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ABSTRACT 

Posiva Oy is preparing for the final disposal of spent nuclear fuel in the crystalline 

bedrock in Finland. Olkiluoto in Eurajoki has been selected as the primary site for the 

repository, subject to further detailed characterisation, which is currently focused on the 

construction of an underground rock characterisation and research facility (the 

ONKALO). During the repository operation the open tunnels and shafts of the 

ONKALO, and the subsequent repository, are likely to create a hydraulic disturbance to 

the site's groundwater system for hundreds of years (the greatest impact concerns only 

the time of the operational period, i.e., c. 100 years). In particular, during the 

operational phase of the repository upward flow below the tunnels may give rise to the 

upconing of deep highly saline groundwater up to the planned repository rock volume, 

which is a concern with regard to the performance of the tunnel backfill material after 

the closure of the tunnels. 

This study concerns the supporting groundwater flow analysis for the Rock Suitability 

Criteria (RSC) programme, which has been set up to develop host rock requirements for 

the repository design and layout adaptation. The objective is to assess the potential 

upconing of deep highly saline groundwater into the planned repository rock volume. 

The work is divided into three separate sub-tasks: characterization of the expected 

upconing on the basis of 1) observations in the drillholes, 2) numerical groundwater 

flow modelling, and 3) the analytic groundwater flow modelling. 

Monitoring data of groundwater sampling and electrical conductivity (EC) of the 

fracture specific groundwater and the drill hole water do not indicate the upconing of 

saline groundwater at the monitoring sections in the deep drill holes or in the 

ONKALO, which is congruent with the modelling results.  

The numerical modelling shows that locally the salinity may rise to rather high levels, 

especially below and around the access tunnel and the shafts, which are hold open for 

the whole operational phase. The saline groundwater rises also below the repository 

panels, but to a lesser extent, because each of them is hold open only for a short period 

of time. The upconing in the repository rock volume lasts until the closure of the access 

tunnel and the shafts. The duration of the recovery lasts hundreds of years. The 

maximum salinity (occurring at the bottom depth of 470 m) in the site-scale reference 

volume surrounding the repository ranges between 41−80 g/L, depending on the input 

parameters applied in the various calculation cases. The average salinity in the reference 

volume, however, remains practically unchanged or lower than the initial value of 12 

g/L. With the decreasing flow and diffusion porosity the upconing increases also below 

the actual repository panels (during the short period of time that they are open) and 

becomes increasingly dependent on their location. In the calculation case, in which the 

input parameters are modified simultaneously (so that the effect of the open tunnels 

would be more pronounced than in the base case), the maximum and the highest 

average in the southern panels 6 and 7 range between 60−75 g/L and 25−45 g/L, 

respectively. 

Simplified analytical models have been applied to build confidence on the results of the 

numerical modelling and to support understanding of the processes that affects the salt 



 

water upconing. Similarly to the numerical modelling the analytic calculations, which 

are based on the pressure balance, indicate that the leakage to the ONKALO/central 

tunnel panel is likely to result in the upconing of deep more saline water. Leakage to the 

disposal panels raises the median salinity of water into the repository tunnels, but not 

the brine that is in much greater depth below the repository. 

Keywords: groundwater flow, salt transport, upconing, numerical modelling, analytic 

modelling, spent nuclear fuel, Olkiluoto



 

SUOLAISEN POHJAVEDEN KOHOAMISEN MALLINNUS OLKILUODOSSA 

TIIVISTELMÄ 

Posiva Oy valmistautuu loppusijoittamaan käytetyn ydinpolttoaineen Suomen 

kallioperään. Olkiluoto Eurajoella on valittu ensisijaiseksi loppusijoituspaikaksi, johon 

tehtävät tarkemmat tutkimukset keskittyvät parhaillaan maanalaisten tutkimustilojen 

(ONKALO) rakentamiseen. Loppusijoitustilojen rakennus- ja käyttövaiheen aikana 

avoimet tunnelit aiheuttavat todennäköisesti pohjaveden virtaussysteemiin satoja vuosia 

kestäviä häiriöitä, jotka ovat suurimmillaan n. 100 vuotta kestävän käyttövaiheen 

aikana. Erityisesti loppusijoitustilan alapuolella ylöspäin suuntautuva virtaus saattaa 

käyttövaiheen aikana aiheuttaa syvällä sijaitsevan erittäin suolaisen pohjaveden 

kohoamisen loppusijoitussyvyydelle. Pohjaveden suolapitoisuus vaikuttaa loppusijoi-

tustilan puskuri- ja täyteaineen toimintakykyyn. 

Kallion soveltuvuuskriteereitä loppusijoitustoimintaan kehitetään RSC-ohjelmassa 

(Rock Suitability Criteria), jonka tueksi tässä työssä on suoritettu syvän kallio-

pohjaveden virtauksen mallinnus. Tavoitteena on arvioida syvällä sijaitsevan erittäin 

suolaisen pohjaveden mahdollista kohoamista loppusijoitussyvyydelle. Tarkastelu 

jakaantuu kolmeen osaan, jotka perustuvat 1) suolaisuuden kairanreikä havaintoihin, 2) 

numeeriseen mallinnukseen, ja 3) analyyttiseen mallinnukseen. 

Syvistä kairanrei’istä ja ONKALOsta tehdyt havainnot eivät ole toistaiseksi viitanneet 

pohjaveden suolapitoisuuden kasvamiseen loppusijoitussyvyydellä, mikä vastaa mallin-

nustuloksia.  

Numeerinen mallinnus osoitti, että paikallisesti pohjaveden suolapitoisuus saattaa 

kasvaa melko suureksi, erityisesti ajotunnelin ja kuilujen alapuolella, koska ne pidetään 

avoinna koko loppusijoitustilojen käyttövaiheen ajan. Suolapitoisuuden nousu loppu-

sijoituspaneleiden alapuolella on vähäisempää, koska ne ovat avoinna vain lyhyen 

aikaa. Pitoisuus loppusijoitustilavuudessa kasvaa kunnes kaikki tunnelit on suljettu, 

jonka jälkeen virtaussysteemi alkaa palautua luonnontilaan. Palautuminen kestää satoja 

vuosia. Suurimmat suolapitoisuudet loppusijoitustilojen ympärille sijoitetussa 

referenssitilavuudessa esiintyvät syvyydellä 470 m ja ne vaihtelevat välillä 41−80 g/L, 

riippuen eri laskentatapauksissa käytetyistä parametreistä. Keskimääräinen suola-

pitoisuus referenssitilavuudessa pysyy kuitenkin lähes muuttumattomana tai pienem-

pänä kuin alkuarvo 12 g/L. Virtaus- ja diffuusiohuokoisuuden pienentäminen voimistaa 

suolapitoisuuden nousua myös loppusijoituspanelien alapuolella niiden lyhyen aukiolon 

aikana ja lisää eroja eri panelien välillä. Laskentatapauksessa, jossa useita mallin 

parametreja on muutettu samanaikaisesti tunneleiden vaikutuksen korostamiseksi, 

maksimi ja keskiarvon maksimi eteläisissä paneleissa 6 ja 7 vaihtelee välillä 60−75 g/L 

ja 25−45 g/L. 

Yksinkertaistettuja analyyttisia malleja käytettiin numeerisen mallinnuksen tueksi 

arvioimaan syvän suolaisen pohjaveden nousuun liittyviä prosesseja. Analyyttisen 

mallinnuksen johtopäätökset olivat samansuuntaisia kuin numeerisen mallinnuksen: 

ONKALO todennäköisesti aiheuttaa syvän suolaisen pohjaveden nousua loppusijoitus-

tilavuudessa, kun taas panelit nostavat vain suolapitoisuuden mediaania. 



 

Avainsanat: Pohjaveden virtaus, suolan kulkeutuminen, numeerinen mallinnus, 

analyyttinen mallinnus, käytetty ydinpolttoaine, Olkiluoto 
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PREFACE 

This study was subcontracted to VTT by Posiva Oy. Lasse Koskinen supervised the 

work on behalf of Posiva. Jari Löfman was responsible of the numerical groundwater 

flow modelling. Antti Poteri conducted the analytic modelling, whereas Petteri Pitkänen 

wrote the analysis based on the observations. 
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1 INTRODUCTION 

Posiva Oy is preparing for the final disposal of spent nuclear fuel in the crystalline 

bedrock of Finland. The site for the repository has been chosen on the basis of site 

investigations. In 1999 preliminary investigations were finished for four sites, and 

Olkiluoto in Eurajoki was proposed as the primary site for the repository, subject to 

further detailed characterisation. Currently, the site investigation programme is focused 

on the construction of an underground rock characterisation and research facility (the 

ONKALO) at Olkiluoto. The facility will consist of a system of exploratory tunnels that 

extends to a depth of 460 m. The ONKALO facility will be potentially extended with 

the drifts of the repository. Up to the present time (January 2010), 4,060 metres of 

tunnels, extending to a depth of 390 metres, have been excavated 

(http://www.posiva.fi).  

The ONKALO will be a part of the final repository, which will consist of tunnels 

excavated at a depth of approximately 420 m and located at approximately 25 m from 

each other. The spent fuel will be encapsulated in final disposal canisters made of cast 

iron, enclosed in a copper shell. These canisters will be placed in holes drilled at the 

bottom of the repository tunnels and surrounded with bentonite clay, which not only 

prevents direct groundwater flow to the surface of the canister, but also protects the 

canister against minor bedrock movements. After placement of the canisters, the tunnel 

will be backfilled with a mixture of bentonite and crushed rock.  

During the repository operation the open tunnels and shafts of the ONKALO, and the 

subsequent repository, are likely to create a hydraulic disturbance to the site's 

groundwater system for hundreds of years (e.g. inflow of groundwater to the open 

tunnels, drawdown of the groundwater table, intrusion of surface water and sea water 

deep into the bedrock). In particular, below the tunnels the deep highly saline 

groundwater may rise up to the planned repository rock volume. The open tunnels 

depress the pressure in bedrock around the tunnels. The pressure variations change the 

groundwater flow directions towards the low pressure volumes of rock and cause the 

upconing of salt water, i.e. along the upward groundwater flow the deep saline water is 

transported (by advection and dispersion) from below towards the tunnels. Saline water 

is a concern with regard to the performance of the tunnel backfill and buffer material 

after tunnel closure. Groundwater salinity affects the buffer and backfill properties. In 

particular, high salinity can decrease swelling pressure and increase hydraulic 

conductivity, which impair the performance of the buffer and the backfill. 

The Rock Suitability Criteria (RSC) programme has been set up to develop host rock 

requirements for the repository design and layout adaptation (Hellä et al. 2009). The 

aim of the classification scheme is to define suitable rock volumes for the repository 

layout and the actual deposition holes and to avoid features of the rock that may be 

detrimental for safety of the repository. The classification scheme considers both long-

term safety and engineering aspects. The RCS programme includes the definition of the 

so called performance targets, which are the requirements on host rock properties from 

a point of view of long-term safety. In particular, according to the performance targets 

groundwater salinity (expressed as total dissolved solids [TDS]) in the repository rock 

volume should not be allowed to exceed a limit of 70 g/L. In addition, the average 

salinity should be below 35 g/L (Posiva 2009b). 
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This study concerns the supporting groundwater flow analysis for the RSC programme. 

The objective is to assess the potential upconing of deep highly saline groundwater up 

to the planned repository rock volume. Accordingly, the calculation cases for numerical 

modelling were selected with regard to the performance targets set in the RSC 

programme for groundwater salinity. In particular, the following aspects are considered: 

 Which, if any, of the modelled hydrogeological zones (HZ) affect the upconing 

of saline water and should be considered in defining the so called layout 

determining features (LDF)? 

 What are the hydraulic properties of rock, which affect mostly on the upconing? 

 What are the maximum salinity values and where they appear? 

The work is divided into three separate tasks: characterization of the expected upconing 

on the basis of 1) field observations, 2) numerical groundwater flow modelling, and 3) 

the analytical groundwater flow modelling.  

The first sub-task is comprised of salinity observations from monitoring data, which 

include both intensive groundwater samplings and electrical conductivity measurements 

from the drill hole groundwaters and from the fracture specific fluids (Klockars et al. 

2007; Pitkänen et al. 2007; Pitkänen et al. 2008; Vaittinen et al. 2008b; Pitkänen et al. 

2009; Vaittinen et al. 2009b). 

The numerical modelling is based on the latest site-scale groundwater flow model 

(Posiva 2009a; Löfman et al. 2009) and it consists of the calculation of evolving 

groundwater flow conditions from the start of the ONKALO excavations (September 

2004) 2,000 years onwards. The previous studies have shown that the highest salinities 

are expected to occur during this period (Löfman and Mészáros 2005; Löfman 2005; 

Pastina and Hellä 2006; Löfman and Poteri 2008). The calculations consider the 

prevailing processes affecting the flow during the construction, operational and post-

closure phases, i.e., the hydrological disturbances introduced by the open tunnels, the 

thermal disturbances of the decay heat of the spent fuel and the post-glacial land uplift. 

A simplified analytical model has also been applied to assess the potential upconing of 

the saline water. Analytical modelling is used as a robust and transparent tool to 

investigate influence of the hydraulic disturbances on the upconing of the salt-water 

interface in the averaged background fracturing between the main hydraulic zones. 

Upconing of the salt water that takes place along the hydraulic zones can be taken into 

account in the repository design, but a regional upconing through the background rock 

cannot be avoided by simple engineering solutions. The applied modelling approach is 

based on the assumption that repository is in the fresh water domain, that the salt water - 

fresh water interface is a moving no-flow boundary at the bottom of the fresh water 

domain, water table at the surface of the model is fixed and hydraulic properties of the 

rock are homogeneous. Upconing of the salt water interface is estimated for a few 

alternative calculations cases based on the pressure balance at the salt water interface 

and considering also transport of the saline water in the bedrock. 

The report is organised in the following manner. Section 2 deals with the observed 

salinity in the repository volume. Section 3 includes a description of the numerical 
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modelling approach, i.e. conceptual, mathematical and numerical models related to 

groundwater flow, whereas the site-specific data required in the numerical modelling is 

presented in Section 4. The results of the numerical and analytical models are presented 

in Section 5 and 6, respectively. Section 7 summarizes the study.  
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2 UPCONING ON THE BASIS OF OBSERVATIONS 

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 (e.g. Posiva 2009a). 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 

infiltrating water sources. 

The baseline groundwater chemistry over the depth range of 0−1000 m at Olkiluoto is 

characterised by a significant range in salinity. Fresh groundwater with low total 

dissolved solids (TDS 1 g/L) is found only at shallow depths, in the uppermost tens of 

metres (Figure 2-1a). Brackish groundwater, with TDS up to 10 g/L dominates at depths 

from 30 m to 400 m. Fresh and brackish groundwaters are classified into three groups 

on the basis of characteristic anion contents (Figure 2-1), 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. The development of HCO3 type and SO4 type 

groundwaters are linked to the current island stage (since 2,500 years ago) and previous 

Littorina Sea stage (from 8,000 to 2,500 years ago) at Olkiluoto, respectively. Saline 

groundwater (TDS >10 g/L) dominates below 400 m depth. The highest salinity in 

groundwater samples observed so far is approximately 84 g/L. Saline groundwater and 

its diluted version of brackish Cl type groundwater are considered to have very long 

residence time.  

The increase in TDS trend do not cease with depth, which indicates that the salinities 

are probably higher below a depth of 900 metres than observed above. Monitoring 

measurements of electrical conductivity (EC) in drillhole water in OL-KR1 and OL-

KR2 indicate that the salinity reaches and even exceeds 100 g/L deeper  than -900 m 

(Klockars et al. 2007; Väisäsvaara et al. 2008).Current salinities at a depth of 400−500 

metres at Olkiluoto vary mainly from 10 to 20 g/L (Pitkänen et al. 2007; Pitkänen et al. 

2008; Pitkänen et al. 2009; Posiva 2009a). However, higher values have also been 

observed from drill holes OL-KR8, OL-KR10 and OL-KR19 at a depth of about 500 m 

(Figure 2-2). The highest measured salinity is 35 g/L from OL-KR19, which is located 

far from the ONKALO near the northern coastline of the island. There is no difference 

between major hydrogeological zones and single transmissive fractures at a depth of 

400−500 metres.  

Any systematic increase in salinity trends between baseline and monitoring data have 

not been observed at these depths (Pitkänen et al. 2007, 2008, 2009). Monitoring data 

show in some cases increasing salinity, for instance in the sampling section OL-KR23-

T424. The enrichment of salinity, however, corresponds to salinities observed generally 
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in those depths, which indicate a recovery of salinity level after dilution occurred during 

open drill hole conditions. These types of changes are believed to occur more generally 

at Olkiluoto, because many drill holes have been open for several years (Posiva 2009a). 

Hydraulic head measurements show that groundwaters tend to inflow from the shallow 

depth fractures and descend along open borehole to outflow into the fractures at great 

depths.
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Figure 2-1. a) TDS, b) Cl, c) DIC and d) SO4 concentrations in baseline groundwaters  

as a function of depth of Olkiluoto (Posiva 2009a). 
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Figure 2-2. Total dissolved solids (TDS) in groundwater samples from Olkiluoto. 

Samples taken from deep surface drill holes (KR) are classified to represent baseline 

or monitoring (time series) conditions. Samples taken from the ONKALO are either 

from groundwater stations (ONK-PVA) or waters dripping from fractures in the tunnel 

wall (ONK-RV). 
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3 NUMERICAL MODELLING APPROACH 

The following three time frames were considered when characterizing the 

hydrogeologic evolution of the geosphere: 1) the excavation of the ONKALO and 

preparatory phase, 2) the operational phase, and 3) the post-closure phase. In each of 

these phases there are special characteristics that dominate the groundwater flow 

conditions. The hydrogeologic evolution has previously been characterized in several 

studies (e.g., Löfman and Mészáros 2005; Löfman 2005; Pastina and Hellä 2006; 

Löfman and Poteri 2008). These studies have indicated that until the post-closure phase 

the flow is mainly affected by the disturbances introduced by the construction and 

operation of the ONKALO and the repository. In the post-closure phase hydrological 

disturbances will cease and both post-glacial land uplift and the thermal effects of the 

decay heat of the spent fuel start to affect the flow conditions. The net effect of the 

uplift and global sea level rise gradually enlarges the area of the island and increases the 

elevation of the groundwater table. The decay heat will raise the temperature of the 

repository and the surrounding bedrock several tens of degrees for many centuries, 

which affect the flow directions in the repository rock volume (Löfman and Poteri 

2008).  

The numerical calculations in this study covered the time frame from the start of the 

ONKALO excavations (September 2004) until 2,000 years onwards. The evolution of 

groundwater flow conditions was analysed by means of numerical site-scale 

groundwater flow modelling. Consideration of the prevailing processes affecting the 

flow during the construction, operational and post-closure phases required coupled and 

transient modelling of groundwater flow, solute (salt) transport and heat transfer.  

3.1 Conceptual model of fractured flow system 

The fractured bedrock is conceptually modelled by an approach, in which the rock 

volume is divided into two hydraulic units: planar hydrogeological zones (HZ) and the 

sparsely fractured rock (SFR) between the zones. In both of these units the averaged 

hydraulic characteristics of the fractured rock were used. 

From the standpoint of groundwater flow, the hydraulic characteristics of the HZs and 

the SFR were modelled by using the equivalent porous medium (EPM) approach. In the 

EPM approach, the fractured system in each hydraulic unit (the HZs and the SFR) is 

treated as a single continuum with representative averaged characteristics, and water is 

assumed to flow everywhere in the system (Figure 3-1). In the current site-scale 

simulations the flow in the matrix blocks with low conductivity and essentially stagnant 

water are not important and can be approximated to be in pressure equilibrium with the 

fractures, in which water mainly flows.. The EPM representation of rock is used also for 

thermal conduction, which was assumed to be the dominant heat transfer mechanism in 

this study. 

From the standpoint of solute transport, the fractured rock is modelled by using the 

dual-porosity (DP) approach. In the DP model, the system is assumed to consist of two 

overlapping continua: the fractures with flowing water and the matrix blocks with 

essentially stagnant water representing the rest of the system (Figure 3-1). Advection 

and dispersion are the dominant processes within the water-bearing fractures, whereas 
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in the matrix, solutes are transported only by diffusion. Salt t

In the DP system, the matrix diffusion of 

solutes from the rock blocks with stagnant water moderates the transport of solutes in 

the water-bearing fractures. The EPM and DP concepts were applied to both the HZs 

and the SFR (see Figure 3-1 for the EPM representation of bedrock with the zones). 

 

 

 

Figure 3-1. A schematic description of the real bedrock (top left, bottom left) and its 

equivalent porous medium (top middle, bottom right) and dual-porosity (top right) 

representations. The top figures do not consist of the hydrogeological zones, whereas in 

the bottom figures consist of both the zones and the sparsely fractured rock (SFR). 

Zone 
 
 

Zone 
 
 

SFR 
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3.2 Mathematical model 

The mathematical model consists of three coupled partial differential equations written 

for the pressure, the TDS concentration and temperature. In the equations the density 

and viscosity of water are dependent on salinity and temperature, and the hydraulic 

conductivity increases with the increasing temperature and decreasing salinity.  

So far the groundwater level (in the overburden and bedrock at shallow depth) in 

Olkiluoto has varied only a little and the possible impact of the ONKALO on the water 

table has been minimal (Vaittinen et al. 2008b; Vaittinen et al. 2009b). In addition, the 

control of inflow aims at preserving the natural groundwater level, so that no major 

drawdown of the groundwater table would occur during the construction and 

operational phase. Thus, the water table drawdown was ignored in the simulations, i.e., 

the top surface of the modelled volume (and the  associated water table boundary 

condition) was not allowed to depress, but remained flat throughout the simulations.  If 

the grouting failed and the water table sank, however, the upconing may be somewhat 

underestimated, if the drawdown is omitted in the model (Löfman and Mészáros 2005). 

3.2.1 Flow equation in the equivalent porous medium (EPM) 

The transient and density-dependent flow equation is written for the residual pressure pr 

[Pa] (the total pressure without the hydrostatic component of fresh water) as follows 

(e.g, Huyakorn and Pinder 1983): 

  (3-1) 

where  is the density of the water [kg/m
3
], 0 is the density of the fresh water at a 

temperature of 20 
o
C [kg/m

3
], k is the permeability tensor of the rock [m

2
],  is the 

dynamic viscosity of the water [kg/m/s], g is the gravitational acceleration [m/s
2
], z is 

the elevation relative to the sea level [m], Qout is the rate of water flowing out of the 

system [1/s], and  [-] is the porosity. 

The permeability k in Equation (3-1) is related to the hydraulic conductivity K [m/s] as 

(e.g., de Marsily 1986) 

Kk
g

. (3-2) 

The dependence of the water density on the solute (TDS) concentration c [g/L] and 

temperature T [
o
C] was approximated by a linear relationship based on the thermal 

expansion of the water and measured dependency between the groundwater density and 

the salinity 

rc TTaca
T 000 )( , (3-3) 
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where ac is the coefficient for the density dependence of salinity concentration [-], aT is 

the thermal expansion coefficient of water [kg/m
3
/K], T0 is the reference temperature [= 

20 
o
C] and r is the relative density of water [-].  

Assuming the porosity only a function of pressure, and employing Equation (3-3), the 

right-hand side of Equation (3-1) can be written as follows 

      (3-4) 

in which Ss is the specific storage of the medium [1/m]. The last term on the right hand 

side of Equation (3-4) include also changes that are caused by compressibility of the 

water and are not connected to the changes in the porosity. In this study it is 

conservatively assumed that the medium is incompressible and temporal variations in 

the flow field follow solely from the evolution of the density of water. Thus, the last 

term on the right-hand side of Equation (3-4) is neglected. However, the impact of the 

compressibility is considered in special calculation cases, in which the specific storage 

is varied. The porosity on the right hand side of Equation (3-4) is replaced by the flow 

porosity, because the matrix blocks with low conductivity and essentially stagnant water 

are not important from the flow perspective (the fractures govern the 

flow). 

The dependence of the viscosity of water  [kg/m/s] on temperature T [
o
C] is 

approximated exponentially as (Lide 1990) 
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The dependence of the viscosity of water  on salinity is expressed by (Zhou et al. 

2005) 

),()
1000

(5.44)
1000

(1.4
1000

85.11 0

32

0 cv
ccc

 (3-7) 

where 0 is the viscosity of fresh water. Thus, the viscosity of the water can be 

expressed by  

   (3-8) 

where r is the relative viscosity of the water [-]. With Equations (3-2), (3-3) and (3-8) 

the hydraulic conductivity K can be written as follows 
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  r

r

r K00 KKK  (3-9) 

where K0 is the hydraulic conductivity [m/s] for fresh water at the reference temperature 

T0 [= 20 
o
C] and Kr is the relative hydraulic conductivity [-] (Figure 3-3). 

3.2.2 Salt transport equation in the dual-porosity (DP) medium 

The DP representation of the fractured medium is assumed to be macroscopically 

uniform and is approximated by the parallel fracture model (Figure 3-2).The parallel 

fracture model employs a rectangular prismatic block idealization, in which the system 

of fractures and matrix blocks is assumed to consist of equally spaced and parallel 

water-bearing fractures separated by blocks of saturated porous rock with stagnant 

water. Because the fracture/matrix geometry repeats itself, and because each fracture is 

symmetrical, only one half of the fractures and one half of the intervening porous matrix 

blocks have to be considered in the mathematical model. 

 

 

 

Figure 3-2. A parallel fracture approximation of the dual porosity representation of the 

fractured bedrock (see also Figure 3-1). The bottom figure has been taken from 

Huyakorn et al. (1983). 
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Transport in the DP medium is modelled by two coupled equations (Huyakorn et al. 

1983; Löfman & Taivassalo 1995). The first equation describes the amount of mass 

transported by flowing water in the fracture domain, while the second equation 

represents the amount of mass transported by molecular diffusion in the matrix blocks. 

The matrix system is one-dimensional and perpendicular to the fractures. Transport of 

solute particles in the matrix parallel to the fractures is assumed to be negligible. The 

exchange of the solute particles between the water-bearing fractures and the porous 

matrix blocks with stagnant water is represented by a term that describes the rate of 

mass transfer between the two systems. The mass transfer term acts as a source/sink 

term that results from solution of the equation for the matrix blocks and that is 

proportional to the concentration difference between the matrix and fracture systems. 

Salt transport in the water-bearing fractures of the DP medium 

The transport equations are written in terms of TDS concentration c [g/L]. The equation 

in the water-bearing fractures is written in a so called convective (or non-conservative) 

form as follows (Huyakorn et al. 1983; Löfman & Taivassalo 1995; Kolditz et al. 1998; 

Oltean and Buès 2001): 

 (3-10) 

where q is the Darcy velocity [m/s], Γ is the mass transfer term between the two 

continua, i.e. the rate of solute transfer from (to) the matrix block to (from) the fracture 

[kg/m
3
/s], Qout is the rate of the out flowing water [1/s], f [-] is the flow porosity [-] and 

D is the dispersion tensor [m
2
/s], which is expressed as  

  e

ji

TLijTij D
qq

D
||

)(||
q

q ,   (3-11) 

where L is the longitudinal dispersion length [m], T is the transversal dispersion length 

[m], ij is the Kronecker delta function [-] and De is the effective diffusion coefficient 

[m
2
/s], which includes the effects of tortuosity, the formation factor and the diffusion 

porosity.  

Because of the assumption of incompressible medium, the last term on the right-hand 

side of Equation (3-10), which represents the mass changes due to the variations in 

water content, is neglected. However, in the calculation cases, in which the impact of 

the compressibility is considered, the last term is required, because the applied 

convective form of the transport equation does not maintain mass balance in problems 

with large temporal variations in water contents (Saaltink et al. 2004). In the current 

study, the open tunnels induce such large temporal variations in the flow field. 

According to the Archie's law (Valkiainen 1992), there is a connection between the 

effective diffusion coefficient De and the diffusion porosity ' that can be expressed as 

,'71.0 58.1

0DDe    (3-12) 
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where D0 is the molecular diffusion coefficient in the water [m
2
/s] . 

The Darcy velocity in Equations (3-10) and (3-11) is expressed in terms of the residual 

pressure, as follows: 

  (3-13) 

Assuming the parallel fracture idealization (Figure 3-2) in which the bedrock consists of 

equally spaced and parallel fractures separated by matrix blocks, the flow porosity, f in 

Equation 3-10, can be defined as the volume of water-bearing fractures per unit volume 

of the entire system  

ba

b
f ,    (3-14) 

where b is half of the fracture aperture [m] and  a is half of the fracture spacing [m]. The 

fracture properties are based on the experimental data from which the transmissivity of 

the HZs and the hydraulic conductivity of the SFR were obtained (Vaittinen et al. 

2009a; Section 4). 

Salt transport in the matrix blocks of the DP medium 

Mass transport in the matrix blocks (Figure 3-2) is dominated by molecular diffusion 

and can be described by a one-dimensional diffusion equation written for the solute 

concentration of water in the matrix blocks c' [kg/m
3
] 

,
'

'
'

'

' t

c

z

c
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z
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where De is the effective diffusion coefficient [m
2
/s], ' is the diffusion (or matrix) 

porosity in the matrix blocks [-], and z' is the abstract space dimension in the matrix 

blocks. The effective diffusion coefficient De includes the effects of tortuosity, the 

formation factor and the diffusion porosity and it is expressed according to Equation (3-

12). 

Equations (3-10) and (3-15) are coupled by the continuity of the diffusive mass flux at 

the interface of the fracture and the matrix block. The rate of solute transfer from the 

matrix block to the fracture can be expressed by applying Fick's law (Huyakorn et al. 

1983; de Marsily 1986; Fetter 1988). Thus, for a rectangular matrix block unit (Figure 

3-2), the mass transfer term is given by 

azeaze
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2
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'
 (3-16) 

where a is half of the matrix block thickness [m], and l and d are the length and the 

width of the area, across which the mass flux occurs [m]. 
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3.2.3 Heat transfer equation in the equivalent porous medium (EPM) 

Due to the low hydraulic conductivity, the dominant heat transfer mechanism in 

bedrock can be assumed to be heat conduction (Hodgkinson 1980; Bodenes et al. 1990), 

which is described by an equation written in terms of temperature rise Td [
o
C]  as 

(Carslaw & Jaeger 1959; Huyakorn & Pinder 1983; de Marsily 1986) 

  (3-17) 

where λ is the thermal conductivity tensor of rock [W/m/K], H is the heat source 

[W/m
3
], r is the density of rock [kg/m

3
] and cr is the specific heat of rock [J/kg/K]. 

3.3 Numerical solution method 

The modelling of groundwater flow, solute transport and heat transfer leads to a set of 

non-linear equations (3-1), (3-10) and (3-17). The non-linearity rises from the 

dependence of the density, the viscosity, the Darcy velocity and the dispersion on the 

pressure, salinity concentration and/or temperature. As the dominant heat transfer 

mechanism was assumed to be heat conduction, the non-linear system is simplified to 

the two separate problems. First, the temperature rise is solved from the heat transfer (or 

conduction) equation (3-17). Secondly, the coupled flow and transport equations (3-1) 

and (3-10) were solved taking into account the effect of the previously and separately 

determined temperatures on the density and the viscosity. Finally, the solution was 

attained using the Picard iteration scheme with under-relaxation (Huyakorn & Pinder 

1983), in which the flow and transport equations are solved sequentially (updating the 

dependent variables) for each time step until the convergence is achieved.  

The partial differential equations describing the groundwater flow, Equation (3-1), the 

transport in the matrix, Equation (3-15), and the heat transfer, Equation (3-17),  were 

solved numerically by employing the conventional Galerkin finite-element method 

(Huyakorn & Pinder 1983), whereas the streamline-upwind/Petrov-Galerkin (SUPG) 

method was applied for the transport equation in the water-bearing fractures, Equation 

(3-10). The resulting matrix equations were solved by employing a preconditioned 

conjugate-gradient and a Gauss-Seidel method, respectively. An efficient direct solution 

scheme (Huyakorn et al. 1983; Löfman & Taivassalo 1995) was applied for the 

coupling of the transport equations, Equations (3-10) and (3-15). The time discretization 

was implemented using a fully implicit difference scheme. 

The complex geometry of the HZs is discretized into a finite-element mesh with an 

adaptive and recursive octree algorithm that adapts the element size to the so-called 

well characterized area (WCA, the rock volume where the drill hole investigations have 

been focused), the HZs and the tunnels. The HZs were gridded with sets of triangles of 

appropriate hydrogeological properties fitted onto the faces of tetrahedral along their 

planes. The element size ranged from 8 m (the tunnels) and 16 m (a depth of 0–200 m 

inside the WCA) to 130 m (under the sea). The resulting mesh consists of 

approximately 850,000 nodes and 5.1 million tetrahedral and triangular elements, which 

required 4.5 gigabytes of computer memory.  
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The equations were solved numerically using the finite-element program package 

FEFTRA (Löfman et al. 2007) developed at VTT for groundwater flow modelling in the 

site investigations for the spent fuel repository. 

 

 

  

 

Figure 3-3. The impact of salinity and temperature rise on the density (top left), the 

viscosity (top right) and the relative hydraulic conductivity (Kr, the hydraulic 

conductivity relative to the reference temperature of 20 
o
C, bottom) according to 

Equations (3-3)-(3-9). 
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4 SITE-SPECIFIC FLOW MODEL 

The modelling is based on the latest (2008) site description on Olkiluoto (Posiva 

2009a). This section presents a summary of the site-specific flow model for Olkiluoto. 

A more detailed description of the flow model is given in Löfman et al. (2009). 

4.1 Summary of the hydraulic properties of rock and water 

The modelled bedrock volume covers the whole of Olkiluoto Island, and is approx. 

28 km
2
 horizontally and 2 km in depth (Figure 4-1). The location of the lateral 

boundaries follows the lineaments, which surround Olkiluoto Island in the flow model 

2008. The top surface of the model is flat throughout the modelling and is located at the 

present sea level (z = 0 m). The variations in the topography (or the water table) of the 

land surface are handled with the boundary conditions assigned on the top surface of the 

model (see Section 4.2). 

Hydrogeological zones 

The fractured bedrock is modelled by an approach in which the modelled bedrock 

volume is conceptually divided into two hydraulic units: 1) deterministic planar (or 

partially planar) hydrogeological zones (HZ, the section of the bedrock featuring a 

higher fracture density and a greater ability to conduct water) and 2) sparsely fractured 

rock between the zones (SFR, the remaining part of the bedrock in which fracture 

density and conductivity is low). Both of these units have been treated separately as 

isotropic or anisotropic media with representative averaged hydraulic properties (see 

Section 3.1 for a conceptual model of fractured rock). 

The structures in the current numerical flow model are based on the latest 

hydrogeological structure model (Vaittinen et al. 2009a; Figure 4-2). The geometry 

contains ten site-scale HZ zones. Each HZ is separately treated as a homogeneous and 

isotropic continuum, with which a single effective transmissivity value is associated, 

thus disregarding the heterogeneity of the HZs. The applied (initial) transmissivity is a 

geometric mean of the measured local point values interpreted as being related to the 

individual zones (see details in Vaittinen et al. 2009a). The final transmissivities were 

obtained by calibration (Table 4-1). 

The flow model 2008 (Posiva 2009a; Löfman et al. 2009) included also five regional 

lineaments, which are vertical zones extending from the surface to the base of the 

model. They are not based on direct observations, but on topographical and geophysical 

interpretations (Vaittinen et al. 2009a), and, thus, they were subject to high uncertainties 

both in the geometry and hydraulic properties. In the flow model 2008 the lineaments 

were attached to high conservative transmissivity (1·10
-5

 m
2
/s) due to the lack of data. 

The use of high transmissivities, however, resulted in longer computational times in the 

numerical modelling. In this study the lineaments are ignored in order to decrease the 

computational costs. The sensitivity analysis in Löfman et al. (2009) indicated that 

although the amount of water flowing at greater depths in the bedrock remains minimal 

compared to that at more shallow depths, the lineaments with high transmissivity tend 

to draw water from the island, changing the flow directions somewhat more towards the 
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lineaments at greater depths. Thus, the disregard of the lineaments is an overestimation 

and a conservative assumption from a point of view of saline water upconing, which is 

the target of the current study. The sensitivity calculations with and without lineaments 

showed that their impact on the upconing is minimal.  

Hydraulic conductivity of the sparsely fractured rock 

The effective conductivity is based on the measured small-scale transmissivities 

(interpreted as being related to the SFR), which are averaged to obtain a representation 

of the similar overall behaviour of the fracture network on a larger length scale 

(Vaittinen et al. 2009a).  

Vaittinen et al. (2009a) have proposed two alternative initial estimations of the effective 

conductivity for numerical flow modelling. Based on the calibration against the 

measured baseline pressures and salinities in the deep drill holes, the second estimation, 

together with the horizontal/vertical anisotropy ratio of 10 in the uppermost 50 m layer 

of rock, was selected as the baseline conductivity (Posiva 2009a; Löfman et al. 2009; 

Table 4-2 and Figure 4-3). Below the uppermost layer the conductivity was not spatially 

variable, but changed only with depth throughout the modelled volume. In addition, the 

conductivity in the vicinity of the tunnels was decreased by calibration against the 

observed inflows to the tunnel. 

Due to a lack of information on the conductive fractures outside the Well Characterized 

Area (WCA), the HZs in the flow model have been focused mostly inside the WCA and 

the flow model outside the WCA consists mainly of the SFR. The lack of information 

(and the missing HZs) in the flow model 2008 was compensated by using a five-fold 

conductivity outside the WCA. The impact of this assumption (together with the 

hypothetical eastern repository tunnels, which are partly located outside the WCA) on 

the upconing is estimated in one calculation case (Case 11) 

Flow porosity 

Flow porosity was calculated from the fracture properties separately for each HZ and 

the depth layer of the SFR. The averages (arithmetic means) of hydraulic aperture (void 

space) and fracture spacing were calculated from the transmissive fractures found by 

flow logging. The maximum values of fracture-specific transmissivities and an empiric 

factor (C=10) between the ideal parallel plate hydraulic aperture (cubic law) and the 

void space of actual flow was used as recommended in Taivassalo and Saarenheimo 

(1991). In each HZs, flow porosity is a single value related to transmissivity, whereas in 

the SFR it follows the depth-dependent hydraulic conductivity. The final values were 

obtained by calibration. The impact of the flow porosity is estimated in one calculation 

case (Case 1). 

Diffusion porosity 

The fractured system is modelled with the dual-porosity model (Section 3.1), in which 

diffusion porosity is a significant parameter. In Posiva (2009) and Löfman et al. (2009) 

the initial value for diffusion porosity (0.2 %) was based on reports (Paulamäki & 

Paananen 1995; Paananen & Paulamäki 1995), whereas the final value of 1 % was 
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selected on a basis of calibration and Hartikainen et al. (1996). Diffusion porosity was 

assumed to be constant throughout the modelled volume (in both the HZs and the SFR).  

The impact of the diffusion porosity is estimated in one calculation case (Case 2). 

Dispersivity 

Dispersion describes the spreading and mixing of a concentration front due to 

groundwater flow. Because no site-specific information exists about dispersivity, the 

assumptions adopted in the studies (Löfman 1999; Posiva 2005; Andersson et al. 2007) 

concerning dispersivities were also applied in Posiva (2009) and Löfman et al. (2009). 

The dispersion lengths were selected to be as small as possible (considering the 

numerical constraints associated with the velocity/element size/dispersivity ratio, the so-

called Peclet number) in order to decrease the spreading of solutes and to obtain a sharp 

interface between fresh and saline water. The stratified nature of and sharp interfaces 

between groundwater types, as well as the limited mixing of different end-member 

waters, tend also to support the assumption of short dispersion lengths. In order to 

prevent the spreading of solutes in a vertical direction at shallow depths, a transverse 

dispersion length of one metre was used in the upper 50 m layer of the SFR. Throughout 

the rest of the modelled volume, the longitudinal dispersion length was selected to be 25 

m and the transversal value was taken to be a quarter of the longitudinal value. The 

impact of the dispersivity is estimated in one calculation case (Case 3). 

Thermal properties of rock 

Due to the low hydraulic conductivity of the bedrock, thermal conduction is the 

dominant heat transfer mechanism in the fractured rock. The thermal properties of rock 

(thermal conductivity, diffusivity, specific heat) were based on the averages of the 

measured properties of mica gneiss samples taken from the boreholes in Olkiluoto 

(Kukkonen 2000). These properties are dependent on the temperature. The conductivity 

and diffusivity decrease and the specific heat increases with increasing temperature. In 

particular, the thermal diffusivity, which is the most important parameter regarding the 

maximum canister temperatures, may decrease by up to 17 % from 20 to 100 
o
C. Since 

the laboratory measurements were carried out at the room temperature (20 
o
C), 

Kukkonen (2000) applied simple corrections to them in order to obtain estimates for the 

average thermal properties at 60 
o
C, which according to the disposal scenarios was 

considered to be highest temperature of the rock surface around a deposition hole. Thus, 

the average values appropriate for temperature of 60 
o
C were used in the calculations 

(Table 4-3). No spatial variation of the thermal properties was considered, but the same 

thermal properties were assumed throughout the modelled volume, for both the bedrock 

(the HZs and the SFR) and the backfilled tunnels, during the whole simulation period. A 

short discussion of the sensitivity of the calculated temperature and salinity field to the 

thermal properties is given by Löfman (2005). 

Miscellaneous properties of water 

The density of the fresh water and the dependence coefficient on TDS concentration 

were based on correlation of the measured density and salinity (Pitkänen et al.  2007). 

The viscosity of water and the molecular diffusion coefficient are well-known 

parameters (e.g. Lide 1990). 
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Figure 4-1. The modelled volume on the ground surface (delineated by the solid-line 

polygon) and the Well Characterized Area (the rock volume where the drill hole 

investigations have been focused, delineated by the dashed-line rectangle). The 

modelled area is approx. 28 km
2
 horizontally and 2 km in depth. 



 27 

 

Figure 4-2. The conceptual description of the hydrogeological zones in the bedrock of 

Olkiluoto in the latest flow model 2008 (Vaittinen et al. 2009a).  The size of the flow 

model domain is about 28 km
2
 horizontally and 2 km in depth. 
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Table 4-1. The calibrated hydraulic properties (the transmissivity T, the fracture 
aperture 2b, the fracture spacing 2a, the flow porosity f) of the hydrogeological zones 
(HZ) in the flow model 2008 (Posiva 2009a; Löfman et al. 2009). 

  T [m
2
/s] 2b [m] 2a [m]  f [-] 

HZ001     

(0-200 m) 

7.9∙10
-6

 2.4∙10
-3

 5.8 4.1∙10
-4

 

HZ001 

(200-300 m) 

5.9∙10
-8

 4.7∙10
-4

 5.8 8.0∙10
-5

 

HZ004 1.3∙10
-7

 0.4∙10
-3

 2.5 1.6∙10
-4

 

HZ008 3.2∙10
-6

 1.0∙10
-3

 1.0 1.0∙10
-3

 

HZ19A 2.6∙10
-5

 2.2∙10
-3

 1.1 2.0∙10
-3

 

HZ19B 3.2∙10
-7

 7.0∙10
-4

 1.2 5.8∙10
-4

 

HZ19C 6.3∙10
-5

 3.7∙10
-3

 1.4 2.8∙10
-3

 

HZ20A 1.5∙10
-5

 2.6∙10
-3

 1.1 2.4∙10
-3

 

HZ20B 9.0∙10
-6

 1.7∙10
-3

 2.5 6.8∙10
-4

 

HZ21 3.0∙10
-6

 2.5∙10
-3

 1.5 1.6∙10
-4

 

HZ099 2.0∙10
-7

 0.5∙10
-3

 2.0 2.5∙10
-4

 

LIN1-5 1.0∙10
-5

 1.0∙10
-3

 1.0 1.0∙10
-3
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Table 4-2. The hydraulic properties (the hydraulic conductivity K, the fracture aperture 

2b, the fracture spacing 2a, the flow porosity f) of the sparsely fractured rock (SFR) 

between the hydrogeological zones (HZ) of the flow model 2008 (Vaittinen et al. 2009a; 

Posiva 2009a; Löfman et al. 2009). The values represent the bedrock inside the Well 

Characterised Area (the rock volume where the drill hole investigations have been 

focused). The lack of information on the HZs outside the WCA has been compensated by 

using five-fold conductivity outside the WCA. Based on the calibration the 

horizontal/vertical anisotropy ratio of 10 in the uppermost 50 m layer of rock was used 

(i.e. the vertical component of K was decreased to 1.0∙10
-8

 m/s). The graph of the 

properties is presented in Figure 4-3. 

Depth [m] K [m/s] 2b [m] 2a [m]  f [-] 

0-50 1.0∙10
-7

  5.5∙10
-4

 1.7 3.2∙10
-4

 

50-100  3.2∙10
-8

 - 

5.0∙10
-9 

*) 

4.0 ∙10
-4

 3.0 1.3∙10
-4

 

100-200  5.0∙10
-9

 - 

1.3∙10
-10 

*) 

3.0 ∙10
-4

 6.1 4.9∙10
-5

 

200-300 1.3∙10
-10

 2.5 ∙10
-4

 11.8 2.1∙10
-5

 

300-400 1.3∙10
-10

  3.3 ∙10
-4

 18.7 1.8∙10
-5

 

400-500 3.0∙10
-11

 3.3 ∙10
-4

 18.7 1.8∙10
-5

 

500-2000  3.0∙10
-11

 3.8 ∙10
-4

 35.5 1.1∙10
-5

 

*) The logarithm decreases linearly at a depth interval 50-200 m 

(see Figure 4-3). 
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Table 4-3. Miscellaneous properties of the bedrock and water in the base case. From 

the standpoint of solute transport, the fractured bedrock was modelled as a dual-

porosity (DP) medium. The symbols refer to the mathematical model presented in 

Section 3.2. 

Symbol Parameter Value 

0 Fresh water density at the reference 

temperature (20 
o
C) 

998.8 kg/m
3
 

ac Density dependence on salinity (TDS) 0.76 [-] 

aT Thermal expansion coefficient of water 

(mean value for range 20 
o
C - 60 

o
C) 

0.385 kg/m
3
/K 

0 Viscosity of fresh water at the reference 

temperature (20 
o
C) 

1.0∙10
-3

 kg/(ms) 

L Longitudinal dispersion length 25 m 

T Transverse dispersion length 1.0 m (depth 0-50m) 

25% of L (depth 50-2000 m) 

D0 Molecular diffusion in water 1.0∙10
-9

 m
2
/s 

' Diffusion porosity 1.0∙10
-2

 

λ Thermal conductivity of rock at the 
temperature 60 

o
C 

2.61 W/m/K 

cr Specific heat of rock at the temperature 
60 

o
C 

784 J/kg/K 

r Density of rock 2749 kg/m
3
 

λ/(cr r) Thermal diffusivity at the temperature 
60 

o
C 

1.21∙10
-6

 m
2
/s 



 31 

  

  

Figure 4-3. The hydraulic properties (the hydraulic conductivity K, the fracture 

aperture 2b, the fracture spacing 2a, the flow porosity f) of the sparsely fractured rock 

(SFR) between the hydrogeological zones (HZ) in the flow model 2008 (Vaittinen et al. 

2009a; Posiva 2009a; Löfman et al. 2009). The values represent the bedrock inside the 

Well Characterised Area (the rock volume where the drill hole investigations have been 

focused). The lack of information on the HZs outside the WCA has been compensated by 

using five-fold conductivity outside the WCA. The actual values of the properties are 

presented in Table 4-2. 
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4.2 Initial and boundary conditions 

The groundwater flow conditions were simulated from the start of the ONKALO 

excavations in September 2004 until 2,000 years after the disposal of the first canister in 

2020. The simulations covered the following phases of the repository operation:  

 the excavation of the ONKALO and the preparatory phase in 2004–2020,  

 the operational phase in 2020–2112 (the excavation of the repository tunnels, 

the disposal of the canisters, the backfill of the repository tunnels),  

 the backfill phase of the ONKALO in 2112–2130 (the backfilling of the 

central tunnels, the shafts and the access tunnel), and 

 the post-closure phase after 2130 (the reversion of groundwater flow 

conditions back to natural conditions). 

In each of these phases there are characteristics that dominate the groundwater flow 

conditions. Until the post-closure phase the flow is mainly affected by the disturbances 

introduced by open tunnels. After that the hydrological disturbances will cease and both 

post-glacial land uplift and the thermal effects of the decay heat of the spent fuel start to 

affect the flow conditions. After a few thousand years, the thermal effects will diminish, 

whereas the land-uplift will continue to affect the flow conditions until the end of the 

simulated period of time of 2,000 years. 

Consideration of the processes relevant in the aforementioned phases required coupled 

and transient modelling of groundwater flow, solute (salt) transport and heat transfer, 

which were described by the partial differential equations written for the pressure, TDS 

concentration and temperature (Section 3.2). The numerical finite element solution of 

the three equations required the specification of the initial and boundary (external and 

internal) conditions for the pressure, concentration and temperature. The initial 

conditions are specified everywhere within the modelled volume at the beginning of the 

simulation, whereas the external boundary conditions are specified on the model 

boundaries (vertical, top and bottom) throughout the time frame of 2,000 years. The 

internal boundary conditions are needed for the tunnels (all the open tunnels and the 

backfilled disposal tunnels). 

The modelled bedrock volume covered the whole Olkiluoto island, and it was approx. 

30 km
2
 horizontally and 2 km in depth (Posiva 2009a; Löfman et al. 2009). Because the 

drawdown of the groundwater table was not considered in this study (see motivation in 

the beginning of Section 3.2), the top surface of the model was flat throughout the 

modelling and it was located at the present sea level (z = 0 m). The groundwater table 

was applied as a boundary condition on the top surface of the model. On the vertical 

boundaries and at the bottom of the model, a no-flow boundary condition was applied.  

The current rate of the land-uplift is approximately 6 mm/a at the Olkiluoto area and the 

land is still expected to rise approximately ten metres during the next 2,000 years (Påsse 

1996; Löfman et al. 2009; Figure 4-4). The net effect of the uplift and global sea level 

rise gradually enlarges the area of the island and increases the elevation of the 

groundwater table. The specified pressure representing the current elevation of the 

groundwater table was used as a boundary condition for the area of the surface, which at 

each time step was above the sea level, with zero pressure on the remaining area. The 

groundwater table is based on the present observations. As the water table data available 
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for the Olkiluoto area is slightly incomplete (e.g., not covering the mainland and 

neighbouring islands) a relatively simple linear transformation from the topography 

(water table = 0.56 x topography) was used for the area where the data was not available 

(Figure 4-5). 

The transient changes of the water table are taken into account with time-dependent 

boundary conditions on the surface of the model. It is very uncertain how the changing 

climate will affect the precipitation and groundwater table in Scandinavia during the 

next 2,000 years, although the precipitation may increase in the future (Pastina and 

Hellä 2006). Thus, the ratio between the groundwater and ground levels is assumed to 

remain at its present state during the course of simulation. On the area presently above 

the sea level the water table at each time step is obtained by increasing the present value 

according to the net land uplift model and the ratio 0.56 from the aforementioned fit 

between the groundwater and ground levels. On the area presently below the sea level 

the topography of the sea bottom and the net land uplift model are used to define the 

moment at which each point rises above the sea level. After that the water table is given 

by the net uplift model and the linear fit. An example of the transient water table 

boundary condition at the highest point of Olkiluoto is presented in Figure 4-6. The land 

uplift model raises every point on the top surface by the same height. Thus, the water 

table and topographical variations, which are the main driving forces for the 

groundwater flow, remain the same on the area presently above the sea level. 

 

The present salt content of groundwater in the bedrock of Olkiluoto varies with location. 

The extent of the spatial variability is not known, but the measured TDS values tend to 

increase with depth. In this study the initial and boundary conditions for pressure and 

salinity were based on the undisturbed present-day flow conditions, which were 

obtained from calculating the baseline flow evolution from 2800 years BP onwards 

(Posiva 2009a; Löfman et al. 2009). The initial salinity at 2800 years BP was not 

spatially variable, but it changed only as a function of depth throughout the modelled 

volume. Down to a depth of 340 metres the initial value was a constant (8 g/L), which 

represented the highest observation in the upper part of the bedrock (Figure 5-1). A 

simple fit for the observations interpreted to originate from the pre-Littorina stage was 

applied from 340 metres to a depth of about 810 metres, which is approximately the 

depth at which the highest TDS values (about 83 g/L) are first encountered (by the end 

of 2007, the data freeze time of the site description 2008, Posiva 2009a). Due to the lack 

of groundwater samples at the deepest parts of the drillholes, the current maximum 

observation was applied as an initial condition from a depth of 810 metres down to the 

base of the model. 

In all cases the same initial salinity is assumed in the hydrogeological zones, in the 

sparsely fractured rock between the zones, and in the water-bearing fractures and the 

matrix blocks of the dual-porosity model (see Section 3.1). 

At the surface of the model, a salinity value of 0 g/L is used for the area, which 

represents the groundwater table, whereas a TDS concentration of 5.6 g/L is applied for 

the Baltic Sea. On the vertical and bottom boundaries initial salinity values are used for 

the entire simulation period. 
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The modelling considered only the temperature changes (Td), which were initially set to 

zero throughout the modelled volume. The internal boundary conditions (used for the 

ONKALO and the repository tunnels) are discussed in Section 4.3. 

 

 

 

Figure 4-4. The postglacial land uplift and the global sea level rise in the Olkiluoto 

area. Curves are based on the model by Påsse (1996). Circles denote the experimental 

data by Eronen et al. (1995). The negative axis represents the past and positive the 

future, whereas zero denotes the present time. 
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Figure 4-5. The observed average groundwater and ground levels and a corresponding 

linear fit for the determination of the groundwater level at the area where the water 

table data was not available. 

 

 

Figure 4-6. The topography and the water table boundary condition at the highest point 

of Olkiluoto (the current elevation of the topography is 18 m and water table 10 m). The 

water table is calculated from the current observed water table and the net land uplift 

model (Figure 4-4) assuming that the ratio between the groundwater and ground levels 

remains at its present state (0.56) during the course of simulation. 
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4.3 ONKALO and the repository tunnels 

The ONKALO model, which was introduced in the prediction/outcome (P/O) study of 

the site description 2008 (Posiva 2009a; Löfman et al. 2009), was used as a starting 

point in the current work. The P/O study, which aimed at assessing the potential 

hydrological disturbances of the excavation of the ONKALO, was based on the 

ONKALO layout of March 2008. The flow model was also calibrated using the 

monitoring data on the ONKALO disturbances. In particular, the transmissivity of the 

hydrogeological zones (HZ) at the intersection of the tunnels and the hydraulic 

conductivity of the sparsely fractured rock (SFR) around the tunnels were decreased in 

order to obtain an acceptable agreement between the observed and calculated inflows. 

The repository model is based on the latest layout adaptation (May 2009) for one-storey 

repository (Kirkkomäki 2009). In addition, some information on the layout 2006 

(Kirkkomäki 2006) was applied. Since site description 2008 the lowest parts of the 

ONKALO access tunnel have been modified so that currently the lowest part of extends 

to a depth of 460m. 

Finite element model of the tunnels 

All the ONKALO and the repository tunnels were modelled explicitly according to the 

layout. The conceptual geometry of the 3-D tunnel system was simplified to a 

wireframe model, in which each tunnel segment was represented by a line located in the 

centre of the actual segment, i.e. no physical extension (such as would be defined by a 

radius) was considered (Figure 4-7). Each line (tunnel) segment was modelled as a set 

of nodes of the finite element mesh by using an appropriate (internal) boundary 

condition for each node. The boundary condition was selected considering the processes 

related to the different tunnel segments. For example, all the open tunnels act as a 

hydraulic sink and the backfilled disposal tunnel acts as a heat source. The finite 

element mesh was refined around the tunnels so that the average length of the sides of 

the tetrahedral and triangular elements was about 8 m. The disposal holes were not 

included in the model. 

The advancing drifts were modelled with a set of nodal boundary conditions 

representing the excavated (i.e., hydraulically or thermally active) drift sections specific 

to each time step. This set of active nodes was determined taking into account the 

simplified excavation and disposal schedule that were defined for each drift section and 

updated from time step to time step. 

Excavation and backfill schedule 

The ONKALO was modelled taking into account the progress of the excavations, using 

a stepwise excavation schedule (Löfman et al. 2009). The annual or bi-annual averages 

of the actual excavation rates over the period 2004–2007 were applied to excavation of 

the access tunnel, whereas the schedule of 2007 and average of the actual excavation 

rate was applied for the shafts. 

Because a detailed stepwise excavation and backfill schedule for the latest layout 

(Kirkkomäki 2009) was not yet available in the beginning of this study, a simplified 
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approach was applied to model the repository tunnels, using information on the layout 

2006 (Kirkkomäki 2006). The repository was divided into seven different panels, which 

were treated one by one so that all the tunnels of each panel (disposal and central 

tunnels) were assumed to be excavated and backfilled instantly. Thus, assuming a 

constant excavation rate for the repository, each whole panel was open from the start of 

the excavation of the first disposal tunnel of the panel until the end of the excavation of 

the last tunnel of the panel. The excavation rate is determined from the total length of 

the disposal tunnels of the current layout (31 km) and the disposal period between years 

2020–2112. In reality each disposal tunnel is open and ventilated for only a short period, 

so the current approach is a conservative approximation of the real excavation and 

backfill schedule (Kirkkomäki 2006; Kirkkomäki 2009).  

The backfilling of the ONKALO tunnels and the shafts were simplified too. The central 

tunnels and all the other tunnels at a depth of 420 metres and below were closed 

instantly at 2112, the time of the emplacement of the last canister and the closing of all 

the tunnels of the last panel. After 2112 the access tunnel above a depth of 420 metres is 

gradually closed according to the present approximation backfill rate (5 m/day). 

Whenever the backfill of the access tunnel has proceeded to the junctions of the shafts, 

the parts of the shafts below the current depth are closed instantly. 

Disposal schedule 

Due to the lack of a detailed stepwise disposal schedule for the latest layout 

(Kirkkomäki 2009) was not yet available in the beginning of this study, a simplified 

disposal schedule was applied, using information on the layout 2006 (Kirkkomäki 

2006). The total amount of spent fuel was 2840 canisters containing 5531 tU of spent 

fuel (Kirkkomäki 2006), which was emplaced evenly along the disposal tunnels of total 

length of 31.2 km (Kirkkomäki 2009) between years 2020–2112, assuming a constant 

disposal rate of 60 tU/year (= 5531 tU/92 years). 

Boundary conditions for the tunnels 

Each tunnel segment was modelled as a set of nodes of the finite element mesh by using 

an appropriate boundary condition for each node, considering if it belongs to the open 

or backfilled tunnel segment. The open tunnel nodes were treated as hydraulic sinks 

applying an atmospheric pressure corresponding to the elevation of the node for the 

flow equation and the calculated nodal inflow rate for the solute transport equation. For 

each time step the open part of the tunnels are determined according to the excavation 

schedule referred to above. The disposal tunnel nodes were treated as point heat sources 

according to the disposal schedule referred to above by assigning a time-dependent 

decay heat power to each node for the heat transfer equation.  The total amount of spent 

fuel and the corresponding decay heat (average burn-up of 40 MWd/kgU) used in the 

simulations is presented in Figure 4-11 (Anttila 2005; Pastina and Hellä 2006). No 

pressure or concentration boundary conditions were associated to the backfilled tunnel 

nodes. 
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Grouting  

Grouting is being applied to limit the inflow to the ONKALO along the intersecting 

hydrogeological zones (HZ) and through the shallow depths of the sparsely fractured 

rock (SFR). At greater depths the grouting of the SFR has proved to be unnecessary so 

far, mainly because of the general decrease in permeability of the SFR with depth (the 

rock contains very few transmissive fractures), but also because the permeability of rock 

tends to decrease transverse to the tunnels (so called positive skin effect). 

The grouting/positive skin was implemented by decreasing the transmissivity of the 

triangular finite elements (representing the zones) adjacent to the tunnels and the 

hydraulic conductivity of the tetrahedral finite elements (representing the SFR) adjacent 

to the tunnels. The model parameter values for conductivity and transmissivity in the 

vicinity of the tunnels were acquired by calibrating the calculated inflow against the 

observed total inflow into the tunnel (Posiva 2009a; Löfman et al. 2009). As a result of 

the calibration, the transmissivity of the HZs at the intersection of the tunnels was 

reduced so as to have a transmissivity of 5.0∙10
-9

 m
2
/s. The impact of the grouting and 

the positive skin on the hydraulic conductivity of the SFR around the tunnels is 

presented in  Table 4-5. Due to the low hydraulic conductivity of the surrounding rock, 

groundwater inflow into the repository tunnels was not controlled.   

The effect of the grouting in the finite element model also depends on the size of the 

finite elements these values have been assigned to. The average length of sides of the 

grouted tetrahedral and triangular elements was about 8 m. This means that the grouting 

in the model extends to an average distance of 8 m from the tunnels, which is probably 

somewhat deeper than the estimated penetration depth of the grouting cement in reality. 

Backfilled tunnels and EDZ 

In order to prevent the disposal tunnels from becoming major conductors of 

groundwater and transport pathways of radionuclides, the hydraulic conductivity of the 

backfill should be as close as possible to that of the surrounding rock or low enough so 

that the water movement is dominated by diffusion. However, in reality the rock in the 

immediate vicinity of and parallel to the tunnels (excavation disturbed/damage zone, 

EdZ/EDZ) and the backfilled tunnels are probably somewhat more conductive than the 

surrounding bedrock. In the designing criteria set for the backfilling concepts, the 

guideline hydraulic conductivity of the backfill has been defined to be less than 1.0∙10
-10 

m/s (according to current knowledge and not necessary to be considered as a final 

quantification of the requirements; Gunnarsson et al. 2003; Gunnarsson et al. 2007; 

Keto and Rönnqvist 2006). On the other hand, the hydraulic conductivity of the 

backfilled central tunnels, the shafts and the access tunnel will be higher than that of the 

backfilled disposal tunnels. 

Because the resolution of the mesh adjacent to the tunnels was an order of magnitude 

larger than the extent of the EDZ/EdZ, the hydraulic properties of the EDZ/EdZ and the 

tunnel backfill were modelled as uniform medium and they were assigned averaged, 

effective hydraulic properties. The hydraulic properties of the backfilled tunnels were 

assumed to be same than the surrounding rock before the excavation. The effective 
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hydraulic conductivity of the SFR at a depth of 400−500 metres is 3.0∙10
-11

 m/s, which 

is relatively close to the guideline value referred to above.  

 

 

 

Figure 4-7. An example of the finite element model of the tunnels based on the layout 2006 

(not used in the current study; Kirkkomäki 2006; Löfman and Poteri 2008). The conceptual 

geometry of the 3D tunnel system was simplified to a wireframe model, in which each 

tunnel segment was represented by a line located in the centre of the actual segment, i.e., 

no physical extent (such as would be represented by a radius) was considered. Each line 

(tunnel) segment was modelled as a set of nodes of the finite element mesh by using an 

appropriate (internal) boundary condition (e.g., hydraulic sink or heat source) for each 

node. 
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Figure 4-8. The layout adaptation 2009 for one-storey repository (Kirkkomäki 2009). 

 
 

Table 4-4. The simplified excavation and backfill schedule for the repository layout 

2009. The repository panels are treated one by one so that all the tunnels of each panel 

were assumed to be excavated and backfilled instantly. Assuming a constant excavation 

rate, each whole panel was open from the start of the excavation of the first disposal 

tunnel of the panel until the end of the excavation of the last tunnel of the panel (Figure 

4-9). The final excavation and backfill schedule applied in the calculations is 

determined by temporal discretization of the numerical finite element method and it may 

differ somewhat the schedule presented below. 

Panel 

Length of 

tunnels 

[m] 

Panels open [years] 

ONKALO time Oper. time Calendar time Duration 

1 2870 15.2−23.4 0.0−8.2 2020.0−2028.2 8.2 

2 5710 23.4−39.7 8.2−24.5 2028.2−2044.5 16.3 

3 5580 39.7−55.6 24.5−40.4 2044.5−2060.4 15.9 

4 4640 55.6−68.8 40.4−53.6 2060.4−2073.6 13.2 

5 4660 68.8−82.1 53.6−66.9 2073.6−2086.9 13.3 

6 4940 82.1−96.2 66.9−81.0 2086.9−2101.0 14.1 

7 3880 96.2−107.3 81.0−92.0 2101.0−2112.0 11.1 
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Figure 4-9. The simplified excavation and backfill schedule for the repository layout 

2009. The repository panels are treated one by one so that all the tunnels of each panel 

were assumed to be excavated and backfilled instantly. Assuming a constant excavation 

rate, each whole panel was open from the start of the excavation of the first disposal 

tunnel of the panel until the end of the excavation of the last tunnel of the panel (Table 

4-4). 

 



 42 

 

Figure 4-10. The simplified disposal schedule for the repository layout 2009. 2840 

canisters containing 5531 tU of spent EPR fuel was emplaced evenly along the disposal 

tunnels (the total length of 31.2 km, Kirkkomäki 2009) between years 2020–2112, 

assuming a constant disposal rate of 60 tU/year. 

 

 

Figure 4-11. The total amount of spent EPR fuel (2840 canisters, 5531 tU) to be 

disposed of and the corresponding decay heat power for average burn-up of 40 

MWd/kgU (Anttila 2005; Pastina and Hellä 2006). 
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 Table 4-5. The hydraulic conductivity [m/s] of the sparsely fractured rock (SFR) in the 

well-characterised area (the rock volume where the drill hole investigations have been 

focused, WCA) and in the vicinity of the ONKALO. The conductivity near the ONKALO 

has been decreased to obtain an agreement between the observed and calculated 

inflows (Posiva 2009a; Löfman et al. 2009). The basis of the adjustment was the 

grouting and/or the positive skin. 

Depth [m] WCA ONKALO 

0-50 1.0∙10
-7

 (H) 
1.0∙10

-8 
(V) *) 

2.0∙10
-9

 

50-100  3.2∙10
-8

 - 
5.0∙10

-9 
**) 

5.0∙10
-10

 

100-200  5.0∙10
-9

 - 
1.3∙10

-10 
**) 

5.0∙10
-11

 

200-400 1.3∙10
-10

 5.0∙10
-11

 

400-570 3.0∙10
-11

 − 

*) On the depth interval 0-50 m the hydraulic 

conductivity is anisotropic; the horizontal component (H) 

being ten-fold to the vertical component (V) 

**) The logarithm decreases linearly at a depth interval 

50-200 m (see Figure 4-3). 
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5 UPCONING ON THE BASIS OF NUMERICAL MODELLING 

5.1 Introduction 

The evolving groundwater flow conditions are simulated from the start of the ONKALO 

excavations (September 2004) 2,000 years onwards. The simulations consider the 

prevailing processes affecting the flow during the construction, operational and post-

closure phases, i.e., the hydrological disturbances introduced by the open tunnels, the 

thermal disturbances of the decay heat of the spent fuel and the post-glacial land uplift. 

All the repository tunnels are modelled explicitly according to the layout. The 

mathematical model consists of transient and coupled groundwater flow, solute 

transport and heat transfer equations, which are solved numerically by using the finite-

element program package FEFTRA (Löfman et al. 2007) developed at VTT for 

groundwater flow modelling in site investigations for the spent fuel repository.  

In this study the initial and boundary conditions for pressure and salinity are based on 

the undisturbed present-day flow conditions, which were obtained from calculating the 

baseline flow evolution from 2800 years BP until the present day (Posiva 2009a; 

Löfman et al. 2009; Section 4.2). The past evolution was calculated using the baseline 

hydraulic properties only. Thus, the same initial conditions (representing the baseline 

flow conditions in September 2004) for the future evolution calculations were used in 

all the cases, although the hydraulic properties in some cases were varied. In the cases 

involving the modification of the initial conditions the past evolution was calculated 

using modified salinity fit at 2800 years BP. The calculation cases for numerical 

modelling were selected with regard to the performance targets set in the RSC 

programme for groundwater salinity. The cases are summarized in Table 5-1. A more 

detailed description of the cases together with the results is given in Section 5.2. 

Because of the same heat source boundary conditions assigned to the disposal tunnels, 

the temperature field is same in all calculation cases, except in Case 9 and Case 11 in 

which temperature is ignored. 

Numerical modelling focuses on the hydrogeologic characteristics of rock and water. 

Thus, the properties of the engineered structures (such as grouting efficiency, the 

properties of the backfilled tunnels, alternative layouts) are taken as fixed input (Posiva 

2009a; Löfman et al. 2009) and their impact on the upconing will be considered in the 

separate studies within the Posiva’s WARVI programme. The thermal properties of rock 

and water are not varied either. Consequently, the calculated temperature field and its 

impact on the density and viscosity are identical in all the calculation cases involving 

the temperature. 

The simulations employ the latest site-scale groundwater flow model (Posiva 2009; 

Löfman et al. 2009), which is a simplified, large scale description of the bedrock. In the 

flow model the fractured rock is treated as a deterministic, equivalent porous and/or 

dual-porosity medium, using effective hydraulic properties. Despite the inclusion of the 

hydraulic and thermal impacts of every single tunnel, the site-scale model characterises 

mainly the overall groundwater flow conditions in the bedrock and it is not appropriate 

to conduct the current study in the scale of the disposal tunnels. Thus, taking into 

account the characteristics of the applied flow model, the upconing of saline water is 
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assessed in a site-scale reference volume, which is placed into the planned repository 

bedrock volume so that it covers approximately the area of the repository according to 

the layout description 2009 (Kirkkomäki 2009; Figure 5-2). The reference volume is 

located at a depth of 370–470 m and its outer boundaries were selected close to the 

repository to minimize the intersections with the nearby hydrogeological zones (HZ099, 

HZ20A and HZ20B). In addition to the repository the reference volume includes also 

the ONKALO below a depth of 370 m. 

The result quantities are the total maximum, average and minimum groundwater salinity 

in the reference volume, the maximum and average groundwater salinity below the 

repository panels at a depth of 470 metres (a bottom depth of the reference volume), 

salinity distribution at the vertical and horizontal cross-sections, the net volumetric and 

mass flow rate through the reference volume and the temperature in the repository. The 

flow rates are calculated by dividing each face of the reference volume into smaller 20 x 

20 m
2
 subareas. The volumetric flow rate Qv [L/min] through each subarea is calculated 

by the perpendicular component of the Darcy velocity q [m/s] and the area of the 

subarea A [m
2
]:  

dAQv Anq ,  (5-1) 

where nA is the normal vector of the subarea. The total net flow rate through the volume 

is obtained by integration over all the faces and by subtraction between inflow and 

outflow rates. The net mass flow rate of salt Qm [kg/a] is calculated in the same fashion 

by considering advective and dispersive mass flow: 

   (5-2) 

where c is the salinity concentration [kg/m
3
] and D is the dispersion tensor [m

2
/s], 

Equation (3-11). 
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Table 5-1. Summary of the calculation cases (continuing in the next page). 

Case  Description 

0 Base case. The same hydraulic properties as in the calibrated base case of the 

site description 2008 (Posiva 2009a; Löfman et al. 2009; Section 1). The 

thermal effects caused by the decay heat of the spent nuclear fuel are 

considered. 

1 The impact of flow porosity. Applied values:  a) 0.5 × baseline value, b) 0.2 × 

baseline value. Otherwise the hydraulic properties of the base case. 

2 The impact of diffusion porosity. Applied values: a) 0.5 × baseline value 

(=1.0∙10
-2

), b) 0.2 × baseline value. Otherwise the hydraulic properties of the 

base case. 

3 The impact of dispersivity. Applied values for the longitudinal length: a) 0.5 × 

baseline value (=25 m), b) 0.25 × baseline value. The transversal length is a 

quarter of longitudinal value in all cases. Otherwise the hydraulic properties 

of the base case. 

4 The impact of the vertical hydrogeological zone HZ004. The hydraulic 

connection (the transmissivity of HZ004) between deep saline water and the 

ONKALO modified. Applied values: a) 10 × baseline value (= 1.3∙10
-7 

m
2
/s), 

b) 0.1 × baseline value. Otherwise the hydraulic properties of the base case. 

5 The impact of the deep initial salinity (used from a depth of about 800−900 m 

down to the bottom of the model at 2800 years BP; Figure 5-1). Applied 

values:  a) 100 g/L, b) 140 g/L. Baseline value is 83 g/L. The hydraulic 

properties of the base case. 

6 The impact of the deep initial salinity (used from a depth of about 800−900 m 

down to the bottom of the model at 2800 years BP; Figure 5-1). Applied 

values: a) 83 g/L, b) 100 g/L, c) 120 g/L, and d) 140 g/L. The parameters 

affecting the salt transport have been modified simultaneously, so that the 

effect of the open tunnels would be more pronounced. Diffusion porosity: 0.2 

× baseline value, flow porosity: 0.2 × baseline value, dispersivity: 0.5 × 

baseline value. 

7 The impact of the initial salinity in the repository rock volume (Figure 5-1). 

The base case with the salinity fit (at 2800 years BP) uplifted so that all the 

observations remain below the fit at a depth of 400−500 m. The hydraulic 

properties of the base case. 
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Table 5-1. (Continued) Summary of the calculation cases. 

Case  Description 

8 The impact of the conceptual model for the fractured rock (Section 3.1). The 

salt transport modelled as an equivalent porous medium (EPM) instead of the 

dual-porosity (DP) medium. The hydraulic properties of the base case. 

9 The impact of the decay heat of the spent fuel (Figure 4-11). The base case 

calculated without the temperature rise induced by the decay heat.  

10 The hypothetical maximum impact of the open repository tunnels. All the 

tunnels opened instantly at 2020. No closing, all the tunnels (the ONKALO 

and the repository) remain open during the simulation period of 2000 years. 

The hydraulic properties of the base case. 

11 The impact of eastern repository tunnels. Hypothetical disposal tunnels (30 

km) added in the model to represent the potential repository volume located 

east of the current WCA. Two different hydraulic conductivities are used: a) 

Baseline values, i.e. the lack of information on the HZs outside the WCA 

have been compensated by using five-fold conductivity outside the WCA, b) 

the same conductivity inside and outside the WCA. All the tunnels opened 

instantly at 2020. No closing, all the tunnels (the ONKALO and the 

repository) remain open during the simulation period of 2000 years. 

12 The impact of the compressibility of medium. Instead of neglecting the 

specific storage (Ss) it is varied in three cases: a) Ss = 1.0∙10
-7

 1/s, b) Ss = 

1.0∙10
-6

 1/s, c) Ss = 1.0∙10
-5

 1/s. Otherwise the hydraulic properties of the base 

case. 
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Figure 5-1. The initial salinity of groundwater (TDS) in the bedrock in the simulations 

starting at 2800 years BP. The initial state is indicated by the approximate fit to the 

measured present day salinity from the drill holes representing the undisturbed 

conditions (baseline) before excavation of the ONKALO. The fit is not spatially 

variable, but changes only as a function of depth throughout the modelled volume. On 

the top are presented the cases, in which the highest deep TDS is varied, whereas the 

salinity fit variation for the repository rock volume is on the bottom. 
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Figure 5-2. The site-scale reference volume (0.15 km
3 

at a depth of 370–470 m) around 

the disposal tunnels for calculation of the groundwater salinity and the flow rates 

through the planned repository rock volume. The location of the reference volume is 

based on the repository layout description 2009 (Kirkkomäki 2009). The repository is 

located approximately at a depth of 410─430 metres. 
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5.2 Results 

Case 0: base case 

The modelling is based on the flow model of the latest Olkiluoto Site Description 2008 

(Posiva 2009a; Löfman et al. 2009), in which the baseline parameter values were 

defined by calibration against the undisturbed baseline observations and the monitoring 

data on the ONKALO disturbances. These baseline values (Section 1) constitute a 

baseline values for a current study as well.  

During the ONKALO excavations and the operational phase the open tunnels draw 

water from all directions (fresh water above and saline water below), both along the 

hydrogeological zones (HZ) intersecting the tunnels and the sparsely fractured rock 

between the zones (SFR). At first the inflow rate increases with time as the ONKALO 

excavations proceed (Figure 5-3). During the operational phase the inflow rate evolves 

along with the excavation and the backfill of the tunnels (each panel is open for 8−16 

years; Figure 4-9 and Table 4-4). Most of water is drawn by the ONKALO (the access 

tunnel and the three shafts), which is open until the end of the operational phase and 

which intersect the zones in HZ19 and HZ20. The calculations show that in the base 

case the total inflow rate is at its highest about 38 L/min, of which the ONKALO’s 

share is 34 L/min. The inflow into the repository tunnels is relative low, because of the 

low hydraulic conductivity of the SFR at a repository depth. Due to the efficient 

grouting of the HZs intersecting the tunnels, most of the water comes from the SFR, 

which corresponds to the observations (so far the proportion of the inflow from the HZs 

has been minimal compared to that of the SFR; Vaittinen et al. 2008b). Because of the 

applied EPM/DP approach, the calculated inflow in the SFR represents average values, 

which are evenly distributed along the tunnels (in reality the inflow outside the zones 

will be localised to intersections of single hydraulically conductive fractures). 

Calculated net volumetric flow rate into the reference volume around the repository 

ranges approximately between 6−8 L/min during the operational phase. 

Immediately after the emplacement of the first canister into the disposal hole the decay 

heat of the spent fuel starts to increase the temperatures in the surrounding rock. The 

rising temperature decreases the density and viscosity of the water, Equations (3-3) and 

(3-5) in Section 3.2, and increases the hydraulic conductivity. Figure 3-3 shows that the 

temperature rise of 40
o
C may double the conductivity. The calculated temperature 

distribution follows the disposal schedule (Figure 4-10), and the maximum values in the 

individual panels are reached accordingly (Figure 5-4). The maximum temperature rise 

in the repository is approx. 43 
o
C and it will occur in the disposal tunnels located in the 

centre of the repository panels. The maximum average temperature rise in the panels 

ranges between 32−36 
o
C. 

The simulations show that following the advance of the excavations, the flow directions 

start to change in the vicinity of the tunnels, first in the sparsely fractured rock (SFR) 

and then in the hydrogeological zones (HZ), after their direct (HZ19 and HZ20) or 

indirect (HZ004, HZ21 and HZ099) connections to the open tunnels (Figure 5-5 through 

Figure 5-11). The excavations are likely to cause an increase in the mixing of water 

types. In particular, there will be a mixing of fresh and brackish groundwater (from 

closer to the surface) with deep saline waters. The open tunnels draw increasingly fresh 
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water from the surface, diluting the groundwater to greater and greater depths. 

Simultaneously, the salinity of the groundwater gradually starts to rise around and 

below the tunnel system. The magnitude of the fresh water flow is strongest along 

HZ19, HZ20 and the upper part of HZ004.  

The most immediate increase in the salinity is associated with the vertical zone HZ004, 

which is indirectly connected to the ONKALO via the HZ19 and HZ20 systems. HZ004 

is a well-conductive zone, which extends from the surface down to the bottom of the 

modelled volume and offers a good hydrogeological connection between the ONKALO 

and the deep bedrock volume with highly saline water. The upconing along HZ004 

starts immediately after the ONKALO has intersected the HZ19 system, and it is 

strengthened by the piercing of the HZ20 system. The highly saline water moves 

upwards along HZ004 to the sub-horizontal zone HZ20B and further ahead to the 

ONKALO. The impact of HZ004 demonstrates the significance of connections between 

the deep parts of the rock and the leaking structures of the ONKALO. 

The salinity of groundwater gradually rises also in the SFR around and below the 

ONKALO-repository tunnel system, although it is slower than in the HZs due to the 

hydraulic properties moderating salt transport. The upconing is strongest below the 

access tunnel and the shafts, because they extend deepest in the bedrock and remain 

open during the whole operation phase. Following the simplified excavation schedule 

(Figure 4-9 and Table 4-4) saline groundwater rises also below the disposal tunnels, but 

to a lesser extent, because the panels are hold open one by one only for a short period 

(8−16 years). After the closing of the tunnels, the salinity distribution recovers 

gradually back towards the natural state (i.e. the initial state), faster in the HZs and 

slower in the SFR.  

Even if the inflow is limited by the grouting and the positive skin, locally the salinity 

may still rise to rather high levels, especially near the deepest parts of the tunnels. The 

calculated salinity in the reference volume around the repository shows how the 

maximum groundwater salinity rises with time as the excavation proceeds (Figure 

5-11). Eventually, at ~110 years after the start of the excavations (9/2004), the 

maximum salinity has risen from about 16 g/L (initial value) up to about 42 g/L (TDS), 

i.e. increase relative to the initial value is approximately 160 %. The maximum values 

occur at the bottom of the reference volume (at a depth of 470m) around the shafts, of 

which deepest point is located at a depth of 460 m (Figure 5-7 through Figure 5-10). 

The average groundwater salinity in the reference volume, however, remains practically 

unchanged during the simulations. Although salinity increases everywhere below the 

repository, simultaneously the open tunnels draw also increasingly fresh water from the 

surface, diluting the groundwater above the repository. In addition, the strongest 

upconing is focused on such a small area below the access tunnel and the shafts that it 

does not affect the average values in the reference volume, which extends to a larger 

area. 

The open access tunnel increases groundwater salinity also below the nearest disposal 

tunnels in the panels 1, 5 and 6, even before they are actually excavated (Figure 5-11). 

Below the panels 2, 3, 4 and 7, which are located further away, the upconing follows the 

excavation schedule. The maximum salinity below the panels at a depth of 470 metres 

(the bottom depth of the reference volume) ranges approximately between 25−30 g/L 



 

 

53 

and the average approximately between 20−25 g/L. The highest salinities are related to 

the panels 5, 6 and 7 in the vicinity of the access tunnel and the shafts.  

The upconing of deep saline water along HZ004 and HZ20B up to a repository depth 

and towards the ONKALO is demonstrated by presenting the calculated salinity at 

HZ20B (Figure 5-11 and Figure 5-12). At a depth of 400−500 metres the increase of 

both the maximum and the average salinity (relative to the initial values) is at most 

approximately 60% during the operational phase. The maximum and average values are 

at most approximately 25−30 g/L and 20 g/L, respectively. 

Consideration of the results at the horizontal cross-sections of the reference volume at a 

depth of 400−500 metres indicates that the magnitude of the upconing depends also on 

the reference depth (Figure 5-13 and Figure 5-14). Although the maximum values 

increase also above the repository depth of 420 metres, the increasing fresh water 

infiltration dilutes the groundwater above the repository depth to a so large extent that 

the average values at the cross-sections decrease. Below the repository, however, the 

magnitude of the upconing increases with depth. Down to a depth of 440 metres the 

relative increase of the maximum salinity ranges between 60−80 %, whereas at a depth 

of 460−500 metres the increase is 150−160 % at most. The highest relative increase of 

the average values ranges between 25−30 % at a depth of 470−500 metres. At a actual 

repository depth of 420 metres the maximum salinity will rise from about 13 g/L (initial 

value) up to about 21 g/L (TDS), i.e. increase relative to the initial value is 

approximately 160 %. 

The upconing lasts until the closure of the tunnels (i.e. 110 years), after which the 

salinity distribution start to recover gradually back towards the natural state (i.e. the 

initial state). According to the calculations the recovery will last several hundreds of 

years. In terms of the increase of the maximum salinity relative to the initial maximum 

value in the reference volume (16 g/L) it takes approximately 500 and 1200 years from 

the salinity to recover back to the levels, which are still 25 % and 10 %, respectively, 

higher than the initial value (Table 5-2). 

The calculated mass flow rates (of salt) into the reference volume (Figure 5-15) follow 

the corresponding volumetric flow rates (Figure 5-3), because the advective mass flow 

dominates the total mass flow over the dispersive mass flow. The local increase in the 

maximum salinity (Figure 5-11) does not have much effect on the mass flow in the 

larger scale reference volume, thereby the average salinity remains practically 

unchanged during the simulations (the variations in the salinity in the model are limited 

to such small areas that they do not affect the total mass flow). Correspondingly, the 

change of mass in the volume per unit of time is minimal. The net mass flow rate 

through the faces of the volume is approximately the same as the total mass drawn by 

the tunnels inside the volume. Thus, the exchange of mass to/from the matrix blocks, 

which act as sinks/sources in the dual-porosity (DP) medium (Section 3.1 and Section 

3.2.2), is low compared to the disturbance of the open tunnels. During the operational 

phase the calculated total net mass flow rate into the reference volume ranges mostly 

around 45 000 kg/a, of which one third comes from the intersecting HZs (HZ099, 

HZ20A and HZ20B) and two thirds from the SFR. Due to the intersection of HZ20A 

and HZ20B, which are connected to the ONKALO, and/or the large surface area, the 

mass flow rates are highest through the vertical south-east face (Face 3) and the top face 
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of the reference volume (Face 6).  The large surface area of the bottom face results in 

relatively high flow rates also from below, whereas mass flows through other faces are 

clearly lower. 

Case 1 and 2: porosity 

Salt transport in the fractured rock is modelled by using the dual-porosity (DP) 

approach (Section 3.1). In the DP model, the system is assumed to consist of two 

overlapping continua: the fractures with flowing water and the matrix blocks with 

essentially stagnant water representing the major part of the system (Figure 3-1). Flow 

porosity (or effective porosity) expresses the fraction of the total volume of rock in 

which groundwater flow is effectively taking place (water-bearing fractures). When 

simulating salt transport, flow porosity affects the time scales of transport. Higher 

porosity moderates the transport of solutes, so that transport occurs over a longer time 

scale, whereas lower porosity induces higher velocities and a faster response of the flow 

system to the opening and closing of the tunnels. 

Diffusion (or matrix) porosity represents the matrix blocks, which contains essentially 

stagnant water and do not contribute to flow porosity. In the matrix solutes are 

transported only by diffusion. Salt t

diffusion porosity affects the time scales of transport. Higher porosity 

increases the diffusion of salt from the stagnant matrix blocks into the water-bearing 

fractures, which moderates the dilution of groundwater in the fractures. Lower porosity 

decreases this impact.  

The impact of the flow and diffusion porosities are considered by decreasing the 

porosities to a half and a fifth of the baseline values (Case 1 and 2; Table 4-1 through 

Table 4-3, Table 5-1). Based on the experience obtained from earlier studies (Löfman 

and Mészáros 2005; Andersson et al. 2007; Posiva 2009a) the baseline values were 

decreased, so that the effect of the open tunnels would be more pronounced. The results 

show how the lower flow and diffusion porosity result in a faster response to the 

opening of the tunnels (Figure 5-16, Figure A-1, Figure B-1, Figure C-1, Figure D-1). 

The fresh water infiltration from surface dilutes groundwater more and more above the 

open tunnels, whereas the upconing saline water strengthens below the tunnels and 

along HZ004 and HZ20B. At a same time the HZs (HZ001, HZ20A, HZ21, HZ099), 

which dip from the surface to the south-east near the repository and draw fresh water 

downwards, dilute increasingly the disposal tunnels from the north-west, decreasing the 

overall horizontal area of influence of the upconing below the tunnels (Figure B-1, 

Figure C-1, Figure D-1). Due to the opposite effects of the dilution from above and 

upconing from below the average salinity in the reference volume was relatively 

insensitive to the changes, but the maximum value, which occur at the bottom of the 

volume during the operational phase, increases clearly with the lower porosity values 

(Figure 5-16). Decreasing the flow and diffusion porosity from a half down to a fifth of 

the baseline value resulted in approx. 20─26 % and 24─40 %, respectively, higher 

maximum salinities in the reference volume. The decrease of the porosity to half did not 

affect much the average values, but the decrease to one fifth resulted in slightly lower 
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averages. Similarly, the upconing below the repository panels become faster and 

stronger (Figure A-1). On the other hand, the HZs (HZ001, HZ20A, HZ21, HZ099), 

which dip from the surface to the south-east near the repository and draw fresh water 

downwards, dilute increasingly the north-western disposal tunnels (Figure A-1; Figure 

B-1). Thus, the overall horizontal area of influence of the upconing below the tunnels 

becomes smaller, but the magnitude becomes higher (Figure C-1, Figure D-1). With the 

lower porosities the salinity below the actual repository panels becomes increasingly 

dependent on their location, so that the highest salinities are related to the southern 

panels 6 and 7 (Figure A-1). When the flow porosity is decreased to a fifth of the 

baseline value the maximum salinity at a depth of 470 metres (the bottom depth of the 

reference volume) below the panels 1−5 and the panels 6−7 ranges approximately 

between 25−30 g/L and 35−40 g/L, respectively. The highest average salinity below the 

panels 1−5 and panels 6−7 ranges approximately between 15−25 g/L and 25−30 g/L, 

respectively. The impact of the diffusion porosity on the upconing seems to be higher 

than the flow porosity. When the diffusion porosity is decreased to a fifth of the baseline 

value the maximum salinity at a depth of 470 metres below the panels 1−5 and the 

panels 6−7 ranges approximately between 30−40 g/L and 50−60 g/L, respectively. The 

highest average salinity below the panels 1−5 and the panels 6−7 ranges approximately 

between 15−30 g/L and 30−40 g/L, respectively. The impact of the flow and diffusion 

porosity is reflected also in the calculated mass flow rates (Figure 5-21). Increasing 

dilution of the fresh water from the surface decreases the mass flow rates. 

The lower flow and diffusion porosity result in a faster response not only to the opening 

of the tunnels, but also to the closure, which speed up the subsequent the recovery of the 

salinity field back towards the natural state. During the first couple of hundred of years 

after the closure the decrease of the maximum salinity (occurring at a depth of 470 m in 

the reference volume) back to the levels, which are 75 % and 50 % higher than the 

maximum initial salinity (16 g/L; Table 5-2), is slower than in the base case, because of 

the higher salinities originated from the operational phase. However, later on the 

corresponding levels of 25 % and 10 % are reached the faster the lower the porosity 

values are. For example, if the diffusion porosity is decreased to one fifth (Case 2b), the 

level of 10 % is reached approximately 900 years earlier than in the base case.  

Case 3: dispersion 

Dispersion describes the spreading and mixing of a concentration front due to 

groundwater flow. Stronger dispersion causes the concentration front to increase in size 

and decrease in magnitude. The open tunnels draw groundwater from all directions from 

the bedrock. In particular, there will be a mixing of fresh and brackish groundwater 

(from closer to the surface) with deep saline waters. Following the advance of the 

excavations, the tunnels draw increasingly fresh water from the surface and deep saline 

water below the tunnels. The mixing and the fresh-saline water interface depend on the 

dispersivity. Larger dispersion lengths in the model reflect an increase in the spreading 

of solutes, resulting in stronger mixing and a wider transition zone between fresh and 

saline water, whereas lower values indicate that the spreading is moderated so that the 

transition zone remains sharper.  
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The impact of the dispersivity is considered by decreasing the dispersion lengths to half 

and quarter of the baseline values (Case 3; Table 5-1). Based on the experience obtained 

from earlier studies (Löfman and Mészáros 2005; Andersson et al. 2007; Posiva 2009a) 

the baseline values were decreased, so that the effect of the open tunnels would be more 

pronounced. The results show how a larger baseline dispersivity increases the spreading 

of solutes, resulting in a wider transition zone between fresh and saline water, and lower 

upconing of saline groundwater, whereas lower dispersivity of the Case 3 causes the 

concentration front to decrease in size and increase in magnitude (Figure 5-16, Figure 

A-2, Figure A-1, Figure B-1, Figure C-1, Figure D-1). Decreasing the longitudinal 

dispersion length from a half down to a quarter of the baseline value resulted in approx. 

20─30 % higher maximum salinities at the reference volume, whereas the average 

values were relatively insensitive to the changes (Figure 5-16). The maximum values 

occur at the bottom of the reference volume (at a depth of 470m) around the shafts, of 

which deepest point is located at a depth of 460m. Similarly, the upconing below the 

repository panels become stronger (Figure A-2). The dispersion does not affect the 

overall horizontal area of influence of the upconing below the tunnels, but it increases 

the magnitude (Figure C-1 and Figure D-1). Due to the diluting impact of the HZs 

dipping from the surface to the south-east near the repository (see the details above in 

Section “Case 2 and 3: porosity”) the salinity below the actual repository panels 

depends on their location, so that the highest salinities are related to the southern panels 

6 and 7 (Figure A-2). When the flow porosity is decreased to a quarter of the baseline 

value the maximum salinity at a depth of 470 metres (the bottom depth of the reference 

volume) below the panels 1−5 and the panels 6−7 ranges approximately between 28−32 

g/L and 35−37 g/L, respectively. The highest average salinity below the panels 1−5 and 

panels 6−7 ranges approximately between 20−25 g/L and 25−30 g/L, respectively. 

Although the dispersion increases the maximum salinities, its impact is limited to such 

small areas that they do not affect the total mass flow into the reference volume (Figure 

5-21).  

As concluded above during the operational phase the lower dispersivity moderates the 

spreading the solutes and causes the concentration front to decrease in size and increase 

in magnitude. Correspondingly, the lower values also affect the recovery of the salinity 

field back towards the natural state after the closing of the tunnels. The higher salinities 

originated from the operational phase and the lower spreading of solutes delay the 

recovery so that the maximum salinity levels (occurring at a depth of 470 m in the 

reference volume), which are 25 % and 10 % higher than the maximum initial salinity 

(16 g/L; Table 5-2), are reached hundreds of years later than in the base case. 

Case 4: HZ004 

The magnitude of the groundwater flow is strongest along the HZs, which are directly 

or indirectly connected to the tunnels. In particular, the prediction/outcome study in Site 

Description 2008 (Posiva 2009a; Löfman et al. 2009) showed that upconing of the deep, 

highly saline groundwater is fastest along HZ004, which is connected indirectly to the 

tunnels via the HZ19 and HZ20 systems. HZ004 is a vertical, moderately-conductive 

zone (T=1.3∙10
-7

 m
2
/s). It is located east of the ONKALO, extending horizontally across 

the island to the boundaries of the model and vertically from the surface down to the 

base of the modelled volume (2 km). The hydraulic properties and geometry of HZ004 
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are uncertain as they are based on only three measured transmissivities from the KR8, 

KR27 and KR40 drill holes and on indirect evidence from the geological model and 

from lineament interpretations (Vaittinen et al. 2009a). Thus, while HZ004 offers a 

good hydrogeological connection between the tunnels and the deep bedrock volume 

with highly saline water, it also constitutes a considerable source of uncertainty from a 

point of view upconing.  

In this work the impact of HZ004 is studied in Case 4 (Table 5-1), in which its 

transmissivity was increased and decreased by one order of magnitude. The 

transmissivity was modified only below a depth of 300 metres, because there have not 

been indications of any stronger hydraulic connection between HZ19 and HZ20 

(Vaittinen et al. 2008a; Vaittinen et al. 2009a). As was concluded above with the base 

case the most immediate increase in the salinity is associated with the vertical zone 

HZ004. The upconing along HZ004 starts immediately after the ONKALO has 

intersected the HZ19 system, and it is strengthened further by the intersecting of the 

HZ20 system. The saline water moves upwards along HZ004 to the sub-horizontal zone 

HZ20B and further ahead towards the ONKALO. The magnitude of the upconing 

depends on the hydraulic connection to the deep saline water. If the connection is 

strengthened, the upconing is naturally faster and stronger (Figure 5-18). In HZ20B a 

ten-fold transmissivity of HZ004 results in at most approximately 50 % and 25 % 

higher maximum and average salinity, respectively, at a depth of 400−500 metres (the 

maximum and average values range at most between 40−45 g/L and 25−30 g/L). On the 

other hand, one tenth of the baseline value results in approximately 25 % lower 

maximum and average salinity in HZ20B. In the reference volume (below the shafts or 

the actual panels) the changes are not high enough to affect much the maximum 

(occurring at a depth of 470 m) or average salinity (Figure 5-16, Figure A-2, Figure B-2, 

Figure C-2, Figure D-2), because HZ004 does not intersect the repository and the 

hydraulic properties of HZ004 and HZ20B affect the upconing mainly along these HZs 

and in the volume between the HZs and the shafts. However, the hydraulic properties of 

HZ004 and HZ20B may affect the salinity near the south-eastern disposal tunnels of the 

panels 2 and 7 (highly saline water may also end up above the repository along HZ20B). 

Due to the impact along HZ20B, the transmissivity of HZ004 affects the net mass flow 

rates through the reference volume, because HZ20B intersects the south-east face of the 

volume (Figure 5-22). 

Increase (decrease) of the transmissivity of HZ004 has only minimal impacts on the 

maximum salinity in the reference volume, but the changes still affect somewhat the 

duration of the recovery after the closure (Table 5-2). The slightly higher salinities 

(Case 4a) originated from the operational phase delay the recovery, whereas the slightly 

lower values (Case 4b) accelerate the recovery. 

According to the current disposal concept, the HZs with transmissivity between 1.0∙10
-

5
–1.0∙10

-7
 m

2
/s are allowed to intersect with the disposal tunnels, but not with the 

disposal holes. Because of the moderate effective transmissivity, HZ004 has also been 

allowed to intersect the disposal tunnels of the potential repository layouts so far (it does 

not intersect the current layout). However, although one order of magnitude changes in 

the transmissivity of HZ004 do not affect much the salinity in the current repository 

layout, it may still constitute a risk from a point of view of the upconing, if intersected 

by the tunnels, due to the uncertainties associated to its hydraulic properties. This can be 
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generalized to concern all the potential zones, which have not yet detected, that offer a 

connection to the deep highly saline water and have uncertain properties. 

Case 5 and 6: deep initial salinity 

In this study the initial and boundary conditions for pressure and salinity are based on 

the undisturbed present-day flow conditions, which were obtained from calculating the 

baseline flow evolution from 2,800 years BP until the present day (Posiva 2009; 

Löfman et al. 2009; Section 4.2). The initial salinity at 2,800 years BP is not spatially 

variable, but a simple fit for the observations is used. The fit changes only as a function 

of depth throughout the modelled volume. Due to the lack of groundwater samples at 

the deepest parts of the drillholes, a current maximum observation (about 83 g/L) was 

applied as an initial condition from a depth of about 810 metres (approximately the 

depth, at which the highest values are first encountered) down to the base of the model. 

However, the deep initial salinity is subject to uncertainties. Most of the TDS 

observations have been measured from fractures that conduct rather well (K > 10
-9

−10
-8

 

m/s), because it is difficult to take groundwater samples on the surface from the deep 

(nearly 1000 m) low transmissive fractures. Thus, it is possible that higher salinity 

values would be obtained, if the samplings could be performed also in the poorly 

conductive sections of rock below a depth of 900 metres (Ruotsalainen et al. 2000).  

This uncertainty is considered in the calculation cases, in which the exponential fit for 

the observations is extrapolated so that the highest initial value exceeds the current 

maximum and reaches 100, 120 and 140 g/L, which are applied down to the base of the 

model (Case 5; Table 5-1; Figure 5-1). With the baseline parameter values (Case 5), the 

salinity in the reference volume (below the shafts or the actual panels) was not sensitive 

to the assigned deep constant initial condition (Figure 5-16, Figure A-3, Figure B-2, 

Figure C-2, Figure D-2). The initial conditions for salinity were modified. The salinity 

was set higher from the deepest observation depth (814 m), which is approximately 

350−400 metres deeper than the repository. This distance is long enough and the 

operational phase is brief enough, so that the impact of the higher salinity does not 

extend to a repository depth during the modelled operational phase. The most 

immediate increase in the salinity is associated with the vertical zone HZ004 (Figure 

B-2), along which the deep saline water starts gradually to move upwards, regardless of 

the maximum value assigned to salinity initially. The impact of initial conditions 

depends on the model parameters (the hydrogeologic properties of rock and the 

boundary conditions). In particular, flow and diffusion porosity are associated to the 

time scales of transport. Due to the minimal impact of the deep initial conditions during 

the operational phase, the duration of the recovery of the salinity field is essentially the 

same as in the base case.  

In order to obtain faster response to the open tunnels Case 6 (Table 5-1) is introduced. 

Instead of using the baseline hydraulic properties, the parameters affecting the salt 

transport (flow and diffusion porosity, dispersivity) have been modified simultaneously, 

so that the effect of the open tunnels would be more pronounced than in the base case. 

Thus, the flow and diffusion porosity are decreased to a fifth of the baseline values and 

the dispersivity is decreased to a half of the baseline value (a quarter of the baseline 

value, which was used in Case 3b, resulted in numerical problems when combined with 
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the lower porosities). In this case, the impact of the deep initial salinity extends up to the 

repository depth (Figure 5-16, Figure A-3, Figure B-2, Figure C-2, Figure D-2). Not 

only the upconing deep saline water is stronger, but also the dilution resulting from the 

fresh water infiltration from the surface is stronger. The maximum salinity in the 

reference volume increases with the deep constant initial condition. The highest value 

occur at the bottom of the volume below the shafts and it is at most approximately 30 % 

higher (from 60 to 80 g/L), if the deep initial value is increased from 83 to 140 g/L. 

However, the average salinity in the reference volume becomes smaller, because of the 

increasing dilution of the fresh water infiltration above the repository. Due to the 

diluting impact of the HZs dipping from the surface to the south-east near the repository 

(see the details above in Section “Case 2 and 3: porosity”) the salinity below the actual 

repository panels becomes increasingly dependent on their location, so that the highest 

salinities are related to the southern panels 6 and 7 (Figure A-3). The maximum salinity 

at a depth of 470 metres (the bottom depth of the reference volume) below the panels 

1−5 and the panels 6−7 ranges approximately between 20−40 g/L and 60−75 g/L, 

respectively. The highest average salinity below the panels 1−5 and panels 6−7 ranges 

approximately between 15−25 g/L and 25−45 g/L, respectively. The impact of the flow 

and diffusion porosity is reflected also in the calculated mass flow rates (Figure 5-21). 

Increasing dilution of the fresh water from the surface decreases the mass flow rates.  

The simultaneous modification of the parameters affecting the time scales of salt 

transport results in also a fast recovery back to the natural state after the closing of the 

tunnels. Regardless of the deep initial value, it takes less than 120 years to reach the 

maximum salinity level, which is 10 % higher than the maximum initial salinity (16 

g/L; Table 5-2). By the end of the simulation period the groundwater has diluted so that 

the salinity in the reference volume is lower than the initial values, which were 

calculated with the baseline hydraulic properties (see Section 4.2). 

Case 7: initial salinity in the repository rock volume 

In the planned repository rock volume at a depth of about 400−500 metres the observed 

TDS ranges mainly between 5−20 g/L. However, the corresponding salinity fit, which is 

not spatially variable, remains in between the range referred to above, increasing with 

depth from 11 to 18 g/L. Thus, in the repository rock volume the applied salinity fit 

underestimates the highest observations, constituting another source of uncertainty for 

the upconing calculations.  

In Case 7 the depth-dependent salinity fit at a depth of 335−814 metres is uplifted by 8 

g/L so that all the observations in the repository rock volume remain lower than the fit 

(Case 7; Table 5-1; Figure 5-1). With the modified initial condition salinity field follow 

essentially the baseline results, except that the salinity values are higher (Figure 5-17, 

Figure A-4, Figure B-3, Figure C-3, Figure D-3). Eventually, at ~100 years after the 

start of the excavations (9/2004), the maximum salinity in the reference volume 

(occurring at a depth of 470 m) has risen from about 24 g/L (initial value) up to about 

49 g/L (TDS), i.e. increase relative to the initial value is approximately 100 % (in the 

base case the corresponding relative increase from the initial value of 16 g/L is 160 %). 

Thus, although the profile of the maximum salinity follows the base case, the relative 

increase is lower. The average salinity remains practically unchanged also in this case. 
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The recovery of the salinity field back to the natural state also follows the base case. 

However, the recovery in terms of the increase relative to the maximum salinity in the 

reference volume is faster (Table 5-2), because during the operational phase the relative 

increase from the higher initial value is lower than in the base case. 

Case 8: conceptual model 

Salt transport in the fractured rock is modelled by using the dual-porosity (DP) 

approach (Section 3.1). In the DP model, the system is assumed to consist of two 

overlapping continua: the fractures with flowing water and the matrix blocks with 

essentially stagnant water representing the rest of the system (Figure 3-1). Advection 

and dispersion are the dominant processes within the water-bearing fractures, whereas 

in the matrix, solutes are transported only by diffusion. Salt t

n the DP system, the diffusion of 

solutes from the matrix blocks affects the time scales of transport. Higher diffusion 

porosity increases the impact of stagnant matrix blocks on the water-bearing fractures 

and moderates the transport of solutes, whereas lower porosity decreases this impact, 

resulting in a faster response of the flow system to the opening and closing of the 

tunnels.  

The impact of diffusion porosity in the DP model was demonstrated above in Case 2. 

Case 8 (Table 5-1) is introduced for the comparison of the two alternative conceptual 

models of the fractured rock. Instead of the DP model the fractured rock is modelled 

with the equivalent porous medium (EPM) approach, in which rock is treated as a single 

continuum and the matrix diffusion is ignored completely. Essentially the EPM model 

corresponds the DP model with zero diffusion porosity. Thus, from a point of view of 

the diffusion porosity this case can be considered as a bounding or limiting case for the 

upconing (the lower the diffusion porosity, the stronger upconing). Compared to the 

base case with the diffusion porosity of 1 % the EPM model results in much faster and 

stronger response to the opening and closing of the tunnels (Figure 5-17, Figure A-4, 

Figure B-3, Figure C-3, Figure D-3). The fresh water infiltration from surface dilutes 

groundwater more and more above the open tunnels, whereas the upconing saline water 

strengthens below the tunnels and along HZ004 and HZ20B. Due to the increasing fresh 

water dilution from above the average salinity in the reference volume decreases during 

the operational phase, whereas the maximum value increases rather fast (Figure 5-17). 

Similarly, the upconing below the repository panels become faster and stronger (Figure 

A-4). On the other hand, the HZs (HZ001, HZ20A, HZ21, HZ099), which dip from the 

surface to the south-east near the repository and draw fresh water downwards, dilute 

increasingly the north-western disposal tunnels (Figure B-3 and Figure C-3). At a same 

time the open tunnels draw fresh water also from south-east, which is strengthened by 

the five-fold hydraulic conductivity of the SFR outside the WCA. Thus, the overall 

horizontal area of influence of the upconing below the tunnels becomes smaller, but the 

magnitude becomes higher (Figure C-3 and Figure D-3). The maximum salinity in the 

reference volume increases from about 16 g/L (initial value) up to about 65 g/L (TDS) 

during the operational phase, i.e. the increase relative to the initial value is 

approximately 300 %. The increase relative to the corresponding baseline maximum is 
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approximately 55 %. Due to the diluting impact of the HZs referred to above the salinity 

below the actual repository panels becomes increasingly dependent on their location, so 

that the highest salinities are related to the southern panels 6 and 7 (Figure A-4). The 

maximum salinity at a depth of 470 metres (the bottom depth of the reference volume) 

below the panels 1−5 and the panels 6−7 ranges approximately between 35−45 g/L and 

55−65 g/L, respectively. The highest average salinity below the panels 1−5 and panels 

6−7 ranges approximately between 15−30 g/L and 30−45 g/L, respectively. The impact 

of the conceptual model (disregarding the matrix diffusion) is reflected also in the 

calculated mass flow rates (Figure 5-22). Increasing dilution of the fresh water from the 

surface decreases the mass flow rates with the EPM model. 

The closure of the tunnels results in a fast reversion to the natural conditions, which in 

this case differ from the initial state. In this study the initial and boundary conditions for 

pressure and salinity are based on the undisturbed present-day flow conditions, which 

were obtained from calculating the baseline flow evolution from 2800 years BP until 

the present day (Section 4.2). The past evolution was calculated using the baseline 

hydraulic properties (with the DP model). Thus, the natural conditions for the EPM 

model are not the same as the initial condition obtained from the DP model. The 

situation is similar in all calculation cases involving the modification of the hydraulic 

properties. The EPM model results in a fast recovery back to the natural state. In less 

than 100 years after the closing of the tunnels the maximum salinity in the reference 

volume will reach again the level, which is 10 % higher than the maximum initial 

salinity (16 g/L; Table 5-2). By the end of the simulation period the groundwater has 

diluted so that the salinity in the reference volume is 80 % lower than the initial value. 

Case 9: decay heat 

The groundwater flow will could be also affected by the thermal disturbances resulting 

from the heat generation of the spent fuel. The decay heat will raise the temperature of 

the repository and the surrounding bedrock several tens of degrees for hundreds of years 

(Figure 5-4). Although the temperature in the repository and the surrounding rock will 

start to decrease along with the dissipating decay heat, it may affect the flow rates and 

the flow directions in the repository rock volume (Löfman and Poteri 2008), and 

subsequently the upconing.  

Löfman and Poteri (2008) showed that the temperature rise resulted in a buoyancy 

effect, which affected not only the magnitude of the flow rates but also the flow 

directions. During the post-closure phase there will be two driving forces affecting the 

flow conditions: the hydraulic gradient, and the thermal buoyancy. If the temperature 

gradients are high enough, the thermal driving forces will exceed the hydraulic ones and 

the downward flow directions tend to change to upwards and the already upward flow 

will be strengthened. The calculated flow rates also showed that the impact of the 

temperature rise may extend to hundreds of metres below and above the repository. 

After thousands of years all the disturbances will cease and the water table variations, 

which will be affected by the post-glacial land uplift, will remain the dominant process 

affecting the flow conditions. 

In all the calculation cases of this study (except Case 11 with the eastern repository 

panels), the thermal effects of the decay heat on the density and viscosity of water are 
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taken into account. Case 9 (Table 5-1) is introduced to estimate the impact of the decay 

heat on the saline water upconing and it is similar to the base case, except for ignoring 

the thermal effects. The decay heat induced temperature rise decreases the density and 

viscosity of water and increases the hydraulic conductivity (Figure 3-3), which is 

manifested in the calculated volumetric and mass flow rates into the reference volume 

(Figure 5-20 and Figure 5-22). The rising temperature (Figure 5-4) strengthens the flow 

rates, which evolve along with the excavation and backfill schedule, approximately 

4−7 %. The results indicate that the thermal effects on the upconing (below the shafts or 

the actual panels) are minimal (Figure 5-17, Figure A-5, Figure B-3, Figure C-3, Figure 

D-3). The maximum and average salinity in the reference volume are practically 

identical, whether the temperature is considered or not (Figure 5-17 and Figure A-5). 

No noticeable difference can be observed at vertical (Figure B-3) or horizontal (Figure 

C-3, Figure D-3) cross-sections either. At a depth of 470 metres, below the repository 

panels the relative difference between the results calculated with and without the decay 

heat shows that salinity increases at most approximately 1−3%, when the decay heat is 

taken into account (Figure A-5). Thus, although the thermal buoyancy has effect on the 

flow directions and slightly also on the magnitude of the flow rates, it is not strong 

enough to affect  the upconing and its recovery (Table 5-2), with the baseline hydraulic 

properties applied in Case 9. 

Case 10: all tunnels open instantly, no closing 

This is a hypothetical calculation case, which is introduced to estimate the maximum 

impact the repository tunnels might have on the upconing. Thus, the simplified 

excavation and backfill schedule of the repository is not applied, but all the repository 

tunnels are assumed to be open instantly at 2020. The tunnels are not closed either, but 

both the ONKALO and the repository remain open during the whole simulation period 

of 2000 years. 

In this case the disturbances of the open tunnels are naturally higher than in the base 

case. The volumetric flow rate into the reference volume ranges between 22−29 L/min 

(Figure 5-20). The evolving flow rate result from the evolving the temperature 

distribution (the rising temperature increases the hydraulic conductivity and strengthens 

the inflow). Due to the higher inflow the fresh water infiltration from the surface and the 

upconing of deep saline water are stronger than in the base case (Figure 5-17, Figure 

A-6, Figure B-4, Figure C-4, Figure D-4). Instead of evolving along with the excavation 

and backfill schedule, groundwater salinity starts gradually to rise below all the panels 

(Figure A-6). At a same time the HZs (HZ001, HZ20A, HZ21, HZ099), which dip from 

the surface to the south-east near the repository, start to draw increasingly fresh water 

downwards and dilute the disposal tunnels from the north-west, decreasing the overall 

horizontal area of influence of the upconing below the tunnels (Figure B-4, Figure C-4, 

Figure D-4). The upconing will be strongest in the thin southwest-northeast zone 

extending from the panel 7 to the eastern tunnels of the panel 2. Due to the diluting 

impact of the HZs referred to above the salinity below the actual repository panels 

becomes increasingly dependent on their location, so that the highest salinities are 

related to the southern panels 6 and 7 (Figure A-6). The maximum salinity at a depth of 

470 metres (the bottom depth of the reference volume) below the panels 1−5 and the 

panels 6−7 ranges approximately between 30−45 g/L and 60−65 g/L, respectively. The 
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highest average salinity below the panels 1−5 and panels 6−7 ranges approximately 

between 20−25 g/L and 30−45 g/L, respectively. Below the shafts the maximum values 

increase also up to approximately 65 g/L. 

Case 11: eastern panels 

Case 11 is also a hypothetical calculation case, which is introduced to estimate the 

impact of the potential repository panels located in the eastern part of the Olkiluoto 

Island. Because the layout descriptions for the eastern parts are not yet available, the 

hypothetical layout was designed for the current study (Figure 5-23). The length of the 

eastern disposal tunnels is approximately 30 km (31 km in the central area) and, thus, 

the total amount of spent fuel in the layout would be around 11 000 tU. Because of the 

uncertainties related to the layout and the potential extension of the operational time, 

which in reality may be somewhat longer with the eastern panels, all the repository 

tunnels are assumed to be open instantly at 2020 (as in Case 10). The tunnels are not 

closed either, but both the ONKALO and the repository remain open during the whole 

simulation period of 2000 years. The decay heat is also ignored in Case 11. In addition 

to the central reference volume, the results are assessed also in another reference 

volume, which is placed into the planned repository bedrock volume in east so that it 

covers approximately the area of the eastern repository layout (Figure 5-23). 

The calculated volumetric flow rates into the central and eastern reference volumes are 

approximately 21 and 37 L/min, respectively (Figure 5-20). Although they cover 

approximately the same area, the eastern flow rates are clearly higher than the central 

ones (Case 11a), because about half of the eastern disposal tunnels are located outside 

the Well Characterised Area (WCA; the central rock volume where the drill hole 

investigations have been focused so far), in which the hydraulic conductivity of the SFR 

is five-fold compared to one inside the WCA. In the flow model the lack of information 

on the conductive fractures outside the WCA has been compensated by increasing the 

hydraulic conductivity outside the WCA. The comparison of the central flow rates 

(decay heat ignored) to the ones calculated in Case 10 (decay heat considered) 

demonstrates also the impact of the decay heat induced temperature rise on the flow 

rates (the rising temperature increases the hydraulic conductivity and strengthens the 

flow rates). 

Due to the higher inflow (Case 11a) the changes in the groundwater salinity are faster 

and stronger in the eastern reference volume than in the central area (Figure 5-17, 

Figure 5-20, Figure 5-22, Figure A-6, Figure B-4, Figure C-4, Figure D-4). The higher 

hydraulic conductivity outside the WCA (Case 11a) results in stronger fresh water 

infiltration not only from above but also from aside of the tunnels. At a same time 

groundwater salinity starts gradually to rise below all the panels. The upconing is 

strongest below the eastern panels, in particular outside the WCA. Similarly to Case 10, 

the HZs, which dip from the surface to the south-east near or below the central 

repository panels (BFZ099 and HZ21), dilute the disposal tunnels from the north-west 

and decrease the overall horizontal area of influence of the upconing below the central 

tunnels. The eastern panels strengthen the hydraulic connection between the surface and 

the central repository rock volume and, thus, increase this dilution impact so that 

salinity remains lower (the maximum is approximately 40 g/L) than in Case10 (the 
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maximum is approximately 65 g/L). The maximum salinity in the eastern reference 

volume is approximately 70 g/L and it occurs just outside the WCA below the tunnels. 

Below the central repository panels salinity is still dependent on the location (compared 

to Case 10), but to a lesser extent. The highest salinities are related to the panels 4, 6 

and 7 (Figure A-6). The maximum salinity at a depth of 470 metres (the bottom depth of 

the reference volume) below the panels 1−3, 5 and the panels 4, 6, 7 ranges 

approximately between 25−30 g/L and 35−40 g/L, respectively. The highest average 

salinity below the panels 1−3, 5 and the panels 4, 6, 7 ranges approximately between 

20−25 g/L and 25−30 g/L, respectively. The calculated salinity is reflected also the 

corresponding net mass flow rates in the reference volume (Figure 5-22).  

In Case 11b the lack of information on the conductive fractures outside the WCA has 

not been compensated, but the same hydraulic conductivity is used inside and outside 

the WCA. The volumetric flow rates decrease from 37 L/min to 15 L/min in the eastern 

reference volume, because of the lower conductivity outside the WCA (Figure 5-20). 

Although the central and eastern reference volumes are approximately of the same size, 

the central flow rate is higher because of the intersecting HZs. Regardless of the lower 

flow rates, the upconing is stronger below the eastern panels than the central ones 

(Figure 5-17, Figure 5-22, Figure A-6, Figure B-4, Figure C-4, Figure D-4). Similarly to 

Case 11a the eastern panels strengthen the hydraulic connection between the surface and 

the central repository rock volume, so that salinity in the central volume remains lower 

(the maximum is approximately 43 g/L) due to the diluting impact of the HZs (BFZ099 

and HZ21). Due to the lower inflow rates the upconing in the eastern repository volume 

is slower than in Case 11b, but until the end of the simulation period the maximum 

salinity has still risen nearly to the same level (approximately 63 g/L). Case 11 with the 

hypothetical eastern panels, which have been placed in the rock volume without HZs, 

indicates that salinity changes are not related only to the HZs (with higher conductivity), 

but the changes occur also in the SFR (with lower conductivity), if the tunnels are open 

long enough. 

Case 12: compressibility 

In this study it is conservatively assumed that the medium is incompressible and 

temporal variations in the flow field follow solely from the evolution of the density of 

water and, thus, the specific storage of the medium is neglected in the flow and 

transport equations. The specific storage describes the amount of water that is stored or 

released from storage due to changing pressure and it affects the time scales of 

groundwater flow. Higher values delay the flow, so that water moves over a longer time 

scale, whereas lower values results in a faster response of the flow system to the 

pressure changes (e.g. opening and closing of the tunnels). Case 12 is introduced to 

estimate the impact of compressibility on the upconing. The specific storage is varied 

between 1.0∙10
-7

 1/s − 1.0∙10
-5

 1/s, which are typical values for the fractured rock. 

The results illustrate the moderating impact of the specific storage referred to above 

(Figure 5-17, Figure 5-20, Figure 5-22, Figure A-8, Figure B-5, Figure C-5, Figure 

D-5). With the lowest applied value (1.0∙10
-7

 1/s) the results are essentially the same 

than assuming the medium incompressible. However, one to two orders of magnitude 
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higher values increase water content changes in the reference volume and delays clearly 

the response of the flow and salinity field to the opening and closing of the tunnels.  

Balance of the volumetric flow rates in the reference volume can be derived from the 

flow equation, Equation (3-4), by integration over the volume as follows (Huyakorn and 

Pinder 1983) 
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where the first term in the left-hand side is the net volumetric flow rate through the 

faces of the volume and the second term in the left-hand side is the inflow into the 

tunnels inside the volume. The terms in the right-hand side represent concentration, 

temperature and water content changes in the volume. 

 

Correspondingly, the balance of the mass flow rates in the reference volume can be 

derived from the transport equation, Equation (3-10), as follows (Huyakorn and Pinder 

1983; Huyakorn et al. 1983) 

 (5-4) 

where the first term in the left-hand side is the net mass flow rate (dispersive and 

advective) through the faces of the volume, the second term in the left-hand side is the 

sink/source representing the matrix blocks of the dual-porosity model and the third term 

is the mass inflow into the tunnels inside the volume. The terms in the right-hand side 

represent concentration and water content changes in the volume. 

In the incompressible medium the water content in the reference volume is constant and 

the calculated net (volumetric and mass) flow rate through the faces of the volume is the 

same than the inflow rate into the tunnels (Figure 5-15). The increase of the specific 

storage decreases this balance due to the water content changes (Figure 5-24). The mass 

balance calculations also demonstrate how the large temporal variations in water 

content (resulting from the opening and closing of the tunnels) induce mass balance 

errors with the convective form of the transport equation, Equation (3-10), if the water 

content changes are not included also in the transport equation (Saaltink et al. 2004). 
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Figure 5-3. Calculated total inflow rates into the ONKALO and the repository (top) and 

into the reference volume (bottom) during the operational phase. The vertical dashed 

and dash-dotted lines denote the opening of the first disposal tunnels and the closing of 

all the tunnels, respectively. 
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Figure 5-4. The calculated maximum temperature rise [
o
C] in the repository classified 

by the panels. The maximum in the top means maximum value anywhere in the panel at 

a given time. 
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Figure 5-5. The calculated groundwater salinity [TDS, g/L] at the vertical northwest-southeast cross-section during the operational 

phase. The calculations are based on the base case parameter values (Case 0; Table 5-1). 
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Figure 5-6. The calculated groundwater salinity [TDS, g/L] at the vertical northwest-southeast cross-section during the operational and 

post-closure phases. The calculations are based on the base case parameter values (Case 0; Table 5-1). 
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Figure 5-7. The calculated groundwater salinity [TDS, g/L] at the horizontal cross-section at a depth of 470 m 

(the bottom depth of the reference volume) during the operational phase. The calculations are based on the 

base case parameter values (Case 0; Table 5-1). 
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Figure 5-8. The calculated groundwater salinity [TDS, g/L] at the horizontal cross-section at a depth of 470 m 

(the bottom depth of the reference volume) during the operational and post-closure phases. The calculations 

are based on the base case parameter values (Case 0; Table 5-1). 
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Figure 5-9. The calculated groundwater salinity [%] relative to the maximum initial salinity (16 g/L) at the 

horizontal cross-section at a depth of 470 m (the bottom depth of the reference volume) during the operational 

phase. The calculations are based on the base case parameter values (Case 0; Table 5-1). 
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Figure 5-10. The calculated groundwater salinity [%] relative to the maximum initial salinity (16 g/L) at the 

horizontal cross-section at a depth of 470 m (the bottom depth of the reference volume) during the operational 

and post-closure phases. The calculations are based on the base case parameter values (Case 0; Table 5-1). 
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Figure 5-11. The calculated groundwater salinity [TDS, g/L] in the reference volume 

(top left), in HZ20B (top right) and below the repository panels at a depth of 470 m (the 

bottom of the reference volume; bottom sub-figures). The calculations are based on the 

base case parameter values (Case 0; Table 5-1). 
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Figure 5-12. The calculated groundwater salinity [TDS, g/L] at HZ20B during the selected time steps. The 

calculations are based on the base case parameter values (Case 0; Table 5-1). 
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Figure 5-13. The calculated groundwater salinity [TDS, g/L] at a depth of 400−500 at 

the horizontal cross-section of the reference volume at 95 years after start of the 

ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open). 

The calculations are based on the base case parameter values (Case 0; Table 5-1). The 

vertical scale in the figure has been exaggerated. 
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Figure 5-14. The calculated minimum, maximum and average groundwater salinity 

[TDS, g/L] at a depth of 400−500 at the horizontal cross-section of the reference 

volume. The calculations are based on the base case parameter values (Case 0; Table 

5-1). 
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Table 5-2. Duration of the recovery of the maximum salinity in the reference volume. 

The duration [years after closure] is presented relatively to the maximum initial salinity 

(16 g/L) at a depth of 470 m, at which the calculated maximum occurs. For example, in 

the base case it takes 160 years from the maximum salinity to recover back to the level, 

which is 50 % higher than the maximum initial salinity (i.e. approx. 24 g/L). The 

calculation cases are summarized in Table 5-1. The hypothetical Cases 10 and 11 are 

not presented, because the tunnels are not closed in those cases. 

Case 

Duration of recovery [years after 

closure] 

75% 50% 25% 10% 

0 (Base case) 70 160 480 1160 

1 
a 110 190 440 880 

b 170 250 410 830 

2 

a 100 180 420 800 

b 70 100 170 280 

*) 40 50 60 70 

3 
a 130 280 700 1530 

b 180 370 930 > 1910 

4 
a 70 170 500 1250 

b 60 120 350 840 

5 
a 70 150 430 1040 

b 70 150 440 1040 

6 
a 60 70 100 120 

d 60 70 90 110 

7 **) 20 60 220 700 

9  70 160 480 1160 

12 

a 50 130 420 1060 

b 10 20 160 580 

c 50 100 240 520 

*) Case 8: EPM model (essentially the same as the DP model 

with a zero diffusion porosity) 

**) In Case 7 the maximum initial salinity is 24 g/L. 
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Figure 5-15. The calculated net mass flow rate [kg/a] into the reference volume during 

the operational phase. The calculations are based on the base case parameter values 

(Case 0; Table 5-1). 
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Figure 5-16. The calculated groundwater salinity [TDS, g/L] in the reference volume in 

the different calculation cases summarized in Table 5-1. The solid line denotes the 

maximum value, whereas the dashed and dash dotted lines represent the average and 

minimum values, respectively. 
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Figure 5-17. The calculated groundwater salinity [TDS, g/L] in the reference volume in 

the different calculation cases summarized in Table 5-1. The solid line denotes the 

maximum value, whereas the dashed and dash dotted lines represent the average and 

minimum values, respectively. 
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Figure 5-18. The calculated groundwater salinity [TDS, g/L] along the hydrogeological 

zone HZ20B in the three calculation cases summarized in Table 5-1. 
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Figure 5-19. The calculated net volumetric flow rate [L/min] into the reference volume 

in the different calculation cases summarized in Table 5-1. 
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Figure 5-20. The calculated net volumetric flow rate [L/min] into the reference volume 

in the different calculation cases summarized in Table 5-1. 
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Figure 5-21. The calculated net mass flow rate [kg/a] into the reference volume in the 

different calculation cases summarized in Table 5-1. 
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Figure 5-22. The calculated net mass flow rate [kg/a] into the reference volume in the 

different calculation cases summarized in Table 5-1. 
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Figure 5-23. The site-scale reference volume (0.15 km
3 

at a depth of 370–470 m) 

around the disposal tunnels for calculation of the groundwater salinity and the flow 

rates through the planned repository rock volume. The location of the western reference 

volume is based on the repository layout description 2009 (Kirkkomäki 2009), whereas 

the eastern reference volume is based on the hypothetical layout designed for the 

current study. The repository is located approximately at a depth of 410─430 metres. 
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Figure 5-24. The balance of the calculated volumetric [L/min] and mass [kg/a] flow 

rate in the reference volume in Case 12 (the impact of compressibility) summarized in 

Table 5-1. 
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6 UPCONING ON THE BASIS OF ANALYTIC MODELLING 

Simplified analytical models are applied to support understanding of the processes and 

time scales that affect the movements of the deep saline groundwater and also to some 

extent build confidence on the results of the numerical modelling. These models are 

mainly applied to estimate the order of magnitude of the disturbances that are caused by 

the open repository tunnels on the deep salt water interface assuming averaged 

hydraulic properties for the bedrock. The average behaviour of the salt water interface is 

important for the repository design, because the salinity that is potentially intruding to 

the repository through the background fractures cannot be avoided by design of the 

repository layout.  

The analytical approach is based on a large number simplified assumption: an abrupt 

interface between saline and fresh groundwater, static flow conditions in the saline 

water domain, no drawdown on the water table, homogeneous and isotropic hydraulic 

properties of the bedrock and pressure balance all over the model at the beginning. This 

means that results of the analytical model are indicative mainly for the repository or site 

scale tendency to the upconing of the saline water. Sensitivity of the modelling results 

that are connected to the main assumptions of the model is studied by varying location 

of the salt water interface and the groundwater salinity. Sensitivity to the different 

repository components is analysed by calculating model responses separately for the 

disposal panels and the central/ONKALO tunnels. 

 

6.1 Saline water – fresh water interface 

Analytical considerations of the saltwater upconing due to freshwater pumping need to 

be based on greatly simplified models. The approach applied in the present section is 

based on the common simplifications of abrupt interface between salt water and fresh 

water, stationary of the saline water and homogeneity of the hydraulic properties. 

Movement of the saline water – fresh water interface is assessed based on the pressure 

field in the fresh water domain. 

The movement of the fresh water – salt water interface is discussed here following 

Sahni (1973). It is assumed that the fresh water lies over the salt water. A potential in 

fresh water and salt water domains can then be defined as 
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Where p is pressure and  is the fluid density and z is the elevation of the point in 

question. Pressure is continuous along the salt water – fresh water interface pressures, 

i.e. ps=pf on the interface. This means that along the salt water – fresh water interface 

equations (6-1) and (6-2) give  
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gg fifsis )()(   (6-3) 

Where is and if are potentials along the salt water interface in the salt water and fresh 

water domain, respectively, and  is the elevation of the interface, measured from a 

prescribed datum. This gives for the elevation of the interface as 

fs

fifsis
  (6-4) 

We examine now a case in which fresh water is pumped from a well and salt water is 

assumed to be static all the time. Then the difference in elevation of the interface for 

two different locations can be calculated from equation (6-4) as 

))()(()()( 1221 rrrr ifif

fs

f
  (6-5) 

Initially the salt water interface is horizontal and far from the pumping well the potential 

in the fresh water domain is f= e. Measuring the elevation of the salt water interface 

( ) from the initial horizontal level of the interface means that (r2)=0 and if(r2)= e for 

large enough r2. Elevation of the interface can be then written by the Ghyben-Herzberg 

relation 

))(()( rr ife

fs

f
  (6-6) 

Equation (6-6) gives the stable cone of the salt water interface when the salt water is in 

a static equilibrium with the steady state pressure field of the fresh water domain.  

The main task in applying equation (6-6) is calculation of the fresh water potential if(r). 

A common approximation is the approach suggested by Muskat and Wykoff (1935). In 

this approach the upconing of the interface is neglected when the fresh water potential 

along the salt water interface is estimated. This means that the flow field in the fresh 

water domain is calculated by assuming that the initial salt water – fresh water interface 

is a fixed impermeable boundary at the bottom of the model. Calculated distribution of 

the hydraulic head along the bottom of the model is then applied as if in equation (6-6). 

Muskat’s approximation is valid for small elevations of the salt water interface. 

Haubold (1973) has tested Muskat’s approximation against experimental Hele-Shaw 

model and he concluded that the approximation gives close match to the Hele-Shaw 

model when the interface does not exceed half distance between the initial level of the 

interface and bottom of the sink. The approximate solution does not describe accurately 

behaviour of the interface when it rises close to the sink. In the vicinity of the sink the 

mound of the saline water becomes unstable. Under unstable conditions the coning of 

the interface keeps rising and saline water will enter the sink (Sahni 1973). Sahni (1973) 

present also an estimate of the critical conditions when the upconing becomes unstable. 



 

 

91 

This may happen when the velocity along the fresh water along the interface exceeds 

( s- f)K/ f.  

 

6.2 Flow field in the fresh water domain 

The amount of water that is infiltrated to rock is only a few percent of the total 

precipitation. This means that there is a plenty of water available for increased 

recharged of the groundwater on the top of the model. The increased infiltration hinders 

drawdown of the water table that could be caused by the pumping of the water from the 

underground tunnels. At the ONKALO site it has been observed that the water table has 

remained more or less unchanged, although there is some leakage of water into the 

underground tunnels (Vaittinen et al. 2008b). Groundwater conditions deep in the rock 

are characterised by the salt water interface that supports assumption of the static flow 

conditions at the greater depths. 

The model of the fresh water domain is characterised by a fixed hydraulic head on the 

top and a no-flow boundary at the bottom. Horizontal boundaries are assumed to far 

from the repository (i.e. the model is infinite). Underground tunnels are represented by 

point sinks at the depth level of the repository.  

The model is constructed using the method of image sources and sinks. A no-flow 

boundary at the plane z=0, a fixed hydraulic head at z=L and a point source at (x’,y’,z’), 

where 0<z’<L, can be described by image sources at 4nL zp and sinks at 

(4n+2)L zp. The construction of the image sources and sinks can then be used to 

calculate the Green’s function for a source of strength of Q’ at (x’,y’,z’). The resulting 

Green’s function is (combining results in Carslaw and Jaeger, 1986 p. 276 and 371) 
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where SKD /  is the pressure diffusivity, K is the hydraulic conductivity, S is the 

storativity and t is the time. The amount of the water injected to the source in equation 

(6-7) is Q=S Q’. 

Solution for a continuous of source of strength Q can be integrated from equation (6-7) 
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Underground tunnels are open for a period of time that varies from about 10 years to 

about 100 years. Head field caused by tunnels that are open from t=0 to t= t is 

simulated by superimposing a suitable group of continuous sinks and a sources as 

indicated in equation (6-9) 

m

i

iit zyxttftHzyxtfzyxT
1

),,,()(),,,(),,( ,  (6-9) 

Where H is the Heaviside step function and the subscript i refers to sinks in locations 

(x’i,y’i,z’i). In the present analysis a panel of disposal tunnels is represented by a grid of 

sinks that are distributed over the area of panel.  

Movement of the saline water – fresh water interface is estimated by calculating the 

change in the hydraulic head along the bottom of the model and using and equation 

(6-6), i.e. 

 (6-10) 

where Δζ is the elevation of the interface. 

 

6.3 Parameters used in the calculations 

Calculations are based on the parameter values that are internally consistent and closely 

coincide with the parameter values applied in the numerical simulations. The hydraulic 

conductivity of the sparsely fractured rock around the repository is 3 10
-11

 m/s that is the 

average hydraulic conductivity at depth of repository in the numerical simulations 

(cf. Figure 4-3). A typical value of 10
-6

 1/m has been used for the storativity in most of 

the simulations. Some uncertainty cases are calculated using an alternative value of 10
-5

 

1/m. Numerical simulations in the section 4 are mainly calculated by assuming quasi-

steady state conditions. 

Repository encompasses seven disposal panels and about 30 km of tunnels. This makes 

an average of about 4 km tunnels per panel. Numerical simulations indicate that the 
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water leakage to a repository panel is about 3.5 L/min (Figure 5-3). This is consistent 

with the current model (equation (6-8)). Representing a 4 km long tunnel at the -420 m 

depth by series of point sinks and applying equation (6-8) gives about 420 m drawdown 

at about 5 m distance from the line sink.  

The approximate size of the disposal panel is roughly 300x300 m
2
 and also the area of 

the central tunnel/ONKALO region is also approximately 300x300 m
2
 (see also Section 

4.4). It is assumed that the disposal panels are operated in a sequence so that only one 

disposal panel is open at a time. Section 4 gives leakage of about 3.5 L/min both to the 

disposal tunnels and repository central/ONKALO tunnels. Thus the calculations are 

based on two cases: i) a 300x300 m
2
 panel that leaks 3.5 L/min and is open for 10 years 

(disposal panel) and ii) a 300x300 m
2
 panel that leaks 3.5 L/min and is open for 100 

years (central/ONKALO tunnels). The 300x300 panel is represented in the simulations 

by a grid of a few hundred sinks that are distributed over the area of the panel.  

Groundwater sampling indicates steady increase of the groundwater salinity below the 

repository depth. The salinity increases from about 16 g/L at the repository depth (420 

m) to about 83 g/L m at the depth of 800 m, but there is some uncertainty about the 

maximum salinity in greater depths. Numerical simulations in (Section 4) include 

uncertainty cases where the maximum salinity is also extended to 120 g/L or 140 g/L at 

about 900 m depth (cf. Figure 5-1). Three alternative salinity profiles are considered in 

this section: i) the median isosurface of the initial salinity distribution that is about 40 

g/L at about 650 m depth, ii) base case maximum salinity of 83 g/L at 800 m depth and 

iii) uncertainty case for salinity of 100 g/L at 900 m depth (brine). Density dependence 

of the salinity is 0.76 [-] (Table 4-3), which means that the groundwater densities for the 

different calculation cases are about 1030 kg/m
3
, 1063 kg/m

3
 and 1076 kg/m

3
. 

Applied parameters values and calculation cases are summarised in Table 6-1. 
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Table 6-1. Applied parameter values and simulated calculation cases. 

Parameters Value 

Bedrock  

 Hydraulic conductivity  3·10
-11

 m/s 

 Storativity 1·10
-6

 1/m 

 Flow porosity (when the transport of saline water is taken  

into account) 

1·10
-5

 and 1·10
-4

 

Repository  

 Depth  420 m 

 Size of the deposition and ONKALO/central tunnel panels 300 x 300 m
2
 

 Leakage to the repository panel 3.5 L/min 

 Deposition panel is open for 10 a 

 ONKALO/Central tunnels panel is open for 100 a 

Calculation cases 

Median salinity  

 Depth of the saline water – fresh water interface 650 m 

 Density of the saline water (salinity 40 g/L) 1030 kg/m
3
 

Base case maximum salinity 

 Depth of the saline water – fresh water interface 800 m 

 Density of the saline water (salinity 83 g/L) 1063 kg/m
3
 

Brine 

 Depth of the saline water – fresh water interface 900 m 

 Density of the saline water (salinity 100 g/L) 1076 kg/m
3
 

 

6.4 Drawdown 

Hydraulic head in the fresh water domain is calculated for a few further simplified cases 

to verify behaviour solution in Equation (6-8). The calculations apply the parameters in 

Table 6-1 for the base case maximum salinity where the salt water – fresh water 

interface is initially at the depth of 800 m. 

Distribution of the drawdown (hydraulic head) when the repository panel has been open 

for 10 years and 1000 years is shown in Figure 6-1. Drawdowns are calculated for the 

300x300 m
2
 panel using 900 sinks in equation (6-9). Isosurfaces of the hydraulic head 

clearly show that there is a fixed hydraulic head on the top of the model and no-flow 

boundary on the bottom of the model. 
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Time evolution of the hydraulic head is represented by the maximum drawdown at the 

bottom of the model that is calculated for one 3.5 L/min sink in equation (6-8) (Figure 

6-2). Steady state is reached at about 600 years. The uncertainty case applying 

storativity of 10
-5

 1/m behaves as expected and the higher storativity leads to much 

longer transient. Timescale of the pressure transient depends linearly on the storativity.  

Steady state drawdown at the bottom of the model is compared to the head distribution 

that is generated by a single sink in an infinite medium. Drawdown is calculated on the 

plane that is at the same distance from the sink as the bottom of the model is from the 

repository. 

2244
)(

xzK

Q

rK

Q
xh   (6-11) 

where Q is the pumping rate in the sink, z is the distance from sink to salt water –fresh 

water interface and drawdown is calculated along the x. Drawdown at the bottom of the 

model is calculated for the same sink using both equation (6-8) and equation (6-11) and 

two different depths of the model (Figure 6-3). The single source in the infinite medium 

gives rather good approximation of the steady state pressure distribution, especially 

when the distance from the sink to the bottom of the model is large enough, as it is also 

expected. 

 

  

Figure 6-1. Distribution of the hydraulic head on the vertical cross section in the 

middle of the repository panel when the panel has been open for 10 a (left) and for 1000 

years (steady state) (right). 
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Figure 6-2. Time evolution of the maximum drawdown at the bottom of the model. An 

uncertainty case of ten fold storativity that leads to ten times slower time evolution is 

also shown in the figure. 

 

Figure 6-3. Hydraulic head at the bottom of the model by the infinite model and using 

no-flow bottom (equation (6-8) in steady state). 

The panel creates a distributed sink over an area of 300x300 m
2
. The length scale of the 

sink is equal to the distance between the bottom of the model and sink location. The 

influence of the distributed sink is examined by comparison results for a distributed and 

single sink models. It seems that the influence of the distributed sink is not significant at 

the steady state conditions (Figure 6-4), but during the transient phase the distributed 

sink cause clearly smaller drawdown.  

The finite length of the pumping period is taken into account as a last step of the 

simplified drawdown analysis (equation (6-9)). Figure 6-5 show the time evolution of 
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the maximum drawdown at the bottom of the model for different calculation cases and 

for 10 years and 100 years pumping times, respectively. Curves for the base case 

maximum salinity can be compared with the long term behaviour in Figure 6-2, which 

also indicate that the maximum drawdown is sensitive to the pumping time because the 

head field is still under intensively transient. Recovery of the pressure disturbance after 

closing the repository panel takes more time than the development of the drawdown, 

because the tailing of the recovery is dominated by the asymptotic behaviour of the 

pressure transient. 

 

  

Figure 6-4. Drawdown at the steady state (left) and at 20 years after starting of the 

pumping (right) on the bottom of the model calculated for a single sink and a 

distributed panel sink using equation (6-8). 

 

  

Figure 6-5. Maximum drawdown at the bottom of the model for different depths of the 

salt water – fresh water interface when the repository panel is open 10 years (left) or 

100 years (right).  
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6.5 Upconing of saline water 

As discussed in Section 6.1 the salt water upconing is examined by applying Muskat’s 

approximation. This means that the flow is modelled only for the fresh water domain 

applying the saline water – fresh water interface as an impermeable boundary at the 

bottom of the fresh water flow model. Movement of the saline water – fresh water 

interface is estimated based on the Ghyben-Hertzberg approximation of the immediate 

pressure balance on the interface and the calculated hydraulic head at the bottom of the 

fresh water domain (equation (6-10)).  

The calculations are made for one 300x300 m
2
 sink (cf. Table 6-1) that represents a 

disposal tunnels if it is open for ten years or an ONKALO/central tunnels if it is open 

for hundred years. It can be seen from Figure 6-5 that the repository panel causes a 

significant drawdown at the bottom of the fresh water domain in most of the calculated 

cases. The pressure change takes place quite quickly, which raises a question that the 

assumption of immediate levelling of the salt water – fresh water interface according to 

the pressure balance may not be reasonable over the whole simulation period.  

Estimated upconing of the salt water interface based on the density difference and depth 

of the salt water interface and immediate pressure balance on the salt water interface is 

shown Figure 6-6. Curves for the maximum upconing have been truncated to represent 

only the region where the Muskat’s approximation is valid, i.e. upconing of less than 

half distance between the sink and initial level of the salt water. According to e.g. Sahni 

(1973) the mound of salt water may become unstable above this limit and intrusion of 

the saline water into the repository panel is possible. 

There are some differences between the calculation cases. All calculated cases indicate 

that if the panel is open for 100 years then upconing probably leads to intrusion of the 

saline water to the repository. If a panel is open only for 10 years then the brine is likely 

not entering the panel. However, the maximum salinity of the base case may enter 

repository and it is quite certain that median salinity will enter the repository. These 

estimates are conservative, because they are based on the on the Ghyben-Hertzberg 

relation and a conservative limit for the instability of the upconing.  

Interpretation above is supported by analysis of the Darcy velocities on the salt water 

interface. Sahni (1973) have presented a criterion that indicates when the salt water 

mound becomes unstable and intrusion of the saline water into the sink is possible. This 

criterion is based on Darcy velocity along the salt water - fresh water interface and it 

states that if 
ffsKq /)(  then the salt water interface is unstable. The stability 

criterion and simulated Darcy velocities on the bottom of the model (in the middle of 

the panel) are shown in Figure 6-7. Based on the stability criterion intrusion of the 

saline water is likely for all calculated cases if the panel is open for 100 years. If the 

panel is open only for 10 years then salt water intrusion is likely only for the median 

salinity.  

It is noted that the discussion above is for the maximum upconing of the salinity. 

Intrusion of the saline water that influences significant part of the deposition panel 

requires stronger upconing than that the maximum upconing extends to the repository 

depth. 
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Figure 6-6. Estimated maximum upconing of the salt water based on the pressure 

balance at the salt water - fresh water interface for a single panel. Upconing curves are 

truncated at the half distance between level of the repository panel and initial level of 

the salt water interface. At the left the panel is open for 10 years and at the right for 100 

years. The estimated maximum upconing is truncated to the depth level of the 

repository. 

 

  

Figure 6-7. Darcy velocity at the salt water – fresh water interface for a single panel 

that is open for 10 a (left) or 100 a (right). Dashed lines indicate critical Darcy velocity 

based on Sahni (1973). Exceeding the critical Darcy velocity leads to unstable upconing 

and possible intrusion of the saline water into the panel.  

A more realistic model for the movement of the salt water - fresh water interface is tried 

by considering also transport of the saline water. Transport of the saline water and 

corresponding movement of the salt water – fresh water interface is estimated based on 

the average driving force of the flow that is caused by the drawdown of the hydraulic 

head on the salt water – fresh water interface. The flow analysis in the fresh water 

domain has been based on the no-flow boundary at the bottom of the model, thus there 

is no vertical gradient of the hydraulic head on the bottom of the model. Saline water is 

able to move upwards although there is no flow across the saline water - fresh water 

interface, because the interface itself is free to move vertically.  
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The average driving force for the movement of the interface is estimated based on the 

distance of the upward movement required for the pressure balance (Ghyben-Herzberg 

relation) and the drawdown at the bottom of the fresh water flow model. Far from the 

pumping region the pressure on the salt water interface is determined by the level of the 

water table (the datum is here on the initial salt water interface) ghp f1
 and below the 

sink on the amount of ds elevated salt water interface it is dsgdsdfhgp sf )(2
, 

where f is the density of fresh water, s density of saline water, g is the gravitational 

acceleration, h is the level of the water table and df is the drawdown on the salt water 

interface caused by the pumping. Darcy velocity can be now calculated 

from )/()( 21 gLppKq f
, where L is the length of the flow path, i.e. dsdfL fsf )/( . 

Substituting  p1, p2  and L gives 
ffsKq /)( , i.e. average gradient of the hydraulic 

that is / f (as a fresh water head). Schematic description of the calculated case is 

presented in Figure 6-8. 

 

Figure 6-8. Schematic illustration of the pressures in case of drawdown on the saline 

water interface. Elevation of the saline water to the pressure balance by Ghyben-

Herzberg relation is indicated by green colour. 

 

Movement of the salt water – fresh water interface is assumed to take place upwards by 

the velocity 
ffup Kv )/(  when the level of the interface is below the level indicated 

by the Ghyben-Herzberg pressure balance. Here K is the hydraulic conductivity and f is 

the flow porosity. If the salt water – fresh water interface is above the level indicated by 

the Ghyben-Herzberg pressure balance (mainly during the recovery) then the interface 

is driven downwards by the velocity of 
ffdown Kv )/( . 

The transport of the saline water – fresh water interface is taken into account in Figure 

6-9. The movement of the interface is limited by the advection when the level of the 

interface rises or declines by a constant speed. The flow porosity becomes an important 

parameter when the transport of saline water is taken into account. Sensitivity of the 

maximum upconing on the flow porosity is estimated by repeating calculations for two 

different flow porosities: 10
-5

 and 10
-4

. Numerical flow simulations have applied flow 

porosity of 1.6 10
-5

 at the depth of the repository. 
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Figure 6-9. Maximum upconing of the salt water in different calculation cases when the 

transport of saline water is considered. Figures on the left are for cases where the panel 

is open for 10 years and on the right for 100 years. Flow porosity is 10
-5

 on the figures 

at top and 10
-4

 at the bottom. The estimated maximum upconing is truncated to the 

depth level of the repository. 

 

An analysis for one panel is completed by considering contribution of the whole 

repository. This can be done by simply superimposing contributions of the individual 

panels. An approximate repository layout is composed using the standard 300 x 300 m
2
 

panels (Figure 6-10). The evolution of the upconing is presented for the point below 

centre of the ONKALO panel, because this is the expected location of the maximum 

upconing. Drawdown on the bottom of the model below centre of the ONKALO panel 

is shown Figure 6-11. As it would be expected the contribution of the ONKALO clearly 

dominates the total drawdown. Comparing drawdowns with single panel drawdown in 

Figure 6-5 shows that contribution of the neighbouring panel is about 1/3 of the single 

panel drawdown (if the bottom of the model is at -650 m level, for example, then the 

maximum single panel drawdown is about 150 m (Figure 6-5) and drawdown caused by 

neighbouring panels in Figure 6-11 is about 50 m). Maximum upconing of the salt water 

interface for the different calculation cases is estimated using the maximum drawdown 

and the subsequent approximate estimate of the transport of the salt water interface. 

Naturally the maximum drawdown is dominated by the ONKALO panel and results in 

Figure 6-11 are almost identical with results on the right column of the Figure 6-9.  
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Figure 6-10. Approximate layout of the repository. ONKALO and deposition panels are 

represented by 300 x 300 m
2
 slabs. Numbers indicate the order in which deposition 

panels are used. 
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Model bottom at -650 m 

 

Model bottom at -800 m 

 

Model bottom at -900 m 

 

Figure 6-11. Estimated maximum drawdown below centre of the ONKALO panel for 

the whole repository layout. 
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Figure 6-12. Maximum upconing caused by the integrated influence of the central 

tunnel/ONKALO panel and seven repository panels for flow porosities of 10
-5

 (left) and 

10
-4

. The estimated maximum upconing is truncated to the depth level of the repository. 

 

6.6 Influence of the dispersion 

The simplified cases presented in this section assume a sharp and immiscible interface 

between the salt water and the fresh water fresh water domains. In reality some mixing 

takes place by hydrodynamic dispersion and diffusion. This creates an interface zone 

between salt water and fresh water domains that is characterised by gradual change in 

the salinity.  

Influence of the hydrodynamic dispersion and the interface zone on the upconing of the 

salt water has been studied by e.g. Zhou et al. (2005) and Wirojanagud and Charbeneau 

(1985). Zhou et al. (2005) note that in the far field of the flow is horizontal and along 

the salt water – fresh water interface, which means that transverse dispersion determines 

the width of the transition zone. The wider transition zone caused by larger dispersion 

influences the width of the salt water mound so that larger dispersion leads to flatter salt 

water mound. Also Wirojanagud and Charbeneau (1985) point out that the transition 

zone is created mostly by the transverse dispersion, which is also the only process that 

maintains the transition zone at steady state.  

Zhou et al. (2005) divide the saltwater zone to the upconing region beneath the well and 

the far field. Transition zone in the far field is widened by the transverse dispersion 

during the pumping. The upconing region can be further divided to two subregions of 

different transport features. The lower portion of the saltwater mound is characterised 

by relatively high mass fraction of salt and quasi-hydrostatic flow conditions. In the 

upper part of the saltwater mound the salt is transported towards the sink. Zhou et al. 

(2005) also note that the upconing-decay process after ending of the pumping is very 

long and the wider transition zone caused by the hydrodynamic dispersion may never 

return to the initial state. 
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6.7 Conclusions 

Simplified analytical models have been applied to build confidence on the results of the 

numerical modelling and to support understanding of the processes and time scales that 

affect the movements of the deep saline groundwater. The model is applied to estimate 

the order of magnitude of the disturbances that are caused by the open repository 

tunnels on the deep salt water interface assuming averaged hydraulic properties for the 

bedrock. 

The analysis in this section is based on very simplified assumptions of stationary salt 

water, homogeneous and isotropic hydraulic conductivity and a simple estimate of the 

density dependent flow. No hydraulic zones are considered and also the representation 

of the repository layout and usage is simplified. However, some of the main features of 

the present model could perhaps be used to characterise the overall nature of the salt 

water upconing. 

In the steady state conditions the pressure disturbance caused by the open repository 

panel is large enough to draw deep saline water into the repository. The repository will 

not be left open, but the deposition panels will be closed soon after deposition of the 

canisters and all tunnels will be closed when the operation of the repository is finished. 

It is assumed that one panel is open for about 10 years and the whole repository for 

about 100 years.  

The simplified model of the transient flow field in the fresh water domain indicate that 

the full steady pressure disturbance at the salt water - fresh water interface is reached 

after the panel has been open for at least some tens of years or a few hundreds of years 

depending on the depth of the interface. This makes a considerable difference between 

the ONKALO/central tunnel panel, which is open for 100 years, and the deposition 

tunnels, which are open for 10 years. The short period of time that the deposition panel 

is open significantly attenuates upconing of the saline water. The transient behaviour of 

the system depends on the hydraulic diffusivity that is here estimated based on the low 

hydraulic conductivity of 3 10
-11

 m/s and storativity of 10
-6

 1/m. Ten times higher 

hydraulic conductivity will lead to ten times faster response for a deposition panel and 

also almost an order of magnitude smaller drawdown because the same leakage to the 

tunnels is created by a smaller driving force. It needs to be noted that the applied 

hydraulic conductivity (3 10
-11

 m/s) gives consistent relation between the water leakage 

(as estimated by the calibrated numerical flow model, Section 4) and drawdown close to 

the tunnels.  

The most straightforward way to estimate the salt water upconing is based on the 

pressure balance on the salt water interface. This approach can be applied when the 

upconing is small. In most of the calculated cases the estimated upconing exceeds the 

range applicability of this approach. The strong indication of upconing is here used as 

evidence that intrusion of the saline water to the sink is likely.  

Calculations based on the pressure balance indicate that the leakage to the 

ONKALO/central tunnel panel, that is open for 100 years, is likely to raise also deep 

saline water into the ONKALO/central tunnels. However, leakage to the disposal panels 

is quite likely raise the median salinity water to the repository, but not the deep saline 
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water. The maximum upconing is clearly dominated by the ONKALO/central tunnel 

panel that is open for 100 years. It is noted that intrusion of the saline water that 

influences significant part of the deposition panel probably requires much stronger 

upconing than that the maximum upconing extends to the repository depth. 

Another estimate of the upconing has been made that tries to take into account the delay 

caused by the advection of the salt water interface. The driving force for the movement 

of the interface is based on the drawdown on the interface and estimated rise interface 

that is required for the pressure balance on the salt water interface. These calculations 

show the dominating role of the flow porosity in transport of the salt water interface. 

Based on these calculations it seems even more probable that the disposal panels, which 

are open only for 10 years, do not cause upconing of the deep saline waters into the 

deposition tunnels. In the case of the ONKALO/central tunnel panel there is clearly 

higher probability that deep saline water enter those tunnels, especially if the flow 

porosity is low.  

In reality, groundwater flow takes place through the background fracturing of the 

bedrock. The flowing fracture network is very sparse at the depth repository and below 

it. This means that flow field in the rock between the repository and salt water - fresh 

water interface is very heterogeneous. Estimation of the upconing and flow conditions 

using homogenised properties for the bedrock describes general trends and tendency of 

the movements of the saline water. Local variations from the repository scale behaviour 

are likely to take place in the more detailed scale salinity field due to the heterogeneous 

structure of the bedrock.  
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7 SUMMARY AND CONCLUSIONS 

Posiva Oy is preparing for the final disposal of spent nuclear fuel in the crystalline 

bedrock of Finland. Olkiluoto in Eurajoki has been selected as the primary site for the 

repository, subject to further detailed characterisation which is currently focused on the 

construction of an underground rock characterisation and research facility (the 

ONKALO). During the repository operation the open tunnels and shafts of the 

ONKALO, and the subsequent repository, are likely to create a hydraulic disturbance to 

the site's groundwater system for hundreds of years. In particular, upward flow below 

the tunnels may give rise to the upconing of deep highly saline groundwater up to the 

planned repository rock volume. Saline water is a concern with regard to the 

performance of the tunnel backfill material after tunnel closure.  

This study concerns the supporting groundwater flow analysis for the RSC programme, 

which has been set up to develop host rock requirements for the repository design and 

layout adaptation (Hellä et al. 2009). The objective is to assess the potential upconing of 

deep highly saline groundwater into the planned repository rock volume. The work is 

divided into three separate sub-tasks: characterization of the expected upconing on the 

basis of 1) observations, 2) numerical groundwater flow modelling, and 3) the analytic 

groundwater flow modelling.  

Monitoring data of groundwater sampling and electrical conductivity (EC) of the 

fracture specific groundwater and the drill hole water do not indicate the upconing of 

saline groundwater at the monitoring sections in the deep drill holes or in the 

ONKALO. The EC measurements, however, have resulted in higher salinities than the 

groundwater sampling: close to the bottom of drill holes OL-KR1 and OL-KR2 salinity 

probably exceeds 100 g/L (Klockars et al. 2007, Väisäsvaara 2008). 

Upconing on the basis of the numerical modelling 

The numerical modelling is based on the latest site-scale groundwater flow model 

(Posiva 2009a; Löfman et al. 2009) and it consists of the calculation of evolving 

groundwater flow conditions from the start of the ONKALO excavations (September 

2004) 2,000 years onwards. The calculations consider the prevailing processes affecting 

the flow during the construction, operational and post-closure phases, i.e., the 

hydrological disturbances introduced by the open tunnels, the thermal disturbances of 

the decay heat of the spent fuel and the post-glacial land uplift. All the tunnels (the 

ONKALO and the repository) are modelled explicitly according to the latest layout 

(May 2009; Kirkkomäki 2009; Figure 5-2). The main result quantities are the 

groundwater salinity and the net volumetric and mass flow rate in the reference volume, 

which is placed into the planned repository bedrock volume so that it covers 

approximately the area of the repository according to the layout (Figure 5-2). The 

calculation cases for numerical modelling were selected with regard to the performance 

targets set in the RSC programme for groundwater salinity (Table 5-1).  

The open tunnels draw groundwater from all directions in the bedrock. Following the 

advance of the excavations, the flow directions start to change in the vicinity of the 

tunnels, first in the sparsely fractured rock (SFR) and then in the hydrogeological zones 

(HZ) after direct (HZ19 and HZ20) or indirect (HZ004, HZ21 and HZ099) connection 
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to the open tunnels. The excavations are likely to cause an increase in the mixing of 

water types. In particular, there will be a mixing of fresh and brackish groundwater 

(from closer to the surface) with deep saline waters. The open tunnels draw increasingly 

fresh water from the surface, diluting the groundwater to greater and greater depths. 

Simultaneously, the salinity of the groundwater gradually starts to rise below the tunnel 

system. The magnitude of the fresh water flow is strongest along HZ19, HZ20 and the 

upper part of HZ004, whereas the most immediate increase in the salinity is associated 

with the vertical zone HZ004, which is indirectly connected to the ONKALO via the 

HZ19 and HZ20 systems. The salinity of groundwater gradually rises also in the SFR 

around and below the ONKALO-repository tunnel system, although it is slower than in 

the HZs due to the hydraulic properties moderating salt transport. The upconing is 

strongest below the access tunnel and the shafts, because they extend deepest in the 

bedrock and remain open during the whole operation phase. Following the simplified 

excavation schedule saline groundwater rises also below the disposal tunnels, but to a 

lesser extent, because the panels are hold open one by one only for a short period of 

time (8−16 years). After the closing of the tunnels, the salinity distribution recovers 

gradually back towards the natural state (i.e. the initial state), faster in the HZs and 

slower in the SFR. The calculations indicate that locally the salinity may still rise to 

rather high levels, especially near the deepest parts of the tunnels, i.e. below the access 

tunnel and the shafts. In the base case (calculation Case 0), the maximum salinity in the 

reference volume has risen from about 16 g/L (initial value) up to about 42 g/L (TDS) at 

~100 years after the start of the excavations (9/2004), i.e. increase relative to the initial 

value is approximately 160 %. The maximum values occur at the bottom of the 

reference volume (at a depth of 470m) below the access tunnel and the shafts. The 

average groundwater salinity in the reference volume, however, remains practically 

unchanged during the simulations, due to the dilution of the fresh water from the surface 

and the local nature of the upconing. The maximum salinity below the actual repository 

panels at a depth of 470 metres (the bottom depth of the reference volume) ranges 

approximately between 25−30 g/L and the average approximately between 20−25 g/L. 

The highest salinities are related to the panels 5, 6 and 7 in the vicinity of the access 

tunnel and the shafts. The upconing lasts until the closure of the tunnels (i.e. 110 years), 

after which the salinity distribution start to recover gradually back towards the natural 

state (i.e. the initial state). According to the calculations the recovery will last several 

hundreds of years. In terms of the increase of the maximum salinity relative to the initial 

maximum value in the reference volume (16 g/L) it takes approximately 500 and 1200 

years from the salinity to recover back to the levels, which are still 25 % and 10 %, 

respectively, higher than the initial value. 

Flow and diffusion porosities affect the time scales of transport. Higher porosity 

moderates the transport of solutes, so that transport occurs over a longer time scale, 

whereas lower porosity induces higher velocities and a faster response of the flow 

system to the opening and closing of the tunnels. The fresh water infiltration from 

surface dilutes groundwater above the open tunnels, whereas the upconing of saline 

water strengthens below the tunnels and along HZ004 and HZ20B. Decreasing the flow 

(Case 1) and diffusion (Case 2) porosity down to a fifth of the baseline value resulted in 

approx. 26 % and 40 %, respectively, higher maximum salinities at the reference 

volume. Disregarding the matrix diffusion completely and treating the fractured rock as 

a single continuum (equivalent porous medium) strengthens the impact of the open 
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tunnels (Case 8). With the lower porosities the salinity below the actual repository 

panels becomes increasingly dependent on their location, so that the highest salinities 

are related to the southern panels 6 and 7 (the HZs dipping from the surface down to the 

south-east near the repository draw fresh water downwards and dilute the north-western 

disposal panels). The mixing and the fresh-saline water interface depend on the 

dispersivity. The lower dispersion lengths cause the concentration front to decrease in 

size and increase in magnitude (Case 3). Decreasing the longitudinal dispersion length 

down to a quarter of the baseline value resulted in approx. 30 % higher maximum 

salinities at the reference volume. The average salinity in the reference volume was 

relatively insensitive to the changes in the flow and diffusion porosities and the 

hydrodynamic dispersivity. The lower flow and diffusion porosity result in a faster 

response not only to the opening of the tunnels, but also to the closure, which speed up 

the subsequent the recovery of the salinity field back to the initial state. 

The vertical hydrogeological zone HZ004, of which properties and geometry are highly 

uncertain, constitutes a hydrogeological connection between the ONKALO and the deep 

bedrock volume with highly saline water, but it affects the maximum and average 

salinity in the reference volume only minimally (Case 4). However, one order of 

magnitude increase (decrease) in the transmissivity increases (decreases) the upconing 

along HZ004 to the sub-horizontal zone HZ20B and further ahead towards the 

ONKALO. Consequently, also the net mass flow rates through the reference volume 

increases (decreases), because HZ20B intersects the south-east face of the volume. 

With the baseline parameter values, the calculated salinity was not sensitive to the 

assigned initial distribution of the saline water (Case 5). The distance from repository to 

the high salinity values is long enough and the operational phase is brief enough, so that 

the impact of the any modifications does not extend to a repository depth during the 

operational phase. However, the impact of the initial salinity of the deep groundwaters 

depends on the model parameters that govern the time scales of transport. If they are 

modified simultaneously, so that the effect of the open tunnels is more pronounced than 

in the base case, the salinity rises locally from 16 g/L (initial value) up to 80 g/L (Case 

6). At the same time the average salinity in the reference volume, however, becomes 

smaller, because of the increasing dilution of the fresh water infiltration above the 

repository. As referred to above with the lower porosities the salinity below the actual 

repository panels becomes increasingly dependent on their location. In Case 6 the 

maximum salinity at a depth of 470 metres (the bottom depth of the reference volume) 

below the panels 1−5 and the panels 6−7 ranges approximately between 20−40 g/L and 

60−75 g/L, respectively. The highest average salinity below the panels 1−5 and panels 

6−7 ranges approximately between 15−25 g/L and 25−45 g/L, respectively. 

The calculations indicate that although the thermal buoyancy has effect on the flow 

directions and slightly also on the magnitude of the flow rates, its impact on the 

upconing is low (Case 9). The maximum and average salinity in the reference volume 

are practically identical, whether the temperature rise is considered or not. However, the 

increasing hydraulic conductivity resulting from the temperature rise increases 

somewhat volumetric and mass flow rates into the reference volume. 

In the hypothetical extreme calculation case (Case 10), in which the excavation and 

backfill schedule of the repository are disregarded and all the repository tunnels were 
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assumed open instantly (without closing), the upconing will be strongest in the thin 

southwest-northeast zone extending from the panel 7 to the eastern tunnels of the panel 

2. The highest salinity occurs below the shafts and the repository panels 6 and 7, in 

which the maximum values increase from 16 g/L up to approximately 65 g/L. 

Introduction of the hypothetical eastern repository panels (also opened instantly without 

closing; Case 11) strengthens the hydraulic connection between the surface and the 

western repository rock volume increasing dilution of the disposal tunnels by fresh 

water inflow from the north-west and decreasing the overall horizontal area of influence 

of the upconing below the western panels. At a same time the salinity rises strongly 

below the eastern panels, because they are partly located outside the Well Characterised 

Area (WCA). In the flow model the lack of information on the conductive fractures 

outside the WCA has been compensated by increasing the hydraulic conductivity 

outside the WCA, which results in higher inflows into the disposal tunnels and stronger 

upconing. The maximum salinity in the eastern reference volume is approximately 70 

g/L. 

Calculated net volumetric flow rates into the reference volume around the (western) 

repository panels range approximately between 6−8 L/min during the operational phase 

and they are essentially the same in all calculation cases, in which the excavation and 

backfill schedule of the repository is considered. Only the transmissivity of HZ004 and 

the disregard of the decay heat affect the volumetric flow rates. The net mass flow rates 

into the reference volume follow mainly the corresponding volumetric flow rates, 

because the advective mass flow dominates the total mass flow over the dispersive mass 

flow. The changes in the parameters affecting the salt transport are reflected also in the 

calculated mass flow rates. Increasing dilution of the fresh water from the surface 

decreases the mass flow rates. However, as referred to above, the transmissivity of 

HZ004 has the strongest impact on the mass flow rates in the reference volume. 

Discussion on the numerical modelling 

The numerical modelling shows that locally the salinity may rise to rather high levels, 

especially below the access tunnel and the shafts, which are hold open for the whole 

operational phase of about 110 years. Considering all the calculation cases (Table 5-1) 

the maximum and minimum salinity (TDS) in the reference volume ranges between 

41−80 g/L and 0−4 g/L, respectively (see the summary of the maximum and minimum 

values in Table 7-1). The highest maximum values occur under the conditions, in which 

the parameters affecting the salt transport most (flow and diffusion porosity, 

dispersivity) have been modified simultaneously, so that the effect of the open tunnels 

would be more pronounced than in the base case, and in which the initial salinity deep 

in the bedrock has been increased. Under these conditions the saline groundwater may 

rise to rather high levels also below the southern repository panels during the short 

period of time that they are open.  The upconing below and around the access tunnel 

and the shafts lasts until the end of the repository operation. The duration of the 

recovery is roughly in the order of 1000 years (depends on the input parameters).  

The simplified (and conservative) excavation and backfill schedule (Section 4.3) 

applied in this work overestimates somewhat the upconing below the repository panels. 

In the applied conservative approach the panels are hold open one by one for 8−16 

years, which results in that the approximately 10−20 % of all the disposal tunnels are 
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open simultaneously during the operational phase. In reality each disposal tunnel is 

open and ventilated for shorter period of time and approximately 10 % of the disposal 

tunnels are open simultaneously. 

The most immediate increase in the salinity is associated with the vertical zone HZ004, 

which is indirectly connected to the ONKALO via the HZ19 and HZ20 systems. 

Although HZ004 does not intersect the repository in the current layout, it still offers a 

hydrogeological connection between the repository rock volume and the deep bedrock 

volume with highly saline water and demonstrates the significance of connections 

between the deep parts of the rock and the leaking structures of the ONKALO. 

Although the fastest salinity changes in the Well Characterized Area (WCA) occur in 

the HZs intersecting directly or indirectly the ONKALO, the upconing below the 

repository is related to the SFR, because the repository does not intersect the HZs. 

Regardless of the low conductivity, the salinity may rise high in the SFR, if the tunnels 

are open long enough. The strength of the upconing depends on the duration, whereas 

the areal extent depends on the number of open tunnels, regardless of the repository 

design.  

Although the upconing is stronger below the eastern panels, too far-reaching 

conclusions can not be made on the basis of this study (i.e. whether the central or the 

eastern rock volume is better for the repository), because the current flow model does 

not include HZs in east (the HZs extending to surface dilute the central repository rock 

volume from the north-west). In addition, a realistic modelling of the eastern repository 

panels requires a realistic excavation and backfill schedule and consideration the fact 

that incorporation of the eastern panels may extend the operational time and delay the 

termination of the final disposal, which in turn would increase the salinity below the 

access tunnel and the shafts of the ONKALO. 

Upconing on the basis of the analytic modelling 

Simplified analytical models have been applied to build confidence on the results of the 

numerical modelling and to support understanding of the processes that affect the salt 

water upconing. Analytical models can be used to assess the overall site scale tendency 

for upconing of the saline water. Local anomalies in the upconing of the deep saline 

water that are connected to e.g. hydrogeological zones can be avoided by careful design 

and planning of the repository. Repository design cannot be used to avoid consequences 

of the strong upconing of the saline water interface in the scale of the whole site and 

also through the sparsely fractured background rock. 

Estimation of the upconing and flow conditions using homogenised properties for the 

bedrock describes general trends and tendency of the movements of the saline water. 

Due to the heterogeneity small scale variations from the general behaviour are likely. 

Calculations based on the pressure balance indicate that the leakage to the 

ONKALO/central tunnel panel, that is open for 100 years, is likely to raise also deep 

saline water into the ONKALO/central tunnels. However, leakage to the disposal panels 

raises the median salinity of water into the repository tunnels, but not the brine that is in 

much greater depth below the repository. The maximum upconing is clearly dominated 

by the ONKALO/central tunnel panel that is open for 100 years. When the saline water 

transport is also considered it seems even more probable that the disposal panels, which 
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are open only for 10 years, do not cause upconing of the deep saline waters into the 

deposition tunnels. In the case of the ONKALO/central tunnel panel there is clearly 

higher probability that deep saline water enter those tunnels, especially if the flow 

porosity is low. 

Based on the results of the present analysis the simple analytical model can discriminate 

between influences of the different repository components, in this case between the 

whole repository and an individual repository panel. The conclusions are similar to 

those from numerical modelling in that the individual panels are open for too short 

period of time to develop a pronounced repository scale upconing of the deep saline 

water. Analytical and numerical models also estimate consistently that the time scale for 

the deep saline water recovery is in the order of 1000 years. 
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Table 7-1. Summary of the calculated (numerical model) maximum and minimum 

groundwater salinity in the reference volume (Figure 5-2). The calculation cases are 

summarized in Table 5-1. 

Case 
TDS [g/L] 

Max. Min. 

0 (Base case) 42 2.8 

1 
a 49 1.6 

b 52 0.8 

2 
a 51 1.4 

b 58 0.6 

3 
a 49 1.5 

b 54 0.2 

4 
a 43 3.5 

b 43 1.5 

5 
a 43 2.8 

b 44 2.8 

6 

a 63 0.1 

b 71 0.1 

c 77 0.1 

d 80 0.1 

7  49 3.2 

8  67 0.1 

9  42 2.9 

10  65 0.3 

11 

(central) 

a 42 0.2 

b 45 0.2 

11 

(east) 

a 69 0.1 

b 63 0.1 

12 

a 42 2.8 

b 42 2.8 

c 42 2.8 
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APPENDIX A: SALINITY BELOW THE REPOSITORY PANELS 
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Figure A-1. The calculated groundwater salinity [TDS, g/L] below the repository 

panels at a depth of 470m (the bottom of the reference volume) in the three calculation 

cases summarized in Table 5-1. 
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Figure A-2. The calculated groundwater salinity [TDS, g/L] below the repository 

panels at a depth of 470m (the bottom of the reference volume) in the three calculation 

cases summarized in Table 5-1. 
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Figure A-3. The calculated groundwater salinity [TDS, g/L] below the repository 

panels at a depth of 470m (the bottom of the reference volume) in the three calculation 

cases summarized in Table 5-1. 
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Figure A-4. The calculated groundwater salinity [TDS, g/L] below the repository 

panels at a depth of 470m (the bottom of the reference volume) in the three calculation 

cases summarized in Table 5-1. 
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Figure A-5. The calculated groundwater salinity [TDS, g/L] below the repository 

panels at a depth of 470 m (the bottom of the reference volume) in Case 0 (base case) 

and Case 9. The calculation cases summarized in Table 5-1. 

 

Base case 
 
 

Case 9 
 
 

Case 9 
 
 



 

 

125 

  

  
  

Figure A-6. The calculated groundwater salinity [TDS, g/L] below the repository 

panels at a depth of 470m (the bottom of the reference volume) in the three calculation 

cases summarized in Table 5-1.  
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Figure A-7. The calculated groundwater salinity [TDS, g/L] below the repository 

panels at a depth of 470m (the bottom of the reference volume) in the calculation Case 

11 summarized in Table 5-1. The results in the figure concern the western panels. 
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Figure A-8. The calculated groundwater salinity [TDS, g/L] below the repository 

panels at a depth of 470m (the bottom of the reference volume) in the calculation Case 

12 summarized in Table 5-1. 
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APPENDIX B: SALINITY AT THE VERTICAL CROSS-SECTION 
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Figure B-1. The calculated groundwater salinity [TDS, g/L] at the vertical northwest-southeast cross-section (Figure 5-2) at 95 years 

after start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open). The calculation cases are 

summarized in Table 5-1. 
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Figure B-2. The calculated groundwater salinity [TDS, g/L] at the vertical northwest-southeast cross-section (Figure 5-2) at 95 years 

after start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open). The calculation cases are 

summarized in Table 5-1. 
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Figure B-3. The calculated groundwater salinity [TDS, g/L] at the vertical northwest-southeast cross-section (Figure 5-2) at 95 years 

after start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open). The calculation cases are 

summarized in Table 5-1. 
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Figure B-4. The calculated groundwater salinity [TDS, g/L] at the vertical northwest-southeast cross-section (Figure 5-2) at 95 years 

after start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open in the base case). The 

calculation cases are summarized in Table 5-1. 
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Figure B-5. The calculated groundwater salinity [TDS, g/L] at the vertical northwest-southeast cross-section (Figure 5-2) at 95 years 

after start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open in the base case). The 

calculation cases are summarized in Table 5-1. 
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APPENDIX C: SALINITY AT THE HORIZONTAL CROSS-SECTION 
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Figure C-1. The calculated groundwater salinity [TDS, g/L] at the horizontal cross-section at a depth of 470 

m (the bottom depth of the reference volume) at 95 years after start of the ONKALO excavations (operational 

time = 80 a, calendar time = 2100 a, panel 6 open). The calculation cases are summarized in Table 5-1. 
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Figure C-2. The calculated groundwater salinity [TDS, g/L] at the horizontal cross-section at a depth of 470 

m (the bottom depth of the reference volume) at 95 years after start of the ONKALO excavations (operational 

time = 80 a, calendar time = 2100 a, panel 6 open). The calculation cases are summarized in Table 5-1. 
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Figure C-3. The calculated groundwater salinity [TDS, g/L] at the horizontal cross-section at a depth of 470 

m (the bottom depth of the reference volume) at 95 years after start of the ONKALO excavations (operational 

time = 80 a, calendar time = 2100 a, panel 6 open). The calculation cases are summarized in Table 5-1. 
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Figure C-4. The calculated groundwater salinity [TDS, g/L] at the horizontal cross-section at a depth of 470 

m (the bottom depth of the reference volume) at 95 years after start of the ONKALO excavations (operational 

time = 80 a, calendar time = 2100 a, panel 6 open in the base case). The cases are summarized in Table 5-1. 
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Figure C-5. The calculated groundwater salinity [TDS, g/L] at the horizontal cross-section at a depth of 470 

m (the bottom depth of the reference volume) at 95 years after start of the ONKALO excavations (operational 

time = 80 a, calendar time = 2100 a, panel 6 open in the base case). The cases are summarized in Table 5-1. 
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APPENDIX D: RELATIVE SALINITY AT THE HORIZONTAL CROSS- 
 SECTION 
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Figure D-1. The calculated groundwater salinity [%] relative to the maximum initial salinity (16 g/L)  at 

the horizontal cross-section at a depth of 470 m (the bottom depth of the reference volume) at 95 years after 

start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open). The 

calculation cases are summarized in Table 5-1. 
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Figure D-2. The calculated groundwater salinity [%] relative to the maximum initial salinity (16 g/L)  at 

the horizontal cross-section at a depth of 470 m (the bottom depth of the reference volume) at 95 years after 

start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open). The 

calculation cases are summarized in Table 5-1. 
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Figure D-3. The calculated groundwater salinity [%] relative to the maximum initial salinity (16 g/L)  at 

the horizontal cross-section at a depth of 470 m (the bottom depth of the reference volume) at 95 years after 

start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open). The 

calculation cases are summarized in Table 5-1. 
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Figure D-4. The calculated groundwater salinity [%] relative to the maximum initial salinity (16 g/L)  at 

the horizontal cross-section at a depth of 470 m (the bottom depth of the reference volume) at 95 years after 

start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open in the 

base case). The calculation cases are summarized in Table 5-1. 
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Figure D-5. The calculated groundwater salinity [%] relative to the maximum initial salinity (16 g/L)  at 

the horizontal cross-section at a depth of 470 m (the bottom depth of the reference volume) at 95 years after 

start of the ONKALO excavations (operational time = 80 a, calendar time = 2100 a, panel 6 open in the 

base case). The calculation cases are summarized in Table 5-1. 
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