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Abstract:

Crystalline rock is one of the host rocks considered for a future deep geological repository for
highly active radiotoxic nuclear waste. The safety assessment requires reliable information on
the retention behavior of minor actinides. In this work, we applied various spatially resolved
techniques to investigate the sorption of Curium onto crystalline rock (granite, gneiss) thin
sections from Eibenstock, Germany and Bukov, Czech Republic. We combined Raman-
microscopy, calibrated autoradiography and uTRLFS (micro-focus time-resolved fluorescence
spectroscopy) with vertical scanning interferometry to study in situ the impact of mineralogy
and surface roughness on Cm(lll) uptake and molecular speciation on the surface.
Heterogeneous sorption of Cm(Ill) on the surface depends primarily on the mineralogy.
However, for the same mineral class sorption uptake and strength of Cm(lIl) increases with

growing surface roughness around surface holes or grain boundaries. When competitive
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sorption between multiple mineral phases occurs, surface roughness becomes the major
retention parameter on low sorption uptake minerals. In high surface roughness areas primarily
Cm(l11) inner-sphere sorption complexation and surface incorporation are prominent and in
select sites formation of stable Cm(I11) ternary complexes is observed. Our molecular findings
confirm that predictive radionuclide modelling should implement surface roughness as a key

parameter in simulations.
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Abbreviations:

EPMA: electron probe micro analysis

ISS: inner-sphere sorption

LI: luminescence intensity

LSC: liquid scintillation counting

Oss: outer-sphere sorption

PXRD: powder x-ray diffraction

ROL: region of interest

SF: surface

TRLFM: time-resolved laser fluorescence microscopy

TRLFS: time-resolved laser-induced fluorescence spectroscopy
URF: Underground Research Facility

VSI: vertical scanning interferometry

MTRLFS: micro-focus time-resolved laser-induced fluorescence spectroscopy
UXRF: micro x-ray fluorescence spectrometry
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1. Introduction

The management of highly radioactive waste is one of the major technical and social challenges.
Worldwide, underground disposal over the course of hundreds of thousands of years in deep
geological repositories is considered to be the safest option for nuclear waste.[1-5] The
radioactive waste containers will be surrounded by technical, geoengineered and geological
barriers to fulfill safety functions in order to prevent migration of radionuclides towards the
biosphere.[6-13] The assessment of safety performance of those barriers is therefore of utmost
priority and will depend on reliable and complete thermodynamic data sets and a molecular

level understanding of all relevant retention and mobilization mechanisms.

Besides salt and clay, crystalline rock is one of the preferred host rock environments considered
in many countries, such as Germany or the Czech Republic, for the construction of a nuclear
waste repository for high-level radioactive waste.[14-20] This is due to its strong geotechnical
stability (and thus facile construction of the repository), low permeability, and low solubility.
Crystalline rocks, such as granite, granodiorite, gneiss and other metamorphic rocks, usually
consist of a wide set of minerals in varying amounts. However, the most abundant constituents,
that are usually present, are quartz, feldspar, and mica. They are accompanied by varying

amounts of accessory mineral phases e.g., pyrite, titanite, or prehnite.

Several previous studies focused on the sorption of different radionuclides on these individual
phases, mainly in the form of mineral powders.[21-33] Using batch sorption experiments
information on the retention capabilities of the minerals - ideally by retardation coefficients -
with regard to the individual radionuclides were obtained. By combining batch sorption with
spectroscopic, microscopic, and quantum chemical approaches details on the retention
mechanisms on the molecular scale can be obtained. However, heterogeneous crystalline rocks
surfaces are more complex than those of homogeneous mineral powders. On complex multi-
mineral surfaces radionuclide sorption behavior is influenced by co-dependencies between
mineral phases and heterogeneous surface topographies, especially around mineral grain
boundaries.[34-38] Hence, the need arises for an analytical tool capable of deriving molecular
level information with sub-mineral grain spatial resolution to visualize and explain inter- and

intra-mineral heterogeneities in radionuclide sorption.

The highest radiotoxicity in spent nuclear waste, once the short-lived fission products have
decayed after ~300 years, can be attributed to the transuranium elements Np, Pu, Am, and
Cm.[39, 40] Of these, Am and Cm will be present in their trivalent state. Moreover, Pu maybe

also at least partially present as Pu(lll) due to the reducing environment encountered in deep
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geological repositories.[41-45] The actinides Cm, Am, and Pu in their trivalent form exhibit
very similar chemical behavior.[46, 47] In this work, we use Cm(l11) as a representative of the
actinide group mentioned above, which can be used as a molecular probe, because of its
excellent luminescence properties. This allows the measurement of Cm(lll) concentrations
down to approximately ~10"*2 M, that can be considered close to reality in the context of

actinide concentrations in a nuclear waste repository.[48]

Spectroscopic description of actinide surface sorption

Time-resolved laser-induced fluorescence spectroscopy (TRLFS) is a convenient method to
study the speciation of Cm(l1l) in aqueous solution and at solid/water interfaces by monitoring
its luminescence peaks shifts. Cm(III) emission bands will be bathochromically shifted (“red
shift”) when the first coordination shell of the emitting Cm(III) ion changes. The Cm(III) aquo
ion luminesces at 593.8 nm,[49] when water molecules in its first hydration shell are substituted
by chemical bonds to a mineral surfaces the luminescence signal will be red-shifted
(Amax > 593.8 nm).[50] The more water molecules are replaced by stronger ligands from the
surface or solution, e.g. in the formation of surface incorporation species or ternary surface
complexes, the stronger is the observed red-shift. [21, 51] In contrast, Cm(lIl) bound to the
surface with its hydration shell intact will luminesce at the same Amax = 593.8 nm as the aquo
ion, as its first coordination shell has not changed. [22] Thus, the peak positions of Cm(lIl)
luminescence can be used to distinguish inner-sphere sorption (ISS) complexes, chemically
bound to the surface from electrostatically bound, fully hydrated outer-sphere sorption (OSS)
complexes (see Figure 1).

Additional structural information can be obtained from the time dependent decay of the
luminescence. Quenching processes will shorten the luminescence lifetime by providing a non-
luminescent pathway for bridging the energy gap between excited and ground state. In the scope
of our experiments the most relevant quencher is water, which quenches Cm(l11) luminescence
by OH-vibrations. Therefore the more water molecules surround the Cm(lll) the higher the
quenching effect and in turn the shorter the luminescence lifetime. Cm(lll) is typically
coordinated by nine water molecules in its first coordination sphere, which corresponds to a
lifetime of 68 ps.[50] In contrast, complexation of Cm(lIl) with other ligands (or a mineral
surface) that replace water molecules usually leads to longer lifetimes. This correlation is
influenced by the presence of other quenching pathways, such as energy transfer to transition
metals, e.g., iron, whose presence must be considered when interpreting lifetime data. This

means a lifetime analysis can give us structural insight and information about the complexation
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strengths of Cm(l111) and formed species: OSS, weak/strong ISS, surface incorporation, ternary
complexes and total incorporation (see Figure 1). The combination of luminescence spectrum
and lifetime analysis is a well-established method to describe Cm(l11) speciation in water and
at mineral-water interfaces.[23, 26, 32, 46, 48, 50, 52-55]
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Figure 1: Simplified scheme for Cm(l11) sorption on a mineral surface and the thereby formed complexes. OSS = outer-sphere
sorption; ISS = inner-sphere sorption. Cm(l11) species with 9 surrounding water molecules are assigned to be OSS complexes.
Complexes with 7 —8 /5 — 6 water molecules are weak/strong ISS species respectively. Cm(I11) with only 1 — 4 water molecules
remaining in the first coordination sphere are counted as surface (SF) incorporation species, while no water corresponds to
ternary complexes with carbonate/silicate or complete mineral bulk incorporation.

Sorption of trivalent lanthanides and actinides has been studied on individual constituents of
crystalline rock, such as quartz, feldspar, and mica. On quartz sorption of Cm(Ill) was
investigated using TRLFS in the pH range of 3.8 to 9.5.[50] Starting at pH 4, Cm(lll) sorbs
onto the quartz surface as an ISS complex, which then hydrolyzes starting at a pH of 5.5.
Luminescence peak maxima were located at 601.4 and 603.6 nm, with both complexes sharing
a common luminescence lifetime of 123 + 10 ps, which corresponds to five coordinating water
molecules (or OH ligands) within their hydration shell. In a recent study sorption of
Ln(H)/Am(1T)/Cm(111) on K-feldspar was investigated using batch sorption experiments and
TRLFS.[21] Sorption edge studies ((M**] =5.2-10®% M — 10" M) showed that below pH 5 only
small amounts of trivalent metals sorb on K-feldspar in the form of OSS complexes. Above
pH 5 sorption uptake quickly increases up to pH 7.8 where complete sorption was achieved.
Using TRLFS a total of five different sorbed Cm(lll) species were identified: OSS below
pH 4.4, three ISS complexes of varying strength above pH 4.4, and a ternary surface complex

presumably involving silicate at pH exceeding 10.0.
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To the best of our knowledge no studies of Cm(l11) sorption on heterogeneous crystalline rocks
are currently available in the literature. However, a few studies on the sorption of trivalent
lanthanides on heterogeneous crystalline rocks have been published. Eu(l11) is usually used as
a chemical analogue for trivalent actinides. Eu(lll) sorption ([Eu] = 1 puM) on granite was
quantified in the presence and absence of carbonate.[56] It was shown that the sorption process
is independent of carbonate, with Eu(l11) sorption starting at pH 3, slowly increasing to around
20% at pH 5 from where a steep increase to 100% sorption up to pH 8 was observed. Time-
resolved laser fluorescence microscopy (TRLFM) was used to study Eu(lll) sorption on a
granite surface consisting mainly of biotite, plagioclase, K-feldspar, and quartz.[57] Using the
spatially-resolved technique it was found that Eu(lll) sorbs heterogeneously on the surface.
Ishida et al. (2009) proposed that sorption is governed by the feldspar phases, with only little
sorption on quartz and biotite, while sorption on all three mineral phases occurs primarily
around surface cracks. It was concluded that surface roughness has a major effect on the

sorption process.[57]

Using micro-focus time-resolved laser-induced fluorescence spectroscopy (UTRLFS), electron
probe micro analysis (EPMA), micro X-ray fluorescence spectrometry (UXRF) and
autoradiography the sorption of Eu(l11) on a granite thin section composed of feldspar, quartz
and biotite at pH 8.0 was recently investigated by our group.[38] With autoradiography the
sorption uptake on a thin section was assessed showing that sorption on quartz is low with
comparatively high sorption uptake on biotite and feldspar mineral grains. uTRLFS confirmed
the heterogeneous inter-mineral differences in sorption of Eu(lll) on the granite surface.
Luminescence intensity of Eu(l11) was detected in decreasing amounts on feldspar, quartz and
biotite in that order. Biotite as a Fe-bearing mineral was found to quench the luminescence of
the Eu(lll), explaining the deviation from the autoradiography signal that showed sorption
amounts similar to feldspar. Additionally, the uTRLFS provided sufficient spatial resolution to
identify increased sorption uptake in the mineral grain boundary region between feldspar and
biotite. Also, on the quartz surface heterogeneous sorption was observed. Sorption is limited to
only a few places but binding is strong, indicating sorption to surface sites with limited

availability, most likely surface defect sites.[38]

We performed a similar Eu(l11) sorption study on a gneiss thin section sample at pH 7.5.[58]
The gneiss has a more complex mineralogy. It mainly consisted of quartz, feldspar, and
amphibole, but contained a large number of minor mineral phases. Autoradiography showed
that sorption uptake is highest on chlorite, intermediate on amphibole, and lowest on feldspar

and quartz. Chlorite could not be analyzed by uTRLFS due to its high Fe content, thus uTRLFS
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found the highest amount of Eu(lll) sorbed on the minor mineral phase prehnite, while less
sorption occurred on feldspar and no signal could be detected on quartz. Surprisingly, the two
materials - granite and gneiss - show clearly deviating behavior, despite consisting of the same
main constituents. The high sorption uptake on amphibole and prehnite, limits the amount of
Eu(ll1) available for sorption on feldspar and especially quartz. The same process also affects
the speciation of Eu(lll) at the interface, resulting in the preferential formation of stronger
bound Eu(l1) surface species on feldspar.

Our two prior studies demonstrate that surface topography can lead to variations in the retention
behavior. This is most prominent in the case of mineral grain boundaries but also intra-mineral
roughness variation that is reflecting different availability of, e.g., kink or defect sites, which
can lead to significant sorption heterogeneities. In the previous studies, the topography of the
surface was, however, not known, but had to be inferred from differences in Eu(III)’s sorption
behavior. In this study we expand the investigation of the sorption behavior of Cm(lll) on the
same granite and gneiss used in our earlier Eu(lll) investigations using Raman-microscopy,
autoradiography, and uTRLFS in combination with vertical scanning interferometry (VSI).
Vertical scanning interferometry allows the determination of the surface topography with a
vertical spatial resolution in the nanometer range. From this data we derive surface roughness
in the form of the Sq parameter, the root mean square deviation of the height data that serves as
a suitable proxy for sorption site variations. The mineral phases present on the surface are
identified by Raman-microscopy. Sorption uptake of Cm(lll) can be determined by
autoradiography and partially uTRLFS, allowing us to compare both methods with each other.
Most importantly, uTRLFS allows us to obtain spatially-resolved Cm(lll) speciation
information on the molecular level from luminescence spectra and luminescence lifetimes.
Because there is no natural Cm background in the mineral phases, data interpretation is
expected to be easier than in the case of Eu(lll), which is often naturally incorporated in
minerals. Furthermore, Cm(lIl) possesses a higher luminescence yield, which permits use of

lower concentrations of Cm(lll) at 1 uM in comparison to Eu(lIl).

This sophisticated combination of techniques allows us to correlate uptake and speciation of
Cm(l11) on natural rock surfaces with the underlying surface topography at close to realistic

conditions.
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2. Materials and methods

2.1 Sample preparation

The Eibenstock granite sample was obtained from a former uranium mine in Eibenstock,
Germany. The material has been used in a previous Eu(l1l) sorption study applying uUTRLFS.
As described elsewhere the granite mainly consists of quartz, K-feldspar, biotite, and
muscovite.[38] In order to be used in batch-sorption experiments with powdered rock samples
the specimen were cut down using a Buehler AbrasiMatic 300 abrasive cutter and a Buehler
ISOMET low speed saw, ground down using an agate-based Fritsch pulverisette 2 mortar grinder
and perpetually sieved using a Retch Vibro sieving setup to obtain grain sizes below 63 pm.
Parts of the rock were cut into 28x23 mm slabs, which were embedded in epoxy resin. They
were polished down to a thickness of 200 um, followed by a fine polishing using two sizes of
diamond crystals (3 and 1 um), and finally a chemical silica suspension. Before the sorption
experiment, the sample was washed with deionized water (MilliQ, 18.2 MQ-cm) and ethanol
(95%) followed by 15 min of ultrasonification in deionized water in an ultrasonic bath;

subsequently it was washed with deionized water and ethanol again.

The Bukov gneiss sample was part of a drill core obtained from the Underground Research
Facility Bukov (Bukov URF), Czech Republic and consists mainly of feldspar, amphibole, mica
and quartz, as previously described.[58] Powder and thin section samples were produced in the

same manner as for the Eibenstock granite.

In order to perform sorption edge studies 2 g/L of crystalline rock powder were suspended in
MilliQ water. NaCl (Carl Roth GmbH & Co. KG; >99.5%) was used as a background
electrolyte to achieve an ionic strength of 0.1 M. The pH of the samples was adjusted to
pH = 0.5 -9.1 using HCI (Carl Roth GmbH & Co. KG; 37%) and NaOH (Carl Roth GmbH &
Co. KG; 99%) before adding 5-107" M of 2#8Cm(111) or [*>2Eu]Eu(111). The samples were shaken
over several days until an equilibrium condition was reached. For the analysis of Cm(lll) and
Eu(lll) remaining in solution, the samples were centrifuged (4020 x g) and subsequently a
100 pL aliquot of the supernatant of each sample was added into 10 mL Ultima Gold™ for liquid
scintillation counting (LSC; HIDEX 300 SL). Afterwards the final pH of the sample was

measured. See S| for more details.

For Cm(I11) sorption experiments on the thin sections a solution containing 10 M Cm(lll) at
pH 8.0 and | = 0.1 M NaCl was prepared. The low Cm(Ill) concentration ensures that no

precipitation of Cm(lll) on the surface due to hydrolysis takes place.[21] The thin section was
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then placed upside down into the sorption solution in a custom-made sorption cell (see Figure
S13 in the SI). The cell was sealed and shaken at least 7 days until equilibrium was reached.
The thin section was taken out and washed (pH = 8.0; I = 0.1 M NaCl) to remove excess non-
sorbed Cm(lI1).

2.2 Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) was used to qualitatively determine the bulk mineralogy of
both samples. Diffractograms of ground powder samples were measured using a Rigaku
MiniFlex 600 with Cu Ka (A = 1.54184 A) as its X-ray source. The energy was set to 600 W
while measuring in a continuous scan mode. The Rigaku D/teX Ultra Si strip-one dimensional
detector was used. The 260 region between 5.0° and 60.0° was measured with a 0.05° resolution.
The determined mineral compositions are averages and the percentages of the composition may

vary within the crystalline rock.

The quantitative bulk mineral composition of Eibenstock granite was determined using PXRD
and reported elsewhere.[38] It consists mainly of quartz (45 wt%), feldspar (42.5 wt%), and
mica (11.5 wt%).

The quantitative Bukov gneiss bulk mineral composition was determined by PXRD as well and
reported elsewhere.[58] It consists mainly of feldspar (45.5 wt%), amphibole (30.3 wt%),
quartz (13.5 wt%), mica (9.2 wt%), and biotite (1.5 wt%).

2.3 Optical microscopy

Transmitted light microscopy images of the entire thin sections were taken using a Leica DM-
EP equipped with a Jenoptik Progres Gryphax camera. Additionally, reflected light microscopy
images of the regions of interest (ROIs) were photographed using a LabRam Aramis (Horiba)

Raman-microscope with a 10x magnification objective.
2.4 Raman-microscopy

Several regions of interest (ROIs) were chosen via microscopic survey of each thin section
sample based on the presence of interesting features such as presumed mineralogy and surface
roughness (see Figure 2 a). To determine surface mineralogy the ROIs were measured using a
LabRam Aramis (Horiba) Raman-microscope. A 532 nm continuous wave laser at 50 mW was
used and the slit and pin-hole diameter were set to 200 and 300 um, respectively. For each ROI,

at least a 1x1 mm?2 area was measured using a grid of 15 to 20 um. The obtained data was
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treated using a Python-based software developed in-house (pycroTRLFS EVAL, HZDR,
Germany) to obtain relevant peak positions, which were then compared to reference mineral
spectra from the RRUFF database (see S| Figure S12).[38, 59]

2.5 Vertical scanning interferometry

Vertical scanning interferometry measurements to determine surface topography were carried
out using a Sensofar s neox interferometer with three different Nikon Interferometry objectives
DI120x, DI50x and D1100x (see Sl Table S1 for specifications and achieved resolutions). The
interferometer was run using the white light interferometry mode and the data was evaluated
using the SensoMap Premium 7.4 (DigitalSurf). Surface height data with a resolution of 1 nm
in z-direction is produced by the software from the interference of the light reflected by the
sample surface with a reference beam. Depending on the different optical pathways set by the
surface height an interference signal is obtained for every pixel from which the surface height
can be derived at the point of maximum modulation of the interference pattern.[60] The surface
roughness was characterized using the surface parameter Sq, the root mean square of the height
difference. To generate surface roughness maps Sq was calculated for every pixel using a 7x7

pixel sliding window.
2.6 Autoradiography

Autoradiography was used to determine the quantitative sorption uptake of Cm(lll) on the thin
sections. Absolute concentration values were obtained by calibrating the autoradiography
image using activity standards of known Cm(lll) concentrations that were exposed to the
imaging plate in parallel to the thin section samples. To produce the activity standards droplets
of 1 pL of acidic (HCI) solutions containing between 0.2 — 5 uM of Cm(I11) with two replicates
for each concentration step were pipetted on a glass slide. Using the calibration function of
ImageJ the grey value of the autoradiography image was transformed into concentration data,
with the integrated density being equal to the amount of substance in pmol and the mean value
denoting the concentration in pmol/cm? of the projected area (see Figures S10/S11 in Sl for

autoradiography image calibration).

The Cm-loaded thin section was placed on a Storage Phosphor Screen BAS-IP SR 0813 E Super
Resolution autoradiography plate separated by a 2.5 pm thick plastic foil to avoid
contamination of the autoradiography plate. This setup was pressed tightly together by two
plastic plates using screws and kept for one week within a light-proof box. After 7 days of

exposure time the plate was read out using an Amersham Typhoon Biomolecular Imager (GE
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Lifesciences) with a pixel size of 10 um. Note that this is not equal to the physical resolution
of the activity distribution, which is lower due to the isotropic emission and scattering of the
alpha radiation, which was additionally shielded by the thin plastic foil.[58]

2.1 UTRLFS

By applying LTRLFS we are able to gain semi-quantitative information on the Cm(l11) sorption
uptake and qualitative information on its speciation on the surface. From the luminescence
lifetime we can calculate the number of water molecules surrounding Cm(Il1) and gain insight
in its coordination environment from the red shift in the measured spectra. This allows us to

use Cm(l111) as a probe to determine molecular binding motives.

The WTRLFS setup we used has been described previously.[38] The laser pulse energy was set
to 20 to 25 pJ. To avoid laser ablation of the surface, the sample was moved out of the laser’s
focal plane by moving the z-axis of the sample stage 60 um. This resulted in a laser spot size
of around 20 pm. Each 1x1 mm? ROI was scanned using a 20 pum grid resulting in 2601

luminescence spectra per ROI.

The luminescence spectra were evaluated using a Python based software (pycroTRLFS EVAL,
HZDR, Germany).[38] Each pixel corresponds to a full luminescence spectrum. An appropriate
range for peak integration was chosen, from which a linear background was subtracted, and the
intensity was integrated to obtain the total luminescence intensity. The peaks were fit using a
Gaussian function to yield the peak maxima, which is used to assess the red shift that is

associated with the strength of the complexation as detailed above.

Luminescence lifetimes were measured on selected pixels. The fitting of the lifetimes was
performed by using mono-, bi-, and triexponential decay functions. An appropriate fit was
chosen based on a determination coefficient close(r) to a value of one, while keeping the error
range of the lifetimes small. From the lifetimes it is possible to calculate the number of water

molecules in Cm(III)’s first coordination sphere using Kimura’s equation:[61]

0.65 ms 1)

n(H,0) = — 0.88

As no more solution is present during our measurements the samples surface can be considered
dry. Therefore, we will interpret species with fully hydrated Cm(111) as OSS complexes, since
free Cm(lll) aquo ions are only present in solution. Any change in peak position and

luminescence lifetime then indicates substitution of water in the first coordination sphere by



331  other ligands. For our experiments these will predominantly stem from the surface and the
332  species can thus be identified as ISS complexes, or even more strongly bound surface species
333  (see section 3.1 and 3.2).
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3. Results

3.1 Sorption of Cm(I11) on Eibenstock granite

Mineralogy of the Eibenstock granite

Optically the Eibenstock thin section consists of three differently colored mineral grain types
(see Figure 2 a), which size ranges from hundreds of um to a few mm. According to the PXRD
results (see section 2.2) we could identify the grains as quartz (white), feldspar (black), and

mica (brown) as seen in optical microscopy.

For a more precise identification of the mineral phases four different regions of interest (ROISs)
were investigated using Raman-microscopy (see orange rectangles in Figure 2 a). From the
Raman spectra, it was concluded that feldspar and quartz were present on all regions. The mica
composition could not be determined conclusively, but the spectra suggest mica is mostly
present as muscovite. Topaz, a nesosilicate mineral, was also identified in ROI 2. In Figure 4 a
ROI 1 is shown exemplarily. It primarily consists of feldspar, quartz, and mica. Details of the

other ROIs are given in the Sl (see Figures S3-S5)

Surface topography

Vertical scanning interferometry (see Figure 2 b, Figure 4 b and Figures S3-S5) revealed
distinct topographical surface features for all minerals. Mica surfaces are characterized by
elongated cracks and streaks up to several micrometers deep. Feldspar grains feature a multitude
of surface pits of about 200 nm depth. Cracks similar in depth to what was seen on mica are
found on topaz, however, covering a much larger area than for mica. Quartz surfaces are
characterized partially by surface pits of about 200 nm depth. A quantification of these different
features by proxy using the surface roughness parameter Sq allows us to rank the minerals
according to their average Sq value with the according root mean square error: surface
roughness is the highest on topaz with an Sq value of 503 £+ 45 nm, followed by mica with
111 + 11 nm and feldspar with 95 + 6 nm. Quartz showed the lowest Sq value of 75 + 15 nm.
These averaged values correlate with the occurrence and depth of pits and cracks on the
different minerals and are the result of significant intra-mineral heterogeneities as they are
composed of the very rough pit and crack edges and rather smooth areas in between, or areas
with high pit/crack densities and smooth areas without these structural features. While the
surface topography of the thin section cannot be taken directly as an analogue for naturally

occurring fissure topography, surface sites occurring on topography features of the thin section
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should also exist in nature. There the surface site concentration might differ, but the thin section

allows us to control and semi-quantitatively analyze the sites via surface roughness parameters.

In general, the most prominent topographical features besides the mineral textures mentioned
above are the grain boundaries. The different resistances of the minerals to the thin section
preparation procedures (sawing, polishing, etc.) result in height differences that create distinct
features where different mineral grains meet. We find height differences of up to 400 nm
between feldspar and quartz and up to 110 nm between feldspar and mica. The quartz/mica
grain boundary height difference can reach up to 565 nm. Topaz difference in height to quartz
is 175 nm and smaller than the topaz feldspar difference with 416 nm. Again, these height
differences as well as the steepness of the grain boundary can be semi-quantitatively
characterized using the Sq value. Doing so yields Sq values of up to 80 £ 3 nm for the
feldspar/quartz boundary, 15 + 2 nm for the feldspar/mica boundary, 190 £ 3 nm for the
quartz/mica boundary and 108 + 4 nm and 80 + 2 nm for the topaz/quartz and topaz/feldspar

boundaries, respectively.

Sorption uptake of Cm(l11)

Firstly, sorption was quantified on bulk powder material as a function of pH using Cm(lIl) for
Eibenstock granite. The relative uptake as a function of solution pH can be seen in Figure S1 in
the SI: (a) Up to pH 3 no metal uptake from the solution can be observed, (b) from pH 3 t0 5.2
sorption increases to around 30%. (c) Increasing the pH to 7.5 results in almost complete
sorption of Cm(l11). (d) Further increasing the pH from 7.5 onward resulted in no changes in
sorption uptake. This sorption behavior is typical for trivalent metals on different mineral
phases.[24, 27, 31, 62, 63] However, sorption on bulk material does not deliver information on
the mechanism of Cm(lll) sorption on the mineral surface and no differentiation between
individual mineral phases is possible, which is why a spatially-resolved surface investigation
of heterogeneous crystalline rock is required. From the sorption edge studies we determined the
ideal pH for Cm(I11) sorption experiments on the thin-sections to be pH 8.0, since here complete
sorption takes place, but bulk precipitation should still be negligible.

To locally quantify the Cm(lll) sorption uptake on Eibenstock granite (i.e. specific to each
mineral phase) we used calibrated autoradiography as shown in Figure 2 c. Cm(lll) sorption
uptake on Eibenstock granite is quite heterogeneous. When considering each mineral phase
separately, uptake decreases as follows: biotite > feldspar ~ topaz > quartz. Similar tendencies
are seen for reported log K values in literature for Eu(lll), which are directly comparable via

the chosen reaction scheme (see S1 Table S2). [64, 65] Our autoradiography analysis shows that



398  sorption occurs mainly on feldspar and biotite mineral grains showing over 300 pmol/cm?
399  sorption uptake, while generally the sorption on quartz mineral grains is below 80 pmol/cm?.
400  Only in quartz areas with a higher inherent surface roughness the sorption uptake increases to
401 a similar amount as observed on feldspar and mica (see black ellipses in Figure 2 b, ¢ and
402  Figures S2 — S5). The lower left part of the thin section shows high sorption uptake, which can
403  be traced back to part of the thin section breaking in that area. This had no impact on the
404  following measurements of ROI 1 — 4 but can be considered an artifact. The Cm(lll) sorption
405  uptake has now been quantified on each mineral phase, yet the molecular speciation of the

406  sorbed Cm(I1I) has remained unknown, which is why we applied uTRLFS.

Mineral composition

cm(in)
uptake
#% |/ pmol/cm?

| 328.59

‘,l246.4o

407

408 Figure 2: a) Optical image of the Eibenstock granite thin section with orange marked ROIs (for detailed ROI analysis see Figure
409 4 and Figure S3 — S5), b) surface roughness determined using interferometry (VSI) and c) Cm(l11) sorption uptake determined
410 using quantitative autoradiography. The black ellipses indicate high surface roughness/sorption uptake areas on quartz.

411  Using LTRLFS we can determine Cm(l11) sorption uptake based on the integral luminescence
412  intensity (LI) (see Figure 3 and for integration ranges see Figure 4). More importantly, we can
413  use the measured spectra to characterize Cm(III)’s bond strength to the surface from the
414  observed red shift in comparison to the Cm(I11) aquo ion and the number of water molecules
415  remaining in its first coordination sphere from the measured lifetimes. On all ROIs (see Figure
416 3 and Figure S3-S5) we found that the overall distribution of the LI is heterogeneous not only
417  between the different mineral phases, but also within the same mineral grains. LIs were found
418  tobe highest on feldspar and topaz, intermediate on quartz and only weak signals were detected
419  on muscovite and other mica (LI ~25: 3: 1). In contrast, autoradiography showed high sorption
420 uptake on mica. Most likely luminescence quenching takes place here, due to the high Fe

421  content, hindering luminescence detection.
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Figure 3: Exemplary high LI spectrum of Cm(l11) sorbed on feldspar (black) and a non-complexed Cm(ll1) aquo ion in
solution (grey). The peak maxima are indicated by the arrows and the integral luminescence intensity by the green area. The
Cm(l1) feldspar spectrum represents one pixel in the measured uTRLFS maps.

Speciation of Cm(I111)

In the following section and in Figure 4 the focus is set on Cm(III)’s distribution and speciation
in ROI 1 (see Figure 2). Nevertheless, the results of the other ROIs (see SI Figures S3-S5) are
included in the discussion.
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Figure 4: Analysis of ROI 1 on Cm(l1l) loaded Eibenstock granite: a) mineral composition (Raman-microscopy), b) surface
roughness (Sq; interferometry), c) high luminescence regime of Cm(lll) (LTRLFS; integral area) and d) the by a factor of 10
decreased scale of the low luminescence regime of Cm(l11) (UTRLFS; integral area), e) by Gaussian peak fitting obtained peak
maxima of the Cm(I11) peaks (LTRLFS; lifetimes measurements spots indicated by red circles) and f) luminescence intensity
of Cm(l1l) at higher wavelengths (UTRLFS; integral area).

ROI 1 is characterized by feldspar, quartz and mica mineral grains (see Figure 4 a). High surface
roughness areas can be observed around feldspar surface pits, mica cracks, and the mineral
grain boundaries of quartz with both, mica and feldspar (see Figure 4 b).
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Within ROI 1 we observe that Cm(l11) sorption occurs heterogeneously, with the sorption being
highest on feldspar, especially in areas with a high surface roughness such as surface pits
(compare Figure 4 b and c). When looking at the full range of LIs (see Figure 4 c) all other
minerals appear homogeneous and show almost no sorption. A change in scales (see Figure 4 d)
reveals that the distribution of Cm(l11) is quite heterogeneous also on the other mineral phases,

with distinct areas of higher sorption uptake.

Gaussian fitting of all Cm(111) luminescence spectra yields a map of the peak maximum in each
pixel, which depends on the strength of the ligand field around Cm(lll) and thus gives an

indication of the bond strength to the surface (Figure 4 e).

Peak maxima on feldspar are located between 602 and 605 nm, indicating that ISS complexes
of varying strength have formed. An additional strongly red-shifted Cm(lll) peak can be
detected at selected spots on feldspar, which also occurs on quartz and their grain boundary
with each other (see Figure 4 f). On feldspar and the grain boundaries of feldspar and quartz
this peak maximum is located between 621 and 625 nm. Cm(lll) signals at wavelengths that
clearly exceed 620 nm are typically incorporated species, red shifts of ternary complexes on a
mineral surface are similar but typically less pronounced.[23, 66-70] Structural incorporation,
however, appears unlikely, since the experiment time of just one week seems too low for

Cm(I11) incorporation into feldspar to take place.[71]

On quartz, sorption heterogeneity is only revealed when reducing the luminescence intensity
scale by a factor of ten (Figure 4 d). In general, low levels of sorption are observed on quartz,
occurring mainly in areas with increased surface roughness, especially at quartz’ grain
boundary with mica. Some low roughness areas on quartz had such a low LI that no peak fitting
was possible. In areas with higher LI we observed peak maxima between 602 and 605 nm,
showing the formation of ISS complexes with varying bond strength similar to feldspar. We
also observed strongly red-shifted peaks at 625 — 630 nm on quartz, even more strongly shifted
than similar features on feldspar, which would again indicate incorporation or ternary complex
formation (see Figure 4 f). Such strong luminescence shifts exceeding 620 nm as we observe
here on feldspar and quartz are typically associated with Cm(111) structurally incorporated into
crystalline materials.[23, 66, 67, 70] However, our experimental procedure, in particular the
short reaction time of only 7 d makes it appear unlikely that such a process could have occurred.
The only other species which exhibit similar, albeit typically lower peak shifts (~610+ nm) are
ternary surface complexes, which could here have formed by partial dissolution of a mineral to

provide e.g. SiO4* as a co-ligand. It remains unclear, why the ternary complexes would exhibit
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such extraordinarily large red shifts, or how an incorporation process could occur in such a
short time and our data do not allow an unambiguous identification. A possible explanation is
the formation of a ternary complex from a SF incorporation species with an already high
coordination number from the surface (see Figure 1) in which the ligand from solution
completes the coordination shell. Of course, such a species could also be considered as an

incorporation species.

Generally, the LI on mica outside of areas with a high surface roughness - such as the surface
cracks - is low, due to Fe quenching the luminescence[72] since high sorption uptake was seen
in autoradiographic measurements. Peak maxima on mica range from 603 to 604 nm, indicating

a more homogeneous distribution of ISS complexes.

On topaz found on ROI 2 (see Figure S3) we obtained high intensity signals close to mineral
boundaries and cracks with peak maxima ranging from 599 to 601 nm, suggesting weaker ISS.
In contrast smoother regions show comparatively lower LI, but stronger ISS with peak maxima
of 601 up to 604 nm.

Luminescence lifetime measurements allow the determination of the detailed speciation of
Cm(ll1) sorbed to the mineral surface by calculating the number of water molecules in the
coordination sphere of the Cm(lll). In summary, 137 individual lifetime measurements (see
Table S3) were performed for all ROIs at different points as indicated by circles in Figure 4 e
for ROI 1 and Figure S3 — S5 for ROIs 2 — 4. The points were chosen and evaluated depending
on their surface roughness (smooth/rough) and proximity to mineral grain boundaries. In order
to obtain a better differentiation between the formed species we categorized them: Cm(lll)
species with 9 surrounding water molecules are assigned to be OSS complexes. Complexes
with 7 — 8 and 5 — 6 water molecules are weak and strong ISS species, respectively. Cm(llI)
with only 1 — 4 water molecules remaining in the first coordination sphere are identified as
surface (SF) incorporation species, while no water corresponds to ternary complex formation
with carbonate/silicate or complete mineral bulk incorporation. For a visual representation the
reader is referred to Figure 1. The results of these measurements are listed in Table 1 sorted

according to their mineral phases and surface roughness.

Table 1: Summary of measured lifetimes on all regions of interest on Eibenstock granite corresponding to mineral form and its
topography features (ISS = inner-sphere sorption, OSS = outer-sphere sorption, SF = surface). For details the reader is referred
to section 3.1. The error 0.5 for calculated water molecules originates from the (1) Kimura equation if only few data points or
data points of the exact same value exist. For data sets with multiple data points the error was calculated by applying simple
standard deviation. Smooth and rough surfaces were determined by visual inspection of the Sq distribution maps.

Mineral form n(H20) Species
Feldspar (smooth) 74105 Weak ISS (23%)




5.7+05 Strong ISS (47%)
3.3+0.7 SF incorporation (30%)
9.0+05 OSS (5%)
75105 Weak ISS (6%)
51+0.3 Strong ISS (26%)
Feldspar (rough)
3.4+08 SF incorporation (63%)
Ternary complex/
0.0+05 ) / P _
Bulk incorporation
9.0+05 0SS
_ 7.0+£05 Weak ISS
Feldspar/Mica*
57+05 Strong 1SS
3.0+0.8 SF incorporation
55+£05 Strong 1SS
Quartz (smooth) ) )
3.0+£1.0 SF incorporation
57105 Strong ISS
Quartz (rough) Ternary complex/
0.0+£0.5 ] Y P )
Bulk incorporation
5.0+£05 Strong ISS
Quartz/Feldspar ) )
3.5+05 SF incorporation
9.0+05 0SS
_ 75+05 Weak ISS
Quartz/Mica*
6.0+£05 Strong ISS
3.0+05 SF incorporation
Topaz (smooth) 40+05 SF incorporation
6.0+£05 Strong ISS
Topaz (rough) ) _
28+16 SF incorporation
9.0+£05 0SS
_ 7.0+05 Weak ISS
Mica (smooth)*
6.0+£05 Strong ISS
3.0+£1.0 SF incorporation
) 75105 Weak ISS
Mica (rough)*
5.0+£05 Strong ISS
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*mineral phases containing Fe; where Fe quenching occurs equation (1) is no longer applicable, and the number of coordinating water
molecules would be lower than given here

Most lifetime points were measured on feldspar grains, which is why the analysis for feldspar
is the most reliable. Feldspar mineral grains with a low surface roughness primarily form strong
ISS complexes, but surface incorporation and weak ISS complexes also occur. Surface
incorporation seems to become the main retention mechanism, along with strong ISS complexes
where surface roughness is high. Weak ISS and OSS also occur, primarily in areas where a high
sorption uptake can be observed. At feldspar/mica grain boundaries ISS complexes of varying
strength as well as OSS complexes are formed. On pixels, where we observed the high red-shift
of the above described ternary complex formation or complete incorporation, long
luminescence lifetimes for a secondary species were measured, showing that no more water

remains in Cm(III)’s hydration shell.

On quartz mineral grains strong 1SS complexes are found on areas with both low and high
surface roughness. Surface incorporation took place mainly on smoother quartz surfaces, while
ternary complex formation was more likely to occur on rougher quartz surfaces such as surface
pits. As with feldspar ternary complexes/incorporated species on quartz show no more water
coordinating Cm(lll). Along the quartz grain boundaries to feldspar and mica surface

incorporation and strong ISS could be seen.
Unfortunately, for mica a detailed lifetime analysis is not useful due to Fe quenching.

Topaz mineral grains with a low surface roughness show SF incorporation of Cm(I11), while on
areas with a higher surface roughness (surface cracks and mineral boundaries) strong ISS
complexes occurred additionally.

3.2 Sorption of Cm(l11) on Bukov gneiss

Mineralogy of the Bukov gneiss

Visual inspection of the Bukov gneiss thin section reveals smaller (ten to a few hundred pm)
and more diverse mineral grains than for the Eibenstock granite (see Figure 5 a). The PXRD
results confirmed this optical assessment, and we identify the minerals as quartz (white),
feldspar (grey), amphibole (black) and mica (dark-green), with amphibole and mica being

associated with each other.
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For an exact determination of the minerals located on the surface, Raman-microscopy was used
(see Sl Figure S11 for selected spectra) to investigate four different ROIs (see Figure 5 and
Figure S7 — S9). Feldspar, amphibole and quartz were found in each area, while phases such as
chlorite (ROI 2), titanite (ROI 2), mica (ROI 3), or pyrite (ROI 4) could only be observed in
individual areas. Raman-spectra for amphibole, chlorite, and mica are quite similar, but the
phases can be distinguished optically. Chlorite was identified by its needle-like structure, while
amphibole and mica have different appearances, looking more smooth or rough, respectively.

ROI 1 shown in Figure 6 a) consists primarily of amphibole, quartz and feldspar.

Surface topography

Using vertical scanning interferometry, the surface topography of the thin section sample was
measured and Sq maps (see Figure 5 b) were generated in order to quantify the surface
variations. Figure 6 b shows the surface roughness of ROI 1 (see Figures S7 — S9 for
ROIs 2 —4). The surface roughness parameter Sq determined in ROI 1 is lowest on quartz
(69 £ 16 nm), intermediate on feldspar (110 £ 12 nm) and highest on amphibole (141 £ 34 nm),
very similar to what we found for Eibenstock granite. As with the Eibenstock granite those are
average Sq values resulting from areas exhibiting high surface roughness around pits and cracks

and smooth areas between those features.

Amphibole surfaces are characterized by deep surface cracks of up to 1.3 um. Similar to the
Eibenstock sample the feldspar surfaces exhibit surface pits, however at larger depth of up to
590 nm. Singular surface pits located in quartz can reach depths of 1.1 um, but otherwise the

surface is the smoothest.

The grain boundaries are distinctly visible in the roughness maps with height differences of up
to 140 nm between feldspar and amphibole leading to Sq values at a maximum of 123 + 68 nm.
The height difference and surface roughness (Ah =545 nm; Sq = 140+ 7 nm) of the
quartz/amphibole grain boundary are larger in comparison to the quartz/feldspar grain boundary
(Ah =375 nm; Sq =31 + 22 nm).

Sorption uptake of Eu(l11)/Cm(lII)

Sorption on bulk powder material of Bukov gneiss was quantified as a function of pH using a
5-10" M Eu(I11) solution spiked with 70 Bq (135 pmol) of *52Eu. Eu(l1l) was here used as an
analogue for Cm(lll). The relative uptake as a function of pH of Eu(lll) and Cm(lIl) is near
identical for both trivalent metals on the two rocks as seen in Figure S1. (a) Up to pH 3 no metal
uptake from the solution can be observed, while (b) from pH 3 to 5.2 sorption increases to
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around 20%. (c) Complete sorption is reached at pH 7.5 (d) with no further changes in sorption
uptake occurring at higher pH. As previously described for Eibenstock granite, we then proceed
to quantify the sorption uptake and characterize the speciation of Cm(l11) spatially-resolved on

the individual mineral phases.

Calibrated autoradiography shows highest sorption uptake of Cm(I11) on amphibole and mica
(see Figure 5c¢ and Figures S6 — S9) corresponding to 300 — 1100 pmol/cm?.  This is
significantly higher than on Eibenstock granite (~ 330 pmol/cm2). At the same time, Cm(llI)
uptake on feldspar and quartz phases is significantly lower at only 20 — 100 pmol/cm?. Overall,
the sorption on the thin section can be seen as heterogeneous, partially varying on the same
mineral phases by one order of magnitude. Sorption uptake hotspots correlate with increased
surface roughness, especially on amphibole and mica (see Figure 5 a and b). A slight decrease
of signal is observed from the upper right to the lower left, probably due to a minor tilt of the
sample on the autoradiography imaging plate, which had no impact on the following

measurements.

cm(ln)
uptake
/ pmol/cm?
1114

Mineral composition ~ Surface roughness 001 Cm(lll) uptake

0.000 “FFEEE

Figure 5: a) Optical image of the Bukov gneiss thin section, b) surface roughness determined using interferometry and c)
Cm(111) sorption uptake determined using quantitative autoradiography.

Speciation of Cm(l11)

The speciation of Cm(I1l) was again determined using uWTRLFS. Highest Cm(Ill) LIs were
found on feldspar, less on quartz, and almost no signal was detected on amphibole, mica,
chlorite, and pyrite. Low signal intensities can again be traced back to Fe quenching, since
autoradiography detected high amounts of sorption on mica and amphibole grains. In the
following we will discuss the sorption behavior of Cm(lIl) on ROl 1 in detail (see Figure 6),

nevertheless the results of the other ROIs (see Figure S7-S9) will contribute to the discussion.
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Figure 6: Analysis of ROl 1 on Bukov gneiss: a) mineral composition (Raman-microscopy), b) surface roughness (Sq;
interferometry), ) high luminescence regime of Cm(I11) (UTRLFS; integral area) and d) low luminescence regime of Cm(lIll)
(UTRLFS; integral area), e) by Gaussian peak fitting obtained peak maxima of the Cm(lll) peaks (UTRLFS) and
f) luminescence intensity of Cm(l11) at higher wavelengths (UTRLFS; integral area).

ROI 1 on Bukov gneiss consists primarily of feldspar, quartz, and amphibole (see Figure 6 a).
Areas with a high surface roughness can be seen around feldspar surface pits, amphibole cracks
and grain boundaries of quartz with feldspar and mica (see Figure 6 b). The surface pits on
feldspar are clustered thus generating areas on feldspar with a high surface roughness, while
the remaining surface is relatively smooth.
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Similar to our findings for Eibenstock granite, we observe large differences in sorption uptake
on quartz and feldspar (see Figure 6 c). On feldspar it is directly obvious that differences in
uptake are correlated with the measured surface roughness with rougher areas again showing
higher uptake. This is most obvious for the lower right corner of the ROI, which has the lowest
surface roughness of the feldspar grain and also by far the lowest sorption uptake. The same
also occurs on quartz, but we have reduced the LI scale in order to visualize the areas with
increased sorption on quartz (see Figure 6 d). The same map also reveals additional

heterogeneity within the area of low uptake on feldspar.

To characterize the speciation of adsorbed Cm(lll) the extent of luminescence peak shifting
was determined by applying a Gaussian fit to all luminescence spectra (see Figure 6 €).

As on granite Cm(111) luminescence peaks are more red-shifted in feldspar areas with a higher
surface roughness. Here, peak maxima around 603 to 605 nm indicate strong inner-sphere
complexation.[49] In contrast, on smoother feldspar areas, the maxima are located between 602
and 603 nm pointing toward weaker inner-sphere complexation. [21, 49] However,

luminescence intensity was in some areas so low that no fit was possible.

On quartz the peak maxima distribution is narrower with peak maxima ranging from 602 —
603 nm, indicating weak inner-sphere sorption.[50] Further, some luminescence spectra on
quartz and in the quartz/feldspar mineral grain boundary exhibit a second Cm(I11) peak with a
high red-shift of 623 up to 626 nm (see Figure 6 f). As discussed above, the strong peak shift

corresponds to either ternary-complex formation or mineral bulk incorporation.

Once again we combine the spectral information with lifetime measurements to obtain a more
complete picture of Cm(III)’s speciation on Bukov gneiss. In Table 2 the identified species on
each mineral corresponding to the minerals surface roughness or mineral grain boundary on all
investigated regions of interest are listed, which are based on a total of 91 lifetimes

measurements (see Table S4).

Table 2: Summary of measured lifetimes on all regions of interest on Bukov gneiss corresponding to mineral form and its
topography features (ISS = inner-sphere sorption, OSS = outer-sphere sorption, SF = surface). For details the reader is referred
to section 3.2. The error 0.5 for calculated water molecules originates from the (1) Kimura equation if only few data points or
data points of the exact same value exist. For data sets with multiple data points the error was calculated by the simple standard
deviation. Smooth and rough surfaces were determined by visual inspection of the Sq distribution maps.

Mineral form n(H-0) Species
9.0+05 OSS (14%)
Feldspar (smooth) 72104 Weak ISS (24%)

57+05 Strong ISS (33%)
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35+038 SF incorporation (29%)

7.3+0.5 Weak ISS (23%)
Feldspar (rough) 53+0.4 Strong ISS (31%)
25+13 SF incorporation (46%)
) 9.0+05 0SS
Feldspar/ Mica*
7.0+05 Weak ISS
7.7+0.5 Weak ISS
Feldspar/Amphibole*
5.7+£05 Strong ISS
75+05 Weak ISS
Quartz (smooth) 6.0+£0.5 Strong ISS
3.0+£05 SF incorporation
30+1 SF incorporation
Quartz (rough) Ternary complex/
0.0+05 ) _
Bulk incorporation
9.0+05 OSS (18%)
7.3+04 Weak ISS (24%)
Quartz/Feldspar
54+05 Strong ISS (29%)
3.0+09 SF incorporation (29%)
) 8.0+05 Weak ISS
Quartz/Amphibole*
6.0+£05 Strong ISS
) 7.7+05 Weak ISS
Amphibole*
6.0+05 Strong 1SS

*mineral phases containing Fe; where Fe quenching occurs equation (1) is no longer applicable, and the number of coordinating water
molecules would be lower than given here

Most lifetimes measurements were once more taken on feldspar, making the feldspar data
analysis most reliable and detailed. On feldspar with a low surface roughness, 1SS complexes
of all bond strengths are formed. Mainly strong ISS complexes are formed, followed by surface
incorporation, and weak ISS, while OSS could also be observed in a few spots. On feldspar
with higher surface roughness generally stronger bound complexes are formed, mainly surface
incorporation species, but also strong and weak ISS. The feldspar/mica and feldspar/amphibole
mineral grain boundaries show similar sorption behavior, showing weak ISS and OSS, but Fe

guenching may impact lifetimes here.
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Quartz areas with low surface roughness show mainly weak and strong ISS and surface
incorporation. In comparison rougher quartz areas again show a shift towards more strongly
bound complexes, primarily ternary complex formation/mineral incorporation and surface
incorporation species. On pixels with Cm(lll) ternary complexes/mineral incorporation we
measured long lifetimes, showing that no water remains in the hydration sphere, as was also

observed on the Eibenstock granite.

The quartz/feldspar grain boundaries show ISS complexes of varying strength as well as outer-
sphere sorption. Mainly surface incorporation and strong ISS complexes could be observed, but
weak ISS or OSS also occur in some spots. Few lifetime spots could be measured along the
quartz/amphibole grain boundary, which correspond to intermediate and weak ISS. However,

Fe quenching could also be responsible for decreased luminescence lifetimes.
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4. Discussion

By using a combination of calibrated autoradiography and pTRLFS a comprehensive insight
into the sorption uptake of Cm(lll) on crystalline rock and its molecular mechanisms was
obtained. The individual Cm(lll) surface species on the different mineral phases of the
heterogeneous crystalline rocks could be identified. Sorption uptake is highest on mica and
amphibole phases, followed by feldspar, topaz, and quartz. From the shift of the luminescence
peaks and the analysis of luminescence lifetimes, the type of surface complex and its strength
were derived. ISS complexes of varying strength are formed on nearly all mineral phases, while
OSS complexes are formed in regions with very high sorption uptake, likely since here the
available surface sites for ISS become saturated. The strength of the formed ISS complexes is
lowest on mica. On quartz and feldspar ISS complexes of similar strength are formed. The ISS
complexes on quartz show a chemical similarity to each other, while ISS complexes on feldspar
display more variability. Ternary complex formation or incorporation of Cm(lll) can be seen

on quartz, feldspar, and their grain boundary with each other.

The use of vertical scanning interferometry allowed us to correlate surface topography with
sorption uptake and speciation on the mineral surface. While mineralogy remains the greatest
influence on the sorption process, it is evident for both investigated rocks that topography
influences the sorption amount and speciation. Rougher structural features may give rise to a
locally increased surface area as well as an increase of reactive surface site density and site
reactivity due to increased abundance of structural features such as edge/kink sites and surface
defects. Following this approach, we could directly confirm that regions exhibiting a higher
surface roughness show an overall higher sorption uptake. We also found a shift to stronger
bound Cm(lll) surface complexes with increasing surface roughness. We can speculate that
kink and defect sites, that appear more numerous in high roughness areas, can form more bonds

to Cm(I11), resulting in more strongly bound Cm(llI).

On feldspar, mica, and topaz surfaces the sorption uptake of Cm(l1l) on the same mineral grains
varies greatly depending on the surface roughness. For instance, on the same feldspar mineral
grain sorption uptake may be almost one order of magnitude higher in areas with high surface
roughness than in smooth areas. These differences in uptake are confirmed by the
autoradiography data. Regions with higher surface roughness showed an increase in sorption
uptake by one to two orders of magnitude, which was especially interesting for rough quartz
regions. Rough quartz surfaces showed almost the same sorption uptake as feldspar or mica

mineral grains. The same trend holds true for mineral grain boundaries, which generally
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coincide with areas of high surface roughness. Grain boundaries on Eibenstock granite with a
higher surface roughness such as quartz/mica seem to increase the amount of sorption uptake
more significantly than a lower roughness grain boundary such as quartz/feldspar. On low
roughness mica areas, luminescence detection with uTRLFS was not possible at all, presumably
due to the combination of reduced uptake on the smooth surface and Fe quenching. But along
the mica grain boundary with quartz and around cracks in the mica surface the higher surface
roughness increased the sorption uptake sufficiently to make luminescence detection possible.
Surface topography is clearly an important factor that needs to be taken into account to describe
the sorption behavior of Cm(Ill). Future studies should focus on determining the impact of
surface roughness on radionuclide retention semi-quantitatively. This is particularly relevant
for predictive transport modelling of contaminants with respect to the safety of future nuclear

waste repositories.

The differences in sorption behavior on Bukov gneiss and Eibenstock granite are similar to
what was previously found for the sorption of Eu(l11) on the same rocks.[38, 58] On Eibenstock
granite most of the sorption takes place on feldspar and mica. On the larger investigated area in
this study we also observed high Cm(lll) sorption uptakes on topaz with similar speciation

characteristics as on feldspar, likely due to sorption occurring on aluminol binding sites.

One particularly interesting species in this context is the ternary surface complex or
incorporation species of Cm(l11). We observed species with similar characteristics also in our
previous studies with Eu(l11). As in this study, incorporation seemed unlikely to have occurred
in the short reaction time, so the species was identified as “intrinsic Eu(IIl)”, i.e. Eu(IIl)
incorporated into the minerals upon their formation, thus unrelated to our experiments. In the
case of Cm(II1) definitely no intrinsic incorporation of the rare, synthetic element is possible,
thus the species must have formed during our experiments. The species’ very large red-shift
indicates (near) complete replacement of the hydration shell by stronger ligands, which is
confirmed by the species’ long luminescence lifetime. Because the reaction time is only seven
days and the species only occurs in areas with very high surface roughness, we currently
interpret this species as a ternary complex of a surface incorporation species, likely with silicate

or carbonate as an additional ligand.

On Bukov gneiss these ternary complexes formed mainly along mineral grain boundaries, while
on Eibenstock granite ternary complexes additionally formed on rough feldspar and quartz
regions. This might be caused by a concentration effect, since relatively more Cm(I1l) sorbs on

Eibenstock feldspar and quartz than on those minerals on Bukov gneiss, where other mineral



718
719
720
721
722
723
724

725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746

747

phases are preferred targets for Cm(lll) sorption. Sorption on feldspar and quartz is only
observed in regions with a high surface roughness on Bukov gneiss, causing up to two orders
of magnitude difference in luminescence intensity on the same mineral grains. WWhen no rough
feldspar areas were present in a region of interest, Cm(l11) sorption occurs almost entirely along
feldspar/quartz mineral grain boundaries, since those exhibit high inherent surface roughness.
This means when another mineral phase such as amphibole is the dominating sorption partner,

sorption on mineral phases with lower sorption preference is governed by surface roughness.

To analyze the entire sorption system of trivalent metal ions on crystalline rocks we compare
the Cm(111) results in this study with our previous studies using Eu(l11). Findings obtained in
the present study compare well with previous Eu(lll) studies.[38, 58] However, one major
advantage using Cm(lll) is its higher luminescence yield allowing WTRLFS experiments at
concentrations down to 1 uM thereby avoiding precipitation of metal(hydroxides), which was
hampering studies with Eu(l11) that had to be conducted at significantly higher concentrations
of 50 uM.[58, 62] Further, Cm(l1l) as a member of the actinides is a radionuclide which will
be present in radioactive waste repositories and is also a better analogue to Am(l11)/Pu(ll1) than
Eu(lll). Nonetheless, we generally found that the speciation of Cm(IIl) and Eu(lll) on both
crystalline rocks is similar as was expected, but we were able to distinguish more species on
the mineral surface than previously found for Eu(111)[38] by making use of Cm(III)’s higher
luminescence sensitivity The necessary higher Eu(l1l) concentration in previous studies likely
lead to more sorption sites becoming saturated, which we avoid at the lower Cm(lll)
concentration. Therefore, we identified Cm(Ill) surface incorporation species on feldspar,
quartz, and topaz on both crystalline rocks, which was previously only possible for the Bukov
gneiss for Eu(l1).[58] For lifetime analysis Cm(lI1) luminescence is also less influenced by
naturally occurring incorporated Eu(ll1), since the emission of the Eu(l1l) luminescence only
barely overlaps with the Cm(l1l) emission peaks. Further no natural background of Cm(lll)
exists that would hinder spectral analysis. Eu(l11) luminescence peaks also do not exhibit a peak
shift due to complexation, but change their peak ratio.[73] Performing the study with Cm(l1l)
instead of Eu(l1l) therefore allowed us to gain spatially-resolved insight into sorption uptake

and speciation at environmentally relevant concentrations.
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5. Conclusions

Our results demonstrate that the sorption of radionuclides such as Cm(lI11) on multi-mineral
samples of natural composition can be well described by combining complementary surface
investigation techniques. We combined Raman-microscopy, interferometry, autoradiography,
and UTRLFS to illuminate which factors control the retention of radionuclides on a
topographically and mineralogically heterogeneous surface. The combination of techniques
was applied to two different crystalline rock systems yielding similar results, which
demonstrates a general validity and can therefore suggests extrapolation to other systems should
be possible. The actinide Cm(l11) performs better as a luminescent molecular probe in spatially-
resolved sorption studies in comparison to its previously used lanthanide analogue Eu(lll),
because of the absence of natural background luminescence, its lower detection limit and more
straightforward spectral analysis. The use of Cm(lIl) allowed us to show preferential sorption
areas and describe the surface speciation in detail. Correlating the molecular information on
Cm(Ill) speciation with topography data from vertical scanning interferometry showed that
surface roughness is one of the major parameters influencing the sorption behavior of trivalent
actinides, second only to the rock’s mineralogy. With both rock samples and on all minerals a
clear trend of higher uptake in regions of higher surface roughness was observed. Remarkably,
surface roughness also impacts the strength of Cm(I11) binding to the surface, i.e. complexes
are stronger where roughness is higher, likely due to higher availability of high denticity surface

sites.

Our results directly affect the safety assessment of potential nuclear waste disposal sites.
Insights from model studies using powdered material and/or single minerals, while crucial for
a fundamental understanding, cannot be applied to more natural systems straightforwardly.
Other factors come to control retention such as topography, grain boundary effects, or mineral
competition. These effects will have to be considered when upscaling to larger experiments or
applying reactive transport models. Derivation of corresponding numerical parameters is the
next challenge. To ensure highest safety standards such parameters and their variability need to
be taken into consideration for reactive transport modeling of radionuclides for the safety

assessments of radioactive waste repository sites.
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