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Abstract

The spent fuel from the Finnish nuclear power plants will be disposed of in the Finnish
bedrock. Posiva Oy is responsible for the site selection programme carried out in accor-
dance with the Governmental decisions. Preliminary site investigations were made in fi-
ve areas in 1987-1992. Based on the results, three areas, Romuvaara in Kuhmo, Kivetty
in Aanekoski and Olkiluoto in Eurajoki, were selected for the detailed site characteriza-
tion in 1993-2000. The final site will be selected by the end of the year 2000.

The interim reporting of the detailed studies of the three areas was made in 1996. In
1997, the island of Hastholmen, as the host to the Loviisa NPP, was included as a fourth
candidate site in the programme for the detailed site investigations. The goal is to cha-
racterize this site also in detail by the end of 2000 to attain the same level of knowledge
as available from the three other sites. The background information existing from the
studies made for the construction of the repository for the low-and intermediate-level
wastes will create a good basis to reach the target.

The research programme for the detailed site characterization has mainly been focused
on groundwater flow and geochemistry due to their importance in terms of long-term sa-
fety of the repository. Equipment and methodology development by Posiva has introdu-
ced new tools that provide more accurate data on relevant parameters than the ones used
in previous stages of site characterization. The programme also contains studies for ad-
ditional information of the structural and geological properties of the bedrock towards
the depth. Also predictive modelling has been made for evaluating the relevance of the
assumptions made. The methods applied in the site characterization have comprised,
e.g., geological mapping, deep core drilling, groundwater sampling and analyzing, hyd-
raulic testing and geophysical measurements.

This paper discusses the site characterization work performed at Hastholmen during
1996-1998.
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Introduction

Posiva Oy, a company jointly owned by Teollisuuden Voima Oy (TVO) and Imatran
Voima Oy (IVO), is in charge of research and development regarding disposal of spent
nuclear fuel in Finland and, ultimately, of the construction and operation of the reposito-
ry itself. Posiva is also responsible of the site selection programme carried out in accor-
dance with the Governmental decisions. Preliminary investigations were made at five si-
tes in 1987-1992. Based on the results, three of them, Romuvaara in Kuhmo, Kivetty in
Aanekoski and Olkiluoto in Eurajoki were selected for detailed site characterization in
1993-2000. In 1997, the island of Hastholmen, as the host of the Loviisa NPP, was
included as a fourth candidate site in the programme for the detailed site investigations.
The final site will be selected by the end of 2000.

Interim results of the detailed site characterization studies from Romuvaara, Kivetty and
Olkiluoto were summarized in 1996 (Posiva Oy 1996a). After that additional investiga-
tions have been continued at each site, but from 1997 they have mainly been concentra-
ted at Hastholmen. The goal is to characterize the Loviisa site in detail by the end of
2000 to attain the same level of knowledge as available from the three other sites. The
background information existing from the studies made for the construction of the repo-
sitory for operating waste will create a good basis to reach the target within a quite lime-
ted time.

This paper deals with the site characterization work carried out in Loviisa. At first geo-
logical background data from previous studies will be briefly described, as well as the
results of the preliminary study performed. Regarding the detailed site characterization
most of the methods described are previously applied at the other three study sites. As a
part of characterization aiming at consistent description of a site integrating the previous
and the new results a 3-D structural model with hydraulic parameters has been establis-
hed for the basis of the numerical groundwater flow modelling. Also geochemical cha-
racteristics and the evolution of the groundwater regime have been studied and reported
to be used as basic data in the safety assessment.

Characterization of the Loviisa site

2.1 Previous investigations

Geological studies have been performed on the island of Hastholmen since late 1960's
and the whole 1970's for the needs of the design and construction of the Loviisa nuclear
power plant. Experiences were also gained from the rock construction works, e.g., exca-
vations for foundations and cooling water tunnels. Although those activities extended
only to the depth of some 30 metres from the ground surface, indications for favourable
conditions also deeper in the granitic bedrock were quite evident regarding the final dis-
posal of low and intermediate-level operating waste.
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Site investigations for the repository of the operating waste, the VLJ Repository, were
mainly performed in 1980's (Anttila 1988), but a lot of additional information was also
gathered during the construction phase of the repository in 1993-1996 (Anttila 1997).
The site investigations, e.g., 15 boreholes drilled down to 150-240 metres, were
concentrated in the western part of the island, but topographical and structural data was
also gained by refraction seismics from the surrounding sea area. Figure 2-1 presents the
locations of boreholes and seismic sounding lines on the island of Hastholmen.
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Figure 2-1. Location of boreholes and seismic lines at Hdstholmen.
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The host rock is Precambrian rapakivi granite the age of which is some 1640 Ma. The
fracture pattern is nearly cubic, as typical for granitic rocks. The main structural features
of the bedrock are the three gently dipping fracture zones. The repository is located
between the two uppermost zones at the level of -110 metres.

All relevant data from Hastholmen concerning rock types, fractures, fracture zones,
geochemistry, hydraulic conductivities etc. has been compiled, digitized and transferred
to Posiva's database. These large amount of background information from previous stu-
dies has created a basis for further characterization work of the Loviisa site.

2.2 Preliminary study

The objective of a preliminary study in 1996 was to determine whether the site proper-
ties were appropriate for final disposal of spent fuel, as compared to properties of other
investigation sites. The preliminary study (Posiva 1996b) was primarily based on exis-
ting data and further analysis. In addition to the material described above, data was also
gathered from the vicinity of the site, as well as general knowledge about the properties
of rapakivi granite. The study also included other factors, for example, fuel transport,
infrastructure, labour issues and economical effects.

A structural interpretation of the bedrock was made on the vicinity of the island, within
a radius of about 20 km (Kuivamaki et al. 1996). The purpose was to identify the most
significant crush zones that would limit the rock volume available for the final disposal
around the island. In addition, the structural interpretation was complemented by geolo-
gical mapping of outcrops within a radius of some 5 km around Hastholmen for stu-
dying more carefully different rock types and fracture oriertations.

To assess the hydrological conditions, previous test results of hydraulic conductivity and
observations on pressure head were gathered and analysed. The knowledge of
groundwater chemistry were complemented. The preliminary study included also sorp-
tion studies, determination of rock mechanical and thermal properties of the rapakivi
granite.

The result of the preliminary study was that the bedrock of Hastholmen is suitable for
the final disposal of spent fuel, and a bedrock block, large enough, could be located un-
der the island at the depth of some 500 metres (Posiva 1996). With respect to any furt-
her investigations, the most crucial bedrock issues seemed to be the occurrence of hori-
zontal crush zones, chemical quality of groundwater and groundwater flow conditions.
For studying these features new deeper boreholes should be drilled to a depth of even
one kilometre.

2.3 Detailed site investigations

2.3.1 Geological studies

The investigations have included drilling of five from 800 to 1000 m deep boreholes
(HH-KR1-5) with a diam. of 56 mm. The sixth borehole with a diam. of 76 mm will be
completed in July this year. The target depth is 600-700 m. 3D rock stress measure-
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ments are conducted while drilling.

The objective of the drillings has been to extend the structural model generated earlier
during studies of the low- and intermediate-level waste repository deeper into the bed-
rock, to the planned final disposal depth, to check the properties and extent of the obser-
ved horizontal zones, and to examine whether similar subhorizontal zones would also
occur deeper in the bedrock. Drillings have also revealed properties of the vertical
fractured and crushed zones around the assumed final disposal bedrock section volume,
and the salinity of groundwater deeper in the bedrock.

A set of measurements and sampling of flushing water was carried out while drilling.
Uranine was used as the label agent in the flushing water. Both the volume and the con-
ductivity of the flushing water and the returning water were recorded as well as the flus-
hing water pressure. Drilling cuttings were removed from the borehole by means of air-
lift pumping and pumping water from the bottom of the borehole trough the drilling pi-
pes. The deviation of the boreholes has been measured with Reflex-Maxibor and Bore-
mac D2 deviation instruments.

Core samples were phographed and logged at the site. Uniaxial compressive strength,
Young's modulus and Poisson's ratio were measured from core samples with a portable
tester. The strength and elastic parameters will be confirmed with laboratory tests.

The programme for the detailed site characterization includes systematic mineralogical
and petrological studies of the drill cores (e.g. Gehor et al. 1997). The main emphasis is
to detennine the rock types and their mineral and chemical composition, and to identify
low temperature fracture minerals, especially, in sections with a high hydraulic con-
ductivity. The results will be utilized, e.g., in geochemical modelling and assessing the
origin of the groundwater. The results show that there are four main types of rapakivi
granite.

Calcite, dolomite, Fe hydroxides and clay minerals form the most typical low temperatu-
re fracture minerals. Fluorite and Fe sulphides have been met less frequently. Fracture
coatings by chlorite and chloritic slickensides occur quite commonly in all depths.

During the preliminary study in 1996 several greisen veins were found on the outcrops
of the Hastholmen region. These veins, primarily consisting of quartz, mica and topaz,
are commonly associated with hydrothermal tin mineralization. The objective of a more
detailed geological mapping of the greisen veins was to determine their mineralization
potential. The mapping (Kuivamaki et al. 1997) was concentrated in the near vicinity of
Hastholmen, but observations were also made over a larger area in order to get a regio-
nal perspective of mineralization potential of the rapakivi granite.

Altogether 19 greisen veins were recorded in the vicinity of Hastholmen, none of them
on the island itself, and, in addition, a lot of glacial erratics with greisen mineralization.
The analyses indicated that elevated Sn, Zn, Pb and Cu concentrations occur only in a
few samples. The conclusion of the study is that the potential for economic mineraliza-
tion in the Hastholmen area is rather limited.
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2.3.2 Geophysical studies

Low-altitude airborne geophysical measurements (Multala & Hautaniemi 1997) aimed
at gathering additional data on the occurrence of the different rapakivi granite types on
the surface and at offering opportunities for the three-dimensional interpretation of rock
type units, based on magnetic field. The survey methods included measurement of the
total intensity of the earth's magnetic field, electromagnetic measurement and measure-
ment of the natural gamma radiation.

Line kilometres amounted to some 1000 km. The coverage area of measurements was
about 140 km2. The line interval used was normally 200 m, but in the immediate sur-
roundings of Hastholmen a closer line interval of 100 m was applied. The interpretation
(Paananen & Paulamaki 1998) of the occurrence of different rapakivi phases served as a
basis for the compilation of the revised bedrock model.

Electromagnetic frequency sounding was applied to study whether there would be
groundwaters of different salinity at the investigation site and to locate any interfaces
down to a depth of some 1000 m (Jokinen & Lehtimaki 1997). In addition, the general
distribution of electrical conductivity was examined to assess, for instance, suggestions
of fracture zones.

From the most prominent indications, resistivity and total salinity (TDS) of groundwater
was calculated (Paananen et al. 1998). Calculated apparent TDS-values varied between
1070 - c. 56000 mg/1. From the total of 52 results, 22 can be classified as saline water
(TDS > 10000 mg/1), the rest being brackish (TDS 1000 -10000 mg/1).

Detailed ground radar survey was applied to study fracturing of the rock surface parts
and fracture structures (Sutinen 1997). The investigations provided complementary data
on the location of fracture zones and on the validity of the current structural model with
respect to structures outcropping onto the earth's surface.

The HSP (Horizontal Seismic Profiling) surveys were done on the sea area around Hast-
holmen on seven lines. From each line 3...6 reflectors were interpreted. The strongest
reflectors are dipping gently to NE.

Geophysical borehole investigations concerned salinity of the groundwater, location,
properties and directional distribution of fracturing, connections of the fracture zones
between the boreholes, and location and direction of the zones in the larger volume of
the vicinity of boreholes. Seismic methods were mainly used for the last-mentioned pur-
pose, since the investigation radius of a borehole radar is limited in the environment of
saline bedrock groundwater.

Detailed geophysical borehole logging contained the following methods: measurement
of fluid resistivity and temperature, the electrical resistivity (short normal, 0.4 m) and
the grounding resistance (single-point array), three-arm caliper, sonic full-wave form,
the natural gamma radiation, the magnetic susceptibility, and the bedrock density with
the radiometric y-y technique (Julkunen et al. 1997). The results were used for detailed
interpretation of rock mass (Okko et al. 1998).
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Borehole scanning techniques dipmeter (Siddans et al. 1997) and digital borehole TV
(Strahle 1998), were applied to locate and orientate single fractures and fracture zones
penetrated by the boreholes KR1 - KR3. The obtained detailed fracture orientation re-
sults were utilized for the structural interpretation of the bedrock and fracture zones
(Paananen & Paulamaki 1998; Okko et al. 1998).

The purpose of the Multi-Offset VSP (Vertical Seismic Profiling) surveys were perfor-
med to detect fracture zones, lithological contacts and other anomalies in the bedrock
and determine their position and orientation.

The surveys were done in boreholes HH-KR1-3. Seven shot points were placed around
each borehole, with offsets from 100 m to 500 m.

Two major seismic reflectors were interpreted from HH-KR1 (Figure 2-1). The first in-
tersects the borehole at 530 meters with the dip 77 ° and the dip direction 130°. The se-
cond reflector intersects the borehole at the depth section 910-960 m. The dip of the ref-
lector is 20° and the dip direction is 240°. The second reflector has a very complex sha-
pe and the position of the reflector has been calculated in several panels, to better visua-
lize the reflecting surface. This reflector can be observed also from HH-KR2 and HH-
KR3 VSP data.

2.3.3 Geohydrological studies

Hydraulic head of the groundwater has been monitored at Hastholmen since 1980. Sys-
tematic measurements were done at first in open boreholes, but after 1993 also in multi-
level piezometers. The main purpose was to define boundary conditions for the
groundwater flow modelling for the disposal of low and intermediate-level operating
wastes. The results have confirmed the importance of the fracture zones and hydraulical-
ly conductive fracture network for the groundwater flow. The role of rock matrix itself
seems to be very small.

Hydraulic conductivities were measured in 1980's with a double packer system. In the
detailed characterization phase in 1997-98 the measurements have been made by a
flowmeter. This device measures groundwater flow into or out from a given borehole
section in constant head conditions (Pollanen et al. 1997). Hydraulic conductivity and
head around the borehole can be calculated when the measurements are made with two
different heads. Figure 2-2 gives an example where the equipment was moved in the bo-
rehole with 10 cm steps with simultaneous measuring of the flow together with single
point resistivity. By this means it is possible to locate and characterize most conductive
individual fractures. Detailed flow measurements together with borehole TV results we-
re used, e.g., for determining of the cable length corrections and the exact location of
groundwater sampling sections. In addition to the flowmeter, the deep boreholes will be
measured with a double packer system (HTU) for verifying the results of the flow meter
and to get more data, especially, from the sections with low hydraulic conductivity.



Figure 2-1. Major VSP-reflectors in the borehole HH-KR1.

Figure 2-2. An example of results from detailed flow measurement, which is based on
moving of 1 m measuring section by 10 cm steps along a borehole. A
single fracture gives thus one meter wide flow pattern as can be seen on
the left side of the figure. Single point resistances measured during flow
logging are presented on the right side.
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Groundwater flow across a borehole has been measured with the flowmeter. A special
packer system guides the flow through the flow sensors. Four inflatable seals between
conventional packers divide 2 m long borehole section into four sectors and the di-
rection of flow can thus be measured, too. An example of results is presented in Figure
2-3 where flow across borehole Y20 was measured before the repository tunnel excava-
tion in the year 1993. The highest stabilized crossflow was detected at the depth of 79.5
m. No measurable flow was detected in the saline part of the bedrock i.e. below 100 m.
Measurements were repeated after the excavation of the VLJ Repository and the most
remarkable change in the flows across the borehole was the increase of flow at the depth
of 79.5 m. Measurements in deep boreholes during 1998 have confirmed the assumption
that there is no groundwater flow in the saline part of the bedrock. Detectable flow in
deep boreholes has not yet been found in fresh water.
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2.3.4 Geochemical studies

Hydrogeochemical characteristics (Snellman and Helenius 1992) of Hastholmen have
previously been studied for the VLJ Repository. Recently in 1997-98 water samples ha-
ve been taken with a new sampling equipment, PAVE (Ruotsalainen et al. 1996; Ruot-
salainen & Snellman this volume).

The general view of the groundwaters at Hastholmen (Ruotsalainen & Snellman, this
volume) resemble the other coastal site, Olkiluoto (e.g. Pitkanen et al. 1996;
Ruotsalainen & Snellman 1996), with reflections of the ancient saline stages of the
Baltic Sea and zonation of different bodies of groundwaters from surface-near fresh to
deep saline.

The strongest Litorina effects can be seen at the depth of about 100-400 m with the ele-
vated SO4, Mg, NH4, B, trace elements and heavy stable isotopes. Salinity increases
with increasing depth suggesting enhanced water-rock interaction and longer residence
times. The present TDSmax of the deep Ca-Na-CI groundwaters is about 35 g/1.

The effects of the rapakivi bedrock of Hastholmen can be seen in the elevated amounts
of He in the dissolved gases, which generally are mostly composed of N2, but also of
CH4 and H2, suggesting reducing conditions. The observed thick layers of iron oxides
and iron oxyhydroxides (e.g. Gehor et al. 1997) as well as the high iron contents of the
waters are in good agreement with the results of the microbe studies (Haveman et al.
1998), indicating presence of iron reducing microbes in all samples.

2.3.5 Rock mechanical studies

Some rock stress measurements have been performed earlier at Hastholmen at the depth
less than 200 m. These measurements give some indications of the existence of high ho-
rizontal in situ stresses at Hastholmen.

Core discing phenomenon has been encountered in several sections during the drilling
of the five deep boreholes drilled in 1997-98. Sound core sample have been broken into
thin discs after drilling in several sections in all boreholes with a diam. of 56 mm. The
connection between this phenomenon with the strength properties of rock and with the
stress field in the bedrock are being studied as well as its importance with regard to con-
struction of the facilities.

In order to get a better understanding of the rock mass behaviour around the under-
ground repository, rock stress measurements will be carried out between depth levels
300 m and 800 m. Both 2- and 3-dimensional measurement methods (overcoring and
hydraulic fracturing) will be used.

3 Site modelling

The structure and groundwater flow modelling of Hastholmen were carried out in 1996
for the safety assessment of the VLJ Repository. The structure model was transferred to
Posiva's computer aided geological ROCK-CAD™ modelling system. The CAD model
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includes both fracture zones and rock types (Lindh et al. 1997). The model covers the
whole island and its near vicinity the bottom level being at -1000 metres.

The bedrock model has been served as planning base for the investigations and it will be
supplemented with new results available. The updating of the CAD model is under pre-
paration, but preliminary interpretations (Okko et al. 1998) indicate that several gently
dipping fracture zones also exist deeper in the bedrock, down to 1000 metres as can be
seen in Figure 3-1. The same low lying orientation seems to reflect also in the lithologi-
cal contacts of different rapakivi types (Paananen & Paulamaki 1998). The new model
will be used as basis for the numerical groundwater modelling.

Figure 3-1. An E-W cross section from Hdstholmen showing gently dipping fracture
zones. Steep fracture zones in east and west are locating in the sea area.

4 Summary

Detailed site characterization of the Loviisa power plant area has been done from the be-
ginning of the year 1997. The aim is to study and classify the site by the same manner as
the other three sites- Kivetty, Olkiluoto and Romuvaara- by the end of the year 2000. A
quite comprehensive background material was available from previous studies mainly
made for the repository of low and intermediate-level operating wastes. These results in-
dicated gently dipping fracture zones, low lying contacts of different types of the rapaki-
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vi granite, and increasing salinity with depth. During the two last years the bedrock and
groundwater conditions have been studied and characterized down to the depth of 1000
metres applying the same methods which were used at Posiva's other investigation sites.

The investigation programme is underway, as well as interpretations and modelling of
the results, but it seems quite evident that the gently dipping fracture zones are the most
striking features in the Hastholmen bedrock These zones are also very crucial with re-
gard to the groundwater flow and locating the facilities in the rock mass. The results of
geochemical analyses indicate reducing groundwater conditions and increasing salinity
with depth, the maximum TDS is so far about 35 g/1.
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