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Abstract: Flow-through columns were used to assess potential long-term trends in 90Sr biogeo-
chemistry and transport in a Finnish near-surface very low-level waste (VLLW) repository concept.
Experiments simulated the effects of water intrusion and flow through the repository barrier and
backfill materials, examining impacts on 90Sr migration. Artificial rainwater containing 2.0 mg/L
stable Sr (as a proxy for 90Sr) was pumped through column systems that had varying compositions
from a matrix of rock flour (backfill material), bentonite (backfill/sealing material), and carbon steel
(waste encapsulation material), for 295 days. Effluent geochemistry was monitored throughout. Sr
retention behaviour in all column systems was broadly similar. Sr removal from influent rainwater
was marked (~95% removed) at the beginning of the experiments, and this degree of removal was
maintained for 20 days. Thereafter, Sr concentrations in the effluents began to rise, reaching ~2 mg/L
by 295 days. Further, 56%–67% of added Sr was retained in the repository materials over the 295-day
reaction period. Analysis of the effluents indicated that colloids did not form; as such, Sr output
was likely to be aqueous Sr2+. Upon completion of the experiment, solid-associated Sr distribution
and speciation in the columns were assessed through column sectioning and post-mortem analyses,
which encompassed the following: total acid digests, sequential extractions, and XAS analysis. The
total acid digests and sequential extractions showed that Sr was evenly distributed throughout the
columns and that the majority (68%–87%) of solid-associated Sr was in the exchangeable fraction
(MgCl2). This suggested that a major part of the solid-phase Sr was weakly bound to the column
materials via outer-sphere sorption. Interestingly, a smaller amount of Sr (7%–23%) could only be
extracted by aqua regia, suggesting that a proportion of Sr may bind more strongly to the barrier
materials. XAS analysis of select samples confirmed that the dominant Sr phase was sorbed to the
rock flour and bentonite, but not corroded carbon steel. Columns were also subject to remobilisation
experiments using artificial rain- and seawater without added Sr. While rainwater remobilised Sr
slowly, high-ionic strength seawater remobilised Sr at much higher rates in the systems containing
bentonite. Interestingly, Sr was well retained in the rock flour-only system following rain and seawa-
ter intrusion. Overall, the results indicate that the column materials provide reactive surfaces for Sr
removal should it be released from waste packages; however, the backfill and barrier materials have
limited retention capacity, and the dominant sorption interaction is relatively weak. The safety case
for the shallow disposal of radioactive waste should consider the possibility of seawater intrusion and
that the bentonite-bound Sr was significantly more susceptible to remobilisation following seawater,
despite retaining slightly more Sr during sorption experiments.

Keywords: very low-level radioactive waste disposal; strontium; bentonite; flow-through columns;
EXAFS
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1. Introduction

The near-surface disposal of very low-level radioactive wastes (VLLWs), containing
radionuclides with half-lives less than ~30 years, is an attractive waste management option
that will be/is employed by many countries, including Finland, Sweden, and the UK [1–3].
Here, given the short half-lives of the radionuclides, the burial concept is only required
to contain/isolate the radionuclides from the surrounding biosphere for several hundred
years [4]. VLLW repositories use a multi-barrier concept comprising several independent
engineered barriers (waste matrix, waste container, buffer, and backfill), as well as a natural
host rock/geological barrier that will ensure the long-term stewardship of the radioactive
waste [4]. Ultimately, any radionuclides that are released from the waste packages will
be diluted and their mobility should be significantly impeded by the barriers before they
cause any radiological or toxicity impacts in the biosphere.

Currently, Finnish VLLW is disposed of in underground repositories (60–100 m depth;
known as the VLJ-caves) that were originally designed for low- and intermediate-level
waste (LILW) disposal [3]. Some Finnish VLLW has also been stored in special landfills [5];
however, due to limitations set in the EU landfill directive (1999/31/EC of April 1999 up-
dated with 2018/850/EC) concerning the disposal of organic wastes in landfills, the renewal
of these licences is no longer a valid option for the future. The Finnish Nuclear Energy Act
(990/1987) permits the storage of VLLW in near-surface repositories [6]. Implementation of
this waste management approach for VLLW would permit fuller use of existing VLJ-caves
for LILW disposal, offering significant cost savings as VLLW is voluminous and new-build
LILW could instead be placed in the VLJ-caves [3].

The Finnish utility Teollisuuden Voima Oyj (TVO) is currently in the advanced stages
of planning a near-surface disposal facility at the Olkiluoto nuclear power plant, which is
located on the Gulf of Bothnia coast. TVO operates the Olkiluoto site, and they are respon-
sible for the management of wastes generated from site activities. They have completed
two environmental impact assessments in 2020 and 2021 [7,8] that will be considered by
the Finnish nuclear regulator STUK, alongside a safety case. If the safety of the approach
is adequately demonstrated, the facility should be constructed and commence operations
in the 2020s. It will be designed to operate for ~70 years [7,8]. During the lifetime of the
near-surface repository, water intrusion to the waste packages could eventually cause ra-
dionuclide release into the surrounding environment (through the engineered and natural
barriers, and ultimately into the biosphere). Here, radionuclide migration will be affected
by multiple factors, including interactions with the waste packages, barrier materials, and
backfill via sorption and precipitation reactions, ion-exchange, and colloid formation. Ra-
dionuclide transport will also be affected by microbial activity, e.g., the biodegradation of
organic operational wastes, which can result in the creation of complexing ligands (e.g., [9]).

The near-surface repository at Olkiluoto will largely resemble a special landfill for
hazardous waste [7,8] (Supplementary Materials Figure S1). Depending on the waste form,
the radioactive waste will be compressed into pallets or stored in containers fabricated
from carbon steel, providing mechanical and structural stability to the waste packages until
the steel corrodes. The space between the waste packages may be backfilled with rock flour
or crushed rock providing both a drainage function and some sorption capacity. A mineral
sealing layer consisting of crushed rock and a relatively small proportion of bentonite
(~6 wt.%) will also be used in the cover and foundation structures of the repository to
limit the ingress of water into the waste and eventually radionuclide release through the
underlying barriers [10]. Bentonite has multiple characteristics that make it a particularly
suitable sealing material. It has a low permeability, which retards water transport, and a
high sorption capacity for radionuclides; it also has good Eh and pH buffering capacities
and possesses excellent mechanical properties (high swelling capacity and plasticity) [11].

Despite risk assessment and safety case development, there are still uncertainties
regarding the long-term performance of the individual barriers and their behaviour in
unison. In particular, the Finnish near-surface repository will be exposed to extreme
variations in the environment (e.g., rainfall, changes in temperature, annual freezing
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and thawing of the topmost barrier layer, and possible climate change impacts, such as
sea-level rise). Moreover, considering the half-lives of key risk-driving radionuclides
that will be present in the repository (90Sr t1/2 = 28.8 y, 137Cs t1/2 = 30.1 y), the service
life of the repository is up to 300 years [12]. During this period the repository may be
subject to the intrusion of oxic waters, either as rainwater or seawater (increasing influent
salinity), which may be capable of remobilising radionuclides retained in wastes or on
repository materials [10,13–16]. Consequently, the long-term transport of key, risk-driving
radionuclides under disposal conditions must be studied. In this work, 90Sr was selected
from the very low-level radioactive waste inventory for further study. Specifically, we
examined 90Sr transport through the relevant barrier, backfill, and waste encapsulation
materials (rock flour, bentonite, and steel).

90Sr is a fission product in nuclear reactors. Its relatively long half-life (28.8 years),
high energy β− emission (546 keV), energetic, short-lived daughter (90Y, half-life 64 h, β−

emission 2.3 MeV), and environmental mobility, make it a radionuclide of concern for the
surface disposal of radioactive wastes and in contaminated land management. For example,
failed storage of spent nuclear fuel has led to significant 90Sr leaks globally, including at
Hanford and Oak Ridge, USA [17–19]; Mayak, Russia [20], and Sellafield, UK [21]. Further,
in mammals, ingested 90Sr may substitute for Ca in the bones, which then irradiates bone
marrow and increases the chances of contracting bone cancer or leukaemia [22].

Under moderate environmental conditions (low ionic strength, pH 4–10), 90Sr is
present as Sr2+, which behaves similarly to Ca2+. Its mobility is generally governed by
sorption to sediments and minerals with a large surface area and high cation exchange
capacity, e.g., clay minerals (illite, chlorite, kaolinite, and montmorillonite) [23–27] and Fe-
oxides [25,28–34]. Aqueous Sr can also sorb to the charged passivating oxide layer of steel
and its corrosion products [32,35,36], which are used as packaging materials during the
disposal of 90Sr-containing waste. Sr sorption occurs in competition with other mono and
divalent cations and is thus influenced by pH, the ionic strength of the surrounding waters,
and the cation-exchangeable content of mineral surfaces [25,27,37–40]. Biostimulation of
aquifers via electron-donor amendments (e.g., acetate, lactate, or glycerol) have no direct
effect on Sr removal from solution as it is not redox-active, but indirect mineralogical
changes can marginally impact Sr mobility [23,24,41,42]. For example, the precipitation
of amorphous Fe(II)-bearing biominerals, from the bioreduction of Fe(III), enhances Sr
removal from solution by providing sorption sites [43]. Sr can also incorporate into Ca-
carbonate minerals (e.g., calcite) [44] or Ca-phosphate (bio)minerals (e.g., hydroxyapatite),
where Sr2+ substitutes for Ca2+ in the mineral lattice [23,45,46].

Sr behaviour in the environment has been extensively studied using batch microcosm
experiments (see references above), which can provide useful information on removal rates
and retention mechanisms, but their applicability to actual subsurface Sr transport is limited.
Environmental Sr studies under more realistic conditions (e.g., column or field studies) are
few. Although more complex and time-consuming, column experiments offer a much better
approximation of the conditions likely to be observed in the field. Specifically, column
studies (i) better reflect material packing densities and porosities that would be observed
in real disposal scenarios, (ii) permit experimentation at more representative solid:solution
ratios, and (iii) allow for studies with water flow at radionuclide concentrations more
representative of the real world. Thorpe et al. (2017) investigated the effects of acetate
amendments on Sr sorption in flow-through columns with sediment representative of the
UK Sellafield site and concluded that biogeochemical perturbations involving reduction
and oxidation cycles only had limited impacts on Sr retention [24]. Multiple groups have
also used flowing columns to test the adequacy of simulated Sr movement via transport
modelling [47–50]. The output of this work and comparison to past studies indicates that
batch experiments do not yield applicable distribution coefficients to describe Sr transport
in real-world scenarios.

Here, we assessed the mobility of 90Sr under conditions that would prevail in the
current Finnish near-surface repository concept. To understand removal rates and potential
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retention mechanisms of Sr with respect to the evolving disposal facility and the effects of
the engineered barrier materials and steel canister corrosion under realistic conditions, we
used a flow-through column system with combinations of rock flour, bentonite (6 wt.%),
carbon–steel coupons, and simulant rainwater. Sr was added to the simulant rainwater
and its migration and retention in the column systems were monitored over 295 days.
When Sr retention on the repository materials was observed, sequential extractions and
X-ray absorption spectroscopy were used to assess the strength and mechanisms of Sr
retention. Dynamic light scattering was used to ascertain if colloid-facilitated Sr transport
occurred. The affinity of any solid-associated Sr towards remobilisation was also assessed
in short (56 days) remobilisation studies using rainwater (28 days) and then seawater
ingress (28 days) (both without added Sr). The outputs of the column experiments can be
used to better parameterise the Finnish VLLW safety case.

2. Materials and Methods
2.1. Column Design and Sorption Experiments

A flow-through column system based on previous studies [51,52] was used to explore
Sr behaviour under dynamic repository conditions in the worst case scenario, where the
early failure of a waste package leads to radionuclide release. A schematic of the column
setup can be found in the Supplementary Materials (SM) (Figure S2). Briefly, a 10 cm
polypropylene column with a 1 cm inner diameter was packed tightly with the column
material(s) and terminated on each end with glass wool and quartz sand. The columns
were then sealed with Bola GL14 screw caps, and a peristaltic pump was used to pump
simulated rainwater (Table 1) spiked with stable Sr through the columns at a constant flow
rate. The rainwater recipe was based on long-term observations of rainwater compositions
at the Olkiluoto nuclear power plant [53].

Table 1. Synthetic rainwater composition used in the study, adapted from [53].

Component Rainwater (mg/L)

K2SO4 1.7
CaSO4 2.3

SrCl2·6H2O 6.1
NaBr 5.1

Mg3 (PO4)·6H2O 1.2
H2SO4 1.3
HNO3 5.6

NH4OH 3.7

pH 5.1
Ionic strength (mg/L) 24.4
Ionic strength (mM) 0.47

Three column systems with different combinations of repository materials (for a
detailed characterisation see Supplementary Materials Section S3) were used in this study:
(i) rock flour, (ii) rock flour + bentonite (6 wt.%), and (iii) rock flour + bentonite (6 wt.%)
+ carbon steel coupons (1 wt.%). The rock flour was made from locally quarried mafic
igneous rock, and the bentonite was LUXGEL EG 28, which is a commercially available Ca-
bentonite. In the carbon steel-containing system, ~0.1 g of 0.1 cm3 steel coupons (mild steel
EN 10130/AISI 1008) was added and positioned 1.5 cm above the column inlet. Autoclaved
Sr (2.0 mg/L)-amended synthetic rainwater (pH 5, Table 1) was pumped into the base
of the columns at a flowrate of 0.5 ± 0.1 mL/h. Stable Sr was added to the influent as a
surrogate for 90Sr and an air-bubbler was used to maintain O2 in the influent. All column
systems were reacted under ambient laboratory conditions, with constant flow for 295 days,
in the dark, at 21 ± 2 ◦C. These conditions were chosen as a best practical representation
of the expected in situ conditions. It should be noted that despite seasonal fluctuations in
temperature in Finland, the interior of the Finnish near-surface repository should remain
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at >0 ◦C during its service life (up to 300 years) [54]. Duplicate columns were run for all
systems. All chemicals used were of analytical grade.

2.2. Sampling, Column Sacrifice, and Geochemical Characterisation

Under anoxic conditions (Ar flushing), effluent samples were collected at regular
intervals using a syringe, as per Ho et al. (2022), and subsequent sample handling was con-
ducted in an Ar-filled glove bag [52]. Following sampling and centrifugation (1.44 × 104 g,
5 min), the supernatant was monitored for physical and chemical changes. Effluent pH was
measured using a calibrated electrode (Mettler-Toledo, Columbus, OH, USA) and effluent
Sr concentrations (Sr(aq) in Figure 1 and Figure 5) were measured using inductively coupled
plasma mass spectrometry (ICP-MS) (Agilent 7800, Agilent, Tokyo, Japan) from acidified
(0.5% HNO3) samples. The presence of colloids (particles with a diameter <1000 nm) in
the effluent was assessed through use of dynamic light scattering (DLS) and zetapotential
analysis (Zetasizer nanoZS, Malvern Panalytical Ltd., Malvern, UK).
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Figure 1. Concentration of Sr(aq) in the effluents for three column systems over 295 days: (black)
rock flour, (green) rock flour + bentonite (6 wt.%), and (pink) rock flour + bentonite (6 wt.%) + steel
coupons, after centrifugation at 1.4 × 104 g for 5 mins. Each system was conducted in duplicate, and
individual columns (per system) are represented by squares and circles.

At the experiment end-point (295 days), one of each parallel set of columns was
sliced along its length and sectioned at 0.5 cm intervals under an Ar atmosphere to study
the distribution and speciation of Sr within the column material. The sections were ho-
mogenised and split for different analyses. An aliquot of each section was stored under an
Ar atmosphere at −80 ◦C prior to X-ray absorption spectroscopy (XAS) analysis. Another
aliquot was digested in boiling aqua regia for elemental analysis via ICP-MS to estimate
total Sr retention along the column length. Further, the 0.5 N HCl extractable Fe(II) and
total 0.5 N HCl extractable Fe content was determined in the sample sections using the
ferrozine method [55]. Finally, sequential extractions (Table 2) were used to determine Sr
association with different components of the disposal materials using defined chemical
lixiviants adapted from relevant literature [23,56,57]. Here, ~0.1 g of sample was added
to pre-weighed 15 mL centrifuge tubes and accurately weighed before adding the first
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lixiviant. The lixiviants, target extraction phases, and timings are summarised in Table 2.
All extraction chemicals were thoroughly sparged with Ar before use. After shaking with
a rotating shaker for the required time at room temperature, solids were separated via
centrifugation (1.4 × 104 g for 15 min), and the supernatant was collected. The residual
phase was then extracted in boiling aqua regia. Supernatant samples were diluted, acidified
with 0.5% HNO3, and analysed for Sr content with ICP-MS. In between extractions, the
sediment was rinsed with DI; the rinses were also monitored for Sr using ICP-MS, but they
were consistently below the limit of detection. As Sr was present in the starting materials
(rock flour and bentonite), the extractable Sr was determined for each step and subtracted
as the background before use in the paper (Tables S1 and S2).

Table 2. Chemical lixiviants used in the sequential extraction and the respective phases targeted per
step. The chemicals used in the first three steps were sparged with N2 prior to use.

Fraction Lixiviant Time Targeted Phase(s)

Exchangeable 1 M magnesium chloride (pH 7) 2 h Sorbed
Carbonate 1 M sodium acetate (pH 5) 5 h Carbonate minerals
Reducible 0.5 M hydroxylammonium chloride (pH 1.5) 16 h Fe/Mn oxides
Oxidisable 30% hydrogen peroxide,

1 M ammonium acetate (pH 5)
6 h,
16 h

Organic matter

Residual Aqua regia 4 h Residual

2.3. X-ray Absorption Spectroscopy (XAS)

Sr speciation and local coordination was investigated using X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) analysis.
XAS data were collected on the Sr K-edge at the INE-Beamline at the KIT Light Source
(Karlsruhe, Germany) [58], in fluorescence mode at 298 K, with two Vortex SDD detectors
(ME4 and 60EX, Hitachi, Chatsworth, CA, USA) and were calibrated using the L1-edge
of a Pb metal foil (energy of the first inflexion point of the rising edge set to 15,861.0 eV).
Athena was used for background subtraction, normalisation, and XANES analysis, and
EXAFS spectra were fitted shell-by-shell in Artemis (Demeter) [59]. Here, F-testing was
used to determine the statistical viability of additional backscattering shells [60]. The fitting
procedure was constrained to fixed values for the passive electron reduction factor (S0

2)
and the Sr coordination number to determine values for the Debye−Waller factor (σ2) and
bond distances.

2.4. Remobilisation Experiments

After 295 days of flowing column experiments (as described above), one of two
parallel columns was used in later remobilisation experiments to examine the stability of Sr
associated with the barrier material (rock flour, bentonite, and steel) during the influx of
rain- and seawater (without added Sr). Rainwater was used as a likely influent that may
enter the repository due to degradation of the sealing materials over time. Brackish seawater
was used as a worst-case scenario assessing the effects of potential flooding of the repository
following sea-level rise due to climate change, which is a concern for LLW repositories
globally [10,13–16]. Accordingly at the end of the reactions, the influent solution was
amended to synthetic rainwater without added Sr. The rainwater remobilisation experiment
ran for 28 days, and it was then changed to synthetic seawater representative of Baltic
seawater, which ran for a further 28 days (Table 3) [61]. Throughout all experiments, an air
bubbler was used to maintain oxic conditions in the influent solutions, and the flow rate
(0.5 ± 0.1 mL/h) remained the same.
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Table 3. Synthetic seawater composition used in the study, adapted from [61].

Component Seawater (mg/L)

NaCl 4680
MgCl2 1360

MgSO4 · 7H2O 560
CaCl2 · 2H2O 460

K2SO4 150
CaCO3 20
NH4Cl 16.1

K2HPO4 1.5

pH 8.1
Ionic strength (mg/L) 6057.7
Ionic strength (mM) 145.16

3. Results and Discussion
3.1. Column Effluent Geochemistry

Throughout the experiment, the column effluent geochemistry was monitored to
understand the Sr concentration, speciation, and potential retention mechanisms on the
backfill and barrier materials. Effluent monitoring suggested that there were no significant
differences in pH (Figure S4) or Sr(aq) behaviour (Figure 1) among the three column systems.
The effluent pH from all column systems was initially high (pH 9–10), reflecting the mafic
nature of the rock flour; however, it decreased during the experiment reaching pH ~6.5 after
150 days and then slowly decreased to ~6 after 295 days (Figure S4). After an initial spike
in effluent Sr that has also been observed in past experiments using this column setup [52],
<10% of added Sr remained in the effluent of all systems (0.01–0.07 mg/L) during the
first 20 days of the experiment (Figure 1). Subsequently, Sr concentrations in the effluent
increased steadily from ~0.1 mg/L to between 1.7 and 2.2 mg/L throughout the remainder
of the experiment. Here, the gradual increase in effluent Sr output was presumably due to
Sr2+ sorption sites becoming saturated in the repository materials or due to the decrease in
availability of sorption sites, linked to a drop in pH (~3 pH units) over the course of the
experiment.

The effluent Sr data (Figure 1) suggest that the addition of bentonite (6 wt.%) and/or
steel coupons did not significantly affect the rate or overall extent of Sr retention. Columns
retained 3.9–4.7 mg of added Sr (total added Sr, 7.1 mg) and on average, duplicate columns
retained 56%, 62%, and 67% of added Sr in the (i) rock flour, (ii) rock flour + bentonite, and
(iii) rock flour + bentonite + carbon steel systems, respectively (Supplementary Materials
Table S3). Under the basic-to-circumneutral conditions in the column systems, outer-sphere
sorption of Sr2+ to clay and mineral surfaces (via cation exchange) present in the rock flour
and bentonite was likely the dominant Sr-removal mechanism [25,28–32]. To verify this,
sequential extractions and XAS analysis were performed on the column solids at the end of
the experiment (295 days).

During the experiment, potential colloid formation and stability were assessed using
dynamic light scattering and zeta potential measurements. Colloids can have high environ-
mental mobility and are therefore a risk driver for enhanced radionuclide mobility from
disposed wastes. Whilst bentonites offer multiple advantages as backfill materials, they are
known to form colloids [62–66]. Further, bentonite colloids also have the potential to sorb
radionuclides, including Sr [65–68]. Dynamic light scattering measurements for effluent
samples collected on day 0 and day 220 were below the method detection limits, suggesting
that significant amounts of colloids were not forming and that they were not responsible
for Sr transport. This was confirmed through zeta-potential measurements, which yielded
an average zeta-potential of −1.19 (±0.242) µmcm/Vs, suggesting that no stable colloids
formed. Given the ionic strength (I = 2.4 × 10−4 M) and pH (6–10) of the influent waters,
the lack of colloids in these samples is unsurprising [69,70]. Although colloids are reported
as stable in solutions with higher ionic strength, the pH of the barrier/backfill systems are
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appropriately placed to be close to the point of zero charge reported for bentonite colloids
(~pH 7–9) [62], thus likely promoting their aggregation and retention in the column materi-
als, if forming. As such, the data suggest that bentonite colloids are not likely to influence
radionuclide mobility in the Finnish near-surface repository concept under the timescale
and conditions employed.

3.2. Solid-Phase Geochemistry
3.2.1. Acid Digests and Sequential Extractions

After 295 days of constant rainwater addition with added Sr2+, the columns were
sectioned into 0.5 cm horizons for solid-phase analysis. Results from the aqua regia digests
demonstrated that Sr was distributed throughout each column, with concentrations in
individual sections varying between ~200 and 700 µg Sr/g of solids (Figure 2A); 0.5 N HCl
extractable Fe concentrations varied between 330 and 985 µg Fe/g of solids (Figure 2B).
During sectioning of the rock flour + bentonite (6 wt.%) + carbon steel coupon column,
a rust-coloured horizon was observed between 1.5 and 2.0 cm from the inlet, suggesting
that the carbon steel coupons had corroded during the experiment. Indeed, carbon steel
corrosion was expected under the experimental conditions, as documented in similar
environmental systems [71,72]. Interestingly, Sr was evenly distributed throughout the
columns in all systems, and the presence of steel or steel corrosion did not seem to affect Sr
retention (Figure 1), consistent with previous studies [73].
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Figure 2. (A) Concentration of Sr and (B) 0.5 N HCl extractable Fe(II) expressed as a % of total
0.5 N HCl extractable Fe from selected column material samples (0.5 cm depth increments) from the
three column systems: (black squares) rock flour, (green circles) rock flour + bentonite (6 wt.%), and
(pink triangles) rock flour + bentonite (6 wt.%) + steel coupons. Sr present in starting materials was
subtracted before plotting (Supplementary Materials Table S2). The steel coupons were added at a
distance of 1.5 cm from the inlet.

Sequential extractions (Figure 3) showed that the majority of Sr (68%–87%) was ex-
changeable with 1 M MgCl2, suggesting that Sr was predominantly weakly bound to the
solids via outer-sphere sorption mechanisms [25,28–32]. From the remainder of extracted
Sr, 7%–23% was dissolved with aqua regia, suggesting that some Sr was more strongly
bound and resistant to acid remobilisation. Hence, to further probe Sr speciation in the
solids, XAS analysis was used.
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Figure 3. Concentration of Sr extracted per lixiviant (see key) from selected column material samples
(0.5 cm depth horizons) from the following: rock flour, rock flour + bentonite (6 wt.%), and rock flour
+ bentonite (6 wt.%) + steel coupons. Sr that was extractable from the original starting materials (rock
flour + bentonite 6 wt.%) was subtracted from the data before plotting (Supplementary Materials
Table S2). The repeatability of the extraction was assessed by conducting a triplicate extraction of
samples taken from the 0–0.5 cm section of the rock flour column system. Therein, the variability was
2.00%, 0.50%, 0.30%, 0.01%, 0.03%, and 6.00% for Sr extracted from the respective fractions.

3.2.2. Speciation of Solid Phase: XAS

Sr K-edge XAS data were obtained for the top (5.0–5.5 cm) section from each of the
three systems. Although the steel coupons were added 1.5 cm away from the column
inlet, upon dismantling the columns, a reddish horizon was also observed between 3.0 and
3.5 cm. This was likely due to carbon steel corrosion and some migration of the corrosion
products up the column. Therefore, additional XAS data were collected for the 3.0–3.5 cm
section from the rock flour + bentonite + carbon steel coupons system to investigate the
potential for interactions between the Sr and the corroded steel coupons.

The Sr K-edge XANES data for all samples (Figure S5) were very similar, suggesting
a similar local coordination environment of Sr in all these sections, likely with a weakly
bound outer-sphere 9-fold oxygen coordination. The background-subtracted EXAFS and
their corresponding Fourier transforms are shown in Figure 4 and the accompanying fit
parameters are shown in Supplementary Materials Table S4. The best fit of the EXAFS
data for the rock flour-only system was with a single shell of 9 O backscatterers at 2.55 Å
(Supplementary Materials Table S4), confirming the weak outer-sphere sorption of Sr to
a variety of mineral phases [28,31,32,39]. Attempts to fit subsequent shells using sensible
parameters (e.g., Fe, Al, Si, and/or C) yielded unsatisfactory fits (unrealistic bond lengths
or R-factors >0.02). In all other samples, the EXAFS spectra were best fit with a first
backscattering shell containing 9 O backscatterers at 2.54 Å–2.56 Å and a second shell
containing 1.4 Si/Al backscatterers at 3.33 Å–3.35 Å (indicated in Figure 4 with an arrow in
the Fourier transforms), which statistically improved the fits and is consistent with past Sr
sorption onto clays (F-test, 98%–100%, Supplementary Materials Table S4) [31].

Past studies show that Sr sorbs to steel corrosion products (e.g., goethite) as outer-
sphere SrOH+ complexes [32,36]. Although EXAFS analysis of the sample indicative of
steel corrosion (3.0–3.5 cm section from the rock flour + bentonite (6 wt.%) + steel coupons
system) was consistent with outer-sphere sorption, it is impossible to unambiguously
define if Sr was interacting with the corroded steel without further analysis (e.g., spatially
resolved XAS). Past studies also show that Sr can also precipitate as a strontianite layer
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(SrCO3) at mineral surfaces [32]. However, unsatisfactory fits when modelling this scenario
confirms that strontianite precipitation was not a dominant mechanism for Sr removal.
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Figure 4. Sr K-edge EXAFS spectra for column material samples and best fits for k3 weighted data
(left) and their Fourier transforms (FT) (right). Fits are detailed in Supplementary Materials Table S4.
Experimental data are shown in black, and best fits (Supplementary Materials Table S4) are in red.
The arrow in the Fourier transform indicates the presence of a Si/Al shell.

Interestingly, whilst the sequential extractions indicated the presence of more strongly
bound Sr phases (extracted by aqua regia), XAS analysis of select sections from the columns
only indicated weak outer-sphere complexes. Clearly some Sr binds to the repository
materials in a stronger way (e.g., inner-sphere sorption or coprecipitation), but without
completing further XAS analysis (e.g., completing analysis on other column samples or
collecting Sr XAS to a higher k), it is not possible to confirm the detail of the stronger Sr
retention mechanism(s).

3.3. Remobilisation Experiments

To assess the stability of the Sr associated with the barrier material towards remobil-
isation, short-term remobilisation experiments using oxic rainwater (28 days) and then
oxic seawater (28 days) were run. In both experiments, no Sr was added to the influent
solutions.

The influent was changed to artificial rainwater (without added Sr) for the first 28 days
of remobilisation experiments. Effluent pH stabilised at ~6.2 in the rock flour and rock-flour
+ bentonite + steel systems and decreased to ~5.8 in the rock flour + bentonite system
(Figure S4). Sr concentrations ranged between 2.4 and 5 mg/L in the effluents of the rock
flour rainwater remobilisation system and remained at ≤2.7 mg/L in the other two systems.
Interestingly, there was an increase in effluent Sr concentrations in the first sampling point
for all three column systems after transition to the Sr-free rainwater. This may reflect
physical disturbance of the columns and possible entrainment of Sr-labelled fine-grained
material in the effluent. During the transition, the pump was turned off and the influent
and effluent lines and columns were handled.

When the influent was changed to seawater, the pH increased marginally to between
6.1 and 6.2 on day 352 (56 days remobilisation) (Figure S4) and effluent Sr concentrations
increased (≤40 mg/L) in the systems containing bentonite (6 wt.%) (Figure 5) this was likely
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attributable to the increased ionic strength of the seawater, which remobilised significant
bentonite-bound Sr, likely via ion-exchange reactions. The rock flour-only system was not
significantly affected by the change in influent, suggesting that Sr was bound via a different
outer-sphere sorption mechanism, consistent with EXAFS analyses (Figure 5). The effluent
Sr concentrations in the bentonite-containing systems remained higher than those observed
in the rock flour-only system until the last day (day 352), when both bentonite-containing
systems had no Sr in their effluent, suggesting that all weakly bound Sr had left the columns.
The increase in Sr mobility in the columns with added bentonite (6 wt.%) is also consistent
with the higher cation exchange capacity observed for rock flour + bentonite (6 wt.%)
(0.10 meq/g) compared to that of just rock flour (0.07–0.08 meq/g). The potential for colloid
formation was assessed following 28 days of remobilisation with rain- and seawater, and
similarly, results showed no evidence of colloid formation.
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Figure 5. Concentration of Sr(aq) in effluent for three column systems over 56 days of remobilisation
experiments: (black) rock flour, (green) rock flour + bentonite (6 wt.%), and (pink) rock flour +
bentonite (6 wt.%) + steel coupons, after centrifugation at 1.4 × 104×g for 5 mins. The dashed line
signifies the change from rainwater (left) to seawater (right) input.

4. Conclusions

Flow-through column experiments were used to assess the potential for Sr retention
or migration in conditions representative of the Finnish VLLW near-surface repository
concept. Three column systems representative of the backfill material placed around the
waste packages, mineral sealing layer material, and waste packages were established
((i) rock flour, (ii) rock flour + bentonite (6 wt.%), and (iii) rock flour + bentonite (6 wt.%)
+ carbon steel coupons) and Sr-labelled synthetic rainwater was pumped through the
columns. There was no significant change in the rate or extent of Sr removal from the
influent rainwater in the column systems. Moreover, assessments of potential colloid
formation at the start and end of the experiment showed no evidence of their presence.
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The total Sr retained in the columns, as determined based on aqua regia digests,
showed that Sr was evenly distributed throughout the columns and that there was no
significant (>20%) difference in total Sr between the different column treatments. Further,
Sr was not enriched in the column section where the carbon steel coupons had corroded.
Sequential extractions revealed that 68%–87% of Sr associated with the solids was ex-
changeable with MgCl2, suggesting that the majority of Sr retention occurred via the
formation of weakly bound outer-sphere sorption complexes. XAS confirmed that the
dominant mechanism for Sr retention was weak outer-sphere sorption, and the addition of
Sr-Si/Al backscatterers in the systems containing bentonite (6 wt.%) suggested Sr sorption
to bentonites. Significant concentrations of Sr (9%–36%) were also mobilised with aqua
regia, indicating that some Sr was more strongly bound. As these Sr phases could not be
clearly identified, further investigation into the mechanisms that control Sr retention is
merited. Remobilisation experiments found that rainwater was capable of remobilising
and transporting Sr through the materials, although perturbations with seawater signifi-
cantly increased Sr remobilisation in systems containing bentonite (6 wt.%). Sr transport
did not change in the rock flour system, suggesting that the Sr–rock flour interactions
are stronger than the Sr–bentonite interactions and are therefore less susceptible to ion
exchange reactions.

These results demonstrate that the barrier and backfill materials proposed for the
Finnish near-surface repository have potential for Sr(aq) removal; however, over the course
of the experiments, the sites reactive towards Sr appear to have been largely consumed (an
unlikely scenario in the real disposal concept given that the concentrations of Sr used in the
current experiments are significantly higher relative to the expected repository conditions).
Further, the majority of Sr binding appears to be via a weak interaction. As such, adequate
volumes of barrier materials will be needed to limit Sr migration. Protection against
issues, such as seawater intrusion, will also be important, to limit the potential for Sr ion
exchange. Further study is also needed to define the (potentially useful) stronger Sr binding
interaction and also the potential effects of the biodegradation of organic operational wastes.
Finally, based on current evidence, corroding waste packages do not appear to significantly
complex Sr. Given the relatively small volume of steel used in these experiments, when
compared to the corrosion of a fully sized waste canister, we suggest that the effects of
steel canister corrosion under similar conditions need to be further studied. These results
can feed forward into safety case design for the Finnish near-surface VLLW repository.
Moreover, the experimental approach used here offers a stable and facile method for
replicating repository environments, which can be easily adapted according to the users’
requirements, i.e., studying other risk-driving radionuclides (e.g., 137Cs) or varying backfill
materials to simulate other scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13030436/s1. Figure S1: Main barriers in a landfill-type
repository; Figure S2: Schematic of columns; Figure S3: XRD patterns for the rock flour and bentonite;
Table S1: Composition of starting materials; Figure S4: pH; Table S2: Concentration of Sr extracted per
lixiviant from column starting materials; Table S3: Mass balance of Sr in effluents and Sr associated
with column solids in each system; Figure S5: Normalized Sr K-edge XANES spectra; Table S4: EXAFS
fit parameters; Table S5 PHREEQC input parameters; Table S6: PHREEQC output. Refs [74–77] are in
the supplementary materials.
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