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ABSTRACT 
 
The mass distribution coefficient Kd is used in performance assessment (PA) to describe 
sorption of a radionuclide  on rock. The Rd is determined using crushed rock which 
causes uncertainty in converting the Rd values to Kd values for intact rock. 
 
This work describes a method to determine the equilibrium of sorption on intact rock. 
The rock types of the planned Olkiluoto waste disposal site were T-series mica gneiss 
(T-MGN), T-series tonalite granodiorite granite gneiss (T-TGG), P-series tonalite 
granodiorite granite gneiss (P-TGG) and pegmatitic granite (PGR). These rocks contain 
different amount of biotite which is the main sorbing mineral. 
 
The sorption of cesium on intact rock slices was studied by applying an electrical field 
to speed up migration of cesium into the rock. Cesium is in the solution as a non-
complex cation Cs+ and it is sorbed by ion exchange. The tracer used in the experiments 
was 134Cs. 
 
The experimental sorption on the intact rock is compared with values calculated using 
the in house cation exchange sorption model (HYRL model) in PHREEQC program. 
The observed sorption on T-MGN and T-TGG rocks was close to the calculated values. 
Two PGR samples were from a depth of 70 m and three samples were from a depth of 
150 m. Cesium sorbed more than predicted on the two 70 m PGR samples. The sorption 
of Cs on the three 150 m PGR samples was small which was consistent with the 
calculations. The pegmatitic granite PGR has the smallest content of biotite of the four 
rock types. In the case of P-TGG rock the observed values of sorption were only half of 
the calculated values. Two kind of slices were cut from P-TGG drill core. The slices 
were against and to the direction of the foliation of the biotite rims. The sorption of 
cesium on P-TGG rock was same in both cases. The results indicated that there was no 
effect of the directions of the electric field and the foliation of biotite in the P-TGG 
rock.  
 
Keywords:  Sorption, cesium,  Olkiluoto.  
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CESIUMIN SORPTIO EHJÄÄN KIVEEN 
 
TIIVISTELMÄ 
 
Turvallisuusanalyysissä käytetään jakaantumistekijää Kd kuvaamaan radionuklidin 
sorptiota kiveen. Pidätystekijä Rd määritetään kivimurskeilla, minkä vuoksi murske-
tulosten Rd-arvojen muunto jakaantumistekijäksi Kd koko kivelle on epävarmaa. 
 
Tässä työssä esitetään menetelmä sorption määrittämiseksi koko kiveen. Olkiluotoon 
suunnitellun loppusijoituspaikan kallioperästä oli neljä kivilajia: T-sarjan kiille-
gneissi(T-MGN), T-sarjan tonaliitti granodioriitti graniitti gneissi (T-TGG), P- sarjan 
tonaliitti granodioriitti graniitti gneissi (P-TGG) and pegmatiittinen graniitti (PGR). 
Kivilajeissa on eri määrä biotiittia, joka on tärkein sorboiva mineraali. 
 
Cesiumin sorptiota kiveen tutkittiin nopeuttamalla migraatiota sähkökentällä. Cesium 
on liuoksessa ionina Cs+ ja sorboituu ioninvaihdolla. Merkkiaineena käytettiin iso-
tooppia 134Cs. 
 
Kokeellisia sorptiotuloksia verrattiin laskennallisiin tuloksiin, jotka saatiin PHREEQC-
ohjelmalla Radiokemian laboratoriossa kehitetyllä kationinvaihtomallilla. Kiville T-
MGN ja T-TGG saadut sorptiotulokset olivat samansuuruisia mallilla laskettujen 
tulosten kanssa. Pegmatiittisen graniitin PGR kaksi näytettä oli kairansydämestä 70 m 
syvyydeltä ja kolme näytettä kairansydämestä 150 m syvyydeltä. Cesium sorboitui 
laskettua enemmän kahteen 70 m:n PGR-näytteeseen. Kolmen 150 m:n PGR-näytteen 
tapauksessa cesiumin sorptioarvot olivat pieniä kuten lasketut arvotkin. Pegmatiittisen 
graniitin PGR biotiittipitoisuus on pienin kaikista neljästä kivilajista. Kiven P-TGG 
tapauksessa havaitut sorptioarvot olivat vain puolet lasketuista arvoista. Kairan-
sydämestä P-TGG oli sahattu kahdentyyppisiä kivileikkeitä. Leikkeet olivat joko 
levymäisen biotiittimineraalin levyjä vastaan tai levyjen suuntaisesti. Cesiumin sorptio 
oli samansuuruinen kummassakin tapauksessa. 
 
Avainsanat: Sorptio, cesium, Olkiluoto. 
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PREFACE 
 
This study has been carried out to determine the equilibrium of sorption on intact rock 
using an electrical field to speed up the migration. The report was prepared at the 
University of Helsinki, Department of Chemistry, Laboratory of Radiochemistry under 
contract with Posiva Oy.  
 
The contact persons were Marja Vuorio at Posiva Oy and Esa Puukko and Jukka Lehto 
at the Laboratory of Radiochemistry. 
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1 INTRODUCTION 
 
The retardation mechanisms of migration of radionuclide solutes in far-field are 
sorption on the minerals and matrix diffusion of solutes. The parameter used to describe 
sorption in performance assessment (PA) is the mass distribution coefficient Kd. Most 
sorption experiments have been performed by the batch method using crushed rock to 
speed up the equilibrium of sorption. The crushing of crystalline rocks can result in the 
exposure of new mineral surfaces to solution during the sorption experiment. This 
causes uncertainty in estimation of Kd values for intact rock from the measured 
distribution coefficient Rd for crushed rock.  
 
This work describes a method to determine the equilibrium of sorption on intact rock. It 
increases confidence in the procedure that is used to transfer the Rd values for crushed 
rock to the Kd values for intact rock at the planned Olkiluoto waste disposal site. The 
rock types in this study were T-series mica gneiss (T-MGN), T-series tonalite 
granodiorite granite gneiss (T-TGG), P-series tonalite granodiorite granite gneiss (P-
TGG) and pegmatitic granite (PGR). 
 
The samples of intact rock were slices of drill cores. The tracer solute used in the 
experiments was 134Cs. Cesium is in the solution as a non-complex cation Cs+ and it has 
a small pH- dependence on sorption. To speed up the migration of the cesium into the 
rock, an electrical field is used like in the studies of André et al. (2008a, 2008b, 2009). 
The experimental sorption on the intact rock is compared with values calculated using 
the in-house cation exchange sorption model (HYRL model) in PHREEQC program 
(Kyllönen et al. 2008, Hakanen et al.2012).  
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2 MATERIALS AND METHODS 

2.1 Rock samples 
 
The selected rock types of Olkiluoto were T-series mica gneiss (T-MGN), T-series 
tonalite granodiorite granite gneiss (T-TGG), P-series tonalite granodiorite granite 
gneiss (P-TGG) and pegmatitic granite (PGR). The main difference of these rock types 
was their biotite content. Two drill cores of PGR were received from Olkiluoto. One 
was from depth of 70 meters. In visual inspection it contained more biotite than the 
typical PGR in Olkiluoto. The other drill core was from depth of 140 meters. In this 
sample the content of biotite was small as described in Kärki & Paulamäki (2006). The 
rock slices for the electromigration experiments were cut with a diamond blade saw 
from the drill core samples. The diameter of drill cores was about 50 mm and the 
thickness of rock slices was 2.8 to 32 mm. The P-TGG drill core had been drilled 
perpendicular to the dip of the gneiss. In the first samples the direction of the electrical 
field was thus also perpendicular to the foliation of the biotite rims. Two additional 
slices of P-TGG were cut in the direction of the length of the drill core and to these 
slices the electrical field in the experiments was parallel to the foliation. 
 
The rock slices are described in Table 1. The total mineral compositions of the rock 
samples are presented in Appendix 1. Photographs of the drill cores are presented in 
Appendices 2-4. The volumetric porosity of the slices was determined by the water 
impregnation method. It was followed by several weeks impregnation in 0.1 M NaCl 
and finally the solution was changed to 0.01 M NaCl.  This procedure was assumed to 
change the surfaces of biotite into the Na+ form. 
 
The experimental method was first tested by using the slice No 6 of weathered rapakivi 
granite from Hästholmen (HHGR_6) (Huitti et al. 1996). The rock was used in diffusion 
experiments of tritiated water (HTO) in rapakivi. It had been stored in the saline 
groundwater since then.  
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Table 1. The rock slices in the electromigration experiments.  
 

Rock slice Diameter 
(mm)  

Thickness  
(mm) 

Mass  
(g) # 

Biotite 
content (%)** 

Volumetric 
porosity  
of rock(%) 

HHGR_6 40 15 52.75 † 4.2* 3.5 
T-MGN_1 50.5 21 113.9778 21 ± 8 0.39 
T-MGN_2 50.30 3.15 16.7150 21 ± 8 0.32 
T-MGN_3 50.5 17.5 97.5623 21 ± 8 0.37 
T-TGG_7 50.25 19.2 97.3430 8.2 ± 7.5 0.23 
P-TGG_1 49.80 2.80 15.0132 22.5 ± 7.1 0.21 
P-TGG_2 49.80 2.85 15.0255 22.5 ± 7.1 0.22 
P-TGG_4b 49.75 16.45 84.8658 22.5 ± 7.1 0.21 
P-TGG_10_1 49.9x27.2†† 27.15 99.8708 22.5 ± 7.1 0.21 
P-TGG_10_2 49.8x26.6†† 26.55 96.0386 22.5 ± 7.1 0.21 
PGR_11 x 50.55 19.0 98.1751 0.9 ± 1.7 0.40 
PGR_12 x 50.5 19.85 102.5675 0.9 ± 1.7 0.51 
PGR249_1 xx 50.4 31.9 164.5765 0.9 ± 1.7 0.19 
PGR249_2 xx 50.4 30.7 159.512 0.9 ± 1.7 0.20 
PGR249_3 xx 50.4 31.7 163.7502 0.9 ± 1.7 0.19 
# dry weight 
† calculated value (density of rock 2.8 g/cm3) 
†† rectangular form with rounded edges 
x PGR from depth of 70 m 
xx PGR from depth of 140 m 
HHGR: Hästholmen rapakivi granite   
T-MGN: T series mica gneiss 
T-TGG: T series tonalite granodiorite granite gneiss 
P-TGG: P series tonalite granodiorite granite gneiss 
PGR: pegmatitic granite 
* Huitti et al. (1996) 
** Kärki and Paulamäki (2006) 
 
 

2.2 Solutions 
 
The solution was 0.01 M NaCl and 1 · 10-4 M CsCl. The 134Cs tracer was used for the 
determination of Cs concentration in the solution. The initial Cs concentration 1 · 10-4 
M was based on Kd values of Cs sorption studies for Olkiluoto rocks (Huitti et al. 1998). 
Sorption of Cs on rock should have a moderate value (40–60%) with this concentration 
according to Huitti et al. (1998). 
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2.3 Experimental setup 
 
The electromigration experimental setup is presented in Figure 1. The system vessel 
was made of acrylic plastic. It consisted of two solution reservoirs that were separated 
by a wall containing the rock slice. The reservoirs were filled with 0.01 M NaCl 
solution and the solutions were changed for several times during three weeks to enable 
change in pore water composition to near 0.01 M NaCl. The platinum disc electrodes 
were inlaid in the solutions. To prevent pH and concentration differences in the 
reservoirs the solutions were continuously mixed using a peristaltic pump. The outflow 
to the other reservoir was made drop wise to prevent the electrical connection along the 
tubes between the reservoirs. Water is decomposed by electrolysis at the electrodes. 
Therefore deionised Milli-Q water was added to keep the solution volume constant 
during the experiment. An adjustable direct current source was used and the current 
through the rock was monitored with a digital multimeter. Sorption of Cs was 
determined by measuring 134Cs in sub-samples taken from the solutions in the 
reservoirs. The 134Cs was assayed with the Perkin Elmer 1480 Wizard gamma counter 
and after measurement the sample solutions were returned to the reservoirs. 
 
The experiment was started by removing the 0.01 M NaCl solution and adding the 
134CsCl spiked 0.01 M NaCl + 1 · 10-4 M CsCl solution to the reservoirs. During the 
first hours, no current was applied. In the beginning, only the outer surfaces of the rock 
were exposed to the solution. Samples were taken from the reservoirs and assayed for 
134Cs. Then the samples were returned to the reservoirs. After that a voltage of 9 V was 
applied and the current was monitored. In some rock samples the voltage was increased 
from 9 V up to 20 V to test the effect of increased current on the sorption. The sorption 
of Cs increased only moderately as indicated in the section Results. Increasing the 
voltage also increased the decomposition of water. So the voltage of 9 V was considered 
adequate for the experiment. The sorption of cesium on rock slices was determined by 
measuring the 134Cs in the solution as compared to the initial 134Cs concentration. 
 
The experiments were terminated when the sorption of Cs did not change during 
successive assays of Cs-134. It was assumed that equilibrium of cesium in the solution 
and on the biotite was reached. After cutting off the current and stopping the mixing of 
the reservoirs some samples were taken and assayed for Cs-134. This was done in order 
to check if the sorption of cesium changes after the experiment. No changes were 
observed even after a few months of the termination of the experiment. The sorption of 
Cs was on the same value as on the last sampling point with current. Finally the rock 
slices were removed from the vessel. The slices were cut in half along the diameter of 
the rock slice with a diamond blade saw. The halves were then put on the X-ray film for 
autoradiography of Cs-134 in order to get information about how Cs is distributed in the 
rock. 
 
The electromigration experiments with P-TGG and PGR rocks were complemented by a 
matrix diffusion experiment with a rock slices P-TGG2 and PGR249_2 using no 
electrical current. The solution was the same as in the electromigration experiments. 
Sorption of Cs was measured during the experiment like in the electromigration.  
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Figure 1. Schematic diagram of the electromigration equipment.  DC = power source, 
V = voltage meter, I = ampere meter, X = peristaltic pump, │= Pt-electrodes,      = rock 
slice. 
 

2.4 Model of sorption 
 
A prediction of Cs sorption on the rock was made using a cation exchange model 
developed at HYRL and the PHREEQC program (Kyllönen et al. 2008). The sorption 
site concentrations were from Hakanen et al. (2012). The PHREEQC program 
(Parkhurst and Appelo 1999) was used with ANDRA ThermoChimie database 
(ANDRA 2009). Calculation was made for the experimental mass of rock, volume of 
solution and composition of solution. In the cation exchange sorption model, biotite is 
assumed to be the only sorbing mineral for Cs. The cation exchange capacity (CEC) of 
biotite used in the calculations was 16.5 µeq/g. This value is the average of the 
measured values in Kyllönen et al. 2008. The model consisted of three types of sorption 
sites. From the total number of the cation exchange sites the proportions of the different 
sites were 95%, 5% and 0.02%, respectively. Table 2 presents the values of sorption 
calculated for the minimum, maximum and average biotite content of the rocks. The 
calculation of values of sorption was performed for binary Na+– Cs+ cation exchange. 
The sorption is case-specific because of the various amounts of biotite in the rock 
samples (Table 1) and volumes of solution. The assumption, that biotite was in Na+ 
form was also tested with the model.  The value of sorption based on the average 
content of biotite was calculated assuming equilibrium with easily exchangeable K+ (5 
ueq/g biotite, Kyllönen et al. 2008) in the system. The effect of K+ on the sorption of Cs 
is presented in Table 3. The competion of K+ with Cs+ lowered the sorption percentage 
of cesium only a few percent. 
 
 
  

DC V 
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Table 2. The calculated sorption of Cs by the HYRL model using PHREEQC program. 
The values of sorption based on minimum, maximum and average biotite content in the 
rock and the volumes of solutions are presented. 
 

Rock Sorption of Cs (%)  
 Minimum 

biotite content
Maximum 

biotite content
Average 

biotite content
Volume of 

solution (mL) 
HHGR_6 - - 53.2 250 
T-MGN_1 90.0 97.6 95.3 380 
T-MGN_2 48.5 72.9 64.3 280 
T-MGN_3 89.0 97.2 94.7 350 
T-TGG_7 15.8 91.9 81.0 340 
P-TGG_1 37.6 58.2 71.7 430 
P-TGG_2 78.6 90.5 86.3 110 
P-TGG_4b 86.6 94.9 92.0 420 
P-TGG_10_1 96.6 99.3 98.6 350 
P-TGG_10_2 96.4 99.2 98.5 310 
PGR_11 < 1.5 † 46.0 19.2 360 
PGR_12 < 1.5 † 46.6 19.4 370 
PGR249_1 < 3.2 † 63.6 31.0 350 
PRG249_2 < 2.8 † 62.6 30.2 350 
PGR249_3 < 2.7 † 61.6 29.5 370 
† The biotite content of PGR is 0.9 ± 1.7%. Calculations were performed with the 
value of 0.1%. 

 
Table 3. The calculated sorption of Cs by the HYRL model using PHREEQC program. 
The values of sorption based on average biotite content and the values of sorption 
including the completion of Cs+ with K+ are presented.  
 

 
Rock 

Sorption of cesium (%) 
Based on the average 

content of biotite 
The effect of K+ 

on the sorption of Cs 
T-MGN_1 95.3 93.33 
T-MGN_2 64.3 57.62 
T-MGN_3 94.7 92.45 
T-TGG_7 81.0 75.28 
P-TGG_1 71.7 68.57 
P-TGG_4b 86.3 81.60 
P-TGG_2 92.0 88.90 
PTGG-10_1 98.6 97.89 
PTGG-10_2 98.5 97.72 
PGR_11 19.2 17.66 
PGR_12 19.4 17.89 
PGR249_1 31.0 27.88 
PGR249_2 30.2 27.18 
PGR249_3 29.5 26.59 
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3 RESULTS 

3.1 Sorption of Cs on HHGR_6 
 
The experimental method was tested by using the slice of weathered rapakivi granite 
HHGR_6 (thickness 15 mm) from Hästholmen. 
 
Sorption of Cs as a function of time is presented in Figure 2. Between hour 2 to hour 
800 sorption increased by 63% when also the inner surfaces are exposed to the Cs 
containing solution. The sorption was 92% at hour 180. The same value was measured 
at hour 800. This indicated that the steady state has been reached. The experiment was 
continued until the hour 1150 and the current was cut off. The mixing of the reservoirs 
with the peristaltic pump was also stopped. The sorption of Cs was determined at hour 
1390. The sorption remained the same as in the end of the electromigration phase. 
 
Prediction of the equilibrium sorption was calculated for the experiment using the 
average biotite content (4.2 %) of the rock type. The calculated average sorption by the 
HYRL model (Kyllönen et al. 2008) was 53%, which is about half of the observed 
value. 
 
 

 
 
Figure 2. Sorption of Cs on intact Hästholmen rapakivi granite HHGR_6 during the 
1390 hours. The calculated sorption of Cs (model) is based on the average content of 
biotite for HHGR. 
 
 
 

0

20

40

60

80

100

0 500 1000 1500

So
rp

ti
on

 o
f 

C
s 

(%
)

Time (h)

HHGR_6 model



9 
 

 

3.2 Sorption of Cs on T-MGN 
 
The T-series mica gneiss slices T-MGN_1, T-MGN_2 and T-MGN_3 were 21 mm, 
3.15 mm, and 17.5 mm thick, respectively. The sorption of cesium on T-MGN_2 is 
presented in Figure 3 and on T-MGN_1 and T-MGN_3 in Figure 4. The calculation of 
sorption of Cs by the HYRL model was performed with the PHREEQC program 
(Kyllönen et al. 2008). 
 
 Cesium reached steady state of sorption to T-MGN_2 during 800 hours, after which the 
current was cut off. The experimental value of sorption (80%) is larger than the 
calculated value (64%). This might indicate that cesium is sorbed by other minerals in 
addition of the biotite.  The T-MGN_2 slice was thin, 3.15 mm. So the available 
sorption sites were filled faster than the thick slices T-MGN_1 and T-MGN_3. The 
sorption of Cs on T-MGN_1 and T-MGN_3 reached the level 40–45% in 2500 hours. 
This was lower than the calculated steady state of sorption of 95-96% (Table 2). 
However, the sorption was still increasing at the time of termination of the experiments. 
 
 
 

 

 
 
Figure 3. Sorption of cesium on intact T-MGN_2 mica gneiss during 800 hours of 
experimental time. The calculated sorption of Cs (model) is based on the average 
content of biotite for T-MGN. 
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Figure 4. Sorption of cesium on intact T-MGN_1 and T-MGN_3  mica gneiss during 
2500 hours of experimental time. The calculated sorption of Cs (model) is based on the 
average content of biotite for T-MGN. 
 

3.3 Sorption of Cs on T-TGG  
 
The sorption of cesium on T-series tonalite granodiorite granite gneiss slice is presented 
in Figure 5. The thickness of T-TGG_7 was 19.2 mm. The sorption of Cs reached s 82% 
during 6000 hours. The current was cut off at this point and two samples were assayed 
at 13460 and 14920 hours. The value of sorption was same as in the end of 
electromigration phase. The calculation of sorption of Cs by the HYRL model was 
performed with the PHREEQC program (Kyllönen et al. 2008). The calculated value of 
sorption was 81% for the average content of biotite. It is almost equal to the 
experimental value of 82%. The calculated range was large, from 15.8% to 91.9% due 
to the large variation of biotite content (8.2 ± 7.5%) in this rock. The results can indicate 
that the biotite content of the T-TGG_7 was close to the average value of rock T-TGG.  
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Figure 5. Sorption of cesium on intact T-TGG_7 granodiorite granite during 6000 
hours of experimental time. The calculated sorption of Cs (model) is based on the 
average content of biotite for T-TGG. 
 

3.4 Sorption of Cs on P-TGG 
 
The thickness of the P-series tonalite granodiorite granite gneiss P-TGG_1 slice was 2.8 
mm and P-TGG_2 was 2.85 mm. The thickness of P-TGG_4b was 16.45 mm. Figures 
6, 7 and 8 present the sorption of Cs on the P-TGG slices. The experiment with the rock 
slice P-TGG_2 was made without current to compare the results with the 
electromigration experiments. 
 
The sorption of cesium on P-TGG_1 rock reached the level of 20 % in 100 hours. After 
that the Cs sorption has not increased. The calculated sorption of Cs by PHREEQC 
program using the HYRL model (Kyllönen et al. 2008) was 81% for the biotite content 
of 22.5%. After 870 hours, the applied voltage was increased from 9 V to 15 V in order 
to check the effect of increased current on the sorption of Cs. The sorption increased 
marginally to the level of 25%. After 4060 hours no voltage was applied and samples 
were taken at 11500 hours and at 12970 hours. The sorption of Cs remained on the same 
level as in the end of electromigration phase. 
 
The sorption of cesium on P-TGG_4b rock reached the level of 10% during 150 hours 
(Figure 7). After that the applied voltage was increased from 9 V to 12 V. The sorption 
increased from 10% to 15% during 50 hours. The voltage was further increased from 
12 V to 15 V followed by increase of current from 29.8 µA to 34.7 µA. The Cs sorption 
increased from 15% to 25% during 500 hours. The voltage was again increased from 
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15 V to 20 V. The sorption of Cs was 50% at 3600 hours, when the experiment was 
terminated. After that some samples were taken. The Cs sorption remained on the same 
level than with current being 54% at 13250 hours. The calculated value by the HYRL 
model (Kyllönen et al. 2008) was 92%. 
 
The sorption of Cs on P-TGG_2 rock slice complements the experiment on P-TGG_1 
rock, where current was applied (Figure 9). In the case of P-TGG_2 rock no current was 
applied and the slice was simply immersed in the solution in a sealed vessel. The 
sorption of cesium on P-TGG_2 rock reached the level of 18% in 290 hours and was 
19% at 3120 hours. There was a long break in sampling between 3120 hours and 12560 
hours. The Cs sorption was 16% at this time. The calculated value by the HYRL model 
(Kyllönen et al. 2008) was 86%. Figure 9 presents the time scale up to 5000 hours. The 
difference of the calculated values is due to the different volumes of the solutions. The 
sorption of cesium on P-TGG_1 was very similar to the P-TGG_2 with no current. This 
indicates that in the case of thin rock slice cesium is first sorbed on the surfaces of the 
slice and then inside of the slice. The electrical current only makes the sorption to occur 
faster than without the current. 
 
 

 
 

Figure 6. Sorption of cesium on intact P-series tonalite granodiorite granite gneiss P-
TGG_1 during 4060 hours and P-TGG_4b during 3600 hours of experimental time. The 
calculated sorption of Cs (model) is based on the average content of biotite for P-TGG. 
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Figure 7. Sorption of cesium on intact P-series tonalite granodiorite granite gneiss P-
TGG_1 during 4060 hours and P-TGG_2 (no current) during 3120 hours of 
experimental time. The calculated sorption of Cs (model) is based on the average 
content of biotite for  
P-TGG. 

 
The sorption of cesium on P-TGG rocks was only half of the predicted sorption by 
model. New slices were cut to test if the direction of the foliation of the biotite rims 
affects to the sorption of Cs on P-TGG rock. The new cutting was done in the direction 
of the drilling core so that the direction of the electrical field was parallel to the 
foliation. The slices were P-TGG_10_1 (thickness 27.15 mm) and P-TGG_10_2 
(thickness 26.55 mm). The results of the sorption of cesium on these slices are in Figure 
8. The sorption of Cs reached the level of 41% at 1180 hours (P-TGG_10_1) and 47% 
at 1300 hours (P-TGG_10_2). At the time of 2800 hours the experiment was terminated.  
The calculated values by the HYRL model (Kyllönen et al. 2008) were 98.6% for P-
TGG_10_1 and 98.5% for P-TGG_10_2. The results of the P-TGG_10_1 and P-
TGG_10_2 rocks were similar to the results of the P-TGG rock 4b (Figure 6). The 
direction of the foliation of biotite had no effect on the sorption of cesium.  
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Figure 8. Sorption of Cs on intact P-TGG rock slices P-TGG_10_1 and P-TGG_10_2 
during 2700 hours of experimental time. 
 

3.5 Sorption of Cs on PGR 
 
The pegmatitic granite PGR samples 11 and 12 were from a depth of 70 m and three 
samples of PGR249 were from a depth of 150 m. The colour of the potassium feldspar 
in the samples PGR_11 and PGR_12 was yellowish as compared to much lighter near 
colourless outlook in the samples PGR249_1 and PGR249_2. 
 
The thickness of the PGR_11 slice was 19.0 mm and PGR_12 19.85 mm. The sorption 
of Cs on PGR slices 11 and 12 is presented in Figure 9. Three slices of the drill core of 
PGR_249 were PGR249_1 (thickness 31.9 mm), PGR249_2 (thickness 30.7 mm) and 
PGR249_3 (thickness 31.7 mm). Figure 10 presents the results of the PGR249 slices.  
 
The results of PGR_1 rock indicated that cesium reached steady state of sorption in 
3300 hours. The voltage was increased from 9 V to 15 V at 4350 hours. The change of 
voltage had no effect on the sorption of cesium. The current was cut off and samples 
were taken at 13500 hours and 15650 hours. The sorption of Cs remained the same as at 
the end of the electromigration phase. The results of the PGR_12 slice were very similar 
to the results of PGR_11. The sorption of Cs reached 88% at 1320 hours and at 2320 
hours the experiment was terminated. 
 
Prediction of the equilibrium sorption was calculated using the mean biotite content 
(0.9%) of the rock type. The average biotite content of pegmatitic granite PGR was 0.9 
± 1.7%. The value of 0.1% was used as a minimum content of biotite. The calculated 
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sorption of Cs by PHREEQC program using the HYRL model (Kyllönen et al. 2008) 
was 19% for the average content of biotite and the range was from <1.3% to 43.8%. The 
observed sorptions of 82% (PGR_11) and 83% (PGR_12) are much higher than the 
calculated values. This indicates that other minerals than biotite, possibly muscovite, 
sericite and chlorite participated in the sorption of cesium in these PGR samples.  
 
In the case of PGR_249 slices the calculated value of sorption for the average biotite 
content (0.9%) was 30.2% (average of values for PGR_249 slices 1, 2 and 3). This 
value is larger than the observed values of 9.9%, 5.9% and 5.4% of the slices 1, 2 and 3 
(Figure 10). However, the calculated value fits in the range of <2.7% to 64%. In the 
experiments no current was applied to the PGR249_2 slice. The results of PGR249_2 
were similar than the two other PGR249 rocks. The sorption of Cs on PGR_249 slices 
was very low compared with the PGR slices 11 and 12. This is in accordance with the 
low biotite content of the PGR rock given as the typical to pegmatitic granite PGR in 
Kärki & Paulamäki (2006). The results indicated that some pegmatite granite PGR in 
Olkiluoto may contain other sorbing minerals in addition to the biotite. The sorption on 
this type of PGR is much higher than expected based on the content of biotite. 
 
 

 
 
Figure 9. Sorption of cesium on intact pegmatitic granite PGR_11 and PGR_12 during 
6000 hours of experimental time. The calculated sorption of Cs (model) is based on the 
average content of biotite for PGR. 
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Figure 10. Sorption of Cs on intact PGR249 rocks during 840 hours (PGR249_1), 930 
hours (PGR249_2) and 920 hours (PGR249_3) of experimental time. The calculated 
sorption of Cs (model) is based on the average content of biotite for PGR. 
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4 DISTRIBUTION OF CESIUM IN THE ROCKS 
 
The distribution of cesium in the rocks was determined by autoradiography. First the 
rock slices were cut in half along the diameter of the slice with a diamond blade saw. 
The halves of the rocks were put on the X-ray film. After several days exposure time, 
the film was developed. The films were scanned with a Canon 9500 F scanner and the 
photos are in Figures 11-13. 
 
P-TGG 
 
The cesium is distributed mainly on the surface of the thin P-TGG_1 slice but slightly 
darker areas are also seen which indicates the penetration of Cs into the rock. In the 
thick P-TGG_4 slice Cs is evenly distributed in the rock. Similar distribution of cesium 
in the rock can be seen in the pictures of P-TGG_10_1 and especially in P-TGG_10_2. 
 
T-MGN 
 
In the case of T-MGN cesium seems to be on the surface of the slice. In this rock the 
penetration of Cs into the rock is seen, even when higher sorption on the surfaces 
induces that the contrast between images from inside and the surfaces is large. The T-
MGN_1 and T-MGN_3 slices were stored about two years in 0.01 M NaCl prior to use 
in the electromigration experiment. The sample of T-MGN_2 mica gneiss used without 
prolonged storage in water prior to the experiments indicated about the same sorption of 
Cs as calculated to the maximum biotite content of the rock. Samples that were stored in 
water about two years before use in the experiments showed slower than expected 
sorption and strong sorption to the outer surfaces. The effects of this storage on the 
biotites in these samples could be the reason for high surface sorption. This could not be 
evaluated during the contract time.  
 
PGR 
 
The autoradiograms of PGR slices show that cesium is sorbed on the fissures. These 
figures also indicate that sorption of Cs on unaltered feldspars and quartz is negligible 
as compared to the fissure filling minerals and biotite. 
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P-TGG_1 P-TGG_4 

  
P-TGG_10_1 P-TGG_10_2 

 
Figure 11. The autoradiography pictures of P-TGG. 
 
 

  
T-MGN_1 T-MGN_3 

 
Figure 12. The autoradiography pictures of T-MGN. 
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PGR_11 PGR_12 

 
Figure 13. The autoradiography pictures of PGR. 
 
 
 
 



20 
 

5 CONCLUSIONS 
 
In P-TGG rock samples P-TGG_1 and P-TGG_4b the voltage was increased from 9 V 
up to 20 V to test the effect of increased current on the sorption. The sorption of Cs 
increased only moderately as indicated in the section 3.4. Increasing the voltage also 
increased the decomposition of water. So the voltage of 9 V was considered adequate 
for the experiment. 
 
The Kd values for the sorption of cesium on the rock was calculated using a cation 
exchange model developed at HYRL and the PHREEQC program (Kyllönen et al. 
2008). The sorption site concentrations were from Hakanen et al. (2012). The 
PHREEQC program (Parkhurst and Appelo 1999) was used with ANDRA Thermo 
Chimie database (ANDRA 2009). The experimental and modelled Kd values are 
calculated using the amount (g) of biotite in the rocks (Table 4). 
 
 
Table 4. The sorption of cesium on Olkiluoto rocks by electromigration.The 
experimental and modelled Kd values are calculated using the amount (g) of biotite in 
the rocks.The PHREEQC program with the HYRL model was used in calculation of the 
modelled Kd values. The modelled values were calculated for the minimum, maximum 
and average biotite content in the rocks. The experimental Kd values are calculated for 
the average biotite content in the rocks. 
 

Rock 
The modelled Kd (m

3/kg) Experimental 
Kd (m

3/kg) Minimum Maximum Average 
T-MGN_1 0.143 0.646 0.322 0.013 
T-MGN_2 0.075 0.215 0.144 0.319 
T-MGN_3 0.138 0.593 0.305 0.013 
T-TGG_7 0.008 0.483 0.182 0.194 
P-TGG_1 0.077 0.177 0.323 0.042 
P-TGG_2 # 0.120 0.310 0.205 0.008 
P-TGG_4b 0.142 0.409 0.253 0.023 
P-TGG_10_1 0.443 2.21 1.10 0.012 
P-TGG_10_2 0.384 1.78 0.942 0.015 
PGR249_1 0.008 0.413 0.106 0.018 
PGR249_2 # 0.007 0.408 0.105 0.015 
PGR249_3 0.007 0.403 0.105 0.014 
PGR_11 0.006 0.347 0.097 2.14 
PGR_12 0.006 0.350 0.096 3.24 
# no current 
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The experimental Kd values were ten times smaller than the calculated values based on 
the average content of biotite. The exeption was the case of pegmatitic granite PGR 
samples 11 and 12. The observed Kd values were much larger than the modelled ones 
based on the maximum amount of biotite. One explanation is that other minerals than 
biotite, possibly muscovite, sericite and chlorite, participated in the sorption of cesium 
in these PGR samples. The results indicated that the properties of sorption of pegmatitic 
granite PGR can be very different depending of the location. The PGR samples 11 and 
12 were from a depth of 70 m and three samples of PGR249 were from a depth of 150 
m. 
 
The slices of P-TGG rock were cut in the direction of the drilling core and against the 
direction of the drilling core. The applied electrical field was parallel and unparallel to 
the foliation of the biotite rims. The results indicated that the direction of the foliation of 
biotite had no effect on the sorption of cesium on P-TGG rock. No current was used in 
the sorption experiment of P-TGG_2. The resulting Kd value was much smaller than the 
values of other P-TGG rock samples. 
 
The mica gneiss slice T-MGN_2 was thin. Cesium sorbed on this slice more than 
predicted by the model. One reason is that other minerals participitated in the sorption 
of Cs. The other two T-MGN slices were thicker than T-MGN_2. The experimental Kd 
values were smaller than calculated ones by model. At the time of termination of 
experiments the sorption was increasing. 
 
The autoradiograms showed that in the PGR samples cesium was sorbed on the fissure 
filling minerals. In other types of rocks cesium was evenly distributed in the rock. 
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APPENDIX 1 
 
Mineral composition of rock samples 
 
Table A-1. Average mineral compositions (vol %) of the studied rocks from Olkiluoto 
area and their standard deviation (Kärki and Paulamäki 2006). 
 
Mineral 
 

T-MGN 
gneiss 

T-TGG 
gneiss 

P-TGG 
gneiss 

PGR 
Peg granite 

Quartz 31±10 33±3 24±6 35±14 
Plagioclase 17±7 23±6 34±8 17±9 
K-feldspar 6.4±3.7 20±9 12±11 33±18 
Biotite 21±8 8.2±7.5 23±7 0.9±1.7 
Muscovite 0.7±0.7 1±1.2 0.3±0.5 2.5±2.8 
Hornblende 0.3±0.4 0±0.1 0.6±2.2 0±0 
Pyrite 0.1±0.2 0±0.1 0.1±0.2 0±0 
Chlorite 3.8±5.2 1.7±1.9 0.3±0.5 0.7±0.9 
Cordierite 0.9±1.6 0±0.1 0.1±0.2 0.1±0.4 
Pinite 9.2±7.6 1.3±2.6 0.1±0.2 0.4±1.7 
Garnet 0.1±0.2 1.2±3.6 0.4±0.8 0.4±1 
Sillimanite 1.3±2.9 0±0.1 0.1±0.2 0.4±1.3 
Epidote 0.2±0.2 0.1±0.2 0.1±0.2 0±0.2 
Sphene 0.2±0.2 0.1±0.1 0.1±0.2 0±0 
Apatite 0.2±0.2 0±0.1 1±1 0±0.1 
Saussurite 5.8±6.1 8.9±5.6 4.5±3.7 7.5±5.9 
Sericite 0.3±0.4 0.6±1.8 0.3±0.6 1.2±2.9 
Opaques 1.6±2.4 0.5±0.6 0.5±0.6 0.4±0.5 
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APPENDIX 2 
 
Pictures of the drill cores of Olkiluoto rocks 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diagram for the pictures of the drill cores. The drill cores were broken in two pieces (A 
and B). Pictures present the sides and both ends of of the drill core pieces. 
 
 
 

 
 
 

PGR piece A sideview PGR piece B sideview 
PGR ONK_PP131_69.96_70.30 

 
PGR end Aa of A PGR end Ab of A PGR end Ba of B PGR end Bb of B 
PGR ONK_PP131_69.96_70.30 
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T-TGG piece A sideview T-TGG piece B sideview 
T-TGGOL-KR43_915.05_015.40 

 
T-TGG end Aa of A T-TGG end Ab of A T-TGG end Ba of B T-TGG end Bb of B 
T-TGGOL-KR43_915.05_915.40 
 

  
P-TGG piece A sideview P-TGG piece B sideview 
P-TGG OL_KR43_46.37_46.72 

 
P-TGG end Aa of A P-TGG end Aa of A P-TGG end Ba of B P-TGG end Bb of B 
P-TGG OL_KR43_46.37_46.72 
 

  
T-MGN piece A sideview T-MGN piece B sideview 
T-MGN ONK-PP131_50.88_51.21 

 
T-MGN end Aa of A T-MGN end Ab of A T-MGN end Ba of B T-MGN end Bb of B 
T-MGN ONK-PP131_50.88_51.21 
 




