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MASS-BALANCE MODELLING RESULTS OF GROUNDWATER DATA
COLLECTED AT OLKILUOTO OVER THE PERIOD 2004 – 2007
ABSTRACT
Olkiluoto has been selected as a repository site for final disposal of spent nuclear waste
produced in Finland. An understanding of the hydrogeochemical groundwater
conditions and their evolution is essential in evaluating the long-term safety of the
repository. The performance of technical barriers and the migration of potentially
released radionuclides depend on the chemical conditions. A prerequisite for
understanding these factors is the ability to specify the water-rock interactions, which
control chemical conditions in the groundwater.
The objective of this study is to present mass-balance studies of the samples collected
over the period 2004 - 2007. A total of 178 groundwater samples have been collected
over this period (84 groundwater observation tubes, 88 from deep multipackered
boreholes and 6 from the ONKALO) which provided a comprehensive dataset on
dissolved chemical species and isotopes. The PHREEQC program was used in the
mass-balance calculations in order to develop geochemical interpretations of water-rock
interactions, isotope-chemical evolution and the mixing of palaeowater types.
A model of the hydrogeochemical evolution in different parts of the crystalline bedrock
at Olkiluoto has been created and the significance of chemical reactions and
groundwater mixing along different flow paths calculated. The changes in
hydrogeochemical interpretations and chemical and isotopic calculations indicate that
pH seems to be dominantly controlled by thermodynamic equilibrium with calcite in
fractures and there are indications that this process may also occur in the overburden
layer. Oxic redox conditions, prevailing in recharging groundwater, change abruptly to
sulphidic conditions close to the surface, generally in the overburden. The results from
the mass-balance calculations correspond and support the earlier conceptions of
groundwater mixing, the origin of salinity and the hydrogeochemical evolution. The
fractions of glacial meltwater indicated in these calculations are smaller than in those
carried out previously and are mainly limited to depths of less than 300 m. This results
from a re-assessment of the initial subglacial groundwater used in the calculations.
Calculated mass-transfers in chemical reactions seem to remain marginal, however, they
are essential in stabilising hydrogeochemical conditions in metastable mixing zones,
such as the infiltration zone at shallow depth and at greater depths at the interface
between brackish SO4-type and saline groundwater types. Individual results, however,
contain uncertainties which should be taken into account in mass-balance calculation in
the future.
Keywords: Groundwater chemistry, mass-balance calculations, mixing, PHREEQC.
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POHJAVESINÄYTTEIDEN GEOKEMIAN MASSATASAPAINOLASKUJEN
MALLINNUSTULOKSET OLKILUODOSSA VUOSINA 2004 – 2007
TIIVISTELMÄ
Eurajoen Olkiluoto on valittu käytetyn ydinpoltoaineen loppusijoitupaikaksi Suomessa.
Hallitun loppusijoituksen kannalta tutkimusalueen pohjavesigeokemiallisen luonteen ja
kehityksen ymmärtäminen on keskeinen arvioitaessa pitkäaikaisturvallisuutta. Pohjavesikemian tuntemus antaa perusteet loppusijoitustilojen teknisten päästöesteiden
toimintaturvallisuuden optimointiin ja mahdollisten vapautuneiden radionuklidien
kulkeutumisen arviointiin.
Tutkimuksen tavoitteena on esittää koostetusti vuosin 2004 - 2007 aikana otettujen
näytteiden pohjavesigeokemian massatasapainolaskujen tulokset. Tänä kuluneena aikana tutkimusalueelta on kerätty 178 pohjavesinäytettä (84 matalista pohjavesiputkista, 88
syvistä monitulpatuista kalliorei'istä sekä 6 ONKALOsta). Näytteistä on ollut käytettävissä laajat liuenneiden kiinteiden aineiden, kaasujen ja isotooppien analyysitulokset.
Massatasapainolaskenta on toteutettu PHREEQC –ohjelmistolla.
Kemian tuloksissa havaittava vaihtelu on seurausta muinaisista muutoksista ilmastossa
ja geologisessa ympäristössä. Niiden seurauksena kehittyneet suolaiset vesityypit ovat
eri aikoina suotautuneet ja osin sekoittuneet sekä tuottaneet nykyään rakoverkostossa
havaittavan pohjavesikemiallisen järjestelmän. Kalsiitti kontrolloi tulosten perusteella
pH-olosuhteita kalliossa ja mahdollisesti myös maaperässä. Aerobiset olosuhteet, jotka
vallitsevat suotautuvassa vedessä muuttuvat pikaisesti anaerobisiksi ja sulfidisiksi
lähellä maanpintaa, osin jo maaperässä.
Massatasapainolaskujen tulokset noudattavat ja vahvistavat aikaisempaa käsitystä
pohjaveden sekoittumisesta, suolaisuuden alkuperästä ja geokemiallisesta kehityksestä.
Glasiaaliveden fraktio on hieman pienempi kuin aiemmilla mallinnuskierroksilla on
arvioitu ja se rajoittuu pääasiallisesti 300 m:n yläpuolelle. Tämä on seurausta
laskelmissa käytetyn ns. subglasiaali-initiaaliveden tarkennetusta määrittelystä. Aineensiirtymät näyttävät tulosten valossa olevan marginaalisia, mutta keskeisiä pohjaveden
stabiloitumisen kannalta metastabiileissa sekoittumisvyöhykkeissä kuten suotautumisvyöhykkeessä ja syvällä kalliossa SO4-pitoisen ja suolaisen veden rajapinnassa.
Yksittäisiin tuloksiin liittyy kuitenkin epävarmuuksia, joihin on tulevaisuudessa tehtävissä massatasapainolaskuissa kiinnitettävä huomiota.
Avainsanat: pohjavesikemia, massatasapainolaskut, sekoittuminen, PHREEQC.
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INTRODUCTION

The Olkiluoto site is the selected candidate for final disposal of high-level spent nuclear
fuel deep in the bedrock. The geochemical and hydrogeological characteristics are
among the important factors to be considered when assessing the suitability and safety
of the site. A general consistency between lithological, structural, hydrogeological, and
hydrogeochemical models is considered to be a basic requirement for the reliable safety
assessment of a geological repository, and an important aspect of confidence building in
data and understanding (Bath & Lalieux 1999).
Geochemical modelling is generally used to test the integrated interpretation of the
hydrogeochemical concept, including interactions with the geological and hydrogeological boundary conditions (Appelo & Postma 2005). Plausible models increase the
level of site understanding and quantify the importance of each process. A geochemical
mass balance model (inverse modelling) is a set of the mixing fractions of initial waters
and the mass transfers of minerals and gases that quantitatively account for changes in
the chemical and isotopic compositions of water to satisfy the composition of the final
water along a flow path (Plummer et al. 1994, Parkhurst 1997, Parkhurst & Appelo
1999).
The mass balance calculation approach has been applied in interpreting the
hydrogeochemical evolution of Olkiluoto groundwater samples and in monitoring
hydrogeochemical changes caused by underground construction (e.g. Pitkänen et al.
1999, 2004, Luukkonen et al. 2005, Andersson et al. 2007, Posiva 2009). These several
campaigns have already shown the competence of the mass balance modelling approach
in analysing the status of different processes to the observed hydrogeochemical changes
in complex hydrogeochemical systems.
Large salinity variations at Olkiluoto are dominantly a result of progressive mixings of
various end-member water types (e.g. glacial water, Littorina seawater, modern
meteoric precipitation) derived from different hydrogeological impacts at the site during
its geological and climatic history (e.g. Posiva 2009, 2013). The results of mixing
calculations included in mass balance models specify the fractions of each of the endmember waters, their distribution in the groundwater system; and further indicate either
natural long-term (baseline data) or temporary (monitoring data) groundwater flow at
the site. Calculated reaction coefficients provide information on the hydrogeochemical
stability under varying conditions, i.e. chemical processes induced by environmental
changes or investigations. The hydrogeochemical evolution concept applied in massbalance modelling has been discussed in detail in previous modelling reports (Pitkänen
et al. 1999, 2004) and in the Site Descriptive Models (e.g. Posiva 2009, 2013).
The objective of the present study is to explain the initial conditions and boundary
conditions of modelled hydrogeochemical evolution period since the retreat of the
Weichselian ice sheet from Olkiluoto and to report the results of mass-balance
calculations. The discussion focuses on the results of mixing calculations and their
uncertainties.
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HYDROCHEMICAL DATA

All the calculated results presented in detail in this report are based on groundwater
samples collected since the beginning of the construction of the ONKALO, up to the
end of the 2007, and have been previously discussed in a more general manner in
Anderson et al. (2007) and Posiva (2009). The data cover both previously unsampled
drillhole sections and new drillholes, to improve the understanding of the baseline
conditions, and samples from the monitoring programme to observe potential
hydrogeochemical changes caused by the construction of the ONKALO.
The groundwater data used in these calculations were presented in detail in Hirvonen et
al. (2006) and Pitkänen et al. (2007a,b and 2008). Pitkänen et al. (2007a) have evaluated
the quality of groundwater samples taken before construction of the ONKALO started
in June 2004. The evaluation of the data is based on analysing the observations of
groundwater flow measurements at the sampling locations, together with observations
during field work; and also the consistency of the results of chemical analyses. An
integrated and transparent evaluation method, suitable for both surface water and
groundwater samples, has been developed to classify samples according to their
representativity and reliability. Samples are graded into four classes (Table 2-1);
quantitatively (class B1) and qualitatively (class B2) reliable samples, representing
Baseline conditions, samples representing Temporary changes (class T), and clearly
uncertain samples Excluded from interpretation (class E). Class T samples are either
from sections sampled earlier (from the monitoring network) or have been evidently
contaminated by waters from near-surface portions of drillholes, due to the potential for
considerable water flow along open drillholes (See also Posiva 2013, Section 7.3.6). In
addition, the quality of single chemical measurements in each water sample is also
evaluated on a four-step scale, which predominantly describes the technical reliability of
the individual measured values. Basic information on the samples, the analytical results,
the classification of the samples and single data values, with comments related to the
quality of the results, are included in Posiva’s hydrogeochemical database of Olkiluoto.
The quality grading system has been also applied to the deep groundwater samples,
taken since June 2004 (Pitkänen et al. 2007b, 2008) and which are used in the
calculations in this report.
The discussion of the hydrogeochemical evolution of Olkiluoto (Chapter 3) is based on
groundwater samples from baseline conditions, i.e. class B samples. Similarly, the
hydrogeochemical concept applied in the mass balance models (Chapter 4) is
interpreted from baseline groundwater data. Class T samples are calculated using the
same concept, however, taking into account possible temporary factors which may
result in deviations from the natural hydrogeochemical evolution.
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Table 2-1. The number of samples representing different water types, according to the
quality evaluation method developed for Olkiluoto hydrogeochemical data. The
evaluation concerns data sampled from the surface up to the end of 2007.
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PALAEOHYDROGEOLOGICAL EVOLUTION AND HYDROGEOCHEMICAL SETTING AT OLKILUOTO

Based on earlier groundwater geochemical studies (e.g. Pitkänen et al. 1994, 1996,
1999, 2004) it is clear that the Holocene history of the Baltic Sea, in particular, has had
a major effect on groundwater compositions at Olkiluoto. These studies presented the
ages of postglacial stages as radiocarbon years (uncalibrated ages) before present (BP),
which are, however, shorter than calendar years, especially when considering times
close to the Weichselian glaciation, due to the higher radiocarbon content in the
atmosphere than in 1950 (year 0 in radiocarbon dating) (e.g. see Clark and Fritz 1997).
Therefore, the time period since the Weichselian glaciation is summarised here using
dates calibrated to calendar years, which are presented, for example, in Salonen et al.
(2002).
Complete Weichselian deglaciation started about 11 500 years ago, and soon after that
Olkiluoto was released from the cover of ice (about 11 000 years ago), but remained
below the surface of the mildly saline Yoldia sea (Eronen & Lehtinen 1996) (Figure 21). The Olkiluoto site also remained submerged during the stages of the fresh Ancylus
Lake (starting some 10 800 years ago) and the saline Littorina Sea (starting around
8500-8000 years ago) (Figure 3-1). During the main part of the Littorina stage, between
about 8000 and 4500 years ago, the TDS in the seawater was about 4 ‰ higher than in
the modern Baltic Sea at the Finnish coast (Donner et al. 1999). Since that time the
salinity of the seawater has been reduced steadily to its current value of about 6 ‰ off
Olkiluoto Island. As a result of land uplift Olkiluoto Island begun to emerge from the
Baltic Sea about 3000-2500 years ago (Eronen & Lehtinen 1996). Currently the
postglacial uplift at the site is about 4-6 mm/yr (Eronen et al. 1995, Kakkuri 1987).
From a hydrogeological viewpoint, there are two important salinity variations, firstly
those in the Baltic Basin, and secondly the salinity (i.e. density) differences in the
groundwater.
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Figure 3-1. Postglacial shoreline in southern Finland from about 11 500 years ago
until present (after Eronen et al. 1995, Pitkänen et al. 2004).
Table 3-1 presents estimates of the compositions of glacial meltwater during the
Weichselian deglaciation and of Littorina seawater; the latter estimate is based on the
compositions of modern seawaters. The estimates for the compositions of present Baltic
Sea and mean global ocean water are for surficial seawaters.
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Table 3-1. Estimated Quaternary glacial meltwater, Littorina seawater and subglacial
groundwater compositions with inferred Baltic sea and mean ocean water compositions.
1)

1)

T (°C)
O2 (mg/L)
pH
Density (g/ml)
HCO3 (mg/L)
SO4 (mg/L)
PO4 (mg/L)
Ntot (mg/L)
Cl (mg/L)
F (mg/L)
Br (mg/L)
NO3 (mg/L)
SiO2 (mg/L)
Fetot (mg/L)
Al (mg/L)
Na (mg/L)
K (mg/L)
Ca (mg/L)
Mg (mg/L)
Mn (mg/L)
Sr (mg/L)
Li (mg/L)
Charge Balance (%)
2H (o/oo SMOW)
13C (PDB)
18O (o/oo SMOW)
3
H (TU)
14
C (pM)
87
Sr/86Sr

Glacial
water
1.0
7.2
5.8
1.000
0.16
0.05
0.0003
0.19
0.70
0.00
0.001
0.07
0.01
0.0001
0.0001
0.15
0.15
0.13
0.1
0.0
0.0001
0.0
1.03
-166.0
-25.0
-22.0
0.0
28.0

2)

Littorina 3)Subglacial
sea groundwater
10.9
8
6.6
7.6
8.2
1.008
92.5
13.4
890
1
0.06
0.27
6500
3000
0.49
1
22.2
21
1.84
0.002
0.002
3674
1350
134
5
151
510
448
27
0.0
2.68
0.07
0.97
0.9
-37.8
-86
-1.0
-4.7
-12
0.0
43.0
0.70940
-

4)

Baltic
sea
8.5
7.2
7.7
1.002
78.7
450
0.02
0.21
3025
0.27
10.3

0.58
<0.01
<0.01
1760
66
82
219
<0.01
1.20
0.04
2.13
-60.8
-1.68
-7.55
15.4
115.8
0.70945

5)

Ocean
water
20.0
4.3
7.5
1.030
144.2
2540
0.22
0.5
19550
1.3
67

6.61
0.002
0.002
10860
391
412
1310
0.0
8.24
0.18
0.27
0
-1.0
0
15.4
100
0.7094

pH, Na, K, and SO4 values estimated from Taylor et al. (1992). 14C value is based on
conservative isotopic decay and 13C value indicates organogenic origin of carbon. 2)
Regression between average Baltic sea (Puskakari, Eteläriutta) and global mean ocean
water (Fairbridge 1972, Harrison 1992) with the assumption that maximum Cl content
in Littorina sea was about 6500 mg/L (Kankainen 1986). 14C value is based on
conservative isotopic decay. 3) Subglacial groundwater, see mixing of groundwaters in
section 3.3 . 4) Average of ’94 samples from Puskakari and Eteläriutta. 5) Global mean
ocean water (Fairbridge 1972, Harrison 1992).
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3.1

Groundwater types

It has been observed that changes in climate and the geological environment have a
significant effect on local palaeohydrogeological conditions, and leave clear imprints on
the chemical and isotopic signatures of groundwaters (Pitkänen et al. 1996, 1999, 2004,
Posiva 2005, Andersson et al 2007, Posiva 2009). As a consequence of these changes,
the baseline groundwater compositions and the chemical data show a considerable
variability with depth, notably in salinity, anion compositions and the stable isotopic
compositions of water, which indicate differences in the water sources infiltrating.
The groundwater chemistry over the depth range 0-1000 m at Olkiluoto is characterised
by a significant range in salinity. Fresh groundwater with low total dissolved solids
(TDS 1 g/L; Davis 1964) is found only at shallow depths, in the uppermost tens of
metres (Figure 3-2a). Brackish groundwater, with TDS up to 10 g/L dominates at
depths, varying from 30 m to 450 m. Fresh and brackish groundwaters are classified
into three groups on the basis of characteristic anion contents (Figure 3-2b-d), which
also reflect the origin of salinity in each groundwater type. Chloride is normally the
dominant anion in all bedrock groundwaters, but the near-surface groundwaters are also
rich in dissolved carbonate (high DIC in Fresh/Brackish HCO3 type), the intermediate
layer (100-300 m) is characterised by high SO4 concentrations (Brackish SO4 type) and
the deepest layer solely by Cl (Brackish Cl type), where SO4 is almost absent. In
crystalline rocks high DIC contents are typical of meteoric groundwaters which have
infiltrated through organic soil layers, whereas high SO4 contents indicate a marine
origin in crystalline rocks without SO4 mineral phases. Saline groundwater (TDS >10
g/L) dominates below 400 m depth. The highest salinity in groundwater samples
observed so far is 84 g/L, which is actually below the limit generally used for brine
(TDS >100 g/L).
Sodium and calcium are the dominant cations in all groundwaters and show similar
trends to TDS and Cl (Figure 3-2e,f). Potassium and magnesium (Figure 3-2g,h) are
enriched in SO4-rich groundwaters, supporting their similar major origin from seawater
as for SO4 in the upper part of bedrock. All parameters in Figure 3-2 have generally
coherent trends with depth in brackish Cl-type and saline groundwaters, whereas their
contents show clear deviations from the trends in HCO3- and SO4-rich groundwater
types. This demonstrates the different origin of the deep brackish Cl-type and saline
groundwaters compared to shallower HCO3- and SO4-rich groundwater types, the
limited interaction between the deep and shallow aquifers, and the competence of the
divisions of groundwater types used in the hydrogeochemical modelling of the
Olkiluoto site.
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Figure 3-2. a) TDS, b) Cl, c) DIC and d) SO4 e) Na, f) Ca, g) K and h) Mg
concentrations as a function of depth of Olkiluoto baseline groundwater samples.
Reference groundwaters see Section 3.3. Note: logarithmic axis is used for TDS, Cl, Na
and Ca whereas axis is linear for DIC, SO4, K and Mg.
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Figure 3-2. a) TDS, b) Cl, c) DIC and d) SO4 e) Na, f) Ca, g) K and h) Mg
concentrations as a function of depth of Olkiluoto baseline groundwater samples.
Reference groundwaters see Section 3.3. Note: logarithmic axis is used for TDS, Cl, Na
and Ca whereas axis is linear for DIC, SO4, K and Mg.
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The position of stable isotope compositions relative to the global meteoric waterline
(GMWL) indicates potential chemical and physical conditions and processes (e.g. Clark
& Fritz 1997, Frape et al. 2005), which are indicated in Figure 3-3.
The stable isotopic composition of groundwater is, in most cases, controlled by
meteorological processes, and the shift along the GMWL reflects climatic changes in
precipitation. Cold climate precipitation has a lighter isotopic composition (more
negative values), whereas a warmer climate shows a heavier composition. A shift to the
right or below the GMWL typically indicates evaporation in surficial waters, which are
enriched due to fractionation in heavier isotopes, particularly 18O, relative to the vapour
phase. Therefore, Baltic seawater composition is, for example, below the GMWL. The
shift above the GMWL is unusual and observed mainly in shield brines. In order to
produce such strong fractionation in oxygen and hydrogen isotopes, it has been
proposed that this is due to effective primary silicate hydration under a low water-rock
ratio (Clark & Fritz 1997, Frape et al. 2005, Gascoyne 2005).

F

Figure 3-3. Relationship between 18O and 2H in Olkiluoto water samples. Arrows
depict the compositional changes caused by the named conditions. Reference
groundwaters see Section 3.3. Global meteoric water line (GMWL) after Craig (1961).
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3.2

Origin of groundwaters

The interpretations of chemical and isotopic data (Pitkänen et al. 1996, 1999, 2004,
Posiva 2009, Posiva 2013 Figure 3-2 and Figure 3-3) indicate, that there are water types
from at least six different sources influencing current groundwater types at the site.
They originate from different periods, ranging from modern times, through former
Baltic stages, to preglacial times and are mixed in varying ratios in groundwaters:
modern

- Meteoric water, which infiltrated during terrestrial recharge (during the
last 0 – 2500 a), plots over a limited area along the GMWL in Figure 3-3.
Shallow groundwaters from overburden and bedrock (Fresh HCO3-type)
are the best representatives of this source, but clear imprints of early
meteoric infiltration, mixed with former groundwaters, can be seen down to
100 m to 150 m depth (Brackish HCO3-type).
- Seawater from the Gulf of Bothnia (0 - 2500 a) has a signature showing
evaporative effects. The influence of current seawater can be seen as a
slight increase in salinity in fresh HCO3-type samples in overburden and
shallow bedrock.
- Water in the Korvensuo reservoir (domestic water used in drilling originally river water) shows an even stronger evaporative tendency than
seawater in Figure 3-3. The signature of the reservoir is observed from a
few shallow groundwater samples in the vicinity of the reservoir.

relic

- The influence of Littorina seawater (2500 - 8500 a, major infiltration
during early more saline stage dominates in brackish SO4-type
groundwater, as well as being observable in brackish HCO3-type samples.
Both groundwaters tend to shift to the right from the GMWL towards the
current seawater composition (Figure 33). The marine origin of dissolved
solids is indicated by the marine signatures of Br/Cl (Figure 3-4a), SO4/Cl,
Mg/Cl ratios and 36Cl results (Gascoyne 2001), and the Littorina origin by a
higher salinity than in modern Baltic water and clearly lower radiocarbon
content than in HCO3-rich groundwaters (Pitkänen et al. 1999, 2004).
- The colder climate meteoric water signature in the groundwater data
Figure 3-3) probably results from the inclusion of glacial meltwater (more
than 10 000 years ago). The influence is observable, both in brackish SO4type groundwater and in brackish Cl-type groundwaters (Figure 3-4b).
Brackish SO4-type groundwater does not even reach the stable isotope
composition of current or Littorina seawater (cf. Table 3-1) and few
samples show very light stable isotopic composition. Brackish Cl-type
shows similar non-marine chemical signatures to saline groundwater (e.g.
Br/Cl ratio is twice the marine signature in the brackish SO4-type, Figure 34a) and a further depleted radiocarbon and higher rock-derived He contents
(Pitkänen & Partamies 2007), which indicate a longer residence time than
brackish SO4-type groundwater.
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- The stable isotopic signature in saline groundwater (Figure 3-3) above the
GMWL indicates the strong hydration of silicates. There are several
indications for assuming an extremely long residence time for saline water.
In particular, the observations from fracture infillings and fluid inclusion
studies indicate elevated temperatures for hydration and a saline source
water (see also Pitkänen et al. (2004) pp. 84-86 or Posiva (2005) pp. 180182). Therefore, the saline water source (probably brine) intruded and/or
formed under higher temperature than at present, which, according to
present geological knowledge, prevailed possibly during the Palaeozoic
under a thick sedimentary cover (Kohonen & Rämö 2005). The original
brine end-member has later been diluted with meteoric water from
precipitation in a slightly colder climate than at present. Brackish Cl-type
groundwaters represent the end-product of this dilution.

Figure 3-4. Relationships between a) Br-Cl ratio and b) δ18O values with depth in
Olkiluoto groundwater samples. The ratio is almost constant in marine waters
(current oceanic value 0.0034). Relative enrichment of Br in brackish Cl and saline
groundwaters might be dated back to ancient fractionation between Br and Cl, either
in hydrothermal fluid (Liebscher et al. 2006) and/or in evaporation basin before
infiltration (Nordstrom et al. 1989, Frape et al. 2005), under which conditions Cl is
preferentially transferred in solid phases and Br remains in the fluid phase. Reference
groundwaters see Section 3.3.

16

3.3

Mixing of groundwaters

Hydrogeochemical conditions and their distribution in the bedrock are the result of
progressive mixing and reactions between various initial water types, which represent
some of the major events at the site during its geological history. The initial waters have
reference compositions in current groundwater data, which are most evident in
combinations of conservative parameters, such as values of stable isotopes of water, Cl
and Br contents.
Current groundwaters are mixtures of end-member water compositions, which represent
formation waters from certain geological conditions, such as Littorina seawater, glacial
meltwater and original brine. The groundwater data contain reference samples that are
the most extreme derivatives of those end-member waters. There have also been certain
groundwaters representing intermediate stages, which occurred in the bedrock when
hydrogeological conditions changed during deglaciation and postglacial times, the
influence of which is still observable in compositions of conservative tracers.
Comparison of 18O and Cl data (Figure 3-5) indicates four extreme reference
groundwaters, which can govern the other groundwater compositions by mixing. The
waters are, according to age, brine reference, glacial reference, Littorina reference and
meteoric water which, with the addition of Baltic seawater (basically diluted Littorina
seawater), enable the mixing traces of the other samples to be determined. Water
infiltrating from the Korvensuo reservoir has an extraordinary shift on the HCO3-rich
groundwaters along the vertical axis. The influence on the baseline conditions is
restricted to shallow depths in the vicinity of the reservoir.
It is, however, noteworthy that obvious mixing trends in the data (Figure 3-5) cannot be
described using reference groundwaters alone. The linear dilution of saline groundwater
could be solved by two end-member mixing, with brine reference and fresh to brackish
water with 18O between -12 and -13 ‰. This fresh to brackish water could be a
constant mixture of other fresh and brackish reference waters (or their original endmembers). However, a high Br-Cl-ratio, extremely low HCO3 and SO4-contents, Mg
and K trends and a mixing trend in stable isotopic composition of saline and brackish
Cl-type groundwaters, indicate that these groundwater types do not contain postglacial
water components, i.e. Littorina-derived seawater and meteoric recharge. Therefore, it
can be assumed that saline groundwater has also not been diluted by pure glacial
meltwater, as is also shown by the stable isotope trend of saline and brackish Cl-type
groundwaters which intersects the GMWL well above the lightest groundwater samples
(Figure 3-3). The dilution of saline groundwater is, accordingly, due to an older event
than the last deglaciation and may be the sum of several fresh water infiltrations, glacial
meltwater, as well as meteoric recharge, for example during earlier Quaternary glacial
cycles.
The less saline samples of the saline groundwater dilution trend are brackish Cl-type
groundwaters, which plot (Figure 3-5) near a triple junction, which is formed by the
mixing lines between Littorina seawater and glacial meltwater (Holocene mixing) and
the ancient saline groundwater dilution. They have been sampled at about 300 m depth.
The groundwater composition at the triple junction has been earlier named as subglacial
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reference groundwater, which is the end-water of brine dilution and a potential salinity
component in younger, glacial meltwater and Holocene groundwater mixtures in the
upper 300 m depth. (Pitkänen et al. 1999, 2004, Posiva 2005, Luukkonen et al. 2005,
Andersson et al. 2007, Posiva 2009).
As the Cl content decreases still further in brackish Cl-type groundwaters, 18O values
clearly drop relative to the saline groundwater dilution trend (Figure 3-5). These
samples plot along the mixing trend between an estimated Littorina seawater
composition and a potential glacial meltwater composition, down on the vertical axis
(practically no Cl in meltwater). The association with Littorina mixing and the contrast
with brine dilution also indicate that the meltwater was derived from the Weichselian
glacier and that its main influence was limited to the upper 300 m.
The salinity of the groundwater was lower above 300 m depth than in subglacial
reference groundwater after glacial meltwater intrusion and before the Littorina Sea
stage, as indicated by brackish Cl-type samples between 200 and 300 m depth (Figure
3-2). The dilution probably continued upwards, with near-surface fresh glacial
meltwater dominant in the groundwater. The most extreme sample (OL-KR20_186_1)
indicating glacial meltwater mixing in these data is observed at 140 m depth and
represents brackish SO4-type groundwater (Figure 3-2, Figure 3-5). Mass balance
modelling indicates that this sample also includes a notable subglacial component (see
Section 4.3.1, Table 4-7), therefore, groundwater at that time was still slightly saline at
those depths. A few samples taken from the ONKALO also support slightly brackish
conditions at even shallower depths (Pitkänen et al. 2008). The salinity profile may have
resembled the combined salinity trend of HCO3-type and brackish-Cl type groundwaters
today (Figure 3-2).
The infiltration of Littorina seawater clearly increases both salinity and 18O values in
brackish SO4-type groundwaters (Figure 3-5). The highest values are measured in
groundwaters sampled from depths between 100 to 300 m, the same range from which
less saline brackish Cl-type and HCO3-type groundwaters are observed (Figure 3-2).
This is probably caused by the heterogeneous transmissivity of the HZs
(hydrogeological zones) - the former groundwater type may represent less transmissive
pockets and the latter highly transmissive zones in the bedrock (e.g. Posiva 2013,
Section 7.3.6).
A mixing tendency between HCO3-rich and SO4-rich groundwaters is also observable in
Figure 3-5, representing the dilution of Littorina-derived groundwaters by meteoric
infiltration, after Olkiluoto Island started to emerge from the sea about 2500 years ago.
The deviation in Figure 3-5, for example, towards the subglacial triple point may be
related to heterogeneity in mixing and therefore in groundwater compositions caused by
complex flow paths in the upper part of the bedrock.
Previous reviews of glacial waters (Pitkänen et al. 1999, 2004) suggested 18O values
between -22 to -20 ‰ for glacial meltwater, which fits well with the mixing trend
(between Littorina seawater and intersection on vertical axis) in Figure 3-5. The
estimate corresponds also with the 18O data (average -22.1 ‰) measured from modern
glacial meltwaters in Baffin Island, Canada, near the Arctic Circle (Lacelle et al. 2006).
Glacial meltwaters obtained in the Greenland Analogue Project (GAP) show a range for
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18O values from -30 to -25 ‰, whereas spring waters have values around -20 ‰ near
the ice edge (Harper et al. 2012). Heavier values in spring waters may partly derive
from local precipitation (-20 to -18 ‰) and partly from evaporation, which suggests that
the original meltwater signal may not necessarily survive the infiltration process. This
information still supports -22 ‰ as a mean 18O value for glacial meltwater, as is
suggested in Pitkänen et al. (1999) (Table 3-1).
Cl and 18O values for subglacial initial water used in earlier modelling studies (3500
mg/L and -12 ‰, respectively) led in geochemical calculations to relatively high glacial
meltwater mixing (10 to 20 % mixing fractions) in some of the brackish Cl-type and
saline groundwater samples (e.g. Andersson et al. 2007). This seems implausible,
according to the mixing lines (Figure 3-5), which indicates only traces of meltwater
from the Weichselian ice sheet in samples forming the saline dilution trend. The
composition of subglacial reference groundwater has, therefore, been reassessed. Figure
3-5 suggests slightly lower Cl and 18O values for subglacial reference groundwater;
similarly, sensitivity calculations (Posiva 2005) support the fact that Cl contents have
been somewhat below, rather than above, 3500 mg/L in subglacial groundwater.
A few most diluted brackish Cl-type groundwater samples include an evident glacial
signature, but with no relevant evidence of any younger water input. These glacial
reference groundwater samples (Figure 3-2, 3-3, 3-4 and 3-5) are used to re-estimate the
Cl contents and 18O values of subglacial reference groundwater. Potential values for Cl
and 18O in subglacial groundwater are tested by mixing model calculations, which use
either Cl or 18O as a conservative tracer for bounding mixing fractions of glacial
meltwater and subglacial water in these brackish Cl-type reference groundwater samples
(Table 3-2). Cl and 18O values for the groundwater samples are also cross calculated
using mixing fractions obtained by the other conservative parameter to reference waters
to test compatibility with measured values.

Table 3-2. Estimation of mixing fractions in bounding brackish Cl-type groundwater
samples, which represent two end-member mixing between glacial meltwater and
subglacial reference groundwater. Mixing fractions are calculated either using Cl or
18
O as a conservative tracer. Cross calculated values are based on mixing fractions of
end-members calculated by the other conservative tracer and end-member water
compositions, e.g. Cl concentration is calculated from mixing fractions derived from
18
O value of the same sample and using estimated Cl concentrations in glacial
meltwater and subglacial groundwater.
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Two end-member mixing calculations with subglacial and glacial theoretical waters
give relatively consistent meltwater and subglacial water fractions, using Cl and 18O
values of 3000 mg/L and -12 ‰. The cross calculated values of conservative tracers fit
also relatively well, with deviations from measured values of only a few percent, which
thus support the estimated composition of subglacial initial groundwater. Increasing Cl
concentration in subglacial groundwater will decrease cross calculated 18O values from
measured values in groundwater samples. The Cl content cannot also be really smaller
in subglacial water, as this would imply the disappearance of the glacial fraction, which
is contrary to that indicated in Figure 3-5.
Estimates were also made of the other main components of subglacial groundwater
(Table 3-1). The composition was determined by eliminating the influence of glacial
meltwater from the glacial reference groundwater samples (Cl mixing ratios were used).
The compositions thus obtained were equilibrated with calcite and electrical neutrality
was ensured. This composition of the subglacial groundwater is representative of the
depths of the reference samples used in the calculations, i.e. 200 to 250 m depth. The
salinity was probably lower in groundwater at shallower depths before glacial meltwater
infiltration.

Figure 3-5. 18O versus Cl concentrations in Olkiluoto groundwater samples. Note:
saline and brackish-Cl groundwater types may contain only trace amounts of Littorina
or younger water components. Arrows depicts ancient dilution of brine and post glacial
mixing by groundwater derived from the Littorina Sea.
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4

MASS-BALANCE MODELS

4.1

Approach

Geochemical modelling is a particularly important exercise for a system with a complex
hydrogeological history such as Olkiluoto, in order to verify the interpreted concept of
the hydrogeochemical evolution at the site. Mass-balance reaction models are used in
determining the importance of interpreted evolutionary processes, based on data from
hydrogeochemistry, isotopes, mineralogy, and speciation calculations. The modelling
tests the interpretation of the hydrogeochemical evolution by providing information on
plausible reactions and their extent, on mixing in the system, and on uncertainties in the
concept and data. Successful modelling may also increase confidence in the ability to
predict hydrogeochemical conditions in the geosphere following waste disposal, in
identifying the influence of potential environmental changes in the future and in setting
initial and boundary conditions for radionuclide migration calculations.
The modelling tests the reaction and mixing hypotheses by constructing mass-balance
models, which describe the changes in chemical and isotopic composition between
recharged water and down-gradient water samples. The model derived between any
points along a chosen flow path by mass-balance calculations is of the form:
Initial water(s) + "Reactant phases"  Final water + "Product phases",
where reactant phases enter the initial water and products leave it to produce the
composition of the final water.
Overall, the mass-balance modelling is a useful tool to test hydrogeochemical
conceptual models. However, mass-balance models are sensitive to uncertainties, which
may be caused by the inappropriate selection of initial waters and phases, flow paths
and inaccurate chemical and isotopic data. Therefore, it is important at the outset to
provide strict definitions of the initial conditions of mass-balance models, as follows:


Phases and their composition in water-rock interaction constrained by elemental
and isotopic changes along flowpaths



Initial values of isotopic compositions and their fractionation in water-rock
interaction



Define initial hydrogeochemical conditions and flow paths for calculations in
order to obey the steady-state requirement of mass-balance models

The results of mass-balance models may increase understanding of hydrogeochemical
evolution at the site in many ways and calculations are also useful in evaluating data
uncertainties:


Mass transfer in water-rock interaction processes and their temporary and
regional occurrence at the site



The significance of mixing and palaeohydrogeology in chemical changes
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Potential mass-transfer and mixing caused by the construction of the ONKALO



Sensitivity calculations may expose data and conceptual uncertainties, and the
needs of further studies

The modelling performance allows and tests our understanding of pH and redox
conditions, buffering processes, palaeohydrogeology, and temporal and regional
variation in an integrated way, so they are also able to increase confidence in future
predictions important for the assessment of repository safety.
In the early stages, the models have been calculated (Pitkänen et al. 1994, 1999 and
2004) by using the NETPATH code (Plummer et al. 1994). More recently the massbalance models have been calculated (Luukkonen et al. 2005 and this report) using the
PHREEQC code (Parkhust & Appelo, 1999 and Appelo & Postma, 2005).
The PHREEQC code is sensitive to the analytical uncertainties in the chemical results
(most commonly a disturbed charge balance), which may cause a termination in the
calculations. Although the code is more sensitive to deviation from charge balance in
solutions of high ionic activity, the problem particularly concerns low TDS samples,
because what are actually insignificant analytical errors may cause high charge
imbalances in these samples. Therefore, some manipulations must be performed, e.g.
slight changes in concentration of major ions in to the initial waters.
The PHREEQC code allows the modeller to specify an uncertainty limit for each
parameter, which is usually set as small as possible, e.g. to diminishing the number of
potential models. In the majority of the calculations, the uncertainty limits are defined to
stay between 2 and 15 % for dissolved species, with the most common uncertainty limit
used being 5 %. The use of a larger limit is based on the results of quality analysis
(Pitkänen et al. 2007). The ranges of uncertainties for δ2H and δ18O stable isotope
values have been considered on a case-specific basis when performing the calculations.
The default values are 2 and 0.2 per mil units for δ2H for δ18O, respectively. Isotope
values in samples taken before 2003 have been treated with a larger range of uncertainty
values as a consequence of the quality analysis of stable isotopes by Pitkänen et al.
(2007a).
4.2

Initial conditions

4.2.1

Phases and constraints used in modelling

Table 4-1 shows the most obvious mineral phases to be included in mass-balance
modelling, their chemical behaviour in reactions, and the chemical compositions used.
The constraints that define mass transfer in each mass-balance model (final reaction
coefficients) and that are generally used in modelling are the masses of Na, Ca, Mg, K,
Al, Fe, Si, C, S, and Cl, and the redox state (electron balance). Chloride is generally
used as a conservative tracer (no reactions) and solved by mixing different source
(initial) waters. The stable isotopes of water (δ2H for δ18O) are utilised, together with
Cl, to provide additional conservative control to the mixing calculations. Some of these
constraints, in the case of some individual models, have been be discarded, e.g. because
of the absence of some parameters, inaccuracies in laboratory analyses or in
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representativities. The interpretation of the generalised reaction processes along flow
paths is presented in Figure 4-1 in Pitkänen et al. (2004), Luukkonen et al. (2005) and
Posiva (2009).

Figure 4-1. Illustrated hydrogeochemical site model of the baseline groundwater
conditions with main water-rock interactions at Olkiluoto (redrawn since Andersson et
al. 2007). Changes in colour describe alteration in the water type. The
hydrogeologically most dominant zones are also presented with indications of
groundwater flow (→) and mixing (↔) with less transmissive fractures. Rounded
rectangles contain the main source and sink reactions controlling pH and redox
conditions. Enhanced chemical reactions dominate in the infiltration zone at shallow
depths, and at the interface between the Na-Cl-SO4 and Na-Cl groundwater types. Note
that the illustration depicts hydrogeochemical conditions in the variably conductive
fracture system, not in the diffusion-dominated pore space inside the rock blocks.
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Chemical reactions applied in mass-balance models (Table 4-2) are those which have
been interpreted to be dominant water-rock interaction processes in the
hydrogeochemical evolution of Olkiluoto (Pitkänen et al. 1999, 2004, Posiva 2009). In
modelled flow steps representing modern recharge conditions, calcite is assumed only to
dissolve. The use of the redox state in constraining mass transfer in reaction models
makes it possible to obtain important information on the required input of DIC between
CO2 and CH2O sources along a flow path during infiltration, and at greater depths
during SO4 reduction. Carbon dioxide is allowed to in-gas (no electron transfer) to the
system to reflect the variable activity of organic respiration in different parts of the
aerobic recharge zone under open system conditions (a partially unsaturated system).
The formula CH2O is used to denote a carbon valence of zero in the oxidation of
dissolved organic carbon. Methane gas is also used as a source in SO4 reduction
modelling, but in addition, as a sink in carbonate reduction (hydrogen-based
methanogenesis). Goethite is a potential sink in the recharge zone and, at depth; cation
exchange and biotite are used to provide potential iron phases to precipitate dissolved
sulphide as pyrite. Sodium sulphate (Table 4-1) represents potential organic-derived
SO4 in the recharge zone and balances large variations in sulphur contents in
intermediate depth samples, which cannot otherwise be solved by SO4 reduction and
pyrite precipitation.
Rock-forming silicates dissolve incongruently during weathering by hydrolysis
reactions and produce clay minerals and silica. The composition of plagioclase is based
on mineralogical studies (e.g. Gehör et al. 1996, 1997, 2000, 2001b) of mica gneiss,
which is the dominating rock type at Olkiluoto. Mean composition of biotite at
Olkiluoto was used earlier (cf. Pitkänen et al. 1999, 2004), however, biotite composition
originally included in database of PHREEQC code is used in current calculations
(Appelo and Postma 2005).
Changes in parameters
Some examples of the changes made for the analysed parameters of the samples are
provided below (such changes have mainly been due to the disturbed charge balance in
the original compositions, see Pitkänen et al. 2007). The 18O values for meteoric
reference groundwater OL-PVP2_1 have been modified from -12 to -11.62 (2H
respectively), which is the mean value of shallow groundwaters (Pitkänen et al. 2004).
The Cl (0.5 mg/L) and sulphate (1.4 mg/L) content of the interpreted glacial meltwater
has been changed to 0.7 mg/L and 0.05 mg/L. The 2H and 18O isotope values of saline
groundwater from KR12_741_1 were corrected from -90.4 and -11.4 to -64.3 and -10.9,
respectively (Pitkänen et al. 2007). The lack of 2H and 18O isotope results for
KR19_460_1 was resolved by using the values from KR19_455_1 (sampled from same
transmissive fractures). The Al concentration of sample KR5_T452_2 was missing, and
the value used of 0.041 mg/L is taken from an earlier sample KR5_T452_1.
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Table 4-1. Selected phases for mass-balance modelling and composition used in
modelling. ‘Source’ and ‘sink’ describe allowed chemical behaviour of a phase along
modelled flow paths.
Phase

Source(+)/Sink(-)

Composition

+/-

CaCO3

Organic matter

+

CH2O

Carbon dioxide

+

CO2

Methane

+/-

CH4

Hydrogen

+

H2

Calcite

Pyrite

+/-

FeS2

-

FeOOH

Goethite
Cation exchange

+/-

CaX2, NaX, MgX2, KX

Plagioclase An19

+

Na0.79Ca0.19K0.02Al1.23Si2.78O8

Biotite Fe/(Fe+Mg)=0.57

+

K0.95Na0.04Mg0.98Fe1.29Al1.85Si2.79O10(OH,O)2

Biotite (PHREEQC)

+

KMg3AlSi3O10(OH)2

Kaolinite

+/-

Al2Si2O5(OH)4

Quartz, chalcedony

+/-

SiO2

+

Na2SO4

Sodium sulphate

Table 4-2 . Interpreted hydrogeochemical reactions dominating in the groundwater
system at Olkiluoto.
Formation of carbon acid and its dissociation:
CH2O + O2  CO2 + H2O ↔ H2CO3 ↔ H++ HCO3- ↔ 2 H++ HCO3FeS2 + 3.75 O2 + 3.5 H2O  Fe(OH)3 + 2SO42- + 4 H+
pyrite

2 KMg1.5 Fe1.5AlSi3O10(OH)2 + 0.75O2 + 8 CO2 + 16.5 H2O 
biotite (Olkiluoto)

2 K+ + 3 Mg2+ + 8 HCO3- + 3 Fe(OH)3 + Al2Si2O5(OH)4 + 4 H4SiO4
KMg3AlSi3O10(OH)2 + 6H+ + 4H2O  K+ + 3Mg2+ + Al(OH)4- + 3H4SiO4
biotite (PHREEQC)

2+

-

CaCO3 + CO2 + H2O  Ca + 2HCO3
Na0.8Ca0.2Al1.2Si2.8O8 + 1.2 H+ + 0.6 H2O 
plagioclase

Ca

2+

0.8 Na+ + 0.2Ca2+ + 0.6Al2Si2O5(OH)4 + 1.6 SiO2
+ HCO3-  CaCO3 + H+

X-Am + nBm+ = X-Bn + mAn+, where A and B denote cations
SO42- + 2 CH2O  H2S + 2 HCO38 SO42- + 4 FeOOH + 15 CH2O  4 FeS2 + 15 HCO3- + 9 H2O + OHCH4 + SO42-  HCO3- + HS- + H2O
CO2 + 4H2  CH4 + 2H2O
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4.2.2

Initial waters

The initial stage for the calculations is the Weichselian deglaciation at the site and the
groundwater column is divided into two initial waters in this conceptual model: deep,
saline groundwater, which is not observed to be chemically disturbed by later
groundwaters, and brackish groundwater (subglacial), which is interpreted to have
developed before deglaciation, and represents the average composition of brackish
groundwater in the upper part of the bedrock. The other initial water types infiltrating
with time in the groundwater system are glacial meltwater, Littorina and current Baltic
seawaters, and modern meteoric recharge. The mixing of these initial waters with
plausible hydrogeochemical interactions is able to explain all the observed
compositional varieties which have evolved since the Weichselian glaciation at
Olkiluoto. In most cases two to three initial waters comprise over 90 % of any single
groundwater sample. Fractions which are less than 10 % can be considered unreliable in
deep groundwaters, due to interpretational uncertainties in the initial waters.
Figure 4-2 presents an integrated model of the initial and boundary conditions of the
hydrogeological system since the Weichselian glaciation, with the interpreted mixing
concept for the groundwaters, which results in the current groundwater types at
Olkiluoto. Brackish SO4 and brackish Cl-type groundwaters occur partly at common
depths, but the former in highly transmissive and the latter in poorly transmissive
fractures. The model is applied in mass balance reaction models simulating the
hydrogeochemical evolution at the site, and information is then used to define the initial
and boundary conditions for the flow simulations (Posiva 2009), in the period from the
start of the Littorina stage up to the present day. Glacial meltwater infiltration is limited
to 100 – 300 m depth at Olkiluoto.
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Figure 4-2. Schematic representation of interpreted initial and boundary conditions at
Olkiluoto since the last glacial period. Potential salinity (as Cl content) is shown for
recharge waters (in the upper part along the time line) and bedrock groundwaters (on
the left) at the initial stage of the modelling. Saline and brine reference waters and
subglacial water are contemporaneous initial waters for the studied time period, i.e.
their formation dates beyond the presented time scale. The generalised hydrochemical
mixing hypothesis that is solved in detail, using initial waters with mass-balance
calculations, is shown with blue arrows for the current groundwater types. Dashed lines
between arrows implies minor mixing. Major groundwater types are bounded with grey
dashed lines (Posiva 2009).

A low pH groundwater sample, which represents modern recharge, is used as an initial
water for fresh and brackish HCO3-type groundwaters. This initial water is mixed with
Baltic seawater (observation tubes) or a SO4-rich groundwater sample (samples from
the bedrock) to calculate final waters in mass balance models which describe infiltration
dominantly from dry land conditions (Figure 4-2). These groundwater samples (initial
waters in single models, equation in Section 4-1) for mixing have been selected
according to the hydrogeological model. Littorina seawater (Table 3-1) and glacial
reference groundwater samples are used as initial waters in models which describe the
mass transfer to Littorina reference groundwater samples. Other brackish SO4-type
groundwater samples are calculated using a step-by-step process, with mixing from
these reference samples according to flow paths selected from the hydrogeological
model. Brackish Cl-type groundwaters with glacial signals are calculated using a stepby-step process from glacial reference samples and more saline groundwater samples
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along flow paths. Mass-balance models of saline groundwater samples are based on
mixing saline end-member water and subglacial reference water as initial waters. These
latter models represent time frames before the Weichselian deglaciation.
4.3

Results of mass-balance calculations

The mass transfer of selected chemical and isotopic parameters between the initial and
final waters in each single mass-balance model of Olkiluoto is partly solved by the
mixing of initial waters and partly by dissolving and ingassing, or precipitating and
outgassing, mineral and gas phases, or by using ion exchange. Table 4-2 presents the
mass-balance calculation results for shallow groundwater samples from groundwater
observation tubes (OL-PVP) and Table 4-3 presents the results from shallow bedrock
holes, pilot holes and groundwater station (OL-PP & OL-PR, ONK-PH and ONKPVA), respectively. Tables 4-4 and 4-5 present the results of the deep groundwater
mass-balance calculation results for samples taken over the periods 2004-2005 and
2006-2007, respectively. The mixing fractions of the initial waters used in each model
calculation are presented in the first parts of Tables 4-2, 4-3, 4-4 and 4-5 (as
percentages). The right hand side of each of these tables shows the mineral and gas
mass transfers. The reference groundwaters used in interpreting subglacial groundwater
and later monitoring samples (OL-KR3_T242_2-4, OL-KR15_241-2) from same
sampling section are recalculated since Luukkonen et al. (2005) due to re-examined Cl
concentration in subglacial reference groundwater.
The behaviour of Cl (also 18O and 2H) is assumed to be conservative, i.e. no reactive
phases are expected to produce or consume Cl along the flow paths. Therefore, the
contents of Cl in final waters are solved purely by mixing, which adjusts the mixing
proportions of initial waters in each mass-balance model. The mass-balance predictions
of chemically-active elements are finally calculated with the code after the mixing of
initial waters, by constraining the dissolution or precipitation of plausible phases (Table
4-1) to produce the concentrations in the final water. However, they have a varying
degree of uncertainty. In particular, this includes uncertainties in the analytical data,
which are linked to uncertainties in determining the flow paths and the mixing of
waters. Mixing dominates the mass transfer of Na and Ca along flow paths in the
calculations, except in dilute bicarbonate waters. The calculated mass transfers in waterrock interaction operate within analytical uncertainties in most of the mass-balance
models of deep final groundwaters, for example, ±5 % error means 100 mg/L range at
1000 mg/L level, i.e. more than 4 mmol/L in Na content and 2 mmol/L in Ca in content.
Sodium and calcium mass transfer in models exceeds these ranges only in few cases,
which mostly relate to models simulating infiltration either from dry land (current
conditions) or Littorina Sea.
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Table 4-2. Summary of mass transfer results (mixing fractions of initial waters for each final water and mineral and gas mass transfers (mmol/kg))
of the shallow groundwater samples from groundwater observation tubes (OL-PVP). A negative value indicates precipitation/outgassing/cation
uptake and a positive value dissolution/ingassing/cation release.
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Table 4-3. Summary of mass transfer results (mixing fractions of initial waters for each final water and mineral and gas mass transfers
(mmol/kg)) of the shallow groundwater samples from shallow holes (OL-PP/OL-PR) and ONKALO samples (ONK-PH and ONK-PVA). A negative
value indicates precipitation/outgassing/cation uptake and a positive value dissolution/ingassing/cation release.
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Table 4-4. Summary of mass transfer results of the deep groundwater samples taken during years 2004-2005. The first part of the table shows
mixing fractions of initial waters for each final water (sample code used for some of initial waters in previous reports in brackets). All mineral and
gas mass transfers are shown in the right hand part of the table (mmol/kg). A negative value indicates precipitation/outgassing/cation uptake and a
positive value dissolution/ingassing/cation release.
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Table 4-5. Summary of mass transfer results of the deep groundwater samples taken during years 2006-2007. The first part of the table shows
mixing fractions of initial waters for each final water. All mineral and gas mass transfers are shown in the right hand part of the table (mmol/kg).
A negative value indicates precipitation/outgassing/cation uptake and a positive value dissolution/ingassing/cation release.

33

34

34

35

Care must be taken in including mass transfer by Ca-Na ion exchange and plagioclase
dissolution (with kaolinite and chalcedony precipitation) particularly in brackish and
saline groundwater, and these reactions must be considered as part of other, more
reliable reactions. Mass transfer of other major elements (C, S, Mg, K) by reactions, is
not as sensitive to mixing calculations, because their concentrations are much smaller
(analytical uncertainties do not represent significant mass), they do not vary as much
between different waters as do Na and Ca concentrations, their chemical character is
relatively active, and mass transfer by reactions is of the same magnitude as the
analysed concentrations. However, mixing of a high portion of marine-derived water
may cause mass-balance problems due to its anomalous high SO4, Mg and K
concentrations compared with waters from other potential sources at Olkiluoto.
Generally, reaction coefficients of the different phases in groundwater types correspond
well with previous studies (Pitkänen et al. 1999, 2004, Luukkonen et al. 2005). No
actual differences between calculations representing baseline data and monitoring data
have yet been found.
Calculated mass transfers between the main C and S phases along flow paths to various
baseline groundwater samples (final waters) are shown in Figure 4-3. The results show
that most of the predicted mass transfer is connected with the evolution of HCO3-rich
and SO4-rich groundwaters. Chemical reactions are minor in the deep, old groundwater
system, which indicates the stability of the brackish Cl-type and saline groundwater
system during the postglacial period.
Predicted mass transfers may occur at any location on the calculated flow path between
initial and final waters, and therefore the plotted depth does not necessarily show the
most probable location of dissolution or precipitation of the phases. Most of the fresh brakish HCO3 type groundwaters are calculated using a similar model concept, which
starts from infiltration (initial water in the model). The predicted net mass transfer of
calcite shows dissolution for these groundwater samples (final water in Figure 7-60),
although solubility calculations indicate that the groundwater type is saturated
immediately after infiltration. This suggests that the dissolution of calcite is limited to
very shallow depths in the infiltration zone. Similarly CO2 ingassing actually occurs at
the surface.
Luukkonen et al. (2005) emphasised that the predicted derivation of carbonate from
organic carbon (several mmol) is clearly greater than is indicated after initial infiltration
by DIC in low pH (dominated by CO2 species), shallow groundwaters, and in which
DIC is generally less than 1 mmol/L. The DIC content could be assumed to increase by
a factor of two if all the dissolved carbonic acid is used in calcite dissolution in a closed
system. The predicted dissolution of organically-derived CO2 after initial infiltration,
generally 4 to 5 mmol/kg of water in overburden and shallow bedrock samples (Table 42 and Table 4-3), supports the theory that there is continual exchange of CO2 between
soil air and DIC in water, i.e. the system is open and may represent a partially
undersaturated zone (i.e. due to variations in the groundwater table). Dissolved CO2
reacts with silicates and calcites in contact with water, increasing the HCO3 content,
therefore favouring the further dissolution of CO2 in water. The extensive dissolution of
CO2, and its dissociation to bicarbonate, in the near-surface zone further supports the
contention that a significant part of the calculated carbon mass transfers and related
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reactions, such as calcite and silicate dissolution, have occurred in the infiltration zone
and that the hydrogeochemical conditions deeper in the bedrock are already in a
relatively stable state.

Figure 4-3. Mass transfer of a) CO2, b) calcite, c) organic carbon (CH2O) and d) pyrite
along calculated flow paths of final groundwater samples (baseline) with depth. Results
of reference groundwater samples (cf. Figure 4-2) are based on mixing of initial waters
from surface conditions (glacial and Littorina in Table 3-1). A negative value indicates
precipitation and a positive value dissolution.
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Independent ingassing of CO2 in flow paths to deep brackish and saline groundwaters is
impossible (Tables 4-4 and 4-5). It reflects either input of HCO3-rich groundwater to the
water sample (contamination by open drillhole flow), particularly when it is at the
millimole level. A smaller calculated input of CO2 may also indicate slight uncertainties
in the data or in the formulation of the mass-balance model.
Calcite precipitation is predicted to occur in some of the HCO3-rich and SO4-rich
groundwater samples; however, recent calcite with measurable 14C has not been
observed in fracture calcite studies (Karhu 2000). Precipitation may be less than
calculated, which would result from the selection of initial waters used in the massbalance models with excess DIC. However, in SO4-rich groundwater samples notable
calcite precipitation may have already occurred in seabed sediments (refrence samples),
together with anaerobic respiration of organic carbon. In addition, precipitation of 1
mmol calcite/kg of water indicates a very limited amount of recent precipitate on a
fracture surface (it represents a <0.04 µm thick precipitate if calcite precipitates in a
fracture of 1 mm aperture), which suggests that older calcite with no radiocarbon
significantly dominates in the samples for 14C analysis.
The consumption of organic carbon (CH2O), which is used in microbial SO4 reduction
is generally at low levels (tenths of mmol). Sulphide production is half of the mass
transfer of organic carbon, however, at a level of a few mg/L according to calculations
in general, but most of the sulphide is precipitated as pyrite (note two S is used in FeS2).
Therefore, the results probably reflect more a mass-balance problem in the analytical
results between the initial and final waters, rather than any real sulphide production.
Mass-balance calculations with isotopic fractionation of 34S will provide more reliable
estimates of SO4 reduction during groundwater evolution (cf. Pitkänen et al. 1999,
2004).
The uptake of Na, thereby releasing Ca, in groundwater is predicted to be the dominant
cation exchange process near the surface, and is typical in environments where seawater
infiltrates a groundwater system. Deeper in the bedrock, where these fresh HCO3-type
groundwaters have diluted Littorina-derived groundwater, Na is released instead Ca,
because when total solute concentrations decrease, the more highly charged ion is
preferred on the exchange site (Appelo & Postma 2005). The calculated cation
exchange between Na and Ca is normally a few mmoles/kg of water, however, the mass
balance model for ONK-PH2 suggests a significantly higher cation exchange. The
predicted level (a few tens of mmol/kg of water) of Na uptake and Ca release
emphasises the extraordinary cation exchange capacity prevailing in this near-surface
alteration/weathering zone, from which the groundwater was sampled. Significant ionexchange has probably been related to the infiltration of Littorina seawater into a
groundwater system dominated by glacial meltwater.
4.3.1

Mixing and palaeohydrogeological implications

Tables 4-6 and 4-7 show the back-calculation of the mixing proportions presented in
Tables 4-2, 4-3, 4-4 and 4-5 to the assumed original end-member water types at
Olkiluoto.
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The initial stage for the calculations is the Weichselian deglaciation at the site and the
mixing hypothesis applied in models is based on the interpretation presented in Figure
4-2. The results are extensions to the previously calculated mixing fractions of Pitkänen
et al. (1999, 2004) and Luukkonen et al. (2005), i.e. using the same evolutionary
concept and initial groundwater types. The initial stage of the groundwater system
included two end-member types: deep saline reference groundwater below 800 m depth
and, at shallower depths, brackish subglacial reference groundwater. The other initial
water types mixed in the groundwater system are glacial meltwater, Littorina and
current Baltic seawaters, and modern meteoric recharge. Baltic seawater fraction is
mainly observable in shallow groundwaters. The re-examination of the Cl concentration
of subglacial reference groundwater change slightly mixing fractions of end-member
waters in previously calculated samples (Pitkänen et al. 1999, 2004 and Luukkonen et
al. 2005). These fractions are recalculated and shown in Appendix 1.
Tables 4-6 and 4-7 contains calculated stable isotopic compositions of modelled final
groundwater samples to test the modelling results against the measured values.
Calculations are based on mixing fractions of end-member waters and their estimated or
measured stable isotopic compositions. The values of Baltic, Littorina, glacial and
subglacial waters are shown in Table 3-1. Meteoric water values (δ2H = -82.1 ‰, δ18O
= -11.62 ‰) are averages of overburden groundwaters and saline values (δ2H = -50.0
‰, δ18O = -10.0 ‰) based on two baseline goundwater samples with the heaviest
isotopic compositions (Figure 3-3).
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Table 4-6. Calculated mixing proportions (%) of interpreted original end-members of
modelled shallow and ONKALO groundwater samples at Olkiluoto. Calculated 18O
compositions of groundwater samples based on estimated values of end-members are
also shown with measured ones.
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Table 4-7. Calculated mixing proportions (%) of interpreted original end-members of
modelled deep groundwater samples at Olkiluoto taken during years 2004-2007.
Calculated2H and 18O compositions of groundwater samples, based on the estimated
values of end-members (Table 3-1), are also shown with measured ones.
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The overall consistency seems rather good between the calculated and measured δ2H
and 18O- values in the samples, supporting the modelling concept and estimation of the
composition of end-member waters (Figure 4-4a and b). However, calculated stable
isotopic values frequently tend to be lower in brackish Cl-type and saline groundwaters
than is observed. This may result from slightly too high fraction of glacial meltwater in
these waters and may indicate that another dilute water type, other than glacial
meltwater, contributes to the deep groundwater system. Figures 4-4c and d indicate that
the calculated values are mainly slightly lighter than the observed values. The samples
showing the greatest deviation are from OL-KR5_T277 (yellow triangles above equal
fit line). The results are directly reflected from the original calculation result of the
initial water (OL-KR5_T261_1), which is used in these models. The model of the initial
water was already problematic (Pitkänen et al. 1999) and is also associated with another
type of problem. The 18O values from some of the sampling points (ONK-PH4, OLKR22_147, OL-KR22_T390 and OL-KR25_T91) are evidently influenced by water
from the Korvensuo reservoir (c.f. Figure 3-2) (Pitkänen et al. 2008). In the models
presented here, however, this influence is not included in the calculations.
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Figure 4-3. Depth distributions for comparison of observed and calculated a) δ2H and
b) δ18O isotope data and comparison of observed and calculated c) δ2H and d) δ18O.
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The calculated distribution of different initial end-member waters is presented against
depth in Figure 4-5. The mixing of these initial waters with plausible hydrogeochemical
interactions is able to explain all the observed compositional varieties which have
evolved since the Weichselian glaciation at Olkiluoto. Although the calculated mass
transfers due to water-rock reactions do not have a straightforward effect on the mixing
proportions, these reactions form important boundary conditions in evaluating the
plausibility of the calculated mass-balance model. Traces of what must be Littorina
seawater are observable in the deep saline groundwater system, as there is no other SO4
source, and minor amounts are measured in some of the groundwater samples. These
traces are most probably due to contamination, because a hydrocarbon-rich system
should not endure the presence of SO4. Traces of glacial meltwater below 500 m depth
and occurrences at depth of meteoric water most probably result from slight
contamination caused by open drillhole flow (Pitkänen et al. 2007a, Andersson et al.
2007).
A significant flow of meteoric water is mainly limited to the upper 150 m according to
mass-balance calculations. Littorina-derived water dominates the mixture between 100
m and 300 m depth, whereas subglacial brackish groundwater below that changes
gradually to a predomination of saline groundwater, undisturbed by glacial meltwater or
postglacial waters around 500 m depth. The illustration of mixing fractions under
baseline conditions (Figure 4-4a) has slightly changed since Andersson et al. 2007). The
differences result from changes in the definition of the subglacial end-member so that it
corresponds better with the 18O and Cl data (Figure 3-5). The fraction of the subglacial
end-member has increased and the glacial component decreased. The intrusion of
glacial meltwater is mainly limited to the upper 400 m, according to the current model,
and the maximum fractions are interpreted from samples taken from depths of less than
150 m. Generally, higher fractions of glacial meltwater are typically present in SO4-rich
groundwaters, emphasising the significance of highly transmissive flow paths. The
initial groundwaters in the bedrock prior to deglaciation, i.e. subglacial and saline,
dominate at depths greater than 200 m.
The glacial meltwater fractions in brackish Cl and saline groundwater types (below 300
m) may be overestimates, as suggested by the δ18O results, and saline groundwater
dilution is probably a considerably more complex process than the interpretations from
groundwater data alone suggest. This could be the result of diffusional interaction with
matrix pore waters, which seem to be less saline and heavier in isotopic compositions
(Eichinger et al. 2006, 2010), or some other input of meteoric water, which.is not
possible to interpret from the data.
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Figure 4-5. Depth distributions of mixing fractions of interpreted initial waters in
Olkiluoto groundwater samples a) baseline data and b) monitoring data. Current
groundwater includes both meteoric (dominate) and Baltic seawater calculated
fractions. Common trend areas in both figure illustrate depth distributions of the initial
water fractions in the bedrock under baseline condition. The youngest calculated
fraction of samples from hydrogeological zones HZ001, HZ19, HZ20 and HZ21 are
indicated in the monitoring data.
Initial water fractions, calculated from the monitoring data collected during the period
2006 – 2007, show rather similar distributions to those shown in SR2006 (Andersson at
al. 2007, Figure 4-4b). The most obvious feature is the high and moderate fractions of
current meteoric water deep in the bedrock (down to 320 m depth). In most cases the
increase of meteoric water is linked to the presence of HZ20, however, this
contamination does not concern the deeper parts of this HZ. A notable increase in
groundwater types representing shallower depths than those at the sampling depths has
also been observed in HZ001 and in a few HZ21 intersections (Andersson et al. 2007,
Pitkänen et al. 2007b, 2008b).
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5

SUMMARY

178 groundwater samples have been collected over the period from 2004 to 2007 (84
shallow, 88 deep and 6 from the ONKALO), and the mass-balance modelling results
based on these samples are presented in this report. All the samples were collected after
the start of construction of the ONKALO in 2004 from open and multipackered
drillholes - including five samples from the ONKALO itself. The evaluation of the
samples is discussed in the monitoring reports.
The results of mass-balance calculations support the interpreted concept of geochemical
evolution and baseline conditions at Olkiluoto, and the results are also supported by
isotopic calculations. The results evaluate the mass transfer of calcite and organic
carbon, and indicate SO4 reduction and ion-exchange. In addition, calculations support
earlier observations that the main mass transfer occurs during infiltration (at the level of
a few mmols/L), in overburden at the present time and in sea bottom sediments in the
past. Compositional variations in bedrock groundwaters are mainly caused by endmember waters and mixing between them and mass transfer between phases is very
small (few tenths of mmols/L). Although the reactions involve only low concentrations
of reactants they are significant in buffering pH and redox conditions in groundwater.
However, uncertainties in calculations are evident and are caused by analytical errors,
insufficient data and failures in the selections of flow paths. These uncertainties are
reflected in the mass transfer between phases, such as silicate dissolution, ion-exchange
and SO4 reduction.
The end-member composition of subglacial groundwater in bedrock (i.e. the endmember of original brine dilution) is re-interpreted due to conflicts observed in the data
of conservative parameters. The composition used shows an improved correspondence
between the calculated and observed stable isotopic compositions. The change
decreases the fraction of glacial meltwater in the deep groundwater system below 300 m
depth and supports the indications that glacial water infiltration has been limited to 100
- 300 m depth at Olkiluoto. The results of monitoring data also shown the effect of the
drawdown of fresh water in open drillholes (bicarbonate water) caused by
hydrogeological zones HZ001, HZ20A and HZ21, all of which have low angles of dip.
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APPENDIX 1
Re-calculated mixing proportions (%) of interpreted original end-members of modelled
deep groundwater samples at Olkiluoto taken prior to 2004 (Pitkänen et al. 1999, 2004,
Luukkonen et al. 2005). Calculated 2H and 18O compositions of groundwater
samples, based on the estimated values of end-members (Table 3-1), are also shown
with measured ones.
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