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A B S T R A C T

Safety assessments for deep geological repositories involve risk calculations for the release of radionuclides like 
Ra, U, Pu and trivalent actinides from the storage containers to the groundwater. The retention of radionuclides 
through water-mineral interaction along the groundwater flow path could be a crucial factor in case of a re
pository failure. Barite (BaSO4) assumes significance in this context, as it has the potential to (re)crystallize and 
incorporate significant quantities of radioactive elements under relevant physico-chemical conditions.

The assessment of mineral-fluid partition coefficients provides a means to evaluate the uptake potential of 
elements into the mineral. Usually, partition coefficients are determined under well-defined and controlled 
experimental conditions in laboratories. However, these results have shown discrepancies to partitioning co
efficients determined from natural systems.

Furthermore, effects like diagenesis or changes in the chemical fluid parameters might lead to a secondary 
alteration of the phases and affecting the retention ability.

Here we investigate the incorporation of trace elements in natural barite from a borehole at 415 m depth in the 
Äspö Hard Rock Laboratory (Sweden). High-resolution LA-ICP-MS enables the quantitative determination of 
field-based partition coefficients through the integrated pixel average of selected zones in element distribution 
maps, combined with existing fluid concentration data. Similarities between the solid solution systems (Ra,Ba) 
SO4 and (Sr,Ba)SO4 allowed the combination of Sr partitioning data with density-functional theory simulations 
for an estimation of the partition coefficient value for Ra in natural barite. Values in the 10− 2 range were 
determined, showing a deviation from those reported in previous experimental studies in the 10◦ range.

Moreover, lanthanum serves as an analogue element for the radioactive trivalent actinides. The partition 
coefficient values for La in natural barite were determined in the range of 10− 2 and 10− 1, aligning well with 
experimental partition coefficients. Although density functional theory simulations cannot directly convert a La 
partition coefficient into a partition coefficient for trivalent actinides, it is assumed that these elements exhibit 
comparable behavior. Besides primary growth zonation, La also exhibits strong secondary enrichment, probably 
resulting from groundwater mixing and late fluid-mediated element transport through connected intracrystalline 
pore space oriented at cleavage plane systems. Additional SIMS analysis provides insights into the temporal 
variation of the sulfate source at the sampling site reflecting the influence of different waters during mineral 
growth.
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This study demonstrates a discrepancy between natural and synthetic PRa for barite and emphasizes that 
secondary processes significantly impact radionuclide retention in barite. Including these effects in reactive 
transport models will improve the reliability and applicability of integrative risk models.

1. Introduction

The environmental issues related to operation of nuclear power 
plants and the accompanied production of high-level radioactive waste 
needs an adequate solution of long-term disposal. Currently, disposal in 
an underground repository in deep geological formations is considered 
the safest option (e.g., Kim et al., 2011; Birkholzer et al., 2012; Kur
niawan et al., 2021). In searching for a suitable repository site, risks, 
which lead to a leakage of the waste canisters, shall be minimized as far 
as possible, for as long as possible. Modern repository sites are designed 
with a multi-barrier system (Olszewska et al., 2015; Apted and Ahn, 
2017) aimed at prolonging the impact of waste corrosion for the 
maximum duration. However, within the necessary time frames for re
pository considerations, the potential for migration and release of ra
dionuclides into the environment cannot be ruled out.

226Ra is particularly significant among radionuclides due to its nat
ural occurrence, which can lead to the accumulation of radioactivity in 
both natural systems and industrial facilities. Technologically enhanced 
naturally occurring radioactive material (TENORM) can cause issues in 
oil production, geothermal energy utilization, and groundwater desali
nation (Hamlat et al., 2003; IAEA, 2003; Rosenberg et al., 2013; 
Heberling et al., 2018). These TENORM and other radium-enriched 
materials, such as medical waste (Manocchi et al., 2014), must be 
disposed of as radioactive waste. Additionally, uranium mill tailings 
have elevated concentrations of 226Ra, which can lead to a contamina
tion of the groundwater system. In the long-term evolution of spent 
nuclear fuel, a secular equilibrium of 226Ra with its parent nuclide 238U 
will be reached, contributing to the radiation dose of potentially 
released material (SKB Technical Report TR-21-07, 2022). Additionally, 
trivalent actinides like Am or Cm are a long-lasting environmental risk 
as these are predominant residues of the PUREX process, which involves 
the extraction of Pu and U from spent fuels (Dares et al., 2015; Xiao 
et al., 2017).

Former studies have shown that barite can act as a scavenger for Ra 
in geological systems due to recrystallization of existing barite 
(Torapava et al., 2014; Brandt et al., 2015, 2020; Klinkenberg et al., 
2018; Weber et al., 2017) or precipitation from the solution (Curti et al., 
2010; Zielinski et al., 2010; Heberling et al., 2018).

To estimate the uptake potential of an element into a crystal, parti
tion coefficients (PMe; Me = metal), also known as distribution co
efficients, have been determined in experiments resembling geological 
conditions in regions of a potential repository (Curti, 1999). However, 
these artificial conditions may not accurately resemble crystal growth in 
complex natural systems. Most obviously there is a discrepancy between 
the timescales at which experiments are typically conducted to deliver 
data in a reasonable amount of time (e.g., days to month) vs. the 
envisaged safety timescale for nuclear repository sites (e.g., 1 Ma in 
Germany). By comparing lab-based to natural fluid-calcite partition 
coefficients, Drake et al. (2018) noticed closely matching values for 
certain elements (e.g., Mg, Fe, Sr). However, notable discrepancies were 
evident for other elements such as Ba, Y, Yb, and REE.

These discrepancies encourage to determine the radionuclide parti
tioning behavior of natural systems to augment the input database for a 
comprehensive safety assessment modelling of potential long-term nu
clear waste repositories.

As radioactive elements like Ra usually occur in traces in natural 
aquatic systems, their direct determination in barite by an in-situ 
analytical tool is difficult (Klinkenberg et al., 2014; Weber et al., 
2017). Nevertheless, spatially resolved analysis is crucial to account for 
the complex growth history and associated zoning patterns in natural 

crystals over geological time scales. Therefore, the potential of radio
nuclide retention in natural minerals is commonly evaluated with the 
help of elements, which are assumed to behave similar to their radio
active equivalents regarding their chemical properties. Krauskopf 
(1986) described the rare earth elements (REE) as suitable analogues for 
the actinides Am and Cm, as they can only exist in the trivalent state 
(under typical repository conditions) and stability constants for their 
dissolved species and complexes are very similar to the REE. In this 
study, a potential uptake of trivalent actinides, like Am and Cm, into 
barite will be evaluated through the distribution of La, which is known 
to behave similar regarding incorporation (Seaborg, 1992; Drake et al., 
2018). Probably the most well-suited analogue element to Ra is Sr 
because of the same ionic charge and its affiliation to the alkaline earth 
group metals, although some differences in chemical behavior have 
been documented (Zhang et al., 2014; Vinograd et al., 2018a, 2018b; 
Brandt et al., 2020).

In this study, recently formed barite samples and the surrounding 
groundwater from boreholes in the Swedish Nuclear Fuel and Waste 
Management Co. (SKB) operated Hard Rock Laboratory (HRL) in deep 
granitoid rock (>400 m below sea level) was investigated. This offers a 
unique opportunity to assess in situ metal uptake into barite under re
pository conditions within deep granitoid aquifers.

To quantify the concentrations of the relevant trace elements, LA- 
ICP-MS is a suitable technique as it enables in situ probing of solids 
with detection limits in the sub-ppm range (Durant and Ward, 2005). 
Depending on the laser spot size and ablation depth conventional 
LA-ICP-MS spot analysis may lead to misinterpretation of the calculated 
PMe due to the mixed analyses of different growth zones. Nevertheless, 
reducing the laser spot size and utilizing a LA-ICP-MS configuration 
offering low-aerosol dispersion enables the mapping of trace elements 
with micrometer-scale resolution and exceptional sensitivity (van Acker 
et al., 2021; Pidchenko et al., 2023; Kutzschbach and Glodny, 2024). In 
this study high-resolution LA-ICP-MS mappings are combined with 
conventional LA-ICP-MS spot analysis to validate the mapping method.

By means of DFT simulations and using the assumed analogy of Sr for 
Ra, this contribution provides the first (to the best of our knowledge) 
reliable estimate of the Ra partition coefficients between barite and fluid 
in a natural deep anoxic aquifer. Moreover, valuable insights into bar
ite’s potential as a sink for trivalent actinides are deduced from the 
distribution of La.

2. Material and methods

2.1. Sampling of natural barite and fluids at Äspö Hard Rock Laboratory

The SKB operates a full-scale test facility in SE Sweden (Äspö HRL) in 
which two boreholes (A: KA3105A/at − 415 m depth and B: KA3385A/at 
− 445 m depth, from here on A and B, respectively) were drilled hori
zontally between 1994 and 1995 (Fig. 1a). Borehole A has a length of 
52.01 m and borehole B 34.18 m. The boreholes accommodate an Al-rod 
and are separated by inflatable packers into discrete isolated (packer-) 
sections (Fig. 1b). Each of these sections is supplied by water from in
dividual fractures that intersect the boreholes. The unique feature about 
this experiment is that the section-water was sampled through a poly
amide tubing system which was attached to the Al-rod. The hydrostatic 
pressure in the borehole directs the water into sampling containers 
(individually for each section) without the need of a pump. Two distinct 
water types were collected for analysis: stagnant water, representing the 
resident water within the section, and fracture water, obtained after 10 
discharges of the section volume. Fracture water is indicative of pristine 
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groundwater within the fractures. It is acknowledged that stagnant 
water may have undergone potential manipulation by the borehole 
instrumentation over time. The temperature was consistently at 14 ◦C, 
and the pH values remained stable within the range of 7.4–7.7.

After 17 years, the borehole instrumentation was retrieved. Subse
quently, calcite, sulfates, and Fe-sulfides were carefully scraped off the 
instrumentation (Fig. 1b) and collected in nitrogen-filled gas-tight bags 
to prevent oxidation. The samples analyzed in this study originate from 
both boreholes A and B. The names are coded as follows: boreholes A 
and B are denoted by A and B, respectively. Since the boreholes contain 
different sections supplied by various fracture waters, the section 
number occupies the second position. The third position indicates the 
sample number within that section. For example, sample A-3-1 origi
nates from borehole A, section 3, crystal number 1. The section numbers 
relate to the detailed descriptions in Drake et al. (2018).

The fluid chemistry data was retrieved from SKB’s quality-controlled 
database Sicada and described in Drake et al. (2015, 2018) and Yu et al. 
(2019). A set of relevant data is provided in ESM Data-3.

2.2. Analytical techniques

2.2.1. Scanning electron microscope
The scraped-off precipitates were loosely placed on Cu tape and 

investigated using a Hitachi S–3400 N scanning electron microscope 
(SEM) equipped with an Oxford INCA energy dispersive spectrometry 
(EDS) detector in low-vacuum mode, at University of Gothenburg, 
Sweden. After this inspection, barite could be localized and then hand- 

picked with tweezers under the stereomicroscope. The handpicked 
crystals were mounted in epoxy, which was polished until the crystal 
interiors were exposed. The barite was then investigated again with the 
SEM to identify any zonation, cracks, or impurities prior to SIMS 
analysis.

2.2.2. Secondary ion mass spectrometry
Stable S and O isotopes in barite can be used to understand origin and 

temporal variation of the sulfate source and were determined within 
single crystals using a Cameca IMS1280 SIMS, at the NordSIMS facility 
at Museum of Natural History, Stockholm, Sweden. Separate analytical 
routines applied for S and O, are described briefly below, and closely 
follow those described by Whitehouse (2013) for sulfur, with the 
exception that only 34S/32S ratios were measured here, and Heinonen 
et al. (2015) for oxygen. For both elements, the samples were sputtered 
using a Gaussian focussed 133Cs + primary beam with 20 kV incident 
energy (10 kV primary, − 10 kV secondary) and primary beam current of 
~3 nA, which was rastered over a 5 × 5 μm area during analysis to 
homogenize the beam density. The resulting analytical crater had a 
diameter of ~10 μm. A normal incidence electron gun was used for 
charge compensation. Analyses were performed in automated se
quences, with each analysis comprising a 40 s pre-sputter to remove the 
gold coating over a rastered 15 × 15 μm area, centering of the secondary 
beam in the field aperture to correct for small variations in surface relief, 
and data acquisition in twelve 4-s integration cycles. The magnetic field 
was locked at the beginning of the session using an NMR field sensor. 
Secondary ion signals (32S and 34S or 16O and 18O) were detected 
simultaneously using two Faraday detectors with a common mass res
olution of 4860 (M/ΔM) for S and 2430 (M/ΔM) for O. The Fig Tree Bay 
reference material (Reuschel et al., 2012), with a conventionally 
determined δ34SCDT value of 4.5‰ and δ18OCDT value of 6.77‰ was used 
as a matrix-matched reference. Typical precision on a single δ34S and 
δ18O values, after propagating the within run and external uncertainties 
from the standard measurements was ±0.2‰ (1σ). All results are re
ported with respect to the V-CDT (Ding et al., 2001) and V-SMOW 
(Coplen, 1994) for oxygen.

2.2.3. Micro X-ray fluorescence
Major and trace element mapping was performed on polished barite 

samples with a Bruker M4 Tornado μ-XRF at the MAGMA Lab of the TU 
Berlin. The instrument is equipped with an X-ray capillary optic system 
and two 30 mm2 silicon drift detectors. A spot size of 20 μm was used, 
the Rh-anode was operated at 50 kV acceleration voltage and the anode 
current of 600 mA at a chamber vacuum of 20 mbar was used. Spots 
were applied in 20 μm intervals and measured for 40 ms, resulting in a 
total mapping time of approx. 18 h for the entire mount. The energy 
position of the fluorescence lines and the power of the X-ray tube are 
calibrated monthly, using a set of single element standards provided by 
Bruker (Germany). This procedure enabled the semi-quantitative 
determination of trace element distribution and the identification of 
areas for the quantitative determination using LA-ICP-MS.

2.2.4. Laser ablation ICP-MS mappings
High-resolution LA-ICP-MS mapping was performed at the MAGMA 

Lab of the TU Berlin using an Agilent 8900 ICP-MS/MS coupled to an 
Analyte Excite 193 nm excimer laser (Teledyne Photon Machines). He
lium is used as a carrier gas with a total flow rate of 0.95 l/min (0.5 l/ 
min cell flow, 0.45 l/min cup flow).

After plasma ignition and initialization of Helium flow, m/z = 42 (e. 
g., 14N14N14N+) and m/z = 31 (e.g., 15N16O) were recorded to monitor 
the amount of air entrained in the interface tubing and ablation cell. 
After counts were stable and below 20 000 cps, the Ar nebulizer gas and 
He carrier gas flows were tuned to achieve m/z = 248/232 ratios of 
<0.05 % (ThO/Th) and m/z = 232/238 ratios of 100 ± 1 % (Th/U) 
while ablating NIST 610 in line scan mode. Small amounts (3–4 ml/min) 
of high-purity (99.999 %) N2 were admixed to the Ar nebulizer gas to 

Fig. 1. a: Schematic figure of borehole drilled from Äspö tunnel and subdivi
sion into packer sections. Water from different fractures supply the sections. 
Borehole A spans the length of 52.01 m, borehole B of 34.18 m. More detailed 
information is provided in Drake et al., (2018). b: Detailed packer section with 
Al-rod and precipitated minerals on borehole instrumentation.
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increase sensitivity. Once stable plasma conditions were reached, an 
automatic lens tune was performed on NIST 610 to maximize sensitivity 
in the mid-mass range.

The aerosol rapid introduction system ARIS (Teledyne Photon Ma
chines) was used. In cases where more than 4 elements were mapped, a 
low-volume adapter from Glass Expansion is added to the interface to 
increase the single pulse response (SPR), i.e. the combined wash-in and 
wash-out. The SPR was monitored by ablating NIST 610 glass at 1 Hz 
and dosage 1 in line scan mode and recording m/z = 238 (U) with a 
dwell time of 5 ms. By averaging the peak shape of 300 single pulses, the 
SPR was determined at the full width at 10 % of the maximum intensity 
and was between 30 ms (without adapter) and 120 ms (with adapter).

For mapping the elemental distribution within the target grain, at 
least four mass channels m/z = 88 (Sr), m/z = 137 (Ba), m/z = 139 (La), 
m/z = 238 (U) were recorded. For some mappings additionally m/z =
23 (Na), m/z = 89 (Y), m/z = 143 (Nd) and m/z = 172 (Yb) were 
measured.

Altogether fifteen grains were mapped using a raster of unidirec
tional scans with no overlap between lines and a 2 s pause after each line 
to prevent memory effects. Fluence was 1.5 J/cm2, spot sizes were be
tween 2 and 3 μm, the applied dosage was 10 (meaning a 10-fold spot 
overlap), repetition rates were between 83 and 167 Hz, and scan speeds 
between 24.9 μm/s and 33.4 μm/s. These parameters were chosen to 
suppress aliasing effects. Dwell times were distributed to achieve a 
signal/noise ratio larger than 20 for each mass channel based on test line 
scans on target grains. The total sweep time was tuned to avoid carry 
over of aerosol beyond the laser spot diameter during scanning. The 
ablation depth is limited to approx. 1–2 μm for the dosage applied, 
which allows repeated mappings of the same area.

All the raw data processing was performed using the software HDIP 
(Teledyne Photon machines). Background was corrected using a cubic 
spline function. To obtain quantitative mappings, each pixel is cali
brated using multiple (at least 10) line scans on the reference material 
NIST 612, recorded before and after mapping of the target grain. In a 
second step, 2D segments within barite were defined to derive normal
ization factors so that the mean Ba content of the segment matches the 
one of stoichiometric BaSO4 (Ba = 58.84 wt%). This normalization 
factor was also applied to all other pixels outside the segment. Drift was 
monitored and corrected using NIST612 line scans, but usually was 
negligible.

Minor differences in the crystal shape observed between SEM images 
and LA-ICP-MS mappings is attributed to an intermediate polishing step 

to remove the carbon coating (e.g., sample A-3-1; Fig. 2a and 3d).

2.2.5. Laser ablation ICP-MS spot analysis
Due to the small laser spot sizes applied for the trace element map

pings, the detection limit is limited as well as the number of elements 
that can be recorded simultaneously, due to the sequential measurement 
mode of the ICP ś quadrupoles. To extent the available compositional 
information, additional LA-ICP-MS spot analyses with larger spot size 
have been applied on grains after the LA-ICP-MS mappings.

For spot analysis, a reduced repetition rate of 10 Hz and a large 
volume adapter from Glass Expansion was applied. Mass channels 
analyzed during spot analysis are m/z = 7 (Li), m/z = 23 (Na), m/z = 24 
(Mg), m/z = 27 (Al), m/z = 28 (Si), m/z = 29 (K), m/z = 44 (Ca), m/z =
55 (Mn), m/z = 56 (Fe), m/z = 60 (Ni), m/z = 64 (Zn), m/z = 85 (Rb), 
m/z = 88 (Sr), (Y), m/z = 95 (Mo), m/z = 133 (Cs), m/z = 137 (Ba), m/ 
z = 139 (La), m/z = 140 (Ce), m/z = 141 (Pr), m/z = 146 (Nd), m/z =
147 (Sm), m/z = 151 (Eu), m/z = 157 (Gd), m/z = 159 (Tb), m/z = 163 
(Dy), m/z = 165 (Ho), m/z = 166 (Er), m/z = 169 (Tm), m/z = 172 
(Yb), m/z = 175 (Lu), m/z = 238 (U). A single spot analyses consisted of 
30 s gas blank, 40 s of ablation and a 30 s wash out period. The total 
sweep time is 0.3426 s. All elements are calibrated using NIST612 and 
Ba as an internal standard. Raw data were processed with HDIP.

2.2.6. Partition coefficient calculation
The calculation of partition coefficients is based on the formula 

PMe = (Me/Ba)barite/(Me/Ba)solution                                              (1)

with Me being the molar concentration of the element of interest 
normalized to the molar concentration of barium.

For the calculation of PMe from LA-ICP-MS mappings, only the 
youngest barite growth zonation (YZ) was taken into account, since this 
zone is assumed to be equilibrated with the sampled fluid. This YZ is 
defined by the enriched Sr content compared to the core structures. 
Fluid concentration data of the appropriate fracture fluids was used for 
calculations. The average composition of this zone is obtained by 
calculating the mean value of all pixels within a certain sub-segment, 
termed region of interest (ROI) (see Fig. 3a and b, dashed green area). 
The measurement uncertainty is defined as the standard error of all pixel 
values (standard deviation divided by the square root of the number of 
pixel) and is typically between 0.5 and 2.5 %. For the spot analysis 
derived PMe, element concentration data from the spot analysis was 
considered, respectively.

Fig. 2. Element distribution mappings of sample A-3-1 for the elements Sr and La. Fig. a indicates the oscillatory core (OC) and youngest zonation (YZ). Elongated 
structures are marked in fig. b.
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2.2.7. DFT simulation
To evaluate the uptake behavior of Ra into barite based on the data 

collected for Sr, DFT simulations were performed. The computed dif
ference between the partition coefficients of Ra and Sr allows to deter
mine PRa based on PSr measured for the natural samples.

The DFT calculations were performed with the plane-wave Quan
tum-ESPRESSO code (Gianozzi et al., 2009), using the PBE 
exchange-correlation functional (Perdew et al., 1996). We applied the 
plane-wave energy cutoff of 50 Ryd and ultrasoft pseudopotentials to 
mimic the presence of core electrons (Vanderbilt, 1990). BaSO4 phases 
have been computed with 2 × 2 × 2 supercells containing 192 atoms. 
The 2 × 2 × 2 Monkhorst-Pack k-points mesh was applied to assure 
converged results (Monkhorst and Pack, 1976). All structures were 
optimized with convergence thresholds of 10− 5 Ry and 10− 4 Ry/a0 
(where a0 is the Bohr radius) for energy and forces, respectively. For the 
calculation of the cation exchange energy, we computed the structures 
doped with single impurity cation (Ra, Sr).

For the computation of the partition coefficient, the free energy (ΔG) 
of the following exchange reaction between a single cation M in the 

aqueous phase and one Ba2+ ion in one mol of barite was computed: 

(2) Maq
2þ + BaSO4 → M:BaSO4 + Baaq

2þ,

and the partition coefficient (P) is given by: 

(3) P ¼ exp(-ΔG/KbT),

with kb being the Boltzmann constant and T being the temperature.
To estimate the ΔG, the values of the enthalpy of reaction 2 were 

estimated with the combination of DFT energies of the barite solid 
phases and M2+ and Ba2+ cations in the vacuum, and measured hydra
tion energies of Ba2+ and M2+ = Ra2+, Sr2+ cations. The hydration en
ergies of the cations reported in literature are − 1443 for Sr, − 1305 for 
Ba and − 1266 for Ra (Smith, 1977). We note that, while for Ba2+ and 
Sr2+ the measured values can be taken as accurate, the reported hy
dration energies of Ra2+ are more uncertain (Smith, 1977; Marcus, 
1991). In this work we calibrated this value, so it reproduces the par
titioning of Sr2+ and Ra2+ in C–S–H phases (Lange et al., 2018; Kowalski 

Fig. 3. a) Sr distribution map of sample A-3-1 with LA-ICP-MS spot analyses and SIMS spots. The dashed green area was used for integrated pixel average calculation 
for Sr concentration. b) La distribution map with LA-ICP-MS spots and concentration calculation area. c) Microscope image of sample A-3-1 after mapping and spot 
analysis. The remnants of multiple mappings are visible, and the laser pits used for this study are marked. d) SEM BSE image of sample A-3-1 with red arrow marking 
the darker areas with enhanced porosity.
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et al., 2020). The resulting free energy of hydration of Ra2+ is − 1255 
kJ/mol, which is consistent with values provided by Marcus (1991).

In order to estimate the free energies of the cation exchange re
actions, the entropy of the aqueous species of Shock et al. (1997) was 
applied. The entropy difference between pure and M-doped BaSO4 was 
estimated from the difference of elemental entropy of Ba2+ and M2+

species as estimated by Latimer (1951). The same procedure was applied 
in our previous studies on Ra and Sr cation exchange in C–S–H phase 
(Lange et al., 2018; Kowalski et al., 2020).

3. Results

3.1. Morphology and internal structure of barite crystals

Barite occurs as both intact and fragmented euhedral crystals with 
oscillatory growth structures as displayed by SEM (Fig. 3d; electronic 
supplementary material (ESM) SEM images of A-2-1, A-2-5, A-3-3, B-1- 
1, B-1-4). Mineral size varies between 50 and 400 μm and some crystals 
exhibit a porous structure with pores having a diameter of up to 20 μm. 
The different brightness of growth zones, from SEM backscatter electron 
(BSE) images, indicates their variable chemical composition (Fig. 3d). 
The majority of the grains (12 of 13 grains; all presented crystals in ESM 
except B-1-2) show a distinct dark youngest zonation (YZ) in the BSE 
images with a thickness up to 20 μm, which grows on top of an oscil
latory zoned core (OC), marked by alternating BSE-dark and BSE-light 
bands (Fig. 3d, red arrow). All grains have visible macroscopic pores 
all over the crystal. Larger pores, with an irregular distribution, attain 
diameters of up to 20 μm, while smaller elongated pores are discernible, 
aligning with the growth pattern (e.g., ESM crystal A-3-3). Noteworthy 
is the observation that the BSE-dark zones predominantly exhibit a 
greater density of pores compared to the BSE-light zones (e.g., ESM 
crystals A-2-2, A-2-3, A-2-5, A-3-2).

3.2. Distribution of Sr and La in natural barite and PMe values

The LA-ICP-MS element mappings (Fig. 2a and b; ESM) show sig
nificant differences in the distribution of Sr and La within the barite 
crystals. Most crystals exhibit oscillatory zoning of Sr in the OC, which is 
barely displayed by La. There is no discernible positive or negative 
correlation between the incorporation of Sr and La. The highest Sr 
values, exceeding 30.000 ppm, are observed in the YZ, whereas the OC 
displays variations ranging from 1.500 ppm to 15.000 ppm. La is typi
cally much less concentrated in barite ranging from 2 to 20 ppm in the 
OC, with contrasting values in the YZ, which is sometimes enriched 
(15–100 ppm; e.g., Fig. 2b; ESM crystals A-2-2, A-2-4) compared to the 
OC and sometimes not (5–20 ppm; e.g., ESM crystals A-3-2, B-1-1, B-1- 
2). Elemental distribution maps reveal La enrichments that form linear 
elongated features with concentrations exceeding 80 ppm (highest ca. 
580 ppm), and a preferred orientation (e.g., Fig. 2b diagonally from top 
right to lower left; ESM crystals A-3-3, B-1-1, B-1-2). Notably, most in
stances of these linear features show positive correlation with Sr 
incorporation, attaining concentration levels comparable to those of the 
YZ (ESM crystals A-2-1, A-2-3, A-3-2, A-3-3). These structures crosscut 
the growth zonation in OC and YZ. Individual features extend up to 50 
μm in length and 5 μm in width; however, no discernible traces of these 
structures are apparent in the SEM images, except when these structures 
are accompanied with elevates Sr concentrations (e.g., ESM crystal A-2- 
3).

The calculated PSr values for element mappings are presented in 
Table 1 and vary between 8.67 x10− 5 and 3.21 x10− 4 with a mean value 
of 1.66 x10− 4. PLa values vary between 5.80 x10− 3 and 6.72 x10− 2 with 
a mean value of 4.28 x10− 2.

3.3. LA-ICP-MS spots

The small laser beam sizes and low dosages applied essentially limit 

the number of elements that can be acquired with reasonable sensitivity 
and precision during a particular mapping session. Hence, we conducted 
a re-analysis of the mapped grains, which involved employing conven
tional static spot ablation with larger beam diameters ranging from 25 to 
50 μm. This way, the conventional method of LA-ICP-MS spot analysis 
was applied to test the accuracy of the mapping method. The placement 
of the spots was guided by the readily obtained element distribution 
maps. Only the time-resolved signal of two 25 μm spot analyses (A-3-1 
spot 1 and 2) from barite sample A-3-1 (Fig. 3a) displayed a monotonic 
decrease in trace element count rate. For these analyses we are confident 
that the signal is derived only from the YZ and does not penetrate the OC 
at depth. This is supported by the agreement of the Sr concentration and 
hence PSr calculated for spot and mapping analyses (Fig. 4) with an 
average value of 1.96 x10− 4 ±4.87 x10− 5 over spots 1 and 2. The La 
concentrations between mapping and spot analysis in A-3-1 spot 2 are in 
agreement; however, spot analysis A-3-1 spot 1 resulted in slightly 
higher La concentrations and PLa, respectively (1.05 x10− 2 ±5.60 x10− 3; 
ESM Data-1). Additional elements were analyzed and concentration data 
is provided in ESM-Data 2.

3.4. Sulfur and oxygen isotope signatures in natural barite

Stable sulfur and oxygen isotope ratios vary within the barite crys
tals. The δ34S values for sample A-3-1 (Fig. 3a) decrease from 23.28‰ to 
19.09‰ in the OC, to 15.61‰ in YZ. The respective δ18O values show a 
similar trend with values from 13.95‰ to 15.16‰ in the OC and 
decreasing to 9.41‰ in the YZ. These variations may be explained by 
different water sources or their mixing ratios that were in contact with 
the barite crystals during precipitation. In this respect, it cannot be 
assumed that the hydrochemical conditions were constant during the 
17-year formation phase of the barite crystals.

3.5. Natural Ra partition coefficients from DFT calculations

The computed free energy of reaction 2 and the relevant thermo
dynamic parameters are provided in Table 2. Here we assumed that the 
enthalpy of cation exchange reaction is independent of the temperature. 
This approach is justified as the difference in the dissolution enthalpy 
between Ba and Sr or Ra shows very week temperature dependence 
(Vinograd et al., 2018a). A large difference for the partition between 
Ba–Sr and Ba-Ra pairs is expected because of large entropy difference 
between the two species in the aqueous phase of 85.4 J/mol/K (Shock 
et al., 1997), which transfers to about 26 kJ/mol difference in free en
ergy at ambient conditions. The results suggest that the partition coef
ficient for the Ba-Ra pair is by about two orders of magnitude larger than 
that for the Ba–Sr pair. Based on the determined PSr data, a PRa value in 
the 10− 2 range for barite in the Äspö complex is obtained (Table 2).

Table 1 
Calculated partition coefficients for Sr and La based on integrated pixel average 
in defined element mapping areas (Fig. 3a and b; ESM).

sample PSr PLa

A-2-1 1.63 x10− 4 ±2.8 x10− 5 4.09 x10− 2 ±1.0 x10− 2

A-2-2 2.05 x10− 4 ±3.5 x10− 5 6.65 x10− 2 ±1.9 x10− 2

A-2-3 9.61 x10− 5 ±1.7 x10− 5 1.66 x10− 2 ±4.1 x10− 3

A-2-4 2.42 x10− 4 ±4.2 x10− 5 5.35 x10− 2 ±1.7 x10− 2

A-2-5 1.16 x10− 4 ±2.0 x10− 5 4.81 x10− 2 ±1.2 x10− 2

A-2-6 1.70 x10− 4 ±2.9 x10− 5 6.72 x10− 2 ±1.6 x10− 2

A-3-1 1.71 x10− 4 ±2.9 x10− 5 7.17 x10− 3 ±1.7 x10− 3

A-3-2 2.30 x10− 4 ±5.3 x10− 5 5.80 x10− 3 ±1.4 x10− 3

A-3-3 3.21 x10− 4 ±5.5 x10− 5 1.63 x10− 2 ±4.1 x10− 3

B-1-1 8.67 x10− 5 ±1.5 x10− 5 6.06 x10− 2 ±1.5 x10− 2

B-1-2 1.05 x10− 4 ±1.8 x10− 5 6.16 x10− 2 ±1.8 x10− 2

B-1-3 1.54 x10− 4 ±2.7 x10− 5 6.37 x10− 2 ±1.6 x10− 2

B-1-4 9.89 x10− 5 ±1.7 x10− 5 4.86 x10− 2 ±1.2 x10− 2

Mean PMe 1.66 x10− 4 4.28 x10− 2

RSD (%) 33.3 50.9
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The temperature dependence of PRa is significantly weaker compared 
to PSr. This is due to the fact that the reaction enthalpy for Ra exchange is 
quite small, which makes the partition coefficient derived by equation 
(3) nearly constant. This is the expected result, as Ra is very similar in 
size to Ba and both species have very similar hydration. However, the 
final results are highly sensitive to the uncertainties of the computed and 
measured data. 5 kJ/mol uncertainty in free energy (ΔG) would produce 
a difference of one order of magnitude in the predicted partition co
efficients. DFT-predictions with lower uncertainties can be calculated by 
having accurate measurements of the hydration enthalpy and free en
ergy of Ra2+.

4. Discussion

4.1. Partitioning of Sr and Ra between barite and aqueous fluid

Unlike laboratory experiments that often emulate closed systems, 
natural fluid systems undergo substantial changes in physicochemistry, 
primarily due to fluid mixing. In the Äspö HRL region, Mathurin et al. 
(2012) described the presence of at least four identifiable fluid end
members, revealing a complex history of transport and mixing. Sulfur 
and oxygen isotope composition of the barite in microscale gives further 
input to the understanding of fluid evolution and mixing in the bore
holes. While temperature and pH remained stable at the Äspö boreholes 
(Drake et al., 2018), oxygen and sulfur isotope values decrease signifi
cantly from older growth zones (δ34S = 23.28‰, δ18O = 13.95‰) to 
younger growth zones (δ34S = 15.61‰; δ18O = 9.41‰). The higher 
isotope values in the older grain parts likely reflect a stronger contri
bution of fracture water and/or Modern Baltic Seawater, which has a 
δ34S of 21‰ (Böttcher and Huckriede, 1997). Fracture and stagnant 
Äspö water samples collected in 2012 exhibit even higher δ34S values of 
28.6‰ and 26.5‰, respectively (Drake et al., 2015). This sulfur isotope 
enrichment confirms ongoing bacterial sulfate reduction, as described in 
previous studies (Wallin, 2011; Drake et al., 2015). Conversely, the 
lower δ34S value of 15.6‰ in the outermost rim indicates a stronger 
contribution from ascending old saline water, which is thought to have a 
δ34S value of around 10‰ (Wallin, 2011). This observation aligns with 
the higher Sr concentrations found in the younger rim structures. The 
SIMS results indicate, that over the course of the 17-year experiment, the 
fluid mixture transitioned form being dominated by Baltic Seawater to 
experiencing a stronger influx of rising saline waters.

Consequently, the OC and YZ represent two distinct growth events 
within the packer sections: In the initial stages of the experiment, the OC 
formed with fewer pores and oscillatory zoned structures. The connec
tion between the observed oscillatory patterns and previously docu
mented barite zoning (Putnis et al., 1992; Prieto et al., 1993) or their 
association with frequent discharges of the packer sections remains 
unclear. At a later point of the experiment, a change in fluid composition 
led to relatively faster precipitation, resulting in the formation of the YZ 
with additional pores and increased Sr uptake (e.g., Fig. 2a and 3d; ESM 
crystals A-2-4, B-1-1, B-1-3, B-1-4).

By using the average Sr concentration within the YZ and the con
centration data of the fluid in contact with the barite, PSr values in the 
upper x10− 5 to x10− 4 range were calculated (Table 1, Fig. 4). Previous 

Fig. 4. Derived partition coefficient values of sample A-3-1 spot 2 (red), 
mapping results for the youngest overgrowth zonation of sample A-3-1 (purple) 
and DFT simulated PSr and PRa (orange) for a temperature range of 14–27 ◦C. 
For comparison, existing values for natural barite samples and synthetic ex
periments of similar ambient temperatures are included into the figure in blue 
and green (Doerner and Hoskins, 1925; Gordon and Rowley, 1957; Averyt and 
Paytan, 2003; Curti et al., 2010; Rosenberg et al., 2014; Widanagamage et al., 
2014; Brandt et al., 2015; Jamieson et al., 2016; Heberling et al., 2018).

Table 2 
The computed enthalpy, entropy and free energy of cation exchange reaction 2 
at different temperatures. The resulting partitioning coefficients are reported in 
the last column. ΔH is DFT reaction enthalpy, -TΔS is entropy, ΔG is Gibb’s free 
energy.

temperature cation ΔH [kJ/ 
mol]

-TΔS [kJ/ 
mol]

ΔG [kJ/ 
mol]

PMe

275K/2 ◦C Sr 30.8 − 9.3 21.4 8.5 
x10− 5

Ra 0.4 +9.8 10.2 1.1 
x10− 2

287K/14 ◦C Sr 30.8 − 9.8 21.0 1.5 
x10− 4

Ra 0.4 +10.2 10.6 1.2 
x10− 2

300K/27 ◦C Sr 30.8 − 10.2 20.6 2.6 
x10− 4

Ra 0.4 +10.7 11.1 1.2 
x10− 2

525K/252 ◦C Sr 30.8 − 17.9 12.9 4.3 
x10− 3

Ra 0.4 18.6 19.0 1.3 
x10− 2
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studies have determined PSr values for natural barite in a marine setting 
(PSr 2.9 x10− 5 ±6.4 x10− 6, T = 4◦C, Averyt and Paytan, 2003) and for 
hydrothermal conditions (PSr 1 x10− 3 - 1 x10− 2; T = 61–301◦C; 
Jamieson et al., 2016), suggesting a positive correlation between tem
perature and PSr. This trend, previously outlined by Hanor (2000), is 
supported by the PSr determined by this study (T = 14 ◦C), which fall 
somewhere in between the published values (Fig. 5). A similar T - PSr 
trend is displayed by the data obtained for synthetic barite (Fig. 5; T =
5–40 ◦C, PSr = 0.01–0.17; Widanagamage et al., 2014). Notably, the PSr 
values for synthetic barite are offset by ~2-3 orders of magnitude to
wards higher values compared to the PSr of natural barite (Fig. 5).

DFT simulations predict a PSr value consistent with the PSr value 
calculated using the LA-ICP-MS mapping method. The corresponding 
DFT-derived PRa value falls within the 10− 2 range, as shown in Table 2. 
Previously published laboratory based PRa values for barite fall within 
the range of 0.12–2.1, indicating a significantly higher Ra uptake 
capability (Fig. 4; Doerner and Hoskins, 1925; Gordon and Rowley, 
1957; Curti et al., 2010; Rosenberg et al., 2014; Brandt et al., 2015; 
Heberling et al., 2018). This discrepancy of ~1-2 orders of magnitude 
between the partition coefficients measured in situ for synthesized 
barite and for natural samples can be attributed to two scenarios:

First, laboratory-derived PRa values originate from supersaturated 
solutions (with respect to RaSO4) developing towards conditions close to 
equilibrium (CTE) during the experiments, as evidenced in studies like 
those conducted by Doerner and Hoskins (1925), Brandt et al. (2015)
and Heberling et al. (2018). The Äspö fluid in contact to the barite 
samples, however, was characterized by Fichtner et al. (2024) to con
ditions CTE with respect to barite (saturation index = − 0.093 to 0.107). 
It is conceivable that higher initial saturation states of laboratory ex
periments contribute to increased growth rates, as proposed by Vital 
et al. (2020). Notably, Weber et al. (2018) observed a decline in Sr 
uptake at slower growth rates, potentially explaining the observed 
disparity in Sr partitioning between faster precipitating synthetic and 
slower precipitating natural systems. Considering that the DFT-based 
estimates of PRa depend on the computed PSr, which is consistent with 
the values measured for natural samples, the obtained lower PSr implies 
lower PRa. It is important to note that Brandt et al. (2015) observed an 
opposite trend: a lower partitioning coefficient for elements compatible 
with the barite structure, during precipitation at elevated growth rates 
from highly supersaturated solutions.

Furthermore, the temperature has been identified as a parameter 
correlating positively with PRa (Rosenberg et al., 2011; Rosenberg et al., 
2014), PSr (Fig. 5) and growth rates (Vital et al., 2020). Most experi
mental studies were conducted at ambient temperatures, differing from 

the 14 ◦C of the Äspö borehole system. This temperature difference 
could also account for the discrepancy and a higher temperature in Äspö 
would have resulted in higher PSr values and, consequently, elevated PRa 
values, albeit to a lesser extent.

Second, a discrepancy based on the uncertainty in the computed and 
measured thermodynamic data of this study cannot be excluded. The 
change of ~5 kJ/mol in the cation exchange free energy would reconcile 
this prediction with the above-mentioned data.

4.2. La as an indicator for trivalent actinide uptake in barite

Published PLa values for continental barite, ranging from 10− 2 to 
10− 1 (Guichard et al., 1979) are in line with the PLa results of this study 
(Table 1). Moreover, the LA-ICP-MS element distribution mappings 
reveal elongated La and Sr enriched structures, crosscutting the internal 
growth structure of the barite crystal in multiple samples (Fig. 2b; ESM 
crystals A-2-4, B-1-1, B-1-2). For La, these accumulations reach the 
highest concentrations (>500 ppm) observed within the barite grains. 
This observation suggests a post-crystallization secondary process, with 
the preferably parallel alignment of these features indicating potential 
crystallographic control over their orientation. Similar elongated 
structures in synthetic barite, as documented by Weber et al. (2016), 
manifest as macropores following layered growth zonations. Weber 
et al. (2016) differentiated between macropores, which exhibit random 
orientation or align with crystal zonation, and nano-scale pores, pri
marily oriented parallel to the outer surface of the barite particles. 
Furthermore, Focused Ion Beam (FIB) tomography conducted by Weber 
et al. (2017) unveiled that the macropore system connects to the mineral 
surface, facilitating fluid ingress into the inner crystal. The Äspö barites 
exhibit elongated macropores of primary crystal growth (e.g., ESM 
crystals B-1-1, B-1-4), as well as secondary, potentially interconnected, 
macropores crosscutting the crystals growth zonation.

However, these are evidently independent of the elongated La 
enrichment process. Due to the explicit orientation, the La features in 
this study are more closely associated with cleavage planes, as opposed 
to the macropores following surface structures observed by Weber et al. 
(2016). Cleavage planes, identified as hosting macroscopic fluid in
clusions (Rajabzadeh, 2007), may have also served as locations for the 
formation of nano-scale pores during mineral growth, as observed by 
Weber et al. (2016). Weber et al. (2017) describe these nano-scale pores 
to be distributed within the complete barite particles, providing a direct 
pathway for aqueous fluid to enter by diffusion. The resulting large 
surface area along the cleavage planes provides a conducive environ
ment for the uptake of La, driven by the low segregation energy favoring 

Fig. 5. Temperature dependency of PSr in natural (blue) and synthetic (red) barite, as well as DFT calculation values from this study (Table 2; yellow). The PSr values 
calculated in this study align with the temperature dependency of previous studies and show a discrepancy of approx. two orders of magnitude between natural and 
synthetic samples.
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substitution on surface structures (Bunney et al., 2014). Bunney et al. 
(2014) observed incorporation through substitution of La into the barite 
surface structure with adjusted lattice parameters.

The convergence of the macroscopic pore system, enabling fluid 
entry into the barite, and its interconnection with the nano-scale pore 
system along cleavage planes could explain the origin of the elongated 
structures. The Sr concentrations in these structures reach levels similar 
to those observed in the YZ (e.g., ESM crystals A-2-3, A-3-2), suggesting 
the influx of the late-stage fluid responsible for YZ formation. Thus, La 
serves as a proxy for fluid paths into the nano-scale pore structures.

Due to analogous behavior, trivalent actinides are likely to follow a 
similar pattern of uptake into these elongated structures. Notably, the 
relative uptake of La within these structures surpasses that in the bulk 
crystalline structure by a factor ranging between 30 and 40 - a factor 
presumed to extend to trivalent actinides. The substantial uptake of La 
implies a significant retention capacity for actinides in the event of a 
failure in a waste repository.

5. Conclusions

This study has successfully addressed a critical knowledge gap 
providing environment-relevant partition coefficient data for various 
elements in a geological setting comparable to that of a nuclear waste 
repository. Two possible mechanisms for radionuclide retention were 
revealed via LA-ICP-MS element mappings:

First, incorporation of Sr into the zonation structures during barite 
formation, which can be linked to Ra incorporation due to the analogy of 
these elements. The concentration of Sr can vary significantly within the 
investigated barite minerals, most likely induced by fluid mixing. The 
presented DFT-derived PRa values state a high uptake capability of Ra in 
barite in the Äspö complex, but multiple factors, including the crystal 
growth rate and changing chemical fluid parameters over time can in
fluence the Ra uptake in a real contaminated scenario.

PRa values from laboratory experiments indicate a higher uptake of 
Ra into barite compared to the estimated natural PRa values from this 
study. Consequently, partition behavior derived from laboratory ex
periments should be interpreted with caution, as they not necessarily 
reflect the nature. Furthermore, based on the DFT calculations, the 
positive temperature dependency observed for Sr uptake does not apply 
to Ra to the same extend. As a result, the temperature at a repository site 
with heat-emitting characteristics is according to the DFT results not a 
significant factor for Ra retention in barite.

The coexistence and concomitant effects of Ba, Sr and Ra on the 
partitioning behavior for barite in natural systems was neither investi
gated in the PMe-based laboratory experiments, nor in the natural sample 
studies. Thermodynamic ternary studies ((Ra,Sr,Ba)SO4) showed, that 
the presence of RaSO4 in the system stabilizes the Ba-rich and de
stabilizes the Sr-rich SO4-components (Vinograd et al., 2018a, 2018b). 
Brandt et al. (2020) confirmed these results with experimental studies 
and found, that already trace amounts of Sr in the solid solution can have 
a positive impact on the Ra uptake into barite. In a real-world scenario, 
where both Sr and Ra are present in solution, PRa might show variations 
in the presence of differing Sr concentrations in the system.

Second, La uptake shows a process of significant enrichment along 
elongated structures crosscutting the crystals growth zonation structure 
that can be transferred to potential trivalent actinide uptake. This sec
ondary enrichment is most likely linked to the existence of nano-scale 
pore systems along cleavage planes, allowing fluid migration along 
these paths. High surface areas provided by connected nano-scale pore 
systems allow the settlement of La in these structures. The selective 
restriction of La to these structures, rather than accumulating in the YZ, 
may be attributed to the potential formation of a solid solution only 
within the initial layers of the surface. For La, this phenomenon appears 
to be exclusive to the interconnected pore system. Strontium was noted 
to exhibit access to the elongated structure system, demonstrating 
concentrations akin to those found in the most recent overgrowth. This 

observation suggests the migration of late-stage fluid migration into the 
barite, implying potential secondary alteration processes and concurrent 
fixation of not only trivalent actinides, but also Ra within the core 
crystal structure. The concentrations of Sr and especially La in these 
structures state a high potential for radionuclide retention, that requires 
further investigation in terms of quantity and occurrence.

The obtained results carry significant relevance for safety assessment 
modelling of repository sites, as they enhance the data’s applicability 
and reliability within the models.
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