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ABSTRACT 

The aim of the study was to improve the reliability of the Olkiluoto surface hydrological 

model that calculates the overall water balance components of Olkiluoto Island.  

ONKALO and Korvensuo reservoir were added as explicit structures to the model.  The 

model links the unsaturated and saturated soil water in the overburden and groundwater 

in bedrock to a continuous pressure system.  With the model it is possible to evaluate 

the influence of water leaking to ONKALO on groundwater level in overburden soils 

and pressure head in shallow bedrock drillholes.  

 

Anisotropy was added to the surface hydrological model and several model runs were 

carried out using anisotropy factors 1, 5 and 10. Anisotropy factor of 10 is used in the 

2008 version of the deep hydrogeological model and the same anisotropy will be used 

in future calculations of the surface hydrological model to ensure consistency of the 

parameter values in the two models.    

 

The correspondence between measured and computed groundwater levels has been 

improved due to new soil type delineation and the calibration of the soil water retention 

curve parameters. Computed groundwater level variation can be characterized by a 

measure HCOMP, which is difference between maximum and minimum value during 

the calibration period. Average HCOMP in groundwater tubes was 1.98 m and the 

corresponding measured value HMEAS was 2.08 m, i.e. the difference between 

measured and computed value was around 0.1 m (0.16 m in the 2007 version).  

Temporal variation (difference between maximum and minimum pressure head) was 

simulated well also in most of the shallow bedrock drillholes.  

 

ONKALO was added to the 2008 version of the Olkiluoto surface hydrological model.  

Influence of ONKALO is taken into account by giving the total discharge as input data 

from existing measurements or from calculations of the deep hydrogeological model of 

the Olkiluoto Island.  The computed results show that ONKALO has a temporal effect 

on groundwater level in the overburden during periods when supply (rainfall or 

snowmelt) to overburden is low but influence of water leaking to ONKALO disappears 

almost totally after rainy periods.  Effect of ONKALO on pressure heads in the shallow 

bedrock drillholes is much more pronounced than in overburden tubes. However, the 

effect of ONKALO is almost totally reversible in all shallow bedrock drillholes when 

total inflow to ONKALO is at the present measured level (17-20 l/min or 25-30 m
3
/d).  

 

The results obtained from the surface hydrological model support the earlier 

geochemical and isotope measurements that there has been infiltration from the 

Korvensuo reservoir before the construction of ONKALO started. The computed results 

indicate that there has been at least a slight increase in estimated outflow rate from the 

Korvensuo reservoir after the construction of the ONKALO. 

  

Keywords:  Hydrology, infiltration, recharge, anisotropy, ONKALO, bedrock, 

groundwater, fracture zone, particle tracking 

 



Olkiluodon pintahydrologian mallin kehitystyö vuoden 2008 aikana 

TIIVISTELMÄ 

Olkiluodon pintahydrologian kuvaamiseen kehitettyä mallia parannettiin tämän 

projektin aikana. Mallia muokattiin niin, että ONKALOn ja Korvensuon altaan vaikutus 

pystytään ottamaan mallissa huomioon. Mallin rakennetta muutettiin myös niin, että 

veden virtaus kyllästymättömässä vyöhykkeessä pohjavedenpinnan yläpuolella, täysin 

vedellä kyllästyneessä pohjavesivyöhykkeessä ja sen alapuolella olevassa kallioperässä 

ratkaistaan samanaikaisesti 3D-mallilla.  

 

Malliin lisättiin mahdollisuus antaa lähtötietona hydraulisen johtavuuden vaaka- ja 

pystysuuntaisille komponenteille erisuuruiset arvot. Samaa tarkastelutapaa käytetään 

VTT:n kehittämässä syvän kalliopohjaveden mallissa, jossa kallioperän ylimmässä 50 

m kerroksessa pystysuunnan K-arvo on 10 kertaa pienempi kuin vaakasuuntainen 

hydraulinen johtavuus.  Samaa anisotropiakerrointa käytettiin myös pintahydrologian 

mallissa, jossa kallioperä on kuvattu 1000 m syvyyteen saakka.  

 

Olkiluodon saarella tehdyn maaperäluokituksen mukaan suurin osa saaren pohjamaasta 

on hiekkamoreenia tai hienojakoisempaa moreenia.  Näiden kahden maalajin alueella on 

myös suurin osa pohjavedenpinnan tarkkailuun käytetyistä PVP-putkista. Mallin toimi-

vuutta parannettiin jakamalla moreenialueet useampaan alaluokkaan ja kalibroimalla 

näille vedenpidätyskäyrän parametrit erikseen. Uusien maalajiluokkien erotteleminen 

paransi mallin luotettavuutta kun kriteerinä käytetään koko laskentajakson (01.05.2001-

31.12.2007) pohjavedenpinnan vaihteluväliä eli mitatun maksimin ja minimin erotusta 

HMEAS.  Kaikkien pohjavesiputkien mitattu keski-määräinen HMEAS oli 2.08 m ja 

vastaava laskettu arvo HCOMP oli 1.98 m. Mitattujen ja mallilla laskettujen paine-

korkeuksien vaihteluväli kallioperän matalissa havainto-putkissa oli myös samaa 

suuruusluokkaa.  

 

Mallin tulosten mukaan ONKALOn vuotovedet aiheuttavat pohjavedenpinnan tila-

päisen aleneman niinä ajanjaksoina, jolloin sadanta tai sulanta on pieni. ONKALOn 

vaikutus näyttää kuitenkin olevan palautuva eli syyssateiden jälkeen pohjavedenpinta 

nousee lähes samalla tasolle riippumatta siitä onko ONKALOn vaikutus otettu 

huomioon vai ei.  ONKALOn vuotovesillä on jonkin verran suurempi vaikutus matalien 

kallioputkien painekorkeuksiin, mutta alenema on näissäkin havaintopisteissä lähes 

kokonaan palautuva, jos ONKALOon virtaavien vesien kokonaismäärä on nykyisten 

mittausten mukaisella tasolla (17-20 l/min eli 25-30 m
3
/d).     

 

Pintahydrologian mallin tulokset tukevat aikaisemmin tehtyjä geokemiallisia 

tutkimuksia ja isotooppimittauksia joiden mukaan Korvensuon altaasta on suotautunut 

vettä jo ennen kuin ONKALOn rakentaminen alkoi. Mallin mukaan ONKALOn 

rakentaminen on lisännyt jonkin verran Korvensuon altaasta purkautuvia vesimääriä. 

  

Avainsanat: Sadanta, hydrologia, infiltraatio, suotauma, anisotropia, pohjavesi, 

kalliopohjavesi, ruhjevyöhyke, partikkelien kulkeutuminen   
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1  INTRODUCTION 

 

Spent fuel from Finnish nuclear reactors in Olkiluoto and Loviisa is planned for final 

disposal in a KBS-3 type repository to be constructed at a depth of between 400 and 600 

meters in the crystalline bedrock at the Olkiluoto site. The suitability of the Olkiluoto 

site for a spent fuel repository has been investigated for about twenty years by means of 

ground and air-based methods and shallow and deep drillholes. Moreover, several type 

of simulations have been developed to generalize the results obtained from the 

monitoring programme.  In July 2004 Posiva began to construct an underground rock 

characterization facility called ONKALO, which according to plans will reach the 

repository level of -437 m by the end of year 2009. The construction of ONKALO and 

the subsequent construction of the repository will affect the surrounding rock mass and 

the groundwater flow system. It will also affect the chemical environment, not only on 

the surface but also, and to a greater extent, at depth. While many of these changes may 

be reversible, some may be only partially reversible and some irreversible. In order to 

determine the magnitude and extent of such effects, a monitoring system has been set up 

to measure the resulting changes (Vaittinen at al. 2008). 

 

Olkiluoto surface hydrological model is one tool that is used to study the water balance 

components on Olkiluoto Island and to evaluate the effect of ONKALO on groundwater 

level in overburden soils and in shallow bedrock drillholes. The first version of the 

surface and near-surface hydrological model was developed during 2007 (Karvonen 

2008).  The uncertainty analysis carried out in the first modeling stage revealed many 

points where the model set-up and model parameterization can be improved.  The 

purpose of this project is to increase the reliability of the modeling system and add those 

process descriptions which were not yet included in 2007 version of model. The most 

important tasks are to include ONKALO and Korvensuo reservoir explicitly in the 

model.   

 

The total number of overburden tubes from which regular groundwater level 

measurements are available is 29.  Seventeen OL-PVP-tubes out of 29 are located on 

fine-textured till and 9 tubes are located on sandy till soil so that totally 26 tubes out of 

29 are situated on two major soil types classified by METLA on Olkiluoto Island 

(Karvonen 2008).  Therefore, it was difficult to calibrate the parameters of two most 

important soil types in such a way that measured and computed groundwater levels 

would be in very good agreement in all the OL-PVP-tubes. The two most important soil 

types have to be divided to sub classes with different soil water retention curve 

parameters.  Moreover, new soil types need to be defined below and around the 

Korvensuo reservoir. All the groundwater tubes and shallow drillholes referred to in this 

report are at the ground level. OL prefix referring to a ground level hole is not used 

from here on. 

 

A very essential input data needed by the Olkiluoto surface hydrological model are the 

soil surface and bedrock elevation data for the computational cells.   Inverse distance 

weighted (IDW) technique using four nearest points was utilized in the first version of 

the model (Karvonen 2008).  However, many other models and mathematical toolboxes 

used by Posiva (e.g. UNTAMO) utilize ArcView-programs and their interpolation 
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routines.   To ensure that different models and toolboxes use the same the input data for 

elevation contours it is necessary to add an additional option to surface hydrological 

model so that it can use ArcView raster as input data. 

 

The hydraulic properties of the bedrock have been determined based on measured 

transmissivities in boreholes. Due to a relatively large number of such measurements, 

the derived, representative values of the bedrock hydraulic properties on the site scale 

can be judged to be properly established. In the 2007 version of the surface hydrological 

model no anisotropy was assumed.  However, the possibility of having greatly 

anisotropic vertical components of the hydraulic conductivity has not been examined 

yet and this is one specific goal of this project. 

 

According to existing observations carried out in the overburden PVP-tubes and in 

shallow bedrock holes, the construction of ONKALO has caused only very small 

changes in groundwater level in the overburden (Vaittinen at al. 2008).  The effects on 

head deeper in the bedrock have been both short-term and long-term.  Is it possible that 

hydrogeological zones can transport water from the overburden to the ONKALO 

without influencing the groundwater level in the overburden?  Does this feedback 

mechanism exist and how much can it influence on recharge rate? 

 

Korvensuo reservoir might influence the geochemical evolution of the deep bedrock 

groundwater. Possible pathways of intrusion of the fresh water from the Korvensuo 

reservoir to the ONKALO must be examined.  The suggested method to study the effect 

of Korvensuo reservoir is to extend the new small scale surface hydrological model far 

enough to allow calculation of flow field both in the overburden and shallow bedrock 

around the Korvensuo reservoir. Particle tracking modelling will also be used to 

examine the direction of water flowing out of the Korvensuo reservoir.  
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2  IMPROVEMENT OF PROCESS DESCRIPTIONS, MODEL SET-UP AND 
 MODEL PARAMETERIZATION 

2.1  Addition of ONKALO to the model   
 

The earlier version of the model did not include the influence of ONKALO at all.  The 

coordinates of the tunnels leading to the final repository site are now included in the 

model set-up.  The coordinates of the ONKALO have been so far stored down to the 

final repository depth (around 420 m below sea level; ONKALO layout 24.05.2007).  

New tunnels can be added as the construction of the final repository tunnels proceeds 

during the next years. In calculations it is possible to include only part of the tunnel 

system and in this way it is possible to predict the influence on ONKALO on 

groundwater levels at various stages of the tunnel construction. The main tunnels 

included in the present version of the surface hydrological model are shown in Fig. 2-1.  

The upper graph shows the layout of the tunnels as plan view and the lower graph 

shows the location of the ONKALO tunnels as a 3D-illustration including three main 

hydrogeological zones that intersect ONKALO (HZ19A, HZ19C and HZ20A).    

  

The present version of the surface hydrological model is not capable of predicting the 

amount of leakage to tunnels.  This can be done with the existing hydrogeological 

model (FEFTRA-model by Löfman and Meszaros, 2005; Posiva 2007).  Influence of 

ONKALO is taken into account by giving the total discharge as input data from existing 

measurements or from calculations of the FEFTRA-model.  The tunnels of ONKALO 

are treated as a system of multiple sinks located at the cells which are intersected by the 

tunnels. The total discharge is divided between different grids based on depth, tunnel 

length in each grid and hydraulic conductivity of the bedrock and transmissivity of the 

HZ-zones.  The measured data used as model input data is shown in Fig. 2-2 indicating 

that most of the leakage happens in the uppermost 125 m of the bedrock (chainage 1255 

m).   Fraction of water taken up from bedrock matrix and hydrogeological zones are 

computed based on water conducting capacity of the bedrock (hydraulic conductivity 

multiplied with area) and HZ-zones (transmissivity multiplied with fracture length). 

 

2.2  Addition of Korvensuo reservoir to the model  
 

Korvensuo reservoir is used to supply water to the power plant and flushing water for 

drilling operations and for the ONKALO construction project.  The interpretations of 

chemical and isotopic data (Pitkänen et al. 2004, 2007) show that water infiltrated from 

the Korvensuo reservoir has influenced the current groundwater compositions at the site 

especially in the vicinity of the reservoir.  Therefore, it was necessary to add the 

Korvensuo reservoir explicitly to the surface hydrological model as a time-dependent 

boundary condition (measured water level in the reservoir).  Model computes seepage 

through the embankments of the reservoir. Vaittinen et al. (2008) have shown results of 

Korvensuo reservoir water balance computations based solely on measured water 

balance components: pumping into and out of the reservoir and direct precipitation and 

evaporation from the surface.  Outflow computed by the surface hydrological model 

will be compared with the results of the water balance calculations (see Chapter 3).   
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Figure 2-1. a) Main tunnels of ONKALO (areal map). b) Tunnels of ONKALO as 3D 

illustration (ONKALO layout 24.05.2007). Three of the main hydrogeogical zones 

HZ19A, HZ19C and HZ20A that intersect the ONKALO tunnel are shown in the graph.  
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Figure 2-2. Observations of cumulative leakages in measuring weirs ONK-MPL208, 

ONK-MPL580, ONK-MPL1030, ONK-MPL1255, and total leakage. The chainage of 

the total leakage measurement is also shown (Vaittinen et al. 2008).  

 

2.3  Number of soil types and soil hydraulic properties 
 

The total number of overburden tubes from which regular groundwater level 

measurements are available is 29.  Seventeen PVP-tubes out of 29 are located on fine-

textured till and 9 tubes are located on sandy till soil so that totally 26 tubes out of 29 

are situated on two major soil types classified by METLA on Olkiluoto Island 

(Karvonen 2008). Therefore, it was difficult to calibrate the parameters of two most 

important soil types in such a way that measured and computed groundwater levels 

would be in very good agreement in all the PVP-tubes. Groundwater level variation in 

overburden was simulated relatively well but timing of peaks (rise and fall of 

groundwater level) was in some cases delayed or too early. There are several reasons for 

the timing problem in addition to the too low number of soil types:  1) incorrect shape 

of the soil water retention curves, 2) too low resolution of the computational grid and 3) 

inaccuracy in the thickness of the overburden soil layers. Pressure head variation in the 

shallow bedrock drillholes follows quite closely the groundwater level variations and 

therefore, the same type of calibration problems were encountered in shallow PP- and 

PR-drillholes than in the overburden PVP-tubes.    

 

The two most important soil types were divided to sub classes with different soil water 

retention curve parameters. Delineation of new soil types is shown in Fig. 2-3. 

Moreover, two new soil types were defined below and around the Korvensuo reservoir 

(bottom of the reservoir and embankments).  New soil type delineation is used only in 

selecting the parameters of the soil water retention curve. The land use type (patch type) 
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remains the same than in previous version of the surface hydrological model. Those 

parameters which influence e.g. evapotranspiration and interception were not changed 

from their original values.  

 

Automatic calibration procedure using the gradient method was applied to estimate the 

van Genuchten model parameters.  Initial values for the parameters were taken from the 

2007 version of the Olkiluoto surface hydrological model (Karvonen 2008). Saturated 

hydraulic conductivity was taken from the results of the slug tests carried out in 

previous studies (Tammisto et al. 2005; Tammisto and Lehtinen 2006; Keskitalo and 

Lindgren 2007) and these values were not changed during the calibration process.  

Calibration results are shown in Chapter 3 and in appendices A, B and C. 

 

   

 
 

Figure 2-3.  New soil type delineation around the ONKALO area.   

 

 

2.4  Soil surface and bedrock elevation data  
 

A very essential input data needed by the Olkiluoto surface hydrological model are the 

soil surface and bedrock elevation data for the computational cells.   Inverse distance 

weighted (IDW) technique using four nearest points was utilized in the first version of 

the model (Karvonen 2008).  This interpolation routine has been built inside the 

Olkiluoto surface hydrological model. However, many other models and mathematical 

toolboxes used by Posiva (e.g. UNTAMO) utilize ArcView-programs and their 
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interpolation routines.   To ensure that different models and toolboxes use the same the 

input data for elevation contours it was necessary to add an additional option to surface 

hydrological model so that it can use ArcView-results as input data. 

 

ArcView can interpolate elevation contours from a set of elevations points (x-,y-

coordinates and the corresponding soil surface or bedrock elevation).  In Olkiluoto case 

around 160 000 soil surface points and around 11 000 bedrock elevation points were 

available for creating elevation contours.  Spatial Analyst toolbox was used to 

interpolate a regular 5x5 m
2
 grid over the whole area.  This grid was exported from 

ArcView to ASCII-raster, which can be used as input data in the surface hydrological 

model. The ASCII-raster is stored in the format given in Table 2-1. 

 

Table 2-1.  ASCII-raster format used in the Olkiluoto surface hydrological model for 

interpolation of soil surface and bedrock elevation data. 

 

ncols         1752      !number of columns in the grid 

nrows        1602  !number of rows in the grid 

xllcorner     1520946  !x-coordinate of the lower left corner of the raster 

yllcorner     6788995  !y-coordinate of the lower left corner of the raster 

cellsize      5   !cell size in m 

NODATA_value  -9999 !missing value indicator 

-8.232755 -8.172149 -8.0273….     !the data, one row includes ncols data points 

… 

 

The new algorithm for finding elevation to arbitrary point in the computational area is 

based on the principle that raster cell of the desired point is located first and then the 

elevation of the point is interpolated from the four nearest data points of the raster grid. 
 

2.5  Interface between overburden and bedrock  
 

The Richards’ equation can be used to solve water flow both in the overburden and in 

the bedrock. The most important difference between overburden and bedrock solutions 

is that in the overburden the equation is very non-linear due to the soil water retention 

curve and unsaturated hydraulic conductivity function, whereas in the bedrock system 

the equation is linear if the bedrock remains saturated.  This is usually the case on 

Olkiluoto Island. In the 2007 version of the Olkiluoto surface hydrological model 

overburden and bedrock were solved separately (Karvonen 2008). The Richards 

equation was solved successively for bedrock and overburden during one time step.  In 

the computer program the overburden was calculated first by assuming that bedrock 

pressure heads are constant during one time step.  Recharge out of the overburden was 

calculated for all cells as the flux through the bottom of the system by taking bedrock 

pressure head values from the previous time step.  These recharge values were used as 

upper boundary condition for the bedrock system for the next time step.   

 

The biggest drawback of the previous version was its incapability to handle properly 

cases when overburden layers are totally unsaturated. This can happen after long dry 

periods if the overburden layers are shallow. Moreover, leakage to ONKALO may 

cause that some areas around the hydrogeological zones might be locally and 
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periodically unsaturated.  In the new version of the model overburden and bedrock were 

combined into one single numerical solution and overburden-bedrock interface can be 

seen as the layer where hydraulic properties change from soil values to bedrock data. 

The model links unsaturated and saturated soil water in the overburden and groundwater 

in bedrock into one continuous pressure system. Soil water retention curve parameters 

have to be defined separately for overburden soils and bedrock (see Table 2-2 and 

Chapter 3). Flux at the interface between overburden and bedrock can be calculated 

since the location of the first bedrock node in the vertical direction can be obtained from 

bedrock elevation data.  
  

2.6  Treatment of anisotropy in shallow bedrock 
 

The recharge results calculated with the first version of the model were carried out by 

assuming that vertical and horizontal hydraulic conductivities in the bedrock are the 

same. The anisotropy factor of the 2006 version of deep bedrock hydrogeological model 

was 60 (Löfman and Meszaros 2005; Posiva 2007). In the most recent calibration of the 

hydrogeological model the vertical anisotropy coefficient has been reduced to 10 

(Löfman and Meszaros 2009). The parameter values of the 2008 version of hydro-

geological model are shown in Table 2-2. The same hydraulic conductivity values are 

used in the Olkiluoto surface hydrological model. During 2008 simulations were carried 

out with the surface hydrological model using the same anisotropy factor 10. The results 

indicated (see Chapter 3) that increase in anisotropy factor - decrease in vertical 

hydraulic conductivity in the uppermost 50 m – has a very small effect on pressure 

heads in the shallow bedrock and no influence on the overburden groundwater levels. 

The same anisotropy factor 10 will be used in future calculations of the surface 

hydrological model to ensure the consistency of the parameters of the two models. 

Reduction of vertical hydraulic conductivity compared to horizontal value can also be 

motivated by the fact that most of the fracture zones are not vertical but inclined which 

implies that horizontal component tends to be larger than the vertical one.  

 

The suggested method to reduce the uncertainty in the process description of recharge is 

to compare measured and computed gradients between overburden and shallow bedrock 

drillholes. This will include a thorough examination of the time dependent changes in 

PVP- and shallow bedrock holes located close to each other. This kind of analysis 

necessitates that a much denser grid has to be developed around the ONKALO area 

where most of the holes are located.   
 

2.7  Treatment of the hydrogeological zones  
 

The first version of the Olkiluoto surface hydrological model (Karvonen 2008) 

embedded the hydrogeological zones as 3D structures in the finite volume solution. This 

approach works well in steady state and in near steady state situations when calculating 

long term average recharge rates. However, e.g. pumping causes sudden changes in the 

pressure heads. Measured hydrogeological responses to various field activities strongly 

suggested that HZ-zones can transmit the pressure effect very fast even to 1 km distance 

from the location of the pumping well. It is uncertain if this type of fast response can be 

handled with the first version of the surface hydrological model and therefore two new 
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approaches have been developed. The present version of the Olkiluoto surface 

hydrological model has now three options which can be used to calculate the influence 

of the hydrogeological fracture zones (HZ-zones) on water flow on the Olkiluoto Island.  

A brief description of these methods is given below. 

 

 
 

Figure 2-4. The most important hydrogeological zones around the ONKALO area and 

their description using triangular finite elements (thin plates in 3D space). 

 

Method 1 

 

In the original version of the model pressure head in the rock matrix and in the fracture 

zones are the same at certain grid cell which simplifies the solution: there is only one 

pressure head variable to be solved for each grid cell.  Transmissivity T of the fracture 

zones has been measured and in this model version T-values have to be converted into 

equivalent hydraulic conductivity values Keq in the cells which are intersected by the 

hydrogeological zones.  This is carried out by dividing T-values with LX, LY and LZ, 

which denote the length of the intersection line of grid cell and HZ-zone in x-, y- and z-

direction, respectively. 

 

Method 2 

 

In method 2 it is assumed that pressure heads in the rock matrix and fracture zones are 

not the same, i.e. there is a small difference between these pressure heads inside each 

grid cell.  If pressure head in the matrix, HM, is higher than pressure head in the 

fractures, HF, there will be a small flow from matrix to the fractures. If HF is greater 

than HM water will flow from HZ-zones to the matrix.  In method 2 there are two 

pressure head values that need to be computed at the same time in each grid cell.  
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Moreover, the water transfer term has to be included in the computation which adds the 

number of parameters to be calibrated.  The discussion of the possibilities to use method 

2 in Olkiluoto case will be discussed in Chapter 3. 

 

Method 3 

 

In reality HZ-zones are thin plates located in 3D space and a more realistic way to treat 

them in the model is to include them as explicit structures and calculate water flow in 

these zones using finite element method.  In method 3 hydrogeological zones are solved 

using triangular network of elements (see Fig. 2-4).  The solution is iterative between 

the matrix and the hydrogeological zones. Development of method 3 can be motivated 

due to the particle tracking algorithms. Flow velocity in the hydrogeological zones will 

be much higher than in the matrix and explicit treatment of HZ-zones simplifies the 

particle tracking approach since the fractures are explicitly included in the model. The 

drawback of the method is that new parameters are needed for calculation of the 

interaction term between matrix and fracture zones. 

 

Table 2-2.  The hydraulic properties (the hydraulic conductivity K, 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 2006 (Andersson et al. 2007) 

and the flow model 2008 (Ahokas et al. 2008).  The values represent the bedrock inside 

well-characterized area (WCA). A five-fold conductivity is used outside the WCA.  

Interpretation K2 was selected as base value, with anisotropy factor of 10 in the 

uppermost 50 m layer of rock (i.e. the vertical component of K2 was decreased 10 

1.0·10
-8

 m/s) (taken from Löfman and d Meszaros 2009). 
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2.8  Particle tracking algorithm  
 

Hydraulic conductivity and transmissivity vary spatially very rapidly and it can be 

expected that this variability is also reflected in the spatial pattern of infiltration and 

water movement in the shallow bedrock.  Hydrogeological zones do also influence 

significantly the flow patterns around the ONKALO area. The role of the overburden 

characteristics and topographical sloping complicate the picture.  In several tasks of the 

present study it is necessary to be able to calculate flow paths both in the overburden 

and in the shallow bedrock system. These tasks include calculation of spatial pattern of 

infiltration at different depths, estimation of the role of hydrogeological zones in 

recharge computations and in contributing inflow to ONKALO and computation of flow 

patterns around the Korvensuo reservoir. 

 

Particle tracking algorithm will be used to calculate the flow paths of hypothetical 

particles as they are transported by water flow within the model volume. The particles 

can be located initially either in the overburden soils or in shallow bedrock at various 

depths.  Particle tracking is a very commonly used method to quantify and visualize 

water movement in a hydrological system.  The method is based on placing 

dimensionless (or hypothetical) particles at various locations inside the computational 

area.  Each particle is moved inside the grid depending on the 3D velocity field 

computed by the model as given by Eq. (2-1): 

 

    

ZZttt

YYttt

XXttt

tVZZ

tVYY

tVXX



















      (2-1) 

 

where Xt, Yt and Zt (m) are x-,y- and z-coordinates of the initial location of the particle 

at the beginning of time step t  (d).  Xtt, Yttt and Ztt are coordinates of the particle 

at the end of the time step and velocities in three directions are denoted by VX, VY and 

VZ (m d
-1

).  It is also possible to add a random component X, Y and Z (m) in each 

direction.  Random component is very often linked with the velocity vector: the higher 

the velocity, the greater the random term. So far the random term has not been used in 

the computations.  
 

2.9  Computational grids 
 

A multi-grid system has been developed for to carry out more detailed computations 

around the ONKALO area.  The Korvensuo reservoir is included inside the finer grid. 

The multi-grid system is based on the idea that the coarser primary grid is calculated 

first and it provides boundary conditions for the finer grid: the pressure head along the 

boundary of the finer grid is interpolated from the results of the coarser grid.  The 

primary and secondary grids are shown in Fig. 2-5.  The primary grid has 120x65x15 

cells and area of one computational node is 45x45 m
2
.  The area of one node of the 

secondary grid is 15x15 m
2
 (114x63x15 cells).  The size of the computational grid is a 

compromise between accuracy and execution time of one computer run.  Most of the 

simulations were carried out for a period of 7,5 years (01.05.2001-31.12.2007) and it 

takes around 12 h to compute one run.  
 



14 

 

 
 

Figure 2-5.  The computational grids of the 2008 version of the Olkiluoto surface 

hydrological model. 
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3  RESULTS 

3.1  Interpolation of soil surface and bedrock elevation data 
 

Soil surface and bedrock elevation contours created by ArcView are shown in Figs. 3-1 

and 3-2.  Point to raster data were interpolated to 5x5 m
2
 grid. Olkiluoto surface 

hydrological model needs soil surface and bedrock elevation data at corner and center 

points for each computational cell.  The elevation data for the computational grid was 

interpolated using both the existing IDW-algorithm of the Olkiluoto surface 

hydrological model and interpolation from the raster data created by the ArcView.  The 

difference between average soil surface and bedrock elevations computed by the two 

methods was less than 0.05 m for soil and bedrock elevation data indicating that both 

methods can be used to compute the elevation input data for the model.  In future 

computations the raster method will be used to ensure consistency of input data with 

other models and toolboxes utilized by Posiva. The tools that utilize ArcView include 

e.g. UNTAMO, which is used to create terrain and ecosystem forecasts needed in long-

term radionuclide transport models.   

 

 
 

Figure 3-1.  Surface elevation at the Olkiluoto Island and in surrounding areas.  Raster 

map created using ArcView-program from 160 000 elevation points. 
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Figure 3-2.  Bedrock elevation at the Olkiluoto Island and at surrounding areas.   

Raster map created using ArcView-program from 11 000 elevation points. 

 

 

3.2  Influence of anisotropy 
 

The hydraulic properties have been determined based on measured transmissivities in 

drillholes. Due to a relatively large number of such measurements, the derived, 

representative values of the bedrock hydraulic properties on the site scale can be judged 

to be properly established. However, the possibility of having greatly anisotropic 

vertical components of the hydraulic conductivity has not been examined yet.  In the 

2007 version of the surface hydrological model no anisotropy was assumed (Karvonen 

2008. 

 

Anisotropy was added to the surface hydrological model and several model runs were 

carried out using anisotropy factors 1, 5 and 10.  Three different hydraulic conductivity 

values for the uppermost 50 m were tested: 1.0x10
-7

, 3.0x10
-7

 and 5.0x10
-7

 m/s.  The 

lowest value used - 1.0x10
-7

 m/s - is closest to the measured values and recharge values 

computed using this conductivity values can be compared with the results of the 

previous version of the surface hydrological model.   

 

The results of the anisotropy calculations have been shown in Figs. 3-3 and 3-4.  Both 

the influence of ONKALO and anisotropy on computed recharge rates can be seen from  

the graphs.  The results indicate that increase in anisotropy factor - decrease in vertical 

hydraulic conductivity in the uppermost 50 m – has a pronounced effect on computed 

recharge through the bedrock to the sea.  For horizontal K-value KH=1.0x10
-7

 m/s 

computed recharge decreased from 1.5 % to approximately 0.6 % from the yearly 

precipitation in the situation before the construction of the ONKALO when anisotropy 

factor was increased from one to ten (see upper graph of Fig. 3-3).  The corresponding 

change in estimated recharge was from 1.7 % to 0.8 % if leakage to ONKALO is 

approximately 30 m
3
/d (lower graph of Fig. 3-3).   



17 

 

 

 
 

Figure 3-3.  Influence of ONKALO and anisotropy on recharge to bedrock.  The results 

are given for the whole Olkiluoto Island. Three different K-values for the horizontal 

hydraulic conductivity in the uppermost 50 m of the bedrock were used: KH=1.0x10
-7

, 

3.0x10
-7

m and 5.0x10
-7

m/s and three anisotropy factors (1, 5 and 10) for vertical 

hydraulic conductivity in the uppermost 50 m of the bedrock were tested. a) Computed 

recharge from overburden to bedrock before construction of ONKALO (% from yearly 

average precipitation).  b) Computed recharge when leakage to ONKALO is 30 m
3
/d. 

 

Computed recharge to bedrock for the area around ONKALO – i.e. finer grid shown in 

Fig. 2-5 - is given in Fig. 3-4.  In this area the influence of ONKALO is much higher 

than for the whole island.  Computed recharge through the bedrock is increased around 

from 1.8 % to 3.5 % due to water leaking to ONKALO when anisotropy factor is one 

and from 0.6 % to 2.5 % in the case that vertical hydraulic conductivity is 10 times 

smaller than the horizontal value (KH=1.0x10
-7

m/s). 
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Figure 3-4.  Influence of ONKALO and anisotropy on recharge to bedrock.  The results 

are given for the area around ONKALO (approximately 1 km
2
). Three different K-

values for the horizontal hydraulic conductivity in the uppermost 50 m of the bedrock 

were used: KH=1.0x10
-7

, 3.0x10
-7

m and 5.0x10
-7

m/s and three anisotropy factors (1, 5 

and 10) for vertical hydraulic conductivity were tested. a) Computed recharge from 

overburden to bedrock before construction of ONKALO (% from yearly average 

precipitation).  b) Computed recharge when leakage to ONKALO is 30 m
3
/d. 
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It can be seen from Figs. 3-3 and 3-4 that anisotropy has a strong effect of computed 

recharge through the bedrock to the sea. The next step is to compare how ONKALO and 

anisotropy influence computed groundwater levels in the overburden PVP-tubes and in 

shallow bedrock drillholes (PP-, PR- and L-tubes).  Location of ONKALO tunnels and 

tubes PVP18A, PP2, PP5, PR1, L3/1 and L16/1 is shown in Fig. 3-5.   

 

The influence of anisotropy (decrease in vertical hydraulic conductivity) in the 

uppermost 50 m of the bedrock (increase in anisotropy factor) on groundwater level in 

overburden PVP-tubes can be seen from Figs. 3-6 and 3-7.  In the overburden results 

with and without ONKALO are shown only for tube PVP18A (Fig. 3-6). Anisotropy 

seems to have practically no influence on the overburden groundwater levels in tube 

PVP18A.  However, a small influence of ONKALO on groundwater level in tube 

PVP18A can be seen in Fig. 3-6 at the end of the computation period. 

 

 

 
 

Figure 3-5.  Location of ONKALO tunnel, overburden tubes (PVP) and shallow 

bedrock drillholes (PP, PR and L). The computed results from tubes PVP2, PVP17, 

PVP18A, PP2, PP5, PR1, L3/1 and L16/1have been used to evaluate the influence of 

anisotropy on groundwater level in the overburden and pressure head in the shallow 

bedrock.   

 

Results for overburden tubes PVP2 and PVP17 are shown in Fig 3-7. Tube PVP2 is 

located above ONKALO area and PVP17 is situated south of ONKALO area (see Fig. 

3-5).  Horizontal hydraulic conductivity in the uppermost 50 m of the bedrock was 

KH=1.0·10
-7

 and ONKALO leakage was the measured value.  Three anisotropy factors 

(1, 5 and 10) were used for vertical hydraulic conductivity in the uppermost 50 m of the 
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bedrock.  Decrease in vertical hydraulic conductivity in the uppermost 50 m of the 

bedrock has an influence on groundwater level in the tube PVP2 located above the 

ONKALO but not in tube PVP17 which is located around 150 m south of the ONKALO 

tunnel.  In tube PVP2 the influence on anisotropy can be best seen during periods when 

depth to water table from soil surface is high (groundwater level is low).  After 

intensive rainfalls the effect of anisotropy is negligible.  Anisotropy does not have any 

effect on groundwater level in the overburden tube PVP17A. 

  

 

 
Figure 3-6.  Influence of ONKALO and anisotropy on groundwater level in the tube 

PVP18 located above the ONKALO.  Three different K-values for the horizontal 

hydraulic conductivity in the uppermost 50 m of the bedrock were used: KH=1.0x10
-7

, 

3.0x10
-7

m and 5.0x10
-7

m/s and three anisotropy factors (1, 5 and 10) were used for 

vertical hydraulic conductivity in the uppermost 50 m of the bedrock.  

 

Combined effect of anisotropy and ONKALO on pressure heads in the shallow bedrock 

drillholes PP2, PP5, PR1, L3/1 and L16/1 is shown in Figs. 3-8 and 3-9.  The influence 

of anisotropy is bigger in shallow bedrock drillholes compared to overburden tubes.  

The reason for this is that bedrock is transport limited and decrease of vertical hydraulic 

conductivity in the uppermost 50 m slightly reduces the transport capacity of the 

system.  This implies that bigger hydraulic gradient is needed if the same amount of 

water is flowing in the bedrock.  The relatively high horizontal hydraulic conductivity 

in the uppermost 50 m, 1.0·10
-7

 m/s, dampens the effect of anisotropy in the shallow 

bedrock drillholes.  Anisotropy factor of 10 is used in the 2008 version of the deep 

hydrogeological model (Löfman and Meszaros 2009) giving very good results for 

computed pressure head profiles in the whole bedrock system.  The same anisotropy 

factor 10 in the uppermost 50 m of the bedrock will be used in future calculations of the 

surface hydrological model to ensure the consistency of the parameters of the two 

models.    
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Figure 3-7. Influence of anisotropy on groundwater level in tubes PVP2 located above 

ONKALO area and PVP17 situated south of ONKALO area.  Horizontal hydraulic 

conductivity in the uppermost 50 m of the bedrock was KH=1.0x10
-7

. Three anisotropy 

factors (1, 5 and 10) were used for vertical hydraulic conductivity in the uppermost 50 

m of the bedrock. Measured values were used for leakage to ONKALO (around 30 m
3
/d 

at the end of the year 2007). 
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Figure 3-8.  Influence of ONKALO and anisotropy on pressure heads in shallow 

bedrock drillholes PP2, PP5 and PR1.  Three different K-values for the horizontal 

hydraulic conductivity in the uppermost 50 m of the bedrock were used: KH=1.0x10
-7

, 

3.0x10
-7

m and 5.0x10
-7

m/s and three anisotropy factors (1, 5 and 10) for vertical 

hydraulic conductivity in the uppermost 50 m of the bedrock were tested. 
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Figure 3-9.  Influence of ONKALO and anisotropy on pressure heads in shallow 

bedrock drillholes L3/1 and L16/1.  Three different K-values for the horizontal 

hydraulic conductivity in the uppermost 50 m of the bedrock were used: KH=1.0x10
-7

, 

3.0x10
-7

m and 5.0x10
-7

m/s and three anisotropy factors (1, 5 and 10) for vertical 

hydraulic conductivity in the uppermost 50 m of the bedrock  were tested.  
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3.3  Groundwater level in overburden PVP-tubes 
 

The purpose of this section is to present the comparison of measured and computed 

groundwater level in the overburden PVP-tubes. New soil type delineation shown in 

Section 2.3 was used. Overburden soil water retention curve parameters were calibrated 

using the gradient method.  The van Genuchten soil water retention curve parameters 

are shown in Appendix A (Table A-1). Hydraulic properties of the bedrock system are 

given in Table 2-2 and they are the same that are used in the deep hydrogeological 

model (Löfman and Meszaros 2009). Anisotropy factor in the uppermost 50 m of the 

bedrock was 10.   

 

Measured and computed groundwater levels in overburden tubes are given in eight 

tubes in Figs. 3-10 and 3-11 and also for eight tubes in Appendix B.  The computation 

period was 01.05.2001-31.12.2007. Groundwater level has been measured in 29 PVP-

tubes in 20 different locations but some of them have been left under constructed areas 

and therefore only 16 graphs are shown.  In some tubes there are A, B and C-tubes at 

different levels in the overburden and results from A-tubes are shown. 

 

The correspondence between measured and computed groundwater levels has been 

improved compared to the 2007 version of the surface hydrological model. Temporal 

variation (difference between maximum and minimum groundwater level) is simulated 

very well in most of the tubes with the exception of the lowest groundwater levels in 

some tubes - PVP1, PVP6A, PVP14 and PVP18A in Fig. 3-10 and 3-11 and PVP10A 

and PVP13 in Appendix B. The reason for under predicting the effect of dry periods 

(low water levels) can be caused by inaccuracy in the shape of the water retention curve 

or errors in the thickness of the overburden layers.  In some tubes – PVP11 and PVP7A 

in Figs. 3-10 and 3-11 and PVP2, PVP9A and PVP19 in Appendix B – the model 

simulates well some of the low groundwater level periods but not all.  It is possible that 

at least some of the poor results are related to construction works and pumping from 

different tubes. The further improvement of computed results for those tubes requires 

that the timing of different operations in the field has to be compared with those periods 

when the model is not functioning properly.    

 

The automatic calibration of the soil properties is extremely time-consuming since one 

simulation over a period of 7,5 years takes around 12 hours and in optimization several 

hundreds of runs are needed.  Therefore, the optimized parameter values are so far the 

result of 180 simulations which took around 3 months to compute.   
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Figure 3-10.  Measured and computed groundwater level in overburden tubes PVP1, 

PVP4A, PVP6A and PVP11 using new soil type delineation. Computed values shown as 

continuous lines. 
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Figure 3-11.  Measured and computed groundwater level in overburden tubes PVP7A, 

PVP8A, PVP14 and PVP18A using new soil type delineation. Computed values shown 

as continuous lines. 



27 

 

3.4  Pressure head in shallow bedrock drillholes 
 

New soil type delineation described in Section 2.3 (see Fig. 2-3) influences also shallow 

bedrock pressure heads.  Hydraulic properties of the bedrock system were not calibrated 

and the same values used in the deep hydrogeological model were used (see Table 2-2).  

Anisotropy factor in the uppermost 50 m of the bedrock was 10.   

 

Measured and computed pressure heads in shallow bedrock are shown in Figs. 3-12 and 

3-13 for eight drillholes and in Appendix C for 21 drillholes for the computation period 

01.05.2001-31.12.2007. Dynamic measurements of pressure heads in shallow bedrock 

drillholes have been done in 36 drillholes but in seven drillholes the number of 

measurements was so small that these results are not shown. Temporal variation 

(difference between maximum and minimum pressure head) was simulated well in most 

of the drillholes, e.g. PP6, PP9, PR1 and L26/1 in Fig. 3-12 and PP2, PP8, PA1, PA2, 

PP39, L3/1, L4/1, L14/1 and L27/1 in Appendix C.  

 

However, there are also many drillholes where the computed pressure head variation is 

much higher than the measured one. Examples of these drillholes are PP3 and PP4 in 

Fig. 3-13 and drillholes PP5, PP31 and L15/1 shown in Appendix C. In the case of 

drillhole PP3 the most probable reason for relatively low difference between maximum 

and minimum pressure heads is the Korvensuo reservoir. According to particle tracking 

results (see Section 3.9) water flowing out from the Korvensuo reservoir through the 

northern embankment flows in overburden and in the shallow bedrock and this dampens 

variation between the maximum and minimum water pressure head levels. The same 

damping effect can also be seen in the overburden tube PVP12 which is located close to 

the northern embankment of the reservoir (Appendix B).   

 

Drillhole PP4 is located near the ONKALO area.  ONKALO seems to have no influence 

on pressure heads in this drillhole since the temporal variation is quite low and there 

cannot be seen any trend in the measured values after the start of the ONKALO 

construction at the end of year 2004 (see Fig. 3-13). The most probable reason for poor 

simulation in this drillhole is that the thickness of the overburden layers is not properly 

defined and this causes big changes in overburden groundwater level and this variation 

is transmitted to the shallow bedrock.   

 

Drillhole PP5 and L15/1 are a few hundred meter away from the ONKALO and one 

possible reason causing errors in the simulated temporal variation in the drillholes is 

that the thickness of the overburden is not correct in these areas.  

 

In many cases it seems that construction works and pumping from different drillholes 

has influenced the pressure heads and this is shown in computed results in such a way 

that all the low pressure head values are not reproduced in the model (e.g. drillhole PR1 

in Fig. 3-12, PP37 and L13/1 in Fig. 3-13 and drillholes PP8, PP36, L14/1 and L27/1). 

The further improvement of computed results for those drillholes requires that the 

timing of different operations in the field should be compared with those periods when 

the model is not functioning properly.    
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Figure 3-12.  Measured and computed pressure head in shallow bedrock drillholes 

PP6, PP9, PR1 and L26/1 using new soil type delineation. Computed values shown as 

continuous lines. 
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Figure 3-13.  Measured and computed pressure head in shallow bedrock drillholes 

PP3, PP4, PP37 and L13/1 using new soil type delineation. Computed values shown as 

continuous lines. 
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3.5  Influence of ONKALO on groundwater levels in overburden 
 

The impact of the construction of ONKALO is monitored by measuring and observing 

numerous different parameters related to hydrology, geochemistry, environment, rock 

mechanics and foreign materials. According to the observations made in shallow 

observation tubes in the overburden and in shallow drillholes in the bedrock, the 

construction of ONKALO has not caused any certain changes in groundwater level. 

However, weak indications of a decrease in groundwater level have been observed 

(Vaittinen et al. 2008).   

 

The purpose of the calculations shown in this Section is to simulate the period when 

ONKALO has been influencing water balance components on the Olkiluoto Island. The 

start of the simulation period was 01.10.2004 when the construction of ONKALO had 

just started. The end of the simulation period was 31.12.2007.  The amount of leakage 

(total inflow) to ONKALO has varied a lot during this period. Measured values for total 

inflow were used during the computation period 01.10.2004-31.12.2007 (see Fig. 2-2).  

At the end of year 2007 leakage was around 30 m
3
/d.   

 

Olkiluoto surface hydrological model was used to carry out dynamic computations for 

the 3,25 year period with and without ONKALO. Influence of ONKALO on 

groundwater level in the overburden can be seen from Fig. 3-14, which shows the 

difference between computed groundwater level GWONK,i,j - GWNO,i,j. GWONK,i,j is 

computed water level in grid cell i,j when leakage to ONKALO has been included in the 

model and GWNO,i,j is the simulated groundwater level in cell i,j assuming that 

ONKALO is not present. Negative value implies the lowering of groundwater level 

caused by leakage to ONKALO. Zero values (orange colour in Fig. 3-14) indicate no 

influence of ONKALO.   

 

Influence of ONKALO is shown in Fig. 3-14 for six different times during the 

computational period. The first raster map shows the computed effect of ONKALO 

during June 2005 when the biggest lowering caused by ONKALO was around 0.1 m.   

In November 2005 the largest drawdown caused by leakage to ONKALO was around 

0.15-0.2 m just close to the first tunnels (southern corner of ONKALO).  In April 2006 

before the snowmelt period maximum computed lowering was around 0.2-25 m and 

areas influenced by ONKALO were increased.  Autumn 2006 was rainy and unsaturated 

zone storages were filled and the groundwater level was higher than at the end of year 

2005.  Estimated effect of ONKALO is very small in November 2006 implying that the 

effect of ONKALO is reversible in overburden at least after wet seasons.  In April 2007 

the influence of ONKALO can again be seen as the difference between the case with 

and without ONKALO.  However, the drawdown caused by ONKALO has practically 

disappeared by the end of year 2007 (December 2007) after autumn rainfall period.  

This supports the theory that the effect of ONKALO is time dependent but reversible in 

the soils layers above the bedrock if leakage is at present measured level (around 18-21 

l/min or 25-30 m
3
/d).     
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Figure 3-14. Influence of ONKALO on computed groundwater level during the period 

2005-2007.  Measured values for water leaking to ONKALO were used during the 

computation period 01.10.2004-31.12.2007.  The raster maps show the difference 

between two computations: ONKALO included and ONKALO not present.  

 

Effect of increase in leakage to ONKALO  

 

The reversibility of the influence of ONKALO in overburden layers can be evaluated by 

increasing the leakage to ONKALO and examining if the effect of ONKALO disappears 

after rainy periods. Five different options were used for inflow to ONKALO: 30, 50, 70, 

90 and 110 m
3
/d (30 m

3
/d refers to average measured inflow rate given in Fig. 2-2).  

Dynamic computation is needed to see the seasonal variation caused by ONKALO.  

Computed results for overburden tubes PVP2, PVP12 and PVP18A (location of the 

tubes is given in Fig. 3-15) are shown in Fig. 3-16.  None of these tubes is located in an 

area where the estimated effect of ONKALO is highest (see Fig. 3-14).  PVP12 is 
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located north of Korvensuo reservoir and influence of ONKALO can hardly be seen in 

this tube.  The effect of ONKALO is highest in tube PVP2 which is located above 

ONKALO tunnel but quite close to roads and road ditches.  This is the most probable 

reason for the fact that ONKALO does not influence very much in this tube. Effect of 

ONKALO is temporrary in tube PVP2 and disappears after rainy periods.  PVP18A is 

also located above the driving tunnels of ONKALO but close to the forest ditch.  The 

performance of the model is not very good for this tube since the predicted drawdown is 

much bigger than the measured one during year 2006.  A small influence of ONKALO 

can be seen in the computed results for tube PVP18A but model performance should be 

improved around this tube to be more confident with the estimated effect of ONKALO.  

However, it seems that the effect of ONKALO is reversible also in tube PVP18A. 

 

 
 

Figure 3-15. Location of overburden PVP-tubes and shallow bedrock drillholes around 

the ONKALO area. 

 

Average and maximum estimated effect of ONKALO in overburden tubes 
 

Average and maximum influence of ONKALO leakage for five different total inflow 

options (30, 50, 70, 90 and 110 m
3
/d) are shown in Tables 3-1 and  3-2 and in Fig. 3-17. 

Average drawdown was computed as the mean daily drawdown during the period 

01.10.2004-31.12.2007.  Maximum estimated effect is the biggest drawdown caused by 

ONKALO during the simulation period.   
 

Average estimated effect of leakage to ONKALO on groundwater level in overburden 

tubes is very small according to the results given in Table 3-1 even in the case that 

leakage is 110 m
3
/d.  The maximum drawdown caused by ONKALO is in tube PVP2 

(Table 3-2 and Fig. 3-17). The maximum lowering is around 0.2 m for measured 

leakage values (case 30 m
3
/d) and would be around 0.7 m for the biggest inflow value 

110 m
3
/d.    
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Figure 3-16.  Influence of leakage to ONKALO (30, 50, 70, 90 and 110 m
3
/d) on 

groundwater level in overburden tubes PVP2, PVP12A and PVP18A. Measured 

groundwater levels are shown as reference values. ONKALO leakage 30 m
3
/d refers to 

the measured leakage during the computational period 01.10.2004-31.12.2007. 
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Table 3-1.  Influence of leakage to ONKALO (30, 50, 70, 90 and 110 m
3
/d) on computed 

average lowering of overburden groundwater level in PVP-tubes during the 

computational period 01.10.2004-31.12.2007. ONKALO leakage 30 m
3
/d refers to the 

average measured leakage during the computational period. 
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Table 3-2.  Influence of leakage to ONKALO (30, 50, 70, 90 and 110 m
3
/d) on computed 

maximum lowering of overburden groundwater level in PVP-tubes. ONKALO leakage 

30 m
3
/d refers to the average measured leakage during the computational period 

01.10.2004-31.12.2007. 
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Figure 3-17.  Influence of leakage to ONKALO (30, 50, 70, 90 and 110 m
3
/d) on 

computed maximum lowering of overburden groundwater level in PVP-tubes. ONKALO 

leakage 30 m
3
/d refers to the average measured leakage during the computational 

period 01.10.2004-31.12.2007.  

 

Tables 3-1 and 3-2 and Fig. 3-17 show the average and maximum effect of inflow to 

ONKALO on groundwater level only in overburden tubes.  Drawdown caused by 

ONKALO close to hydrogeological zones would be much bigger but these 

computations have not yet been carried out.  These results will be available during year 

2009. Discussion and conclusions from the overburden groundwater level results are 

given in Chapter 4. 

 

3.6  Influence of ONKALO on pressure heads in shallow bedrock 
 

It was shown in Section 3.5 that ONKALO has a temporal effect on groundwater levels 

in the overburden but the drawdown caused by ONKALO is reversible if the supply to 

overburden exceeds the recharge rate through the overburden-bedrock interface.  The 

next step is to examine the effect of ONKALO on pressure heads in the shallow bedrock 

drillholes.  Five different options were used for inflow to ONKALO: 30, 50, 70, 90 and 

110 m
3
/d (30 m

3
/d refers to average measured inflow rate given in Fig. 2-2). In figures 

3-18 and 3-19 the computed values with 30 m
3
/d inflow to ONKALO are compared 

with the measured pressure heads.  Other leakage values represent only computational 

options. 
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Figure 3-18.  Influence of leakage to ONKALO (30, 50, 70, 90 and 110 m

3
/d) on 

pressure heads in shallow bedrock drillholes PP2 and PA2. Measured pressure heads 

are shown as reference values. ONKALO leakage 30 m
3
/d refers to the average 

measured leakage during the computational period 01.10.2004-31.12.2007. 
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Figure 3-19.  Influence of leakage to ONKALO (30, 50, 70, 90 and 110 m
3
/d) on 

pressure heads in shallow bedrock drillholes L3/1, L471 and L26/1. Measured pressure 

heads are shown as reference values. ONKALO leakage 30 m
3
/d refers to the average 

measured leakage during the computational period 01.10.2004-31.12.2007. 
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The results of the computations are shown for six different shallow bedrock drillholes in 

Figs. 3-18 and 3-19.  The influence is much more pronounced in all shallow bedrock 

drillholes compared to the corresponding effects caused by ONKALO in overburden 

tubes. The effect of ONKALO is at least partly reversible in all tubes when leakage is 

the present 17-20 l/min (25-30 m
3
/d). 

 

In drillholes  PP2, PA2, L3/1 and L4/1 the maximum drawdown caused by ONKALO 

in the present situation (measured leakage to ONKALO)  is around 0.6-0.85 m and 

maximum effect would be around 2.7 – 3.4 m for the biggest leakage 110 m
3
/d. 

In drillhole PP1 the influence of ONKALO is smallest and almost totally reversible also 

for higher inflow rates than the measured one.  In drillhole L26/1 the maximum effect of 

ONKALO is around 0.2 m when measured leakage is given as input data and around 0.8 

m if the ONKALO total inflow rate is 110 m
3
/d.   

 

Average and maximum estimated effect of ONKALO in shallow bedrock drillholes 

 

Average and maximum influence of ONKALO leakage on pressure heads in shallow 

bedrock drillholes for five different total inflow options (30, 50, 70, 90 and 110 m
3
/d) 

are shown in Tables 3-3 and 3-4 and in Fig. 3-20. Average drawdown was computed as 

the mean daily drawdown during the period 01.10.2004-31.12.2007.  Maximum 

estimated effect is the biggest drawdown caused by ONKALO during the simulation 

period.    

 

Average drawdown caused by leakage to ONKALO is around 0.03 m for all shallow 

bedrock tubes in the present situation when measured leakage values were used (option 

30 m
3
/d in Table 3-3).  The corresponding average lowering would be 0.12 m if total 

inflow to ONKALO was 110 m3/d.  According to the model computations the biggest 

average lowering is in drillhole PR4 (0.18 m for measured leakage values and 0.65 m 

for total inflow 110 m
3
/d).  

 

Maximum effect of ONKALO on pressure heads in shallow bedrock drillholes is shown 

in Table 3-4 and in Fig. 3-20.  The maximum influence of leakage to ONKALO during 

the simulation period is 1.13 m lowering of pressure head for the measured inflow rates 

(drillhole PR4) and highest drawdown would be around 4.7 m if leakage was 110 m
3
/d.  

In many of the shallow bedrock drillholes the drawdown is not reversible if total inflow 

to ONKALO is bigger that the present measured value. Discussion and conclusions 

from the shallow bedrock pressure head results are given in Chapter 4. 
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Table 3-3.  Influence of leakage to ONKALO (30, 50, 70, 90 and 110 m
3
/d) on computed 

average lowering of pressure head in shallow bedrock drillholes during the 

computational period 01.10.2004-31.12.2007. ONKALO leakage 30 m
3
/d refers to the 

average measured leakage during the computational period.  

 

 



41 

 

Table 3-4.  Influence of leakage to ONKALO (30, 50, 70, 90 and 110 m
3
/d) on computed 

maximum lowering of pressure head in shallow bedrock drillholes. ONKALO leakage 

30 m
3
/d refers to the average measured leakage during the computational period 

01.10.2004-31.12.2007. 
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Figure 3-20.  Influence of leakage to ONKALO (30, 50, 70, 90 and 110 m
3
/d) on 

computed maximum lowering of pressure head in shallow bedrock drillholes. ONKALO 

leakage 30 m
3
/d refers to the average measured leakage during the computational 

period 01.10.2004-31.12.2007.  

 

3.7   Influence of ONKALO on recharge to bedrock 
 

Leakage to ONKALO was around 17-20 l/min (25-30 m
3
/d) at the end of year 2007 (see 

Fig. 2-2). There are four possible origins of water flowing to ONKALO tunnels: 1) from 

the overburden, 2) from the surrounding bedrock system, 3) from the Korvensuo 

reservoir and 4) from the sea. The present understanding is that options 1) and 2) are the 

main sources of total flow to ONKALO tunnel. The longer time the ONKALO operates 

the smaller will be the fraction of water coming from the surrounding bedrock since the 

storage coefficient (porosity) of the bedrock is very small compared to overburden soils.  

 

If option 1) is the most important source of water for ONKALO it should lead to higher 

recharge rates as compared to the situation when ONKALO was not present. The 

Olkiluoto surface hydrological model was used to calculate recharge through the 

overburden-bedrock interface when ONKALO leakage is the measured value. The 

recharge map is shown in Fig. 3-21a indicating that there are both recharge (positive 

downward flux) and discharge (negative upward flux) areas. The recharge rates are 

highest either close to the hydrogeological zones HZ19A and HZ19C on the north-

western corner of ONKALO or in areas where soil is surface elevation is high.  The 

highest discharge areas are located around the forest ditch network.  
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Figure 3-21.  a) Recharge through the overburden-bedrock interface, % from yearly 

precipitation (upper figure).  Positive values indicate downward flux and negative 

values discharge out of the bedrock. b) Influence of ONKALO on recharge rate, i.e. 

increase in recharge rate due to ONKAL,  % from yearly precipitation (lower figure). 
 

The increase in recharge due to water flowing to ONKALO tunnels is shown in Fig. 3-

21b. The greatest relative influence on recharge can be seen close to the hydro-

geological zones HZ19A and HZ19C which are close to soil surface in the north-

western corner of the ONKALO tunnel.  Recharge rates at different depths are shown in 

Appendix D.  
 

3.8  Influence of Korvensuo reservoir   
 

Korvensuo reservoir is used to supply water to the power plant and flushing water for 

drilling operations and for the ONKALO construction project. Korvensuo reservoir has 
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been added to the Olkiluoto surface hydrological model as a moving boundary 

condition: the measured water level of the reservoir is given as input data to the model 

and outflow through the embankments of the reservoir is calculated based on the 

hydraulic gradient between the water level in the reservoir and in the surrounding grid 

cells.  The computed seepage values through the embankments of the reservoir can be 

compared with the measured water balance components given by Vaittinen et al. (2008), 

which are based solely on measured water balance components: pumping into and out 

of the reservoir and direct precipitation and evaporation from the surface.   

 

The results obtained from both the surface hydrological model and the water balance 

analysis (Vaittinen at al. 2008) support the earlier geochemical and isotope 

measurements that there has been infiltration from the reservoir already during years 

2003 and 2004 before the construction of ONKALO started. According to the results 

given by the Olkiluoto surface hydrological model the average outflow from the 

Korvensuo reservoir was around 12 m
3
/d during the period 01.10.2004-31.12.2007. 

According to water balance analysis given by Vaittinen et al. (2008) the estimated 

outflow during the period 2003 - 2007 was around (20-35 m
3
/d). The surface 

hydrological model gives considerably smaller calculated seepage compared to the 

water balance results.   

 

The results of the surface hydrological model indicate that there has been at least a 

slight increase in estimated infiltration from the Korvensuo reservoir after the 

construction of the ONKALO (see Fig. 3-22). The increase in seepage from the 

Korvensuo reservoir would be around 1.5 m
3
/d which also is much smaller than the 

increase based on measured water balance results (11-22 m
3
/d, see Vaittinen at al. 

2008).  The difference between the two estimates is very big and there exists still 

considerable amount of uncertainty both in the measured water balance results and in 

the values computed by the model and therefore, it is necessary to do the corresponding 

analysis with the data of the forthcoming years.  Uncertainty included in the simulated 

values can be reduced by examining the slug test results carried out in the embankments 

of the Korvensuo reservoir. This will give a more accurate estimate of the hydraulic 

conductivity of the embankments. 

 

Influence of Korvensuo reservoir on recharge through the overburden-bedrock interface 

 
Additional calculations were carried out by assuming that Korvensuo reservoir would 

not exist at all, i.e. the moving boundary condition cells were replaced by ordinary 

computational cells and soil type for these nodes was assumed to be the same than in 

the surrounding area. Influence of Korvensuo reservoir on recharge rate through the 

overburden-bedrock interface was estimated by carrying out a computation with and 

without the Korvensuo reservoir and calculating the difference between these two cases.  

The results of the calculations using the larger grid are shown in Fig. 3-23 both in the 

case that ONKALO is not included (a) and ONKALO influences the results (b).  

Computations have so far been done using only the coarser grid due to the uncertainty 

described above. Detailed analysis of the results can be done once the embankment 

hydraulic conductivity values have been updated and same computations have been 

carried out with the finer grid. 
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Figure 3-22. Seepage (m
3
/d)  through the embankments of the Korvensuo reservoir as 

calculated by the surface hydrological model.  Additional influence of ONKALO is the 

difference between the two curves. 

 

Influence of Korvensuo reservoir on temporal pattern of groundwater level variation  

 

Korvensuo reservoir and ONKALO influence the groundwater level changes both 

spatially and temporally.  The purpose of the calculations presented in this section is to 

discuss the temporal variation caused by combined effect of Korvensuo reservoir and 

ONKALO.  Calculation of a six year period (2002-2007) was carried out twice. In the 

first run Korvensuo reservoir and ONKALO were not taken into the model and in the 

second run they were both included.  The difference between these computer runs 

shows the combined effect of Korvensuo reservoir and ONKALO on groundwater 

levels. The results are given in Fig 3-24 for four seasons during the period when 

ONKALO has been leaking (spring 2006, autumn 2006, spring 2007 and autumn 2007).  

According to the model results the effect of ONKALO seems to be reversible from 

season to another as discussed earlier (Section 3.5) and influence of Korvensuo 

reservoir changes also from season to another. The effect seems to be slightly bigger 

during spring. The combined effect of Korvensuo and ONKALO has been calculated so 

far only with the larger grid due to the uncertainty in embankment hydraulic 

conductivity values.  

 

The effect of Korvensuo reservoir on groundwater level is shown in Fig. 3-25. 

Simulated results are based on comparison of two simulations: Korvensuo included as a 

moving boundary condition and Korvensuo reservoir taken away from the model.    The 

results indicate that groundwater level would be around 2 m lower in the area of the 

Korvensuo if the reservoir would not exist. 
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Figure 3-23.  Influence of Korvensuo reservoir on recharge rate across the overburden-

bedrock interface (% from yearly precipitation, positive is downward and negative 

upward flux).  a) ONKALO is not included in computations (above) and b) influence of 

ONKALO has been added to the model (below). 
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Figure 3-24.  Influence of Korvensuo reservoir and ONKALO on temporal groundwater 

level variation during 2006 and 2007.  a) Spring 2006 (above left) and b) Autumn 2006 

(above right below). c) Spring 2007 (below left) and d) Autumn 2007 (below right). 

 

 
 

Figure 3-25.  Influence of Korvensuo reservoir on groundwater level.  Simulated results 

are based on comparison of two simulations: Korvensuo included as a moving 

boundary condition and Korvensuo reservoir taken away from the model.    
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3.9  Results of particle tracking computations 
 

The particle tracking algorithm used in the surface hydrological model has been 

described briefly in Section 2.8. In the Olkiluoto surface hydrological model it is 

possible to define particle lines and particle areas and give as input value the number of 

particles in each particle line or number of particles in those grid cells that are inside the 

particle area. Additional parameter needed in the model is the depth of the initial 

placement of the particles with respect to the overburden-bedrock interface. Particles 

can be located in the overburden soils, at the interface or at a specified depth below the 

overburden-bedrock interface.  Moreover, flow porosity has to be defined as a function 

of depth (see Table 2-2).  

 

Particle tracking computations were done using the particle lines and particle area 

shown in Fig. 3-26 (totally around 1 000 particles) located at four different depths: 

overburden-bedrock interface, and at 50 m, 100 m and 150 m depth in the bedrock.  The 

results of the computer runs are shown in Fig. 3-27. The movement of particles was 

computed for a period of 20 years using dynamic velocity field.   

 

 

 
 

Figure 3-26.  Initial location of particles in the x- and y-directions.  Several vertical 

placements were tested (overburden-bedrock interface, 50 m, 100 m and 150 m below 

the overburden-bedrock interface). 

 

The results for particles that were initially at the overburden-bedrock interface are 

shown in Fig. 3-27a. Most of the particles from area above the ONKALO were 
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transported towards the surface ditches and around 30-40 % of the particles from this 

area were flowing towards the ONKALO tunnels.  Particles from the westernmost and 

nethermost path lines were flowing very short distances in horizontal direction (Fig 3-

27a) ending either at overburden soils or forest ditches.  The same type of behavior was 

seen for particles starting from the southernmost and easternmost particle lines except 

that surface ditches dominated in these cases. 

 

The results of particles located initially at 50 m depth in the bedrock are shown in Fig. 

3-27b.  Most of the particles originally located in the area around ONKALO were also 

flowing towards the ONKALO tunnels which is a very credible result since the tunnels 

create a large sink which collects water from the surrounding bedrock.  Particles starting 

from the northern path line flow northwards in the bedrock.  These results support the 

geochemical observations that ONKALO has influenced the water quality of the 

shallow bedrock drillhole PP3 which is situated north of Korvensuo reservoir (see Fig. 

3-15).  Half of the particles located initially in western path line move towards 

ONKALO and the other half moves up towards the surface.  Particles from western path 

line move slowly towards surface.  Around one third of the particles from the southern 

path line move horizontally to north-east, 10-15 % towards ONKALO tunnels and the 

rest move upwards towards surface.    

 

The flow paths of particles located initially at 100 m depth below the bedrock surface 

are shown in Fig. 3-27c.  Around 60-70 % of the particles starting from the area around 

ONKALO flow to ONKALO tunnels. 10-15 % from the particles in the north-western 

corner move very slowly upwards. A small fraction of particles starting from the north-

east corner are transported under the Korvensuo reservoir towards the sea. 
 

The path lines of particles located initially at 150 m depth below the overburden-

bedrock interface are shown in Fig. 3-27d.  The computed velocities are generally very 

small at this depth and therefore most of the particles are transported very short 

distances during the computational period of 20 years.  The only exception are the  

particles located in the southern part of area under examination.  Around 50-60 % 

particles from this are transported to the ONKALO and the rest either to the north-east 

direction or to the South.  

 

Particle transport around Korvensuo reservoir 
 

Another set of particle transport calculations was carried out by placing the particle area 

around the Korvensuo reservoir (Fig. 3-28a).  Particles were initially placed either at 

overburden-bedrock interface (Fig. 3-28b) or at 50 m depth in the bedrock (Fig. 3-28c). 

The main goal of these simulations was to examine the direction of particle flow paths. 

 

The flow lines for particles that were initially set at the overburden-bedrock interface 

are shown in Fig. 3-28b. Most of the particles from area Korvensuo reservoir were 

transported towards the surface ditches surrounding the reservoir.  Notable exceptions 

are the particles located initially close to the northern embankment of the reservoir.  

They were transported to the north and at least partly below the surface ditch that 

surround the reservoir in the north.  The interpretations of chemical and isotopic data  

(Pitkänen et al. 2004, 2007) show that water infiltrated from the Korvensuo reservoir 

 



50 

 

 
 

Figure 3-27. Particle flow lines for the case when ONKALO is influencing. Initial 

location of particles a) at overburden-bedrock interface (upper picture) and  b) 50 m 

below the overburden-bedrock interface (lower picture). Simulation period was 20 

years, flow porosity was taken from Table 2-2 and dynamic velocity field was used. 
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Figure 3-27. Particle flow lines for the case when ONKALO is influencing. Initial 

location of particles c) 100 m (upper picture) and d) 150 m below the overburden-

bedrock interface (lower picture). Simulation period was 20 years, flow porosity was 

taken from Table 2-2 and dynamic velocity field was used. 
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has influenced the groundwater compositions at overburden tube PVP12 (20 m from the 

reservoir) and in shallow bedrock drillhole PP3 (65 m from the reservoir), see Fig. 3-15 

for location of the tubes).   The particle tracking computations support the results of the 

geochemical analysis since flow paths remain close to soil surface in the vicinity of 

overburden tube PVP12 and go deeper along the direction of shallow bedrock drillhole 

PP3. 

 

The results of particles located initially at 50 m depth in the bedrock are shown in Fig. 

3-28c.  The particles originally located on the northern side of the Korvensuo reservoir 

were transported in the bedrock towards the sea.  Particle that started from the south-

west corner of the area were flowing towards the ONKALO tunnels. Particles located 

initially in the south-east corner were transported upwards and towards the large surface 

ditches on the eastern side of the Korvensuo reservoir. 

 

In future computations the number of particles should be much higher so that 

statistically significant conclusions can be drawn about the final location of the 

particles.   
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Figure 3-28. Particle flow lines for areas surrounding  Korvensuo reservoir. a) initial 

location of particles in the x- and y-directions., b) flow paths when particles were 

placed at overburden-bedrock interface and c) flow paths when particles 50  below the 

overburden-bedrock interface. Simulation period was 20 years, flow porosity defined in 

table 2-2 and dynamic velocity field was used. 
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4  DISCUSSION AND SUGGESTIONS FOR FUTURE DEVELOPMENT 

 

The first version of the surface and near-surface hydrological model of Olkiluoto Island 

was developed during 2007 (Karvonen 2008).  The purpose of this project was to add 

ONKALO and Korvensuo reservoir to the model and to increase the reliability of the 

model in those process descriptions which were shown to be most uncertain in the first 

modelling stage.  Moreover, an additional option was added to the model that allows 

ArcView raster files to be used as input data in interpolating soil surface and bedrock 

elevation needed as input data in the Olkiluoto surface hydrological model. This option 

was added for future computations to ensure consistency of input data with other 

models and toolboxes utilized by Posiva.  These include e.g. UNTAMO toolbox, which 

is used to create terrain and ecosystem forecasts needed in long-term radionuclide 

transport models (Ikonen 2006).   

 

Anisotropy  

 

Anisotropy was added to the surface hydrological model and several model runs were 

carried out using anisotropy factors 1, 5 and 10. The results indicate that increase in 

anisotropy factor - decrease in vertical hydraulic conductivity in the uppermost 50 m – 

has a pronounced effect on computed recharge through the bedrock to the sea.  

Influence of anisotropy on groundwater level in overburden PVP-tubes is temporal as 

shown in Figs. 3-6 and 3-7.  The effect of anisotropy is biggest during periods when 

depth to water table from soil surface is high (groundwater level is low). After intensive 

rainfalls the effect of anisotropy on overburden groundwater level is negligible.   

 

The influence of anisotropy is bigger in shallow bedrock drillholes compared to 

overburden tubes.  The reason for this is that bedrock is transport limited and decrease 

of vertical hydraulic conductivity in the uppermost 50 m slightly reduces the transport 

capacity of the system.  This implies that bigger hydraulic gradient is needed if the same 

amount of water is flowing in the bedrock.  Since the horizontal hydraulic conductivity 

in the uppermost 50 m is relatively high, 1.0·10
-7

 m/s, the effect of anisotropy is 

dampened in the shallow bedrock drillholes and in most of the drillholes the additional 

drawdown caused by anisotropy is reversible (e.g. Figs. 3-8 – 3.9).  

 

Anisotropy factor of 10 is used in the 2008 version of the deep hydrogeological model 

(Löfman and Meszaros 2009) giving very good results for computed pressure head 

profiles in the whole bedrock system.  The same anisotropy factor 10 in the uppermost 

50 m of the bedrock was also used in surface hydrological model to ensure consistency 

of parameter values of the two models.    

 

Groundwater level in the overburden tubes 

 

The two most important soil types on Olkiluoto Island are classified as sandy till and 

fine-textured till.  Totally 26 tubes out of 29 are situated on these two major soil types 

and it was not possible to calibrate the parameters of two most important soil types in 

such a way that measured and computed groundwater levels are in very good agreement 

in all the PVP-tubes.  Sandy till and fine-textured till soils were divided into sub classes 
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with different soil water retention curve parameters.  Delineation of new soil types is 

shown in Fig. 2-3. Moreover, two new soil types were defined below and around the 

Korvensuo reservoir (bottom of the reservoir and embankments). New soil type 

delineation is used only in selecting the parameters of the soil water retention curve and 

parameters which influence e.g. evapotranspiration and interception were not changed 

from their original values. Overburden soil water retention curve parameters were 

calibrated using the gradient method.   

 

The correspondence between measured and computed groundwater levels has been 

improved compared to the 2007 version of the surface hydrological model. Computed 

groundwater level variation can be characterized by a measure HCOMP, which is the 

difference between maximum and minimum value during the calibration period. 

Average HCOMP was 1.98 m and the corresponding measured value HMEAS   was 2.08 

m, i.e. the difference between measured and computed value is around 0.1 m (0.16 m in 

the 2007 version).  Temporal variation - difference between maximum and minimum 

groundwater level - is simulated very well in most of the tubes with the exception of the 

lowest groundwater levels in some tubes. The reason for under predicting the effect of 

dry periods is probably either inaccuracy in the shape of the water retention curve or 

error in the thickness of the overburden layers.   In some tubes – PVP11 and PVP7A in 

Figs. 3-10 and 3-11 and PVP2, PVP9A and PVP19 in Appendix B – the model 

simulates well some of the low groundwater level periods but not all.  It is possible that 

at least some of the poor results are related to construction works carried out at 

Olkiluoto Island.  

 

Further improvement in groundwater level predictions can be obtained by continuing 

the automatic calibration method (shape of the water retention curve) and by measuring 

additional data on the thickness of the overburden layers on the Olkiluoto Island. 

 

Pressure head in the shallow bedrock drillholes 

 

Hydraulic properties of the bedrock system are given in Table 2-2 and they are the same 

that are used in the deep hydrogeological model (Löfman and Meszaros 2009). No 

calibration was done related to bedrock hydraulic properties.  Anisotropy factor in the 

uppermost 50 m of the bedrock was 10.  New soil type delineation described in Section 

2.3 (Fig. 2-3) influences also shallow bedrock pressure heads.   

 

Temporal variation (difference between maximum and minimum pressure head) was 

simulated well in most of the drillholes.  However, there are also many drillholes where 

the computed pressure head variation is much higher than the measured one.  In the case 

of drillhole PP3 the most probable reason for relatively low difference between 

maximum and minimum pressure heads is the Korvensuo reservoir. According to 

particle tracking results (Section 3.9) water flowing out from the Korvensuo reservoir 

through the northern embankment flows in overburden and in the shallow bedrock and 

this dampens the variation between the maximum and minimum pressure head levels in 

drillhole PP3. The same damping effect can also be seen in the overburden tube PVP12 

which is located close to the northern embankment of the reservoir (Appendix B).   
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The most probable reason for poor simulation in some of the drillholes is that the 

thickness of the overburden layers is not properly defined and this causes large variation 

in overburden groundwater level and this variation is transmitted to the shallow 

bedrock. The further improvement of computed results in shallow bedrock drillholes 

requires that the timing of different operations in the field should be compared with 

those periods when the model is not functioning properly.  Moreover, thickness of the 

overburden layers is not well defined in many parts of the island. 

 

Influence of ONKALO on overburden groundwater level 

 

The 2007 version of the Olkiluoto surface hydrological model was the baseline model 

and did not include the influence of ONKALO at all.  The coordinates of the tunnels 

leading to the final repository are now included in the model set-up.  This enables the 

calculation of the influence of water leaking to ONKALO on overburden ground water 

level and pressure heads in the shallow bedrock.  Influence of ONKALO is taken into 

account by giving the total discharge as input data from existing measurements or from 

calculations of the FEFTRA-model (Löfman and Meszaros 2005 and 2009). The 

ONKALO tunnel is treated as a system of multiple sinks located at the cells which are 

intersected by the tunnel. The total discharge is divided between different grids based on 

depth, tunnel length in each grid, and hydraulic conductivity of the bedrock and 

transmissivity of the HZ-zones.    

 

Numerous dynamic simulations were carried out over the period when ONKALO has 

influenced water balance components on the Olkiluoto Island. According to the results 

shown e.g. in Fig. 3-16 drawdown caused by ONKALO is reversible in overburden 

soils. This implies that ONKALO has a temporal effect on groundwater level during 

periods when supply (rainfall or snowmelt) to overburden is low but influence of water 

leaking to ONKALO disappears almost totally after rainy periods. This supports the 

theory that overburden soils are supply limited on Olkiluoto Island. 

 

The present amount of water leaking to ONKALO is around 17-20 l/min (25-30 m
3
/d).  

Simulations were carried out by increasing leakage to value 110 m
3
/d and intermediate 

values 50, 70 and 90 m
3
/d were also calculated. Average estimated effect of leakage to 

ONKALO on groundwater level in overburden tubes is very small according to the 

results given in Table 3-1 even in the case that leakage is 110 m
3
/d.  The maximum 

drawdown caused by ONKALO is in tube PVP2 (Table 3-2 and Fig. 3-17). The 

maximum lowering is around 0.2 m for measured leakage values (case 30 m
3
/d) and 

would be around 0.7 m for the biggest inflow value 110 m
3
/d.    

 

Tables 3-1 and 3-2 and Fig. 3-17 show the average and maximum effect of inflow to 

ONKALO on groundwater level only in overburden tubes. Drawdown caused by 

ONKALO close to hydrogeological zones would be much bigger but these 

computations have not yet been carried out.  These results have to be carried out during 

year 2009. The drawdown caused by ONKALO near the zones HZ19A and HZ19C 

should be examined more closely.  New measured data will be available from the nine 

new PVP-tubes installed in the infiltration experiment that started in December 2008 

(Pitkänen et al. 2009).   
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Influence of ONKALO on pressure head in shallow bedrock drillholes 

 

Effect of ONKALO on pressure heads in the shallow bedrock drillholes was studied by 

using five different options for inflow to ONKALO: 30, 50, 70, 90 and 110 m
3
/d (30 

m
3
/d refers to measured inflow rate given in Fig. 2-2). The results of the computations 

are shown for six different shallow bedrock drillholes in Figs. 3-18 and 3-19.  The 

influence is much more pronounced in all shallow bedrock drillholes compared to the 

corresponding effects caused by ONKALO in overburden tubes. The effect of 

ONKALO is almost totally reversible in all tubes when leakage is the present 17-20 

l/min (25-30 m
3
/d).  

 

Average and maximum influence of ONKALO leakage on pressure heads in shallow 

bedrock drillholes for five different total inflow options (30, 50, 70, 90 and 110 m
3
/d) 

are shown in Tables 3-3 and 3-4 and in Fig. 3-20. Average drawdown caused by leakage 

to ONKALO is around 0.03 m for all shallow bedrock drillholes in the present situation 

when measured leakage values were used (option 30 m
3
/d in Table 3-3). The 

corresponding average lowering would be 0.12 m if total inflow to ONKALO was 110 

m
3
/d.  The maximum influence of leakage to ONKALO during the simulation period is 

1.13 m lowering of pressure head for the measured inflow rates (drillhole PR4) and 

highest drawdown would be around 4.7 m if leakage was 110 m
3
/d.  In many of the 

shallow bedrock drillholes the drawdown is not reversible if total inflow rate to 

ONKALO is higher than the present measured value.  

 

Effect of ONKALO on pressure heads in the shallow bedrock is much bigger than in the 

overburden since the bedrock system is transport limited. Increase in leakage to 

ONKALO has to be transported through the bedrock and the hydrogeological zones 

towards the ONKALO.  Total inflow to tunnels cannot exceed the transport capacity of 

the bedrock system.  The higher the inflow, the larger the gradient needed to maintain 

continuous flux to ONKALO.  Influence of ONKALO seems to be reversible for the 

shallow bedrock drillholes when leakage is around 25-30 m
3
/d (measured amount of 

leakage).  In future studies it is necessary to evaluate what is the long-term transport 

capacity of the bedrock and the hydrogeological zones. Moreover, it is possible that 

supply rate from overburden to bedrock will be the limiting factor over long-term 

perspective. This would change the behaviour of this system.  Infiltration experiment 

with additional pumping close to hydrogeological zones HZ19A and HZ19C will 

provide new information which can be used to study the challenging problems.   

 

The Olkiluoto surface hydrological model includes three options for handling the 

contribution of hydrogeological zones on total flow through the bedrock system.  So far 

the computations have been carried with method 1. Method 3 described briefly in 

Section 2.7 solves the problem by describing the HZ-zones as thin plates located in 3D 

space.  In this way the hydrogeological zones are included in the model as explicit 

structures and the model calculates water flow in these zones using finite element 

method. Comparison of the methods 1 and 3 can provide additional information related 

to the long-term transport capacity of the bedrock system.   
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Influence of ONKALO on recharge to bedrock 

 

Leakage to ONKALO was around 17-20 l/min (25-30 m
3
/d) at the end of year 2007.  

What is the origin of water flowing to tunnels? There are at least four possible origins of 

water flowing to ONKALO tunnels: 1) from the overburden, 2) from the surrounding 

bedrock system, 3) from the Korvensuo reservoir and 4) from the sea. The present 

understanding is that options 1) and 2) are the main sources of total flow to ONKALO.  

The longer time the ONKALO operates the smaller will be the fraction of water coming 

from the surrounding bedrock since the storage coefficient (porosity) of the bedrock is 

very small compared to overburden soils.  The Olkiluoto surface hydrological model 

was used to calculate recharge through the overburden-bedrock interface when 

ONKALO leakage is the measured value.  The recharge rates are biggest either close to 

the hydrogeological zones HZ19A and HZ19C on the north-western corner of 

ONKALO or in areas where soil surface elevation is high. The highest discharge areas 

are located around the forest ditch network.  

 

The contribution of hydrogeological zones to total flow through the bedrock system to 

the ONKALO needs to be studied further. The model predicts that around 60-80 % of 

water flowing to ONKALO is transported to tunnel grids along the hydrogeological 

zones. The corresponding measured estimate of this fraction is much smaller (around 

one third). This fraction is very difficult to measure since it is possible that water is 

transported close to ONKALO area through the zones but leakage to ONKALO is 

distributed more evenly due to grouting of the tunnel. One possibility to study the 

contribution of hydrogeological zones to the total leakage is to compare the results 

obtained with methods 1 and 3 in the treatment of the zones (section 2.7).    

 

Influence of Korvensuo reservoir 

 

Korvensuo reservoir has been added to the Olkiluoto surface hydrological model as a 

moving boundary condition: the measured water level of the reservoir is given as input 

data to the model and outflow through the embankments of the reservoir is calculated 

based on the hydraulic gradient between the water level in the reservoir and in the 

surrounding grid cells. The results obtained from both the surface hydrological model 

and the water balance analysis given by Vaittinen at al. (2008) support the earlier 

geochemical and isotope measurements that there has been infiltration from the 

reservoir before the construction of ONKALO started. The results of the surface 

hydrological model indicate that there has been at least a slight increase in estimated 

infiltration from the Korvensuo reservoir after the construction of the ONKALO  (Fig. 

3-22).  

 

According to model calculations the increase in seepage from the Korvensuo reservoir 

due to water leaking to ONKALO would be around 1.5 m
3
/d which is much smaller 

than the increase based on measured water balance results (11-22 m
3
/d, see Vaittinen at 

al. 2008). The difference between the two estimates is very big and there exist still 

considerable amount of uncertainty both in the measured water balance results and in 

the values computed by the model. It is necessary to do the corresponding analysis with 

the data of the forthcoming years.  Uncertainty included in the simulated values can be 

reduced by examining the slug test results carried out in the embankments of the 
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Korvensuo reservoir.  This will give a more accurate estimate of the hydraulic 

conductivity of the embankments. 

  

Particle tracking 

 

The particle tracking algorithm used in the surface hydrological model has been 

described briefly in Section 2.8. Particles can be located initially in the overburden 

soils, at the interface or at a specified depth below the overburden-bedrock interface. 

Particle tracking computations were done using the particle lines and particle area 

shown in Fig. 3-26 located at four different depths: overburden-bedrock interface, and at 

50 m, 100 m and 150 m depth in the bedrock. The results of the computer runs are 

shown in Fig. 3-27. The movement of particles was computed for a period of 20 years 

using dynamic velocity field.   

 

Most of the particles that were initially located at the overburden-bedrock interface were 

transported towards the surface ditches. Around 30-40 % of the particles from the areas 

above the ONKALO tunnels were flowing towards the tunnels.  Very big proportion of 

particles located initially at 50 m and 100 m depth in the bedrock were flowing towards 

the ONKALO tunnels which seems to be reasonable since the tunnel creates a large sink 

which collects water from the surrounding bedrock. Particles starting from the 

Korvensuo are transported mostly northwards in the bedrock.  These results support the 

geochemical observations (Pitkänen et al. 2004 and 2007b) that ONKALO has 

influenced the water quality of the shallow bedrock drillhole PP3 which is situated north 

of Korvensuo reservoir (Fig. 3-15).  

 

The input data that defines the starting location of particles did not yet extend to the 

areas where hydrogeological zones HZ19A and HZ19C are at or close to soil surface. In 

future simulations it is necessary to widen the area that defines the initial location of the 

particles. This goal is in good agreement with the needs of the new infiltration 

experiment (Pitkänen et al. 2009), which will provide input data also for the verification 

of the particle tracking algorithms.   

   

In future computations the number of particles should be much higher so that 

statistically significant conclusions can be drawn about the final location of the 

particles. The present algorithm is computationally very heavy since the flow model 

needs to be calculated for every initial depth, i.e. water flow model had to be calculated 

four times to simulate particle transport starting from four different initial depths. It is 

necessary to modify the model in such a way that velocity fields will be written to files 

during the flow model computation and particle computation can be done for several 

initial conditions without recalculation of the flow model.   
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5  SUMMARY 

 

The first version of the surface and near-surface hydrological model of Olkiluoto Island 

was developed during 2007. The purpose of this project was to add ONKALO and 

Korvensuo reservoir to the model and to increase the reliability of the model in those 

process descriptions which were shown to be most uncertain in the first modelling 

stage. An option was added to model that allows ArcView raster files to be used as 

input data in interpolating soil surface and bedrock elevation data needed as input data 

in the model. The new method was added to ensure consistency of input data with other 

models and toolboxes utilized by Posiva  

 

Anisotropy was added to the surface hydrological model and several model runs were 

carried out using anisotropy factors 1, 5 and 10. The results indicate that increase in 

anisotropy factor - decrease in vertical hydraulic conductivity in the uppermost 50 m – 

has an effect on computed recharge through the bedrock to the sea.  Influence of 

anisotropy on groundwater level in overburden PVP-tubes is temporal and after 

intensive rainfalls the effect of anisotropy is negligible. The influence of anisotropy is 

bigger in shallow bedrock drillholes compared to overburden tubes. The reason for this 

is that bedrock is transport limited and decrease of vertical hydraulic conductivity in the 

uppermost 50 m slightly reduces the transport capacity of the system. Anisotropy factor 

of 10 is used in the 2008 version of the deep hydrogeological model and the same 

anisotropy will also be used in future calculations of the surface hydrological model to 

ensure consistency of the parameter values in the two models.    

 

The correspondence between measured and computed groundwater levels has been 

improved compared to the 2007 version of the surface hydrological model.  Computed 

groundwater level variation can be characterized by a measure HCOMP, which is 

difference between maximum and minimum value during the calibration period. 

Average HCOMP was 1.98 m and the corresponding measured value HMEAS   was 2.08 

m, i.e. the difference between measured and computed value is around 0.1 m (0.16 m in 

the 2007 version). Further improvement in groundwater level predictions can be 

obtained by continuing the automatic calibration method and by measuring additional 

data on the thickness of the overburden layers on the Olkiluoto Island. 

 

Hydraulic properties of the bedrock system are the same that are used in the deep 

hydrogeological model. Temporal variation (difference between maximum and 

minimum pressure head) was simulated well in most of the shallow bedrock drillholes. 

The most probable reason for poor simulation in some of the drillholes is that the 

thickness of the overburden layers is not properly defined and this causes large changes 

in overburden groundwater level and this variation is transmitted to the shallow 

bedrock.   

 

ONKALO was added to the 2008 version of the Olkiluoto surface hydrological model.  

Influence of ONKALO is taken into account by giving the total discharge as input data 

from existing measurements or from calculations of the deep hydrogeological model of 

the Olkiluoto Island. The computed results show that ONKALO has a temporal effect 

on groundwater level in the overburden during periods when supply (rainfall or 
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snowmelt) to overburden is low but influence of water leaking to ONKALO disappears 

almost totally after rainy periods.   

 

Effect of ONKALO on pressure heads in the shallow bedrock drillholes was studied by 

using five different options for inflow to ONKALO: 30, 50, 70, 90 and 110 m
3
/d (30 

m
3
/d refers to measured inflow rate). The influence of ONKALO is much more 

pronounced in all shallow bedrock drillholes compared to the corresponding effects 

caused by ONKALO in overburden tubes. However, the effect of ONKALO is almost 

totally reversible in all tubes and drillholes when leakage is at present measured level 

(17-20 l/min or 25-30 m
3
/d).  

 

In future studies it is necessary to evaluate what is the long-term transport capacity of 

the bedrock and the hydrogeological zones as compared to the total inflow of ONKALO 

tunnel.  Moreover, it is possible that supply rate from overburden to bedrock will be the 

limiting factor over long-term perspective. This would change the behaviour of this 

system.  Infiltration experiment with additional pumping close to hydrogeological zones 

HZ19A and HZ19C will provide new information which can be used to study 

challenging problems.   

 

The contribution of hydrogeological zones to total flow through the bedrock system to 

the ONKALO needs to be studied further.  The model predicts that around 60-80 % of 

water flowing to ONKALO is transported to tunnel grids along the hydrogeological 

zones.  The corresponding measured estimate of this fraction is much smaller - around 

one third. This fraction is very difficult to measure since it is possible that water is 

transported close to ONKALO area through the zones but leakage to ONKALO is 

distributed more evenly due to grouting of the tunnel.  

 

Korvensuo reservoir has been added to the Olkiluoto surface hydrological model and 

outflow through the embankments of the reservoir is calculated based on the hydraulic 

gradient between the water level in the reservoir and in the surrounding grid cells. The 

results obtained from both the surface hydrological model and the water balance 

analysis support the earlier geochemical and isotope measurements that there has been 

infiltration from the reservoir before the construction of ONKALO started. The results 

of the surface hydrological model indicate that there has been at least a slight increase in 

estimated infiltration from the Korvensuo reservoir after the construction of the 

ONKALO. 

 

Most of the particles that were initially located at the overburden-bedrock interface were 

transported towards the surface ditches. A large proportion of particles located initially 

at 50 m and 100 m depth in the bedrock were flowing towards the ONKALO, which 

seems to be reasonable since the tunnel creates a large sink which collects water from 

the surrounding bedrock.  Particles starting from the Korvensuo are transported mostly 

northwards in the bedrock. These results support the geochemical observations that 

ONKALO has influenced the water quality of the shallow bedrock drillhole PP3 which 

is situated north of Korvensuo reservoir. In future computations the number of particles 

should be much higher so that statistically significant conclusions can be drawn on the 

final location of the particles.   
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APPENDIX A 

Table A-1.  The parameters of the soil water retention curves of the soil types classified 

around PVP-tubes on Olkiluoto Island. Saturated water content S, residual water 

content R, parameters  and  of the van Genuchten function and saturated hydraulic 

conductivity K (in units m d
-1

 and m s
-1

). 

 

 



66 

 



67 

 

APPENDIX B 

Measured and computed groundwater level in overburden PVP-tubes  
 

 

 
 

Figure B-1.  Measured and computed groundwater level in overburden tubes PVP2, 

PVP3A, PVP9A and PVP10A using new soil type delineation. Computed values shown 

as continuous lines. 
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Figure B-2.  Measured and computed groundwater level in overburden tubes PVP12, 

PVP13, PVP19 and PVP20 using new soil type delineation. Computed values shown as 

continuous lines. 
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APPENDIX C 

Measured and computed pressure head in shallow bedrock drillholes 
 

 

 

 
 

Figure C-1.  Measured and computed pressure head in shallow bedrock  drillholes 

PP1, PP2 and PP5 using new soil type delineation. Computed values shown as 

continuous lines. 
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Figure C-2.  Measured and computed pressure head in shallow bedrock drillholes PP7, 

PP8, PP10 and PP31 using new soil type delineation. Computed values shown as 

continuous lines. 
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Figure C-3.  Measured and computed pressure head in shallow bedrock  drillholes 

PP36, PP39, PR2 and PA1 using new soil type delineation. Computed values shown as 

continuous lines. 
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Figure C-4.  Measured and computed pressure head in shallow bedrock  drillholes 

PP1, PP2 and PP5 using new soil type delineation. Computed values shown as 

continuous lines. 
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Figure C-5.  Measured and computed pressure head in shallow bedrock  drillholes 

PP1, PP2 and PP5 using new soil type delineation. Computed values shown as 

continuous lines. 
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Figure C-6.  Measured and computed pressure head in shallow bedrock  drillholes 

PP1, PP2 and PP5 using new soil type delineation. Computed values shown as 

continuous lines. 
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APPENDIX D 

Vertical fluxes in the bedrock at different depths 

 
Figure D-1. Vertical flux at overburden-bedrock interface (% from yearly 

precipitation).  Average leakage to ONKALO is 30 m
3
/d. 

 
Figure D-2.  Vertical flux at the depth of 2 m below overburden-bedrock interface (% 

from yearly precipitation).  Average leakage to ONKALO is 30 m
3
/d. 



76 

 

 
Figure D-3.  Vertical flux at the depth of 10 m below overburden-bedrock interface (% 

from yearly precipitation).  Average leakage to ONKALO is 30 m
3
/d. 

 

 

 
Figure D-4.  Vertical flux at the depth of 25 m below overburden-bedrock interface (% 

from yearly precipitation).  Average leakage to ONKALO is 30 m
3
/d. 
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Figure D-5.  Vertical flux at the depth of 50 m below overburden-bedrock interface (% 

from yearly precipitation).  Average leakage to ONKALO is 30 m
3
/d. 

 

 
 

Figure D-6.  Vertical flux at the depth of 100 m below overburden-bedrock interface (% 

from yearly precipitation).  Average leakage to ONKALO is 30 m
3
/d. 
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