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A B S T R A C T   

This study provides adsorption and diffusion data of selenite on Boda Claystone Formation (BCF) which is a 
potential host rock of a deep geological disposal of high-level radioactive waste. The experiments were per-
formed on two diverse core samples: one albitic claystone sample characteristic for the entire BCF and one pyrite 
containing sample sparsely occurring in BCF. The experiments were carried out under atmospheric conditions. 
Batch experiments were carried out to study the kinetics of adsorption at a high initial concentration (1.2 × 10− 3 

M), the adsorption isotherms and reversibility were investigated in the 10− 10–10− 3 M concentration range. 
Adsorption onto petrographic thin sections was done to study the elemental distribution on the microscale and 
the oxidation state of selenium. The maximum of the distribution coefficient was found as Kd ≈ 200 L/kg and a 
decrease was experienced around 10− 6–10− 7 M equilibrium concentration, which showed similarities to other 
argillaceous rocks. Isotopic exchange experiments revealed reversibility of selenite adsorption. Diffusion was 
studied with through-diffusion and in-diffusion experiments. Using X-ray fluorescence, despite a low initial 
concentration of 2.3 × 10− 5 M in the in-diffusion experiment, a meaningful diffusion profile of selenium could be 
obtained, from which the selenite apparent diffusion coefficient Dapp

selenite 
= (1.5–4.3) × 10− 14 m2/s and the 

selenite rock capacity factor αselenite = 1.4–2.2 were determined. As selenium species are redox sensitive the 
oxidation state of adsorbed species was studied with X-ray absorption near edge structure spectroscopy on Se–K 
edge. Adsorbed selenium remained in +IV oxidation state, however reduction was experienced on the pyritic 
sample.   

1. Introduction 

Deep geological repositories for high-level radioactive waste will 
have several engineering and natural barriers. As the disposal is 
designed for thousands of years, leakage of the facilities might occur 
during this time period. Migration across the natural barrier and in 
consequence our safety is determined by retardation of the released 
radioactive components. As natural barrier, clay rich rock media are 
considered as adequate host rocks due to their excellent retention 
capability of radionuclide components (as they have high adsorption 
capacity) (Dähn et al., 2002, 2021; Osán et al., 2014). Clay minerals 
have negative charges which are compensated by adsorption of cations 
(Tertre et al., 2021). Due to this phenomenon, clay minerals have high 
cation exchange capacity. 

The safety of repositories is evaluated with performance assessment 

(PA) analysis which tries to predict the consequences of a possible 
radionuclide (RN) escape from the waste packages. Retention charac-
teristic of the host rock is a crucial parameter during PA analysis. 
Selenium-79 is a fission product in nuclear reactors and considered as a 
key nuclide due its long half-life (3.27⋅105 a), toxicity and its anionic 
chemical form (Puranen et al., 2009). Depending on the geochemical 
properties, selenium could be found mainly in five different forms after a 
leakage: selenide (Se2− ), Se− , elemental selenium (Se), selenite (SeO3

2− ) 
and selenate (SeO4

2− ). The different forms can coexist in equilibrium in 
the systems. Selenide and elemental selenium form precipitation at the 
conditions being present in the geochemical systems, selenium oxy-
anions are soluble in aqueous systems. Former studies showed that 
selenate sorbs very weakly in clay-rich media and it is less sensitive for 
redox reactions than selenite (Aurelio et al., 2010; De Cannière et al., 
2010; He et al., 2019). The difference between the redox sensitivity of 
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selenite and selenate were explained by an intermediary Se(V) barrier 
which prevents the reduction of selenate (Bailey, 2016; Kläning and 
Sehested, 1986; Séby et al., 2001; Tian et al., 2020). In contrary selenite 
reduction to elemental selenium and selenide was experienced in the 
presence of pyrite (FeS2) and organic matter in various studies (Bailey, 
2016; Bruggeman et al., 2005; Savoye et al., 2021). 

Once the integrity of the radioactive waste containers is damaged, 
the RNs need to pass through the buffer material around the waste 
packages before reaching the natural barriers. The rate of the RN 
transport process is characterized by the apparent diffusion coefficient 
(Dapp) and the rock capacity factor α. Several studies were conducted on 
the adsorption properties of selenium species but regarding diffusion 
less data are available in the literature. H. Wu et al. (2020) conducted 
their experiments with selenite on compacted Tamusu clay by capillary 
method, De Cannière et al. (2010) studied selenate diffusion in Boom 
Clay, where they reported a diffusion coefficient of selenate very similar 
to sulfate. Recently the main focus regarding selenium diffusion was on 
Callovo-Oxfordian clay (COx). Both Savoye et al. (2021) and Descostes 
et al. (2008) investigated the diffusion properties of selenite with 
through-diffusion experiments under anoxic conditions. 

Boda Claystone Formation (BCF) (Fedor et al., 2019) is considered a 
potential host rock for high-level radioactive waste repository in 
Hungary. It has total clay mineral content similar to other widely studied 
clay formations e.g. COx and Opalinus clay (OPA), meanwhile it has 
unique features since it is the oldest in Europe (265 Ma) and it has an 
over-consolidated, highly indurated character with low physical 
porosity (εtot ≈ 0.02) (Nuclear Energy Agency (NEA), 2022; Sámson, 
2015). As the early diagenesis of BCF occurred in oxidative environ-
ment, most of the studies regarding the migration of RNs in BCF were 
investigated under atmospheric conditions previously (Gergely et al., 
2016; Marques Fernandes et al., 2015; Mell et al., 2006). To our 
knowledge studies regarding selenium retention and migration in BCF 
has not been published. The present study investigated the adsorption 
and diffusion properties of selenite in BCF under atmospheric condi-
tions. In the pores of the buffer and backfill materials in radioactive 
waste repositories O2 is present after construction and decreases based 
on the consumption rate of O2. Moreover, initially the moisture content 
could be insufficient to saturate the entire buffer/backfill. The condi-
tions of the repository environment can be addressed with four possi-
bilities: (i) in the early life aerobic and unsaturated which at some point 
becomes (ii) saturated, however during the evolution of repository 
conditions (iii) unsaturated/ (iv) saturated anaerobic conditions can 
coexist with aerobic phases. Adsorption and diffusion experiments at 
atmospheric conditions can provide valuable input for PA regarding an 
early failure of the repository. 

The aim was to study the adsorption in wide concentration range, to 
determine the diffusion parameters and to verify the oxidation state of 
adsorbed selenium. Since many European countries consider argilla-
ceous host rocks for deep geological repository, the obtained results 
were discussed in comparison to those reported for other clay rich rock 
systems. 

The properties of BCF regarding selenite adsorption species were 
studied using an albitic claystone sample which is the most character-
istic rock of the formation. Some experiments were carried out also with 
a pyrite containing sample originating from a unique layer formed under 
reductive environment. Radiotracer method was applied to obtain the 
adsorption isotherm in the 10− 10–10− 3 M range and to study the 
reversibility of adsorption for crushed rock samples. Adsorption exper-
iments with inactive selenite involving petrographic thin sections aimed 
to find the minerals responsible for selenium uptake. In- and through- 
diffusion experiments on compact rocks were carried out using only 
inactive selenite. Microscale elemental distributions and selenium 
diffusion profiles along the diffusion axis were collected using micro-
scopic X-ray fluorescence. Because of the moderate adsorption of sele-
nite oxyanion onto clays, synchrotron radiation was applied. The 
oxidation state of the adsorbed selenium was studied applying X-ray 

absorption spectrometry. 

2. Materials and methods 

2.1. Characteristics of BCF 

The studied rocks were geochemically characterized, drilled core 
samples from BCF. The formation is located in West-Mecsek Mountains, 
Hungary where two distribution areas are known the perianticlinal 
structure of Boda Block (BB) and the Gorica Block (GB). BCF sediments 
are red, reddish-brown colored testifying the oxidizing nature of the 
early diagenetic and depositional environments (Fedor et al., 2019; 
Hrabovszki et al., 2020). Up to now one reductive interbedding is known 
(greyish colored) with a thickness of 3–4 m containing pyrite. The 
deposition of BCF occurred about 265 Ma ago in a shallow-water salt 
lake environment in the neighboring of saline mudflat under arid cli-
matic conditions (Árkai et al., 2000; Lázár et al., 2012; Varga et al., 
2005). The catagenetic stage was reached under high temperature 
(200–250 ◦C) and pressure (120–150 MPa) conditions during sedimen-
tation. During the Cretaceous Period, the formation was covered by 
sediments of up to 3.5–4.5 km thickness. This burial and compaction 
resulted in an over-consolidated, highly indurated character of BCF 
(Nuclear Energy Agency (NEA), 2022). BCF is highly heterogeneous 
both on the macro and the microscale. The main minerals being present 
are clay minerals (10–55 m/m%), authigenic albite (20–60 m/m%), 
analcime, detrital quartz (5–30 m/m%), carbonate minerals (calcite and 
dolomite, 10–50 m/m%) and hematite (5–10 m/m%) (Fedor et al., 
2019; Sipos et al., 2010; Varga et al., 2006). On the microscale two 
significant areas should be mentioned: the main clayey matrix and the 
minor fracture and vug infillings. The clayey matrix is formed of albite 
cement (and analcime cement for GB) and several clay minerals (mainly 
phyllosilicates, as illite (15–50 m/m%) chlorite (0–35 m/m%), smectite, 
kaolinite, vermiculite and mixed structure minerals can be found in 

Table 1 
Mineral (Table 1/a) and oxide (Table 1/b) composition of studied rocks in m/m 
% (Sámson, 2015). In Table 1/b LOI (loss of ignition) means the mass loss in % 
experienced during heating the sample above 1050 ◦C for 2 h, TOC stands for 
total organic carbon content.  

Component Sample A Sample P 

a. 
Vermiculite 2 3 
Illite 24 13 
Chlorite 6 31 
Quartz 7 18 
Pyrite <1 2 
Albite 43 26 
K-feldspar <2 <2 
Calcite 5 3 
Dolomite 8 4 
Hematite 6 <1  

b. 
SiO2 49.2 50.2 
Al2O3 16.0 16.1 
Fe2O3 total 7.8 7.4 
FeO  3.9 
FeO total  6.6 
Fe2O3  3.0 
MgO 4.3 6.1 
CaO 4.8 3.50 
Na2O 3.1 3.6 
K2O 4.5 2.8 
MnO 0.14 0.14 
TiO2 0.84 0.81 
CO2 4.3 3.2 
P2O5 0.31 0.17 
LOI 8.3 8.5 
TOC 0.11 0.24  
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inconsiderable amounts (Fedor et al., 2019)). In the greyish interbed-
ding the presence of illite decreases and chlorite becomes the major clay 
mineral being present. Illite is the most important clay mineral with a 
high potassium and iron content (Mills et al., 2023). Hematite nano-
crystals were detected between illite crystallites in albitic claystone with 
transmission electron microscopy (Németh et al., 2016). The major 
components of fracture and vug infillings are authigenic albite (25–45 
m/m%), quartz, carbonates and hematite. Overall, the most dominant 
rock type of BB is albitic claystone while in the GB is albite and 
analcime-bearing claystone (Konrád et al., 2010). The BCF rocks 
investigated in this study belong to the BAF-2 borecore deepened in BB 
including both albitic claystone and the reductive interbedding from 
depths of 324.52–324.71 m (Sample A) and 151.62–152.12 m (Sample 
P), respectively. The bulk dry density of BCF samples is between 2700 
and 2800 kg/m3, the cation exchange capacity varies between 100 and 
150 cmol(+)/kg (Marques Fernandes et al., 2015). Main mineral and 
elemental composition, and total organic carbon content as provided 
with the samples by the Public Limited Company for Radioactive Waste 
Management (PURAM, Hungary) can be found in Table 1a-b (Sámson, 
2015). 

Diffusion values (De and ε) for tritiated water (HTO) and Cl− have 
been already studied and published for BCF (van Loon and Mibus, 2015). 
For HTO, the effective diffusion coefficient is Deff

HTO = (1.17 ± 0.02) ×
10− 11 m2/s, for Cl− Deff

Cl- = (3.95 ± 0.24) × 10− 13 m2/s, anion accessible 
porosity was found to be 0.03 ± 0.002, meanwhile the total porosity for 
HTO has been reported as εtot = 0.076 ± 0.005 (van Loon and Mibus, 
2015). One should note that these values were obtained for a different 
rock section of BCF, but they can be considered as a good estimate for 
BAF-2 albitic claystone. The BCF heterogeneity might also explain the 
much lower value εtot ≈ 0.02 of Sámson (2015). 

2.2. Sample preparation 

For through-diffusion experiment a slice with a thickness of 5.6 mm 
was cut and polished from the full 62 mm diameter core of Sample A. 
Petrographic thin sections with an average thickness of 50 μm were 
prepared from sample A onto high purity silicon wafers for adsorption 
experiments. Cutting of full-core slices was not possible from Sample P, 
for this reason a 1.03 × 1.04 × 2 cm3 cuboid was cut that could only be 
used for in-diffusion experiment. For performing batch adsorption ex-
periments 50 g of each rock sample was crushed and sieved below 63 μm 
particle diameter. Prior to the launch of experiments both crushed and 
compact rocks were conditioned with synthetic porewater at pH 8.0 ±
0.1 based on the method of Marques Fernandes et al. (2015). Because of 
the low porosity, only formation water was available for BCF, therefore 
the chemical composition of the pore water (Breitner et al., 2015) 
(Table 2) was calculated to be in equilibrium with atmospheric pCO2, and 
under the constraint of calcite, dolomite and quartz saturation (Brad-
bury and Baeyens, 1998). TRIS (tris(hydroxymethyl)aminomethane) 
was applied as a pH buffer at 2 mM concentration. 

2.3. Adsorption experiments 

Adsorption experiments were carried out in both dispersed (crushed 
rocks) and in compacted (thin sections) forms under atmospheric con-
ditions. After addition of sodium selenite to the synthetic porewater the 
pH was readjusted to 8.0 ± 0.1. Measurements of the initial speciation of 
selenium was performed with ion chromatography (Thermo Scientific 
Dionex Aquion equipped with AS 23 column and 4.5 mM Na2CO3/ 0.8 
mM NaHCO3 eluent). Selenium was present in selenite form in 96% 
meanwhile 4% of the selenium was found as selenate. The adsorption 
results were corrected for the selenate concentration. Savoye et al. 
(2021) reported the presence of selenate around 6% in the radiotracer 
they applied, they explained the speciation change by radiolysis 
processes. 

2.3.1. Kinetic studies 
As a first step the kinetics of adsorption was studied with batch ex-

periments to determine the required time to reach quasi-equilibrium of 
adsorption. The applied liquid-to-solid ratio (V/m) was 100 mL/g and 
50 mL of the selenite containing synthetic porewater together with 0.50 
g of crushed and conditioned rock were introduced into 100 mL shaker 
vessels, then put onto an orbital shaker for 28 days (Ohaus 
SHHD1619AL). The experiments were performed with Sample A and the 
initial selenite concentration was 1.2 × 10− 3 M. The concentration of the 
solutions was monitored with ICP-OES (Perkin Elmer Avio 200). 

2.3.2. Adsorption isotherm 
To obtain the adsorption isotherm for sample A, solutions with 

10− 10 M to 10− 3 M concentration of selenite (using sodium-selenite) 
were prepared. The initial concentrations were checked using ICP-OES 
until the limit of detection (approximately 10− 7 M for selenium). 75Se 
radionuclide (Na2

75SeO3 in aqueous solution, POLATOM) was used as a 
tracer and solutions were spiked with 20 kBq of 75Se in the whole 10− 3 M 
- 10− 10 M range. For each concentration two replicates of 0.50 g 
conditioned, crushed rock were added to 100 ml vessels with 50 ml 
solution containing selenite and shaked for 28 days. After reaching 
equilibrium with batch experiments the suspensions were separated 
using 220 nm syringe filters. The activity of initial and final liquid 
phases was measured in the same batch by liquid scintillation counter 
(LSC) (Perkin Elmer Tri-Carb with Ultima Gold scintillation cocktail). 

In addition, for the high concentration range the sorption of selenite 
was also analysed by measuring the inactive Se concentration (with ICP- 
OES) after equilibration for 28 days. This was done for samples A and P 
(two replicates per concentration). 

The results are shown in the form of distribution coefficient, Kd, 
which can be calculated using Eq. (1): 

Kd =
Cin − Ceq

Ceq
•

V
m

(1)  

where Cin and Ceq are the initial and equilibrium concentrations (in case 
of ICP-OES mol/L, in case of LSC counts/50 μL), V is the volume of the 
liquid phase (mL) and m is the mass of clay (g). Adsorption onto the wall 
of shaker vessels was studied and found negligible (below 1%). 

Experimental data of the adsorption isotherm of sample A was fitted 
with the two-site Langmuir isotherm model (Eq. (2)). The fitting was 
carried out with OriginLab 2022b software. 

Cs = Smax,1
KL,1⋅Ceq

1 + KL,1⋅Ceq
+ Smax,2

KL,2⋅Ceq

1 + KL,2⋅Ceq
(2)  

where Cs is the amount of selenite adsorption onto solid phase (mol/kg), 
Smax,i (i = 1, 2) is the adsorption capacity of site i (mol/kg), KL,i is the 
adsorption potential of site i (L/mol) and Ceq is the equilibrium con-
centration (mol/L). 

Inactive suspensions of 10− 5, 10− 4 and 10− 3 M initial selenite con-
centration prepared from Sample A were filtered and washed, then 

Table 2 
Composition of Boda synthetic porewater in equilibrium 
with atmospheric CO2 partial pressure (Breitner et al., 
2015).  

Element Concentration (M) 

Na 1.7⋅10− 2 

K 1.8⋅10− 4 

Mg 2.4⋅10− 3 

Ca 3.1⋅10− 3 

Cl 2.3⋅10− 2 

CO3
2− /HCO3

− 6.1⋅10− 4 

SO4
2− 1.9⋅10− 3 

Si 1.8⋅10− 4  
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pellets were pressed to study the oxidation state of adsorbed selenium on 
crushed claystone. 

2.3.3. Isotopic exchange experiments 
To study the reversibility of adsorption suspension containing 0.50 g 

of crushed and conditioned rock of Sample A was added to 50 ml solu-
tion with varying selenite concentrations from 10− 8–10− 3 M in dupli-
cate. The suspensions were shaken for 28 days, afterwards 5 ml of the 
suspensions were taken from the shaking bottles and filtered with 220 
nm syringe filter. Its concentration was determined with ICP-OES. 
Radiotracer (20 kBq of 75SeO3

2− ) was added to the remaining suspen-
sions in equilibrium with inactive sodium selenite. Right after radio-
labeling, 5 ml initial sample was taken and filtered. After 28 days, LSC 
counting was performed on liquid phases of both the initial suspensions 
and those equilibrated with 75Se. The adsorbed fractions were calculated 
both for the inactive and active Se and compared for determining the 
reversibly adsorbed part of selenite, similarly to Rahman et al. (2019) 
used for assessment of As sorption reversibility in soils. 

2.3.4. Elemental distribution of selenium on thin sections 
Two petrographic thin sections of sample A were immersed into 

selenite containing porewater (10− 4 and 10− 3 M) for the same duration 
as batch experiments. After 28 days the thin sections were washed with 
ultrapure water and dried in vacuum. The lateral distribution of sele-
nium and rock-forming elements was studied with μ-XRF mapping, 
while the oxidation state of selenium was investigated with (μ-)XANES. 

2.4. Analysis of adsorbed selenium using synchrotron-based techniques 

X-ray fluorescence (XRF) and X-ray absorption spectroscopy 
(XANES) measurements were performed at two beamlines. At Bessy-II 
synchrotron (Berlin, Germany) mySpot beamline μ-XRF and μ-XANES 
measurements were performed (Zizak, 2016). The beam was focused 
with polycapillary optics to 20 μm spot size. The measurements were 
performed on thin sections at 45◦/45◦ geometry using a silicon drift 
detector (SDD) of 100 mm2 active area. At Elettra synchrotron (Trieste, 
Italy) measurements both on pressed pellets and thin sections were 
performed at the XRF beamline (Karydas et al., 2018). In this case the 
focusing optics provide a quite large beam of roughly 500 × 300 μm2 (H 
× V), whose size can be furtherly reduced by using exit slits. For the 
pressed pellets, the full beam was employed whereas for the thin sec-
tions a 450 × 50 μm2 sized beam with shallow angle illumination was 
used to gain spatial resolution to study the diffusion profile in the rock. 
After obtaining the diffusion profile, XANES measurements were per-
formed on selected points (for which the slits were fully opened). For 
XANES measurements Si(111) monochromators were applied at both 
beamlines. As selenite is present in the samples in very low amounts the 
excitation energy for XRF mapping was set to the peak of the white line 
(12,664 eV) of its X-ray absorption spectrum. 

2.5. Diffusion experiments 

For the through-diffusion experiment, a diffusion cell made of pol-
ycarbonate was applied (Mell et al., 2006). The claystone section divides 
the cell into upstream and downstream reservoirs with a volume of 165 
mL each (Fig. S1a in Supplementary Material) and a clay surface of 
19.64 cm2. The claystone slice was glued in the cell then the two sides 
were screwed together. No filter was applied due to the very limited 
swelling of Boda claystone. After installing the diffusion cells both res-
ervoirs were filled by synthetic porewater to saturate the BCF core disc. 
During the 6-week conditioning the solutions were changed every 2 
days. The through-diffusion experiment was conducted at an initial 
concentration of 10− 3 M of inactive sodium-selenite on a 62 mm 
diameter 5.6 mm thick slice of Sample A. The effective diameter avail-
able for diffusion was 50 mm. After finishing the experiment, the cell 
was disassembled, a piece of 5 × 10 × 5.6 mm3 was cut from the centre 

of the claystone disc and a petrographic thin section was prepared for X- 
ray spectroscopy measurements. 

Regarding the in-diffusion experiment a 3D printed sample holder 
was applied (Fig. S1b). With a threaded rod the height of the cuboid 
from sample P could be manipulated in a way that only the bottom 
surface touched the liquid surface. The experiment was performed in a 
closed container with 100 ml porewater with an initial selenium con-
centration of 2.3 × 10− 5 M for 87 days. The clay surface was 1.07 cm2. 
After finishing the experiment, a petrographic thin section was prepared 
for post-mortem analysis. 

2.6. Applied models for diffusion 

Diffusion is described by the diffusion equation 

∂C
∂t

= Dapp
∂2C
∂x2 (3)  

where C (x,t) is the concentration (mol/m3 or counts/m3), x is the po-
sition (m), t is time (s) and Dapp stands for the apparent diffusion coef-
ficient (m2/s). In porous media, diffusion is characterized by two 
parameters: the apparent diffusion coefficient Dapp and the rock capacity 
α (− ). For retarded species, the rock capacity α is related to the distri-
bution coefficient Kd (m3/kg) by 

α = εtot + ρKd (4)  

where εtot is the total porosity (− ) and ρ (kg/m3) the dry bulk density. In 
that case, the retardation coefficient R is the ratio R = α/εtot with R > 1. 
For unretarded species, 

α = ε (5)  

with ε (− ) the accessible porosity (ε ≤ εtot). The effective diffusion co-
efficient Deff (m2/s) is the product αDapp (Deff = α Dapp). 

For modelling, the diffusion equation is solved numerically by 
COMSOL coupled with MATLAB for optimization. 

The background Se concentration in Boda Claystone (1.3 ± 0.3 mg/ 
kg corresponding to (1.7 ± 0.4) × 10− 5 mol/kg) is considered suffi-
ciently low to neglect (see Fig. 3). Because in the through-diffusion 
experiment, neither the upstream nor the downstream reservoir are 
replaced, basically the VC-VC (Variable Concentration upstream and 
downstream) case (Takeda et al., 2008) is solved. In case the upstream 
and downstream compartments are sufficiently large, the VC-VC case is 
approximated well by the CC-CC (Constant Concentration upstream and 
downstream with the upstream concentration C0 much higher than the 
downstream concentration) case (Takeda et al., 2008). Here, after a 
sufficiently large time a quasi-stationary state is reached, and the con-
centration Cdown(t) in the downstream volume is given by (e.g. Aertsens, 
2011) 

Cdown(t) = α C0

(
Dappt

L2 −
1
6

)

(6)  

where L is the clay core length (m) (L = 5.6 mm). This expression is valid 
only for not too large times (to remain consistent with the basic 
assumption Cdown < < C0) and the breakthrough time τ (defined by 
Cdown(τ) =0) is determined by the apparent diffusion coefficient: 

τ =
L2

6 Dapp
(7) 

The through-diffusion experiment is modelled in two ways:  

- assuming a single Se species: the evolution of the Se concentration in 
the downstream compartment is fitted as a function of time leading 
to Dapp,Se and αSe. Next these values are used to estimate the Se 
concentration (i) in the upstream compartment, and (ii) in the clay 
core, and compared to the experimental data. 
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- assuming two Se species: a fast-diffusing species Sefast (assumed 
selenate) and a slowly diffusing species Seslow (assumed selenite). The 
total Se concentration CSe is the sum of the concentrations of both 
species: 

CSe = CSe,fast +CSe,slow (8) 

In agreement with the speciation calculations, the initial upstream 
concentrations C0,fast (resp. C0,slow) of the fast (resp. slow) Se species are 
taken as 

C0,fast = 0.04 C0; C0,slow = 0.96 C0 (9)  

with C0 the initial total Se concentration in the upstream compartment. 
Both Se species are assumed to diffuse independently from another in 

the clay according to their diffusion parameters: Dapp,fast, αfast, Dapp,slow 
and αslow. The values of Dapp,fast and αfast, are fitted from the downstream 
evolution. Next, these values are used to estimate CSe,fast in the upstream 
volume and in the clay core. From the difference Cse,bulk – (αfastCfast /ρ) 
with Cse,bulk the experimentally measured bulk concentrations and the 
wet and dry clay bulk densities assumed equal (justified by the very low 
total porosity of Boda clay), the values of Dapp,slow and αslow are fitted, 
allowing to assess CSe,slow. Finally, by expression (8) the concentration 
CSe can be evaluated in both upstream and downstream compartment as 
a function of time and compared to the experimental data. 

For the in-diffusion experiment the Se evolution in the upstream 
compartment was not measured. Only a single Se species is assumed, 
and the diffusion parameters of this species are estimated from fitting 
the Se profile in the clay core. Clearly, this species corresponds to Seslow. 

3. Results and discussions 

3.1. Adsorption results 

3.1.1. Results of kinetic tests 
The kinetics of adsorption experiment was plotted in Fig. S2, the 

saturation curve reached its maximum below 10 days. Missana et al. 
(2009) reported a similar kinetic property of sodium-selenite adsorption 
onto Na-illite and Na-smectite under atmospheric conditions at a very 
low initial concentration (10− 10 M). Their results showed that 7 days of 
contact time was sufficient to reach equilibrium. Savoye et al. (2021) 
studied the adsorption properties of selenite onto Callovo-Oxfordian 
(COx) rock samples. They carried out the experiments in a N2/ 0.4% 
CO2 glovebox at different concentrations, where at the high concen-
tration region (10− 4–10− 3 M) Kd reached equilibrium in 20 days, how-
ever at lower concentrations slower kinetic took place, so they decided 
to obtain the adsorption isotherm after 110 days of contact time. There is 
no clear evidence for the differences in the time needed to reach satu-
ration in the mentioned experimental set-ups. After all, in the present 
study suspensions and thin sections were shaken and immersed for 28 

days. 

3.1.2. Adsorption isotherm 
The obtained adsorption isotherm of Sample A (Fig. 1) was compared 

to the ones measured with pure minerals. The maximum of Kd (200 L/ 
kg) was found in the low concentration regime (10− 10–10− 8 M). Around 
10− 6 M (Kd ≈ 100 L/kg) the isotherms started to part away and the 
amount of selenite adsorbed to BCF had one order of magnitude lower 
value. In the high concentration range (10− 6–10− 3 M) adsorption ex-
periments were carried out on both sample A and sample P. In this 
concentration range Sample P had higher selenite adsorption than the 
albitic sample. In the low concentration region, below 10− 6 M, similar 
results were found to those obtained for Na-illite and Na-smectite 
(Missana et al., 2009). Similarly to different argillaceous rocks (Frasca 
et al., 2014; Savoye et al., 2021), a decrease compared to pure minerals 
started around 10− 7–10− 6 M concentration, however the adsorption 
isotherm belonging to BCF appeared to have even lower Kd value 
(Fig. 1b). In previous studies the breakpoint in the isotherm was 
explained by the saturation of the adsorption sites. The lower Kd value of 
BCF corresponds to the higher argillite content of the compared rocks. 
The studied OPA and Tournemire samples contained around 60% of clay 
minerals (Frasca et al., 2014), meanwhile the mineralogy of the COx 
sample characteristic of its depth of origin contains around 35–65% 
argillite (Savoye et al., 2021). In contrary sample A has an illite and 
chlorite content altogether of 30–35% and sample P has around 40–45% 
of clay minerals. The lower selenite adsorption of Sample A than Sample 
P cannot be explained only by the difference in the clay mineral content. 
Despite the low TOC content (0.22 m/m%) of Sample P, the Kd values 
were more similar to other studied clays evolved under reductive 
conditions. 

The results of the Langmuir isotherm fitting are presented in Table 3, 
the plot of the fit is shown in Fig. 1c. The goodness of fit for the present 
study can be characterized with R2 = 0.99973, reduced Chi-square =
8.21 × 10− 11. In the current study two sorption sites with different 
properties fit the sorption isotherm sufficiently well, one site with high 
capacity but low affinity and a low capacity but high affinity site. Frasca 
et al. (2014) also found that a two-site Langmuir model is in better 

Fig. 1. Adsorption isotherm of selenite on BCF and pure clay minerals on panel (a) (Na-illite, Na-smectite) (Missana et al., 2009) and other argillaceous rocks on 
panel (b) (Tournemire, Callovo-Oxfordian and Opalinus clay) (Frasca et al., 2014). LSC and ICP-OES stand for the applied method to measure the initial and 
equilibrium activities and concentrations. On panel (c) the calculated contributions of the Langmuir sorption sites are plotted with the measured data for Sample A. 

Table 3 
Results of adsorption isotherm fitting with Langmuir parameters for BCF Sample 
A together with data published by Frasca et al. (2014) for Upper Toarcian, Black 
Shales and Opalinus Clay.   

Smax1 

(mol/kg) 
KL1 

(L/mol) 
Smax2 

(mol/kg) 
KL2 

(L/mol) 

Sample A 1.9⋅10− 3 4.4⋅103 1.2⋅10− 4 8.37⋅105 

Upper Toarcian 6.5⋅10− 4 1.6⋅105 2.9⋅10− 5 1.3⋅107 

Black Shales 5.4⋅10− 4 7⋅105 2.6⋅10− 5 2.2⋅107 

OPA 1.7⋅10− 3 2.1⋅105 1.4⋅10− 5 1.9⋅107  
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Fig. 2. Elemental distribution of Fe (panel (a)), K (panel (b)) and Se (panel (c)) on a petrographic thin section prepared from sample A obtained using μ-XRF. The 
initial concentration of Na-selenite was 10− 3 M. On panel (d), (e), (f) scatter plots of Fe-K/Se-K, K-K/Se-K and K-K/Fe-K count rates, respectively. 

Fig. 3. Through-diffusion experiment (sample A): experimental data and model assuming a single diffusing Se species (top, panels a,b,c) and two diffusing Se species 
(Sefast and Seslow, bottom, panels d,e,f). 
On panels a and d: Se concentration in the upstream compartment and model (data measured by ICP-OES). 
On panels b and e: Se profile in the clay core at the end of the experiment and model (data from shallow angle illumination XRF). 
On panels c and f: Se concentration in the downstream compartment and model (data measured by ICP-OES). 
For the single Se species (top, panels a,b,c), the diffusion parameters are fitted from the downstream evolution and used to predict the upstream evolution and the Se 
profile in the clay at the end of the experiment. For two diffusing Se species (bottom, panels d,e,f), the diffusion parameters of selenate are fitted from the downstream 
evolution. These values are used to predict the selenate profile in the clay and from the difference with the experimental data, the diffusion parameters of selenite are 
estimated. The upstream evolution is predicted with the diffusion parameter values of selenate and selenite. The predicted downstream concentration of selenite 
is zero. 
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agreement with their experimental data with 75SeO3
2− on OPA, Black 

Shales and Upper Toarcian Clays (Table 3). The site capacities of the 
other clay-rich rocks seem to be lower than or similar to those of BCF 
Sample A, however the affinity values are at least one order of magni-
tude higher. 

3.1.3. Lateral distribution of adsorbed selenium and rock-forming elements 
The results of the microscopic XRF measurements on petrographic 

thin section prepared from sample A with an initial concentration of 
10− 3 M of selenite show similar distribution of Fe, K and Se (Fig. 2 a,b,c). 
With scatter plots correlation was found among these elements which 
suggests that selenium is adsorbed on minerals containing both Fe and K, 
supposedly on illite as its structure is built up of (K,H3O)(Al,Mg,Fe)2(Si, 
Al)4O10[(OH)2,(H2O)] blocks (Fig. 2 d,e,f) (Osán et al., 2014). Illite and 
muscovite have the same main reflection (10 Å) in powder X-ray 
diffraction, but illite was confirmed to be the main clay mineral in BCF 
by complementary methods (Németh et al., 2016). Muscovite and bio-
tite are scarce minerals in BCF (Németh et al., 2016), therefore the 
simultaneous presence of Fe and K could be linked to illite. 

3.1.4. Reversibility of adsorption 
Based on the results of the isotopic exchange experiments (presented 

in Fig. S3), the adsorption of selenite onto BCF was obtained as revers-
ible around 80–85% in the low concentration region meanwhile above 
10− 7 M equilibrium concentration the adsorption was found to be fully 
reversible. These findings are in-line with the Langmuir modelling of the 
adsorption isotherm, strong sites are dominant for the lower concen-
tration range. 

3.2. Results of through-diffusion experiment 

3.2.1. Assuming a single Se species 
The downstream concentration is fitted well (Fig. 3). Because the 

downstream concentration (up to 2 × 10− 5 mol/L, Fig. 3) is much lower 
than the approximately constant upstream concentration (around 1 ×
10− 3 mol/L, Fig. 3), the VC-VC model is approximated very well by the 
CC-CC model. In line with expression (6), at sufficiently large times the 
downstream concentration is approximately a linear function of time 
(Fig. 3). The predicted nearly constant upstream concentration agrees 
roughly with the experimental data (see Fig. 3), but the predicted linear 
profile in the clay core does not correspond at all with the experimental 
data suggesting that at least two types of diffusing Se species need to be 
included in the model. Although the fitted downstream concentrations 
agree reasonably well with the experimental data, the uncertainty on the 
values of Dapp,Se and αSe is 60–70%. 

3.2.2. Assuming two Se species 
The finally measured downstream concentration (see Fig. 3) is about 

50% of C0,fast (Table 4), meaning that the entire time range cannot be 
fitted with the CC-CC model: unless possibly for very small times (where 
the quasi-stationary state is reached but also the downstream concen-
tration is much lower than the initial concentration C0,fast), only the VC- 
VC model is valid. In case the downstream concentration would have 

stayed all the time much lower than the upstream concentration, 
expression (6) shows how the shift C0 → C0,fast affects the optimal values: 
(i) the apparent diffusion coefficient does not change, and (ii) α C0 = αfast 
C0,fast = αfast 0.04 C0 leading to αfast = α / 0.04 = 25 α. This explains why 
(i) the ratio between Dapp,fast and Dapp is not too far from one (Dapp,fast / 
Dapp ≈ 2, Table 4) and (ii) much smaller than the rock capacity factors 
ratio (αfast ≈ 21.6 α, Table 4). The fit is poor resulting in very high un-
certainties (> 100%) on the values of Dapp,fast and αfast, making their 
values not very reliable. 

From Dapp,fast and αfast, the bulk profile of Cfast in the clay can be 
estimated and from the difference with the experimental data, a fair fit 
(Fig. 3) leads to Dapp,slow and αslow. It is verified that no Seslow diffuses to 
the downstream compartment during the duration of the experiment. 
The predicted evolution of the upstream concentration with two species 
is similar as for a single Se species (Fig. 3). 

The Dapp values of both Se species differ by nearly three orders of 
magnitude while the difference between their rock capacity factors is 
much smaller (Table 4). Assuming a total porosity εtot = 0.02, both 
species are retarded. In particular, the high (inaccurate) retardation 
factor for Sefast, supposed to be the unretarded selenate is surprising and 
does not seem realistic. The corresponding Kd value for Seslow is much 
lower than the value obtained from the batch sorption experiments. 

Because in the present experiment no Seslow reaches the downstream 
compartment, an in-diffusion experiment with the same initial condition 
would lead to the same Seslow profile at the end of the experiment. In that 
case, no information about Sefast can be obtained: the in-diffusion 
experiment would have been fitted assuming a single Se species with 
initial concentration C0 and the final peak would have been contributed 
totally to Seslow. To allow a good comparison of the diffusion parameters 
with the in-diffusion experiment on sample P, also a fit with these same 
assumptions is performed on the present experiment (Table 4). Because 
the bulk concentration of Seslow is considerably higher than that of Sefast 
(Fig. 3), the values of the Seslow diffusion parameters in both fits 
(considering Sefast vs. not taking it into account) are assumed to be 
similar, which is roughly confirmed by the fit results (Table 4). The Kd- 
values derived from the rock capacity factor are considerably lower than 
those derived in the adsorption isotherm (up to 200 L/kg). 

Savoye et al. (2021) found an effective diffusion coefficient around 
1.9–5.3⋅10− 12 m2/s for SeO3

2− on COx clay. It is worth mentioning that 
they worked with 75Se radiotracer which contained around 6% of SeO4

2−

(selenate). They checked the speciation in the downstream reservoir and 
detected the presence of selenate only. The calculation of De was per-
formed from the concentration profile in the upstream/downstream 
reservoir. Idemitsu et al. (2016) studied the adsorption and diffusion 
properties of selenite on purified and compacted bentonite (Kunipia-F) 
which consisted of 99% montmorillonite. They reported a range for 
apparent diffusion coefficient as 2.5 × 10− 11 to 1.9 × 10− 13 m2/s. As the 
rock capacity factor can be considered as ρKd for montmorillonite (since 
the porosity is negligible), values measured on compacted BCF rock fall 
in the range measured on compacted bentonite. T. Wu et al. (2014) also 
studied the adsorption properties of Se(IV) species on compacted Gao-
miaozi bentonite and found De between 3.0 × 10− 12 m2/s and 5.3 ×
10− 11 m2/s depending on the dry densities and the porosity of the 

Table 4 
Summary of the Se diffusion parameters. The distribution factor Kd is calculated by assuming εtot = 0.02 and ρ = 2.7 kg/L.    

C0 Dapp α Deff R Kd   

(mol/L) (m2/s) (− ) (m2/s) (− ) (L/kg) 

Through-diffusion 
Se (all) C0 1.06⋅10− 3 7.2⋅10− 12 ± 4.3⋅10− 12 0.21 ± 0.15 1.5⋅10− 12 ± 1.4⋅10− 12 10 0.07 
Sefast C0,fast=0.04C0 4.22⋅10− 5 1.5⋅10− 11 ± 4.7⋅10− 11 4.44 ± 20.60 6.7⋅10− 11 ± 3.7⋅10− 10 222 1.61 
Seslow C0,slow=0.96C0 1.01⋅10− 3 4.3⋅10− 14 ± 4.4⋅10− 15 1.44 ± 0.11 6.1⋅10− 14 ± 7.90⋅10− 15 72 0.52 
Seslow C0,slow=C0 1.06⋅10− 3 3.1⋅10− 14 ± 2.4⋅10− 15 1.95 ± 0.24 6.0⋅10− 14 ± 8.70⋅10− 15 98 0.70 
In-diffusion 
Seslow  2.30⋅10− 5 1.5⋅10− 14 ± 2.0⋅10− 15 2.22 ± 0.16 3.3⋅10− 14 ± 5.00⋅10− 15 111 0.80  
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sample (in their case the densities ranged from 1300 to 1800 kg/m3). 

3.3. Results of in-diffusion experiments 

Because no breakthrough can be obtained from this type of experi-
ment, contrary to the through-diffusion experiment, the entire Se profile 
in the clay core is contributed to Seslow. Apart from the region very close 
to the upstream compartment, a good fit is obtained (Figure 4). Fitting 
the Seslow peak of the through-diffusion experiment by totally neglecting 
Sefast, the diffusion parameter values of both experiments differ less than 
a factor two (Table 4). 

3.4. Oxidation state of the adsorbed Se 

XANES measurements were performed on all types (thin sections, 
pellets pressed form adsorption experiments and compacted rock) of 
experiments and generally found no alteration in the spectral shapes 
that showed minor effect whether the system was crushed or compacted. 
The obtained XANES spectra are plotted in Fig. 5a. The spectra of Se(0), 
Na2SeO3 are easily distinguishable. At selected points along the diffu-
sion axis in the in-diffusion experiment on Sample P at one point visible 
alteration from the previously gathered spectrum occurred. With linear 
combination fitting evaluation involving the spectra of Se(0) and the 
sum spectra of the adsorbed SeO3 species (Characteristic spectra), 
approximately 23 ± 3% of selenium was found to be reduced to Se(0) 
(Fig. S4). Overall, under the applied atmospheric conditions the Se 
oxidation state did not change significantly however, at points with high 
pyrite content local reduction could occur. The results are in good 

accordance with the presumption that Na2SeO4 is not sorbed onto BCF. 
Idemitsu et al. (2016) conducted their experiments with compacted 
montmorillonite under both atmospheric conditions and in Ar + 5% H2 
glovebox. They found with XANES measurements that Se remained in 
the oxidation state of +IV during the range of their experiment. As they 
worked with purified bentonite, pyrite was not present in the experi-
mental conditions. Savoye et al. (2021) worked with Opalinus Clay 
containing around 1% pyrite under CO2/N2 glovebox. They studied a 
rock subjected to through-diffusion experiments with μ-XRF and 
μ-XANES. Close to the solid-liquid interface (in the vicinity of 1 mm) 
they experienced no change in the XANES spectra correlated to the 
spectra of selenite. Deeper in the solid state the characteristic peak of the 
white line of Se(0) appeared around 16,660 eV. At local hot spots where 
Se was found to be concentrated the quantity of the reduced species 
emerged. 

4. Conclusions 

Adsorption and diffusion properties of selenite were investigated on 
argillaceous core samples representative of the Boda Claystone Forma-
tion. Both compacted and crushed samples were studied under atmo-
spheric conditions. Batch experiments regarding the adsorption kinetics 
showed that around 10 days of solid-liquid contact was sufficient to 
reach equilibrium, however experiments were conducted for 28 days 
under atmospheric conditions. The adsorption isotherm at concentra-
tions lower than 10− 6 M has similar values obtained with pure clay 
minerals, Na-smectite and Na-illite. Above this concentration Kd started 
to part away from the adsorption isotherm of pure minerals and the 
difference gets larger with increasing equilibrium concentration. 
Comparing to the adsorption isotherm collected on COx similarities 
were found, the Kd started to decrease around 10− 6-10- 7 M. The 
adsorption isotherm on BCF although is even lower than the one on COx, 
the difference is caused by the lower clay mineral content of the BCF. 
Langmuir isotherm fitting suggests that two different characteristics 
sorption sites are present in BCF. In the low concentration region the 
strong sites (high affinity sites) on the studied BCF sample have similar 
capacity to the pure minerals, but around 10− 7 M equilibrium concen-
tration the strong sites start to saturate similarly to other (COx, OPA) 
clay-rich rock samples and Kd starts decreasing. With isotopic exchange 
experiments the adsorption of selenite was found to be entirely revers-
ible above 10− 7 M equilibrium concentration. At lower concentrations 
(where strong sites are not saturated) the reversibility decreased to 
80–85%. Microscopic X-ray fluorescence mapping showed that adsorbed 
selenium correlates with potassium and iron, which suggests that sele-
nium adsorbs on clay minerals (mostly illite) on BCF. 

Fig. 4. In-diffusion experiment (sample P): Se profile in the clay core at the end 
of the experiment (data from shallow angle illumination XRF): experimental 
data and model assuming a single diffusing Se species (selenite). 

Fig. 5. XANES spectra of the sodium-selenite and the measured BCF Sample A in different forms at different concentrations (a) and the spectra showing reduction 
collected on in-diffusion Sample P (b). 
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As selenate was identified in the initial solution of diffusion experi-
ments the through-diffusion data cannot be fitted with a single species 
model. The two species model roughly fits the experimental data 
resulting with diffusion parameters for both selenite and selenate. The 
obtained diffusion parameters are consistent with the values found from 
the in-diffusion experiment: a selenite apparent diffusion coefficient 
Dapp

selenite = (1.5–4.3) × 10− 14 m2/s and a rock capacity factor αselenite =

1.4–2.2. The selenate fit results are not reliable. 
Synchrotron radiation XRF with shallow angle illumination is a 

promising alternative to abrasive peeling and radiotracer method for 
diffusion profile measurements. The mass balance of selenium had suf-
ficiently low error (around 7%) calculated from the concentration 
changes in the reservoirs and the calculated adsorbed selenium content 
of the rock. The oxidation state of adsorption selenium remained mostly 
+IV, however 23% reduction at one point on a sample with high pyrite 
content was experienced. The retention capabilities of BCF for selenite 
were found to be comparable to already studied argillaceous rocks 
(Opalinus Clay, Callovo-Oxfordian Clay), which is an important contri-
bution for the safety assessment of a potential deep geological repository 
in BCF. Because of the sensitive nature of selenium oxyanions for redox 
reactions, its migration properties cannot be predicted without taking 
into consideration the possible speciation because of the different 
characteristics of each form. 
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O. Czömpöly: Conceptualization, Methodology, Investigation, 
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