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Foreword

The Institute for Nuclear Waste Disposal (INE) is part of the Karlsruhe Institute of Technology (KIT). A main
part of KIT-INE’s research covers nuclear aspects of the German Nuclear Waste Disposal programme, i.e.
Sfundamental and applied studies on the behaviour of radioactive waste forms and radionuclides in environments
typical to nuclear waste repositories. To do so, dedicated nuclear laboratory infrastructures equipped with state-
of-the-art instrumentation are continuously developed and upgraded. INE operates one of the very few
radiochemistry research laboratories equipped with a shielded box line (“hot cell”) and a license acc. to §9 of
the German atomic law (AtG), which allows to investigate i.a. highly radioactive materials such as irradiated
nuclear fuel under repository and interim storage conditions. Those laboratories are in close vicinity to the
Karlsruhe light source at the Karlsruhe Research Accelerator (KARA) facility where KIT-INE operates dedicated
beamlines for the characterization of radioactive samples offering a wide range of synchrotron-based X-ray
spectroscopic methods.

KIT-INE was using additional opportunities to further develop the already available analytical and technical
infrastructure at KIT-INE within the HOVER project, funded by BMBF and the Helmholtz Association. After the
official ground-breaking ceremony in October 2025, realisation of a new laboratory for high-precision
accelerator mass spectrometry at KIT Campus North - a core infrastructure project of HOVER - is finally within
reach and expected for 2027. HOVER is also providing new laboratory infrastructures for “predisposal” tropics:
Within a dedicated laboratory it will be possible to investigate spent nuclear fuel cladding behaviour under
extended interim storage conditions. Establishment of virtual laboratories and notably a Building Information
Modelling (BIM) laboratory will enhance KIT research on the optimization of decommissioning processes
significantly.

During the reporting period, KIT-INE continued research activities within large European projects, i.e. closing
PREDIS and EURAD-1 and especially transitioning into a new EURAD-2 project phase. KIT-INE was
significantly involved in developing the scientific work plan and contributed scientific research into these
networks within various work packages (WP) as well as taking initiative as WP leader or Task leader. KIT-INE
strongly contributed to the German site selection process by performing work on specific relevant topics under
contract to the German Waste Management Organisation BGE. Project work related to the closure of the Asse I1
legacy site likewise continued to demand focused activities. Research funding provided by German ministries
especially supported work by PhD students. INE researchers contributed to several events organized in Germany
to discuss options and facts regarding waste disposal with the interested public and key institutional stakeholders.
Providing scientific understanding and expertise is clearly at the core of decision-making and offers important
feedback options to our research activities.

Ongoing efforts at INE to train students and early career researchers in the field of nuclear waste disposal
importantly contribute to the availability of highly trained experts in the field. In this context it is especially
positive that two colleagues from INE took significant new steps in their respective careers, Prof. Tonya Vitova
was awarded with a professorship at the KIT faculty for Chemistry and Biosciences, and Dr. Frank Heberling
successfully completed his habilitation at the faculty of Civil Engineering, Geo- and Environmental Sciences.

The institute is also active in organizing conferences in the nuclear field. In October 2024, KIT-INE was
organizing “ATAS - AnXAS 2024, merging the 6™ International Workshop on Advanced Techniques in Actinide
Spectroscopy and the 10" International Workshop on Speciation, Techniques and Facilities for Radioactive
Materials at Synchrotron Light Sources. The workshop attracted a total of 94 participants from 10 countries.
Invited keynote lectures and contributed oral presentations were covering a broad range of radionuclide
speciation methods and application fields - from radio-toxicology and medicine to the characterization of nuclear
waste forms. INE scientists were decisively involved in the organization of the 19" International Conference on
the Migration of Actinides and Fission Products in the Geosphere, Migration 2025 in New Orleans together with
Clemson University and the Lawrence Livermore National Laboratory (LLNL). 185 participants from 16
countries contributed with oral and poster presentations on specific topics related to experimental and theoretical
studies on radionuclide reactions under disposal conditions. Furthermore, interesting insight was provided into
the specific developments within US legacy site and nuclear waste management programmes.

Research at KIT-INE goes beyond nuclear waste disposal topics. The challenging task of rebuilding the energy
system in Germany requires a broad variety of technologies. Geoenergy can play an important role in respective
systems. KIT has started to construct two major research infrastructures, in order to study relevant processes
under realistic conditions: The GeoLab facility aims at integrating German research activities in a large
underground research laboratory. The second facility DeepStor is planned to be established at the KIT-CN site
and aims at developing high-temperature heat storage technologies. Both projects do not only concentrate on



technical issues with cutting-edge research tools but also consider close interaction with the public and decision
makers.

KIT-INE research performed within the mid-term evaluation organised by the Helmholtz Association contributions
to the NUSAFE and MTET programs was assessed very positively and received outstanding and excellent grades
on an international level. We take this most positive high-level feedback as strong motivation and momentum to
Sfurther develop our research into the future. In all KIT-INE activities, we are looking back to numerous excellent
scientific results, successfully finished laboratory projects, master- and doctoral theses, and important newly
acquired third party funded projects.

It must be emphasized, that the scientific success of KIT-INE research as well as the development and operation
of unique and sophisticated infrastructure facilities in nuclear sciences and geoenergy were only possible due to
the outstanding commitment of all technicians and scientists involved.

Prof. Dr. Horst Geckeis
Director of the Institute for Nuclear Waste Disposal



Table of contents

1 Introduction to the Institute for Nuclear Waste Disposal (INE) 1
2 Education and training 5
3 National and international activities 7
3.1 National and international COOPETALION .........cc.eoueieiriiririireriintente ettt ettt ettt ettt saeaene 7
3.2 CONTETRINCES ...euutnieiieiieiieieeteet ettt ettt ettt ettt e b e bbbt bt bt s bt st et et et et et emtebeebtebeebeebeebenbesae b e nbeneeneen 14
3.3 Knowledge transfer and cCOmMmMUNICAtION........c..couetiiiiririririnienertentee ettt 16
3.4 Large infrastruCtUre PIOJECTS.....cueeuieiiietieteetieieetetteterteete st etesseesesseesaesseensesseenseeseenseeneensesneesseensesseensessenn 18
4 Fundamental studies: Process understanding on a molecular scale 19
4.1 Chemistry and thermodynamics of actinides and fission products in aqueous solution ............c..ceeeveuee 19
4.2 Sorption 0N MINETAl SUITACES .....c..eoveriiriiiiieieieiieiteceitet sttt ettt ettt ettt ebe et sbe et st be et nenee 25
4.3 Retention of radionuclides by secondary phase formation.............coceeererierienieneininiennencneeene e 32

5 Applied studies: Radioactive waste behavior and radionuclide retention in the multi-barrier

system 39
5.1 Highly 1adioactive Waste fOTINS ......cc.eeueriirieriiiiieieieteeeteei ettt ettt ees 39
5.2 Geo-engineered barrier MAETIALS .......c.covertirieriirieiiiiteeeiee ettt ettt ettt sbe st sae e eneen 44
5.3 Colloid impact on radionUClide MIGIAtION. .......coueteuieiririreriirtenterteseetet ettt ettt 49
54 DIFTUSION ..ttt ettt ettt b bt bttt ettt heeh e bbbt be bttt ae e eneen 52
5.5 RaAdIation TESEATCH .....coueiuiiiiiiiitiitiiie ettt ettt et ettt et b e st b e aen 55
6 Coordination chemistry 59
7 Deconstruction and decommissioning of conventional and nuclear buildings 65
7.1 Digital twins and ontology for robot assisted decommissioning Operations...........cc.cecceveeerererenrenveneennes 65
7.2 Visualization of trouble spots for decontamination work and decision measurements with the help of
BIM ...ttt ettt h et bt h et b et b et b et b et e sttt ettt be e 67
7.3 Validation of a continuous magnetic filter and sieving system for the treatment of particulate mixtures.68
8 Development of radionuclide speciation methods 71
8.1 Development of spectroscopic radionuclide speciation methods............ccoeverierierieiniininninncncecnens 71
8.2 New instrumentation for surface and solid phase analysis........c..cocevverirerenenieiieniereineneeesese e 75
8.3 Accelerator mass SPectromEtry (AIMS) .....coviriirieriirieieieteeetee sttt ettt sttt e naen 78
8.4  Computational ChEMISIIY ....c.cetiuiririitirtirter ettt ettt sttt ettt et ebe bbbt b sbe et nbenaens 81
9 Advanced spectroscopy in f-element chemistry 85
9.1 Development of X-ray spectroscopies and radiochemical applications..........ccccceceeercererenicncncncneneennes 85
9.2 TheoretiCal SPECITOSCOPY ....ceveererrerrirtirtertertetetetestesteuteteeteetesteetesbestestebebe e et ensenteneestebeebeebesbesbesteebensensennen 89
10 (Radio-)chemical analysis 93
11 Geoenergy research 929

12 Publications 105






1 Introduction to the Institute for Nuclear Waste Disposal (INE)

The Institute for Nuclear Waste Disposal (INE),
at the Karlsruhe Institute of Technology KIT per-
forms R&D focusing on

(i) Long-term safety research for nuclear
waste disposal (key focus of INE research)

(ii) Predisposal research

(iii) Geoenergy research

All R&D activities of INE are integrated into the
program Nuclear Safety Research and Energy Stor-
age within the KIT-Energy Center and the pro-
grams Nuclear Waste Management, Safety and
Radiation Research (NUSAFE) and Materials and
Technologies for the Energy Transition (MTET)
within the Helmholtz Association. INE contributes
to German provident research for the safety of nu-
clear waste disposal, which is the responsibility of
the Federal Government.

Following the decision taken by Germany to
phase out the use of nuclear energy, the safe dis-
posal of long-lived nuclear waste remains as a key
topic of highest priority. Calculations for Germany
indicate that about a total of 17,770 tons of spent
nuclear fuel have been generated. About 6,670 tons
have been shipped to France and the UK until 2005
for reprocessing, to recover plutonium and uranium.
Consequently, two types of high level, heat produc-
ing radioactive waste (HLW) have to be disposed of
safely: spent nuclear fuel and vitrified high-level
waste from reprocessing (HLW glass). The disposal
of low- and intermediate level waste present in
much larger quantities likewise needs to be ad-
dressed.

Over the last decades, a consensus within the in-
ternational scientific/technical community was
established, clearly emphasizing that final disposal
in deep geological formations is the safest way to
dispose of high level, heat producing radioactive
waste. Disposal concepts with strong inherent pas-
sive safety features ensure the effective protection
of the population and the biosphere against radia-
tion exposure over very long periods of time. The
isolation and immobilization of nuclear waste in a
repository is ensured by the appropriate combina-
tion of redundant barriers (multi-barrier system).

Long term safety research for nuclear waste
disposal at INE develops geochemical expertise
and models to be used in the nuclear waste disposal
Safety Case, focusing primarily on the detailed
scientific description of aquatic radionuclide chem-
istry in the geochemical environment of a reposito-
ry. Work concentrates on the disposal of spent
nuclear fuel (SNF) and HLW-glass in the relevant
potential host rock formations currently considered:
rock salt, clay and crystalline rock formations.
Actinides and long-lived fission and activation
products play a central role, as they dominate HLW

radiotoxicity and risks over long periods of time.
Long-lived anionic fission and activation products
are likewise investigated as significant contributors
to the maximum radiation dose projected for rele-
vant scenarios.

Relevant long-term scenarios for nuclear reposito-
ries in deep geological formations have to take into
account possible radionuclide transport via the
groundwater pathway. Possible groundwater intru-
sion into emplacement caverns may cause waste
form corrosion and eventually radionuclide release.
Radionuclide mobility is then determined by the
various geochemical reactions in complex aquatic
systems: i.e., dissolution of the nuclear waste form
(HLW glass, spent nuclear fuel), radiolysis phe-
nomena, redox reactions, complexation with inor-
ganic and organic ligands, colloid formation, sur-
face reactions at mineral surfaces, precipitation of
solid phases and solid solutions.

Prediction and quantification of all these process-
es require fundamental thermodynamic data and
comprehensive process understanding at the molec-
ular scale. Radionuclide concentrations in relevant
aqueous systems typically lie in the nano-molar
range, which is exceedingly small in relation to
main groundwater components. Quantification of
chemical reactions occurring in these systems re-
quire the application and development of advanced
tools and experimental approaches, to provide in-
sight into the chemical speciation of radionuclides
at trace concentrations. Innovative laser and X-ray
spectroscopic techniques are continuously devel-
oped and applied to this end. A specialized working
group performing state-of-art quantum chemical
calculations for radionuclide chemistry supports
both interpretation of experimental results and op-
timized experiment design.

The long-term safety of a nuclear waste repository
must be demonstrated by application of modelling
tools on real natural systems over geological time
scales. Geochemical models and thermodynamic
databases are developed at INE as basis for the
description of radionuclide geochemical behavior in
complex natural aquatic systems. The prediction of
radionuclide migration in the geosphere necessi-
tates coupled modelling of geochemistry and
transport. Transferability and applicability of model
predictions are examined by designing dedicated
laboratory experiments, field studies in under-
ground laboratories and by studying natural analog
systems. This strategy allows to identify and ana-
lyze key uncertainties and continuously optimize
the developed models.

Predisposal research activities deal with HLW
interim storage issues and decommissioning of
nuclear facilities. As the storage period for HLW is
expected to exceed the originally licensed periods



by far and may be as long as 100 years, the evolu-
tion of these heat-generating waste types must be
investigated under prolonged dry interim storage
conditions. In particular it is essential to assess the
structural integrity of rod claddings of spent nuclear
fuel assemblies over such timescales to ensure
safety during storage, handling, transport and safe
reloading of SNF from storage and transport con-
tainers into a final disposal container. The work at
INE focuses on the role of zirconium hydrides,
which form in fuel rod cladding as a result of hy-
drogen absorption during reactor operation and
hydride precipitation during cooling after irradia-
tion, as well as on the role of halogenide-bearing
precipitates that form at fuel pellet - cladding inter-
faces. Both hydride morphology / distribution and
chemical pellet cladding interactions are crucial for
the integrity of the cladding and the long-term safe-
ty of irradiated fuel rods.

The R&D topic decommissioning of nuclear
and conventional facilities at INE expands the
existing activities at the Institute of Technology and
Management in Construction (KIT-TMB). Re-
search in this field is focusing on a better under-
standing of the complete decommissioning process
in Germany as well as on a global level.

For the environmentally-friendly use and monitor-
ing of deep geothermal resources, the topic geoen-
ergy at INE focusses on the development and test-
ing of novel and integrative concepts for the man-
agement of the deep underground and of geophysi-
cal monitoring methods. Against this background,
reservoir properties and processes and their influ-
ence on geophysical fields that are used for explora-
tion and monitoring are crucial. To investigate this,
experiments on different scales, from laboratory to
reservoir scale, are carried out. Between 2024 and
2025, research work in the field of geoenergy was
carried out in collaboration with the geoenergy
division of the Institute for Applied Geoscience
(KIT-AGW).

INE laboratories are equipped with all necessary
infrastructures to perform radionuclide/actinide
research, including a shielded box line enabling the
investigation of spent nuclear fuel and nuclear
waste glass, alpha glove boxes, inert gas alpha
glove boxes and radionuclide laboratories. State-of-
the-art analytical instruments and methods are ap-
plied for analysis and speciation of radionuclides

and radioactive materials. Advanced spectroscopic
tools exist for the sensitive detection and analysis of
radionuclides. Trace element and isotope analysis is
made by instrumental analytical techniques such as
atomic absorption spectroscopy (AAS), ICP-atomic
emission spectroscopy (ICP-AES) and ICP-mass
spectrometry (Quadrupole-ICP-MS and high reso-
Iution ICP-MS). Methods available for characteri-
zation of solid bulk samples and surface sensitive
analysis include X-ray powder diffraction (XRD)
and atomic force microscopy (AFM). A modern X-
ray photoelectron spectrometer (XPS) and an envi-
ronmental scanning electron microscope (ESEM)
are installed, recently augmented by focused ion
beam — scanning electron microscopy (FIB-SEM)
and X-ray microtomography (u-CT). Laser spectro-
scopic techniques are developed and applied for
sensitive actinide and fission product speciation
such as time-resolved laser fluorescence spectros-
copy (TRLEFES), laser-induced breakdown detection
(LIBD) and Raman spectroscopy. Insight into struc-
tural and electronic properties of radionuclide spe-
cies is obtained by X-ray absorption fine structure
(XAFS) spectroscopy and related techniques avail-
able at the INE-Beamline and the ACT experi-
mental station at the KIT Light Source. INE’s
beamlines, in close proximity to INE controlled
area laboratories, represent in combination with the
other analytical methods a unique experimental
infrastructure, which both profits from and contrib-
utes to INE’s leading expertise in the field of acti-
nide chemistry and spectroscopy. A 400 MHz-
NMR spectrometer adapted to measuring radioac-
tive liquid samples adds to the analytical and speci-
ation portfolio of INE. State-of-the-art quantum
chemical and molecular modelling calculations are
possible on INE’s high performance scientific com-
puting cluster. The INE CAD workstations enable
construction and planning of hardware components,
process layout and flow sheets. The institute work-
shop is equipped with modern machine tools to
manufacture components for specific experimental
and analytical devices in hot laboratories.

In 2024 and 2025, the Institute for Nuclear
Waste Disposal had around 100 employees work-
ing in six departments and one cluster, which re-
flect the R&D and organizational tasks of the insti-
tute (Fig. 1).
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Fig. 1: Organizational chart of the Institute for Nuclear Waste Disposal (INE)






2 Education and training

Teaching of students and promotion of young scientists
is of fundamental importance to ensure high-level com-
petence and to maintain a leading international position
in the fields of nuclear and radiochemistry. INE scien-
tists are strongly involved in teaching at KIT and the
University of Heidelberg.

Prof. Dr. Horst Geckeis, director of INE, holds a pro-
fessorship for radiochemistry at KIT, Department of
Chemistry and Biosciences. He teaches fundamental
and applied radiochemistry for chemistry students in
bachelor and master courses. A radiochemistry module
consisting of basic and advanced lectures on nuclear
chemistry topics and laboratory courses has been set up
for master students in Karlsruhe. In addition, Dr. Mar-
cus Altmaier, department radiochemistry, gives a lec-
ture concerning the chemistry of f-elements.

Prof. Dr. Sascha Gentes, department decommission-
ing of nuclear and conventional facilities, holds a pro-
fessorship at the Institute for Technology and Manage-
ment in Construction at the KIT-Department of Civil
Engineering, Geo and Environmental Sciences and
gives lectures in the field of decommissioning of nu-
clear facilities, environmentally-friendly Recycling and
Disassembly of Buildings, Machinery and Process En-
gineering as well as construction technology.

Prof. Dr. Petra Panak, heading a working group on
coordination chemistry at INE, holds a professorship of
radiochemistry at the Heidelberg University. A basic
course in radiochemistry is offered for bachelor and/or
master students. An advanced course comprised of the
chemistry of f-elements and medical applications of ra-
dionuclides is also offered. The advanced radiochemis-
try lectures are supplemented by scientific internships
at the INE radioactive laboratories.

Around 80 students from Karlsruhe and Heidelberg
participated in three 3-week radiochemistry laboratory
courses in 2024 and 2025 held at KIT Campus North in
the FTU radiochemistry and the hot laboratories at INE.
Some students are intensifying their knowledge in nu-
clear/radiochemistry topics during scientific intern-
ships at INE. Obviously, students are very interested in
nuclear chemistry topics and appreciate the various se-
mester courses.

Prof. Dr. Tonya Vitova gives lectures at KIT, Depart-
ment of Chemistry and Biosciences, in the field of in-
strumental analytics. Dr. Volker Metz and Prof. Dr.
Ron Dagan give lectures at the Department of Mechan-
ical Engineering in the field of nuclear fuel cycle. Lec-
tures and practical units taught by Dr. Frank Heber-
ling and Dr. Volker Metz at KIT, Department of Civil
Engineering, Geo and Environmental Sciences, fo-
cused in 2024 and 2025 on “geoscientific aspects of the
disposal of radioactive and chemically toxic waste”.

Moreover, INE was involved in many schools and
workshops concerning the education and teaching of
students and young scientists.

Through this close cooperation with universities, stu-
dents are educated in the field of nuclear and actinide

chemistry, which most universities can no longer offer.
Hence, INE makes a vital contribution to the interme-
diate and long perspective of maintaining nuclear sci-
ence competence. Moreover, INE is involved in the ed-
ucation of trainees (chemical lab technicians, industrial
mechanics and product designers) as well as student in-
ternships like BORS and BOGY.

PhD students

In 2024 and 2025, 18 doctoral students worked at INE
on their dissertations; nine doctoral students were
awarded their doctorate in 2024/2025.

Topics of the current doctoral students:

1. Extraction and speciation analysis for the separa-
tion of f-eclements

2. Bentonite erosion: Mechanistic understanding and
quantification

3. Solubility, hydrolysis and carbonate complexation
of Fe(Il) and Fe(III) in dilute to concentrated saline
systems

4. TIron corrosion related bentonite alteration and its
influence on the migration behavior of selected ra-
dionuclides

5. Investigations of the solubility, speciation, and
solid phase formation of Pu(IIl/IV) and Np(IV/V)
in citrate-containing solutions

6. Uptake of radionuclides (Ra(Il), Sn(II/IV), Zr(IV),
Nb(V)) by cementitious materials: quantitative de-
scription and mechanistic interpretation

7. Interrelations between bond covalency and bond
stability of actinides

8. Investigation of the mechanical properties of irra-
diated cladding tubes under dry interim storage
conditions

9. Development of radionuclide generators for short-
lived a-emitters

10. Investigation of the interaction of cement degrada-
tion products with trivalent ions within the frame-
work of the NORD site model

11. Binding behavior of lanthanide elements in molec-
ular materials

12. Binding Properties of Lanthanide and Actinide
Complexes Probed by High Resolution X-Ray
Spectroscopic Techniques

13. Speciation of actinides and fission products by
mass spectrometric methods.

14. Probing the electronic structure and binding of ac-
tinides by metal and ligand-based advanced X-ray
spectroscopy



15.

16.

17.

18.

Uptake of radionuclides during metallic corrosion
at the steel/bentonite interface

Numerical models for surface complexation and
pore scale diffusion in clay: coupling surface
chemistry and diffusion with nano-scale electro-
statics

Investigations of actinide structural properties in
solid, liquid and gas state applying high-energy
resolution X-ray emission/absorption spectroscopy
Experimental determination of possible changes in

reservoir properties caused by high-temperature
thermal energy storage in DeepStor

Topics of the completed dissertations:

Impact of the heterogeneity of the sandy facies of
Opalinus Clay on the retention of Cs, Co and Eu

Sorption of Eu(Ill) and Cm(III) on C-S-H phases
and bentonite in presence of oxalate and EDTA at
low to intermediate ionic strength conditions

Kinetics and interfacial processes in recrystalliza-
tion of calcite and barite, and influence on radio-
nuclide incorporation

Influence of Carbonate on the Radium Uptake by
Barite and Witherite

Extraction and spectroscopic speciation of triva-
lent actinides and lanthanides with four-coordinate
N-donor ligands

Extraction and spectroscopic speciation of triva-
lent actinides and lanthanides with bis(tria-
zolyl)pyridine and bis(pyrazolyl)pyridine ligands
Investigations of the solubility, speciation, and
solid phase formation of Pu(IIl) and Pu(VI) in di-
lute to concentrated carbonate-containing solu-
tions

Inhibition of ferritic steel corrosion in the presence
and absence of ionizing radiation

Metallic corrosion at the steel/bentonite interface
under anoxic and water saturated conditions



3 National and international activities

3.1 National and international cooperation

INE R&D involves numerous national and interna-
tional collaborations and projects. These are described
in the following.

National

INE is involved in various bi- and multilateral collabo-
rations with national research centers, universities and
industrial partners on different topics. The projects are
partly supported by the Federal Ministry of Research,
Technology and Space (BMFTR, formerly Federal
Ministry of Education and Research, BMBF), the Fed-
eral Ministry for the Environment, Climate Action, Na-
ture Conservation and Nuclear Safety (BMUKN, for-
merly Federal Ministry for the Environment, Nature
Conservation, Nuclear Safety and Consumer Protec-
tion, BMUYV), the Federal Company for Radioactive
Waste Disposal (BGE), the German Research Founda-
tion (DFG) and the Helmholtz Association (HGF).

In the framework of measures for retrieval of radio-
active waste and decommissioning of the Asse II salt
mine, provisions for emergency preparedness are
taken. The operator of Asse II, the Federal Company
for Radioactive Waste Disposal (BGE), performed an
exploration drilling in the overlaying sedimentary rocks
of the salt diapir and coordinates studies with respect to
the near-field of the radioactive waste. INE contributes
both to the studies on radionuclide retention by rocks of
the overlaying sediments as well as to studies on the
geochemical milieu and radionuclide retention in the
near-field of the radioactive waste. Based on the exper-
imental results, sorption coefficients are derived, which
are important input parameters for the assessment of the
radionuclide retention capability. With respect to the
near field of the waste within Asse II, INE performs ex-
perimental studies to improve the basis for assessing ra-
dionuclide transport and source terms.

With two completed projects and one ongoing pro-
ject, INE participates in the representative preliminary
safety analyses ("rvSU") of BGE for a deep geological
repository for high-level radioactive waste in the ongo-
ing site selection procedure in Germany. In the pro-
ject PARFREIL reliable and robust quantitative state-
of-the-art data for the rvSU with regard to the release,
solubility, and sorption of radionuclides have been
compiled and transparently documented with respect to
the underlying process understanding for the derivation
of these data. A simplified radionuclide scheme for the
rvSU model calculations that takes all relevant radionu-
clides into account has been derived in project RN-
Schema. Within the project relevance criteria for deter-
mining relevant radionuclides were developed and,
based on this, a simplified radionuclide scheme that
takes into account both the substance quantity and mass
discharge criteria in accordance with §4 and the dose
criterion in accordance with §7 of the Final Storage
Safety Requirements Ordinance. Within the framework

of the rvSU, BGE is required to examine whether se-
lected site regions or sites for high-level radioactive
could additionally accommodate a final repository for
low- and intermediate-level radioactive waste. The
most important requirement here is that the safety of the
final repository for high-level radioactive waste is not
compromised. In the ongoing AbStand project, a
method is being developed to derive a minimum dis-
tance to rule out mutual negative interference between
the inventories of two neighboring final repositories.

The BARRIERS Project started in May 2025. It is
funded by the German research foundation (DFG). In
the BARRIERS consortium INE is collaborating with
the universities of Kiel and Paris (Sorbonne), as well as
with the French geological survey (BRGM). The work
of INE within BARRIERS aims at the development and
parameterization of an electrostatic surface complexa-
tion model for Na-Montmorillonite. The porescale sur-
face model will consider electrostatic spill-over and
charge regulation between clay edges and basal planes
as well as interactions between neighboring clay parti-
cles. Sorption and diffusion studies will be employed to
study the sorption and surface mobility of Na* and Cs".
With such a model and the detailed analyses of Na and
Cs diffusion, the BARRIERS consortium aims at im-
proving the understanding and the numerical modelling
capabilities of specular induced polarization (SIP) phe-
nomena in clay.

Goal of the f~Char project was to deepen the under-
standing of the coordination chemistry of actinide and
lanthanide ions with so-called soft donor ligands. In
particular, the subtle differences in the interaction of
soft donor ligands with the chemically similar actinide
vs. lanthanide ions were further characterized and
quantified. An essential aspect was the training and pro-
motion of young scientists in the field of nuclear safety
research and nuclear chemistry in general and in acti-
nide chemistry in particular. Thus, the project made an
important contribution to the establishment, further de-
velopment and maintenance of scientific-technical
competence in nuclear safety research. f~Char termi-
nated March 2024.

A direct follow-up to f~Char, COORDEX keeps the
general scientific goal of improving the understanding
of f~element coordination chemistry. However, in ac-
cordance with the TRANSPARANT program (see /n-
ternational below), a focus is put on the chemistry re-
quired to separate americium from curium and lantha-
nides. Again, training the next generation of scientist is
an essential component of COORDEX. The former f-
Char consortium of seven national partners is main-
tained. It is supported by two associated partners, Los
Alamos National Laboratory and Universidad de Alme-
ria.

The aim of the collaborative project EIKE, funded by
BMWi, was to develop an inhibitor combination that



helps increase the availability and sustainability of ge-
othermal power plants. The economic efficiency of ge-
othermal plants is often impaired by depositions of sec-
ondary minerals or corrosion damage. A promising
countermeasure is the use of inhibitors, which can
thereby improve the sustainability and economic use of
geothermal plants. Geothermal plants in the North Ger-
man Basin (NDB) extract highly saline thermal water
from porous aquifers. Because of the small pore sizes
(<100 pm), the flow parameters of such aquifers are
sensitive to secondary mineral formation. If mineral
deposition occurs near the injection well, the injectivity
decreases. In geothermal plants, which extract thermal
water from fractured aquifers - such as in the Upper
Rhine Graben (ORG) - commercially available inhibi-
tors are currently used in testing operation. In the long
term, the harmlessness to water management as well as
an expansion of the application to lower injection tem-
peratures is essential, in order to enable sustainable and
economic long-term operation. In EIKE an inhibitor
combination was successfully developed and tested in
the lab as well as in the geothermal power plant in In-
sheim. Its efficiency towards scaling inhibition and cor-
rosion protection could be demonstrated. Large scale
rock percolation experiments showed the efficiency to-
wards a decrease in pore clogging. The EIKE project
ended in May 2024.

The long-term safety of geological repositories in gra-
nitic host rock is investigated through the BMUKN
funded EVIDENT project. The overarching goal of the
project, of which INE, FSU and GRS are partners, is to
enhance the mechanistic understanding of the processes
critical to the integrity of the geotechnical barrier under
near-natural, repository-relevant conditions in frac-
tured granite systems and to provide a robust predictive
model of the bentonite buffers and colloid-borne radio-
nuclide transport. These questions underlie the various
in-situ tests (LIT, i-BET, CFM Run 22-02) within the
framework of the CFM project at the Grimsel Test Site
(Switzerland) and are complementarily addressed with
laboratory scale experiments. Topics include the mech-
anisms of bentonite erosion and colloid formation at the
interface of the bentonite buffer to the crystalline rock,
radionuclide speciation, the interactions between radi-
onuclides and colloids, and their retention at the rock
surfaces. The planned work builds partly on the find-
ings obtained in Kollorado-e3, but also considers en-
tirely new aspects, i.e., the characterization of crystal-
line rock heterogeneity and the influence of lampro-
phyre intrusions on the migration of radionuclides and
colloids in the granodiorite rock. Several analytical
methods are employed for radiation detection (gamma-
spectrometry and LSC), mass spectrometry (ICP-MS)
and surface/solid state analysis and microscopy (XRD
and SEM) in the controlled area of INE, as well as ultra-
trace analysis (AMS). Such experimental data are then
merged with modelling results in order to acquire long-
term performance-assessment for nuclear waste dis-
posal in fractured crystalline host rock.

Within two projects of the Collaborative Research
Center (CRC) 4f for Future - “Activation and Stabili-
zation of Small Molecules by Rare-Earth Compounds”

and “Lanthanide-Based Multimetallic Clusters: Impact
of f-Elements on Formation, Structure, Electronic
Properties, and Reactivity”, funded by the DFG — ad-
vanced high-energy-resolution X-ray spectroscopic
techniques are developed and applied, in combination
with quantum chemical studies, to elucidate the elec-
tronic structures of lanthanide (Ln) elements in molec-
ular complexes with unusual Ln(IT) and Ln(IV) oxida-
tion states, as well as in multimetallic clusters incorpo-
rating lanthanides. The bonding properties of the lan-
thanide elements in these novel molecular compounds
are directly related to their reactivity, magnetism, and
luminescent behavior, which are investigated in collab-
oration with other projects within the CRC.

The BMFTR project “Digital Twin for Deep Geother-
mal Systems (GeoDT)”, part of the German research
program Geoforschung fiir Nachhaltigkeit (GEO:N),
focuses on the development of digital twin concepts for
deep geothermal systems as a strategic contribution to
the energy transition in the subsurface. Its overarching
objective is to enable an integrated, data-driven repre-
sentation of geological structures, coupled thermo-hy-
dro-mechanical processes and geotechnical operations
across all phases of a geothermal site. Within GeoDT,
INE concentrates on digital twin architectures, coupled
process simulations and advanced virtualization meth-
ods for complex subsurface systems. In cooperation
with national research partners, a prototypical digital
twin is implemented for the potential GeoLaB site in
the Odenwald region, providing a digital foundation for
improved analysis, planning, design and implementa-
tion of experiments as well as stakeholder dialogues.

The project “Geotechnologies for a Turning Point in
Germany’s Energy Supply (GEOZeit)”, part of the
Helmholtz Zeitenwende initiative, focuses on the de-
velopment of energetic and material storage solutions
in the deep subsurface as a strategic contribution to the
German Energiewende. Its overarching objective is to
accelerate the transfer of innovative subsurface tech-
nologies into practical implementation, in close collab-
oration with partners from industry. Within GEOZeit,
INE concentrates on subsurface thermal energy stor-
age, advancing the scientific and technical basis for
scalable and reliable heat storage systems. In coopera-
tion with Stadtwerke Karlsruhe, a case study has been
carried out using the city of Karlsruhe as a model re-
gion, with the aim of effectively bridging the gap be-
tween research and real-world deployment. Specifi-
cally, this involves transferring insights from the Deep-
Stor project at KIT Campus North to potential storage
sites in Karlsruhe.

The GRaZ 1II project dealt with the migration of ra-
dionuclides in the near field of a repository for radioac-
tive waste in clay formations with focus on the hyper-
alkaline water-cement-system. INE investigated the re-
tention of actinides and lanthanides by clay minerals in
presence of relevant inorganic and organic ligands. The
project focused on carbonate, and cement additives
(e.g. plasticizer and superplasticizer) like gluconate and
citrate. The impact of these ligands on the sorption and
solubility of actinides was studied in a wide pH range
up to hyperalkaline pH values. One important aim of



the project was the consistent thermodynamic model-
ling of experimental solubility, complexation, and sorp-
tion data. Specific theory-based methods, such as mo-
lecular dynamics analyses, were also used to derive a
detailed understanding of the interaction of Ln/An at C-
S-H phases (relevant main phase in cement systems)
and in the presence of organic ligands relevant to final
nuclear waste disposal (Glu, EDTA, citrate). From all
investigations reliable thermodynamic data were ob-
tained that could later be implemented in the
THEREDA thermodynamic reference database
(www.thereda.de). The GRaZ II project thus provided
basic knowledge and thermodynamic data needed in the
frame of a long-term safety analysis of different repos-
itory concepts. The GRaZ II project was successfully
terminated in 2024.

The Helmholtz Climate Initiative involves research
on climate mitigation and adaptation. In the ZeroNet-
Zero-2050 Cluster, strategies and new approaches to
achieve rapid and far-reaching reductions in emissions
from all greenhouse gases including removal from the
atmosphere and permanent storage or turning into high
energy-density chemical energy carriers by renewable
energy are scientifically examined and evaluated in
four projects with regard to the German framework. In
addition, two case studies are carried out with external
stakeholders. The Climate Neutral City, is placed at the
city of Karlsruhe. In the project Potential and Integra-
tion of Subsurface Storage Solutions, INE contributes
to the topic of high-temperature heat storage. Techno-
logical storage solutions in the complex setting of urban
areas requires intensive stakeholder dialogue. To this
end, the geoenergy group collaborated with the KIT
Center for People and Technology. Joint public engage-
ment campaigns were developed and implemented.

The collaborative project KURSIV (2023-2026) fo-
cuses on experiments and modelling concerning com-
petitive effects and reversibility in trivalent radionu-
clide/lanthanide adsorption on minerals. As a main hy-
pothesis, aluminum ions e.g. from dissolution of clay or
feldspar minerals could act as competitors when pH is
changed and re-adsorption of Al occurs. The experi-
mental studies were done on selected minerals and a
new technique (Quartz-Crystal-Microbalance, QCM)
was used to gain quantitative data. At the same time,
electrokinetic studies were used to determine the charg-
ing of the minerals during these processes. The work
led to the development of a cell, in which the zeta-po-
tential determination and the QCM-experiments could
be done simultaneously. The surface complexation
modelling so far undertaken shows that the uptake of
Al can be described by a simple inner-sphere-surface
complex. However, the formation of secondary mineral
phases cannot be excluded, and the mechanism needs
to be clarified by AFM studies for example. The exper-
imental work is further supported by various sets of ex-
periments carried out by the partners at the German As-
sociation for Plant and Reactor Safety (GRS) and at
HZDR.

Detailed knowledge of degradation processes occur-
ring at the container/buffer interface is important input
for the Safety Case of a nuclear waste repository. The

project IMKORB (2021-2025) aims to provide an im-
proved understanding of metallic corrosion and buffer
alteration processes for conditions representative of
clay-based disposal sites for heat generating waste.
Modern microscopic and spectroscopic techniques are
applied to decipher the underlying processes and their
associated kinetics in dedicated experiments carried out
in the laboratory. These experiments are complemented
by in situ experiments under undisturbed conditions in
underground research laboratory (see below). The ulti-
mate goal is to identify the corrosion and alteration
products likely to be present in the long-term and which
may act as chemical barrier and reduce the radionuclide
mobility.

The research topic of the collaborative project
KRIMI relates to non-site-specific scenarios for safety
assessments for deep geologic repositories for highly
radioactive nuclear waste. Essential parameters for the
description of the mobility of radionuclides in simula-
tions for safety assessment are solubility limits and
sorption coefficients of involved radionuclides under
the respective geochemical conditions. An intermediate
between sorption and precipitation is the incorporation
of radionuclides into solid-solutions. In solid-solutions
the whole mineral volume may be effective towards ra-
dionuclide retention. Thus, solid-solutions have a high
potential for radionuclide sequestration compared to
pure surface adsorption processes. Nevertheless, de-
spite their retention potential, solid-solutions are now-
adays rarely included in safety assessment simulations.
This is due to the lack of necessary model parameters,
which may serve to reliably describe the thermodynam-
ics and especially also the kinetics of solid-solution for-
mation. Scientific goal of KRIMI was the investigation
of thermodynamics and formation kinetics of reposi-
tory-relevant solid-solutions. Systems investigated
within KRIMI included the radionuclides: Tc(IV),
Pu(III), Se(IV), Np(V), and Ra(Il) and the host miner-
als magnetite, calcite and barite. Studies included atom-
istic simulations, experimental studies, and investiga-
tion of natural analogue samples. An overarching soci-
etal goal of KRIMI was to contribute to the build-up
and retention of competence in the field of radio-geo-
chemistry. KRIMI was funded by BMBF, the project
ended in February 2024.

The NaMaSK (2021-2024) joint project has devel-
oped a promising approach to reduce the amount of sec-
ondary waste generated by water jet abrasive cutting
(WASS) during the decommissioning of nuclear power
plants. In this project, funded by the German Federal
Ministry of Research, Technology and Space (BMFTR,
formerly Federal Ministry of Education and Research,
BMBF), an existing pilot separation device was opti-
mized and upgraded to demonstrate its feasibility for
radioactive processes. At INE, a doctoral student con-
ducted research on the use of corrosion inhibitors in fer-
ritic steels as part of his dissertation, which was funded
by the NaMaSK project. Corrosion inhibitors are in-
tended for use in inhibiting corrosion in ferritic reactor
pressure vessel steel during water jet cutting and post-
cutting separation. The aim of the research was to de-



velop a method for the systematic selection of inhibi-
tors based on their corrosion inhibition behavior, even
in the presence of strong radiation fields. The disserta-
tion includes a selection of suitable corrosion inhibitors
for minimizing the corrosion of ferritic steel during and
after WASS cutting processes in order to ensure effi-
cient separation of steel and abrasive particles. Effects
of ionizing radiation on the corrosion of ferritic steels
in the presence and absence of inhibitors were investi-
gated. It was shown that the selected inhibitors are ide-
ally suited for the intended application. The project was
successfully completed in 2024.

The collaborative project RULET (Riickhaltung und
Loslichkeit dosisrelevanter Radionuklide unter den re-
duzierenden Nahfeldbedingungen eines Endlagers im
Ton- oder Kristallingestein, 2024-2028) funded by
BMUKN aims at improving the understanding of the
physicochemical processes (complex formation, redox
reactions, retention by sorption and solid-phase for-
mation) leading to the retention of Tc¢, 7Se, ?°Ra and
14C in carbonate, silicate and sulfide systems. The focus
is on solid phases, oxidation states, and aqueous species
expected in the immediate vicinity of the waste contain-
ers. Particular emphasis is placed on reactions and equi-
libria involving iron(Il) corrosion phases. The work at
INE targets the chemistry of *Tc (solubility, aqueous
speciation, sorption) in silicate and sulfide systems, as
well as the retention of small *C organic molecules
(e.g., alkanes, alcohols, small carboxylic acids) by ce-
ment and clay systems. Building on the outcome of the
work planned within RULET, the long-term safety of
different repository concepts and scenarios will be as-
sessed on a decisively improved scientific level.

The overall objective of the SEPAM project was the
scientific investigation and further development of sol-
vent extraction processes for the separation of ameri-
cium from highly radioactive wastes, with a strong fo-
cus on basic chemistry. SEPAM terminated September
2024.

The collaborative project SPIZWURZ focused on
experimental and theoretical studies on the behavior of
hydrogen in fuel rod cladding materials and the stress
state of Zircaloy-4 cladding in contact with high burn-
up spent nuclear fuel to assess the impact on cladding
integrity under dry interim storage conditions. For this
purpose, long-term and detailed studies on non-irradi-
ated cladding materials and samples were performed by
other project partners within workpackage 1. In work-
package 2, INE determined the geometry of an irradi-
ated nuclear fuel rod segment by means of a laser scan
micrometer before and after removal of the fuel. The
variation of the cladding geometry allowed to deter-
mine the hoop stress in the cladding, exerted by the fuel
pellet. The experimental work was further supported by
simulations and theoretical modelling performed by the
German Association for Plant and Reactor Safety
(GRS). Moreover, the Company for Interim Storage
(BGZ) was involved in the project as an observer.

STAMINA (Stabilitdt von Mineralphasen des Eisens
im Nahfeld eines Endlagers, 2023-2026) is a collabora-
tive project funded by BMUKN involving INE and
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GRS. The project aims at deriving chemical, thermody-
namic and (Pitzer, SIT) activity models for iron chem-
istry in the near-field of a radioactive waste repository.
A multimethod approach is used for this purpose, in-
volving solubility, isopiestic and spectroscopic (UV-
vis, XAFS) measurements, in combination with exist-
ing literature data. The work at INE focuses on the sol-
ubility and aqueous speciation of Fe(II) and Fe(III) in
water (hydrolysis), carbonate and silicate systems. The
outcome of this project enables significantly improved
modeling of iron chemistry in systems with high ionic
strength, applying to the context of disposal in rock-
salt, but also to clay formations in northern Germany
characterized by high ionic strength pore solutions
(>2 M). The developed thermodynamic data and Pitzer
model parameters can subsequently be implemented in
the German thermodynamic reference database
THEREDA (www.thereda.de).

In the project StInZyZwiLag, funded by BMUKN,
the mechanical properties of irradiated cladding under
conditions of dry interim storage are studied. To pre-
vent cladding failure during dry storage, stress and
strain criteria are set by law. The hoop stress in the clad-
ding tube depends upon its Young’s modulus which is
influenced by several phenomena, changing the re-
sponse of the cladding to plastic deformation and leads
to loss of ductility and embrittlement. The study of the
variation of Young’s modulus and hardness on a nano-
metric to micrometric scale will enable the forecast of
the evolution of these properties during storage on a
long timeframe and to single-out the factors contrib-
uting to properties changes. Two types of irradiated fuel
rod segments are analyzed in these investigations:
Zircaloy-4 cladding from the plenum and in contact
with uranium dioxide fuel and Zircaloy-4 cladding in
contact with mixed oxide fuel. In addition, non-irradi-
ated Zircaloy cladding samples (with or without hydro-
gen loading) are studied.

Within the THEREDA project, INE provides ther-
modynamic data — complex formation constants, solu-
bility data — for selected radionuclides from experi-
ments and literature. The data are incorporated into a
centrally managed and administered database of evalu-
ated thermodynamic parameters after passing an evalu-
ation process. This database is open for registered user.
Thermodynamic data are required for environmental
applications in general and radiochemical issues in par-
ticular. THEREDA, funded by the Federal Company
for Radioactive Waste Disposal (BGE), is developed as
a national (reference) standard and basis for future
Safety Assessments for a national nuclear waste repos-
itory.

The collaborative project TRANSENS, funded by
BMWi, was the first large-scale project in Germany for
transdisciplinary research into the disposal of spent nu-
clear fuel and vitrified high-level radioactive waste.
From 2019 to 2025, various technical, safety related
and procedural aspects of disposal strategies for high-
level radioactive waste were evaluated from the per-
spective of all scientific disciplines involved in TRAN-
SENS, such as natural sciences, engineering, law, and



social sciences. A key objective of this transdiscipli-
nary research project was the interaction between sci-
entists from different disciplines and citizen scientists.
Within the project, INE was responsible for a work
package dealing with interdependencies between the
current management of high-level radioactive waste in
interim storage and future final disposal of this waste.
In cooperation with research groups of Oko-Institut
Darmstadt, Technical University Braunschweig and
Leibniz University Hannover we published a study on
interdependencies related to the reapproval of interim
storage facilities for high-level radioactive waste after
40 years of operating license. Together with these re-
search groups as well with social and political scientists
of KIT-ITAS and university of Kiel, we conducted
comparative path heuristics analyses for different dis-
posal paths for nuclear waste management and an anal-
ysis on the role of uncertainties and narratives in the
context of high-level radioactive waste disposal.

International

Coordinated by NAGRA (National Cooperative for the
Disposal of Radioactive Waste, Switzerland), the Col-
loid Formation and Migration (CFM) project is an in-
ternational platform aimed at investigating the stability
of bentonite engineered barrier systems and the influ-
ence of colloids on radionuclide migration in crystalline
host rocks. The project uses the unique experimental
set-up at the generic URL Grimsel Test Site (Switzer-
land) featuring i) a megapacker flow control system
that allows establishing hydrological boundaries close
to repository relevant conditions and ii) a controlled
area laboratory in which the use of radionuclide tracers,
among them anthropogenic actinides, is permitted. INE
plays a decisive role in the laboratory program as well
as in the field activities, thanks to national funding (cur-
rently through the EVIDENT project) from BMUKN.
Other project partners are BGE (Germany), KAERI
(Republic of Korea), NUMO (Japan) and NWS (United
Kingdom), joined by the Scientific Support Organiza-
tions CIEMAT (Spain), FS (UK), JAEA (Japan), PSI
(Switzerland) and SAM (Switzerland). In the frame of
the actual Phase 5 (2024 -2028), a Follow-up Integrated
Test (FIT) as the successor to the Long-term In-situ
Test (LIT) is planned. Focus is furthermore given to
tracer migration tests to be performed in a water con-
ductive feature at the interface between granodiorite
and lamprophyre intrusions to investigate the influence
of crystalline rock heterogeneity on retention and mi-
gration of radionuclides and bentonite colloids.

Experiments in the underground research laboratory
(URL) Mont-Terri are organized as international re-
search collaborations between voluntary research part-
ners. INE is currently involved in three URL Experi-
ments in Mont-Terri: DR-D, DR-C, and IC-A.

The DR-D Experiment, headed by INE, is a collabo-
ration with the Helmholtz Centers GFZ in Potsdam,
FZ]J in Jiilich, and HZDR in Leipzig, the German Fed-
eral Company for Radioactive Waste Disposal (BGE),
the German Federal Institute for Geosciences and Nat-
ural Resources (BGR), as well as the Belgian Federal
Agency for Nuclear Control (FANC). Aim of the DR-
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D experiment is to characterize the impact of rock het-
erogeneity on radionuclide diffusion in clay rock on a
URL scale. A first step was the detailed investigation
of a rock section of the sandy facies of Opalinus Clay
by geophysical methods (borehole logging and seismic
tomography survey), as well as by geochemical / min-
eralogical characterization of drill core samples. Sec-
ondly a diffusion setup was designed and installed into
a particularly heterogeneous region of the sandy facies
in collaboration with the Swiss company Solexperts.
Next, radiotracers will be injected and diffusion will be
monitored for two years. The plan is, to finalize the ex-
periment by overcoring the diffusion experiment, in or-
der to analyze tracer profiles around the contact zone
between radiotracer solution and clay rock.

The DR-C experiment is closely related with DR-D
as the two share many common features. However, DR-
Cis headed by FANC, and INE is one out of many part-
ners. A particular focus of the DR-C experiment is the
study of the impact of a temperature gradient on radio-
nuclide diffusion in clay. To do so, two URL diffusion
experiments were setup for DR-C, one reference exper-
iment running at ambient temperature, and a heated ex-
periment, where the central borehole is heated to 80°C,
such that a temperature gradient will develop around
the central borehole. The effect of the elevated temper-
ature and the temperature gradient will be assessed by
comparing diffusion around the two experiments. DR-
C will provide essential information for the assessment
of potential early canister failure scenarios.

Further, INE is partner of the IC-A experiment in
Mont-Terri, headed by NAGRA. In IC-A metal cou-
pons are embedded in bentonite and subjected to the
ground water conditions of Opalinus Clay in Mont-
Terri. After specific time intervals samples (bentonite
with coupons) are retrieved from the IC-A boreholes,
and analyzed by the partners of the IC-A experiment.
Selected samples were analyzed at KIT, by SEM-EDX,
uXRF and uXAFS, to learn about corrosion as well as
secondary phase formation at the metal-bentonite inter-
face.

Horizon 2020 and EJP

INE is substantially involved in large collaborative pro-
jects funded by the European Commission under the
EURATOM frame. The European Joint Program on
Radioactive Waste Management (EURAD) is a large-
scale integrated research program dealing with various
aspects of safe management of nuclear waste
(www.ejp-eurad.eu/). After the first EURAD-1 project
frame lasting until 2024, a new project phase named
EURAD-2 (European Partnership on Radioactive
Waste Management) was launched in 2024, again with
a projected S-year duration. Information on both
EURAD-1 and EURAD-2 is available at the project
website https://www.ejp-eurad.eu.

In the EURAD-1 project frame, INE was strongly
contributing to four workpackages: Cement-Organic-
Radionuclide-Interactions (CORI), Fundamental un-
derstanding of radionuclide retention (FUTuRE), Spent
Fuel Characterization and Evolution Until Disposal




(SFC) and Uncertainty Management multi-Actor Net-
work (UMAN). INE was coordinating the WP CORI.
CORI developed an improved understanding of the in-
teraction of cementitious materials with organic matter
and selected radionuclides. FUTURE contributed to the
quantitative mechanistic understanding of radionuclide
retention in the repository barrier system. The SFC
workpackage aimed mainly to establish beyond state-
of-the-art quantification of the characteristics and
chemical processes of spent nuclear fuel assemblies
from discharge of nuclear reactors, during interim stor-
age until (pre-)disposal activities. UMAN was dedi-
cated to the management of uncertainties possibly rele-
vant at different stages of radioactive waste manage-
ment and programs.

In the EURAD-2 activities ongoing from 2024, INE
again contributes to several workpackages, including:
Release of safety relevant radionuclides from spent nu-
clear fuel under deep disposal conditions (SAREC), In-
novative and new container/canister materials under
disposal fields conditions: manufacturing feasibility
and improved durability (InCoManD), Radionuclide
mobility under perturbed conditions (RAMPEC) and
Development and Improvement of Thermodynamic
Understanding for use in Nuclear Waste Disposal
Safety Case (DITUSC). Additional activities are linked
to the Knowledge Management program. INE is coor-
dinating RAMPEC, co-coordinates DITUSC and is
Task Leader in SAREC. SAREC is working to improve
the quantification and mechanistic understanding of the
release of safety relevant radionuclides covering most
representative types of spent nuclear fuel and of the fuel
evolution both prior and posterior to contact with
ground water to better predict the radionuclide source
term for post-closure safety assessment. InCoManD is
identifying and qualifying novel materials for the HLW
containers/canisters, and provides a deeper knowledge
of both traditional and novel materials long-term dura-
bility in, as realistic as possible, field conditions.
RAMPEC improves the predictive capacity of models
of disposal system chemistry and radionuclide mobility
under perturbed conditions based on a combination of
new experimental and modelling studies up to the cell
scale. DITUSC is a strategic study focusing on thermo-
dynamic understanding and quality assured data in sup-
port of the Nuclear Waste Disposal Safety Case, with
special focus given to a transversal understanding.

With the PREDIS project, funded by the European
Commission with a 4-year duration between 2020 and
2024, INE contributed to WP7 which was aiming to
provide innovations in cemented waste handling and
pre-disposal storage. PREDIS high-level objectives are
to develop solutions (methods, processes, technologies
and demonstrators) for future treatment and condition-
ing of waste, improving safety during next waste man-
agement steps or improve existing solutions with safer,
cheaper or more effective alternative processes. In
WP7, INE contributed to activities dedicated to adapt
and demonstrate digital twin technologies. In this con-
text, INE used advanced analytical techniques for the
characterization of cement-based waste packages for
calibration / validation.
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Understanding the electronic structure and chemical
bonding properties of the early actinide (An) elements
(Th-Cm) poses a great challenge and scientific frontier
in fundamental chemistry and physics. A deep insight
into the An electronic structure and bond formation is
also essential for developing innovative spent nuclear
fuel conditioning strategies, to understand actinide en-
vironmental behavior - e.g., in contaminated legacy
sites or the context of underground nuclear waste repos-
itories - as well as for developing advanced pharmaceu-
tical compounds for targeted cancer treatment. The
ERC funded project ,,The ACTINIDE BOND* fo-
cuses on the link between covalency and strength of the
chemical bond of the An elements in gas, liquid and
solid state materials. The scientific challenges of these
materials are tackled by combining highly innovative
experimental setups, advanced synchrotron-based X-
ray spectroscopy methods and state-of-the-art quantum
chemical computations. X-ray based methodologies
with high potential for a breakthrough in efforts have
been developed, e.g., to select An materials or com-
plexing agents with specific characteristics for the
aforementioned application fields. Of essential im-
portance for the success of the “The Actinide Bond”
project are the ACT (CAT-ACT beamline) and X-Spec
experimental stations at the KIT Light Source (KARA
storage ring), situated within 10 minutes walking dis-
tance from INE with its state-of-the-art radiochemical
laboratories.

The EURATOM program TRANSPARANT focuses
on the efficient separation of americium from used fuel,
on experimental and fuel performance code develop-
ment work studying the behavior of americium-bearing
fuel under irradiation and on the safety related research
supporting the licensing process of MYRRHA in its
role as dedicated accelerator driven transmuter demon-
strator. TRANSPARANT joins communities working
on partitioning, transmutation, and MYRRHA develop-
ment from 21 research centers and universities from
eight EU countries, the UK and Switzerland. KIT con-
tributes to the hydrometallurgy work packages, devel-
oping and testing improved solvent extraction systems
to separate americium from PUREX raffinate solutions.

VESTA is a collaborative research project on high-
temperature heat storage in the deep underground. It in-
volves five German partners from industry and science
as well as the international partners GeoEnergie Suisse,
Lawrence Berkeley National Laboratory (LBNL) and
Idaho National Laboratory (INL). For thermal energy
storage on a large scale and in the higher temperature
range required for feeding into district heating networks
and for industrial processes, novel high-temperature
storage (HTS) systems in the deep subsurface are an
option. However, many technical, regulatory, legal, en-
vironmental, and economic challenges need to be re-
solved to enable broader application of HTS. Within the
scope of the VESTA project, it is planned to scientifi-
cally investigate the implementation of HTS systems
by means of demonstration projects. Overarching goals
of VESTA are to 1) demonstrate HTS at selected pilot
sites including DeepStor, 2) evaluate technical and non-



technical barriers, 3) support development and imple-
mentation of commercial projects by providing process
understanding, modeling and monitoring techniques,
and optimized component design, 4) support agencies
with scientific and technical knowledge as a basis for
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advancing regulatory provisions. The Helmholtz re-
search infrastructure DeepStor is one of the pilot sites
in VESTA. A first exploration well, currently under
preparation, will give insights into the target for-
mations.



3.2 Conferences

ATAS — AnXAS 2024 workshop

INE organized the international ATAS - AnXAS 2024
workshop, held at the FTU Auditorium at KIT Campus
North, from October 7 to 11. ATAS - AnXAS 2024 has
been the second joint workshop since merging the for-
merly separate ATAS and ActinideXAS series in 2022.
ActinideXAS was launched in 1998 at the ESRF in
Grenoble (France) to focus on work at emerging dedi-
cated synchrotron labs licensed to handle radionuclide
materials at beamlines. ATAS extended the scope in
2012 to other advanced, not solely synchrotron-based
speciation methods, with an additional emphasis on
quantum chemistry. The workshop attracted a total of
94 participants from 10 countries: Germany, France,
United States, United Kingdom, Republic of Korea,
Finland, Japan, Switzerland, Canada and China. The
meeting featured 14 topical sessions structured by five
invited plenary talks, 15 invited keynote lectures and 40
contributed oral presentations. These lectures were
covering a broad range of radionuclide speciation meth-
ods and application fields (from radio-toxicology and
medicine to the characterization of nuclear waste
forms), where the unabatedly growing impact of high-
resolution X-ray emission studies was remarkable. As
well noteworthy was the high degree of maturity
reached by computational chemistry tools in support of
5f element spectroscopies, e.g., to disentangle the
wealth of transition features in resonant inelastic X-ray
scattering. The conference program was complemented
by an evening poster session held at the premises of the
KIT Light Source.

Fig. 1: Workshop participants at the excursion to “Technik
Museum Speyer”

Annual Meeting GDCh

From November 5 to 7 in 2024, INE co-organized the
Annual Meeting of the Radiochemistry Subdivision of
the German Chemical Society GDCh
(https://www.gdch.de/netzwerk-strukturen/fachstruktu
ren/nuklearchemie.html) together with JRC - Joint Re-
search Centre, Karlsruhe. This conference series is or-
ganized bi-annually by subdivision members and offers
a unique overview of research in this broad and inter-
disciplinary research field. Using a combination of
three invited plenary presentations, 36 contributed oral
presentations and a poster session, the conference was
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presenting excellent scientific results from several top-
ical fields. A specific session was reserved to the award
ceremony organized by the Subdivision in order to rec-
ognize and support young talent and presentations by
the awardees. The Annual Meeting was attended by
~100 participants mainly from Germany.

Migration 2025 conference

The 19" International Conference on the Chemistry and
Migration Behavior of Actinides and Fission Products
in the Geosphere (Migration’25) took place from 21—
27 September 2025 in New Orleans, USA. The confer-
ence was successfully organized by Clemson Univer-
sity and Lawrence Livermore National Laboratory in
cooperation with INE, and supported by the Interna-
tional Steering and Scientific Committees. Continuing
the tradition of previous meetings, Migration ’25 pro-
vided a high-level international platform to discuss re-
cent advances in understanding and predicting radionu-
clide migration processes. Almost 200 participants, in-
cluding 55 students from 16 countries, underlined the
sustained global interest in this field.

The conference opened on Sunday with an outstanding
plenary session dedicated to “Breakthroughs in Nu-
clear Waste Management”, featuring invited speakers
Tim Vietor (Nagra), Kent Rosenberger (Savannah
River Mission Completion) and Ping Yang (Los Ala-
mos National Laboratory). The scientific program cov-
ered aquatic chemistry of actinides and fission prod-
ucts, radionuclide migration behavior, geochemical and
reactive transport modelling, case studies, as well as
two special sessions dedicated to the “United States De-
partment of Energy Environmental Management, Leg-
acy Management, and Nuclear Waste Disposition pro-
grams” and “The intersection of nuclear security and
radionuclide migration in natural and/or engineered
systems”. Two extended poster sessions, showcasing
more than 140 contributions, provided ample oppor-
tunity for in-depth scientific exchange, particularly for
early-career researchers. In addition, 67 oral presenta-
tions including several invited talks emphasized key de-
velopments and emerging topics. Overall, Migration
’25 demonstrated significant scientific progress and the



breadth and impact of current research and develop-  Migration will return to Germany and, for the first time,
ment in radionuclide migration. Marking both the 40"  will be hosted in Karlsruhe in September 2027.
anniversary of the conference series and its 20" edition,
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3.3 Knowledge transfer and communication

Interaction with the public and stakeholders

In the context of management of radioactive waste, sci-
entists at INE lead or participate in national expert
groups, act as consultants for federal ministries and fed-
eral authorities in various project committees (,,Pro-
jektkomitee Zwischenlagerung / Abfallbehandlung™
(interim storage / waste treatment), ",,Projektkomitee
Endlagerung® (final disposal)) and advise the BGE on
geochemical and radiochemical issues in connection
with the closure of the Asse Il mine. They also make
their expertise available to government waste disposal
organizations abroad (Belgium, France, Sweden, South
Korea). In addition, INE provides members to the fol-
lowing technical committees and advisory boards: Nu-
clear Waste Management Commission (ESK), ESK
committee on Final Disposal (EL), Deutsche Ar-
beitsgemeinschaft Endlagerung (DAEF) and the Ger-
man-Swiss Professional Association for Radiation Pro-
tection. Data compiled as part of INE research for final
repository safety investigations is continuously fed into
databases (e.g., THEREDA, OECD/NEA-TDB) and
thus made publicly available. INE scientists were also
involved in the joint project "TRANSENS," thereby es-
tablishing a link between science and society. During
the reporting period, INE scientists were asked by the
media for interviews and statements on current topics,
thus contributing their expertise to informing the gen-
eral public. INE scientists also participated in various
public events with lectures and dialogue formats, such
as the Baden-Wiirttemberg Energy Transition Days in
Stuttgart and the Forum on Final Storage Site Selection
(“Forum Endlagersuche”) in Wiirzburg, 2024, and in
Hannover, 2025, or a public panel discussion on the oc-
casion of the opening of the exhibition “Who decides
such things? Nuclear waste repositories and democ-
racy”, organized by KIT-ITAS.

High ranking visitors

INE has welcomed several prestigious visitors from
governmental departments, nuclear waste management
organizations and national research institutions for dis-
cussions and informative lab-tours in the reporting pe-
riod 2024/25.

On October 2, 2024, Christian Kiihn, president of the
Federal Office for the Safety of Nuclear Waste Man-
agement (BASE), visited KIT and INE. He was in-
formed about current research projects and the training
of young professionals. Kithn was particularly im-
pressed by the innovative approaches developed at INE
for providing the scientific basis for the safe handling
of high-level radioactive waste. "KIT's research is of
great importance for addressing our task of managing
the legacy of the nuclear age," Kiihn pointed out during
his visit. "The experiments conducted here and the in-
sights gained make a significant contribution to ensur-
ing the safety of radioactive waste disposal. It is partic-
ularly encouraging to see how theory and practice are
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combined at KIT to find solutions." Kiihn visited labor-
atories and learned about scientific topics concerning
the safety aspects of extended interim storage of nu-
clear fuel and the long-term safety of final repositories.
Another focus of the visit was the training of the next
generation of experts. Prof. Horst Geckeis, head of
INE, explained the various training programs and em-
phasized the importance of fostering young talent: “Our
students and doctoral candidates are the experts of the
future. We place great value on providing them with a
sound and practical education. Through the close inte-
gration of research and teaching, we ensure that they
will contribute to the success of the nuclear waste dis-
posal project as knowledge bearers in the coming dec-
ades.”

Dr. Andreas Volz from the division ""Dismantling of
Experimental Nuclear Installations; Dismantling
Research" at the Federal Ministry of Research,
Technology and Space (BMFTR) visited INE on Feb-
ruary 5, 2025. After being welcomed by Prof. Geckeis
and the head of the HGF program NUSAFE, Dr. Walter
Tromm, Dr. Volz was accompanied on a tour of INE’s
controlled area labs. At four selected stations - the
shielded box-line (“hot cells”), the HOVER micros-
copy laboratory (cf. section 3.4), the actinide laboratory
and the surface analysis laboratory - Dr. Volz was in-
troduced to the essential methods of the institute's ap-
plication-oriented basic research on the safe disposal
and long-term safety of radioactive waste by doctoral
students and INE staff.

In the context of awarding the 2025 Heinrich Hertz
Guest Professorship at KIT, Prof. Jiirgen Mlynek -
president of the Helmholtz Association of German
research centers (HGF) from 2005 to 2015 - visited
several controlled area laboratories of INE on October
20, 2025 under the heading "Safe Nuclear Waste Dis-
posal - a Part of the Energy Transition in Germany."
During the visit, Prof. Mlynek received comprehensive
information about the unique research opportunities at
KIT regarding the behavior of highly radioactive nu-
clear waste forms (irradiated nuclear fuel and nuclear

Christian Kiihn (on the right), president of BASE, discussing
with Prof. Geckeis (center) and Dr. Marquardt during his
visit at the INE shielded box-line.



waste glasses) and possible mechanisms for the release
or retention of long-lived radionuclides (actinides, fis-
sion and activation products) in a future underground
repository. Current proposals for alternative disposal
concepts and the waste forms generated in future fusion
or fission reactors were also discussed.
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The guided tour program on KIT Campus North and the
visit to INE came about at the initiative of Prof. Anke-
Susanne Miiller, KIT Vice Provost “Research Infra-
structures”, head of KIT-IBPT and member of the KIT
Supervisory Board.



3.4 Large infrastructure projects

HOVER

The HGF centers FZJ, HZDR and KIT cooperating in
the NUSAFE consortium are implementing the labora-
tory infrastructure "HOVER" (Helmholtz Research and
Technology Platform for the Decommissioning of Nu-
clear Facilities and for the Management of Radioactive
Waste) as a decentralized research infrastructure.
HOVER is dedicated to support advanced scientific in-
vestigations and technical developments in the context
of the German phase out of nuclear energy. To this end,
HOVER provides state-of-the-art instrumentation to in-
vestigate radionuclides — including a-emitting actinides
— and to study those processes which determine their
behavior in interim storage facilities and deep geologi-
cal repositories. As of today, in Germany such labora-
tories are not any more available at research facilities
outside the Helmholtz Association. Moreover, HOVER
is offering unique infrastructures for the development
and demonstration of innovative decommissioning
technologies. Thus, research performed within the
HOVER platform covers scientific challenges and tech-
nical developments dealing with the entire chain of de-
commissioning, nuclear waste conditioning and final
disposal.

At INE, facilities and infrastructures enabled through
HOVER funding have been implemented and commis-
sioned since 2022 or are approaching completion until
2027. The HOVER surface science and microscopy lab
at INE is comprising state-of-the-art focused ion beam
— scanning electron microscopy (FIB-SEM) and X-ray
microtomography (u-CT) instruments — augmented by
an advanced atomic force microscope (AFM), e.g. al-
lowing for fast video-rate-scanning. Capabilities at the
new controlled area lab and examples of initial investi-
gations are detailed in chapter 8.2 of this report.
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A multi-isotope low-energy AMS (MILEA) system has
been acquired from lonplus AG (CH). MILEA features
a 300 kV tandem accelerator and a compact setup that
is optimized for analysis of ultra-trace levels of the
long-lived radionuclides '°Be, '“C, 2°Al, *'Ca, '*I as
well as actinides. A new building adjoining the main
premises of INE on KIT Campus North is being built to
host MILEA and an ISO 4 class cleanroom sample
preparation laboratory. Sample handling and chemical
treatment in such a cleanroom laboratory will allow for
a significant decrease of the ubiquitous background
from the global fallout of radionuclides and, hence, for
a further increase in the analytical sensitivity. The
ground-breaking ceremony for the new laboratory
building took place in October 2025. Examples for on-
going AMS research projects are given in chapter 8.3.

As a result of the German energy transition policy,
technical innovations are required in order to guarantee
the safe and efficient decommissioning and dismantling
of nuclear facilities. Research goals in this area at INE
focus on the development of automation and remote
handling technologies with the aim of waste minimiza-
tion, reduction of radiation exposure for workers and
the public and increasing the efficiency of decommis-
sioning procedures. In order to adequately cover these
topics in the frame of HOVER, a digitalization lab
called BIM D? (Building Information Modeling De-
commissioning & Deconstruction) has been conceived
by the KIT Institute for Technology and Management
in Construction (TMB), Department of Dismantling
Conventional and Nuclear Buildings. BIM D? is cur-
rently established in refurbished premises at KIT Cam-
pus East.



4. Fundamental studies: Process understanding on a molecular
scale

Fundamental studies on radionuclide chemistry and geochemistry contribute to the detailed understanding and
reliable quantitative prediction of aqueous chemistry. In order to allow a comprehensive assessment of radionu-
clide behavior and mobility in aquatic systems relevant for nuclear waste disposal, studies with actinides and long-
lived fission and activation products are performed. The investigated aqueous systems cover from dilute solutions
to highly saline salt brine systems and establish essential site-independent data and process understanding. Work
is focusing on both, detailed experimental investigations using the unique facilities available at KIT-INE and sub-
sequently development of reliable chemical models and consistent thermodynamic data. This combined approach
allows a systematic and reliable evaluation of key processes such as radionuclide solubility, radionuclide specia-
tion, radionuclide retention and transport processes in relevant near- and far-field scenarios. The work summarized
in this section is related to the (i) chemistry and thermodynamics of actinides and fission products in aqueous
solution, (ii) radionuclide sorption on mineral phases, (iii) retention of radionuclides by secondary phase for-
mation. The studies aim at identifying relevant radionuclide retention/retardation mechanisms on a molecular level
and their robust thermodynamic quantification in support of the Nuclear Waste Disposal Safety Case. Fundamental
studies on aqueous radionuclide chemistry are giving support to the applied studies performed at KIT-INE.

4.1 Chemistry and thermodynamics of actinides and fission products in
aqueous solution

M. Altmaier, N. Cevirim-Papaioannou, K. Dardenne, S. Duckworth, D. Fellhauer, P. Fiirst, X. Gaona,
H. Geckeis, F. Greb, F. Hdusler, C. Kiefer, P. Miiller, T. Priissmann, J. Rothe, D. Schild, A. Skerencak-Frech

In co-operation with:

P. Felipe dos Santos®, K. GarbeV?, S. Hagemann®, K. Kim?, A. Lassin®, B. Madé/, W. Um?

2 Amphos 21, Barcelona, Spain; ° Institute for Technical Chemistry, Karlsruhe Institute of Technology, Karlsruhe, Germany; ¢ Gesellschaft
fiir Anlagen- und Reaktorsicherheit, Braunschweig, Germany; ¢ Division of Advanced Nuclear Engineering, Pohang, Pohang University of
Science and Technology, Republic of Korea; ¢ Water, Environment, Process Development and Analysis Division, BRGM, Orléans, France;
Research and Development Division, ANDRA, Chatenay-Malabry, France.

Introduction Solubility, speciation and thermodynamics of

The aquatic chemistry of actinides and fission products PHCO3OH(CI') in carbonate containing solu-
is largely controlled by solubility phenomena, hydrol- tions

ysis, complexation and redox behavior. In the context For the long-term safety assessment of nuclear waste
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phase Pu(OH)s(s) are quite high in near-neutral pHm
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conditions. The carbonate system is ubiquitous in en-
vironmental systems and considered a highly relevant
ligand in disposal systems as well. As demonstrated for
Am(III) and the An(III)-analogue Nd(III), the presence
of carbonate strongly impacts both the aqueous specia-
tion of An(IIl) by formation of carbonate complexes,
An(CO:3)s> ", as well as the formation of An(III) solid
phases, where several binary An/Ln-CO; and ternary
M-An/Ln-COs  phases have been described.
AnCO30OH(cr) was found to have considerable stability
in carbonate containing near-neutral solutions [5].
Whereas the hydrothermal synthesis and characteriza-
tion of PuCO3OH(cr) was reported [6], no systematic
study has been dedicated to revealing its solubility be-
havior and thermodynamic stability, despite the fact
that it may have a significant impact on the Pu(IIl)-
Pu(IV) redox borderline based on the available data for
Am(IIT)/Ln(II). In the present work, we synthesized
and characterized PuCO3OH(cr) under room tempera-
ture conditions and studied its solubility behavior in
carbonate containing NaCl solutions as a function of
pHm and ionic strength.

For the synthesis of PuCO3OH(cr), Pu**(aq) was ob-
tained by electrochemical reduction from an initial
PuO:*" stock solution, and precipitated as Pu(OH)s(s).
The Pu(OH)s(s) was equilibrated in a Na-HCO3-COs
solution with a pHm near to 8. After about 10 months,
the initial amorphous Pu(OH)s(s) had undergone trans-
formation into a blue fine crystalline solid. The oxida-
tion state of the fine crystalline solid was confirmed to
be pure Pu(III) by digesting a small fraction of it in acid
and recording a VIS/NIR absorption spectroscopy of
the corresponding solution. The powder X-ray diffrac-
tion (XRD) pattern of the compound matches very well
the ones of PuCO3OH(cr) [6] and NdCO3OH(cr) [7].
Analysis by scanning electron microscopy-energy-dis-
persive (SEM-EDS) revealed a C:Pu ratio of ~ 1:1 and
a O:Puratio of ~>3:1. The results confirm that the fine
crystalline blue Pu(Ill) solid phase is PuCOsOH(cr).
SEM pictures of PuCO3OH(cr) are displayed in Figure
1.

The solubility of the PuCO3;OH(cr) was studied in
0.10-5.61 m Na-CI-OH-HCOs-CO; solutions at pHm
5.0-8.0 at T = (23 + 2)°C under inert argon atmosphere
with 1% COz in a glove box.

Figure 2 exemplarily shows the experimental solubil-
ity of PuCOsOH(cr) in 0.10 m Na-Cl-HCO3-COs solu-
tion. Between pHm 5 to 7, the solubility systematically
decreases with a slope ~ -3 to -1 (log mpuamy vs. pHm),

Fig. 1. Scanning electron

PuCO;0H(cr).

microscope  images
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Fig. 2. Experimental molal solubility of PuCO3OH(cr) in
0.10 m NaCl solution and corresponding SIT model (solid
line).

and remains at a rather constant level up to pHm = 8. At
the lowest point of the solubility curve at pHm =7 to 8§,
[Pu(III)] is about 1-10°* M, i.e., about 4 orders of mag-
nitude lower than for binary Pu(OH)s(s). The experi-
mental and modelled (based on data for Am(III) with
minor adaption of the solubility product) solubility
curves are in very good agreement. With increasing
[NaCl] = 0.1-5.61 m, the Pu(III) solubility systemati-
cally increases in the slightly acidic to neutral pHm re-
gion due to the formation of Pu(IIl)-Cl complexes. The
present work demonstrates that trace levels of car-
bonate can strongly decrease the solubility, and hence,
mobility of Pu(IIl) by the formation of a carbonate con-
taining solid phase compared to pure of hydrolysis
compounds of Pu(Ill). The spontaneous formation of
PuCOsOH(cr) in carbonate-containing solutions fur-
ther proves that it can be realistically considered for ge-
ochemical model calculations and source-term estima-
tions.

Acknowledgement: This work was partially sup-
ported by the Bundesgesellschaft fiir Endlagerung
(BGE).

Solubility and hydrolysis of Fe(Il) in reducing
near-neutral to hyperalkaline, chloride-rich

systems

For the long-term safety assessment of nuclear waste
repositories, a reliable prediction of iron chemistry un-
der reducing, alkaline, and in some cases chloride-rich
conditions is essential. In case of water intrusion, cor-
rosion of steel and cast-iron barriers can lead to the for-
mation of Fe(Il) solid phases, such as Fe(OH)z(cr) and
Fe2(OH)sCl(cr). These iron phases act as redox buffers
and thus govern the solubility and migration of redox-
sensitive radionuclides and chemotoxic elements.
However, predicted environmental geochemistry has
long been hampered by uncertainties in the solubility
products and hydrolysis equilibria of Fe(II) solids, par-
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Fig. 3. XRD patterns for Fe(OH),(cr) solids before and after
equilibration.

ticularly under chloride-rich and hyperalkaline condi-
tions, which are common in cementitious repository
environments. These uncertainties are reflected in the
major thermodynamic databases (NEA-TDB [8-9],
ThermoChimie [3], PSI/Nagra [4]), where equilibrium
constants are often adopted from experiments with am-
biguous solid phase identity or incomplete considera-
tion of ionic strength effects. In particular, previous
NEA reviews highlight a lack of reliable data for
Fe(OH)2(cr) and Fe2(OH);Cl(cr), due to insufficient
phase characterization and systematic investigation. To
address these gaps, a comprehensive series of under-
saturation solubility experiments with well-defined
Fe(OH)2(cr) and Fe2(OH);Cl(cr) phases was conducted
inKCl1(0.01-4.0 M), KOH (0.1-4.0 M), and NaOH (up
to 19 M, performed at GRS) solutions above pHm 7.5
(T =25+2 °C), strictly excluding atmospheric Oz and
CO2 (<0.1 ppm O3). The solids were synthesized and
aged in alkaline solutions and their purity was verified
by XRD and Rietveld refinement. Redox purity of the
supernatant solutions was confirmed by En measure-
ments and CE-ICP-MS for selected samples (>95%
Fe(I)). Equilibrated Fe(OH)2(cr) exhibited excellent
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stability, although trace green rust chloride (GR-CI)
formation was observed at near-neutral pHm and high
KCl (>0.5M), as shown in Figure 3. For
Fea(OH);Cl(cr), transformation to Fe(OH)z(cr) was ob-
served at higher pHm, especially at lower [CI]. In
mixed-phase samples, containing both Fe(OH)z(cr)
and Fe2(OH)sCl(cr) as initial solid phases, the solid
composition evolved with ionic strength, confirming
phase boundaries and exchange reactions predicted
from thermodynamic modeling.

Solubility measurements for Fe(OH)z(cr) (Figure 4)
and Fe2(OH);Cl(cr) show log [Felwt decreasing as pHm
increases, with a slope of —2 at pHm <9 (predominance
of Fe?"), and —1 at higher pHm, indicating the increas-
ing significance of the first hydrolysis species FeOH".
Solubility constants were derived for both systems as
follows using the SIT approach: log K o(Fe(OH)z(cr))
= (12.32 + 0.05) and log K o(Fe2(OH):Cl(cr)) =
(16.38 = 0.20). Solubility behavior in mixed-phase ex-
periments independently confirms the thermodynamic
constants, describing the equilibrium Fe2(OH)3Cl(er) +
H>0 = 2Fe(OH)z(cr) + H* + CI, with SIT ion interac-
tion coefficients derived for Fe**/Cl". The results of
this work were published in Fiirst et. al. (2025) [10]. In
hyperalkaline NaOH and KOH systems, Fe(OH)x(cr)
solubility increases by several log units with increasing
hydroxide concentration. Contrary to previous inter-
pretations from Gayer and Woontner [11], detailed
modeling of our dataset demonstrates that Fe(OH);™ is
the sole relevant Fe(II) hydrolysis species in solution
under these conditions; no experimental support for
higher order species such as Fe(OH)4*~ was found. The
rapid solubility increase in saline, strongly alkaline me-
dia can be entirely described using SIT and Pitzer mod-
els, thereby improving reference constants and activity
corrections for highly saline conditions. In conclusion,
this work provides solubility products for Fe(OH)2(cr)
and Fe2(OH)3Cl(cr) from undersaturation solubility ex-
periments with an extensive solid phase characteriza-
tion using XRD in combination with Rietveld refine-
ments and robust SIT and Pitzer modeling. The results
can be used for an improved prediction of Fe phase
evolution, redox control, and radionuclide migration
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Fig. 4. Experimental Fe solubility of Fe(OH)(cr) in near-
neutral to alkaline KCI/KOH system together with SIT model
fits developed in this work.



under repository relevant conditions, and form the ba-
sis for ongoing database extensions performed in the
framework of the STAMINA project in collaboration
with GRS. Future work will further investigate the role
of carbonate and silicate ligands, major components in
cementitious and clay systems, on Fe(Il) stability and
solubility.

Acknowledgement. This work was funded by the
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Thermodynamic description of the Eu(IIl)-
Na-NO3-H;0 and Eu(I11)-Mg-NO3-H;O sys-
tems

Eu(IIl) is, due to similar solution chemistry and aque-
ous speciation, considered an inactive analogue for tri-
valent actinides such as Am(III) and Pu(Ill), which
play a predominant role in the field of radioactive
waste disposal. Reprocessing techniques using nitric
acid to recover radionuclides lead to considerable
quantities of nitrate as part of the disposal inventory in
specific L/ILW waste streams. Therefore, an under-
standing of the solution chemistry of nitrate systems is
of importance to properly assess the chemical behavior
of radionuclides under repository-relevant conditions.
As continuation of the collaborative SUNI-RN project
between BRGM, Andra, and KIT-INE, the present
study investigates solubility and speciation phenomena
within the ternary Eu(III)-Na/Mg-NO3-H20 systems.
Samples were prepared by mixing ultrapure water
(Milli-Q) with different amounts of Eu(NO3)3-6 H20,
NaNOs, and Mg(NO3)2:6 H20.

Solubility studies, carried out as batch experiments
from undersaturation conditions, were performed at
T=(22+2)°C and pH<3.8 over concentration
ranges of  0.0-5.3 mol NaNOs/kg H20 and
0.0-4.3 mol Mg(NOs)2/kg H20, respectively. Periodic
sampling of the solutions indicated that equilibrium
conditions were obtained with constant Eu and Na/Mg
concentrations determined via ICP-OES. The solid
phases in equilibrium were identified by powder X-ray
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Fig. 5. Normalized (equal peak area) TRLFS spectra of
Eu(lll)-Na-NO3-H>O samples with 107 mol Eu/kg H>O and
0.0-10.1 mol NaNOs/kg H>O at T=(22+2)°C and
pH<S5.6.
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Fig. 6. Eu(Ill)-Na-NOs-H>O solubility and iso-water activ-
ity curves at 25 °C calculated with the partial dissociation
Pitzer model (lines) compared to experimental data of this
work and literature [17-18] (symbols).

diffraction (XRD) and Schreinemakers’ method. The
combined results of solid and liquid phase analyses
confirm the simple salts Eu(NO3)3-6 H20, NaNOs, and
Mg(NOs)2:6 H20, respectively, as equilibrium phases,
while 2 Eu(NO3)3-3 Mg(NOs)2-24 H20 is indicated as
metastable under the given conditions.

The formation of aqueous Eu(III)-NOs; complexes
dependent on  NaNOs  concentration  (0.0-
10.1 mol/kg H20) was investigated with time resolved
laser fluorescence spectroscopy (TRLFS) for 15 sam-
ples containing 107 mol Eu(Ill)’kg H2O and pH ad-
justed to 5.0-5.6 (to prevent Eu*" hydrolysis). System-
atic changes in the intensity ratio of the transition
peaks, best seen for the ’F1/’F; ratio (see Figure 5), ver-
ify changes in the coordination sphere of Eu(IIl) with
increasing nitrate concentration and thus indicate
Eu(IIT)-NOs complex formation.

Iso-water activity (IWA) and dynamic vapour sorp-
tion (DVS) experiments at T =25 °C were conducted
at BRGM for another set of samples to determine os-
motic coefficients of different salt solutions at 50-80 %
relative humidity (RH), which led to a reproducible in-
crease in osmotic coefficient values with decreasing
RH.

The comprehensive experimental data sets covering
wide concentration ranges enabled us to derive thermo-
dynamic models to describe the ternary systems as
shown for the partial dissociation Pitzer model for
Eu(II1)-Na-NO3-H:20 in Figure 6. We determined the
missing complex formation constant ﬁ;u (NOs)F and in-

teraction parameters ¢g;; (SIT formalism, Thermo-

Chimie database [1]) as well as ﬁi(,(;)’ ﬁi(’}), 0;, and
W; 1 j (Pitzer formalism, PhreeSCALE database [12]).
Geochemical codes PhreeqC [13] (SIT) and Phree-
SCALE [14] (Pitzer) were used for all modelling exer-
cises combined with the parameter estimation software
PEST [15].

This work continues a series targeting the thermody-
namic description of Ln(IIT)/An(III)-SO4-NOs-H20
systems of relevance in the context of radioactive waste



disposal. First calculations for the quaternary system
Eu(III)-Na-SOs-NO3-H20 with the parameters deter-
mined in the respective ternary sulphate [16] and ni-
trate systems show promising progress.

Solubility phenomena and thermodynamic de-
scription of the Tc(IV)-EDTA system in alka-

line to hyperalkaline conditions

Technetium-99 (**Tc) is a B-emitting radionuclide gen-
erated in nuclear reactors from the fission of 2°U and
29Pu. Due to its long half-life (ti2 = 2.1-10° a) and dif-
ferential chemical behavior of its main oxidation states
(+IV and +VI1I), an accurate understanding of **Tc¢ sol-
ubility and speciation is required in the context of nu-
clear waste disposal. Tc is primarily expected as spar-
ingly soluble and strongly sorbing Tc(IV) in the very
reducing conditions foreseen in underground reposito-
ries. Under weakly reducing to oxidizing conditions,
Tc(VII) prevails as highly soluble and mobile pertech-
netate anion. Ethylenediaminetetraacetate (EDTA) is
commonly used as decontamination agent, and it is ac-
cordingly expected in specific waste streams in reposi-
tories for L/ILW, for which moderate ligand concen-
trations of up to = 0.027 M are reported in the literature
[19]. EDTA is known to form strong complexes with a
variety of metal ions, including actinides and lantha-
nides [20]. Thermodynamic data for the complexation
of EDTA with U, Np, Pu, Am, Tc, Ni and Zr were crit-
ically reviewed in volume 9 of the NEA-TDB project
[21]. However, only a few experimental studies have
previously investigated the interaction of Tc(IV) with
EDTA, and no thermodynamic data for Tc-EDTA
complexes were selected by the NEA-TDB reviewers.
Although several studies were conducted thereafter
[22-23], a thermodynamic description of the Tc-EDTA
system remains incomplete.
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23

B Series 1(1=0.5M, [EDTA] =0 M) /
B Series 2 (1= 0.5 M, [EDTA] = 0.02 M) EDTA™ /
-6 - —— Tc solubility curve [EDTA],,, =0 M HEDTA™ /
—— Tc solubility curve [EDTA],, = 0.02 M NaEDTA™ /
HEDTAY / l
/ ]
/
-7 4 /
—_— N
G
—_ 0.5
2 TcO(EDTA)*
-8
L] . TcO(OH),
= == g -
[ ] \ -
-9 {
\
\
T T T T T T T T T 0.0
4 5 6 7 8 9 10 11 12 13 14
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spond to the calculated TcO:x(am, hyd) solubility in the ab-
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All experiments were performed in Ar gloveboxes
with <3 ppm Oz at T = (22 + 2) °C. The solubility of
Tc(IV) was investigated from undersaturation condi-
tions with TcOz(am, hyd). Reducing conditions were
chemically maintained for each independent sample
with 2 mM Sn(II). Solubility samples were prepared in
0.5M and 2.0 M NaCl-NaOH-Na4EDTA solutions at 6
< pHm < 13.5, in the absence and presence of EDTA
(with 10* M < [EDTAJwt < 0.1 M). pHm, Ex and Tc
concentrations were monitored for up to 124 days. The
redox speciation of Tc in the aqueous phase of selected
samples was investigated by solvent extraction. Se-
lected solid phases were characterized by XAFS meas-
urements performed at the INE-Beamline of the Karls-
ruhe Research Accelerator.

All measured (pe + pH) values are well below the re-
dox borderline of TcVO2(am, hyd)/TcY!Oy4, thus sup-
porting the predominance of Tc(IV) solid phases and
aqueous species in all samples (Figure 7). Solubility
measurements in EDTA-free samples are consistent
with the solubility of TcOz(am, hyd) calculated with
the current NEA-TDB thermodynamic selection [21]
(Figure 8). The presence of EDTA promotes the en-
hancement of the Tc(IV) solubility in near-neutral to
weakly alkaline conditions, i.e., 6 < pHm < 10. Above
this pH-range, a negligible impact of EDTA on the sol-
ubility of Tc(IV) is observed, suggesting that EDTA
cannot outcompete the strong hydrolysis of Tc(IV) and
the predominance of the anionic hydrolysis species
TcO(OH)s™. At pHm = 6, the solubility of Tc(IV) is
clearly enhanced by the formation of Tc(IV)-EDTA
complex/es at [EDTAJwt > 1 mM, possibly involving
the formation of a 1:1 complex. Based on the slope
analysis of solubility data (log [Tc] vs. pHm and log
[Tc] vs. log [EDTA]), redox speciation in the aqueous
phase (solvent extraction) and solid phase characteri-
zation (EXAFS data), chemical, thermodynamic and
SIT activity models were derived for the Tc(IV)-
EDTA system (see solid red line in Figure 8). These



thermodynamic data can be implemented in geochem-
ical calculations of relevance in the context of reposi-
tories for L/ILW.
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Introduction

The interaction mechanisms with mineral surfaces are
key processes for the retention of radionuclides within
the Safety Case of a nuclear waste repository. For their
thorough quantification and implementation in safety
performance calculations, a detailed mechanistic un-
derstanding of these processes is essential. This re-
quires an in-depth knowledge of the mineral- water in-
terfaces, and a reliable thermodynamic description of
the sorption reactions.

The sorption of radionuclides on different relevant
solid phases needs to be studied under systematic vari-
ation of experimental conditions, i.e., radionuclide
concentration, pH values, composition and concentra-
tion of the electrolyte solution, and presence of other
radionuclides and/or complexing aqueous ligands,
which may both be able to compete/interfere during
sorption onto the surface.

Besides classic batch and solubility studies, a variety
of modern spectroscopic speciation techniques with a
high analytical sensitivity are applied to study the sorp-
tion processes on a molecular level. In combination
with a subsequent description by thermodynamic sur-
face complexation models and molecular dynamic sim-
ulations, comprehensive information on the retention
processes are determined, which are of high im-
portance for the Safety Case.

In the present bi-annual report, various aspects of the
interaction of different compounds with mineral sur-
faces are considered.

Sorption of Eu(IIl) and Cm(III) on C-S-H
phases in presence of EDTA at intermediate

to high ionic strength conditions

Clay rock formations in northern Germany are consid-
ered potential host rocks for the disposal of nuclear
waste. A distinctive feature of these formations is their
pore water, which is dominated by intermediate ionic
strengths (I=1-3mol L) of NaCl and CaCl.. Cal-
cium-Silicate-Hydrate (C-S-H) phases are the main
component of cementitious materials and provide
strong retention of tri- and tetravalent actinides.[1] In
low- and intermediate-level waste (L/ILW) reposito-
ries, cementitious materials are extensively used as
waste packages, overpacks, backfill, and for the solid-
ification and stabilization of the waste.[2] Ethylenedi-
aminetetraacetic acid (EDTA) is a powerful chelating
ligand for tri- and tetravalent actinides (An(I1I/IV)) and
is present in L/ILW owing to its widespread use as a
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decontamination agent.[3] The effect of EDTA on the
retention of An(IIl) by C-S-H phases is not yet fully
understood, and the influence of elevated ionic strength
(NaCl and CaCl>) has never been examined in detail.
Consequently, this work investigates the uptake of
Eu(III) and Cm(IIT) on C-S-H phases in the presence of
EDTA and in NaCl and CaCl: solutions of intermediate
ionic strength.

The study employed conventional batch sorption ex-

periments together with Time-Resolved Laser Fluores-
cence Spectroscopy (TRLFS). EDTA concentrations
were varied from 10 to 102 mol L. Total concentra-
tions of Eu(11l) and Cm(III) were set to 2-10® and 1-10-
"mol L, respectively, for the two analytical tech-
niques. All experiments were carried out under an inert
argon atmosphere (O2=2ppm) with a fixed
solid-to-liquid ratio of 1 g L. The calcium-to-silicon
(C/S) ratio of the C-S-H phases was maintained at 1.1,
yielding a pH of approximately 11.2-11.6. NaCl and
CaCl2 served as electrolyte solutions, providing an
ionic strength of Im=1.02mol (kg-H20)"!. Contact
times were varied between 7 and 180 days.
In general, the ionic strength itself did not show any
significant effect on the sorption coefficients (data not
shown). Hence, further studies were conducted at a
fixed ionic strength of 1.02 mol (kg-H>0)"!, adjusted
with either NaCl or CaCl.. The logR4 values for
Eu(Ill) uptake onto C-S-H phases over the EDTA
concentration range 0—102mol L' are shown in
Figure 1.

For both electrolyte systems, very high log R4 values
(=5-6) are obtained at [EDTA]<103mol L7,
indicating near-quantitative adsorption of Eu(IIl) onto
the solid phase and a negligible influence of EDTA. In
contrast, at 102 mol L' EDTA the log Rq values drop
markedly after 7 days of sorption for both electrolytes,
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Fig. 1: Log Rq for the adsorption of Eu(Ill) on C-S-H phases
(C/S = 1.1) with [EDTA] = 0— 107 mol L' in NaCl (left) and
CaCl; (right) solutions (I, = 1.02 mol (kg-H>0)"') after 7 and
50d. Ry given in [L-kg].



reflecting the formation of stable Eu(III)-EDTA
complexes in solution.

After 50days, the logRa for the NaCl system
increases again, whereas it remains low in the CaCl
system. This behavior suggests that, in the presence of
CaClz, very stable ternary (Ca—Eu(IlI)-EDTA) or
quaternary (Ca—Eu(IIl)-OH-EDTA) complexes are
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Fig. 2: Emission spectra of Cm(IIl) (107 mol L") in presence
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formed, preventing Eu(Ill) from re-adsorbing onto the
C-S-H phases.

The hypothesis was tested by applying Cm(III)-
TRLFS. Figure2 shows the emission spectra of
Cm(III) in the presence of C-S-H phases at an EDTA
concentration of 10 mol L', measured in both NaCl
and CaCl» solutions. Spectra were recorded for the
suspension as well as for the supernatant liquid phase
(no quantitative phase separation was performed for
the latter).

NaCl solution. After 7 days, the two ternary hydrolysis
Cm(IIN)-EDTA  species Cm(OH)(EDTA)* and
Cm(OH)x(EDTA)x+1) — located at 606.9 and 613.9 nm
respectively — are observed in the aqueous phase. With
longer contact times, a distinctly stronger red-shifted
emission band appears at ~622nm. This band is
attributed to Cm(III) that has become incorporated into
the C-S-H phase. The simultaneous near-quantitative
loss of fluorescence intensity in the liquid phase
confirms that almost all Cm(III) has transferred to the
solid.

Cl: solution. Throughout the entire sorption period the
spectra are dominated by a band at 603.9 nm. This band
is assigned to a ternary Ca—Cm(III)-EDTA complex,
which is characterized by a significantly shorter
fluorescence lifetime (t= 160+ 20 us) compared with
the binary Cm(III)-EDTA species
(t=231£40ps).[4]. No emission feature around
622 nm - indicative of Cm(IIl) incorporated into
C-S-H — is observed under these conditions.

These TRLFS results are fully consistent with the
batch sorption experiments. In the absence of Ca?*
ions, Eu(Ill) and Cm(IIl) are initially stabilized in
solution by complexation with EDTA and, over time,
are gradually incorporated into the C-S-H structure. In
contrast, when Ca?" is present, very stable ternary Ca—
Eu(II)/Cm(II)-EDTA (or Ca—Eu(III)/Cm(III)-OH—
EDTA) complexes form, keeping the actinides in the
aqueous phase for extended periods.

This work was performed within the GraZ II, funded
by the BMWK under grant number 02E11860C.

Nb(V) uptake by calcite and carbonated ce-
ment paste in the absence and presence of ISA

and chloride

*Nb (t = 20,400 a) is a f—y emitting activation prod-
uct generated by neutron irradiation of the naturally oc-
curring, stable isotope **Nb present in structural com-
ponents (e.g., Ni-based alloys) of nuclear reactors.
%Nb is mostly present in streams resulting from the
dismantling of nuclear power plants, as well as from
the treatment of the primary cooling circuit, which may
be disposed in cement-based repositories for low- and
intermediate-level short-lived waste (L/ILW-SL). Iso-
saccharinic acid (ISA) is a polyhydroxycarboxylic acid
forming upon degradation of cellulose in hyperalkaline
conditions. ISA is known to form strong complexes
with hard Lewis acids, thus potentially affecting radio-
nuclide retention in cementitious systems [5-6]. High



concentrations of stable chloride (< 5 M) have been
also described for specific waste streams containing
evaporator concentrates. This study focuses on the up-
take of Nb(V) by calcite (CaCOs) and carbonated ce-
ment systems in the absence and presence of ISA and
chloride. Both materials are taken as representatives of
the degradation stage IV of cement, with relevance to
near-surface disposal systems.

A combination of **Nb (stable) and *>Nb (ti2 = 34.97
d) isotopes was used in systematic batch sorption
experiments. Cement pastes (CEM I and III/C) were
carbonated in a closed reactor using a CO2/N2 gas
mixture (30/70%). Batch sorption experiments were
performed under air-atmosphere at room temperature,
using calcite and carbonated cement paste as solid
phases in combination with their corresponding
equilibrated waters (pH =~ 8.2-8.5). Total niobium
concentrations ranged within 10'" M < [Nb(V)]o <-10-
® M (as ®Nb or *Nb + *Nb), with S/L = 1-10 g-L".
Systems were investigated in the absence or presence
of ISA (1.0-10° M < [ISA] < 0.1 M) and chloride
(8.4:10° M < [NaCl] < 2.0 M). The aqueous niobium
concentration after sorption was quantified by gamma
spectroscopy after ultracentrifugation. Prior to the
sorption  experiments, oversaturation solubility
experiments were conducted in the same equilibrated
solutions to determine solubility limits. The solid
phases obtained from the solubility experiments and
used for the batch sorption experiments were
characterized by means of XRD, Raman, ATR-IR,
SEM-EDS, and BET.

The solubility of Nb(V) in calcite- and carbonated
cement-equilibrated waters was quantified as ~10° M
at t = 3 days, but decreased to < 10® M at longer
equilibration times (t = 13—121 days). This solubility
limit is significantly lower than the one calculated
assuming a solubility-control by Nb20Os(cr). XRD and
Raman support that a Ca-Nb(V)-OH solid phase is
responsible for the solubility-control of Nb(V) under
these conditions, although no thermodynamic data for
such solid phases is currently available in reference
thermodynamic databases [7]. The uptake of Nb(V) by
calcite shows moderate distribution ratios (Ra) at short
contact times (t = 3 days, Ra= 10° L-kg ™). An increase
in Ra values is observed with time, resulting in Ra >
2-10* Lkg! at t = 89 days. This observation may
suggest a fast adsorption of Nb(V) on the calcite
surface, followed by a slow incorporation into the
calcite structure through the recrystallization process.
A significantly stronger uptake is observed for both
carbonated cement materials (Rq = 8-10° L-kg! carb.
CEM [; Rg = 1-10° L-kg ! carb. CEM III), as reflected
in the sorption isotherms in Figure 3a. This differential
behaviour is expectedly caused by the presence of
amorphous phases with significantly larger specific
surface area, i.e., Si(Al,H)Oz gel or small fractions of
low Ca C-S-H phases, as determined by means of
Rietveld analysis, Raman and IR-spectroscopy and
BET. The normalization of the distribution ratios by
the surface area of the corresponding materials (calcite,
carbonated cement) results in a much similar behaviour
of the distribution ratios (see Figure 3b). This
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emphasizes the key role of surface area, as well as the
need of an appropriate characterization of the
individual phases present in complex sorbing materials
(e.g., carbonated cement). The presence of stable “*Nb
in degraded cement paste suggests that isotopic
exchange may also contribute in the retention of
radioactive Nb isotopes (**Nb in this work, **Nb in the
waste) in carbonated cement materials.

ISA has a minor to moderate impact on the uptake of
Nb(V), both for calcite and carbonated cement
systems. The decrease in Ra values observed at high
ligand concentrations is attributed to the formation of
Nb(V)-ISA complexes. However, the impact on
sorption is weaker compared to observations reported
for the degradation stage I of cement at pH =~ 13.6 [10].
Such differences could be partly explained by the
greater stability of the Nb(V)-ISA complexes under
hyperalkaline conditions, although other parameters
(e.g., surface charge, concentration of Ca in the
aqueous phase, sorption of ISA on the solid phase, etc.)
can contribute as well to the observed differences.
Chloride has a weak impact on sorption of Nb(V). The
effect in R4 is more remarkable in calcite than in
carbonated cement paste, which possibly reflects that a
different mechanism is driving the uptake of Nb(V) in
both systems.
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This work provides an improved quantitative
description of Nb retention under conditions relevant
for the cement degradation stage IV in repositories for
L/ILW, in which the presence of ISA and chloride can
be envisaged.
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Impact of gluconate on the uptake of Eu(III)
and Pu(III/IV) by cement phases

Cementitious materials are extensively used in
repositories for low- and intermediate level waste
(L/ILW), for construction purposes and stabilization of
the waste. In this context, cement plays an important
role acting as physical and chemical barrier minimizing
the mobility of radionuclides. C-S-H phases represent
the most abundant component in hydrated cement, and
are known as main sink for the uptake of actinides. The
presence of organics may have an impact on the
radionuclide release due to the formation of stable
aqueous complexes with higher solubility [5, 11-12].
Sodium gluconate is used as a cement-dispersing and
retarding agent [11, 13], and thus can be expected in
repositories for L/ILW.

Sorption experiments were carried out under Ar
atmosphere with C-S-H phases at pH = 13.3 and
varying gluconate concentrations (104 M < [GLU ]t <
101> M). C-S-H phases were synthesized with C/S =
0.8 and 1.4 and S:L = 1 and 25 g-dm>. Sorption
experiments with plutonium were conducted with
[>*Pu]o = 10® M in presence of the redox buffers
hydroquinone (HQ) or Sn(II), imposing mildly and
strongly reducing conditions where Pu(IV) and
Pu(IlI/TV) are expected to prevail, respectively [14].
Sorption experiments with Eu(Ill) were conducted
using both inactive (["*Eu]o =107 M) and active
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([?Eu]o =10 M) europium isotopes. Sorption
samples were monitored for equilibration times of up
to 90 (Pu) and 120 (Eu) days.

A strong uptake of Pu(III/IV) by C-S-H was observed
in the absence of gluconate (log Ra ~ 5.5, with Ra in
dm3kg1), in good agreement with previous studies
available in the literature [14]. Gluconate promoted a
significant decrease in the Ra values at [GLUJiot > 107
M for both HQ and Sn(II) systems. A slightly enhanced
Pu retention was observed in the very reducing
conditions imposed by Sn(II). This observation is
attributed to the possible formation of surface
complexes involving Pu(Ill) and gluconate. A very
strong uptake of Eu(Ill) by C-S-H phases was also
observed in gluconate-free systems. Gluconate
triggered a moderate decrease in the uptake of Eu(III)
by C-S-H 0.8, but a significant decrease in the sorption
was observed for C-S-H 1.4 systems (Figure 4). As
confirmed by TRLFS, this observation can be
explained by the formation of more stable Ca-Eu(III)-
OH-GLU complexes in the porewater solution of C-S-
H 1.4, which is characterized by Ca concentrations of
ca. one order of magnitude higher than in C-S-H 0.8.

Molecular dynamic calculations were carried out to
study the binding process occurring at the surface of C-
S-H phases in both presence and absence of gluconate.
Calculations were performed using the parameters
reported for ClayFF [15] and Eu(III) [16].

The surface of C-S-H provides multiple possibilities
for ion binding, among them the three most probable
sorption sites were selected: “defect site” in the
position of the missing bridging silicate tetrahedra in
the silicate chain (DEF); “bridge site” — deprotonated
silanol group of the bridging silicate tetrahedra in the
silicate chain (BR); and “chain site” that includes
coordination with one deprotonated silanol and
bridging oxygens (CH). The performed PMF (Potential
of Mean Force) calculations indicate that in the
presence of gluconate in the coordination sphere of
Eu(Ill) the strength of sorption is significantly
decreased for the DEF and CH sites and shifted to the
outer-sphere complexation in the case of the BR site
(Figure 5). This validates the experimental data, and
shows that gluconate mobilizes Eu(Ill) in C-S-H
phases.

BR

AG, kJ/mol

d, A

d, A

Fig.5: PMF curves for sorption of Eu(lll) with (green) and
without (black) gluconate on the selected sorption sites of the
(001) C-S-H surface.



This work provides a comprehensive quantitative and
mechanistic description of the uptake of Ln(IIl) and
An(IlI/IV) by cement phases in the absence and
presence of gluconate. The combination of
experimental and theoretical methods provides key
insights to understand the retention processes of these
radionuclides in the context of repositories for L/ILW.
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Uptake of trivalent cations by quartz: a re-

evaluation

Two INE studies including surface complexation mod-
elling have been published on the uptake of trivalent
cations (Eu/Am/Cm, An(IIl)) on quartz. The first study
was published in 2008 [17]. Due to the lack of titration
data for the quartz sample in the surface complexation
model (SCM), it was assumed that the surface had the
same properties as standard silica. At the time surface
titrations of the sample had been carried out, but the
results were discarded since deprotonation was ob-
served at very low pH. This was suspicious because the
major part of published SiO: titration data shows no
significant charge below pH 5. Some data from differ-
ent communities however, suggested quite early that
SiO2 surfaces may exhibit a two step deprotonation
[18]. Such charging curves were also reported in the
second INE-study on An(III) on MINUSIL, another
quartz sample [19]. In this second study, the modelling
of An(III) surface speciation was adopted from the first
paper. This was done, since that paper also involved
spectroscopic data, that ultimately could only be fitted
with the the equations

(=SiOH): + An** = (=Si0);HAn?" + H* (1)

(=SiOH): + An**+ H20 = (=Si0):An(OH)° + 3H" (2)

The SCM parameters obtained in the two studies were
substantially different concerning the stability con-
stants and the charge distribution parameters for equa-
tions (1) and (2). Here, we have reconsidered the titra-
tion data of the first quartz with respect to the sample
used in Stumpf et al. [17] and a comparison is shown
in Figure 6 with both the experimental data and the
model published by Garcia et al. [19].
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Fig. 6: Specific proton surface charge density of quartz sam-
ples used by Stumpfet al. [17] and Garcia et al. [19] and the
respective models curves from the two papers for 100 mM
NaCl.

The initially discarded charging data set obtained with
the quartz simple used by Stumpf et al. [17] actually
resembles very closely the results published by Garcia
et al. [19]. As is also obvious, the simple silica model
(black dotted line) used in Stumpf et al. [17] suggests
only little charge at pH 6 and below, whereas the data
and the model from Garcia et al. [19] involves high
charge resulting in enhanced electrostatic factors.
Consequently, the An(IIl) uptake and spectroscopic
data of Stumpf et al. [17] were remodeled using the
acid base model of Garcia et al. [19].

Figure 7 shows that the data can be equally well
described. The resulting log K values and charge
distribution factors for the two models, i.e. the original
model by Garciea et al. and (in brackets) the updated
model for the data of Stumpf et al. are log K = -065
(0.58) and Azano = 0.36 (0.77) for (1) and -10.02 (-
8.76) and 0.02 (0.43) for (2).

It has been extensively discussed by Stumpfetal [17]
that from surface species 1, equation (1) to surface
species 2, equation (2), two protons were released, i.e.
one intermediate hydrolysis species did not occur. The
reason was the low charge on the silica (i.e. the black
dotted line in Figure 6). With the acid-base model of
Garcia et al. [19], the intermediate hydrolysis species
(=SiOH)2 + An*" = (=Si0):An(OH)" + 2H" 3)
was combined with equation (1). The best fit results
with this option are shown in Figure 8, with log K = -
0.13 and Azano = 1.20 for (1) and -4.10 and 1.25 for
(3).

The fit is slightly worse compared to the combination
of equations (1) and (2), which is mainly caused by the
failure to reach 100 per cent uptake at the higher Am
concentration (2 uM). This could be improved by in-
cluding the precipitation of Am(OH)s3(s), as was done in
Stumpf et al. [17] for another series of measurements.
The best fit charge distribution factors indicate a closer
approach of An(III) to the surface in this model option
as compared to the previously discussed option, and
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Fig. 7: Upper part: Adsorption data for An(Ill) on quartz by
Stumpf et al. [17] remodeled as described in the text com-
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An(Ill) in the presence of quartz by Stumpfet al. [17] remod-
eled as described in the text (dotted lines) compared to the
original model (full lines). All in 100 mM NaCl.The model
variants assume equations (1), labelled first species and (2),
labelled second species.

might be in closer agreement with the notion of an in-
ner-sphere surface complex that was found by Stumpf
etal. [17].

A combination of equations (2) and (3) lead to an
intermediate result, i.e. the original combination
remains the numerically best fit. Ultimately refitting
the data in Garcia et al. [19] could be useful to obtain
more consistent charge distribution factors in that case
as well. Moreover, one might refine the acid-base
model for the black dots in Figure 6 to obtain a self-
consistent set of surface parameters, but this is
hampered by the absence of more data.

Overall, it becomes clear how important the electro-
static factors, as related to the potentiometric titrations
of a given solid, can be.
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Introduction

The final disposal in a deep geological repository
(DGR) is a generally accepted strategy for dealing with
long-lived high-level radioactive waste (HLW). In
such a repository, HLW is planned to be surrounded by
natural and engineered barriers capable to prevent or to
retard groundwater from contacting the waste pack-
ages, and radionuclides (RNs) released from the alter-
ing waste matrix from being transported to the far-
field. During the evolution of the repository system,
groundwater may ultimately reach the waste packages,
triggering various alteration and corrosion processes at
the canister/engineered barrier interface. Metallic cor-
rosion will limit the canister service life, but the neofor-
mation of secondary phases will provide a new chemi-
cal barrier able to scavenge RNs released upon waste
matrix alteration.

Various molecular scale processes can result in RN
immobilization, ranging from surface adsorption to
structural incorporation by solid solution formation.
Among these mechanisms, incorporation within the
bulk structure may occur when RN are present during
growth or recrystallization of secondary phases and re-
sult in very effective retention. In order to be imple-
mented in the Safety Case, kinetic and thermodynamic
models of RNs immobilization need to be developed.
The development of such models usually relies on the
application of complementary advanced microscopic
and spectroscopic techniques combined with computa-
tional studies. This strategy is applied at KIT-INE to
develop models describing the immobilization of key
RN by relevant secondary phases.

Examples of ongoing studies related to secondary
phases formation and to RN uptake performed within
national and international projects are presented in the
following.

Metallic corrosion at the water-saturated
steel/bentonite interface under anoxic condi-

tions

In deep geological repositories, HLW is planned to be
encapsulated in metallic containers and surrounded by
engineered barriers. In some countries, the DGR may
be hosted in crystalline or clay rock and bentonite can
be used as backfill material because of low hydraulic
conductivity and the ability to strongly sorb many ra-
dionuclides [1]. The intrusion of groundwater during
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the evolution of the repository system will trigger deg-
radation mechanisms that will result in the formation
of secondary phases at the water-saturated con-
tainer/bentonite interface. The nature of the formed
secondary phases is highly dependent on the nature of
the selected materials and on the prevailing geochemi-
cal conditions.

Within a PhD thesis, a spheroidal graphite cast iron
(SGI) and a low alloyed fine-grained carbon steel (C-
steel) were selected to perform corrosion experiments
in contact with MX-80 bentonite saturated by synthetic
Grimsel groundwater under anoxic conditions. The C-
steel microstructure consists of ferrite (a-Fe) and pearl-
ite (alternating layers of ferrite and cementite (Fes;C))
regions, while SGI has a pearlite structure with in ad-
dition graphite inclusions. The same steels and benton-
ite have been selected to perform corrosion experi-
ments under in situ conditions at the Grimsel Test Site
in Switzerland [2]. The goal is to compare results from
experiments in the laboratory with that obtained for in
situ conditions in order to conclude on the transferabil-
ity of data between laboratory and field conditions. In
addition, performing experiments in the laboratory al-
lows investigating the effect of individual parameters
(e.g., temperature) on the investigated degradation pro-
cesses.

Steels were prepared as polished coupons. Sepa-
rately, bentonite was contacted with the groundwater

Fig. 1: Scanning electron micrographs of the C-steel cor-
roded for 3 months at 25°C (4), 6 months at 25°C (B) and 3
months at 50°C (C).



and left to equilibrate under anoxic conditions. Cou-
pons were then contacted with the equilibrated benton-
ite suspension in closed vessels in an Ar-filled glove
box.

After 3 months at 25°C, the surface of the C-steel is
made of domains or grains of various textures (Fig.
1A). Results from SEM-EDXS analysis rule out any
significant difference in chemical composition be-
tween the grains, and further indicate a composition
close to that of the starting steel. After 6 months, the
surface looks rougher with grain boundaries clearly
visible and some bentonite aggregates sticking on the
surface (Fig. 1B). After 3 months at 50°C, the surface
also looks made of grains, with the very occasional ex-
posure of cementite lamellas and presence of some fine
grained material at grain boundaries (Fig. 1C). The cor-
rosion rate decreases with exposure time and increases
with temperature.

Cementite lamellas are clearly visible at the surface
of the SGI coupon corroded for 3 months at 25°C, sug-
gesting a preferential removal of ferrite from the sur-
face (Fig. 2A). Comparable observations can be made
for the experiment performed at 50°C, however, with a
corrosion damage growing into preferential directions
(Fig. 2B). In a parallel experiment at 25°C, hematite
was present (0.5 wt. %) during corrosion in order to
mimic the presence of oxic corrosion products forming
during handling and emplacement of canisters into the
repository before conditions turn anoxic (Fig. 2C). The
presence of this ferric compound resulted in a higher
redox potential (+87+50 mV vs S.H.E) and higher cor-
rosion rate (4.5+0.3 pm/a) compared to the experiment
in the absence of hematite (-441+50 mV and 3.4+ 0.3
um/a). It is very likely that hematite absorbs and oxi-
dizes ferrous ions [3] produced upon steel corrosion
and thus acts as a redox buffer. The affinity of Fe2Os
for dissolved Fe?" ions certainly prevents the formation
of a protective passivation layer at the surface of the
coupon that thus corrodes faster than in the absence of
added hematite. After 6 months at 25°C in the presence
of added hematite, the surface damage becomes more
pronounced around graphite inclusions (Fig. 2D). A
possible explanation would be the spatial separation of
anodic and cathodic reactions sustaining the corrosion
[4], with effects more pronounced after longer reaction
time. Both the presence of hematite and an increase of
temperature increase the corrosion rate.

For both steels, most frequently detected secondary
phases are iron (hydr)oxides and iron silicates (TO
type). Further detail can be found in the PhD thesis [3].

Fate of radionuclides during steel corrosion

The intrusion of groundwater into the repository near-
field will result in corrosion and alteration processes at
the container/buffer interface. During the long-term
evolution of the DGR system, these processes will pro-
ceed until a possible container failure and subsequent
waste matrix alteration resulting in RN mobilization. It
is reasonable to assume that container corrosion and
RNs mobilization would then occur concomitantly.
Steel corrosion (or iron oxidation) is coupled to water
reduction, and these reactions significantly impact the
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Fig. 2: Scanning electron micrographs of SGI corroded for
3 months at 25°C (A), 3 months at 50°C (B), 3 months at
25°C in the presence of added hematite (C) and 6 months at
25°C in the presence of added hematite (D).

local geochemical conditions. Under these constantly
evolving conditions, several mechanisms can contrib-
ute to the immobilization of RN in a DGR near-field.
To get further insights into these processes, corrosion
experiments are being performed in the presence of
RNs (or RNs simulants) using the same steels, benton-
ite and groundwater as in the previous study: SGI or C-
steel, MX-80 bentonite and synthetic Grimsel ground-
water. Selected RNs are Se(IV), Tc(VII) and U(VI) (or
Ni(IT), Re(VII) and Lu(III) as simulants). Experiments
are performed in gastight containers in an Ar-filled
box, at room temperature. A bentonite slurry is first
prepared then spiked with the RNs (or simulants) be-
fore contacting the metallic coupons. The preparation
of parallel experiments allows obtaining information
on time dependency of the investigated processes.

For experiments with RN simulants reaction times
ranged from 1 month to 1.5 year. For both steels, the in
situ pH hardly varies with time and is around 8.5, likely
buffered by bentonite. In contrast, the redox potential
(vs S.H.E) significantly decreased to reach about -250
mV for SGI and -350 mV for the C-steel after 1.5 year.
For both steels, the corrosion rate obtained by gravi-
metric method is around 10 pm/a after 1 months and
decreases with increasing time.

SEM-EDXS analyses revealed the presence of Re
and Ni at the surface of all coupons, with contents in-
creasing with reaction time. Furthermore, XPS and X-
ray absorption spectroscopy indicated the presence of
Re(0) at the C-steel surface after 8 months. It is very
likely that iron oxidation provided the electrons neces-
sary to reduce perrhenate ions at the steel surface.

For C-steel corroded for 1.5 year, information on the
structure of the corrosion layer was obtained by SEM-
EDXS analysis of the sample prepared as crosscut. The
corrosion layer has a duplex structure made of an inner
and an outer corrosion product layer (iCP and oCP, re-
spectively, Fig. 3). The iCP layer is 15-30 pm wide and
is mostly made of iron and oxygen, with lower amounts
of silicon (2 at. %) suggesting the presence of iron



Fig. 3: scanning electron micrograph of the crosscut pre-
pared from C-steel corroded for 1.5 year and embedded in
resin

(hydr)oxides in contact with the metal. This layer has
cracks and only some of them are filled. A detailed
analysis of the filled cracks indicates the presence of
Ni (8-15 at. %) and Re (4-8 at. %) in significant
amounts as well as lower Ca (2 at. %) contents. Apart
from these cracks, the iCP layer contains only trace
amounts of Re or Ni, but no Lu could be found in any
part of this layer. Findings may suggest that Re and Ni
were not taken up during the iCP formation, but rather
that the iCP layer formed first and cracks formed sub-
sequently, then water containing Re and Ni entered the
cracks.

The iCP layer is covered by a thick (30-80 um) layer
mostly made of iron and silicon with a mole ratio close
to 1:1, hinting at the presence of iron silicate (e.g.,
greenalite). No Re, Ni or Lu could be found associated
with this layer.

The composition of the iCP and oCP layers suggest
that ferrous ions released upon corrosion precipitated
as Fe (hydr)oxide at the steel surface, and that a frac-
tion of Fe ions diffused through this layer to react with
Si coming from the contacting bentonite to produce
iron silicates. The exact structure of the phases present
in the iCP and oCP layers remain to be determined, but
based on chemical compositions, results agree with the
usually reported corrosion layer structure [4].

Experimental data further suggest that RNs simulants
were not incorporated in the structure of the neoformed
secondary phases during their formation. RN simulants
were added to the bentonite suspension before contact-
ing the coupon. Trivalent elements have high affinity
for montmorillonite, which is the main component of
the bentonite, implying that Lu(III) must have been
taken up quantitatively by the bentonite. The retention
of divalent cations by montmorillonite is slightly
weaker, while the uptake of anionic species such as
Re(VII) by montmorillonite is very weak. These con-
siderations suggest that at the start of the corrosion ex-
periment, the porewater contained no dissolved Lu(III)
ions, only low amounts of Ni(Il) and nearly all of
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Re(VII) added to the suspension. This would explain
the absence of Lu association with the corrosion prod-
ucts, in contrast to Ni and Re.

Experiments with RNs remain to be opened and ana-
lyzed to determine whether these elements are associ-
ated with the corrosion products. In these experiments,
all RNs were added to the bentonite suspension as ani-
onic species, meaning the largest fraction may remain
dissolved in the porewater and thus be available for up-
take by the corrosion products. The analysis of the sam-
ples will allow determining whether RNs can be immo-
bilized at the canister/bentonite interface during corro-
sion.

Barite transformation to witherite in presence
of carbonate and its impact on radium reten-
tion

Ra-226 presence in HLW imposes important consider-
ations in terms of long-term safety aspects for DGRs.
Due to its relatively short half-life (1600 years), Ra-
226 can attain secular equilibrium relatively rapidly
with its long-lived parent nuclide U-238, making it a
critical radionuclide. The groundwater intrusion to the
DGR near-field and subsequent HLW matrix corrosion
can lead to Ra-226 mobilization and migration through
different barriers of the DGR. These processes can last
for long time spans due to Ra-226 dependency on U-
238.

Barium isotopes are present in HLW as decay prod-
ucts of the highly abundant fission products Cs-134
and Cs-137, and can amount to a few kg per HLW
package [5]. Ba can also be released upon HLW matrix
corrosion and its interaction with dissolved sulfate pre-
sent in the groundwater can result in the precipitation
of barite (BaSO.) [8, 9]. The mobilization of Ba from
the corroding HLW matrix is expected to follow that of
Ra, implying that Ra-226 released from HLW may to
some extent be retained by barite as a (Ba,Ra)SO. solid
solution due to recrystallization processes in barite-sat-
urated pore water [5].

Another scenario that ought to be considered is the
consequences of groundwater with high carbonate con-
centrations and elevated pH. Carbonate is ubiquitous in
groundwater [7], whereas pH can be elevated due to
alteration of cementitious materials inside a DGR. As
a result, it is likely that high carbonate concentration
combined with elevated pH alter the chemical behavior
of barite particles, either by mixing at the surface, for-
mation of a witherite (BaCOs) layer at the barite sur-
face, or the complete or partial dissolution of barite par-
ticles through interface-coupled dissolution—precipita-
tion reactions [8].

The aim of the present study was to investigate the
thermodynamics and kinetics of barite transformation
into witherite and the subsequent fate of Ra-226 upon
such a transformation. Different barite initial materials
were used: natural barite, as powders and as 3x3%3 mm
cubes, from the Androvo mine in Bulgaria (AR) and
from the Western Harz Mountains, Iberg, Germany
(IB) with 1.8 + 0.36 at. % Sr; one commercial high pu-
rity barite powder from Sachtleben (SL); Ra-226 doped
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Fig. 4: (a) IB witherite porous layer formed at reaction front.
Sharp S drop at the interface indicates two phases of different
compositions. Though Sr tends to partition preferably in
BaCOs [9], Sr/Ba ratio is constant demonstrating that Ba is
consumed in witherite likely due to uptake kinetics ruling
over partitioning thermodynamics. (b) Rapid reaction rates
followed by a slowdown, which affects IB less than AR.

barite (RSL) from [6]. Cubes and powders were pre-
equilibrated with NaCl and then contacted with car-
bonate solutions (1-100 mM, pH 9.50-11).

Cubes reacted with carbonate solutions and formed
porous witherite layers only with 100mM Na>COs, pH
11 and at 60 °C (Fig. 4). The formation rate of both
cube types was rapid at early stages then slowed down,
with IB cubes reacting faster that AR. Slowing down
of the reaction is likely due to increasing diffusion
length through the porous witherite layer, which forms
at the barite surface. Additionally, subsequent clogging
of initial pores in the witherite layer is indicated, and
may for AR cubes lead to a complete passivation of the
surface.

All barite powders formed hexagonal witherite parti-
cles after reacting with carbonate at 25 °C (Figure 5) at
high carbonate concentration (0.1M) and high pH (11).
SL and IB show a considerably faster transformation
than AR (Fig. 5). Though SL witherite formation de-
creased with the decrease of carbonate concentration
and pH, it was higher than AR and IB, which showed
rather low transformation rates at carbonate concentra-
tion 0.01M — 0.05M and pH 9.50 (not shown).
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RSL powders were contacted with carbonate at high
carbonate concentration (0.1M) and pH (11), however,
no witherite formation was observed. One possible ex-
planation is that RSL reactivity is rather low since this
barite powder has been pre-equilibrated + equilibrated
with Ra-226 for 9 years [9, 13] prior to the present ex-
periments. This seems to confirm the hypotheses that
high energy sites on the barite crystals, like attached
fine crystal grains, nano- and micro pore structures [10]
or high energy surfaces (e.g. on cut crystals) are a pre-
requisite for effective recrystallization reactions even
if the solution provides a significant chemical driving
force (high carbonate concentration and pH).

The interplay of growth inhibition and incor-
poration of impurity ions — a mechanistic ap-
proach to describe interactions of SeOs> with

calcite

Understanding the interaction between SeO3* and cal-
cite is of great importance in the context of nuclear
waste disposal, specifically for the retention of radio-
active Se isotopes in potential repositories. If respec-
tive partitioning coefficients suggested in the published
literature (D = 0.02 [11]) can be applied to real word
scenarios, solid solution formation bears a great poten-
tial for the sequestration of radioactive Se(I'V) isotopes,
but if not, sequestration may be greatly overestimated.

SL: DIC 0.1M, pH11, SI 1.542308
reaction time :
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Fig. 5: (a) SL barite shows non-uniform surfaces, since with-
erite grows inside openings resulting from dissolution of
small inter-grown particles (b) SL and IB recrystallize rela-
tively fast. Similar as in the cube experiments, AR exhibits the
lowest reactivity.



For Se(IV), which is not well compatible with the cal-
cite structure though it matches with the stoichiometry
of carbonate (SeQ3* vs. COs>), this partitioning coef-
ficient is only applicable and relevant if calcite grows
at sufficiently high supersaturation. This study uses the
entrapment model to describe the SeOs* uptake into
calcite. The entrapment model predicts a high depend-
ency of the SeOs> uptake on the supersaturation with
regards to calcite, present in the contact solution. Past
studies [12] have shown that the SeO3* moiety is sig-
nificantly more stable in the relaxed surface monolayer
compared to the bulk calcite crystal. In the literature,
log Ksp values of -6.7 and 0.5 have been suggested as
hypothetical CaSeOs endmember solubilities for a
thermodynamic description of the surface solid solu-
tion and the bulk solid solution, respectively. Based on
the theoretical supersaturation (Eq. 1) of different solid
solution compositions, a first assumption for the pre-
cipitating solid solution composition from a solution
with given [Ca®"], [CO3*] and [SeOs>] activities can
be made.
Osolid—sol. =
a(ca?*)xa(co?~ X)*a(Seog_
(K gp(Calcite)*(1-X))1=X) (K g p(CaSe03)+(X))X)

)(1— )(X)

(M

Calculated or measured Ca?" and CO3* activities can
be used to produce a supersaturation curve with the
mole fraction of Se in the surface solid solution as ab-
scissa for a given SeOs? activity. The most highly su-
persaturated solid solution serves as an average as-
sumption for the actual precipitate and coincides with
the equilibrium composition of the solid solution. In
this study Ca?" and COs* activities were assumed to be
consistent with an equilibrium towards aragonite.
Batch recrystallization experiments at different Se con-
centrations were conducted in order to study the entrap-
ment process in detail. Aragonite was chosen as reac-
tant since its dissolution provides a constant and well-
defined supersaturation with respect to calcite (SI(Cc)
=0.14). An energy balance between the Gibbs free en-
ergy required for the entrapment of one mol of the re-
spective solid solution of composition X (Xgse/cq *
(41+8 % [11]) and the Gibbs free energy provided
by the supersaturation (| AGgupersaturation| =
|RT1n(o)|) can be used to determine at which condi-
tions the entrapment will take place. The critical solid
solution composition for which entrapment is ex-
pected, can be visualized if the energy balance equation
is solved for the mole fraction X, ¢, (Fig. 6).
Aforementioned thermodynamic considerations sug-
gest that a stable surface solid solution in equilibrium
with SeOs*-containing solutions can be entrapped (at
an SI of 0.14) until SeOs* concentrations reach ~50-60
pumol/L. The SeOs* activity and respective solid solu-
tion composition for given samples can be used to test
the entrapment model. A stagnation of the SeOs* up-
take by calcite above 50 umol/L SeOs> was observed,
which is in good agreement with the entrapment model
proposed in the literature [11]. We propose a refine-
ment of the incorporation threshold proposed in the lit-
erature [11] (red error band vs grey error band). From
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Solid solution compositions with highest supersaturation
. (at Sicalcite)=0.14 -> aragonite eq.)
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Fig. 6: Entrapment threshold (grey band) based on an energy
balance between the Gibbs free energy required for entrap-
ment and the Gibbs free energy provided by the supersatura-
tion. Samples from batch recrystallization experiments inves-
tigated in this study were grown at a constant SI of 0.14, but
with differing Se concentration and are thus arranged in an
approximately vertical line (cf. Eq.1). Their stoichiometric
composition can be calculated from the respective D (using
Co(SeOs*)) [11]. The red error band is based on the highest
SeO3* concentration at which uptake (and thus the entrap-
ment process) was observed (50 umol/L). No uptake into cal-

cite was observed at 60 umol/L (upper limit).
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a thermodynamic perspective, systems that are close to
the concentration limit for the entrapment effect should
bear the highest potential for SeOs> sequestration.
However, this potential is limited by a kinetic growth
inhibition effect (and therefore limited calcite precipi-
tation) caused by the presence of SeO3*. Our observa-
tions indicate that a high SeO3> mole fraction within
the surface solid solution leads to a significant decrease
in growth rates.

LA-ICP-MS mappings (Fig. 7) of Se in calcite (from
batch recrystallization experiment Se2, Fig. 6) show a
heterogeneous SeOs?” distribution within the produced
calcites, which is consistent with inter-sectoral zoning

Se [ng/g]
1360
1020

680

340

10 um

0

Fig. 7: Composite image of calcite grown at 20 pmol/L
SeO3* and mapped for Ca (blue) and Se (magenta) using LA-
ICP-MS. Ca is used to identify the outlines of calcite and
aragonite crystals. This Ca mapping is overlaid by a Se map-
ping. Selenium is heterogeneously distributed within differ-
ent growth sectors of the (104) surface.



caused by preferred incorporation at facets of growth
hillocks at the calcite (104) surface made up by acute
edges.
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5 Applied studies: radioactive waste behavior and radionuclide
retention in the multi-barrier system

Long-term safety of a deep geological repository for nuclear waste depends on a multi-barrier system which con-
sists of technical and geo-technical barriers such as the waste form, the canister, backfilling and sealing of the
mined openings as well as on the natural barrier function of the host rock. Currently, a series of studies on various
subsystems with respect to potential multi-barrier systems in argillaceous or crystalline host-rocks are performed.
These experimental studies cover a variety of components of the multi-barrier systems such as spent nuclear fuel
as waste form, bentonite as geo-engineered barrier material and the interface between an iron-based canister and
bentonite. Experiments are conducted on migration of radionuclides at a generic near-field/geosphere interface
consisting bentonite and granitic rock as well as on radionuclide diffusion in Jurassic clay stone (i.e. Opalinus
Clay, Switzerland). Moreover, the distribution of natural organic matter in Oligocene clay (i.e. Boom Clay, Bel-
gium) are analyzed. In the context of dry interim storage of spent nuclear fuel in surface facilities, the integrity of
the cladding of fuel rods as technical barrier is investigated. Our investigations deal with the role of zirconium
hydrides, which form in within the claddings as a result of hydrogen absorption during reactor operation and hy-
dride precipitation during cooling after irradiation. Moreover, the role of halogenide-bearing precipitates that form
at fuel pellet / cladding interfaces are studied. Radiation research at KIT-INE focuses on the assessment of radiation
exposure by estimating doses from external radiation fields and on the effects of ionizing radiation on materials.
The research is based on recording and evaluation of radiation exposure from radiation sources. Current experi-
mental and numerical studies deal with age determination curves of Cf-sources and improving dosimetry assess-
ments in the context of occupational radiation protection.

5.1 Highly radioactive waste forms

M. Herm, T. Konig, Y. Lin, A. Walschburger, M. Bottle, R. Dagan, K. Dardenne, M. Fuss, V. Metz,
T. Pruessmann, J. Rothe, D. Schild

Investigations related to cladding integrity t’*ldggionaﬂya tS;PeCtTOECOPig invdestigationcsl of the ;ue%'

. ; . cladding interfaces of irradiated UOx and MOX fuels
during prolonged dry interim storage for possible cladding degrading elements, such as chlo-
rine, iodine and tellurium was performed to scrutinize
Introduction the composition and individual elemental speciation of
As interim storage durations for spent nuclear fuel  the fuel cladding interfaces, X-ray absorption spectros-
(SNF) are expected to extend well beyond originally  copy (XAS) at the KIT Light Source was utilized. The

licensed periods, potentially up to 100 years, it is es-  outcomes of this study aim to reduce uncertainties on
sential to assess the structural integrity of fuel rod clad- chemically assisted degradation processes in irradiated
ding over such timescales to ensure safety during stor- SNF rods.

age, handling, and transport.

As the first barrier against the release of radionu-  Materials and irradiation history
clides, the mechanical properties of Zircaloy-4 clad-  The investigated fuel and cladding specimens were
ding may evolve as a result of manufacturing history,  sampled from high burn-up UOx (50.4 GWd/tum) and
hydrogen uptake, and irradiation effects. Moreover, ac- ~ MOX (38.0 GWd/tuwm) fuel rod segments, both in own-
cumulation of cladding degrading elements, such as  ership of KIT-INE. Both fuel types were irradiated dur-
chlorine, iodine and tellurium, present in fuel-cladding ing the 1980s in commercial pressurized water reactors

interface layers of irradiated UOx and MOX fuels (PWR) in Switzerland and Ger[nany’ respectively_
could potentially lead to stress corrosion cracking of

the cladding. Experimental and analytical methods
Understanding how these factors influence cladding ~ UOx and MOX specimens were cut from the respective
behavior at the microstructural level is crucial for reli-  fuel rod segment in the ABL by use of a diamond wa-

able safety assessments of long-term dry storage of  vering blade (IsoMet, 15LC, Buehler Ltd.) mounted on
SNF. Accordingly, the main objective of this work is  a low-speed saw (IsoMet, 11-1180, Buehler Ltd.).
to systematically study these effects. From each fuel rod segment, an approximately 2 mm

To this end, mechanical (nanoindentation) and crys-  thick disk was cut and subsequently defueled with a
tallographic (EBSD) characterization methodologies  punch, in order to obtain fuel fragments and cladding

are being developed and validated using non-irradiated  specimens. The cutting and defueling process is shown
model materials, with the goal of applying the refined in Figure 1.

approaches to irradiated Zircaloy cladding from me- Thereafter, respective cladding and fuel specimens
dium- and high-burnup spent fuel currently stored in  were removed from the ABL and transferred into a
the shieled box line (ABL) of INE. ventilated fume hood for further preparation.
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Fig. 1: Defueling process of the SNF specimens.

For mechanical investigations the samples were
grinded, polished or electropolished using various grit
sizes and suspensions.

Thereafter, respective cladding and fuel specimens
were removed from the ABL and transferred into a
ventilated fume hood for further preparation.

For mechanical investigations the samples were
grinded, polished or electropolished using various grit
sizes and suspensions.

For CI-K (2822 keV) and I-K edge (33169 keV) XAS
measurements, cladding and fuel specimen of both fuel
types were mounted on aluminum sample holders with
circular immersions. Each sample holder was then
sealed with a double layer of 8 pm polyimide foil
(KAPTON®, DuPont, USA) in order to obtain a dou-
ble-sealed containment. Subsequent to the sample
preparation, the specimens were sent to the INE and
CAT/ACT beamlines at the KIT Light source for anal-
ysis. Data treatment for XAS measurements was per-
formed using the Demeter IFEFITT program pack as
well as PYMCA software package [1,2].

Results and discussion

Zircaloy-4 exhibits pronounced microstructural heter-
ogeneity driven primarily by tube fabrication processes
and hydrogen content. EBSD inverse pole figure maps
show wide variations in grain size and deformation fea-
tures associated with its manufacturing procedures (see
Figure 2). These features provide a necessary baseline
for distinguishing hydrogen- and irradiation-induced
effects. In hydrogenated Zircaloy-4, hydrogen further
introduces localized regions of increased lattice curva-
ture and geometrically necessary dislocations near

Fig. 2: Phase and band contrast (left) and Geometrically
Necessary Dislocation (GND) map (vight) of hydrogenated
Zircaloy-4 (300 ppm H).
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Fig. 3: Hardness Intensity Map of Hydrogenated Zircaloy-4
Cladding (300 ppm H).

hydride packets, consistent with strain accommodation
arising from hydride-matrix misfit.

Nanoindentation measurements indicate clear local
variations in hardness across the cladding, with clus-
tered regions of elevated hardness observed in hydro-
genated samples (Figure 3).

Data-driven clustering methods were successfully
applied to separate the mechanical response of the zir-
conium matrix from that of hydride regions, enabling a
more quantitative comparison than traditional mapping
approaches (Figure 4). The results show that hydrides
exhibit systematically higher hardness than the sur-
rounding matrix, while the overall deformation state of
the cladding remains largely governed by manufactur-
ing-related features.

XAS was used to examine specimens of the irradiated
SNF and SNF-Zircaloy cladding interfaces of UOx and
MOX fuel rod segments irradiated in the Gosgen and
Obrigheim nuclear power plants. lodines K-edge spec-
tra of theses specimens and several reference com-
pounds were analyzed. As predicted by Cubicciotti and
Sanecki as well as Yaggee, Mattas and Neimark, it is
conceivable, that the iodine species formed within the
irradiated fuel as well as at the fuel-cladding interface
resembles precipitated Csl [3,4]. Csl is expected to ac-
cumulate in the colder, cladding adherent region of the
SNF due to a vapor transport process of cesium and io-
dine along its thermal gradient during irradiation. Yet,
as stated by Burns et al. and summarized by Sidky, the
prevailing oxygen potential within the fuel-cladding

Histogram: Matrix (blue) vs Hydrides (red)
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Fig. 4: Hardness distribution of Zircaloy-4 matrix and hy-
drides derived from nanoindentation.



interface is not sufficient to indicate a stress-corrosion
cracking process of Csl due to its chemical stability,
i.e., the required p(I2) to enable reactions with the
Zircaloy cladding is not reached [5,6]. However, re-
garding the immense local radiation field within the
SNF pellet, a radiolytical dissociation of Csl and thus
the build-up of sufficient p(I2) could be conceivable
[7].

Chlorine K-edge spectra for the fuel and fuel-clad-
ding interface specimens are compared to those of a
sample of unirradiated reactor grade Zircaloy-4 as well
as a CsCl reference compound. In comparison to the
unirradiated Zircaloy specimen as well as the CsCl ref-
erence, the irradiated samples exhibit less features after
the white line, which might be the result of the strong
(re)absorption in the UO2 matrix or due to the for-
mation of another chlorine compound during the irra-
diation of the fuel. Furthermore, an elevated amount of
ruthenium was detected within the MOX specimen, re-
sulting in the intense L3 peak next to the K-edge chlo-
rine peaks. Two explanations for this feature are con-
ceivable: For once, Pu-239 has a higher fission yield
for the respective ruthenium isotopes in comparison to
U-235 and secondly, the analyzed MOX specimen con-
tained a higher quantity of noble metal bearing e-parti-
cles (Mo, Tc, Ru, Rh, Pd containing alloys) present on
the measured areas.

Experimental investigation on the dissolution
of spent nuclear fuel samples and consecutive
radionuclide release in high pH solution under
anoxic / reducing atmosphere

Introduction

Within the assessment period of one million years, the
safety assessments for deep geological repositories
consider the access of water and, subsequently, the fail-
ure of the emplaced canisters in conjunction with the
loss of cladding integrity of the SNF. Therefore, a thor-
ough process understanding of the chemical interac-
tions between intruded aqueous solution and the waste
form, the SNF dissolution rate, as well as the quantifi-
cation of the radionuclide release from the SNF matrix
is of utter importance to scrutinize the performance of
the highly radioactive wastes in the reducing environ-
ment of an underground repository.

This study aims at the characterization and quantifi-
cation of the chemical durability and radionuclide re-
lease behavior of spent, medium and high burn-up UOx
fuel within the context of a deep geological repository
in argillaceous host rock. In the event of groundwater
intrusion to the emplaced waste structure and prior wa-
ter saturation of the surrounding engineered barriers,
the initial pore water composition will be altered due to
interaction with e.g., concrete buffer material in the re-
pository system. As a consequence, the altered ground-
water solution will shift to higher pH regions in its
early stages (> 12) and be comprised of highly alkaline
NaOH, KOH and Ca(OH): as main components.
Thereby, the SNF will encounter a highly alkaline ce-
ment water solution. In order to scrutinise the behavior

of spent UOx fuel upon contact with the alkaline solu-
tion, six long-term autoclave leaching experiments for
up to 1400 days are currently performed within this
work.

Materials and irradiation history

All SNF specimens utilized in this work were approxi-
mately 23 mm long segments, cut by tube cutter to
maintain the natural pathways for radionuclides. Four
of the SNF specimens were sampled from a fuel rod
which was irradiated in the PWR Gosgen (KKG, Swit-
zerland) to an average burn-up of 50.4 GWd/tum for
1226 consecutive full power days in four cycles. A fis-
sion gas release of (8.4 = 0.9) % was determined by di-
viding the measured amount of fission gases derived
from a puncturing test by the total fission gas inventory
of the fuel.

Furthermore, two SNF specimens of a medium burn-
up fuel rod were prepared. The fuel rod was utilized in
the PWR Biblis-A (KWB, Germany), reaching an av-
erage burn-up of 46.9 GWd/tum during its 1554 full
power days in five cycles with an approximate fission
gas release of 2 %.

Experimental procedure

All experiments are conducted in poly ether-ether ke-
tone (PEEK)-lined stainless-steel autoclaves (Berghof
Products + Instruments, Eningen, Germany). The auto-
claves have a capacity of 250 mL and are equipped
with three valves in the lid to allow the sampling of
gaseous and liquid aliquots. In addition, six sample
holders were manufactured out of PEEK to ensure the
contact of both pellet surfaces with the solution at any
time. As leachant, a young cement water with calcium
(YCWCa) with a pH of 13.7+0.3 is used. All auto-
claves are pressurized to 40 bar with either pure argon
gas (anoxic conditions) or a Ar/H2 mixture (reducing
conditions) with a p(Hz) of 0.3 bar. The denotation of
each autoclave experiment, i.e., the four experiments
utilizing the high burn-up (HBU) KKG fuel as well as
two experiments with medium burn-up (MBU) KWB
fuel, is given in Tab. 1.

Throughout the experimental duration, periodical
samplings of gaseous and aqueous phase were per-
formed to determine the amount of released fission
gases (i.e., Xe, Kr) as well as radionuclide concentra-
tion (e.g., Sr-90, I-129, Cs-137, U-238, Pu-239) in so-
lution.

Table 1: Denotation of the autoclave experiments (HBU:
High burn-up UOX; MBU: Medium burn-up UOX).

. HBU- HBU- HBU- HBU- MBU- MBU-
Experiment red- red- anox- anox- red anox
A B A B
Fuel KKG KKG KKG KKG KWB KWB
Atmos- ArH: | ArH: Ar Ar Ar/H: Ar
phere




Results and discussion

To evaluate the fraction of safety relevant radionu-
clides released into the aqueous phase throughout the
leaching experiments, an attempt is made to correlate
them with the fraction of fission gas inventory in the
head space of the autoclaves. The fraction of '*°I or
137Cs released upon fuel rod failure in a repository is
often correlated with the fission gas release determined
upon puncturing of the respective fuel rod. In previous
leaching experiments performed with various fuels,
e.g., the European Commission projects FIRST-Nu-
clides project and DISCO, it was indicated, that this
correlation is often biased depending on the fuel type
and irradiation conditions. However, with the accessi-
bility of fission gas release data throughout leaching of
a SNF specimen, a direct correlation of released frac-
tions during the autoclave experiments is possible. A
compilation of the cumulative released inventory frac-
tions into the aqueous phase (CumFIAP) of I-129 and
Cs-137 in comparison to the cumulative amount of fis-
sion gases released (CumFIGP) is shown in Figure 5.
For the duplicate experiments HBU-red-A as well as
HBU-red-B, performed under reducing conditions, the
cumulative fraction of '#’I approaches the cumulative
fraction of fission gases released during the leaching
experiments after approximately 100 days. At the end
of the experiments after approximately 320 days, both
released fractions are comparable with each other, i.e.,
CumFIGP (Xe+Kr) amounts to 17 % for HBU-red-A
and 19 % for HBU-red-B in comparison to the Cum-
FIAP ('?°I) of 17 % for HBU-red-A and 15 % for HBU-
red-B. The obtained cumulative values demonstrate the
good reproducibility of the leaching experiments
within a comprehensive experimental uncertainty of +
1 % for both the fission gases (in CumFIGP (Xe+Kr)
units) and for I (in CumFIAP (!®I) units). For the
cumulative fraction of '*’Cs released into the aqueous
phase, a lower release is observed when comparing it
to the released fraction of fission gases (Xe+Kr). For
137Cs, a CumFIAP of 8 % for HBU-red-A and 7 % for
HBU-red-B were determined which would correlate to
half of the fission gas fraction released during leaching.
Again, the obtained cumulative values demonstrate the
good reproducibility of the leaching experiments

cumFIGP (Xe+Kr) // cumFIAP (I-129)
25%

within a comprehensive experimental uncertainty of +
1 % for 37Cs (in CumFIAP ('*’Cs) units.

In the duplicate experiments performed under anoxic
conditions, HBU-anox-A as well as HBU-anox-B, a to
some extent similar behaviour can be observed when
comparing the CumFIGP (Xe+Kr) with the CumFIAP
of '2’I. However, it should be mentioned, that some
data points for '?°I were below detection limit, there-
fore the data should be treated with a larger uncertainty.
It is shown, that the CumFIAP ('*°I) approaches the
CumFIGP (Xe+Kr) with proceeding time for experi-
ment HBU-anox-A eventually amounting to 13 % of
1291 in the aqueous phase as well as 14 % of Xe+Kr in
the gas phase after about 320 days of leaching. For ex-
periment HBU-anox-B, two concentration values for
129] were below detection limit, resulting in a data gap.
Thus the derived CumFIAP ('?°I) is lower than the
CumFIGP (Xe+Kr) with values of 7 % for '?°I (with a
quite small number of experimental data) and 14 % for
the fission gases. For the comparison of the CumFIGP
(Xe+Kr) to the cumulative fraction of 1*’Cs in the aque-
ous phase of the anoxic duplicate experiments HBU-
anox-A as well as HBU-anox-B, a similar observation
to the experiments under reducing conditions can be
made. Both CumFIAP ('¥'Cs) values correlate about
half of the cumulative fraction of fission gases released
during leaching.

Similar to experiment HBU-anox-B, concentration
values for I determined in experiment MBU-red
were largely below detection limit thus subsequently
biasing the CumFIAP (*I). The correlation between
cumulative released fission gas fraction with the %I
fraction equals to about a third, i.e., significantly lower
in comparison to the Gosgen fuel experiments. For the
anoxic experiment using the Biblis-A fuel, MBU-anox,
all '®I concentrations were below detection limit and
therefore no conclusions can be drawn. For both exper-
iments utilizing the MBU fuel, '*’Cs could be deter-
mined and for both MBU fuel experiments, the aque-
ous fraction of '3’Cs inventory corresponds to about
one third of the respective released fission gas release
fraction, i.c., a significant lower ratio is observed when
comparing it to the HBU experiments.

cumFIGP (Xe+Kr) // cumFIAP (Cs-137)
25%
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Introduction

Bentonite is planned to be used as an engineered barrier
for deep geological disposals of high-level radioactive
waste in crystalline rocks [1]. Steel canisters
containing the spent fuels rods will be emplaced in the
crystalline host rock with bentonite surrounding the
canisters as a backfill material. In some scenarios of
long-term safety analyses intrusion of glacial melt
water through fractures in the crystalline host rock is
considered. Such an intrusion of low-mineralized water
would lead to the swelling and the erosion of the
bentonite, with consecutive formation of bentonite
colloids that could act as carrier for radionuclides (RN)
in case they would have been released from the waste
product. Thus, laboratory and in-situ experiments are
of paramount importance to understand the bentonite
erosion processes in order to properly assess its long-
term barrier function.

The present experiments are performed in the
framework of the BMUKN funded project EVIDENT
(duration 2023-2026), and is related to the international
Colloid Formation and Migration (CFM) project
performed at the Grimsel Test Site (GTS)
[www.grimsel.com]. These activities are conducted
with the support and in close collaboration with
NAGRA, the Swiss nuclear waste management
agency. GTS is NAGRA’s generic underground
research laboratory located within the crystalline Aar
Massif in Switzerland. It provides unique location and
infrastructures for the study of physicochemical
processes that are expected to influence the
performance of bentonite engineered barrier systems
and the migration of RNs in fractured crystalline host
rock.

At the GTS, the Long-term In-situ Test (LIT), was
dedicated to the diffusion of RNs through compacted
bentonite and the release of bentonite colloids into a
region of fractured granodiorite rock over a 4.5-year
time period. In this way, LIT represents a complex and
holistic approach to the study of the performances of
the multi-barrier system in deep geological disposal.
While the in-situ erosion of the LIT compacted
bentonite was investigated by our EVIDENT partner,
the Institute of Geosciences at the Friedrich-Schiller
Universitdt Jena, in this chapter, we report on the
progress in the post-mortem analysis of the LIT and an
analogous laboratory experiment carried out at INE,
the so-called mock-up test [2].
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Concerning  laboratory  investigations, former
experiments with the GMZ bentonite (Gao-Miao-Zi,
Inner Mongolia, China) — which is discussed for
Chinese disposal concepts — were performed in the
framework of the BMWi/BMWK project “ELF-China-
Pilot” [3]. New laboratory investigations are presented
following our previous work at KIT-INE with the
Volclay® MX80 bentonite (Wyoming, USA) [4].

RN diffusion through the LIT and

corresponding mock-up test

LIT consisted of compacted FEBEX bentonite rings
and compacted Zn-labelled montmorillonite rings in
which 16 glass vials containing a bentonite slurry
mixed with a RN tracer cocktail (including *Tc, 23U,
ZNp, **?Pu and **'Am) were emplaced. Such a
bentonite source was installed in a water conducting
fracture at the GTS [2,5]. The analogous mock-up test
consisted of a ring of the same compacted bentonite
emplaced between two Plexiglas plates spaced by a 1
mm height aperture to simulate a parallel fracture and
containing 3 vials with the RN tracer cocktail vials and
an inactive one. A Grimsel groundwater flow equal to
ca. 44 pl/min and similar to that of the LIT was
established through the mock-up for ca. 5 years [2,5].

In order to investigate the diffusion profiles of RNs

tracers through the bentonite of the mock-up test and
LIT, segments of bentonite adjacent to chosen tracer
vial were collected and embedded in Epofix® resin,
then thin layers of bentonite (20 to 100 um thick) were
obtained via abrasive peeling starting from the
extremity at ca. 2 cm distance from the vial (distal
extremity).
A selected group of samples representative for the
entire segments was then submitted to analysis. After
desorption of the RNs from the bentonite samples, the
concentration of the actinide tracers was analyzed by
SF-ICP-MS.

Fig. 1 a) and b) represent the concentration of 2’Np
and 2**U in bentonite samples from the mock-up test
adjacent to a tracer vial that broke down during
bentonite expansion. These values range between 1 and
10 ng/g and 0.1 and 1.2 ng/g, respectively and the
concentration profiles appear to be constant within the
experimental scattering of the data, except for one
sample corresponding to a distance of ca. 430 pm that
reaches levels of 318 and 43 ng/g for 2*'Np and U,
respectively (indicated in Fig. 1 a) and b) with a green
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Fig. 1: a) ’Np and b) *U concentration profile in a
bentonite sample of the mock-up test adjacent to a broken
tracer vial (log scale) for a distance up to 25 000 um from
the vial. In each plot the insert shows a zoom of the >’ Np and
233U concentration profiles (linear scale) until 2500 um, see
text.

arrow). This sample was enriched also in iron with a
concentration of 599 pg/g, compared to levels of 1.2 to
20.5 pg/g in the other samples. The enhanced actinide
levels in this sample might be explained by a
preferential sorption to an iron mineral, potentially
pyrite.

Similar results were obtained from the analysis of a
bentonite segment adjacent to a vial that remained
intact during bentonite expansion (nofe that vials were
emplaced without their cover caps, so that the RN
tracers could in any case diffuse even if the vial was
not broken). As shown in Fig. 2, the concentrations of
a) 2'Np and b) 23U in these bentonite layers range
between 0.7 and 19 ng/g and between 0.1 and 5 ng/g,
respectively. Data show significantly stronger
scattering as compared to the samples collected at the
vicinity of the broken vial. However, RN
concentrations 2 cm away from the vial lie in a similar
range for both segments, at 8 and 10 ng/g for 2’Np and
at 0.7 and 0.5 ng/g for 233U, respectively.

These similar concentration profiles characterized by
a rather flat plateau can be qualitatively reproduced by
diffusion model simulations [5] and indicate that a
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steady state for the diffusive transport and outflow of
ZNp and U from the vials is achieved over the 5
years duration of the experiment. These results are
supported by the observation of a breakthrough of both
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Fig. 3: ?’Np concentration profile (linear scale) in a
bentonite sample of LIT adjacent to a tracer vial over a
distance of up to ca. 15 000 um from the vial.



RNs in the outlet of the mock-up test during the
experiment [2].

The high mobility points to the existence of Np and U
in their oxidized states V and VI, respectively,
indicating that redox conditions are at least not
reducing enough to transfer all Np and U into the
tetravalent state.

In Fig. 3, first results on *’Np diffusion profile in a
sample from the LIT are depicted. As it can be seen,
ZNp concentrations range over the same orders of
magnitude and show a similar distribution as in the
mock-up test. These results point towards an initial
diffusive transport of Np(V) before the expected
reducing condition in the LIT would have been
established [6].

Laboratory Investigation: Erosion of GMZ

bentonite

The potential erosion behavior of the GMZ bentonite
was first studied in contact with a water of composition
close to a groundwater from the Beishan region (Gansu
Province, China) [7]. The synthetic carbonated water
(SBPW) presents a high ionic strength (IS); IS = 39
mM with [Ca?"] =2 mM and a slightly basic pH (pH =
8.5). Details are given in Tab.1.

Table 1. Composition of the simulated Beishan and Grimsel
(glacial-melt or meteoric) type groundwaters.

Cations | mg.L™! | Anions | mg.L"!
Synthetic Grimsel ground water (SGW, glacial melt or
meteoric type)

Na' 284+3 % F 2.80+3 %
K - Cr 232+5%
Mg*' - NOs -
Ca” 131+1% SO 4.12+5%
HCOs™ 84+1%
pH 8.4 IS 1.6 mmol/L
Synthetic Beishan Pore Water (SBPW) adapted from [3]
Na' 567+3 % F 0.80+3 %
K 78+£1.2% Cr 585+5%
Mg* 21.2£1.7% NOs 48+4%
Ca” 80+ 1% SO+ 570+£5%
HCOs™ 125+1%
pH 8.5 IS 39 mmol/L

The first phase of the experiment lasted 9 months after
which the SBPW was exchanged by a low mineralized
water simulating the intrusion of glacial-melt water
(meteoric-type, SGW). A second erosion phase
continued then during one year. In addition, and for
comparison, the erosion was studied for GMZ pellets
placed in contact with the meteoric type water directly.
This synthetic water (SGW) has been used in previous
work [4,8] and has a composition (see Tab.1) similar to
the natural water from the Grimsel Test Site.
Experiments were conducted by using the GMZ
provided during the “ELF-China-Pilot” project [3]. It
contains montmorillonite (71-78%) and some
accessory minerals like quartz, plagioclase, feldspar,
cristobalite and carbonates in higher amount (wt.%)
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in the erosion

used
experiments. A: water introduction port, B: collection, the
water is circulating from A to B.

Fig. 4. Double-sided reactors

than the previously used MX80 bentonite [4]. It has a
cationic exchange capacity of 71-78 meq/100g [9,10].
As in [4], for each erosion tests, two GMZ bentonite
cylindrical pellets (19 mm diameter, 10 mm height and
dry density of 1.6 g/cm®) were prepared using a
hydraulic press. The pellets were emplaced into the two
separate compartments of a translucent double-sided
reactor (Fig.4). The pellets were confined between a
stainless-steel filter plate (19 mm diameter, 1.6 mm
height, 20 um pore width) and a PEEK spacer. The
filter was emplaced to allow the GMZ pellets to be
hydrated by the synthetic groundwater and to simulate
a fracture filled with porous fracture filling material.

The compartments of the reactor were filled with
11.6 mL of the synthetic Beishan type water or with the
meteoric-type water immediately before the start of the
experiment. The synthetic groundwater was circulated
with a peristaltic pump at a flow rate of 3 pL/min, at
room temperature and under aerobic conditions. A
visual inspection of the pellets indicated that they were
hydrated within 3 days.

The effluents were collected every 3 days in the first
month of each experiment (later on, samples were
collected circa every 10 days) to measure pH and to
analyze the composition with ICP-OES for major
cations, ICP-MS for trace elements and ionic
chromatography for the anionic composition.

The presence of clay colloids was revealed by the
detection of their main (Si, Al, Mg, Fe) or trace
constituents (Th, U). The entire erosion experiments
extended over 2 years. The comparison of data
obtained in the two parallel experiments showed an
excellent reproducibility (Fig.5, open and closed
symbols).

Na-Ca exchange reaction was clearly observed. Na*
in raw GMZ bentonite exchanges with Ca?" from the
SBPW in this experiment but no significant erosion
was detected during the contact of the GMZ bentonite
pellets with the high IS SBPW as observed by the
constant concentrations of the effluent collected. The
results in these experiments with SBPW ([Ca®'] = 2
mM) are in-line with previous studies suggesting that
Na' and Ca®" concentrations larger than critical
coagulation concentrations (CCCna = 10-100 mM;
CCCca = 0.1-1 mM, in [11,12]) prevent bentonite
erosion.

The erosion (clay colloid detachment) via a low
mineralized groundwater flow was quantified by
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erosion indicator) during the erosion experiment directly in
contact with a low IS groundwater (meteoric type) or after 9
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water), see Tab.1 for GW details.

Table 2: AMLR for the various conditions tested

Pellets AMLR (kg/(y-m?))
compos|
ition 0-100d 0-365d
Raw . ; 0.08 £0.03
MX80 Directly in SGW 0.03+0.01
Directly in SGW 0.043 £0.006 0.012 +0.003
Step 1 Not detectable
Raw  SBPW, high IS Cy,(25 mM)> (CCCy,(10-100 mM)
GMZ (9 months) Cca(2mM)>CCCe,(0.1-1 mM)
Step 2: SGW 0.014 £ 0.001 0.005 + 0.001

determining an average eluted mass loss rate (AMLR,
Tab. 2).

For comparison, AMLR values are integrated over
the same period of time. Compared to raw MX80
bentonite, raw GMZ bentonite showed lower AMLRs
(0.012 £+ 0.003 kg/(y'm?) compared to 0.03 £+ 0.01
kg/(y'm?) for MX80) within the same erosion time
period (365 10 days) when contacted with a low IS
SGW. This might be explained by a higher content of
less soluble accessory mineral, like quartz and feldspar,
in agreement with [ 13]. The erosion inhibiting effect of
quartz or feldspars is most likely caused by clogging of
the filters simulating a fracture filled with secondary
minerals, which does not occur in experiments with an
open fracture [14]. Nonetheless, for greater erosion
time (> 500 days) the difference became less and less
significant. Contacting first the raw GMZ bentonite
with a high IS (I =39 mM) groundwater (SBPW) for 9
months and then interacting with low IS SGW
significantly reduced the eroded mass, leading to a
decrease of AMLR from 0.012 + 0.003 kg/(y-m?) to
0.0051 + 0.0001 kg/(y-m?). Apparently, the exchange
of the Na* from the raw GMZ bentonite with the Ca?*
from the SBPW reduced the swelling and thus later, the
erosion. The addition of 10 mg/L humic acid,
simulating the presence of natural organic matter in
groundwater, did not significantly influence GMZ
erosion in low IS SGW (AMLR = 0.016 + 0.001
kg/(y-'m?) compared to 0.012 + 0.003 kg/(y-m?) w/o
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humic acid). At the given pH around 8.4, the
interaction of humic acid with clay minerals is weak
and, thus, is not able to induce an enhanced
stabilization of clay colloids in SGW.
Care should be taken by using these erosion data.
Actually, wusing short-term erosion rates for
performance assessment analyses might overestimate
long-term bentonite erosion, as the influence of
groundwater composition and accessory minerals on
bentonite erosion weakens over time.

Important is that assuming erosion via GW flow from
a single fracture intersecting a deposition hole filled
with bentonite at an angle of 90° and with fracture
aperture of up to 200 um, neither the Raw GMZ nor the
Raw MXS80 reach the acceptable mass loss limit of
1200 kg bentonite during the first 10® years [15] under
the present conditions.

Actual work is focusing on the modeling of the data
obtained so far according to [16].
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Introduction

The influence of colloidal/nano-scale phases on the
radionuclide (RNs) solubility and migration behavior is
one of the uncertainties in certain scenarios of long-
term safety analyses for deep geological repositories.
[1, 2]. In our work, we aim to 1) identify the presence
and the formation of relevant colloids in some
argillaceous rocks, 2) determine their stability as a
function of geochemical parameters, 3) elucidate the
thermodynamics and kinetics of the colloid interaction
with radionuclides, 4) perform laboratory and field
experiments to quantify the colloid mobility and their
interaction with surfaces. Laboratory and in-situ
migration experiments need the use and development
of highly sensitive and sophisticated analytical
techniques [3-6]. The final goal is to state on the
relevance of the nanoparticles (NPs) / colloids for the
radionuclide migration in natural geochemical
conditions and to implement our experimental data into
reactive transport modelling codes.

Our present activities are conducted with the support
and in close collaboration with international nuclear
waste management agencies, like ONDRAF/NIRAS,
(Belgium) and NAGRA (Switzerland).

The collaboration with the ONDRAF/NIRAS is
related to the characterization of natural organic matter
(NOM) derived from different layers within the Belgian
Boom Clay (BC) formation and its interaction with
RNs [7].

Characterization of Boom Clay (BC) dissolved

organic matter (DOM)

In Belgium, poorly indurated clay formations like the
Boom Clay (BC) are the subject of research activities
related to deep geological disposal of high-level and/or
long-lived radioactive waste. The BC contains up to 1
to 5 wt.% immature organic matter (OM) [8,9]. The
transport of radionuclides (RNs) might be thus
influenced.

This report concentrates on the determination of the
size distributions of dissolved organic matter (DOM)
and associated naturally abundant metal ions in real BC
pore waters (BCPW) collected from the HADES
underground research laboratory (Mol, Belgium) and
taken as representative for different layers of the BC
formation. Leachates from solid BC samples were also
examined.
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To prepare the leachates, some inner-pieces of small
clay discs are suspended for 1 week under atmospheric
conditions in a synthetic Boom Clay water (SBCW)
consisting of 15 mM NaHCO:; at a solid/liquid ratio of
0.2 kg/L. The suspension obtained from this leaching
experiment is then ultra-centrifuged at 15,000 rpm (gmax
=16162) for 90 min. The leachates are the supernatants
collected after the centrifugation.

The Asymmetrical Flow Field-Flow Fractionation
coupled to a UV-Vis spectrophotometer (AsFIFFF-
UV) [3,4] as well as the Liquid Chromatography
coupled to Organic Carbon Detection, UV and ICP-MS
(LC-OCD-UV-ICP-MYS) [5,6] are used for DOM and
elemental association characterization. Results are
presented Figs. 1,2,3 and 4.

Small sized OM fractions (< 7 nm) are detected in all
BCPWs where the maximum of the DOM species
distribution is at a hydrodynamic diameter of ~1.8 nm
(Fig. 1).

The pore waters originating from or influenced by the
double band (DB) structure (i.e. here Morpheus-F8)
exhibits a multimodal size distribution ranging to larger
sized colloidal entities up to ~30 nm.

In the leachates (Fig. 2), a small-sized fraction with a
maximum at ~ 1.8 nm or somewhat larger is also visible
like in BCPW samples.

However, the main fraction appears in the larger
colloid size region with a broad distribution up to 30
nm and a maximum at ~ 15-16 nm. The findings
support the outcome of earlier investigations [10]
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Fig. 1: AsFIFFF-UV-fractograms as obtained after the
injection of the SPRING and Morpheus-F8 BCPW, mean of 3
successive injections of 100 uL, eluent NaHCO3 15 mM.
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Fig. 2: AsFIFFF-UV-fractograms as obtained after the
injection of the BC leachates; 2 successive injections of 100
uL; eluent NaHCO3 15 mM.

stating that the inter layer mobility of DOM in BC
apparently is restricted to species with a diameter of <
6 nm.

Trace elements (Fe, Ni, lanthanides, Th, U) reveal a
variable and complex association with colloidal species
in BCPW and BC extracts where inorganic species such
as FeOOH nanoparticles play a role besides DOM (Fig.
3 and 4).

A preliminary attempt to derive in-situ K¢-values for
the naturally abundant lanthanides and actinides in the
BC system is found to be consistent with laboratory Kd-
values reported in the literature for Eu, U, Pu and Th
(log K4=3.5-4.5) [11].

Even though in-situ Kqd-values are derived under
certain simplified assumptions, the similarity of in-situ
and laboratory Ka-value ranges increase confidence in
the applicability of such data for long-term safety
analyses.
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Fig. 3: LC-OCD-UV-ICP-MS chromatograms as obtained
after injection of the raw SPRING BCPW. Mean of 3
successive injections of ImL, on-line filtration at 450 nm.
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Fig. 4: LC-OCD-UV-ICP-MS chromatograms as obtained
after injection of the raw Morpheus-F8 BCPW. Mean of 3
successive injections of ImL, on-line filtration at 450 nm.

Influence of groundwater residence time on

RNs and colloids retention at the GTS
In the framework of the international CFM project
performed at the generic underground research
laboratory GTS (Grimsel Test Site, Switzerland) a
series of in-situ RN tracer tests have been carried out in
advective groundwater flow. These field tests aimed to
study the retention and migration of bentonite colloids
and RNs through a water conducting fracture of the
granodiorite rock. The GTS groundwater is a Na*/Ca?*
-HCOs -SO4% type with a pH of 9.6, an Ex(SHE) of ca.
-220 mV and an ionic strength 1.6 mM, providing
conditions for high stability and mobility of bentonite
colloids [12,13]. The latest of such tests, named CFM
Run 22-02, focuses on the kinetics of colloids and RNs
retention mechanisms in the granodiorite fracture.
Over the last 25 years three in-situ RN tracer tests
were carried out at the GTS within the same
hydrological dipole, named CRR (2.23 m length). A
cocktail of RN tracers (among them 2*U(VI), 2"Np(V),
22py(1V) or **Pu(1V) and *'Am(III) or *Am(1ID)),
bentonite colloids and a conservative tracer prepared in
Grimsel groundwater was injected into the CRR dipole
at different injection and extraction rates in order to
accomplish a certain groundwater residence time. The
first of these tests, CRR Run 32 [12,13] was
characterized by a short groundwater residence time of
ca. 114 min. In 2009, after the installation of a pressure
and groundwater flow control megapacker system, a
second experiment, the CFM Run 13-05 [14], was
conducted with a much longer residence time of ca.
8400 min, a value closer to the expected slow
groundwater flow in repository conditions. While the
fraction of actinide tracers and bentonite colloids
migrating out of the granodiorite fracture was between
ca. 70 % and ca. 100 % in CRR Run 32, a much lower
recovery spanning ca. 4 % to 36 % was observed in
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Fig. 5: Recovery (%) of 23U (blue rhombus), *’Np (red
circle), 21253 4m (green square) and **>'**Pu (grey triangle)
for the three field tests carried out in the CRR dipole as
function of groundwater residence time (logarithmic scale).
The letters “A, B and C” indicate the recoveries for CRR Run
32, CFM Run 22-02 and CFM Run 13-05, respectively. The
insert with light grey border shows a zoom of the actinides
recovery for CFM Run 22-02.

CFM Run 13-05 (see Fig. 5). For the latest field test,
named CFM Run 22-02, an intermediate groundwater
residence time of ca. 1410 min was chosen. Current
results of this test, partially presented in chapter 9 and
sub-chapter 8.4, corroborate the previous observations
of an inverse correlation between residence time and
colloids/RNs migration through the fracture. As it can
be seen in Fig. 5, the recovery for all the actinide
tracers, ranging between 30 % and 36 %, is
intermediate between those obtained for the fast CRR
Run 32 and the slowest CFM Run 13-05. In the
geochemical conditions of the Grimsel groundwater,
different mechanisms are responsible for actinide
retention. Namely, for the colloid borne Pu(IV) and
Am(III): colloid filtration through the pores of the
granodiorite fracture and dissociation from colloids and
adsorption to rock surfaces; for U(VI), stabilized in
solution as  ternary  calcium-uranyl-carbonate
complexes [15]: isotopic exchange with natural
uranium bearing minerals/surface sorption; and for the
redox sensitive Np(V): reduction to Np(IV) with
consequent precipitation of NpOz(am) or surface
sorption of Np(I'V) species [15].

The results of this study highlight how the far-field
migration of actinides in fractured crystalline host rock
is strongly dependent on the groundwater flow rate. In
particular, the kinetics of the afore-mentioned retention
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mechanisms favor actinide retention for lower fluxes
that are expected in a deep geological repository.
Further investigation is ongoing in order to estimate the
bentonite colloid recovery for CFM Run 22-02.
Furthermore, an additional field test is planned in which
Np(IV) is stabilized in the cocktail and injected instead
of Np(V).
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Introduction

Final disposal in a deep geological repository is a
generally accepted strategy for the long-term
management of high-level radioactive waste (HLW).
Geologic formations that are considered as potential
host rocks for HLW repositories in Germany and other
European countries are clay rock, crystalline rock (e.g.
granite or granodiorite), and rock salt. In clay and
crystalline rocks, many common repository concepts
consider a geotechnical barrier made of bentonite. In
clay and crystalline rocks, groundwater intrusion into
the HLW repository needs to be considered, which will
lead to canister corrosion and may finally induce
radionuclide release. Due to the small particle sizes of
clay minerals, leading to small pore sizes, advective
water flow is very limited in bentonite and considered
argillaceous host rocks. Thus, diffusion is the main
transport process in these geo-materials, and may
eventually lead to quite slow radionuclide migration
out of the containment-providing rock zone, towards
adjacent aquifers.

Diffusion in pristine, unaltered, and homogeneous
clay materials has been studied for decades. Relevant
processes have been identified and can be readily
included in numerical transport simulations [e.g. 1-3].

Recent studies at KIT-INE, which were initiated in
the frame of the iCross project and are presented as part
of this report, focus on effects of bentonite alteration,
e.g. in the presence of Fe(Il), released from corroding
waste canisters, effects of elevated temperature and

-
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Fig. 1. Through-diffusion setup for experiments on
radionuclide diffusion through a mixed magnetite (2 mm) —
GMZ bentonite (8 mm) sample, mimicking a corrosion
product - bentonite interface in a multi barrier system after
canister corrosion.
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temperature gradients, or effects of clay rock
heterogeneity on radionuclide diffusion.

Impact of dissolved iron on the diffusion of

radionuclides in bentonite

In a first attempt to mimic the effect that corrosion
induced bentonite alteration may have on diffusion of
radionuclides, two through diffusion experiments were
set up, in which the diffusion cells were packed with a
2 mm thick layer of magnetite, an expectable corrosion
product of steel at anoxic conditions, and 8 mm of
GMZ bentonite (Gaomiaozi, Inner Mongolia, China).
Both materials were compressed to a dry density of 1.6
g/cm?. A schematic sketch of the experimental setup is
shown in Figure 1. For comparison two more cells were
prepared containing only 10 mm GMZ bentonite (also
1.6 g/cm?).

The synthetic pore water composition followed the

recipe from Wu et al. [4]. In experiments with
magnetite, 12 pM FeCl. were added to the high
concentration reservoir (HCR) to prevent magnetite
dissolution. The pore water was preequilibrated with
bentonite (and magnetite) before the experiment.
During the experiments with magnetite, the Fe(II)
concentration in the HCR increased to 18 uM,
indicating some minor magnetite dissolution.
High concentration reservoir (HCR) and low
concentration reservoir (LCR) solutions were
circulated though the diffusion cell at a flow rate of 0.4
mL/min.

After 3 weeks equilibration of the packed diffusion
cells with the porewater, non-sorbing HTO and *CI
tracers were added to the HCR for the first diffusion
tests. At selected time intervals, the HCR was sampled,
and/or the LCR was sampled and exchanged with fresh
solution. HTO and **Cl- concentrations were analyzed
by liquid scintillation counting using an LSC Ultima
Gold XR cocktail (Perkin Elmer). Diffusion data for
non-sorbing tracers were analyzed with an analytical
solution of the diffusion equation, assuming constant
inlet and zero outlet concentration after Crank (1975)
[5], and a least-squares fitting routine. The results are
summarized in Table 1.

Concerning HTO diffusion, the cells with magnetite
and bentonite exhibit higher diffusion coefficients and
slightly increased rock-capacity factors (= porosities
for non-sorbing tracers) for HTO, indicating
differences in the pore structure between magnetite and
bentonite. For *CI', the pure bentonite cells show the



expected anion exclusion effect, i.e. diffusion
coefficients and porosities are about a factor of 4-6
lower compared to HTO. The magnetite-bentonite cells
exhibit a strongly suppressed anion exclusion.
Diffusion coefficients for *°Cl" are decreased by a
factor of 3 only, and porosities are about half as high
as for HTO. We attribute this effect to the adsorption
of Fe(Il) at smectite surfaces increasing their surface
charge (making it less negative) and thereby decreasing
anion exclusion [6].

Table 2. Results from through-diffusion tests with layered
magnetite / GMZ bentonite- and pure GMZ bentonite cells.
Numbers provided in each cell are effective diffusion
coefficient D, and rock capacity factor o.

[ HTO [ *cr
GMZ

Cell 1 | De(m¥s): | (5.79+0.06)x10"" | (1.37+0.01)x10"!
o 0.54 £ 0.04 0.09 £0.01

Cell2 | De(m¥s): | (5.54+0.05)x10"" | (1.24+0.01)x10™"!
o 0.45 £0.04 0.08 £0.01

magnetite / GMZ

Cell3 | De(m¥s): | (1.47+£0.01)x10" | (4.63+0.03)x10™"!
o 0.63 £0.04 0.42 £0.02

Cell4 | De(m¥s): | (1.44+0.01)x10" | (4.28+0.01)x10™"!
o 0.58 £0.03 0.30 £0.01

Bentonite alteration in the presence of iron at

elevated temperature

The expected anaerobic corrosion in the repository
initiates the release of dissolved mobile Fe(Il) species.
This may lead to the iron induced alteration of smectite
minerals in the bentonite buffer. Such processes may
lead to pore space alterations in the bentonite and
changes in transport- and adsorption properties.
Especially, the formation of secondary phases like Fe-
smectites or Fe bearing 1:1 phyllosilicates (berthierine,
cronstedtite, greenalite, odinite) could lead to a reduced
swelling capacity and cation exchange capacity (CEC).
Dedicated experiments are being carried out to
examine secondary clay alteration phase formation and
the effect of such alterations on transport properties.

In autoclaves, GMZ bentonite, MX-80 reference
bentonite (Wyoming, USA) and KGa-2 reference
kaolinite were mixed with different iron sources
(FeClaag), Fe-Powder), a 0.03 M NaCl solution and
stored at 90 °C in an oven within an Argon-filled
Glovebox for 4 months. The solid/liquid ratio (g/L)
amounted to 15 for the bentonites and 15 or 20 for
kaolinite. The Fe/Clay ratio was set to 0.5 (mass/mass).
Afterwards, samples were analyzed via Infrared
Spectroscopy (IR), X-ray Diffraction (XRD) and X-ray
Absorption Spectroscopy (XANES).

IR results show for the original bentonites GMZ,
MX-80 and kaolinite absorption bands (1000 cm™ - 800
cm'!), which are related to the octahedral ions. These
decrease in intensity upon alteration. Samples treated
with Fe-Powder display higher decrease in absorption
bands than samples treated with FeClz. Thus, IR results
indicate structural decomposition of the octahedral
sheets of clay minerals.

- A A
g
3 A P\JL
£ Q
F
M Mm
M
M MfF a
M A A4
5 10 15 20 25 30
2 Theta

Fig. 2: X-ray diffraction results. Diffractograms of untreated
samples (pink, orange and black line) compared with
samples treated with Fe-Powder (picture above). Samples:
red KGa-2 s/L 15; blue KGa-2 s/L 20, green MX-80, purple
GMZ.

XRD data (Fig.2) show complete replacement of 2:1
phyllosilicates from GMZ and MX-80 after alteration
(peaks labelled with M in Fig. 2). Peaks of further
bentonite components like quartz and feldspars
disappeared. The appearance of new peaks at 7.15 A
(d(001), ca. 12.5°, 2 Theta) and 3.57 A (d(002)) is
independent of the educts tested in this study and
indicates formation of a 1:1 phyllosilicate. In addition,
all samples treated with FeCl» exhibit a new d(060)
peak at 1.52 A. This indicates a change in octahedral
occupancy, alteration from the original dioctahedral
clay mineral to a mixed di-/ trioctahedral clay mineral.

XANES data exhibit pre-edge features, characteristic
of octahedrally coordinated iron. In general, edge
positions indicate about 30+£20% Fe(IIl) and 70+£20%
Fe(I1). In conclusion, the mineral phase odinite ((Fe*”,
Mg, Al, Fe*)24(Si1sAlo2)Os(OH)4) shows the best
crystal chemical and crystallographic agreement with
the reaction product, as characterized by IR, XRD and
XANES.

The results of these batch mineral syntheses
experiments show complete transformation of
smectites in bentonite and of kaolinite in the presence
of iron to a newly formed 1:1 phyllosilicate.

Large scale diffusion studies in the

underground research laboratory Mont-Terri

INE became partner in a diffusion experiment, named
DR-C, in the underground research laboratory (URL)
Mont-Terri and initiated another diffusion experiment,
named DR-D, in the same URL. The location of the
two diffusion experiments is highlighted in the map of
the Mont-Terri URL in Figure 3. Both experiments are
located in the new gallery 18 of the URL and both will
investigate radionuclide diffusion in the upper sandy
facies of Opalinus clay.

The upper sandy facies of Opalinus clay is a dark
grey clay stone. Compared to the shaly facies it is
higher in quartz and lower in clay content, and contains
more sandy components. It is also characterized by a
higher degree of heterogeneity, with whitish calcite
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Fig. 3. Map of the URL Mont-Terri indicating the location of
the two diffusion experiments DR-C and DR-D, both in the
new gallery 18, and both in the upper sandy facies of
Opalinus clay. The lower image shows the 5 — 8 m sections
of two drill cores, recovered from the bore holes BDR-D1
and BDR-D2.

and quartz enriched intercalations and limestone
concretions. The drill core photography in the lower
image in Fig. 3 gives an impression of the rock
heterogeneity.

The experimental location was chosen to mimic
potential German clay host rocks, which are as well
expected to be more heterogeneous compared to the
shaly facies of Opalinus clay, the host rock candidate
in Switzerland.

Aim of the DR-C experiment is to study diffusion in
a thermal gradient (80°C to ca. 15°C), compared to
diffusion at ambient temperature (ca. 15°C). Therefore,
two diffusion experiments are setup 10 m apart from
each other in similar rock sections along the strike of
the clay rock bedding.

Aim of DR-D is to study the effect of rock
heterogeneity on radionuclide diffusion. Therefore, the
injection interval of the experimental setup is placed at
the intersection of two different subfacies (SF2 and
SF3 [7]) of the sandy facies Opalinus Clay, ca. 10 m
below the gallery. This transition area has been
identified by drill core analyses and bore hole logging,
and could be visualized after a cross hole seismic
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tomography survey between bore holes BDR-D1 and
BDR-D2 [8].

Both experiments have been successfully installed,
and the heated experiment of DR-C was heated up in a
step-wise procedure during 2025. Ca. 12L synthetic
porewater have been circulation in the experiment for
several months in order to ensure equilibration of
solution and rock. Tracer injection is foreseen for
January 2026. In a first step the strongly sorbing tracers
Cs-137, Co-60 and Ba-133 will be injected. After 18
months, non- and weakly sorbing tracers Na-22, HTO
and Cl-36 will be added. Expected runtime of the
experiments is two years until beginning 2028. The
solution compositions will be monitored throughout
the runtime. After the experiment the tracer profiles
will be analyzed from overcoring samples of the rock
around the diffusion boreholes.
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Experimental confirmation of new theoretical
findings on the age determination of Cf

sources

This study provides an experimental confirmation of
new theoretical findings on the age determination of Cf
sources. The age determination of Cf sources by
gamma spectroscopy, first proposed by Gehrke [1], re-
quires the fitting of the Cs-137 peak at 662 keV and the
[-132 peak at 668 keV. The underlying idea is to eval-
uate their age-dependent peak intensity ratios accord-
ing to the different life-times of the nuclides. The cal-
culated ratio of the y-ray emission rates of 662 keV to
668 keV, plotted as a function of the age of the Cf
source ("age-determination curve"), makes it possible
to determine the age of a Cf source from the corre-
sponding ratios determined in measured spectra. How-
ever, in one of our previous investigations on Cf
sources [2], discrepancies concerning the age determi-
nation curve were observed. Our theoretical studies us-
ing the Nucleonica toolkit [3] showed deviations for
sources older than 30 years, with deviations increasing
quite strongly with age. To check the deviating theo-
retical predictions, experiments were carried out with a
49-year-old Cf source [4].

Experimental procedure

y-ray spectra of a 49-year-old Cf source were measured
in the KIT-INE controlled area using a coaxial HPGe
Germanium detector. A portable well-type HPGe de-
tector system manufactured by Mirion Technologies
(Canberra) was employed. The source was placed at a
distance of 20 cm to achieve a high-count rate with an
acceptable low dead time for the detector. Figure 1
shows the experimental setup used. The calibration of
the detector itself was performed with an Eu-152
source in the control area of KIT-INE.

Cf source

HPGe detector

Fig. 1: Experimental setup with HPGe detector and Cf
Source.
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Results and Conclusions

From the intensity of the y-ray lines in the measured
spectra, we determined the 662 keV/668 keV activity
ratio of the 49-year-old source. This measured data
point does not agree with Gehrke's age determination
curve, but follows the trend of the curve from our Nu-
cleonica simulations, which we determined in our ear-
lier study [2]. The activity ratio according to Gehrke's
age determination curve is predicted to be about 20000,
while the experimental result indicates a ratio of 1000,
which agrees with our theoretical predictions.

With our gamma spectroscopic investigation with a 49-
year-old Cf source, we were able to confirm our theo-
retical predictions on the age determination curves for
Cf sources. Our results for old sources differ from those
proposed by Gehrke. These discrepancies are probably
because Gehrke, due to simplified assumptions, did not
take into account all the decay channels that produce
the isotopes Cs-137 and 1-132. Obviously, complex de-
cay channels play an important role from an age of the
source of more than 25 years, as they were considered
to a greater extent in our simulations with Nucleonica.

Activities in cooperation with the Working
Group 12 of the European Radiation Dosime-

try Group

KIT-INE contributes to activities of the Working
Group 12 of the European Radiation Dosimetry Group
(EURADOS). This group focuses on occupational ra-
diation protection and individual monitoring in X-ray
and nuclear medicine practices. In this field, numerous
studies have been conducted, especially for workplaces
in interventional radiology and cardiology. The com-
plexity of the inhomogeneous radiation fields makes
radiation protection and monitoring of the medical staff
during interventional procedures exposed workers a
challenging task.

Wearer Position-dependent Dose Recording of
Personnel Dosimeters in Interventional Cardi-

ology
We briefly report here on one of the latest studies by

the EURADOS Working Group 12, which deals with
the recording of doses from personal dosimeters in in-
terventional cardiology [5,6]. The possible effects on
the registered doses in a stray field in connection with



the actual wearing position of a dosimeter were inves-
tigated by Monte Carlo simulations and validated by
measurements.

Materials and methods

To simulate a “typical” interventional cardiology pro-
cedure with femoral access, the Monte Carlo N-Parti-
cle (MCNP) Monte Carlo code [7] was employed. A
modified version of the MIRD model was used as com-
putational human phantom to imitate the patient and
the two operators. Furthermore, lead aprons and the
collar protectors were added to the model, and the op-
erators' arms were angled to obtain a more "realistic"
configuration. 35 simulation dosimeters were placed
equidistant on the chest of each operator. In this way, a
5 x 7 dosimeter matrix (vertical x horizontal) was cre-
ated on the chest. The X-ray tube beam qualities and
positioning of the phantoms were simulated according
to the experimental specifications.

Measurements were performed with a Philips Allura
Xper FD20 irradiation device. A plastic Rando phan-
tom was used to mimic the operator and a PMMA slab
phantom to represent the patient. The absorbed dose
was measured at different positions on the Rando phan-
tom with an active dosimeter system.

Results and Conclusions

From the Monte Carlo simulations for a 70 kV beam,
with reference to the horizontal middle row of the ma-
trix higher dose values are observed in the upper rows
of the dosemeter matrix while the lower rows show de-
creasing values. From the vertical middle row to the
right side, the doses decrease by about a factor of 0.3
to 0.4. A strong decrease was observed for the dosime-
ters on the far left in the range of the factor 0.4 to 0.5.
This decrease is attributed to the fact that the arms par-
tially shield the respective dosimeters. Simulations
without arms confirm this hypothesis, since in this case
an increase in dose instead of a decrease is observed for
the dosimeters on the far left. The measurement results
with the phantom without arm show a similar behavior
as the corresponding simulations without arms. From
the breast center to the right a decrease of about 50% is
observed and from the breast center to the upper posi-
tions the dose is reduced by about 60%.

The complexity of the different scenarios sets limits
to this study. The exact mapping of the measurements
into the simulations is not an easy task. In real situa-
tions, moreover, the static simulation and measurement
scenarios are confronted with motion sequences. In a
supplementary study [6], the potential shielding effect
of the arms on dosimeters placed above the apron on
the operator's chest was investigated through measure-
ments in the hospital using a suitable anthropomorphic
thoracic phantom. Overall, these results confirm the
trends predicted in the associated Monte Carlo simula-
tions.
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Investigation of the exposure of the eyes of
medical personnel when administering Sc-47

and Cu-67 labelled radiopharmaceuticals

Here a summary of a study of the EURADOS Working
Group 12 dealing with the exposure of medical person-
nel when administering Sc-47 and Cu-67 labeled radi-
opharmaceuticals is given [8].

Materials and methods

To determine the exposure of the eye lens and thyroid
gland of personnel during the administration of radio-
pharmaceuticals in a typical scenario of peptide recep-
tor radionuclide therapy, Monte Carlo simulations
were performed using a modified ICRP voxel model in
the Monte Carlo N-Particle (MCNP) Monte Carlo code
[7]. The simulations were validated by comparing the
results with TLD measurements performed in a hospi-
tal using Lu-177-labeled compounds.

Results and conclusions

The doses for the eye lens and thyroid gland were de-
rived from the photon emissions, whereby the beta con-
tribution, which is three orders of magnitude smaller,
was neglected. The agreement be-tween the simulation
and measurement results obtained for Lu-177 suggests
that, within the limits of the simulation approach, the
simulation results for Sc-47 and Cu-67 can also be fol-
lowed.

The dose to the eye lens for personnel is in the order
of 2 uSv/GBq per patient application for Lu-177 com-
pounds. Applied to Sc-47 and Cu-67, this amounts to
approximately 8 uSv/GBq due to the different energies
and yields of these radiopharmaceuticals. This infor-
mation is useful for optimizing radiation protection for
medical personnel in nuclear medicine and for as-
sessing the appropriate workload for personnel in such
practices.
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6 Coordination chemistry

KIT-INE performs coordination chemistry studies in solution related to actinide separations by solvent extraction.
These studies address the interactions and the speciation between actinide ions (and other ions) and ligands poten-
tially useful for separating actinides and other metal ions. Recent activities involve solvent extraction and spectro-

scopic studies with a variety of ligands (see Fig.).
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Introduction

In recent years, our primary research focus has been
Jf-element coordination chemistry, with particular em-
phasis on actinide coordination chemistry. We use a
complementary set of experimental methods, including
nuclear magnetic resonance spectroscopy (NMR),
time-resolved  laser  fluorescence  spectroscopy
(TRLFS) and solvent extraction experiments. These
methods have proven highly efficient for analyzing and
describing the coordination chemistry of trivalent f-el-
ement ions. Moreover, this approach can be extended
to other elements of the periodic table, such as alkali
metals, which are of importance in the context of nu-
clear waste disposal.

Solvent extraction is a highly selective and versatile
method to separate metal ions. An organic phase con-
taining an extracting agent (i.e. a lipophilic complexing
agent) is brought into contact with an aqueous phase
containing metal ions. The extracting agent forms hy-
drophobic complexes with selected metal ions, trans-
ferring them into the organic phase, while metal ions
that do not form complexes remain in the aqueous
phase. N-donor ligands such as bis-triazinyl-bipyri-
dines (BTBP) efficiently separate trivalent actinide
ions from trivalent lanthanide ions.!? Using a similar
strategy, calix[4]arene crown-ethers are known to effi-
ciently separate radiocesium from spent nuclear fuel.?

A molecular understanding of extraction processes
requires detailed knowledge of coordination chemistry
in solution. To achieve this, we combine TRLFS and
NMR. TRLFS is used to determine complex stoichi-
ometries, thermodynamic parameters, and stability
constants of Cm(III) and Eu(III) complexes. NMR pro-
vides insight into metal-ligand interactions, molecular
structure and speciation of f-element complexes. For
example, TRLFS studies have demonstrated that
Cm(IIT) forms complexes with N-donor ligands that
show stability constants up to two orders of magnitude
higher than those of the corresponding Eu(IIl) com-
plexes, while NMR investigations further elucidate the
nature of these interactions.
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Fig. 1: Ligands studied, PrOH-BPTD, C4-BPP, and MAX-
Calix.

Extraction studies for An(II1)/Ln(IIT) with hy-
drophilic PrOH-BPTD

In EURATOM programs, several solvent extraction
systems have been developed to separate minor acti-
nides, with a particular focus on Am(III). One such sys-
tem is the AmSel process, in which Am(III), Cm(III)
and Ln(III) are co-extracted into an organic phase con-
taining the extracting agent TODGA. In a subsequent
step, Am(III) is selectively back-extracted from the or-
ganic phase using a dedicated complexing agent. One
suitable complexing agent is PrOH-BPTD.*

Fig. 2 presents the distribution ratios of Am(III),
Cm(IIT) and the light lanthanides (La—Eu) as a function
of nitric acid concentration. For all metal ions, the dis-
tribution ratios increase with increasing HNO; concen-
tration, indicating a solvating extraction mechanism
consistent with the formation of [M(TODGA)3]** com-
plexes in the organic phase. Effective Cm(III)/ Am(III)
separation requires a distribution ratio Dam < | and
Dcm > 1. This condition is fulfilled in the nitric acid
concentration range of 0.33 M < [HNOs] < 0.39 M.
Within this window, the separation factor ranges from
2.0 to 2.3. In contrast to SO3-Ph-BTBP studied earlier,’
PrOH-BPTD contains only C, H, O, and N atoms, min-
imizing secondary waste generation.
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Fig. 2: Distribution ratios for the extraction of **' Am(Ill),
24 Cm(Il), P’Eu(lll), and La(II)-Sm(II) from solutions
containing 0.04 M PrOH-BPTD in HNOs into 0.2 M TODGA
dissolved in kerosene/I-octanol (5 vol %).?

This work has received funding from the European Re-
search Council (ERC) under the European Union’s
Horizon 2020 research and innovation program (pro-
ject PATRICIA, grant agreement no. 945077) and the
German Federal Ministry for Research and Education
(grant agreement nos. 02NUK0594, 02NUKO059C,
02NUKO059D).

TRLEFS studies with hydrophilic PrOH-BPTD

The coordination chemistry of PrOH-BPTD is of fun-
damental interest. Accordingly, the complexation of
Cm(IIT) and Eu(IIl) with this ligand has been system-
atically investigated using TRLFS. Fig. 3 shows the
normalized emission spectra of Cm(III) as a function
of ligand concentration. In the absence of PrOH-
BPTD, the emission spectrum corresponds to the
Cm(IIT) aquo ion. Upon addition of the ligand, a bath-
ochromic shift of the emission band to 604.4 and
614.6 nm is observed. These emission bands are as-
signed to the formation of [Cm(PrOH-BPTD),]** com-
plexes, with n = 1-2.
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614.6 nm S 0
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Fig. 3: Normalized Cm(Ill) emission spectra of the complex-
ation of Cm(IIl) with PrOH-BPTD in 1073 M HCIO.?

As highlighted in Fig. 2, PrOH-BPTD shows pro-
nounced selectivity for An(Ill) over Ln(IIl) ions.
Therefore, the investigation of Eu(Ill) complexation
with PrOH-BPTD is also of considerable interest. In
this case, only a 1:2 complex is formed, as supported
by slope analysis and lifetime measurements.

The corresponding stability constants are summa-
rized in Table 1. PrOH-BPTD forms stronger com-
plexes with Cm(III) than with Eu(III), consistent with
the observed separation of Cm(III) and Eu(III) in sol-
vent extraction experiments.

Table 1: Comparison of the stability constants log  of
Cm(I1T) and Eu(11T) complexes with PrOH-BPTD.*

[M(PrOH-BPTD). > log B log B2
Cm(III) 30+0.1 67+03
Eu(lll) _ 6.2+0.4

Cesium separation from brine solutions by ex-
traction

A wide range of elements are produced during the nu-
clear fission of uranium and plutonium. Among the
most significant fission products is '*’Cs, which may
be present in considerable amounts in low- to interme-
diate-level nuclear waste. In this context, the develop-
ment of potential effective decontamination strategies
for concentrated chloride brines is investigated.

Fig. 4 shows Cs(I) distribution ratios for its extraction
from various chloride salts into MAXCalix as a func-
tion of chloride concentration. Na(I), Mg(II), and
Ca(Il) are not co-extracted. In contrast, K(I) competes
with Cs(I) extraction, which is expected given the
strong affinity of 18-crown-6 ethers for K(I) ions. NH4"
behaves similarly.

As summarized in Table 2, Cs(I) is selectively ex-
tracted from mixed brine solutions containing Mg(Il),
Ca(II), Na(I), and K(I), with Dcs values between 4 and
6, and excellent selectivity over K(I), Na(I), Mg(Il),
and Ca(Il). The separation factors for Cs(I) over the
other metal ions, SF, range from 102 to 10*.

10
—=— CaCl,
—e— MgCl,
—a— NaCl
v KCl O
T4+ NHCI ~
3
a
0.1 4
0.01 - T T T
0.001 0.01 0.1 1
[Cl]y; [mol L]

Fig. 4: Cs(1) distribution ratios as a function of the chloride
concentration in presence of Na(l), K(I), Mg(Il), Ca(ll) and
NH,™. 0.05 M MAXCalix in 1-octanol/kerosene 75/25%v.%
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Fig. 5: 'H-NMR spectra of the aromatic region of various
[M(MAXCalix)]"* (M = Cs, Rb, NH,, K, Sr, Na) complexes.”

Table 2: Distribution ratios D for the extraction of Cs(I),
Mg(1I), Ca(Il), Na(I), and K(I) from mixed brine solutions S1
and S3 into MAXCalix in 1-octanol/kerosene 75/25 %vol.
[MAXCalix] = 0.05 M, [Cl Jiot = 4.45 M, pHin = 3, A/O =
1:1.6

S1 S3 SF
Dcs 5.71 4.72
Dwg 0.0004 - 10*
Dca - 0.0002 10*
Dra 0.0033 0.0016 10°
Dk 0.038 0.031 10%

Overall, these results enabled proposing a robust labor-
atory-scale extraction procedure for the efficient sepa-
ration of radioactive Cs(I) from concentrated brine so-
lutions. While the process is somewhat sensitive to the
presence of K(I), it shows substantial tolerance toward
other alkali and alkaline earth metal ions, which is es-
sential given the variable composition of potential feed
solutions.

Speciation study in the MAXCalix system us-
ing NMR

Above observations appear counterintuitive given the
well-established coordination chemistry of 18-crown-
6-ethers, highlighting a gap in the understanding of
their interactions with chemically related ions. This un-
derscores the need for a systematic and comprehensive
study of the coordination behavior of MAXCalix.

As shown in Fig. 5, MAXCalix efficiently coordi-
nates large ions such as Cs(I) but also forms complexes
with smaller ions, including Na(I), demonstrating the
versatility of the ligand. Complex formation induces
pronounced changes in the chemical shifts of both the
aromatic and crown ether regions in the 'H NMR spec-
tra. In the Cs(I) complex, most aromatic signals shift
downfield, except for one triplet. As a result, the chem-
ical shift difference between the aromatic protons of
the calix[4]arene backbone increases to 0.29 ppm. This
indicates a substantial redistribution of electronic den-
sity between the metal-facing and metal-opposing
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rings of the 1,3-alternating calix[4]arene, suggesting
the presence of m-interactions between the metal-facing
benzene rings and the cation. In the crown ether region,
significant changes in signal multiplicity, relative to
the free ligand, point to a conformational rearrange-
ment of the crown ether substructure. In contrast, com-
plexation with Sr(II) results in comparatively minor
shifts in the aromatic region, while more pronounced
effects are observed in the crown ether region. Here,
the triplet signals shift downfield relative to the free
ligand, indicating a different crown ether conformation
in the Sr(Il) complex. Overall, a clear correlation be-
tween ionic size and complexation emerges from these
observations.

Additional structural insight was obtained through
quantum chemical calculations. Representative struc-
tures of Cs(I), K(I) and Ra(II) complexes are shown in
Fig. 6. In the Cs(I) complex, the cation is located
within the plane of the 18-crown-6 moiety and is nearly
symmetrically coordinated by the crown ether oxygen
atoms. A top-view perspective reveals that the Cs(I)
ion is slightly displaced beneath the calix[4]arene
rings, suggesting possible m-interactions between the
benzene rings and the cation. Furthermore, the terminal
benzene ring tilts out of the coordination plane, indi-
cating substantial ligand reorganization to accommo-
date the metal ion.

The K(I) complex shows similarities to the Cs(I)
complex but displays a more pronounced distortion of
the crown ether substructure. The terminal oxygen at-
oms and the terminal benzene ring are significantly
tilted, leading to a half-boat conformation. This distor-
tion shifts the K(I) ion above the coordination plane,
while it remains slightly beneath the calix[4]arene
framework, resulting in preferential interaction with a
single benzene ring.

Substituting alkali metals with alkaline earth metal
ions leads to more drastic structural changes. In the
Ra(II) complex, the crown ether adopts a twisted con-
formation, and the terminal benzene ring is rotated
nearly 90° relative to the coordination plane. Although
the Ra(Il) ion remains close to the coordination plane,

Cs-top view

Ra - lateral view

Fig. 6: Top and lateral view of the DFT-optimized structures
of [M(MAXCalix)]"" complexes (M = Cs(I), K(I), Ra(Il)).
Hydrogen atoms are omitted for visual clarity.”
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it is drawn further towards the underside of the ca-
lix[4]arene framework compared to the Cs(I) and K(I)
complexes.

Based on these representative examples, two distinct
structural subtypes can be identified. Subtype I features
an almost planar crown ether substructure and includes
complexes of Na(I), K(I), Rb(I), Cs(I), and Fr(I). Sub-
type II is characterized by a twisted crown ether sub-
structure and is formed by Sr(II), Ba(IT) and Ra(II). The
results presented here complement existing structural
and theoretical studies on Cs(I) complexation with ca-
lix[4]crown ethers. Furthermore, they provide a foun-
dation for improving established extraction protocols
or developing new strategies for radionuclide decon-
tamination and related applications.

This work was funded by the German Federal Minis-
try for Research and Education (grant agreement No.
02NUK0594, 02NUK059C).

An(IIT)/Ln(IIT) complexation studies with C4-
BPP

Variations in the side chains lead to pronounced differ-
ences in extraction behaviour.® While these effects can
be partly attributed to steric factors, the specific influ-
ence of side-chain architecture remains insufficiently
understood. Consequently, systematic studies employ-
ing structurally and electronically modified ligands are
required to address these questions. This work deals
with the synthesis of a new 2,6-substituted (1H-pyra-
zol-3-yl)pyridine derivative and the question how
modifications of the side moieties affect complex sta-
bility, speciation and selectivity.

TRLFS was used to investigate the speciation of
Cm(IIT) and Eu(IIT) with C4-BPP in solution. Cm(III)
was dissolved in methanol containing 1.5 vol.% water
and the concentration of C4-BPP was gradually in-
creased. The corresponding normalized emission spec-
tra are shown in Fig. 7. In the absence of C4-BPP, the
solvent spectrum of Cm(III) shows an emission band at
598.9 nm. Upon increasing the C4-BPP concentration,
a bathochromic shift of the emission band is observed,
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and three new emission bands appear at 603.0, 607.3
and 611.7 nm. These bands are assigned to the for-
mation of [Cm(C4-BPP),]** complexes with n = 1-3.

A comparison of the conditional stability constants of
C5-BPP and C4-BPP reveals increasing deviations
with higher coordination numbers. While the stability
constants of the 1:1 complexes agree within experi-
mental uncertainty, those of the 1:2 and 1:3 complexes
differ by one and three orders of magnitude, respec-
tively. In contrast to C5-BPP, which contains a neopen-
tyl side chain, C4-BPP features a directly attached tert-
butyl group. The observed differences originate pri-
marily from increased steric strain within the com-
plexes caused by the higher steric demand and limited
conformational flexibility of the tert-butyl substituents.
As the coordination number increases, steric hindrance
between C4-BPP molecules becomes increasingly sig-
nificant, leading to a pronounced decrease in overall
complex stability. In the case of C5-BPP, this effect is
mitigated by the additional methylene groups, which
provide greater flexibility and reduce the effective spa-
tial demand of the tert-butyl moieties.

Table 3: Stability constants of C4-BPP and C5-BPP for
Cm(I1T) in methanol containing 1.5 vol % water.’

log Bi log B2 log B3
C4-BPP 7.2+04 10.1 £0.5 11.8+0.6
C5-BPP 6.9+0.2 11.2+0.3 14.8+0.4

To obtain further insights into the interaction of
C4-BPP with Ln(IIT) and An(III) ions, a series of com-
plexes was investigated using NMR. The complexes
were characterized by 'H-'>’N HMQC. In comparison
to the '*N chemical shifts observed for the correspond-
ing Ln(IIT) complexes, the Am(III) complexes show a
pronounced upfield shift of approximately 270-280
ppm for the coordinating nitrogen donor atoms.

These large shifts cannot be explained solely by the
paramagnetism of Am(III), as Sm(IIT), which has a
comparable paramagnetic character, shows '*N chemi-
cal shifts similar to those observed for the diamagnetic
complexes. The pronounced upfield shift is therefore
attributed to fundamental differences in the metal-ni-
trogen interaction. While bonding between An(III) ions
and ligands is generally dominated by electrostatic in-
teractions, the altered coordination behavior observed
here suggests a higher degree of covalency in the
Am(III)-N interaction.

This work was supported by the German Federal
Ministry for Economic Affairs and Climate Action
(BMUYV) under contract number 02E11921B and the
German Federal Ministry of Education and Research
(BMBF) under contract numbers 02NUK059A4 and
02NUKO059C.
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7 Deconstruction and decommissioning of conventional and
nuclear buildings

In Germany, the last nuclear power plants in operation were finally shut down on 15.04.2023. After the operational
use of the nuclear power plants, decommissioning and dismantling of the plants to a greenfield site follows. De-
pending on the size of the plant, dismantling of nuclear facilities is associated with costs of around 1 billion euros
and takes 10 - 15 years. [1] In conjunction with the research reactors, dismantling in Germany will take many more
decades and will therefore also require skilled workers.

A very high proportion of manual work is still required for technical dismantling and very little automation, digi-
talization and robotics are available. This is where the present research work comes in. The focus of the R&D
work is on digitalization, the modelling of nuclear power plants with Building Information Modeling (BIM) and
the adapted and coordinated dismantling. Individual processes are being optimized and new technologies are being
developed and patented. These processes are integrated into the digital dismantling chain in order to minimize
manual work and to digitize and automate data processing. In cooperation with other research departments, pro-
cesses are being developed to reduce waste volumes and increase recycling volumes. Projects are being carried
out at European level to provide further training and maintain skills as well as firmly establishing these topics
nationally in lectures of KIT. The R&D work is carried out in close cooperation with industry, so that junior staff
are introduced directly into practice during their doctorate.

Reference

[11 Bavarian State Ministry for the Environment and Consumer Protection (year unknown):,FAQS zum
Riickbau von Kernkraftwerken“, online at: https://www.stmuv.bayern.de/themen/reaktorsicher-
heit/stilllegung_abbau/fag.htm, accessed on 23.10.2025.

7.1 Digital twins and ontology for robot assisted decommissioning
operations
J. Ridao Cabrerizo

In co-operation with:

Technical Research Centre of Finland Ltd. (VTT); Institute of Energy Technology (IFE); Wai.blue; SPIX Industry; Centre d’Etude de
I’Energie Nucléaire (SCK CEN); Autorité de Stireté Nucléaire et de Radioprotection (ASNR); iUS GmbH consultants & advisors;
CATENDA AS; Université de Strasbourg (Unistra); Amphos 21 consulting SL

Introduction started, the consortium aims to go further with next
Dismantling and Decommissioning (D&D) is a neces-  Steps: expanding the coverage of the supported ontol-
sary step for facilities reaching the end of their life cy- 02y and supporting decommissioning planning activi-
cle. This is the case for many nuclear facilities world-  ties, as well as continuing the development of the on-

wide that are being shut down in the coming years.  tology and the AP.I (Application Programming Ipter—
However, data may be incomplete or missing in the  face). Therefore, eight new technologies will be inte-
case of facilities that were built several decades ago. ~ grated into the server: sensor data mapping with tem-

The lack of historical information — operational rec- poral dim@ns.ion; environment data cqmparisqn against
ords, original designs... — represents a challenge for ~ BIM (Building Information Modeling); point-cloud
nuclear decommissioning projects, so current and reli- ~ and 3D model change detection; digital twins based

able data must be acquired and digitized to make it ALARA (As Low As R(?asonab.ly Achievable) dose es-
available to the different stakeholders that participate ~ timation; server-based integration with IFC (Industry

in D&D tasks. Foundation Classes) file format and extended data que-
The project DORADO (Digital twins and Ontology ~ Ties; mission control, robot route optimization; human-
for Robot Assisted Decommissioning Operations) [1],  to-system smart voice assistant interface; and standard-

funded by the Euratom (European Atomic Energy  ization using the common ontology. Many of these
Community) program between September 2024 and technologies may be connected to involve Al (Artifi-
August 2027, brings together 12 partners from 8 Euro- cial Intelligence), robotics, and sensor networks.

pean countries. During 36 months, the partners are In Work Package 4, led by KIT, technologies will be
combining different technologies around a dedicated ~ linked to demonstrations using data from real use
nuclear decommissioning ontology using the DO-  cases. Therefore, the DORADO platform will use dif-
RADO platform. Following the footsteps of PLEIA- ferent data formats: point clouds, historical photogram-
DES [2], a previous Euratom project in which a digital ~ Metry, dose rate survey, 3D models, robot data as Li-
platform was created but software integration was just ~ DAR, RGB-D (Red Green Blue-Depth), SLAM,
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inventory data, etc. This data may come from the Hal-
den Research Reactor (HRR) in Norway, the Otaniemi
Research Reactor (FiR1) in Finland, and the Belgian
Reactor 3 (BR3) in Belgium, among others.

The DORADO consortium is inviting all interested
stakeholders in D&D projects (operators, regulators,
technological experts...) to join the end users group.
The value for the end users is the opportunity to in-
crease their understanding on each technology and
hence, gain a better understanding on how these tech-
nologies can be used in their own business. This may
include the wuse of the technologies, benefits,
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applications, and many other aspects in order to sup-
port nuclear decommissioning projects.
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[3] A.Rity, J. A. Ridao, O. Zahra, P. Honkamaa, D.

Daniska, S. Gentes: DIGITAL TECHNOLO-
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Fig. 1: Demonstrations on real use cases

66



7.2 Visualization of trouble spots for decontamination work and
decision measurements with the help of BIM

M. Miifsle, K. Clintworth

Introduction

Following the shutdown of a nuclear power plant, the
operator is obliged to dismantle the plants. In order to
be able to remove plant components from nuclear
power plants and release them in accordance with the
Radiation Protection Ordinance, their activity must be
below a limit value. Typical nuclear power plants in
Germany have 100,000 m? to 450,000 m? of concrete
surfaces [1] that need to be processed for clearance.
An accurate acquisition of the spatial data, in particular
all surfaces as well as the disturbing objects contained
therein, such as anchor plates under the decontamina-
tion coating or pipe penetrations, is essential for the
planning and execution of the decision measurements.
Currently, spatial data acquisition is done manually.
This means that no digital building models or similar
data are available for the further procedural steps.

The aim of the “Visualization of trouble spots for de-
contamination work and decision measurements with
the help of BIM” (ViSDeMe) project, which was
funded by the German Federal Ministry of Research,
Technology and Space (BMFTR), is digital recording
and visualization of building structures with various
disturbing objects in nuclear facilities with the help of
Building Information Modeling (BIM). In the project,
a Scan2BIM process was developed, starting with re-
cording of the premises including all relevant trouble
spots, evaluation and analysis of the collected data and
visualization in a digital model (see figure 2).

For every step of the Scan2BIM process, digitaliza-
tion methods were investigated and partly methods of
automation have been developed. The focus of the re-
search project was on the localization of the trouble
spots in the premises to be released, including visually
invisible or barely visible anchor plates, which are

L

h

- @

Fig. 2: Scan2BIM process: data recording = BIM model (©
ViSDeMe joint project, 2024)
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hidden under the decontamination coating and the ex-
act location of these in the digital model. Visible ob-
jects were recorded by laser scanning together with the
rooms themselves. In order to capture hidden objects
several measuring techniques have been tested, with
active thermography proving to be the most suitable.
Fused data from laser scanning and thermography
served as a basis for creating the 3D building model
and for automated data analysis. In this step, all rele-
vant disturbing objects, have been extracted from the
data by means of Al and Computer Vision methods. In
the last step, algorithms were developed to integrate all
extracted objects automatically into the building
model. Based on this integrated model, the planning of
decontamination works and decision measurements
can be carried out digitally.

Digitization of the process, among other things, re-

duces the effort required for spatial data acquisition as
well as the execution and documentation of decontam-
ination work and decision measurements for users in
nuclear facilities. By digitizing the entire process of
spatial data acquisition and measurement planning or
at least relevant process steps, resources and costs as
well as the radiation exposure of personnel can be re-
duced. In addition, the susceptibility to errors in data
collection and documentation can be reduced.
The process is being investigated and evaluated in co-
operation with the project partner RWE Nuclear GmbH
using the example of the power plant in Miilheim-Kér-
lich.

The research project ViSDeMe was funded by the
BMFTR and listed under the sponsoring number
15S9435A. The research project ran from July 2022 to
September 2025. Building on the findings and results
of the ViSDeMe project, the VIMPoG project, which is
also funded by the BMFTR, started in October 2025.
The aim is to improve and expand the developed meth-
ods in order to support the entire clearance process.

References

[1] Gentes, S.; Aminy, A.; Gabor, N.; Reinhardt, S.:
Internationale Riickbautechniken und Manage-
mentmethoden fiir kerntechnische Anlagen - Eine
wissenschaftliche Analyse aufbauend auf dem in-
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7.3 Validation of a continuous magnetic filter and sieving system for
the treatment of particulate mixtures

Introduction

While the projects DORADO and VISDEME focus on
digitisation, the KOMASI project (Validation of a con-
tinuous magnetic filter and sieving system for the treat-
ment of particulate mixtures) aims to reduce waste dur-
ing decommissioning. In the decommissioning of nu-
clear facilities, dismantling of the reactor pressure ves-
sel and its internals poses a major challenge. One dis-
mantling method that offers many technical and radia-
tion protection advantages over other methods is water
abrasive suspension cutting (WASS). In this process,
water and abrasive are brought into suspension at high
pressure, pushed through a nozzle and directed on the
material to be cut. This process generates large quanti-
ties of radioactive secondary waste, which leads to very
high disposal costs. A separation plant has been devel-
oped for use in the nuclear sector to significantly re-
duce the amount of radioactive secondary waste. The
separation plant is based on a special sieving process
combined with magnetic filtration, which allows intact
abrasive particles to be re-introduced into the cutting
process and reused. [1]

The separation units were subjected to experimental
investigations involving the sieving component and the
magnetic filter. The scientific and technical results of
these investigations are summarised below. Initially,
separation tests were carried out in the batch mode. The
tests with the magnetic filter were evaluated on the ba-
sis of the separation efficiency of the steel and the steel
concentration in the reusable abrasive. For sieving, the
focus was on the removal of small particles, smaller
than the mesh size. The percentage of these particles
was considered as sieving error. During sieving with a
mesh size of 150 um, separation efficiencies of approx-
imately 97% were achieved with a steel concentration
of the reusable abrasive of approximately 0.03—0.06 %
by mass. During separation with 250 um, a separation
efficiency of approx. 99 % and a steel concentration of
less than 0.01 % by mass of the reusable fraction were
achieved. In all separation tests, the sieve error of the
undersize particles was less than 7 % by mass. [2,3,4]
The plant was then modified for continuous operation.
The flow chart was modified and individual compo-
nents (sieve and magnetic filter) were redesigned.
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Figure 3 shows the newly developed sieve. The sieve
error in continuous operation with a mesh size of 180
um was less than 5% by mass.

In Figure 4, the newly developed and patented mag-
netic filter is shown. The magnetic filter consists of a
pipe divider, referred to as an r-divider. This r-divider
consists of a pipe section in which the suspension
passes through the magnetic filter and a separator pipe
filled with a stationary liquid. The magnetic rods move
along the pipe section and the inner side of the curved
separator pipe. As the particle suspension flows
through the pipe section, it passes through the magnetic
field of the magnetic rods. This causes the magnetic
particles to be attracted by the magnetic field. These
particles are then discharged into the separator pipe by
the rotation of the magnetic rods. To determine the sep-
aration efficiency, tests were carried out with this mag-
netic filter using only steel particles. Figure 4 ¢) shows
the reduction in steel particles over time. A comparison
of this result with the theoretical results shows that the
magnetic filter can filter between 0.5 and 1 % of the
steel particles in a single pass. [4]
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8 Development of radionuclide speciation methods

Developing and maintaining a state-of-the-art portfolio of radionuclide speciation tools encompassing surface sci-
ence and spectroscopy methods is an important R&D activity at INE, as these methods are indispensable for ad-
vancing our understanding of radionuclide (geo)chemistry or the behavior of nuclear waste forms under different
storage conditions. Radionuclide speciation methods available at INE’s controlled area laboratories and the ACT
and INE-Beamline stations at the KIT Light Source are continuously adapted to serve the requirements of in house
and HGF/NUSAFE R&D programs or national and international cooperation partners. A major effort during the
reporting period was the complete redesign and reconfiguration of the ACT experimental station within the
‘NEXT’ project (NEXT generation probe of chemical bonding properties of actinides and lanthanides). The new
instrument offers improved capabilities for high-resolution X-ray emission spectroscopy (e.g., HR-XANES, RIXS,
NIXS) in the tender to hard X-ray regime and for conventional hard X-ray XAFS (cf. section 8.1). The Helmholtz
research and technology platform HOVER enabled us to expand INE’s method portfolio by two major, state of
the art instruments for surface and bulk analysis (cf. 8.3). To serve the former application field, a focused ion beam
scanning electron microscope (Zeiss FIB-SEM, model CrossBeam 350 KMAT) with integrated laser ablation
module was procured and commissioned in the new HOVER microscopy lab. The FIB-SEM features energy dis-
persive X-ray spectrometry (EDS), the detection of electron backscattering diffraction patterns (EBSD) and a
workflow for the production of TEM lamellae. Capabilities in the latter area have been significantly strengthened
by the installation of a Zeiss Xradia 620 Versa X-ray microscope in the same lab, enabling 3D micro-tomography
of bulk objects with a theoretical resolution down to 400 nm. In a different low-resolution optics configuration,
larger samples like drill cores up to 200 mm diameter and 100 mm height with a weight up to 25 kg can be scanned.
Accelerator mass spectrometry is applied by INE researchers in a broad variety of ultra-trace level experiments to
study migration or retention of radionuclides in engineered barrier systems, crystalline and clay host rock or envi-
ronmental samples (cf. 8.3). In a recent study, AMS contributed to the determination of soil/porewater partitioning
coefficients in lysimeter experiments mimicking the transport and transfer behavior of long-lived radionuclides
possibly released from an underground repository along the groundwater — soil — plant chain. Another study has
focused on the multi-actinide analysis in seawater samples collected in the vicinity of the La Hague nuclear fuel
reprocessing plant. Computational chemistry methods are assisting and increasingly complementing experimental
investigations at INE in the fields of nuclear waste disposal and fundamental radionuclide studies (cf. 8.4). Recent
projects highlighted in this report have been focusing on molecular dynamics (MD) simulations of the bonding of
trivalent lanthanides and actinides at C-S-H surfaces, the use of ab initio methods to describe the speciation of
Tc(IV)-gluconate complexes and the calculation of core-excited states probed at the U Ma;s manifold of uranyl.

8.1 Development of spectroscopic radionuclide speciation methods
K. Dardenne, N. Finck, T. Hippel, T. Platte, T. Priifimann, J. Rothe, B. Schacherl, A. Skerencak-Frech, T. Vitova

Introduction radiation (tender to hard X-rays) based absorption and
Spectroscopic speciation techniques for radioactive emission spectroscopies.

materials belong to INE’s key assets to secure in situ The ‘INE-Beamline for radionuclide science’ at the
molecular scale structural information on radionuclides KIT Light Source (KARA electron storage ring) had its
(Rn - i.e., actinides (An) or fission and activation prod- 20™ anniversary as a flexible experimental platform for

ucts) in solid and liquid phases or at surfaces. In this ~ X-ray based Rn speciation investigations in 2025. The
section the term ‘speciation’ is applied in the sense of hard X-ray beamline ‘CAT-ACT” for CATalysis and

determining Rn physicochemical states (encompassing ACTinide research was commissioned at an adjacent
both electronic bonding states and molecular struc- ~ beam port in 2016. Both the INE-Beamline and ACT
tures). The applied spectroscopic speciation methods experimental stations are licensed to handle radioiso-
have in common that they are based on deciphering the ~ topes with activities up to one million times the (iso-
effects of the interaction of electromagnetic waves (i.e., ~ OP€ specific) exemption limits, or 200 mg each of the
photons) with the Rn electronic shell in a wide energy ~ fissile isotopes **U and **Pu. These stations are the
range - from the infrared over the visible light to the ~ only facilities of their kind in Europe offering direct
ultraviolet and X-ray regime (thus exciting different ~ access to onsite radiochemistry laboratories on the
electronic levels of the molecular systems or solids). ~ Same research campus [1], primarily serving the
Next to laboratory techniques like IR and Raman spec- INE/NUSAFE in house R&D program. Limited access
troscopy or UV-Vis absorption, which are common in by external cooperation partners (national and interna-
many branches of chemical analysis (adapted to spe- tional) may be granted via individual agreements and
cific sample environments and safety protocols for ~ service contracts or in the frame of the EUR-
handling radioactive specimens), INE applies techni- ~ ATOM/SNETP project OFFERR.

cally more demanding, partially home-built speciation

methods, notably laser (visible, UV) and synchrotron
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Fig. 1: TRLFS setup in the new laser applications lab.

Time-resolved laser fluorescence spectroscopy
(TRLFS) is a method routinely applied at INE con-
trolled area laboratories for the chemical speciation of
Ln and An cations (e.g., Eu(IIl), UIV), U(VI), Am(III)
or Cm(III)) at trace level concentrations. Following ex-
citation by pulsed laser light, Ln/An luminescence de-
cay kinetics can be recorded on the ns to ms time scale.
From the luminescence decay lifetime of aqueous com-
plexes the number of water molecules in the first coor-
dination sphere is derived, allowing to obtain structural
information of the complex. In conjunction with the
shift or splitting of the emission peaks, different Ln and
An species present in the sample are discernible.

Reorganization of laser spectroscopy labora-

tories

Following the implementation of the new HOVER Ia-
boratory for surface and solid phase analysis at INE
controlled area (cf. section 8.2), existing laboratories
for laser absorption and TRLFS studies had to be par-
tially reorganized. Method development activities have
been bundled in a new laser applications lab (Fig. 1).
The lab features a new Nd-Y AG/dye laser source (Ra-
diant Dyes NarrowScanK) variably coupled into differ-
ent sample cells for ambient temperature measure-
ments or cryo and high-T (up to 200° C) conditions.
The detection system has been upgraded by a new An-
dor Kymera 328I-C spectrograph (4 optical gratings:
300, 900, 1200, 1500 1/mm) and a new Andor gen. 3
CCD camera with fast USB 2.0 connection. Addition-
ally, the optical table has been fitted with a Nd-YAG
driven setup optimized for optical uranium lumines-
cence detection by the same spectrometer.

INE-Beamline and ACT: operation and up-
grades in 2024/25

Due to limited funds for covering increasing electricity
costs and the additional shortage of technical staff re-
quired for KARA operation, KIT Light Source availa-
bility in the remaining PoF-IV period has been limited
to a maximum of 100 user and special user operation
days per year. Note that beamtime at ACT amounts to
50% of the total annual UO days due to the sharing of
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the beamline optics for catalysis experiments at CAT
station conducted by KIT-IKFT/ITCP.

As in previous years, INE in house and cooperative
projects in the two-year period 2024/25 covered the in-
vestigation of a broad range of materials containing
An, chemically homologue Ln or fission product spe-
cies in the context of nuclear waste disposal safety re-
search or basic radionuclide sciences. Projects con-
duced in responsibility of the new INE department
“Advanced spectroscopy in f-element chemistry” (on
average 52% in 2024 and 42% in 2025 of available
beamtime at both stations) are separately covered in
chapter 9 of this report.

Besides others, in house projects at INE-Beamline
and ACT station included XAFS investigations of the
retention mechanism of Nb(V) by calcite and car-
bonated cement paste, Sn K-edge XAFS to study the
uptake of tin by cement systems, the speciation of
Pu(III) in carbonate containing NaCl solutions, Ca K-
edge pu-XANES and p-XRF investigations of the spe-
ciation of Ca accumulated in bentonite contacting cor-
roding steel, the speciation of Fe associated with ben-
tonite at the corroding steel/bentonite interface by p-
XANES and p-XRF, Fe K-edge XAFS for Fe specia-
tion analysis in the presence of CaClz in concentrated
saline solutions, Pu Li-edge and alkaline earth K-edge
XAFS of solid phases forming in alkaline aqueous Pu
solutions, Pu/Np Ls-edge XAFS to investigate Pu/Np-
complexation by citrate and carbonate in aqueous solu-
tions, U L3-XAFS based speciation of U(VI)-NO3 com-

Fig. 2: top — 3D CAD drawing of the NEXT spectrometer im-
plemented at the ACT station, bottom — photo taken during
the commissioning of the new setup.



plexes in aqueous, highly concentrated electrolyte so-
lutions — later on complemented by WAXS/total scat-
tering measurements at ACT to derive pair distribution
functions of local molecular environments, Fe, Cu and
Zn K-edge p-XANES and p-XRF investigation of sec-
ondary phase formation and Cu diffusion within com-
pacted bentonite upon copper corrosion, exploring the
speciation of Fe(IIT) by Fe K-XAFS in silicon contain-
ing hyperalkaline electrolytes or the retention of Tc-99
by Fe(Il) hydroxide and silicate solid phases based on
Tc K-edge EXAFS.

An increasing number of Rn speciation projects re-
lies on multi-edge studies conducted sequentially at
both beamline stations - benefitting from the comple-
mentary energy ranges for EXAFS data and advanced
spectral resolution in the tender X-ray regime. Note-
worthy for the reporting period, these are a newly es-
tablished cooperation between INE and PNNL (Wash-
ington State, USA) on the characterization of non-per-
technetate species in Hanford Tank Waste samples by
combining Tc K- and Ls-edge XAFS or the investiga-
tion of Tc solid phases in the presence of EDTA and
sorption on C-S-H phases.

Some of the aforementioned studies are presented
in more detail elsewhere in this bi-annual report, see as
well chapter 9 for high energy resolution X-ray emis-
sion spectroscopy applications.

Researchers and cooperation partners from the fol-
lowing German and international institutions con-
ducted experiments at the INE-Beamline and ACT sta-
tion in 2024/25:

* Joint Research Center Karlsruhe, European
Commission

*  PNNL, Washington State, USA

*  EPFL Lausanne, Switzerland

¢ Helmholtzzentrum Dresden-Rossendorf, IRE,
Germany

*  Forschungszentrum Jiilich, IFN, Germany

e TU Delft, The Netherlands

As in previous years, a considerable share of in house
beamtime at INE-Beamline and ACT was spent for ex-
periments conducted by internship, master and gradu-
ate students in the frame of their thesis work.

Within the ERC grant project ‘The Actinide Bond’
(cf. chapter 9), the entire reconfiguration of the ACT
experimental station — termed the ‘NEXT’ project (i.e.,
NEXT generation probe of chemical bonding proper-
ties of actinides and lanthanides) — was implemented in
2023 summer shutdown and fully commissioned until
2024. The advanced 5-crystal HR-XES (high resolu-
tion X-ray emission spectrometer) setup features a cus-
tom-made (KIT-IBG-2) motorized (height, lateral po-
sition) support structure and an optimized inert gas box
housing all spectrometer components (sample, ana-
lyzer crystal and detector stages) to provide all beam
paths enclosed in He atmosphere for tender X-ray
measurements, s. Fig. 2. Compared to the previous
setup described in [2], the modified experimental sta-
tion offers:
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* amotorized rotation stage allowing for varia-
ble emission angles between 90° (standard)
and 180° (backscattering) geometry,

* variable Rowland circle diameter (0.5 m — 1
m))

» faster and concerted positioning scans (e.g.,
for X-ray emission energy involving multiple
axes) with new Phytron motion controllers,

* a pulley system for easy mounting and un-
mounting the vacuum tubing bridging the
ACT station during CAT operation,

* optional installation of poly-capillary focus-
ing optics.

The 180° backscattering position of the rotation stage
and a detachable lid on the backside of the box give as
well access to mounting positions for standard high en-
ergy XAS detection equipment.

I K-edge XAFS to study iodine retention by

iron phases

The superconducting 2.5 T wiggler serving the CAT-
ACT beamline delivers a sufficiently hard X-ray spec-
trum to reach K-edges of safety relevant nuclear fission
products such as iodine (33.17 keV) or cesium 35.98
keV), which are often difficult to analyze at their shal-
lower L-edges due to spectral overlap with matrix ele-
ments in waste forms or sorbent materials. A recent
study on the retention of iodine by iron phases [3] has
demonstrated the potential of such high-energy XAFS
measurements.

Anoxic steel corrosion in a deep geological reposi-
tory is expected to lead to the formation of various Fe
(hydr)oxide phases (e.g., magnetite, ferrous hy-
droxychloride, green rust). The nature of these phases
depends on parameters such as pH, Esx, temperature or
the ion content of the contacting pore- or groundwater.
Chloride green rust (GR-Cl) exhibits a permanent pos-
itive layer charge enabling retention of anionic fission
product species such as '°I'. The iodide uptake has
been shown to strongly depend on the anion’s concen-
tration and that of chloride - competing with iodide for
uptake - in the contacting water. The ability of GR-CI
to retain iodide as a function of pHm and [CI], [['] was
systematically investigated, where sorption equilibria
were achieved within a day of contact time between io-
dide and the preformed GR-Cl in suspension with an
iodide adsorption coefficient R4 of 0.18 = 0.05 kg/g in
the pHm range of 7.5—8.5. The I K-edge XAFS spectra
in conventional I Ko fluorescence detection mode de-
picted in Fig. 3 have been recorded for GR samples
prepared at varying pHm and ionic strength conditions.
The XANES spectra of all GR samples and that of the
Nal(aq) reference are very similar, indicating the same
oxidation state (-1) and short-range coordination envi-
ronment of iodine. This implies that variations of pHm
or ionic strength have no influence on the iodine speci-
ation. This result is corroborated by the analysis of the
corresponding EXAFS data. Fit results confirm that io-
dine is surrounded by 6 O atoms at d(I-0) = 3.52(2) A
in all samples. According to these results, changes of
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Fig. 3: lodine K-edge XANES (left) and EXAFS (middle and right panel — experimental data plotted as solid black lines and
fits as dashed green lines) of GR-CI samples and a Nal(aq) reference (reproduced with kind permission from pubs.acs.org/est).

pHm or ionic strength do not affect the hydration shell
made of six water molecules binding iodide via H at-
oms to the positively charged GR-CI layers. Overall,
XAFS data are consistent with a weak electrostatic in-
teraction with the Fe octahedral sheet, comparable to
that reported in earlier studies of iodide uptake by for-
mation of a GR-Cli—Ix solid solution [4].
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8.2 New instrumentation for surface and solid phase analysis
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Introduction
Helmholtz Association (HGF) research centers: Jiilich
Research Centre (FZJ), Helmholtz-Zentrum Dresden-
Rossendorf (HZDR) and Karlsruhe Institute for Tech-
nology (KIT) cooperating in the NUSAFE consortium
are implementing the laboratory infrastructure
“HOVER” (Helmholtz Research and Technology Plat-
form for the Decommissioning of Nuclear Facilities
and for the Management of Radioactive Waste) since
2020 as a decentralized research infrastructure.
Within the HOVER project, waste form behavior and
radionuclide migration in the near field of a repository
with focus on deciphering the impact of material heter-
ogeneity of real waste forms, geo-engineered barriers
and host rocks are studied. Analyses on the centimeter
to nanometer scale are enabled by combination of a
new focused ion beam scanning electron microscope
(FIB-SEM) and a 3D X-ray microscope. Features iden-
tified in samples by the X-ray microscope can be dis-
sected inside the scanning electron microscope by laser
ablation and/or focused ion beam milling followed by
elemental and crystallographic characterization.

Focused Ion Beam Scanning Electron Micro-
scope

With the recent upgrade capabilities for surface analyt-
ics at INE had been extended to correlated utilization
of FIB-SEM - Zeiss model CrossBeam 350 KMAT,
with integrated laser ablation module (Figure 1, A).
The FIB-SEM consists of field emission gun and
GEMINI 2 electron optical column (Figure 1, B), FIB
column with focused Ga ion beam (Figure 1, C) and
various detectors (Figure 1, D). The GEMINI objective
lens generates a fine focused electron beam, with reso-
lution of 0.9 nm at 15 kV and 1.7 nm at 1 kV without
beam deceleration. Accelerating voltage ranges from
0.02-30 kV, beam current from 1 pA - 100 nA.

FIB-SEM operation

A B Cc

SEM SEM

FIB FIB

Fig. 2: Schematic representation of different imaging modes.
(A) SEM imaging (scanning electron beam is active, high-
resolution imaging), (B) FIB imaging (scanning ion beam is
active, contrast imaging, defining milling patterns, grain
analysis) and (C) CrossBeam operation: imaging by SEM
and milling by Ga FIB.

Different imaging modes (detectors) are available to
operate the microscope (Figure 2). Secondary electrons
(SE) for imaging the sample surface and backscattered
electrons (BSE) for imaging compositional/material
contrast are measured by various detectors. An InLens
and/or ESB detector inside the electron column is used
at low working distances or during FIB milling. Elec-
tron transparent samples like TEM lamellae or particles
on a TEM grid are imaged by a retractable STEM de-
tector.

Femtosecond-laser module

Integrated femtosecond laser system enables to gain
access to deeply buried structure and to prepare large
cross-sections with minimal heat affected zones. The
laser wavelength is 515 nm and pulse duration 350 fs
at variable repetition rate in the range of 100 Hz to
1 MHz. The maximal pulse energy is 10 puJ at 1 MHz.
Example of patterning is shown in Figure 3.

EHT = 1000kV
WO = &3mm

Fig. 1. New Zeiss FIB-SEM CrossBeam 350 KMAT at INE  Fig. 3: Example of 515 nm fs-laser patterning.

and its components: fs laser (A), GEMINI electron column
(B), FIB gun (C) and EBDS detector (D).



Fig. 4: SEM-EDS large area map (LAM). 238 individual
maps are stitched with 1024 x 768 pixel each which corre-
sponds to about 58 million spectra in total. Optical image
(A), backscattering electron image (B), overlay of selected
phases in false colours (C) and autoradiography image (D).

Energy dispersive X-ray Spectrometry (EDS)
Energy dispersive X-ray spectrometry (EDS) is per-
formed by an UltimMax 100 mm? silicon drift detector.
X-ray spectral maps are recorded pixel-by-pixel result-
ing X-ray spectra over the sample area. Regions of sim-
ilar spectra can be segmented to differentiate chemical
phases present in the sample. Live chemical imaging of
the distribution of elements allows interactive micros-
copy. SEM-EDS data acquisition and processing is
done using AZtec 6.2 software by Oxfords Instru-
ments.

As an example, a sample studied in the framework of
EVIDENT project is shown in Figure 4. Here a 7 mm
x 7 mm cross section of polished granodiorite crystal-
line rock from the Grimsel Test Site (Switzerland) was
analyzed by SEM-EDS (Figure 4, A&B) and autoradi-
ography (Figure 4, D) after being in contact with solu-
tion containing 2*'Am. Combination of EDS phase
analysis and autoradiography results points towards
higher sorption of >*! Am at the Fe (mica) and Ca (areas
colored in yellow) bearing phases.

TEM lamellae workflow

Another feature of Zeiss FIB-SEM CrossBeam 350 is
a possibility to create a TEM lamella. The microscope
allows to execute workflow which benefits from: (i)
quick allocation of ROIs and keeping the eucentricity
when tilting the sample. A gaseous injection system
and micromanipulator ensure attachment and lift out of
the lamellae and consequent attachment of it to the
TEM-grid. Last few steps of lamellae preparation
workflow are depicted in Figure 5.

After attachment of the lamella to a TEM-grid a final
thinning and polishing can be monitored live benefiting
from the signals of several detectors simultaneously.
The SE signal allows to monitor lamella thickness and
Inlens SE signal helps to control surface quality.

Fig. 5: Selected steps of the lamellae preparation workflow,
from left to right: attachment of the micromanipulator needle
to lamellae, lift out of the lamellae and attachment of lamel-
lae to the TEM-grid.

Electron backscatter diffraction (EBSD)
Microstructural analysis is obtained by detection of
backscattered electrons from a plane surface of a crys-
talline sample tilted to 70°. The electron backscatter
diffraction pattern, also named backscatter Kikuchi dif-
fraction is recorded by a detector equipped with a plane
phosphor screen in front of a CMOS sensor. The rec-
orded diffraction pattern is analyzed by Hough trans-
formation and the Kikuchi lines are indexed by Bra-
vais-Miller indices of the diffracting crystal planes
which generate them. Together with EDS, elemental
composition, crystal structure and orientation are rec-
orded at every point during electron beam scanning re-
sulting unique identification. The information volume
of EBSD is about (10-40) nm?® at 20 kV beam energy
and hence is much less than the information volume of
characteristic X-rays (EDS). To achieve good diffrac-
tion patterns, a well-polished crystalline surface is
mandatory.

An example of the EBSD phase analysis of hydro-
genated Zircaloy-4 (Zr-H) cladding of spent nuclear
fuel (SNF) is shown in Figure 6. EBSD analysis reveals
that fraction of 5-phase of zirconium hydride is higher
compared to y-phase.

100
Fraction
Zrya 85.2%

Fig. 6: (4) Chamber view of EBSD mode. (B) Kikuchi pat-
terns recorded for Zr-H. (C) Backscattering electron (BSE)
image of the Zr-H. (D) EBSD phase map of the Zr-H from the
area marked in (C).
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Fig. 7: Zeiss Xradia 620 Versa X-ray microscope and its
components: acquisition software (4), X-ray source and filter
wheel (B), sample stage (C), detector array (D).

3D X-ray microscope

A Zeiss Xradia 620 Versa X-ray microscope has been
installed in the controlled area of KIT-INE, Figure 7. It
is equipped with a sealed transmission, fast activation
X-ray source with a voltage range of 30-160 kV and a
maximum output of 25 W. A set of filters can be used
to harden the X-ray spectrum.

Images are initially magnified via geometric projec-
tion. The projected image is cast onto a scintillator,
converting X-rays to a visible light image, which is
then optically magnified by microscope optics before
acquisition by a CCD detector. The Xradia 620 Versa
is equipped with objectives for 0.4x to 40x magnifica-
tion. An additional Flat Panel X-ray detector (FPX)
with only geometric magnification can be used for
larger samples.

Theoretical resolutions down to 400 nm (2x Voxel
size) can be reached. The actual resolution depends on
the sample size (Table 1) and the sample composition.
Low resolution measurements can be performed for
samples up to 200 mm diameter and 100 mm height
with a weight up to 25 kg. A wide field mode can be
used with the 0.4x and 4x objectives to increase the
horizontal field of view (FOV) while not changing the
resolution. An increased vertical FOV can be achieved
by stitching together multiple measurement collected
at different sample heights.

An optional in-situ flow cell for elevated pressures
and temperatures is currently being prepared.

Data acquisition and treatment (background correc-
tion, reconstruction, etc.) is run on a dual GPU (CUDA
based) workstation. Data treatment is by default per-
formed automatically within the Zeiss software suite,
but adjusted manually if necessary. For data analysis,
the Dragonfly software (Object Research Systems) is
provided on the main workstation and on a second,
identical workstation. As an application, SEM (top)
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Rb,UO,Cl,-2H,0

Rb,UO,Br,2H,0

Fig. 8: An example of SEM imaging (A and C) and 3D X-ray
microscopy (B and D) images of Rb,UO,Cly2H,0 (left) and
Rb,UO:Br4-2H>0 (right) single crystals.

Table 1: Estimated Voxel size depending on objective, geo-
metric magnification and sample size

Objective | Geometric Sample Voxel
Magnifica- | Size Size
tion (mm) (nm)

FPX ~13-13x 15 - 140 6-57

0.4X ~l.1-11x 6-50 3-30

4X ~1.1-10x 2-20 0.7-3

20X ~1.1-2.7x 0.5-4.0 03-0.6

40X ~1.1-2x 03-2.0 02-03

and 3D X-ray microscope images (bottom) of
Rb2UO2Cls-2H20 (left) and Rb2UO2Bra:2H20 (right)
single crystals are depicted in Figure 8. Note that 3D
X-ray microscope images were recorded with single
crystals encapsulated in epoxy resin and affixed to the
tip of a capillary. A few cracks resulting from the loss
of the crystal water are observed by both microscopy
techniques. Partial smoothing of the crystal surface is
observed in 3D X-ray microscope images of
Rb2UO2Brs-2H20 as a result of encapsulation.

With the combination of a Zeiss FIB-SEM Cross-
Beam 350 workstation and a Xradia 620 Versa X-ray
microscope the capabilities of microscopy and surface
analytics at INE are now extended to correlated studies
of material morphology at high-resolution - encom-
passing phase and compositional analysis - including
access to deeply buried structures as well as a fast large
area mapping and patterning along with possibility to
execute full workflow for TEM lamellae preparation.
Combination of electron and X-ray analyzers allows to
perform nondestructive investigation - where applica-
ble also including studies of radioactive materials.



8.3 Accelerator mass spectrometry (AMS)
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Introduction

The analytical capability of determining ultra-trace
levels of long-lived actinides and fission products is a
relevant asset to studies addressing the safety of geo-
logical disposal of radioactive waste. AMS is one of
the most sensitive mass spectrometric techniques offer-
ing detection efficiency for actinide nuclides and *Tc
at the level of ca. 1 x 10* atoms (25 ag) and ca. 3 x 10°
atoms (0.5 fg) in a sample, respectively [1, 2]. We ap-
ply AMS to a variety of experiments investigating the
retention and migration behavior of radionuclides
(RNs) in the EBS-bentonite [2], crystalline host rock
[3, 4], clay host rock [5, 6, 7] as well as environmental
samples [8, 9].

In the actual chapter we report on our recent contri-
bution to the study of soil-porewater partitioning coef-
ficients for actinides at the ultra-trace levels. This study
was carried out at the Institute of Geosciences of the
Friedrich-Schiller University of Jena in the frame of the
BMBF funded TransLARA project that investigated
the transport and transfer behavior of long-lived RNs
along the causal chain groundwater - soil surface -
plant, considering long-term climatic changes. In par-
ticular, the actual study addresses the concern for the
contamination of the biosphere from the possible re-
lease of long-lived RNs from a deep geological nuclear
waste repository in crystalline environment and their
transport in natural fractures/shear zones and subse-
quently through the vadose zone [9].

Furthermore, we describe our recent progress on the
development of sample preparation methods enabling
the concurrent determination of ultra-trace levels of
several actinides, with the application of Actinide resin
to seawater samples. In this way, we aim to set up a
chemical separation of the actinide’s group from liquid
samples with high content of matrix elements, like sea-
water and highly saline groundwaters that could offer
higher analytical sensitivity than the Fe(OH)s co-pre-
cipitation [10].

Finally, we present the investigation of the long-term
release of 2*Pu and 2**Am tracers from a granodiorite
fracture during CFM Run 22-02. This is the latest in-
situ RN tracer test carried out at the generic URL Grim-
sel Test Site, GTS (CH), in the frame of the interna-
tional CFM Project that is introduced in chapters 5.2
and 5.3.

The samples investigated in the first two aforemen-
tioned studies were analyzed with AMS at the 3 MV
tandem accelerator of the VERA laboratory (AT),
while the samples from the third study were analyzed
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with AMS MILEA at the Laboratory of Ion Beam
Physics of the ETH Ziirich (CH).

Ultra-trace analysis of actinides in soil and

porewater samples
In this mesoscale laboratory experiment, three refer-
ence top soil substrates were emplaced in lysimeters
and fed from below with groundwater from the GTS,
to mimic a contamination scenario of the vadose zone
from groundwater arising from crystalline rock for-
mations. The Grimsel groundwater contained ultra-
trace levels of the RN tracers 2**U, Z'Np, 2**Pu and
23 Am artificially introduced in the frame of the CFM
in-situ RN tracer tests at the GTS [3]. Furthermore,
since the used reference soils are environmental sam-
ples that have been exposed to the global fallout, they
contain 26U, 2°2*Py and ’Np, namely the most
abundant actinide nuclides produced by the past atmos-
pheric testing of thermonuclear devices, offering the
possibility to try and analyze also the partitioning of
these global fallout RN in the studied system.

Porewater was regularly sampled, and finally a soil
core was taken from each lysimeter to obtain depth de-
pendent information on the RNs associated with the
solid phase in the established anoxic/suboxic and oxic
horizons.

With adapted analytical procedures [9], it was possi-
ble to determine ultra-trace RN concentrations in the
solid phase (ca. 3 to 18 g dry mass) and porewater
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Fig. 1: 29U (blue markers), >’ Np (green markers) and *3°Pu
(orange markers) concentration in the solid phase (circles)
and corresponding pore water phase (triangles) of soil sam-
ples from three reference soil — lysimeter systems.
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Fig. 3: Concentration of *>°U (orange bars), *>°Pu (green
bars) and **'Pu (purple bars) in five replicates of the La
Hague sample (100 to 250 g, each) prepared with AC Resin.

phase (ca. 4 to 31 mL) of the soil samples, as exempla-
rily depicted in Fig. 1 for the global fallout derived
261, 7Np and *Pu.

As it can be seen in Fig. 1, RN concentrations in
porewater were generally 2 to 4 orders of magnitude
lower than the corresponding solid phase concentra-
tions and ranging between 10* and 10° atoms/mL.
These results show depth patterns pointing to an en-
richment in the upward soil sections in two of the three
investigated cores, indicated as 02 and 04, that could
be associated to a gradient in redox condition as well
as to possible transport mechanisms, as extensively ad-
dressed in [9].

Multi-actinide analysis in seawater samples

Multi-actinide analysis with AMS after Fe(OH); co-
precipitation is an effective method for small and/or
low matrix samples, like lowly saline groundwater
[10], river water [8] and soil pore water [9]. It is, how-
ever, unselective and the resulting AMS target may
contain relevant portions of matrix elements like Al, Si
and Ca. This hampers the overall detection efficiency
of AMS analysis of high matrix samples, because the
sputtering rate of RNs in the AMS ion source would be
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lower compared to samples with a lower matrix in a
process partly described as a dilution effect on the RN
count rate [6]. A further influence of certain matrix el-
ements on the ionization efficiency of RNs cannot be
excluded and should be object of further studies.

Multi-actinide analysis with AMS after Actinide
Resin™ (AC Resin, Triskem, Bruz, FR) separation has
been recently developed and applied to river water
samples, providing results consistent with Fe(OH)s co-
precipitation for 236U, 2’Np and 2**2*°Py determination
[8]. The novel procedure was applied also to highly sa-
line water samples, namely the Certified Reference
Material (CRM) TAEA-443 (Radionuclides in Irish
Seawater) and seawater samples collected in the vicin-
ities of the La Hague nuclear fuel reprocessing plant
(FR), aiming to compare it to samples prepared with
Fe(OH)s co-precipitation [8].

As it can be seen in Fig. 2, the 2*¢U, 2*°Pu and **°Pu
concentration determined after Actinide separation
(replicate 1 and 2) and Fe(OH)s co-precipitation (repli-
cate 3 and 4) are mostly consistent with each other and
with the corresponding literature values [10], proving
in this way the accuracy of the AC Resin method for
AMS analysis of U and Pu nuclides in seawater sam-
ples.

Fig. 3 shows the 22U, 2*Pu and 2*°Pu concentration
determined with the AC Resin method in five aliquots
(100 to 250 g) of a La Hague seawater sample. Mostly
consistent results among the aliquots and significantly
lower levels of the RNs were estimated, indicating that
the method can be successfully applied to environmen-
tal samples with RN concentrations orders of magni-
tude lower than those of the CRM IAEA-443.

Furthermore, from the analysis of the CRM [AEA-
443, we have found indication that for samples where
a significant amount of matrix would precipitate to-
gether with Fe(OH)s, causing a dilution effect, the use
of AC Resin can improve the signal count rates of the
AMS detector, enabling shorter measurement times.
Further experiments will focus on the analysis of sam-
ple systems with significantly higher matrix content
than sea water, such as soil leachates, solid sample di-
gestions and brine solutions, to investigate if use of AC
Resin for these systems could indeed significantly in-
crease analytical sensitivity.

Long-term release of 2**Pu and **Am in CFM

Run 22-02

The extreme sensitivity of AMS has been required
when investigating ultra-trace levels of RN tracers in
field experiments, frequently as a complementary ana-
lytical technique to ICP-MS [2, 4, 10]. Also, in the
frame of the latest in-situ RN tracer test at the GTS,
CFM Run 22-02, AMS has been applied to analyze
groundwater samples in which RN tracer concentration
was below the detection limits of the employed SF-
ICP-MS, as mentioned in chapter 10.

In fact, as depicted in Fig. 4, following the maximum
of the RN breakthrough curves and after ca. 240 h from
the starting of the experiment, the concentration of
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Fig. 4: Concentration of **’Pu (orange spots) and *#Am
(blue spots) in collected Grimsel groundwater samples dur-
ing CFM Run 22-02. A tailing, starting at ca. 240 h for the
two RNs, was monitored with AMS until ca. 2500 h.

242py and ** Am decrease to levels below ca. 0.05 ng/L
(50 ppg).

Groundwater samples were however regularly col-
lected until ca. 2500 h (i.e., 3.5 months from the injec-
tion of the RN cocktail). Such samples, after an appro-
priate chemical separation of the Pu and Am fractions,
were analyzed with AMS. As it can be seen in Fig. 4,
starting from ca. 240 h, a tailing of the RN break-
through curves is observed, with concentrations laying
on the orders of magnitude of ca. 10 ppq (107 at-
oms/mL) for 2*2Pu and generally lower than ca. 1 ppq
(10° atoms/mL) for 2*Am.

In this way, it was possible to investigate the long-
term release of the 2*?Pu and **Am tracers from the
water conductive shear zone at the GTS. These experi-
mental data will help evaluating the retention capabil-
ity in the far field of fractured crystalline rock and sup-
port reactive transport modelling in predicting long-
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term migration of RN in deep geological repositories
in crystalline host rock.

More details on CFM Run 22-02 are given in chapters
5.3 and 10 from this report.
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Introduction

Computational Chemistry is established as a reliable
additional tool to investigate chemical systems rele-
vant for nuclear waste disposal at KIT-INE. The the-
oretical methods applied are Molecular Dynamics
(MD), Density Functional Theory (DFT) or various
ab initio methods. They provide valuable fundamen-
tal insights on a molecular scale, strongly supporting
spectroscopic investigations in the field of nuclear
waste disposal. The considered systems vary from
molecular species in the gas phase over small com-
plexes in solution to bulk phases and mineral/liquid
interfaces at ambient conditions. The synergistic ef-
fects - combining theoretical and experimental re-
search - at KIT-INE in one research institution are
enormous. A lot of effort is devoted on systematic
theoretical studies of various radionuclides such as
Tc, lanthanides (Eu®"), actinyls (UO2?", NpO:*,
NpO:") as well actinide (U*, Pu**, Am®") ions in
various systems from bulk phases to solutions and
gas phase species. Especially the calculations repro-
ducing the actual experimental spectra for X-ray Ab-
sorption Near Edge Structure (XANES) or Resonant
Inelastic X-ray Scattering (RIXS) are one of the
main focus points of the theoretical research at KIT-
INE.

During the past decades, relativistic multireference
ab initio quantum chemistry methods have devel-
oped into a powerful tool supporting X-ray spectros-
copy techniques. Because of the complexity of the
detected signals, theoretical calculations are very im-
portant for the interpretation of the experimental
data.

8.4.1 Molecular dynamics (MD) study of tri-
valent lanthanides and actinides at C-S-H
surfaces with additional gluconate in solu-
tion
Molecular dynamics is a method that allows precise
description of the interface processes at the molecu-
lar scale. Classical MD simulations and the potential
of mean force (PMF) calculations were used to ob-
tain a mechanistic understanding of the surface sorp-
tion process for Eu** species on the surface of C-S-H
in the presence of gluconate. Based on their similar
charge-to-size (z/d) ratios, Eu** was considered as
representative of key trivalent actinides expected in
nuclear waste, i.e. Pu’" and Am®". The representative
C-S-H interface models were developed.

The surface of C-S-H provides multiple possibili-
ties for ion binding, among them the three most
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probable sorption sites were selected: “defect site” in
the position of the missing bridging silicate tetrahe-
dra in the silicate chain (DEF); “bridge site” — depro-
tonated silanol group of the bridging silicate tetrahe-
dra in the silicate chain (BR); “chain site” that in-
cludes coordination with one deprotonated silanol
and bridging oxygens (CH); and “interchain site”
(INTER) — sorption in the space between silicate
chains. A series of PMF calculations were performed
to study the sorption mechanisms in detail for the bi-
nary and ternary systems, with C-S-H parameters
taken from ClayFF [1], Eu*" parameters from [2],
and gluconate parameters from GAFF [3]. Interac-
tion of both 1:1 and 1:2 Eu*'/gluconate complexes
with the C-S-H surface was considered.

The comparison of the PMF curves of Eu®" sorp-
tion at the two sites with and without gluconate is
shown in Fig. 1. It can be seen that in the presence of
gluconate in the coordination sphere of Eu** the
strength of sorption is significantly decreased, the
formation of the inner-sphere complexes is hindered
on the DEF site, and in the case of 1:2 complex no
sorption can be seen. Meanwhile, sorption on the CH
and INTER sites was found to be insignificant. This
validates and supports the experimental data, and
shows that presence of gluconate increases Eu*" mo-
bility on the surface of C-S-H phases.

8.4.2 Ab initio speciation of Tc(IV)-glu-

conate complexes

A recent study of Tc(IV) complexes [4] revealed a
significant change of the Tc Ls-edge XANES of
Tc(IV) bound by two gluconate ligands. While
Tc(IV) hydrous oxide, Tc(IV)O2(am, hyd), shows a
XANES spectrum with one broad peak, the XANES
of Tc(IV) interacting with gluconate ligands reveals
a very distinct splitting into two peaks [4].

DEF
— Eu(Ill)
— 1:1 complex 30

B
— Eu(Ill)
1:1 compl

—_— 19 .
1:2 complex — 1:2 compl

AG, kJ/mol
AG, kJ/mol

d,A ’ d, A

Fig. 1: PMF curves for sorption of the 1:1 and 1:2
E/GLU complexes, and Eu’™ without gluconate on two
sorption sites of the (001) C-S-H surface.



Fig. 2: [Te(IV)-(Glu.on)2(H>0)2]* +4H,0 complex (2).

This initially puzzling observation was finally repro-
duced by means of two-step ab initio speciation cal-
culations for various Tc(IV)-gluconate complexes
conceivable to form in this sample [5].

In a first step, the structures of some proposed
complexes were optimized and compared with the
available experimental data of the Tc-O distance ob-
tained from Tc K-EXAFS measurements. All struc-
tures with Tc-O distances deviating from the experi-
mental value were excluded, for the remaining can-
didates the Tc Ls-edge XANES spectra were calcu-
lated.

The five different Tc(IV)-gluconate complexes
considered at last are (1) [Tc(IV)-(Gluh]", (2)
[Te(IV)-(Glu2n)2(H20)21*(+4H20) (s. Fig. 2), (3)
[Te(IV)~(Glu-r)2(OH)2)*(+4H20), (4) [Tc(IV)-(Glu-
21)(Glun)2(OH)21*(+4H20) and (5) [Te(IV)~(Glu-
21)2(OH)2]*(+6H20).

Optimization of the complexes using the Moller-
Plesset perturbation theory of second order (MP2)
revealed that the [Tc(IV)-(Glu)i]' (1) can be ex-
cluded immediately. For all other complexes we cal-
culated the Tc Ls-edge XANES with restricted active
space self-consistent field (RASSCF) and the multi-
configurational perturbation theory of second order
(RASPT2) methods including Spin-Orbit coupling
(RASSI, AMFI). With this sound theoretical ap-
proach, multiconfigurational and relativistic effects
are fully accounted for.

The calculated XANES spectra of species (2), (3)
and (5) and a comparison with the experimental data
are shown in Fig. 3. This result helped to narrow
down the number of possible candidates which are
present in the sample. Finally, we singled out one
species with a calculated Tc-O distance close to the
EXAFS results and Tc Li-edge XANES very close
to the experimental spectra: [Tc(IV)-(Glu.
20)2(H20)2)%(+4H20) (2).

This shows how helpful and beneficial accurate ab
initio calculations are for the identification of un-
known species in the sample. Therefore, we coin the
term ab inito speciation for this procedure outlined
in [5].

The question remains why there is such a signifi-
cant change in the XANES spectrum going from hy-
drous oxide Tc(IV)Oz(am, hyd) (single broad peak)
to the Tc(IV)-(Glu)2 spectrum (peak splitting)? This
was finally answered by performing accurate
RASPT2 calculations of the XANES spectra. The
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Fig. 3: Tc Ls-edge XANES spectra of Tc(IV)-(Glu); com-
plexes [5].

Tc L;-edge XANES spectra of [T::(IV)(GIU,ZH)]2 +2H,0

g
©
L

b
)

@
L

Experiment
— — RASSCF
calculations

Intensity [arb. units]
e 2 2 2 2 2o
v e = o
P AR

e

L
o
y

2696 2698 2700 2702 2704
Excitation energy [eV]

Fig. 4: Tc Ls-edge XANES spectra of Tc(IV)-(Glu); com-
plexes and different transitions (vertical bars) contrib-
uting to the Tc Ls-edge XANES [5].

electronic configuration of the Tc(IV) ground state is
4d. In Te(IV)O2(am, hyd) the ground state of Tc(IV)
is a quartet state with all spins of the 4d electrons
parallel, whereas in the [Tc(IV)-(Gluzn)2(H20)2]*
(+4H20) (2) complex we found the ground state to
be a doublet state. The reason for the significant dif-
ferences of Tc Li-edge XANES spectra obtained for
both Tc(IV) species is that the six oxygen anions in-
teracting with Tc(IV) are distorted from an ideal oc-
tahedral structure in the Tc(IV)-gluconate complex.
Therefore, a doublet state becomes energetically
more favorable. This insight can only be provided by
multiconfigurational ab initio calculations and
proves the power of this sophisticated theoretical ap-
proach. Due to the doublet ground state the core ex-
cited states split up into two groups as indicated in
Fig. 4.

8.4.3 Core-excited states of the U M4,5 man-

ifold of Uranyl

Recently a number of experimental and theoretical
publications addressed the U M4-edge XANES spec-
tra and 3d4f RIXS map of uranyl [6-8]. The Uranyl
U Mus-edge XANES spectra show three pronounced
peaks which can be assigned to excitations from 3d
core orbitals to 5f valence orbitals of uranium [6].
The first peak is assigned to excitations into non-
bonding 56 and 5f¢ valence orbitals, the second
peak to excitations into anti-bonding 5fn* and the
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Fig. 5: Uranyl peak splittings [9] for various uranyl sys-
tems and empirical correlation between the peak splittings
and the bond length.

third peak into anti-bonding 5fr* valence orbitals of
uranyl.

Amidani et al. [9] made a very interesting observa-
tion by investigating the relation of the peak split-
tings with the uranyl bond length for different uranyl
systems (see references in [9]). They found an em-
pirical linear correlation between the peak splittings
in the U Ma-edge XANES and the bond lengths of
uranyl (Fig. 5).

A key information required for the understanding
of this empirical correlation are the potential energy
curves of the core-excited states. We calculated these
potential energy curves with the RASSCF and
RASPT2 methods as outlined above.

The three branches of the potential energy curves
of the core excited states shown in Fig. 6 belonging
to the U M s-edge manifold can be assigned to exci-
tations from the 3d core-orbitals of uranium into ei-
ther non-bonding (515, 5f$) or anti-bonding (5fn* or
5fc*) valence orbitals. The shapes of these three
branches are quite similar comparing both edges (U
Ms and U My), but differ significantly among each
other for the same edge. The highest branch with the
occupied anti-bonding 5fc* valence orbital shows a
repulsive shape in the considered range, whereas the
other two branches display a shape almost parallel to
the ground state of uranyl. The reason why the 5fc*
branch reveals this repulsive shape is that the occu-
pation of the anti-bonding 5fc* valence orbital intro-
duces additional negative charge along the bond axis
leading to additional repulsive coulomb interaction
with the negatively charged oxygen ions.

With this theoretical information we are able to
calculate the peak splittings of uranyl for different
bond lengths and find an excellent agreement be-
tween the calculated peak splittings (see Fig. 7) and
the relation proposed by Amidani et al. [9]. This
proofs that our simple model of a bare uranyl moiety
in the gas phase already reproduces this effect ob-
served for many different uranyl compounds. The
reason for the linear correlation between the peak
splittings and the bond lengths is the relative shape
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of the potential energy curves of the core-excited
states. Calculating the difference between the core-
excited states by subtracting the respective energies
shows that they are almost on a straight line (see Fig.
8).

This shows clearly that the empirical linear corre-
lation as found by Amidani et al. [9] is due to the
relative shapes of the involved potential energy
curves of the core-excited states. Our results repro-
duce the magnitude of the peak splittings as well as
the slope of the peak splittings depending on the ura-
nyl bond length with very high accuracy.

Another important finding of Amidani et al. [9] is
that at bond distances significantly longer than 180
pm the linear relation is lost (see Fig. 5). As can be
seen from Fig. 6 the core excited states of the highest
branch (5fc* occupation) starts to mix with the sec-
ond branch (5fr* occupation) for longer bond dis-
tances and therefore this highest branch is not any-
more characterized by an occupation of the anti-
bonding 5fc* valence orbital. This loss of linearity
can be clearly seen in Fig. 8. The difference potential
energy curve does not display anymore a linear slope
in the range >180 pm.

An important question remains — why can the sim-
ple model system of the bare uranyl ion reproduce
the linear trend observed for many different uranyl
compounds with completely different chemical en-
vironments?

Core-excited states of the Uranyl
U M, ;-edge manifold [10]

3d—»5f., 51
OT | 5 / 05

T T T T
165 170 175 180 185 190
Internuclear distance R [pm]

Fig. 6: Potential energy curves of core-excited states of
uranyl belonging to the U My s-edge manifold [10].



(a) Uranyl U M, edge HR-XANES spectra simulated
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Obviously, the potential energy curves of the core-
excited states of the different uranyl systems [9] are
only slightyl distorted when moving away from bare
uranyl to uranyl in different chemical environments.
Therefore, the peak splitting between the first and
third peak can be used as sensitive test for the uranyl
bond length in different uranyl systems.
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Fig. 9: Dependence of the projections N con(5f) of the
ground state on the peak splittings of the UO** U M ab-
sorption edge XANES [9].

Recently [10] this study was extented to the U Ms
edge. In this new study we confirm the correlation of
the peak splittings with the covalency postulated by
Vitova et al. [6] and extend their work by consider-
ing the covalent character as a function of the bond
distance. The covalency of the uranyl ground state
measured with the Np.cor(5f) occupation [10] corre-
lates linearly with the peak splitting in the U Ms edge
XANES (see Fig. 9). Although the variation of the
covalency with the peak splitting is confirmed, the
variation is very small.

Here we show how relativistic multiconfigura-
tional ab initio calculations of U Ms-edge XANES
spectra of uranyl substantially help to understand
empirical spectoscopic observations, which other-
wise lack a sound explanation. These results and the
aforementioned successful ab initio spectiation of
Tc(IV)-gluconate complexes strongly underlines the
importance of accurate theoretical calculations in
support of advanced X-ray spectroscopy methods.
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9 Advanced spectroscopy in f-element chemistry

The f-elements, specifically the lanthanides and the actinides, have fascinating but not well understood electronic
structure and bonding properties that we explored in-depth by advanced X-ray spectroscopic approaches. Experi-
mental and computational high-energy resolution X-ray spectroscopic tools were developed and applied for an in-
depth characterization of bonding properties, specifically bond covalency, of actinide (An) and lanthanide (Ln)
organic and inorganic compounds in solid and liquid states as well as Ln multimetallic clusters. A significant
advancement in theoretical spectroscopy took place through the successful development and application of ligand
field density function theory (LFDFT), which was utilized to calculate core-to-core and valence-band resonant
inelastic X-ray scattering (CC-RIXS and VB-RIXS) spectra of An and Ln compounds. In a series of state-of-the
art experimental and theoretical studies performed in collaborations with leading groups, it was demonstrated that
each spectroscopic tool - HR-XANES, CC-RIXS, and VB-RIXS - is sensitive to An 5f valence electron density
with different level of delocalization in a chemical bond. By combining them into a powerful tool, precise charac-
terization of valence electron configurations and bond covalency can be achieved. This detailed description of
electron density distribution in the chemical bond can be used to benchmark theoretical approaches. These devel-
opments and applications were carried out within the European Research Council (ERC) Consolidator Grant “THE
ACTINIDE BOND properties in gas, liquid, and solid state” and the Collaborative Research Center (CRC) sub-
projects “Activation and Stabilization of Small Molecules by Rare Earth Compounds” (A1.2) and “Lanthanide-
Based Multimetallic Clusters” (A3.2). The instrumentation developments of the NEXT X-ray emission spectrom-
eter installed at the ACT station of the CAT-ACT beamline at the KIT Light Source are described in Chapter 8.
An innovative experimental application exploring the energy resolution and efficiency of a Metal Magnetic Calo-
rimeter (MMC) for y spectroscopy was carried out. A MMC was applied in a broad collaboration to detect most
of the daughter radionuclides of Ac-225, which was successfully achieved here for the first time; Ac-225 is one of
the most promising short-lived radionuclides for targeted alpha therapy (TaT) of tumors.

9.1 Development of X-ray spectroscopies and radiochemical
applications
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v-Spectroscopy one of the most promising short-lived radionuclides
Targeted alpha therapy (TaT) is a promising treat- for application in targeted alpha therapy (TaT).
ment method in which highly energetic alpha parti- Hozvzvlever, during decay, the daughter nuclides such
cles are selectively delivered to cancer cells, destroy- as “ Fr, have altered chemical bonding interaction,
ing them while minimizing damage to healthy sur- suboptimal chelation and hence liberation of the ra-

rounding tissues in the tumor environment. **Ac is
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diometal ion. Further, the energy released and the re-
coil effects during the alpha decay can break the
chemical bonds. Thus, the liberated radionuclide can
migrate to undesired locations in various organs, re-
sulting in a significant dose burden to healthy organs
and tissues.

In light of this, quantitative detection of 22Ac and

most of its daughter radionuclides is highly desira-
ble. It has been unattainable by y-spectroscopy so
far. Achieving this would enable precise organ do-
simetry and better targeting of the therapeutic poten-
tial of the 2Ac decay series.
To date, only *'Fr and 2!*Bi are imageable in the de-
cay chain of 2Ac due to their suitable gamma lines
(Fig. 1). However, quantitative detection of all radi-
onuclides is desirable to precisely determine the dis-
tribution in the organism and thus the organ dose.
Detectors used in Single Photon Emission Computed
Tomography (SPECT) but also high purity germa-
nium detectors lack energy resolution and sensitivity
to distinguish between more than the above-men-
tioned radionuclides.[1]

In this study, a different kind of detector was em-
ployed. It is based on Metal Magnetic Calorimeter
(MMC): A single MMC consists of a paramagnetic
temperature sensor and a particle absorber in close
thermal contact which are together weakly con-
nected to a thermal bath at 20 mK. When energy is
deposited by an incident y- or X-ray, the temperature
of the calorimeter increases and the temperature de-
pendent magnetization of the sensor changes. The re-
sulting change in the magnetization of the sensor,
which is located in a small magnetic field, can be
precisely measured using a highly sensitive Super-
conducting Quantum Interference Device (SQUID)
magnetometer. The energy resolution of detectors
that use MMC surpasses that of all previously men-
tioned technologies. An energy resolution of 10 eV
Full Width at Half Maximum (FWHM) has been
demonstrated at the 60 keV y-line of an *'!Am
source.!?!

In our study, a gamma and X-ray spectrum ob-
tained using an 80 kBq source of *Ac, which was
in equilibrium with its daughters was measured with
an MMC detectors while a 3Fe source for calibration
was present. The resulting histogram was compared
with simultaneously measured spectra from a silicon
drift detector (SDD) which is visualized in Fig. 2. In
addition, a theoretical gamma spectrum of **Ac
(Nucleonica) was used to assign the various signals
to the ys of actinium and its daughters (Fig. 3). Other
sources of signal were discussed.

An ultra-high resolution (FWHM of 23 eV @
5.9 keV) enabled the assignment of the y-lines of
25 Ac, 2 Fr, 21Bi, and 2”Tl. Additionally, the char-
acteristic X-ray fluorescence lines of 22'Fr, 2!7At,
213Bi, 213Po, and >*Pb were recorded.

The resolution of the ?>*Ac- y- and X-ray spectrum
presented in this work using the MMC detectors is
the superior to available detectors, permitting to dif-
ferentiate between the y- lines of the individual
daughters of ?Ac in small energy ranges in the low
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Fig. 2: Comparison of SDD and MMC detected spectra of
the exact same 80 kBq **’Ac solution.

energy region (<99 keV). This first MMC spectrum
of 2 Ac demonstrates the detector’s potential which
could potentially be used to achieve better dose dis-
tribution in future applications.

Advanced X-ray spectroscopy

The question of the participation of actinide (An) 5f
and 6d electrons in bond covalency, and their role in
the formation, bond stability, and chemical reactiv-
ity, as well as how this participation changes across
the actinide series, is controversially discussed and a
hot topic in actinide chemistry. By developing and
applying state-of-the-art experimental and theoreti-
cal tools for in-depth studies of actinide-ligand bond
covalency in various actinide systems we obtained
advanced understanding. Several questions could be
answer such as: How can An My ;s edge core-to-core
resonant inelastic X-ray scattering (CC-RIXS), high
energy resolution X-ray absorption near edge struc-
ture (HR-XANES) and valence band-RIXS (VB-
RIXS) spectroscopic tools be useful to obtain ad-
vanced insights into the An-ligand chemical bonding
and bond covalency?*°! An M5 edge CC-RIXS and
VB-RIXS are sensitive to the “effective* 5f electron
occupation numbers. The former counts the number
of 5f open-shell electrons that is localized on the ac-
tinide ion and constitutes a large part of the effective
occupation number, and the latter determines the de-
gree of delocalization of the 5f orbitals as results of
donation effects to the surrounding ligands (i.e. 5f
participation in the formation of covalent bonds).
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Fig. 5: Artist’s concept of the signal (r.) occurring during measurement of resonant inelastic X-ray scattering in samples
containing actinides, revealing the number of electrons in the 5f orbitals of the actinide (1.).1!

We showed with this work that when combining HR- techniques and computations, a precise characteriza-

XANES, CC-RIXS and VB-RIXS experimental tion of 5f valence electron density with different
level of localization in a chemical bond is possible
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and can be used to benchmark theoretical ap-
proaches.

Three new experimental tools based on a satellite
peak in An My edge CC-RIXS spectra for the char-
acterization of the 5f electrons on the actinide atoms
were developed.

1) When measured at 90° scattering geometry, the
intensity of the satellite peak is sensitive to the num-
ber of 5f localized electron density on the An atom
(Fig. 4 a-c).

2) Its intensity and energy position can be used to
benchmark theoretical calculations.

3) Moreover, when recorded in near backscattering
geometry, the intensity of this satellite peak in-
creases and probes variations in bond covalency
(Fig. 4 b+ d).

This development was possible by CC-RIXS study
of 21 different U, Np, Pu and Am compounds in
solid and liquid state and novel quantum chemical
computations based on multiplet ligand/crystal field
theory and ligand field density function theory
(LFDFT). [©]
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9.2 Theoretical spectroscopy

H. Ramanantoanina, C. Reitz, E. Reynolds, B. Schacherl, N. Palina, X. Gaona, D. Fellhauer, D. Schild,

T. Priissmann, T. Vitova

Introduction

Theoretical spectroscopy provides a fundamental
bridge between electronic-structure theory and experi-
ment, enabling the interpretation, prediction, and ra-
tionalization of complex spectroscopic features across
molecular and solid-state systems. The localized and
strongly correlated nature of lanthanide 4fand actinide
5f electrons, combined with their strong spin—orbit
coupling and complex ligand-field interactions, gives
rise to dense manifolds of multiplet states that domi-
nate their electronic structures. As a result, optical, or
X-ray absorption/emission, and other scattering tech-
niques often probe transitions involving an admixture
of multiple electron configuration, electron spin, orbit-
als, and even charge-transfer character. Extracting
chemical information from such spectra, even the most
obvious ones such as oxidation state or orbital occupa-
tions or metal-ligand bonding trends and covalency is
then practically challenging and often requires theoret-
ical tools capable of treating multi-electronic interac-
tions with very good accuracy. Over the last decade,
the increasing precision of high-energy resolution X-
ray spectroscopies, that is also the state-of-the-art of
our department “Advanced spectroscopy in f-element
chemistry”, has further amplified the demand for accu-
rate theoretical models. Hereafter, some examples of
systems that have been studied in the department
within the last four years are highlighted.

(a)

(b)

3
%

TODFT

Low-lying excited states of lanthanide organo-

metallics

The divalent samarium complex [Sm(II)(n’-CoHo)2]
(Figure 1a) has been studied due to its mixed ionic—
covalent bonding character and the intricate multiplet
structure associated with the Sm?" 4/° and 4/°5d" con-
figurations. Using ligand-field density-functional the-
ory (LFDFT),!! we computed the ground and low-ly-
ing excited states of this complex. The calculations
show that [Sm(IT)(n’-CoHo):] is highly ionic, with the
ground state dominated by the atomic "Fo (Sm(11) 4/°)
term, indicating minimal 4/~ligand hybridization in the
electronic ground-state configuration.’! The subse-
quent spin—orbit counterparts "F1, ’Fa, "F3, "F4, Fs and
"Fe (Sm (11) 4/°) constitute the low-lying energy excited
states, with also weak energy splitting induced by the
ligand-field potential (Figure 1b).

Note that accurately resolving multiplet manifolds
remains a major challenge for electronic-structure the-
ory. f-element spectroscopy requires explicit treatment
of strong electron—electron repulsion, exchange inter-
actions, and near-degeneracy correlation, together with
substantial spin—orbit coupling. Multireference wave-
function methods such as CASSCF/CASPT2 can, in
principle, describe these effects rigorously, but the ac-
tive spaces required for Sm(I) 4/° and excited 4/°5d"
configurations rapidly become computationally pro-
hibitive. On the other hand, conventional TDDFT and
related DFT-based response methods struggle with
dense multiplet manifolds, double excitations, and
open-shell f-electron near-degeneracies. We have used
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Fig. 1: (a) Representation of the molecular complex [Sm(II)(°-CoHy),] belonging to the Do, and Dog point groups via free
rotation of the (7°-CoHy) ligand; (b) ground and low-lying excited states of [Sm(Il)(°-CoHy)>] calculated with LFDFT; (c)
experimental and calculated Sm Li-edge VB-RIXS spectra of [Sm(I)(’-CoHy),], (d) fiont cover of the J. Am. Chem. Soc. (see

ref. [2]).
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the LFDFT method since it circumvents these limita-
tions by extracting ligand-field, inter-electron correla-
tion, and spin—orbit parameters from DFT and recon-
structing a compact many-electron Hamiltonian that
retains the essential physics of the f-shell while remain-
ing computationally efficient. In the present case,
LFDFT reproduces the entire Sm(II) 4/° and 4/°54"
(Figure 1b) multiplet manifolds and their ligand-field
splitting with good accuracy.

Beyond the intra-configurational 4f-4f excitations,
LFDFT also identifies the next low-lying excited states
of [Sm(IT)(n°-CoHbo)2] as belonging to the Sm(IT) 4/°54"
configuration, lying approximately 1.7 eV above the
ground state (Figure 1b). Here the 5d ligand-field split-
ting is very large (in fact, it is 6 times larger than 4f), It
is then possible that some Sm(II) 4/°5d' states are
found below Do (Sm(IT) 4/°) level. These 4/°5d" states
exhibit markedly different bonding behavior: the DFT
calculation shows that occupation of the Sm 5d orbitals

C L
(a) Synthesis
;\?‘i'\f-i H
A LW+
X a IH
¢
A

[(La@In,Biy,),Bi)*

leads to a noticeable contraction of the Sm—C bond dis-
tances, signaling significantly increased metal-ligand
covalency relative to the ground-state 4/° configura-
tion.[?! That is, 5d orbitals are radially diffuse and ca-
pable of stronger overlap with ligand n-systems. We
corroborated this prediction experimentally using Sm
Ls-edge valence-band resonant inelastic X-ray scatter-
ing (VB-RIXS) (Figure 1c), which directly probes the
Sm 5d orbitals. The spectra show enhanced intensity in
features associated with 5d character upon population
of the Sm(II) 454" low-lying excited states, providing
direct spectroscopic evidence for the increased cova-
lency predicted by LFDFT. These findings have been
highlighted in the front cover page of the J. Am. Chem.
Soc. (Figure 1d).™
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Bonding interaction in multimetalloid cluster
The La-In-Bi cluster [(La@In2Bii1)2Bi2| has been
studied (Figure 2a) as a model system where ionic trap-
ping, covalent interaction, and metallic delocalization
can coexist in a single bonding motif.’] The encapsu-
lated lanthanide ion interacts with the highly electron-
rich In/Bi cage, where the lanthanide 5d orbitals mean-
ingfully participates in bonding, in stark contrast with
the largely ionic character observed in its molecular
precursor [La(Cs(CHa)4H)s] (Figure 2a).’! High-en-
ergy-resolution X-ray absorption near edge structure
(HR-XANES) and VB-RIXS spectra (Figure 2b) re-
veal a well-defined covalent La(5d)-Bi(6p) interaction
(Figure 2b), superimposed on an overall ionic frame-
work (localized 4f orbitals) that stabilizes the encapsu-
lated La** center. The electronic structure of the Bi/In
cage further introduces a metallic-like delocalization of
electrons with mixed p/d character, reflected in the
spectral line shapes and in the low-energy unoccupied
angular momentum-projected density of states of the
Bi and In elements.

The element- and orbital-selectivity of the advanced
X-ray spectroscopies allowed us to disentangle the
contributions of La 5d, In 5p and Bi 6d to the electronic
structure. Direct comparison between the multimetal-
loid cluster and the precursor demonstrates that cage
encapsulation activates La 5d participation, while pre-
serving the largely atomic 4/° configuration. These ex-
perimental observations were corroborated by theoret-
ical modelling by using the GW and Bethe—Salpeter
equation (GW-BSE) calculations,®! which reproduce
the spectroscopic features and confirm that La—Bi co-
valency is driven by overlap between extended La 5d
functions and Bi 6p orbitals in a strongly reducing en-
vironment.

Modelling of core-to-core resonant inelastic x-

ray scattering

The low-lying multiplet calculations presented in the
first section highlighted the reliability of the LFDFT
method!! for describing the electronic structure of
open-shell f-element systems. Motivated by these re-
sults, we extended the LFDFT formalism(!! toward the
modelling of core-to-core resonant inelastic X-ray
scattering (CC-RIXS) that probes core-excited states
(exciton) and their associated fluorescence decay chan-
nels. The present section summarizes the new theoret-
ical developments introduced to handle core-level mul-
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tiplets, CC-RIXS polarization dependence, and scatter-
ing geometry, and showcases representative applica-
tions of the resulting LFDFT/CC-RIXS studies on U
Mua-edge CC-RIXS inuranyl halides. Three systems are
into consideration: [UO2Fs]*, [UO:Cls]* and
[UO2Br4]* complexes (Figure 3).[%

In the U Ma-edge 3d4f CC-RIXS, the excitation by
an incident photon is accompanied by the emission of
a second photon. This involves the ground state U(VI)
5/° as the initial state, the core-excited state U(VI)
3d°5f' as the intermediate state, and another core-ex-
cited state U(VI) 47135f! as the final state (Figure 3a),
giving rise to muli-electronic structure problem.

Experimental CC-RIXS data for the uranyl halides
are shown in Figure 3(e—g), alongside RIXS calcula-
tions performed using LFDFT (Figure 3(h—j)),
whereby the core holes in both intermediate (3d) and
final state (4f) are explicitly considered. A comparison
between experimental and theoretical HR-XANES
spectra is shown in Figure 3(b-d), showing good agree-
ments between them.
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10 (Radio-)chemical analysis

The task of the analysis team consists of the (radio)chemical analysis for the R&D projects of the INE, the analyt-
ical service for external customers, the development and adaptation of analytical methods, teaching and training
of students and trainees, and finally the support of the INE infrastructure. A pool of instruments is available and
is continuously adapted to the state of the art. Our staff is highly qualified and specialized in the analysis of radi-
oactive samples. These include the handling of radioactive material, radiochemical separation processes for ele-
mental and isotope analysis, and in the operation and maintenance of glove box compatible instruments. Our ana-
lytical service for external clients is in the areas of nuclear decommissioning, nuclear waste declaration, nuclear
pharmacy and others. A particular focus is on mass spectrometry for trace element analysis and speciation studies
of actinides and fission products. Composite techniques such as sector field or quadrupole ICP-MS coupled with
a species-sensitive method, e.g. capillary electrophoresis (CE), are adapted and further developed. Another focus
is accelerator mass spectrometry (AMS) for the sensitive determination of actinides and of **Tc¢ in or even below
the ppq range, which is carried out in close cooperation with international AMS institutions (see chapter 8.3).

M. Plaschke, M. Bachert, C. Beiser, M. Béttle, D. Fellhauer, A. Fried, M. Frohlich, M. Fuss, F.W. Geyer,
F. Heberling, T. Kisely, S. Kraft, S. Kuschel, C.M. Marquardt, S. Moisei-Rabung, P. Miiller, F. Quinto,
D. Rehhorn, J. Rentmeister, T. Roth, F. Steegborn, H. Geckeis

In co-operation with:

E. Hahn®, S. Bahl°, D. Lemmer®, C. Troelenberg®, A. Nothstein®, P. Steinbach®, T. Schiifer’, A. Martin?,

R. Schneeberger?

Kerntechnische Entsorgung Karlsruhe (KTE), Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany, ®KIT-SUM,
¢ Friedrich-Schiller-University Jena (FSU), Institute of Geosciences, Jena, Germany, ¢ Nagra (National Cooperative for the Disposal of
Radioactive Waste), Wettingen, Switzerland

Instrumentation modes, including single quadrupole (SQ), MS/MS (fil-
A number of new high-performance instruments were tering and analyzing quadrupole) and KED (kinetic en-

put into operation during the reporting period. Table 1~ €I8Y disc2r3i8mination). While the measured intensities
presents the spectrum of analytical techniques availa-  (cps) for =*U decrease in the order SQ>MS/MS>KED,

ble at INE. the background equivalent concentration (BEC) values
(as a measure of the signal-to-background ratio) for all
Table 1: Analytical techniques available at INE modes are relatively close at about 0.5 ng/L. As ex-

pected, the lowest instrument detection limits (IDL) for

Element and Isotope Analysis 28U were achieved in the SQ mode in the range of 0.1

Quadrupole Inductively Coupled Plasma (ICP) Mass

Spectrometry (Q)-ICP-MS) ng/L. Nevertheless, the stronger ﬁltering measurement
Triple Quadrupole (TQ)-ICP-MS modes are advantageous for other nuclides or samples
Sector-Field (SF)-ICP-MS with more complex matrices. The instrument is mean-
ICP Optical Emission Spectrometry (ICP-OES) while nuclearized.

Nuclear Spectroscopic Methods

Alpha Spectrometry Bruker Tiger S8 Series 2 WDXRF: A 4 kW Bruker
Liqujc_i _Scintillation Counting (LSC, conventional/high Tiger S8 Series 2 WDXRF was put into operation,
sensitivity/TDCR)

providing high analytical precision (generator stabil-
ity), best excitation of light elements (high excitation
current) and a small spot size (300 pm) for element
mappings (u-XRF). This instrument is ideal for geo-

Gamma Spectrometry (with auto-sampler)

Other Methods

Wavelength Dispersive X-ray Fluorescence (WDXRF)
(Capillary) Ion Chromatography (IC)

Capillary Electrophoresis (CE) logical and mineral applications as well as for cement
Gas Chromatography Mass Spectrometry (GC-MS) and construction materials. A first application of p-
Carbon Analysis (TOC, DOC, TIC, NPOC) XREF is the spatially resolved study of the surface min-
Specific Surface Area Analysis (BET) eral composition of an Opalinus clay (OPA) sandy fa-
Differential Thermal Analysis (DTA) cies sample (see below).

Dilatometry

Fusion and Microwave Digestions Avio 550 Max ICP-OES: The Avio550 Max is a fully

automated ICP-OES for simultaneous multi-element
analysis over the entire wavelength range from 163-
782 nm. The vertical design of the sample chamber
makes the instrument more compact (width only
63 cm) and allows it to be placed completely in a glove
box for radioactive measurements. The instrument is
meanwhile nuclearized.

NexION5000 ICP-MS: A state-of-the-art Triple Quad-
rupole (TQ)-ICP-MS is installed in our radioactive
area. The triple-quadrupole technology is capable of
analyzing trace elements in the ultra-trace range even
in complex matrices. The standard reference material
SLRS-6 was analyzed in different measurement
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Fig. 1: Avio 550 ICP-OES adapted to a box (INE develop-
ment)

A picture of the Avio 550 Max installed in a box is
shown in Fig. 1. IDL for, e.g., Fe (238.204 nm), Sr
(407.771 nm) and U (385.958 nm) have been deter-
mined to be 0.9, 0.01 and 19.6 pg/L, respectively,
which are not affected by the box installation.

Hidex ULLA and 600 SL LSC: The Hidex ULLA is a
ultra-low-level LSC counter with a special lead shield-
ing, a guard detector and a detection unit consisting of
three selected photomultiplier tubes. The determina-
tion of the triple-to-double coincidence ratio (TDCR)
is a primary measurement method that allows an abso-
Iute measurement of radionuclides (RN) by LSC. The
triple coincidences are much more affected by quench
effects (especially color and chemical quench) than the
double coincidences. The Hidex devices are also
equipped with a very convenient alpha/beta discrimi-
nation technology.

The determination of certified ¥ Fe and ®*Ni standards
by different counting methods (TDCR, quench curve),
instrumentation and in two different laboratories (KIT-
INE and KIT-SUM) is summarized in Table 2, also
demonstrating the capability of TDCR.

Table 2: Certified and measured values (Bq/mL) of a *Fe
and ®Ni standard using different LSC counters”

INE SUM
Nuclide | Certificate Value | Hidex 600SL | Hidex 300SL | Packard 5
Bg/mL and Uncertainty | TDCR TDCR quench curve
55Fe 127,145,5 126,8+6,3 128,0+6,4 121,246,1
5N 74,714£2,2 77,2+3,7 74,6137 74,243,9

*Assuming an uncertainty of 5% for all measurements

In addition, a 3P micro 200B1 BET, a Mettler Toledo
system for pipette calibration and a gas chromatog-
raphy triple quadrupole mass spectrometry system
(Thermo TSQ 9610 GC-MS/MS) were recently put
into operation.

Method developments

Coupling of CE with SF-ICP-MS

Capillary Electrophoresis (CE) is an analytical tech-
nique that is used to separate atoms and molecules
based on their charge and size. The basic setup of CE
consists of a thin (ca. 50 um internal diameter) silica
capillary filled with an electrolyte (Fig. 2). The sample
is injected at one end of the capillary as a small plug
(multiple nL). A potential is applied to the ends of the
capillary, which initiates the sample components to
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travel through the capillary with a speed that is based
on their charge and size. After spatial separation, the
analytes successively pass a detector. Most commercial
CE instruments are equipped with a UV/VIS detector
for identification and determination of species concen-
tration. CE coupled with (ICP-)MS (CE-MS) combines
the separation capability of CE with the high sensitivity
of ICP-MS for elemental analysis.

An Agilent 7100 CE is successfully coupled with a
Thermo Element XR SF-ICP-MS for the analysis of re-
dox species (Fig. 2). The outlet side of the capillary is
inserted into a low-volume nebulizer. Due to the low
sample flow of the capillary, additional solution has to
be provided via a syringe pump to operate the nebulizer
(make-up solution). Sample solution, leaving the capil-
lary, is converted into an aerosol that is passed on to
the MS through polymer tubing. The spatial separation
of the sample species based on their charge and size
with CE (which makes the species arrive at the ICP-
MS at different times) results in a time-resolved mass
spectrum (electropherogram).

Fig. 3 shows the results of CE-MS analysis of multi-
ple samples with distinct Pu oxidation states, as stacked
electropherograms. The samples were heavily diluted
with 1M acetic acid to ensure that Pu was quantita-
tively complexed with acetate. With knowledge of the
electrophoretic mobilities (i.e. the speed of migration
through the CE capillary) of the Pu-acetate complexes
of each Pu oxidation state, the peaks in the electropher-
ograms could be assigned. In this way, all relevant ox-
idation states of Pu could be successfully identified.
The Pu(VI) sample in Fig. 3, however, shows one of
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the limits of the currently employed CE-MS method.
In the original sample, Pu was quantitatively present as
Pu(VI), but in the time from dilution of the sample to
the start of the CE-MS analysis, already 25% of Pu(VI)
was reduced to Pu(V). Subsequent measurements
showed this reduction reaction to be time-dependent.
Thus, Pu(VI) seems to be unstable in 1M acetate, and
only a lower limit of the Pu(VI) content of the original
sample can be identified with the current method.

Contract analyses

Analytical service is offered to external clients, e.g., in
the fields of nuclear waste declaration, decommission-
ing and nuclear pharmacy.

Nuclear pharmacy

Since 2018 we have a co-operation in the field of nu-
clear pharmacy with the Norwegian company Oncoin-
vent AS. Oncoinvent is committed to developing new
innovative products to provide better treatment options
for cancer patients. The radiopharmaceutical Rad-
spherin® is a novel alpha-emitting radioactive micro-
sphere suspension designed for treatment of metastatic
cancers in body cavities. The active component 2*Ra
is incorporated in inorganic microparticles of Ca2COs
acting as carriers in the human body. This allows for a
relatively slow degradation in the body and a regional
retention of effective radiation dose. INE analyzed
Radspherin® and technical samples with regard to toxic
heavy metal trace impurities and matrix elements. Rad-
spherin® is currently being evaluated in ongoing Phase
2 clinical trials (information taken from [1]). Since the
end of 2024, Oncoinvent has its own laboratory capac-
ities for elemental analysis and will only use INE's ser-
vices occasionally.

Nuclear waste treatment and decommissioning of nu-
clear facilities (KTE)

For more than 25 years, INE has been performing con-
tract analyses for waste declaration of low and interme-
diate level nuclear waste (LAW and MAW) and dis-
mantling projects, for which the Kerntechnische Ent-
sorgung Karlsruhe GmbH (KTE) is responsible. The
samples are taken at the various waste treatment facil-
ities at KTE, mainly the incineration facility (ashes)
and the evaporation plant (liquid waste concentrates)
including annually averaged samples. Samples from
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Fig. 4: Sample stamp filled with a laboratory sample of
HAWC drying residue (image courtesy of KTE), see text.
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decommissioning of nuclear facilities include demoli-
tion waste, digested wipe tests or drying residues (see
next paragraph). At INE, isotope concentrations and
compositions are determined by the combination of ra-
diochemical separations with nuclear and mass spec-
trometry techniques. The analyzed RN include neutron
activation and fission products (**Fe, *Ni, *°Sr, *Tc),
as well as actinides (U, Puand Cm isotopes).

Accompanying analyses for decommissioning of WAK
HAWC storage tanks (KTE)

During the reprocessing process at the Karlsruhe Re-
processing Plant (WAK) in the 70s to 90s of the last
century, nuclear fuel was separated and subsequently
returned to the nuclear fuel cycle. The resulting liquid
radioactive waste was temporarily stored in the form of
so-called HAWC (High Active Waste Concentrate) in
three storage tanks. KTE is responsible, among other
things, for the dismantling of the WAK and disposal of
its waste to the final repository Konrad. The disman-
tling of the first HAWC storage tank, named 210 B 02,
with a residual activity of about 1.5*10'> Bq and a ca-
pacity of about 83 m? has carried out. Inside the storage
tank, there are internals consisting of more than 500 m
of cooling coils for the removal of the decay heat and
six pulsators that provided continuous circulation of
the HAWC during storage. Two types of waste are gen-
erated during the dismantling of 210 B 02: Metallic
waste with contamination adhesions and solid residue
materials from the dried HAWC rinsing solutions,
which account for the majority of the total activity. In
order to be able to declare the resulting residues radio-
logically, knowledge of the RN composition (nuclide
vector) is necessary. Therefore, a disposal concept in-
cluding a sampling strategy was prepared in the course
of the dismantling planning for the storage tank. The
sampling of material for analysis took place immedi-
ately after opening of the tank and removal of a part of
the cooling coils in the presence of an expert for the
disposal process. Material for one sample was scraped
from the cooling coils and three samples were taken at
different locations from the bottom area of the tank. All
actions were performed remotely by manipulator tech-
nics. To ensure the representativeness of the sampling,
approx. 60 g of the residual material were taken and
ground. Of this, a laboratory sample of about 30 - 70
mg size was remotely obtained by pressing a sample
stamp with a defined cavity of about 50 pl into the
powder (Fig. 4).

The samples (contact dose rate of up to 260 mSv/h)
were each transported in a shielded barrel to the MAW
laboratory of KTE for radiological analysis. There, the
samples were digested and the dose rate determining
137Cs was separated. An aliquot of the diluted and Cs-
separated digestion solution was transported to INE for
analyses of the beta emitters *°Sr, *Ni, and *Fe, as well
as U, Pu, and Cm isotopes, with particular emphasis on
the *°Sr value. The analytical results available so far for
the cooling coil sample and the first sample from the
210 B 02 bottom area are in good agreement with the
assumed HAWC nuclide vector.



Analyses for INE R&D

The analytics group makes contributions to projects,
theses and applied research, as shown here with se-
lected examples:

Heterogeneity of OPA sandy facies

In this study, the sorption of '*’Cs on an intact Opalinus
Clay (OPA) sandy facies surface is investigated. Due
to the heterogeneity of the material, a quantitative, spa-
tially resolved and at the same time non-destructive
method for surface mineral analysis is advantageous,
like p-XRF. A bore core (named BDR-D1) was cut into
discs out of which a cylinder with a diameter of 2 cm
was drilled. The surface was polished and cleaned to
remove any residue particles. The bulk mineral compo-
sition obtained by XRD and quantified by Rietveld re-
finement indicated Calcite (65.4%), Quartz (14.8%),
Clay minerals (9.6%), Orthoclase (5.7%), Siderite
(2.6%) and Pyrite (~2%).

Before starting the sorption experiment, the types and
distributions of minerals present at the surface were ex-
amined by p-XRF. A p-XRF elemental mapping with
a 300 pm spot size and the corresponding mineral as-
signments is shown in Fig. 6. It should be noted that
features in the optical image (Fig. 5 a) are not neces-
sarily mapped in the element distributions at the sur-
face (Fig. 5 b and c). The distributions of major and
minor elements are seen in Fig. 6 b and c.

The main minerals at the surface were assigned as
follows: Calcite (mainly Ca), Quartz (mainly Si and no
Al) and Clay minerals (Si, Al and partly Fe, Mg and
K), see assignments in Fig. 5 b. Furthermore, some mi-
nor minerals like Rutile (indicated by Ti), Pyrite (indi-
cated by Fe and S) and Apatite (indicated by P) could
be identified (Fig. 5 ¢). The surface mineral composi-
tion detected by u-XRF is in general agreement with
the bulk XRD results. An interesting finding is, that the
area covered in fossil remnants (the right ~80 surf%,
yellow in Fig. 5 b) is dominated by Calcite and the left
~20 surf% is dominated by Clay minerals and Quartz.

233y, '"Np and **2Pu breakthrough in CFM run

22-02

The concurrent determination of several long-lived ac-
tinides at the levels of ppt down to ca. 50 ppq can be
achieved in low mineralized water samples without any
previous chemical separation by SF-ICP-MS. An ex-
emplary application of such an analytical method is the
determination of the breakthrough curves of actinide
tracers in the frame of the latest in-sifu radionuclide
tracer test performed at the Grimsel Test Site (GTS)
underground laboratory [5], named CFM run 22-02
(for further details on the experiment, see chapters 5.3
and 8.3).). Briefly, a cocktail of Grimsel groundwater
(GGW), Na-Febex bentonite and Ni-labelled Montmo-
rillonite colloids, the conservative tracer fluorescence
AminoG as well as radionuclide tracers, among which
233y, 2"Np, 2*2Pu and >* Am, was prepared in the con-
trolled area of KIT-INE. Such cocktail was then in-
jected into a hydrological dipole intersecting a water
conductive shear zone in the granodiorite rock of the

Fig. 5: OPA sample area (a) optical image, (b) u-XRF map-
ping of the major elements and corresponding mineral as-
signments: Calcite (mainly Ca) colored in yellow, Clay min-
erals (Si associated with Al, Fe, Mg, K) colored in blue and
Quartz (only Si) colored in pink, and (c) u-XRF mapping of
the minor elements Ti, Fe, S and P in blue, yellow, red and
green, respectively; see text.

GTS. GGW samples were periodically collected and
analyzed for their concentration of actinide tracers with
SF-ICP-MS. Additionally, the concentration of Ni at
the level of ppb was determined with Q-ICP-MS in the
same GGW samples as proxy for the breakthrough of
Ni-labelled Montmorillonite colloids as well as Na-
Febex bentonite colloids.

Fig. 6 and Fig. 7 depict the breakthrough curves for
23U, B7Np and 2*?Pu as well as for Ni, respectively. As
shown in Fig. 7, the peak of the breakthrough curve for
Ni (i.e., for the clay colloids) resembles those of 2?Pu
(in Fig. 6) and **Am (not shown here), pointing to-
wards a colloid-mediated transport of 2**Pu (IV) and
23 Am (III) species. As it can be seen in Fig. 6, the
breakthrough peak for 233U is slightly retarded com-
pared with that for 2**Pu, reflecting the expected stabi-
lization of 23U(VI) as soluble CaUO2(COs)3* com-
plexes in the geochemical conditions of GGW [6].
ZNp shows a much higher retardation factor that is
presently estimated as equal to ca. 1.8. While there is
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Fig. 6: 23U (green dots), >’ Np (blue dots) and ***Pu orange

dots) breakthrough curves for CFM run 22-02 determined by

SF-ICP-MS in GGW samples.
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Fig. 7: Ni breakthrough curve (indicative of the Ni-labelled
Montmorillonite colloids) for CFM run 22-02 determined by

Q-ICP-MS in GGW samples.



no indication of a fraction of 2*’Np migrating as col-
loid-bound species, the observed retardation of 2’Np
suggests that there may have been in-sifu some limited
reduction from Np (V) to more adsorbing Np (IV) dur-
ing Np transport through the shear zone.

For the analysis of the actinide tracers in GGW at lev-
els below ca. 50 ppq, AMS is the technique of choice,
providing the sensitivity to determine actinide tracer
concentrations encompassing the long-term tailing of
their breakthrough curves (see chapter 8.3).
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11 Geoenergy research

The Karlsruhe Institute of Technology (KIT) conducts an integrated research agenda on deep geothermal technol-
ogies within the program “Materials and Technologies for the Energy Transition” of the Helmholtz energy research
field. Two large-scale research infrastructures are being established to conduct research into the two main areas of
focus: EGS (Enhanced Geothermal Systems) and high-temperature heat storage. These are the planned under-
ground research laboratory GeoLaB, and the pilot storage project on the KIT North Campus, DeepStor. Geoenergy
research at INE focuses on the infrastructure development of these strategic research infrastructures. Special areas
of expertise include geophysical monitoring and characterization methods and — newly built up — advanced digital

methods.

T. Kohl, E. Schill et al.

Introduction

Achieving climate neutrality requires both the rapid ex-
pansion of renewable energy generation and the de-
ployment of reliable energy storage technologies capa-
ble of balancing temporal mismatches between supply
and demand. This challenge is particularly pronounced
in the heating sector, where seasonal variability domi-
nates consumption patterns and fossil fuels remain the
primary energy source for space heating, district heat-
ing, and industrial process heat across Central Europe.
Geoenergy technologies — including deep geothermal
systems and subsurface thermal energy storage — have
emerged as a key component of the transition toward
low-carbon heat supply by utilizing the thermal capac-
ity of the subsurface.

KIT geoenergy research adopts a systems-oriented
perspective that integrates geological characterization,
reservoir physics, numerical modeling, infrastructure
development, and societal engagement. This approach
incorporates multiple disciplines, ranging from geosci-
ences and engineering to social sciences.

Within this strategic framework, two research infra-
structures form the backbone of current activities: Ge-
oLaB, a planned geothermal underground research la-
boratory in crystalline basement rocks, and DeepStor,
an application-oriented infrastructure investigating
high-temperature aquifer thermal energy storage (HT-
ATES) in a sedimentary reservoir of the Upper Rhine
Graben. Over the past two years, both infrastructures
have progressed significantly, supported by advances
in structural geology, numerical and stochastic model-
ing approaches, and multi-physics simulation work-
flows that strengthen the scientific basis for safe and
efficient subsurface energy utilization. Integrated mod-
elling workflows and stochastic geological representa-
tions were further advanced to support experiment
planning at GeoLaB and reservoir evaluation at Deep-
Stor. By embedding multiple geological scenarios into
coupled simulations, these approaches strengthen the
robustness of subsurface predictions and improve the
transferability of results across different application
contexts.

" https://geolab.helmholtz.de/

Societal integration has become an explicit pillar of re-
search infrastructure development. Visualization tools,
immersive digital environments, and participatory
monitoring concepts were increasingly incorporated
into project development processes (Fig. 1). These ac-
tivities reflect the growing recognition that public ac-
ceptance, stakeholder engagement, and transparent
communication are essential prerequisites for the suc-
cessful implementation of large-scale subsurface en-
ergy projects.
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Fig. 1: In a virtual elevator, stakeholders can explore the un-
der-ground beneath their feet and learn about necessary con-
ditions for deep geothermal storage.

GeoLaB: Development of a Geothermal Un-

derground Research Laboratory

GeoLaB (Geothermal Laboratory in the Crystalline
Basement)! is being developed as a large-scale under-
ground research infrastructure designed to investigate
geothermal processes in fractured crystalline rock un-
der controlled conditions. Its principal scientific objec-
tive is to bridge the scale gap between laboratory ex-
periments and reservoir-scale geothermal operations
by facilitating controlled, long-term experiments under
realistic geological conditions.



Crystalline basement rocks represent a substantial geo-
thermal energy resource in Central Europe; however,
they are also associated with elevated levels of uncer-
tainty. The regulation of fluid flow is predominantly
governed by fracture networks as opposed to matrix
permeability. Furthermore, thermal, hydraulic, and me-
chanical processes exhibit a high degree of intercon-
nection. GeoLaB has been developed to address these
challenges by providing a specific, non-commercial re-
search environment in which experiments can be de-
signed flexibly.

The scientific scope of GeoLaB includes:

Coupled THMC processes during fluid circu-
lation and thermal loading,

Targeted stimulation experiments in fractured
crystalline rock,

Stress redistribution, fracture transmissivity
evolution, and induced seismicity,

Wellbore and reservoir integrity under cyclic
geothermal operation, and

Advanced monitoring, data integration, and
digital laboratory concepts.

A pivotal accomplishment during the reporting period
was the start of the exploration phase. After conducting
a thorough multi-criteria evaluation, the Tromm region
in the Odenwald was identified as the primary candi-
date area for conducting site investigations. The region
under consideration provides access to crystalline
basement rock, which is representative of deep geo-
thermal reservoirs in the Upper Rhine Graben. It also
allows in situ investigations at comparatively shallow
depth. In early 2025, the first deep exploration bore-
hole, GeoLaB-1 (GLB-1), reached its final depth.
GLB-1 provided essential data on lithology, fracture
density, in situ stress conditions, and hydraulic proper-
ties. These data significantly reduced geological uncer-
tainty and enabled refinement of site-specific geologi-
cal and geomechanical models.

A second well (GLB-2) was drilled with the goal to
complement and validate the findings from GLB-1 by
providing additional structural constraints and improv-
ing the three-dimensional understanding of fracture
networks and stress heterogeneity. GLB-1 and GLB-2
form the foundation for the scientific site assessment,
and they are critical for the upcoming site decision,
which is anticipated in 2026.

Concurrent with field exploration, significant ad-
vancements were made in numerical modeling and dig-
ital infrastructure development. Digitalization is a core
element of the GeoLaB concept. Integrating geological
models, monitoring data, and process simulations is es-
sential to the development of a digital GeoLaB and a
future digital twin. Virtual and immersive visualization
tools support planning, interpretation, and communica-
tion. These digital components are designed to accom-
pany the entire lifecycle of the infrastructure, from
planning and construction to scientific operation. In
this context, the BMBTR funded GeoDT project was

2 https://www.geoenergiecampus.kit.edu/deepstor.php
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successfully acquired, with UFZ serving as the coordi-
nating institution.

A comprehensive communication strategy was de-
veloped and implemented for the complex GeoLaB
project with differing stakeholders. It combines digital
formats such as social media and website content with
analogue materials including flyers and market stands.
Hands-on activities, including offers for schools, were
established to foster information transfer and dialogue.
Local perspectives gathered through these activities are
fed back into the planning and development of Geo-
LaB.

Experimental Platforms for Multi-Scale Pro-

cess Investigations

To complement field-scale research at GeoLaB and
DeepStor, KIT operates coordinated laboratory exper-
iments addressing coupled thermo-hydro-mechanical-
chemical processes across scales. The DFG large-scale
research instrument F4aT Laboratory investigates frac-
ture hydraulics and nonlinear flow behavior in con-
trolled rough-fracture experiments, providing funda-
mental insight into fluid flow processes relevant for ge-
othermal reservoirs [2]. Building on this work,
RockBlockEx extends experimental research to the
cm—m scale by studying hydro-fracturing and reactive
flow in instrumented rock blocks representative of
crystalline and sedimentary reservoir settings.

The RockBlockEx setup combines controlled pres-
sure and temperature conditions with multi-parameter
monitoring, including acoustic emission, geochemical
sensors, and electric or electromagnetic measurements.
This enables investigation of coupled hydraulic, me-
chanical, and electrochemical responses during fluid
injection experiments, with particular emphasis on
monitoring strategies and potential precursors of in-
duced seismicity. Together, F4aT Laboratory experi-
ments and RockBlockEx bridge the gap between mi-
croscale fracture physics and field-scale infrastructure
research, supporting experimental design and monitor-
ing concepts for GeoLaB and DeepStor.

DeepStor: Research Infrastructure for High-
Temperature Aquifer Thermal Energy Stor-
age
DeepStor? is a research infrastructure designed to in-
vestigate the high-temperature aquifer thermal energy
storage (HT-ATES) for the heat supply of the KIT
Campus North. The project is situated within the li-
censed exploration field KIT — Campus North, where a
deep sedimentary reservoir has been thoroughly char-
acterized in previous hydrocarbon exploration. Deep-
Stor is conceptualized as an application-oriented infra-
structure.

The objective of this project is to demonstrate and
scientifically assess the technical, environmental, and
societal acceptability of seasonal heat storage at



Fig. 2: Public engagement event with a focus on seasonal
geo-thermal storage in the deep underground (January
2025, Karlsruhe).

temperatures exceeding 100 °C in combination with
geothermal heat production.

Parallel to the development of the DeepStor site,
technology transfer towards the city of Karlsruhe was
initiated with the GEOZeit project as part of the Helm-
holtz Zeitenwende initiative. A special focus was ded-
icated to public engagement. Within the GEOZeit pro-
ject and the Helmholtz climate initiative HICAM, in-
formation and dialogue events were carried out, e.g., in
the KIT open space Triangel (Fig. 2).

The utilization of visualization tools and virtual-real-
ity environments enables stakeholders to explore sub-
surface processes interactively, thereby enhancing
transparency and facilitating knowledge transfer be-
tween research, industry, and the public. These ap-
proaches are indicative of the expanding role of digital
communication tools in fostering societal acceptability
for subsurface energy technologies.

Structural geology and geophysical character-

ization and monitoring methods

Recent structural analyses have yielded novel insights
into the geological evolution of the central Upper
Rhine Graben and its implications for reservoir behav-
ior. Integrated seismic interpretation and structural
modelling demonstrate that intra-rift basin develop-
ment was strongly influenced by a late Oligocene
stress-field change, leading to the superposition of
younger basin structures onto earlier fault systems [1].
These findings underscore the importance of inherited
faults and en-echelon structures for reservoir compart-
mentalization, fluid flow pathways, and geothermal
doublet performance.

Studies of geothermal analogues further emphasize
the role of deep structural controls. Joint gravity—mag-
netic inversion workflows reveal that intrusive bodies
and fault intersections govern permeability distribution
and heat transport, providing methodological advances
for reducing geological uncertainty in geothermal ex-
ploration [5]. Similarly, morpho-structural analyses of
superhot geothermal systems demonstrate how re-
gional tectonics influence fracture porosity and stress
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distribution near the brittle—ductile transition zone [3].
These insights contribute to a refined geological under-
standing and inform monitoring strategies.

Recent research applying joint three-dimensional in-
version of gravity and magnetic data provides new in-
sights into the deep structural framework of superhot
geothermal systems using the Acoculco field (Fig. 3).
By integrating terrestrial gravity measurements with
airborne magnetometry, the study resolves density and
magnetization distributions within a regional 3D
model, revealing semicircular intrusive structures in-
terpreted as mafic magma bodies controlling heat sup-
ply and volcanic evolution.

The results indicate that fault intersections and intru-
sive complexes can regulate permeability distribution.
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Fig. 3: (a) The deepest magnetization slice of the 3D model
(1000 m.b.s.l.). With a dark line is contoured the semicir-
cular shape of Acoculco. (b) the deepest density slice of the
3D model and the contoured shape (1000 m.b.s.l.). (c) A
composition image showing with red a large magnetized
body with large density. Green color with lower density
and slightly lower magnetization.



Joint inversion notably enhances depth resolution com-
pared to single-method approaches. Cross-sections of
the model reveal the presence of dense and magnetized
bodies in proximity to exploratory wells, indicating
that past hydrothermal circulation and mineral sealing
may be responsible for the observed lack of permeabil-
ity, despite temperatures exceeding 250 °C [5]. The
workflow illustrates how integrating geophysical in-
version and petrophysical coupling can reduce geolog-
ical uncertainty and support exploration strategies for
enhanced geothermal and subsurface energy storage
systems, providing methodological advances relevant
to DeepStor-type infrastructures.

Modeling Advances and Reservoir Processes
Numerical modeling has played a central role in sup-
porting DeepStor development. Automated meshing
workflows based on open-source simulation tools al-
low for rapid evaluation of alternative geological sce-
narios (Fig. 5). This efficient assessment of reservoir
performance during development phases enables in-
formed decision-making [4]. Sensitivity analyses indi-
cate that sub-seismic faults may locally modify pres-
sure evolution and heat plume geometry, while thermal
recovery remains relatively robust against small-scale
structural variability.

Coupled thermo-hydro-mechanical simulations pro-
vide new insights into reservoir deformation and sur-
face uplift risks. According to the findings of the mod-
eling, thermoelastic stress redistribution is the primary
factor in deformation at reservoir depth (Fig. 4). In con-
trast, surface uplift remains significantly reduced and
is primarily influenced by poroelastic effects [6]. Even
at injection temperatures exceeding 100 °C, predicted
vertical displacements at the surface remain negligible
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Fig. 4: Distribution of stress changes at the reservoir top
around the two wells (CW: cold well; HW: hot well) after a
one charging period, b one full charging and discharge cycle,
c the tenth charging period (i.e., after 9.5 years), and d the
full simulation duration of ten charging and discharge cycles.
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Fig. 5: Heat accumulation in four different scenarios of the
DeepStor model at the end of the last production cycle. The
planned well is shown as a solid black line. Subplots from (a)
to (d) represent different scenarios including the base case and
arbitrary faults (shown with a grey surface) at 4 and 45m to
the east of the well and 48m to the west. The temperature scale
is also the same and shown only once in subplot (a) to avoid
repetition.

compared to reservoir-scale deformation. This sup-
ports risk-informed designs, monitoring concepts and
regulatory assessments.

Recent reactive-transport simulations within the
VESTA framework have yielded novel perspectives on
the hydrogeochemical processes that govern high-tem-
perature aquifer thermal energy storage (HT-ATES) at
the DeepStor site. The study utilizes coupled flow, heat
transport, and kinetic mineral reactions to assess the
performance of seasonal doublet operation with injec-
tion temperatures reaching up to 140°C. The findings
indicate that mineral dissolution plays a predominant
role in the vicinity of the heated well, resulting in an
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Fig. 6. Permeability ratio in the XZ-plane (Y=145 m) after 5
years of seasonal injection and production cycles.

estimated porosity enhancement of approximately
1.5%. In contrast, minimal precipitation and negligible
permeability reduction occur in the vicinity of the
chilled well (Figs. 6) [7].

Geochemical analyses further reveal temperature-de-
pendent pH shifts (Fig. 7) and elevated iron species
concentrations around the hot well. These findings in-
dicate potential scaling and corrosion risks under oxi-
dizing conditions that must be considered in future
monitoring concepts. Notably, the simulations indicate
an absence of substantial thermal short-circuiting be-
tween the hot and cold plumes, thereby validating the
long-term viability of cyclic heat storage operations
[7]. Integrating kinetic geochemistry with thermo-hy-
draulic modeling provides a technological basis for
predicting mineralogical evolution, optimizing opera-
tional strategies, and improving risk assessment for
DeepStor-type HT-ATES infrastructures.

Conclusions and Outlook

Geoenergy research at KIT has transitioned into the in-
frastructure implementation phase, in which reservoir
characterization, advanced numerical modeling, lab
experiments, and digital innovation converge while the
research infrastructures are being constructed.

With the Main Operations Plan approved, prepara-
tory activities for DeepStor are underway, including
the completed installation of groundwater monitoring
wells. The following activities are planned or already
in progress: laying the conductor pipes in the first quar-
ter of 2026, completing the drilling sites and infrastruc-
ture connections, and carrying out the DeepStor-1
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Fig. 7: pH distribution in the XZ-plane (Y=145 m) after 5
years of seasonal injection and production cycles.

Fig. 8: Drilling of GLB-1. The borehole reached a depth of
more than 500 m and was fully cored. The drilling results
form the basis for the site evaluation and assessment of
whether the Tromm location is suitable for the planned un-
derground research lab GeoLaB.

exploration drilling. The drilling campaign will be ac-
companied by an extensive core drilling, logging, and
testing program, as well as continuous seismic and hy-
drogeological monitoring. DeepStor has achieved sig-
nificant milestones in regulatory approval and tech-
nical prepa-ration, supported by advancements in
THMC modeling, reactive transport simulations, and
risk assessment.

The completion of GLB-1 and GLB-2 marked a sig-
nificant milestone in the GeoLaB project, which is in
the final stages of the exploration phase (Fig. 8).

Recent scientific contributions demonstrate that
structural uncertainty, thermoelastic stress redistribu-
tion, and geochemical evolution are critical factors for
the safe deployment of HT-ATES systems. At the same
time, structural analyses of the Upper Rhine Graben
provide essential geological context for both infra-
structures. GeoLaB and DeepStor are combining con-
trolled underground experimentation with application-
oriented research to unlock the unexploited potential of
the crystalline bedrock and seasonal underground heat
storage. Collectively, these initiatives provide a cohe-
sive framework for advancing geoenergy technologies
as a fundamental component of a climate-neutral en-
ergy system.
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