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Abstract

The Finnish bedrock has been investigated since 1987 for final disposal of spent nuclear
fuel. Saline (TDS>10 g/l) groundwaters have been observed at Olkiluoto and Hasthol-
men, two of the presently studied four sites. The new sampling equipment, PAVE,
keeps deep groundwater samples in the in situ-pressure. The pressure vessels of the
PAVE sampling system are divided into two parts by a movable, o-ring sealed piston.
As the pressure compartment of the pressure vessel is filled with argon gas, the piston
moves up. Then the sample compartment of the pressure vessels is vacuumed. If a
microbe sample is included in the sampling programme, the equipment is first sterilised
and then vacuumed. So far the PAVE sampler has been used in studies for dissolved
gases and microbes.

The salinity of groundwaters at Olkiluoto (TDSmax 70 g/l) and Hastholmen (TDSraax 35
g/l) increases with increasing depth, suggesting longer residence times and enhanced
water-rock interaction. The signs (e.g. high SO4 and Mg, heavy 80-18) of the ancient
Litorina seawater are most prominent at about 100-400 m. The deep, saline Ca-Na-Cl
groundwaters at Olkiluoto have low Eh values, high amounts of S2"tot and dissolved
gases (mainly CH4 and H2) suggesting anaerobic microbiological activity. The deep,
saline groundwaters at Hastholmen have much higher amounts of Fe and somewhat
lower pH values compared to those at Olkiluoto. The high U contents of the rapakivi
bedrock of Hastholmen are reflected in the high He contents of dissolved gases. At both
sites the deep (below 500 m), saline groundwaters are mixtures of preglacial meteoric
waters and some old, hydrothermal saline fluid. The relative enrichment of Br and Ca
compared to Cl and Na in the most saline groundwaters corresponds to the brines from
the Canadian and Fennoscandian shields.
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1 Introduction

Posiva Oy runs site investigation programmes for final disposal of spent nuclear fuel
according to principles laid down by the Finnish Government in 1983. During 1987-92
five sites were studied in preliminary site investigations, also for their hydrogeochemical
characteristics (Lampen & Snellman 1993).

Research on three of these sites (Romuvaara at Kuhmo, Kivetty at Aanekoski and
Olkiluoto at Eurajoki) continued as detailed site investigations in 1993-1996. The
hydrogeochemical characterisation was summarised by Ruotsalainen and Snellman
(1996). In 1996 a fourth site, Hastholmen at Loviisa, was included in the site characteri-
sation programme. Hastholmen had been previously studied for disposal of low and
intermediate level nuclear waste with several 200 m boreholes also for the hydrogeo-
chemical characteristics (Snellman and Helenius 1992). The final selection of the site
will be made in year 2000.

The main objectives of the hydrogeochemical studies are: 1) establishment of a
representative data set of groundwater chemistry both horizontally and vertically at each
site for hydrogeochemical characterisation before construction of any facilities, 2)
evaluation of mean residence times and evolution of deep groundwaters, by geochemical
modelling (e.g. Pitkanen et al. 1998; Saksa et al. this proceeding) and 3) acquisition of
input data for performance assessment.

After the preliminary site investigations, there was a need to develop the sampling
equipment for better reliability and thus development of the PAVE system
(Ruotsalainen et al. 1996) was initiated in 1993. The main goals were to sample
groundwaters maintaining the in situ-pressure for studies of dissolved gases. The
possibility to sterilise the equipment was necessary for representative microbe samples.
This paper presents the main ideas of the PAVE sampling system and recent hydrogeo-
chemical results from Olkiluoto (Pitkanen et al. 1998) and Hastholmen (Snellman et al.
1998) of groundwater samples taken during 1997. Throughout the paper, "depth" means
borehole length, unless otherwise specified.

Equipment for groundwater sampling

2.1 PAVE

The name PAVE comes from the Finnish words "oaineellisten vesinaytteiden otin"
meaning the equipment for pressurised water samples. All groundwater samples
experience a pressure change as they are pumped up to ground level and consequently
the dissolved gases will be evacuated. The groundwater samples, collected with PAVE
and maintaining the in situ-pressure, give a very good starting point for studying
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dissolved gases, microbes, colloids and redox or carbonate sensitive parameters in deep
groundwaters.

The PAVE equipment (Figure 2-1) comprises many parts. The wire-line system has one
or two inflatable rubber packers to isolate the sampling section from the rest of the
borehole ( 0 56-76 mm, max. length 1000 m). Above the upper packer there is a
combination of 1-3 pressure vessels, 250 ml each. The membrane pump is the upper-
most instrument in the borehole. Driven with nitrogen gas and water, the membrane
pump lifts groundwater strokewise up to ground level.

WIRE-LINE AND 3 HOSES

BOREHOLE

MEMBRANE PUMP

PRESSURE VALVE

PRESSURE VESSEL FOR SAMPLE

UPPER PACKER

SAMPLING SECTION

LOWER PACKER

Figure 2-1 The PA VE sampler as it is installed in a borehole.

The pressure vessels of the PAVE sampling system are divided into two parts by a
movable, o-ring sealed piston. As the pressure compartment of the pressure vessel is
filled with argon gas, the piston moves as up as possible in the vessel. Then the sample
compartment of the pressure vessels is vacuumed. If a microbe sample is included in the
sampling programme, the vessels and all valves with immediate contact with the sample
are sterilised and then vacuumed. All these are done before lowering the PAVE sampler
to the desired depth into the borehole. The lowering needs a winch and a light rig.

During the pumping period, the chemical quality of groundwater is on-line monitored
with electrodes installed in flow-through cells on the ground level as described in
section 2.2 and groundwater is by-passing the pressure vessels. In this way microbial
bio-films, drilling debris and other fine material will not accumulate on the inner walls
of the pressure vessels. When the representativity of the groundwater is good, the
sampling for field and laboratory analyses is started. As the final step of the sampling,
valves of the pressure vessels are opened increasing hydraulic pressure in the pressure
hose for the packers. Then the argon gas in the pressure vessels pressure compartment is
compressed, the piston moves downwards, and the sample part is filled with groundwa-
ter maintaining the in situ-pressure. Groundwater will be pumped through the pressure
vessels for at least some hours, in order to secure a good representativity. Then the
valves are closed, the PAVE equipment is lifted to the ground level. The pressure
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vessels are packed and sent to the analysing laboratories, where Ar gas pressure is
coupled to the pressure accumulator side of the pressure vessel. This will move the
piston of the pressure vessel upwards and pump a suitable amount of the sample to a
prevacuumed separation line and further to analyses (e.g. gas chromatography for
dissolved gases).

2.2 Field measurements

Hydrogeochemical field measurements (Ruotsalainen et al. 1998) help to evaluate the
representativity of the pumped groundwater and to decide the appropriate time for
sampling. Groundwater enters the combination of flow through-cells for measurement
of O2 (one small cell) and Eh, pH, EC and t (a larger cell). The installation box of the
flow through-cells is continuously flushed with nitrogen gas to avoid atmospheric
contamination. As the down-hole membrane pump works stroke-wise, the measuring
system needs an intermediate vessel and a small circulating water pump for maintaining
continuous flow. Research and development for more reliable field measurements in
very saline groundwaters is under way (Mantynen 1998).

3 Analytical programmes

Analytical programmes (Table 3-1) have always been adopted according to the character
and representativity of the sampling point. When sampling groundwater from deep
boreholes, parameters sensitive to atmospheric contamination or transport delay
(alkalinity, acidity, Fe2+, Fetot, S2-tot, anions and NH4) were analysed in the field
laboratory in order to enhance the representativity of the data. These samples have been
collected, filtered and, when required, preserved in the N2 glove box. In addition to

samples taken for field and laboratory analyses, a large number of reserve samples
preserved in various ways have been taken for possible future use.

Table 3-1 Analytical programmes.
Main group Parameters
Main variables pH, EC, density, alkalinity, acidity, DIC
Anions HCO3, CO3, Cl, Br, F, I, SO4, S2-tot, PO4 N tot, Ptot, Btot, Stot

Cations Na, Ca, Mg, K, Al, Fetot, Fe2+, Mn, SiO2, NH4
Trace elements Sr, Cs, Li, Ba, Rb, Zr
Organics DOC, TOC, uranine (Na-fluorescein)
Isotopes 5H-2, H-3, 50-18, Rn-222, 8C-13(DIC), C-14(DIC) U-234/U-238

and Utot (H20 and particles), 5S-34 (SO4), 5O-18(SO4), 5S-34(S2-),
Sr-87/Sr-86, 5C-13(CO2, CH4), SH-2(CH4), 5O-18(CO2)

Dissolved gases N 2 , 0 2 , C0 2 , CO, CH4, C2H2, C2H4, C2H6, C3H8, H2, He, Ar
Microbes Total number of cells, Most probable number (MPN),

Sulphate reducing bacteria (SRB), t on reducing bacteria (IRB),
Heterotrophic methanogens (HM), Autotrophic acetogens (AA),
Heterotrophic acetogens (HA)
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Hydrogeochemical studies were all performed according to the field manual for water
sampling produced by Posiva Oy (Ruotsalainen et al. 1998). To ensure data quality,
control analyses by independent laboratories were carried out for some samples. Special
attention was paid to the quality of procedures during sampling, preservation and
analysis, using parallel samples and analysis of fresh and/or saline reference groundwa-
ters. Amount of remaining flushing water from drilling activities was controlled by
fluorimetric analysis of the tracer, uranine.

Results and discussion

4.1 Palaeohydrogeological history of the s ites

After the regression of the Weichselian glacier about 10000 BP, both Olkiluoto and
Hastholmen remained subaquatic for quite a long time. Olkiluoto rose from the sea
around 3000-2500 BP (Eronen & Lehtinen 1996) and Hastholmen about 4000 BP
(Anttila 1986). Thus the most saline, post-glacial stage of the Baltic, the Litorina Sea
(7500-2500 BP) has effected the local hydrogeochemical conditions at both sites.

4.2 Hydrogeochemical conditions at Olkiluoto

The bedrock of Olkiluoto is mainly composed of migmatitic and veined mica gneisses,
quartzitic gneisses, tuffaceous mafic schists, gneissous tonalites or granodiorites and
medium grained granites and leucocratic pegmatites (Anttila et al. 1992). The most
frequently observed fracture minerals are calcite, iron sulphides (pyrite and pyrrhotite),
clay minerals (illite, montmorillonite and kaolinite) and graphite (Gehor et al. 1996). It
is noteworthy that no observations of iron oxides or iron hydroxides have been made in
the drill core samples. The topography on the Olkiluoto island is very low (max. 18 m)
leading to low hydraulic gradients. According to hydrogeological studies (Ahokas et al.
1996), there are more fractures in the uppermost 200 m of the bedrock, and their
conductivities are also greater than in deeper parts of the bedrock. Generally, the

transmissivities of bedrock structures at the Olkiluoto site range from 10" to 10 m /s
(Pollanen & Rouhiainen 1996).

The hydrogeochemical database of Olkiluoto consists of samples from 11 deep (300-
1050 m) boreholes, shallower investigation wells, springs, domestic wells, Baltic
seawater, surface waters and precipitation. According to increasing depth, there is a
clear zonation of different types of groundwaters in the Olkiluoto bedrock (Pitkanen et
al. 1996), Table 4-1.
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Table 4-1 Main groundwater types at Olkiluoto with origin and age of the
dominant end-members (Pitkanen et al. 1996).

Depth,
m
0-150

100-300

100-500

>500

Salinity

Fresh-
slightly
brackish
Brackish

Brackish

Saline

Water type

Na-HCO3

SO4-rich
Na-Cl
Na-Cl

Ca-Na-Cl

Origin of dominant end-
members
Precipitation
Present Baltic seawater

Litorina seawater

Pre-Litorina seawater
containing fresh glacial
meltwater
Preglacial meteoric water,
possibly influenced by
hydrothermal salts

Age estimate,
BP
modern - 2500

2500 - 7500

7500 - 10000

» 1 0 0 0 0

Below the fresh, surface near recent groundwaters, the signs (e.g. high SO4 and Mg,
heavy 80-18) of the ancient Litorina seawater are most prominent at about 100-400 m.
The deep (below 500 m), saline Ca-Na-Cl groundwaters have low Eh values (<-200
mV), high amounts of S2"tot (max 3.0 mg/1) and quite high Br/Cl ratios (Figure 4-1)
suggesting a hydrothermal origin for the salinity (Pitkanen et al. 1996).
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Figure 4-1 Br vs. Cl in the deep, saline groundwaters of Olkiluoto and Hdstholmen.
Also other data from the Fennoscandian Shield (Pori, Blomqvist et al.
1986, Laxemar, Laaksoharju et al. 1995) is included as reference.

The deep, saline groundwaters at Olkiluoto contain very large amounts of dissolved CH4
and H2 suggesting anaerobic microbiological activity (Pitkanen et al. 1996). Before
using the PAVE system, dissolved gases collected in glass ampoules on the ground
surface hinted to amounts about 30-40 ml/1 of CH4 in the saline groundwaters. The new
PAVE samples taken in 1997 have contained as much as 2 litres gas (mostly CH4) in 1
litre water for the most saline (TDSmax 70 g/1) groundwater (Figure 4-2).



Figure 4-2 Dissolved gases in groundwater sample from borehole 0L-KR4 (861-866
m).

All of the groundwater samples taken with the PAVE system contained sulphate
reducing bacteria (Haveman et al. 1998). Also iron reducers as well as autotrophic and
heterotrophic acetogens and methanogens were observed. These results strongly suggest
anaerobic conditions for the deep groundwaters at Olkiluoto, in good agreement with the
dissolved gas contents.

4.3 Hydrogeochemical conditions at Hastholmen

The island of Hastholmen consists of granitic bedrock located at the western edge of the
Wiborg rapakivi massif formed about 1700-1640 Ma ago (e.g. Vorma 1971). Calcite,
dolomite, fluorite, iron oxides, iron hydroxides, chlorite and clay minerals (illite,
kaolinite, montmorillonite) are common fracture minerals (Gehor et al. 1997a, b). Pyrite
occurs only sporadically. Topographically the area is flat (max. 16 m.a.s.L). According
to flow measurement studies (Pollanen & Rouhiainen 1997) there are some low dipping,
highly conductive fracture zones that play an important role in the local hydrogeological
conditions.

The hydrogeochemical database of Hastholmen consists of samples from 4 deep (800-
1000 m) boreholes, 200 m boreholes drilled in the 1980's, other investigation wells,
springs, domestic wells, Baltic seawater, surface waters and precipitation. The main
groundwater types (Snellman et al. 1998) at Hastholmen (Table 4-2) are in accordance
with those found at Olkiluoto (Pitkanen et al. 1996) reflecting similar palaeohistory.
Compared to Olkiluoto, the effects of the ancient Litorina seawaters (high SO4 and Mg,
heavy 50-18) at Hastholmen seem to be stronger. Also the saline (TDSmax 35 g/1) Na-
Ca-Cl water below 600 have much higher amounts of Fe and lower pH values. The high
Br/Cl ratios (Figure 4-1) refer to a hydrothermal origin for the salinity in the deep
groundwaters at Hastholmen, too.
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Table 4-2. Preliminary interpretation of groundwater types, indicative depths and
end-member types for Hastholmen groundwaters (Snellman et al.
1998).

Depth, m Salinity Water type Origin of dominant end- Age estimate,
members BP

0-100 Fresh- Na-HCO3 Precipitation modem-4000
brackish Present Baltic seawater

100-400 Brackish SO4-rich Litorina seawater 4000-7500
Na-(Ca)-Cl

400-600 Brackish SO4-rich Pre-Litorina seawater 7500-10000
Ca-Na-Cl containing fresh glacial

meltwater
>500-600 Saline Ca-Na-Cl Preglacial water, possibly » 10000

influenced by
hydrothermal salts

The dissolved gases in the deep groundwaters at Hastholmen seem to have a different
composition to those at Olkiluoto. The results strongly suggest reducing conditions with
clear observations of CH4 and H2 in all analysed samples, but instead of methane, the
main gas is nitrogen (Figure 4-3). The content of CO2 is fairly high possibly reflecting
oxidation of organic compounds (e.g. CH4 to CO2) during reduction of amorphous iron
hydroxides (Snellman et al. 1998). The high amount of He is apparently due to the
natural elevated contents of U in the local rapakivi granite.

Oj, 0.03 %

Figure 4-3 Dissolved gases in groundwater sample from borehole HH-KR2 (850-855
m).

Results from the microbial studies are in good agreement with the general hydrochemi-
cal characterisation and the gas results. Iron reducing bacteria were found in all PAVE
samples from Hastholmen (Haveman et al. 1998).
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Conclusions

The recent hydrochemical results from Olkiluoto and Hastholmen, gained with the
PAVE system, have greatly improved knowledge on the contents of dissolved gases in
deep groundwaters in granitic bedrock. The PAVE sampler has also enabled successful
sampling of microbes. Together with other hydrogeochemical data including field and
laboratory analyses, the new data of dissolved gases and microbes are in good agreement
with the earlier suggested interpretations and further confirm that reducing conditions
prevail in deep groundwaters at Olkiluoto and Hastholmen.
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