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HIGHLIGHTS: Specific surface area and competingsidrad a clear effect on the sorption.
Sorption on biotite was found to behave accordingatthree site ion exchange model. The

concentration decrease of barium in the solutios laggest in granodiorite.
ABSTRACT

The distribution coefficients of barium on Olkil@opegmatitic granite and veined gneiss, Grimsel
granodiorite and their main minerals (quartz, plalfise, potassium feldspar and biotite) were
obtained by batch sorption experiments carriedasu function of the concentration of barium. The
distribution coefficients on biotite and veined msewere modelled with the PHREEQC computing
program. In addition, the diffusion of barium imack cubes was also studied both experimentally
and computationally and the rock cubes from thdusibn experiments were studied with
autoradiography and scanning electron microscogye Tesults showed that the distribution
coefficients of barium were largest on biotite @mel sorption as a function of barium concentration
on all the minerals followed a similar trend. Thistabution coefficients of barium on veined
gneiss, pegmatitic granite and granodiorite folldwiee distribution coefficient trend of their main
minerals and the distribution coefficients wereyést on granodiorite due to the low salinity of the
groundwater simulant. The distribution coefficienfsbarium on veined gneiss were of the same
magnitude as on granodiorite because of the hightéicontent of veined gneiss and those on
pegmatitic granite were a magnitude smaller. It alas discovered that the distribution coefficients
in saline water were considerably smaller thanrdsalts obtained in low salinity water, which

suggests that competing ions play a significane riml the sorption of barium. Finally, the



31
32
33
34
35
36
37

38

39
40
41
42
43
44
45
46
47
48
49

50
51
52
53
54
55
56
57
58
59
60
61
62
63

concentration decrease of barium in the solutionthie diffusion experiments was largest in

granodiorite which can be explained with both therops structure of all the minerals of

granodiorite leading to high accessible surface amed with the sorption properties of barium. It
was discovered with autoradiography that the baswas mainly sorbed on the dark minerals of the
rocks, but, additionally, barium sorption on plag@se was also concluded to be significant. In
addition, the sorbed barium could be seen with rsognelectron microscopy on the biotite and
calcite veins in the fissures of the rock in granate and veined gneiss.

1. INTRODUCTION

Spent nuclear fuel in Finland will be disposed motthe crystalline granitic bedrock 400 m below
surface at the Olkiluoto site in a repository systthat is based on a multiple barrier system
consisting of copper-iron canisters isolated bytteite and the bedrock (Miller and Marcos, 2007).
The bedrock in the Olkiluoto site is consideredtahle for the facility due to its stable tectonic
setting, good quality, existing reducing conditicaasd low groundwater flow at the repository
system depth (Posiva, 2012). However, the procesffesting the migration of the radionuclides
from the nuclear fuel need to be taken into accomnén assessing the overall safety of the
repository. It is therefore very important to stutlg sorption and diffusion properties of different
radionuclides through laboratory and in-situ fieldrk in order to assess the physical and chemical
processes affecting the migration of radionucliskethe different release barriers of the repository

including the bedrock.

The radionuclides occurring in the spent nucleat have been divided into five priority classes in
the Finnish safety calculations according to tnelevance for the safety assessment; top priority,
high priority (1), high priority (l1), high priory (lll) and low priority (Posiva, 2013). The firstass

is the top priority class containing the non-sogoradionuclides which are expected to dominate
the radioactive dose’C, *°Cl, *2%). *Ra is commonly placed in the low priority class huteeds

to be taken into account in some calculation casélse biosphere assessment as it is enriched in
the system as the daughter nuclide in the uranemess(Haavisto, 2014; Posiva, 2009). In contrast
with the Finnish safety calculations, it has be@ted in some scenarios in the Swedish safety
calculations that one of the largest long-termatadjical risks to humans over a certain time span
will be caused by radium (Svensk KarnbranslehamgeAB, 2006). Radium occurs in the oxidation
state +II and its compounds are relatively solublech makes radium mobile should a leakage
occur in the repository (Lehto and Hou, 2011). #digon, the activity of radium in the spent
nuclear fuel will increase reaching its maximumeafapproximately 300,000 years (Hedstrom,
2013). However, the investigation 8°Ra is complicated because it is an alpha emittethén
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uranium series and chemical separation is neededhéo alpha spectrometry. In addition, the
strongest gamma transition BfRa is the same and has similar intensity as that méak of*U
(Lehto and Hou, 2011). It is therefore common te the gamma emitting°Ba as an analogue for
??°Ra. Barium and radium are both alkali earth metétls very similar chemical properties and, as
a consequencé>Ba is one of the nuclides studied in the in-sitpeziments (Widestrand et al.,
2004; Voutilainen et al., 2014).

The sorption and diffusion of barium have beenistlich laboratory and in-situ conditions (Mori et

al., 2003; Hakanen et al., 2014). However, longitér-situ experiments are time-consuming and
costly due to which only few of them have beeniedrout. In 2009 a long-term diffusion project

was started in the Grimsel Test Site in Switzerlamdvaluate the diffusion and sorption properties
of radionuclides in the in-situ conditions (Joketn et al., 2013; Soler et al., 2015; Ikonen et al.
2016a; lkonen et al, 2016b). In addition, sevemaditu diffusion tests are currently ongoing in the
Olkiluoto site in Finland (Voutilainen et al., 2014All these experiments need supporting
laboratory studies as it is highly important to gare the scarce in-situ results with the laboratory

experiments to better assess their relevancy.

In this study, the sorption and diffusion of bariuwvere investigated with laboratory experiments
and with computer modelling to support the restritsn the in-situ experiments. The laboratory
experiments were conducted in conditions that wesembling the conditions in the Grimsel and
Olkiluoto in-situ test sites. The sorption of baniwvas studied with batch sorption experiments in a
broad concentration range (16 10° M) in Grimsel granodiorite, Olkiluoto pegmatiticagite and
veined gneiss, and their main minerals; quartzgiptdase, potassium feldspar and biotite. The
diffusion of barium was studied in rock cubes adrgydiorite, pegmatitic granite and veined gneiss
as a function of time. Groundwater simulants redemglthe fracture waters in the Grimsel and
Olkiluoto sites were used in the batch sorptioneexpents and in the diffusion experiments. The
sorption results were modelled with the PHREEQC mater program after justifying the sorption
model with molecular modelling based on densitycfional theory (DFT). The COMSOL
Multiphysics software was employed in the modellimigthe diffusion results. The aim of the
diffusion modelling was to better describe the méta of barium in intact crystalline rock in the
conditions of the geological repository.

2. MATERIALS AND METHODS
2.1. The geology and mineralogy of the Grimsel @fidluoto site



95
96
97
98
99
100
101
102
103
104
105
106

107

108
109
110

The Grimsel Test Site is located in central Switasd at an altitude of 1,730 metres in the granitic
rock of the Aare Massif which is consisted of a asetlimentary envelope that was intruded by
Hercynian granitoids (320-280 Ma) (Tachi et al.12p All the rocks in the area have been affected
by the Alpine greenschist metamorphism and defdomand the still ongoing post-metamorphic
regional uplift (Mori et al., 2003a). The bedroak the Grimsel test site area is composed of
granodiorite (Hoehn et. al, 1998) and Aare graaié the long-term diffusion tests have been
conducted in the areas consisted of granodiorite gdhd Maori, 2008; Mori et al., 2003b). Grimsel
granodiorite is homogeneous, medium grained anghty}i preferentially-oriented with brittle
structural features of cataclastic fault brecciad discrete faults (Mdri et al., 2003b). The main
minerals of granodiorite are quartz, plagioclasetagsium feldspar and biotite (Table 1). Other
minerals, which do not exceed 5 % in volume, areegramphibole (hornblende), muscovite,

epidote, titanite and opaque minerals (Jokelaineh €2013).

Table 1. The average mineral compositions of veined gnesgmatitic granite and granodiorite in
volume percentage by point counting method (50Mntpdhin section), where + is optically
observed. (Ikonen et al., 2015, Jokelainen ef@al 3).

Mineral Veined gneiss Pegmatitic granite Granodiorite
Quartz 30.2 36.0 32.8
Plagioclase 19.0 44.8 36.5
Potassium feldspar.4 12.8 34.4
Biotite 35.2 + 6.4
Muscovite 2.2 5.0 2.1
Chlorite - + 0.3
Cordierite 2.2 - -
Garnet - 1.4 -
Sillimanite 6.6 - -
Epidote + + 1.1
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Apatite + - -

Opaque 0.2 + 0.1
Titanite - - 0.3
Amphibole - - 3.2

The Olkiluoto site, on the other hand, is an isléochted on the coast of south-western Finland
where the repository system will be built in thettreof 400 metres below the surface. The site is
situated in the part of the Fennoscandian shieldrgvthe postglacial land uplift is moderate, about
6 mm annually. The latest glaciation in southemldfid lasted over 50,000 years and the ice sheet
retreated from the Olkiluoto site about 10,000 gesgo (Pitkanen et al., 1996). The bedrock in the
area is of heterogeneous Archaean crystalline rdtle degree of heterogeneity and foliation
change rapidly in the bedrock in Olkiluoto area mhéhe main rock type in the depth of the
deposition facility is veined gneiss (43 %) withodler sections of pegmatitic granite (20 %)
(Aaltonen et al., 2016). Pegmatitic granite caridued in the host rock as coarse-grained irregular
masses whereas veined gneiss shows a high ledefaimation with powerful foliation. The main
minerals of veined gneiss are quartz, plagiocléseatjite and potassium feldspar and the main
minerals of pegmatitic granite are quartz, plagiseland potassium feldspar (Table 1). (Posiva Oy,
2009; Karki and Paulaméki, 2006; Ikonen et al, 3015

2.2.Groundwater simulants

The groundwater in the Grimsel Test Site is allaimd weakly saline with low ionic strength and
few competing ions for barium (Mader et al., 200B)e chemical composition of the groundwater
simulant used in the experiments (Table 3) wasgsgpbased on the fracture water data from the
Grimsel Test Site (Mader et al., 2006). The coneioin of natural stable barium in the Grimsel
groundwater has been analysed by inductively caupl@sma mass spectrometry (ICP-MS) in Paul

Scherrer Institute (PSI) in Switzerland and it haen found to be approximately 9.2°14.

Table 3. The chemical composition of the Grimsel and Olkitugroundwater simulants used in the
experiments(Mader et al., 2006; Voutilainen et al., 2014)

Component Molality
Grimsel Olkiluoto
pH 9.7 6.9
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Na" 6.9-1¢ 1.2-10

K* 5.0-10° 2.0-10*
ca” 1.4-1¢° 1.3-1¢°
Mg** 6.2-10 1.4-10°
HCO; 45.10 2.0-1¢°
cl- 1.6-10* 1.4-10"
SO” 6.1-10° 3.1-10°
Br- 3.8-10 4.1-10
F 3.6-10 7.9-10°

The fracture groundwater in the Olkiluoto site,tbe other hand, is mainly of Na-Cl type with the
pH values ranging from 7.3-8.0. In addition, theugrdwater is brackish at the depths from 40 m to
500 m although some fracture waters from the as®@ been noticed to have a maximum chloride
content of up to tens of grams per litiehas been determined that the concentration tafrak
stable barium ranges from 5.971M to 1.9-1F M in the Olkiluoto site (Hella et al., 2014). The
groundwater contains seawater that resembles gmempr water in the Baltic Sea. The chemical
composition of the Olkiluoto groundwater simulased in the experiments (Table 3) was prepared
based on the fracture water data from boreholeslKRand KR-13 close to the Repro site
(Voutilainen et al., 2014).

2.3.Molecular modelling for the sorption mechaneswaluation

Biotite is found commonly in crystalline rocks aihds also one of the main components of the rock
samples used in this study. Its end member in sdalution series is phlogopite,
KMgsAISizO10(OH),, where all the iron ions of biotite have been sitlted by magnesium. In this
study molecular modelling methods based on derfsibctional theory (DFT) were used to
investigate the crystalline and surface structusésphlogopite and sorption onto phlogopite
surfacesThe possible sorption of ions was studied on therdwylated (110) surface of phlogopite,
which is its typical edge surface. The first ohjeetwas to find out how the surface structure
changes when potassium ions on the surface arecegplvith barium. However, the ion exchange
reaction mechanism was not studied. The secondctolgewas to check if barium cations are

sorbed on the same sites as cesium cations.

The calculations were performed with the CASTEP if@Adge Serial Total Energy Package by
Clark et al., 2005) code implemented into Materttigdio versions 8.0 (Dassault Systemes, 2014).
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The modelling is based on solving the total elestroenergy and overall electronic density
distribution in order to define the energeticaltglde structures for minerals and sorbing species
(Leach, 2001). The exchange-correlation was desgribith generalized gradient approximation
GGA-PBE. As a compromise between the accuracy andpuatational time of calculations, the
ultrasoft pseudopotentials were used for each eleniée used potentials were Al_00PBE.usp for
aluminum, Ba_OOPBE.usp for barium, Cs_O0OPBE.uspctsium, H_OOPBE.usp for hydrogen,
K_OOPBE.usp for potassium, Mg 00.usp for magnesiuin,soft00.usp for oxygen, and
Si_soft00.usp for silicon. The kinetic cut-off eggrfor a plane wave expansion of the wave

function was 310 eV.
2.4.Batch sorption experiments

The minerals chosen for the batch sorption experimén this study were quartz, plagioclase,
potassium feldspar and biotite. Additionally, grdimoite from the Grimsel Test Site and veined
gneiss and pegmatitic granite from the Olkiluotie svere also studied. The samples for the batch
sorption experiments were crushed by milling amyesil to the grain size of <0.3 mm. The purity
and the mineral composition of the minerals andksagas characterized with the X-ray diffraction
(XRD) method in the Geological Survey of Finlandlghe specific surface areas of the minerals
and rocks were determined at Chalmers Universith Wir-BET using a gas adsorption analyzing
instrument (Micromeritics ASAP2020).

Crushed minerals and rocks were first equilibratgth the groundwater simulants in liquid
scintillation vials with a solid to solution rataf 50 g/L after which the vials were agitated fanot
weeks. The investigated concentrations of bariud@iM, 1-10* M, 1-10° M, 1-10° M, 1-10’

M, 1-10% M, 1-10° M) were added to the samples with a nonradioattareim salt (BaG| Sigma-
Aldrich) and a radiotracer 6f®Ba (BaC} in 0.1 M HCI, Eckert & Zieglergfter which the vials
were again agitated for two weeks. The solutionseew®t buffered but they were let to equilibrate
with the minerals and air and the pH of each soifutvas measured after the equilibration. The
amount of the added radiotracer of barium was 620 B0 mL (carrier 1.30- 10y/L). The samples
were centrifuged (15 min, 4000 rpm with Sigma 3-KB) after the equilibration and the
supernatant was pipetted to liquid scintillationlsi The 356 keV (intensity 62.1 %) peak'dBa
was measured from the supernatant with a PerkineEkntomatic 1480 WIZARD 3” gamma
counter with a 20 min counting period. The detectimit for 1*Ba was 0.37 Bq. The distribution
coefficientsKy of barium on the investigated minerals and rockamwere calculated from the
percentages of barium sorption acquired from tlegive activities of the measurements.
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2.5Diffusion experiments

The diffusion experiments were conducted on 1 chtr X 1 cm rock cubes that were sawed from
the rock cores that have been cored from the Qitolland Grimsel sites. The rock cubes were
placed on the bottom of small vessels so thatta#trosurfaces of the rock were in free contact with
the tracer solution but the one facing the vesded cubes were equilibrated with the groundwater
simulant (15 mL) for two weeks after which the atcicer of**Ba (4600 Bq / 15 mL) and stable
barium as BaGl(1-10° M) was added. The concentration decrease of #vertin the solution was
monitored for six months by pipetting 10 mL of thelution and measuring the activity tfBa
with gamma spectrometry after which the solutiors \pgpetted back into the vessel containing the
rock cube and the solution. The monitoring wad filene twice a day and later once a week when
the tracer concentration decrease slowed downr g&feetermination of the diffusion experiments,
the rock cubes were sawed to thin layers (appraeipd mm in thickness), polished and studied
with autoradiography and field emission scanningctebn microscope (FE-SEM) at the Finnish
Geosciences Research Laboratory (SGL).

2.6.Digital autoradiography

The surfaces of the rock cubes that had been itacowith the tracer solution in the diffusion
experiments were placed into exposure cassettgshosphor screens (Fuji Imaging Plate BAS-
TR2025, Fuji Photo Film Co., Ltd., Tokyo, Japan)l @axposed for one day. After this the imaging
plates were scanned with a Fujifilm Life Sciencesaging Systems FLA5100 with 10m
resolution. The data obtained from the scans wasedtas digital files and analyzed with the image

analysis program Aida (Raytest IsotopenmessgenatieHG; Straubenhardt, Germany).
2.7.Scanning electron microscopy

The rock surfaces that had been in contact withrteer solution in the diffusion experiments were
studied at the Finnish Geosciences Research Laloprég@GL) with the Jeol JSM-7100F Schotky
field emission scanning electron microscopy (FE-SE®uipment having a high resolution option
and equipped with an Oxford Instruments EDS systéra X-mas 80 mmsilicon drift detector

(SDD). The elemental composition of the samples masstigated in order to detect the retained

barium on the mineral surfaces. The detection lohBa in the EDS system was 0.1wt%.
2.8.Sorption modelling

The sorption modelling was performed with PHREEQEZ Windows (Parkhurst and Appelo,

1999), which is a geochemical modelling tool usedimulate a variety of geochemical processes,
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e.g. the sorption of trace metals on minerals. Mioelel used in this study was modified from the
original multi-site sorption model of Bradbury ar8laeyens (2000) which provides good
estimations of the distribution coefficients of ices according to previous studies done in similar
conditions (Kyllénen et al., 2014; Muuri et al.,18). The sheet silicate structure of biotite isselo
to the clay mineral structures in argillaceous syokhich were the rocks used in the study by
Bradbury and Baeyens (2000). Molecular modelling @wane to confirm that barium cations can be
sorbed on the same sites as cesium cations oreba@td, as a consequence, a similar multi-site
sorption model was used for barium as has been fmedesium. The sorption processes in
PHREEQC are described as binary ion exchange oeactaccording to the Gaines-Thomas
convention (Appelo and Postma, 2005), where thercaxchange reaction may be written with the
cation exchange siteX{ as:

1 1
Na—-X + EBa2+ o EBa—X2 + Na*

The distribution of species and the selectivity ficent K. can thus be represented as:

[Ba—X,][Na*]

Ba —
NaKC - [Na—X][Ba2+]°'5

The K. value is the affinity of each specific site typeadable for ion exchange and a high&y
value suggests a higher affinity for barium andstetronger sorption. The. values are treated in

the model as ldg. and, as a result, all reference values are reféoras such.
2.9.Diffusion modelling

The diffusion of barium in the rock cubes was mtatklvith the COMSOL software (COMSOL,
2016) with Transport of Diluted Species in Porousdid node describing diffusion with the Fick’s
laws. In the model, diffusion was assumed as thg wansport process and no advection or flow

was taken into account using a simplified homogasenodel with effective transport properties.

Diffusion is described by Fick’s laws:
—_p&
F=-D ox

whereF is the flux (mol nf s%), D is the diffusion coefficient (ffs), andc is the concentration

(mol/md).

dc d%c dq
i Deffaxz Pt
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wherep is the bulk density of the porous medium anig the sorbed concentration in the porous
medium. The terndq / ot, on the other hand, represents a sink term dtleeteorption of the solute
(Boving and Grathwohl, 2001). Furthermore, the @fie diffusion coefficient can be defined as:

_ Dg SeffS
Desr = —qrf
whereD,q is the aqueous diffusion coefficient in pure watef is the effective porosityj is the
constrictivity andz; is the tortuosity factor. The aqueous diffusion fioent of barium in pure
water is 8.48- 18 m?/s at 25 °C (Augustithis, 1983).

3. RESULTS AN DISCUSSION
3.1.Minerals

The minerals studied in the batch sorption expernisievere quartz, plagioclase, potassium feldspar
and biotite in addition to the granodiorite frometirimsel Test Site and veined gneiss and
pegmatitic granite from the Olkiluoto site. It waéscovered in the XRD experiments in the
Geological Survey of Finland that the quartz ugethe sorption experiments was 95 % pure,SiO
with two minor unidentified phases. Additionallyhet biotite sample was 80 % phlogopite,
KMg3AISiz019(OH),, and 20 % chloritgMgsAl)(AlSi 3)010(OH)s. The potassium feldspar sample
was found to be of the most stable polymorph, marmbow microcline, with inclusions of albite
(10 %). Additionally, the plagioclase was revealedave numerous impurities, such as inclusions
and mixed grains with the composition of plagioel§30%), pyroxene (5%), quartz (3%), biotite (1
%) and chlorite (1 %). The mineral compositionghef granodiorite, veined gneiss and pegmatitic
granite used in the experiments were found to rbekerie compositions presented in Table 1
according to Jokelainen et al. (2013) and Ikonenl.ef2015). The granodiorite was consisted of
plagioclase (40 %), quartz (30 %), potassium feddg@B0 %) and biotite (5 %). The veined gneiss
sample consisted of quartz (20 %), plagioclase%i5potassium feldspar (10 %) and biotite (35
%). The pegmatitic granite sample, on the othedhaonsisted of quartz (15 %), plagioclase (30
%), potassium feldspar (40 %) and mica (5 %). Assalt of the studied rocks, the veined gneiss
was richest in biotite whereas the pegmatitic geamas richest in potassium feldspar in the XRD
analyses. However, the potassium feldspar contetermiined by the point counting method was
significantly lower in pegmatitic granite and higtie granodiorite. This difference might be caused

by the small amount of the sample in the XRD anslgad the uncertainty of roughly 5 %.

The porosity of veined gneiss, pegmatitic granitd granodiorite rocks have been studied 16
polymethylmetacrylate (C-14-PMMA) method (Hellmwhal. 1994; Siitari-Kauppi, 2002) and the

10
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total porosity of the studied rocks has been fotmalary between 0.5 % and 0.7 %. It has been
observed that all the main minerals in granodicaite porous, (Kelokaski et al., 2006) whereas in
pegmatitic granite, the porosity of the feldspardow; close to the detection limit of the method
(0.05 %) (Ikonen et al., 2015). There are alsotyleh micro fractures in pegmatitic granite; both
filled and open have been found to form a condeatietwork of migration pathways (Sammaljarvi
et al., 2017). In veined gneiss, the porosity oftite has been found to be slightly higher thar tha
of feldspars. Quartz appears non-porous and the poosus phases are cordierite and the altered

minerals like chlorite and muscovite that form téus of highly porous phases (Kuva et al., 2016).

The specific surface areas of the crushed rocksnaimérals were also studied (Table 4). The
specific surface area of quartz and potassium peldsvas found to be very small compared to
plagioclase and biotite and, furthermore, the dmesurface area of biotite was found to be the
largest. The differences in the specific surfaceasrare caused by the differences in the
mineralogical structures. Veined gneiss is congdiste abundant biotite grains offering a lot of

surface area whereas the granodiorite and pegmatédnite mostly consist of quartz and feldspars

with much less specific surface area.

In addition, the specific surface areas of smatkrpieces (2.5 g) were also determined in the
Chalmers University of Technology. The results wevaghly one magnitude smaller than the
results obtained for crushed rock. The resultshefrock pieces were in good agreement with the
results of the crushed rock so that the largestiBpsurface areas were obtained for veined gneiss
0.6715+0.0464 mg™. For pegmatitic granite, values of 0.0524+0.00G7gthwere determined and
for Grimsel granodiorite, 0.0456+0.0003 gi*. There was some dispersion in the results between
the parallel samples due to the heterogeneity @taolcks, which affects the results in such a small

scale.

Table 4. The specific surface areas of the studied rocksramerals determined with the BET
method in ascending order (Stellan Holgersson, i@ University of Technology). The grain

size of the samples was < 0.3 mm.

BET specific surface area (m”q)

Quartz 0.0604+0.0004
Potassium feldspaf.0664+0.0002

Plagioclase 0.1527+0.0002
Granodiorite 0.3304+0.0022

Pegmatitic granite 0.3416+0.0034
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Biotite 1.3948+0.0171
Veined gneiss 1.4798+0.0155

The cation exchange capacities of the rocks weterdened with the ammonium acetate method
(Muuri et al., 2016). The values obtained were 0m&®)/100 g for granodiorite, 0.49 meqg/100 g for
pegmatitic granite and 1.32 meqg/100 g for veinedigmin pH 7. As a result, the portion of
exchangeable cations for ion exchange is signifigdrigher in veined gneiss than in granodiorite

and pegmatitic granite, which might be due to tigh biotite content of veined gneiss.
3.2.Adsorption sites

Biotite, like its end member phlogopite, is compbsé¢ a sheet-like structure (Fig. 1) that consists
of negatively and positively charged layers (Veltel Meunier, 2008): the negatively charged
layers consist of tetrahedral (T) and octahedrgl eets that stack together to form 2:1 (TOT)
layers with a characteristic repeat distance batvee layers. These negatively charged layers are
balanced by cations which are exchangeable tormtisuch as barium, in the external solution
(Fig. 2). Especially the cations located in the eedd the interlayer of the sheet structure are

sensitive for cation exchange reactions (Fullexi.e2014).

SiAlO N
Silicate layer

Fe Mg O (OH) ~0.65nm

. ¢ ¢ ac ¢ A el Y ¢ & c 4 4
SiAlO 4 y
@ - 00 o e - Y - Te - 9 -

*
cations QOO OO 000 00 €000 €0 ' Interlayer space

v ~0.4nm

a9

SiAIO SO N A N e AN
! NPV ¢ b G o & APV ¢ Tetrahedral sheet
Fe Mg O (OH) A / ¢ Octahedral sheet
. O < C
SiAlO NS VA N V& W V& Tetrahedral sheet

Fig 1. Biotite structure. Tetrahedral sheet: silicopellow and aluminium- aniline red. Octahedral
sheet: iron- blue and magnesiumgreen. Interlayer: potassiuapurple.

In Figure 2, the bonding geometry of the uppernoasions on the hydroxylated (110) surface of

phlogopite is shown based on the molecular modeisigg DFT methods. According to the results,
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334
335
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339
340
341

the surface structure of the phlogopite does npedeé on if the uppermost cation is potassium
(K™), cesium (C¥ or barium (B&"). In all the cases, the cations*(KCs and B&") are bonded to
four hydroxyl groups, so that the hydroxyl groupgédther with the cation (in the middle of the
coordination sphere) form a planar quadrate coatmin structure, the size of which is
approximately 0.15 nfn This structure binds the parallel TOT layers mirengly to each other so
that the distance between the layers varies fra2® @m to 0.33 nm. Because this distance is
significantly shorter than the characteristic repdistance between the layers in the bulk structure
(~0.4 nm), it is an indication that surface complion reactions happen and that the uppermost
interlayer cations have a strong effect on the asaf properties of phlogopite. When the
concentration of cations increases, the probalibtysurface complexation reactions is greater, the
steric hindrance above the interlayer increased, diffusion into the interlayer of phlogopite
becomes more laborious, decreasing the portiomefrrayed Edge Site (FES) positions. This is
consistent with the results of the PHREEQC modgliamd the batch sorption experiments, the
results of which are presented in the section (Eig. 6). It was also concluded with the molecular

modelling that the barium cations sorb on the semeglayer sites as cesium cations.

0.31 nm

0¢
\

Fig 2. The hydroxylated (110) surface of phlogopite. klpBopite with the interlayer distance 0.35
nm on the level of the uppermost cations, b) theeamost K ions replaced with Csions: the
interlayer distance 0.32 — 0.35 nm, and c) the uppst K ions replaced with B4 ions: the
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interlayer distance 0.29 — 0.33 nm. Silicon: yelloMuminium: aniline red. Oxygen: red.

Hydrogen: white. Magnesium: green.
3.3.The spatial distribution of barium in the roakbes

The rock surfaces that had been in contact withtrdreer solution for six months in the diffusion
experiments were studied with autoradiography.as wiscovered from the autoradiograms that the
radioactive barium was sorbed most preferentiafiyttee dark mica minerals of the rock (Fig. 3).
This is most probably due to the sheet-like stmgctf the mica minerals, which offers plenty of
specific surface area for the sorption to occuis Thseen clearly on the FE-SEM image of biotite
taken from the intact surface of granodiorite (4. As a contrast, the surface of, for example,
quartz is mostly consisted of basal planes makiegspecific surface area of quartz significantly
smaller than that of biotite. This leads to thelig@lgle sorption of cations on quartz. In additidine
sorption of barium on plagioclase is most distincthe granodiorite sample, where the plagioclase
has been found to be more porous than in the vagnetss and pegmatitic granite samples. The
depth profiles of barium were studied qualitativeiyh autoradiography from the sliced samples. It

was discovered that most of the barium activity wakin the first millimetres from the surface of

the rock. However, some activity was found througtbe samples.

Fig 3. The digital images (upper) and the correspondirgjtali autoradiograms (lower) of a)
granodiorite, b) veined gneiss and c) pegmatitenge rock cubes. The width of the images is
approximately 1 cm. The darker areas on the autmgesins correspond to higher barium activity.
Different shades are associated with different mailsewhere the darkest shades are from mica
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minerals, the medium shades are from feldspar lmmtightest shade is from quartz. The dark spots

with halo in the autoradiogram of veined gneissaigsed by natural uranium.

b,
—
\\_ 2%

- AR 50 S M N
10um JEOL 8/13/2015
20.0kV SEI SEM WD 9.6mm 10:31:37

Fig 4. FE-SEM images of the structure of biotite in théned gneiss cube. The roughness on the
surface is due to the edges of the layered shesish corresponds to the large specific surface

area.
3.4.Elemental maps of the sawed surfaces of tHeawoes

Firstly, samples that had not been in contact Wighbarium tracer solution were studied to confirm
that none of the rock types investigated containatural barium or the amounts were not
detectable with the FE-SEM system. After this thme surfaces from the diffusion experiment that
were studied with autoradiography were also studiée sorbed barium on the rock cubes from the
diffusion experiments was detectable with the FBASfystem. The sorbed barium could mainly be
detected in the biotite veins in the rock sampiasst preferably in veins that were fissured. In
addition, barium deposits followed fissures of thek cubes and especially the locations of the
magnesium and calcium bearing minerals in the (Bak 5). This suggests that the barium was co-
precipitated on calcium carbonate and detachetbwi@xchange on biotite and magnesium bearing
minerals. In Fig 5 it can be seen that the bariempodits follow the geological feature of the calcit

vein.
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379 Fig 5. a) The backscattered electron image of a granddiaite of the rock cube, where
380 Qtz=quartz, Kfs=potassium feldspar, Pl=plagioclaSal=calcium carbonate and Ap=apatite. The

381 corresponding elemental maps of b) aluminium, l@a, d) barium and e) calcium.

382 3.5.Distribution coefficients
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The sorption of barium on quartz was found to bey\&nall in all studied concentrations and in
both studied groundwater simulants with distribnticoefficient values of 1-10 m¥kg in
magnitude (Fig. 6). The dispersion of the resul&s warge, which may be due to resilient solid
phase in fine particles in the measured liquid phase interpretation of the results was difficult
due to the large uncertainties, but a slightly dasing trend in the distribution coefficients as a
function of barium concentration could be seentitarmore, the distribution coefficient values in
Olkiluoto and Grimsel groundwater simulants wereyv&@milar within the uncertainty units of the
results. The small distribution coefficients obtinfor quartz is most likely due to the small
specific surface area and ion exchange capacitjuaftz. Additionally, it has been discovered in
previous studies that quartz is not a strong a@sarfor divalent cations and that, e.g. barium will
migrate through silica-rich geological environmeatsessentially the same rate as the flowing
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Fig 6. The distribution coefficients of barium as a funatiof barium concentration on a) quartz in
the presence of Olkiluoto groundwater simulantkatged and Grimsel groundwater simulant at pH
8.0 b) plagioclase in the presence of Olkiluoto groundwatenulant at pH 8.7 and Grimsel
groundwater simulant at pH 8.6 pdtassium feldspar in the presence of Olkiluotougcwater
simulant at pH 7.0 and Grimsel groundwater simukgnpH 8.1 and dbiotite in the presence of
Olkiluoto groundwater simulant at pH 8.3 and Grig®undwater simulant at pH 8.6 where the
curves represent the modelled data. All data poeypisesent the average of triplicate samples and

the uncertainties are given as the standard dewiafithe mean.

The concentration of SO was 6.1-10 M in the Grimsel and 3.1-TOM in the Olkiluoto
groundwater simulant. In theory, the solubilityBdSQ should have exceeded at the highest Ba
concentrations in the groundwater simulant. HoweBaSQ was not allowed to precipitate in the
calculations and it was not observed to do so énetkperiments. In addition, if Bag@recipitation
would have occurred in the highest?Baoncentrations, largerg€alues would have been observed
as the'*Ba would have decreased in solution asdefined as the ratio of the concentration that

has been removed from the solution by sorptionpfecipitation) and concentration in solution.

18



413
414

415
416
417
418
419
420
421
422
423
424
425
426
427

428
429
430
431
432
433
434
435
436
437
438

439
440
441
442
443
444
445

Larger Kyvalues in the highest concentrations were not eleseaind, on the contrary, the ¥alues

were smaller in the larger concentrations, whichiegponds to the saturation of the sorption sites.

The distribution coefficients of barium on plagast showed a clear decreasing trend as the
concentration of barium was increased. The decreasenot linear but instead the values were
roughly constant at low concentrations and the edesm started at approximately 1°1@ol/L
concentration. The sorption behaviour of bariumptagioclase was similar in both groundwater
simulants although a difference in the magnitudethe results was observed (Fig. 6). The
distribution coefficients were 0.009+0.001%ky in 1-10" mol/L in the Olkiluoto groundwater
simulant and 0.244+0.026 *fkg in 1-10" mol/L in the Grimsel groundwater simulant. The
difference is caused by the larger concentratioawhpeting ions in the Olkiluoto groundwater
simulant than in the Grimsel groundwater simuldfir example, the molality of aions was
1.3-10° mol/kg in the Olkiluoto groundwater simulant and4-1.0* mol/kg in the Grimsel
groundwater simulant with a difference of approxiaha two magnitudes. In addition, the ion
radius and charge of €100 pm)is similar to B&* (142 pm) (Shannon, 1976), which suggests that

they may compete for the same sorption sites osulace of the minerals.

The distribution coefficients of barium on potassiteldspar followed a very similar trend as on
plagioclase (Fig. 6), although the distribution fliceents of barium were slightly smaller on
potassium feldspar with values of 0.0032+0.000¥kg1in 1-10° mol/L in the Olkiluoto
groundwater simulant and 0.140+0.00¥kg in 1-10" mol/L in the Grimsel groundwater simulant.
In Olkiluoto groundwater simulant the distributioaefficient of barium on potassium feldspar was
approximately one third of that on plagioclase an®Grimsel groundwater simulant approximately
half of that on plagioclase. The slightly smallestdbution coefficients of barium on potassium
feldspar than on plagioclase is most likely dugh® smaller specific surface areapmitassium
feldspar (0.0664+0.0002 #g) than of plagioclase (0.1527+0.000Z/g). The higher specific
surface area of plagioclase compared to that cdigsaim feldspar may be partly caused by the

small impurities of dark minerals found in the XRDalyses.

The distribution coefficients of barium were larges biotite with values of 0.084+0.002%#kyg in
10° M in the Olkiluoto groundwater simulant and 0.28633 ni/kg in 10’ M in the Grimsel
groundwater simulant. The large sorption on biotie be explained with the sheeted structure of
the mineral, where the edges of the layers offéstaf surface area for the sorption to occur.
Furthermore, it has been discovered in previoudiesuthat the sorption of cesium is also most
preferential on biotite of all the minerals invgstied in this study (Muuri et al., 2016). A thrée s
cation exchange model created by Bradbury and Beey2000) has been used to explain the
19
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sorption behaviour of cesium on biotite (Kyllonenad, 2014). In the three site model, in low
concentrations the sorption is relatively high awmstant as virtually all sorption occurs on the
specific Frayed Edge Sites (FES) of the mineralclvpossess a high affinity. As the concentration
of the sorbing ion is increased, the sorption isrel@sed when the specific sites of the mineral
become saturated and the sorption will occur omthrespecific and low affinity sites, Planar and

Type I, sites (Bradbury and Baeyens, 2007).

According to our molecular modelling studies, caesiand barium are sorbed onto the same sites.
Because in the earlier studies (Kyllonen et al140the sorption of cesium has been successfully
described using a three site cation exchange midelpresumable that the sorption of barium can

also be modelled using the same model. It was desed that the model (curve) described the

sorption behaviour of barium on biotite fairly wékig. 6). However, it was discovered that the

model underestimates the sorption of barium foh ligncentrations (10M to 10° M). The reason

for this phenomenon needs to be further investijaka attempt was made to model the data with a
two-site cation exchange model as well, but thevéis not as successful as with the three sitercatio

exchange model.

Batch sorption experiments were also conductedhf@ermain rocks of the Olkiluoto and Grimsel
sites. Firstly, veined gneiss from the Olkiluottesivas studied. The sorption behaviour of barium
on veined gneiss followed the trend of the mainarafs (Fig 7) and the distribution coefficients
were 0.111+0.001 Fkg in 10’ M in the Olkiluoto groundwater simulant. The veingneiss used

in this study was found to consist of quartz (2Q ptdgioclase (15 %), potassium feldspar (10 %)
and biotite (35 %) in the XRD analyses. The weidhdestribution coefficient of barium on veined
gneiss was calculated based on the mineral abuesdaand their distribution coefficients and a
result of 0.031 rilkg in 10° M was obtained. This value is much lower thandhe obtained for
veined gneiss in the batch sorption experimentsciwls most probably caused by the effect of
accessory clay minerals, which are not taken igmoant in the calculation (Sammaljarvi et al.,
2017).

The main mineral of veined gneiss is biotite arglaaconsequence, the three site sorption model
obtained for biotite was applied to model the ekpental sorption results. It can be seen from
Figure 7 that the model fitted with the experimémiata relatively well. The portion of the FES
sites is below one percent in all investigated mmte veined gneiss, biotite in Olkiluoto
groundwater simulant and biotite in Grimsel grouatkv simulant (Table 5), which may be due to
steric hindrance (Kodama and Komarneni, 1999f" Bans as divalent ions are fairly large ions
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478 whereas the interlayer sites are sterically hindldrg the surrounding ions. The effect of this

479  phenomenon was studied with molecular modellinggi®)FT methods.
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483  Fig 7. The distribution coefficients of barium as a funatiof barium concentration on a) veined

484  gneiss in the presence of Olkiluoto groundwaterutamt at pH 7.8, b) pegmatitic granite in the
485 presence of Olkiluoto groundwater simulant at pHd @nd c) granodiorite in the presence of
486  Grimsel groundwater simulant at pH 8.6. All datanp® represent the average of triplicate samples
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and the uncertainties are given as the standartd®sv of the mean. The curve represents the

modelled data.

Table 5. Computed selectivity coefficients; and capacities for the three sites in the invagtid

materials acquired from the three site sorption @hod

Veined gneiss Biotite (Olkiluoto) Biotite (Grimsal)
Site Capacity
— Planar 96.78 % 96.78 % 99.14 %
— Type Il 2.79 % 2.64 % 0.85 %
- FES 0.43 % 0.58 % 0.01 %
logK(Ba)
— Planar 3.0 3.0 2.0
—Type ll 3.0 3.0 3.5
- FES 6.2 6.2 5.5

The sorption of barium was also studied on pegroaranite obtained from the Olkiluoto site (Fig
7). It was discovered in the experiments that tiséridution coefficients of barium on pegmatitic
granite were approximately a magnitude smaller th@yse on veined gneiss with values of
0.0109+0.001 rfikg in 10° M which is most probably due to the differencettie abundancy of
biotite in the samples. Pegmatitic granite is nyostinsisted of quartz (15 %), plagioclase (30 %),
potassium feldspar (40 %) and biotite (5 %) asrdateed in the XRD analyses. The calculated
weighted distribution coefficient of barium on pegfitic granite based on this data was 0.0083
m%kg in 10’ M, which is very close to the results from the chasorption experiments for

pegmatitic granite.

Lastly, the sorption of barium on granodiorite fréine Grimsel Test Site was studied (Fig 7). The
composition of granodiorite was quartz (30 %), mal@se (40%), potassium feldspar (20 %) and
biotite (5 %) in the XRD analyses. The distributiooefficients of barium on granodiorite were
larger than on veined gneiss with values of 0.18a#0 ni/kg in 10° M in the Grimsel
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groundwater simulant. The calculated weighted ifiistion coefficient for barium on granodiorite

was 0.140 rifkg in 10" M, which was very close to the experimentally aied value. The large

distribution coefficients can be explained with tiomic strength of the Grimsel groundwater
simulant, which is significantly smaller than thait the Olkiluoto groundwater simulant. As a
conseqguence, there are less competing ions in ines@ groundwater simulant which can explain
the large distribution coefficients of barium oragodiorite compared to pegmatitic granite, which
is similar granitic rock containing only 5 % of bite and a high portion of quartz. In addition, the
CEC values determined for granodiorite and pegroaiiianite were similar, which also suggests
that the higher sorption on granodiorite might lne tb the lower ionic strength of the groundwater

simulant.
Diffusion coefficients

The tracer decrease of barium was found to be neosarkable in granodiorite whereas the tracer
decrease in veined gneiss and pegmatitic granisdaveer and roughly similar (Fig 8). This is most
probably due to the differences in the ionic sttbags sorption on the sawed mineral surfaces is
presumed to be the dominant process of the trageredse in the beginning of the experiment.
Diffusion is a slow process and can be seen laten ¢the diffusion results. The diffusion modelling
was done with Comsol Multiphysics to fit the expeental data acquired from the diffusion
experiments. The fitting was done manually by ugiiffusion coefficient, distribution coefficient
and porosity as fitting parameters. It was discedlein the fitting process that distribution
coefficient had a dominating effect in the fittinghereas the significance of diffusion coefficient

and porosity was much smaller.

It was discovered from the model that the effectiiffusion coefficient of barium was largest in
granodiorite (5-1% m%s) whereas the effective diffusion coefficients yrined gneiss and
pegmatitic granite were clearly lower at 8*40n?/s. The model produces a too small effective
diffusion coefficient for pegmatitic granite, whisluggests that the investigated materials cannot be
treated as homogeneous but a heterogeneous diffsidel would be more suitable to describe the
data. The larger effective diffusion coefficient granodiorite might imply that the higher

permeability of the rock allows the fast in-diffasiprocess.

Distribution coefficients were also used as fittipgrameters in the model. The distribution
coefficient of barium acquired from the model wa8- 00* m*kg for granodiorite, 0.2- 1dm%kg
for veined gneiss and 0.4-1@n%kg for pegmatitic granite (Table 6). The distrilout coefficients

acquired from the model were approximately threges of magnitude smaller than the values
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acquired from the batch experiments. However, tl&ildution coefficients were also calculated
from the rock cube experiments for the rock culeesetd on the total decrease of the barium tracer
in solution during the six months’ diffusion expeent and the results were 1.0%1®%kg for
granodiorite, 1.1- TH m*kg for veined gneiss and 3.5-1@n%kg for pegmatitic granite, which are
clearly closer to the computed values. The greffgrénce in the values of the batch and the cube
experiments is due to specific surface area asdtie cubes offer much less specific surface area
than the crushed rock.

Furthermore, the computed distribution coefficiehbarium on pegmatitic granite was larger than
the one of veined gneiss although in the batchtsorgxperiments the results were opposite. The
model did not describe well enough the data of mEdm granite, which may be caused by the
large heterogeneity in this scale due to the lapgeéns in the rock. The model did not take into
account the heterogeneity of the mineralogy anacsire in the rock samples, which is evident in
the distribution of barium measured in the autaygdams. Finally, a significantly larger porosity (4
%) compared to experimentally defined porosity @)5(lkonen et al., 2015) was set for pegmatitic
granite to fit the model to the experimental dathere is no correlation between the effective
diffusion coefficient and porosity as there is ghhwvariation in the spatial distribution of porgsit
and pore structure in these samples, which has dlesgrved in previous studies as well (Kuva et
al., 2016). The diffusion modelling conducted wi@lomsol Multiphysics was only a preliminary
study and the model will be validated with TDRW retithg (Voutilainen et al., 2016) and with
other possible tools that can take into accountntiveeralogical and structural heterogeneities of

rocks in sorption and diffusion processes.

T T
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09k + Veined gneiss E
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Fig 8. The relative tracer depletion of barium in solutiand the diffusion model acquired by
Comsol Multiphysics (curve) of granodiorite, veingrieiss and pegmatitic granite. Each of the data
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562  points represent an average of triplicate sampheksthe uncertainties are given as the standard

563 deviation of the mean.

564 Table 6. The distribution coefficients, effective diffusimoefficients and porosities acquired from

565 the Comsol Multiphysics diffusion model.

Distribution coefficient [m*/kg] Effective diffusion coefficient [m?/s] Porosity [%]

Granodiorite 0.6-16 5-10" 0.65
Veined gneiss 0.2-10 8-10" 0.20
Pegmatitic granite  0.4-T0 8-10" 4.00
566
567 4. CONCLUSIONS

568 The distribution coefficients of barium followedethiirend of the specific surface areas. The
569  distribution coefficients of barium from the batsbrption experiments were clearly largest on
570 biotite and plagioclase, which have the largesti§ipesurface areas of the minerals. The sorption
571  of barium on quartz was found to be very small |hiavestigated concentrations in both
572  groundwater simulants, which could be explainedhie low ion exchange capacity and specific
573 surface area of quartz. In addition, the distrilmutcoefficients of barium on potassium feldspar
574  were smaller than on plagioclase, which could macted by the smaller specific surface area of
575  potassium feldspar. In addition, the effect of cetimy ions for sorption was evident with the two
576  groundwater simulants with a salinity differenceapproximately two magnitudes.

577  The sorption of barium on biotite was found to behaccording to the three site model with
578 PHREEQC for the sorption of trace metals on biotitel other mica minerals. At low barium
579  concentrations (<I®M) barium was sorbed mainly on the selective FESiafite and the sorption
580 was high. After the saturation of FES, barium saxbditionally on the Type Il and Planar sites
581  which leads to the reduced selectivity and redusm@gtion at high concentrations (31M). The
582 three site model acquired for biotite describedsbmotion behaviour of barium quite successfully.
583  Molecular modelling performed to study the sorptinachanism of barium supports ion exchange

584  as a sorption mechanism for barium on biotite.

585 The sorption behaviour of barium on crushed veigediss, pegmatitic granite and granodiorite
586 followed the sorption behaviour on their main maisr It was also discovered that the sorption was

587  highest on granodiorite due to the low ionic sttbngf the Grimsel groundwater simulant used in
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the experiments, which provides less competing idms the sorption than the Olkiluoto
groundwater simulant. Of the rocks, the distribaticoefficients were smallest in pegmatitic
granite, which is mostly consisted of large gramisquartz and feldspars with significantly less
specific surface area than biotite. Additionallye tfeldspars in pegmatitic granite are less porous
than those in granodiorite providing less spedficface area for sorption. The sorption of barium
on veined gneiss was of the same magnitude asamodjorite despite of the difference in the ionic
strength of the groundwater simulant, which is yodtie to the large abundance of the highly
sorbing mica minerals, for example biotite (35 %as confirmed in the autoradiograms and FE-
SEM images that the sorption was most preferentiahe biotite of the rock cubes. Additionally,
the sorbed barium was also found in the fissurethefrocks which can be explained with the
additional surface area released by the fractusnogess. In addition, the CEC values determined

for the rocks were largest in veined gneiss, witah also be due to the large biotite content.

The sorption results of the crushed rocks obtaifredn the laboratory experiments were
systematically smaller than the sorption resultsioled for the rock cubes, which is due to the
increased specific surface area by the crushindpefock. In addition, a clear effect of the ionic
strength could be seen from the batch sorption raxpats as the distribution coefficients were
systematically a magnitude larger in the Grimselugdwater simulant than in the saline Olkiluoto
groundwater simulant. It could thus be concludedt tthe abundant cations in the Olkiluoto
groundwater simulant compete extensively with tbgton of barium, which must be taken into
consideration in the interpretation of the resdiftan the in-situ experiments. Furthermore, the
heterogeneity of the rock can be better takenaotmunt in the safety calculations of the geoldgica
repository with the mineral specific distributionefficients determined in this study. The intrusion
depth of barium was not studied quantitatively lvis tstudy but it will be covered in future

experiments that will be modelled as well.

The concentration decrease of barium in the dibfusexperiments was found to be largest in
granodiorite, which can be explained partly witke flow salinity Grimsel groundwater simulant
used in the experiments. In addition, Grimsel gdamate has a large permeability, and, thus, a
large conductivity, which may cause the large tragecrease. The concentration decrease was
smallest in pegmatitic granite although the effextiiffusion coefficients of pegmatitic granite and
veined gneiss were similar, which suggests thantbdel is not suitable to describe the results of

pegmatitic granite.
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