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Obituary for the death of Dr. Bernd Schimmelpfenning 

Our institute was struck in 2019 by the sudden and unexpected death of Dr. Bernd Schimmelpfennig, who had 
been since 2003 the head of the computational chemistry group at INE. Dr. Schimmelpfennig was an 
internationally renowned expert for the development and application of quantum chemistry codes tailored to solve 
electronic structures and bonding properties of the heavy ‘5f’ or ‘actinide’ elements, requiring, i.a., the explicit 
treatment of relativistic effects to describe their electronic states. As one of the few specialists of actinide quantum 
chemistry worldwide, Dr. Schimmelpfennig has given numerous impulses in this field, allowing the refinement of 
our molecular scale understanding of nuclear materials in the context of geological repository concepts. 
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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 re-
search),

(ii) Radiation protection
(iii) Decommissioning of nuclear facilities
(iv) Geoenergy.

All R&D activities of INE are integrated into the 
program Nuclear Safety Research within the KIT-
Energy Center and the program Nuclear Waste 
Management, Safety and Radiation Research 
(NUSAFE) within the Helmholtz Association. INE 
contributes to German provident research for the 
safety of nuclear waste disposal, which is the re-
sponsibility 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. Projections based on 
scheduled operation times for nuclear power plants 
(Amendment to German Atomic Energy Act, Au-
gust 2011) in Germany indicate that about a total of 
17,770 tons of spent nuclear fuel will be generated. 
About 6,670 tons have been shipped to France and 
the UK until 2005 for reprocessing, to recover plu-
tonium and uranium. Consequently, two types of 
high level, heat producing 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 like-
wise needs to be addressed. 

Over the last decades, a consensus within the in-
ternational scientific/technical community was 
established, clearly emphasizing that 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 and HLW-glass in the relevant poten-
tial 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 max-
imum radiation dose projected for relevant scenari-
os.  

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 theoretical quantum 
chemical calculations for radionuclide actinide 
chemistry supports both interpretation of experi-
mental results and optimized 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.  

The R&D topic radiation protection at INE fo-
cuses on the assessment of radiation exposures of 
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humans by estimating doses from external radiation 
fields. The strategy driving this work is to provide 
techniques and models for an individualized dosim-
etry, which goes beyond the current approach of 
applying reference models in dose assessment. Both 
the specific anatomical and physiological features 
of the exposed individual and the specific effective 
radiation fields are considered in the frame of an 
individualized dosimetry. Work is performed in 
close cooperation with the KIT safety management 
SUM.  

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. 

The topic geoenergy is mainly focusing on geo-
thermal energy research in fractured reservoir sys-
tems with special focus on Enhanced Geothermal 
Systems (EGS). 

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-
lution ICP-MS). Methods available for surface 

sensitive analysis and characterization of solid 
samples include X-ray diffraction (XRD), atomic 
force microscopy (AFM) and laser-ablation coupled 
with ICP-MS. A modern X-ray photoelectron spec-
trometer (XPS) and an environmental scanning 
electron microscope (ESEM) are installed. Laser 
spectroscopic techniques are developed and applied 
for sensitive actinide and fission product speciation 
such as time-resolved laser fluorescence spectros-
copy (TRLFS), 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 synchrotron source KA-
RA. INE’s beamlines, in close proximity to INE 
controlled area laboratories, represent in combina-
tion with the other analytical methods a unique 
experimental infrastructure, which both profits from 
and contributes to INE’s leading expertise in the 
field of actinide chemistry and spectroscopy. A 400 
MHz-NMR spectrometer adapted to measuring 
radioactive liquid samples adds to the analytical 
and speciation portfolio of INE. Quantum chemical 
calculations are performed on INE’s computing 
cluster, which is equipped with 17 nodes and 76 
processors. 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 2018 and 2019, the Institute for Nuclear 
Waste Disposal had around 90 employees working 
in the five departments and two clusters, which 
reflect the R&D and organizational tasks of the 
institute (Fig. 1). 
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Fig. 1: Organizational chart of the Institute for Nuclear Waste Disposal (INE) 
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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 Campus 
South and the Universities of Heidelberg, Jena and 
Strasbourg as well as the TU Darmstadt.  

Prof. Dr. Horst Geckeis, director of INE, holds a pro-
fessorship for radiochemistry at KIT Campus South, 
Department of Chemistry and Biosciences. He teaches 
fundamental and applied radiochemistry for chemistry 
students in bachelor and master courses. A radiochem-
istry module consisting of basic and advanced lectures 
on nuclear chemistry topics and laboratory courses has 
been set up for master students in Karlsruhe. In addi-
tion, Dr. Marcus Altmaier, head of the department ra-
diochemistry, gives a lecture concerning the chemistry 
of f-elements. 

Prof. Dr. Sascha Gentes head of the department de-
commissioning of nuclear and conventional facilities 
holds a professorship at the Institute for Technology 
and Management in Construction at the KIT-Depart-
ment of Civil Engineering, Geo and Environmental Sci-
ences and gives lectures in the field of decommission-
ing of nuclear facilities, environmentally-friendly Re-
cycling and Disassembly of Buildings, Machinery and 
Process Engineering as well as construction technol-
ogy. 

Prof. Dr. Petra Panak, heading a working group on 
actinide speciation at INE, holds a professorship of ra-
diochemistry 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 30 students from Karlsruhe and Heidelberg 
participated in two 3-week radiochemistry laboratory 
courses in 2018 and 2019 held at KIT Campus North in 
the FTU radiochemistry and 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.  

Dr. Tonya Vitova gives lectures at the KIT Campus 
South, Department of Chemistry and Biosciences, in 
the field of instrumental analytics and Prof. Dr. Eva 
Schill at the Department of Civil Engineering, Geo and 
Environmental Sciences in the field of geothermal en-
ergy as well as at the university of Darmstadt. Dr. 
Volker Metz gives lectures at the Department of Me-
chanical Engineering in the field of nuclear fuel cycle. 
Lectures and practical units are taught by Dr. Frank 
Heberling and Dr. Volker Metz at KIT Campus South, 
Department of Civil Engineering, Geo and 

Environmental Sciences, focused in 2018 and 2019 on 
“environmental geology: radio- and chemotoxic ele-
ments”. 

Dr. Andreas Bauer is lecturing Clay Mineralogy at 
the University of Jena. His lecture deals with the min-
eralogical characterization of these fine materials and 
the importance of quantifying surface reactions. In the 
second part of the lectures sound, practical advice on 
powder X-ray diffraction in general is provided, as well 
as a useful set of step-by step instructions for the nov-
ice.  

Dr. Andreas Geist gives lectures at the École eu-
ropéenne de chimie, polymères et matériaux in Stras-
bourg concerning the Solvent Extraction of Metal Ions. 

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 2018 and 2019, 18 doctoral students worked at INE 
on their dissertations; five doctoral students were 
awarded their doctorate in 2018 and one in 2019. Top-
ics of the doctoral students are:  

1. Influence of carbonate on the radium uptake by
barite

2. Application of high-resolution x-ray absorption
(HR-XAS) spectroscopy for the investigation of
the release and solubility of radionuclide species
originating from highly radioactive waste in
aquatic media

3. Determination of geothermal relevant parameters
in high temperature and superheated reservoirs
with gravimetric and magnetotelluric methods

4. Aqueous chemistry of technetium in the presence
of inorganic and organic ligands

5. In-situ structural studies of uranium during inter-
action with magnetite

6. Investigation of the diffusion of U(IV), Np(IV),
Pu(IV), and Am(III) at ultra-trace levels through
natural clay with accelerator mass spectrometry

7. Electromagnetical und Eigenpotential monitoring
of fluid injections in crystalline rock

8. Investigation of the radionuclide inventory and
chemical interactions at the interface between
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nuclear fuel and zircaloy cladding of irradiated 
light water reactor fuel rod samples 

9. Potential Influence of oxygenated Glacial Meltwa-
ter on Radionuclide (re)mobilization in fractured
rock

10. Steel corrosion and actinides sorption by iron cor-
rosion products under saline conditions

11. Joint inversion of magnetotelluric and gravity data
from Mt. Viilarica area (S-Chile)

12. Retention of Iodine by secondary phases in the
near field of a radioactive waste repository

13. Behavior of natural radionuclides in soil/ground-
water systems

14. Investigations of Np, Tc, and Se structural proper-
ties applying in situ high-energy resolution X-ray
emission/absorption spectroscopy

15. Studies on the complexation of actinide and lantha-
nide ions with N,O-donor ligands

16. Impact of the degradation products of an ion ex-
change resin (UP2) on the uptake of radionuclides
by cement

17. Fundamental research to the optimization of the
EU-RO-GANEX process

18. Accurate neutron scattering based Monte Carlo
Simulations of Radiation Fields and Dosimetry im-
posed by stored High-Level Nuclear Fuel Waste
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3 National and international cooperation, 
conferences and workshops 

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 German Federal Ministry for 
Economics and Technology (BMWi), the Federal Min-
istry for Education and Research (BMBF), the Federal 
Ministry for the Environment, Nature Conservation, 
Building and Nuclear Safety (BMU), the Federal 
Company for Radioactive Waste Disposal (BGE), the 
German Research Foundation (DFG) and the Helm-
holtz Association (HGF).  

The ThermAc project aims at extending the chemical 
understanding and available thermodynamic database 
for actinides, long-lived fission products and relevant 
matrix elements in aquatic systems at elevated temper-
atures. To this end, a systematic use of estimation meth-
ods, new experimental investigations and quantum-
chemistry-based information is intended. ThermAc has 
started in March 2015 and is projected for three years 
with an additional 1.5 year extension phase. The project 
is funded by the German Federal Ministry for Educa-
tion and Research (BMBF) and is coordinated by KIT-
INE. The ThermAc project is developed in order to im-
prove the scientific basis for assessing nuclear waste 
disposal scenarios at elevated temperature conditions.  

The work of KIT-INE within VESPA II (initiated in 
September 2017) is highlighting the key relevance of 
geochemical research for evaluating radionuclide re-
tention and mobilization in the frame of nuclear waste 
disposal. Based upon new systematic experimental 
studies, a significant increase of understanding regard-
ing the behavior of long-lived fission and activation 
products, i.e. 99Tc, 79Se and 129I, has been obtained. 
Fundamental site- and host-rock independent thermo-
dynamic data derived within VESPA allow a better 
modeling and prediction of radionuclide chemistry in 
aquatic systems. The retention of radionuclides on sev-
eral relevant mineral phases is analyzed and quantified. 
As a result of the work performed by KIT-INE within 
VESPA II, the long-term safety of different repository 
concepts and scenarios can be assessed on a decisively 
improved scientific level. 

Within the THEREDA project, KIT-INE provides 
thermodynamic data – complex formation constants, 
solubility data – for selected radionuclides from exper-
iments 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 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 repository. 

The GRaZ project deals with the migration of radio-
nuclides in the near field of a repository for radioactive 
waste in clay formations with focus on the hyper-alka-
line water-cement-system. KIT-INE investigates the re-
tention of actinides and lanthanides by clay minerals in 
presence of relevant inorganic and organic ligands. The 
project focusses 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 is studied in a wide pH range up 
to hyperalkaline pH values. One important aim of the 
project is the consistent thermodynamic modelling of 
experimental solubility, complexation, and sorption 
data. The project provides basic knowledge and ther-
modynamic data needed in the frame of a long-term 
safety analysis of different repository concepts. 

The KOLLORADO-e3 project focuses on the ero-
sion stability of compacted bentonite (geotechnical bar-
rier) as a function of the contact water chemistry/hy-
draulics and the formation of near-field colloids/nano-
particles as potential carriers for actinides/radionu-
clides. The project activities include a detailed experi-
mental program quantifying the bentonite erosion and 
the reversibility of actinide bentonite nanoparticle sorp-
tion reversibility (including AMS method develop-
ment).  

The mechanical and chemical stability of steel con-
tainers containing nuclear waste play an important role 
in performance assessment of disposal sites. The pro-
ject KORSO aims at improving the understanding of 
steel corrosion in saline environments under conditions 
representative of disposal sites for heat generating 
waste. Microscopic and spectroscopic techniques are 
applied to identify the underlying corrosion mecha-
nisms and their kinetics in dedicated experiments in sa-
line, anoxic and elevated temperature conditions. The 
second aim is to investigate the retention of radionu-
clides by secondary phases identified in corrosion ex-
periments by applying spectroscopic and chemical 
methods. The ultimate goal is to reduce uncertainties 
concerning interaction mechanisms between radionu-
clides and corrosion products, and thereby improve 
confidence in the long-term prediction of radionuclide 
mobility. 

The Helmholtz young investigators group (HYIG) 
“Advanced synchrotron-based systematic investiga-
tions of actinide (An) and lanthanide (Ln) systems 
to understand and predict their reactivity” system-
atically investigates the electronic and coordination 
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structures of actinide (An) and chemical homologue 
lanthanide (Ln) systems with novel synchrotron-based 
high energy resolution X-ray emission/absorption/ine-
lastic scattering techniques. The experimental results 
are supported by theoretical calculations and simula-
tions with quantum chemical codes. These investiga-
tions improve the understanding of An/Ln reactivity in 
repository systems and waste matrices on a molecular 
scale and thereby support the reliability of safety case 
evaluation of the repository long term safety. The elu-
cidation of electronic and coordination structures of 
An/Ln systems provide basic insight into relationships 
between structure and reactivity of actinide elements, 
which is a present scientific frontier. 

SMILE is a project dealing with reactive transport 
modeling (Smart-Kd in long term safety-assement – ap-
plications). The main goals of SMILE are the extension 
of the concept developed up till now towards inclusion 
of redox-reaction, to corroborate the chemical descrip-
tion of interfacial reactions via more fundamental in-
sight in structure, stoichiometry and thermodynamic 
parameters of relevant surface complexes, to compare 
state of the art surface complexation in the evaluation 
of available experimental data, to extend the experi-
mental data basis via batch- and column experiments 
on laboratory systems, to calculate smart Kd-martrices 
for selected redox-systems, and to apply the concept 
and verify the concept via experiments and modeling 
for systems that are closer to environmental systems in 
a critical manner. This is supposed to pave a fundamen-
tal basis allowing to transfer the smart-Kd-concept to 
various geological settings. Additionally, this will al-
low for the coupling of the concept to geochemical re-
active transport codes to be initiated. 

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. Therefore, the operator of Asse II, the Federal 
Company for Radioactive Waste Disposal (BGE), per-
formed an exploration drilling in the overlaying sedi-
mentary 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 re-
tention by rocks of the overlaying sediments as well as 
to studies on the geochemical milieu and radionuclide 
solubility in the near-field of the radioactive waste. 
Drill cores and a pore water sample of the exploration 
borehole, comprising Triassic shell limestone (Mus-
chelkalk) and Bunter sandstone (Buntsandstein) were 
used in sorption experiments with several radionu-
clides. Based on the experimental results, sorption co-
efficients are derived, which are important input param-
eters for the assessment of the radionuclide retention 
capability of the sedimentary rocks overlaying the Asse 
II salt mine. With respect to the near field of the waste 
within Asse II, INE compiles the present state of 
knowledge on geochemical processes in the waste em-
placement rooms. Experimental studies performed by 
INE provide the basis for improved radionuclide source 
terms. 

The collaborative project iCross is jointly funded by 
HGF and BMBF. Goal of the project is to progress to-
wards a more realistic description of waste disposal 
systems, i.e. to reduce the need for conservative as-
sumptions in model predictions of radionuclide migra-
tion through the near- and far field around nuclear 
waste repositories. In order to demonstrate significant 
progress within the three years funding period, the 
iCross consortium agreed to focus on two aspects of 
this very general task: 1) radionuclide migration 
through the evolving near-field (i.e. multi-barrier sys-
tem), with a special focus on the canister-bentonite in-
terface, and 2) the influence of heterogeneities in the 
host rock on radionuclide migration, from the micro- to 
the regional scale. Investigations involve laboratory- as 
well as underground research laboratory experiments 
(mainly in Mt. Terri, Switzerland), and modelling exer-
cises from quantum chemical simulations through pore-
scale modelling, continuum-scale modelling to regional 
scale THMC models. The iCross consortium combines 
competences from the HGF program NUSAFE / re-
search field “Energy”, with the HGF research field 
“Earth and Environment”, with the goal to become the 
cornerstone for a “Helmholtz Competence Centre for 
Nuclear Waste Reposity Research”. 

The collaborative project TRANSENS is the first 
large scale project in Germany to conduct transdiscipli-
nary research on management of spent nuclear fuel and 
vitrified high level waste. TRANSENS aims at evalu-
ating technical, safety related and procedural aspects of 
disposal strategies for highly radioactive waste from the 
view-point of all involved academic disciplines such as 
natural sciences, engineering, law and social science. A 
major goal of this transdisciplinary research project is 
the interaction between scientists of various disciplines 
and citizen scientists. Thereby, members of the public, 
actors from practice and other non-academic stakehold-
ers will be involved in the research process. Within the 
project, KIT-INE is responsible for a work package on 
developing criteria for decisions at critical points or 
“switch points” for recertifications  on the route from 
interim storage to deep geological disposal of highly ra-
dioactive waste. 

Geothermal energy will be a crucial element of the 
German Energiewende, in particular of the heat transi-
tion. The geothermal development faces a number of 
drawbacks resulting from immature technological de-
velopment in early prototypes. Although major techno-
logical developments have been made, the related ma-
jor setback, the low acceptability of deep geothermal 
technology by the society, remains. This is where the 
inter- and transdisciplinary project GECKO comes in. 
GECKO aims at involving the public in a co-design 
process that is linked to the establishment of deep geo-
thermal infrastructures for heat production and storage 
at the KIT Campus North. The campus is located on the 
largest known thermal anomaly in Germany with ap-
prox. 170 ° C at a depth of 3 km. At INE, different sce-
narios of utilization and their respective consequences 
will be established using numerical modelling to pro-
vide the co-design process with the consequences of 
criteria decisions and alternatives in the design.  
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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. Forecast-
ing chemical processes and related changes in reservoir 
condition over the operation time is carried out using 
thermo-hydraulic-chemical (THC) that are coupled to 
the district heating models or even including sector 
coupling.  

International 
The international Colloid Formation and Migration 
(CFM) project focuses on the stability of the bentonite 
buffer/backfill in contact with water conducting fea-
tures and the influence of colloids on radionuclide mi-
gration in crystalline host rocks coordinated by 
NAGRA (National Cooperative for the Disposal of Ra-
dioactive Waste, Switzerland). The project uses the ex-
perimental set-up in the controlled zone at the Grimsel 
Test Site (Switzerland). Additional partners involved 
are from Japan (JAEA, NUMO, CRIEPI), South Korea 
(KAERI), Finland (POSIVA Oy and Helsinki Univer-
sity), Switzerland (NAGRA, PSI-LES), Spain (CIE-
MAT), Sweden (SKB, KTH), United Kingdom (NDA 
RWMD) and United States (LANL). INE plays a deci-
sive role in the laboratory program and is mainly carries 
out the field activities 

EURATOM FP7, Horizon 2020 and EJP 
European Joint Programme on Radioactive Waste 
Management (EURAD) is a large scale integrated re-
search programme dealing with various aspects of safe 
management of nuclear waste (www.ejp-eurad.eu/). 
Within EURAD, INE is stongly involed in EURAD and 
contributes to four workpackages: Cement-Organic-
Radionuclide-Interactions (CORI), Fundamental un-
derstanding of radionuclide retention (FUTuRE), Spent 
Fuel Characterisation and Evolution Until Disposal 
(SFC) and Uncertainty Management multi-Actor Net-
work (UMAN).  

INE is coordinating the WP CORI. CORI aims to 
develop an in-depth understanding of the interaction of 
cementitious materials with organic matter and 
radionuclides. Organic materials are present in some 
nuclear waste and as admixtures in cement-based 
materials and can potentially influence the performance 
of a geological disposal system, especially in the 
context of low and intermediate level waste disposal. 
The potential effect of organic molecules on 
radionuclide migration is related to the formation of 
complexes in solution with some radionuclides of 
interest (actinides and lanthanides) which can increase 

the radionuclide solubility and decrease the 
radionuclide sorption. INE is active in all WPs of 
CORI, performing two separate studies in cooperation 
with EMPA (Switzerland) and with SKB (Sweden).  

FUTURE aims at realizing a step change in 
quantitative mechanistic understanding of radionuclide 
retention in the repository barrier system. Work in 
FUTURE concerns the identification of constraints and 
the increase in predictability of radionuclie migration 
properties in “real” clay and crystalline rocks, 
quantifying the influence of key parameters of the 
heterogeneous rock/water system such a rock structure, 
redox interfaces, water saturation, reversibility etc.. 
Work of INE focusses on the investigation of 
radionuclide retention processes on clay materials, 
using a large set of modern analytical tools.  

The SFC workpackage aims mainly to establish be-
yond state-of-the-art quantification of the characteris-
tics and chemical processes of spent nuclear fuel as-
semblies from discharge of nuclear reactors, during in-
terim storage until (pre-)disposal activities. Within 
SFC, INE contributes with experimental and numerical 
studies to improve determination of radionuclide inven-
tories of spent nuclear fuel rods and to assess chemical 
interaction between spent nuclear fuel pellets and clad-
ding within the fuel rods. 

A follow-up of the FP7 project SACSESS, GEN-
IORS focuses on actinide separations related to future 
multiple recycling strategies. GENIORS is expected to 
provide the EU with science-based strategies for nu-
clear fuel management and contribute significantly to 
its energy independence. In the longer term, the pro-
ject’s results will facilitate radioactive waste manage-
ment by reducing its volume and radiotoxicity, and sup-
port a more efficient utilization of natural resources. 24 
Partners from 10 countries contribute to GENIORS; a 
formal collaboration with US-DOE is established. The 
project is coordinated by CEA; KIT is in charge of the 
hydrometallurgy domain.  

The overall objective of the Horizon 2020 project 
BEACON is to develop and test the tools necessary for 
the assessment of the mechanical evolution of an in-
stalled bentonite barrier and the resulting performance 
of the barrier. This will be achieved by cooperation be-
tween design and engineering, science and perfor-
mance assessment. The evolution from an installed en-
gineered system to a fully functioning barrier will be 
assessed. This will require a more detailed understand-
ing of material properties, of the fundamental processes 
that lead to homogenization via water saturation, of the 
role of scale effects and improved capabilities for nu-
merical modelling. The goal is to verify the perfor-
mance of current designs for buffers, backfills, seals 
and plugs. For some repository designs mainly in crys-
talline host rock, the results can also be used for the as-
sessment of consequences of mass loss from a bentonite 
barrier in long-term perspective. 

Within the European Commission Horizon 2020 
frame, the study of modern spent nuclear fuel dissolu-
tion and chemistry in failed container conditions is in-
cluded in the DISCO collaborative project. The aims of 
this project are, first, to enhance the understanding of 
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spent fuel matrix dissolution under conditions repre-
sentative of failed containers in reducing repository en-
vironments and, second, to assess whether novel types 
of fuel (MOX, UO2 doped with additives such as Cr, 
Gd) behave like the conventional ones (UO2). INE pro-
vides results on the dissolution of MOX fuel under re-
ducing conditions and, in addition, is the leader of work 
package 3 “Spent fuel dissolution experiment” super-
vising the spent nuclear fuel dissolution experiments 
that will be performed by the different partners within 
the project. INE also contributes to work package 2 
“Preparation and characterization of samples and ex-
perimental systems”. 

INE contributes actively to international organiza-
tions, such as the Thermodynamic Database Project of 
the Nuclear Energy Agency (NEA). 

CEBAMA is a collaborative project investigating ce-
ment-based materials, properties, evolution and barrier 
functions within the European Commission Horizon 
2020 frame (www.cebama.eu). Scientific and technical 
research in CEBAMA is largely independent of specific 
disposal concepts and addresses different types of host 
rocks, as well as bentonite. CEBAMA is not focusing 
on one specific cementitious material, but aims at stud-
ying a variety of important cement-based materials in 
order to provide insight on general processes and phe-
nomena. CEBAMA is coordinated by INE and was fi-
nalized in 2019. 

The goal of the H2020 project DEEPEGS is to 
demonstrate the feasibility of enhanced geothermal sys-
tems (EGS) for delivering energy from renewable re-
sources in Europe. Testing of stimulating technologies 
for EGS in deep wells in different geologies will deliver 
new innovative solutions and models for wider deploy-
ments of EGS reservoirs across Europe. DEEPEGS will 

demonstrate advanced technologies for widespread ex-
ploitation of high enthalpy heat (i) beneath existing hy-
drothermal field at Reykjanes (volcanic environment) 
with temperature up to 550°C and (ii) very deep hydro-
thermal reservoirs in France with temperatures up to 
220°C. The focus on business cases will demonstrate 
advances in bringing EGS derived energy (TRL6-7) to 
market exploitation. We seek to understand and address 
social concerns about EGS deployments. We will 
through risk analysis and hazard mitigation plans en-
sure that relevant understanding and minimization of 
the risks will be implemented as part of the RTD busi-
ness case development. 

The GEMex project is a EU-Mexico joint effort in 
development of Enhanced Geothermal Systems (EGS) 
and Superhot Geothermal Systems (SHGS) at Aco-
culco and Los Humeros that bases on three pillars: 
1 – Resource assessment of these geothermal sites by 
understanding the tectonic evolution, fracture distribu-
tion and hydrogeology and predicting in-situ stresses 
and temperatures at depth. 
2 – Reservoir characterization including novel geo-
physical and geological methods to be advanced for the 
specific condition. Accompanying high-pressure/ high-
temperature laboratory experiments will provide the in-
put parameters. 
3 – Concepts for site development will include defini-
tion of drill paths, a design for well completion includ-
ing suitable material selection, and optimum stimula-
tion and operation procedures for safe and economic 
exploitation. In these steps, we will address issues of 
public acceptance and outreach as well as the monitor-
ing and control of environmental impact.
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3.2 Migration’19 conference 

The 17th International Conference on Chemistry and 
Migration Behaviour of Actinides and Fission Products 
in the Geosphere (Migration Conference) was held on 
September 15–20 2019 at the Uji Campus of Kyoto 
University in Kyoto (Japan). The conference was co-
organized by Kyoto University and KIT–INE, and 
addressed topics related with (i) Aquatic chemistry of 
actinides and fission products, (ii) Migration behaviour 
of radionuclides, (iii) Geochemical and transport mo-
delling, and (iv) Application to Case Studies. A special 
session with invited contributions was dedicated to the 
„Research activities towards HLW disposal in Japan 

and remediation of the Fukushima Daiichi NPS site“. 
More than 260 participants (> 60 students) from 19 dif-
ferent countries attended the conference in Kyoto, brin-
ging together world leading experts, junior scientists 
and students from different branches of the Migration 
research community. Among more than 220 poster con-
tributions, three poster prizes were awarded to the stu-
dents E. Gerber (France), N. Moore (USA) and A. Ya-
maguchi (Japan) (in alphabetical order). The dates and 
venue of Migration 2021 were announced during the 
conference banquet: the 18th Migration conference will 
be held on September 12–17 2021 in Nantes (France).

3.3 ABC-Salt (VI) and HiTAC (III) Workshop in Karlsruhe 

On the 25th  and 26th  of June 2019 the 6th workshop on 
"Actinide Brine Chemistry in a Salt-based Repository - 
ABC-Salt (VI)" was held at the ACHAT Plaza Hotel in 
Karlsruhe, Germany. Organized by INE in collabora-
tion with the Los Alamos National Laboratory (LANL), 
the workshop addressed topics such as ongoing reposi-
tory projects in salt rock, the geochemistry in salt for-
mations, the influence of microbial effects, modern ex-
perimental techniques, actinide chemistry in highly sa-
line solutions, and thermodynamic modeling or corres-
ponding database projects. Approximately 50 partici-
pants from 10 different nations (USA, Australia, Korea, 
Japan, Canada, Russia, Spain, Switzerland, France and 
Germany) met in Karlsruhe. The aim of the workshop 
was to present recent work and latest scientific results 
to the international community of specialists and to 
conceive concepts for future developments in the 
context of aquatic geochemistry and radiochemistry in 

highly saline solutions. The 3rd Workshop on "High 
Temperature Aqueous Chemistry - HiTAC (III)" took 
place on June 27, 2019, immediately following the 
ABC-Salt meeting.  

Repositories designed for the final disposal of high-
level radioactive waste will experience significantly 
higher temperatures over hundreds of years after waste 
emplacement due to the ongoing release of decay heat. 
Therefore, the correct assessment of the influence of 
higher temperatures on the geo- and actinide chemistry 
in repository-relevant aquatic systems is of great im-
portance.  

During the HiTAC workshop about 40 participants 
from 9 different countries met in Karlsruhe to present 
and discuss the current knowledge in this field. The fo-
cus of the workshop was on the aquatic geochemistry 
and the chemical behavior of radionuclides in reposi-
tory-relevant systems at higher temperatures. 

3.4 International Workshop “Mechanisms and Modelling of Waste / 
Cement Interactions 2019” and “CEBAMA Final Workshop” 

In March 2019, INE was organizing two international 
workshops in Karlsruhe, both related to the use and per-
formance of cementitious materials in nuclear waste 
disposal.  

The International Workshop “Mechanisms and Mod-
elling of Waste/ Cement Interactions” focused on the 
chemical understanding and the thermodynamic mod-
elling of the processes responsible for the stabilization 
of hazardous and radioactive wastes in cementitious 
systems. Like the earlier meetings in this series of 
workshops (Meiringen, 2005; Le Croisic, 2008; Ghent 
2013; Murten, 2016), the 5th workshop was success-
fully bringing together world-leading and junior scien-
tists from the different branches of the research com-
munities. The workshop was held from March 25th – 
27th and was attended by 115 scientists from 15 differ-
ent countries. Although many research activities related 

to cement chemistry take place in the waste manage-
ment field, there is an ongoing need for close scientific 
contact to fundamental research on cement chemistry to 
assure state-of-the-art research and to continue to pro-
mote national and international collaboration.  

Topics of the International Workshop “Mechanisms 
and Modelling of Waste / Cement Interactions 2019” 
covered a variety of relevant topics, including: 

• Cement Chemistry & Microstructure (modelling,
multiscale-approaches, alternative cements)

• Cement/Rock/Soil Interfaces and Transport (ce-
ment/host rock, transport processes and model-
ling)

• Interaction of Cement with Waste Constituents
(radioactive waste, toxic waste, metal binding
mechanisms, organic compounds)
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• Nanoscale Characterization & Molecular Dy-
namics (methods at large scale facilities, ad-
vanced methods)

• Deterioration and Leaching (alkali-aggregate re-
action, carbonation, sulfate interaction, ageing
process, natural analogues).

In close connection to the above International Work-
shop, the Final Workshop of the Collaborative Project 
Cebama was held in Karlsruhe, on the 28th to 29th 
March 2019, hosted by KIT-INE.  

The EC funded Cebama project (www.cebama.eu) 
addressed key issues relevant for the use of cement-ba-
sed materials in nuclear waste disposal applications. 
The Final CEBAMA workshop was successfully provi-
ding a forum for the discussion of scientific and techni-
cal project results.  

Nearly 70 attendees from 13 countries attended the 
meeting. The CEBAMA Project Workshop thus con-
tributed to the dissemination of project results and com-
munication with a broader interested community. 
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4. Fundamental studies: Process understanding on a molecular
scale

In order to develop fundamental scientific understanding on a molecular scale and ensure the reliable quantitative 
prediction of key processes in aquatic chemistry, several R&D studies on radionuclide chemistry and geochemistry 
are performed at KIT-INE. Aiming at a comprehensive assessment of radionuclide behavior and mobility in 
aquatic systems relevant for nuclear waste disposal, experimental studies with actinides, long-lived fission and 
activation products and selected non-radioactive elements of interest 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 both on detailed experimental investigations using the unique facil-
ities available at KIT-INE, and subsequently developing reliable chemical models and consistent thermodynamic 
data. This combined approach allows a systematic and reliable evaluation of key processes such as radionuclide 
solubility, radionuclide speciation, radionuclide retention and transport processes in relevant near- and far-field 
scenarios.  

The fundamental studies summarized in this section is related to the (i) chemistry and thermodynamics of acti-
nides and fission products in aqueous solution, (ii) radionuclide sorption on mineral phases, and (iii) retention of 
radionuclides by secondary phase formation. The studies aim at identifying relevant radionuclide retention/retar-
dation mechanisms on a molecular level and their robust thermodynamic quantification in support of the Nuclear 
Waste Disposal Safety Case. The fundamental studies on aqueous radionuclide chemistry described in Chapter 4 
are supporting the applied studies (see Chapter 5) performed at KIT-INE.  

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

N. Adam, M. Altmaier, A. Baumann, M. Böttle, N. Cevirim-Papaioannou, K. Dardenne, S. Duckworth,
F. Endrizzi, D. Fellhauer, X. Gaona, J.-Y. Lee, M. Maiwald, P.J. Panak, J. Rothe, A. Skerencak-Frech, A. Tasi

Introduction 
The aquatic chemistry of actinides and fission prod-
ucts is largely controlled by solubility phenomena, re-
dox processes and hydrolysis / complexation behav-
iour. An accurate knowledge of the fundamental prop-
erties controlling these processes is very important in 
the context of nuclear waste disposal. Source term es-
timations and geochemical calculations require com-
plete and correct chemical, thermodynamic and activ-
ity models, which need to be based on precise and sys-
tematic experimental observations. This section high-
lights some recent examples of the research performed 
at KIT–INE within this field in 2018. 

The leading role of KIT–INE in the field of aquatic 
chemistry and thermodynamics is internationally 
acknowledged in key contributions to highly relevant 
projects, such as the OECD NEA–TDB thermody-
namic series, the Plutonium Handbook edited by the 
American Nuclear Society, or the IUPAC Subcom-
mittee on Solubility and Equilibrium Data, among 
others. 

Solubility of Tc(IV) in reducing chloride-sulfate 
systems 
Technetium-99 is a fission product relevant in the 
safety case of repositories for radioactive waste dis-
posal due to its abundance in spent nuclear fuel and its 
long half-life (2.1·105 a). Technetium can exist in dif-
ferent oxidation states, which accordingly show a very 
different chemical behaviour. Tc(VII) is the prevail-
ing oxidation state under oxidizing and redox-neutral 

conditions and exists as soluble and mobile TcO4–. 
Tc(IV) forms sparingly soluble hydrous oxides 
(TcO2×xH2O(am)) under reducing conditions as those 
expected in deep underground repositories as a result 
of the anoxic corrosion of iron and steel. Sulfate is an 
abundant component in different types of groundwa-
ter, but can be of particular relevance in the context of 
salt-rock formations where concentrations of up to 0.2 
M can be expected [1-2]. Corrosion of cementitious 
materials in MgCl2-dominated brines may lead to high 
CaCl2 concentrations (≥ 2 M) and highly alkaline pHm 
(≈ 12, with pHm = –log [H+]) conditions [3]. In such 
systems, sulfate concentration in solution is mostly 
controlled by the solubility of gypsum (CaSO4×2H2O), 
which defines significantly lower sulfate concentra-
tions (≤ 0.001 M) [3]. Although Tc(IV) is expected to 
form weaker complexes with sulfate than with hy-
droxide, the presence of high concentrations of the 
former ligand may outcompete hydrolysis and result 
in the increase of TcO2×xH2O(am) solubility under 
conditions relevant in the context of nuclear waste dis-
posal. 

The solubility of Tc(IV) was investigated from un-
dersaturation conditions in 0.3, 1.0 and 5.0 M NaCl–
Na2SO4–NaOH, 4.5 M MgCl2–MgSO4, and 4.5 M 
CaCl2–CaSO4 solutions with [SO42–] = 0.001–1.0 M 
and 4.0 ≤ pHm ≤ 12.5. Reducing conditions were re-
tained throughout the experiments with Sn(II) and 
Fe(0) controlling redox. pHm, Eh and [Tc] (after 10 kD 
ultrafiltration) were monitored for up to 60 days. pHm 
values were determined according to pHm = pHexp + 
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Am, where Am are empiric correction factors deter-
mined in this work for the investigated binary and ter-
nary systems. Solid Tc phases were characterized after 
attaining equilibrium conditions using XRD, SEM–
EDS and quantitative chemical analysis.  

Experimental (pe + pHm) values (with pe = –log ae– 
= 16.9 Eh (V)) are well below the Tc(VII)/Tc(IV) re-
dox borderline in all solubility samples, indicating the 
predominance of Tc(IV) in the investigated chloride-
sulfate systems in the presence of Sn(II) or Fe(0). 
Solid phase characterization indicates that 
TcO2×xH2O(am) is the solid phase controlling the sol-
ubility of Tc(IV) in the presence of up to [SO42–]tot = 
1.0 M. Solubility results are exemplarily shown in 
Figure 1 a and b for 5.0 M NaCl–Na2SO4 and 4.5 M 
CaCl2–CaSO4, respectively  
 

 

 

 

Solubility data determined in this work are in good 
agreement with Tc(IV) solubility data reported in pre-
vious studies conducted under analogous conditions 
but in the absence of sulfate [4], thus indicating that 
sulfate has a minor impact on the solubility of 
TcO2×xH2O(am) in the investigated pHm-range and 
salt concentrations. Although the formation of 
Tc(IV)–SO4 complexes under very acidic conditions 
has been previously described in the literature [6], our 
study indicates that sulfate can hardly outcompete hy-
drolysis in the pHm conditions investigated in this 
work and thus it is expected to play a minor role in the 
solution chemistry of Tc under repository-relevant 
conditions. 

Impact of organic cement additives on the solubil-
ity of Th(IV) and U(VI) in intermediate ionic 
strength conditions 
Concrete and cementitious materials are used in repo-
sitories for radioactive waste disposal for construction 
purposes and for the stabilization of the waste. Such 
materials will buffer the pH in the alkaline range (9 ≤ 
pH ≤ 13.3) over a long time–scale. Several organic ad-
ditives are used to modify the physical and chemical 
properties of the cement, e.g. superplasticizers, ac-
celerators, etc.. These additives can be leached from 
cement upon solution contact (eventually undergoing 
degradation) and potentially impact the solubility and 
sorption properties of radionuclides in the repository. 
The complexation behavior of some model com-
pounds representing organic cement additives or de-
gradation products (e.g. gluconate) was previously in-
vestigated, showing that especially poly-hydroxocar-
boxylic acids form strong complexes with actinides 
under hyperalkaline pH conditions representative of 
cementitious systems [7-12]. However, most of these 
studies focus on low ionic strength conditions and 
cannot be directly extrapolated to intermediate or high 
ionic strength systems such as those potentially expec-
ted in rock-salt formations or specific clay systems 
with elevated ionic strength porewater. 

The solubility of Th(IV) and U(VI) was studied in 
the presence of selected organic cement additives and 
model compounds: adipic acid, methyl acrylate, citric 
acid (Cit), melamine, ethylene glycol, phthalic acid 
and gluconic acid (GLU). Experiments were per-
formed under Ar atmosphere in NaCl (2.5/5.0 M), 
CaCl2 (1.0/3.5 M) and MgCl2 (1.0/3.5 M) solutions 
with 9 ≤ pHm ≤ 13. Independent batch samples were 
prepared from undersaturation conditions with well-
defined solid phases: Th(OH)4(am), Na2U2O7×H2O(cr) 
(equilibrated in NaCl systems), CaU2O7×3H2O(cr) 
(equilibrated in CaCl2 systems) and UO3×2H2O(cr) 
(equilibrated in MgCl2 systems). The initial concen-
tration of organic ligands in solution was set constant 
in all systems to [L]0 = 0.025 M, except in specific 
cases where the ligand concentration in the matrix so-
lutions was controlled by solubility. The total concen-
tration of Th and U in the aqueous phase was quanti-
fied by ICP–MS after 10 kD (2-3 nm) ultrafiltration. 

Fig. 1: Experimental solubility data of Tc(IV) measured in 
the presence of Sn(II) and Fe(0): (a) in 5.0 M NaCl–Na2SO4 
(filled symbols); (b) in 4.5 M CaCl2–CaSO4 (filled symbols). 
Empty symbols in Figures (a) and (b) correspond to solubil-
ity of Tc(IV) reported in [4] under analogous conditions but 
in absence of sulfate. Solid lines correspond to modelled sol-
ubility of Tc(IV) in absence of sulfate calculated with the 
thermodynamic models reported in [4] and [5]. 
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Solubility data determined in this work are exempla-
rily shown for Th(IV) (1.0 M CaCl2) and U(VI) (2.5 
M NaCl) in Figures 2 a and b, respectively. In all in-
vestigated salt systems, the solubility of Th(IV) and 
U(VI) remains unaffected in the presence of adipic a-
cid, methyl acrylate, melamine, ethylene glycol and 
phtalic acid.  

 

 

Gluconate and citrate importantly enhance the solubi-
lity of Th(IV) and U(VI) in NaCl and MgCl2 solutions, 
although the overall impact strongly depends on the 
pHm and salt concentration. These results underline 
the important role of (α-) alcohol groups in (poly-) 
hydroxocarboxylic acids (e.g. GLU and Cit) in the 
complexation of actinides under hyperalkaline pH 
conditions, where a strong competition with hydroly-
sis is to be expected. In contrast to experimental re-
sults at low ionic strength, the impact of gluconate and 
citrate on the solubility of Th(IV) and U(VI) is im-
portantly decreased in solutions with [CaCl2] ≥ 1.0 M 
as a background electrolyte. This is expectedly due to 
the formation of stable binary Ca–GLU and Ca–Cit 
aqueous complexes and, in the case of citrate, to the 
low solubility of Ca3Cit2(s) that further decreases the 
total ligand concentration in solution [13]. Further-
more, in the case of Th(IV), the very stable ternary 
complex forming in alkaline CaCl2 solutions 
(Ca4Th(OH)84+) outcompetes the complexation of or-
ganic ligands with Th(IV) under these conditions (Fi-
gure 2 a). 

The screening experiments conducted within this 
study contribute to the identification of organic ce-
ment additives and model compounds potentially im-
pacting the solution chemistry of An(IV) and An(VI) 
under intermediate and high ionic strength conditions 
(I » 2.5 – 5.0 M). This shows evident differences with 
respect to investigations conducted under low ionic 
strength conditions, and thus represents a very rele-
vant input in the safety case of repositories for radio-
active waste disposal where such elevated ionic 
strength conditions are expected. Further systematic 
solubility studies of Th(IV) and U(VI) in the presence 
of citrate and gluconate are on-going and will lead to 
the development of comprehensive chemical, thermo-
dynamic and activity models for these systems. 

Solubility of Ca2UO2(CO3)3·10H2O(cr) in dilute to 
concentrated NaCl solutions at T = 22 − 80oC 
Ternary Ca-U(VI)-CO3 aqueous species are known to 
play a relevant role in the solution chemistry of U(VI) 
in natural environments. The formation of these 
aqueous complexes is also foreseen in certain 
repository concepts for nuclear waste disposal, 
potentially impacting the U(VI)/U(IV) redox 
borderline under near-neutral pH conditions. 
Although a large body of experimental studies dealing 
with Ca-U(VI)-CO3 aqueous species can be found in 
the literature [16-19, among others], very limited 
information is available for the solid phase 
counterparts [20]. Considering the widespread 
formation of the mineral liebigite 
Ca2UO2(CO3)3·10H2O(cr) in nature, such ternary solid 
phases may also play a role in controlling the 
solubility of U(VI) under those boundary conditions 
where ternary Ca-U(VI)-CO3 aqueous species 
dominate the aqueous speciation of U(VI). 

In this context, series of solubility experiments with 
a well-defined Ca2UO2(CO3)3·10H2O(cr) solid phase 

 

 
Fig. 2: (a) Experimental solubility data of Th(IV) in the 
presence of melamine, phthalate, adipate, methyl acrylate, 
ethylene glycol and gluconate in 1.0 M CaCl2 solutions. 
Grey symbols represent experimental data for the solubility 
of Th(OH)4(am) in the ligand-free system [14]. Solid lines 
refer to the calculated solubility of Th(OH)4(am) in CaCl2 
solutions in the absence of any ligand as calculated by SIT 
using thermodynamic data in [14]; (b) Experimental solu-
bility data of U(VI) in the presence of melamine, phthalate, 
citrate, adipate, methyl acrylate, ethylene glycol and glu-
conate in 2.5 M NaCl solutions. Grey symbols represent ex-
perimental data for the solubility of UO3·2H2O(cr) and 
Na2U2O7·H2O(cr) in 2.5 and 5.0 M NaCl in the ligand-free 
system [15]. Solid lines refer to the calculated solubility of 
UO3·2H2O(cr) and Na2U2O7·H2O(cr) in the absence of any 
ligand as calculated by SIT using thermodynamic data in 
[15]. 
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were conducted in ≈ 0.02, 0.51 and 5.61 m NaCl solu-
tions with initial pHm = 7.9 – 8.2. Experiments were 
performed under air atmosphere at T = 22 and 80 oC. 
Concentrations of U, Ca and pHm were monitored for 
up to 132 days. The starting solid material as well as 
all solid phases after terminating the solubility exper-
iments were characterized by XRD, SEM–EDS and 
quantitative chemical analysis (ICP–MS/OES). 

XRD patterns and quantitative chemical analysis 
confirm that Ca2UO2(CO3)3·10H2O(cr) is the solid 
phase controlling the solubility of U(VI) in ≈ 0.02 and 
0.51 m NaCl solutions at T = 22 oC. The U(VI) solid 
phase equilibrated in 5.61 m NaCl at T = 22 oC shows 
distinct XRD patterns that match well those available 
for andersonite, Na2CaUO2(CO3)3·6H2O(cr). Remark-
able changes are observed in the XRD patterns of 
U(VI) solid phases equilibrated at T = 80 oC. In com-
bination with quantitative chemical analysis, XRD 
data supports the complete transformation of the start-
ing U(VI) solid phase to Ca- and Na-uranates 
(CaU2O7·3H2O(cr), Na2U2O7·H2O(cr) and possibly 
sub-stoichiometric Na-phases).  

Figure 3 shows solubility data (as log [U] vs. pHm) 
for all investigated systems at T = 22 and 80 °C. Re-
markably high concentrations of U (Figure 3) and Ca 
(data not shown) are determined for the systems equil-
ibrated in [NaCl] ≤ 0.51 m at T = 22 oC. The ratio Ca 
: U in the aqueous phase after attaining equilibrium 
conditions is ≈ 2 : 1, indicating a congruent dissolution 
of Ca2UO2(CO3)3·10H2O(cr). Significantly lower 
concentrations of uranium are measured for the sam-
ple equilibrated in 5.61 m NaCl at T = 22 oC, in line 
with the formation of Na2CaUO2(CO3)3·6H2O(cr) 
confirmed by solid phase characterization. 
 

 

Solubility samples equilibrated at T = 80 °C show a 
significant shift of pHm towards more alkaline condi-
tions. This is related with the less favored dissolution 
of CO2(g) with increasing temperature, which results 
in the degassing of CO2(g) and consequent proton 
consumption. Significantly lower concentrations of U 
are measured for samples equilibrated at T = 80 °C in 
≈ 0.02 and 0.51 m NaCl solutions, compared to anal-
ogous systems equilibrated at T = 22 oC. This obser-
vation is in line with the solid phase transformation 
confirmed by XRD and quantitative chemical analy-
sis.  

Solubility data determined in this work at T = 22 °C, 
in combination with solid phase characterization and 
thermodynamic data reported in [18] for the formation 
of ternary Ca-U(VI)-CO3 aqueous complexes are used 
to derive log K°s,0{Ca2UO2(CO3)3·10H2O(cr)} and  
log K°s,0{Na2CaUO2(CO3)3·6H2O(cr)}.  
These results complement previously reported ther-
modynamic data, and allow complete thermodynamic 
and geochemical calculations for the system UO22+–
Na+–Ca2+–H+–CO2(g)–HCO3––CO32––H2O(l), includ-
ing U(VI) aqueous species and solid compounds of 
relevance in the context of repositories for nuclear 
waste disposal. 

Thermodynamics of the NpO2+ complexation with 
acetate at elevated temperatures 
The present work focuses on the complexation of 
NpO2+ with acetate OAc- [22]. The complexation is 
studied in NaClO4 and NaCl solutions by absorption 
spectroscopy in the near-IR region as a function of the 
total ligand concentration [OAc-]total, ionic strength (Im 
= 0.5 – 4.0 m) and temperature (T = 20 – 85 °C). 
 

In Figure 4 the absorption spectra of Np(V) at T = 20 
and 85 °C, and Im = 4.0 m NaClO4 are displayed as a 
function of the total ligand concentration. At 20 °C the 
absorption maximum of the solvated Np(V) aquo ion 
is at λ = 979.5 nm. With increasing [OAc-]total, the ab-
sorption maximum of Np(V) is bathochromically 
shifted, and two isosbestic points at 983.7 and 986.0 
nm are observed. Furthermore, the Full Width at Half 
Maximum (FWHM) of the absorption band increases 
with [OAc-]total. These observations clearly indicate 

 
 
Fig. 3: Solubility of U(VI) at T = 22 and 80 oC under air 
atmosphere, with Ca2UO2(CO3)3·10H2O(cr) used as start-
ing solid material. Solid and dashed lines represent the 
calculated solubility of U(VI) and corresponding 
uncertainty, using thermodynamic data derived in this work 
and reported in the literature [18, 21]. 

 
Fig. 4: Absorption spectra of Np(V) as a function of 
[OAc-]total at Im(NaClO4) = 4.0 m and T = 20, 85 °C [22]. 
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the formation of two different (innersphere) Np(V) ac-
etate complexes. At T = 85 °C the changes of the spec-
tral features are more pronounced as the bathochromic 
shift and the increase of the FWHM are larger. These 
observations confirm that the formation of the Np(V) 
acetate complexes is fostered at increased temperature 
indicating an endothermic complexation behavior.  

Evaluation of the spectra by principle component 
analysis reveals the formation of two Np(V) acetate 
complexes with a stoichiometry of NpO2(OAc)n1-n (n 
= 1,2). With increasing [OAc-]eq the chemical equilib-
rium is shifted towards the complexed species (see 
Figure 5). The comparison of the species distributions 
at T = 20 and 85 °C clearly shows that at equal ligand 
concentrations the molar fractions of NpO2(OAc)n1-n 
are increased at higher temperature. 
 

The log b´n(T) values for the formation of 
NpO2(OAc)(aq) and NpO2(OAc)2- are calculated ac-
cording to the law of mass action using the determined 
speciation and the equilibrium acetate concentrations. 
The conditional stability constants are extrapolated to 
I = 0 with the specific ion interaction theory (SIT) for 
both background electrolytes (NaClO4, NaCl). 

The log b0n(T) values obtained in NaCl and NaClO4 
media are in excellent agreement and thus, averaged 
values are calculated. In the temperature range of 20 
to 85 °C the stability constant log b01(T) of 
NpO2(OAc)(aq) increases from (1.31 ± 0.18) to (1.80 
± 0.16). The stability constant log b02(T) of 
NpO2(OAc)2- increases from (1.35 ± 0.17) to (1.96 ± 
0.21). 

The obtained log b0n(T) correlate linearly with the 
reciprocal temperature T-1 (see Figure 6). Thus, the 
temperature dependence is well described by the inte-
grated Van’t Hoff equation. Linear regression yields 
the thermodynamic functions DrH0 and DrS0 of the 
complexation reactions. Both reactions are endother-
mic (DrH0m,1 = (14.8 ± 1.6) kJ mol-1, DrH0m,2 = (19.0 ± 
2.1) kJ mol-1) and driven by the gain of entropy 
(DrS0m,1 = (74 ± 10) J mol-1 K-1, DrS0m,2 = (89 ± 16) J 
mol-1 K-1). Furthermore, the SIT specific binary ion-
ion interaction coefficients between the Np(V) acetate 
complexes and Na+/ClO4- and Na+/Cl- (εT(i,k)) are de-
termined as a function of temperature. The obtained 

values show no significant temperature dependence 
indicating that the effect of temperature on Dei,k is ra-
ther small and therefore negligible in the temperature 
range of 20 to 85 °C. Thus, temperature-independent 
binary ion-ion interaction coefficients for both com-
plexes are evaluated: e(NaCl, NpO2(OAc)(aq)) = 
(0.02 ± 0.06) kg×mol–1, e(NaClO4, NpO2(OAc)(aq)) = 
(0.15 ± 0.06) kg×mol–1 and e(Na+, NpO2(OAc)2-) = –
(0.01 ± 0.06) kg×mol–1. 
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Fig. 6: Plot of log b0
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ciprocal temperature and fitting according to the integrated 
Van´t Hoff equation [22]. 
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4.2 Sorption on mineral surfaces 
 

4.2.1 The use of second harmonic generation to study adsorption 
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Introduction 
In the context of reactive transport the time frames and 
residence times of aqueous solutes are usually suffi-
ciently long to assume local equilibria. However, in the 
context of ion adsorption, it has been observed in some 
cases that desorption can be very slow and sometimes 
even so slow that ion binding to mineral surfaces has 
been considered irreversible. Time dependent studies 
might therefore gain importance in defining desorption 
rates as a first step, and subsequently understanding in 
why desorption is so slow. 

At present, most published studies dealing with the 
adsorption of solutes on mineral surfaces involve or as-
sume equilibrium conditions. The study of the adsorp-
tion kinetics is difficult due to the fast initial solute up-
take that has been usually observed. Since separation 
steps that are required to analyse the solute concentra-
tion remaining in solution require a certain time, the 
use of such approaches in kinetic studies (i) limits the 
time frame to the time required for separation and con-
sequently and (ii) does not allow to establish the initial 
rate of adsorption. Instead in-situ methods are required, 
which may involve amongst others the use of ion-spe-
cific electrodes [1], the pressure-jump-technique [2] or 
time-resolved spectroscopic methods [3]. In the present 
case we have tested a non-linear optical technique (sec-
ond harmonic generation, SHG) to indirectly study ad-
sorption kinetics in binary and ternary systems. The 
set-up has been previously described in much detail [4-
5], and applied to the surface (sapphire-c) used here [6-
8]. While we cannot directly observe ion uptake with 
this technique, it is possible to follow the SHG signal 
from a constant initial value to a constant final value 
after addition of a solute. For the binary systems tested 
it was found that the time resolution is probably insuf-
ficient to derive uptake rates. However, in ternary sys-
tems, and using the comparison to the concomitant bi-
nary systems, it was clearly possible to observe a time 
dependent equilibration. In these first experiments we 
used a sapphire (0001) surface as a mineral template 
and Ca2+ and SO42- as solutes in NaCl electrolytes and 
at neutral pH. The rather weakly adsorbing solutes 
were chosen to avoid irreversible adsorption that would 

limit the amount of experiments that can be carried out 
with the rather expensive sapphire substrate 

Measurements in the binary system 
The equilibrium (or steady-state) uptake established af-
ter a few seconds on addition causes an increase in 
SHG signal for Na2SO4 solutions and a decrease for 
NaCl and CaCl2 solutions. A decrease in the signal due 
to Ca-addition which is arising from a change in the 
ordering of the interfacial dipoles (that contribute to the 
non-linear optical response of the interface) here corre-
sponds to an increase in fundamental positive charge, 
which is found for pH titrations at constant salt level. 
Thus the addition of sulphate would be equivalent to 
decreasing positive charge or increasing negative 
charge, which is expected for the adsorption of an an-
ion. The addition of NaCl in turn corresponds to the 
non-specific adsorption of the electrolyte ions and has 
been interpreted in terms of bare surface charge shield-
ing. In the general model, with increasing NaCl con-
centration such shielding would result in enhanced pro-
tonation for a positive surface and enhanced deproto-
nation for a negative surface. The two effects can only 
be disentangled with a comprehensive model, but in 
most cases in the literature only the shielding effect has 
been involved in quantitative interpretations. 

The scaled SHG signals on addition of 20 mM Cl or 
Na solutions at constant pH (pH 5.8) are 1.06 for 
Na2SO4, 0.95 for NaCl, and 0.60 for CaCl2. The num-
bers indicate the SHG signal relative to the absence of 
solutes (i.e. the signal in MilliQ water). As discussed 
the anion increases the signal, which must mean spe-
cific adsorption of sulphate, since bare shielding as in 
the case of NaCl decreases the signal. Compared to 
NaCl for constant chloride concentration, the calcium 
solution decreases the signal by roughly 40 percent, 
which suggests interactions beyond bare shielding. Un-
like the sodium and calcium chloride systems, the con-
centration curve for sodium sulphate shows a non-
monotonic behaviour. Following an initial increase in 
the signal the response hits a maximum with subse-
quent decrease. This can be interpreted by initial spe-
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cific adsorption of the sulphate ion dominating fol-
lowed by subsequent shielding for example once the 
maximum sulphate uptake has occurred (or when the 
effect of sulphate uptake is outweighed by the shield-
ing effect. In the studied concentration range the signal 
did not shift below the water reference signal, suggest-
ing that the sulphate persisted at the interface. 

Measurements in the ternary system 
Figure 1 shows the results of the experiments, where 
either CaSO4 (to yield a final concentration below the 
precipitation threshold of gypsum) is added to the sap-
phire surface at fixed NaCl concentration or CaCl2 is 
added to a solution of Na2SO4 that had reached a steady 
state with the sapphire surface. The final concentra-
tions of all ions were identical for the two cases.  
When CaSO4 was added to the system, the SHG signal 
decreased within a few seconds to the steady state that 
had been observed in the independent experiments for 
bare CaCl2 solutions of comparable concentrations. 
This result would suggest that sulphate does not play 
any significant role in the ternary system. 

However, the kinetics observed in the system with 
pre-adsorbed sulphate is much slower when CaCl2 is 

added. It takes about 50 to 60 seconds until the SHG 
signal achieves a constant value. Note that steady-state 
values for both cases (at t > 200 s) are indistinguishable 
and appear higher in the sulphate system only because 
no attempt was made to shift the average signals at t < 
100 s to the same levels. 

The data in Figure 1 suggest that sulphate is not able 
to affect Ca uptake on sapphire-c when both are simul-
taneously added to the solution. In the absence of cal-
cium, as discussed above sulphate is adsorbed, but is 
then gradually desorbed by the adsorbing calcium. The 
adsorption of calcium (or desorption of the sulphate) is 
a comparatively slow process.  

In summary we have shown that the non-linear opti-
cal technique of second harmonic generation allows the 
study of transient adsorption processes at interfaces. 
By keeping the ion-concentrations in all systems equal 
the approach can be used to initially test the occurrence 
of ternary surface complexes and competitive equilib-
ria. Ideally desorption rates can be obtained. 

Extension of the kinetic studies to other phe-
nomena 

It has been previously shown that transient studies 
involving non-linear optical techniques involving Sum 
Frequency Generation (SFG) might shed new insight 
in dissolution processes [9]. These measurements have 
been more recently repeated and the results were repro-
duced using SHG [5]. Another topic where these tran-
sient investigations could be interest is the interaction 
of particles with surfaces. 

In the remainder of this chapter we show some initial 
results concerning the interaction of nano-particles 
with mica-surfaces. 

Figure 2 shows the results of experiments where 
TiO2 nano-particles have been added to a mica surface 
at pH 9. Although these are unfavorable conditions for 
interaction (both surfaces have a net negative electro-
kinetic charge), the SHG signal as shown in Figure 2a 

 

 
Fig. 2: Interaction of TiO2 nano-particles with mica at pH 9 
as studied by SHG. a) addition of particles b) reversibility 
study. 

 
Fig. 1: SHG signal as a function of time for the NaCl /CaSO4, 
and Na2SO4/CaCl2, systems. The final concentrations of all 
ions were identical for both experiments. For the systems 
where no sulphate was pre-adsorbed, CaSO4 was added to a 
NaCl solution. For the system where sulphate was pre-ad-
sorbed, a CaCl2 solution was added to a Na2SO4 solution. 
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decreases indicating the perturbation of the interfacial 
dipoles by the nano-particles. The precise interaction 
cannot be inferred from this kind of data. The added 
nano-particles, however, must come sufficiently close 
to the surface to perturb the ordering of the interfacial 
dipoles. We observe an initial fast decrease where 
within about a minute the signal decreases by about 70 
percent. This is followed by a much slower step, which 
might be due additional particles adhering or ordering 
of the particles already present at the interface. The ex-
perimental data suggest that the kinetics of interaction 
can be measured in this way conveniently. Maybe even 
more interestingly the reversibility of the interaction 
can be investigated. Figure 2b shows to what extent the 
interaction can be reversed by adding solution of the 
same composition except for nano-particles. The data 
show that with the first replacement the signal recovers 
to about 80 percent of the initial value, meaning that 
part of the nano-particles is removed. A second solu-
tion replacement increases this to about 85 % which 
suggests that part of the particles is irreversibly bound 
at the mica surface.  

This second part corroborates the feasibility of ki-
netic studies involving second harmonic generation. 
The advantage is the in-situ nature of the measurement 
and lack of any restriction with respect to salt levels. 

The disadvantage is that the method is limited to sys-
tems involving one flat surface which in general has to 
be suitable for non-linear optical measurements. An al-
ternative option would be applying scattering SHG, 
which although a challenge for non-spherical particles, 
will be considered in our future work. 
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4.2.2 Sorption of europium onto montmorillonite in the presence of 
gluconate 

F. Rieder, T. Rabung 
 
Introduction 
The interaction of trivalent actinides with clay mineral 
surfaces shows in general strong uptake [1]. Such 
strong retention was demonstrated recently also for 
highly saline conditions [2]. A significant decline in 
sorption is, however, to be expected in presence of or-
ganic complexing ligands. These ligands may either be 
naturally occurring compounds (e.g. humic acids [3]) 
or originating from the waste form or the concrete used. 
Among other relevant complexing ligands, gluconate 
is a representative of α–hydroxo carboxylic acids and 
an analogue to isosaccharinic acid, which is the main 
product of cellulose degradation as well as an im-
portant cement additive. The complexation of trivalent 
actinides with gluconate might significantly decrease 
their sorption to mineral surfaces. As gluconate is 
known to be complexing metal ions, the formation of 
ternary complexes between ligand, actinide and elec-
trolyte cations is possible. A sound mechanistic under-
standing and a reliable prediction of the metal ion sorp-
tion under relevant conditions requires experimental 
data with a variation of sensitive system parameters 
(e.g. pHm, ligand concentration, background electrolyte 
concentration and composition etc.). By combining all 
available information reliable thermodynamic models 
can be derived and validated. 

Results and discussion 
No published data are available dealing with the sorp-
tion of trivalent lanthanides and actinides onto mont-
morillonite in presence of gluconate at different ionic 
strength. In order to assess the strong radionuclide re-
tention capacity of clay minerals either in bentonite 
barriers or claystone host rocks, the potential impact of 
strong complexing ligands on the sorption of these nu-
clides must be quantified. In the present work batch 
sorption experiments with Eu(III) on montmorillonite 
(Na-SWy-2) in presence of gluconate were performed, 
using a solid to liquid ratio of 1 g/L, different NaCl 
(0.1, 1, 3 M) and CaCl2 (0.06, 0.6, 2 M) background 
electrolytes concentrations and a constant ligand con-
centration of 0.01 M gluconate. In addition a second 
batch sorption series at fixed pHm-values (pHm= 9, 
10.5, 12) was performed as a function of the ligand 
concentration ([gluconate] = 5·10-3 - 1·10-4 M). The to-
tal radionuclide concentration was limited to 2·10-8 M 
152Eu (carrier free) for each batch. All experiments 
were performed under argon atmosphere with an equi-
libration time of 3-4 day. To avoid precipitation of bi-
nary salts including electrolyte compounds and the or-
ganic ligand, every system was simulated as a function 
of pHm (using the geochemical code PHREEQC and 
the database THEREDA or the PSI/Nagra Chemical 
Thermodynamic Database). Based on the simulation 
results the uptake experiments were set up below the 

solubility level of the binary phases. To eliminate ef-
fects of microbial degradation every solution contain-
ing organic ligands was freshly prepared and used di-
rectly. 

 
In the presence of gluconate, a reduction of Eu(III) re-
tention is observed over the pHm-range from 
pHm= 3-12.5. In the low pHm region (pHm = 3-7) the 
retention increases from log KD = 2 to 3.5. No impact 
of the ionic strength in NaCl background electrolyte 
solutions is observed (Fig. 1). 

Fig. 1: Eu(III) sorption onto montmorillonite in presence of 
0.01 M Na-Gluconate in different NaCl electrolytes solutions 
(0.1 M black, 1 M blue, 3 M red) shown as logarithmic dis-
tribution coefficient log KD vs. pHm. To estimate the effect of 
gluconate, an experimental series from Schnurr et al. [4] in 
absence of any competing ligand was added (open symbols, 
0.09 M NaCl). 

Fig. 2: Eu(III) sorption onto montmorillonite in presence of 
0.01 M Ca-Gluconate in different CaCl2 electrolytes solu-
tions (0.06 M black, 0,6 M blue, 2 M red) shown as logarith-
mic distribution coefficient log KD as a function of pHm. To 
estimate the effect of gluconate, an experimental series from 
Schnurr et al. [4] in absence of any competing ligand was 
added (open symbols, 0.06 M CaCl2). 
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Above pHm = 7 the logarithmic distribution coefficient 
remains constant between log KD = 3-4. This is by 1-2 
orders of magnitude lower compared to the data of 
Schnurr et al. where no competing ligand is present. 
Experimental data derived from the CaCl2 containing 
system show no effect of gluconate in the lower pHm 
region (pHm < 7) (Fig. 2). A behavior similar to the 

NaCl system is observed between pHm = 7-10.5, where 
the log KD remains constant around 4. However, at pHm 
above 10 the distribution coefficient decreases again. 
This second decrease may be attributed to the for-
mation of ternary Ca-Eu(III)-GLU or quaternary Ca-
Eu(III)-GLU-OH complexes. A remarkable finding is 
the absence of any dependency on the ionic strength in 
both electrolyte solutions. 

The sorption of Eu(III) on montmorillonite at differ-
ent gluconate concentrations and different background 
electrolyte solutions is shown as a function of the pHm 
in Figure 3 (NaCl) and Figure 4 (CaCl2). The results 
are compared with data in absence (open symbols, 
black, same ionic strength) and presence of gluconate 
(0.01 M, closed symbols, black). In NaCl solutions a 
decrease in retention takes place with increasing glu-
conate concentration, resulting in a log KD = 3-4 at 
5·10-3 M gluconate. This is in good agreement with the 
previously determined values at 1·10-2 M gluconate. 

These results allow the definition of a lower limit of 
1·10-4 M gluconate, under which no effect on the sorp-
tion of An(III) and Ln(III) occurs. Also, an upper limit 
of about 5·10-3 M gluconate is determined, above 
which higher ligand concentrations have no additional 
impact on the sorption. A similar trend is observed in 
CaCl2 containing systems. Due to the higher complex-
ity of this system caused by the interaction of Ca and 
gluconate, the determined data show a greater scatter-
ing. 

Conclusions 
The presence of competing ligands like gluconate 
shows a major effect on the sorption behavior of triva-
lent lanthanides and actinides. Batch sorption experi-
ments in presence of gluconate show, depending on the 
gluconate concentration, a significant reduction of the 
sorption of Eu(III) onto montmorillonite over the 
whole pHm-range covered in this study. 
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Fig. 3: Eu(III) sorption onto montmorillonite at different glu-
conate concentrations in 0.1, 1, 3 M NaCl. To estimate the 
effect of the gluconate concentration, an experimental series 
from Schnurr et al. [4] in absence of any competing ligand 
(open symbols, 0.09 M NaCl) and an experimental series in 
presence of 0.01 M Na-gluconate (black squares, 0.01 M glu-
conate) was added. 

Fig. 4: Eu(III) sorption onto montmorillonite at different glu-
conate concentrations in 0.06, 0.6, 2 M CaCl2. To estimate 
the effect of the gluconate concentration, an experimental se-
ries from Schnurr et al. [4] in absence of any competing lig-
and (open symbols, 0.09 M NaCl) and an experimental series 
in presence of 0.01 M Na-gluconate (black squares, 0.01 M 
gluconate) was added. 
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Introduction 
The final disposal in deep geological formations is 
considered as prime option for the safe disposal of 
high-level nuclear waste. During the (geo)chemical 
evolution of the repository system, ground water may 
migrate through the barriers and ultimately reach the 
canisters. In aqueous environment, constituents of the 
multi-barrier system will start corroding or altering and 
secondary phases will form. For example, various Fe 
secondary phases, such as Fe (hydr)oxides, silicate or 
carbonates, may form upon corrosion of steel canisters. 
Accurate determination of the corrosion mechanism 
will not only provide information on the nature and 
amounts of corrosion products, but also on canister 
lifetime. Similarly, cementitious materials used to 
construct the repository will undergo alteration upon 
contact with ground water. Thorough understanding of 
corrosion/alteration processes is key information for 
the Safety Case. 

Secondary phases represent a chemical barrier, which 
may significantly delay the migration of radionuclide 
released from the waste matrix to the far field. Various 
molecular scale processes can result in radionuclide 
immobilization, from surface retention to structural en-
trapment. Among them, structural incorporation, with 
formation of solid solutions, has a large potential for 
efficient long-term immobilization. However, though 
the formation of solid solutions is common in nature, 
kinetic and thermodynamic models relevant for the 
Safety Case are only available for a few selected sys-
tems. Such models can be developed by combining ex-
perimental information obtained by applying advanced 
microscopic, spectroscopic and diffraction techniques, 
with complementary computational studies. This strat-
egy is applied at KIT-INE where models are developed 
for the structural incorporation of key radionuclides 
into relevant secondary phases. Examples of ongoing 
studies performed within national and international 
projects are presented below. 

Corrosion of carbon steel in various brines at 
elevated temperature 
In deep geological disposal facilities, nuclear waste is 
foreseen to be encapsulated in thick-walled steel con-
tainers. Intrusion of water will lead to container corro-
sion and limit container integrity. For safety assess-
ment and the Safety Case, knowledge of corrosion rates 
and corrosion mechanisms are important information 
as the corrosion products potentially provide an addi-
tional barrier hindering radionuclide (RN) migration to 
the far field. Steel corrosion under conditions repre-
sentative of disposal in clay-based repositories (e.g., 
under consideration in France and Belgium) has been 
reported [1,2] but knowledge of detailed corrosion 

mechanisms under saline conditions (e.g., possible ge-
ologic formation in Germany and United States) com-
bined with careful analysis of corrosion product for-
mation and their role for RN retention, is still limited. 

The corrosion studies performed here focus on the 
detailed investigation of the carbon steel-spheroidal 
graphite iron, which is used as a canister material for 
spent fuel. The experiments are performed in airtight 
autoclaves. The defined conditions are anoxic (closed 
in an argon filled glovebox), saline and at elevated tem-
perature of 90 °C. The brines used for the corrosion ex-
periments were taken from the literature describing the 
Asse salt dome brine composition [3]. These corre-
spond to saturated NaCl and MgCl2 with addition of 
respective salts as follows: (Solution 3) NaCl with ad-
ditions of 0.02 M CaCl2, 0.02 M Na2SO4, 0.015 M 
K2SO4 and 0.015 MgSO4 and (Solution 1) saturated 
MgCl2 with additions of 0.3 M NaCl, 0.8 M KCl and 
0.15 M MgSO4. The experiments ran for 3 and 6 
months either in saturated brines w.r.t NaCl and MgCl2 
or in the respective solutions 1 and 3. At the end of the 
experiments, the pH and Eh were measured after cool-
ing the autoclaves down to room temperature. Then, 
the formed secondary phases were characterized using 
the XPS, SEM-(EDX), XRD and Raman techniques 
under anoxic conditions. Subsequently the weight loss 
was determined and the corrosion rate in µm/a was cal-
culated. 

The carbon steel samples were prone to the graphitic 
corrosion regardless of the brine. This process takes 
place when the iron around the inclusion is preferen-
tially corroded due to the positioning of anode (iron) 
and cathode (graphite). This then causes the peel-
ing/abrasion of graphite and significantly contributes 
to the corrosion rate. In brines rich in NaCl, sheet sili-
cate phases were present, such as greenalite 
Fe3Si2O5(OH)4 and cronstedtite Fe2-3(Si,Fe)2O5(OH)4 
while in competition with chloride phase β-
Fe2(OH)3Cl. The addition of sulfate compounds (solu-
tion 3) decreased the corrosion rate by hindering the 
formation of the secondary phases, however, the 
formed phases remained the same. In saturated MgCl2 
brine, single Cl phase β-Fe2(OH)3Cl was formed with 
significant coverage (Fig. 1). β-Fe2(OH)3Cl  is a meta-
stable phase and is prone to transforming with time into 
green rust chloride/sulfate depending on the presence 
of sulfate in the brine. Overall, magnesium presence 
seems to be inhibiting the formation of silicate phases. 
Addition of sulfates (solution 1) hindered also in this 
case the formation of secondary phases and the corro-
sion rate decreased. 

The pH evolution showed small increases except for 
cronstedtite formation in solution 3 at 90 °C where pH 
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decrease was observed. For all samples, the pH main-
tained at near neutral values. The Eh decreased in all 
samples. In the literature [4], in solution 1 the lowest 
corrosion rate was observed, 50 µm/a at 150 °C. We 
have observed lower corrosion rate of 20 ± 2 µm/a at 
90 °C, but 4 ± 0.5 µm/a at 25 °C showing its strong 
dependence on the temperature. For solution 3, the cor-
rosion rate in literature was 25 µm/a at 150°C, while 
we have observed much lower rate of 7 ± 1 µm/a at 90 
°C. These corrosion rates are so far based on the single 
experiment and further longer running experiments 
will give better insights as well as show whether the 
corrosion rate progresses linearly or not. 

Retention of iodine by Fe secondary phases 
129I is produced by fission of 235U with a yield of 0.7 %. 
With its long half-life of 15.7 million years, it plays an 
important role for the safety case of repositories [5]. 
Iodide (I-) is the most thermodynamically stable spe-
cies in the near-field under repository relevant condi-
tions [6]. In contrast to cationic species such as acti-
nides (e.g. Cm3+, Am3+, Pu4+,…), anionic species like 
iodide might be retained more likely at positively 
charged surfaces, such as e.g., layered double hydrox-
ides (LDH). LDHs occur in iron hydroxide or Green 
Rust (GR) by oxidation of the steel containers for ex-
ample. Because of their positively charged surfaces, 
Fe-corrosion products may represent an important sink 
for anionic radionuclide species like iodide. 

The structure of GR can be described as octahedral 
Fe(OH)6 units that share edges to build brucite-like lay-
ers. The iron in these units appears as Fe(II) and Fe(III) 
and the layers are therefore positively charged. To 
achieve charge balancing, anionic species and water 
molecules are positioned between the layers. Bernal et 
al. divided the GR family into two groups based on 
their X-ray diffraction data (XRD) [7]: GR type 1 with 
a rhombohedral crystal structure and type 2 with a hex-
agonal crystal structure. The most common anions for 
GR type 1 is Cl- and CO32-; for GR type 2 it’s SO42-. 

As a representative of GR type 1 family, GR-Cl was 
synthesised and characterised. It crystallizes in small 
plates that are shown in Fig. 2. The synthesis was per-
formed by direct precipitation from a solution contai-
ning Fe(II)Cl2 and Fe(III)Cl3 with an adjusted pH of 7 by 
NaOH. X-ray powder diffraction pattern shows intense 
peaks at 11.5 °2θ (d003 = 7.7 Å) and 22.9 °2θ (d006) (Fig. 
2).  

After the GR syntheses iodine with a concentration of 
16 µmol*L-1 was added to different experiments. We 
performed an adsorption experiment where NaI was 
added to a GR-Cl suspension with a concentration of 2 
g/L. Not only was the pH varied between 6.0 and 8.5 
but also the ionic strength between 0.05 M and 5 M 
NaCl and the contact time from 1 to 7 days. At the end 
of the experiment, the solid was separated from the li-
quid by centrifugation to determine the amount of re-
tention. First results show no significant sorption of io-
dine at GR-Cl. 

Separately, coprecipitation experiments have been 
performed. In this experiment, iodide was present dur-
ing the GR-Cl synthesis. The diffractogram shows the 
formation of GR and is similar to that of GR-Cl but the 
peaks are shifted to lower angles (d003 = 8.0 Å). This 
proves an increase of the interlayer spacing which may 
be attributed to a Cl- substitution by the larger I- (r(Cl-) 
= 1.81 Å; r(I-) = 2.20 Å) [8]. Furthermore, the diffrac-
togram shows only a shift of the diffraction peaks, sug-
gesting a homogeneous I- distribution within the inter-
layer. 

Additionally a GR-I synthesis via Fe(OH)2 as a pre-
cursor was tested. The Fe(OH)2 was synthesized by 
precipitation from a FeCl2 solution. After centrifuga-
tion, a NaI solution was added and after a few hours, 
the oxidized suspension was separated and analyzed. 
The XRD diffractogram shows no Fe(OH)2 but GR that 
is in agreement with the GR-I structure of Vins J. et al 

 
Fig. 1: SEM picture of carbon steel in 3.4 M MgCl2 after 3 
months at 90 °C showing visible β-Fe2(OH)3Cl crystals not-
ing the high surface coverage. 
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months at 90 °C showing visible β-Fe2(OH)3Cl crystals not-
ing the high surface coverage. 

 
Fig. 1: SEM picture of carbon steel in 3.4 M MgCl2 after 3 
months at 90 °C showing visible β-Fe2(OH)3Cl crystals not-
ing the high surface coverage. 

 
 

 
Fig. 2: SEM picture (top) and X-ray diffractogram (Cu 
Kα, bottom) of chloride green rust. 
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[9]. Compared to GR-Cl the peaks shift to lower angles 
(d003 = 8.3 Å). 

Summarizing iodine shows low interaction with GR 
but it can be substituted for Cl- within the interlayer of 
LDH. Further adsorption experiments with a lower 
concentration of iodine are planned. In addition, a solid 
solution series between the end members GR-Cl and 
GR-I is intended. There are also transformation reac-
tions from GR-Cl/I structures to magnetite by increas-
ing the pH planned. 

Speciation of iron in cementitious materials 
Clay minerals and cement-based materials are typically 
used as confinement barriers in many concepts of deep 
disposal facilities. Depending on the design, cement 
and clay minerals may be in contact or be sufficiently 
close so that the pore-water from both materials inter-
act, and thereby affect (in time and space) their phys-
ico-chemical properties. Because the pore-water of 
“classical” ordinary Portland cement materials is very 
alkaline (pH ≥ 13), “low”-pH cements have been de-
veloped to reduce the interaction between cement and 
clay. In their synthesis, the clinker content is partly 
substituted by silica fume or fly ashes [11]. Main dif-
ferences with Portland cements are the presence of C-
S-H phases with a Ca/Si ratio <1 and the absence of 
portlandite in low pH cements. The initial microstruc-
ture and the chemical composition are among the most 
important information needed to understand and model 
the degradation of these materials in contact with clay 
minerals. 

Within a PhD thesis performed at KIT-INE within 
CEBAMA, hydrated low pH cements have been pre-
pared and characterized using various analytical tech-
niques in the laboratory [12]. Yet, uncertainties remain 
concerning the speciation of structural Fe, making 
good prediction of Fe behaviour very challenging. Be-
cause of overlapping signals from Fe- and Al-contain-
ing samples the identification of Fe-containing hydrate 
phases using standard techniques available in the labor-
atory is very complicated. This limitation can be over-
come by applying X-ray absorption spectroscopy 
(XAS) at the Fe K-edge. XAS has already shown to be 
a complementary technique providing molecular-scale 
information for classical cements [13], but not for low 
pH cementitious materials so far. 

Fe K-edge X-ray absorption spectra were recorded at 
the BM26A beamline at the ESRF (Grenoble, France) 
and at the BL22 beamline at ALBA (Barcelona, Spain). 
Spectra recorded for low-pH hydrated cement pastes 
synthesized using either silica fume (MIX 3C, 3D, 3E) 
or a combination of silica fume and blast furnace slag 
to form a cement (CEB paste) and a low-pH concrete 
(CEB concrete) were compared to several reference 
compounds. Reference substances include among oth-
ers, the starting clinker and silica fume, the ferrites C2F 
(Ca2Fe2O5) and C4AF (Ca2(Al,Fe)2O5), a calcium sili-
cate phase with Ca:Si = 1.0 (CSH 1.0) and Fe-ettringite 
[14]. 

XANES of all samples and reference compounds are 
located at similar energy position, except magnetite 

(FeIIFeIII2O4), indicating that Fe is present only in tri-
valent state in the samples (Fig. 3). All low-pH cement 
samples prepared with silica fume have very similar 
structure of the main absorption edge, hinting at very 
comparable binding environment. This structure is also 
similar to that of cement prepared with a mixture of sil-
ica fume and blast furnace slag. Interestingly, the 
XANES of Portland cement paste (Fig. 3) is compara-
ble to that of the low pH counterparts, whereas that of 
the concrete significantly differs. 

Quantitative information was obtained by linear com-
bination analysis (LCA). Fit results indicate that Fe 
speciation in samples MIX 3C, 3D and 3E is very sim-
ilar, with half of Fe located in ettringite and the other 
half in CSH 1.0 and unreacted clinker. In the clinker, 
Fe is present mostly as C4AF, with low amounts of 
C2F and ferrihydrite. Results also suggest that Fe envi-
ronment in CEB paste is a mixture of C2F (~50 %), 
ettringite (~30 %) and hematite (~20 %). The Fe speci-
ation in Portland cement slightly differs: Fe is mostly 
located in ettringite (~75 %) and a lower proportion in 
C4AF (~25 %). XANES results show that the Fe spe-
ciation in cementitious materials is significantly influ-
enced by the nature of the starting materials. In the con-
crete, Fe is located in an environment differing from 
that of the cement pastes. Analysis of EXAFS data are 
in progress and corroborate LCA data. This study pro-
vides valuable information, which is required for ro-
bust predictive geochemical and reactive transport 
modelling. 

Characterization of (As, Sb) in geothermal 
scalings 

One of the activities of the secondary phases group 
besides studies on radionuclide retention in the context 
of nuclear waste disposal, is the investigation of sec-
ondary phases formed in the thermal water circuit of 
geothermal power plants, so called scalings. Since the 
application of phosphonic acid based inhibitors, effi-
ciently preventing formation of Ra-containing 
(Ba,Sr)SO4 scalings, scalings in geothermal plants in 
the Upper Rhine Graben are dominated by a mixture of 
PbS, As, and Sb. While PbS could be satisfactorily 
characterized as galena by a combination of XRD and 
SEM-EDX, the nature of the X-ray amorphous As and 
Sb containing phase remained an open question [15]. 
Now, using X-ray absorption spectroscopy, we were 
able to characterize this material as an inhomogeneous 
amorphous alloy of elemental As, and Sb, with a local 
structure corresponding to the rhombohedral metal 
phases As(0) and  Sb(0). 

Three scaling samples were investigated. These were 
dried and stored under inert gas conditions (Ar-glove-
box). SEM-EDX showed that they were dominated by 
the above mentioned mix of PbS, As and Sb. As K-
edge EXAFS was measured up to k = 13.5 Å-1, and Sb 
K-edge EXAFS was measured up to k = 16 Å-1, at the 
INE-Beamline and the ACT-station of the CAT-ACT-
Beamline, respectively. 
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Comparing the absorption edge positions with refer-
ence compounds clearly demonstrated that As and Sb 
in the scaling samples are present in elementary form. 
Models to the EXAFS data (exemplary Sb-data are 
shown in Fig. 5) demonstrated that As is coordinated 
by As (R = 2.45 ± 0.02 Å, N= 1.9± 0.3) and Sb (R = 
2.65 ± 0.01 Å, N= 0.7 ± 0.3), similarly to Sb, which is 
coordinated by As (R = 2.68 ± 0.01 Å, N= 1.4 ± 0.3) 
and Sb (R = 2.87 ± 0.01 Å, N= 1.4 ± 0.3). It is interest-
ing to note that the bond distance of As-Sb matches 
perfectly no matter whether derived from Sb- or As-
data, and it is quite exactly the average of the bond dis-
tances As-As and Sb-Sb.  

Coordination numbers of these coordination shells 
sum up to about three, as expected on the basis of the 
As(0) and Sb(0) structures. Concerning the As/Sb ratio, 
SEM-EDX results show varying ratios with an average 
close to 2:1. Coordination numbers determined by EX-
AFS, thus suggest a tendency towards demixing of the 
alloy with a preference of As to be coordinated by As 
(As/Sb ~2.7:1), and a preference of Sb to be coordi-
nated by Sb (As/Sb ~1:1). Bond distances and coordi-
nation numbers suggest that the local structure around 

As and Sb corresponds to the rhombohedral metal 
phases. Absence of further coordination shells in the 
EXAFS signal demonstrates only local ordering and 
may thus explain the amorphous appearance of the ma-
terial in XRD. A ball and stick representation of the lo-
cal (As,Sb) structure is depicted in Fig. 5. These find-
ings lead us to the conclusion that (As, Sb) in the in-
vestigated geothermal scalings is an inhomogeneous 
amorphous alloy of elemental As and Sb.  
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Fig. 4: Exemplary Sb K-edge EXAFS of one scaling sample 
and corresponding model spectrum (top), and the corre-
sponding Fourier Transform spectrum + model (bottom).  

Fig. 5: Ball and Stick representation of the suggested local 
structure of (As,Sb). 
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5 Applied studies: 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. A series of applied studies on subsystems 
of various multi-barrier systems are performed, which cover a variety of components with specific characteristics 
and properties. Investigations presented in the first sub-chapter cover the experimental quantification of radionu-
clide release from spent nuclear fuel under strongly reducing conditions. In the following, experimental studies on 
diffusion of Np(V) in compacted illite under aerobic conditions are described. The third subchapter  deals with the 
occurrence and stability of colloids, and their impact on radionuclide migration.  

5.1 Higly radioactive waste forms 
E. Bohnert, M. Böttle, E. González-Robles1, M. Herm, L. Iglesias Pérez, T. König, V. Metz, N. Müller,
A. Walschburger

1present address: Palma, Illes Balears, Spain 

Radionuclide Release from Spent Nuclear 
Fuel Samples in High pH Solution under An-
oxic / Reducing Atmosphere 
Introduction 
Assessing the performance of spent nuclear fuel (SNF) 
in a geological disposal system requires the under-
standing and quantification of the radionuclide release 
into the aqueous as well as gaseous phase. The release 
of the radionuclides into water will be constituted by 
two main processes: 

i. Short-term release of the so-called instant
release fraction (IRF). 

ii. Long-term release dominated by the disso-
lution of the UO2 grains, which is referred
to as matrix contribution.

In Belgium, for SNF and vitrified high active waste dis-
posal, a specific engineered barrier system, the so-cal-
led “Supercontainer” concept, was developed. With 
respect to SNF disposal, the “Supercontainer” compri-
ses fuel assembly canisters in carbon steel over packs, 
which are surrounded by an over pack of a Portland ce-
ment, concrete buffer, and an outer stainless steel enve-
lope [1-3]. 

After re-saturation of the engineered barriers, the 
pore water composition will be altered by interactions 
with concrete. The altered pore water can be simulated 
by a "young cement water with calcium (YCWCa)" so-
lution (pH ~13.5) that represents a certain degree of 
concrete alteration. The YCWCa is composed mainly 
by KOH and NaOH, and in a minor concentration by 
Na2SO4, Ca(OH)2, and CaCO3. 

Due to the slow corrosion rate of the canister material 
under highly alkaline conditions [4], the SNF could 
come in contact with the evolved highly alkaline solu-
tion. In parallel, a certain H2 partial pressure will built-
up due to steel corrosion processes. Consequently, the 
aim of the experimental work is to study the corrosion 
behaviour of the UO2 matrix of SNF in YCWCa in 
presence of H2 overpressure. 

The aim of this work is to study the corrosion behavi-
our of the UO2 matrix and the fast/instant release frac-
tion of spent nuclear fuel (SNF) in high alkaline pH so-
lutions under anoxic/reducing atmosphere. 

Overall, three leaching experiments are performed 
with the following specifications: 

• 40 bar of a H2/Ar gas mixture with a H2 partial
pressure of 3.2 bar.

• 3.75 bar of a H2/Ar gas mixture with a H2 par-
tial pressure of 0.3 bar.

• 1 bar Ar atmosphere (in absence of H2).
In this communication, the results obtained from four 

out of seven planned samplings regarding the release 
of radionuclides into the gaseous and aqueous phase 
are shown. 

Spent nuclear fuel samples 
The studied SNF specimens were sampled from fuel 
rod segment N0204 of fuel rod SBS1108. The fuel rod 
was irradiated during four cycles in the pressurize wa-
ter reactor Gösgen (KKG, Switzerland) and discharged 
in May 1989 after 1226 effective full power days. 
During reactor operation, an average burn-up of 
50.4 GWd/tHM as well as average linear power of 
260 W/cm was achieved. 

The fuel rod segment was stored gas-tight until 2012 
which implies a cooling time of almost 24 years before 
characterisation and cutting of the segment. 

Characteristic data of the studied SBS1108-N0204 
fuel rod segment are given in [3,4]. Based on results of 
a puncturing test of the fuel rod segment, the fission 
gas release into the plenum of the segment was previ-
ously calculated to be 8.35% [4,5]. 

Sample preparation 
A total of three SNF samples with Zircaloy cladding 
were cut from the fuel rod segment. The fuel rod seg-
ment was placed in a hot cell under N2 atmosphere 
(with an O2 content <1%) and cut by means of a dia-
mond wafering blade (Buehler Isomet® series 15HC) 
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installed on a cutting machine. Considering that the 
cutting process was performed in the absence of coo-
ling liquid, it was performed slowly to limit any heating 
as a result of friction between the blade and the pellets. 

The cutting was performed from mid to mid pellet 
positions in order to obtain 20 mm length samples, 
which includes a complete pellet plus two half pellets 
(thereby including two inter-pellet gaps). 

The samples were stored in a tightly closed steel con-
tainer flushed continuously with Ar, to avoid any po-
tential oxidation of the surfaces, prior to the start of the 
leaching experiments. 

Before the start of the leaching experiments, the sam-
ples were characterized by means of an optical micro-
scope and the samples masses as well as dimensions 
were determined (see table 1). 

Tab. 1: Masses and dimensions of the SNF specimens 
used in the experiments. 

Sample 1 2 3 
weight (g) 18.6 18.1 18.6 

lenght (mm) 23.4 22.6 23.3 
diameter (mm) 10.7 10.8 10.8 

Autoclaves 
The leaching / corrosion experiments were carried out 
in Ti-lined autoclaves (Berghof) with a volume of 250 
mL. The autoclaves were equipped with two valves in 
the Ti-lid to allow sampling of gaseous and aqueous 
aliquots. 

The autoclaves were modified to enable remote han-
dling by manipulators in the shielded box-line of KIT-
INE. Before using the autoclaves in the experiments, 
they were cleaned to remove potentially wall-adhering 
impurities of the fabrication process. In an ultrasonic 
bath the autoclaves were subsequently immersed in: 

• RBS-solution (Roth chemicals), which is a
cleaning solution for non-corrosive materials,
containing mainly NaOH, hypochloride and
tensides,

• 1 M HNO3,
• Milli-Q-water.

After the cleaning process the autoclaves were sub-
mitted to a leak tightness test to ensure a constant pres-
sure during the leaching / corrosion experiments. In 
each tightness test an overpressure of 40 bar Ar was 
applied during five days. At the end of the test no evi-
dence of pressure loss were observed in any of the au-
toclave. 

Leaching experiments 
Three leaching experiments were performed under 
anoxic/reducing conditions. As leachant, a solution of 
YCWCa was prepared in a glove-box under argon at-
mosphere, using ultrapure water (Merck Millipore) and 
analysis grade chemicals (Merck), following the in-
structions given in [5]. The only modification with 
respect to the original preparation instruction was the 
decrease of Ca concentration in solution from 
(7.0×10−4) M to (4.8×10−4) M in order to avoid a pos-
sible precipitation of secondary phase due to the high 

concentration of Ca. A summary of the composition of 
the YCWCa is given in table 2. 

Tab. 2: Theoretical and experimental composition of the 
YCWCa. 

YCWCa 
[Na] 
(M) 

[K] 
(M) 

[Ca] 
(M) 

[Al] 
(M) 

[Si] 
(M) 

theoretical 1.4×10−1 3.7×10−1 4.8×10−4 6.1×10−4 3×10−4 

experimental 1.4×10−1 3.4×10−1 3.8×10−4 b.d.l* b.d.l* 
*b.d.l: below detecton limit.

The samples were mounted in a titanium sample holder 
to ensure the contact of both pellet surfaces with the 
solution.Once the SNF samples were placed inside the 
autoclaves, these were closed and purged with Ar, to 
avoid air intrusion, and filled with (220 ± 5) mL of the 
YCWCa solution. Finally, the total pressure was ad-
justed by an Ar/H2 gas mixture (with volume fractions 
of 92% Ar and 8% H2; provided by Basi and Schöberl 
GmbH) or pure Ar in order to create anoxic/reducing 
conditions: 

• To (40 ± 1) bar with a H2 partial pressure of
(3.2 ± 0.1) bar.

• To (3.7 ± 0.1) bar with a H2 partial pressure
of (0.4 ± 0.1) bar.

• In the case of the experiment with Ar the
autoclave was purged with Ar and the pres-
sure was set to (1 ± 0.1) bar.

After one day of exposure, the first gaseous and liq-
uid samples were taken and analysed (washing step). 
The solution was completely renewed, in order to re-
duce the amount of 135Cs and 137Cs in solution. Replen-
ishment was done using (220 ± 5) mL of fresh YCWCa 
solution and the Ar/H2 or pure Ar gas atmosphere was 
re-established, following the procedure previously de-
scribed. 

During the leaching experiments, a series of gaseous 
(50.0 ± 2.5) mL and liquid (15 ± 1) mL samples were 
taken from each autoclave. After each sampling, the 
gas volume of the autoclaves was purged with Ar, and 
the initial conditions were again established. Except 
the first sampling (washing step), the solution was not 
replenished after the samplings. 

Gas sampling from leaching experiments 
Each autoclave of the leaching experiments was 
connected by stainless steel tubing to a pump with an 
Ar supply within the shielded box-line. The steel tu-
bing continued to the same type of stainless steel samp-
ling cylinder as used for the puncturing test. The samp-
ling cylinder was placed outside the shielded box. 

At first the tubing was evacuated and subsequently 
purged with Ar five times. During the last evacuation 
step, the overpressure in the autoclave was reduced to 
approximately 1 bar in a controlled way. Once the 
overpressure was reduced, the gas sampling was 
started by opening the valve of the autoclave and, at the 
same time, the valve of the sampling cylinder. The gas 
sample was released from the autoclave to the sampling 
cylinder within two minutes. 
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In the case of the experiments carried out with 1bar of 
Ar, a reduction of the pressure was not needed, there-
fore the sampling started immediately after purging 
and evacuating of the connections five times. 

Gas mass-spectrometry 
Gas samples collected during the puncturing test and 
the leaching experiments were analysed by a multipur-
pose mass spectrometer with customized gas inlet sys-
tem (GAM 400, InProcess Instruments). The system 
was equipped with a quadrupole mass analyzer and Fa-
raday as well as secondary electron multiplier (SEM) 
detector. 

The batch-type gas inlet system was optimized for 
low gas sample consumption. The total gas pressure 
was controlled at four successive positions within the 
gas dosage and inlet system. Three different expan-
sion-volumes to charge relatively low gas contents in 
the desired pressure range were applied. Ten scans of 
each gas sample were measured, using the SEM-

detector, and the mean value was taken. Calibration of 
the gas mass spectrometer was performed in the same 
pressure range as the respective range for analyses of 
the sample aliquots. For calibration, standard gases 
containing He, N2, O2, Ne, Ar, Kr, Xe, and CO2, with 
compositions similar to those of the samples, were 
used. 

The isotopic composition of the Ar/H2 mixture used 
in the leaching experiments was determined and taken 
into account as background. The contribution of natu-
rally occurring Kr and Xe isotopes in this so-called 
“blank gas” was subtracted from the isotopic composi-
tions of the samples. The detection limit of Kr and Xe 
is 8 and 2 ppm, respectively. 

Results and Discussion 
The concentrations of 90Sr, 137Cs, 237Np, 238U, 239Pu, 
243Am, and 244Cm released into the aqueous phase are 
shown in figures 1-3 for non-filtered samples. 

Fig. 1: Concentrations as a function of leaching time for the 
experiment performed in 3.2 bar H2 and 36.8 bar Ar atmos-
phere. 

Fig. 2: Concentrations as a function of leaching time for the 
experiment performed in 0.3 bar H2 and 3.45 bar Ar atmos-
phere. 

Fig. 3: Concentrations as a function of leaching time for the 
experiment performed in pure 1 bar Ar atmosphere. 

Fig. 4: Measured moles of Kr, Xe and (Kr + Xe) at each sam-
pling for the experiment performed in 3.2 bar H2 and 36.8 
bar Ar atmosphere. 

Fig. 5: Measured moles of Kr, Xe and (Kr + Xe) at each sam-
pling for the experiment performed in 0.3 bar H2 and 3.45 
bar Ar atmosphere. 

Fig. 6: Measured moles of Kr, Xe and (Kr + Xe) at each sam-
pling for the experiment performed in in pure 1 bar Ar at-
mosphere. 
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Within the scatter of the data the release of actinides 
and 90Sr approaches a steady state. In the case of 137Cs 
a continuous release is observed.  

Regarding the influence of hydrogen pressure on the 
SNF matrix dissolution, no clear trend can be seen. 
Within the scatter of the data the concentrations for ac-
tinides and fission products released into aqueous solu-
tion are very similar in all three experiments. 

The moles of Kr and Xe released into the gas phase 
during each leaching experiment were measured by gas 
mass spectrometry and are shown in figures 4-6. 

As previously explained, the measured moles amount 
of Kr and Xe were corrected for naturally occurring Kr 
and Xe isotopes in the Ar or Ar/H2 “blank gas”. 

The amount of Kr released during the washing step 
was under the detection limit in the three experiments. 
In the first sample after the washing step solely Xe was 
detected in the experiment performed in 0.3 bar H2 and 
3.45 bar Ar atmosphere. In the case of the other two 
experiments, 3.2 bar H2 and 36.8 bar Ar atmosphere 
and pure 1 bar Ar atmosphere, the amount of moles re-
leased of both Kr and Xe were below the detection 
limit. 

The experiments performed in 3.2 bar H2 and 36.8 
bar Ar atmosphere and in 0.3 bar H2 and 3.45 bar Ar 
atmosphere show a constant mole release after 200 
days of leaching. On the other hand the experiment per-
formed in pure 1 bar Ar atmosphere shows still an 

increase in the moles of fission gases released after 200 
days of leaching.  
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Introduction 
In the context of the safe disposal of nuclear waste in 
deep geological formations, the scenario of the migra-
tion of waste-released radionuclides through the in-
stalled multiple barrier system is an important research 
topic for safety assessment. Potential geotechnical or 
geological barriers, which should hinder or retard the 
migrating radionuclides, can consist of compacted po-
rous materials used as buffers (such as bentonite for re-
positories in crystalline and argillaceous rocks), sedi-
mentary rocks, or manufactured concretes based on 
Portland cement, Sorel cement or similar materials. In 
the absence of fractures and cracks, molecular diffu-
sion is the main transport process for contaminants in 
such matters. 

In the laboratories of INE, radionuclide diffusion  ex-
periments with compacted clay minerals and natural 
clay rocks are conducted. One of the main objectives is 
the determination of diffusion parameters of reposi-
tory-relevant radionuclides under a wide range of con-
ditions. This applied research delivers transport param-
eters which contribute to safety and performance as-
sessment models of nuclear waste repositories. Addi-
tionally, fundamental processes underlying the interac-
tion of ions with the porous material during diffusion 
are investigated such as the accessibility of interlayer 
space for the migrating species. 

Since July 2018, the Helmholtz Association is full 
partner of the Opalinus Clay underground rock labora-
tory in Mont Terri, Switzerland. In connection with the 
iCROSS joint project, INE collaborates with interna-
tional partners at Mont Terri and participates in ongo-
ing diffusion experiments. 

Np(V) diffusion through compacted illite 
Illite is a clay mineral which can be found in many nat-
ural clay rocks investigated as potential host rock for 
nuclear waste repositories, for instance, in Jurrasic 
Opalinus Clay from Switzerland (15–40 % [1]) or in 
Jurrassic Callovo-Oxfordian Clay from Eastern France 
(5–23 % [2]). As part of the geological barrier, it is 
therefore essential to know the retention capability of 
illite in particular regarding to radionuclides with long 
half-lives such as 237Np (T1/2 = 2.144·106 a). Under re-
ducing conditions as to be expected in a nuclear waste 
repository, Np(IV), which forms mainly less soluble 
and, as a consequence, less mobile species, will be the 
dominant oxidation state. Since radiolytic enhanced 
oxidation and dissolution of spent nuclear fuel has to 
be taken into account in safety assessments, formation 

of oxidized radionuclide species like Np(V) is consid-
ered for certain release scenarios. Therefore, it is rea-
sonable to study the interaction behaviour of more sol-
uble and more mobile Np(V) species with illite. 

Recently, Np(V) sorption on illite was investigated as 
a function of pH and initial Np(V) concentration in 
0.1 mol·L-1 NaCl under anaerobic conditions [3]. The 
authors observed a partial reduction of Np(V) to 
Np(IV) on the illite surface and could confirm this find-
ing also by analysis with X-ray absorption near-edge 
structure (XANES) spectroscopy. It was suggested that 
the Np(V) reduction to Np(IV) in the presence of a 
sorbing mineral phase is thermodynamically favoured. 

The focus of the present study was to investigate the 
system Np(V) / illite by the means of diffusion experi-
ments under aerobic conditions. The study was aimed 
to clarify if and to which extent the migrating Np(V) 
will be reduced to Np(IV). To characterize the Np oxi-
dation states in the illite diffusion samples, solvent ex-
traction and Np M5 edge high energy-resolution (HR) 
XANES spectroscopy were applied. Since here, the in-
itial Np concentration was one order of magnitude 
smaller than in the previous XANES experiment [3], 
the question was also if XANES spectroscopy is appli-
cable on samples with an environmentally relevant Np 
load (≈ 20 ppm). 

Illite du Puy (Massif Central in Le Puy-en-Velay, 
Haute Loire, France) was transformed into a homo-
ionic Na-form according to the procedure described in 
Glaus et al. [4]. X-ray fluorescence (XRF) results of the 
purified illite are shown in Tab. 1. 

Tab. 1: Chemical composition of illite used in this study de-
termined by XRF (L.O.I.: loss of ignition) [5]. 

Compound wt.% Compound wt.% 
Na2O 0.59 CaO 0.41 
MgO 3.52 TiO2 0.73 
Al2O3 20.80 MnO 0.05 
SiO2 50.80 Fe2O3 6.94 
P2O5 0.29 L.O.I. 7.54 
K2O 7.82 

With this clay mineral, two Np through-diffusion ex-
periments (Np-1 and Np-2) were started in June 2015 
according to the procedure described in Van Loon et al. 
[6]. The illite was compacted in polyether ether ketone 
diffusion cells to a dry density, ρd, of about 1.6 g·cm-3, 
a thickness of about 1 cm, and a diameter of about 
2.54 cm. Each cell was connected to a high concentra-
tion reservoir (HCR) and a low concentration reservoir 
(LCR) containing 0.1 mol·L-1 NaCl at pH 4.7±0.2 and 
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EH = 360±20 mV, respectively, which was pumped 
through the respective end plates of each diffusion cell. 
To each HCR, [237Np(V)]0 = 1.5·10-5 mol·L-1 was 
added. Each LCR was initially tracer-free. 

At distinct time steps, the HCR solution was sampled 
and the LCR was exchanged and the Np activity and 
diffusive flux, J [mol·m-2·s-1], were determined. The 
evolution of the Np concentration in each HCR and the 
diffusive flux measured in each LCR for the first 
230 days of the experiment are shown in Fig. 1. 

Based on the experimental conditions and Fick’s 
laws, a 1-dimensional single porosity model was set up 

using COMSOL Multiphysics® [7]. Fick's first law de-
scribes the diffusion process in porous media as fol-
lows: 

𝐽 = −𝐷% ∙
'(
')

(1) 

where De [m2·s-1] is the effective diffusion coefficient, 
c [mol·m-3] is the tracer concentration in the mobile 
phase, and x [m] is the spatial coordinate. Diffusion is 
influenced by sorption of the diffusing species on the 
porous material expressed here as sorption distribution 
coefficient, Kd [m3·kg-1]. This diffusion retarding effect 
is considered in the rock capacity factor α [–]. 

α = eacc + ρd · Kd (2) 

The inclusion of α in Fick’s law leads to the apparent 
diffusion coefficient Da [m2·s-1]: 

𝐷* =
+,
-

(3) 

Fick's second law, where the change of concentration 
with time, t [s], is considered, is then expressed by: 
'(
'.
= 𝐷* ∙

'/(
')/

(4) 

Fits of the experimental diffusion data with this 
model are shown in Fig. 1. The corresponding diffu-
sion and sorption parameter values are given in Tab. 2. 

Obviously, the Np diffusion in these two cells, alt-
hough set up in the same way, behaved differently. It 
seems, that Np is stronger retarded by sorption in 

Tab. 2: Best-fit parameter values for Np diffusion in illite 
(pH 5, I = 0.1 mol·L-1 NaCl, ρd = 1.6 g·cm-3). 

Sample De 
[10-10 m2·s-1] 

Kd 
[m3·kg-1] 

Da 
[10-13 m2·s-1] 

Np-1 1.20±0.35 0.10±0.02 7.3±2.6 
Np-2 1.0±0.2 0.060±0.005 10±2 

cell Np-1 than in cell Np-2. Consequently, a later 
breakthrough of Np is observed in the LCR of cell Np-
1.  

The Kd values obtained with the diffusion experiments 
are up to one order of magnitude larger than the Kd val-
ues obtained by batch sorption experiments with illite 
at pH 5 under aerobic conditions (0.011±0.008 m3·kg-

1 [8]). Notably, the value of Np-2 equals the Kd value 
for the Np batch sorption on illite under anaerobic con-
ditions (0.057±0.007 m3·kg-1 [8]). This indicates an in-
fluence of oxygen-free conditions on the Np-sorption. 
Wu et al. [9] investigated the Np(V) diffusion in Opal-
inus Clay at pH 7.6 and found also a one order of mag-
nitude larger Kd in diffusion experiments than in batch 
sorption experiments. This was attributed to a partial 
reduction of Np(V) to Np(IV) inside the diffusion cell 
and consequently, to a stronger retardation of Np in the 
clay. Their De and Da values amounted to 
(6.9±1.1)·10-12 m2·s-1 and (2.8±0.4)·10-14 m2·s-1, re-
spectively. Staunton et al. [10] studied the Np(V) dif-
fusion in Fithian illite in 0.01 mol·L-1 NaClO4 at pH 6 
and found a Kd value of 0.064±0.015 m3·kg-1, which is 
in agreement with the Np-2 Kd value of this study. They 
determined a Da value of (3.3±0.5)·10-11 m2·s-1 in their 
system. The dry densities of the solids investigated in 
both literature studies are much higher (Opalinus Clay, 
ρd = 2.4 g·cm-3) or much lower (Fithian illite, ρd = 
0.41 g·cm-3) than in this study providing less or more 
pore space for the diffusing Np species. This, in addi-
tion with the different present chemical conditions (pH, 
salinity), which affect the type of migrating Np species, 
determines the diffusion behavior. Therefore, the liter-
ature data cannot be directly compared to diffusion pa-
rameter values obtained in this study. 

After about 230 days, the LCR in both diffusion ex-
periments were no longer replaced in regular time 
steps. The relatively long duration of the experiment 
and the large exchange intervals led to the formation of 
biofilms in the reservoirs. The biofilms caused heavy 
clocking of the tubing. In the case of Np-1, this led to 
a stop of solution circulation through the end plates of 
the diffusion cell. In May 2018, after about 1050 days, 
both diffusion experiments were stopped and the diffu-
sion cells were dissembled. A significant amount of or-
ganic matter was found on the HCR side of cell Np-1 
(Fig. 2a). The amount of organic matter in the cell of 
Np-2 was much lower (Fig. 2b). In a recent study, it 
was shown that biofilms can interact strongly with ra-
dionuclides [11]. This could be a reason for the 
stronger retardation of Np diffusion in cell Np-1 com-
pared to Np-2. Organic matter can also cause changes 
in the pH and redox conditions. In the HCR solution of 
diffusion cell Np-1, the pH increased to 6.5, which not 
only leads to better growth conditions for most of the 

Fig. 1: Evolution of the Np concentration in HCR and dif-
fusive fluxes for Np in LCR for samples Np-1 and Np-2 
(straight lines: COMSOL fit; broken lines: uncertainty). 
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microorganisms but also may enhance the extent of Np 
sorption on illite (pH 7, anaerobic conditions, Kd = 
0.44±0.14 m3·kg-1 [8]). In contrast, for cell Np-2, the 
final pH was 5.0. The final EH amounted to 434±50 mV 
for Np-1 and 502±50 mV for Np-2, respectively.  

The diffusion cylinders containing the illite samples 
were introduced into an argon glove-box and seg-
mented in 100-µm-steps into numerous segments 
(Fig. 2c). Since cell Np-2 was less biased by organic 
matter, one of its segments (segment 4 ≈ 400 µm diffu-
sion depth) was chosen for Np oxidation state determi-
nation by solvent extraction [12]. On this segment 
about 18±4 ppm Np were sorbed. About 66±6 % of Np 
could be removed during solvent extraction. About 
34±6 % of Np remained on illite. From the desorbed 
fraction, about 24±3 % were found in the organic phase 
and attributed to Np(IV). The majority of Np was found 
in the aquatic phase and attributed to Np(V). This 
means, the conditions close to the illite sample HCR 
edge enable Np(IV) formation. This is in agreement 
with the findings of Wu et al. [9] for Opalinus Clay. 

The oxidation state of Np on illite segments was also 
analysed by Np M5 edge HR-XANES spectroscopy. 
For this, fractions of about 2 mg of selected illite seg-
ments were filled in the respective indentations of a 
special sample holder (Fig. 2d) and covered with Kap-
ton foil and Kapton tape. To prevent re-oxidation of 
potential Np(IV) and to minimize the intensity loss of 
X-ray radiation by argon, the sample holder was kept 
under nitrogen atmosphere in a second containment. 
The measurement was performed under helium atmos-
phere. As qualitative Np(V) and Np(IV) references, Np 
solutions prepared by potentiostatic electrolysis were 
used ([Np] = 0.02 mol·L-1 in 1.5 mol·L-1 HCl). 

The obtained HR-XANES spectra for segments 10 
(≈ 1 mm diffusion depth) and 54 (≈ 5.4 mm) of cell 
Np-2 as well as for the references are shown in Fig. 3. 
The spectra of the two segments imply a shoulder 
which is characteristic for Np(V). This shoulder is not 
very pronounced (smaller in the spectrum of segment 

54 than in the spectrum of segment 10) indicating a 
mixture of Np(IV) and Np(V) present in the samples. 
Due to the low concentration of Np on the illite and the 
resulting noise in the spectra, a quantitative determina-
tion of Np(V) and Np(IV) is not possible for these sam-
ples. However, these results are consistent with the re-
sults observed by solvent extraction and by Wu et al. 
[9]. 
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Fig. 2: a) End plate HCR of Np-1, b) end plate HCR of Np-
2, c) segmentation, and d) sample preparation for XANES. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Normalized and vertically shifted HR-XANES 
spectra of two diffusion illite segments of cell Np-2 in com-
parison with liquid reference spectra of Np(V) and Np(IV). 
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Introduction 
The influence of colloidal/nano-scale phases on the sol-
ubility and migration behavior of radionuclides is one 
of the uncertainties of the repository safety assessment 
[1, 2]. In our work, we aim to 1) identify the presence 
and the formation of relevant colloids in repository spe-
cific areas, 2) determine their stability as a function of 
geochemical parameters, 3) elucidate the thermody-
namics and kinetics of the colloid interaction with radi-
onuclides, 4) perform laboratory and field experiments 
to quantify the colloid mobility and their interaction 
with surfaces. The final goal is to state on the relevance 
of the nanoparticles (NPs) / colloids for the radionu-
clides migration in natural geochemical conditions. La-
boratory and in-situ migration experiments are required 
which need the use and development of highly sensitive 
and sophisticated analytical techniques [3, 4].  

Our present activities are conducted with the support 
and in close collaboration with international nuclear 
waste management agencies (ONDRAF / NIRAS, Bel-
gium; NAGRA, Switzerland) and in the framework of 
projects like the BMWi project KOLLRADO-e2. The 
collaboration with the ONDRAF/NIRAS agency is re-
lated to the characterization of natural organic matter 
derived from different layers within the Belgian Boom 
Clay formation and their radionuclide interaction. 

Experiments performed in the framework of the 
KOLLORADO-e2 (duration 2017-2019) are closely re-
lated to the international CFM (Colloid Formation and 

Migration) project performed in the Grimsel Test Site. 
Research on the stability of the geotechnical barrier un-
der glacial melt water conditions and the potential re-
lease of bentonite colloids constitutes the scientific goal 
of the CFM project. In  2009, a tunnel mega-packer sys-
tem was constructed (Fig.1), minimizing the gradient 
and groundwater flow in the MI shear zone intersecting 
the  tunnel and enables the work under near natural  hy-
draulic conditions similar to the post-closure  situation 
of a deep geological repository. Migration processes 
are investigated in the laboratory by looking at the dep-
osition of colloids onto mineral surfaces or in-situ at the 
Grimsel Test Site. Here the release of colloidal material 
and radionuclides from a compacted bentonite source is 
investigated over a long time period in the so-called 
Long-term In-situ Test (LIT).  

Colloid mobility controlling processes in single 
fractures 
Rock fractures presenting large apertures enabling high 
flow velocities can serve as water conducting structures 
for fluid flow and mass transport within the Earth’s 
crust. As the rock matrix presents a permeability sev-
eral orders of magnitude lower, those structures serve 
as preferential conduits for solutes and colloids. The 
mechanistic understanding of fundamental transport 
and retention processes is essential to make reliable 
predictions of the fate of solutes and colloids in the sub-
surface. This comprehensive topic is of paramount im-
portance in many areas of geo-engineering, for example 
enhanced geothermal systems, CO2 sequestration, gas 
and oil industry, contaminant transport in groundwater 
systems and especially disposal of nuclear waste in 
deep geological formations. 

In this context, the impact of the flow channel geom-
etry on solute and colloid transport through natural 
rough fractures was examined. A bottom-up approach 
was followed. The mechanisms and the processes on 
mass transport (solute and colloids) were investigated 
separately in four detailed steps. All experiments were 
conducted under hydraulic and chemical settings estab-
lishing laminar flow and overall unfavorable colloid at-
tachment conditions [5]. 

In the first step (Fig.2), the interaction of monodis-
perse fluorescent carboxylated polystyrene colloids (25 
nm and 1000 nm diameter) with a plain cut granodiorite 
surface (Grimsel granodiorite, Aar Massif, Switzer-
land) or with acrylic glass was investigated experimen-
tally and numerically. Colloid transport experiments in 

Fig. 1: The mega-packer system of the CFM experiment at the 
Grimsel Test Site. The shear zone is sealed with resin layer 
and surface packers are installed at outflow points on shear 
zone intersection. Pressurised water in annulus provides me-
chanical support to resin layer to counteract hydraulic head 
in the shear zone.  
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a synthetic parallel-plate fracture flow cell (simulating 
a simplified fracture) revealed a dependence of colloid 
retention on surface roughness, fracture orientation, 
residence time in the fracture and colloid size. It was 
shown that the colloid mobility of 25 nm colloids, 
which is purely diffusion driven, is affected by surface 
roughness and surface inhomogeneities, while fracture 
orientation does not affect the colloid retention behav-
ior under the experimental conditions chosen. How-
ever, despite the low density, 1000 nm colloids show a 
gravity dependent residence time behavior, which re-
sults in significant sedimentation effects in horizontal 
orientated fractures, due to the shorter sedimentation 
length to the bottom fracture wall. Fracture surface 
roughness, however, does not affect the colloid mobil-
ity. Those observations were verified by additional 
atomic force microscopy measurements using the so-
called colloid probe technique, and by 2-D numerical 
simulations [6]. 

Moreover, using fluorescent microscopy and surface 
roughness measurements of different regions of interest 
on the granodiorite surface, it was shown that the 1000 
nm colloids deposited homogeneously on the fracture 
surface and are therefore independent of mineralogy 
and surface roughness [7].  

In the second step, the colloid material was changed 
from synthetic monodisperse microspheres to polydis-
perse Na-illite colloids (Figs. 2 and 3). Similar transport 
experiments were conducted using nanoparticulate Na-
illite in the ultra-trace concentration range and laser-

induced breakdown detection (LIBD) as monitoring 
technique. Despite the higher density, the experiments 
indicate that the illite colloids experienced less reten-
tion than the monodisperse polystyrene colloids used in 
step one, which was attributed to the difference in 
shape, surface charge distribution and colloid size dis-
tribution. Therefore, it was shown that polystyrene col-
loids, which are frequently used in comparable experi-
ments, are non-ideal analogues for polydisperse clay 
colloids, in order to predict the residence time behavior 
[8].  

In the third step, the impact of flow channel geometry 
on fluid flow and non-reactive solute transport was in-
vestigated experimentally and numerically on two dif-
ferently altered naturally fractured granite cores. 
Tomographic imaging and surface roughness measure-
ments illustrated that both fractures are significantly 
different in terms of spatial heterogeneities and aperture 
distribution. Based on the 3-D digital data obtained by 
computed tomography 2.5-D numerical models were 
generated for both fractures by interpolating the meas-
ured aperture distributions onto the 2-D fracture geom-
etries. Via three in- and three outlets at top and bottom 
of the fractures, different dipole flow fields were exam-
ined. The differences between both fractures were 
clearly reflected by the fluid flow and the solute 
transport behavior. It was shown in both experiments 
and simulations that fluid flow and solute transport in 
the altered fracture are dominated by the fracture geom-
etry, while, in case of the unaltered fracture, the aper-
ture distribution is the dominating parameter. In the 
presented case, the pronounced tailings can be at-
tributed to complex internal heterogeneities and simple 
parallel-plate models fail to describe the experimental 
findings. Those observations demonstrate that the ge-
ometry and internal heterogeneities of fractures need to 
be implemented in numerical simulations in order to 
model precisely fluid flow and solute transport [9].  

In the last step, colloid transport through the same 
natural granite fractures was investigated for the Na-il-
lite colloids in the ultra-trace concentration range using 
LIBD as monitoring technique, as introduced in the sec-
ond step. The flow rates applied and the geochemical 
unfavorable attachment conditions caused an almost to-
tal recovery of the colloids for both fractures. Retarda-
tion factors < 1 were obtained in all experimental cases, 
indicating faster colloid transport in contrast to the so-
lute tracer. It was shown that the retardation factors of 
the experiments through the altered fracture are consid-
erably smaller, compared to the ones in the unaltered 
fracture, which breakthrough curves show significant 
tailing. Moreover, a positive correlation between ap-
plied flow rate and acceleration of the colloid was 
found, which was more pronounced in case of the unal-
tered fracture. It was assumed that the retardation fac-
tors depend on an interaction between internal compo-
sition and geometry of the fractures and the sum of ex-
clusion mechanisms and Taylor dispersion. However, 
based on the experimental and numerical data, a clear 
discrimination of the dominating process leading to the 
observed colloid acceleration is not unambiguously 
possible and needs further investigations. 

Fig. 2: Parallel-plate fracture transport experiments of nano-
particulate illite in the ultra-trace concentration range inves-
tigated by Laser-Induced Breakdown Detection (LIBD) (re-
printed from [8]). 

Fig. 3: Scheme of the experimental setup (horizontal fracture 
orientation). The exchangeable disc in the synthetic fracture 
flow cell has a hatched marking (reprinted from [8]).  
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Update on the Colloid Formation and Migra-
tion Project at the Grimsel Test Site 
In the course of the Long-term In-situ Test experiment 
started in May 2014 within the Colloid Formation and 
Migration project at the Grimsel Test Site, a bentonite 
source was emplaced in a water conducting feature via 
a packer system (see Fig. 4). The bentonite plug con-
sists in total of 16 compacted bentonite rings. 12 rings 
are composed of pure Febex bentonite and 4 rings in 
contact with the shear zone were produced with a 10% 
admixture of synthetic Zn-labeled montmorillonite 
[10]. In all four Zn-/Febex bentonite rings glass vials 
were emplaced with a Ni- montmorillonite [11] slurry 
doped with a cocktail of radionuclides (45Ca, 75Se, 99Tc, 
137Cs, 233U, 237Np, 241Am, 242Pu) and a conservative 
tracer (Amino G).  

This experiment combines for the first time in-situ col-
loid generation with radionuclide interaction and mi-
gration in an advection dominated natural shear zone 
over a potential migration length of ~6m under well-
controlled low flow groundwater conditions mimicking 
post-closure repository conditions. 

Geochemical and hydro-mechanical parameters are 
monitored continuously on-site with the digital acqui-
sition system (DAS) as volumetric flow velocity, pH, 
Eh, specific conductivity, fluorescence signal of the ef-
fluent (conservative tracer) and swelling pressure of the 
bentonite source at different locations within the packer 
system. Samples are taken from the surface packer at 
the tunnel wall (Pinkel) and from an observation bore-
hole close to the bentonite source (distance: ~10 cm). 
The later samples are taken at a flow rate of 50µL/min 
with a fraction collector in head-space vials emplaced 
inside an Argon glovebox to keep Eh/pH conditions 
constant. All samples taken are transferred to KIT/INE 
and analyzed off-site to monitor in addition to the DAS 
data potential changes in pH, conductivity and fluores-
cence signal during transfer. The main objective of the 
sample analysis was however the measurements of the 
mean colloid size and concentration via LIBD (laser in-
duced breakdown detection), of the colloid size distri-
bution (s-curve LIBD), of the water chemistry analysis 
(ICP-MS, IC) and radionuclide analysis (ICP-MS, SF-
ICP-MS, AMS, LSC and γ-spectroscopy). 
    After 100 days, the conservative tracer (Amino-G) 
was detectable by fluorescence measurements and its 

concentration steadily increased to reach a plateau after 
500 d (see Fig. 5). After 720 d the extraction rate was 
increased from 20 to 50 µL/min followed by a change 
of the extraction borehole (from CFM11.002 to 
CFM11.003) which explains the Amino G concentra-
tion drop. By increasing the extraction rate, more water 
was pulled from the surrounding shear zone and diluted 
the samples. When changing the extraction borehole af-
ter 840 days, the first samples show high concentration 
of Amino G. This is because the water in the packer 
intervals and the lines was stagnant since installation of 
the experiment and the conservative tracer diffused and 
enriched into this volume. However, the high concen-
trations decreased within the next sample extractions as 
once again fresh water was pulled from the shear zone 
rather than the bentonite source. The total mass of con-
servative tracer released corresponds to approx. 3.5% 
of the total source term mass. 

Radiochemical investigations only found 99Tc in the 
effluent samples. Technetium was introduced as 
Tc(VII) in the source and it is not expected to have 
changed oxidation state which is in line with the Eh val-
ues measured in the near-field (around 0 to 200 mV). 
ICP-MS overestimated the Tc concentrations (5 to 12 
ppt) due to isobaric interferences with Ru-99. A newly 
developed measurement method for AMS, especially 
designed for analyzing Tc, found significantly lower Tc 
concentrations in selected samples. Analysis of Fig.4: Schematic overview of the LIT packer system emplaced 

in the MI shear zone showing the compacted bentonite ring 
set-up and the glass vials emplaced with the radionu-
clide/Amino-G doped slurry. 

Fig.5: Top: Scheme of LIT borehole symmetry. The bentonite 
source is located in the central borehole surrounded by three 
monitoring boreholes. Bottom: Time dependent conservative 
tracer Amino-G (AGA) concentration evolution and total 
mass released from source.  
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additional samples is still ongoing. ICP-MS found nei-
ther Np, Am, U nor Pu originating from the LIT tracer 
cocktail. Measurements with AMS of such actinide nu-
clides are going to be performed. 

Assuming that the Zn and Al concentrations above the 
background level are directly originating from ben-
tonite colloids (Fig.6), colloid concentrations are calcu-
lated to 0.8 mg/L colloids (acc. to the median Al signal) 
and 0.1 mg/L colloids (acc. to the median Zn signal) in 
the effluent samples. The mean LIBD determined col-
loid size is 71 ± 29 nm and colloid median concentra-
tion around 0.02 mg/L. There is clearly a discrepancy 
in colloid concentration calculated by ICP-MS data and 
derived by LIBD. Bentonite dissolution could explain 
the discrepancy but uneven distribution of Febex and 
Zn-montmorillonite has also to be taken into account. 
More information is needed for a concluding statement 
and will be accessible after post-mortem analysis of 
LIT and the mock-up experiments. 

Mg concentrations around 380 ± 120 µg/L during the 
first 700 days of the experiment and 150 ± 130 µg/L 

during the following time are significantly above the 
natural concentration of only 7.2 µg/L that can be found 
within the groundwater. In addition, reversed Mg/Al-
ratios in the effluent samples compared to the back-
ground level along with decreasing Ca concentrations 
suggests cation exchange reactions taking place beside 
gypsum dissolution.  
    LIT online-monitoring and sample collecting ended 
in October 2018. Epoxy resin was injected into the 
monitoring boreholes to stabilize the gel and to isolate 
it from the surrounding shear zone. In order to retrieve 
and dismantle the bentonite source for post-mortem 
analysis, the whole experiment is over-cored with a 360 
mm diameter core drill. 
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Fig.6: Elemental composition evolution of the samples 
taken from the observation boreholes close to the bentonite 
source. Background concentrations are presented as solid 
lines in the color of the respective element. 
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6 Coordination chemistry 
Coordination chemistry studies in solution are performed 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. The focus is on nitrogen donor ligands and on the subtle differences in their 
interactions between actinide and lanthanide ions of the same charge.  
2,6-Bis(1,2,4-triazin-3-yl) pyridines (BTP) and 6,6’- bis(1,2,4-triazin-3-yl)-2,2’-bipyridines (BTBP) have been 
developed and studied as highly selective lipophilic extracting agents and water-soluble complexing agents for 
separating trivalent actinides from lanthanides [1]. To overcome some drawbacks such as kinetics and solubility 
issues [2] or the presence of sulphur atoms [3–4], 2,6-bis(1,2,3-triazol-4-yl) pyridines have been developed, to be 
used as water soluble complexing agents [5] or lipophilic extracting agents [6].  

6.1 Hydrophilic 2,6-bis(1,2,3-triazol-4-yl) pyridine ligands: tuning 
properties via basicity 

P. Weßling, C. Adam, A. Geist, P. J. Panak
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Introduction 
The water-soluble ligand SO3-Ph-BTP [3] (Scheme 1) 
has been used to selectively back extract trivalent acti-
nides, An(III), from loaded organic phases containing 
both An(III) and lanthanide ions, Ln(III) [7–8]. Nitric 
acid at a suitable concentration (typically in the range 
of 0.5 mol/L) is used to keep Ln(III) in the organic 
phase. However, the sulphur atoms present in the mol-
ecule cause problems with waste management.  

Consequently, the water-soluble ligand PTD (Scheme 
2) was developed [5], consisting only of C, H, O and N
atoms. Stability constants of the Cm(III)-PTD comple-
xes [9] were found to be rather low compared to SO3-
Ph-BTP complexes [11–12], Table 1. To increase the
complexing properties of PTD a modified molecule,
OMe-PTD (Scheme 2), was synthesised. The methoxy
group activates the aromatic system, expected to result
in improved metal ion complexation.

Unfortunately, OMe-PTD proved to be less efficient in 
solvent extraction experiments in which the aqueous 
phase contained 0.44 mol/L HNO3. To achieve a per-
formance close to that of PTD in 0.44 mol/L HNO3 [5], 
OMe-PTD required different experimental conditions: 

HNO3 concentration had to be reduced to 0.1 mol/L 
and nitrate concentration increased to 1 mol/L by addi-
tion of NH4NO3.  

To understand this behaviour the complexation of 
Cm(III) with OMe-PTD in 10−3 mol/L HClO4 and in 
0.44 mol/L HNO3 was studied using time-resolved la-
ser fluorescence spectroscopy (TRLFS), and its pKa 
value was determined by NMR.  

Results 
Cm(III) complex stability constants 
Figure 1 shows the normalised Cm(III) fluorescence 
spectra in 10−3 mol/L HClO4 at varied OMe-PTD con-
centration.  

The emission band at 593.8 nm corresponds to the 
Cm(III) aqua ion. With increasing ligand concentra-
tion, three new emission bands (600.1 nm, 605.6 nm 
and 608.8 nm) were found. Following peak deconvolu-
tion and slope analysis, they were attributed to the 

Scheme 1. SO3-Ph-BTP.  

Scheme 2. PTD (R = H) and OMe-PTD (R = -OMe). 
Figure 1. Normalised Cm(III) fluorescence spectra in 
10−3 mol/L HClO4 at increasing OMe-PTD concentrations. 
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[Cm(OMe-PTD)n]3+ complexes (n = 1–3). The 1:3 
complex had a lifetime of τ = (495 ± 20) µs, indicating 
the absence of quenching water molecules in the inner 
coordination sphere [10]. The conditional stability 
constants for the formation of the 1:1, 1:2 and 1:3 com-
plexes were determined to lg β’1 = 3.3 ± 0.2; lg β’2 = 
6.8 ± 0.2 and log lg β’3 = 10.3 ± 0.3 (Table 1).  

Significantly lower conditional stability constants 
were found in 0.44 mol/L HNO3, having values of 
lg β’1 = 0.7 ± 0.2; lg β’2 = 2.0 ± 0.2 and lg β’3 = 3.0 ± 
0.3.  
pKa value  
The pKa value of OMe-PTD was determined by evalu-
ating the shifts of its 1H signals as a function of pHc.   

With decreasing pHc a downfield shift of the aromatic 
protons was observed. No shifts were observed for pHc 
values > 4.39 or < 0.96, indicating the existence of only 
the deprotonated or protonated ligand at these pH val-
ues. In the pHc range between 4.39 and 0.96 only one 
signal was observed, indicating a fast proton exchange. 
By analysing the peak shifts relative to the shift of the 
deprotonated species, a pKa value of 2.54 ± 0.08 was 
determined.  

Discussion 
Conditional stability constants and pKa values for 
OMe-PTD are reported in Table 1 and compared with 
the respective values for PTD [9] and SO3-Ph-BTP 
[11–12].  

Comparing lg β’3 values in 10−3 mol/L HClO4, it is 
evident that OMe-PTD is a stronger complexing agent 

for Cm(III) compared to PTD. The stability constants 
(corrected for ligand protonation) differ by almost one 
order of magnitude in favour of OMe-PTD.  

In contrast, the conditional stability constants in 
0.44 mol/L HNO3 show the reverse trend, with the 
value for MeO-PTD being lower by almost three orders 
of magnitude. This behaviour is caused by differences 
in ligand basicity, the pKa value for MeO-PTD being 
larger by almost 0.5 units.  

The smaller β’3 value in 0.44 mol/L HNO3 for OMe-
PTD explains why this ligand is less efficient than PTD 
in solvent extraction experiments.  

Finally, SO3-Ph-BTP forms a much stronger complex 
with Cm(III), the β’3 value being larger by 1–2 orders 
of magnitude than the respective β’3 values for OMe-
PTD and PTD. In addition, SO3-Ph-BTP is much less 
prone to protonation.  

Due to these differences in complexation and proto-
nation, (OMe-)PTD has to be used at significantly 
larger concentrations (80 mmol/L) [5] than SO3-Ph-
BTP (10–20 mmol/L) [3].  

Conclusions 
In conclusion, addition of a methoxy group improves 
the complexation properties of PTD. However, for con-
ditions relevant to an application as a selective strip-
ping agent for actinides, i.e. approximately 0.5 mol/L 
HNO3, ligand protonation overcompensates what is 
gained by stronger metal ion complexation, in fact 
making OMe-PTD a less useful compound for the in-
tended application.   

Table 1. Cm(III) complex stability constants and pKa values of  
OMe-PTD, PTD and SO3-Ph-BTP in 10−3 mol/L HClO4 and 0.44 mol/L HNO3. 

OMe-PTD PTD [9]  SO3-Ph-BTP [11–12] 

Stability constants  
(in 10−3 mol/L HClO4) 

lg β’n lg β’n* lg β’n lg β’n*  lg β’n 
n = 1 3.3 ± 0.2 3.4 ± 0.3 3.2 ± 0.2 – 5.4 ± 0.1 
n = 2 6.8 ± 0.3 7.0 ± 0.4 6.6 ± 0.2 – 9.3 ± 0.2 
n = 3 10.3 ± 0.3 10.8 ± 0.4 9.7 ± 0.3 9.9 ± 0.5 12.2 ± 0.3 

Stability constants 
(in 0.44 mol/L HNO3) 

n = 1 0.7 ± 0.2 – 1.7 ± 0.1 – – 
n = 2 2.0 ± 0.2 – 4.0 ± 0.1 – – 
n = 3 3.0 ± 0.3 – 5.7 ± 0.2 – 10.6 ± 0.3** 

pKa 2.54 2.1 0.5 
* corrected for protonation
** (in 0.5 mol/L HNO3)
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6.2 2,6-Bis(1-(2-ethylhexyl)-1H-1,2,3-triazol-4-yl) pyridine 
P. Weßling, C. Adam, A. Geist, P. J. Panak
In co-operation with: 

E. Macerata,a F. Galluccio,a E. Mossini,a M. Mariani,a M. C. Gullo,b F. Sansone,b A. Casnati,b
a Politecnico di Milano, Department of Energy, Nuclear Engineering Division, Milano, Italy; b Università di Parma, Dipartimento di Scienze 
Chimiche, della Vita e della Sostenibilità Ambientale, Parma, Italy  

Introduction 
CyMe4-BTBP (Scheme 3 top), the current European 
reference extracting agent for separating An(III) from 
Ln(III), suffers from drawbacks such as slow kinetics 
and limited solubility [2, 13–14]. The promising prop-
erties of the water-soluble PTD ligand [5] (see also sec-
tion 6.1) prompted the development of lipophilic ex-
tracting agents based on the 2,6-bis(1,2,3-triazol-4-yl) 
pyridine core [6]. One representative of this family, 
2,6-bis(1-(2-ethylhexyl)-1H-1,2,3-triazol-4-yl) pyri-
dine (PTEH, Scheme 3 bottom), has promising proper-
ties for separating An(III) from Ln(III) [6], surpassing 
those of CyMe4-BTBP.  

Its complexation properties for An(III) were studied 
by NMR and TRLFS. For results of the NMR study, 
see the contribution to the NMR section of the Annual 
Report. TRLFS was applied to determine stability con-
stants of the Cm(III)-PTEH complexes and to identify 
the Cm(III) complex formed in the organic phase of a 
solvent extraction experiment.  

Results and Discussion 
Cm(III) complex stability constants 
Figure 2 shows the normalised Cm(III) fluorescence 
spectra at varied PTEH concentration in methanol con-
taining 5 vol.% water.  

The emission bands at 595.1 nm and 598.3 nm corre-
spond to Cm(III) solvated with water and methanol 
[15]. With increasing PTEH concentration, emission 
bands at 600.3 nm, 605.8 nm and 608.4 nm were 
found. These emission bands were attributed to the 
[Cm(PTEH)n]3+ (n = 1–3) complexes by slope analysis. 

The lifetime of the 1:3 complex was τ = 
(585 ± 12) µs, indicating the absence of quenching 
methanol or water molecules.  

The conditional stability constants for the formation 
of the 1:1, 1:2 and 1:3 complexes in methanol contain-
ing 5 vol.% water were determined to lg β’1 = 5.2 ± 0.1, 
lg β’2 = 10.7 ± 0.1 and lg β’3 = 16.2 ± 0.2. The stability 
constant of the 1:3 complex is approximately one order 
of magnitude lower than the stability constant of the 

[Cm(nPr-BTP)3]3+ 1:3 complex (lg β’3 = 17.4 ± 0.4) in 
the same solvent [15]. 

Figure 3 shows the Cm(III) species distribution as a 
function of PTEH concentration. Both the 1:1 and 1:2 
complexes had a maximum share of approximately 
25% at a PTEH concentrations of 2.6 × 10−6 mol/L and 
6 × 10−6 mol/L, respectively. The 1:3 complex became 
the prevailing species at 4 × 10−6 mol/L PTEH.  

Identification of the extracted Cm(III) complex  
Cm(III) was extracted from 3 mol/L HNO3 into an or-
ganic phase containing 0.2 mol/L PTEH in kero-
sene/1-octanol (9:1). To identify the complex formed 
upon extraction the organic phase was investigated u-
sing TRLFS.  

Scheme 3. CyMe4-BTBP (top) and PTEH (bottom). 

Figure 2. Normalised Cm(III) fluorescence spectra in 
MeOH + 5 vol.% H2O at increasing PTEH concentrations. 

Figure 3. Cm(III) species distribution as a function of the 
PTEH concentration in MeOH + 5 vol.% H2O. Lines calcu-
lated with lg β’1 = 5.2, lg β’2 = 10.7 and lg β’3 = 16.2. 
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Comparison of the emission band from the organic 
phase sample with that of the 1:3 complex from the mo-
nophasic titration experiment revealed perfect agree-
ment regarding position of the emission band 
(608.4 nm) and peak shape. Thus Cm(III) is extracted 
as the 1:3 complex [Cm(PTEH)3]3+, in agreement with 
findings for other tridentate N donor ligands such as 
BTP [15–16].  
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7 Development of actinide 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 actinide and radionuclide (geo)chemistry or the behavior of nuclear waste forms 
during interim storage. Radionuclide speciation methods available at INE’s controlled area laboratories and the 
ACT and INE-Beamline stations at the nearby KARA research accelerator are continuously adapted to serve the 
requirements of in house R&D programs. Access to this unique instrumentation is as well provided to national and 
international partners in the frame of cooperation agreements or joint research projects. The high-resolution (HR) 
X-ray emission spectrometer at the ACT station has been repeatedly shown to provide unprecedented insight into
electronic and bonding characteristics of actinyl moieties when excited at the actinide 3d core levels. In 2018, the
outstanding spectral resolution of the HR-XANES technique implemented at ACT has been for the first time ap-
plied to study the subtle “pre-edge” features at the iron K-edge measured for Fe(II)/Fe(III) containing model com-
pounds with tetrahedral and/or octahedral Fe coordination. One of the key challenges in this context is the detailed
characterization of Fe in possible HLW canister corrosion products (or other Fe bearing mineral phases such as
clays) and the geochemical reactions of such phases with actinides and long-lived fission products released from
breached HLW canisters. Co-precipitation of dissolved radionuclides and corrosion products and the following
redox reactions may contribute to radionuclide retention in the repository near field. This has been demonstrated
by X-ray photoelectron spectroscopy, studying selenium speciation after selenite and selenate co-precipitation with
Fe(II)- and Fe(III)-cations under anoxic and oxic conditions, respectively. Conventional fluorescence mode XAFS
measurements have been proven to serve as invaluable tool for addressing the speciation of the radionuclide in-
ventory in highly radioactive fragments sampled from spent nuclear fuel. The portfolio of laser based speciation
techniques at INE currently comprises TRLFS, LIBD and LIBS. A focus in 2018 has been placed on the investi-
gation of the complexation of trivalent actinide cations by human serum transferrin. Using a combination of
TRLFS for Cm(III) speciation, molecular dynamics simulations and density functional theory calculations, de-
tailed insight into the 3D structure of Fe(III)/Cm(III) binding sites of the protein molecule was gained. The coor-
dinating functional groups were identified based on their vibrational modes applying vibronic sideband spectros-
copy. The focus of NMR spectroscopy at INE has been traditionally placed on metal-ligand bonding phenomena
in the context of f-element coordination chemistry. However, capabilities of solid state MAS NMR spectroscopy
are currently gaining more attention, as shown in a recent study to characterize the local chemical environment of
iron in naturally occurring and synthetic smectites with different Fe(II)/Fe(III) ratios. Accelerator mass spectrom-
etry (AMS) – more recently established at INE – has been applied in the past two years to analyze the long-term
migration behavior of actinides and 99Tc employed in radionuclide tracer tests as well as to observe the behavior
of actinides from global fallout in environmental compartments representative for the conditions of a deep geo-
logical HLW repository. Many in house research activities at INE benefit from the strong support by computational
chemistry methods, providing, e.g., detailed structures of actinides incorporated into HLW canister corrosion prod-
ucts or electron transition probabilities which allow the sound interpretation of experimental UV/Vis/NIR or X-
ray absorption/emission spectroscopy data.

7.1 R&D projects conducted at the INE-Beamline and at CAT-ACT at 
the KIT synchrotron source 

A. Beck, R. Dagan, K. Dardenne, N. Finck, E. González-Robles, F. Heberling, M. Herm, S. Kumar, V. Metz,
N. Müller, Z. Nie, J. Rothe, T. Vitova

Introduction 
Synchrotron radiation (SR) based speciation tech-
niques have become key methods in basic and applied 
radionuclide research. This development is primarily 
driven by the need to secure molecular-scale under-
standing of (geo-)chemical processes determining the 
mobility of safety relevant radionuclides (i.e., long-
lived actinides, fission and activation products gener-
ated during nuclear reactor operation), possibly re-
leased from a projected repository for highly active, 
heat-producing nuclear waste. Presently, final disposal 
in deep bedrock formation is deemed as the preferred 
option worldwide for the management of spent nuclear 
fuel (SNF) and high-level waste (HLW) glass used for 

conditioning of highly radioactive residues from nu-
clear fuel reprocessing. Speciation techniques like 
XAS (X-ray Absorption Spectroscopy) provide neces-
sary input parameters (i.e., the physicochemical state 
of radionuclides under given chemical and thermody-
namic boundary conditions such as Eh, pH, ionic 
strength, presence of complexation agents or adsorbing 
surfaces etc.) to model long-term evolution scenarios 
of a projected underground repository for nuclear 
waste. All countries currently utilizing nuclear fission 
as energy source - regardless of their concepts for a sus-
tainable future energy mix - are facing additional chal-
lenges imposed by the foreseeable prolongation of SNF 
and HLW-glass interim storage until the availability of 
a societally accepted, fully licensed and technically 
functional final repository. Thus, in addition, attempts 
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to directly characterize SNF and HLW-glass matrices 
by XAFS (X-ray Absorption Fine Structure, i.e., 
XANES and EXAFS) are gaining importance in order 
to address the actual speciation of the radionuclide in-
ventory as well as the possible impact of prolonged dry 
storage on SNF integrity and future transportability. 

The INE-Beamline for radionuclide science [1] at the 
electron storage ring KARA (KArlsruhe Research Ac-
celerator) became fully operational in 2005 as a flexi-
ble experimental station for X-ray based radionuclide 
speciation investigations. The new hard X-ray beam-
line ‘CAT-ACT’ for CATalysis and ACTinide re-
search was commissioned at an adjacent beam port in 
2016 [2]. Both the INE-Beamline and the ACT labora-
tory for synchrotron based radionuclide studies are li-
censed to handle radioisotopes with activities up to one 
million times the (isotope specific) exemption limits, 
including 200 mg each of the fissile isotopes 235-U and 
239-Pu. Both experimental stations are the only facili-
ties of their kind in Europe offering direct access to ra-
diochemistry laboratories operating a shielded box-line
in close proximity to the synchrotron light source on
the same research campus.

INE-Beamline and CAT-ACT operation in 
2018/19 
After conversion of the KIT synchrotron radiation 
source from a national user facility to a KIT internal 
research infrastructure, user operation at the KARA 
storage ring had to be rearranged to suit new boundary 
conditions, resulting in a reduced availability of SR 
beamtime (up to 100 operation days per calendar year). 
Moreover, since 2016 SR beamtime distribution is no 
longer based on a peer review proposal process, but on 
in-house needs within the KIT and HGF research pro-
grams and individual agreements between beamline-
operating KIT-institutes and external cooperation part-
ners. Cooperation between KIT-IBPT and Helmholtz-
Zentrum Dresden-Rossendorf (HZDR) enabled 20 ad-
ditional days of KARA SR operation in 2019, partially 
compensating for beamtime losses at the Rossendorf 
Beamline (ROBL) due to the ESRF (the European Syn-
chrotron Radiation Facility at Grenoble, France) up-
grade in 2019/20. In this context, 12 selected projects 
of IRE scientists (HZDR Institute of Resource Ecol-
ogy) were carried out at the ACT and INE-Beamline 
stations, which have provided 20 beamtime days each 
in 2019 for this cooperation. A total of 33 (in-house & 
external) projects received beamtime in 2018 at the 
INE-Beamline and ACT experimental stations, fol-
lowed by 51 projects in 2019 (excluding HZDR special 
operation). Ongoing efforts to refurbish the storage 
ring in the report period enabled a significant gain of 
the electron beam lifetime and, thus, the permanent 
transition to a single-injection mode (one daily injec-
tion between 8 and ~9 am). 

As in the previous years, INE in-house projects in 
2018 and 2019 covered the investigation of a broad 
range of materials containing actinides (An) or their 
chemical homologues (e.g., lanthanides (Ln)) and pos-
sible fission products in the context of nuclear waste 

disposal safety research or basic actinide and radionu-
clide science. Besides others, studies scheduled for 
2018 comprised the Mo speciation in the CaMoO4 – 
Na0.5Ln0.5MoO4 solid solution series (Ln: La, Eu, 
Yb), XAFS, HR-XANES and µ-XRF investigations of 
highly radioactive nuclear waste samples (SNF, HLW 
glass and zircaloy cladding fragments), the investiga-
tion of ionic strength effects on americium retention at 
the magnetite surface, interaction of Np with Fe(II,III)-
oxides or Fe-containing clay minerals, the investiga-
tion of radioactive scalings sampled from a geothermal 
pilot power plant, combined Pu M5 HR-XANES/RIXS 
and Pu L3-EXAFS studies of solid and colloidal PuO2 
in aqueous media, the investigation of the ligand con-
figuration in Th(nPr-BTP)3(OTf)4 depending on the 
solvent polarity and the speciation of Th in natural soil 
samples from Sri Lanka. Some of these studies are pre-
sented in more detail elsewhere in this annual report. 
Studies focussing on the An speciation in an original 
SNF fragment and on Fe-speciation applying Fe K-

 

 

 
Fig. 1: Normalized XANES spectra obtained for the 
Gösgen fuel fragment (orange traces) together with spectra 
of reference compounds recorded at the (top) U L3-edge, 
(centre) Zr K- and Pu L3-edges and (bottom) Am L3-edge 
[5]. 

17050 17100 17150 17200 17250 17300 17350

0.0

0.5

1.0

1.5  SNF(fluo. yield) 
 UO2 (transm.)

no
rm

. a
bs

or
pt

io
n 

(a
.u

.)

energy (eV)

U L3-edge

17950 18000 18050 18100 18150 18200

0.0

0.5

1.0

1.5

no
rm

. a
bs

pr
pt

io
n 

(a
.u

.)

energy (eV)

 Zr(IV)O2 M
 SNF fragment (Zr)
 Pu(IV)O2

 SNF fragment (Pu)
 Zr metal

Zr K-edge

Pu L3-edge

18450 18500 18550 18600 18650

0.0

0.5

1.0

1.5

no
rm

. a
bs

. (
a.

u.
)

energy (eV)

 4 mM Am(III) in 
         0.05 M HClO4

 AmO2

 SNF bulk fragment

Am L3-edge

46



edge HR-XANES and RIXS will be presented in more 
detail below. 

Researchers and cooperation partners from the fol-
lowing German and international research institutions 
conducted research at the INE-Beamline and ACT sta-
tion in 2018/19: 

• CEA Marcoule/Cadarache, France
• SCK-CEN, Belgium
• University of Heidelberg, Germany
• Joint Research Centre Karlsruhe, European

Commission
• University of Copenhagen, Denmark
• EPFL Lausanne, Switzerland
• University of Manchester, United Kingdom
• Los Alamos National Laboratory, USA
• HZ Dresden-Rossendorf / IRE, Germany
• Technical University of Delft, The Nether-

lands
• University of Jena, Germany
• University of Mainz, Germany
• University of Köln, Germany
• Sorbonne Université, Paris, France
• Forschungszentrum Jülich, IEK-6, Germany

As in the preceding years, a considerable share of in-
house beamtime was spent for experiments conducted 
by master and graduate students in the frame of their 
thesis projects. Beamtime at both lines was as well 
awarded to S. Kumar (Bhabha Atomic Research Cen-
tre, India) to conduct research in the frame of his suc-
cessful Humboldt Fellowship application at KIT.    

Speciation of actinides in a SNF bulk frag-
ment 
Work at KIT-INE currently focuses on direct 
XAFS/HR-XANES speciation investigations of SNF 
bulk fragments and cladding ring segments (both from 
the plenum and the central section, where the Zircaloy 
had been in contact with the fuel during irradiation), 
originating from a test fuel rod irradiated at Gösgen 
PWR, Switzerland (238-UO2 fuel with an initial en-
richment of 3.8% 235-U, burn-up ~50.4 GWd/tHM) 
[3], cf. chapter 5.1. Sample preparation for experiments 
at the INE-Beamline and ACT station follows the pro-
cedure described by Dardenne et al. [4] for the investi-
gation of borosilicate HLW glass fragments. The dose 
rate of the encapsulated sample (a mm-sized fragment 
taken near the centre of a fuel pellet) was determined 
to be 3.45 mSv/h in contact and ~2 µSv/h at 1 m dis-
tance, i.e., at the edge of the beamline experimental ta-
bles. XAFS data were recorded in total fluorescence 
yield mode at the U L3- (17.166 keV), Pu L3- (18.057 
keV), Am L3-(18.510 keV) and Zr K-edge (17.998 
keV), using a Ge solid state detector and an Ar-filled 
ionization chamber as I0-monitor (cf. [5] for experi-
mental details). 

Figure 1 (top) depicts the fluorescence mode U L3-
XANES spectra obtained for the SNF fragment com-
pared to a reference spectrum taken from an UO2 pellet 
(uraninite dispersed in polyethylene powder and 

pressed to a disk) with an ideal “edge-jump” for trans-
mission measurements. The spectrum of the SNF frag-
ment strongly resembles that of U(IV) in the fluorite 
type UO2 reference. The position of the white line 
(WL) maximum (17.176 keV) and the first inflection 
point (17.170 keV) clearly point to the prevailing tetra-
valent oxidation state of uranium in the SNF fragment, 
while WL broadening and damping as well as EXAFS 
amplitude losses have to be attributed to a marked 
“self-absorption” effect, i.e., the expected non-linearity 
when detecting XAFS of a concentrated element in a 
“thick” sample in total fluorescence yield mode.  

Pu adopts the same fluorite-type crystal structure of 
a tetravalent cation in the SNF matrix as its U mother, 
as obvious from the fluorescence mode Pu L3-XANES 
shown in Fig. 1 (centre) and comparison to a PuO2 ref-
erence sample. The spectrum of the SNF fragment is 
unaffected by “self-absorption” compared to that ob-
tained for U. WL and edge positions recorded at the Zr 
K-edge for the SNF fragment and the monoclinic
Zr(IV)O2 reference sample (in the same graph in Fig.
1, centre) are in agreement with the presence of Zr as a
tetravalent fission product cation. The Zr-spectrum of
the SNF fragment exhibits a narrower, more symmetric
WL, and a reduced energy distance between the WL
maximum and the first “shape resonance” compared to
monoclinic ZrO2. These small, but significant differ-
ences might indicate more symmetric oxygen coordi-
nation in the fuel compared to the reference oxide ex-
pected if Zr(IV) remains predominantly incorporated at
U(IV) sites in the UO2 fluorite type lattice.

Finally, Fig. 1 (bottom) depicts the Am L3-edge 
XANES obtained for the SNF fragment, a solid 
Am(IV)O2 and an aqueous Am(III) reference sample 
([Am] = 4 mM in 0.05 M HClO4). Comparing these 
XANES spectra, we can conclude that – in contrast to 
U and Pu, which are incorporated as tetravalent cations 
in the SNF matrix – Am retains its favoured trivalent 
oxidation state. Am isotopes are generated during fuel 
irradiation through β-decay of 241-Pu and consecutive 
neutron capture. Since recoil-induced Am-cation dis-
placement in the UO2 lattice is not to be expected, the 
necessary charge balance might occur via formation of 
Am(III)O711- moieties with oxygen vacancies in the cu-
bic, eight-fold coordinated cation site of the fluorite 
structure. Alternatively, UO2 can act as redox buffer: 
Am(IV)→Am(III)/UO2→UO2+x. This process has 
been observed by D. Prieur et al. in their study on 
Am/U oxide solid solution formation [6]. The possibly 
resulting minor UO2+x fraction has not been detectable 
in the present study and might require a combination of 
spatially resolved and high (energy) resolution XAS 
techniques (i.e., U M-edge HR-XANES) in future ex-
periments. 

Iron-speciation with HR-XANES, RIXS and 
fluorescence emission spectroscopy  
As already highlighted in chapter 4.3, one of the foci of 
the secondary phases group at INE is the investigation 
of iron corrosion products and other iron bearing sec-
ondary phases (e.g., green-rust, magnetite, iron bearing 
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clays etc.) and their interactions with actinides and fis-
sion products. One of the key challenges in this context 
is the detailed characterization of Fe in the correspond-
ing solids with respect to redox state and coordination 
environment. Here we present a selection of results 
from an experiment, in which the high-resolution (HR) 
X-ray emission spectrometer at the ACT station was
equipped with Ge(620) crystals. These crystals allow
to record the Fe-Kβ1,3 fluorescence emission with HR
(~1.9 eV FWHM, Bragg angle ≈ 79°). Goal of the in-
vestigation was to test the possibilities of the setup to
characterize the electronic structure of Fe(III) and
Fe(II) in tetrahedral and/or octahedral oxygen coordi-
nation in model compounds. Model compounds and
their most important characteristics are summarized
below (superscript “VI” stands for octahedral-, and
“IV” for tetrahedral coordination):

• hematite (α-Fe2O3): VIFe(III)
• goethite (α-FeOOH): VIFe(III)
• maghemite (γ-Fe2O3): VIFe(III) + IVFe(III)
• magnetite (Fe3O4): VIFe(II) + VIFe(III) +

IVFe(III)
• iron phosphate (FePO4): IVFe(III)
• wuestite (FeO): VIFe(II).

The upper image in Fig. 2 shows a sketch of the elec-
tron orbitals in Fe(II) and Fe(III) and the electronic 
transitions relevant for our study. The lower graph dis-
plays HR-XANES data measured on the model com-
pounds. Arrows highlight the features of main interest 

in the present report, namely the excitation energy po-
sition of the main absorption edge (transition “a”) and 
the excitation energy position of the pre-edge feature 
(transition “b”). Of further interest are the energy posi-
tions of the maxima of the emission lines (transition 
“c”) measured at excitation energies above the absorp-
tion edge (“c/a”) and at the pre-edge (“c/b”). For Fe(II) 
or (III) in octahedral coordination environments with 
preserved inversion symmetry, transition “b” is dipole 
forbidden. Thus, only relatively weak quadrupole tran-
sitions occur. The pre-edge represents transitions to the 
3d5/2 orbital, which is split into two sublevels (eg and 
t2g). For Fe(III) in tetrahedral coordination, Fe d and p 
valence states mix and as a consequence transition “b” 
is dipole allowed. In this case, the 3d5/2 orbital splits in 
two sublevels with similar energy (t2 and e). 

The excitation energy position of the main edge (“a”) 
is obtained from HR-XANES data, the emission en-
ergy peak above the absorption edge (“c/a”) is obtained 
from fluorescence emission scans, recorded at an exci-
tation energy of 7180 eV. The position of the pre-edge 
feature with respect to excitation (“b”) and emission 
energy (“c/b”) is determined from so called RIXS maps 
(mesh scans in excitation and emission energy at the 
pre-edge position). RIXS maps are evaluated using a 
Phyton script. The pre-edge peaks are fitted with either 
a single 2D Gaussian, in order to obtain the center of 
mass of the pre-edge peak (full circles in Fig. 3), or 
with two 2D Gaussians, in order to determine individ-
ual peak positions within split double peaks (open cir-
cles in Fig. 3). 

The brownish frame in Fig. 3 shows how the average 
energy of transition “c/b” increases with increasing en-
ergy of transition “b” for the model compounds. For Fe 
in octahedral coordination peaks are split as expected. 
Splitting in excitation energy direction correlates with 
a splitting in emission energy direction. This is similar 
for Fe(II) (yellow frame in Fig. 3) and Fe(III) (blue 
frame in Fig. 3). Fe(III) in tetrahedral coordination 
shows, as expected, no significant splitting (grey 
frame). The mixed structure, magnetite (VIFe(II & III), 

Fig. 2: The upper image shows a sketch of the electronic 
structure of Fe(II) and Fe(III). The lower graph shows HR-
XANES data measured on the model compounds. Arrows in-
dicate the features of main interest in the HR-XANES, RIXS, 
and fluorescence emission measurements. 

Fig. 3: Pre-edge peak positions determined from RIXS maps. 
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IVFe(III)), shows no splitting in excitation energy direc-
tion, but significant splitting in emission energy direc-
tion. 

By comparing the emission energy maxima at the 
pre-edge (“c/b”) with emission energy maxima at the 
main edge (“c/a”, data not shown) we get insight in the 
so called exchange interaction, i.e. in how far the en-
ergy level of the 3p orbitals (transition “c”) is sensitive 
to the presence of an excited electron in the 3d orbital. 
Values obtained for Fe in our model compounds are 
plotted in Fig. 4 as a function of the main absorption 
edge position. The effect observed for Fe is tiny com-
pared to other 3d transition metals (e.g., Ti [7]). It is 

interesting to note that the energy shift caused by ex-
change interaction changes sign with changing oxida-
tion state, i.e. ~0.2 eV for Fe(II), ~0 eV for magnetite, 
and ~-0.1   ̶ -0.2 eV for Fe(III). 

As shown here, HR X-ray spectroscopic investiga-
tions offer detailed information on the electronic struc-
ture of Fe in solids. Fe-Kβ fluorescence has high chem-
ical sensitivity and enables studies of subtle effects like 
exchange interaction or spin dependent spectroscopy 
(not shown). Most useful for the characterization of un-
known iron phases, however, (tests were performed on 
leached magnetite, not shown here) is the HR-XANES 
signal. With respect to HR-XANES we need to men-
tion that this signal can be obtained with higher resolu-
tion and flux by recording Fe-Kα fluorescence. 
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against the position of the main absorption edge. 

49



7.2 Laser spectroscopy 
N. Adam, M. Trumm, B. Schimmelpfennig, P. J. Panak 

in cooperation with 

V. C. Smith,a R. T. A. MacGillivraya 

a University of British Columbia, Department of Biochemistry and Molecular Biology and Centre for Blood Research, 2350 Health Sciences 
Mall, Vancouver, British Columbia V6 T 1Z3, Canada  

Introduction 
If radionuclides are accidentally released to the envi-
ronment, actinides in particular can cause a serious 
health risk due to their high radiological and chemical 
toxicity. However, little is known about the chemical 
behaviour and potential toxic effects of actinides when 
incorporated in the human body. For the development 
of potential decontamination therapies a detailed un-
derstanding of the mechanisms of relevant biochemical 
reactions is urgently required.[1] 

A potential reaction that incorporated actinides might 
undergo is the coordination to human serum transferrin 
(hTf), the Fe(III) carrier protein in human blood. The 
complexation of Cm(III) as a representative of trivalent 
actinides with human serum transferrin and the recom-
binant N-lobe of human serum transferrin hTf/2N was 
investigated in previous studies using time-resolved la-
ser fluorescence spectroscopy (TRLFS), extended X-
ray absorption fine structure (EXAFS) and UV/Vis 
spectroscopy.[2-5] The results indicate that Cm(III) co-
ordinates at the Fe(III) binding sites of transferrin un-
der physiologically relevant conditions. Consequently, 
complexation to transferrin might be a relevant reac-
tion for the distribution of trivalent actinides in the hu-
man body. However, no information on the structure of 
Cm(III) bound at the N- and C-terminal binding sites 
of transferrin is available yet. Hence, the complexation 
of Cm(III) with two single point mutants H249A 
(His à Ala) and Y95F (Tyr à Phe) of the recombi-
nant N-lobe of human serum transferrin hTf/2N was 
studied using TRLFS. Both mutants are characterized 
by a substitution of amino acid residues involved in 
Fe(III) complexation at the N-terminal binding site by 
non-complexing residues. The experimental results are 
complemented by molecular modelling. Molecular dy-
namics (MD) simulations together with DFT (Density 
Functional Theory) calculations give insights into the 
three-dimensional structure of Cm(III) bound at the 
transferrin binding sites. Furthermore, the synergy be-
tween vibronic sideband spectroscopy and quantum-
chemical computations of vibrational modes allows the 
identification of the coordinating groups. 

Complexation of Cm(III) with the H249A and 
Y95F mutants 
The complexation of Cm(III) with the hTf/2N single-
point mutants Y95F (Tyr → Phe) and H249A 

(His à Ala) was investigated in the pH range from 3.5 
to 11.0. The spectra are compared to those of Cm(III) 
with the native transferrin obtained in previous studies. 
The latter are characterized by a sharp emission band 
at λmax = 620 nm representing the complexation of 
Cm(III) at the C- and N-terminal binding sites. In case 
of the Y95F mutant this emission band is missing in the 
pH dependent spectra (Fig. 1, top) indicating that no 
complexation of Cm(III) occurs at the binding site. 
Hence, Tyr 95 plays a key role for the Cm(III) binding 
at the N-terminal binding site of transferrin. The sub-
stitution of Tyr 95 by the non-complexing amino acid 

Fig. 1: Normalized fluorescence spectra of the Cm(III) Y95F 
(top) and H249A (bottom) complexation in the pH range be-
tween 3.5 and 11.0; c(Cm) = 1.0·10-7 M, 
c(H249A) = c(Y95F) = 5.0·10-6 M, TRIS 10 mM, NaCl 
150 mM, T = 296 K. 
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Phe prevents Cm(III) from forming a strong, multiden-
tate complex at the binding site of the mutant. 
In case of the H249A mutant (Fig. 1, bottom) shape and 
position of the emission band at λmax = 618 nm is 
comparable to those of Cm(III) coordinated at the C- 
and N-terminal binding sites of transferrin.[2, 6] The 
slight blue shift of the emission band is attributed to 
small variations in the ligand field upon mutation of the 
His 249 residue. Replacement of His by the non-
complexing ligand Ala introduces a slight change to the 
protein structure and the coordination environment of 
Cm(III) at the binding site. Furthermore, a significantly 
higher pH is required to obtain Cm(III) complexation 
at the binding site of the H249A mutant. The Cm(III) 
H249A species is formed above pH 8.0 which is 0.6 pH 
units higher compared to the intact transferrin N-lobe. 
Nevertheless, Cm(III) complexation at the binding site 
still occurs which proves that His 249 is not a key 
ligand like Tyr 95. This is in agreement with the 
chemical properties of Cm(III) as actinides prefer 
complexation with hard O donor atoms. 

MD simulation of Cm(III) bound at the trans-
ferrin binding site 
Further structural information was obtained using 
quantum chemical calculations of Cm(III) complexed 
at the N-terminal binding site. After the initial equili-
bration period, the Cm(III) hTf/2N species is formed 
owing to an applied force. For the subsequent equili-
bration of the entire protein, another 50 ns were re-
quired. As the ionic radii of Fe(III) and Cm(III) show 
significant differences, we expected different coordi-
nation forms accordingly.[7] Analyzing the latter 
100 ns of the MD trajectory, all coordinating groups 
present in the Fe(III) complex are also found for 
Cm(III), i.e. Asp 63, Tyr 95, Tyr 188 and His 249 in 
addition to two water molecules, one monodentate and 
one bidentate carbonate ion. The coordination number 
of the carboxylic group in Asp 63 is determined to 
CNAsp63 = 1.2 (cf. Table 1) which is in agreement to 
previous studies also confirming monodentate com-
plexation for the Fe(III) transferrin complex.[8, 9] Fur-
thermore, we determined different bond-lengths for the 
two tyrosine groups (even after DFT optimization) 

highlighting their different roles within the complex 
formation as proposed by He et al.[8]  

Vibronic Sideband Spectroscopy (VSB) 
Vibronic sideband spectroscopy (VSBS) is a versatile 
technique that is used to identify the direct coordination 
environment of luminescent ions.[3, 10-14] Vibronic 
sidebands originate from the coupling of electronic 
transitions from the metal ion with vibrational modes 
from the coordinating ligands.[15, 16] For the meas-
urement of vibronic sidebands, conditions need to be 
selected at which the species investigated is present as 
a pure component. Therefore, the vibronic sidebands of 
Cm(III) H249A were measured at pH 11.0 in the wave-
length range from 620 to 850 nm. The corresponding 
vibrational energies were calculated from the positions 
of the vibronic sidebands relative to the zero phonon 
line (ZPL), which is the Cm(III) H249A emission band 
at λmax = 618.1 nm. The spectra showed three broad 
main sidebands at 778 cm-1, 1258 cm-1 and 1543 cm-1 
(Fig. 2).  

The vibronic sidebands of the Cm(III) H249A spe-
cies were compared to those of the Cm(III) bound at 
the C-terminal binding site of transferrin determined at 
pH 11.0 (Fig. 2). The spectra are in good agreement 
indicating the similarity of the coordination environ-
ment of Cm(III) at the C-terminal binding site of trans-
ferrin and at the binding site of the H249A mutant con-
firming the minor role of His in Cm(III) complexation 
at the binding sites. These results are in excellent agree-
ment with those obtained from the pH dependent 
Cm(III) transferrin and H249A emission spectra de-
scribed in the previous sections.  

The assignment of the measured vibronic sidebands 
to vibrational modes of the coordinating ligands in the 
Cm(III) complexes with transferrin and H249A has not 
been possible to date. Unfortunately, there are no liter-
ature data on vibrational energies of different amino 
acid residues of the proteins available. Therefore, 
MD+DFT simulations were performed to calculate the 
vibrational modes of Asp 63, Tyr 95, Tyr 188 and His 

Fig. 2: Comparison of the measured VSB spectra of Cm(III) 
transferrin and Cm(III) H249A with calculated vibrational 
frequencies from DFT optimizations (Tyr 95 and Tyr 188 
deprotonated, coordination of OH- instead of H2O is as-
sumed). 

Table 1: Coordination numbers (CN) and bond distances 
from DFT optimizations (Tyr 95 and Tyr 188 deprotonated, 
coordination of OH- instead of H2O is assumed). 

CN 
(MD) 

CN 
(DFT) 

bond length 
[Å] 

COO- Asp 63 1.2 1 2.52 

C-O- Tyr 95 1.0 1 2.43 

C-O- Tyr 188 0.9 1 2.51 

N-C His 249 0.9 1 2.91 

OH- - 2 2.07 

CO3
2- (bidentate) 1.8 2 2.44 

CO3
2- (monodentate) 1.1 1 2.31 
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249 as well as of H2O and CO32-. These studies have 
the potential to identify the coordinating ligands of 
Cm(III) at the transferrin binding sites. 

Calculation of vibrational modes 
For the calculation of the structure and the vibrational 
modes of hTf/2N the protonation/deprotonation of the 
functional groups was taken into account. Based on the 
pKa values of the different amino acid residues we as-
sumed His to be neutral and Asp as well as both Tyr 
residues to be deprotonated under the given experimen-
tal conditions (pH 11). Furthermore, OH- is taken into 
account as a potential binding partner for Cm(III).  

Based on geometry optimizations, the average bond 
distances were obtained as summarized in Table 1. The 
His 249 bond is very weak compared to those of the 
other coordinating amino acid residues. Computed vi-
brational modes agree very well with the measured 
VSB spectra of Cm(III) transferrin and Cm(III) H249A 
(Fig. 2). However, since several modes overlap it is not 
possible to make a definite assignment of the measured 
frequencies. It should be noted that calculated intensi-
ties are solely determined by relative abundances of the 
vibrational modes and are not as reliable as the band 
positions. 

Considering the first vibronic sideband, bending 
modes of both carbonates and Asp 63 correspond well 
to the broad shoulder at 778 cm-1. Theoretical results 
hence suggest the band at 1258 cm-1 to be composed of 
deprotonated tyrosine C-O stretching, His 249 N-C(2) 
stretching and bidentate carbonate stretching modes 
(see Fig. 2). Excluding water bending modes, the re-
sults indicate that the band at 1543 cm-1 envelopes His 
249 N-C(1) stretching, monodentate carbonate stretch-
ing and Asp 63 stretching modes.  

In the present study, the coordination environment of 
Cm(III) bound at the Fe(III) binding sites of transferrin 
was investigated using a combined experimental and 

theoretical approach. The combination of time-re-
solved laser fluorescence spectroscopy and theoretical 
modelling provides detailed information on the struc-
ture of Cm(III) transferrin for the first time. These re-
sults contribute to a better understanding of actinide - 
protein interaction mechanisms and are therefore of 
major importance for the identification of relevant 
transport mechanisms of incorporated radionuclides in 
the human body.  
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Introduction 
Corrosion of steel containers in a nuclear repository af-
ter a potential ingress of aqueous solution is a source 
of dissolved iron species, radionuclides, and corrosion 
products. Co-precipitation of dissolved radionuclides, 
e.g. 79Se, with steel corrosion products in combination
with redox reactions can result in less soluble solid ra-
dionuclide forms in the near field. In the far field and
under more oxic conditions, Fe(III)-minerals are able
to attenuate migration of radionuclides by adsorption
and incorporation.

The engineered barrier around nuclear waste contain-
ers may consist of cement and surrounding bentonite. 
Interaction of cement with bentonite pore water can af-
fect the integrity of the barrier. 

Retention of selenium oxyanions during the 
transformation of iron minerals 
In this study, we investigated the retention of the aque-
ous selenium oxyanions selenite Se(IV)O32- and selenate 
Se(VI)O42- during the formation of magnetite via 
Fe(OH)2 and green rust. In addition, the retention of 
selenium oxyanions by the ferrihydrite-hematite re-
crystallization is investigated which are typical corro-
sion products and minerals under oxic conditions. 

79Se with a half-life of about 0.327 Ma is one of only 
seven long-lived fission products and thus relevant in 
the context of nuclear waste repositories. 79Se decays 
via b-- (151 keV) without g-emission and can have a 
major impact on the total dose rate in the aquifer in the 
period of 5E+3 to 5E+5 years after nuclear waste dis-
posal. In nature, Se occurs with valences –II, -I, 0, IV, 
or VI. Se(-II), Se(-I), and Se(0) form less soluble metal 
selenides or elemental Se. In spent nuclear fuel, Se(-II) 
is detected, whereas in vitrified highly active waste Se 
is present in the tetravalent state. Dissolution of waste 
forms and oxidizing radiolysis products can result in its 
oxidation to Se(VI). In aqueous systems at high redox 
potential and neutral to alkaline pH values, selenium is 
highly mobile in form of the oxyanions selenite and 
selenate. The Se oxyanions are not sorbing onto kao-
linite and montmorillonite at pH > 8, with selenate be-
ing the most mobile species.  

In a nuclear repository, neutral to alkaline pH values 
and anoxic conditions are expected to prevail. Anoxic 
corrosion of steel containers in aqueous solution results 
in the formation of Fe(OH)2 and H2. At T > 50°C, 
Fe(OH)2 transforms to magnetite, water, and hydrogen 
(Schikorr reaction). At lower temperatures, Fe(OH)2 
transforms to intermediate, instable green rust and fi-
nally to magnetite, water, and hydrogen. 

To simulate the characteristics of Se oxyanions in 
presence of corroding steel, non-radioactive Se oxyan-
ions were co-precipitated with Fe2+ under anoxic con-
ditions. Progressive mild oxidation yielded a final pH 
of 9.2. More than 99% of selenite and selenate were 
removed from solution of initial concentrations tested 
in the range of 0.1 to of 5 mM. The time-dependent re-
action was investigated by aliquots taken after 30 
minutes and 2 days of reaction and analysed by various 
techniques [1]. 

XPS was performed by a ULVAC-PHI VersaProbe 
II spectrometer by use of monochromatic Al Ka 
(1486.7 eV) X-ray excitation. Survey spectra and nar-
row scans of elemental lines were acquired to charac-
terize element composition and bonding state of the el-
ements. The O 1s elemental lines of hydroxide at 531.2 
eV or Fe3O4 at 530.0 eV were used as charge references 

Fig. 1: Narrow scans of Fe 2p and O 1s elemental lines of 
selenite (blue curve) or selenate (cyan curve) co-precipitated 
with Fe2+. Comparison with a-Fe2O3 [3] (red curve), Fe3O4 
[3] (black curve), and green rust carbonate [2] (cross sym-
bols).
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at the samples [2], which is equivalent to charge refer-
encing to the C 1s elemental line of adventitious hydro-
carbon at 284.8 eV. The error of binding energies of 
elemental lines was estimated to ± 0.2 eV. After 30 
minutes of reaction, XPS surveys of the precipitates de-
tected selenium in the concentration range of (0.3-0.7) 
at%, indicating that most of the initial selenium oxyan-
ions were removed from solution. Narrow scans of 
Fe 2p and O 1s elemental lines are similar in both cases 
of initial addition of selenite or selenate, as depicted in 
Figure 1. The Fe 2p3/2 elemental lines show a maxi-
mum intensity at a binding energy of around 709.5 eV 
and a satellite spacing of 4.7 eV to the main line, char-
acteristic of Fe(II). The O 1s spectra exhibit intense 
lines at 531.2 eV typical of hydroxide. The Fe 2p and 
O 1s spectra are similar to those of green rust carbonate 
[3] but differ clearly from those of a-Fe2O3 and Fe3O4 
samples [4]. Compared to Fe(II), the Fe 2p component 
of Fe(III) has a higher binding energy and a character-
istic satellite with around 8.2 eV distance from the 
main line. 

The Fe 3p elemental line superposes the Se 3d lines 
commonly used for speciation of selenium. Therefore, 
binding energies of the photoelectron lines Se 3s and 
Se 3p3/2 as well as the Auger lines Se L3M45M45 and 
Se L2M45M45 were measured and compared to refer-
ences [5], compiled in Table 1. After 30 minutes of re-
action the elemental lines of Se were assigned to 
Se(-II), regardless if selenite or selenate oxyanions are 
initially used for co-precipitation with Fe2+. The reduc-
tion of selenium oxyanions and formation of nano-par-
ticulate iron selenide (< 100 nm) with low solubility is 
enabled by oxidation and transformation of instable 
Fe(OH)2 to green rust, in line with findings by XAS 
[1]. Since the concentrations of chloride and carbonate 
in solution is higher than that of selenium oxyanions, 
green rust is present in the chloride and carbonate form 
and appearance of selenite or selenate green rust can be 
excluded. 

After 2 days of reaction and mild oxidation, the green 
rust transforms into magnetite. FeSe is oxidized and se-
lenium becomes zero-valent as detected by XPS (Table 
1). The binding energies of the photoelectron lines 
Se 3s and Se 3p3/2 are more sensitive to the valence 
state than the Auger lines. Micrometer sized trigonal 
selenium crystals are identified by SEM-EDX and 

XRD [1]. In this form, the selenium is preserved, alt-
hough Se(0) is not thermodynamically stable under al-
kaline, oxic conditions. The selenium crystals formed 
during co-precipitation are more stable against re-dis-
solution than adsorbed selenite or selenate oxyanions. 
Adsorption of selenate onto magnetite is low and no 
reduction is detected at hydrochemical conditions sim-
ilar to the co-precipitation experiments performed, i.e. 
pH 9.2. At lower pH values under anoxic conditions, 
e.g. pH 5.3, selenite is readily reduced by magnetite to 
Se(-II) and subsequently precipitated to FeSe with sol-
ubility lower than 6.3E-8 M [6]. 

Under oxic conditions, co-precipitation of selenium 
oxyanions with dissolved Fe3+ results in adsorption of 
selenium oxyanions onto ferrihydrite, which is the first 
precipitated iron phase [7]. During transformation of 
the amorphous ferrihydrite to crystalline hematite the 
selenium oxyanions are incorporated and immobilized 
(pH 7.5, 50° C). The initial valence state of selenium is 
maintained as indicated by XPS. Selenite at initial con-
centrations of 0.01 to 1 mM is retained by more than 
99%, whereas selenate uptake from solution is only in 
the range of 10-15%. Selenite uptake during transfor-
mation of ferrihydrite to hematite is still higher than 
pure adsorption to hematite. Desorption experiments 
indicate higher selenite desorption in case of previous 
adsorption than for co-precipitation [7]. 

The results of these studies demonstrate that reduc-
tion of selenium oxyanions during co-precipitation 
with Fe2+ or incorporation by hematite can attenuate 
migration of mobile selenium oxyanions under alkaline 
condition more effectively than adsorption onto min-
eral surfaces.  

Interaction of low pH cement with bentonite 
pore water  
In most of the concepts developed internationally, con-
crete and clay materials are used as confinement barri-
ers for radioactive waste. Both materials are chemi-
cally very different and their interactions might alter 
their chemical and physical characteristics. In order to 
increase the durability of these barriers, low pH ce-
ments were developed within the nuclear waste dis-
posal context. Understanding of the interactions occur-
ring between low pH cement materials and clay is of 
high importance in order to simulate the engineered 
barrier alteration. In the framework of the HORIZON 
2020 “Cement-based materials, properties, evolution, 
barrier functions (Cebama) Project”, the characteriza-
tion of the alteration process occurring at the low pH 
cement / clay pore water interface (MX-80 bentonite) 
has been performed by using SEM-EDX. 

The sample selected for this study is the hydrated low 
pH cement paste, which was manufactured within the 
project by the Technical Research Centre of Finland 
(VTT). The hydrates and raw materials identified in 
this low pH cement paste (pH 11.7) are described in 
[8]. Initially, the sample is mainly composed of C-(A)-
S-H phases with Ca/Si ratios between 0.6 - 1.1 and an 
Al/Si ratio of 0.05. Unreacted silica fume is also pre-
sent, while ettringite is identified as a minor hydrated 

Se lines:     3s L3M45M45  3p3/2 L2M45M45     Valence 

A*)    228.2   178.6    159.9   137.6         Se(-II) 
B*)    228.3   178.8    159.8   137.6         Se(-II) 
A**)    229.8   179.2    161.2   137.9         Se(0) 
B**)    230.0   179.0    161.1   137.9         Se(0) 
Se [5]       n/a    n/a    161.2    n/a         Se(0) 
Na2SeO3 [5]  n/a    n/a    164.1    n/a         Se(IV) 
Na2SeO4 [5]  n/a    n/a    165.8    n/a         Se(VI) 

Tab. 1: Binding energies of Se elemental lines and valence of 
Se after co-precipitation of selenite (A) or selenate (B) with 
Fe2+; *) after 30 min., **) after 2 days of reaction. Reference 
binding energies of Se(0) as well as Se(IV) and Se(VI) com-
pounds are given for comparison.  
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solid phase. Unreacted clinker (alite and belite), blast 
furnace slag, and quartz filler were identified as well in 
the sample. No portlandite or Friedel’s salt are present. 

The experimental set-up consists of batch experi-
ments, where fully saturated low pH cement samples 
with a dimension of 10×10×10 mm3 are placed in pol-
yethylene containers filled with a volume of 40 ml of 
bentonite pore water. In order to study alteration in one 
dimension, the sample is sealed with an epoxy resin, 
except to one side kept in contact with bentonite pore 
water (pH 8). Since calcium-silicate-hydrates (C-S-H) 
with C/S ratio of 0.8 are unstable below pH 10 [9], their 
decalcification is expected. 

After 6 months of reaction under anoxic condition at 
room temperature, the low pH cement is immersed in 
isopropanol in order to stop the reaction. To character-
ize the alteration zone, and to identify qualitatively the 
chemical perturbation of the low pH cement, SEM-
EDX mapping was applied to polished cross-sections. 
Multivariate analysis is used to explore the full spectral 

data stored at every pixel of the map (Thermo Scien-
tific Pathfinder software, ver. 1.3). A phase is defined 
if a certain amount of similar spectra is present in the 
dataset. The phases differ in their elemental composi-
tions and are not necessarily crystalline. A result of 
such a procedure is depicted in Figure 2. However, the 
phases originally containing hydrates or hydroxides 
were transformed to oxides by the heat generated by 
the impinging electron beam. For this reason, only the 
elemental ratios are given except for oxygen and hy-
drogen. Magnesium (9.65·10-3 M) contained in benton-
ite pore water reacts with the cement by exchange with 
calcium. Particles of MgAlCa4Si3OxHy (attributed to 
blast furnace slag not reacted) and belite (Ca2SiO4) are 
transformed at the magnesium exchanged zone to mag-
nesium containing phases with C/S = 0.17 and 
M/S = 0.4. The abundance of tetracalcium aluminofer-
rite (4CaO·Al2O3·Fe2O3) particles is also diminished in 
the magnesium exchanged zone. Quartz filler particles 
are transforming but appear more resistant. This obser-
vation suggests that the various solid compounds of the 
clinker react with the aqueous solution by forming ei-
ther cement-hydrates, i.e. C-S-H phases, or secondary 
phases such as Mg-exchanged C-S-H. 

Due to mineralogical heterogeneity of the cement, 
70% of the map data of Figure 2 was analysed to derive 
the elemental depth profile depicted in Figure 3. At the 
cement surface, a max. Mg/Ca ratio of 3 is observed. 
At a distance of about 140 µm from the surface, the 
magnesium and calcium concentrations are equal and 
at 400 µm the magnesium concentration is similar to 
the bulk concentration of around 0.9 at%. Finally, pre-
cipitation of calcite particles is observed on the altered 
surface of the Cebama cement paste. The high gradient 
in partial pressure of CO2 across the interface stimu-
lates the rapid precipitation of solid carbonates, such as 
calcite. In addition, the elemental depth profile shows 
a decrease of sulphate in the altered zone. The pH de-
crease in the cement close to the surface leads to insta-
bility of ettringite, and the released sulphate diffuses 
towards higher pH regions into the cement, where ad-
ditional ettringite can form. 
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Fig. 2: Phase distributions in false colours overlaid on the 
electron image of a cross-section of low pH cement (Cebama 
type) after contact with bentonite pore water. Left side: sur-
face of cement, Mg-exchanged C-S-H (cyan, C/S=0.17), 
quartz filler (blue), MgAlCa4Si3OxHy (pink), belite (green), 
tetracalcium aluminoferrite (red), muscovite (yellow). 

Fig. 3: Elemental depth profile extracted from the data of the 
map depicted in Figure 2.  
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Introduction 

NMR spectroscopy is a widely used spectroscopic me-

thod in organic and inorganic chemistry. A wide vari-
ety of experiments can be performed with a single ma-
chine, yielding a wealth of chemical information (Fi-
gure 1). Experiments are feasible for substances in li-
quid or solid state and on a broad range of nuclei. This 
has led to applications of NMR in fields ranging from 
small molecule spectroscopy to geochemistry and even 
biomolecular NMR with its focus on protein molecules 
of several kilodaltons molecular weight.  
Our main research activities are in the field of f-ele-
ment coordination chemistry, thus we are also engaged 

in the synthesis of new ligands, but also in solid-state 
spectroscopy and actinide coordination chemistry. 

Impact of the solvent polarity on the ligand 
configuration in Th(IV)-BTP complexes 
For the separation of trivalent actinides and lanthanides 
highly selective ligands are required. Soft N-donor lig-
ands such as bis(triazinyl)pyridines (BTPs) are known 
for their high selectivity.1, 2 The molecular origin of this 
selectivity is a topic of fundamental scientific interest. 
NMR spectroscopy is a valuable tool to determine in-
teractions between metal ions and donor ligands. For 
actinides and lanthanides, the interactions are domi-
nated by electrostatic interaction. However, due to the 
overlap of frontier orbitals, the interaction is also par-
tially covalent, resulting in a change of electron density 
distribution in the ligand. This corresponds directly to 
the change of the local magnetic field and is therefore 
precisely observable by the chemical shift. 

Figure 2 shows the results of the 15N NMR data anal-
ysis of [Th(nPr-BTP)3](OTF4) in THF-d8 (lower spec-
trum) and methanol-d4 (upper spectrum). For the first 
time we observed different ligand configurations de-
pending on the solvent used. The 15N NMR spectrum 
(40.58 MHz, 300 K) recorded in methanol-d4 shows 
four 15N signals suggesting that the ligand binds asym-
metrically to the metal ion. In contrast, only two 15N 
signals were found in the 15N NMR spectrum recorded 
in THF-d8 leading to the assumption that the symmetry 
of the ligand in the complex is preserved. 

Fig. 1: NMR spectroscopy as the chemists’ Swiss army knife. 

Fig. 2: 15N NMR spectra of [Th(nPr-BTP)3](OTf)4 recorded in THF-d8 and methanol-d4. Depending on the solvent polarity, 
the stronger solvent-complex interaction in methanol-d4 results in a slightly different ligand leading to twice as many 15N 
signals as expected. 
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The suggested ligand structures in the different 
Th(IV) complexes are shown in Figure 2. Although the 
Th(IV) ion is complexed by the same nitrogen atoms in 
both cases, the difference lies within the organization 
of the nPr side chains. In THF-d8, the symmetrical or-
ganization of the side chains guarantees a minimal re-
pulsion between the three BTP ligands (sym-[Th(nPr-
BTP)3]4+). This complex structure was also described 
for the trivalent lanthanide and actinide BTP com-
plexes.3 In methanol-d4, this symmetry is broken due to 
a strong complex-solvent interaction. The side chains 
of one 1,2,4-triazinyl ring are organized in a way that 
prevents a fast solvent exchange resulting in twice as 
many signals in 1H, 13C and 15N spectra (asym-[Th(nPr-
BTP)3]4+). 

To determine whether there is correlation between 
the ligand configuration in the complex and the solvent 
polarity, we synthesized [Th(nPr-BTP)3](OTf)4 in a 
range of deuterated organic solvents. The results show 
that in polar protic solvents such as methanol or isopro-
panol asym-[Th(nPr-BTP)3]4+ is formed. In contrast, in 
polar aprotic solvents such as THF or pyridine sym-
[Th(nPr-BTP)3]4+ is preferably formed. Both com-
plexes are formed simultaneously in cyclohexanol-d12 
which marks the boundary between polar protic and 
polar aprotic. 

Investigation of clay structures by MAS-NMR 
spectroscopy 
NMR as a versatile spectroscopic method can be used 
as well for the characterisation of solid substances. 
However, this requires a special NMR setup that is very 
different from the normal liquids setup. Signals in the 
spectra of solids are usually greatly broadened in com-
parison to those of liquids, as anisotropic inter-actions 
that cause line broadening (mainly dipolar, quadrupo-
lar and chemical shift anisotropy interactions) cannot 
be averaged by molecular movement. Dipolar coupling 
and chemical shift anisotropy can be removed by mim-
icking molecular motion through fast spinning of the 
sample in a 4 mm ZrO2 rotor (up to 15 kHz in the INE 
NMR setup) around the “magic angle” of 54.74° to-
wards the magnetic field.4 

In the context of the geochemical research at INE, the 
interaction of metal ions, especially actinides, with dif-
ferent clay minerals is very important. There are vari-
ous clay minerals which as a common feature are all 
made up from octahedral and tetrahedral sheets, but 
with variations in the filling of the octahedral and tet-
rahedral sites of the individual minerals. A very im-
portant class of clay minerals with a versatile structure 
are smectites, a subgroup of the phyllosilicates. For ex-
ample, Al3+ ions can be localized in the octahedral 
layer sheets, and Si in the tetrahedral layer sheets, e.g. 
pyrophyllite. The incorporation of other ions with dif-
ferent ionic charges leads to changes in layer charge 
and thereby in the physico-chemical properties, e.g. by 
substitution of Al3+ or other trivalent ions in the tetra-
hedral silicon sheet. The incorporation of Fe(II) or 
Fe(III), the most abundant transition metal in the 
earth’s crust, is especially relevant for nuclear waste 

disposal, as the redox couple Fe(II)/Fe(III) influences 
the clays’ specific surface area and reactivity.5-10 

With 27Al (nuclear spin I = 5/2, natural abundance 
100 %) and 29Si (I = 1/2, natural abundance 4.7 %) two 
NMR active nuclei are available in clay minerals to de-
termine the change in crystal structure at different lev-
els of iron incorporation.11-13 While iron itself in prin-
ciple also has an NMR active nucleus (57Fe: I = 1/2, nat-
ural abundance 2.1 %) the direct investigation of this 
metal ion is not possible due to very unfavourable 
NMR spectroscopic properties as well as the strong 
paramagnetism of Fe(III). This paramagnetism also 
leads to a significant line broadening in 27Al and 29Si 
spectra. In a recent study, we investigated the structure 
of eight naturally occurring and two synthetic smectites 
with different charge and charge location, having iron 
contents between 0.25 % and approx. 35 %. The goal 
of the study was to determine the distribution of iron 
within the structural sites and to characterize the local 
chemical environment. For this, we used 27Al direct ex-
citation MAS NMR spectroscopy as well as 29Si direct 
excitation and cross-polarization (CP) MAS NMR 
(Figure 3). In the 27Al spectra, the differences between 
tetrahedrally coordinated [4]Al (signal around 70 ppm) 
and octahedrally coordinated [6]Al (signal around 
0 ppm) can be seen very clearly. The relative ratios of 
the two Al species are determined by their integrals (cf. 
Table 1). 29Si has a much narrower shift range, and sig-
nals of different species often overlap and lead to an 
asymmetrical line broadening. Determination of the 

Fig. 3: Experimental 27Al and 29Si MAS-NMR spectra of 
smectites. The Fe content of the nontronite NAu-1 was too 
high for 29Si MAS-NMR spectroscopy. 
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relative ratios requires fitting of the signal by two or 
more Gaussian line shapes. However, for example in 
the saponite SapCa-2 the presence of more than one Si 
species is obvious. The effects of a high iron content 
can easily be seen on the broad spectra of the saponite 
Sapo-FeAl. While this complicates the interpretation of 
the results, we could clearly show that NMR spectros-
copy on minerals containing relatively high concentra-
tions of paramagnetic ions is feasible. Experimental re-
sults from NMR spectroscopy are in good agreement 
with findings by other methods.14 

NMR spectroscopy on the Am(III)-PTEH com-
plex 
We prepared the Lu(III) and Am(III) complexes of 2,6-
bis(1-(2-ethylhexyl)-1H-1,2,3-triazol-4-yl)pyridine 
(PTEH, Figure 4). PTEH is a promising extracting 
agent to separate An(III) from Ln(III).15  

[M(PTEH)3](CF3SO3-) complexes were prepared and 
characterized extensively by NMR spectroscopy, in-
cluding direct excitation spectra for 1H and 13C, 1H-13C 
and 1H-15N correlation spectra, COSY, diffusion-or-
dered spectroscopy16, 17 and T1 relaxation time meas-
urements for the protons. 
The most important findings are shown in Figure 4, 
which shows an overlay of the 1H,15N-gHMQC corre-
lation spectra for the Lu(III) and Am(III) complexes. 
Largely differing 15N chemical shifts were 
observed for the coordinating nitrogen atoms N1 
(ΔδLu/Am = 259 ppm) and N8 (ΔδLu/Am = 330 ppm). 
The non-coordinating nitrogen atoms N9 and N10 
showed only small differences of 14 ppm and 3 ppm, 
respectively. 

This effect is interpreted as a sign for a change in the 
bonding mode between the ligand and the individual 
metal ions. The fact that the effect is not propagated 
into the aromatic ring system beyond the coordinating 
atoms is a clear indication of a strong Fermi contact 
interaction, as dipolar effects would be noticeable on 
all nitrogen atoms. This increased Fermi contact inter-
action, in turn, is based on an increased share of cova-
lence in the bond. The results are in line with findings 
for other N-donor ligands studied by NMR spectros-
copy.3, 18
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Introduction 
The migration of radionuclides (Rn) away from a deep 
geological repository for nuclear waste is expected to 
occur principally by action of groundwater (GW). In 
crystalline host rock the main migration mechanism is 
the advection through water conductive fractures. The 
Rn would be transported after their dissolution in GW 
or their sorption onto colloidal particles, in particular 
bentonite colloids generated upon degradation of the 
geotechnical compacted bentonite barrier (GCBB) sur-
rounding the nuclear waste canisters. Transport in clay 
host rock as well as through the GCBB would occur via 
diffusion.  

We study the long-term behavior of actinides (An) 
and 99Tc in natural systems relevant to nuclear waste 
disposal with both in situ Rn tracer tests and the analy-
sis of global fallout in environmental specimens. Sam-
ples arising from these experiments present concentra-
tions of the An and 99Tc at levels ≤ fg/g. We carry out 
such ultra-trace analysis with Accelerator Mass Spec-
trometry (AMS), currently the most sensitive analytical 
technique for the determination of An and 99Tc in en-
vironmental samples [1]. 

The AMS measurements of An nuclides were per-
formed at the VERA laboratory (University of Vienna, 
Austria) employing helium stripping to the 3+ charge 
state of the An at 1.65 MV terminal voltage [2]. Sam-
ples were prepared and measured according to the 
multi-actinide analysis procedure in which An	are	con-
centrated	from	the	sample	matrix	via	iron	hydrox-
ide	 co-precipitation	 and	 measured	 sequentially	
without	 previous	 chemical	 separation	 from	 each	
other	[3].		
The	AMS	measurements	of	99Tc	were	performed	

at the 14 MV Tandem AMS facility of the Maier-Leib-
nitz-Laboratorium (MLL) of the Technical University 
of Munich (TUM, Garching, Germany). At this facil-
ity, a Gas-Filled Analyzing Magnet in addition to a 5-
fold segmented ionization chamber (GAMS) was 
available.	Such	unique	GAMS	setup	offered	the	capa-
bility	 to	effectively	 suppress	 the major background 
source to the mass spectrometric measurement of 99Tc, 
namely its daughter and stable isobar 99Ru [4].	

Migration of An in crystalline host rock 
At the Grimsel Test Site (GTS) [5], we have investi-
gated the behavior of An tracers in GW samples 
through a water conductive feature of the granodiorite 
rock. In the frame of the CFM run 13-05 [6] we have 

determined the migration of the 233U, 237Np, 242Pu and 
243Am up to 22 months from the starting of the experi-
ment [7]. Furthermore, we have identified in the same 
GW samples a release from the fracture of 241Am and 
244Pu employed 12 years before [7] within the previous 
in situ test CRR run 2 [8]. Following these results and 
with the aim to study the behavior of the An at the GTS 
over an even longer time period, we have started inves-
tigating the possible migration of global fallout 239Pu, 
237Np and 236U through the massive thrust sheet of crys-
talline rock at the GTS. The global fallout is a known 
and chronologically defined nuclear contamination 
source, whose investigation in environmental samples 
can provide information on the behavior of the An over 
a time span of 67 years to the present [9].  

First information on the behavior of global fallout An 
at the GTS can be obtained by comparing the concen-
tration of 239Pu, 237Np and 236U in Grimsel GW samples 
with those in surface water samples collected from the 
overhead Lake Grimsel. In Fig. 1, the concentration 
(number of atoms in a sample of 250 ml) of 239Pu, 237Np 
and 236U measured in Lake Grimsel and in six GW 
samples are depicted together with those determined in 
two procedure blanks (Blank_a and Blank_b). The GW 
samples were collected at different locations that are 
named: G2, C1, B2, Adus, B5 and F3. 

A clear global fallout signal is determined in the 
surface water sample from Lake Grimsel with concent-
rations of (5.3 ± 0.9) × 106, (5.4 ± 2.1) × 106 and 
(1.3 ± 0.1) × 106 atoms/250 ml for 239Pu, 237Np and 
236U, respectively. As shown in Fig. 1, the An levels 

Fig. 1. Concentration of global fallout 239Pu (blue dashed 
column), 237Np (orange full column) and 236U (green empty 
column) in Lake Grimsel, Grimsel GW samples and in two 
procedure blanks (Blank_a and Blank_b). The horizontal 
lines depict the blank levels of 239Pu (blue dashed line), 237Np 
(orange continuous line) and 236U (green points line). 
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determined in the GW samples are mostly consistent 
with those found in the procedure blanks, Blank_a and 
Blank_b, excepting for sample GW_G2 that presents a 
level of 237Np, equal to (5.3 ± 0.9) × 106 atoms/250 ml, 
significantly higher than the blanks. We also find a 
concentration of 236U in GW_G2 and GW_F3 that is 
not consistent with the blank background within one 
sigma uncertainty, but still very close to it.  

Such preliminary results could indicate both the mi-
gration of global fallout 237Np in the GW collected at 
the location G2 and a signature of 237Np from previous 
in situ tracer tests, as demonstrated in [7]. It is interest-
ing to note that the 237Np/236U atom ratio in the GW 
sample GW_G2 equal to ~5.4, is similar to that found 
in the surface water sample of Lake Grimsel equal to 
~4.3. However, the origin of the 237Np signal in sample 
GW_G2 and the possible determination of 236U from 
global fallout in samples GW_G2 and GW_F3 has to 
be proven with further investigations. 

As shown in Fig. 1, the measured levels of 239Pu in 
GW_B2, GW_B5 and GW_F3 are consistent with the 
blank background and in GW_G2, GW_C1 and 
GW_Adus are equal to zero. This result could indicate 
the retention of Pu in the soil, lake sediments as well as 
in the fault gauge minerals of the GTS due to sorption 
and/or filtration processes of Pu(IV) (that is in large 
part associated to colloids). On the other hand, the de-
termination of 237Np in GW_G2 and possibly of 236U in 
GW_G2 and GW_F3 could be explained with the pref-
erential migration of U(VI) and Np(V) as dissolved 
species.  

Indeed, in the complex environment of the GTS, the 
single processes involved in the migration and reten-
tion of An cannot be directly identified nor quantified. 
However, the actual experiment will allow observing 
the behavior of global fallout An in the long term and 
on a large scale in a real environment representative of 
the conditions of a deep geological repository in crys-
talline host rock. 

Development of an analytical method for the 
determination of An in clay systems at ultra-
trace levels 
Opalinus clay is under consideration as possible host 
rock for the geological disposal of HLNW. A particular 
interest is directed towards the behavior of the An in 
reducing conditions as those expected in a geological 
repository in Opalinus clay formations. In reducing 
conditions, low An solubility and slow An diffusion is 
expected, correlating with ultra-trace levels of the An 
diffusing through the clay. In order to verify this as-
sumption, laboratory experiments are planned to study 
the diffusion of An at low concentration levels under 
as close as possible natural conditions.  

In preparation for these experiments, we have tested 
an analytical procedure capable of determining several 
An nuclides in clay materials at ultra-trace concentra-
tions [10]. In the following text, we describe one of the 
main results of this study.  
 

 
Samples simulating specimens obtained after a diffu-
sion experiment were prepared by mixing ca. 100 mg 
of Opalinus clay, 7 µl of the corresponding synthetic 
pore water, an An tracer solution and 5 ml 1M HNO3. 
The An tracer solution contained 233U, 237Np, 244Pu, 
243Am and 248Cm in the relative concentrations resem-
bling the solubility of these An elements in the ex-
pected reducing conditions. After a contact time of one 
week, the samples were submitted to the multi-actinide 
analysis procedure [3] adapted to the actual sample ma-
trix [10]. 

As shown in Fig. 2, the simultaneous determination 
of five An nuclides, whose concentration ranges over 
four orders of magnitude, is possible down to 105 at-
oms/g in a sample matrix resembling that of a clay sam-
ple after a diffusion experiment. These results prove 
that the diffusion of An through clay in reducing con-
dition can be investigated experimentally at the ultra-
trace levels. With the establishment of the actual 
method, diffusion experiments in reducing condition 
(and without the addition of any reducing agent) are 
possible and envisaged for the first time in both labor-
atory and in situ scale.  
 

 
In another experiment the behavior of global fallout An 
in a natural clay sample is studied. We have chosen a 
roof tile being exposed to atmospheric precipitations in 
the last 100 years covering the period from the pre-nu-
clear age until now [10]. From the upper surface of the 
roof tile, three successive layers were collected (L1, L2 
and L3), each with a thickness between 110 and 
130 µm. From these samples, a concurrent chemical 

 
Fig. 2. Average count rate (counts/s) of 233U, 237Np, 244Pu, 
243Am and 248Cm as function of their nominal number of at-
oms in the sample of Opalinus clay spiked with the five An 
at different concentrations. 

 
Fig. 3. Numbers of 239Pu, 240Pu 237Np atoms/g in each of the 
three upper layers of the roof tile L1, L2 and L3. 
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separation and measurement of the Np and Pu fractions 
with AMS were performed.  

Fig. 3 represents the concentration (number of at-
oms/g) of 239Pu, 240Pu and 237Np in samples L1, L2 and 
L3. Clear signals of 239Pu, 240Pu and 237Np were deter-
mined in the three investigated layers, indicating the 
downward migration of the An down to ~360 µm 
depth. The concentration of 239Pu and 237Np were in the 
order of magnitude of 108 atoms/g. The 240Pu/239Pu iso-
topic ratio was equal to 0.22 ± 0.03, 0.18 ± 0.02 and 
0.19 ± 0.03 in L1, L2 and L3, respectively, and con-
sistent with a global fallout origin, namely 0.18 [9].  

We have shown for the first time that the determina-
tion of ultra-trace levels of Np and Pu from global fall-
out is possible in a roof tile [10], providing valuable 
new information about the behavior of these An in such 
clay samples exposed to the environment. The analysis 
of the layers beneath, as well as the mineralogical anal-
ysis of the roof tile will provide a better understanding 
about the relative behavior of the An. The determina-
tion of 236U in several layers of the roof tile is as well 
planned and will allow for the comparison of the be-
havior of global fallout U with that of Np and Pu.  

Diffusion of 99Tc through bentonite 
At the GTS, the diffusion of several Rn tracers and, 
among them 99Tc through bentonite was investigated in 
the frame of the Long Term In situ Test (LIT). Com-
pacted bentonite rings doped with Rn and 99Tc were 
positioned in a water conducting shear zone of the GTS 
in order to simulate the bentonite buffer of an engi-
neered barrier system [11]. In such geometry, the re-
lease of Rn into the GW might occur mainly after they 
have diffused through the bentonite. We have deter-
mined the concentration of 99Tc in seven GW samples 
(each with a volume between 1.7 and 8 ml) collected 
within a time interval of 129 to 877 d from the starting 
of the experiment.  

As shown in Fig. 4 the concentration of 99Tc in the 
seven LIT GW samples ranges between ~8 × 106 at-
oms/ml (~0.8 fg/g) and ~1.2 × 109 atoms/ml (~96 fg/g) 
in LIT 14-102 and LIT 14-44, respectively. With the 
GAMS setup and an adapted sample preparation [12], 
an excellent sensitivity down to 0.5 fg was reached, 
providing for the first time experimental data on the 
long-term diffusion (up to ca. 29 months) of 99Tc 
through bentonite at ultra-trace levels [12]. The access 
to these low concentration levels will significantly im-
prove the safety assessment of the GCBB. 

In addition, a lake water sample (100 ml) from the 
Wildseemoor (WSM) in Southern Germany was ana-
lyzed [12]. The WSM sample presents a concentration 
of 99Tc equal to ~1 × 106 atoms/ml (~0.5 fg/g), repre-

senting a first determination of the level of global fall-
out 99Tc in a lake sample of Southern Germany [12]. 
This result paves the way to further investigations of 
global fallout derived 99Tc in a variety of natural sam-
ples, like soil, sediments, peat bog and clay profiles. 
Such an extensive study would provide a direct obser-
vation of the behavior of this long-lived fission product 
in the environment. 
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Fig. 4. Concentration of 99Tc (number of atoms/ml) in the 
seven GW samples from the in situ diffusion test (LIT) at the 
GTS. 
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7.6 Computational chemistry 
R. Polly, B. Schimmelpfennig, M. Trumm

Introduction 
Computational Chemistry using ab initio, first princi-
ple and classical mechanics methods at KIT-INE pro-
vides valuable fundamental insights on a molecular 
scale, greatly assisting, supporting and complementing 
experimental investigations in the field of nuclear 
waste disposal. There is a wide range of applications 
for Computational Chemistry at INE: from providing 
detailed structures of complex chemical systems in-
cluding actinides in solution, at surfaces or solid 
phases, thermodynamic data, spectroscopic infor-
mation for TRLFS or reproducing experimental XAS 
and XES measurements, to perform simulations and 
visualization of complex chemical reactions. Hence, 
the considered systems vary from molecular species in 
the gas phase over small complexes in solution to bulk 
phases or mineral/liquid interfaces at ambient condi-
tions. The synergistic effects at INE resulting from per-
forming theoretical and experimental research together 
in one house are enormous. 

New theoretical methods and the constantly improv-
ing hardware allow a steady refinement of the descrip-
tion of actinide systems at the electronic structure level. 
These improvements also increase the accuracy and re-
liability of quantum chemistry as a predictive tool.  

Incorporation of radionuclides in hydroxycar-
bonate and hydroxychloride green rust 
GR(	𝑪𝑶�𝟑�− 𝟐�) and GR(Cl-) 
Deep geological disposal is presently considered as the 
preferred option for the safe management of high-level 
nuclear waste (HLW) forms, i.e. spent nuclear fuel and 
vitrified fuel reprocessing residues. In such under-
ground facilities, the HLW will be confined in steel 
canisters which are foreseen to be surrounded by con-
secutive manmade (engineered) and natural (host rock) 
barriers. 

Iron (Fe) is the fourth most abundant element in the 
earth crust and - in the presence of water - commonly 
found in the form of oxides, hydroxides, or oxide-hy-
droxides. In a deep geological repository, neutral to al-
kaline pH values and anoxic conditions are expected to 
prevail. Iron containing corrosion products resulting 
from anoxic HLW canister degradation may serve as a 
major sink for radionuclides released from a breached 
canister. Under the expected redox conditions Fe(II) 
oxides are electron acceptors and form mixed-valent Fe 
minerals [Fe(II)-Fe(III)] such as magnetite and green 
rust (GR [1], cf. section 8.3). These mixed-valent iron 
minerals have received a significant amount of atten-
tion over the recent decades, especially in the environ-
mental sciences community. They are intrinsic and es-
sential parts of biogeochemical cycling of metals and 
organic carbon and play an important role regarding the 
mobility, toxicity, and redox transformation of organic 

and inorganic pollutants, such as radionuclides. GR 
compounds are made of brucite-like layers of 
Fe(II)/Fe(III)-hydroxide with anions and water in the 
interlayer.  

In the present study we focused on the structures of 
hydroxycarbonate GR(CO3-2) [Fe4IIFe2III(OH)12]2+· 
[CO3-2·3H2O]2- and hydroxychloride GR(Cl-) 
[Fe2,3IIFeIII(OH)6,8]+·[Cl-·3H2O]-. For the calculations 
on GR(CO3-2) the experimental results of Aissa et al. 
[2] concerning the structural information and the re-
sults of Rusch et al. [3] reporting the ferrimagnetic
properties of GR(CO3-2) were very helpful to set up our
first principle calculations. Refait et al. [4] pointed out
that there are two possibilities of GR(Cl-) with an
Fe(II):Fe(III) ratio of 2:1 
([Fe2IIFeIII(OH)6]+·[Cl-·3H2O]-) and 3:1 
([Fe3IIFeIII(OH)8]+·[Cl-·3H2O]-), respectively, and we 
will consider both of these possible structures here. In 
a second step we studied the incorporation of Ln3+, 
An3+ into GR(CO3-2) and Iodide (I-) into GR(Cl-) . The 
results are compared with available experimental data 
[5,6]. 

Fig. 1: Structure of FeII-III hydroxycarbonate GR(CO3
-2) 

	[𝐹𝑒�4�𝐼𝐼�	𝐹𝑒�2�𝐼𝐼𝐼�	(𝑂𝐻)�12�]2+·[	𝐶𝑂�3�− 2� · 3	𝐻�2�𝑂]2-. 

From a theoretical perspective, open shell cases such 
as Fe(II)/Fe(III) are very difficult to tackle. Here we 
present density functional (DFT+U) calculations on 
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pure FeII-III hydroxycarbonate GR(CO3-2) and hy-
droxychloride GR(Cl-). We find that the DFT+U 
method (U=4.6 eV, J=0.544 eV) [7]) is actually capa-
ble to determine the structural parameters (s. Table 
1,2,4 and 5), the charges of the [Fe(II)-Fe(III)] ions as 
well as the magnetic properties of GR(CO3-2) and 
GR(Cl-). 

Table 1: Crystallographic data of the pure bulk phase of 
GR(CO3

-2) (all distances in pm, all angles in °). 

Experimental 
data [1,2] 

DFT+U 

V 1190.34 1226.29 
a 317.6 320.5 
b 317.6 323.5 
c 2271.2 2288.1 
Interlayer dis-
tance 

757 763 

α 90 89.98 
β 90 90.03 
γ 120 120.45 

Table 2: Interatomic distances for the pure bulk phase of 
GR(CO3

-2) (all distances in pm). 

Experimental 
data [1,2] 

DFT+U 

Fe-OH 209.6 212.0 
OH-OH 273.6 276.9 
OH-C 333.1 331.6 
O-O 262.9 260.4 

278.7 278.9 
C-O 117.9 129.7 

With these very encouraging results, we proceeded in 
a second step to study the incorporation of Ln3+ and 
An3+ into GR(CO3-2) and compared calculated results 
to available experimental data [5]. 

Table 3: Ln/Am-O distances for the incorporation of 
Ln3+/An3+ into GR(CO3

-2) (all distances in pm). 

GR(SO42-) [5] 
Am3+-O 242 

GR(	𝐶𝑂�3�− 2�) 
La3+-O 240 
Eu3+-O 230 
Am3+-O 233 
Cm3+-O 233 

As evident from Table 3, the results we determined for 
GR(CO3-2) are in fair agreement with the data for 
GR(SO42-) [5]. The cell parameters of GR(SO42-) (see 
[1,2]) are slightly larger than those of GR(CO3-2) and 
hence our result is fully consistent with this data.  

For GR(Cl-) we used the same theoretical approach 
as outlined above. As pointed out earlier, Refait et al. 
[4] found GR(Cl-) with different Fe(II):Fe(III) ratios,
2:1 and 3:1. We determined the structures of both spe-
cies and compared those with the experimental data of
Refait et al. [4]. Interestingly, although they found two

species, Refait et al. [4] report only one structure not 
specifying the corresponding Fe(II):Fe(III) ratio. 

Table 4: Crystallographic data of the pure bulk phase of 
GR(Cl-) (all distances in pm). 

Experi-
mental data 
[1,4] 

DFT+U 

Fe(II):Fe(III) 2:1 3:1 
a 319.0 322.8 321.9 
b 319.0 322.0 322.7 
c 2385.6 2377.3 2360.5 
Interlayer 
distance 

795 789 787 

Table 5: Interatomic distances for the pure bulk phase of 
GR(Cl-) (all distances in pm). 

Experi-
mental data 
[1,4] 

DFT+U 

Fe(II):Fe(III) 2:1 3:1 
Fe-OH 209 212.5 212.5 
OH-OH 277 274.9 277.5 
OH-H2O 300 297.1 294.8 
OH-OH 319 323.5 321.4 
Cl-H2O 309 309.7 313.0 
Cl-OH 320 314.4 321.6 

For both GR(Cl-) species we see an excellent agree-
ment of the theoretically determined crystallographic 
data and interatomic distances. This result is the foun-
dation for a further study of GR(Br-) and GR(I-) and the 

Fig. 2: Structure of FeII-III hydroxychloride GR(Cl-) 
[Fe2

IIFeIII(OH)6]+·[Cl-·3H2O]-. 
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incorporation of I- into GR(Cl-) as well as the determi-
nation of the corresponding thermodynamic data. 

Quantum-chemical calculation of An 
UV/Vis/NIR and HR-XANES-spectra of acti-
nide compounds 
It is one of the main aims of the quantum chemical 
group to provide – in addition to thermodynamic and 
structural data – as well spectroscopic data in order to 
support the interpretation of experimental observa-
tions. 2018 was spent on systematic studies of the bare 
actinide ions in order to assess the requirements on ba-
sis sets and correlation treatment to describe electron 
excitation spectra of actinide systems with sufficient 
accuracy. We found on the one hand large basis sets of 
quintuple-zeta quality - especially in the case of 
Cm(III), where spin-orbit effects are of second-order 
only - and about 1200 electronic states of spin multi-
plicities ranging from eight to two to be required. On 
the other hand, preliminary calculations showed that 
basis sets of triple-zeta quality are sufficient for the lig-
ands, keeping the computational demands reasonable.  

Additional difficulties we had to overcome were 
symmetry broken solutions in the extended Multistate 
XMS-CASPT2 of electron correlations as imple-
mented in the MOLCAS package, which required a 
grouping of quasi-degenerate states.  We used approx-
imate values of the total atomic angular momentum at 
the actinide center for this challenge. Still, the assign-
ment of electronic states was hampered by molecular 
orbitals mixing the irreducible representations of the 
molecular point group. We implemented a small pro-
gram which uses Hartree-Fock orbitals with correct 
point-group symmetry behavior and imposing higher 
supersymmetry by restricting rotations to irreducible 
representations in the CASSCF calculations. Such an 
accurate description is also a prerequisite for calculat-
ing magnetic properties needed in the interpretation of 
paramagnetic NMR. 

The current bottleneck is the huge number of elec-
tronic states to be included and the CPU-time demand-
ing MS-CASPT2 calculations with approximately one 
hour per electronic state and no efficient way to split 
the huge calculations into many smaller tasks or the use 
of efficient parallelization.  Calculations of spectra for 
Cm(III) and Am(III) aquo complexes with different co-
ordination numbers in the first shell are in progress. A 
special focus is on the shift in the fluorescence between 
eight- and nine-fold coordination of Cm(III). 

Initial studies were started on actinyl XANES-spec-
tra with excitations from either the actinide 3d-shell or 
core orbitals located at the ligands. Such calculations 
are as well carried out with the MOLCAS package. Un-
fortunately, no symmetry can be used for such calcula-
tions and the active spaces in the RASSCF lead to huge 
demands in CPU-time for a complete description of the 
3d95fn manifold including spin-orbit coupling. Qualita-
tively correct spectra can be obtained with moderate 
effort, but a more balanced description including exci-
tations from yl-bonds to antibonding orbitals is a chal-
lenge for finding suitable approximations.  Preliminary 

calculations on the bare yl-ions (Fig. 3) indicate that 
excitations of 3d inner shell electrons to antibonding 5f 
orbitals can be only explained on the basis of a simple 
one-electron excitation model in case of a very re-
stricted description of the active space. These calcula-
tions are in agreement with the work of Sergentu et al 
[8]. Including bonding-antibonding excitations gives 
instead a picture of a metastable state in a plethora of 
multiply excited configurations embedded in the con-
tinuum of the system with an effectively increased ox-
idation state of the actinide. The studies of such spectra 
in combination with an analysis of the covalency in the 
ground state are in progress.   

Additionally, we have performed extensive studies on 
aqueous Pu(III) and Pu(IV) ions. Reported coordina-
tion numbers in the literature for both aqueous ions 
range from 8 to 10. To shed further light on the coordi-
nation we performed a combined Vis/NIR and theoret-
ical study.  

From optimized Pu(H2O)n (n=8, 9, 10) structures, ab-
sorption spectra were computed on the SO-CASPT2 
level. The usage of symmetry blocking of orbitals as 
described earlier allows a correct description of the 
multi-reference orbitals in each ligand field. Through a 
large active space we described all quasi-forbidden 5f-
5f transitions as well as several 5f-6d excitations. The 
excellent agreement between experimental and theoret-
ical spectra allows an assignment of the majority of 
features in the measured data (Fig. 4).  

For Pu(III) we find the nona-coordinated ion to be 
sufficient to reproduce the measurement accurately. 
For Pu(IV) a mixture of 8- and 9-fold coordinated aquo 
ions results in the best fit. The first 5f-6d excitations 
contribute in wave lengths <370nm for Pu(III) and 
<190nm for Pu(IV). Another noticeable difference for 
both ions is the zero-field splitting of the ground state. 
Whereas the Pu(III) ground-state splitting is less than 
150 cm-1, a splitting of up to 1200 cm-1 was computed 
for Pu(IV), depending on the ligand field. 

Fig. 3: Calculation of transitions leading to the Np M5 (3d5/2) 
XANES of neptunyl NpO2

2+ (red sticks) applying the 
RASPT2/ANO-VTZ multireference method with minimal ac-
tive space (3d/5f). Already this - quite small - calculation re-
produces the 3 peaks observed in the Np M5 HR-XANES ex-
periment (assigned to 5fδφ, 5fπ* and 5fσ* transitions, black 
line) quite well and allows a better understanding of the ex-
perimental data. 
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8 (Radio-)chemical analysis 
At INE, a plain cornucopia of instrumentation for the analysis of radioactive samples is available. Our special 
skills are in handling of radioactive material, separation procedures for element and isotope analysis, as well as 
operation and maintenance of glove box adapted instrumentation. For external clients we provide analytical service 
in the fields of decommissioning of nuclear installations, nuclear waste declaration, nuclear pharmacy and others. 
We have a special focus on mass spectrometry for trace element analysis and speciation studies of actinides and 
fission products. In favour of that, hyphenated techniques, like Sector Field (SF)-ICP-MS or Collision Cell Quad-
rupole (CC-Q)-ICP-MS coupled to species sensitive methods, e.g., to capillary electrophoresis (CE) or ion chro-
matography (IC), are adapted and further developed. Another focus is Accelerator Mass Spectrometry (AMS) for 
the supersensitive determination of actinides below ppq levels and 99Tc at the ppq levels, achieved in close coop-
eration with international AMS facilities (see chapter 8.5 for further details). Method development is also inte-
grated in research projects, e.g. in the context of decommissioning or large-scale field experiments. In addition, 
the analytical unit supports the INE infrastructure, is involved in various teaching activities and is responsible for 
education of chemical laboratory assistants. 

M. Plaschke, A. Bauer, N. Adam, N. Ait Mouheb, M. Altmaier, M. Böttle, M. Bouby, M. Brandauer,
N. Cevirim-Papaioannou, D. Fellhauer, M. Fuss, J. Gaona Martinez, A. Geist, F.W. Geyer, F. Heberling,
A. Fried, T. Kisely, S. Kraft, S. Kuschel, S. Moisei-Rabung, U. Müllich, F. Quinto, F. Rinderknecht,
E. Rolgejzer, B. Schacherl, T. Schäfer, D. Schild, A. Seither, W. Tobie, C.  Walschburger, and H. Geckeis.

In co-operation with: 
T. Gil-Díaza, C.-O. Kraußb, A. Henekab, and S. Gentesb

a Doctorante en Géochimie et Ecotoxicologie, Université de Bordeaux, F-33615 Pessac, France  
b Department of Deconstruction and Decommissioning of Conventional and Nuclear Buildings, Institute for Technology and Management in 
Construction (TMB), KIT Campus South 

Instrumentation 
Our routine instrumentation is kept up-to-date, e.g., 

in 2018 a state-of-the-art Q-ICP-MS (Perkin Elmer 
NEXION 2000) is installed. The instrument offers new 
analytical capabilities like the effective suppression of 
poly-nuclear interferences by the universal cell tech-
nology or the single nanoparticles analysis. A new 
glove box adaptation is designed and engineered by 
INE technicians. The nuclear operation of the instru-
ment will start beginning of 2019. Table 1 presents the 
spectrum of analytical techniques available at INE. 

Inter-Laboratory Comparison 
241Am and 243Am and their Np daughters strongly con-
tribute to the long-term radiotoxicity of radioactive 
waste and, therefore, a Certified Reference Material 
(CRM) is needed for their accurate determination. The 
INE lab participated together with eight other interna-
tional laboratories, noted for radio-analytic chemistry, 
in an Inter-Laboratory Comparison (ILC) for the certi-
fication process of the first 243Am CRM. CEA Mar-
coule and JRC-Geel organized the ILC. The objectives 
of the ILC were (a) a performance test of the partici-
pating laboratories, (b) an external control of the values 
determined by the certification process of JRC-Geel 
and (c) finally to provide the first CRM of 243Am. In 
the frame of this ILC, the determination of the follow-
ing measurands was required: the contents in (mol/kg) 
of 243Am, 241Am and total Am (indicated as [243Am], 
[241Am] and total [Am], respectively), and the two iso-
tope ratios n(241Am)/n(243Am) and n(242mAm)/n(243Am) 
in (mol/mol). INE used two analytical methods for the 
determination of the Am content with SF-ICP-MS. 

With method 1, the [241Am] and [243Am] were obtained 
with a standard addition method, by adding a 243Am 
reference material (Eckert und Ziegler, Germany) to 
the 243Am CRM. With method 2, [241Am] and [243Am] 
were quantified by an external calibration using a 238U 
CRM (SLRS-6, National Research Council Canada). 
The results obtained with these two methods are con-
sistent within the uncertainty of the measurements. In 
both methods, the total [Am] was obtained summing 
up the [241Am] and [243Am]. It is important to note that 
in method 2 the estimate of the total [Am] is independ-
ent from the 241Am/243Am ratio of the pure 243Am 
CRM.  

In Fig. 1 the ratios of the results of the INE lab for the 
five different measurands to the corresponding certi-
fied values are depicted. For the four measurands 
[243Am], [241Am], [Am] and n(241Am)/n(243Am), the 

Fig. 1: ILC of a 243Am CRM: determination of [243Am], 
[241Am], [Am], n(241Am)/n(243Am), n(242mAm)/n(243Am) by 
INE (orange circles) relative to the certified values (blue cir-
cles), see text. 

67



values determined by the certification authority are 
confirmed by the ILC (including INE) and, therefore, 
accepted as certified values [1]. For the isotope ratio 
n(242mAm)/n(243Am) a bias, most probably due to the 
different methods of determination, between the ILC 
(including INE, see Fig. 1) and the certification author-
ity is obvious. Therefore, this value is not given as cer-
tified but only as indicative value [1]. Even though the 
INE results comprised a slight overestimation of the 
measurands [243Am], [241Am] and [Am], they agree 
with the certified values confirmed by the ILC. 

Table 1: Analytical techniques available at INE 

Element and Isotope Analysis 
Quadrupole Inductively Coupled Plasma Mass Spectrometry 
(Q-ICP-MS) 
Collision Cell Q-ICP-MS (CC-Q-ICP-MS) 
Sector Field ICP-MS (SF-ICP-MS) 
ICP Optical Emission Spectrometry (ICP-OES) 
Nuclear Spectroscopic Methods 
Alphaspectrometry 
Liquid Scintillation Counting (LSC, conventional/high sensitivity) 
Gammaspectrometry (with auto-sampler)  

Other Methods 
Ion Chromatography (IC) 
Gas Chromatography (GC) 
Carbon Analysis (TOC, DOC, TIC, NPOC) 
Specific Surface Area Analysis (BET) 
Differential Thermal Analysis (DTA) 
Dilatometry 
Fusion and Microwave Digestions 

External clients 
Analytical service is offered to external clients, e.g. in 
the fields of nuclear waste declaration or nuclear phar-
macy. 

Nuclear pharmacy 
In 2018 a new co-operation in the field of nuclear phar-
macy with the Norwegian company Oncoinvent AS 
(www.oncoinvent.com) started. The radiopharmaceu-
tical Radspherin® is a novel alpha-emitting micro-
sphere, containing 224Ra and designed for treatment of 
metastatic cancers in body cavities. The active compo-
nent is incorporated in inorganic microparticles of 
Ca2CO3 acting as carriers in the human body. This al-
lows for a relative slow degradation in the body and a 
regional retention of effective radiation dose. First 
samples of this drug were analyzed in 2018 with regard 
to toxic heavy metal trace impurities. First clinical in-
dication will be treatment of peritoneal carcinomatosis 
originating from ovarian cancer [2]. In addition, INE 
continued the longtime cooperation with the Bayer 
company (www.pharma.bayer.com) for the quality 
control analysis of Xofigo®, containing the short half-
live and short range 223Ra alpha emitter as active com-
ponent. 

Nuclear waste treatment and decommissioning of nu-
clear facilities (KTE-TEAL) 
Since several decades, INE provides analytical service 
for KTE-TEAL (Kerntechnische Entsorgung Karls-

ruhe GmbH, Technische Einrichtung Analytische La-
bore). The origin of the samples are the different waste 
treatment facilities of KTE, mainly the incineration fa-
cility (producing ashes) and the evaporation plant (pro-
ducing LAW liquid concentrates). Annually averaged 
samples from the different waste treatment facilities as 
well as samples from decommissioning of nuclear fa-
cilities (e.g., demolition waste) and others (e.g., wipe 
tests) are analysed. At INE, isotope concentrations and 
nuclide vectors are determined by the combination of 
nuclear and mass spectroscopy techniques. The main 
purpose of these determinations is the waste declara-
tion according to the conditions of acceptance for the 
Konrad nuclear waste repository for low- and interme-
diate-level nuclear waste. The analysed nuclides in-
clude neutron activation and fission products (55Fe, 
63Ni, 90Sr), as well as actinides (233,234,235,236,238U, 
238,239,240,241,242Pu and 242,243+244Cm). In 2018, radionu-
clides (RN) including the fission product 99Tc were an-
alysed in the first samples from the decommissioning 
of the former Vitrification Plant Karlsruhe (VEK).  

Other fields of analytical services 
Our analytical capabilities are also requested in other 
fields of application, e.g., the behavior of engineered 
nanoparticles (i.e., CeO2) in a combustion chamber for 
consumer waste or the analysis of a bio tenside with 
applications in agriculture, environmental protection, 
remediation or pharmacy. 

Analysis for INE R&D 
In the following, selected INE R&D topics are ad-
dressed from the analytical perspective. 

Cementitious systems 
Beryllium solubility and sorption 
In the context of the EU collaborative project on Ce-
ment-Based Materials, Properties, Evolution, Barrier 
Functions (CEBAMA), one of the ongoing research ac-
tivities at INE focuses on the solubility and sorption of 
beryllium in cementitious systems. The main objec-
tives are the development of comprehensive thermody-
namic and activity models for the system Be2+–Na+–

Fig. 2: Solubility of Be(II) in 0.1 M KCl as quantified by Q-
ICP–MS. The green curve is calculated with thermodynamic 
data derived in this work; first results from Be(II) sorption ex-
periments conducted with two cement formulations (CEBAMA 
and SKB) are included (see text). 
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K+–Ca2+–H+–Cl––HCO3––CO32––OH––H2O(l), the de-
termination of robust solubility upper limit concentra-
tions for source term estimations, and the quantitative 
assessment of the uptake of Be(II) by cementitious ma-
terials. For this purpose, comprehensive Be(II) solubil-
ity studies in alkaline NaCl, KCl and CaCl2 solutions, 
and Be(II) sorption studies on different cementitious 
materials are performed at INE. In Fig. 2 solubility data 
determined for b-Be(OH)2(cr) are compared with the 
first experimental results on Be(II) uptake by two dif-
ferent cement formulations. Be is analyzed by Q-ICP-
MS with LOD in the range of 1  ng/L.  

Influence of additives on Thorium solubility 
The influence of selected cement additives and model 
organic compounds on the solubility and sorption of 
RN in cementitious environments is investigated in the 
framework of the BMWi GRaZ project (Geochemische 
Radionuklidrückhaltung an Zementalterationsphasen). 
In a series of screening experiments, gluconate and cit-
rate were identified as relevant organic additives en-
hancing the solubility of Nd(III), Th(IV) and U(VI) in 
alkaline solutions of intermediate ionic strength sys-
tems such as those potentially forming in specific clay 
formations (e.g. cretaceous argillites in northern Ger-
many). Based on these results, comprehensive Th(IV) 
solubility studies in alkaline NaCl, MgCl2 and CaCl2 

solutions are performed at INE. Fig 3 shows solubility 
data of Th(OH)4(ncr, hyd) as a function of pH at fixed 
gluconate concentration of [GLU]tot = 10-2 M in 2.5 M 
NaCl solution. The results obtained in this study will 
lead to the development of comprehensive chemical, 
thermodynamic and activity models for the system 
Th4+–Na+–Mg2+–Ca2+–H+–GLU––Cit3––Cl––OH––
H2O(l). 

Natural environments 
Tin and Selenium sorption in river sediments 
In a study together with the University of Bordeaux the 
development of RN distribution scenarios after a po-
tential nuclear reactor accident is addressed. After wet 
deposition, RN may be immobilized in river sediments, 
transported as aqueous species or adsorbed at sus-
pended particular matter. After migration to the sea 
they can either desorb into seawater or adsorb on sus-
pended particular matter and, finally, sediment at the 
seafloor. In the present study, adsorption and desorp-
tion of 113Sn and 75Se, as representatives of nuclear fis-
sion products, on natural sediments from the Garonne 
and Rhone Rivers (France) in sea- and freshwater so-
lutions, respectively, was investigated.  

113Sn (present as Sn2+) shows very strong quasi-in-
stantaneous (<0.5 h) adsorption to the river sediments. 
As 113Sn also adsorbed at the container walls in the 
batch-type adsorption experiments only rough esti-
mates for KD-values could be derived. KD values for 
Garonne Sediment in freshwater are about 8000 L/g for 
low solid-liquid ratios (S/L) equal to 10 mg/L and de-
crease to about 300 L/g at S/L of 1000 mg/L. In sea-
water lower KD values are observed: about 1000 L/g at 
10 mg/L decreasing to about 200 L/g at 1000 mg/L S/L. 

75Se (present in solution as SeO42-) showed very weak 
adsorption, which could only be determined at the 
highest S/L ratio (1000 mg/L). KD at these conditions 
was 0.04 L/g for Garonne sediments in sea- and fresh-
water. Although adsorption is weak, the kinetic is so 
fast that it could not be time-resolved by gamma spec-
trometry. For desorption of 75Se from the Rhone sedi-
ments the following trends could be observed: (a) de-
sorption in seawater is generally very low, (b) desorp-
tion in freshwater strongly depends on the preceding 
sorption medium, i.e. after adsorption in seawater (cw. 
freshwater) desorption is increased by a factor of two. 
As expected, desorption kinetics is much slower com-
pared to the adsorption (time span for desorption 
~22 h). The analytical group supported the study in 
particular with the analysis of ca. 500 samples by 
gamma spectroscopy. 

Migration of RN from a bentonite source in a granitic 
shear-zone 
In the course of the Colloid formation and Migration 
experiment (CFM) at the Grimsel Test Site (GTS) anal-
ysis of the samples originating from the Long-term In-
situ Test (LIT) were in focus. LIT analysis consists in 
the monitoring of a bentonite source including the iso-
topes 45Ca, 75Se, 99Tc, 137Cs, 233U, 237Np, 241Am and 
242Pu and the conservative tracer Amino-G. The source 
was emplaced in the shear zone in May 2014 for the 
better understanding of real in-situ conditions in a ben-
tonite-based geotechnical barrier. The experiment was 
stopped after 4.5 years in October 2018 by injecting 
epoxy resin in the near-field of the bentonite source fol-
lowed by overcoring and disassembling of the core. 
The experiment was monitored in-situ and regularly 
collected samples have been submitted to off-site anal-
ysis. The analytic plan included various techniques to 
investigate elemental and RN composition (i.e., by SF-
ICP-MS), colloid size and concentration, pH, EhSHE, 
fluorescence and conductivity. A closer look at the an-
alytical data and their interpretation can be found in 
Chapter 5.3. For the ultra-trace analysis of the actinides 
and 99Tc please go to chapter 8.5. 

Fig. 3: Solubility of Th(IV) as a function of pH at [GLU]tot 
= 10-2 M in 2.5 M NaCl solution., see text. 
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Extraction chemistry 
The coordination chemistry group performs solvent ex-
traction studies, mainly in support of the EURATOM 
GENIORS programme. Current work deals with opti-
mising some of the processes developed in preceding 
projects. This requires determining concentrations of 
both RN and inactive metallic species in organic and 
aqueous phase samples from solvent extraction exper-
iments. Analysis of numerous samples is typically per-
formed by gamma and alpha spectrometry and by ICP-
MS.  

Decommissioning 
For the deconstruction of selected parts of a nuclear 

reactor, the waterjet abrasive suspension cutting tech-
nique (WASS) provides several advantages towards 
conventional cutting techniques: (1) it can be used in a 
remote controlled mode for components at places dif-
ficult to be reached, with challenging geometries or 
with inherent mechanical stress; (2) it is a cold cutting 
technique with which the formation of aerosols is 
avoided, and (3) it can be used submerging with water 
the items to be deconstructed, taking in this way ad-
vantage of the  shielding effect of water. However, dur-
ing the cutting of steel components, a mixture of abra-
sive and radioactive steel particles from the cut compo-
nents is generated, the so-called secondary waste. De-
pending on the operational conditions, the amount of 
this secondary waste is substantial. This is the reason 

why the use of WASS in the deconstruction of nuclear 
facilities is up-to-now limited to some selected appli-
cations.  

An approach with good prospects to reduce the 
amount of secondary waste is represented by the joint 
KIT (INE and TMB) project “Magnet-Separation von 
Korngemischen zur Minimierung von Sekundärab-
fällen im Rückbau kerntechnischer Anlagen“ (MaSK). 
Within this project, a multi-step mechanic and mag-
netic separation device (called MaSK-Rig) was con-
structed and successfully tested. It could be demon-
strated that the separation of magnetic steel particles 
from the grain suspension can be markedly improved 
using the MaSK-Rig compared to a previous prototype 
separation device. The separation efficiency is quanti-
fied at INE by the analysis of the steel fraction in the 
secondary waste by, i.e., ICP-OES [3]. 
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9  Radiation protection research 
Radiation Protection Research at KIT-INE deals with assessing radiation exposures by estimation of doses from 
external radiation fields and with effects of ionizing radiation on materials. The basis for research is the recording 
and evaluation of radiation exposures by sources of natural and artificial origin. In particular, mixed photon, beta 
and / or neutron radiation fields are investigated, with simulations contributing to a deeper understanding of the 
radiation fields. Our studies related to radiation protection summarized in this section are related to numerical 
evaluation of radiation field around casks loaded with spent nuclear fuel and the respective exposure to workers 
in generic deep geological repositories and are related to uncertainty assessment in nanodosimetry using Monte-
Carlo calculations. Close collaborations are established with national and internationals partners in networks such 
as “Strahlung und Umwelt” in Competence Alliance Radiation Research (KVSF), the expert group "Dosimetry" 
(AKD) from the German-Swiss Fachverband für Strahlenschutz e.V. and the European Radiation Dosimetry 
Group (EURADOS).  

9.1 Emplacement of an equal amount of high-level nuclear waste in 
rock salt and claystone: exposure scenarios of workers 

F. Becker, R. Dagan, B. Pang1, H. Saurí Suárez2, H. Wu
1present address: College of Physics and Energy, Shenzhen University, China; 2present address: Balcke-Dürr Nuklear Service, Karlsruhe 

Introduction 
In various concepts for a deep-geological disposal fa-
cility of high-level nuclear waste, spent nuclear fuel 
(SNF) assemblies are planned to be contained inside 
shielding casks. Besides long-term safety aspects of ra-
dionuclide containment, shielding casks are projected 
to reduce the emitted radiation an in turn the amount of 
radiation received by workers. An evaluation of the 
emitted radiation is necessary to assess the dose work-
ers may receive when they are handling such casks. 
This evaluation can be performed with Monte-Carlo 
codes like MCNP6 [1]. For a POLLUX® type shielding 
cask containing uranium dioxide (UOX) and mixed ox-
ide (MOX) fuel assemblies, the radiation field and do-
simetry is ruled mainly by neutrons, backscattered neu-
trons also play an important role [2]. Within the EN-
TRIA project [3] the radiation fields and exposure in a 
final disposal in a rock salt and a claystone repository 
were simulated with MCNP6.  

Emplacement of an equal amount of high-level nu-
clear waste in rock salt and claystone  
Some results of exposure scenarios of workers for the 
emplacement of an equal amount of waste in rock salt 
and claystone are summarized here. For more details of 
the investigations, we refer to publication [4].   

According to average composition of SNF from Ger-
man reactors to be disposed of [5], a representative 
waste inventory consisting of ~90% UOX and ~10% 
MOX SNF assemblies was used. For a rock salt depos-
itory POLLUX®-10 casks containing nine UOX and 
one MOX fuel rods with an average burnup of 55 
GWd/tHM and a cooling time of 50 years after unload-
ing from reactor were considered. The same waste in-
ventory and cask were taken for the claystone case, but 
a lower waste load per cask was selected to account for 
the constraint in argillaceous host rock. In order to keep 
the thermal impact below the level of heat-induced ir-
reversible alteration of clay minerals, eight UOX and 

one MOX fuel rods were split into three “triple” casks, 
one “U2M” cask and two “U3” casks. The least com-
mon multiple of casks with the same amount of waste 
would be three POLLUX®-10 and ten triple casks. 

The simulated emplacement scenario in an emplace-
ment drift consists of four steps [4]. In a first step, a 
cask is transported with a train, consisting of a carriage 
loaded with a cask, an electric locomotive, and a driv-
ers cab of locomotive. A phantom sitting in the drivers 
cab is employed to determine the personal dose equiv-
alent HP(10). For the hypothetical example to dispose 
of a cask, one km of transport with a speed of 5 km/h 
is assumed. In a second step of 10 min duration, the 
cask is positioned under a storage equipment at the em-
placement position, in order to elevate the cask from 
the carriage to allow the entity locomotive and carriage 
to drive back. At the third step lasting ten minutes, the 
entity locomotive and carriage is driven back and the 
cask is placed on the ground with the help of a storage 
equipment.  In the 10-minute fourth step, the entity lo-
comotive and carriage connects to the rail mounted 
storage equipment and moves it to the next emplace-
ment position. Figure 1 summarizes the respective 
amount of dose (HP(10)) as function of distance cov-
ered. 

As a result, the dose for the emplacement of the same 
amount of SNF yields a 60% higher dose for the inves-
tigated scenario with U2M and U3 casks compared to 
the one with POLLUX®-10 casks. Neglecting the dis-
tance of 1000 m to access the emplacement position, 
for the claystone scenario about 60 % more emplace-
ment drift space is required than for the rock salt case.  

Outlook 
Our studies [2] on POLLUX casks containing UOX 
and MOX fuel assemblies showed that the radiation 
field and in turn the individual personal dose of work-
ers is dominated by neutrons. The employed Monte 
Carlo codes used existing physics models and nuclear 
data to model neutron transport in various materials 
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and geometries, but so far, only the “standard” models 
and databases were employed.  

However, in the last decade it was shown theoretically 
[6,7,8] and experimentally [9] that the neutron scatter-
ing  formalism in default Monte Carlo simulations is 
not accurate, in particular in the vicinity of resonances. 
Hence, the investigation of the impact of improved en-
ergy dependent scattering kernel formalism in Monte 
Carlo simulations relating to radiation dose assess-
ments is one of the main topics of future investigations. 
This includes among others additional predicted ab-
sorption due to the up-scattered neutrons into the reso-
nances and consequently a shifted nuclide inventory 
vector, which eventually alters the radiation field 
within the repository. Further on, for many cases, the 
physical model for neutron scattering must take into 
account the motion of the target nuclei: in the thermal 
energy region the motion of the target nuclei can cause 
significant changes, resulting in a different neutron in-
teraction probability.  

At thermal energies, the scattering phenomena is 
governed by the well-known S(α,β) scattering kernel. 
In this case, the molecular binding of the nuclide grid 
affects directly the scattering physics of the interacting 

neutron. If the S(α,β) scattering kernel is not available, 
the free gas model (FGM) is usually employed in order 
to determine the kinematics of the scattered neutron.  
A second future task is the investigation of effects of 
the interactions of neutrons with the grid elements of 
casks in a repository. This concerns their absorption 
and in particular their back scattering (reflection). A 
special attention should be focused on the walls of a 
repository, which have shown [2] to be a major con-
tributor to the overall dose. 
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9.2 Participation in EURADOS exercise on uncertainty assessment in 
micro- and nanodosimetry using Monte-Carlo calculations 

B. Heide

A benchmark exercise of the European Radiation Do-
simetry Group (EURADOS) was designed to evaluate 
microdosimetric as well as nanodosimetric results ob-
tained with respect to a liquid water target. Such a target 
is often used as representative of biological material in 
dosimetry calculations. 

The results of the benchmark exercise were published 
elsewhere [1]. In the following, we will focus on a by-
product which was discovered in the framework of the 
exercise. In order to calculate the total specific energy 
spectrum, the total yield of Auger plus Coster – Kronig 
electrons and the total yield of internal conversion (IC) 
electrons were given in the exercise: 24.9% and 0.94%. 
It was observed that there is a difference visible in the 
spectrum depending on whether the yields were taken 
explicitly into account or, as usually done, a constant 
number of electrons per decay, namely 26 (=25 + 1), 
were applied.  The difference can be inferred from Fig. 
1.		

Reference 
[1] C. Villagrasa et al., Radiation Protection Dosim-

etry, ncy240, https://doi.org/10.1093/rpd/ncy240
(2018)

Fig. 1: Total specific energy spectrum. Curve (1) refers to the 
yield of  Auger and Coster-Kronig electrons (24.90%) as well 
as to the yield of IC electrons (0.94%). Curve (2) was gener-
ated using a constant number of electrons per decay: 26 (= 
25 + 1). 
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10 Geoenergy 
The Karlsruhe Institute of Technology has defined a broad research program on Enhanced Geothermal Systems 
(EGS) technology development. Research activities cover the whole process chain of geothermal exploration, en-
gineering and production including system integration and social acceptance and span from fundamental to applied 
research across scales [1]. Compared to a nuclear waste disposal research, the conditions at a geothermal site are 
characterized by elevated temperature, flow rate and pressure conditions. Therefore, the influence of hydraulic 
processes extends even further: not only the direct hydraulic observables like flow / pressure fields or tracer prop-
agation is affected by the petrophysical setting, but the changes in the system setting due to mechanical and chem-
ical interaction become important. In this context, the geoenergy research at INE concerns mainly physical and 
chemical processes in the thermal water circuit and in fractured reservoir systems. The technical feasibility of EGS 
in fractured crystalline basement was demonstrated first at the Soultz-sous Forêts project, France [2]. Major con-
clusion from this project are that effective enhancement of hydraulic yield under environmentally friendly condi-
tion, e.g., reducing induced seismicity, are technically feasible during reservoir engineering and operation. How-
ever, both was achieved by reducing the injection wellhead pressure at the expense of economic viability. For the 
further development of EGS, this learning curve needs to be continued in the field of controlled high-flowrate 
injection on existing fractures. In the surface facilities, scaling and corrosion remains an issue. This opens three 
major fields of investigation of the geothermal research at INE in 2018: (1) exploration for naturally permeable 
fracture zones, (2) monitoring of high flowrate injection, and (3) characterization of scalings in geothermal power 
plants.  

N. Cornejo, N. Haaf, F. Heberling, M. Pavez, K. Schätzler, E. Schill
In co-operation with: 

S. Helda, T. Kohla

a AGW, Karlsruhe Institute of Technology, Germany 

Introduction 
The environmentally friendly development of deep ge-
othermal energy addresses key issues such as percepti-
ble seismicity during enhancement of the reservoir per-
formance and operation, as well as radioactive scaling. 
Recent development in enhancing and operating geo-
thermal systems have revealed the importance of the 
utilization of natural flow paths [2]. In this context, the 
research at INE focuses on the advancement of electro-
magnetic methods to detect, characterize and monitor 
preferential flow.  

The research in the Helmholtz program Renewable 
Energies at INE is completed among others in two EC 
H2020 projects:  
1) Deployment of deep enhanced geothermal sys-

tems for sustainable energy business (DEEPEGS,
www.deepegs.eu/)

2) Cooperation in Geothermal energy research Eu-
rope-Mexico for development of Enhanced Geo-
thermal Systems and Superhot Geothermal Sys-
tems (GEMex, www.gemex-h2020.eu/)

In 2018, research at INE has contributed to the detec-
tion of natural fluid pathways in fault zones. Pathways 
in naturally fractured reservoirs are often linked to the 
damage zone of faults. Natural faults are typically seg-
mented and reveal a considerable tortuosity. Depend-
ing on the orientation of the single segments of the fault 
in the ambient stress field, permeability ranges from 
impermeable to highly permeable. Therefore, new 
methods such as 3D inversion of magnetotelluric data 
have been applied to visualize segments with preferen-
tial fluid pathways [3].  

Monitoring of fluid injection bases on such 3D visual-
ization of the initial condition. Passive electromagnetic 
techniques (e.g. magnetotellurics) are traditionally 
used for geothermal exploration and a few recent stud-
ies have demonstrated its potential for monitoring res-
ervoir development. One of the main challenges is 
though the presence of cultural noise and/or variability 
of the Earth magnetic field that can obfuscate the elec-
tromagnetic signals of interest. INE has contributed to 
the investigation of the benefits and drawbacks of ac-
tive electromagnetic surveying using controlled-
sources to tackle this challenge [4].  

Significant steps forward in magnetotelluric monitor-
ing have been achieved in 2018 with regards to the 
identification of signals related to fluid injection and 
induced seismicity [6]. A processing procedure has 
been established to address the separation of uncorre-
lated noise from the likewise uncorrelated relatively 
high-frequency perturbation that originate from reser-
voir engineering and represent the sought-for signal.  

High-resolution visualization of preferential 
magmatic and geothermal fluid pathways us-
ing electric conductivity at Villarrica volcano, 
S-Chile
Preferential fluid pathways along regional fault sys-
tems are crucial for the spatial localization of volcanic
and geothermal manifestations. Differences in electric
properties of fluids and hydrothermal alteration prod-
ucts against the unaltered matrix allow for visualization
of such pathways. Unfavourable geometry resulting
from the fluid pathways in regional faults often being
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aligned along the geo-electric strike can be overcome 
by using 3D inversion of magnetotelluric data. For a 
section in the 1400 km long Liquiñe-Ofqui Fault Sys-
tem (LOFS), we demonstrate the potential of 3-D in-
version of magnetotelluric data from a dense station 
network [3].  

Five out of six electric resistivity anomalies at inter-
mediate depth are connected to volcanic or geothermal 
surface manifestations (Fig. 1). Deep and highly con-
ductive anomalies are detected in the vicinity of the 
volcanic chain and where the LOFS is cross-cut by a 
fault that belongs to the Andean transversal fault sys-
tem. The anomaly underneath the volcanic chain coin-
cides with a volcanically and seismically active zone at 
depth that is linked to the recent lateral eruption in 
2015; the anomaly related to the fault crossing reveals 
a vertical pathway extending to the surface. Phase ten-
sor analyses indicate a structural origin of the latter 
anomaly that may be connected to a line of volcanic 
cones that occurs in the NE of the Villarrica volcano.  

Monitoring geothermal reservoir develop-
ments with the controlled-source electro-mag-
netics method: a calibration study on the Rey-
kjanes geothermal field 
In order to investigated the benefits and drawbacks of 
active electromagnetic surveying by controlled source 
electromagnetic (CSEM), time-lapse surveys were car-
ried out over the Reykjanes geothermal field in Iceland 
before (baseline) and after (monitor) the thermal stim-
ulation of the supercritical RN-15/IDDP-2 geothermal 
well. It results that when similar CSEM equipment is 
used during the baseline and monitor surveys and sys-
tematically d-GPS positioned, the remaining key pa-
rameter controlling the survey repeatability is in the 
level of external noise. Since the influence of external 
noise on CSEM data can be artificially reduced (e.g. by 
increasing the transmitter dipolar moment), it offers the 

possibility to adapt the survey design to increase the 
chance of detecting the time-lapse signals of interest. 
On the contrary, little control is possible on the passive 
magnetotelluric signal to noise ratio and hence repeat-
ability. 

The time-lapse EM survey acquired over the Rey-
kjanes geothermal reservoir showed that a high CSEM 
survey repeatability can be achieved with electric field 
measurements (within a few percent). To assess the 
quality of our CSEM dataset, we inverted the data and 
confronted the resulting resistivity model with the re-
sistivity logged in the RN-15/IDDP-2 well. We ob-
tained a good match down to 2-3km depth, i.e. enough 
to image the cap rock and the liquid-dominated reser-
voir but not deep enough to image the reservoir in su-
percritical conditions. To obtain such an image, we had 
to jointly invert legacy magnetotelluric data with our 
CSEM data (Fig. 2).  

Comparing results from baseline and monitoring 
CSEM did not reveal any permanent changes in elec-
tric resistivity related to the stimulation of the RN-
15/IDDP-2 well.  

Processing of magnetotelluric data for moni-
toring changes during drilling operation 
Long-term magnetotelluric monitoring of different in-
jection and production experiments at the Rittershoffen 
geothermal site in Alsace (France) provided a first con-
tinuous data set over several month, covering the end 
of drilling phase of GRT2 [5], mostly, production from, 
but also injection into this well, injection into GRT1 
and a circulation experiment. Transfer functions 
showed particular variation pattern for different opera-
tions, i.e. an increase in uncertainty, conductivity and 
phase during test operation with a preferential direction 
sub-parallel to minimum principal stress, i.e. perpen-
dicular to the expected extension of the fractures con-
trolling the reservoir. In particular fluid injection, ei-
ther into GRT2 or GRT1 causes a strong decrease in 
resistivity by up to one order of magnitude in the YX 
component between about 8–25 s of period.  

A similar experiment was carried out during drilling 
and reservoir engineering of the RN-15/IDDP-2 well 
on the Reykjanes peninsular in Iceland [6]. During and 
after deepening of the RN-15 to 4665m (IDDP-2 well) 
a magnetotelluric dataset was acquired between No-
vember 2016 and January 2017. The drilling progress 
during this period was accompanied by partial and up 

Fig. 1: a) Elevation and major geological features including 
Moccha-Villarrica fault zone, the monogenetic cones and 
thermal springs along a representative section of the 1400 
km long Liquiñe-Ofqui Fault System (LOFS). b) 3-D inverted 
electrical resistivity distribution subparallel to the LOFS. 
High and intermediated conductivity anomalies are labelled 
with C1 / C4 and R2 / R3, respectively. 

Fig. 2: Resistivity model (log scale) obtained from 2.5D in-
version of the CSEM and MT data. 
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to total circulation loss and induced seismicity. Two 
continuous running MT stations, GUN and RAH, were 
installed on the Reykjanes peninsula. RAH and GUN 
are located about 6 and 1 km away from IDDP-2. Both 
MT stations are equipped with two electric dipoles in 
N-S and E-W direction, as well as three magnetic sen-
sors oriented in N, E and vertical direction. MT moni-
toring was carried out with a sampling frequency of
512 Hz. Processing revealed the bad data quality of
RAH. Consequently, MT data were processed using
single site method with the bounded influence remote
reference processing (birrp).

Due to the high frequency of the perturbations ap-
plied during drilling and reservoir engineering and the 
therefore presumed high frequency of changes in the 
electromagnetic field, in MT monitoring, conventional 
processing of MT data as applied in exploration with 

the aim to obtain smoothest distribution must be ques-
tioned.  
Here we demonstrated that low perturbations repre-
sented by low error bars in the transfer functions are 
not improved by remote referencing. In contrast, the 
changes in electric resistivity, which have been related 

to fluid injection in comparable studies, e.g. [5], appear 
as uncorrelated noise in the remote referenced pro-
cessing. To eliminate only the uncorrelated noise that 
originates from operations at the surface, we propose 
to apply notch filters of the respective frequencies. In 
the case of high frequency signal an improvement of 
filtering is achieved by decimation of the sampling fre-

quency prior to the filtering. 
Resulting apparent resistivities reveal significant var-

iability in the single-site processed transfer functions 
(calculated for 48 h) over the time period of November 
30th, 2016 to December 1st, 2016 at the GUN station 
(Fig. 3). Typically, temporal variations in electric re-
sistivity occurs between 10-1 and 10 s. Changes in the 
phase are not observed. One end-member type shows 
apparent resistivities down to about 10-1 Ωm at periods 
of a few tens of seconds (Fig. 3a). The opposite end-
member type reveals apparent resistivities down to 1 
Ωm at periods up to 10 s (Fig. 3b). Note that such de-
crease in resistivity has been attribute in other geother-
mal projects such as Rittershoffen (France) to fluid in-
jection [5]. 

These first results indicate a correlation between fluid 
loss, induced seismicity and low resistivity in the mag-
netotelluric data. In Fig. 4, a representative example 
shows the decrease in resistivity 48-24h prior to a clus-
ter of three seismic event with magnitudes M>0.8 in-
cluding a major event of M=1.4 on December 24th, 
2016. The resistivity decrease that is observed between 
December 22nd and 23th, 2016 is fully reversed after the 
occurrence of the event. Note that full reversion is also 
indicated f December 21st, 2016.  
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