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Abstract: The uptake of Eu, Th, U, and Pu by Korean granite
and biotite gneiss was investigated in a series of batch
experiments. Experiments were conducted under well-defined
redox conditions, i.e., oxidizing (air), mildly reducing (Ar-at-
mosphere and buffered with hydroquinone, pe + pH = 8-9),
and strongly reducing (Ar-atmosphere and buffered with
Na,S,04,pe + pH = 0.5-3). Radionuclide concentration, pH
and E;, were systematically monitored up to ¢ < 113 days after
the addition of the radionuclide. The natural content of Eu, Th
and U in pristine granite and biotite gneiss materials was
quantified by means of alkaline fusion. Eu exhibited moderate
sorption on hiotite gneiss displaying higher distribution ratios
(R9) compared to granite. This observation was possibly
explained by the affinity of Ln(III)/An(IIl) towards biotite
mineral absent
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in the investigated granite material. Strong sorption was
observed for Th, U, and Pu in reducing systems where the
predominance of the +IV oxidation state is expected. For these
three systems, the strength of the uptake follows the order
Rq(Pu@V)) > Rg(UIV)) > Ry(Th(V)), consistent with the
hydrolysis strength of the corresponding aquo-ions. A signifi-
cantly weaker sorption was observed for U and Pu under
oxidizing conditions, although Ry values are manifestly
higher for Pu than U. Thermodynamic calculations for the
oxidizing conditions predicted the predominance of U(VI) and
Pu(V)/Pu(lV), explaining observed differences in retention
under oxidizing conditions. These results contribute to a
quantitative description and a better understanding of the
retention of redox-sensitive radionuclides in crystalline host
rocks. Emphasis is placed on the importance of utilizing both
redox-stable probes (e.g., Eu, Th) and redox-sensitive actinides
(e.g,, U, Pu), as well as well-defined redox conditions for ac-
curate predictions of radionuclide retention.

Keywords: sorption; actinide elements; europium; granite;
biotite gneiss; redox conditions

1 Introduction

Numerous countries consider deep crystalline formations as
one of the candidate host rocks for high-level radioactive
waste (HLW) disposal.”® Among them, countries like
Finland and Sweden have already selected sites or begun
constructing the HLW disposal facility in crystalline host
rock.” In South Korea, crystalline granite and biotite gneiss,
renowned for their robustness, structural integrity, and
low permeability, are being considered as potential host
rock materials for disposal facilities.*'° Despite the strong
protection offered by the engineered barrier system, which
includes metallic canister and buffer material, the failure of
both components would ultimately allow radionuclides to
come into contact with groundwater. The ingress of
groundwater in granite environments may occur through
fractures and cracks, and accordingly, it is necessary to
investigate the solution chemistry and retention properties
of radionuclides under such conditions."
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Sorption of the radionuclides in the far-field is an
important process contributing to the safety concept of
disposal facilities. The generic term “sorption” embraces
several underlying retention mechanisms, including outer-
sphere sorption, inner-sphere complexation, incorporation/
solid-solution formation, or surface precipitation."* Accord-
ingly, the unequivocal identification of the sorption mecha-
nisms is challenging, especially for sparingly soluble
radionuclides such as actinides under reducing conditions.

The presence of natural stable- and radionuclides in
natural crystalline rocks should be considered in the inter-
pretation of sorption phenomena.”*® Korean granite and
biotite gneiss have been reported to contain up to 2, 40, and
65mg kg™ of Eu, U, and Th, respectively.'”*' Measurements
of sorption distribution ratios using elemental quantitative
analysis methods such as ICP-MS are affected by the
elements present in the pristine matrix. It is thus beneficial
to quantify the content of stable nuclides and radionuclides
in the original material as well as the concentrations leached
to the groundwater solution before the addition of the
radionuclides in the sorption experiments. When dealing
with other radioisotopes (e.g., **Eu, **Th, **U) and depend-
ing on the accessibility of the natural stable nuclides and
radionuclides in the pristine material, isotopic exchange
processes may need to be taken into account.

Actinides like U and Pu play pivotal roles in the HLW
disposal,”>* exhibiting redox-sensitive behavior that
dictates their chemistry based on the redox conditions.?* 2
In reducing conditions expected after the post closure of
repository, U(IV) and Pu(IIl/IV) are expected to dominate the
aqueous chemistry of U and Pu. However, under oxidizing
conditions, U(VI) will prevail, whereas Pu is found as Pu(IV),
Pu(V), or Pu(VI), depending upon pH and Ejy, conditions.

In general, tri- and tetravalent actinides exhibit strong
sorption,'#*~3! whereas hexavalent actinides are known to
be more mobile in crystalline rock media.**>* Actinides
typically exist as cations at lower pH and turn into neutral
(+III and +IV) or anionic (+V and +VI) species as pH increases
by stepwise hydrolysis reactions.* In conjunction with the
evolution of the surface charge of the rock material, this
leads to a differential sorption behavior as a function of pH
and the oxidation state of actinides.*

A joint study by KAIST, Hyundai E&C from South Korea,
and KIT from Germany aimed to quantitatively investigate
the sorption characteristics of actinides with wvarious
oxidation states (+III to +VI) with granite and biotite gneiss,
representative crystalline rocks in South Korea. Eu(IIl) was
utilized as a chemical analogue of trivalent actinides (Pu(IIl),
Am(III), and Cm(II)). Th(IV), UIV), and Pu(IV) were used to
represent tetravalent actinides, while U(VI) was used for
representing hexavalent actinides (U(VI) and Pu(VI)).

This independent and collaborative efforts between
KAIST and KIT enhance the reliability of sorption data,
crucial for the safety assessment of disposal facilities hosted
in crystalline bedrocks.

2 Experimental
2.1 Chemicals and radiotracers

Experiments were independently conducted at KAIST and KIT.
The experiments were conducted at T = (22 + 2) °C either in air
(oxidizing samples) or under Ar atmosphere (reducing sam-
ples, O, < 2ppm). Solutions were prepared with ultra-pure
water (18.2 MQ cm at (22 + 2) °C, 4 ppb TOC) purified with Milli-
Q equipment (Milli-Q Advantage A10 with 0.22 um Millipore
Millipak® 40 filter). Before use, Milli-Q water was flushed with
Ar for > 1h in order to purge the dissolved O, and CO,.

NaOH, HCl (both Titrisol), C¢gHgO, (hydroquinone, HQ, p.a.),
Na,S,0,4 (sodium dithionite, >87 %), concentrated HNOs (Supra-
and Ultrapure, and >99.999 % trace metals basis), EuCl3-6H,0(s)
(99.9% trace metals basis, stable isotopes) and Th(NOs),
6H,0(s) (99 %, Z’Th) were obtained from Merck. UO,(NO,),
6H,0(s) used at KAIST was obtained from Fluka (puriss. p.a.
ACS, natural isotopic abundance), and UO,(NO3),-6H,0(s) used
at KIT was obtained from Merck (99 %). The isotopic compo-
sition of the Pu(VI) stock used was 99.4 wt% 22Pu, 0.58 wt%
29y, 0.005wt% Z*Pu and 0.005wt% *"Pu. Initial Pu and U
stock solutions ([Puly,; = 56 x 102M in 3M HCIO
[Ulioc = 8.8 x 10> M in 0.2 M HCL) were diluted with 0.2 M HCl to
[Pulioc =48 x107"-1.6 x 10~ M and [Ul,,; = 5.1 x 10°-5.1 x 10 M.
These diluted stock solutions were used for the preparation of
all sorption samples. Although Pu(IV) and U(IV) are expected to
prevail in the sorption experiments conducted under reducing
conditions, the use of the +VI oxidation state instead of the +IV
was preferred for both radionuclides to avoid largely over-
saturated conditions that may result in the formation of
intrinsic An(IV) colloids.”"*%%°

2.2 Solid materials and pore waters used in
sorption experiments

Granite and biotite gneiss cores were drilled at a depth of
744 m into the ground near the south-eastern coast of the
Korean Peninsula (Gyeongsangbuk-do, South Korea), while
biotite gneiss was drilled at a depth of 82 m (Gyeonggi-do,
South Korea).*” They were finely crushed with a jaw crusher
(Pulverisette 1, Fritsch) and an iron disk mill (Pulverisette
13, Fritsch). The cumulative particle size distribution (Qs)
is measured by the particle size analyser (HELOS, Sympatec



GmbH) and the results are shown in Figure S$4 in the
Supplementary Material. For granite and biotite gneiss, the me-
dian diameters (Ds o) are 43.1 and 35.7 um and the upper ends of
the particle size (Dqg,) are 263 and 233 pm, respectively.

Groundwater was collected from 130 m below sea level
near the south-eastern coast of the Korean Peninsula (Gyeong-
sangbuk-do, South Korea). The groundwater was divided into
two batches: one equilibrated with air in Kautex bottles (Korean
Fresh Groundwater under Oxidizing condition, KFGO), and the
other stored in pressurized stainless-steel cylinders (SMGI, Co.,
Ltd) filled with Ar to maintain an anoxic condition (Korean
Fresh Groundwater under Reducing condition, KFGR). After
equilibrium was reached (ca. 5 months), the precipitate from
the two groundwater solutions was filtered using filter paper
(No. 1 Qualitative, Whatman). The target pH was determined
based on the equilibrium state achieved under laboratory
conditions, and the reference pe values were set arbitrarily
(£500 mV) to simulate oxidizing and reducing environments.
KFGO and KFGR were shipped from KAIST to KIT in Kautex
flasks and pressurized stainless-steel cylinders, respectively.
Once at KIT, KFGR solutions were transferred to Kautex bottles
and stored inside an Ar-glovebox. The elemental composition of
KFGO and KFGR groundwaters was measured by ICP-OES
(Optima 8300, Perkin Elmer) and IC (ICS-6000, Thermo Fisher)
and the results are provided in Table 1.

The content of natural Eu, Th, and U in pristine granite
and biotite gneiss was quantified by means of alkali fusion
with KOH at T = 390 °C, followed by ICP-MS measurement
after dilution with 2% HNOs. To quantify the leaching of
natural Eu, Th, and U from the pristine granite and biotite
gneiss, these materials were contacted with groundwater at
three S/L ratios of 5, 10, and 50 g L ™! and shaken for 20 days
under oxidizing (air) conditions. The solid and liquid phases
were then separated by centrifugation at 10,600 g for 30 min
and the concentration of the liquid phase was measured by
ICP-MS (iCAP RQ, Thermo Fisher). The detection limits were
[Eul = 1x10™°M, [Th] = 1x 107*M, and [U] = 1 x 10" M.

2.3 pH and E;, measurements

The pH values were determined with combination pH
electrodes (type Orion ROSS, Thermo Scientific) calibrated

with standard pH buffer solutions (7 < pH < 12, Merck).
Redox potentials were determined with combined Pt and
Ag/AgCl reference electrodes (Metrohm). Measured po-
tentials were converted to Ey (Standard Hydrogen Elec-
trode: SHE) by considering the potential of Ag/AgCl inner-
reference electrode in 3 M KCl at T=22°C, i.e., +207 mV. E},
values were converted to pe (pe = -log a._) according to
Ey=—(RT/F)In (10) log a._, where R is the ideal gas constant
(8.3144] mol'K™") and F is the Faraday constant
(96,485.3 C mol ).

2.4 Sorption experiments

Batch sorption experiments were independently conducted
at KAIST and KIT using the same rock-groundwater systems.
At KAIST, the experiments were performed in triplicate
under oxidizing conditions. The mean values and standard
deviations of the triplicates are presented in Tables 2, 3, and
6. At KIT, single-batch sorption experiments were conducted
under oxidizing and reducing conditions. The mean values
and standard deviations of repeated sampling are presented
in Tables 2, 3, and 6.

Sorption samples were prepared by contacting the
granite and biotite gneiss with KFGO and KFGR
(Vi =10 mL; in a 20 mL HDPE vial (Wheaton) at KAIST and
Viot =10 mL; in a 15 mL PP conical tube (Sarstedt) at KIT),
targeting solid-to-liquid (S/L) ratios of 0.2g Lt <9
L <50 g L™". Reducing agents (2mM HQ or 2 mM Na,S,0,)
were added to selected U(VI) and Pu(VI) samples in order
to maintain mildly (pe + pH = 9 + 1) and strongly
(pe + pH = 1.5 + 1) reducing conditions.?*3**>** The
oxidation states of U(IV) and Pu(IV) were determined
solely from pH and E;, measurements. pH and E;, values
were monitored for up to ¢ < 34 days. Acknowledging that
E,, measurements of redox-unbuffered systems are clearly
less reliable,** the same contact times and monitoring
steps were considered for the oxidizing samples. Small
volumes (20-21 uL) of the diluted radionuclide stock so-
lutions were spiked to the suspensions, aiming at
[Eulp =1 x 108 M, [®*Thl, =1 x 107°M, [*8U], =1 x 1075,
1x107,1x 10" M and [**Pulo=1x 107, 3 x 107'° M.

Table 1: Elemental composition of Korean Fresh Groundwater under Oxidizing condition (KFGO) and Korean Fresh Groundwater under Reducing
condition (KFGR) measured by ICP-OES for metals and SiO, and IC for anions.“° All values in micromolar (uM), except otherwise indicated. The standard

deviation of the 3 repeated measurements is within 2 %.

Groundwater pH K Na Ca Mg Si0, Sr Mn F cl SO,
KFGO 8.04 72.9 1,200 928 353 904 0.263 0.359 9.42 578 1,050
KFGR 9.22




Table 2: Experimentally measured pH and £, values for the granite and biotite gneiss samples investigated in this work. For KAIST samples, average
values and standard deviations () of the triplicated samples after sorption (20 days) are shown. For KIT samples, average values were calculated over a
time period of t < 153 days, with uncertainties calculated as standard deviation (o) of mean values. £y, values are converted into pe as described in the text.
(pe + pH) values are provided as a measure of the redox conditions in the system.*'

Eu samples/S/L (g L pH E, (mV) pe (pe + pH) Laboratory
Granite/1 (air) (7.87 £ 0.01) (388 +5) (6.6 £0.1) (145 +0.1) KAIST
Biotite gneiss/1 (air) (8.02 £ 0.04) (391 +2) (6.6 +0.0) (14.6 £ 0.0) KAIST
Granite/10 (air) (7.87 £ 0.02) (391 £ 5) (6.6 £0.1) (145 +£0.1) KAIST
Biotite gneiss/10 (air) (8.04 + 0.04) (389 +2) (6.6 £ 0.0) (14.6 £ 0.0) KAIST

Th samples/S/L (gL pH E,, (mV) pe (pe + pH) Laboratory
Granite/0.2 (air) (7.89 + 0.06) (388 + 6) (6.6 +0.1) (145 +£0.1) KAIST
Biotite gneiss/0.2 (air) (7.89 £ 0.04) (388 +2) (6.6 +0.0) (14.5 £ 0.0) KAIST
Granite/1 (air) (7.88 £ 0.02) (391 +1) (6.6 +0.0) (14.5 £ 0.0) KAIST
Biotite gneiss/1 (air) (7.92 £ 0.02) (390 + 1) (6.6 £ 0.0) (145 +£0.0) KAIST
Granite/10 (air) (7.92 £ 0.03) (385 + 4) (6.5+0.1) (14.4 £ 0.1) KAIST
Biotite gneiss/10 (air) (8.02 £ 0.01) (392 +2) (6.6 +0.0) (14.6 £ 0.0) KAIST

U samples/S/L (g L™ pH E, (mV) pe (pe + pH) Laboratory
Granite/5 (air) (7.96 + 0.02) (392 +2) (6.6 £ 0.0) (14.6 £ 0.0) KAIST
Biotite gneiss/5 (air) (8.04 + 0.02) (391 +£3) (6.6 £0.1) (14.6 £ 0.1) KAIST
Granite/50 (air) (8.31 £ 0.70) (390 + 3) (6.6 £ 0.1) (149 £ 0.7) KAIST
Biotite gneiss/50 (air) (8.16 £ 0.03) (391 +1) (6.6 £ 0.0) (14.8 £ 0.0) KAIST
Granite/5 (air) (7.8 £0.3) (423 + 26) (7.2 £ 0.4) (149 +0.2) KIT

Biotite gneiss/5 (air) (7.9 £0.2) (423 + 25) (7.2+04) (15.1+£0.3) KIT
Granite/50 (air) (79 £0.2) (434 + 26) (74 +£0.4) (15.2+£0.3) KIT

Biotite gneiss/50 (air) (8.1+0.1) (429 + 23) (7.3+£0.4) (153 £ 0.4) KIT
Granite/0.2 (Na,S,04) (9.1+£0.2) -(521 + 30) -(8.9+0.5) (0.2 £0.5) KIT

Biotite gneiss/0.2 (Na;S;0,) (9.0 £0.1) -(509 + 42) -(8.7+0.7) (03+0.7) KIT
Granite/1 (Na,S,0,) (9.0 £0.1) -(496 + 41) -(8.5+0.7) (0.6 £0.7) KIT

Biotite gneiss/1 (Na,S;04) (9.0 £0.1) -(498 + 37) -(8.5+0.6) (0.5 £ 0.6) KIT

Pu samples/S/L (g L pH E, (mV) pe (pe + pH) Laboratory
Granite/50 (air) (7.9 £0.1) (452 + 23) (7.7 £ 0.4) (15.6 £ 0.4) KIT

Biotite gneiss/50 (air) (8.1+0.1) (451 + 21) (7.7 £ 0.4) (15.7 £ 0.4) KIT
Granite/1 (HQ) (89+0.2) -(11 £ 76) (0.3+1.5) (9.2+1.6) KIT

Biotite gneiss/1 (HQ) (8.8+£0.2) -(39 + 86) 0.0+ 1.7) (89+1.9) KIT
Granite/10 (HQ) (8.9+0.2) -(14 + 86) -(0.2+1.5) (8.6 £ 1.6) KIT

Biotite gneiss/10 (HQ) (8.8+£0.2) -(46 + 136) -(1.1+£1.8) (7.8 £1.9) KIT
Granite/10 (Na;S;04) (9.0 £0.3) -(371 £ 157) -(5.9+2.7) (3.1+£2.5) KIT

Biotite gneiss/10 (Na,S,04) (9.0 £0.2) -(365 + 159) -(5.8+2.7) (3.1 +£2.6) KIT

At KAIST, blank samples were prepared in triplicate to
accurately measure the initial concentration and account for
the amount sorbed onto the container wall. In addition, a
leaching experiment from the crushed rocks was performed
to accurately estimate the initial concentration ([RN]y). After
20 days of contact time, the suspensions were centrifugated
for 30 min at 10,600 g to separate the aqueous phase. For
ICP-MS measurements at KAIST, 70 % HNOs (299.999 % trace
metals basis) was spiked in the blank KFGO to prepare a 2 %
nitric acid groundwater solution. Both calibration standards
and samples were diluted with this solution to lower the

detection limits by minimizing the matrix effects.” pH and
Ey, were measured once after sorption.

AtKIT, after the addition of radionuclides, pH, Ey,, [RN],q
and total inorganic carbon (TIC) were monitored for up to
t < 113 days. [RN],q and TIC were characterized after ultra-
filtration with 10 kD filters (Nanosep®, Pall Life Sciences;
pore size ~ 2-3 nm). The filtrated solutions were diluted with
2% HNO;3; (Suprapur).

U and Pu concentrations were determined by sector
field inductively coupled plasma mass spectrometry (SF-ICP-
MS; type Element XR, Thermo Fisher) at KIT. Eu, Th and U



Table 3: Experimental conditions in the batch sorption samples investigated in this work. Samples with a contact time of 20 days were performed at

KAIST and samples with <113 days were performed at KIT.

RN Redox condition S/L(g L log ([RN], (M)) Redox buffer pH Vot (ML) Number of samples Contact time (days)
Eu Oxidizing 1 75 - 7.9 10 6 (triplicate) 20
Eu Oxidizing 10 75 - 8.0 10 6 (triplicate) 20
Z2Th  Oxidizing 0.2 9 - 7.9 10 6 (triplicate) 20
B2Th  Oxidizing 1 9 - 7.9 10 6 (triplicate) 20
B2Th  Oxidizing 10 9 - 8.0 10 6 (triplicate) 20
B8 Oxidizing 5 6 - 8.0 10 6 (triplicate) 20
28y Oxidizing 50 6 - 8.2 10 6 (triplicate) 20
B8 Oxidizing 5 7 - 8.0 10 2(single) <112
38 Oxidizing 50 7 - 8.0 10 2 (single) <112
=8 Reducing 0.2 8 2mMNaxsS,0, 92 10 2 (single) <112
3% Reducing 1 8 2mMNasS,0, 9.2 10 2 (single) <112
2y Oxidizing 50 95 - 8.0 10 2 (single) <112
22py  Reducing 1 9 2mMHQ 9.2 10 2 (single) <113
2py  Reducing 10 9 2mMHQ 9.2 10 2(single) <113
22py  Reducing 10 9 2mMNayS,0, 9.2 10 2 (single) <113

concentrations were quantified by inductively coupled
plasma mass spectrometry (ICP-MS; iCAP RQ, Thermo
Fisher) at KAIST. Detection limits were determined as three
times the standard deviation of the blank signal, resulting
in[Eu] = 1x 107 M, [Th] = 1 x 107* M, [U] = 1 x 10"° M (ICP-
MS), [U] = 3 x 10 M (SF-ICP-MS) and [Pu] = 4 x 10 M. TIC
analyses were performed using an Analytik Jena multi/c
2100 S instrument. At KIT, the volume in each batch sample
was systematically restored with the corresponding
groundwater after each sampling. Experimental conditions
of all sorption samples investigated in this work are
summarized in Table 3.

The sorption of Eu, Th, U, and Pu was evaluated in terms
of the distribution ratio, Ry (L kg‘l), calculated as the ratio of
radionuclide concentration in the solid ([RN]e1iq, in mol kg’l)
and aqueous ([RN],q, in M) phases:

_ [RN]soug _ [RNJo — [RNJoq  V

R: = -
* T RN, RN, m

M

where [RN]j is the initial concentration of the radionuclide
in solution, V is the volume of the sample (L), and m is the
mass of crushed rock (kg).

2.5 Solid phase characterization

Granite and biotite gneiss materials were characterized by
XRD before and after conducting the sorption experiments
with a D8 Advance (Bruker AXS) diffractometer (CuKa
radiation) equipped with an energy-dispersive detector.
Asmall fraction of the solid materials (1-2 mg) was deposited

on a crystal silicon plate either as a suspension with ethanol
or as a dry powder, and covered with an air-tight dome.
Diffractograms were collected in the range of 5° < 20 < 90°,
with a step size of 0.011° and a counting time of 0.5 s per step.
Raw data were evaluated using the Bruker AXS Diffrac™
EVA software. XRD patterns were compared to reference
data available within the JCPDS database.*®

To quantitatively analyse the composition of granite and
biotite gneiss, the XRD data were analysed using the Rietveld
method with Siroquant ver. 4.0 software and XRF (PW2400,
Philips) analysis was performed. The XRF measurements
were made in a vacuum (2.5 Pa) with a voltage of 24-40 kV
and a current of 50-80 mA. Ten reference minerals (Bram-
mer Standard Company) were used for calibration.

3 Results and discussion

3.1 Solid and aqueous phase
characterization

Figures 1 and 2 show the diffractograms of granite and bio-
tite gneiss materials, respectively, before and after sorption
experiments. Both materials show main reflections of quartz
and clay components (see Table 4), in line with the elemental
composition quantified by XRF (Table 5). Similar patterns
are observed before and after conducting the sorption
experiments, thus indicating that no significant changes
were triggered by sorption processes. For the biotite gneiss
system, some differences arise for the sample containing
Pu under reducing conditions. Whilst the position of most
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Figure 1: XRD diffractograms of the investigated granite material, before
and after conducting the sorption experiments. Samples after the
sorption corresponding to U under oxidizing conditions (50 g L™) and Pu
under reducing conditions (buffered with HQ, 10 g L™"). Symbols
correspond to the patterns reported for quartz (SiO,, PDF 85-0795),
plagioclase (CaAl,Si,Og, PDF 41-1486; NaAlSi3Og, PDF 84-0753), K-feldspar
(KAISi3Og, PDF 22-0688) and hornblende (Ca,(Mg, Fe, Al)s(Al, Si)g02,(0OH),,
PDF 71-1063) reference materials.

features remains the same, differences can be observed in
the relative intensities of some of these reflections (e.g.,
weaker intensity at ~9°, or greater intensity at ~40°). This
observation could be explained by a favoured crystal
orientation occurring in the process of sample preparation
for XRD measurements.

Alkaline fusion experiments confirmed the presence
of natural Eu, Th and U in pristine granite and biotite
gneiss materials (see Table 6). These values are in line with
previous studies reporting the concentration of these
elements in Korean granitic materials.'>*°

For granite and biotite gneiss, leaching tests resulted
in Eu and Th concentrations below the detection limit
([Eu] €1 x 107°M, [Th] < 1 x 102 M), whereas U concen-
trations (under oxidizing conditions) were quantified as
[U]=(1.8+0.9) nM in granite and [U] = (0.4 + 0.4) nM in biotite
gneiss (Figure S5). In all cases, the leached concentrations

Biotite gneiss
T T T T T

T
Cu Ka U sorbed biotite gneiss (Reducing, 1 g-L™")

IL PO Y RV ¥ "

Pu sorbed biotite gneiss (Reducing, 50 g-L")

A A U PR A A | Y

Biotite gneiss (Pristine)

Relative intensity (a.u.)

| | 1 1 1 ' [ Chiorite
| | Biotite
. Lar a1 - ] I
I Hornblende
' ' Wl Im oo 0 .

e b ..
1 1 I 1 PR |

10 20 30 40 50 60 70
20 (°)

K—feldnspar

Plagioclase (CaAl,Si,Og)
Plagioclase (NaAlISi;Og)
o Quartz (Si0,)

Figure 2: XRD diffractograms of the investigated biotite gneiss material,
before and after conducting the sorption experiments. Samples after the
sorption corresponding to U under reducing conditions (1gL™) and Pu
under reducing conditions (buffered with HQ, 10 g L™"). Symbols
correspond to the patterns reported for quartz (SiO,, PDF 85-0795),
plagioclase (CaAl,Si,Og, PDF 41-1486; NaAlSisOg, PDF 84-0753), K-feldspar
(KAISi30g, PDF 22-0688) and hornblende (Cay(Mg, Fe, Al)s(Al, Si)s022(0OH),,
PDF 71-1063) reference materials.

are well below the initial concentrations used in the sorption
experiments (see Table 3), and thus it is considered that
their impact on the quantification of distribution ratios is
negligible. No leaching tests were performed for U under
reducing conditions, and an analogous behavior as observed
for Th is hypothesized, considering the expected predomi-
nance of U(IV) under such boundary conditions (see Section
3.3).

3.2 Determination of (pe + pH) and ¢

The E, and pH of the suspensions with solid materials
(granite, biotite gneiss) and groundwaters (KFGO, KFGR)
were regularly monitored before and after the addition of
radionuclides (see Table 1, and Figures S1 and S2 in the



Table 4: Crystallographic compositions of granite and biotite gneiss materials (in wt%) as characterized by XRD with Rietveld method. The relative error is

~5-10 %.

Material Quartz Plagioclase K-feldspar Biotite Chlorite Hornblend
Granite 33.9 35.8 26.8 - - 35
Biotite gneiss 44.7 343 4.1 16.6 0.3 -

Table 5: Elemental composition of granite and biotite gneiss materials (in wt%) as characterized by XRF. The standard deviation of 5 repeated

measurements is within 2 %.

Material Al,0; Ca0 Fe,03 K,0 Mgo MnO Na,O P,05 Sio, TiO, Lor Total
Granite 12.9 0.22 1.47 4.80 0.13 0.04 3.65 - 76.17 0.08 0.54 100.0
Biotite gneiss 14.4 2.17 5.73 3.40 1.61 0.04 2.40 0.06 68.37 1.25 0.55 100.0

?Loss on ignition.

Table 6: Concentration of natural Eu, Th and U quantified in the pristine granite and biotite gneiss materials investigated in this work.

Material Eu (ppm/mol kg™)

Th (ppm/mol kg™) U (ppm/mol kg™")

Granite
Biotite gneiss

(0.27 + 0.02)/(1.8 £ 0.1) x 107°
(1.1 £0.1)/(7.2+0.7) x 107

(11.8 £ 0.6)/(5.1 + 0.3) x 107

(1.6 + 0.1)/(6.5 + 0.4) x 107

(92 +5)/(4.0 £ 0.2) x 107 (26 £0.2)/(1.1+0.1) x 107

Supplementary Material). E;, values measured for granite
and biotite gneiss suspensions with KFGO are consistently
oxidizing (Ey, =~ 400-450 mV), though slightly lower than the
reference Ej, (500 mV). As discussed above, redox measure-
ments in weakly buffered redox systems should be taken
with precaution, and thus these values are considered to
qualitatively support the prevalence of oxidizing conditions
in the samples. Figures S2a and S2b show the experimental
pH and Ej, values, respectively, measured for ¢ < 148 days
under reducing conditions, defined either by HQ or Na,S,0,.
The experimental (pe + pH) values are in line with redox
conditions reported in the literature for analogous sys-
tems.”>?8363947 glightly increased (pe + pH) values were
determined for Pu samples equilibrated in Na,S,04, although
very reducing conditions were retained throughout the
complete sorption experiments. We attribute this effect to
the known instability of Na,S,0, in acidic to weakly alkaline
conditions, which might be also accentuated by the higher
S/L ratios used in the Pu experiments (10 g L ™), compared to
the experiments in the U system containing also Na,S,0,4
AgL™.

Carbonate concentrations in the oxidizing and reducing
systems were determined by means of TIC measurements.
Very similar values were found for both systems, ie., Cio
tox = (15 +0.2) x 107* M and Cyot req = (1.8 + 0.5) x 10~* M, with
uncertainties calculated as the standard deviation of mean

values. For comparison purposes, Figure S3 in the Supple-
mentary Material shows the calculated carbonate concen-
tration in equilibrium with atmospheric CO,(g)
(Pco, = 3.13 x 10 atm) within a pH range of 5-10. The figure
indicates that experimentally measured values of C; in
oxidizing conditions (air) are slightly below but in line with
predictions based on thermodynamic calculations. Carbon-
ate is arelevant ligand in the U and Pu systems, and thus Cyo¢
values determined in this work have been considered for the
calculation of the Pourbaix diagrams shown in Section 3.3
and corresponding implications for sorption phenomena.

3.3 Thermodynamic calculations.
Comparison with experimental (pe + pH)
values

Figure 3 shows the experimentally measured pH and Ey
values of the investigated systems in the corresponding
Pourbaix diagrams. Thermodynamic calculations are
performed using the current NEA-TDB thermodynamic
selection®® for Th, U, and Pu, and using the ThermoChimie
database ver. 11a for Eu. In order to accurately reproduce
the boundary conditions in oxidizing and reducing sys-
tems, each Pourbaix diagram has been calculated
at Pcp, = 313 x 10*atm (Figure 3a, b, ¢, and e) and
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Figure 3: Pourbaix diagrams of (a) [Eu] = 1 x 10~° M (oxidizing); (b) [Th] = 1 x 107"° M (oxidizing); (c) [U] = 1 x 107"° M (oxidizing); (d) [U] =1 x 107" M
(reducing); (e) [Pu] = 1x 10™" M (oxidizing); (f) [Pu]=1x 10" M (reducing) in KFGO and KFGR. For the oxidizing conditions (), (b), (c), and (e), the partial
pressure of carbon dioxide was 3.13 x 10~* atm. For the reducing conditions (d) and (f), the total inorganic carbon concentration was 1.5 x 107 M. The
precipitation of ions except for the target elements were ignored. The composition of groundwater is shown in Table 1. The experimental conditions from
KAIST are represented by red circles, while those from KIT are shown with blue triangles. Calculations for Eu were performed using the ThermoChimie
v.11a database and calculations for Th, U, and Pu were performed based on the NEA-TDB thermodynamic selection?® for Th, U, and Pu.



Ciotrea = 1.5 x 10™*M (Figure 3d and f), i.e., considering the
carbonate concentrations experimentally determined for
oxidizing and reducing systems.

Eu and Th are redox-stable elements whose oxidation
states do not change with Ej, in the water stability region.
Thermodynamic calculations suggest that Eu(III) primarily
exists in the form of EuSiO(OH);*" in the presence of Si and
carbonate concentrations present in the investigated
groundwaters. Under these conditions, the speciation of
Th(IV) is dominated by Th(OH)4(aq).

The speciation of U in oxidizing conditions (see
Figure 3c and d) is dominated by the ternary complex
Ca,U0,(C0Os)5(aq), as expected for a weakly alkaline system
containing moderate concentrations of Ca and carbonate.
Figure 3d shows that the speciation of U in reducing
conditions defined by Na,S,0, is controlled by U(IV) as
U(OH)4(aq). The reduction of U(VI) to UIV) in strongly
reducing conditions defined by Na,S,0, has been previ-
ously described in the literature.®

The (pe + pH) values experimentally measured in Pu
systems equilibrated in air (oxidizing conditions) are located
around the redox borderline between Pu(V) (as Pu0O,") and
Pu(1V) (as Pu(OH)4(aq)) (see Figure 3e and f). According to
this observation, slight variations in the redox conditions
may lead to the predominance of one or the other oxidation
state, thus resulting in stronger or weaker retention. In
reducing conditions defined by both HQ and Na,S,04, Pu
is predominantly expected in the +IV oxidation state as
Pu(OH)4(aq). Note that although before the addition of Pu
the redox conditions of the KFGR in Na,S,0, were close
to —=500 mV, a slight increase in the redox potential was
observed after the addition of Pu, resulting in E, = —250 mV.

3.4 Ryvalues determined for Eu, Th, U and Pu
in oxidizing and reducing systems

Table 7 summarizes the Ry values determined for each of
the investigated systems for the uptake of Eu, Th, U and Pu
by granite and biotite gneiss materials, as average of 3—4
independent measurements conducted at ¢ < 113 days for KIT
experiments. For KAIST experiments, measurements were
performed after 20 days using independent triplicate batch
setups. Uncertainties in the table are calculated as the
standard deviation of mean values. All measured radionu-
clide concentrations were below the solubility limits of
EuCO5;0H(cr), ThO,(am, hyd), UO32H,0(cr) (U, oxidizing
conditions), UOy(am, hyd) (U, reducing conditions) and
PuO,(am, hyd) (Pu, reducing conditions), as calculated with
the current NEA-TDB thermodynamic selection (Th, U, and
Pu) or the ThermoChimie database (Eu). Rq values are

calculated as described in Equation (1), disregarding any
contribution from the Eu, Th, and U content in pristine
granite and biotite gneiss. This assumption is based on the
rather immobile character of these elements in the investi-
gated pristine materials, as hinted by the leaching tests
discussed in Section 3.1.

Table 7 and Figures 4 and 5 reflect a relatively large
dispersion of the Rq values determined for some radionu-
clide systems, although clear and consistent trends are
observed considering the redox conditions and expected
radionuclide oxidation state.

Note that the results obtained for U(VI) in both labora-
tories (KAIST and KIT) qualitatively agree with each other. A
moderate uptake (2 < Rq (Lkg™) < 78) is determined for U
under oxidizing conditions involving the predominance of
U(VI), thus underpinning the weaker sorption expected for
this oxidation state. This is also consistent with the strong
complexation of U(VI) with carbonate, involving also the
formation of the ternary complex Ca,U0,(CO3)s(aq) (see
Figure 3).

Eu(IIl) was used as a chemical analogue for trivalent
actinides. Even though Eu(IIl) has a smaller effective charge
than U(VI), Eu(Ill) showed stronger sorption on crystalline
rock surfaces than U(VI) (1.7 x 10* < Ry (Lkg™) < 1.7 x 10%).
This is because U(VI) forms neutral or negatively charged
ternary complexes with carbonate, as mentioned above. It is
also consistent with the observation that the sorption of
U(VI) is reduced in the presence of carbonate, while no clear
inhibition of Eu(III) uptake is seen.*®

The predominance of U(IV) promoted by reducing con-
ditions leads to a significantly stronger uptake (3.9 x 10° < Ry
(Lkg™ <12 x 10°), consistent with observations for Th(IV)
(8.2 x 10% < Ry (Lkg™) < 4.1 x 10%. The uptake of Pu under
reducing conditions is also very strong (1.6 x 10* < R4
(Lkg™) < 2.6 x 10°), as expected for the predicted predomi-
nance of Pu(IV) (see Section 3.3). We note that the strength of
the sorption follows the order Pu(IV) > U(IV) > Th(IV), which
is in line with the strength of the first hydrolysis of these
tetravalent actinides, ie., log*f°qy(Pw) = (0.6 = 0.2),
log*B°u.1(U) = —(0.54 + 0.06), and log*B°; 1)(Th) = (2.5 + 0.5).%

The wuptake of Pu wunder oxidizing -conditions
(2.0 x 10* < Ry (Lkg™) < 3.5 x 10°) is clearly weaker than the
sorption observed in reducing systems, but still significantly
stronger than the uptake observed for U(VI). Although data
for the uptake of An(V) by the granite and biotite gneiss are
not available, we speculate that these results probably
reflect the co-existence of Pu(V) and Pu(IV) under the
experimental (pe + pH) conditions.

As the S/L ratio decreases, the Ry value rises. This can
be attributed to the influence of the filter used during
phase separation. However, tests conducted under identical



Table 7: Summary of the R4 values determined in this work for the uptake of U and Pu by granite and biotite gneiss under oxidizing (air) and reducing
(HQ, Na,S,0,) conditions.

RN Material Redox condition Expected oxid. state S/L(gL™ Ry (Lkg™) (KAIST) Ry (Lkg™) (KIT)
Eu Granite Oxid. (air) +I1I 1 (1.2+0.1)x 10° -
Biotite gneiss Oxid. (air) +I1I 1 (1.7 £0.3) x 10° -
Granite Oxid. (air) +III 10 (1.7 £ 0.1) x 10 -
Biotite gneiss Oxid. (air) +I1I 10 (5.6 + 2.7) x 10 -
Th Granite Oxid. (air) +IV 0.2 (3.3 £1.5)x 10° -
Biotite gneiss Oxid. (air) +IV 0.2 (4.1 +1.2) x 10* -
Granite Oxid. (air) +IV 1 (1.2 +1.6) x 10° -
Biotite gneiss Oxid. (air) +IV 1 (1.1 £0.3) x 10* -
Granite Oxid. (air) +IV 10 (8.2 £ 4.2) x 10 -
Biotite gneiss Oxid. (air) +IV 10 (4.7 +23)x 10° -
8] Granite Oxid. (air) +VI 5 (16 +2) (69 + 32)
Biotite gneiss Oxid. (air) +VI 5 (27 £5) (78 + 62)
Granite Oxid. (air) +VI 50 (59 + 8) 16 +1)
Biotite gneiss Oxid. (air) +VI 50 (44 +3) 2+1
Granite Red. (Na,S,04) +IV 0.2 - (1.2 £0.5) x 10°
Biotite gneiss Red. (NayS,0,) +IV 0.2 - (3.9+1.1) x 10*
Granite Red. (NayS,04) +IvV 1 - (39+27)x10°
Biotite gneiss Red. (Na,S,04) +IV 1 - (7.3 £ 4.0) x 10
Pu Granite Oxid. (air) +IV/+V 50 - (2.0 £0.7) x 10
Biotite gneiss Oxid. (air) +IV/+V 50 - (3.5+0.3)x 10°
Granite Red. (HQ) +IV 1 - (5.9 +3.5) x 10*
Biotite gneiss Red. (HQ) +IV 1 - (2.6 + 1.6) x 10°
Granite Red. (HQ) +IV 10 - (3.1+0.1)x 10
Biotite gneiss Red. (HQ) +IV 10 - (1.6 +0.7) x 10*
Granite Red. (NayS,04) +IV 10 - (2.0 £ 1.1) x 10*
Biotite gneiss Red. (Na,$,04) +IV 10 - (2.8+0.8) x 10
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Figure 4: Distribution coefficients (Ry) of Eu(IIl) and tetravalent actinides (Th(IV), U(IV), and Pu(IV) represented by shaded elliptical areas) on granite
(a) and biotite gneiss (b). Eu(Ill) and Th(IV) were sorbed under oxidizing conditions, while U(IV) and Pu(IV) were sorbed under reducing conditions. The
darker the shape, the larger the S/L ratio.

groundwater conditions without the presence of solid increase in sorption efficiency caused by higher aqueous
phases showed that the filter had no significant effect. concentrations, which resulted from the reduction in
Therefore, this phenomenon is better interpreted as an available sorption sites.
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Figure 5: Distribution coefficients (R4) of U and Pu on granite (a) and biotite gneiss (b). U(VI) and Pu(IV/V) were sorbed under oxidizing conditions, while
U(IV) and Pu(IV) were sorbed under reducing conditions. The darker the shape, the larger the S/L ratio.

3.5 Comparison with sorption data available
in the literature

This section compares the Rq values determined in this work
for the uptake of Eu, Th, U and Pu by granite and gneiss
under well-defined redox conditions with sorption data
available in the literature for that have used similar
sorbents. The core of the comparison focuses on the radio-
nuclide migration parameters for the geosphere selected by
POSIVA for the Safety Case for the disposal of spent nuclear
fuel at Olkiluoto in Finland.? This choice is motivated by the
similarities with the granite and gneiss materials considered
by POSIVA (Table S1in the Supplementary Material), as well
as by the similarities with the groundwaters evaluated, in
particular the fresh groundwaters labelled as ALL, ALLMO,
and ALLMR (Table S2 in the Supplementary Material). The
particle size distribution characterized after the milling of
granodiorite and mica gneiss materials from Olkiluoto
resulted in ca. 90 % of the sample with <250 um and ca. 40 %
with <90 pm. Key references mostly in the Korean context
are also taken into account in this comparison, but it is out
of the scope of this work to provide a complete overview of
literature data on the uptake of radionuclides by granitic
materials.

On the basis of the work by Puukko, Olin and
co-workers, Hakanen et al. reported distribution ratios
ranging from 2.5 x 10° L kg to 7.0 x 10° L kg ™" for the uptake
of Eu(Ill) by granodiorite and mica gneiss in fresh ground-
waters with pH values of ~6.5 and ~7. “****° These values
are in line with the distribution ratios quantified in this work
for the Korean granite and biotite gneiss materials. “*Eu
autoradiographs conducted by Puukko and co-workers
indicated that the uptake of Eu is dominated by micaceous
minerals, mainly biotite.”® Note that biotite is present in the

biotite gneiss material investigated in this work but not in
granite, which may explain the systematically higher Ry4
values determined for the uptake of Eu(IIl) by the former
rock material. Baik and co-workers investigated the up-
take of Eu(Ill) by granite within the pH range 3-10.>"
Experiments were performed at /L = 50 g L™ under aero-
bic (Pco, = 3.13 x 10~*atm) and anaerobic (Pco, < 10°° atm)
conditions. Besides quartz (41.6-46.8 %), plagioclase
(24.2-26.6 %) and K-feldspar (10.6-12.4 %), the granitic
material used by the authors contained 12.8-16.6 % of
biotite. The fraction 150-300 um was used for preparation
of the sorption samples. At pH = 8.5, the authors reported
similar Rq values for aerobic (Rq = 1 x 10°Lkg™) and
anaerobic (Rq ~ 1.5 x 10°Lkg™) conditions. The slight
differences in the distribution ratio were explained by
changes in the aqueous speciation, i.e., with the predom-
inance of Eu(Ill)-carbonate complexes under aerobic
conditions. Data reported by Baik and co-workers are in
moderate agreement with the results obtained in this
work, considering the differences between both experi-
mental set-ups, e.g., S/L ratio or size fraction of the granitic
material used in the experiments.

Hakanen and co-workers reported distribution ratios
for the uptake of Th(IV) by granite (Rq = 7.0 x 10*L kg™ and
gneiss (3 x10° < Ry (L kg ™) < 4 x 10%) materials in contact with
fresh groundwater at pH 8.5-9 and slightly higher carbonate
concentration compared to this work (1.1 x 107°M vs.
1.8 x 107 M).22 These R4 values are in line with those deter-
mined in the present work for granite and biotite gneiss,
showing a stronger uptake for gneiss than granite materials.
All gneiss materials were characterized by a moderate
content of biotite (8-23 % in Hakanen et al.,?* 16.6 % in this
work), whereas the presence of biotite in the granite mate-
rials was negligible (0.9 % in Hakanen et al.,* not detected in
this work).



Experiments conducted by Hakanen and co-workers
for the uptake of U(VI) by granite and gneiss materials
contacted with fresh reference water (ALLMR) at pH = 7-9
resulted in 60 < Ry (Lkg™) < 3 x 10%%* The authors stated
that “No sorption data where the uranium oxidation state
is convincingly shown to be solely U(IV) for crystalline
rocks exist in the open literature”, and proposed to use the
analogy with Th(IV) for the estimation of Rq values of U(IV),
which according to linear-free energy relationships (LFER)
should be greater than for Th(IV). Distribution coefficients
reported by Hakanen et al.>* for U(VI), and LFER estimates
proposed for U(IV) are in line with the data obtained in
the present work under oxidizing (air) and reducing
(Ar-glovebox, Na,S,0,4, pe + pH ~ 0.5) conditions, respectively.
Baik and Hahn investigated the uptake of U(VI) by a granitic
material®® under analogous conditions as described above for
Eu(IIN).*! At pH = 6.9, the authors reported Ry values ranging
from ~60 to ~18 Lkg* at S/L ranging from 12.5 to 200 g L™,
respectively. X-ray image mapping conducted by the same
authors indicated that U is preferably associated to chlorite,
although this phase is only found as a minor fraction in the
investigated granite material.>®

Kulmala and co-workers studied the sorption of Pu on
rocks in groundwaters from three Finnish sites investigated
by POSIVA (Olkiluoto, Romuvaara, and Kivetty).> This study
served as the basis for the selection of Ky values by Hakanen
et al. in the context of the Safety Case for the disposal of
spent nuclear fuel at Olkiluoto.”* Several materials were
investigated, including granite and mica gneiss. A detailed
description of the mineralogy of these materials and the
composition of the groundwaters investigated is provided in
Tables S3 and S4 of the Supplementary Material. Sorption
experiments were performed both under oxic (air) or anoxic
(N, atmosphere) conditions. Under oxic conditions, distri-
bution ratios reported by the authors for non-saline systems
(Romuvaara and Kivetty sites) ranged between 1 x 10* and
2 x 10°Lkg ™. Although the authors do not refer to the
oxidation state of Pu, it is likely that these values do not
correspond to Pu(IV) but rather to higher oxidation states of
Py, either +V or +VI. We note that the range of R4 values
reported by Kulmala et al. under oxic conditions overlaps
with the distribution ratios determined in this work. Slightly
higher R,y values were reported by the authors for the uptake
of Pu under anoxic conditions where the +IV oxidation state
is expected to prevail (4 x 10> < Rq (Lkg™) < 9.1 x 10%. These
values are lower than those determined in this work under
reducing conditions. We hypothesize that this could be
caused by the significantly greater S/L ratio used in Kulmala
et al.>* (100 gL™), compared to those used in the present
work (1 and 10 g L™).

4 Conclusions

A comprehensive batch sorption study was performed on
the uptake of ©¥Ey, ®2Th, #8y, and 2*Pu by Korean
granite and biotite gneiss. Experiments were performed
under oxidizing (air) and reducing (set by HQ or Na,S,0,)
conditions, which impact the oxidation state of ?*U and
2py thus their sorption properties. Experimental condi-
tions ([RN], and S/L ratio) were selected on the basis of
scoping speciation and solubility calculations using the
NEA-TDB thermodynamic database and K4 values available
in the literature for the uptake of these radionuclides by
granitic materials. The values of pH, E;, and [RN] were
measured at 20 days and 113 days after the addition of
the radionuclides. The combination of experimentally
measured (pe + pH) and calculated Pourbaix diagrams of U
and Pu under the conditions of the experiments ([Ca], Cyot,
ionic strength) predicts the predominance of U(VI) and
U(IV) under oxidizing and reducing conditions, respec-
tively. In the case of Pu, the +IV oxidation state is expected
to predominate in all investigated reducing systems,
whereas experimental (pe + pH) values and calculated
Pourbaix diagrams indicate the possible coexistence of
Pu(IV) and Pu(V) under oxidizing conditions.

A strong sorption is quantified for U and Pu under
reducing conditions, with R4 values in the range of ~ 1 x 10°~
1 x 10°Lkg™" and = 1 x 10*-1 x 10°Lkg™, respectively. A
weaker uptake is observed for Pu under oxidizing conditions
(Rq = 1 x 10*L kg™, which possibly reflects the co-existence
of Pu(IV) and Pu(V). As foreseen, considering the weaker
strength of U(VI) hydrolysis compared to U(QIV), U(VI)
prevailing in oxidizing systems shows the weakest sorption
of all investigated systems Rq ~ 2-70 Lkg .

The results obtained in this work show a moderate to
strong sorption of Eu, Th, U, and Pu in the granite and
biotite gneiss materials investigated. The strength of the
uptake is strongly dependent on the redox conditions,
which impact the redox speciation of U/Pu and accordingly
their chemical behavior. These observations emphasize the
importance of conducting sorption experiments with the
relevant redox-sensitive actinides (e.g., U, Np, Pu) under
well-controlled conditions, in addition to the work with
redox stable probes (e.g., Th). These results highlight as well
the importance of an accurate knowledge of the redox
conditions in a given geochemical context.
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