-228/Ra-228 activity ratios exceeding unity in precipitates from the 
Redox zone suggest deposition of Th-228 from the groundwater and thus 
strongly indicate mobility of Th-228 in the present system. Redistribution 
of Th isotopes and subsequent sorption on surfaces of e.g. clay particles 
favours release of Ra isotopes through cc-recoil. Such processes may 
explain the preferential alpha recoil release of Ra and also the relatively 
high Ra-228 activities in the samples from the NE-1 zone.  

A comparison of Ra-226/U-238 activity ratios in precipitates and 
supplying groundwater, respectively, suggests uptake of Ra in the 
precipitates in preference to U. Marked differences in the Ra-226/Ra-228 
ratios between the Redox and the NE-i zones may reflect the U/Th ratios 
of the host rocks (Sm~land granite and Fine grained alkali granite, 
respectively), but is more likely an effect of higher water flow in the NE
1 zone.  

The REE differ markedly between samples from the NE-1 zone and the 
Redox zone, both in concentration levels and chondrite normalised REE 
patterns. The NE-l samples are characterised by low La/Yb ratios (c. 2) 
and pronounced negative Eu anomalies whereas the Redox samples have 
La/Yb ratios of c. 15 and insignificant Eu anomalies. The La contents are 
15-30 and 100 - 150 ppm in the Redox and NE-1 samples, respectively.  
Whether these differences depend on different host rocks, fracture fillings, 
water chemistry etc. is not clear.

A-36



High concentrations of the light REE (La/Yb = 86) was observed in pure 
calcites, found in the Redox precipitates. This suggestes co-precipitation 
with Ca, controlled by similarities in ion radii.  

5. CONCLUDING REMARKS 

The bedrock at Asp6 consists of granitoids of c. 1800 Ma. Since then a 

number of alteration events have affected the bedrock. Hydrothermal 

events occurred in Precambrian time and subsequent low temperature 
alterations have taken place.  

Most fractures and fracture zones at ,sp6 show a pattern of repeated 

reactivation involving hydrothermal as well as low temperature alteration.  

Enrichments of REE, U, Th and Cs are observed in the fracture fillings.  

Specific trace element patterns are usually associated with different 
mineral assemblages.  

Studies of fresh precipitates confirm observations from the fracture filling 

studies e.g. that REE are retarded by calcite and REE and Th by Fe

oxyhydroxide. These elements are probably co-precipitated and 

irreversibly bound.  

Present mobility of Th is strongly indicated by Th-228/Ra-228 
disequilibria observed in precipitates from the Redox zone.  

Ra seems to be efficiently retarded in the precipitates; in analogy with Ba 

probably by both calcite and Fe-oxyhydroxide. It is not clear whether 

sorption or co-precipitation is the dominating mechanism.  

The mobile elements Cs and Rb are not retarded by Fe-oxyhydroxide and 

calcite but both are strongly sorbed by clay minerals (ion exchange).  

However, large amounts seem to have been transferred into more 

irreversible positions. This focuses on the importance of processes not 

usually incorporated in the Kd-concept.
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A.4 Trace Elements in Waters of Low-Conductivity Rocks 

at the Aspoi Hard Rock Laboratory 

Liisa Wikstrwm 
Abo Akademi University 
Abo, Finland 

1. INTRODUCTION 

Analyses of the contents of chemical elements in deep groundwater are 

normally aimed at the determination of the composition, the origin and the 

flow paths of water and at the establishment of the origin of mobile 

components in water. Water is normally sampled in high-conductivity 
zones, where the circulation is fast. Therefore, such waters are usually 

mixtures of components having different origins, which renders the 

interpretation difficult. Also, research has been focused on the major 

components, while trace elements have been analyzed only to a limited 

extent. In low-conductivity zones very stagnant water may occur, which 

may give clues to old water circulation systems, unaffected by the present 

topography. However, because of technical difficulties, water from low

conductivity zones (hydraulic conductivity < 10-9 m-2) have not been 

sampled for analysis prior to this study.  

With present advanced technology it is possible to analyze trace elements 

in surface waters at a reasonable price and with an acceptable precision.  

However, the high contents of major cations and anions in deep 

groundwater make analyses of untreated samples difficult. Samples have, 

therefore, been strongly diluted prior to analysis, which lowers the 

concentration levels of most trace elements below detection limits.  

2. OBJECTIVES 

The project was aimed at the following objectives: a) to find a reliable 
method or combination of methods to analyze trace elements in very saline 

water (Cl- content between 4000 and 6000 mg/L), b) to compare the prices 

and the reliability of analyses, c) to study the geochemical interactions 

between water and rock, d) to study the geochemical differences between 

waters in low- and high-conductivity zones and e) to find out how the 

sampling should be technically carried out and whether it is possible to get 
samples without contamination.
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3. METHODS

Two drill holes in different lithologies in low-conductivity rocks were 
samples. Both drill holes were packed-off to be able to estimate how the 
trace element content differs over short distances and how the mineralogy 
of the rocks influence the element content of the water. Trace element 
concentration in water sampled from the high-conductivity zones (about 
1000 m upward and downwards from the sampled low-conductivity zones 
along the HRL tunnel) is compared with the concentration in water from 
the low-conductivity zones to evaluate the possible content difference 
between low- and high-conductivity zones. The sampling in low
conductivity zones was performed four times under three months to 
estimate the time-dependent content differences. Duplicate samples were 
sent to three commercial laboratories for analysis. Mainly analytical 
quality aspects (objectives above) are reported below.  

4. QUALITY CONTROL OF THE WATER ANALYSES 

Duplication of all samples and inclusion of blank and diluted samples was 
done for the quality control of the concentrations reported for the chemical 
elements by the different laboratories. In addition, all samples were 
numbered in random order for surveying the biases in the analysis. Non
parametric statistical methods (correlation coefficients and calculation of 
the error variation) were employed. Based on these analyses, especially on 
the scattergrams and box plots, the elements were grouped into four classes 
according to the quality of the analyses; excellent, good, poor and probably 
contaminated elements (Table 1).  

5. CONCLUSIONS 

The contents of elements classified as excellent or good in Table 1 can be 
used for comparative studies. LAB 3 managed to analyze the largest 
amount of trace elements with acceptable reproducibility. Element 
concentrations (not shown) display a clear difference between different 
lithologies. Some elements show an obvious concentration difference 
between low- and high-conductivity zones.
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Table 5.1 Quality Classification of the Analysis of Elements. Grouping of 

Elements is Based on the Interpretation of Scattergrams and Box Plots 
(see text).  

LAB I LAB 2 LAB 3 

0 20 

Element 

Na x 
K x x 

Mg x x 
Ca x x 

Sr x x 
Li x x 

Mn x x 

Fe x 
Si x 
Be x 

Y x X 
Pr x 
NU x 
Yb x 
La x x 

Ce x x 
Gd x 

Zn-64 x 

Zn-66 x 

Br X 
Rb X 
U x 
Mo x 

Cs x 

Ba x 
Co X 

Zr x 

w x 

Zn X 
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Groundwater Predictions in the Aspo HRL Tunnel

Christina SkArman and Marcus Laaksoharju 
GeoPoint AB 
Sollentuna, Sweden 

1. BACKGROUND AND AIM 

In order to prepare for the siting and licensing of a spent fuel repository 
SKB has decided to construct a underground research laboratory. The pre
investigations for the ksp6 Hard Rock Laboratory (HRL) started in 1986.  
The pre-investigations phase involved extensive field measurements from 
the surface as well as from boreholes, aimed at characterizing the rock 
formation with regard to geology, geohydrology, hydrochemistry and rock 
mechanics. Prior to excavation of the laboratory, predictions for the 
excavation phase were made. These predictions are based on data collected 
during the pre-investigations conducted between 1986 and 1990. The 
excavation of the laboratory started during autumn 1990. Comparisons 
between the predictions and the observations have been made during 
excavation in order to verify the reliability of the pre-investigations 
(Wikberg et al., 1994).  

In the reports (Gustafson et al.,1991), predictions of groundwater 
chemistry on site scale (500 m) in the tunnel were performed. The 
predictions were based on a combination of expert judgment and principal 
component analysis. This paper presents a comparison between the 
groundwater chemical predictions and the measurements for the 650-2200 
m section of the Asp6 Hard Rock Laboratory. To improve the 
methodology of making geochemical predictions, principal component 
analysis, linear regression and neural networks are compared. The data 
from the boreholes close to the tunnel is used to predict the conditions in 
the tunnel. The accuracy of the predictions is then checked with the 
observed chemistry in the tunnel.
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2. STRATEGY FOR TESTING THE DIFFERENT 
PREDICTION METHODS 

The data set was divided in two parts: borehole data from the pre
investigations (43 observations) and tunnel data from the documentation 
(22 observations). The major components (Cl, Na, Ca, HCO3 and SO 4 ) in 
the borehole data are used to predict the same constituents in the tunnel 
(these major components are known to describe the chemistry of the 
groundwater).  

The detailed strategy was: a) only data from the nearby boreholes were 
used to predict the tunnel chemistry, b) only the "first strike" (first sample 
in the monitoring sequence) from the boreholes were used and c) only 
"first strike" data from the tunnel were used to check the outcome of the 
predictions. This strategy was applied to predict and observe the 
undisturbed situation before the short-circuiting and after the drainage has 
caused artificial mixing.  

The available boreholes drilled in the area close to the tunnel were 
evaluated (Figure 2.1). A vertical cross-section was drawn to make two 
dimensional projections possible. From the borehole candidates only 
boreholes in the near vicinity of the tunnel were selected for further 
evaluation: HAS05, HAS13, HBH0l; 02, KAS02; 04; 05; 06; 07; 08; 09; 
11; 12; 13 and KBHO2 (Figure 2.2). The tunnel face position (the position 
of the observation in relation to the tunnel) and the vertical depth (from the 
surface) were derived.  

For the tunnel data the observations HA, KA and SA which were in the 
range ± 20 m from a fracture zone were by definition set to represent the 
chemistry in that particular zone. The exact tunnel face position for the 
individual fracture zones were determined by calculations (pers. comm., 
Per Askling, 1993) (Figure 2.3). A cross-section showing the distribution 
of the borehole and the tunnel data is shown in Figure 2.4. The vertical 
depth and tunnel face position (seen in Figure 2.4) were used as 
independent variables in the predictions.  

The borehole data and the tunnel data were provided from the SKB 
database GEOTAB (pers. comm. Ann-Chatrin Nilsson, 1993). The 
calculations of the tunnel face position and the vertical depth for the 
borehole and tunnel data were conducted by using the database and CAD 
system at GEOSIGMA AB (pers. comm. Per Askling, 1993).
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Figure 2.1. The available boreholes drilled close to the tunnel 
(original picture produced by GEOSIGMA AB), and a vertical 
cross section (dashed line) on which two dimensional 
projections are made (Figure 2.2 and 2.3).  
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Figure 2.2. Cross section of the selected boreholes in relation 
to the tunnel: HAS05, HAS13, HBHO1; 02, KAS02; 04; 05; 
06; 07; 08; 09; 11; 12; 13 and KBHO2 (Per Askling pers.  
comm., 1993).

Figure 2.3. Cross section of predicted fracture zones intersecting 
the tunnel (Per Askling, pers. comm., 1993).
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Figure 2.4. A cross section of the distribution of borehole and 
tunnel data. The vertical depth and tunnel face position were 
used as independent variables in the predictions.  

3. TESTED PREDICTION METHODS 

3.1 PRINCIPAL COMPONENTS 

The values to be predicted could be considered as missing data in a matrix.  
The principal components are computed directly from the known data 
values. The probable values of the unknown data are then calculated by 
means of inverse rotation of the computed scores (Forina et al., 1988). The 
method used was Fillas in the computer program PARVUS (Forina et al., 
1988).
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3.2 LINEAR REGRESSION

The multiple linear regression model is based on the least-square method 
that minimizes the distance between the observed values and the equation 
of the model. The linear regression model states the following 
assumptions. The observations are independent, normally distributed, the 
variance is the same, and the relationship between dependent and 
independent variables is linear (Kleinbaum et al., 1988). The used 
computer programs were STATISTICA (1993) and STATGRAPHICS 
(1991).  

3.3 NEURAL NETWORKS 

Artificial neural networks contains artificial neurones organized in layers 
and connected to each other in a complicated way simulating the human 
brain. Each neurone in a layer is connected to all neurones in the previous 
and the following layers. The connections between the neurones have 
different strengths. The neurone computes its output signal as a weighted 
sum of its input signals. Neural networks learns by associations, from 
examples, by comparison, and by repetition. When training, input-output 
pairs are presented to the neural networks. From the input data the neural 
networks computes an output, compares the output to the correct output 
and then changes the connection strengths to minimize the differences. The 
training is done iteratively and the adjustments of the connection strengths 
are very small each time, so if the training works the connection strengths 
converge to a solution. Even if it is impossible to obtain a final solution the 
constructed neural network can be useful for predictions. The user can 
interrupt the training and use the so far trained network as if it was fully 
trained. A neural network does not demand any assumptions to be met, but 
associates freely between independent and dependent variables. The neural 
network often determines and uses subtle relationships in the data that 
otherwise are not detected. The neural network is non-linear, highly 
interconnected and is therefore capable to capture complex relationships 

between input and output. Thus, the neural networks posses an ability to: 
solve complicated non-linear problems, generalize, analyze large amounts 
of data, extrapolate and to optimize data. The software BrainMaker 
Professional (1990) has been used to create, train and run neural networks 
(Hecht-Nielsen, 1991; Hertz et al., 1991; Lawrence, 1992).  

4. RESULTS OF THE PREDICTIONS 

Tunnel data are predicted using the pre-investigation data from the deep 
boreholes at Aspb. The predicted values for the elements Cl, Ca, Na, SO 4 

and HCO 3 by using principal components, linear regression and neural 
networks compared to measured tunnel data are shown in Figure 4.1.  
Vertical depth and tunnel face position were used as independent variables.
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Figure 4.2 show the observed and predicted values made by the neural 
network with a higher resolution. The natural element variation (except Ca) 
are captured well by the prediction. No other model seems to be able to 
predict the element changes with the same accuracy.  

As appears in Figure 4.1 the changes of the element concentrations are 
non-linear with increasing tunnel face position in the range 650 - 2200 m.  
The only element that may be linearly related to changes in tunnel face is 
SO 4 . Since the relationships between the elements and the independent 
variables (vertical depth and tunnel face position) are not linear, a linear 
model such as principal components and linear regression can not describe 
nor predict the relationship in an accurate way.  

The model based on principal components describes poorly the real change 
of Cl composition versus tunnel face position. (Figure 4. la). The linear 
regression model predicts Cl better than the model based on principal 
components but the regression direction is erroneous, positive instead of 
negative. The neural network, on the other hand, predicts overall slightly 
to high values but captures the natural variation of Cl versus tunnel face 
position. This can been seen with a higher resolution in Figure 4.2a.  

All three prediction models fail to predict Ca (Figure 4. lb). The observed 
Ca shows a slightly negative trend versus tunnel face position. The model 
based on principal components predicts an increasing positive trend. The 
linear regression model does a similar prediction but shows a flatter trend.  
The neural network predicts also a positive trend and fails to capture the 
trend of Ca, towards a lower concentration.  

When predicting Na, the model based on principal components makes, 
except for the position 2100 m, a poor prediction (Figure 4. lc). The trend 
of the model is clearly positive when the natural Na behavior show a 
slightly negative trend. The linear regression model predicts a slightly 
positive trend, which corresponds to the observed trend although the 
observed trend is not linear. The neural network predicts accurately most 
of the observations and has excellently captured the natural variation of Na 
(Figure 4.2c).
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There are not much difference between the predictions of the model based 
on principal components and the linear regression model for SO 4 (Figure 
4. ld). The linear regression model gives an overall somewhat lower value 
and a slightly steeper trend, which in this particular case gives slightly 
better predictions. The neural network predicts concentrations that are too 
low, up to the 2000 m position, but has on the other hand found the 
observed wave form of S04.  

The model based on principal components fails completely to predict 
HCO 3 (Figure 4.1e). The lowest and the last observations (the most 
extreme?) are surprisingly well predicted. The linear regression model 
predicts a linear relationship and fails to predict HCO3 between the tunnel 
face position 900-1300 m. The neural network predicts somewhat low but 
captures the natural variation of HCO3 observed in the tunnel.  

5. DISCUSSION 

The strategy of the predictions was to keep a simple and straight forward 
approach which is easy to repeat. The policy to select only the earliest 
borehole observations in the modelling and to compare the predictions with 
the earliest measured tunnel data make the predictions more accurate in 
some parts of the tunnel. The borehole data and the tunnel data varies in 
different ways and the tunnel construction has probably affected the tunnel 
data. The non-linear relationship of the elements to the tunnel face position 
and depth is the main reasons for the failure of the linear prediction 
models. There are presumably several other factors than the selected 
independent variables that affect the variations of the element 
concentrations e.g. hydraulic conditions and parameters.  

The model based on principal components is originally designed to predict 
partially missing data in a data set. The method is not designed to make 
predictions where several columns are missing in combination with a 
possible over-sensitivity for outliers. This may explain the poor accuracy 
of the predictions compared with the results of linear regression and neural 
networks. The uncertainty of the predictions made by the principal 
components is unknown but assumed to be large.  

Regression analysis is the standard statistical group of methods used for 
these kind of predictions. Several independent variables simultaneously in 
combination with non-linear relationships makes the selection of model 
difficult. There are often several possible candidates. Generally a linear 
regression model is applicable on a non-linear system. This is obviously 
not always the case in groundwater chemistry. An erroneously selected 
non-linear model could result in large unknown uncertainty of the 
predictions. A linear model was therefore chosen although the criteria for a 
linear regression model could not be met. Non of the elements in the 
borehole data are definitely neither normally nor log-normally distributed.  
The real distribution is difficult to obtain from 43 observations. The
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analysis of the residuals indicates that the variance of the observations 
differ. The linear regression model predicts poorly: Cl, Ca, Na, and 
HC0 3 . The average standard deviation of the predictions are: Na=624 
mg/L, Ca=405 mg/L, HCO 3 =116 mg/L, S0 4 =61 mg/L and C1=1785 
mg/L. All standard deviations for the predictions are reported in Wikberg 
et al. (1994).  

The software Brainmaer is adjusted to create and train neural networks for 
pattern recognition (e.g. numbers) and to predict small changes (e.g. a day 
to day change). Brainmaker is not originally designed to train networks for 
predictions of the type discussed here. The neural network learned with a 
determined tolerance of 0.1 and with 2 hidden neurone layers 86 % of the 
patterns in the borehole observations and learned partially 94% of the 
observations. The tolerance 0.1 corresponds in absolute numbers to 
Na=289 mg/L, Ca=367 mg/L, HCO3 =82 mg/L, S0 4 =55 mg/L and 
C1=1109 mg/L. The reason for the network not to completely learn the 
observations are probably several, among other: the data varies sometimes 
in a way hard to systematise, the dependent variables are highly affected by 
other factors than the chosen independent variables and Brainmaker is 
adjusted to construct other types of networks. The training was interrupted 
after 19898 iterations, when the network was indicated to perform at its 
best. Despite of all sources of errors, known and unknown, the network 
captures the system and succeeds to predict the measured tunnel data, 
except for Ca from variations in borehole data. The model has learned 
borehole data extremely well, which may be the reason why Ca is 
predicted poorly since the element varies differently in the boreholes than 
in the tunnel. The predictions for CI and Na are slightly too high and of 
S04 and HCO 3 slightly too low.  

To describe mathematically the observed variability and distances between 
predictions and observations a model which describes linear similarities or 
dissimilarities are often used. Since the neural network is a non-linear 
model a linear method is not applicable to mathematically prove which of 
the three models have the highest accuracy. The comparison must therefore 
rely on the result seen in Figure 5. Neural network predicts best the tunnel 
observations and the network has captured the general variation in the 
element changes. The linear regression model is second best and the model 
based on principal components is the poorest in the comparison.  

ACKNOWLEDGEMENTS 

The authors would like to thank Peter Wikberg (SKB) for helpful 
discussions. This work was financed by SKB.

B-55



REFERENCES

BrainMaker Professional (1990). Simulated biological intelligence.  
California Scientific Software. Grass Valley, California, USA.  

Forina M., Leardi R., Armanino C. and Lanteri S., (1988). PARVUS.  
Elsevier Science Publisher B.V., Amsterdam.  

Gustafson G., Liedholm M., Rhdn I., Stanfors R. and Wikberg P., (1991).  
Asp6 Hard Rock Laboratory. Predictions prior to excavation and the 
process of their validation. The Swedish Nuclear Fuel and Waste 
Management Company (SKB). Report TR 91-23, Stockholm.  

Hecht-Nielsen R., (1991). Neurocomputing. Addison-Wesley Publishing 
Company, Reading, Massachusetts.  

Hertz J., Krogh A. and Palmer R. G., (1991). Introduction to the theory 
of neural computation. Addison-Wesley Publishing Company, Reading, 
Massachusetts.  

Kleinbaum D. G., Kupper L. L. and Muller K. E., (1988). Applied 
regression analysis and other multivariable methods. PWS-KENT 
Publishing Company, Boston.  

Lawrence J., (1992). Introduction to neural networks and expert systems.  
California Scientific Software, Nevada City.  

STATGRAPHICS (1991). Statistical graphics system, Statistical Graphics 
Corporation, Rockville, Maryland.  

STATISTICA (1993). CSS. Complete Statistical System, StatSoft Inc.  
Tulsa.  

Wikberg P., SkArman C., Laaksoharju M. and Ittner T., (1994).  
Groundwater chemistry and transport of solutes. Evaluation of the data 
from tunnel section 1475-2265 m. The Swedish Nuclear Fuel and Waste 
Management Company (SKB), Report PR 25-93-12, Stockholm.

B-56



B.2 Mixing Calculations: a first step in the modeling of a 
natural groundwater system 

Marcus Laaksoharj u 
GeoPoint AB 
Sollentuna, Sweden.  

ABSTRACT 

The measured groundwater composition is a product of water/rock 
interaction and mixing processes. In order to examine reactions and hence 
understand the groundwater evolution taking place in natural systems, 
these processes must be separated. This is a first attempt to reduce the 
effect on the chemical composition due to mixing. The mixing process is 
often complex and can involve several end-members. In this study a 
simple two component mixing model is demonstrated. The model used 
may certainly oversimplify a natural system, still the simple model can be 
a first step in modelling complex systems often found in the nature.  

1. BACKGROUND AND INTRODUCTION 

The Swedish Nuclear Fuel and Waste Management Company (SKB) is 
currently excavating an underground experimental laboratory, the Asp6 
Hard Rock Laboratory, planned to be located some 450 m below the 
island of Asp6 which is located in the Simpevarp area, south-east Sweden, 
about 20 km NNE of Oskarshamn (Figure 1.1). The construction of an 
underground laboratory forms part of the overall SKB strategy to test, not 
only the construction techniques for deep excavation, but also the various 
methods and protocols required to obtain a three-dimensional model of the 
geology and groundwater flow and chemistry, within a fractured 
crystalline bedrock similar to that envisaged for the final disposal of spent 
fuel. It therefore represents a unique opportunity to study groundwater 
evolution, in a fairly well constrained environment, in terms of 
hydrogeology, water/rock chemistry and mixing modelling.  

All the groundwaters are in various degrees a result of water/rock 
interactions and mixing according to:

B-57

I Groundwater composition = Mixing processes + Water/rock interaction I



In order to better understand groundwater evolution the effect from these 
two important processes has to be separated. These processes are anyhow 
very complex including fast/slow precipitation or dissolution reactions in 
combination with multi-end member mixing processes. Here a simple two 
component mixing model is demonstrated. Although there is risk of 
oversimplification, the method can certainly be used to indicate the major 
reactions and mixing processes taking place in a well defined groundwater 
system.
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Figure 1.1. The location of Aspo. The location and the hydraulic 
dip of the fracture zone EW-1 is shown in the detailed picture.  

Such a system is one of the shear zones, EW- 1, (see Figure 1.1) which 
has a major influence on the groundwater chemistry at Asp&. The 
hydraulic conductivity is low where the fracture zone intersects the surface 
of Asp6 in the center part of the island. There is significant recharge, 
however, at the more extreme reaches of the fracture zone where it
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intersects the island surface near the shores of Aspo. The influence of this 
recharge on the groundwater flow is well investigated.  

Zone EW-1 is 50-100 m wide extending to at least 600-700 m depth 
(Wikberg et al., 1991). Geohydrological information is available from the 

drillhole KAS04 (0-185 m) with interference test data from KAS03 (349
373. 455-475, 610-622, 691-694 m) and from downhole spinner surveys 
(Nilsson, L. 1989 and Rhdn, 1. 1989). Groundwater sampling within the 
zone or in the near-vicinity has been performed in HAS05 (45 m), KAS03 
(347-374, 453-480, 609-623, 690-1002, 860-1002m) and KAS04 (226
235, 334-343m). The groundwater data used here is from the SKB 
database GEOTAB and is listed in Smellie and Laaksoharju (1992).  

HYDROGEOCIIEMICAL FEATURES OF THE ZONE 

The salinity within EW-1 is generally more diluted when compared with 
samples from other boreholes at corresponding depths.

Figure 2.2. Schematic diagram of EW-1 indicating major flow 
path directions versus depth, some of the penetrating boreholes 
and the general groundwater chemistry in the zone are shown.
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For Asp6 as a whole, and zone EW-1 in particular, there are two main 
groundwater flow directions; downward flow of shallow fresh/brackish 
water (with a subsidiary marine component) and potentially the very slow 
up welling of deep saline groundwaters (Figure 2.1). The mixing interface 
is estimated to be at a depth of 400 m.  

The groundwaters are changing from Na-Ca(Mg):CI-HCO 3 type in the 
shallow part (45-250m) to Na-Ca(Mg):C1-SO 4 type at the intermediate 
level (250-650m) and the deepest level (650-1000m) is characterised by a 
more Ca-rich water of Ca-Na(Mg):C1-SO 4 type (Smellie and Laaksoharju 
1992). The pH is ranging from neutral to moderate alkaline (7.3-8.5 
units). The effect from shallow input is described by increased values of 
HCO 3 and TOC. The calculated pCO2 pressures appears to be one of the 
most sensitive parameters for shallow input, indicating open conditions 
(>-3.5 log units) down to 400 m and a closed system (<-3.5 log units) at 
greater depths (Figure 2.2).  

Despite the shallow water component detected in zone EW-1, coupled 
with the fact that the zone is hydraulically active, both the measured and 
the calculated low redox potentials (-250 to -320 mV) indicate how rapid 
and efficient the redox buffering is (measured Eh in-situ technique 
according to Wikberg, 1992 and calculated Eh according to Grenthe et al.  
(1992). This compares favourably with the results from the redox 
experiment at shallow depths at Asp6 (Banwart et al., 1993).  

3. MIXING MODELLING 

3.1 MODEL 

Constituents such as Cl, Br, Sr and Li are water conservative elements 
and can therefore be used in the mixing calculations (Laaksoharju, 1990).  
Here, the Cl composition is used as an inert tracer. As native end
members, the groundwater compositions of KAS03: 802-1002 m (deep 
component) and HAS05: 45 m (shallow component) were used. A sea 
water mixing model was also tested, but of the selected end-members, the 
shallow-deep water mixing model seems to describe the system better.  
However, this does not mean that sea water influx is less important, as 
indicated by a close to sea water Cl/Br ratios in the more shallow waters.  
The Cl content from each of the two selected end-members was then 
mixed in portions necessary to achieve the measured Cl contents of the 
other samples in the fracture zone being studied.  

The following steps were followed: mixing ratio calculations followed by 
deviation calculations (see equation#l, #2 and #3). The former describe 
the necessary portions of water needed from both end-members to achieve 
the Cl content measured in the new sample. The latter are used to predict 
new values for Na, Ca, HCO 3 , Cl and K etc. The predicted values are 
then compared to the measured values expressed in mg/L, or as here a
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relative deviation expressed in %. Little or no deviation from the model 
predictions indicates that the concentration can be adequately explained by 
mixing; large deviations indicate sources or sinks for a particular element 
that are not accounted for by the mixing model. The reason for the 
deviation may be reactions or other influences from unknown end
members.  

Mixing calculations 

The mixing ratio for the deep and shallow end-member is calculated 
according to the formula: 

Deep Mixing Ratio = (X-A)/(B-A) Equation #1 

where: 
X = measured Cl (mg/L) concentration 
A = measured Cl ( mg/L) concentration of end-member 1 

(shallow) 
B = measured Cl (mg/L) concentration of end-member 2 (deep) 

Shallow Mixing Ratio = 1 - (Deep Mixing Ratio) Equation #2
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Deviation calculations 

The deviation (%) from the mixing model for respective elements is 
calculated according to the formula: 

Deviation = (A-((B*C) + (D*E))) *100/A Equation #3 

where: 
A = measured element (mg/L) concentration 
B = mixing ratio for end-member 1 (shallow) 
C = measured element (mg/L) concentration for end-member 1 

(shallow) 
D = mixing ratio (1 - B) for end-member 2 (deep) 
E = measured element (mg/L) concentration for end-member 2 

(deep)



RESULTS

The mixing model (equation #2) is used to calculate the percentage 
portions of shallow water input into the zone EW-1 (Figure3.1). The 
interface between these two end-members is clearly seen at around 400 m 
depth.
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Figure 3.1. Zone EW-l: shallow water input vs. depth.  

Large deviation from the mixing model (equation #3) is believed to be due 
to water/rock interactions. Positive value indicates gain, negative value 
indicates loss of that particular element from the water. Little to no 
deviation from the mixing model indicates mixing. The behaviour of Na, 
Ca, HCO 3 , Cl, K, Mg, Fe, TOC and SO 4 is illustrated in Figures 3.2 
and3.3.  
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Figure 3.2. a) Na, Ca relative deviation from the two component 
mixing model, and b) HCO3 and Cl deviation (positive value = 

gain, negative value = loss, close to zero = mixing).
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Figure 3.3. a) K and Mg relative deviation from the two 
component mixing model, and b) Fe and TOC (total organic 

carbon) deviation, and c) SO 4 deviation (positive value = gain, 

negative value = loss, close to zero = mixing).  

DISCUSSION AND CONCLUSION 

The observed trends in zone EW-1 reflect the general patterns found for 
the whole area. The main areas of rock/water interaction fall into three 
categories; upper 250-300 m where calcite (and the Fe-system) dissolution 
and precipitation is one of the dominant reactions occurring, together with 
subordinate ion-exchange; intermediate 300-600 m where most ions show 
uniform trends which may be due to more limited water/rock interactions 
taking place as the groundwaters begin to equilibrate (chemically and 
hydraulically) at greater depths; and greater than 600 m where deep saline 
groundwaters are mixing at the interface with the intermediate type.
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Deviations from the mixing model, for example, for Ca and Na may 
indicate ion exchange since Na is gained (positive value) simultaneously 
with the loss of Ca (negative value). The deviation for HCO3 , may reflect 
the calcite precipitation/dissolution processes inferred above. The initially 
high S04 deviation may be due to the oxidation of pyrite or gypsum 
dissolution, although gypsum instability is not considered to play a major 
role. The marked change of sulphate to a negative deviation around 250
300 m is believed to be due to bacterial reduction. The iron content in 
groundwaters from 0-50 m generally show high (>2 mg/L) values 
resulting from oxidation and weathering of Fe-minerals such as biotite, 
chlorite and sporadically pyrite. Thereafter, with increasing depth there is 
normally a steady decrease in iron content. These reactions essentially 
reflect, for example, the changing groundwater redox conditions leading 
to the precipitation of amorphous Fe-oxyhydroxides which commonly line 
some of the fracture surfaces. These precipitation (and probably also 
sorption processes) can explain some of the relative deviation patterns 
observed for Fe. The total organic carbon (TOC) is lost with depth, 
presumably as a result of oxidation as discussed by (Grenthe et. al., 1992; 
Banwart et al., 1993). The organic carbon is believed to play an important 
role when using bacteria as a catalyst when reducing oxygen, trivalent 
iron and sulphate.  

Some of the deviations around the mixing line may be artificially induced 
by the pumping and sampling activities in the various boreholes which 
may indicate changes in pH and Eh. In particular, calcite precipitation can 
result when calcite over saturated or near-equilibrated groundwaters are 
pulled into contact with similar groundwaters and mixed. In general, 
however, rock/water interactions in combination with the mixing of 
different end-members mostly account for the changes observed in the 
water chemistry along zone EW-1. This is furthermore supported by 
preliminary modelling using the NETPATH program (Plummer et al., 
1991). The mixing modelling was used at Asp6 (Smellie and Laaksoharju, 
1992) and more recently in the field scale redox experiment (Banwart et.  
al., 1993). In the latter case the results are in good agreement with present 
modelling based on geohydrological measurements.  

The draw back of the method is a possible sensitivity of selecting a correct 
end-member. An incorrect end-member may especially in a two 
component system lend bias to the calculations. The selection of an end
member is anyhow often an optimisation problem which means that there 
are often several solutions to the problem. Multivariate methods such as 
Principal Component analysis have been shown to be helpful in finding 
the amount and the most feasible end-members in the system. Although 
end-members are only relative reference points, a geographically close 
end-member often has a better chance to correctly describe the evolution 
taking place.
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The mixing modelling seems to be a useful first step when new 
groundwater systems are to be modelled. Despite the risk of simplification 
the suggested method can be helpful to enlighten some of the important 
processes taking place in natural groundwater systems.  
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ABSTRACT 

Construction of the access tunnel to the Asp6 Hard Rock Laboratory 
intersected a vertical fracture zone under HA16 island. The hydrogeology of 
this zone was monitored during three years for studying the hydrochemical 
changes, especially oxygen intrusion, affected by construction of a deep 
repository for high-level waste. In order to model the hydrochemical 
evolution during this large scale redox experiment, the principal processes, 
conservative mixing and/or chemical reactions, controlling the changes in 
the concentration of elements must be solved. The end-member testing is 
an approach, using normal univariate diagrams, to get basic information of 
possible mixing end-member waters, and conservative and reactive tracers.  

The results suggest that magnesium, potassium and lithium behave like 
conservative tracers during the experiment. Sodium, sulphate, bicarbonate 
and calcium need significant sources and sinks in comparison to predicted 
inmixing end-member waters, which were shallow recharge above the 
tunnel, native groundwater in the tunnel level and sea water around the 
HA16 island. However, input of sea water seems improbable, but there is 
evidence of an extensive shallow groundwater flow from the side. This 
inflow has characteristic chemistry and probably decreases the quantity of 
chemically reactive sodium, sulfur, carbon and calcium based on two end
member mixing of the native groundwater and the shallow recharge.
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1. INTRODUCTION

On March 13, 1991 construction of the access tunnel to the Asp6 Hard 
Rock Laboratory intersected a vertical fracture zone at a depth of 70 
metres under the HA16 island. The fracture zone hydrochemistry was 
monitored during the subsequent three years. Sampling was performed 
from surface boreholes, intersecting the zone in shallow (HBH02) 15 m 
depth and intermediate (HBH01) 45 m depth, in addition to three boreholes 
(KROO12, KROO13 and KROO15) drilled horizontally into the fracture from 
the tunnel. The initial sampling through a borehole (KA483A), before the 

tunnel intersected the zone, helps establish the undisturbed chemistry of 
the site, and provides a reference against which the subsequent changes can 
be compared (Banwart et al. 1992, 1993).  

In order to model the geochemical evolution during the experiment, the 
principal processes controlling the changes in hydrochemistry must be 
identified. Mixing of different waters of the test site is assumed to be the 
dominant evolutionary process during the experiment due to the short time 
period available for water-rock interaction. If the groundwater end
members taking part in mixing and the mixing ratios were known, it would 
be possible to evaluate and calculate the water-rock reactions controlling 
the basic hydrochemistry during the experiment. This also forms a basis for 
subsequent modelling of trace element behaviour. Figure 1.1 shows plan 
and section views of the fracture zone, and the locations of the sampling 
boreholes.  

1.1 METHODS 

Normal univariate diagrams, ions plotted against chloride, have been used 
in end-member testing. Chloride has been assumed to be a conservative 
tracer. No other sources than the mixing end-members are expected for 
chloride and therefore it is considered to be a representative reaction 
progress variable.  

The hydrogeological situation (Banwart et al. 1992, 1993) indicates that 

native groundwater from initial sampling, shallow recharge (HBH02) and 
sea water around the HA6 island are potential mixing end-members. The 
composition of these waters is used as reference points in comparing the 
trends of major elements, whether they may behave conservatively or a 

source or a sink is provided for a certain ion. We also include data for the 
Asp6 deep groundwater (Smellie and Laaksoharju, 1992) and shallow 

groundwaters of Asp6, Laxemar and Avr6 (Laaksoharju, 1987) for the 
purpose of looking for a possible unobserved end-member, a local or 
regional groundwater type which may have been mixed in the zone during 
the experiment.
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Figure 1.1 a) Plan view of the experimental site showing the location of 
the three horizontal boreholes drilled into the fracture zone from the tunnel 
at a depth of 70 meters. b) Section view of the fracture zone showing the 
vertical location of surface boreholes in relation to the tunnel.
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2. RESULTS 

Dilution of chloride (Figure 2.1) and base cations is the general trend 
during the experiment. This can be explained by the mixing of shallow and 
deep groundwater under the hydraulic gradient imposed by opening the 
fracture zone. However, the sulphate and bicarbonate concentrations 
increase significantly being above the contents in the shallow and deep 
groundwaters.  
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AA A 0 KROO12B 

S2000 -AAAiA A• , A A 

""AAAAA A 

1000 A KRUO15B 
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Figure 2.1. Change in concentration of chloride with time during 
the experiment.  

Figure 2.2 shows major ions plotted against chloride concentration. The 
two end-member mixing lines between native groundwater and shallow 
recharge, and sea water and shallow groundwater are also shown. Points 
plotting between the mixing lines may be explained by the conservative 
mixing of potential end-members. Points plotting outside the field need 
sinks or sources, i.e. chemical interaction or input of an unobserved end
member water type to the fracture zone.  

The results exclude input of sea water, other than in trace quantities, to the 
fracture zone. The conclusion is based on a uniform trend of magnesium, 
potassium and lithium (not shown) along a straight mixing line between 
native and recharge groundwater. The behaviour of magnesium, potassium 
and lithium is interpreted to result from conservative dilution, because no 
other common sink or source, which could control the uniformity, than 
mixing of waters seem to be probable for these elements. Sodium, sulphate 
and bicarbonate exhibit strong enrichment, and calcium depletion compared 
to the native and shallow groundwater mixing line indicating sources and 
sinks for these elements, respectively. Bicarbonate does not show coherent 
behaviour between the sampling points as other ions indicating an internal 
source of alkalinity as Banwart et al. (1993) proposed. Sodium and
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Figure 2.2. Change in concentration of major ions against 
chloride (continued on following page). Mixing lines are drawn 
between concentrations representing 1) the saline native 
groundwater and the dilute shallow recharge water, and 2) 
seawater and recharge water.
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Figure 2.2. Change in concentration of major ions against 
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2) seawater and recharge water.
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sulphate contents exceed even the sea water mixing line during dilution 
reflecting a significant source for these ions.  

The plot for 6180 shows some scattering, but generally the points occur in 
the lower part and partly below the native and shallow groundwater mixing 
field (Figure 2.3). This field is due to seasonal fluctuations in the 6180 

values in precipitation at the site. The distribution of the points indicates a 
lighter dilutive water component mixing in the system in addition to the 
modem recharge water. This inflow may also explain partly the behaviour 
of sodium, calcium, sulphate, and bicarbonate.  
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Figure 2.3. Change in 6180 against chloride. The two lines 
represent values predicted by mixing between the native 
groundwater, and dilute, shallow recharge waters. The highest 
and lowest 6180 values for the recharge waters reflect the 
extremes in the seasonal variation for precipitation in the area as 
reported by Burgman et al. (1981).  

A comparison to the previously published regional groundwater data of the 
Asp6 area shows that experimental data follow the general trends of major 
elements in the regional data (Figure 2.4). Sodium and calcium contents 
behave very similarly in both data. Bicarbonate increases in lower chloride 
values in both cases, but the enrichment is higher in the experimental data.  
The scatter of sulphate is wide in the regional data, but the behaviour 
corresponds to the experimental data.
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Figure 2.4 (continued on following page). Plots of major ion 
concentrations against chloride for regional data. Mixing lines 
of shallow recharge with native groundwater and sea water 
included. HLx, HAs and HAv are shallow borehole data from 
Laxemar, Asp6 and Avr6, respectively (Laaksoharju 1988) and 
KAS02 - KAS07 deep borehole data from Asp6 (Smellie and 
Laaksoharju 1992). Mixing lines are drawn between 
concentrations representing 1) the saline native groundwater 
and the dilute shallow recharge water, and 2) seawater and 
recharge water.
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Figure 2.4 (continued from previous page). Plots of major ion 
concentrations against chloride for regional data. Mixing lines 
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Laxemar, Asp6 and Avr6, respectively (Laaksoharju 1988) 
and KAS02 - KAS07 deep borehole data from Asp6 (Smellie 
and Laaksoharju 1992). Mixing lines are drawn between 
concentrations representing 1) the saline native groundwater 
and the dilute shallow recharge water, and 2) seawater and 
recharge water.
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Sulphate contents in shallow groundwaters of Asp6, Laxemar and Avr6 
also exceed the sea water dilution line in groundwaters with less than 1000 
mg/l chloride as also do sodium contents.  

The 8180 signature of shallow, regional groundwaters is dominantly from 
-10 to -11 (Laaksoharju 1988) representing slightly lighter values than the 
experimental data on an average. The magnesium and potassium contents 
of shallow groundwaters also correspond to the interpreted conservative 
behaviour of experimental data.  

The comparison shows that the enrichment of sodium and sulphate in the 
experinmental data, with Na/Cl and S0 4 /C0 ratios higher than in sea water, 
is not exceptional but rather a typical feature in shallow, low saline 
groundwaters at the Asp6 area. Thus, it seems that shallow groundwater 
from the side is probably mixing in the system and is decreasing the 
quantity of chemical interaction during the experiment provided by two 
end-member mixing of the native groundwater and the shallow recharge of 
the redox zone.  

3. CONCLUSIONS 

The end-member testing produces the following conclusions regarding 
hydrochemical changes monitored during the large scale redox experiment: 

- The uniform dilution trends of magnesium, potassium and lithium 
against chloride concentration along the mixing line between native 
groundwater and shallow recharge indicate almost conservative behaviour 
of these ions during the experiment.  

- This conclusion allows input of sea water to the fracture zone only in 
trace quantities.  

- Furthermore sodium, sulphate and bicarbonate need significant sources, 
and calcium a sink, in comparision to the mixing line. Elemental sinks and 
sources may result from chemical reactions and/or conservative mixing of 
an unpredicted water type.  

- The shallow groundwater chemistry of the Asp6 area corresponds to the 
dilution trends of major ions of the experimental data, and shallow flow 
from the side is expected to be involved in the mixing process. This inflow 
decreases the quantity of chemical interactions and should be considered in 
geochemical modelling.
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ABSTRACT 

Geochemical modeling was used to test the hypothesis that cation exchange 
with fracture-lining clays during fluid mixing in the Asp6 Hard Rock 
Laboratory can significantly affect major element chemistry. Conservative 
mixing models do not adequately account for changes in Na, Ca and Mg 
concentrations during mixing. Mixing between relatively dilute shallow 
waters (e.g. HBH02) and more concentrated waters at depth (e.g.  
KA0483A) along fracture zones was modeled using the EQ3/6 geochemical 
modeling package. A cation exchange model was added to the code to 
describe simultaneously aqueous speciation, mineral precipitation
dissolution, and equilibration between a fluid and a cation exchanger. Fluid 
chemistries predicted to result from mixing were compared with those 
monitored from boreholes intersecting the fracture zone.  

Modeling results suggest that less than 0.1 equivalent of a smectite 
exchanger per liter of groundwater is necessary to account for discrepancies 
between predictions from a conservative mixing model and measured Na 
and Ca concentrations. This quantity of exchanger equates to an effective 
fracture coating thickness of 20 pm or less given a fracture aperture width 
of 1000 nim or less. Trends in cation ratios in the fluid cannot be used to 
predict trends in cation ratios on the exchanger because of the influence of 
ionic strength on heterovalent exchange equilibrium. It is expected that Na 
for Ca exchange will dominate when shallow waters such as HBH02 are 
mixed with deeper waters. In contrast, Na for Mg exchange will dominate 
mixing between deeper waters.  

1. INTRODUCTION 

Predicting the chemical changes that result from excavating a repository 
below the groundwater table in granitic terrain is a major focus of the SKB 
geochemistry program. The modeling study presented here demonstrates 
that cation exchange can play a major role in controlling the fluid 
chemistry that results when groundwaters of differing composition mix due 
to flow induced by excavation of the HRL tunnel.
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The major goal of this study was to assess whether an equilibrium cation 

exchange model could explain the composition of groundwater sampled 

from boreholes in the HRL tunnel. Given the consistency of the cation 

exchange hypothesis with observations, geochemical modeling was used to 

assess whether the quantity of exchanger necessary to match model results 

and observation was physically reasonable. The impact of mineral 

dissolution and precipitation on fluid chemistry was also evaluated. Finally, 

the compositions of exchanger phases expected to be in equilibrium with 

various Asp6 groundwaters were predicted.  

1.1 BACKGROUND 

Asp6 groundwaters can be divided into four groups based on major cation 

and anion chemistry and total chloride concentration (Laaksoharju, 1990).  

In general, the groundwater becomes more saline with depth, varying from 

a Na-HCO3 type with less than 300 mg/L Cl- for near surface waters, to a 

Ca-Na- Cl type with greater than 6500 mg/L Cl" for groundwaters from 

depths greater than 500 m.  

Groundwater flow has been induced due to the intersection of the HRL 

tunnel with transmissive fracture zones. The predominantly downward 

movement of groundwater into the tunnel results in mixing between 

relatively dilute shallow waters and more concentrated waters found at the 
tunnel depth.  

The Large Scale Redox Experiment (Banwart et al.,1992) was designed to 

monitor the groundwater composition in a fracture zone before and during 

groundwater mixing. The primary objective of this experiment was to 

assess the changes in the groundwater composition and redox state that 

result from fluid mixing, and to test and develop models to describe the 
observed compositional variation.  

Fluids were sampled for about 225 days from tunnel-based boreholes 

intersecting the transmissive fracture zone and from flow collected from 

fractures debouching into the tunnel at its roof. On the basis of this 

sampling period several observations germane to this report were noted 

(Banwart et al., 1992): 

The concentrations of dissolved components reflect a large (> 50%) 
input of shallow water.  

The concentrations of major dissolved ions reflect the dilution of 
deep older groundwater by shallow water.
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If a conservative mixing model involving two end-member fluids 
(shallow and native (pre-excavation)) is used to predict the 
composition of mixed groundwater, discrepancies between model 
predictions and observations are apparent for dissolved Ca, Mg, 
Na, and alkalinity (HCO3 ).  

For Ca and Mg, predicted concentrations are significantly higher than 
measured concentrations; for Na and HCO 3 - the opposite is observed.  

Three hypotheses have been put forward to explain the above discrepancies 
(Banwart et al., 1992): 

During dilution of native groundwater by shallow water, Ca and Mg 
in the fluid exchanges for Na on exchange phases in the fractures of 
the transmissive zones.  

Dissolution of plagioclase feldspar causing an increase in alkalinity 
and precipitation of calcite occurs when shallow, dilute, C0 2 _ 
bearing groundwaters react with the rock during mobilization and 
mixing with groundwater at the tunnel level.  

A third groundwater source, anoxic marine sediment pore water, 
also contributes to the waters sampled at the tunnel level.  

This paper describes testing of the hypothesis that cation exchange with 
fracture-lining clays during fluid mixing can account for discrepancies 
observed when using the conservative mixing model.  

1.2 APPROACH 

The approach taken to test and refine the cation exchange hypothesis 
involved the following steps.  

Following Banwart et al. (1992), assume that groundwater sampled 
from the tunnel is derived from two sources; the native (tunnel 
depth) groundwater and a shallow groundwater.  

Simulate the mixing of the two groundwaters in the presence of a 
cation exchanger.  

Compare the simulation results with the observed compositions of 
groundwater sampled from the tunnel boreholes by assuming that Cl 
is conserved during mixing.  

If possible, adjust the quantity of cation exchanger in the simulation 
to give a good match between simulation results and observations.
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The cation exchange model was then used to predict the composition of 

cation exchangers expected to coexist with various types of groundwaters 

from ksp6.  

2. METHODS AND DATA 

2.1 EQ3/6 MODELING 

The geochemical modeling package EQ3/6 (Wolery et al., 1990; version 

3245Rl 16), to which a cation-exchange model was added, was used with 

an associated thermodynamic data base (version DATAOR19) to simulate 

the mixing between two fluids (defined below). This version of EQ3/6 

allows the simultaneous calculation of aqueous speciation in the fluid 

phase, mineral/fluid reactions (e.g. dissolution/precipitation), and 

equilibrium between a fluid and a cation exchanger. All reactions simulated 

were assumed to attain equilibrium instantaneously, i.e., no kinetic 

constraints were considered. Simulations were carried out assuming a 

groundwater temperature of 10 oC.  

2.1.1 Simulating Fluid Mixing Using EQ3/6 

The limitations of EQ3/6 require the process of fluid mixing to be 

simplified. Mixing of shallow and native groundwaters was approximated 
by the following sequence: 

a) x liters of shallow groundwater are added to y liters of native 
groundwater to form a mixed groundwater (x+y = 1).  

b) z equivalents of a cation exchanger whose composition is in 

equilibrium with the deep groundwater are added to the mixed 
groundwater.  

c) Aqueous and exchange equilibria are allowed to occur; 
supersaturated phases are allowed to precipitate.  

d) The compositions of the exchanger and resulting equilibrium fluid 
are noted.  

e) Steps a to d are repeated for differing values of x and y so as to 

span the range in composition from shallow to deep groundwaters.  

The above conceptual process translates into the following EQ3/6 modeling 
steps: 

a) A preliminary EQ3 run is made to determine the composition of an 
exchanger that would be in equilibrium with the deep groundwater.
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b) An EQ3 run is used to speciate the deep groundwater in the 
presence of z equivalents of exchanger (with composition defined in 
(a)) to define the starting equilibrium mixture.  

c) An EQ6 run is made in which an increment of fluid with the 
composition of the shallow groundwater is added to the starting 
mixture while simultaneously removing an equal increment of fluid 
that has the composition of the deep groundwater. Following each 
incremental addition and removal, the fluid and the cation 
exchanger are re-equilibrated; if necessary, phases that may be 
supersaturated are "precipitated".  

d) Steps b and c are repeated for each value of z considered.  
The above conceptual model of fluid mixing is a simplified 
approximation of the actual process that is occurring at Asp6.  

Inherent to this simplification is the assumption that the shallow 
groundwater undergoes no compositional change (i.e., no reaction with its 
surroundings) prior to mixing with the native groundwater.  

2.1.2 Cation Exchange Modeling Using EQ3/6 

A cation exchange model employing the Vanselow convention (Sposito, 
1981) was used for the simulations. According to the Vanselow 
convention, the thermodynamic activity of the exchanger component is 
numerically equal to the mole fraction of the exchange cation on the 
exchanger. A binary exchange reaction according to this convention can be 
written as 

Na-Z + 1/2 Ca = 1/2 Ca-Z2 + Na÷, 

where Z signifies one equivalent of exchanger. Details of the 
implementation of this option in EQ3/6 and examples of its application may 
be found in Viani and Bruton (1992a,b).  

The data required to simulate cation exchange using EQ3/6 are: 1) the 
quantity of exchanger (equiv/kg of water); 2) binary exchange energies for 
cation pairs of interest (kcal/equiv); and 3) the initial composition of the 
exchanger (mol-% or equiv-%).  

To predict the composition of an exchanger phase that would be in 
equilibrium with a specific groundwater composition, an EQ3 simulation is 
run in which a trace quantity of exchanger (- 10-14 equiv) is allowed to 
equilibrate with the fluid. This approach allows the equilibrium 
composition of the exchanger to be determined without significantly 
perturbing the composition of the fluid phase. Initial compositions of the 
exchangers used for the fluid mixing simulations and for predicting the
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variation in exchanger composition with depth for the KAS02 borehole 
were determined in this manner.  

The exchanger phase used for the simulations was assumed to have the 

cation exchange properties of a smectite. Binary exchange energies (Table 

2.1), defined for reactions as written above, were taken from Fletcher and 

Sposito (1989).  

Table 2.1. Cation Exchange Energies for Smectite(') 

Exchange Reaction Exchange Energy, kcal/equiv 

Na -- > 0.5 Ca(2 ) -0.116 
Na--> 0.5 Mg -0.116 
Na--> 0.5 Sr -0.116 
Na -- > K -0.348 
Na -- > Li 0.030 
Na -- > H 0.030 

2.2 GROUNDWATER DATA 

The groundwater composition data used to define end-members used in the 

mixing model and to compare with simulation results were taken from 

Tables 1-5 in Appendix 1 of Banwart et al. (1992). The shallow and native 

groundwaters used as the two components of the mixing model were the 

same as those used by Banwart et al. (1992): samples HBH02-910912 and 

KA0483A-910312, respectively. Fluid compositions predicted from the 

mixing modeling runs were compared with compositions reported for 

groundwater samples collected from the three boreholes drilled into the 

fracture zone from the HRL side tunnel (KROO12B, KROO13B, and 

KROO15B) and for samples collected from the inflow from the tunnel roof 
(YA0513T). Only samples for which analyses of Cl, Na, K, Ca, and Mg 
were reported were used to compare with the simulation results.  

(1 )Data from Fletcher and Sposito (1989) except for Na -> H which was assumed to equal 
the value for Na -> Li. Note: this data is strictly accurate at 25 'C only. It was assumed 
that, for the purposes of this simulation, the variation of exchange energy with 
temperature is a second order effect.  

(2 )Na --> 0.5 Ca signifies the conversion of one equivalent of a Na-smectite to one 

equivalent of a Ca-smectite.
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Groundwater compositions used to predict exchanger compositions in 
equilibrium with groundwaters from borehole KAS02 were taken from data 
reported by Smellie and Laaksoharju (1992; Table 6.3).  

In order to simulate the mixing of the shallow and native end-member 
fluids using EQ3/6, several assumptions were made, as summarized in 
Table 2.2.  

Table 2.2. Assumptions Made in Simulating Mixing Between 
Shallow and Native End-Members Using EQ3/6.  

Groundwater Assumptions 

Charge balance Eh, mV Other 

HBH02- An imbalance of 27% (4) log K of the hydrolysis 
910912 of the total charge reaction for the 
(shallow) was satisfied by strontianite end-member 

increasing HCO3 - of the calcite solid
from 114 to 238 solution was augmented 
mg/L.(3) by 2.6 units. (5 ) 

KA0483A- An imbalance of - -300(6) species CH4(aq), 
910312 0.67% of the total CH 3CO2-, C, S203, 
(native) charge was satisfied S406-, S506-, and HS 

by reducing I- from were suppressed.( 7 ) 
490 to 427 mg/L. Strontianite log K 

adjusted as above.  

(3 )Charge balance as calculated by EQ3/6. This sample probably lost CO2 during the 
month-long period between sampling and analysis of dissolved inorganic carbon 
(Banwart et al., 1992). The tabulated HC0 3 value, calculated by difference from the 
charge balance, results in a log 1M0 2 of -1.54 at this temperature. This value is in the 
range calculated for other shallow water samples from HBHO 1 and HBH02 (data from 
Banwart et al., 1992, Appendix 2).  

(4 )It was assumed that the redox state of the shallow water was controlled by equilibrium 
with atmospheric oxygen (log f0 2 = -0.7) as assumed for modeling the breakthrough of 
dissolved oxygen (Banwart and Gustafsson, 1991).  

(5 )In order to model the potential for Sr incorporation into a calcite solid solution, the log 
K of the hydrolysis reaction of strontianite in DATAOR 19 was adjusted to make it 
consistent with the free energy of strontianite with a calcite structural type as given by 
Sverjensky (1984).  

(6 )This value was chosen because the Eh of deep groundwaters at ksp6 are expected to 

range from -250 to -350 mV (Banwart et al., 1992).
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2.3 SIMULATION RUNS

The simulations that were made using EQ3/6 under the assumptions above 

are summarized in Table 2.3.  

Table 2.3. Summary of Simulations Involving Cation Exchange.  

Simulation Calculation Exchanger Precipitation Calcite 

type amount, considered( 8 ) dissolution 
equiv/kg of H20 considered 

Exchanger composition EQ3 trace no no 

(HBH02, KA0483A, KAS02) 

Fluid mixing EQ3 -> EQ6 0.060.06 yes,yes no,yes(9) 

(HBHO2 + KA0483A) 
EQ3 - > EQ6 0.08 yes no 

EQ3 -> EQ6 0.100.10 yes,yes no,yes

RESULTS 

PREDICTED EXCHANGER COMPOSITIONS 

Results of simulations to predict the composition of an exchanger with the 

properties of a smectite in equilibrium with waters from HBH02, 

KA0483A and KAS02 are shown in Table 3.1. Two observations stand

(7 )The carbon species were suppressed because, although energetically favored at this Eh, 

the conversion of carbonate species to methane, acetate, and elemental carbon is 

kinetically inhibited. The reduced sulfur species were suppressed because, although the 

redox state is highly reducing, measurements have shown that the bulk of the dissolved 
sulfur is S04- (Banwart et al., 1992).  

(" )Supersaturated solids (except graphite and dolomite) were allowed to precipitate.  

(9)Runs in which a reservoir of calcite is allowed to maintain saturation with the 

groundwater during mixing, thus allowing dissolution of calcite to contribute to 
dissolved Ca and HC0 3.
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out. The "shallow" exchanger differs markedly from all of the other 
predictions, because it is almost completely Ca and Mg saturated. For the 
remainder of the waters considered, Ca shows relatively little variation, but 
Na and Mg exhibit opposite trends with depth.  

Table 3.1. Composition of Exchanger Predicted to be in Equilibrium with HBH02 

(shallow), KA0483A (native), and KAS02 Groundwaters.  

Groundwater Predicted exchanger composition, equiv-% 

Borehole Depth, m Na Ca Mg Remainder("°) 

HBH02-910912 24 0.58 .11 11.05 0.26 
KA0483A-910312 70 19.46 .65 13.12 0.77 
KAS02 202-214 19.33 .53 9.01 1.13 
KAS02 308-344 22.10 .33 6.72 0.85 
KAS02 314-319 21.51 .14 6.53 0.82 
KAS02 463-468 22.72 .76 5.62 0.91 
KAS02 530-535 25.11 .98 3.02 0.89 
KAS02 802-924 25.97 .65 1.50 0.88 
KAS02 860-924 27.49 70.58 1.10 0.83

M
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Figure 3.1. Variation in the Na:Ca ratio in groundwater sampled 
from Kas)2 (solid squares) and ratios predicted for a coexisting 
exchanger (solid circles) versus chloride concentration.
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Exchangeable Mg is predicted to be almost absent at depth, but significant 
in the shallower zones. The difference between the predicted exchanger 

compositions for the 46 m separating the shallow and native waters 

(stippled rows) is much more dramatic than the change predicted for the 

next 800+ m.  

On the basis of these data one could infer that Na for Ca exchange might 

predominate during mixing of the upper two groundwaters, but that Na for 

Mg exchange might predominate for mixing between deeper waters.  

Predictions of exchanger composition for the KAS02 waters make it clear 

that trends in cation ratios in the fluid may not follow trends in cation 

ratios on the exchanger (Figure 3.1).  

A major reason for this behavior is the strong influence of ionic strength on 

binary heterovalent exchange equilibria. In general, at a constant ratio of 

the ions in the solution phase, an increase in ionic strength will result in an 

increase in the lower valence ion on the exchanger (Sposito, 198 1). This 

effect will be most evident for mixing between very dilute fluids (ionic 

strength < 0.01 M) and concentrated fluids.  

3.2 FLUID MIXING SIMULATIONS 

3.2.1 Cation Exchange and Solution Composition 

An estimate of the quantity of exchanger necessary to account for the 

discrepancy between predictions using the conservative mixing model and 

measured Na and Ca concentrations was made using data for borehole 
KROO12B from Banwart et al. (1992).  

Banwart et al. (1992) used this data to illustrate the results of the 

conservative mixing model in their Figure 6.7. The data set spans about 81 
to 86% shallow water input. The predicted exchanger compositions in 

Table 3.1 were used to make initial estimates of the required exchanger 
quantities used in the EQ3/6 simulations of fluid mixing.  

Less than 0.1 equiv of exchanger per kg of water was necessary to match 

this set of data (Figure 3.2). A similar result was calculated for Mg 
(Figure 3.3). These figures show that the measured fluid compositions are 

consistent with the occurrence of simultaneous mixing and cation exchange.  
As the quantity of the exchanger in the simulation increases, the predicted 

concentrations of Ca and Mg decrease and that of Na increases because of 

increased Ca and Mg exchange for Na.  

This behavior, and the fact that about the same quantity of exchanger is 

necessary to match the measured fluid concentrations for all three cations, 

suggest that the cation exchange hypothesis is consistent with the 
observations.
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Figure 3.2. Measured concentrations of Na (solid circles) and Ca 
(open circles) in selected samples from KROO12B plotted against 
chloride concentration. Also shown are predictions (lines: Na 
dashed, Ca - solid) made with a conservative mixing model and 
generated from EQ3/6 calculations that incorporate cation 
exchange equilibrium assuming 0.06 and 0.1 equiv.  
exchanger/Kg of H2 0.

700 750 800 850 

Chloride, mg/L

900 950 1000

Figure 3.3. Measured concentrations of Mg (triangles) in selected 
samples from KROO12B plotted against chloride concentration.  
Also shown are predictions (lines) made with a conservative 
mixing model and generated from EQ3/6 calculations that 
incorporate cation exchange equilibrium assuming 0.06 and 0.1 
equiv. exchanger/Kg of H20.
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The EQ3/6 predictions are relatively sensitive to the amount of exchanger 

used in the simulation. A similar calculation for the entire data set reported 

by Banwart et al. (1992) that encompasses a wider range in mixing and a 

longer time period (Figure 3.4), shows that the cation exchange model 

captures the trend of the measured data, but also suggests that although 

0.06 equiv/Kg fluid was a better match for the samples near 81-86% 

shallow water input (Figure 3.2), 0.1 equiv/Kg fluid may be a better match 

for the data as a whole.  

Inferences drawn from comparing measured fluid compositions with results 

of simulating fluid mixing that includes mass transfer between fluid and 

exchanger (i.e. an EQ6 calculation) can differ from what one would infer 

from the predicted equilibrium exchanger compositions (i.e. an EQ3 

calculation; Table 3.1).  

1600 

1400 

1200 

-j1000 

800 0 

S600- 
'' 

400 - e -' 

200 Mg 

0 
0 1000 2000 3000 4000 5000 

Chloride, mg/L 

Figure 3.4. Measured concentrations of Na (solid circles), Ca 

(open circles), and Mg (open triangles) in redox experiment 
samples are compared to predictions made with a conservative 

mixing model (dashed lines) and generated from EQ3/6 

calculations (solid lines for 0.1 equiv. exchanger/Kg of H2 0.  

Based on the predicted exchanger compositions for the shallow and native 

groundwaters in Table 3.1, one might expect fluid mixing to be 

accompanied by a increase in the concentration of Mg in the fluid phase, 

relative to conservative mixing. Instead, the opposite is predicted to occur 

when the fluids are allowed to react during mixing as simulated by an EQ6 
calculation (Figure 3.3).
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3.2.2 Secondary Phases

During simulation of fluid mixing, EQ6 calculations predicted the 
precipitation of small quantities of hematite, pyrolusite, quartz, and calcite.  
The precipitation of hematite and pyrolusite reflects the input of 
oxygenated shallow water, conversion of Fe(II) to Fe(III) and Mn(II) to 
Mn(IV), and consequent precipitation of relatively insoluble oxides. A 
small quantity of quartz is predicted to precipitate throughout the mixing 
process, and a small quantity of calcite is predicted to precipitate early in 
the mixing process (< < 1% shallow water input).  

The effect of precipitation of these phases on the cation exchange equilibria 
is negligible because the major cation and anion concentrations are not 
significantly affected by the precipitation of these phases. It is problematic 
whether any of these phases would precipitate in the time frame of the 
redox experiment owing to the low temperatures and relatively benign 
chemical conditions involved. In particular, kinetic constraints would 
inhibit quartz from precipitating.  

3.2.3 Effect of Imposition of Calcite Equilibrium on Simulation Results 

In order to assess the effect that dissolution of fracture-lining calcite might 
have on predicted fluid compositions, an EQ6 calculation was made in 
which a reservoir of calcite was allowed to dissolve during the simulated 
mixing. For 100% shallow water input, approximately 140 mg of CaCO3 
was predicted to dissolve per liter of mixed groundwater; owing to mixing 
of calcite-undersaturated shallow water with the nearly-saturated deeper 
water.  

The net effect of allowing calcite to dissolve is to increase the predicted 
concentrations of both Ca and Na in solution by about 30 and 40 mg/L, 
respectively (Figure 3.5). This is in marked contrast to the effect of 
adding or removing ion exchanger which causes predicted Na and Ca 
concentrations to move in opposite directions. For this particular data set 
the imposition of calcite equilibrium results in better agreement between 
prediction and observation for Na, but the match is made worse for Ca 
(Figure 3.5). For other subsets of the data (not shown) the opposite occurs 
owing to the scatter of data illustrated in Figure 3.4.  

The imposition of calcite equilibrium will also impact HCO 3 
concentrations in solution. The conservative mixing model underpredicts 
HCO 3 concentrations by a large amount (Banwart et al., 1992). Values for 
HCO 3 predicted using EQ3/6, assuming that the shallow groundwater 
HCO 3 concentration is equal to that estimated based on charge balance 
(Table 2.2), fall along a straight line that passes through the mixed 
groundwater data set (Figure 3.6).
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Figure 3.5. Measured concentrations of Na (solid circles) and Ca 

(open circles) in selected redox experiment water samples are 
compared to predictions made with EQ3/6 calculations for 0.1 
equiv. exchanger/Kg of H2 0 with (dashed lines) and without 
(solid lines) calcite equilibrium imposed.
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Figure 3.6. Measured concentrations of HCO 3 (solid circles) in 
redox experiment water samples are compared to predictions 
made with EQ3/6 calculations for 0.1 equiv. exchanger/Kg of 

H2 0 with (dashed line) and without (solid line) calcite 

equilibrium imposed. Conservative mixing model prediction 
model based on reported HCO 3 for HBH02 (Sept. 9, 1992) and 
KA0483A (March 12, 1991).
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The EQ3/6 predictions seem to support a conservative mixing model for 
HCO3 in which the shallow end-member has a HCO3 concentration of 
about 240 mg/L. The reported HCO3 data for the shallow wells seem to 
be low (Figure 3.6). Banwart et al. (1992) report relatively large positive 
discrepancies in charge balance for the shallow water. Hence, a 
conservative mixing model based on the measured values is bound to yield 
discrepancies that do not appear when HCO3 values based on charge 
balance are utilized.  

The imposition of calcite equilibrium results in predicted HCO 3 
concentrations significantly higher than observed, especially at high ratios 
of shallow water input. This results from the predicted dissolution of 
calcite by relatively low-pH shallow water during mixing. It does not 
appear necessary to invoke precipitation of calcite as a means to explain the 
discrepancy between the conservative mixing model and the measured 
HCO 3 concentrations.  

In summary, imposition of calcite equilibrium weakens the agreement 
between measurement and simulation results for Na, Ca, and HCO3 . Fluid 
flow may be too rapid to maintain equilibrium between fracture filling 
calcite and the shallow water diluent given the sluggish kinetics of mineral 
dissolution under low temperature, near-neutral pH conditions. It is also 
possible that the primary fluid pathway consists of fractures that do not 
contain significant quantities of calcite.  

4. DISCUSSION 

In order to assess whether the quantity of exchanger used to simulate fluid 
mixing is physically reasonable, the thickness of a layer of cation 
exchanger on a fracture necessary to contribute the required exchange 
capacity to one liter of groundwater was calculated as a function of fracture 
aperture (Figure 4.1).  

The fracture was assumed to be completely filled with fluid. The estimated 
coating thickness (5 -20 mm) appears to be reasonable, given the types and 
quantities of fracture-filling minerals identified at Asp6 (Tullborg et al., 
1991).  

The minerals that have been identified in fractures at Asp6 include small, 
but significant, quantities of clay minerals (Tullborg et al., 1991; Banwart 
et al., 1992). Illite and smectite/illite have been identified and would be 
expected to be the major contributors to the exchange capacity of the 
fracture system. Sericitized feldspars and weathered biotites have also been 
identified and may contribute to the available exchange capacity of the 
fracture network.  

The coating thickness necessary to yield a given exchange capacity varies 
inversely with the capacity of the exchanger; e.g., illite (0.25 equiv/kg)
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fracture coatings would need to be 3-5 times thicker than smectite (1.0 
equiv/kg) coatings to yield the same overall exchange capacity in the 
fracture. For Na, Ca, and Mg, the identity of the exchanger phase is not 
critical because the exchange energies for these elements do not vary 

greatly for the exchangers identified at Aspo. However, the exchange 
behaviors of smectite, illite, weathered biotite, and sericite with respect to 
K, Cs, and Rb will be significantly different. Modeling the partitioning of 
these elements will require inclusion of the exchange energies and the 
exchanger masses and compositions appropriate to the identified fracture 
mineral phases.  

E 20 1 1 
C 0.1 equiv/kg of fluid 

03 

S15
-C_ 

.," 

.2 5 

0 
0 200 400 600 800 1000 

Fracture width, gim 

Figure 4.1. Effective thickness of fracture coating (exchanger) 
vs. fracture width required to allow 0.1 and 0.06 equiv.  
exchanger to contact one liter of water contained within the 
fracture. (Assumptions: exchanger density = 2.5 Kg/L; capacity 
= 1.0 equiv./Kg).  

Although the quantity of exchanger necessary to match the observed fluid 
compositions appears small, the amount of exchanger can serve as a 
significant reservoir of readily available cations; i.e., cations whose 
participation in chemical reactions is not limited by dissolution kinetics.  
Table 4.1 lists the ratios of the mass of cations associated with the 
exchanger to the mass in the fluid. For the shallow groundwater, most of 
the Ca and Mg, and a majority of the Na are associated with the 
exchanger, while in the native and deep groundwaters, a significant 
fraction of the cations are associated with the exchanger phases.  

The effect of cation exchange on fluid mixing is likely to be most 
significant for relatively dilute waters. This finding coupled with the strong 
effect of ionic strength on heterovalent exchange may explain why ion
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exchange seems to play an important role in the mixing of waters at Xsp6, 
but may not play a significant role in the mixing or evolution of 
concentrated groundwaters at Histholmen, Finland (Nordstrom, 1989).  

Table 4.1.  
redicted Mass of Cation on Exchanger(" ) to Mass of Cation in Fluid for Three 

Groundwaters at Asp6 

Cation Shallow Native Deep 
(HBH02) (KA0483A) (KAS02-860 m) 

Na 1.3 0.30 0.21 
Ca 41.7 1.07 0.37 
Mg 41.7 1.21 0.45 

An alternative hypothesis to explain the deviations between predictions 
from the conservative mixing model and the observed fluid chemistry 
invokes dissolution of Na-feldspar by CO2-bearing shallow groundwater, 
an attendant increase in alkalinity, and precipitation of calcite (Banwart et 
al., 1992). Dissolution of Na-feldspar occurs slowly at low temperature 
(Knauss and Wolery, 1986), and it seems unlikely, given the rapid 
mobilization of groundwater in the redox zone, that sufficient dissolution of 
feldspar could occur at 10 TC to raise the Na concentration high enough to 
account for the differences between the conservative mixing model and the 
experimental results.  

Modeling results suggest that the deviations in HCO3 from the conservative 
mixing model may be due to an unrealistically low HCO3 value used for 
the shallow end-member. Finally, calculations suggest that in the absence 
of kinetic constraints, dissolution rather than precipitation of calcite would 
be most likely to occur. Simulations in which Na-feldspar is allowed to 
react during fluid mixing (with and without cation exchange) would have to 
be undertaken to directly address this hypothesis.  

5. CONCLUSIONS 

Conclusions pertinent to the redox zone experiment and cation exchange in 

general drawn from this geochemical modeling study are as follows: 

(11 )Calculations assume 0.1 equiv/kg of H2 0.
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A cation exchange process is sufficient by itself to explain the 
observed non-conservative behavior of Na, Ca, and Mg during the 
mixing of shallow and native groundwater at the HRL, assuming 
that only two waters are involved in the mixing. The results of this 
work support the hypothesis of cation exchange put forward by 
Banwart et al. (1992).  

The quantity of exchanger (less than 0.1 equiv/L of groundwater) 
necessary for the simulation to match the observed fluid data is 
physically reasonable, and is consistent with the observed fracture 
mineralogy.  

Dissolution of calcite does not appear to play a significant role in 
controlling either dissolved Ca or dissolved HCO 3 levels.  
Precipitation of calcite during mixing appears unlikely.  

The ratio of cations in the fluid phase may not vary in the same 
manner as cation ratios on exchanger phases in equilibrium with the 
fluid. Hence, they cannot be used to predict exchanger 
compositions.  

The influence of cation exchange on fluid mixing will be most 
significant when one fluid has a low ionic strength.  

Cation exchangers can be a significant reservoir of readily available 
cations even when present in relatively small quantities.  

This preliminary study establishes cation exchange as a viable mechanism 
for controlling the evolution of groundwaters in the redox zone experiment.  
Field sampling and testing to measure the exchange capacity and exchanger 
compositions in HRL rocks will be necessary to test our predictions. To 
advance our understanding of the chemistry of groundwater at the HRL, 
further modeling will be required to include additional exchanger phases 
with appropriate exchange energies, and to more realistically simulate 
redox processes and dissolved organic carbon speciation and oxidation.  
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ABSTRACT 

Ground water and calcite fracture fillings in Early Proterozoic granite at 
the island of Asp6 show wide ranges in stable and strontium isotopic 
compositions. Samples from 15 to 800 m depth have 58 7 Sr values between 
+9.9 and + 13.9 o/oo in contrast with five samples of Baltic Sea water col
lected in the vicinity of Asp6 with 68 7 Sr values between +0.2 and +0.4 
o/oo which are only slightly larger than those of open ocean water. The 
1.8-Ga host rock at Asp6 is characterized by low Rb/Sr ratios, and a calcu
lated mean 58 7 Sr of approximately +2.5 o/oo illustrates the lack of isotopic 
equilibrium between the ground water and the host granite at the bulk rock 
scale. Preferential dissolution of biotite with its larger 58 7 Sr could explain 
the radiogenic character of Sr in the ground water but not the high 
chlorinity and large Na/K ratios of the water. Calcite fracture fillings add 
further complexity to the Sr-isotope budget in that they show a wide range 
in 58 7 Sr and all but the most radiogenic could not have precipitated from 
the present-day ground water. 513 C values in the calcite fissure fillings 
range between -48 and -3 o/oo and the 6180 values range between + 15 to 
+26 o/oo. The large range in 613 C values is indicative of multiple sources 
for the carbon, including atmospheric, organic and methane derived 
carbon. The 6180 signatures suggest mixing of meteoric and marine wa
ters. In contrast with 58 7 Sr, 6180 values of the calcites are permissive 
with precipitation from the modem ground water. 53 4 S values of the dis
solved sulphate strongly indicate an ongoing bacterial sulphate reduction 
which takes place in the upper part of the deep water body (above 500 m).  

1. INTRODUCTION 

The island of Asp6 on the Baltic coast in south-eastern Sweden (Figure 
1.1) has been selected as a site for the study of final nuclear fuel disposal 
in Precambrian bedrock. An underground laboratory is is now being con-
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Figure 1.1. Location map of the Asp6 area.
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structed (Asp6 Hard Rock Laboratory, "HRL") as the second phase of a 
program which was initiated by SKB (The Swedish Nuclear Fuel and 
Waste Management Company) in 1986. The first phase was site char
acterization through surface studies and drilling, and the third phase will be 
a variety of research efforts in the underground laboratory which is planned 
to operate for the next decade.  

A large number of scientists and research organizations are involved in this 
work. SKB and DOE (United States Department of Energy) have several 
ongoing co-operative studies of the ground water and bedrock at site. One 
of these studies is entitled "Geochemical Investigations Using Stable and 
Radiogenic Isotopic Methods". It is focused on stable and radiogenic iso
tope studies of the ground water and fracture filling minerals, to facilitate a 
better understanding of the present and the past ground water situation at 
the site.  

2. GEOLOGICAL SETTING AND HYDROGEOCHEMISTRY 

The 1.8-Ga-basement rocks of the Aspb area are within the Svekokarelian 
belt and are composed of granitic rocks of the serorogenic SmAland
Vdrmland granites and acid volcanic rocks of SmAland porphyries 
(Johansson, 1988). The fracture frequency at Asp6 is considered to be 
medium to high, whereas at Laxemar only 7 km to the east, fracture fre
quency is low (StrAhle, 1989). The volcanic rocks commonly have a higher 
fracture frequency than the granite. At least two different tectonic events 
are recorded in the horizontal and subhorizontal fractures which are devel
oped in the area. The fracture mineralogy, however, which seems to be 
similar at both sites (Stanfors, 1988), is dominated by calcite, hematite, 
Fe-oxyhydrite, chlorite, fluorite and minor proportions of sulphides. Three 
water layers are conveniently described as shallow water (0 - 150 m), inter
mediate water (150 - 500 m) and deep water (500 - 1000 m).  

There is an overall increase in chlorinity with depth, followed by Na, K, 
Ca, SO 4 and Br, whereas HCO3 decreases. The pH of the ground water 
increases slightly with depth and the partial pressure of CO2 decreases.
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Table 2.1. Chemistry of the Asp6 Groundwater in the Drillhole KAS03 at 
Two Different Depths.

KAS03 
(196-223m) 
mg/i

600 
2.4 
162 
20 
3.3 
0.10 
0.13 
0.120 
0.120 
61.3 
2.1 
1230 
5 
0.10 
0.002 
32 
0.70 
4.8 
8.0 
-270 (mV) 
2.0

KAS03 
(860-1002m) 
mg/i

3050 
7.3 
4400 
50 
75 
0.20 
1.65 
0.075 
0.075 
10.6 
1.6 
12300 
85 
0.70 
0.002 
720 
1.10 
4.2 
8.0 
-250 (mV) 
0.5

The data in the table is 
(1993)

compiled from Smellie and Laaksoharju
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Element

Na 
K 
Ca 
Mg 
Sr 
Mn 
Li 
Fe 
Fe (+ 11) 
HCO3 
F 
Cl 
Br 
I 

PO4-P 
SO 4 
S 

SiO 2 -Si 
pH 
Eh 
TOC


