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ARTICLE INFO ABSTRACT

Editorial handling by Dr J Liitzenkirchen The sorption of Ra on Olkiluoto biotite in the context of deep geological disposal of spent nuclear fuel was

studied with isotherm batch sorption experiments. Ba was used as an analog for Ra in the experiments and

Keywords: modeling studies. A wide concentration range of Ra/Ba was used in the isotherm studies (2.6 x 107 M to 1 x

Radm'm 1072 M) in addition to four different Olkiluoto reference groundwaters with salinity types ranging from fresh to

S;)rf'ttlon saline. Experimental results show that both in the fresh and saline reference groundwaters, the distribution
iotite

coefficients of Ra tend to decrease in the higher isotherm concentrations of Ba. With one reference groundwater,
the distribution coefficients increased with the concentration of Ba due to significant coprecipitation of Ra. With
the fresh reference groundwaters, the distribution coefficients of Ra were consistently approximately one order of
magnitude lower than in the saline reference groundwater. A PHREEQC multi-site complexation model coupled
with an optimization tool in Python was used to interpret the experimental Ra sorption results. Molecular
modeling with CASTEP code implemented into Materials Studio was used to update the PHREEQC model with
more realistic biotite sorption site density data. It was observed that while the multi-site model predicts the
sorption of Ra well in lower isotherm concentrations, auxiliary reactions of Ra disrupt the model in high Ba
isotherm concentrations. The experimental and modeled distribution coefficient data of Ra on biotite can be used

Nuclear waste
Deep geological disposal
PHREEQC

in the safety case calculations of the deep geological disposal of spent nuclear fuel in Finland and Sweden.

1. Introduction

Spent nuclear fuel from the Finnish nuclear power plants of Olkiluoto
and Loviisa will be permanently disposed of in an underground re-
pository facility in Olkiluoto, Finland (Posiva, 2012a, 2012b, 2013;
Hella et al., 2014; Ervanne et al., 2014; Jonsson et al., 2018). As a part of
the legislated responsibility of the disposal authority in Finland, Posiva,
a safety case study concerning the disposal site and the migration of the
nuclear waste borne radionuclides has been commissioned (Posiva,
2012b, 2017; Hella et al., 2014). The KBS-3 principle of the disposal
facility is to provide multiple barriers, both natural and engineered, to
minimize the possibility of escape and further transport of the radio-
nuclides from the waste containment (Posiva, 2012b).

After the first engineered retentive barriers, the final protection
against the spread of the harmful waste-borne radionuclides is the stable
crystalline rock surrounding the underground disposal facility. Thus,
understanding the whole system of the bedrock matrix is of importance
for the safety considerations of the disposal process. To this end, several
key parameters of the crystalline rock in the disposal test sites have been
studied extensively: porosity of the rock matrix and fracturation of
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Olkiluoto rocks (Kuva et al., 2012; Sammaljarvi et al., 2017), advection
and flow properties with gas (Kuva, 2016) and in the water phase
(Voutilainen et al., 2019), diffusion (Voutilainen et al., 2016, 2018;
Aromaa et al., 2019), and sorption (Ervanne et al., 2014; Muuri et al.,
2016, 2017; Soderlund et al., 2019). Furthermore, the matrix diffusion
(Neretnieks, 2013; Tsang et al., 2015), flow (Liu et al., 2018; Neretnieks
and Winberg-Wang, 2019), and advection (Shahkarami et al., 2015) of
radionuclides in saturated rock and rock fractures have been reported
previously. Finally, the sorption of radionuclides has been assessed by
the Finnish and Swedish spent nuclear fuel disposal authorities Posiva
and SKB, respectively, in the form of distribution coefficient studies as a
part of the safety case calculations of the spent nuclear fuel disposal
facility (Crawford, 2010; Posiva, 2013).

In the Finnish safety case calculations, 2?°Ra is recognized as one of
the safety relevant radionuclides in the context of deep geological
disposal due to its importance as one of the three main dose contributing
radionuclides (Posiva, 2021; Maki, 2021). Additionally, the Swedish
safety case calculations argue that ?2°Ra must be considered a high
priority waste nuclide due to its enrichment in the waste as a decay
daughter of 238U, and due to its notable potential for mobility in the
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geosphere (SKB, 2006; Crawford, 2010; Jaremalm et al., 2013). As
238y0, is the main component of spent nuclear fuel, the radioactive
progeny of 228U is of special interest when considering the safety issues
of the spent nuclear fuel disposal. As a decay daughter of 238U, 22°Ra has
a notable significance in the near and far-field dose rate assessments of
the nuclear fuel disposal safety case (Crawford, 2010; Ervanne et al.,
2014; Maki, 2021). This significance has been, in part, concluded in the
safety case calculations in which 22°Ra is the primary contributing
radionuclide of the main dose in the growing pinhole containment
failure scenario after 50,000 years of repository lifetime (Grandia et al.,
2008). In 300,000 years of disposal lifetime, the activity of 2>®U-borne
226Ra in an individual KBS-3 canister reaches its maximum of 8.6-9.3 x
10'° Bq, depending on the contained fuel type (SKB, 2006; Grandia
et al., 2008).

In addition to being an important spent nuclear fuel borne radio-
nuclide, 2?°Ra is classified as a Naturally Occurring Radioactive Material
or NORM. Isotopes of Ra occur in the three major natural decay chains of
235U, 238U, and 232Th, in the form of 223Ra, 226Ra, and %?Ra and 224Ra,
respectively. Of these, 226Ra, with a half-life of 1600 a, is the most
abundant isotope in the Earth’s crust (IAEA, 2014). Radium-226 decays
via alpha decay into 222Rn, a widely known gaseous radionuclide that
causes more than 50% of the average annual effective dose of the pop-
ulation of Finland (Muikku et al., 2014). Radium is found in areas of
uranium-rich rocks, where Ra is Outleached [sic] from the host rock and
soil by rainfall and the surrounding groundwater (Greeman et al., 1999;
Breitner et al., 2008; TAEA, 2014). Radium can also pose environmental
problems in areas where U ore is mined and processed. Outdoor storages
of U mining mill tailings are at risk of leaching out Ra due to rainfall or
residual acid drainage from the ore processing (Martin et al., 2003;
IAEA, 2004, 2014; Déjeant et al., 2014).

Should the containment of the spent nuclear fuel fail due to canister
corrosion or damage, and the waste come in touch with groundwater,
waste radionuclides are in danger of being released from the fuel matrix.
Ewing (2015) discusses both the fast and the slow release of waste nu-
clides: fission product gases, such as Xe and Kr, and volatile elements,
such as I, Cs, and Cl, are released instantaneously from the waste,
whereas the heavy metal radionuclides, such as 235,238y are slower to
release. The long-term release processes of U can be summarized as a
combination of U oxidation from U(IV) to U(VI) and the subsequent
complexation and hydrolysis with intruding water, bulk dissolution of
the fuel UO,, and the formation of other alteration products such as
coffinite, U(Si04)1.x(OH)4x (Ewing, 2015).

Radium is part of the alkaline earth metal group and exists solely in
the oxidation state of Ra(Il). Radium often forms readily soluble com-
pounds. Exceptions to this tendency of soluble compounds are RaCO3
and RaSO4, which are only moderately and very sparingly soluble,
respectively (Lehto and Hou, 2011). The sorption behavior of Ra has
been studied before in, e.g., minerals such as goethite, ferrihydrite, and
barite (Sajih et al., 2014; Vinograd et al., 2018), rapakivi granite crys-
talline rock (Huitti et al., 1996), early cretaceous clays (Missana et al.,
2017), and artificial materials such as cement (Olmeda et al., 2019). As
Ra has no stable isotopes, the next heaviest alkaline earth metal Ba has
often been used as an analog for Ra in studies due to radiation safety
issues and convenience (Matyskin, 2018; Muuri et al., 2018; Soderlund
et al., 2019). The ionic sizes (Ra®" rjon(coordination 8) = 1.62 A, Tion(-
coordination 12) = 1.84 10\, and Ba®" Tion(coordination 8) = 1.56 f\,
Trion(coordination 12) = 1.75 A) (Shannon, 1976) and chemical proper-
ties of the Ra and Ba, though highly similar, cause slight differences in
solubilities and crystal structures between some compounds of the two
elements (Matyskin et al., 2017; Matyskin, 2018). Barium was used in
this study as an analog for Ra in the batch sorption experiments and
sorption modeling.

The aim of this work was to: 1) determine distribution coefficients of
Ra sorption on biotite in different reference groundwater conditions to
provide data for the deep geological disposal safety case calculations; 2)
examine the sorption mechanisms of Ra using the Ba/Ra concentration
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isotherm in the batch sorption experiments and; 3) interpret the
experimental distribution coefficient results with the PHREEQC
geochemical computer model supported by Density Functional Theory
(DFT) sorption site density calculations.

2. Materials and methods
2.1. Geology and mineralogy of the Olkiluoto site

The Olkiluoto nuclear site lies on the island of Olkiluoto, located in
southwestern Finland on the coast of the Baltic Sea. Olkiluoto lies in the
Southern Svecofennian complex geological area, where the land is still
in the post-glacial uplifting phase, rising approximately 6 mm annually
(Posiva, 1996; Aaltonen et al., 2016).

Olkiluoto site’s bedrock is often divided into four main series with
the three most prevalent named T, S, and P-series, respectively (Karki
and Paulamaki, 2006; Aaltonen et al., 2016). The T-series consists
mainly of metatexites and diatexites with mica and quartz gneisses, and
tonalite-granodiorite-granite gneisses. The S-series consists of mafic
gneisses and quartz gneisses with high levels of calcium from calcareous
sediments. The P-series is made up of granodioritic and tonalitic
tonalite-granodiorite-granite gneisses with high levels of phosphorus. At
the planned disposal depth of the Olkiluoto site, the main rock type is
veined gneiss (Karki and Paulamaki, 2006). The phyllosilicate mineral
biotite is one of the main minerals in veined gneiss, and can make up to
40% of the total mass of the host rock (Lindberg, 2001; Karki and
Paulamaki, 2006). Due to the prevalence of biotite in the Olkiluoto site’s
bedrock, it was chosen for this study as the solid phase of batch sorption
experiments.

2.2. Hydrogeochemical conditions of Olkiluoto and the choice of
groundwater simulants

Olkiluoto site consists of groundwater layers in which groundwater
types and salinity vary with depth. As Olkiluoto is an island, the
hydrogeological changes of the surrounding Baltic Sea have affected the
groundwater chemistry. The effects of the ancient Litorina Sea (8000-
2500 BP) are still observed in modern times in the hydrogeochemistry of
the Olkiluoto site: redox conditions are anoxic in groundwaters from few
meters depth below groundwater table, and additionally there exists a
band of heightened sulfate and magnesium levels at the depth of
100-300 m (Posiva, 2012c). Indeed, groundwater SO42’ levels as high
as 500-600 mg 17! have been observed at the depth of 100-300 m in
Olkiluoto (Posiva, 2012c; Partamies and Pitkanen, 2014). However,
sulfate was limited at the depth of 300 m at the baseline conditions
before the construction of the disposal facility started, and it does not
occur at the planned repository depth of 400-500 m (Posiva, 2012c). At
the Olkiluoto site groundwaters, the natural concentration of stable Ba
has been reported to vary from 5.9 x 107 to 1.9 x 107> M (Helld et al.,
2014). The natural concentrations of Ra in Finnish groundwaters vary
most commonly between 10" to 107! M (Vaaramaa et al., 2003).

To categorize the different types of groundwater in Olkiluoto, the
Total Dissolved Solids (TDS) classification of Davis (1964) has been used
(Posiva, 2012c). According to the classification, the Olkiluoto site
groundwaters are divided into three categories based on the amount of
TDS in them in g 171 fresh TDS <1 g 17}, brackish 1 g17* < TDS <10 g
171, and saline 10 g 17! < TDS <100 g 171, In Olkiluoto, at the depths of
60 m to 400-500 m, the groundwater is reported as ‘brackish’ with TDS
ranging between 2 and 9.8 g 1! with two distinct types of groundwater
identified: bicarbonate-rich layer down to the depth of 100-150 m and
the sulfate-rich Litorina-type water at depths of 100-300 m (Vuorinen
and Snellman, 1998; Posiva, 2012c). From there, the salinity of the
groundwater rises steadily with the increasing depth: 10-70 g 17! be-
tween 400 and 800 m, and 130 g 1! at 900 m from the surface (Posiva,
2012c). The salinity of Olkiluoto groundwaters is most commonly the
result of high amounts of Na, Ca, and Cl in the waters, and the relative
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fraction of Ca increases with salinity (Vuorinen and Snellman, 1998;
Vieno, 2000; Posiva, 2012c). In the context of deep geological disposal
and the safety case calculations, the salinity of the surrounding
groundwater is crucial, as highly saline water can damage the waste
containment architecture and hinder the safety procedures. Addition-
ally, as shown in literature, highly saline water conditions can result to
decreased sorption of Ra and Ba, among other elements, onto the crys-
talline rock and its minerals, possibly encouraging further migration of
these nuclear waste borne radionuclides in the lithosphere (Huitti et al.,
1996; Sajih et al., 2014; Muuri et al., 2018; Soderlund et al., 2019).

Because of the different groundwater layers the migrating Ra will be
facing in the case of a containment breach in the disposal facility, four
Synthetic Ground Waters (SGW) of different TDS salinity types and
chemical compositions were chosen for this study. The chosen SGWs
were: ‘fresh’ mildly reducing ALLMR, a modification of the commonly
used Allard granitic reference groundwater; ‘saline’ reducing OLSR;
‘fresh’ glacial meltwater OLGA; and the carbonate and sulfate contain-
ing ‘brackish’ OLBA (Hella et al., 2014; Soderlund et al., 2019). The
ionic compositions of the chosen reference groundwaters are presented
in Table 1.

2.3. Biotite and sample preparation for batch sorption experiments

Biotite, K(Mg,Fe)3AlSi3010(OH,F),, belongs to the group of phyllo-
silicates which are formed by superposed atomic planes parallel to the
(001) face of the crystalline structure (Velde and Meunier, 2008). They
have a prismatic and sheet-like structure, where cation layers connect
the negatively charged layers to each other. The negatively charged
layers consist of tetrahedral (T) and octahedral (O) sheets that stack
together to form 2:1 (TOT) layers with a characteristic repeat distance
between them (Viani et al., 2002). The negative framework charge is
balanced by an equivalent amount of cations on the internal and
external basal planes and these ions are readily exchangeable to ions in
external solutions. In the modeling phase in this work, the biotite surface
is assumed neutral.

Crushed biotite obtained from the Olkiluoto site (Geological Survey
of Finland) was chosen for this study. The biotite was milled and sieved
to the grain size of 0.071-0.3 mm. The mineralogy of the biotite was
confirmed as mainly phlogopite with the X-Ray Diffraction (XRD) at the
Geological Survey of Finland. The Specific Surface Area (SSA) was
determined at the Chalmers University of Technology with the Kr-BET
method using gas adsorption analyzing instrument (Micromeritics
ASAP2020).

To try to convert the biotite sheet edge surfaces into the mono-

Table 1

The ionic compositions (mg/1) of the Olkiluoto reference groundwaters used in
the experiments, along with the set pH and the reference ionic strengths (I)
(Hella et al., 2014; Soderlund et al., 2019).

Ion Concentration of the ion or substance (mg/L)

ALLMR OLSR OLGA OLBA
Na™ 52.5 4800 0.66 1750
Kt 3.9 21 0.6 18.9
NH," - - - 0.33
Mgt 0.7 54.6 0.3 26.5
Ca%* 5.1 4000 0.52 84.5
St - 35 - 0.1
B(OH)3 - 5.3 - 3.5
Ccl™ 48.8 14,500 3 2530
HCO3™ 165 - - 111
Si0, 17 - 0.1 6.1
504> 9.6 4.2 0.2 458
F - 1.2 - 0.3
I - 0.9 - -
Br- - 104.7 - 13.1
pH 8.8 8.3 5.8 7.6
1 (mmol/1) 4.31 515 0.123 91.4
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potassium form used in the modeling, the biotite sample was pre-
treated with analytical grade KClO4 to exchange Ca and Na impurities
with K from biotite surface’s sorption sites as further specified in
(Armarego and Chai, 2012; Li et al., 2020). Fifty grams of the crushed
biotite sample was packed into a glass cation exchange column and 0.1
M KClO4 was pumped through the column with a peristaltic pump at the
flow rate of 4 ml h™! for two weeks. Finally, for the last two days of
wash, 0.01 M KClO4 and MilliQ-water were pumped through the column
to remove excess K. After the KClO4 pretreatment, the biotite sample was
dried in a vacuum oven overnight.

2.4. Batch sorption experiments

The batch sorption experiments were done at room temperature in a
regular atmosphere ventilated glove box. To study the effect of salinity
on the sorption of Ra, four different reference groundwater simulants of
varying salinity were used. To examine the sorption mechanisms of Ra,
and to provide data for the sorption modeling, a broad concentration
isotherm range of Ba/Ra between 2.3 x 107° M to 1 x 10~ M was
chosen for the experiments. The lower part of the concentration range
thus represents close to natural levels of concentration of Ba in Finnish
groundwaters (107° to 107° M) (Vaaramaa et al., 2003; Posiva, 2012c;
Ervanne et al., 2014). The high end of the employed concentration scale
was chosen to study the effect of significant mineral sorption site satu-
ration on the sorption of Ra. Since Ra has no stable isotopes, using pure
Ra for the isotherm studies would have been infeasible in terms of ra-
diation safety concerns. Hence, inactive Ba was used as an analog for Ra
to set the concentration isotherm in the experiment.

The milled and sieved KClO4 pretreated biotite samples were
agitated for three weeks with the groundwater simulants in 20 ml low
diffusion polyethylene liquid scintillation vials, with a solid-to-solution
ratio of 50 g 17! (0.5 g of biotite and 10 ml of SGW). After the initial
equilibration of biotite and the SGW, the samples were first spiked with
Ba (BaCl,, Merck) to create the desired concentration isotherm, and
subsequently with the radiotracer of 226Ra (226Ra(N03)2 in 1 M HNO;3
with 10 pg 17! Ba carrier, Eckert & Ziegler). Note that at the lowest
isotherm concentration conditions, no BaCl; was added to the solutions
as just the spiked 2°Ra tracer caused the desired concentration. The
amount of added radiotracer corresponded to approximately 200 Bq of
226Ra. After this, the samples were further agitated for three weeks. Due
to the observations of previous sorption studies (Muuri et al., 2018;
Soderlund et al., 2019), it was concluded that the sorption solutions
would not need to be pH buffered, but instead let be equilibrated with
the minerals and atmosphere for the duration of the experiment. The pH
of selected sorption samples from each concentration conditions were
measured immediately after the second agitation period with the
reference water, biotite, and spiked Ba and 226Ra, after sorption solution
supernatant sampling for the activity measurements.

After the second agitation, the samples were centrifuged (3 x 10 min,
3000 rpm with Sigma 3-16 KL) and an aliquot of 5 ml of the supernatant
sample was pipetted into 20 ml polyethylene liquid scintillation vials.
The activity of the supernatant 2?Ra was measured from the 186.2 keV
(intensity 3.64%) gamma peak with an HPGe gamma-ray detector
(Canberra Semiconductor Detector, GX8021) with measurement times
of 1 h-5 d depending inversely on the magnitude of activity of the
samples, which varied from 1 Bq to over 100 Bq. Due to the high amount
of tested sorption samples, the gamma measurement approach was
chosen for this study to avoid the laborious pretreatment requiring and
high amounts of radioactive waste producing liquid scintillation
counting and mass spectrometry methods. The Minimum Detectable
Activity (MDA) for 226Ra in the chosen gamma counter measurement
setup of the 5 ml measurement geometry was calculated to be 0.2 Bq
ml~!. To control the accuracy of the measured 22°Ra activity, the ac-
tivities of 2?Ra decay daughters 2*Pb (gamma emission of 351.9 keV,
intensity 35.6%) and 2'“Bi (gamma emission of 609.3 keV, intensity
45.49%) in selected supernatant samples were measured again with
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gamma-ray detection after three weeks of activity equilibration in her-
metically sealed vessels. The activities of the 2?°Ra decay daughters
214ph and 2'Bi, with MDAs in the used gamma counting setup being
0.012 Bq mI~! and 0.008 Bq m1~}, respectively, were observed to be in
good agreement with the initially measured 2?°Ra activities. Thus, the
interference from the measurement room background radiation 23°U
gamma peak of 185.7 keV (intensity 57%) on the ?5Ra activity gamma-
ray measurement was determined to be small. Background 2*°U gamma
emissions of the measurement setup were further taken into account in
the MDA of 22°Ra as a part of the activity background calculations.

The distribution coefficient K4 of Ra on the investigated biotite was
calculated with Eq. (1):

A —A
Kd:’ifo/m @
Ay

where A; is the initial activity of the spiked 22°Ra; Ay is the activity of
226Ra left in the groundwater supernatant after agitation; V (ml) is the
volume of the reference groundwater, and m (g) the mass of the biotite
solid phase in the batch sorption samples. Radium adsorption loss onto
laboratory equipment during the agitations and analysis procedures was
taken into account in term Ag.

2.5. Molecular modeling

Molecular modeling was used to justify the sorption behavior of Ra
onto biotite in the sorption modeling. Biotite mineral has two end-
members: phlogopite and annite, with phlogopite being a common
form of biotite in the Olkiluoto area and thus used in the experimental
part of this study. The molecular modeling was done on the Mg-rich
phlogopite, KMgs3(AlSi3O10) (OH),, where all the Fe ions of biotite
have been substituted by Mg. Fe, or Mg, do not have a role in the
sorption of Ra in this context. As such, Fe and the elemental impurities of
the K cationic layer sheet edge were excluded to simplify the molecular
modeling calculations. The calculations were performed for the periodic
system using the density functional CASTEP (CAmbridge Serial Total
Energy Package) code implemented into Materials Studio version 6.0. As
for the phlogopite systems, the calculations were done using the CASTEP
code implemented into Materials Studio version 2020 (Dassault
Systemes, 2019). The exchange-correlation was described with gener-
alized gradient approximation GGA-PBE. As a compromise between the
accuracy and computational time of calculations, the ultrasoft pseudo-
potentials were used for each element. The used potentials were
Al OOPBE.usp for Al, Ba_OOPBE.usp for Ba, Cs_O0PBE.usp for Cs,
H_OOPBE.usp for H, K 00PBE.usp for K, Mg_00.usp for Mg, O_soft00.usp
for O, Ra_00.usp for Ra, Si_soft00.usp for Si and Sr_00PBE.usp for Sr. The
kinetic cut-off energy for a plane wave expansion of the wave function
was 310 eV.

2.6. Sorption modeling

To interpret the experimental sorption results, the geochemical
modeling software PHREEQC was used. PHREEQC is one of the most
widely used modeling tools for geochemical applications in aqueous,
mineral and gas conditions (Parkhurst and Appelo, 2013). In this study,
a model derived from the multi-site sorption model of Bradbury and
Bayens (2000) was used to describe the sorption of Ba as a well-defined
analog of Ra on the surface of biotite in the varying Ba concentrations.
The multi-site sorption model has previously been adapted for alkaline
earth metal sorption studies by, e.g., (Muuri et al., 2017, 2018). The
thermodynamic database of Lawrence Livermore National Laboratory
(LLNL) was used in the PHREEQC sorption modeling.

Ton exchange properties of the biotite mineral sheet edge outer K*
were taken into consideration in the model. In PHREEQC modeling,
cation exchange sorption processes can be described as binary ion ex-
change reactions according to the Gaines-Thomas convention (Appelo
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and Postma, 2005):

M-K+1/2 Ba®"<1/2 Ba—M, +K"

where the cation exchange sites (M) are initially filled with K" of the
biotite cationic intermediate layers.

To characterize the surface complexation part of Ba sorption on
biotite as a function of barium concentration from 10™° to 1072 M, a
Dzombak and Morel diffuse double layer model based approach was
used (Dzombak and Morel, 1990; Li et al., 2018). Two types of surface
complexation sorption sites on the neutral surface of biotite are
employed in the PHREEQC model: strong sorption sites are expressed as
(=S_sOH) while the weak sites are denoted as (=S_wOH) (Ervanne et al.,
2013; Li et al., 2018). In terms of Ba surface complexation reactions,
following reactions were considered:

S_sOH + Ba’"=S_sOHBa’" LogK = —5.47

S_wOH + Ba>*=S_wOBa’" + H* LogK = —5.85

where S_sOH and S_wOH represent the strong and weak sorption sites,
respectively. Log K values of the given reactions are referenced from the
LLNL database, used in the PHREEQC modeling.

The coprecipitation of Ra with the insoluble barium minerals of
barite (BaSO4) and witherite (BaCOs3), as (Ba,Ra)SO4 and (Ba,Ra)COs,
respectively, has been recognized as a significant sink of aqueous Ra" in
the presence of Ba?t, and SO4%~ and COs?~ (Grandia et al., 2008;
Matyskin, 2018). To simulate this auxiliary removal of Ra from the so-
lutions, the precipitation of Ba as those minerals was allowed during the
thermodynamic balancing of the sorption modeling. In addition, as the
batch sorption experiments were conducted in oxic conditions, the
sorption reactions were balanced with the dissolving atmospheric CO; in
the PHREEQC models.

In the interpretation of the experimental sorption results, an opti-
mization and model fitting tool that coupled PHREEQC with Python was
used (Charlton and Parkhurst, 2011; Wissmeier and Barry, 2011; Par-
khurst and Appelo, 2013). To use the optimization tool, PHREEQC code
is coupled with the Python programming language via the Microsoft
COM (component object model) version of PHREEQC, called IPhreeqc
(Charlton and Parkhurst, 2011). In the sorption model optimization
iterative process, the previously fitted parameters are recalculated after
each subsequent calculation step. The iteration process seeks to find the
best possible fit for the model on the experimental values based on the
least-squares difference between the experimental and modeled data.
Should no satisfactory fit be found, the optimization tool starts the
fitting anew with different initial parameters.

3. Results and discussion
3.1. Biotite characteristics

According to the XRD analysis, the biotite used in the batch sorption
experiments was iron-bearing phlogopite of 1M structure, with the next
most abundant phase being chlorite-clinochlore. For clarity, the used
phlogopite in the experimental part of this study will hence be referred
to as biotite, unless the distinction is crucial. Additionally, trace amounts
of quartz and albitic plagioclase feldspar were detected in the XRD
analysis.

The SSA of the experimented biotite was determined to be 0.6675 +
0.0147 m?> g’1 with the Brunauer-Emmett-Teller theory (BET) method.
Li and group (2020) have previously reported the Cation Exchange
Capacity (CEC) of the biotite also used in this study as 12.64 + 0.42 meq
kg™!, obtained with the ammonium acetate method.

3.2. Adsorption sites by molecular modeling

In the present study, molecular modeling was used to investigate
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possible changes in surface structures caused by sorption. Studies were
performed on the hydroxylated (110) surface of phlogopite, which is its
typical edge surface. The first objective was to find out how the surface
structure changes when K on the Frayed Edge Site (FES) positions are
exchanged with Ba?* and Ra®". Results were compared to our earlier
results of Ba by Muuri and group (2018).

In Fig. 1, the bonding geometry of the uppermost cations after the ion
exchange on the hydroxylated (110) surface of phlogopite is shown
based on the molecular modeling optimized structures. According to the
results, the surface structure of the phlogopite does not depend on if the
uppermost cation is Ba>" or Ra?*. The cations are bonded to four hy-
droxyl groups, so that the hydroxyl groups together with the cation (in
the middle of the coordination sphere) form a planar quadrate coordi-
nation structure, the size of which is approximately 0.15 nm?2. This
structure binds the parallel TOT layers more strongly to each other so
that the distance between the layers varies from 0.29 nm to 0.33 nm.
Because this distance is significantly shorter than the characteristic
repeat distance between the layers in the bulk structure (~0.4 nm), it is
an indication that surface complexation reactions happen, and the up-
permost interlayer cations on the FES positions have a strong effect on
the surface properties of phlogopite.

The second objective was to define the outer-sphere electrostatic
complexation sorption positions after the Ra%* or Ba?t exchange with
the outermost Kt on the hydroxylated (110) surface, and to calculate
sorption energies. To get a systematic series of sorption energies, cal-
culations were also performed to K, Cs, and Sr. Surface complexation
sorption was studied onto two edge sites of phlogopite: a cut surface and
a frayed edge site (Fig. 2). The surface complexation sorption energies
are listed in Table 2. The results indicate that there are noticeable dif-
ferences in sorption energies between different sorption sites. Addi-
tionally, monovalent ions (K" and Cs™) seem to favor the sorption sites
on the cut surface area whereas divalent ions (Ba®>", Ra®" and Sr*")
favor the FES positions.

Based on these results, there are 5.6 strong sites nm ™2 on the FES and
5.6 weak sites nm 2 on the cut surface for surface complexation re-
actions. In addition to this, there are 4.2 sites nm 2 on the basal site for
ion exchange reactions. The calculated site density data was used in the
PHREEQC modeling in interpreting site information for the Ra surface
complexation sorption calculations.

3.3. Distribution coefficients

In the batch sorption experiments, it was observed that Ra sorbed
very well on biotite with the magnitude of sorption correlating closely to
the overall salinity of the reference groundwaters. In three of the four
tested reference groundwater series, namely the fresh mildly reducing
granitic ALLMR, fresh glacial meltwater OLGA, and saline reducing
OLSR, the distribution coefficients of Ra were observed to decrease with
the increasing Ba isotherm concentration and inherent salinity of the
reference groundwater. In the brackish carbonate and sulfate containing

0.30 nm

0.29 nm
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OLBA, the distribution coefficients of Ra were observed to increase with
the increasing Ba concentration. The comparison of experimental and
PHREEQC modeled distribution coefficient results of Ra sorption on
biotite for ALLMR, OLGA, OLBA, and OLSR are shown in Fig. 3.
PHREEQC optimized modeling parameters concerning the reference
groundwaters ALLMR, OLGA, and OLSR are given in Table 3. Model
interpretation of OLBA sorption results are not shown, since they fail to
fit the experimental data due to the very high amount of Ra removal
from the solutions via coprecipitation. In the lowest tested isotherm
conditions of 2.6 x 10~° M, where no BaCl, was added due to the
desired concentration achieved solely with the spiked 200 Bq of ?%°Ra,
the distribution coefficients of Ra on biotite were 0.25 + 0.09 m® kg,
0.17 + 0.02 m3 kg™!, 0.035 + 0.005 m> kg~*, and 0.014 + 0.002 m>
kg~! for the experimented reference groundwaters ALLMR, OLGA,
OLBA, and OLSR, respectively. For the ALLMR, OLGA, and OLSR
reference groundwaters, the expected decrease of distribution co-
efficients in the higher Ba isotherm concentration conditions is observed
in the experimental results at the Ba concentration of 1 x 107> M: 0.048
+0.020 m® kg1, 0.010 + 0.002 m® kg%, and 0.006 + 0.003 m® kg1,
respectively. For the reference groundwater OLBA, the experimental
distribution coefficient of Ra in the highest Ba isotherm concentration
was calculated to be 0.035 + 0.005 m> kg™!. The pH values of the
sorption samples tended to stabilize in the mildly acidic to neutral
conditions: pH varied from 6.3 to 7.3 for selected ALLMR samples, 6.3 to
6.6 for OLGA, 6.1 to 6.4 for OLBA, and 6.4 to 6.8 for OLSR.

The experimentally observed decreasing distribution coefficient
trend of ALLMR, OLGA, and OLSR with increasing isotherm concen-
tration is consistent with the multi-site cation exchange model of
Bradbury and Bayens (2000) and previous work with Ra, and Ba as its
analog in sorption (Muuri et al., 2017, 2018; Soderlund et al., 2019).
According to the model, the high sorption affinity FESs receive most of
the sorption in lower concentrations. As the ionic competition for the
sorption reactions is less intense due to the smaller amount of compe-
tition, Ra%" can easily access the high affinity sorption sites. As the
limited high affinity sites start to get saturated with increasing amounts
of sorption competing ions in the sorption solutions of higher salinity,
the sorption reactions continue in the more numerous but lower affinity
Planar and secondary sorption sites. Since Ra’'isa poor competitor in
the sorption reactions due to its large size, smaller alkali metal and
alkaline earth metal ions, such as Na* and Ca®", instead take its place on
the mineral sheet edge’s sorption sites. This observation is also sup-
ported by the DFT modeling results, according to which the sorption
energies of the lighter ions are much smaller than with Ra?". In sorption
solutions of high ionic strength, an increasing amount of Ra®" is only
able to compete for the lesser affinity sorption sites, or is altogether left
in the groundwater as the competition for sorption sites favors the
lighter and smaller ions. This correlation of distribution coefficients and
reference groundwater salinity is also observed in the sorption behavior
of Ra in the batch sorption experiments. The measured distribution co-
efficients of Ra on biotite are consistently, throughout the Ba isotherm,

0.30 nm
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Fig. 1. The hydroxylated (110) surface of phlogopite. The uppermost K™ ions are exchanged with a) Ba®>* and b) Ra>" ions. Silicon: yellow. Aluminum: pink. Oxygen:
red. Hydrogen: white. Magnesium: green. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. The optimized surface complexation sorption positions of Ra>" on two edge sites of phlogopite after outermost K* ion exchange: a) a cut surface and b) a
frayed edge site. Aluminum - pink. Hydrogen - white. Magnesium - green. Oxygen - red. Silicon - yellow. Sodium - purple. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Complexation sorption energies (eV) on the phlogopite (110) surface.

Sorption site

Ton Cut surface FES

K" —2.76 —2.40
Cs*™ —2.47 -2.13
Ba®* —6.39 -6.78
Ra*" —6.65 —6.90
S —7.54 —7.94
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Fig. 3. Concentration dependent Ra sorption as experimental distribution co-
efficients on biotite in the fresh mildly reducing granitic ALLMR (@), fresh
glacial meltwater OLGA (¢p), sulfate and carbonate containing brackish OLBA
(WD), and saline reducing OLSR (%) reference groundwaters. Data points in the
graph represent the averages of duplicate or triplicate samples. The curves (—)
represent PHREEQC modeled data of the three experimental setups, color-
coded respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

approximately one order of magnitude lower in the high Na*, Mg?*, and
Ca?* concentration saline OLSR than in the fresh ALLMR and OLGA. In
the lower Ba concentrations (10’9 and 1078 M) of OLBA, the experi-
mental distribution coefficients of Ra in the mid-level salinity OLBA are
situated between the fresh ALLMR and OLGA and the saline OLSR. This
observation is consistent with the prediction of Ra distribution coeffi-
cient dependency on the salinity of the groundwater.

At the initial phase of the sorption model development, it was

Table 3

Best fit selectivity coefficients of sorption sites S_sOH (strong sites on FES),
S_wWOH (weak sites on cut surfaces), and ion exchange sites on mineral basal
plane obtained with PHREEQC sorption modeling optimization in the reference
groundwater conditions of ALLMR, OLGA, and OLSR.

Solution K
S_sOH S_ wOH Ion exchange
ALLMR —-5.20 —5.50 —9.55
OLGA —5.85 —0.60 —4.85
OLSR -3.72 -2.91 —2.59

suggested that the PHREEQC model for Ra and Ba sorption on biotite
might underestimate the amount of sorption sites (or sorption site
density) on the surface of biotite, thus overestimating the rate of sorp-
tion site saturation as the Ba isotherm concentration increases. The
overestimation of the rate of saturation in the calculations would show
as a premature and steeper decrease in the distribution coefficient trend.
The DFT modeling results done in CASTEP were coupled into the
PHREEQC models, updating the site densities of the sorption sites,
remedying the model fitting issue noticeably. Additionally, according to
thermodynamic calculations done with PHREEQC, in many of the ex-
periments’ higher Ba concentration conditions, the sorption solutions
became well supersaturated in terms of barite and witherite. Thus, the fit
of the models were further considerably improved with the inclusion of
atmospheric CO, and Ba precipitation as barite and witherite balancing
during the sorption reactions. As the coprecipitation of Ra with barite
and witherite, in addition to sorption, has been estimated to have sig-
nificant effect in the removal of Ra from aqueous solutions (Zhu, 2004;
Grandia et al., 2008; Hedstrom et al., 2013; Yoshida et al., 2015;
Matyskin, 2018), allowing the precipitation of Ba as barite and witherite
during the sorption balancing was used to simulate the coprecipitation
of Ra. As expected, the effect of precipitation on the model’s Ba sorption
was greatest in reference groundwater conditions with high amounts of
sulfate and (bi)carbonate in them, namely ALLMR (SO42’: 9.6 mg 1’1;
HCOs3™: 165 mg17!) and OLBA (SO42~: 458 mg 171, HCO5: 111 mg 171).
The effect was, to a lesser extent, also visible in the modeling of OLGA
and OLSR, reference groundwaters with no inherent carbonate and only
meagre amounts added sulfate (0.2 mg 1%, and 4.2 mg ™}, respectively).
It is to be noted, however, that despite no carbonates were added during
the preparation of OLGA and OLSR, the regular atmospheric conditions
of the batch sorption experiments meant that dissolved CO, was bound
to be present in all of the experimental conditions, thus affecting the
precipitation balance of Ba as barite and witherite.

As a result of the modeling adjustments, the PHREEQC distribution
coefficient models of the ALLMR, OLGA, and OLSR conditions are in
good agreement with the experimental distribution coefficient results.
Most notably, the model already agrees excellently with the
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experimental results of ALLMR reference groundwater. In addition,
especially in the lower to mid-level Ba isotherm concentrations (1 0% to
1075 M), the model agrees very well with the experimental sorption
results in the OLGA and OLSR reference groundwaters. Contrary to the
other tested SGW conditions, the distribution coefficients of the refer-
ence groundwater OLBA even in the higher Ba isotherm concentration
conditions (107° to 10~® M) were discovered to increase when
compared to the values at lower Ba concentrations. Based on thermo-
dynamic calculations, the coprecipitation of Ra with barite and witherite
was expected to increase the removal of Ra from the groundwater so-
lutions. Especially in the case of OLBA, in the highest Ba concentration,
the removal of Ra was calculated to be possibly as high as 100-150 Bq
(of the spiked 200 Bq of 22°Ra), thus being a major competition for the
sorption of Ra on biotite. Although the precipitation of Ba was used in
the sorption model to simulate and compensate for the coprecipitation
of Ra, the reason for the PHREEQC model’s failure to fit the increasing
trend of the experimental results of OLBA remains unresolved.

The tendency of coprecipitation of Ra with (Ba/Sr)SO4 and corre-
sponding carbonates will likely be a beneficial effect in the context of
hindering the spread of radionuclides in the case of a nuclear waste
containment breach in the deep geological disposal site (Grandia et al.,
2008). As the Olkiluoto disposal site has a well-defined sulfate-rich layer
of groundwater at the depth of 100-300 m, Ra and other sulfate (co)
precipitating radionuclides stand to get retained in the layer, hindering
the migration of the radionuclides on their way to biosphere. Despite
this, in natural undisturbed groundwater conditions, where the con-
centrations of Ba and Ra are generally very low (Vaaramaa et al., 2003;
Ervanne et al., 2014), the coprecipitation of Ra poses little effect for the
migration of said element.

4. Conclusions

The distribution coefficients of Ra on biotite in four different types of
reference groundwaters were studied in the presence of Ba concentra-
tion isotherm as an analog to Ra. In three of the four studied reference
groundwaters, the experimental distribution coefficients were found to
be well within predictions and similar with previous studies with Ra
(Soderlund et al., 2019), with the sorption of Ra decreasing in sorption
conditions of higher salinity and ionic competition. The distribution
coefficients were largest in reference groundwater conditions of low
salinity and low Ba isotherm concentration (1072 M): in the fresh
ALLMR and OLGA reference groundwaters the distribution coefficients
of Ra were 0.25 + 0.09 m® kg ! and 0.17 + 0.02 m® kg™!, respectively.
In the saline reference groundwater OLSR, even in the low isotherm
concentration (10~° M), the distribution coefficient of Ra was one order
of magnitude lower than in the fresh reference groundwaters: 0.014 +
0.002 m® kg™, Both in the fresh reference groundwaters, ALLMR and
OLGA, and in the saline OLSR, the sorption and distribution coefficients
of Ra were significantly lower in conditions of high Ba concentration
(1073 M): 0.048 + 0.020 m® kg1, 0.010 + 0.002 m® kg !, and 0.006 -+
0.003 m® kg™!, respectively. Most of the experimental results of the
sorption of Ra on biotite were found to agree well with the multi-site
model outlined by Bradbury and Bayens (2000). However, the experi-
mental results of the final SGW, the sulfate and carbonate containing
brackish OLBA, were found to disagree with the sorption model. With
OLBA, in contrast to the other three reference groundwaters, the
calculated distribution coefficients of Ra were lower in the low Ba
concentrations (0.035 + 0.005 m> kg’1 in 10~° M) than in the high Ba
concentrations (0.33 4+ 0.09 m3 kg’1 in 1073 M). With PHREEQC ther-
modynamic calculations, it was concluded that the significant amounts
of S042~ and HCO3~ (458 mg 17}, and 111 mg1~%, respectively) of OLBA
in higher Ba isotherm concentrations encourage coprecipitation of Ra
with Ba as (Ba,Ra)SO4 and (Ba,Ra)COgs, removing free Ra from the
sorption supernatant and showing an increase in the calculated distri-
bution coefficients. The same effect of Ra coprecipitation on the
experimental distribution coefficients was observed in the calculations
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and modeling of other reference groundwaters, as well, but to a lesser
extent.

To support and interpret the experimental Ra sorption results, a
PHREEQC sorption model was developed based on the Bradbury and
Bayens multi-site sorption model. In the initial phase of the modeling
work, DFT modeling was used to update the PHREEQC model with more
realistic sorption site density data: 5.6 strong sites nm~2 and 5.6 weak
sites nm™~2 on the mineral sheet edges and 4.2 sites nm ™2 on the basal
site of the mineral. In addition to this, the PHREEQC model was adjusted
with the inclusion of barite and witherite precipitation to simulate the
well-established tendency of Ra to coprecipitate with Ba. The more
realistic sorption site density and precipitation data improved the fit of
the PHREEQC models considerably. For the fresh reference groundwater
ALLMR, OLGA, and the saline OLSR, the PHREEQC model fitted very
well the experimental Ra distribution coefficient results. It was
observed, however, that in the higher Ba isotherm concentrations o073
M) the modeled distribution coefficients (0.001 m> kg_1 and 0.002 m°
kg~! in 1073 M for OLGA and OLSR, respectively) tended to decrease
somewhat more sharply than the corresponding experimental values
suggested. For the brackish reference groundwater OLBA, the precipi-
tation fix of the model improved the fit to experimental results only
moderately. To further investigate the sorption mechanism of Ra in the
context of deep geological disposal, sorption and site mechanism ex-
periments and modeling on crystalline whole rocks and different
groundwater conditions will be conducted in the future.
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