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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 establishes geochemical expertise 
and models to be used in the disposal Safety Case, 
focusing primarily on the detailed scientific de-
scription of aquatic radionuclide chemistry in the 
geochemical environment of a repository. Work 
concentrates on the disposal of spent nuclear fuel 
and HLW-glass in the relevant potential host rock 
formations currently considered: rock salt, clay and 
crystalline rock formations. Actinides and long-

lived fission and activation products play a central 
role, as they dominate HLW radiotoxicity over long 
periods of time. Long-lived anionic fission and 
activation products are likewise investigated as 
significant contributors to the maximum radiation 
dose projected for relevant scenarios.  

Relevant long-term scenarios for nuclear reposito-
ries in deep geological formations have to take into 
account possible radionuclide transport via the 
groundwater pathway. Possible groundwater intru-
sion into emplacement caverns is assumed to 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), radiol-
ysis phenomena, redox reactions, complexation 
with inorganic and organic ligands, colloid for-
mation, surface reactions at mineral surfaces, pre-
cipitation 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 actinide chemistry sup-
port both interpretation of experimental 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 on 
man by estimating doses from external radiation 
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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 hot cells, alpha glove boxes, 
inert gas alpha glove boxes and radionuclide la-
boratories. State-of-the-art analytical instruments 
and methods are applied for analysis and speciation 
of radionuclides and radioactive materials. Ad-
vanced spectroscopic tools exist for the sensitive 
detection and analysis of radionuclides. Trace ele-
ment and isotope analysis is made by instrumental 
analytical techniques such as atomic absorption 
spectroscopy (AAS), ICP-atomic emission spec-
troscopy (ICP-AES) and ICP-mass spectrometry 
(Quadrupole-ICP-MS and high resolution 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 spectrometer (XPS) and an 
environmental scanning electron microscope 
(ESEM) are installed. INE has direct access to a 
TEM instrument on the KIT Campus North site 

(Institute for Applied Materials, IAM). Laser spec-
troscopic techniques are developed and applied for 
sensitive actinide and fission product speciation 
such as time-resolved laser fluorescence spectros-
copy (TRLFS), laser-induced breakdown spectros-
copy (LIBS) and Raman spectroscopy. Insight into 
structural and electronic properties of radionuclide 
species is obtained by X-ray absorption fine struc-
ture (XAFS) spectroscopy and related techniques 
available at the INE-Beamline and the ACT exper-
imental station at the KIT synchrotron source KA-
RA. The ACT laboratory for radionuclide research 
at the new CAT-ACT beamline – a state-of the art 
facility jointly operated by INE and ITCP/IKFT – 
became fully operational in 2016. INE’s beamlines, 
in close proximity to INE controlled area laborato-
ries, represent in combination with the other analyt-
ical 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 work-
stations enable construction and planning of hard-
ware components, process layout and flow sheets. 
The institute workshop is equipped with modern 
machine tools to manufacture components for spe-
cific experimental and analytical devices in hot 
laboratories. 

In 2017, the Institute for Nuclear Waste Dis-
posal had around 90 employees working in the six 
departments, which reflect the R&D and organiza-
tional tasks of the institute (Fig. 1):  
(i) Technical infrastructure / analytical chemistry 
(ii) Safety of nuclear waste disposal 
(iii) Radiochemistry 
(iv) Radionuclide speciation 
(v) Geochemistry 
(vi) Decommissioning of nuclear and conventional 

facilities.  
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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 scien-
tists is of fundamental importance to ensure high-level 
competence and to maintain a leading international 
position in the fields of nuclear and radiochemistry. 
INE scientists 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 
professorship 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 
radiochemistry module consisting of basic and ad-
vanced lectures on nuclear chemistry topics and labor-
atory courses has been set up for master students in 
Karlsruhe. In addition, Dr. Marcus Altmaier, head of 
the department radiochemistry, gives a lecture con-
cerning 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-
Department of Civil Engineering, Geo and Environ-
mental Sciences and gives lectures in the field of de-
commissioning of nuclear facilities, environmentally-
friendly Recycling and Disassembly of Buildings, 
Machinery and Process Engineering as well as con-
struction technology. 

Prof. Dr. Petra Panak, heading a working group on 
actinide speciation at INE, holds a professorship of 
radiochemistry at the Heidelberg University. A basic 
course in radiochemistry is offered for bachelor and/or 
master students. An advanced course comprised of the 
chemistry of f-elements and medical applications of 
radionuclides is also offered. The advanced radio-
chemistry 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 2017 held at KIT Campus North in the FTU 
radiochemistry and hot laboratories at INE. Some 
students are intensifying their knowledge in nucle-
ar/radiochemistry topics during scientific internships 
at INE. Obviously, students are very interested in 
nuclear chemistry topics and appreciate the various 
semester courses.  

In 2017 Dr. Tonya Vitova gives lectures at the KIT 
Campus South, Department of Chemistry and Biosci-
ences, in the field of instrumental analytics and Prof. 
Dr. Eva Schill at the Department of Civil Engineer-
ing, Geo and Environmental Sciences in the field of 
geothermal energy. Dr. Volker Metz gives lectures at 
the Department of Mechanical 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 Engineer-
ing, Geo and Environmental Sciences, focused in 2017 

on “environmental geology: radio- and chemotoxic 
elements”. 

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 
novice.  

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. 

Prof. Dr. Eva Schill and Prof. Dr. Thorsten Schäfer 
received a call to a chair at the universities of Darm-
stadt and Jena.  

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, 
students are educated in the field of nuclear and acti-
nide chemistry, which most universities can no longer 
offer. Hence, INE makes a vital contribution to the 
intermediate and long perspective of maintaining 
nuclear science competence. Moreover, INE is in-
volved in the education of trainees (chemical lab tech-
nicians, industrial mechanics and product designers) 
as well as student internships like BORS and BOGY. 
 
PhD students  
In 2017, 20 doctoral students worked at INE on their 
dissertations; three of them were awarded their doc-
torate. Topics of the theses are:  
 
• Experimental and modelling studies of ce-

ment/clay interface process 

• Advanced spectroscopic and microscopic struc-
tural investigations of nuclear waste glass forms 

• Technetium interaction with inorganic ligands 
and retention processes in the sulfide system 

• 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 

• Experimental investigation of the separation pro-
cess of particle mixtures within a rod magnetic 
filter 

• Solubility, speciation and thermodynamics of 
tetravalent and hexavalent Uranium 

• Characterization of geothermal reservoirs with the 
help of radionuclide analysis 
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• Electromagnetical und Eigenpotential monitoring 
of fluid injections in crystalline rock 

• Potential Influence of oxygenated Glacial Melt-
water on Radionuclide (re)mobilization in frac-
tured rock 

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

• Behavior of natural radionuclides in 
soil/groundwater systems 

• Impact of anions on the retention of actinides on 
clay minerals under slightly alkaline to hyper al-
kaline pH conditions 

• Bentonite erosion and colloid mediated radionu-
clide transport in advection controlled systems 

• Development of methods for the individual do-
simetry of the staff in disposal facilities 

• Investigation of solubility and complexation of 
Plutonium and Neptunium in highly reducing 
aquatic systems 

• Impact of the flow channel geometry on the ag-
glomeration of colloids and the reduction of per-
meability in altered granites of potential geother-
mic reservoir rocks  

• Redox behavior, solubility and sorption of 
Pu(III/IV) in the presence of ISA 

• Steel corrosion and actinides sorption by iron 
corrosion products under saline conditions 

• Spectroscopic and thermodynamic investigations 
of the complexation of An(III) and Ln(III) with 
hydrophilic Bis-triazinylpyridines 

• Accurate neutron scattering based Monte Carlo 
Simulations of Radiation Fields and Dosimetry 
imposed 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 (BMUB), the German Re-
search Foundation (DFG) and the Helmholtz Associa-
tion (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 generates 
and evaluates thermodynamic data – complex for-
mation constants, solubility data – for selected radionu-
clides from experiments and literature. The data are in-
corporated into a centrally managed and administered 
database of evaluated thermodynamic parameters after 
passing an evaluation process. This database is open for 
registered user. Thermodynamic data are required for 
environmental applications in general and 

radiochemical issues in particular. THEREDA, funded 
by the Bundesamt für Strahlenschutz (BfS), is devel-
oped to be a national (reference) standard and will be 
the basis for performance assessment calculations 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 gluconic acid 
and citric acid. The impact of these ligands on the sorp-
tion and solubility of actinides is studied in a wide pH 
range up to hyperalkaline pH values. One important is-
sue of the project is the consistent thermodynamic mod-
elling of experimental solubility, complexation, and 
sorption data. The project provides basic knowledge 
and thermodynamic data needed in the frame of a long-
term safety analysis of different repository concepts. 

The disassembly of the reactor pressure vessel and in-
ternals poses one of the most demanding challenges in 
the decommissioning of a nuclear power plant. For this 
purpose, a waterjet cutting technique (WASS) is used, 
employing a high-pressure water jet and a sharp-edged 
abrasive medium directed to the cutting material. Ad-
vantages of WASS among other conventional cutting 
techniques are the compact design of the setup, the ease 
of remote manipulation (also at difficult positions) and 
the “cold” operation under water, which also serves as 
shielding. However, this technique produces a consid-
erable amount of expensive secondary waste, a water 
suspension containing small-grained radioactive metal 
cuttings and abrasive grains. The MASK project is ini-
tialized to overcome this limitation. Metal cuttings are 
separated by a magnetic filter in order to substantially 
minimize the radioactivity of the secondary waste. 

The KOLLORADO-e2 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. Both, a detailed experimental program quantify-
ing the bentonite erosion and investigating the influ-
ence of surface roughness/charge heterogeneity on na-
noparticle mobility and actinide bentonite nanoparticle 
sorption reversibility (including AMS method develop-
ment), as well as approaches to implement the acquired 
process understanding in reactive transport modelling 
codes comprise the project activities.  

ENTRIA aims at evaluating criteria for the manage-
ment of highly radioactive waste from the viewpoint of 
all involved academic disciplines such as natural sci-
ences, engineering, law and social science. ENTRIA is 
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addressing the three most important options in storing 
and disposing of highly radioactive waste products: 
prolonged surface storage prior to disposal; disposal in 
deep geological formations with arrangements for mon-
itoring and retrieval; final disposal in a maintenance-
free deep geological disposal repository. A major goal 
of ENTRIA is the strong interaction between young and 
senior scientists of various disciplines (civil engineer-
ing, law, natural sciences, philosophy, political and so-
cial sciences). Within the project, INE is responsible for 
work packages on developing radionuclide source 
terms and developing individual dosimetry for person-
nel with respect to deep geological disposal in various 
rock formations. 

The collaborative project EDUKEM aims at an im-
proved understanding of uranium chemistry in saline 
systems and establishing targeted experimental tech-
niques. Work of KIT-INE within EUDKEM focusses 
on the aquatic chemistry and thermodynamics of hexa-
valent and tetravalent uranium in relevant saline solu-
tions. Based upon new solubility studies, spectroscopic 
evidence and literature, a comprehensive description of 
U(IV) and U(VI) solubility and speciation in key saline 
systems relevant for nuclear waste disposal in salt-
based repositories will be established. 

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 
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 structure-re-
activity relationships of actinide elements, which is a 
present scientific frontier. 

In the framework of measures for retrieval of radioac-
tive 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), 
drilled 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 a variety of actinides, 
fission and decay products. Based on the experimental 
results, sorption coefficients are derived, which are im-
portant input parameters for the assessment of the radi-
onuclide 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 emplacement rooms and develops a concep-
tual model to derive near-field radionuclide source 
terms. 

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 carry-
ing out the field activities. 

EURATOM FP7 and Horizon 2020  
A follow-up of the FP7 project SACSESS, GENIORS 
focuses on actinide separations related to future multi-
ple recycling strategies. GENIORS is expected to pro-
vide the EU with science-based strategies for nuclear 
fuel management and contribute significantly to its en-
ergy independence. In the longer term, the project’s re-
sults will facilitate radioactive waste management by 
reducing its volume and radiotoxicity, and support a 
more efficient utilization of natural resources. 24 Part-
ners from 10 countries contribute to GENIORS; a for-
mal collaboration with US-DOE is established. The 
project is coordinated by CEA; KIT is in charge of the 
hydrometallurgy domain.  

The separation of rare earth elements (REE) from sec-
ondary sources such as mine tailings is studied in the 
ERA-MIN project ENVIREE. The project is 
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coordinated by CHALMERS (Sweden). Eleven part-
ners form eight counties contribute to the following ar-
eas: assessment of sources, development of innovative, 
efficient and environmentally benign leaching and sep-
aration methods, life cycle assessment and economic 
feasibility studies. 

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. 

The EURATOM FP7 Collaborative Project CAST 
aims to develop understanding of the generation and re-
lease of C-14 from radioactive waste materials under 
conditions of underground geological repositories. INE 
contributes with experimental studies to work packages 
“Steels” and “Zircaloy” as well as to the work package 
“Dissemination of knowledge”. Within the two experi-
mental work packages, INE conducts studies with 
highly active stainless steel and Zircaloy-4 samples in 
the shielded box-line of INE. In our experiments, the 
content of organic and inorganic C-14 both in gaseous 
and liquid samples are determined. These studies are of 
high relevance for the role of C-14 in safety assess-
ments for SNF repositories, because volatile and dis-
solved C-14 bearing organic species possess a high mo-
bility through various geo-engineered and geological 
barriers. 

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 
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. 

The H2020 project EU project ANNETTE (Ad-
vanced Networking for Nuclear Education and Train-
ing and Transfer of Expertise) intends to assure quali-
fied workforce in the next decades and focuses on edu-
cation of under-graduate and graduate students of Eu-
ropean academic institutions. In this Education and 
Training action, INE organizes two intersemester 
courses on management of spent nuclear fuel and deep 
geological disposal of highly radioactive waste. Access 
of students to nuclear laboratories and interim storage 
facilities are prepared. 

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’17 conference 
 

The 16th International Conference on the Chemistry and 
Migration Behavior of Actinides and Fission Products 
in the Geosphere, Migration ’17, was held from Sep-
tember 10 – 15, 2017, in Barcelona, Spain. The highly 
successful conference was organized by Amphos21 as 
local organizer in cooperation with KIT-INE and with 
support of the International Steering Committee and the 
International Scientific Committee. As in the several 
previous Migration conferences, Migration 2017 
served as a high visibility international forum to present 
and discuss a wide range of topics relevant for under-
standing and predicting radionuclide migration pro-
cesses. More than 250 participants (including ~ 60 stu-
dents) from 22 countries were joining the conference, 
showing that radionuclide migration is a topic of wide 
international interest. 

The Migration ’17 conference was opened on Sunday 
afternoon with an interesting plenary discussion panel 
on “science in radionuclide migration: the needs of the 
end users”. Panelists were representing international 
waste management organizations (ONDRAF-NIRAS, 
SKB, ANDRA, ENRESA, NUMO) with Jordi Bruno, 
CEO of Amphos21, moderating the discussions.  

The Main Session topics of Migration ’17 were ad-
dressing the aquatic chemistry of actinides and fission 
products, migration behavior of radionuclides, geo-
chemical and transport modelling, selected case studies 
and a specific topic focusing on cementitious systems / 
radionuclide behavior in hyperalkaline solutions. 
The two extended Poster Sessions, which were held on 
two days and gave ample time for discussions and sci-
entific exchange, were a key event of Migration ’17, 
showing an impressive range of excellent scientific re-
search especially from young researchers. A total of 
more than 230 posters were on display. The Interna-
tional Steering and Scientific Committee awarded three 
Best Poster Awards; one of them to Nese Cevirim-Pa-
paioannou of KIT-INE.  

In addition to the poster Sessions, a total of 60 oral 
presentations were held from Monday to Friday. Se-
lected invited talks highlighted topics of specific 

importance. In total, the numerous contributions at Mi-
gration ’17 evidenced significant advance on several 
topics and emphasized the quality, variety and impact 
of RD&D in the field of radionuclide migration. 

The 17th Migration Conference has been announced 
for September 2019, to be held in Kyoto, Japan. 

 

 
 
Prof. Horst Geckeis, Chairman of the Migration Inter-
national Steering Committee, speaking at the Migra-
tion ’17 Opening Session. 
 

 
 
Poster Session at the Migration ’17 Conference. 
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3.3 Inauguration workshop of the CAT-ACT beamline for catalysis and 
radionuclide research  

 
 
On September 20 and 21, 2017, a two day workshop 
dedicated to the inauguration of the new beamline for 
catalysis and radionuclide research (CAT-ACT) at the 
Karlsruhe Institute of Technology (KIT) synchrotron 
light source took place in Eggenstein-Leopoldshafen on 
KIT Campus North. The workshop was co-organized 
by the three KIT institutes which have conceived and 
are jointly operating the beamline - the Institutes for 
Chemical Technology and Polymer Chemistry (ITCP), 
Nuclear Waste Disposal (INE) and Catalysis Research 
and Technology (IKFT) - and highlighted research 

activities and access possibilities at two in line experi-
mental stations [1]. More than 60 national and interna-
tional delegates attended the two day symposium which 
also featured oral contributions from industrial syn-
chrotron users and, of course, researchers from Karls-
ruhe (Figure 1).  
 
[1] J.-D. Grunwaldt, H. Lichtenberg, J. Rothe, Syn-

chr. Rad. News Vol. 31(1), 2018. 
 

 

 
 
Fig. 1: Participants of the CAT-ACT beamline inauguration workshop grouped in front of the KARA accelerator building. 
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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 are 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, F. Endrizzi, 
D. Fellhauer, X. Gaona, J.-Y. Lee, M. Maiwald, P.J. Panak, J. Rothe, J. Schepperle, D. Schild, T. Schramm, 
A. Skerencak-Frech, A. Tasi, E. Yalcintas  
 

 
Introduction 
Accurate knowledge of the aquatic chemistry and 
thermodynamics of actinides, fission and activation 
products is mandatory in the context of nuclear waste 
disposal. The availability of complete and correct 
chemical and thermodynamic models represents the 
fundamental basis for geochemical model calculations 
and source-term estimations. The studies summarized 
in this section highlight examples from the fundamen-
tal research performed at KIT-INE in 2017 within this 
broad topic.  

In addition to the experimental R&D activities de-
scribed in this chapter, KIT-INE continuously contrib-
utes to several national and international projects, e.g. 
the development of national (THEREDA) and inter-
national (NEA-TDB) thermodynamic reference data-
bases for actinides and fission products. 

Redox behavior of Tc(IV) in alkaline, dilute 
to concentrated NaCl-NaNO3 systems 
Technetium-99 is a β-emitting fission product highly 
relevant for the safety assessment of nuclear waste re-
positories due to its significant inventory in radioac-
tive waste, long half-life (t½ ~ 2.1×105 a) and redox 
sensitivity. The two most stable oxidation states of 
99Tc are (i) Tc(VII) which exists as soluble and mobile 
pertechnetate (TcO4–) under oxidizing and anoxic 
conditions, and (ii) Tc(IV) which forms sparingly sol-
uble hydrous oxides under the reducing conditions ex-
pected to prevail in deep underground repositories. 

Large nitrate inventories are expected in certain types 
of radioactive wastes, mostly arising from the neutral-
ization of HNO3 used in the reprocessing of spent fuel. 
Upon contact with intruding groundwater, concen-
trated nitrate plumes may be generated in the near-
field of the disposed waste, affecting the redox milieu, 
and potentially contributing to the oxidation and sub-
sequent mobilization of redox-sensitive radionuclides. 
A reliable knowledge on the impact of nitrate on the 
redox behavior of Tc in dilute to concentrated saline 
systems is very relevant for the safety assessment of 
repositories for radioactive waste. Studies developed 
within this framework can also provide relevant in-
sights for the understanding of Tc behavior in legacy 
sites such as Hanford nuclear tank wastes. 

The redox behavior and solubility of 99Tc was inves-
tigated in 0.1 and 5.0 M NaCl-NaNO3-NaOH solu-
tions with [NO3–] = 0.1-1.0 M and 8.5 ≤ pHm ≤ 14.5 
(with pHm = -log [H+]). Three reducing chemicals 
were used in independent batch series: Sn(II), 
Na2S2O4 and Fe(0). In the absence of nitrate, these re-
ducing chemicals have been shown to stabilize Tc(IV) 
[1, 2]. Two series of samples were prepared in the ab-
sence and presence of TcO2×0.6H2O(am). pHm, Eh and 
[Tc] (in the active samples) were monitored at regular 
time intervals for up to 300 days. The redox state of 
Tc in both solid and aqueous phases was determined 
for selected samples by XANES spectroscopy and sol-
vent extraction with TPPC. Colorimetric nitrate/nitrite 
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tests were used to determine the presence/absence of 
nitrite. 

Nitrate induces a clear and fast increase of Eh in 
SnCl2 and Na2S2O4 systems with TcO2×0.6H2O(am) 
(see Figure 1). After 5-50 days (depending upon re-
ducing system, pHm and ionic strength), Eh values in 
these systems fall well above the Tc(VII)/Tc(IV) re-
dox borderline. This observation is correlated with a 
significant increase of [Tc] compared to nitrate-free 

systems (see Figure 2). Solvent extraction and 
XANES confirm the predominance of Tc(VII) in the 
supernatant aqueous phase (> 65% Tc(VII)). Colori-
metric nitrate/nitrite tests show significant concentra-
tions of nitrite in these samples, thus supporting that 
the oxidation of Tc(IV) to Tc(VII) takes places 
through the reduction of NO3–. Unexpectedly, Sn(II) 
and Na2S2O4 systems in the absence of 
TcO2×0.6H2O(am) show only a minor and very slow 
increase of Eh. For these systems not containing Tc, 
colorimetric nitrate/nitrite tests confirm only the pres-
ence of (low) nitrite concentration in a limited number 
of samples. These observations suggest that the solid 
TcO2·0.6H2O(am) plays a role in catalyzing the redox 
processes between nitrate and the reducing agents. 
Fe(0) containing samples on the other hand show an 
immediate increase in Eh within the first 24 hours both 
in the presence and absence of Tc.  

As predicted thermodynamically, this work con-
firms that Tc(IV) is oxidized to Tc(VII) by nitrate in 
alkaline, dilute to concentrated saline systems. How-
ever, the impact of nitrate on the redox potential is 
strongly dependent on the characteristics of the inves-
tigated system, pointing to a kinetically hindered reac-
tion. Complementary experiments in the presence of 
ReO2(s) (inactive analogue of TcO2(s)) or 137Cs (solu-
ble b-emitter) were performed to assess the role of 
TcO2×0.6H2O(am) as catalyzer in the redox reaction 
with nitrate. 

Solubility of U(VI) in dilute to concentrated 
KCl solutions 
Uranium is expectedly found as U(VI) in aquatic sys-
tems under mildly reducing to oxidizing conditions. In 
the alkaline pH region and in the absence of strong 
complexing ligands (e.g. carbonate, phosphate, sili-
cate), the solubility of U(VI) is controlled by M-
U(VI)-OH (M-uranates, with M = Na, K, Ca, among 
others). In contrast to Ca- and Na-uranates, very little 
is known on the solubility of K-U(VI)-OH phases. The 
latter compounds are expected to control the solubility 
of U(VI) in the early stages of cement degradation and  
are therefore in the focus of this work. 

All experiments were performed in Ar gloveboxes 
at T = (22 ± 2) °C. K2U2O7·xH2O(s) was prepared by 
precipitating a 0.5 m UO2Cl2 stock solution in 2.43 M 
KCl + 0.07 M KOH at pHm » 13. The resulting solid 
was aged for 3 months before starting the solubility 
studies. Undersaturation solubility experiments with 
K2U2O7·xH2O(s) were performed in 0.1, 0.5, 1.0, 3.0 
and 4.0 M KCl-KOH solutions at 8 £ pHm £ 14.5. The 
uranium concentration was determined by ICP-MS af-
ter phase separation with 10 kD ultrafiltration (2 - 
3 nm). [U] and pHm values were monitored at regular 
time intervals until attaining equilibrium conditions. 
The initial K2U2O7·xH2O(s) and selected solid phases 
of samples after completion of the solubility experi-
ments were characterized by XRD, SEM-EDS, chem-
ical analysis and TG-DTA.  

Solid phase characterization confirms that 
K2U2O7·1.5H2O(cr) is the solid phase controlling the 

 
Fig. 1: Pourbaix diagrams of Tc and N, and experimental 
pHm-Eh data measured in Sn(II) systems in the absence (red 
symbols) and presence (blue symbols) of nitrate. Calcula-
tions performed using thermodynamic data reported in [3, 
4]. 
 

 
Fig. 2: Experimental solubility data of Tc(IV) measured in 
Sn(II) systems in the absence (red symbols) and presence 
(blue symbols) of nitrate. Solid line corresponds to Tc(IV) 
solubility calculated using thermodynamic data reported in 
[4]. 
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solubility in all investigated KCl-KOH systems. Ex-
perimental solubility data show a pH-independent be-
havior up to pHm » 11 regardless of ionic strength 
(Figure 3). An increase of the solubility with a well-
defined slope of +1 (log [U] vs. pHm) is observed at 
pHm ≥ 11. In this pH region, a decrease of U(VI) sol-
ubility was observed with the increase of ionic 
strength. The combination of solid phase characteriza-
tion and slope analysis clearly indicate the predomi-
nance of UO2(OH)3– and UO2(OH)42– species under 
near-neutral to hyperalkaline pH conditions and show 
a solubility behavior very similar to the NaCl case. 
Solubility data are used to derive new thermodynamic 
and SIT/Pitzer activity models for the system UO22+-
H+-K+-OH–-Cl–-H2O(l), which extend the thermody-
namic database available for U(VI) and allow more 
accurate source term calculations under boundary 
conditions relevant for nuclear waste disposal. 

Solubility and speciation of Pu(VI) in alkaline 
NaCl solutions 
In this study, the aqueous chemistry of plutonium(VI) 
was investigated. In pH neutral to alkaline aqueous so-
lutions, the redox active Pu can exist as Pu(VI) and 
potentially as Pu(V) under oxidizing conditions, while 
Pu(III) and Pu(IV) are predominant under redox-neu-
tral to strongly reducing conditions [3, 6]. Although 
reducing conditions are expected in deep geological 
repositories in the long-term due to the anoxic corro-
sion of steel, oxidizing environments may also be-
come relevant at an early period in the post-opera-
tional phase or, spatially limited to the container near 
field, due to radiolysis effects under certain boundary 
conditions. Oxidizing conditions, and thus Pu(VI), 
might still be considered in certain scenarios for future 
repositories with intended measures for reversibility 
and retrieval of the nuclear waste, e.g. due to a non-
backfilled shaft, or in accident scenarios for interim 
storage facilities for nuclear waste located at the sur-
face. As an extension of our previous works on U(VI) 
[5] and Np(VI) [7], we have investigated the solubility 
and hydrolysis of Pu(VI) in alkaline NaCl solutions 
where systematic investigations and reliable thermo-
dynamic data are missing. 

All experiments were performed at T = (22 ± 2) °C 
under inert Ar atmosphere in a glove box. A radio-
chemically well-characterized 242Pu(IV) stock solu-
tion in 1.0 M HClO4 containing about 100 mg of 242Pu 
was electrochemically oxidized at Eanode ≈ +1.8 V vs. 
SHE. The oxidation state purity of the resulting 
Pu(VI) stock solution was confirmed by UV-Vis/NIR 
spectroscopy. The Pu(VI) stock solution was alkalized 
with NaOH and mildly tempered for several weeks in 
air tight autoclaves. The resulting brownish Pu solid 
phase was characterized by conventional and synchro-
tron based in-situ X-ray diffraction (XRD), quantita-
tive chemical analysis of Na and Pu contents, scanning 
electron microscopy-energy-dispersive spectrometry 
(SEM-EDS) and X-ray absorption fine structure spec-
troscopy (XAFS). The solubility of the brownish 
Pu(VI) solid phase was studied in 0.10-5.0 M NaCl at 
pHm = 9-14, in some cases using NaOCl as oxidizing 
agent. 

The initial Pu(VI) solid phase showed a similar 
XRD pattern and a similar platelet-like structure as re-
ported for Na2Np2O7(cr). The chemical analysis re-
vealed a Na:Pu ratio of about 1:1 which corroborates 
the presence of sodium plutonate, 
Na2Pu2O7×xH2O(cr). 

Figure 4 shows the experimental solubility of 
Na2Pu2O7×xH2O(cr) in 5.0 M NaCl in comparison to 
Na2Np2O7(cr) [7] and Na2U2O7×H2O(cr) [5]. Above 
pHm ≈ 11, the Pu(VI) solubility systematically in-
creases with a slope ≈ +1 (log [Pu(VI)] vs. pHm), 
which is in agreement with an equilibrium between 
sodium plutonate as solubility controlling solid phase 
and the fourth Pu(VI) hydrolysis complex as predom-
inant Pu(VI) aqueous species, analogous to the 
Np(VI) and U(VI) cases: 

 

 
 

Fig. 3: Solubility of U(VI) in (a) 0.51; and (b) 4.50 m KCl 
solutions. Solid lines are calculated with thermodynamic 
and activity models derived in this work consistently with 
[5]. Black triangles are appended for comparison and cor-
respond to the solubility of U(VI) in 0.51 and 5.61 m NaCl 
as reported in [5].  
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0.5 Na2Pu2O7×xH2O(cr) + (2.5−x) H2O ó Na+ + 
PuO2(OH)42− + H+. 
 
At lower [NaCl] and lower pHm values, spontaneous 
transformation of the initial Na2Pu2O7×xH2O(cr) into a 
substoichiometric Na-Pu(VI)-O(H)(cr) phase with 
Na:Pu ratio less than 1, and into binary 
PuO2(OH)2×xH2O(cr) was observed. Based on the 
comprehensive solubility and additional spectroscopic 
data obtained, a reliable assessment of the Pu(VI) be-
havior in alkaline dilute to concentrated NaCl solu-
tions is possible for the first time. Furthermore, the re-
sults allow the evaluation of systematic trends in the 
An(VI) series with An = U, Np and Pu. 
 

Solubility and hydrolysis of beryllium in di-
lute to concentrated NaCl, KCl and CaCl2 
systems 
Beryllium is an element present in certain waste forms 
to be disposed of in repositories for radioactive waste. 
Understanding aquatic Be chemistry is relevant due to 
the chemotoxic characteristics of Be. The amphoteric 
behavior of Be(II) is widely accepted in the literature 
[8, 9], although the number of experimental studies re-
porting the formation of anionic hydrolysis species 
(Be(OH)3– and Be(OH)42–) under alkaline to hyper-
alkaline pH conditions is very scarce [10, 11]. The for-
mation of ternary Na–Be(II)–OH and Ca–Be(II)–OH 
solid phases under hyperalkaline pH conditions has 
been described in the literature [12–14]. These solid 
phases may eventually control Be(II) solubility in ce-
mentitious environments, but no thermodynamic data 
are available so far for these systems. In the context of 
the EU collaborative project on Cement Based Mate-
rials (CEBAMA; www.cebama.eu), one of the re-
search activities on-going at KIT–INE focuses on the 
aquatic chemistry of Be(II) under alkaline to 

hyperalkaline pH conditions. In a second stage of the 
project, the uptake of Be(II) by cement and C–S–H 
phases with different Ca:Si ratios will be investigated. 
The main objectives are the development of compre-
hensive thermodynamic and activity models for the 
system Be2+–Na+–K+–Ca2+–H+–Cl––HCO3––CO32––
OH––H2O(l), the determination of robust solubility 
upper limits for source term estimations and, further, 
the quantitative assessment of the uptake of Be(II) by 
cementitious materials. 
Solubility experiments were performed from under-
saturation conditions using commercial BeO(cr) and 
synthetic Be(OH)2(am). The latter phase was prepared 
at room temperature by precipitating a ~0.35 M 
BeSO4 stock solution at pHm » 10.5, and washed three 
times with the corresponding background electrolyte 
solution before use. All sample preparation and han-
dling was performed in an Ar glovebox at T = (22 ± 2) 
°C. A total of 120 independent batch samples were 
prepared by contacting 0.5–5 mg of solid Be phase 
(per sample) with the following systems: (i) 0.1–5.0 
M NaCl–NaOH (5 series, with 5 ≤ pHm ≤ 14.5); (ii) 
0.1–4.0 M KCl–KOH (5 series, with 9 ≤ pHm ≤ 14.3); 
(iii) 0.05–3.5 M CaCl2 (4 series, with 9 ≤ pHm ≤ 12); 
(iv) 0.01–4.0 M NaOH; and (v) 0.01–4.0 M KOH (iv 
and v in the absence of MCl salts). Total concentration 
of Be(II) in the aqueous phase was quantified by ICP–
MS after ultrafiltration with 10 kD filters. [Be(II)] in 
the clear supernatant (without phase separation) of se-
lected solubility samples was also analysed in order to 
assess the possible presence of colloidal species. Solid 
phases in selected solubility experiments were charac-
terized by XRD (see Figure 5), after attaining 

 
 

Fig. 4: Experimental solubility of Na2Pu2O7×xH2O(cr) 
(p.w.), Na2Np2O7(cr) [7] and Na2U2O7×H2O(cr) [5] in alka-
line 5.0 M NaCl solutions and the corresponding SIT models 
(dashed lines). 

 
Fig. 5: XRD patterns of BeO(cr) and Be(OH)2(am) solid 
phases used in this study. BeO(cr) reference patterns as re-
ported in JCPDS database. 
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thermodynamic equilibrium (assumed after constant 
pHm and [Be(II)] measurements). 

Solubility data obtained with BeO(cr) and 
Be(OH)2(am) confirm the amphoteric character of 
Be(II), with a solubility minimum at pHm » 9 (see Fig-
ure 6). At this pHm value, [Be(II)] in equilibrium with 
BeO(cr) and Be(OH)2(am) is » 10–7.5 and » 10–6 M, 
respectively. No relevant differences are observed be-
tween [Be(II)] quantified in the clear supernatant and 
after 10 kD ultrafiltration, thus excluding any signifi-
cant contribution of dissolved colloidal beryllium spe-
cies to the total Be solubility. The combination of sol-
ubility data determined under acidic pHm conditions 
and the hydrolysis scheme reported in [14] for cationic 
hydrolysis species of Be(II) allows the determination 
of log *K°s,0{BeO(cr)} and log *K°s,0{Be(OH)2(am)} 
for the solid phases used in the present study. Solubil-
ity data obtained in weakly alkaline conditions clearly 
show that the hydrolysis constant previously reported 
for Be(OH)2(aq) in potentiometric studies is signifi-
cantly overestimated. The solubility of Be(OH)2(am) 
determined in strongly alkaline, dilute NaCl systems 
is in excellent agreement with the single solubility 
study available to date in this pH region [10]. This 
work allows deriving chemical, thermodynamic and 
(SIT) activity models for the system Be2+–Na+–K+–
Ca2+–H+–Cl––OH––H2O(l). 

Thermodynamics of the complexation of 
NpO2

+ with sulfate at elevated temperatures 
The early actinides are redox active metals and exist 
as An(III) to An(VI) within the thermodynamic stabil-
ity field of water. Within the An(V) series the penta-
valent NpO2+ is thermodynamically most stable and 

highly soluble in aqueous solution. The complexation 
of NpO2+ with inorganic ligands in natural ground wa-
ters is of high interest. Sulfate is present in natural 
ground waters, in pore waters of clay rocks and in 
brines from rock salt formations [15, 16].  

In this work, the complexation of NpO2+ with SO42- 
is studied as a function of temperature (20 °C – 85 °C) 
and ionic strength (Im = 0.5 – 4.0 mol×kg–1 NaClO4) 
using near infrared (NIR) absorption spectroscopy. 
The absorption spectra of NpO2+ with increasing 
[SO42-]total are displayed in Figure 7 at T = 20 °C and 
85 °C.  

At 20 °C the hydrated NpO2+ aquo ion shows a sin-
gle absorption band at λmax = 980.2 nm which is 
shifted bathochromically with increasing [SO42-]total. 
The red shift is accompanied with a slight increase of 
the Full Width Half Maximum (FWHM). At 85 °C the 
bathochromic shift of the absorption band and the 
broadening of the FWHM are more distinct. These 
changes clearly indicate the formation of 
NpO2(SO4)n1-2n complexes, which is favorable at in-
creased temperatures. Evaluation of the spectra by 
principle component analysis reveals the formation of 
one complex species with a stoichiometry of 
NpO2SO4– [17]. While this (1,1) species is only a mi-
nor component at 25 °C, increased temperature results 
in a distinctively stronger complexation reaction (see 
Figure 8). 

 
Fig. 6: Solubility of BeO(cr) and Be(OH)2(am) in 0.1 M 
NaCl solutions at 5 ≤ pHm ≤ 13. Squares correspond to 
Be(II) solubility data reported by Gilbert et al. [10] in 
NaOH solutions. Calculated solubility appended for com-
parison: using thermodynamic data based upon “solubility 
+ potentiometric studies” (dashed lines), and based upon 
“solubility + solvent extraction studies” (solid lines). 
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Fig. 7: Absorption spectra of NpO2

+ as function of total sul-
fate concentration [SO4

2-]tot at (a) T = 20 °C, and (b) 85 °C, 
both at Im(NaClO4) = 4.0 mol kg-1. 
 

 
Fig. 8: Species distribution of Np(V) as a function of the 
equilibrium sulfate concentration. (Im = 4.0 mol kg-1 
NaClO4); T = 20 °C and 85 °C. 
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Applying the specific ion interaction theory (SIT) and 
the integrated Van´t Hoff equation the thermodynamic 
functions (log b0j(T), DrH0m, DrS0m) and the binary 
ion-ion-interaction parameters (εT(i,k)) of the com-
plexation reaction are obtained. The log β01(25 °C) = 
(0.92 ± 0.13) increases by 1 order of magnitude within 
the temperature range of 25 – 85°C (see Table 1). 

Furthermore, the thermodynamic functions DrH0m = 
(30.3 ± 2.8) kJ mol-1 and DrS0m = (119 ± 9) J mol-1  K-

1 show that the complexation reaction is endothermic 
and driven by the entropy [17]. The De01 values of the 
reaction increase slightly from –(0.15 ± 0.04) to –
(0.07 ± 0.02) kg×mol–1 between 25 – 85 °C. This in-
crease is however within the error range of the data 
and should not be over-interpreted. Thus, a tempera-
ture-independent binary ion-ion interaction coeffi-
cient e(Na+, NpO2SO4–)25°C = (0.02 ± 0.19) kg×mol–1 
for the NpO2SO4– complex is calculated. 
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Tab. 1: Thermodynamic stability constants logb0
1(T) for the 

formation of NpO2SO4
– in the temperature range of 20 °C to 

85 °C [17]. 
 

T [°C] log b0
1(T) T [°C] log b0

1(T) 
20 (0.83 ± 0.09) 60 (1.42 ± 0.03) 
30 (0.96 ± 0.15) 70 (1.55 ± 0.10) 
40 (1.09 ± 0.04) 80 (1.79 ± 0.10) 
50 (1.29 ± 0.02) 85 (1.83 ± 0.08) 
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4.2  Sorption on mineral phases 
4.2.1. First electrostatic surface complexation  

modeling up to 5 M ionic strength 
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Introduction 
Establishing fundamental understanding and modeling 
of radionuclide retention processes on mineral surfaces 
at high ionic strength conditions are scientifically chal-
lenging. In order to analyze the performance of surface 
complexation modeling approaches at high ionic 
strength conditions, well defined lab-systems have 
been studied in combination with advanced analytical 
tools.  

High salt concentration have been of recent interest 
in some spectroscopic studies dealing with mineral wa-
ter interfaces such as the study on silica by Jena et al. 
[1] at constant pH and up to 5 M NaCl. These interfaces 
in contact with highly concentrated salt solutions are 
relevant for the adsorption of radionuclides in the con-
text of nuclear waste repositories where very high salt 
concentrations are expected. Adsorption of radionu-
clides up to very high salt levels has been rarely stud-
ied. Mostly systematic sets of experimental data have 
been obtained on clay samples relevant to nuclear 
waste disposal [2]. These data have been modeled us-
ing a non-electrostatic surface complexation model 
(SCM) with a Pitzer approach to account for activity 
corrections of aqueous species, which proved quite 
successful. However, the interfacial electrostatics in 
these systems cannot be disregarded in more advanced 
models. Therefore, the combination of an electrostatic 
model with the Pitzer model to describe charging of 
and adsorption on an oxide-mineral surface up to high 
electrolyte concentrations should be tested. Surface ti-
trations of silica have been obtained by Bolt [3] and 
modelled by Hiemstra et al. [4] up to 4 M NaCl. The 
model by Hiemstra did not involve electrolyte models 
that would allow for the accurate calculation of activity 
coefficients beyond 0.5 M and it is not clear whether 
all necessary corrections in the experimental work by 
Bolt [3] were done to obtain accurate experimental re-
sults. This uncertainty precludes the use of Bolt’s data 
to test a model up to high electrolyte concentrations. In 
the present work, a Basic Stern model is instead applied 
to a set of spectroscopic data by Jena et al. [1] on fused 
silica. These authors have modeled their results by a 
Diffuse Layer Model (DLM) for the lower salt concen-
tration, and with a constant capacitance model (CCM) 
at NaCl concentrations above 0.13 M. The CCM in-
volves a constant surface potential for the latter condi-
tions. The change in model concept with variable ionic 

strength and the constant potential assumption appear 
unnecessary, since in principle a well-parameterized 
SCM like the Stern model not only combines the prop-
erties of the DLM and the CCM, but also allows salt 
variation, while it is not clear whether such a model 
would be successful up to 5 M NaCl. The purely dif-
fuse layer model (DLM) is known to be a rather bad 
model for most cases, while for classical silica it may 
not be as bad as for other oxides. Yet it is of interest to 
test a comprehensive model framework up to high con-
centrations of background electrolyte.  

Charging and non-linear optics of fused silica 
in NaCl solutions at near-neutral concentra-
tions 
Figure 1 shows the experimental sum frequency gener-
ation (SFG) data from the literature and a model pre-
diction by a classical silica model at an assumed pH of 
6, which is the pH that the original authors specify for 
their experiments. Here, –log[H+]/M =6 was assumed 
to be constant, which causes a significant change in the 
pH over the salt concentration studied. Figure 1a shows 
the actual data as obtained from the literature (red) and 
from the SCM output (blue). In the model, the above 
mentioned variation in pH, a non-monotonic change in 
the surface charge density is obtained at higher salt 
level. At low salt levels the typical increase with in-
creasing salt content is predicted, while there is an in-
version in the trend at the higher salt levels due to a 
change in pH. Interestingly, the inversion occurs at the 
salt levels where the SFG signal remains constant. In 
Figure 1b it was attempted to scale quantities from the 
two sources of data in such a way as to obtain overlap. 
In the lower salt levels, the BSM surface charge density 
scales very well with the SFG signal. At high salt lev-
els, the surface potential and the diffuse layer potential 
scale with the SFG signal. The analysis of the non-lin-
ear results in terms of surface or diffuse layer potential 
is still ongoing. While it is generally accepted that the 
diffuse layer potential is strongly affected by salt con-
centration, there is contradictory information about the 
salt dependence of the surface potential. Classical 
models would predict very small effects in the latter 
case. This issue will be addressed in future research po-
tentially with direct measurements of changes in the 
surface potential with variable salt concentrations. For 
future calculations, a more recent SFG data set in NaCl 
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will be also be considered and an additional set of data 
in LiCl is also available that can be used to test the in-
herent ion specific effects. Although the simulations 
suffer from the ill-posed experimental conditions, the 
SCM is (for the inevitable assumptions involved) sur-
prisingly successful in mimicking the spectroscopic 
data.  

Adsorption of Sr on goethite up to high NaCl 
concentration – experiment and modelling  
Based on the insight that the SCM is able to describe 
spectroscopic data up to high salt levels, the following 
text deals with charging data of and Sr adsorption data 
on goethite (a-FeOOH). A similarly simple model 
(Basic Stern model involving one surface site) has been 
applied to data up to 5 M NaCl. Figure 2 shows the ex-
perimental acid-base (charging) data with the obtained 
model up to 5 M NaCl. The model very well predicts 
the proton uptake data. It should be noted that the mod-
eling also involved the determined isoelectric point of 
the goethite (data not shown).  
 

 

 
 

 
 
Fig. 1: (a) Calculated surface charge density (protonable 
charge) of silica (black) and integrated sum frequency gen-
eration signal (from Jena et al. [1] at near-neutral pH as a 
function of NaCl concentration. (b) Scaled quantities from 
(a) and (scaled) calculated surface (blue) and diffuse layer 
potentials (green) for NaCl concentrations above 1 M.  

 

 

 
Fig. 2: H+ adsorption (Hads) as a function of pHc for 
FeOOH(s) particles at different ionic strengths (0.1-5 M) in 
NaCl medium. Symbols stand for the experimental results, 
while lines are the best fit model using parameters within a 
surface complexation model (Basic Stern approach) for the 
surface reactions and Pitzer activity coefficients for aqueous 
solution speciation. 
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Figure 3 shows the adsorption data and the concomi-
tant model lines. The model combines the NaCl Pitzer 
model and the basic Stern charging model from Figure 
2 with a Pitzer based solution model for Sr in NaCl so-
lutions and one additional Sr uptake reaction equation. 
Figure 3 involves Sr data at two slightly different total 
concentrations. The data at low salt level are not ideally 
described. This is due to the about 10 % adsorption at 
low pH for this series, which has been observed else-
where as well and is difficult to model. The model 
could be improved by adding additional surface spe-
cies, but this would not improve the already very good 
simulations at the higher salt levels. In particular the 
model is able to describe the much lower adsorption at 
the higher salt levels surprisingly well. Overall, the 
previous modelling tests have shown that it is possible 
to apply traditional electrostatic SCMs when combined 
with Pitzer formalism for aqueous solutions up to very 
high salt levels. This supports previous studies involv-
ing non-electrostatic models that combined with Pitzer 
equations well describe radionuclide uptake up to these 
high salt levels. 
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Fig. 3: Sorption edges for Sr (diamonds [Sr]T=1·10-5 M; cir-
cles [Sr]T=5·10-5 M), S:L 9.43 g/L, on FeOOH(s) as a func-
tion of pHc and at different NaCl concentrations. Sorption 
data (symbols) is presented as percentage uptake. Grey solid 
line ([Sr]T=1·10-5 M) and black dotted line ([Sr]T=5·10-5 M) 
stand for SCM predictions obtained with the model used to 
calculate the charging curves (Figure 2) and one Sr adsorp-
tion reaction. 
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4.2.2. Sorption of europium in presence of  
gluconate or citrate onto clay minerals 

 
F. Rieder, T. Rabung, H. Geckeis 
 
 
Introduction 
Trivalent actinides generally show a strong interaction 
with clay mineral surfaces in terms of sorption reac-
tions [1] which is of particular relevance for bentonite 
barriers or claystone host rocks of nuclear waste repos-
itories. This strong retention was demonstrated re-
cently also for highly saline conditions [2]. A signifi-
cant decline in sorption is, however, to be expected in 
presence of organic complexing ligands, either natu-
rally occurring like e.g. humic acids [3] or originating 
from the waste form or the concrete used as construc-
tion material. Among other relevant complexing lig-
ands, gluconate as a representative of α-hydroxo car-
boxylic acids and an analogue to isosaccharinic acid 
(main product of cellulose degradation) and an im-
portant cement additive, might significantly decrease 
the sorption of trivalent actinides. Beside gluconate, 
citrate (another cement additive) is also expected to 
have an impact on the sorption behavior of trivalent 
lanthanides and actinides.  

In order to assess the radionuclide retention capacity 
of clay minerals, the potential impact of strong com-
plexing anionic ligands (like gluconate and citrate) on 
sorption needs to be quantified. For a sound mechanis-
tic understanding and a reliable prediction of the metal 
ion sorption under relevant conditions a sufficient 
number of experimental data under variation of sensi-
tive parameters (e.g. pH, ligand concentration, type of 
background electrolyte and its concentration, composi-
tion etc.) is essential. By combining all available infor-
mation reliable thermodynamic models can be derived 
and/or validated. 

Sorption of europium in presence of gluconate 
or citrate onto clay minerals 
Almost no published data are available dealing with the 
sorption of trivalent lanthanides and actinides onto clay 
minerals in presence of gluconate or citrate both for 
low and high ionic strength conditions. In the present 
work, batch sorption experiments in presence of glu-
conate or citrate were performed with Illite du Puy (Na-
IdP-2) 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) back-
ground electrolytes concentrations and a constant lig-
and concentration of 0.01 M gluconate and 0.001 M 
citrate. In addition to this first approach with a rela-
tively high gluconate concentration a second batch 
sorption series at fixed pH-values (pH = 9, 10.5, 12) 
was setup as a function of decreasing gluconate ligand 
concentration ([gluconate] = 5·10-3 - 1·10-5 M). The to-
tal radionuclide concentration in the system was fixed 
at 2·10-8 M 152Eu (carrier free) for all batches. All ex-
periments were performed under Ar atmosphere with 
an equilibration time of 3-4 day. To avoid precipitation 

effects (e.g. of Ca-citrate or Ca-gluconate) thermody-
namic calculations were performed before the experi-
ments for all experimental conditions using the geo-
chemical code PHREEQC and SIT corrections. To 
avoid effects of microbial degradation every solution 
containing organic ligands was freshly prepared and di-
rectly used within 4 days. 

In presence of gluconate, a significant reduction of 
Eu (III) retention is observed for pHm > 7 in NaCl 
background electrolyte solutions (Figure 1) and the 
logarithmic distribution coefficient remains between 
log KD = 3-4. Compared to the ligand free data of 
Schnurr et al. this corresponds to a decrease of 1-3 or-
ders of magnitude. Experimental data derived from 
CaCl2 containing systems exhibit a similar behavior 
between pHm= 7-11 (Figure 2), with a further decrease 
above pHm= 11. This second decrease might hint at the 
formation of ternary Ca-Eu(III)-GLU or quaternary 
Ca-Eu(III)-GLU-OH aqueous complexes. As a re-
markable finding, the absence of any dependency on 
ionic strength in both electrolyte systems can be 
pointed out. 

Figure 1 shows the experimental findings focusing on 
the influence of different gluconate concentrations on 
Eu(III) sorption in 0.1 M NaCl solution. Data are com-
pared with experiments in absence (open symbols, 
black, same ionic strength) and presence of 0.01 M of 
gluconate (closed symbols, black). By increasing the 
gluconate concentration from 1·10-5 M to 1·10-4 M 
(yellow, purple and green symbols) no significant in-
fluence of gluconate on the sorption of Eu(III) onto il-
lite is observed within the experimental uncertainties. 

Fig. 1: Eu(III) sorption onto Illite du Puy, 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 distribu-
tion coefficient log KD vs. pHm. To illustrate the effect of glu-
conate, experimental data from Schnurr et al. [2] in absence 
of any competing ligand is shown for comparison (open sym-
bols, 0.09 M NaCl). 
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Therefore, the value of 1·10-4 M gluconate may be 
taken as a lower limiting value for the effect on the 
sorption of Eu(III) onto Na-Illite (at least for the exper-
imental conditions of the present study, for instance re-
garding the solid content or Eu(III) concentration). By 
further increasing gluconate concentration from 1·10-

4 M to 5·10-3 M, a significant decrease in retention 
takes place with similar data observed for 5·10-3 M and 
1·10-2 M gluconate. The gluconate concentration of 
5·10-3 M can be seen as the concentration limit when 
the maximum impact on Eu(III) sorption under the 
chosen experimental conditions of this study is estab-
lished. 

The influence of citrate on the Eu(III) sorption on il-
lite is shown in Figure 4 for 3 different NaCl back-
ground electrolyte solutions. In the lower pH-region 

from pH = 3 to 8 the retention of Eu(III) is remarkably 
decreased compared to the ligand free system. No pro-
nounced retention is observed for higher pH condi-
tions, however. As in the gluconate system, no drastic 
impact of ionic strength on sorption is observed.  

Conclusions 
The presence of complexing ligands like gluconate or 
citrate can have a major impact on the sorption behav-
ior of trivalent lanthanides and actinides. Batch sorp-
tion experiments in presence of gluconate indicate a 
significantly reduced retention of Eu(III) sorption onto 
illite over the whole pH-range covered in this study 
(7<pH<12.5). Sorption experiments in presence of cit-
rate show pronounced reduction of sorption up to pH 
~8. In all experimental series for gluconate and citrate, 
no drastic effect of ionic strength was observed for the 
same type of background electrolyte solution. Signifi-
cant effects could be observed when using NaCl in-
stead of CaCl2 solutions in the gluconate system. In the 
future, time resolved laser fluorescence spectroscopy 
(TRLFS) will be used to get deeper information on the 
sorption mechanisms/processes and to establish a ther-
modynamic model for describing the experimental 
findings. 
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Fig. 2: Eu(III) sorption onto Illite du Puy, in presence of 0.01 
M Ca-Gluconate, in different CaCl2 electrolytes solutions 
(0.06 M black, 0,6 M blue, 2 M red) shown as logarithmic 
distribution coefficient log KD vs. pH. To illustrate the effect 
of gluconate, experimental data from Schnurr et al. [4] in 
absence of any competing ligand are shown (open symbols, 
0.06 M CaCl2). 

Fig. 3: Eu(III) sorption onto Illite du Puy under variation of 
the gluconate concentration in 0.1 M NaCl. Experimental 
data from Schnurr et al. [2] 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) are shown for comparison. 
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Fig. 4: Eu(III) sorption onto Illite du Puy, in presence of 
1·10-3 M Na-Citrate, in different NaCl electrolytes solutions 
(0.1 M black, 1 M blue, 3 M red) shown as logarithmic dis-
tribution coefficient log KD vs. pH. To estimate the effect of 
citrate, experimental data from Schnurr et al. [2] in absence 
of any competing ligand are shown (open symbols, same 
color code). 
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Introduction 
High-level nuclear waste (HLW) is foreseen to be en-
capsulated in thick-walled steel containers and placed 
in deep geological repositories where it will be further 
isolated by additional barriers. During the (geo)chemi-
cal evolution of the repository, ground water may mi-
grate through the barriers and contact the waste pack-
ages. Secondary phases form as a consequence of al-
teration or corrosion of materials from the multi-barrier 
system or from the waste itself. Knowledge of the na-
ture and amount of secondary phase(s) formed, includ-
ing relevant kinetics, will greatly improve the Safety 
Case from a geochemical perspective.  

Secondary phases can potentially scavenge radionu-
clides (RNs) released from the waste and significantly 
retard their migration to the far-field. Various molecu-
lar scale retention processes can occur, ranging from 
surface retention to structural entrapment. Retention of 
radionuclides by structural incorporation, i.e., by for-
mation of solid solutions, can arguably result in a long-
term efficient immobilization mechanism. The for-
mation of solid solutions is common in nature. How-
ever, significant efforts are required to establish relia-
ble kinetic and thermodynamic models for use in the 
specific context of nuclear waste disposal. Such mod-
els can be developed by combining information from 
experiments, i.e. using advanced microscopic, spectro-
scopic and diffraction techniques, and from comple-
mentary computational studies. At KIT-INE, the reten-
tion of radionuclides by structural incorporation within 
the bulk structure of relevant secondary phases is in-
vestigated by combing experimental and theory based 
efforts to develop a thorough molecular scale process 
understanding. Below are examples of ongoing studies.  

Corrosion of iron granules in various brines 
at elevated temperatures 
For safety analysis, knowledge of steel corrosion rates 
and corrosion mechanisms are important information. 
On the one hand side, corrosion rates may allow esti-
mating the time frame of the integrity of the waste 
packages and on the other hand side, corrosion prod-
ucts will provide an additional barrier against radionu-
clide migration to the far field.  

Fe(0) is the main component of various steel types 
used for canisters and is presently studied in new cor-
rosion experiments under anoxic and saline conditions. 
The starting materials in the orientative studies pre-
sented here were commercial iron granules of 2 mm 
size, which were cleaned by washing shortly with 5 
mM HCl. A surface to brine volume ratio of 1:5 was 

used. Brines were either NaCl (ionic strength I = 1 M 
and 3 M) or MgCl2 (ionic strength I = 1 M and 9 M). 
Experiments were performed in plastic containers 
placed in an oven at 60°C. Contact times of 2, 6, 12 and 
18 weeks were adopted.  

In additional studies, two containers filled with either 
NaCl at I = 3 M or MgCl2 at I = 3 M were placed inside 
an Ar glovebox at 25°C. The preparation of the exper-
iments as well as sampling was done under Ar atmos-
phere to ensure strict anoxic conditions. pH and Eh 
were measured after cooling down to room tempera-
ture. Sampling of the granules and liquid phase was 
done in a way so as to keep the surface to volume ratio 
constant. After sampling, the containers were closed 
again and placed back into the oven. The same sam-
pling procedure was applied for the samples staying in 
the Ar box at room temperature. Sampling at several 
time intervals and at two temperatures allows to con-
strain the kinetics of the corrosion processes. Various 
analytical techniques were used to characterize the 
solid phases. The settled particles in the liquid phase 
were examined by XRD to identify the formed second-
ary phases. The iron granules were gently washed to 
remove adherent dried salt particles and examined by 
XPS to determine the elemental composition and Fe re-
dox state, and by SEM-(EDX). to see the morphology 
and perform elemental analysis. 

SEM analysis for solid phase in MgCl2 brine at I = 1 
M shows the presence of hexagonal sheet crystallites 
of a morphology typical for green rust (GR) or Fe(OH)2 
[1] and octahedral crystals typical for magnetite after 6 
and 12 weeks. However only GR/Fe(OH)2 is observed 
after 18 weeks (Figure 1), showing significantly higher 
coverage of the iron surface by secondary phases as 
time progresses. This is confirmed by XPS measure-
ments where after 18 weeks, in the narrow O 1s spec-
trum, no oxide line is present, indicating the absence of 
magnetite. The narrow Fe 2p spectrum shows almost 
no Fe(III) peak after 6 and 12 weeks but a significant 
peak of Fe(III) after 18 weeks. This allows a distinction 
between GR and Fe(OH)2 as the later does not have any 
Fe(III) present. The Fe(II) shoulder is very close to the 
Fe(0) peak in the narrow Fe 2p spectrum but present in 
all cases. It should be noted that the sample evolution 
from 12 to 18 weeks is far more evident than the sam-
ple evolution from 6 to 12 weeks contact time. EDX 
measurements also show iron to oxygen ratios which 
correspond to magnetite (3:4) and GR (1:2) after 6 and 
12 weeks, but only GR after 18 weeks. XRD of the set-
tled particles confirms the presence of magnetite after 
6, 12 and 18 weeks.  
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Similar studies in MgCl2 brine (I = 9 M), SEM reveal 
no corrosion after 2 weeks and the formation of hexag-
onal platy crystals suggesting the presence of 
GR/Fe(OH)2 only after 6 and 12 weeks with no indica-
tion of magnetite. The XPS narrow O 1s spectrum lacks 
the oxide line after 2, 6 and 12 weeks, which confirms 
that there is no magnetite present (Figure 2). XPS nar-
row Fe 2p spectrum shows a similar evolution as in the 
previous case for MgCl2 brine at I = 1 M, indicating the 
presence of GR after 12 weeks. EDX measurements showed 
Fe/O ratios corresponding to GR after 12 weeks. XRD ren-
dered inconclusive due to interferences from the high 
salt content present in the samples.  

In the case of NaCl brine at I = 1 M, well defined 
octahedral magnetite crystals are evidenced by SEM 
after 6 weeks, however in lower amounts after 12 
weeks and almost only GR/Fe(OH)2 platy structures 
are found after 18 weeks (Figure 1). XPS narrow O 1s 
spectrum shows the gradual disappearance of the oxide 
line, reaching almost plateau after 18 weeks. In the nar-
row Fe 2p spectra, Fe(0) is likewise decreasing whilst 
Fe(III) gradually increases with time, indicating the 
presence of GR. EDX measurements confirm the evo-
lution of magnetite into GR. These results could not be 
confirmed by XRD, again due to interferences from the 
high salt content. 

When increasing the ionic strength for NaCl to 3 M, 
SEM shows no corrosion after 2 weeks, the coexistence 
of magnetite crystals and GR/Fe(OH)2 platelets after 6 
weeks, and only GR/Fe(OH)2 after 12 weeks. These 
findings are corroborated by EDX spectroscopy. XPS 

narrow O 1s and Fe 2p spectra show hydroxide and ox-
ide contributions after 6 weeks, no oxide line after 12 
weeks, and increase in Fe(III) with time (Figure 3), 
confirming SEM and EDX results, and, as in the previ-
ous cases, the presence of GR. 

Regarding pHm evolution, in case of MgCl2 brine at 
I = 1 M, the pHm shifted from slightly acidic range to 
neutral, from pHm 5.8 to 6.8 after 18 weeks. For the 
remaining 3 cases, the pH shift was within 1 unit after 
18 weeks. Eh increased slightly for all cases, possibly 
suggesting incomplete tightness of the vessels and 
eventually intrusion of oxygen. pHm and Eh were not 
measured at elevated temperature but at room temper-
ature, which may have caused a shift in equilibrium and 
thus a shift in absolute values observed. All pHm values 
reported here account for ionic strength correction fac-
tors and are plotted as molal proton concentrations. All 
Eh values are reported vs. SHE.  

The experiments at room temperatures reveal slower 
and less aggressive corrosion processes, as expected, 
with no changes observed on the iron solid phase or 
liquid phase after 6 and 12 weeks for NaCl at I = 3M 
and no changes after 6 weeks for MgCl2 at I = 3M. The 
sample from MgCl2 brine shows the presence of 
GR/Fe(OH)2 platelets on spots in SEM after 12 and 18 
weeks. XPS and EDX confirms SEM findings, while 
XPS also shows a large Fe(0) peak in addition to  a 
small Fe(III) peak, highlighting the presence of a major 
un-corroded surface and indicating the presence of 
green rust. Samples in NaCl brines yield very similar 
results with SEM showing corroded spots covered with 
GR/Fe(OH)2 platelets after 18 weeks. XPS shows the 

 
 
Fig. 1: SEM pictures of the evolution of the solid phase mor-
phology in the I = 1 M MgCl2 brine (left) and I = 1 M NaCl 
brine (right) from 6 weeks (top) to 18 weeks (bottom). Tem-
perature fixed at 60°C. 

 
Fig. 2: XPS narrow O 1s spectrum comparison for experi-
ments in MgCl2 I =  9 M (T = 60°C). 
 

 
Fig. 3: XPS Fe 2p narrow spectrum comparison for NaCl 
brine I = 3 M (T = 60°C as function of time). 
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same results as in the case of MgCl2, also confirming 
the presence of GR, while EDX measurements show 
mainly iron. The Eh remains constant and the intrusion 
of oxygen can be excluded in these experiments. pHm 
shows an initial increase from 7 to 8 for MgCl2 and to 
9.5 for NaCl after 6 weeks. A further increase by 0.5 
units is observed for NaCl after 18 weeks. This pHm 
increase can be linked to the volumetric replacement of 
iron between the non-corroded surface and the formed 
secondary phases [2].  

It is challenging to quantify the dependence on tem-
perature, as the corrosion rate was not measured. A sig-
nificant effect of temperature on the corrosion of iron 
was previously reported by Foley [3]. The comparison 
of SEM pictures between two granules in brines with 
identical ionic strength (I = 3M) at 25°C and 60°C after 
12 weeks of exposure, respectively show that while at 
60°C the surface coverage by secondary phases is dis-
tributed evenly and covers approximately half of the 
surface, while at 25°C the only coverage is seen at 
grain boundaries or at uneven structures of the surface.  

Overall, considering the time evolution, Mg-rich 
brines seem to favor GR as a major corrosion product 
particularly at high ionic strength (I = 9 M), though 
magnetite is present at low ionic strength (I = 1 M) at 
early stages. Na-rich brines also seem to favor GR as a 
major corrosion product at both intermediate ionic 
strength (I = 3 M) and low ionic strength (I = 1 M) but 
in both cases, the magnetite is present at early stages 
and is gradually substituted/covered by GR. It seems 
from the time evolution that higher ionic strength ac-
celerates this transformation. High ionic strength hin-
ders growth of magnetite and likely favors nucleation 
of Fe(OH)2 and hence the GR forms faster and thus co-
vers the surface completely [4]. 

At I = 1 M, both Mg- and Na-rich brines show similar 
behavior regarding the development of secondary 
phases at elevated temperature. Like observed at room 
temperature, both brines with I = 3 M showed similar 
behavior, independent of the salt type, but lacking mag-
netite. This indicates that the cations do not play a sig-
nificant role as long as identical ionic strength is given, 
pointing to a key effect of chloride [3].  

Referring to the Pourbaix diagram by Refait and Gé-
nin [5], the green rust is stable under similar pH and Eh 
conditions as magnetite [6] with the Eh varying from -
0.5 V to 0.0 V and pH varying from 6.5 to 12 [5]. The 
magnetite stability field is slightly smaller in terms of 
Eh and also shifting towards the basic range with in-
creasing ionic strength. Considering the pH and Eh val-
ues in the experiments, the conditions are at the border 
of the stability field of magnetite. It was found that 
even though on the solid phase only GR is present, 
there is magnetite present in the precipitate. Since for-
mation of green rust and magnetite are competing pro-
cesses, and magnetite was present at early stages as ob-
served in SEM, it appears to have precipitated. Since 
during the experiment the conditions remained within 
the stability field of magnetite, the measured magnetite 
by XRD was likely from early stages. There was no di-
rect indication that new magnetite was formed, and, if 
it has formed, it has been covered by GR. 

Transformation of magnetite to green rust is not likely 
as GR usually transforms towards magnetite and not 
vice versa [7]. 

This experiment serves as a prerequisite for the cur-
rently ongoing comprehensive steel corrosion experi-
ments at elevated temperature (90°C) under defined 
conditions in tightly closed vessels (autoclaves). With 
this optimized experimental setup, the gas phase evo-
lution can be observed and the polished sample surface 
allows for better morphological evaluation. Applica-
tion of complementary analytical techniques (e.g., 
TEM or Raman) and weight loss measurements are 
planned. Most importantly, the corrosion rate will be 
evaluated, which was not feasible with granular Fe(0).  

Spectroscopic signature of iron in natural and 
synthetic saponite 
Over extended periods of time, the integrity of steel 
canisters may be lost and groundwater can reach the 
waste. Glass alteration experiments under repository 
relevant geochemical conditions have evidenced the 
formation of trioctahedral smectites. In recent studies 
(e.g., [8]), the mineralogy of these newly formed sec-
ondary phases has been reported. The octahedral sheet 
contains predominantly Mg along with some Al while 
the tetrahedral sheet is made of Si tetrahedra with some 
substitution by Al tetrahedra. Consequently, saponite 
forms during glass alteration. This mineral is also able 
to contain structural Fe, for example by substituting for 
Al. Structural iron within clay minerals can undergo 
oxidation and reduction cycles when located at octahe-
dral position, and thereby promote the reductive immo-
bilization of radionuclide released by the waste matrix. 
In contrast, such oxidation/reduction cycles may be 
much less likely for Fe located in the tetrahedral sheet. 
Below are preliminary results on characterization of 
structural iron within a natural saponite and a synthetic 
saponite, with iron expected to be located at tetrahedral 
lattice sites in the synthetic material. 

The saponite SapCa-2 was purchased from the 
Source Clay Repository, purified and the fraction <0.1 
µm separated. The second saponite (sample SapoFe) 
was synthesized using a hydrothermal protocol, pro-
vided by J.-L. Robert (Université Pierre et Marie Curie, 
Paris, France) and used without further purification. 
For both samples, Fe K-edge powder X-ray absorption 
spectra were collected at the INE beamline [9] at the 
synchrotron light source ANKA (Karlsruhe, Ger-
many). 

The XANES of both samples significantly differ, 
meaning that the Fe local chemical environments are 
different (Figure 4). The pre-edge centered at ~7114 
eV is weak for SapCa-2 and substantial for SapoFe. 
This feature originates predominantly from a dipolar 
1s→3d transition, which is forbidden in Oh symmetry 
[10], but allowed in Td symmetry. Pre-edge spectra 
may thus hint at Fe located in the octahedral sheet in 
SapCa-2 and very likely in the tetrahedral sheet in 
SapoFe. The maximum of the edge is of lower intensity 
and contains a high amplitude shoulder at higher ener-
gies in SapoFe. Finally, the first resonance centered at 
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around 7200 eV also significantly differs. However, 
the edge is located at similar energy position, typical of 
Fe(III), in both samples, implying that both contain 
Fe(III). These observations indicate that the Fe(III) lo-
cal environment, and thus the location within the struc-
ture, differs. 

The EXAFS spectra of both compounds differ in am-
plitude and in frequency of the oscillation (Figure 4). 
These differences in spectral features originate from 
differences in the type of neighboring atoms and their 
distance to the absorber. Accordingly, the FT contain 
contributions of different amplitude at different dis-
tances. 

Preliminary fits to the experimental data indicate that 
Fe in SapCa-2 is surrounded by a first O shell contain-
ing ~6 atoms at 2.01(2) Å whereas in SapoFe it is sur-
rounded by only ~4 O atoms at 1.86(2) Å. This is a 
clear evidence that Fe(III) is located in the octahedral 
sheet in the former and in the tetrahedral sheet in the 
later, in agreement with conclusions from XANES 
spectra. Higher distances shells in SapCa-2 consist of 
octahedral Mg (at 3.05 Å) and tetrahedral Si (at 3.28 
Å) shells. In contrast, neighboring Si and Mg shells 
were detected at 3.18 Å and 3.33 Å in SapoFe that can 
only correspond to tetrahedral and octahedral neigh-
bors, respectively. 

Data show that Fe can be located at tetrahedral posi-
tion within smectites, despite the difference in size 
(IVFe(III) = 0.49 Å) with Si (IVSi(IV) = 0.26 Å) [11]. 
Consequently, it is reasonable to assume that Fe can be 
incorporated at tetrahedral sites in smectites formed as 
secondary phases in a deep underground repository, 
given that favorable geochemical conditions prevail 
during their formation. 

Potential interaction of Eu3+ and Cm3+ with 
CaCO3 pre-nucleation clusters 
As a supplement to the investigation on trivalent acti-
nide and lanthanide (An/Ln(III)) uptake by calcite, re-
ported in last year’s annual report of KIT-INE [12], we 
present here a study on the potential interaction of 

An/Ln(III) with aqueous precursors of calcite for-
mation, i.e. CaCO3 pre-nucleation clusters [13,14]. 
First results indicate a possible interaction. This may 
be a key towards a mechanistic understanding of 
An/Ln(III) co-precipitation with calcite. 

Guided by the first studies on CaCO3 pre-nucleation 
clusters (PNCs) [13] we chose experimental condi-
tions, where, starting from pure An/Ln(III)-cabonato 
complexes, we may expect increasing amounts of 
PNCs to be present in solution. These conditions are: 
10 mM NaCl, 10 mM Na2CO3, and either 1 µM Eu3+ 
or 50 nM Cm3+. Experiments are performed at fixed pH 
values, 7.8 and 9.4 in the Eu-system and 7.0 and 8.95 
in the Cm-System. For lack of space, only the pH 
7.8/7.0 results will be presented here. At these pH con-
ditions we expect the respective mono-carbonato com-
plexes to dominate the aqueous An/Ln(III) speciation. 
Increasing amounts of CaCl2 were added to the solu-
tions in order to sequentially increase the concentration 
of CaCO30(aq) (calculated with PhreeqC 2.18 [15] and 
the NaPSI database [16]), which is expected to be di-
rectly correlated with the concentration of PNCs in so-
lution. 

Time resolved laser luminescence spectroscopy is 
performed on aqueous solutions in quartz cuvettes at 
room temperature. We excite Eu3+ at 394 nm and rec-
ord the 5D0 à 7Fj (j = 0, 1, 2) transitions in a range from 

 

Fig. 4: X-ray absorption spectroscopy data for structural Fe 
within SapCa-2 and SapoFe. Experimental XANES (left) and 
EXAFS spectra (middle), and experimental and modeled 
Fourier transforms (right). 

 
 
Fig. 5: Emission spectra of Eu3+ (upper graph) and Cm3+  
(lower graph) recorded at increasing Ca2+ concentration in 
solution. The insert in the upper graph highlights details in 
the Eu 7F0 band. 
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575 nm to 635 nm. We excite Cm3+ at 396.6 nm and 
record the 6D7/2 à 8S7/2 transition in a range between 
580 nm and 620 nm.  

Spectroscopic results are presented in Figure 5. Up to 
50 mM Ca, we observe a sequential small redshift in 
the Eu 7F0-band and a pronounced redshift in the Cm 
spectra, as well as subtle but reproducible changes in 
the Eu 7F1- and 7F2 bands. If we further increase the Ca 
concentration, as shown for Eu, we observe sudden, 
spontaneous precipitation of calcite, accompanied by a 
pronounced change in all Eu-spectral features. The 
changes up to 50 mM Ca indicate an increasing car-
bonate complexation [17]. This happens at constant to-
tal C concentration. Considering Ca-CO3 complexes in 
solution, the free CO32- concentration in solution even 
decreases. 

PNCs are expected to form under the conditions cho-
sen for our study [13]. They are expected to consist of 
up to ~70 CaCO3 moieties [18], have sizes of 0.5-1.2 
nm [14], and are expected to consist of strongly hy-
drated chain-, branch-, and ring-like structures [19]. 
Thus, we think the results would be in line with an in-
corporation of An/Ln(III) into PNC-chains. Neverthe-
less, we can to date not exclude the possibility that the 
spectral changes just reflect the formation of a yet un-
known type of solution complex. 
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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 
consists 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 quantification of actinides, fission and 
activation products in Zircaloy of a spent nuclear fuel rod segment. In the following, a review paper on microbial 
effects in the context of disposal of non-heat producing waste forms is summarized. The third subchapter deals 
with the occurrence and stability of colloids, and their impact on radionuclide migration. These research activities 
comprise studies on the characterization of natural organic matter derived from the Boom Clay formation and their 
interaction with radionuclide, experiments on compacted bentonite erosion and colloid formation at the bentonite 
pore water interface, and further experimental studies on clay colloid stability, colloid / mineral surface interaction 
and radionuclide sorption. Experimental studies on diffusion of with HTO, Cl-36 and Sr-85 in compacted natural 
and reduced-charge dioctahedral smectites are described in the fourth subchapter. In addition to these mainly 
experimental studies, modelling studies of multi-barrier systems are conducted, which are described in the final 
sub-chapter.  
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Introduction 
In Germany as well as many other countries, spent 
nuclear fuel (SNF) assemblies, after being discharged 
from a nuclear power reactor, are cooled in spent fuel 
pools for several years, and eventually sent for dry cask 
storage. Dual-purpose casks (CASTOR®, GNS) are 
used for transport and dry interim storage of SNF 
assemblies [1]. 

In the German waste management concept, SNF is 
designated for direct disposal in a deep geological 
repository available by 2050 at the best [1]. However, 
considering the delay in the site selection process so far 
as well as the time needed for exploration, 
construction, and commissioning of a repository for 
high-level waste, start of waste emplacement is 
expected by the end of this century/beginning of next 
century [1]. 

Thus, a prolonged dry interim storage of SNF 
assemblies is inevitable [1]. Moreover, dry interim 
storage of SNF assemblies was intended to last only a 
few decades, and hence licenses for storing of 
CASTOR® casks in the interim storage facilities 
expires already in the years 2034 to 2047 [1]. 
Therefore, a thorough revaluation of all safety relevant 
aspects is required, taking into account the extended 
dry cask storage of SNF assemblies. 

Integrity of the irradiated Zircaloy cladding after 50 
years or considerably longer periods of dry interim 
storage is of importance e.g. to ensure a safe reloading 
of the fuel assemblies from the CASTOR® to the final 
disposal canister. 

However, the cladding is affected during reactor 
operation by various processes such as elongation of 
the fuel rods due to creep behavior and oxidation with 
the water coolant causing a reduction of the Zircaloy 
wall thickness, respectively. Further, dissolution and 
precipitation of hydrogen within the Zr-alloy matrix, 
during reactor operation, possibly leads to hydrogen 
embrittlement and delayed hydride cracking of the 
cladding. Swelling of the fuel pellets during irradiation 
due to fission products build-up eventually leads to the 
contact of the fuel pellets with the cladding. The so-
called pellet/cladding interaction (PCI) induces tensile 
stress on the cladding, especially during power ramps. 
In presence of (volatile) fission (and activation) 
products released from the pellets stress-corrosion-
cracking can occur. 

Using experimental and modelling methods, the 
radionuclide inventory of an irradiated Zircaloy-4 
plenum section is analyzed in this study. The results 
and findings of this study is prerequisite work for 
studies involving Zircaloy-4 cladding in contact with 
fuel pellets. 

Materials and irradiation characteristics 
The studied Zircaloy-4 plenum cladding was sampled 
from fuel rod segment N0204 of fuel rod SBS1108. 
The fuel rod was irradiated during four cycles in the 
pressurize water 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. 
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Experimental and analytical methods 
Subsamples of the Zircaloy-4 plenum section (see 
figure 1a) were dry cut using an IsoMet® Low Speed 
Saw (11-1180, Buehler Ltd.) equipped with an IsoMet® 
diamond wafering blade (11-4254, Buehler Ltd.). 
Cutting was performed very slow (about one hour per 
sample) to prevent overheating of the material. In total 
six subsamples (see figure 1b) with masses ranging 
from 119.7 ± 0.2 mg to 189.0 ± 0.2 mg were prepared 
by remote handling in a shielded box for dissolution 
experiments. Masses and dose rates were measured 
using an analytical balance (MS304S, Mettler-Toledo 
International Inc.) and a dose rate meter (6150AD6, 
automess – Automation und Messtechnik GmbH). 
Dose rate of the subsamples was typically less than 
0.3  mSv/h. 

The specimens were digested within 30 minutes in a 
dilute H2SO4/HF mixture at room temperature and 
anoxic conditions using a flask or autoclave. 
Radionuclides present in the digestion liquor (and gas 
phase) were analyzed using various analytical and 
separation methods. 
a-spectroscopy was used to quantify 235,238U, 237Np, 

238,239,240,242Pu, 241,243Am, and 243,244Cm (ion implanted 
Si semiconductor detector, MXR Model 1520, MCA 
System 100, ASP data evaluation software, Canberra 
Industries Inc.). Drops of a diluted (1:100) aliquot of 
the digestion liquor were placed on a metal disk (target) 
and dried for the measurements.  
a-spectroscopy was also performed from Pu isotopes 

after separation from other a-emitting radionuclides. 
Fission products and minor actinides with 
characteristic g-rays e.g. 134,137Cs, 241,243Am, 154Eu, and 
125Sb were quantified in digestion liquors obtained 
from dissolution experiments performed with 
irradiated Zircaloy-4 using g-spectroscopy. 
Measurements in this study were performed by means 
of an extended range coaxial Ge detector (GX3018, 
Canberra Industries Inc.) with a relative efficiency of ³ 
30%. Energy and efficiency calibration of the detector 
was performed using a certified multi-nuclide standard 
solution (Mixed Gamma 7600, Eckert & Ziegler 
Strahlen- und Medizintechnik AG). Data evaluation 
was performed using the Genie 2000 software 
(Canberra Industries Inc.). Aliquots of one milliliter 
from the digestion liquors were measured using 
APEX® screw-cap microcentrifuge tubes (2 mL, 
polypropylene, PP, Alpha Laboratories Ltd.). 
Minor actinides, activation and fission products such as 
14C, 55Fe, and 241Pu were measured, after separation 
from other radionuclides, in digestion liquor or gas 

phase obtained from dissolution experiments 
performed with irradiated Zircaloy-4 using liquid 
scintillation counting (LSC). LSC measurements were 
performed using an ultra-low level spectrometer 
(Quantulus 1220, Wallac Oy, PerkinElmer). Up to 
3 mL of sample solution were mixed with scintillation 
cocktail (Hionic Fluor™ or Ultima Gold™ LLT/XR, 
PerkinElmer) and measuring time was 3×30 minutes. 
Polyvials (HDPE, Zinsser Analytic) were used for 
liquid scintillation counting. 

In addition, actinides/isotopes such as 235,238U, 237Np, 
238,239,240,241,242Pu, 241,243Am, and 244Cm present in 
digestion liquors from Zircaloy-4 dissolution were also 
quantified using mass spectrometry. Measurements 
were performed using an ICP-SF-MS (inductively 
coupled plasma – sector field – mass spectrometer, 
ELEMENT XR™ ICP-MS, Thermo Scientific), which 
combines a dual mode secondary electron multiplier 
with a Faraday detector. 

Samples were diluted to a volume of 5 mL using 2% 
HNO3 for the measurements. Dilution ratios used in 
this study were 1:10, 1:100, and 1:1000. 
Separation techniques used in this study include 
extraction chromatography e.g. 55Fe [2], extraction of 
14C by conversion into 14CO2 and absorption in NaOH 
[3] as well as separation of Pu isotopes by liquid-liquid 
extraction [4]. 

Inventory calculations 
The activation of the Zircaloy-4 plenum cladding, 
under investigation, was calculated using the Monte 
Carlo N-particle code (MCNP 2.7), which simulates 
the neutron flux of the subassembly and the CINDER 
program which calculates the activation [5, 6]. The 
ENDF/B-VII cross-section library was used for the 
simulation [7]. The burn-up simulation of the 
subassembly was optimized to five steps. At the end of 
the 1226 effective full power days in the reactor, a 
decay period of 9600 days was considered, which 
corresponds to the period between the end of the 
irradiation in 1989 and the measurement of the 
radionuclides in the samples, performed in this study. 

The properties of the Zircaloy-4 plenum cladding 
such as geometrical shape, dimensions, alloying 
constituents and impurities, irradiation time, burn-up 
level, and linear power rate were accounted for in such 
a way that it included as much as possible all 
heterogeneity effects around the fuel rod segment. 
Thereby, the local neutron flux within the plenum 
could be simulated more accurately. 

Inventory calculation of minor actinides and fission 
products present in the Zircaloy-4 plenum cladding is 
based on 3.5 ppm natural uranium impurity found in 
Zircaloy-4 [8]. The inventory of activation products is 
based on the respective precursor elements (e.g. 14N, 
54Fe, 124Sn) present as alloying constituent or impurity 
in Zircaloy-4. 

Simulation of PWR Gösgen fuel assembly 
Fuel rod SBS1108 was a test fuel rod and consisted of 
five segments containing nuclear fuel and two dummy 
segments to make it a full length PWR Gösgen fuel rod. 

 
 
Fig. 1: Pictures of the irradiated plenum Zircaloy-4 
cladding: (a) dimensions, the red circle indicates the welded 
end-plug; (b) a subsample prepared for a dissolution 
experiment. 
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Segment N0204, where the investigated plenum was 
obtained from, was in the active zone of the reactor. 
The test fuel rod was inserted into a 15×15 PWR 
Gösgen fuel assembly and irradiated to the 
aforementioned burn-up conditions. 

For the numerical simulation and in order to avoid 
statistical errors as well as due to symmetry reasons, 
four equivalent fuel rods were simulated in the center 
of the fuel assembly (green fuel pins in figure 2). The 
yellow fuel pins in figure 2 generate the power and thus 
the flux however, without getting activated. The 20 
positions of the guide tubes of the fuel assembly are 
shown as red circles in figure 2. They are filled with 
water of the primary cooling circuit (dark blue color) 
since the control rods are considered fully extracted for 
the simulation. 

Neutron flux was simulated in such a way, that 
average burn-up, effective full power days and average 
linear power rate were met. 

Results and Discussion 
In table 1 the experimentally determined inventories of 
various activation products are shown and compared to 

calculated inventories. A very good agreement 
between experimental and calculated data can be seen 
and the ratio experimental/calculated (E/C) is almost 
one. 

In case of minor actinides, again a reasonable 
agreement of E/C ratios is seen (see table 2). However, 
the experimental values exceed the calculated by a 
factor of about 57 ± 9. The excess inventory of minor 
actinides is due to fission of uranium adherences on the 
inner surface of the plenum not taken into account in 
the neutronic calculations. These uranium remnants on 
the inner Zircaloy surface originate from loading of 
fuel pellets into the cladding tube during the fuel rod 
fabrication process. 

Table 3 shows the comparison of experimentally 
obtained data with calculated values for (non-)volatile 
fission products. In case of the non-volatile fission 
product 154Eu the E/C ratio of 56 ± 6 is very similar to 
that of the minor actinides (57 ± 9). In case of the 
volatile fission product 137Cs, the experimental data 
exceeds the calculation by a factor of about 114 ± 11. 
An E/C ratio similar to that of the minor actinides or 
154Eu would be expected if 137Cs originates only from 
fission of uranium present in the plenum (U impurity 
in Zircaloy + U remnants on inner surface). However, 
the massive excess of cesium found in the plenum is 
due to migration of cesium released from fuel pellets 
during reactor operation to the plenum (Tpellets >> 
Tplenum). 

Summary and conclusion 
In general, good agreement between experimental and 
calculated inventories are seen for activation products. 
The experimental inventory of minor actinides as well 
as non-volatile fission products exceeds the calculated 
values by a factor of about 57 ± 9 due to nuclear fuel 
adhering on the inner plenum cladding surface. 
Three sources contribute to the massive excess of the 
volatile fission product 137Cs in the plenum: 
 
1. Fission of U impurity present in Zircaloy-4 

(3.5 ppm). 
2. Fission of nuclear fuel/U remnants present on the 

inner surface of the plenum cladding. 
3. Cs volatilized from subjacent fuel pellets during 

reactor operation. 
 

 
Tab. 1: Comparison of experimental and calculated inventories of various activation products. 

 14C [Bq/g] 55Fe [Bq/g] 125Sb [Bq/g] 
experimental 3.7(±0.4)×104 1.5(±0.1)×105 2.4(±0.2)×105 
calculated 3.5×104 1.3×105 2.6×105 
ratio (E/C) 1.06 ± 0.11 1.15 ± 0.12 0.92 ± 0.09 

 
Tab. 2: Comparison of experimental and calculated inventories of various minor actinides. 

 239Pu [Bq/g] 242Pu [Bq/g] 241Am [Bq/g] 243Am [Bq/g] 244Cm [Bq/g] 

experimental 1.2(±0.1)×104 2.3(±0.2)×102 1.7(±0.2)×105 3.3(±0.3)×103 3.1(±0.3)×105 
calculated 2.4×102 4.1×100 3.6×103 4.9×101 4.7×103 
ratio (E/C) 50 ± 5 56 ± 6 47 ± 5 67 ± 7 66 ± 7 

 
 

 
 
Fig. 2: Simulated PWR Gösgen 15×15 fuel assembly. 
Consisting of 205 fuel rods (green and yellow pins) and 20 
guide tubes (red circles). Water of primary cooling circuit is 
colored in blue. 
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Tab. 3: Comparison of experimental and calculated inventories of various fission products. 
 154Eu [Bq/g] 137Cs [Bq/g] 
experimental 3.5(±0.3)×104 3.3(±0.3)×106 
calculated 6.3×102 2.9×104 
ratio (E/C) 56 ± 6 114 ± 11 
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5.2 Microbial effects in the context of  
disposal of non-heat producing waste forms  

B. Kienzler 
 

Background  
Numerous public funded research projects have been 
carried out in the past and most of the data and 
information gained in these projects have been 
published. However, these publications are  
distributed across different reports, journals, 
conferences, and sometimes gray literature. 
Therefore, it is not easy to get an overview especially 
for newcomers in the various fields. At INE, a series 
of summary reports on different research topics were 
prepared, which allow to get a quick overview on 
previous research efforts, skills and experiences.  

Relevance of microbial effects for safety 
assessment of nuclear waste disposal  
As an example, the microbial effects in the context 
of  past German Safety Cases are presented [1]. 
Current Safety Assessment concepts either ignore 
microbial processes, or adopt a simplified approach. 
In December 2016, an article was published in the 
German journal “Spektrum der Wissenschaften” 
raising the question if microbes can live in a nuclear 
waste repository and if they could cause problems in 
the disposal safety or if they could increase disposal 
safety [2]. The article dealt with microbes under 
aerobic conditions prevailing in the Swedish Äspö 
underground research laboratory and in the former 
Königstein uranium mining facility in Germany. 
Other investigations on microbial effects in 
repositories were not reported. 

A variety of anthropogenic polymers and organic 
wastes (including plastic, textile materials, paper and 
ion exchange materials among others) might be 
present in nuclear waste repositories especially 
considering LLW/ILW disposal. In addition, 
bitumen is/was used in several European countries as 
an encapsulant for nuclear waste and organic 
additives are present in cement used in the different 
barriers. These organic materials provide an energy 
and carbon source that has the potential to fuel 
microbiological processes in a repository. In 
Germany, the effects of microorganisms on disposal 
safety has not yet been profoundly considered [4]. 

The available information on organics in 
radioactive waste materials in German waste 
disposals are summarized including a literature 
overview on the typical degradation processes and 
some investigations performed in Germany. This 
overview considers mainly low-level or 
intermediate-level wastes, as they may contain 
organics which can be substrates for 
microorganisms, metallic components, which can 
undergo corrosion processes caused by 
microorganisms, and the presence of cemented 

waste forms, which increase the pH. The realization 
that microbes could exist in the environment of a 
nuclear waste repository posed a series of questions 
[4]: 
1. Do microorganisms occur naturally in deep 

geological formations? 
2. Can introduced microorganisms survive after 

repository closure? If the answer to these is yes, 
3. What effect have the environmental conditions 

of a nuclear waste repository on resident or 
introduced microorganisms? 

4. What effect will microorganisms have on a 
repository in terms of structural integrity of the 
engineered barriers, or radionuclide release and 
subsequent migration? 

For bituminized waste forms microbial degradation 
studies were performed and the results are published 
specifically in regard to the Waste Isolation Pilot 
Plant (WIPP). A summary of some reports on 
microbial degradation of bitumen is given in this 
study. Other topics covered by this summary are 
attributed to the microbial degradation of paper, 
plastics and textiles which is an important issue for 
the Asse II safety case. For the Konrad 
low/intermediate level waste disposal site in 
Germany, studies on the microbial degradation of 
compacted mixed wastes were performed. These 
studies were not published but presented in the 
minutes of the panel dealing with low- and 
intermediate waste forms („Arbeitskreis 
LAW/MAW-Produkte“).  

Further grey literature information is provided for 
microbial attack of cement, investigation of the 
microbiological populations in the cap rocks above 
the Gorleben salt dome as well as the analyses of 
microbial effects on mobilization of radionuclides. 
Considerations concerning the sulfate reduction 
processes are described, which were a topic of the 
preliminary safety analysis of the disposal in the 
Gorleben salt dome. 

References 
[1] B. Kienzler and Juliet S. Swanson, “Microbial 

Effects in the Context of Past German Safety 
Cases”, KIT SR 7744, 2017. 

[2] R. Knauer, "MIKROBEN: Gut leben im 
Endlager." Spektrum der Wissenschaft, 2016. 

[3] J. West, "A review of progress in the 
geomicrobiology of radioactive waste 
disposal." Radioactive Waste Management and 
Environmental Restoration, Vol. 19, pp. 263-
283, 1995. 

[4] J. M. West and I. G. McKinley, "The 
Geomicrobiology of Nuclear Waste Disposal." 
MRS Proceedings, Vol. 26, 1983. 



- 34 - 

5.3 Colloid impact on radionuclide migration  
M. Bouby, F. Geyer, U. Kaplan, S. Kraft, S. Kuschel, F. Quinto, Th. Rabung,, Th. Schäfer, D. Schild, M. Stoll 
In co-operation with: 

S. Brassinesa 
aONDRAF/NIRAS, Belgian Agency for Radioactive Waste and Enriched Fissile materials, Geological Disposal, 
R&D, Avenue des Arts,  14, 1210 Bruxelles, Belgium 
 

Introduction 
Nanoscopic solids / compounds (from ~1 nm up to ~1 
µm) of organic or inorganic nature are continuously 
generated by multiple physico-chemical processes 
(inter alia erosion, nucleation / precipitation, …) [1, 2]. 
These naturally occurring nano suspended material 
(organic detritus, iron and aluminosilicate 
oxi/hydroxide…), residues and transformation 
products of alteration and corrosion processes of the 
multi barrier system (i.e. waste matrix, geotechnical 
and geological barriers) may potentially contribute to 
the migration of radioactive waste material towards the 
biosphere [3-5]. To state if this is a parameter to be 
considered in a safety assessment and to define thus the 
boundary conditions for its relevance are our objective. 
What are the species to be considered (detection, 
identification, stability)? How do they interact with the 
radioelements (kinetics)? Under which conditions will 
they be able to migrate (interaction with various natural 
mineral surfaces)? Those are the key questions to be 
answered from the near-field to the far-field. 

Laboratory and in-situ migration experiments are 
required which need the use and development of highly 
sensitive and sophisticated analytical techniques.  
The present work is conducted with the support and in 
close collaboration with Belgian and Swiss nuclear 
waste management agencies (ONDRAF / NIRAS, 
Belgium; NAGRA, Switzerland), in the framework of 
collaborative projects like the BMWi project 
KOLLORADO-e2 closely related to the international 
Colloid Formation and Migration (CFM) project 
performed in the Grimsel Test Site (GTS) in the frame 
of the investigation Phase VI. 

Over the past, the following general statements have 
been formulated. The colloid-borne radionuclides 
(RNs) transport is more relevant in presence of 
advective flow, high pH, low salinity, large 
geochemical gradients, organics (Humic-/Fulvic acids) 
and strongly sorbing / incorporated RNs.  

In clay formation, transport is diffusion limited. Only 
very small sized matter entities can circulate and 
migrate like for example the natural organic matter 
(NOM) known to be present in clay formations like the 
Belgian Boom Clay (BC), swiss Opalinus clay or 
French callovo-oxfordian. All those formations are 
presently under studies as potential deep geological 
repositories hosts. 

In crystalline rock formation, the presence of open 
fractures results in advective transport of small matter 

entities, which might thus act as potential RN vectors. 
It is thus mandatory to understand and quantify the 
erosion processes occurring, to define the stability and 
the transport properties of the nanoparticles (NPs) 
present and to define the (ir)reversible character of their 
interactions (sorption/incorporation) with the 
radionuclides. 

This year, in the present report we highlight some 
specific results related to these questions. 

Characterization of NOM derived from 
different layers within the Boom Clay 
formation and their radionuclide interaction 
In Belgium, deep geological disposal of nuclear waste 
is envisaged by ONDRAF/NIRAS, the Belgian Agency 
for Radioactive Waste and  enriched Fissile Material, 
in poorly indurated clay formations like the Boom Clay 
(BC) or Ypresian clays (http://www.ondraf-
plandechets.be). These host rocks have favourable 
intrinsic properties promoting the retention of 
radionuclides (low hydraulic conductivity, reducing 
redox capacity, slightly alkaline character, high specific 
surface area, cationic exchange capacity and plasticity). 
Organic material (OM) is nevertheless present in 1 to 
5% wt in BC [6]. 

The conceptualisation of the role of OM in RN 
transport was found questionable by NEA (2003) 
during the review of the Belgian SAFIR 2 report 
(www.oecd-nea.org/rwm/reports/2003/nea4431-safir2. 
pdf). To refine the model on OM-facilitated transport, 
complementary results were necessary aiming at i) to 
determine the mobile size fraction of DOM (including 
geochemical evolution of the environment) and ii) to 
test the reversibility of RN complexation on DOM. 
More specifically, the research requested at KIT-INE 
aimed at 1) characterising the DOM size within BC 
pore waters currently present and to be expected within 
the lifespan of the repository (i.e., taking into account 
the possible geochemical evolution), 2) investigating 
the RN-DOM/kerogen interactions, 3)  identifying the 
origin of DOM  (tentatively interpreted as deriving 
from kerogen) and this, in complement of what has 
been done so far at the Belgian Nuclear Research 
Centre (SCK–CEN) [6-9] thanks to the use of other 
analytical techniques available at INE. 

The pore waters and solid clay samples 
presentlyinvestigated comes from the HADES 
underground research laboratory (Mol, Belgium), see 
[6, 7] for details, and are representative of different 
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horizons of the Boom Clay formation under present-
day conditions (i.e., 15 mM NaHCO3). BC pore waters 
(BCPW) samples were obtained from three 
piezometers: Spring (Filter 1), Morpheus (Filter –F4, -
F8, -F12, F20) and EG/BS. Solid BC samples 
originated from the Praclay gallery (see Figure 1). It is 
assumed that the piezometers installed in the Boom 
formation around the HADES underground research 
facility collect mobile DOM. The use of various 
piezometers, installed vertically or horizontally, allows 
to evaluate the variation of the characteristics (size, 
functionalities, complexation properties) of the mobile 
DOM in the formation. 

The Boom formation can be subdivided into four 
main stratigraphic units which are from the basis to the 
top: the Belsele-Waas Member, the Terhagen member, 
the Putte Member and the Boeretang Member. All the 
BCPW are sampled from filters located in the Putte 
Member except the Morpheus-F4 sample 
representative of the Terhagen Member. To note is the 
position of the filter Morpheus-F8, located at the level 
of the so-called Double Band (DB). The DB correspond 
to two thin, very silty layers at the bottom of the Putte 
Member which displays significantly higher hydraulic 
conductivity compared to the surrounding layers. The 
pore water collected via the EG/BS filter encompasses 
the silty DB and thus the water collected is influenced 
by the characteristics of the DB [6]. 

The aim of our work [10] was to complement what 
has been done so far at SCK-CEN [6,7,7a] thanks to the 
use of other analytical techniques available at INE like 
the asymmetric flow field-flow fractionation (AsFlFFF) 
coupled to UV-Vis./ICPMS for the size distribution and 
elemental content association determination, the time 
resolved laser induced fluorescence spectroscopy 
(TRLFS) for complexation studies or the use of X-ray 
photoelectron spectroscopy (XPS, see chapter 8.3 for 
the details on that study), Nuclear magnetic resonance 
(NMR) or Scanning Transmission X-Ray Microscopy 
(STXM) to identify the main DOM functionalities and 
its origin. 

AsFlFFF/UV-Vis show that all BCPW samples 
contain small sized DOM consisting mainly of 
materials < 60 - 70 kDa (or < 11 - 12 nm, i.e. 

hydrodynamic diameter (hyd. diam.)) while the 
dominating size fraction is centered at 0.9 - 1 kDa (or 
1.5 – 1.6 nm hyd. diam.) by reference to a calibration 
of the system made with polystyrene sulfonate salt 
standard (PSS). Those results are in agreement with our 
SEC/UV-Vis. measurements and as well with the 
results obtained at SCK-CEN by SEC-UV-Vis. even if 
different chromatographic columns were used [8]. The 
OM extracted/leached from solid clay samples consist 
of several size fractions, the dominant one is > 100 kDa 
and represents 75 % of the detected part. The size of the 
smallest OM fraction extracted/leached is again at 0.9 
kDa (~ 1.5 nm hyd. diam.). Again, these results are in 
line with those obtained by SCK-CEN [8]. UV-Vis 
spectrophotometry (E3/E4 ratio determination) and 
EEM (fluorescence yield) reveal the dominance of 
fulvic acid-like material or a mixed humic and fulvic 
acid type in the BCPW from the piezometers Spring 
and Morpheus-F4, -F12 and -F20. In the bulk BCPW 
from the piezometer EGBS and Morpheus-F8, the 
dominance of a humic acid-like material (E3/E4 ratio < 
3.3) is shown, while after size fractionation, fulvic acid 
type material is evidenced in addition. Durce et al. [8] 
already indicated that the mobile DOM concentration 
in the BCPW is scattered over the Boom formation. 
While it remains constant at the same level (as seen 
from the analysis of the BCPW from the various filters 
of the horizontal Spring piezometer, 7 m covered), it 
varies widely along the BC layer from 43 to 270 
mgC.L-1 [8]. The highest value is reported for the 
BCPW sampled close to the silty DB (i.e., Morpheus-
F8 and EG/BS). The present results, as already 
mentioned by Durce et al., suggest that filtration occurs 
(promoted by clay minerals) which might preferentially 
retain larger organic species against smaller ones which 
are the most mobile ones. This is evidenced from the 
analysis of the Morpheus-F4, -F20 and Spring BCPW 
presenting all a thinner (UV-Visible) OM size 
distribution (AsFlFFF-UV-Vis data) and a more fulvic-
acid-like character (UV-Vis/ EEM data). In comparison, 
the OM size distribution are broader and present a more 
humic-acid-like character for the BCPW originating 
from the EG/BS, Morpheus-F8 and –F12 piezometers, 
located close to silty layers, as might be expected from 
layers presenting  higher porosity and permeability and 
thus less filtration. 

The present data support the previous ones [6-8] and 
might be taken as an indication that the exchange of 
pore water and of DOM between different layers seems 
to be rather limited. 

Investigations have been carried out to get more 
insight into the effect of IS on DOM concentration, 
conformation and size. The influence of NaCl, CaCl2 
and MgCl2 content has been examined by SEC/UV-Vis. 
for both institutes [9]. Two main mechanisms which are 
OM-size dependent, can be identified the compaction 
/decomposition and the aggregation of the DOM 
molecules. The largest OM size fractions tend to 
coagulate under high IS with a more pronounced effect 
of the divalent cations (Mg2+ and Ca2+) compared to the 
monovalent cation (Na+). On the opposite, small OM 

 
 
Fig. 1: Location of the piezometers considered in this work, 
in the HADES underground facility, dimensions are not to 
scale, see [6,7] for details. Depth in BSL (Below Surface 
Level). 
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size fraction tends to become even smaller, a process 
which calls for further investigations. 

The distribution of the inorganic elements between 
the different colloidal size fractions give a first hint on 
their potential mobility. A consistent picture is obtained 
from AsFlFFF-ICPMS and UF-ICPMS results. The 
alkaline elements (Mg-Ba) and the transition metals 
(Mn-Hf) recovered are mainly found in the smaller size 
fractions < 3 nm. The light REE (Sc, La, Ce, Pr, Nd, 
Pm, Sm, Eu, and Gd) are enriched in the largest size 
fraction, 3-15 nm, whereas the heavy REE (Y, Tb, Dy, 
Ho, Er, Tm, Yb, and Lu) are enriched in the smaller size 
fractions < 3 nm. For the actinides presently analyzed 
(Th, U) the proportion in the smaller size fraction < 3 
nm decreases for decreasing DOC content in favor of 
the 3-15 nm fraction, the nature of which remains to be 
identified.  

For a comparison with the natural inorganic element 
distribution, complexation properties have been 
examined by using the time resolved laser induced 
fluorescence spectroscopy (TRLFS) applied to Cm(III) 
ions as representative of trivalent actinides. The two 
pore waters investigated (Morpheus-F20 and EG/BS) 
contain two types of strongly complexing ligands: 
DOM and carbonates. Indirect excitation 
measurements allow to elucidate the Cm(III) speciation. 
It is concluded that the Cm(III)-DOM complexes are 
the dominant species and no ternary complexes (e.g. 
Cm(III)-carbonato-DOM) are formed. In addition, the 
binding properties of specific DOM size fractions 
isolated by ultrafiltration for one of the BCPW  
investigated (EG/BS) are very similar. Nevertheless, in 
presence of the complete OM size distribution, the 
Cm(III) repartition is not homogenous but size fraction 
dependent, in-line with AsFlFFF/ and UF/ICPMS. This 
first investigations have now to be completed with 
reversibility studies. 

Finally, to state on the DOM origin, preliminary 
STXM investigations have been carried out. They 
showed a good correlation between the BCPW DOM 
and the solid organic matter (SOM). This agree with 
previous results [8] showing that the amount of 
leachable OM is controlled by the TOC of the solid 
which suggests that the SOM is the source of leachable 
OM and most likely of mobile DOM. Kerogen is 
thought to be involved in the  production of the 
leachable OM pool [8]. All our results are compiled in 
a report which will be available soon [10]. 

Experiments on compacted bentonite erosion 
and colloid formation at the bentonite pore 
water interface.  
The presence of nanoparticles/colloids might be a key 
in Safety Assessment of a high level nuclear waste 
repository in crystalline rock. The mechanisms of 
bentonite erosion from the compacted bentonite barrier 
leading to the generation of (colloidal) particles 
detaching from the clay have to be deeply investigated 
and understood for two main reasons: 1) the long term 
integrity of the clay barrier could be compromised if a 

significant clay loss occurs; 2) the clay colloids may 
play a role in the radionuclide (RN) migration.  

Erosion processes have been simulated under 
dynamic but rather stagnant flow conditions simulating 
repository post-closure conditions. To better 
understand the FEBEX [12] and MX-80 [13] bentonite 
erosion behavior, variation of the compaction density, 
chemistry of the contact water (ionic strength (IS), pH 
value, cation composition), contact surface and angle, 
and type of bentonite (raw material or homo-ionic 
Na/Ca form) was performed. Results were compared 
with modeling approaches. 

Our data are consistent with those obtained in parallel 
by other institutes and summarized notably at the end 
of Deliverable D2.11 of the European FP7 CP-Belbar 
project [14]. The main conclusions are presented in the 
following with some of our more specific results. 

The erosion of bentonite depends first on its hydration 
state which should be high enough to allow the gel 
formation and on its physico-chemical characteristics 
(its main composition, if trace minerals are present, the 
quantity and the type of smectite). The swelling 
pressure is the driving force causing the gel intruding 
the fracture and/or the pores of the rock. The water flow 
(in dispersive systems) and thus the chemical forces via 
the groundwater chemistry are the driving forces for 
(clay) particle detachment. Nevertheless even if the 
water can reach and hydrate the bentonite, the particles 
cannot move and thus no mass loss will be possible 
without an appropriate transport path. The dimensions 
of the pore sizes/fractures have thus to be considered in 
the normalization processes of the erosion data.  

The conditions that favor colloid stability favor the 
bentonite erosion but a threshold electrolyte 
concentration exists above which erosion does not 
occur.  Accordingly erosion only takes place under 
highly dilute solution conditions. The maximum mass 
loss is measured under dynamic conditions for the Na-
exchanged bentonite and deionized water. This value 
can thus be considered as the upper limit for 
performance assessment. The mass loss rates are 
dependent of the ionic strength  and are typically about 
one order of magnitude lower for the as-received clay 
than for the Na-exchanged one. Contrary to what is 
generally admitted, even if considerably lower than for 
the raw or Na-clay (~ resp.1 or 2 orders of magnitude), 
in our work, the detection and quantification of intrinsic 
Th as clay colloid fingerprint allowed us to calculate an 
erosion rate for the Ca-clay [13].  

Salt/mineral dissolution from the natural clay is 
observed accompanied by cation exchange, like Ca 
[13,14]. This long term progressive Ca enrichment 
might inhibit the erosion of the gel as it was shown that 
1 mM of Ca in solution is enough to hinder the erosion 
process. This has thus to be considered in modeling 
exercise. Nevertheless, in the presence of a significant 
amount of Na (above 20 %), the Na-Ca-exchanged-clay 
dispersion remains still possible [13,14] and rather 
similar to the one observed for a pure Na-exchanged 
clay system. 

Clay colloid dispersions collected during experiments 
remain stable for months. As tested for Eu(III), they can 
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strongly bind cations with respective logKd values 
equal to ~ 4-5 [13]. Therefore they need to be 
considered as potential RN carriers. 

Studies on clay colloid stability, colloid / 
mineral surface interaction and RN sorption  
In complement to the bentonite erosion activities, a 
systematic clay colloid stability study has been started 
in the frame of the European FP7 CP-Belbar project to 
complement the knowledge acquired so far.  While 
numerous studies have been conducted over a rather 
short time period (fast coagulation) only few are 
reported over period of more than 1 year [15]. In that 
case, agglomeration has been reported even under 
geochemical conditions where colloids are supposed to 
be highly stabilized. To confirm this observation, a 
systematic study has been initiated in the frame of the 
BelBar project. Clay colloid suspensions have been 
prepared at different concentrations, at two pHs (~ 6 
and ~ 8.4), in various electrolytes at fixed ionic strength 
(10-3M), in presence or not of organic matter (i.e. fulvic 
acids (FA)). After 4,5 years aging, the samples are now 
under investigations. 

Experiments devoted to the  study of the colloid 
interaction with mineral surface [16,17] are as well 
carried on. Recently the impact on colloid retention of 
the residence time, of the gravity, of the collector 
surface roughness and of the fracture orientation  has 
been tested in an artificial fracture using atomic force 
microscopy (AFM). The experiments are modeled 
using COMSOL Multiphysics® (2-D numerical 
simulations). Large colloids (polystyrene particles, 1 
µm Ø) undergo sedimentation and deposition on the 
surface. Contrariwise, the smaller colloids (polystyrene, 
25 nm Ø) does not sediment but are influenced by 
surface inhomogeneities such as surface roughness (see 
[16] for details). Under similar physico-chemical 
conditions (setup and elution conditions), the transport 
of Na-illite clay colloids have been investigated by 
using the very sensitive Laser-Induced Breakdown 
Detection (LIBD) technique. Despite their higher solid 
density, the Na-illite colloids present a higher mobility 
compared to the polystyrene spheres without 
significant impact of surface roughness or gravity. In 
conclusion, polystyrene spheres are no ideal analogue 
to predict the mobility and transport behavior of a 
polydisperse clay colloid suspension [17].  

Finally RNs sorption and reversibility studies are still 
on-going (PhD work of F. Rinderknecht [12], 
Kollorado-e and BelBar projects), under realistic 
conditions (pore water and glacial melt water) and long 
contact time periods (more than 5 years). In addition to 

those laboratory studies, in-situ measurements are 
performed at the GTS [12] and the application of 
Accelerator Mass Spectrometry (AMS) [18] is a very 
efficient tool (see chapter 8.5). AMS does not provide 
direct information on the association of actinides with 
colloids and neither on their speciation, however due to 
its extreme sensitivity, it has enabled to study the long 
term release and retention of the actinide tracers within 
the system of groundwater – bentonite colloids – fault 
gouge minerals at the GTS [18,19]. 
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Introduction 
In the context of the safe disposal of nuclear waste in 
deep geological formations, the scenario of the 
migration of waste-released radionuclides through the 
multiple barrier system is an important research topic 
for safety assessment. Potential geotechnical or 
geological barriers, which should hinder or retard the 
transport, can consist of compacted porous minerals, 
sedimentary rocks, or manufactured concretes. In such 
materials in the absence of fractures and cracks, 
molecular diffusion is the main transport process for 
contaminants. 

At INE, laboratory experiments with radiotracers and 
compacted clay minerals, natural clay rock, sea sand, 
and cement mixtures are conducted. One of the main 
objectives is the determination of diffusion parameters 
of repository-relevant radionuclides under a wide 
range of conditions. In particular we study 
experimentally the change of transport parameters due 
to chemical reactions and the fundamental processes 
underlying the interaction of ions with the porous 
material during diffusion. For instance, the description 
of the influence of secondary mineral formation on the 
diffusion process of neutral and ionic species or the 
accessibility of interlayer space for anions during the 
diffusion process remain open questions. 

Multitracer (HTO, 36Cl, 85Sr) diffusion in 
compacted natural and reduced-charge 
dioctahedral smectites 
Internationally, a few reference bentonites are studied 
for their function as backfill material in nuclear waste 
repositories. Smectite represents their main mineral 
fraction. It is characterized by a three layer structure. 
One octahedral sheet (O), composed of O2- or OH- 
octahedra with mostly Al3+ as central cation, is 
enclosed by two tetrahedral (T) mostly SiO44- sheets 
(TOT). The space between two T sheets is called 
interlayer. Resulting from isomorphic substitutions 
within the O and T sheets, e.g., Al3+ by Mg2+, the 
negative charge of the layers is in excess. This charge 
is compensated by weakly bound cations located in the 
interlayers, which can be exchanged by other cations 
of the surrounding solution (cation exchange capacity, 
CEC). 

The focus of the present study was to investigate the 
influence of layer charge and particle size distribution 
of smectites on the diffusion behavior of neutral, 
positively, and negatively charged species. In addition, 
the study was aimed to clarify to which extent 
interlayer and interparticle porosities participate in the 
diffusion process. 

Purified Na-saturated < 0.2 µm-fractions of 
dioctahedral smectites separated from four different 
bulk bentonites were investigated. Their characteristics 
are listed in table 1.  

 
 
Tab. 1: Characteristics of the smectites and their reduced-charge material (RCM) analogues investigated in this study [1]. 
(Sm: smectite; Ms: muscovite; I(9%)-Sm: interstratified illite(9%)-smectite; Qz: quartz; f.u.: formula units) 

 
Bentonite 

Calcigel® 
(Bavaria,  
Germany) 

FEBEX  
(Almeria, Spain) Bentonite P 

Volclay®  
(Wyoming, 

USA) 

Sm
ec

-
tit

es
 Mineralogical composition 95% Sm 5% Ms 100% I(9%)-Sm 100% Sm 98% Sm 2% Qz 

Layer charge [eq. per f.u.] 0.30 ± 0.01 0.37 ± 0.01 0.32 ± 0.01 0.26 ± 0.01 
CEC at pH 5.5 [cmol(+) kg-1] 85 ± 2 100 ± 2 110 ± 2 85 ± 2 

Equivalent diameter [nm] 118 ± 50 107 ± 50 101 ± 50 241 ± 100 

R C M
 CEC at pH 5.5 [cmol(+) kg-1] 15 ± 2 15 ± 2 9 ± 2 7 ± 2 

Layers per stack 7 ± 1 7 ± 1 7 ± 1 14 ± 3 
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Additionally, from each of these smectite fractions a 
Na-saturated reduced-charge material (RCM) was 
prepared using the Hofmann-Klemen effect [2]. The 
samples were Li-saturated and heated at 300°C for 
24 h. Their interlayers collapse and are no longer 
accessible for water (Figure 1). More details about the 
samples can be found in [1]. 

With these materials through- and out-diffusion 
experiments were performed with HTO, 36Cl-, and 
85Sr2+ as tracers. Each smectite or RCM was compacted 
in PEEK diffusion cells to a dry density, ρd, of about 
1700 kg m-3, a thickness of about 1 cm, and a diameter 
of about 2.54 cm. Each cell was connected to a high 
(HCR) and a low concentration reservoir (LCR) 
containing 0.3 mol/L NaClO4 at pH 5.5 ± 0.5. To each 
HCR, the tracers [HTO] ≈ 9.0·10-9 mol/L, [36Cl-] ≈ 
2.3·10-5 mol/L, and [85Sr2+] ≈ 3.4·10-12 mol/L were 
added. Each LCR was initially tracer-free. The full 
setup is described in detail in literature [3]. 

At distinct time steps, the LCR was exchanged and 
the activity and diffusive flux, J [mol m-2 s-1], were 
determined. Based on the experimental data and Fick’s 
laws, a 1-dimensional single porosity model was set up 
using COMSOL Multiphysics® [4]. Fick's first law 
describes the diffusion process in porous media as 
follows: 
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. De is 
correlated to the diffusion coefficient of a species in 
water, Dw [m2 s-1], by:  

𝐷% =
*acc
-
∙ 𝐷w (2) 

with eacc [–] as accessible porosity and G [–] as pore 
network geometric factor considering the tortuosity 
and constrictivity of the diffusion path. In addition, the 
diffusion is influenced by the potential sorption of the 
diffusing species on the material surface expressed 
here as sorption distribution coefficient, Rd [m3 kg-1]. 

This diffusion retarding effect is considered in the rock 
capacity factor α [–]. 

α = eacc + ρd · Rd (3) 

For non-sorbing tracers such as HTO with Rd = 0, it is 
assumed that α is equal to εacc. The inclusion of α in 
Fick’s law leads to the apparent diffusion coefficient 
Da [m2 s-1]: 
𝐷/ =

01
2

 (4) 
Fick's second law, where the change of concentration 
with time, t [s], is considered, is then expressed by: 
'(
'3
= 𝐷/ ∙

'4(
')4

 (5) 

Based on the model set up in COMSOL and coupled 
with the parameter estimation program PEST [5], 
diffusion and sorption parameters (De; eacc; Rd) were 
determined for each tracer in each material. For 
comparison of Rd values, batch sorption experiments 
were conducted with 85Sr2+ (solid-to-liquid ratio = 
40 g L-1) under the same conditions as used in the 
diffusion experiment. 

The obtained De and eacc values of HTO and 36Cl- are 
depicted in Figure 2. The data points from the 
Volclay® bentonite represent outliers. In addition, 
there was no diffusion but advection observed in the 
experiment with the RCM of Volclay®. This can be 
attributed to the relatively large particle size and large 
G (not shown) of Volclay® compared to the other 
bentonites. The widespread use of Volclay® as 
reference material could lead to some uncertainties. 

The data for the HTO diffusion through the 
bentonites is in very good agreement with literature 
values obtained for Na-montmorillonite [6]. It can be 
seen, that the De values of RCM are slightly higher than 
the ones of smectites. It seems, that the diffusive flux 
of HTO through interlayer space is slower than through 
interparticle space. This is in agreement with 
observations described in [7,8]. However, in contrast 
to the De values of RCM the De values of illite are even 
higher. Although structurally, illite does not differ 
much from RCM. Illite also has a TOT structure, is 

 
 
Fig. 1: Schematic structure of Na-saturated smectites (A) 
and the reduced-charge material (B). 
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Fig. 2: De as a function of eacc for HTO and 36Cl-. (Reference 
lines taken from [6].) 
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non-expandable, and has a low CEC. Its interlayers are 
occupied with K+ ions which lost their bound water. 
Compared to smectite, the layer charge of illite is 
higher (~ 0.75 eq./f.u.). 

In the case of the 36Cl- diffusion, the influence of 
interlayers is expressed significantly. For Na-
bentonite, it is known, that the fraction of interlayer 
nanopores amounts to 0.96 ± 0.04 at a dry density of 
1700 kg m3 [9]. There should be only space for two 
water layers in each interlayer [10]. Recently, [11] 
showed using molecular dynamics simulations that 
under these conditions 36Cl- has no access to the 
interlayers. These findings are reflected by the 
diffusion experiments of this study, eacc(36Cl-) of 
smectites decreased by 91-96% compared to eacc(HTO) 
of smectites. In the case of the RCM, due to the 
blocking of interlayers, eacc(36Cl-) is significantly larger 
(~ 0.2) than eacc(36Cl-) of smectites (~ 0.05). However, 
compared to eacc(HTO) of RCM, a reduction by 60% 
was observed showing that also after the blocking of 
the interlayers, the electrical double layers on the edge 
and basal surfaces of the solids exclude the diffusing 
anion. 

The results of the 85Sr2+ diffusion and batch sorption 
experiments are summarized in Table 2. In the model, 
it was assumed, that eacc(HTO) equals eacc(85Sr2+). The 
Da values for each smectite and its respective RCM are 
comparable. That means, although there is a stronger 
sorption of 85Sr2+ onto smectites than onto RCM, and 
consequently, a more pronounced retardation, there is 
also a faster diffusive flux of the cation through the 
interlayers of smectite than through the interparticle 
space of RCM. Both effects compensate each other 
leading to a similar tracer breakthrough. Using the 
formula given in [12], the Sr surface mobility, µs [–], 
was calculated. For the smectites an average value of 
0.38 ± 0.13 and for the RCM samples a value of 
0.30 ± 0.06 was obtained. Both values are in 
reasonable good agreement with the reference value of 
0.39 ± 0.02 [12]. This shows that the Sr surface 
mobility is not influenced by the presence of 
interlayers. The surface properties remain intact in the 
RCM samples. 

The comparison of the Rd values shows that the data 
obtained by diffusion and batch sorption experiments 
are consistent, except for Volclay®. Here, differences 
in the accessible sites could be the reason. It is known, 
that under the present experimental conditions, the 
main Sr uptake mechanism is cation exchange. The 

lower the CEC the lower the Rd value (cf. Table 1 and 
Table 2). Based on the reaction for the cation 
exchange: 

2 Na-clay + Sr2+ ⇌ Sr-clay + 2 Na+ (6) 
as well as the CEC and Rd values, the selectivity 
coefficients KSELNa

Sr  could be calculated for each 
material investigated. 

KSEL =
6∙78
CECNa

Sr
∙ [Na+]6 (7) 

The mean log KSELNa
Sr  value for the smectites amounted 

to 0.7 ± 0.1, which is comparable to the literature value 
for FEBEX of 0.66 ± 0.06 [13]. For RCM a value of 
1.1 ± 0.1 was obtained, which is in agreement with the 
value of illite with 1.4 ± 0.4 [13].  

At next, the total and anion porosity profiles will be 
determined experimentally following the procedure 
described in [14]. Concerning modelling, a new 
approach will be tested which considers the surface 
charge of the materials. 
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Tab. 2: Best-fit parameter values for 85Sr2+ from diffusion experiments and Rd values from batch sorption experiments. 

 Bentonite De [10-11 m2 s-1] Rd diffusion          
[10-2 m3 kg-1] 

Rd sorption          
[10-2 m3 kg-1] Da [10-11 m2 s-1] 

Sm
ec

-
tit

es
 

Calcigel® 29 ± 2 2.5 ± 0.3 2.2 ± 0.1 0.7 ± 0.3 
FEBEX 36 ± 4 4.0 ± 0.3 3.5 ± 0.2 0.5 ± 0.1 
Bentonite P 54 ± 4 4.3 ± 0.3 3.8 ± 0.1 0.7 ± 0.2 
Volclay® 52 ± 8 7 ± 1 1.8 ± 0.1 0.4 ± 0.2 

R
 

C
 

M
 

Calcigel® 23 ± 4 0.88 ± 0.08 0.80 ± 0.01 1.5 ± 0.5 
FEBEX 11 ± 1 0.86 ± 0.08 0.80 ± 0.01 0.7 ± 0.2 
Bentonite P 5 ± 1 0.58 ± 0.04 not determined 0.5 ± 0.1 
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5.5 Geochemical modeling and modeling of coupled processes 
V. Montoya, N. Ait Mouheb, T. Schäfer 
In co-operation with: 

 
B. Baeyensa, M.A. Glausa, T. Kupcikc, M. Marques Fernandesa, L. Van Laerb, C. Bruggemanb, N. Maesb 
aPaul Scherrer Institut (PSI-LES), Villigen, Switzerland; bSCK CEN, Mol, Belgium; cKIT-INE, Karlsruhe, Germany 

 
 
Introduction 
At INE, the main research activities in the field of 
geochemical modeling and modeling of coupled 
processes are focused on development and application 
of conceptual and numerical models on: 

• Radionuclides and contaminants migration in 
porous and fractured media in repository and 
laboratory scale. 

• Temporal hydro-geochemical evolution of the 
multi-barrier system of a repository, i.e. alteration 
/ degradation of (geo-)technical and geological 
barriers (waste form dissolution, Fe-canister 
corrosion, interactions at interfaces of backfilling 
material / concrete / adjacent host rock). 

The understanding of the evolution of a repository 
system over long geological time scales requires a 
detailed knowledge of a series of highly complex 
coupled processes. By using small-scale laboratory 
experiments, under well-defined boundary conditions, 
numerical modelling can provide information to help 
in the repository design and predict future radionuclide 
migration in case of an accident.  

Research activities during 2017 have been mainly 
focused on coupled diffusive transport processes with 
different chemical reactions solved with 

thermodynamic and kinetics laws (i.e. sorption, 
precipitation/dissolution and aqueous speciation).  

Presently there are different systems under study in a 
laboratory scale were reactive transport modelling is 
applied: 

• Diffusion of HTO, Cl-36 and Sr-85 in compacted 
natural and reduced-charge dioctahedral 
smectites (see chapter 5.4). 

• Diffusion in the interface low pH cement / clay 
system (EU Horizon2020 CEBAMA project 
(www.cebama.eu) and study of the change in the 
pore structure where Naila Ait Mouheb is 
performing her Ph.D. thesis (see Figure 1) 

• Diffusion and sorption of Sr, Co and Zn in 
compacted illite. 

This kind of calculations in the laboratory scale can 
provide the scientific basis for the safety assessment of 
various repository design options. Additionally, within 
the ENTRIA project (www.entria.de) reactive 
transport modelling tools have also been used to predict 
the geochemical evolution in the near field of a generic 
repository in a clay formation (see Figure 2). 

The reactive transport simulations described 
previously, have been conducted with different codes 
depending on the studied system: PHREEQC v. 3 [2] 
and COMSOL Multiphysics ® 5.2 [3]. Additionally, 
the interface iCP [1] has been used and tested taking 
advantage that KIT-INE is part of the Consortium 
where this tool has been developed. One of the 
advantages of using these codes is that all of them are 
in continuous development. This interface provides a 
numerical platform that can efficiently simulate a wide 
number of multiphysics problems coupled to 
geochemistry (i.e. liquid flow, solute and heat 
transport, elastic and plastic mechanical deformations 
and geochemical reactions).  

In the following subsection is explained in more 
detail one of the recent results obtained in collaboration 
with PSI (Switzerland) and SCK CEN (Belgium) 
which has been recently published [4].  

Sorption of Sr, Co and Zn on illite: Batch 
experiments and modelling including Co in-
diffusion measurements on compacted 
samples.  
Argillaceous formations are investigated in several 
European countries as potential host rocks for the deep 
geological disposal of high-level radioactive waste. 

 
Fig. 1. 3D representation of the diffusion cell used to study 
processes between clay / low pH cement materials. [HTO]0 
= 1x10-6 M. Model implemented in COMSOL. 
 

 
Fig. 2. 2D Evolution of pH vs time in the interface 
bentonite/cement. Model implemented in the interface 
COMSOL-PHREEQC (iCP [1]) 
 

1000 years
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Due to their remarkable chemical and physical 
properties (i.e. low hydraulic conductivity, high 
radionuclide retention, high swelling capacity, low 
lateral variability and permeability) transport processes 
in such media are largely controlled by diffusion and 
characterized by strong retardation for many elements. 
Is for this reason that an adequate mechanistic 
understanding of transport and sorption processes of 
radiotracers under a wide range of geochemical 
conditions is thus required to reliably predict the long-
term evolution of a deep-geological repository and the 
dose rates emanated from it.  

Various experiments and modelling works described 
in the literature [5, 6, 7] have shown that alkali and 
earth alkaline cations bound to the surface by cation 
exchange processes may retain a certain mobility 
describing higher diffusive fluxes than anions and 
neutral species under the same conditions. This 
behavior has been attributed to an enrichment of these 
cations at the planar sites of the clays. Whether this 
behavior can also be observed for cations interacting 
with edge surface sites by specific sorption, e.g. 
divalent transition metals such as Co or Zn, is a 
remaining open question. In addition sorption models 
of strongly sorbing species such as transition metals 
and lanthanides/actinides are based on experimental 
measurements of Rd values by batch sorption 

technique restricted to dilute homogeneous clay 
suspensions because of experimental constraints. Thus, 
it is also not clear if the sorption models obtained in 
diluted system are transferable to compact clay media 
studies.  

It is for this reason that the present study aims to 
provide the sorption equilibrium data for three different 
divalent metal cations, namely Sr, Co and Zn on the 
single mineral phase Na-illite and to validate the 
applicability of sorption data parametrized by 
experiments obtained in dilute clay suspensions to 
compacted clays. Additionally, important gaps in the 
literature data related to possible ambiguities in surface 
speciation are filled with the present measurements. 
The dependence of solid-liquid distribution ratios (Rd 
values) on pH at trace metal conditions (sorption 
edges) and on the metal ion concentration (sorption 
isotherms) was determined in dilute suspensions of 
homo-ionic Na-illite under controlled N2 atmosphere. 
The experimental results were modelled using the 2 
Site Protolysis Non Electrostatic Surface 
Complexation and Cation Exchange (2SPNE SC/CE) 
sorption model [8]. 

For Sr, the experimental data showed a strong ionic 
strength dependency, and rather weak pH dependence 
in the range 3 to 11. The data were modelled with 
cation exchange reactions, taking into account 
competition with H+, K+, Ca2+, Mg2+ and Al3+. A 
surface complex involving weak edge sites was 
required to model the Sr uptake at higher pH values.  

The sorption of Co on Na-illite, however, was 
strongly pH dependent. The results summarized in Fig. 
3 show that Rd values increased between pH 4 to 7 from 
2 to 4 at a logarithmic scale (L kg-1) and levelled off at 
log Rd ~4 (L kg-1) for pH 7 to 9.  

Cation exchange at the planar sites and surface 
complexation on strong and weak edge sites were used 
to quantitatively reproduce the Co sorption data 
(continuous line in Fig. 3). Rd values for trace Co 
between pH 5 and 9 (0.1 M NaClO4) deduced from 
diffusion experiments on compacted Na-illite samples 
(bulk-dry density of 1700 kg m-3) were in a good 
agreement with the data from the batch sorption 
experiments, see Fig. 3 and Fig. 4. The equivalence of 
the two different approaches to measure sorption was 
thus confirmed for the present system. In addition the 
results highlighted again the importance of both major 
and minor surface species for the diffusive transport 
behavior of strongly sorbing metal cations. While 
surface complexes at the edge sites determine largely 
the solid-solution equilibrium distribution, the 
diffusive flux may be governed by those species bound 
to the planar sites, even at low fractional occupancies.  
The sorption edge determined for Zn showed high Rd 
values (log Rd up to ~5.5 at the L kg-1 scale) across the 
entire pH range with almost no dependence on the 
background electrolyte concentration. The data 
obtained independently by the three groups (INE, PSI 
and SCK-CEN) unambiguously showed that at Zn 
trace concentration, cation exchange is almost 
negligible, suggesting that another mechanism is ruling 
the Zn uptake. Additional experiments on Zn2+-Na+ 

 
Fig. 3. Comparison of sorption values measured by batch 
sorption and in-diffusion experiments using 57Co tracer as a 
function of pH (I = 0.1 M NaClO4). 
 

 
Fig. 4. Comparison of sorption values measured by batch 
sorption and in-diffusion experiments using 57Co tracer as a 
function of stable Co concentration at pH = 7.1 (I = 0.1 M 
NaClO4). 
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exchange at higher Zn loadings, confirmed that this 
unusually high uptake is restricted to Zn trace 
concentration and allowed to determine a selectivity 
coefficient (Kc) for Zn2+-Na+ exchange on the planar 
sites of illite.  
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6 Coordination chemistry 
We perform coordination chemistry studies related to actinide separations by solvent extraction. These studies aim 
at understanding the interactions and the speciation between actinide ions (and other ions) and ligands potentially 
useful for separating actinides. The focus is on nitrogen donor ligands and on the subtle differences in their inter-
actions between actinide and lanthanide ions of the same charge. Further to BT(B)P ligands,1 we study nitrogen 
donor ligands based on ethylenediamine such as TPAEN (see 6.3) and diethylenetriamine such as DTPA-amino 
acid conjugates (see 6.2). Furthermore, oxygen donor ligands such as TODGA2 and DMDOHEMA (see 6.1) are 
studied; these co-extract actinide and lanthanide ions, separating them from other fission products. By combining 
an extracting agent such as TODGA and a water soluble complexing agent such as TPAEN, sufficient selectivity 
between Am(III) and Cm(III) is obtained (see 6.3). 

Our studies are performed in the framework of past and present EURATOM projects, SACSESS, TALISMAN 
and GENIORS, and in cooperation with CEA, CIEMAT, Heidelberg University, HZDR, INL, Jülich, Manchester 
University, NNL, ORNL, Politecnico di Milano, among others.  

Close in-house cooperation with the NMR, X-ray spectroscopy and theoretical chemistry groups is indispensable 
to our work, as is the support of the analytics and infrastructure department.  
 

6.1 TRLFS study on the complexation of Cm(III) with DMDOHEMA  
P. Weßling, P. J. Panak, A. Geist  

 
Background  
N,N’-dimethyl-N,N’-dioctyl-2-(2-hexyloxy-ethyl)-
malon-amide (DMDOHEMA, figure 1) is an ex-
tracting agent for An(III) and Ln(III) used in actinide 
separations processes such as the EURO-GANEX 
process3-5 developed in European projects.  

An equilibrium model for the extraction of HNO3 
and Am(III) by DMDOHEMA was established ear-
lier.6 This model is solely based on the evaluation of 
distribution data; no spectroscopic data are consid-
ered. It postulates the formation of the following 
Am(III) complexes,  
 

• Am(NO3)3(DMDOHEMA)4 
• Am(NO3)3(HNO3)(DMDOHEMA)3   
• Am(NO3)3(HNO3)2(DMDOHEMA)2  

 
with increasing aqueous HNO3 concentration.  

To underpin this model, the complexation of 
Cm(III) (as an analogue for Am(III)) with DMDO-
HEMA is studied by TRLFS. First, Cm(III) in water 
saturated octanol is titrated with DMDOHEMA to 
characterise the Cm(III)-DMDOHEMA complexes 
that form as a function of the DMDOHEMA concen-
tration. Next, Cm(III) is extracted from nitrate solu-
tions with varied proton concentrations and the or-
ganic phase is probed by TRLFS. Comparing their 
emission spectra with those obtained from the titra-
tion experiment allows identifying the number of 
DMDOHEMA molecules present in the extracted 
complexes. The results are compared to the equilib-
rium model.6  

Results 
Figure 2 shows the single component spectra of the 
[Cm(DMDOHEMA)n]3+ complexes (n = 0–3) in 
water saturated octanol. These exhibit emission 
bands at 596.5 nm (n = 1), 598.5 nm (n = 2) and 
601.9 nm (n = 3). The Cm(III) speciation as a func-
tion of the free DMODHEMA concentration is 
shown in Figure 3. The speciation is described with 
lg β’1 = 2.63 ± 0.33, lg β’2 = 3.99 ± 0.48 and lg β’3 
= 4.34 ± 0.52 The formation of a 1:4 complex is not 
observed. Nevertheless, lifetime measurements in-
dicate the existence of a 1:4 complex for [DMDO-
HEMA] > 0.13 mol/L.  

Figure 4 shows the fluorescence spectra of organic 
phase samples from the extraction of Cm(III) from 
aqueous phases containing a constant nitrate concen-
tration (6.04 mol/L) and varying proton concentra-
tions (10−3–6.04 mol/L).  

Two different species are observed, depending on 
the proton concentration. At low proton concentra-
tions (10−3–0.3 mol/L), a species with an emission 

 
Fig. 1: DMDOHEMA.  

 
 
Fig. 2: Single component spectra of the [Cm(DMDO-
HEMA)n]3+ complexes (n = 0–3) in water saturated oc-
tanol. [Cm(III)] ini = 10−7 mol/L.  
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band at 604.2 nm is found (species I). At high proton 
concentrations (0.4–3.16 mol/L), a Cm(III) species 
having an emission band at 601.3 nm is prominent 
(species II). The spectrum obtained from the sample 
containing a proton concentration of 6.04 mol/L dif-
fers somewhat from those observed for species II, 
having a lower intensity and being broader. This may 
indicate the presence of yet another species at this 
proton concentration.  

Lifetime measurements confirm the existence of 
one molecule of water in the first coordination 
sphere. Hence, eight coordination sites are available 
for further ligands. Comparison of the spectrum of 
the 1:3 Cm(III) complex in octanol (figure 1) with 
the spectrum from the extraction at high proton con-
centrations indicates that species II (601.3 nm) is 
[Cm(DMDOHEMA)3(NO3)(H2O)]2+, the 1:3 com-
plex. Consequently, species I (604.2 nm), present at 
lower acidity, is expected to be the 1:4 complex, 
[Cm(DMDOHEMA)4(H2O)]3+.  

Conclusions  
Emission spectra from monophasic titrations of 
Cm(III) with DMDOHEMA are compared to those 
from Cm(III) extracted into DMDOHEMA organic 
phases. A 1:4 complex (at low acidity) and a 1:3 
complex (at higher acidity) are identified in the ex-
traction experiments; a third species may be present 
at even higher acidity.  

These results support the equilibrium model for the 
extraction of Am(III) from HNO3 into DMDO-
HEMA6 which is derived from distribution measure-
ments.  

 
 
Fig. 3: Speciation of [Cm(DMDOHEMA)n]3+ complexes 
(n = 0–3) in water saturated octanol. [Cm(III)]ini = 
10−7 mol/L. Symbols, experimental data. Lines, calculated 
with lg β’1 = 2.63 ± 0.33, lg β’2 = 3.99 ± 0.48, lg β’3 = 
4.34 ± 0.52.  
 

 
 
Fig. 4: Emission spectra of organic phase samples from 
the extraction of Cm(III) into DMDOHEMA at varied pro-
ton concentration. [Cm(III)]ini = 10−7 mol/L, 
[NO3

−] = 6.04 mol/L, [DMODHEMA]ini = 0.4 mol/L,  
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6.2 Trivalent actinide-lanthanide discrimination  
using DTPA-amino acid conjugates  

C. Adam, U. Müllich, A. Geist  
In co-operation with: 

Jennifer E. Jones,a Peter Kaden,b Leigh R. Martin,c,d Louise S. Natrajan,a Clint A. Sharrada  
aThe University of Manchester, United Kingdom, bHelmholtz-Zentrum Dresden-Rossendorf, Germany, cIdaho National Laboratory, Idaho 
Falls, ID, USA dOak Ridge National Laboratory, Oak Ridge, TN, USA 

Introduction  
The TALSPEAK process7 was developed to separate 
trivalent actinide ions, An(III), from chemically sim-
ilar lanthanide ions, Ln(III) by solvent extraction. 
The idea was using an extracting agent unselective 
for An(III) over Ln(III) and adding a complexing 
agent to the aqueous phase to mask An(III), thus 
keeping them from being extracted.8 The original 
TALSPEAK system, consisting of HDEHP (bis-2-
ethylhexyl phosphoric acid) as the extracting agent, 
DTPA (diethylenetriamine pentaacetic acid) as the 

An(III)-selective complexing agent and lactic acid as 
buffering agent, has constantly been improved by 
substituting the components of the original system.9-

11  
In the framework of a TALISMAN project, Uni-

versity of Manchester have pursued a concept which 
differs in two aspects, (a) using amino acids (AA) as 
buffering agent12 and (b) linking them to the com-
plexing agent, DTPA. This way, only a single mole-
cule is added to the aqueous phase and the system is 
expected to behave more simply. Several DTPA-AA 
conjugates (AA = Arg, His, Ser and Ala) were syn-
thesised. The most promising results are achieved 
with DTPA-His-P and DTPA-Ala-D, figure 5. 

Solvent Extraction  
DTPA-AA are tested in solvent extraction experi-
ments, determining Am(III) and Ln(III) distribution 
ratios as a function of pH.  

Results of DTPA-His-P are shown in figure 6. The 
lowest pH at which separation is achieved (i.e., 
Am(III) distribution ratio < 1 and all Ln(III) distri-
bution ratios > 1) is < 1.2. Separation factors for 
Eu(III) over Am(III) are > 90 and the minimum sep-
aration factors between Am(III) and the least ex-
tracted Ln(III) being Nd(III), are 30–40.  

Coordination Chemistry 
The DTPA-AA coordination chemistry is studied by 
luminescence and NMR. Luminescence studies of 
the Eu(III)-DTPA-AA complexes demonstrate con-
sistent coordination in the pH range 2–4. The lumi-
nescence lifetime indicates the presence of one water 
molecule in the first coordination sphere, consistent 
with 1:1 coordination by three amine nitrogens, three 
deprotonated carboxylates and two amidic oxygens. 
1H NMR studies performed with Am(III) confirm 
the 1:1 complexation.  

Conclusion  
In conclusion, an improved TALSPEAK system is 
reported which compares favourably to known TAL-
SPEAK systems as it extends the usable acidity 
range to lower pH values while maintaining the good 
selectivity of the original system.  
 

 

 
 

Fig. 5: DTPA-His-P (top) and DTPA-Ala-D (bottom). 
 

 
 
Fig. 6: Extraction of Am(III) and Ln(III) in the DTPA-His-
P/HDEHP system. Distribution ratios as a function of pH. 
Organic phase, 0.2 mol/L HDEHP in kerosene; aqueous 
phase, 50 mmol/L DTPA- His-P, Am(III) and Ln(III). pH 
adjusted by adding HNO3 or NaOH. 
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6.3 TPAEN coordination chemistry 
C. Wagner, A. Geist, P. J. Panak  
In co-operation with: 

N. Boubals,a T. Dumas,a L. Chanèac,a G. Manie,a P. Kaufholz,b	C. Marie,a G. Modolo,b P. Guilbauda  
aCEA Marcoule, DMRC/SPDS/LILA, France, bForschungszentrum Jülich GmbH, IEK-6, Nukleare Entsorgung und Reaktorsicherheit, 
Jülich, Germany 

Introduction  
Two solvent extraction systems for separating 
Am(III) from Cm(III) were developed in the 
SACSESS project. Both systems combine 
TODGA’s slightly stronger affinity for Cm(III) vs. 
Am(III)2 with the inverse selectivity of a water-solu-
ble masking agent, SO3-Ph-BTBP13, 14 or TPAEN 
(N,N,N’,N’-tetrakis[(6-carboxypyridin-2-yl)me-
thyl]ethylenediamine, figure 7).15  

In collaboration with CEA and Jülich, the coordi-
nation chemistry and speciation of TPAEN with 
Am(III), Cm(III) and Ln(III) ions is studied by EX-
AFS, TRLFS, UV-vis and micro-calorimetry.16  

Results 
EXAFS demonstrates 1:1 coordination of Am(III) by 
TPAEN in solution, with a coordination number of 
10 (four carboxylate oxygens, four pyridine nitro-
gens and two amine nitrogens), in agreement with 
the solid-state structure of the respective Eu(III) 
complex. The ten-fold coordination results in signif-
icantly longer bond distances compared to those ob-
served for nine-fold coordination.  

Conditional stability constants (in 0.1 mol/L 
HNO3) for the complexation of Am(III), Cm(III) and 

several Ln(III) determined by means of micro-calo-
rimetry, TRLFS and UV-vis are reported in table 1  

Stability constants for the An(III) complexes are 
1–2 orders of magnitude higher than those for the 
Ln(III) complexes. TPAEN forms slightly stronger 
complexes with Am(III) compared to Cm(III). 
Within the Ln(III) studied, stability constants in-
crease from La(III) to Nd(III), followed by a de-
crease to Dy(III).  

These results, combined with TODGA’s selectiv-
ity, explain the trends observed in solvent extraction 
experiments:17 Adding TPAEN to the aqueous phase 
has almost no effect on La(III) extraction; Pr(III) and 
Nd(III) extraction is slightly suppressed; the effect 
diminishes with increasing Ln(III) atomic number. 
Extraction of Cm(III) and Am(III) is suppressed by 
approximately one order of magnitude, with a 
stronger effect on Am(III) than on Cm(III). Finally, 
the TODGA/TPAEN system allows separating 
Am(III) from Cm(III) and Ln(III).  
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7 Department of Decommissioning of Nuclear Facilities 
M. Brandauer, E. Zellmann, S. Kaiser, S. Gentes a  
a Department of Deconstruction and Decommissioning of Conventional and Nuclear Buildings, Institute for Technology and Management in 
Construction (TMB), Karlsruhe Institute of Technology (KIT) 

 

Overview 
After the integration of the decommissioning of nu-
clear facilities subject to the program-oriented funding 
research of the Helmholtz Association (HGF) in 2015, 
the former report year was a further important step for 
establishing the decommissioning competences in the 
HGF program.  

The year started with the first meeting of the five 
partners of the “Decommissioning Cluster” established 
in February 2016. The partners, namely the Duale 
Hochschule Baden-Württemberg (DHBW), the Paul 
Scherrer Institut (PSI), the University of Stuttgart (in-
cluding the Materials Testing Institute), the Joint Re-
search Center (JRC) of the European Commission 
(EC), and the KIT, met in Karlsruhe from the 15th to 
the 16th of February 2017 at KIT (see Fig. 1). The fol-
lowing main topics have been addressed [1]: 

• Harmonization of E&T (including lectures on de-
commissioning at PSI/ETH and KIT, the Summer 
Schools at JRC and KIT, possible integrations in 
Stuttgart and the DHBW as well as establishing 
the connection to the ELINDER program of the 
EC; 

• Cooperative working on defined research topics 
(i.e. radiological characterization, long-term stor-
age of radioactive waste, automatization of de-
commissioning techniques); 

• Possible extension of the cluster to further part-
ners; 

In March the biggest German conference for nuclear 
decommissioning (KONTEC) took place in Dresden, 
where the group was strongly represented with three 
plenary presentations [2]–[4]. With the efforts taken by 
Prof. Gentes, the students of the current semester where 
given the possibility to attend the conference as well. 
The conference ended with a surprising highlight, 
where the paper of C. Krauß et al. [3] was awarded best 
paper of the KONTEC 2017.  
Starting 2017, Martin Brandauer accepted to be chair 
of the decommissioning session at the “Annual Meet-
ing on Nuclear Technology” (AMNT), which was held 

in Berlin. Three technical presentations and one 
presentation in the young scientist’s workshop were 
held by the department at the same conference [5]–[8]. 
Further activities where the organization of the decom-
missioning working group of the “Kerntechnische Ge-
sellschaft e.V. (KTG)” which in this year was held in 
Krefeld at the site of Siempelkamp GmbH & Co. KG. 

In Mai 2017 Dr.-Ing. Ahmed Stifi defended his doc-
toral thesis related to the development of an anti-cor-
ruption toolkit for the lean construction concept, while 
working in the decommissioning department [9]. In 
October of the same year, Dr.-Ing. Martin Brandauer 
defended his doctoral thesis related to magnetic sepa-
ration of granular mixtures for the treatment of radio-
active waste mixtures [10]. Background for these anal-
ysis are contaminated mixtures of silicate and grenade 
abrasives with activated steel chips after the usage in 
the water abrasive suspension cutting of activated com-
ponents, such as a reactor pressure vessel and core in-
ternals. The investigations showed, that using a strong 
rod magnet filter, with proper filtration parameters, a 
reduction of 90% of the contamination within the abra-
sive mixtures can be achieved, even if containing weak 
diamagnetic stainless steel alloy chips. The simple set-
up allows a reliable and cost-effective treatment of this 
abrasive mixtures, as an important first approach for 
the significant reduction of secondary waste caused by 
the water abrasive suspension cutting. With this princi-
ple, further significant waste reduction methods are 
currently being investigated by the ongoing BMBF 
project 15S 9225A&B. This has been extensively cov-
ered in the last years report. The project allowed the 
detailed analysis of the experimental investigations 
carried out by Dr.-Ing. M. Brandauer, where the results 
have been submitted for publication in the beginning of 
2018. Within the last year of the project, new repre-
sentative abrasive mixtures using both stainless and 
ferritic steel alloys have been generated in cooperation 
with ANT GmbH, the cutting technique developing 
company. These will be required for the extensive ex-
perimental investigations planed within the project. 
With the help of new findings made during the year, an 
improved separation system is currently being built 
which will be able to treat real activated secondary 
waste within a controlled area [3], while furthermore 
substantially reducing the secondary waste with a fur-
ther novel treatment approach. This new approach is 
currently being submitted to a patent. 

In the last year the group has also been very success-
ful in acquiring new third party funded projects. In May 
a two and a half year project sponsored by the BMWi 
for the development of an automated wet sandblasting  

Fig. 1: Participants at the “Decommissioning Cluster” 
meeting in 2017 [1]. 
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system with pneumatic discharge for removing asbes-
tos-containing putties in concrete structures in cooper-
ation with OFTEC GmbH was acquired [11]. Later in 
the year, a new three year project in cooperation with 
the university of Kassel and Kraftanlagen Heidelberg 
GmbH, sponsored by the BMBF, with two doctoral po-
sitions at KIT was obtained [12]. By usage of state of 
the art digital planning tools, a safe and cost-effective 
dismantling of nuclear facilities with a real project ap-
plication is pursued. Further intensive efforts have 
been placed in the acquiring of funds for the ground-
breaking development of robotic systems for the de-
commissioning of nuclear facilities. These lead to two 
new promising projects, one starting in January 2018 
[13] and the other possibly starting in April 2018. With 
the settled joint venture with many leading German ac-
tors in the robotic field, a major contribution in the ro-
botic sector for the decommissioning of nuclear sites is 
planned. 

Further two major research topics in the last year will 
be addressed in more detail below.   

Implementation of a Nuclear Decommission-
ing Knowledge Database  
With the implementation of a comprehensive decom-
missioning knowledge database in 2017 a powerful 
evaluation basis of previously and ongoing nuclear de-
commissioning projects in Germany, with an extension 
possibility for Europe, is pursued. Therefore, in 2016, 
an applicable database software based on a team col-
laboration platform by Atlassian Inc., Confluence, has 
been chosen and implemented.  

Following the acquisition and setup, relevant infor-
mation has been gathered in the last year, which covers 
following topics:   

• existing and former nuclear facilities, 

• status of actual conducted decommissioning  
projects, 

• involved authorities, operators and conducting 
companies (stakeholders), 

• licensing process management and related licens-
ing steps, 

• decommissioning procedures and techniques, 
• nuclear waste management and storage know-

how, 
• public participation structures and actions, 
• required knowledge in the field of nuclear physics 

and energy, radiation measurement and protection. 

Furthermore, the chosen specific software tool allows 
the gathering of information of different source types 
e.g. scientific papers, articles, other databases, data-
files, books and news (as illustrated in the following 
Fig. 2). 

The integration of tables, documents, and links leads 
to a tool for combining management aspects with tech-
nical procedures and provides an overview and inter-
connection of information needed for the planned R&D 
in decommissioning of nuclear facilities.  

By 2018, besides a further acquisition of data, the 
creation of evaluation tools for the analysis and pro-
cessing of recent, ongoing and completed decommis-
sioning procedures will move into the main focus of the 
research activities. Planned tools will further allow the 
illustration of the current decommissioning status of 
nuclear facilities, decommissioning knowledge and 
technologies. They will help to identify relevant char-
acteristic values for nuclear decommissioning proce-
dures and the necessity of development of required 
technologies. This, therefore, leads to the overall pro-
ject goal, which is the creation of a basis for future re-
search and development and allow considerations for 
the possible standardization and optimization of proce-
dures and technologies. 

Development of a system for the in depth de-
contamination of reinforced concrete struc-
tures 
One of the decontamination challenges of concrete 
structures is the deep decontamination of cracks, frac-
tures, and the removal of steel fixtures (e.g. anchor 
plates, dowels, etc.). This procedure requires the appli-
cation of a tool, which can not only remove a deep layer 
of concrete but also deal with the reinforcement within 
the structure while generating a smooth enough surface 
to allow the subsequent measurement of contamina-
tion. The different properties of the materials (i.e. con-
crete and steel) make it very challenging to design a 
tool that can deal with a ductile and a brittle material at 
the same time. State-of-the-art decontamination tools 
for this application usually rely on the usage of two dif-
ferent set of tools for each of the components. 

In a joint effort, a novel patented tool is being tested 
by the Karlsruhe Institute of Technology (including 
this working group and the chair of mobile machinery), 
the Institute of Production Engineering and Machine  

Fig. 2: The decommissioning database system. 
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Tools (IFW) at Leibniz University Hanover, Kraftanla-
gen Heidelberg GmbH, and Herrenknecht AG. The 
system allows the removal of highly reinforced con-
crete, the removal and transportation of debris, as well 
as suitable storage and packaging of the debris for the 
nuclear repository. These efforts are being sponsored 
by the Federal Ministry of Education and Research 
(BMBF) through the project 15S9093A „Definierter 
Abtrag hocharmierter Stahlbetonstrukturen 
(DefAhS)“. 

In the year 2017 numerous tests had been run on the 
test rig at the institute. It allowed to figure out the best 
possible operating points for the removal of concrete. 
The possible variables being investigated are the feed, 
the infeed and the cutting speed. During the experi-
mental investigations, the machining forces were 
measured. The resulting force by milling concrete is 
significant smaller compared with the required force 
for the machining of steel. The required forces have 
been determined as follows:   

• Fmax = 300N for the machining of concrete by ap-
plying the following parameters: infeed=3,5mm; 
cutting speed=600m/min; feed=0,12 and 0,2mm 

• Fmax = 5300N for the machining of steel by apply-
ing the following parameters: infeed=3,5mm; cut-
ting speed=600-1100m/min; feed= 0,08 and 
0,04mm) 

All detailed measurements, diagrams and results have 
been documented in a project internal test report (report 
No. 3, October 2017). 

During the tests, several problems were faced, mak-
ing the following modifications necessary: 

1. Narrow cut width with increasing infeet 
The deeper the cut, the narrower became the groove 
created by the milling drum. This led to the fact, that 
the outer cutting inserts get in direct contact with the 
groove concrete walls at a certain depth and therefore 
get destroyed. Several ideas were tested so solve this 
problem and the best solution was to introduce an in-
clined outer impact cutter (see Fig. 3). On each side of 
the drum now two sets of impact cutters with an angle 
of 10° and two sets with 20° have been designed and 
installed. 

2. Uneven exposure of the reinforcement rods 
Between two reinforcement rods, the concrete removal 
is uneven (see Fig. 4). This uneven exposure of the 
steel inserts causes the destruction of the cutting in-
serts. To solve the problem, the control software had to 
be modified, so that the tool head can spin and work in 
both directions. The new software has been imple-
mented in November 2017. 

3. Vibrations within the test rig 
The high induced forces by machining steel fixtures in-
duces speed dependent vibrations within the test rig. 
The rig needed to be stiffened by additional structures 
in the test rig frame. The stiffening was carried out in 
October of the last year. 

4. Local suction device 
The first parts for the local suction device were de-
stroyed by wedging. In addition, there was a strong 
dust formation while immersing in the concrete. Fig. 5 
shows the new suction system, which does not wedge 
any more. There are, however, still issues to fully con-
tain the strong dust formation during the milling pro-
cess. 

The project was supposed to end in September 2017. 
All project partners applied for a 6 month extension un-
til March 31, 2018, which was approved by the BMBF. 
This allows the time to do more tests with the following 
focus: 

 
Fig. 3: Inclined outer impact cutters. 
 

 
Fig. 4: Uneven concrete removal between two reinforcement 
rods. 

 
Fig. 5: Local suction system. 
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• Evaluate the new software with both tool spinning 
directions 

• Measurements to figure out the best possible oper-
ating points for working steel 

• Evaluate all functions on a new test piece with 
steel fixtures 

References 
[1] W. Tromm and M. Brandauer, “Aufbau eines 

Cluster Rückbau für den Rückbau 
kerntechnischer Anlagen,” Annual Meeting on 
Nuclear Technology (AMNT), Berlin, 2017. 

[2] S. Müller and S. Gentes, “Untersuchungen zum 
Geometrieeinfluss auf Hartmetalllamellen beim 
Betonfräsen,” KONTEC, Dresden, Germany, 
2017. 

[3] D. C. Krauß, D. M. Brandauer, P. H. Geckeis, P. 
S. Gentes, A. Heneka, M. Plaschke, D. Schild, 
and W. Tobie, “Verbesserung eines 
Separationsverfahrens zur Behandlung des 
Sekundärabfalls der Wasser-Abrasiv-
Suspensions-Schneidtechnik,” Dresden, 
KONTEC 2017, 2017. 

[4] U. Hess, M. Weber, S. Gentes, D. Engelmann, F. 
Cousseau, and M. Kisling, “Entwicklung eines 
Werkzeugsystems für die Oberflächen-
dekontamination von Stahlbetonstrukturen,” 
KONTEC, Dresden, Germany, 2017. 

[5] S. Kaiser, Gentes, Engelmann, Geimer, Hess, 
Dekena, Braun, Kisling, and Cousseau, 
“Definierter Abtrag hochbewehrter 

Stahlbetonstrukturen (DefAhS),” AMNT, Berlin, 
2017. 

[6] C. Krauß and Gentes, “Untersuchung der 
Strömungsverläufe in einem Magnetfilter zur 
Minimierung von Sekundärabfll der WASS-
Schneidtechnik,” AMNT, Berlin, 2017. 

[7] S. Müller and S. Gentes, “Untersuchungen zum 
Geometrieeinfluss auf Hartmetalllamellen beim 
Betonfräsen,” AMNT, Berlin, 2017. 

[8] Y. Yakubov, M. Brandauer, and S. Gentes, 
“Alternative Methods for Decomissioning and 
Decontamination of pipes with small diameter,” 
AMNT, Young Generation Workshop, Berlin, 
2017. 

[9] A. Stifi, “Development of an Anti-Corruption 
Toolkit with Components from Lean 
Construction,” Dissertation Thesis, 2017. 

[10] M. Brandauer, “Experimentelle Unter-suchungen 
zur Separation von Korngemischen in einem 
Stabmagnetfilter,” Dissertation Thesis, 2017. 

[11] S. Müller, “Entwicklung eines automatisierten 
Feucht-Sandstrahlsystems mit pneumatischer 
Abförderung zum Abtrag asbesthaltiger 
Spachtelmassen auf Beton (FeSS).” [Online]. 
https://www.tmb.kit.edu/Forschung_3743.php 

[12] M. Brandauer, “Sicherer und kosteneffektiver 
Rückbau (SiKoR).” [Online]. 
https://www.tmb.kit.edu/Forschung_3940.php 

[13] M. Brandauer, “Autonomous Robotic Networks 
to Help Modern Societies (ARCHES).” [Online]. 
https://www.tmb.kit.edu/Forschung_3950.php 

 
 
 



- 55 - 

8 Development of radionuclide speciation methods 
Maintaining a state-of-the-art portfolio of advanced surface science and spectroscopy methods at INE is an im-
portant R&D activity, as these methods are crucial tools for advancing our understanding of actinide and radio-
nuclide (geo)chemistry or the behavior of nuclear waste forms during interim storage. Radionuclide speciation 
methods available at INE controlled area laboratories and the nearby KIT synchrotron source are continuously 
adapted to serve the requirements of the INE in house and the HGF R&D programs. Access to this unique in-
strumentation is as well provided to INE’s national and international partners in the frame of cooperation agree-
ments or joint research projects. The multi analyzer-crystal X-ray emission spectrometer, core instrument at the 
ACT experimental station of the new CAT-ACT beamline commissioned in 2016, has provided unprecedented 
insight into electronic and bonding characteristics of actinides, as shown by a combined HR-
XANES/RIXS/computational chemistry study revealing the role of the 5f valence orbitals of the early actinides 
U, Np, Pu in the chemical bonding of their trans-dioxo (actinyl) species. The portfolio of laser based speciation 
techniques at INE currently comprises TRLFS, LIBD and LIBS. An ambitious program to upgrade all existing 
systems and to improve their performance was finished in 2017. The refurbished cryo-TRLFS setup has been 
successfully used to reinvestigate the incorporation of Cm(III) in calcite, allowing for a new assignment of spec-
tral signatures depending on the charge compensation mechanism. Prolonged interim storage of spent nuclear 
fuel at surface facilities during several decades is envisaged considering the expected time frame for site selec-
tion and construction of a suitable deep underground repository. Attempts to study mechanisms possibly limiting 
the integrity of fuel pins (e.g., fission product induced corrosion) have been recently started at INE. The inner 
surfaces of irradiated Zircaloy-4 cladding fragments (from the plenum and a section, where the hull had been in 
contact with a fuel pellet) are investigated by combining SEM-EDX, XPS and synchrotron based methods 
(XANES, XRF). NMR spectroscopy gives direct insight into metal-ligand bonding phenomena relevant, e.g., in 
the field of actinide/lanthanide separation chemistry. NMR investigations of the metal cation binding sites of the 
blood serum protein HSA upon titration with trivalent actinides or lanthanides revealed the involvement of a 
histidine group in the binding as previously observed for Cu2+. These early results show that NMR can be as well 
successfully applied to study metal ion complexation by highly complex protein macromolecules. A method 
more recently established at INE is accelerator mass spectrometry (AMS). AMS is presently one of the most 
sensitive analytical techniques with an overall sensitivity of ~104 atoms in a sample. The analytical capability to 
determine concentrations of actinides and long-lived fission products (like 99Tc) in natural samples at ultra-trace 
levels (fg/g and ag/g) is of great relevance both for environmental studies and for in situ tracer tests or diffusion 
experiments as, e.g., in the frame of the CFM project at the Grimsel test site. Many of the in-house research 
activities at INE benefit from strong support by quantum chemical calculations, providing molecular structures 
or thermodynamic data. In the past year the systems under investigation comprised the incorporation of selenite 
into the calcite (𝟏𝟎𝟏$𝟒) surface - corroborating a recently proposed entrapment model for selenium(IV) co-
precipitation with calcite, a study of the covalence of the triple bonds in UO22+, NpO22+ and PuO22+ using local-
ized molecular orbitals, the role of induced dipole and quadrupole interactions in trivalent lanthanide and acti-
nide complexes or a molecular modelling/force field study of the intrusion of methanol molecules in the first 
hydration shell of Cm(III) in binary H2O/MeOH mixtures. 
 

8.1 R&D projects conducted at the INE-Beamline and  
at CAT-ACT at the KIT synchrotron source 
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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 for (geo-)chemical processes determining the 
mobility of long-lived radionuclides possibly released 
from a projected disposal site for highly active, heat 
producing nuclear waste (HAW). Presently, final 
disposal in deep bedrock repositories is deemed as the 
preferred option 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. Solving the nuclear disposal 
safety case requires the assessment of an envisaged 
disposal site on geological time scales, where specia-
tion techniques like XAS (X-ray Absorption Spec-
troscopy) and XES (X-ray Emission Spectroscopy) 
provide necessary input parameters to model the geo-
chemical behavior of radionuclides. More recently, as 
well attempts to directly characterize HAW matrices 
by XAFS techniques came into focus, mainly due to 
the necessity to assess effects of an extended interim 
storage period before final disposal.  

The INE-Beamline for radionuclide science [1] at 
the KIT synchrotron facility became fully operational 
in 2005 as a flexible experimental station for X-ray 
based radionuclide speciation investigations. About 
one decade later, commissioning of the new hard X-
ray beamline ‘CAT-ACT’ for CATalysis and ACTi-
nide research at an adjacent beam port has been com-
pleted [2] and the ACT lab for synchrotron based 
radionuclide speciation studies fully equipped and 
licensed to handle radioisotopes with activities up to 
one million times the (isotope specific) exemption 
limits. The multi analyzer-crystal (MAC) X-ray emis-
sion spectrometer originally installed at INE-
Beamline serves as core component of the experi-
mental infrastructure at the ACT lab. The INE-
Beamline and the ACT experimental station are the 
only facilities of their kind in Europe offering direct 
access to radiochemistry laboratories operating a 
shielded box-line in close proximity to the synchro-
tron light source on the same research campus. 

INE- and CAT-ACT beamline operation in 
2017 
After conversion of the former ANKA LK-II facility 
from a national user facility to a KIT internal research 
infrastructure in 2015, beamline operation had to be 
rearranged in 2016 to suit new boundary conditions, 
first of all a markedly reduced availability of beam-
time shifts allowing for extended storage ring opera-
tion (now the KArlsruhe Research Accelerator KA-
RA, cf. www.ibpt.kit.edu) as test facility for the de-
velopment of accelerator technology - including inser-
tion devices, electron beam sources and beam diag-
nostic tools. As a consequence of ANKA restructur-
ing, beamtime distribution is no longer based on a 
peer review proposal process, but on in-house needs 
within the KIT and HGF research programs and indi-

vidual agreements between beamline operators and 
external cooperation partners. 

For 2017 a total of 101 days of standard SR opera-
tion had been initially scheduled (compared to 73 
days in 2016), 12 of which were lost due to storage 
ring failure or insufficient beam quality. At INE-
Beamline a further beam loss (16 days) had to be 
faced due to a failing double crystal monochromator 
(DCM) actuator, which had to be manufactured on 
customer request. The remaining beamtime was spent 
for INE in-house research (33%), beamline develop-
ment and maintenance (8%) and external projects 
(34%). A total of 30 in-house and external projects 
were finally successfully carried out at the beamline. 
At CAT-ACT, beamtime at two in-line experimental 
stations is shared between CATalysis (KIT-
IKFT/ITCP) and ACTinide/radionuclide research 
groups (KIT-INE). In 2017 a total of 26 beamtime 
days were available at ACT for INE in-house re-
search, 16 days were given to external users and 6 
days were required for beamline setup and mainte-
nance, development and pilot experiments. A total of 
16 in-house and external projects were hosted at the 
ACT station during this period.  

After full commissioning of the CAT-ACT beam-
line optics and experimental infrastructure in 2016 – a 
major milestone of the NUSAFE program within the 
HGF program oriented funding period 2015-19 – 
remaining open issues covered in 2017 were related to 
the control system (e.g., automation of alignment 
procedures) and the DCM fine tuning. Parallel align-
ment of the DCM crystals at the rocking curve maxi-
mum may now be detuned to achieve constant I0/Iring 
flux conditions during energy scans (where I0 denotes 
the intensity signal of the first ionization chamber at 
the individual experimental station or – alternatively – 
the photocurrent delivered by a retractable tungsten 
mesh placed in the monochromatic beam downstream 
from the optic section, and Iring the storage ring cur-
rent), applying a closed-loop feedback system devel-
oped by KIT-IPS based on a NI Compact RIO con-
troller. The same system has been as well implement-
ed at INE-Beamline and enables efficient suppression 
of spectral distortions caused by higher harmonic 
radiation in the incoming beam such as ‘crystal 
glitches’. 

As in previous years, INE in-house projects in 2017 
covered the investigation of a broad range of materials 
containing actinides (An), fission products or their 
chemical homologues in the context of nuclear waste 
disposal safety research or basic actinide and radionu-
clide science. These studies comprised the investiga-
tion of Gd(III) complexation by sulphate, Np(V) 
complexation by succinate, oxalate and other carbox-
ylic ligands, a combined XAFS + XRD study on the 
coordination of Am(III) by thiocyanate in a La(III) 
host lattice, the investigation of rhenium oxidation 
states and local chemical environments of rhenium 
and cesium within solid glass matrices, Yb(III) incor-
poration into CaMoO4, XANES measurements to 
identify the redox-state and speciation of antimony, 
arsenic and lead in scaling samples from a geothermal 
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power plant, the solubility and carbonate complexa-
tion of Tc(IV) in Na2CO3 and NaNO3, the redox be-
havior of U(VI/IV) under acidic to hyper-alkaline 
conditions and the solubility of U(IV) under reducing 
conditions in the absence and presence of carbonate, 
the solid phase transformation of Np(V) at elevated 
temperature in NaCl/CaCl2/MgCl2 solutions, XAFS, 
XRF and µ-XRF investigations of irradiated Zircaloy 
cladding segments in contact with SNF, the character-
ization of uranium oxidation states in natural granites, 
XAFS + XRD of Lu(III) incorporated in aged ferrihy-
drite, XAFS investigations of adsorbed Pu(III/IV) 
species on hardened ordinary Portland cement pastes 
in the absence and presence of isosaccharinic acid, a 
RIXS study of non-stoichiometric magnetite or speci-
ation of chlorine in low pH cement pastes.  

Some of these studies are presented in more detail 
elsewhere in this annual report. A study focusing on 
the advanced high-resolution X-ray emission tech-
niques (HRXES) in the tender X-ray regime (actinide 
M-edges) is highlighted in the last section below. 
HGF external scientists from the German and interna-
tional research institutions listed below conducted 
research at the INE-Beamline in 2017: 

• HZ Dresden-Rossendorf, Germany 
• FZ Jülich, IEK-6, Germany 
• Heidelberg University, Germany 
• Mainz University, Germany 
• CEA Cadarache, France 
• JRC Karlsruhe, European Commission 
• Delft Technical University, The Nether-

lands 
 

As in the preceding years, a considerable share of 
INE in-house beamtime was spent for experiments 
conducted by master and graduate students in the 
frame of their thesis projects.  

XAS, µ-XAS and µ-XRF investigation of 
irradiated Zircaloy-4 cladding fragments 
In the light of a yet unclear timeframe for the neces-
sary site selection, construction and licensing proce-
dure before a final HLW repository becomes opera-
tional in Germany, a significant prolongation of SNF 
interim storage above surface has to be considered 
(see chapter 5.1). In this context, the possibly limited 
integrity of fuel pins - affecting SNF transportability 
and conditioning prior to final disposal - is of major 
concern. Hence, a better understanding of the effects 
of thermal, mechanical and radiological stress on 
fuel pin claddings is mandatory. Research at INE 
focuses on Zircaloy-4 - a cladding material common-
ly used in PWR fuel rod assemblies - both with re-
spect to the formation of activation nuclides (cf. 
chapter 5.1) during reactor operation and the possi-
ble hull material corrosion. In 2017 Zircaloy-4 clad-
ding ring segments for investigation by SR-based 
methods were sampled from a central fuel pin sec-
tion (irradiated in the Swiss PWR Gösgen, average 
burn-up: 50.4 GWd/tHM), where the hull material 
had been in contact with a fuel pellet (cf. section 8.3 

and Annual Report 2016 for investigation of corre-
sponding fuel pin plenum material). Two mm-sized 
cladding fragments cut from a hull material ring (con-
tact dose rate ~300 µSv/h) were sealed in acryl glass 
sample holders, allowing for exposure of the inner 
surface or the cross section towards the incident 
beam. Fig. 1 depicts µ-fluorescence maps of the inner 
cladding surface (top row) and a cross section (bottom 
row) recorded by a silicon drift Vortex detector at the 
U Lα and the Zr Kα emission energy (beam spot size 
~20 µm FWHM), the left and right-hand side graphs 
in Fig. 2 depict XAFS spectra recorded from a U rich 
area in Fig. 1 (top row, left image) in fluorescence 
detection mode in the vicinity of the U L3 and the Pu 
L3 absorption edges, respectively. Contrast inversion 
(the highest fluorescence intensity is depicted in red) 
in the Fig. 1 top row images (scan area 1.5 mm(v) × 3 
mm(h)) indicates that residues of high burnup SNF 
material are still adhering to the inner hull surface, 
partially blocking Zr Kα fluorescence excitation from 
the underlying Zr-rich alloy. This fact enabled record-
ing of Pu L3-XAFS spectra (E0 Pu(2p3/2) = 18.057 
keV) without detector saturation by Zr Kα fluores-
cence emission (E0 Zr(1s) = 17.998 keV). The U L3- 
and Pu L3-XAFS spectra depicted in Fig. 2 indicate 
that both U and Pu are predominantly present in tetra-
valent oxidation state. The weak Zr K absorption 
signal in the rising edge of the Pu L3 spectrum origi-
nates most likely from Zr as fission product in the 

  

  
Fig. 1: (top) µ-XRF map of the inner surface and (bottom)- 
cross-section of an irradiated cladding ring segment cut 
from a fuel rod section where the Zircaloy-4 hull had been 
in contact with a fuel pellet – left: U Lα fluorescence, right: 
Zr Kα fluorescence. The dotted line in the upper images 
marks the rim of the hull fragment. 

 
Fig. 2: XAFS spectra obtained from the SNF (high burnup) 
material adhering to the inner hull surface after decladding 
– left: in the vicinity of the U L3-edge, right: in the vicinity 
of the Pu L3-edge. 
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SNF matrix, as this signal has been previously ob-
served for SNF fragments not in contact with clad-
ding.  

Commissioning of a high-T in situ setup for 
the investigation of radionuclides in molten 
salts  
An experimental setup adapted for high temperature 
in-situ XAFS measurements of radioactive, air sensi-
tive and corrosive fluoride molten salts has been de-
veloped at the Delft University of Technology (TU 
Delft, The Netherlands) and successfully tested at the 
INE-Beamline. A dedicated furnace design allowing 
simultaneous measurements in transmission and fluo-
rescence geometry has been developed (Fig. 3), as 
well as a specific sample containment cell (airtight, 
leak tight, compatible with the corrosive salts) made 
of boron nitride (BN). The suitability of the sample 
containment cell has been checked by mapping of the 
thorium concentration over the entire sample area 
after melting and re-solidification. The resulting tho-
rium concentration shows a homogeneous distribu-
tion, and gamma spectroscopy measurements have 
confirmed the absence of contamination on the out-
side of the BN containment. First results have been 
obtained on selected salt mixtures in the LiF-ThF4 and 

NaF-ThF4 systems. Fig. 4 shows the Fourier Trans-
form (FT) of the k2-weighted Th L3-EXAFS of the 
(LiF:ThF4)=(0.9:0.1) mixture collected in the molten 
state at T=860°C, and at room temperature after cool-
ing. One single coordination shell is observed in the 
FT signal in the liquid, against two coordination shells 
at room temperature, as well as a clear decrease in 
amplitude caused by the disorder in the liquid and the 
occurrence of inharmonic atomic vibrations [3,4]. 
These features confirm the liquid state of the sample 
during the high temperature measurements. This set-
up will be used in future studies to investigate coordi-
nation numbers and bond distances of molecular 
complexes formed in the molten salts at high tempera-
tures. 

HR-XANES/RIXS studies: The role of the 5f 
valence orbitals of early actinides in chemical 
bonding  
Measurements performed at the new HRXES spec-
trometer have provided insights into one of the most 
controversial questions in actinide chemistry: What is 
the role of the 5f valence orbitals in the covalence of 
the chemical bonding of the actinide elements? High 
energy resolution X-ray absorption near edge struc-
ture (HR-XANES) and resonant inelastic X-ray scat-
tering (RIXS) at the M4,5 absorption edges of the early 
actinide elements (U, Np, Pu) probe the 5f unoccupied 
density of states of the actinides with superior energy 
resolution. The experiments have been performed at 
the INE-Beamline and the ACT station. These ad-
vanced spectroscopy tools allow to distinguish be-
tween the increase of covalence due to building up of 
electronic charge between the atoms, classical overlap 
of orbitals, and due to better energy match between 
metal and ligand valence orbitals as illustrated for 
U(VI)O22+, Np(VI)O22+ and Pu(VI)O22+. It is demon-
strated that the 5f orbitals are more localized for Pu 
compared to U and Np and their energies are not 
influenced by changes in bonding environments. A 
broad set of data obtained from different actinide 
compounds is compared - including spectra for aque-
ous and solid-state species as well as highly radioac-
tive materials like spent nuclear fuel. Spectroscopic 
results are corroborated by state of the art quantum-
chemical calculations [5]. Part of the obtain results are 
summarized here. 
 
Actinide 3d4f RIXS maps. The RIXS maps of 
UO22+, NpO22+ and PuO22+ are shown in Fig. 5a-c. 
When recording a HR-XANES spectrum the analyzer 
crystals of an X-ray emission spectrometer are typi-
cally positioned at the energy position of the maxi-
mum of the normal emission line and the energy of 
the incident beam is scanned across the absorption 
edge. Then the HR-XANES spectrum corresponds to 
a cross section of the RIXS map marked with line B 
in Fig. 5a-c. The HR-XANES spectrum can exhibit 
different features compared to the conventional 
XANES spectrum when the core-hole potential in the 
intermediate (3d95fN+1) state is significantly different 

 
Fig. 3: Oven setup inside glove box on the experimental 
table at INE-Beamline. The incident SR beam enters 
through the KAPTON® window on the left-hand side – the 
X-ray fluorescence signal is collected by two Vortex detec-
tors in backwards geometry.  

 
Fig. 4: Experimental FT modulus of the (LiF:ThF4)= 
(0.9:0.1) sample measured at T=860°C and room tempera-
ture after melting and re-solidification. 
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than that for the final state (4f135fN+1). This effect is 
well visible in Fig. 5, where line B marking the nor-
mal emission maximum is shifted with respect to the 
most intense resonant peak, line A. The HR-XANES 
spectra extracted at emission energy marked with line 
A are also shown in Fig. 5d-f. Three peaks at about 
3726.7, 3728.8 and 3732.9 eV are resolved in the 
UO22+ RIXS map, which are also visible in the HR-
XANES spectra. We have previously been able to 
assign these peaks to transitions of 3d electrons to 
5fd/f, 5fp* and 5fs* orbitals, respectively (cf. Ref. 17 
in [5]). The energy difference or shift between lines A 
and B (RIXS maps a-c in Fig. 5) is 0.6, 1.3 and 1.6 eV 
for UO22+, NpO22+ and PuO22+ in 1M HClO4, respec-
tively. These values are compared to those measured 
for these actinides with different speciation [5]. The 
size of this shift varies between 0 - 0.85 eV (U) and 
0.5 - 1.3 eV (Np) for the various materials, whereas it 
remains constant for Pu(III)/Pu(IV)/PuO22+ in 1M 
HClO4 and solid PuO2. Emission energy shifts of the 
resonant peaks with respect to the normal emission 
was previously reported for 3d and 4f elements and 
was attributed to the strong interaction between the 
excited electron in the lowest unoccupied bound elec-
tronic states and the created core-hole, which differs 
from the ionized case, i.e. excitation into continuum. 
The energy shift between lines A and B, therefore, 
probes the localization of those lowest unoccupied 5f 
states on the absorbing atom. The experimentally 
observed increase in energy shift going from U to Pu 
in our actinyl system shows that the 5f orbitals under-
go stronger localization in this order, i.e. from UO22+ 
to NpO22+ and from NpO22+ to PuO22+. Observed 
invariance of the Pu energy shifts indicates that the 
localization of the Pu 5f orbitals is not influenced by 
changes in oxidation state and appears to be the same 
for molecular and solid-state species. This is not the 
case for U and Np, as significant variations are ob-
served for these elements.  

Actinide M4,5 absorption edge HR-XANES. 
In Fig. 6 the HR-XANES spectra of UO22+, NpO22+ 
and PuO22+ are aligned so that the 5fs* peaks coincide 
at 0 eV. Comparison of the HR-XANES reveals dif-
ferences in intensity and energy position of resonant 
features. The seven empty or partially occupied 5f 

orbitals of the AnO22+ cation are split by spin-orbit 
coupling and the ligand field of the axial and equato-
rial ligands (ax. field and eq. field). When there is 
more than one electron in the 5f shell, Coulomb repul-
sion between the electrons becomes important and 
affects the covalent mixing. The spin-orbit splitting of 
the 5f electrons is ~1 eV while their ligand field split-
ting can be as large as 7 eV for actinyls. S. Matsika et 
al. pointed out that the influence of these effects can 
be ordered as follows: ax. field (5fs*, 5fp*) > spin-
orbit > ax. field (5fd, 5ff) + eq. field (cf. Ref. 40 in 
[5]). The ax. field exerts the strongest effect caused by 
the strong covalent nature of the An-Oax bond. As a 
result, the 5fs* and 5fp* states are shifted with respect 
to the 5fd and the 5ff orbitals (5fd » 5ff < 5fp* << 
5fs*). The shift is stronger for the 5fs* than the 5fp* 
states due to interaction of the filled An-O su orbital 
and the semi-core 6pz orbital with the same su sym-
metry (“pushing from below”, cf. Refs. 1,41-44 in 
[5]). It is the formation of a su hybrid orbital from An 
5f and pseudocore 6p, mixed with Oax 2p valence 
orbitals, that is the source of high covalence of the U-
Oax bond. The mixing coefficient (𝑡()

(*)) of a metal (𝜙() 
with ligand (𝜙)) orbitals is associated with the cova-
lency of the bond; it can be large due to their strong 
overlap or near degeneracy as described to the first 
order by perturbation theory:𝑡()

(*) ∝
-./0
1/-10

 , where 𝑆()  

and 𝜀( − 𝜀)  are the overlap and energy difference of 
the orbitals, respectively (cf. Refs. 2, 12 in [5]). The 
change of these two parameters, 𝑆()  and 𝜀( − 𝜀) , can 
lead to increase of 𝑡()

(*)  and thereby to increase of 
overlap or energy-driven covalence (cf. Refs. 2, 45 in 
[5]). R. Denning pointed out that the strong overlap of 
the 6p with 2p orbitals plays a substantial role for the 
covalence of the UO22+ bond (cf. Ref. 3 in [5]). 
Changes in this overlap lead to variations in the filled-
filled interaction and is manifested in the HR-XANES 
spectra as the observed changing peak energy differ-
ences, most substantially between the 5fd/f and 5fs* 
peaks. In Fig. 6 the energy difference between the 
main 5fd/f peak and the 5fp*/5fs* peaks for Np is 
significantly smaller (∆ 5fd/f - 5fp* = 1.6 eV, ∆ 5fd/f 
- 5fs* = 5.4 eV) compared to that for U (∆ 5fd/f - 
5fp*= 2.3 eV, ∆ 5fd/f - 5fs* = 6.4 eV). The trend is 
preserved for Pu but difficult to quantify since the 

 
Fig. 6: U M4 and Np/Pu M5 absorption edge HR-XANES. 

 
 
Fig. 5: RIXS maps and extracted HR-XANES spectra.  
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5fd/f and 5fp* peaks are not resolved in the HR-
XANES spectrum. We propose to use the relative 
energy difference between the 5fd/f and the 5fp*/5fs* 
HR-XANES spectral peaks as a qualitative measure 
of relative changes in the overlap driven covalence of 
the actinyl bond (cf. Ref. 2 in [5]). Recent experi-
ments and calculations for AnO2+/2+ support the con-
cept that the covalence of the An increases with the Z 
number across the actinide series (cf. Refs. 45,50-51 
in [5]). One strong argument is the less favorable oxo-
exchange of AnO2+/2+ with methanol and water going 
from U to Pu. The theoretical results are inconclusive 
but the notion prevails that this is an energy-driven 
covalence. This hypothesis is underpinned by the 
observed trends for the 5f orbitals in our RIXS maps. 
The stronger localization of the 5f orbitals likely leads 
to a better energy match with the O 2p orbitals for Pu, 
a less optimal energy match for U. 

In summary, we illustrated the unique utility that An 
3d4f RIXS offers in characterizing actinide electronic 
structures - it allows direct determination and compar-
ison of the level of 5f orbital localization and partici-
pation of these orbitals in the chemical bonding for 
any type of materials, under static or dynamic condi-
tions, not possible with other methods. We have ap-
plied this technique to U, Np and Pu in the actinide 
series and find that the localization of the U and Np 5f 
orbitals varies for different materials, but does not 
change for Pu, although studied in several different 
oxidation states (III, IV, VI) and states of matter (sol-
id, solution). This result indicates that the 5f states in 
Pu are less active in the chemical bonding, compared 
to U and Np, and contrasts the general notion that the 
5f orbitals are widely responsible for the ability of Pu 
to co-exist in several different oxidation states. Inves-
tigations of additional An materials and quantum 
chemical calculations of An 3d4f RIXS maps will be 

very beneficial for verification of these conclusions. 
Further, changes in the relative energy differences 
between the 5fd/f and the 5fp*/5fs* orbitals, deter-
mined from their RIXS and HR-XANES, provide a 
direct qualitative measure for the level of overlap 
driven covalence in the actinyl bond. The observed 
trends in these energy differences indicate that U(VI)-
Oax is more covalent compared to the Np(VI)-Oax and 
Pu(VI)-Oax bonds due to stronger orbital overlap of U 
5f/6p and O 2p orbitals. The An M4,5 absorption edge 
HR-XANES and 3d4f RIXS can help to distinguish 
between the classical notion of overlap driven cova-
lence and energy-driven covalence. Apparently, the 
overlap-driven covalent character of the An-O binding 
in the actinyl cations decrease within the U-Pu series, 
while the energy-driven covalent character increases 
without increasing the electron density of the binding. 
Taking into account the results on oxygen isotope 
exchange of Lucena et al. (cf. Ref. 51 in [5]) and the 
computational results of Kaltsoyannis (cf. Ref. 12 in 
[5]), the energy-driven covalence might have a higher 
impact on chemical binding stability/strength than the 
overlap-driven covalence.  
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Introduction 
The development of laser based spectroscopy methods 
and their application in studies carried out for the 
characterization of materials associated to the nuclear 
waste repository has been for many years a central 
aspect of the research at KIT-INE. Currently efforts 
are focused on broadening the speciation capabilities 
offered by Time Resolved Laser Fluorescence Spec-
troscopy (TRLFS) and the automatization and optimi-
zation of the home-made instrumentation used for 
Laser Induced Breakdown Detection (LIBD) of col-
loids and nanoparticles. In order to broaden the char-
acterization possibilities for solid samples, a LIBS 
(Laser Induced Breakdown Spectroscopy) set-up for 
the determination of deposition or corrosion layers 
with high spatial and spectral resolution has been 
installed during this report period. Possibilities of 
isotopic LIBS are under evaluation. 

In this chapter, some recent applications of TRLFS 
at INE will be shortly described. We have used cryo-
TRLFS to reinvestigate the incorporation species of 
Cm(III) in calcite. High resolution spectra of Cm(III) 
in calcite - synthesized (1) in the presence of NaCl 
and (2) in the presence of KCl - reveal differences in 
the crystal-field splitting of the Cm(III) ground state 
and allow for a new assignment of the Cm(III) incor-
poration species. Additionally, a recently built system 
for uranyl speciation has been used to characterize 
U(VI) solid phases after equilibration in NaCl solu-
tions. 

Crystal field splitting in Cm(III):calcite 
Similar to the investigation of Eu(III) in calcite re-
ported in the 2016 annual report [1] and the approach 
in [2], we have prepared Cm(III) doped calcite, start-
ing from 100 mg vaterite. As vaterite is metastable at 
standard conditions, it transforms within a few days to 
stable calcite. This transformation is performed in 
100 mL solution containing (1) 4 nM Cm(III) and 
100 mM NaCl and (2) 4 nM Cm(III) and 100 mM 
KCl. In the following the resulting calcite samples 
will be denoted (1) Cm,Na:calcite and (2) 
Cm,K:calcite. 

TRLFS spectra are measured in a He-cryostat (Cry-
oVac) at 4-6 K and ca. 10-8 mbar. The excitation 
wavelength, 396.6 nm, is produced by a Radiant Dyes 
laser, using an Exalite398 dye, pumped by the third 
harmonic of a Nd:YAG laser (Continuum) at 355 nm. 
Luminescence is collected with a fiber optic. The 
output of this fiber optic is coupled to the variable 
entrance slit of a 0.3 focal length Czerny-Turner spec-
trometer (Shamrock SR 303i, Andor Technology) 

with a triple grating turret with 400, 1200 and 
2400 l/mm gratings, where the dispersed light is de-
tected by a time-gated intensified CCD camera (iStar 
734, Andor Technology). For this experiment, the 
1200 lines/mm or the 2400 lines/mm grating were 
used according to spectral resolution requirements. 

Spectra recorded on the two samples at various de-
lay times are depicted in Figure 1 a) and b). Both 
spectra show three species. The short-lived (680 µs) 
species A may be related to a surface species as al-
ready stated by Schmidt et al. [3]. Species B (1.1 ms) 
and C (> 4 ms) are incorporation species. Differences 
in species B between the two samples are already 
obvious in spectra recorded using the 1200 lines/mm 
grating. The spectra indicate that species B is related 
to a coupled substitution mechanism where Na+ + 
Cm3+ (or K+ + Cm3+) replace two Ca2+ ions in order to 
assure charge compensation upon substitution. Spe-
cies C is not affected by the synthesis in different 
ionic media. This observation is in contradiction to a 
previous study [3], which assigned species C to the 
coupled substitution mechanism based on fluores-
cence lifetime measurements in analogy to Eu(III) 
incorporation species. The differences in species B 
and the equality of species C are even more evident in 

 

 
 
Fig. 1: Emission spectra of Cm,Na:calcite (a) and 
Cm,K:calcite (b) measured at various delay times with the 
1200 lines/mm grating. 
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the high-resolution spectra depicted in Figure 2. The 
pronounced ground-state splitting of Species B in 
Cm,K:calcite indicates a well-defined, but low-
symmetry structural environment of Cm(III). This 
may be explained by the large ionic radius of K+ 
(138 pm) as compared to the host cation Ca2+ 
(100 pm). Cm3+ (97 pm) and Na+ (102 pm) instead 
match well with the host cation size. Correspondingly, 
the absence of a significant crystal-field splitting for 
species B in Cm,Na:calcite indicates a high-symmetry 
structural environment [4] as it would be expected for 
nearly undisturbed calcite (D3d). The ground-state 
splitting in species C is intermediate between that of 
Species B in Cm,Na:calcite and that of Species B in 
Cm,K:calcite, but it is certainly not affected by the 
choice of the charge compensating ion. This indicates 
that species C corresponds to a different, not yet spec-
ified substitution mechanism (e.g., if 2 Cm3+ are ex-
changed for 3 Ca2+ the substitution is not affected by 
additional ions).  

Luminescence of transformed U(VI) solid 
phases following solubility and hydrolysis 
studies 
Understanding uranium mobility under geochemical 
conditions relevant for underground nuclear waste 
disposal sites is of high relevance when assessing the 
future performance of such repositories. In recent 
years comprehensive investigations have been carried 
out at KIT-INE in order to establish a reliable geo-
chemical model predicting the solubility and aqueous 
speciation of U(VI) in dilute to concentrated NaCl 
brines [5,6]. The experiments covered the entire pH 
range in dilute to concentrated NaCl solutions as well 
as different temperatures. In the current study 
metashoepite, UO3·2H2O(cr), and sodium uranate, 
Na2U2O7·H2O(cr), have been used as initial solid 
phases to determine the solubility and hydrolysis 
equilibria of U(VI) in 0.1 – 5 M NaCl solutions at T = 
25, 55, 80 °C in the pHm range 4 to 14.3 (pHm= –log 
[H+]). Batch experiments were conducted in an Ar 
atmosphere in the absence of CO2. The metashoepite 
phase, after a preliminary aging in solution at 80°C, 
was equilibrated in solutions with 4 ≤ pHm ≤ 6. The 
solid phases isolated at the end of the solubility exper-

iments were washed, dried and characterized by 
means of different techniques including TRLFS. In 
this section, we will only describe the luminescence 
results obtained for the transformation product and the 
crystalline metashoepite reference. 

TRLFS analyses were performed by using the 4th 
harmonic of a Nd:YAG laser (SpitLight Compact 100, 
InnoLas Laser) at 266 nm with 7 ns pulse duration as 
excitation source described in [7]. A pulse energy of 
0.6 mJ and 10 Hz repetition rate were used for these 
experiments. Simultaneous control of the laser stabil-
ity was possible by placing a beam splitter in the optic 
path and sending a part of the beam to a thermopile 
sensor (Newport Corporation). Depending on the 
ligand system, uranyl luminescence emission at room 
temperature can be very weak, e.g., for pure uranyl 
carbonate complexes, but easier to detect at liquid 
helium temperature [8-10]. Therefore, samples were 
prepared in small cupper holders with sapphire win-
dows and introduced in the customized vacuum 
chamber of a He cryostat (CryVac), reaching tempera-
tures down to 5.5 ± 1 K. In this instrument, the sample 
holder with a capacity for two samples is directly 
attached to the cold finger of the cryostat. Once the 
laser beam reaches the sample, the emitted lumines-
cence is collected at 90° by a customized bundle-type 
fibre optic. The output of this fibre optic is coupled to 
the variable entrance slit of the Czerny-Turner spec-
trometer and recorded by the time-gated CCD camera 
mentioned in the previous section. During the experi-
ments, a long-pass filter (10CGA-295, Newport) was 
inserted into the spectrometer to avoid the second-
order diffraction of the laser stray light at 532 nm. 

Figure 3 shows the emission spectra of the 
metashoepite and transformed metashoepite solid 
phases at 6 K. Luminescence bands of most solid or 
dissolved uranyl salts/minerals are found in the blue-
green part of the spectrum; however, in many cases 
those bands are only clearly resolved at very low 
temperatures [11,12]. In the case of oxy/hydroxide 
minerals, e.g. metaschoepite, broadening of the emis-

 
 
Fig. 2: High resolution emission spectra of Cm,Na:calcite 
(blue) and Cm,K:calcite (red) measured with the 2400 
lines/mm grating. 

 
 
Fig. 3: Luminescence spectra of metaschoepite (solid line), 
just after equilibration at 80°C, and transformed 
metaschoepite (short dash dot line) (T = 80°C, NaCl 5.6 M, 
pHm 5, 1 year). Spectra measured at ~6 K, 1 µs delay, 1 ms 
gate width, 500 accumulations, λexc = 266 nm; 600 µJ/pulse. 
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sion peaks due to quenching by OH- groups and water 
molecules can be reduced at low temperature, improv-
ing the spectral resolution and increasing the spectral 
intensity. These improvements are also due to the 
reduction of the emission from thermally populated 
vibrational levels in the excited electronic state and 
the diminishing of energy losses due to the suppressed 
vibrations [10].  

The acquisition shown in Figure 3 was performed 
with a 400 lines/mm diffraction grating. Spectral 
features typical for uranyl compounds can be ob-
served in both spectra, including vibronic bands with 
specific peak spacing or peak maxima. In both cases 
the position of the spectral bands are red-shifted as 
compared to those from carbonate or phosphate ura-
nyl minerals [13,14]. The spacing between vibronic 
bands corresponds to the symmetric stretching fre-
quency of the O=U=O moiety [11]. This frequency is 
inversely correlated to the strength of the coordination 
of U(VI) with ligands in the equatorial plane. The ν1 
values measured here in both metaschoepite phases 
are between 720 and 780 cm-1. Usually low symmet-
ric stretching frequency values are associated with 
uranyl silicate and oxy/hydroxide minerals. This fact 
can be explained by the stronger ionic interaction of 
uranyl (hard acid) with anions with stronger basicity 
(larger pKa values) [14]. In addition, a bathochromic 
shift of ~5 nm of the position of the first-peak maxi-
mum is observed for the transformed metaschoepite. 
According to Gorobets et al. [15] an increase of the 
basicity of the molecules in the uranyl solvation or 
coordination sphere could induce a shift of the lumi-
nescence spectrum to low frequencies. The reason is a 
stronger chemical bond of the uranium atom with the 
ligand and a weakening of the U=O bond.  

Luminescence lifetimes were also determined for 
the analyzed metaschoepite phases, obtaining in both 
cases a bi-exponential decay. In the case of the pris-
tine metaschoepite the two decay components have 
lifetimes of (15.4 ± 0.3) µs and (81.8 ± 0.6) µs. For 
the transformed metaschoepite both lifetimes are 
shorter, (5.6 ± 0.8) µs and (63.2 ± 35.2) µs. This bi-
exponential decay has been already observed for ura-
nyl minerals at low temperature [13,14,16,17]. In the 
paper by Volodko et al. [16] the bi-exponential decay 
is explained as a redistribution of energy after excita-
tion. Perry and Brittain [17] explain this observation 
by proposing two geometrically similar uranyl coor-

dination environments. Shorter lifetimes as observed 
for the transformation sample can be an indication for 
increased quenching in this phase. 

These results together with complementary infor-
mation obtained by XRD, quantitative chemical anal-
ysis and SEM-EDX suggest that a partial solid phase 
transformation of metashoepite occurred, leading to a 
solid phase different from metashoepite and character-
ized by a non-stoichiometric Na:U ratio. 
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Introduction 
Prolonged interim storage of spent nuclear fuel at 
surface facilities during decades is presently envis-
aged due to the search for a suitable site accepted by 
the public and construction of a qualified deep under-
ground nuclear repository in Germany (cf. chapter 
5.1). Integrity of fuel pins is essential until they are 
moved from casks for storage and transport (CAS-
TORÒ) to disposal casks. Fission gas and helium from 
alpha decay increase the pressure inside fuel pins. In 
addition, inner surfaces of Zircaloy claddings are 
exposed to volatile fission products causing corrosion 
during reactor operation and beyond. Pressure in-
crease and degradation of Zircaloy by corrosion and 
irradiation damage may impact fuel pin integrity. A 
possible cladding attack at the inner surface is ana-
lyzed by scanning electron microscopy and energy 
dispersive X-ray spectroscopy (SEM-EDX) as well as 
X-ray photoelectron spectroscopy (XPS).  

In addition to studies on Zircaloy-4 cladding materi-
al, dissolved organic matter (DOM) of a potential host 
rock is investigated. The Boom Clay formation in 
Belgium is investigated by ONDRAF/NIRAS for its 
potentiality of a deep underground nuclear waste 
repository. Dissolved organic matter may facilitate 
migration of radionuclides by complexation. DOM 
analyses by various techniques are described in chap-
ter 5.3 of this annual report. In this chapter, size frac-
tions of DOM were characterized by XPS.  

Post-irradiation examination of the plenum 
section of a Zircaloy-4 fuel rod segment 
In this study, the inner surface of a Zircaloy-4 ring 
segment of about 2 × 2 mm2 from the plenum section 
was analyzed by XPS and SEM-EDX. At the plenum, 
where a spring holds the pellets in position, the com-
pounds originating from the interaction between the 

volatile fission products, which are released from 
subjacent nuclear fuel pellets, and the Zircaloy-4 
cladding can be studied. The fuel pin was discharged 
in May 1989 after 1226 days of operation (1985-
1989) in a commercial pressurized-water reactor (cf. 
chapter 5.1) [1]. The pin was stored gas tight until 
2012.  

XPS was performed by a ULVAC-PHI VersaProbe 
II spectrometer to characterize composition and chem-
ical bonding of elements at the outermost atomic 
layers of the surface. Besides Zr of the cladding, C, N, 
O, Rb, Cs, Ba, Hg, and U were detected by survey 
spectra. Carbon (51-58 at%) is present due to adventi-
tious hydrocarbon. Hg observed at a concentration up 
to 4.5 at% presumably originates from contamination 
inside the hot cells where the samples were prepared. 
Subsample preparation under oxic condition may 
have influenced the chemical state of alkaline and 
earth-alkaline elements or compounds. Rb up to about 
7 at% is the most abundant fission product detected at 
the inner surface of the cladding at the plenum sec-
tion. Narrow scans of elemental lines were recorded 

 
 
Fig. 1: Narrow scans of elemental lines of the fission prod-
ucts Cs, Ba, and Rb. Binding energies are charge refer-
enced to C 1s (CxHy) at 284.8 eV. 

 
 
Fig. 2: SEM backscattered electron image (Grey) of the 
inner surface at the gas plenum section of the cladding in 
combination with SEM-EDX elemental maps of Fe, Rb, Zr, 
Cs, U. Accelerating voltage 30 kV. 
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to characterize the chemical bonding and corrected for 
surface charging. The binding energy of the Rb 3d5/2 
elemental line at 109.8 eV is assigned to Rb-O bond-
ing (Figure 1). Rb metal in contact with humid air 
forms RbOH. The binding energy of Cs 3d5/2 at 
724.4 eV is similar to the reported binding energy of 
CsOH (724.5 eV [2]). Alkali metal zirconates ex-
pected as corrosion products [3] could not be identi-
fied by XPS. The Ba 3d5/2 elemental line at 780.1 eV 
is close to the reference value 779.9 eV of BaO and 
BaCO3 [2]. Narrow scans of the Zr 3d spectrum show 
the 3d5/2 elemental line at 182.4 eV binding energy, 
characteristic of ZrO2 (ref. 182.2 eV [2]). U 4f spectra 
are composed of two components assigned to U(IV) 
and U(VI). The Hg 4f7/2 spectrum is fitted by two 
Gaussian functions at 99.6 eV and 101.3 eV assigned 
to Hg(0) and Hg(II), presumably HgO. 

To increase lateral resolution, SEM-EDX was per-
formed by a FEI Quanta 650 FEG instrument. The 
Zircaloy cladding sample was coated by a conductive 
carbon film to avoid surface charging during the anal-
yses in high vacuum.  

SEM-EDX elemental maps of Fe, Rb, Zr, Cs, and U 
are compiled in Figure 2 in combination with a 
backscattered electron image depicting material con-
trast. Bright areas at the backscattered electron image 
correspond to high Z elements. No contact with nu-
clear fuel was expected at the inner surface of the 
plenum section. However, individual fuel particles 
and particle agglomerations are observed at the oxi-
dized cladding surface. The fuel particles are presum-
ably remnants of filling UO2 pellets into the Zircaloy-
4 cladding during production. The elemental maps 

exhibit enhanced concentrations of Rb and Cs at the 
fuel particle agglomerate. In addition, Fe is present at 
the area of the particle agglomerate but shows a dif-
ferent pattern. A potential source of iron may be wear 
debris from the austenitic steel spring located at the 
plenum gas section. 

Analyses of individual particles were performed at 
accelerating voltage of 10 kV to minimize the excita-
tion volume of characteristic X-rays (Figure 3). Parti-
cles of U-oxide (analysis areas #2, #5) and of Fe-
(Cs,Rb)U-oxide (analysis areas #1, #3, #4) are ob-
served. For example, a SEM-EDX spectrum of analy-
sis area #1 is depicted in Figure 4. Since Rb is detect-
ed by XPS at higher concentrations than U and Zr at 
some analysis areas, a part of the Rb located in the 
plenum section is not bound to U-oxide or Zircaloy.  

Hg was detected as a trace element by SEM-EDX 
which approves Hg as a surface contaminant. 

Natural organic matter derived from Boom-
Clay by XPS 
In this study, XPS was used to characterize size frac-
tions of dissolved organic matter derived from Boom 
Clay pore water [4] by ultrafiltration under anoxic 
condition: (1-10) kDa, (10-100) kDa, and > 100 kDa 
corresponding to a Stokes radius of about (0.8-2) nm, 
(2-7) nm, and > 7 nm, respectively. Filter cakes were 
rinsed with few µL of water to remove NaHCO3. 
About 2 µL of resuspended filter cake was deposited 
and dried on aluminum foil for XPS analyses. In addi-
tion, a drop of dried Boom Clay pore water (EG/BS 
bulk) was analyzed by XPS for comparison. 

Survey spectra and narrow scans of elemental lines 
were acquired by use of monochromatic Al Kα X-ray 
excitation (1486.7 eV) for determination of atomic 
concentrations and functional groups. In Figure 5, 

 
 

Fig. 3: Backscattered electron image of an area at the inner 
surface of the gas plenum section covered by particles. 
Areas of SEM-EDX analyses are indicated by numbered 
boxes. Accelerating voltage: 10 kV. 
 

 
Fig. 4: SEM-EDX spectrum of area #1, Figure 3. 

 
 
Fig. 5: XPS narrow scans of N 1s, C 1s, and S 2p elemental 
lines, size fractions of > 100 kDa, (10-100) kDa, and (1-10) 
kDa (top to bottom) of EG/BS samples prepared under 
anoxic condition. Binding energies are charge referenced to 
C 1s (CxHy) at 284.8 eV. 
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narrow scans of N 1s, C 1s, and S 2p elemental lines 
of the three size fractions are depicted with results of 
curve fits. 

DOM of all size fractions is composed mostly of C 
and O. Elements at lower concentration are N (2-4 
at%), Na (1-12 at%), and S (< 1 at%). The O/C ratio 
of atomic concentrations is about 0.34 ± 0.03 at the 
small size fraction (1-10) kDa and 0.2 ± 0.03 for size 
> 10 kDa. The higher value of O/C is assigned to a 
higher carboxyl concentration, as well indicated by 
the relative intensity of COO at the C 1s elemental 
line (Figure 5). Even if the O/C ratio of DOM is in-
fluenced by oxygen bound at inorganic compounds, it 
remains useful in case of purified DOM. An alterna-
tive to determine O/C ratios is determination of the 
ratio of carbon bound as carboxyls to total carbon, 
since the carboxylic line at the C 1s spectrum is su-
perposed by possible amide only, at low concentra-
tion. The [COO]/[Ctot] ratio, i.e. percentage of COO 
area by curve fit of C 1s, does not take into account 
oxygen bound at inorganic compounds, CO bonds, 
and hydrate. The [COO]/[Ctot] ratio can serve as indi-
cator of the oxidation state in case of natural DOM 
since alcohols oxidize to carboxyls. In case of the 
> 100 kDa size fraction this ratio is 4.3 %, at the mean 
size fraction (10-100 kDa) 6.7 %, and at the small size 
fraction (1-10 kDa) 7.7 %. Slow oxidation of organic 
colloids in deep underground pore water results in 
hydrophilic carboxyls which may be preferably locat-
ed at the surface of colloids. Since XPS has an infor-
mation depth comparable to the size of small colloids, 
the different ratios may be explained by the higher 
surface-to-volume ratio for smaller colloids compared 
to larger ones. The small size fraction may have a 
higher portion of carboxyls per volume available for 
radionuclide complexation and thus, in combination 
with the small size of the colloids, possess a higher 
potential for radionuclide migration. However, migra-
tion is additionally influenced by electrical charges at 
surfaces of colloids and pore volumes. 

Actinide ions can be complexed either by carboxyls 
or N-donor ligands. The nitrogen N 1s elemental line 
is composed of at least two components. A compo-
nent at 398.3 eV binding energy is assigned to pyri-
dine and amine, and another one at 400.0 eV is as-
signed to pyrrole and amide (Figure 5). A potential 
nitrate N 1s elemental line in the range of (407-408) 
eV was not detected. In the small size fraction, the 
relative amount of pyridine and amine at the N 1s 
elemental line appears enhanced. However, the molar 
concentrations of pyrrole and amide are diminished 
while pyridine and amine concentrations are slightly 
enhanced. 

The concentrations of sulfur in the samples are low, 
representing less than 1 at%. The S 2p spectrum con-
sists of two components; each component was fitted 
by a doublet according to the spin-orbit splitting of 
S 2p into 2p1/2 and 2p3/2, Δ 1.18 eV, and spin-orbit 
splitting ratio 1:2 (Figure 5). The S 2p3/2 elemental 
line of the main component at about 163.4 eV is as-
signed to sulfur bound to the organic matrix. The less 
intense component with S 2p3/2 at about 168.1 eV is 

assigned to sulfates. In the small size fraction, (1-10 
kDa), two additional components with S 2p3/2 at 
around 166.5 eV characteristic of sulfites, and at 
161.3 eV assigned to sulfides are observed. DOM 
may decompose under anaerobic conditions in pres-
ence of sulfate-reducing bacteria [5] which use the 
sulfates present to oxidize the DOM, producing hy-
drogen sulfide as by-product. This hydrogen sulfide 
can react with metal ions present to produce metal 
sulfides, such as Fe(II)-sulfide, which is one of the 
redox sensitive species that could interact with redox 
sensitive radionuclides but also be directly incorpo-
rated in DOM [6]. 

The dried Boom Clay pore water (EG/BS bulk) 
sample contained a high concentration of carbonate, 
i.e. NaHCO3 (Figure 6). In addition, boron at low 
concentration is detected. The Cl 2p spectrum is 
shown in Figure 6 to verify B 1s assignment since 
Cl 2p can have similar binding energy values as B 1s 
for certain compounds, but in this case, also the Cl 2p 
doublet signature must be present which is not ob-
served. On the other hand, P 2s may have similar 
binding energy like B 1s, but P 2p was not detected. 
The B 1s spectrum consists of two components, the 
first at 190.6 eV binding energy (area 17%, 0.2 
mol%) characteristic of boronate, and a second at 
192.4 eV (area 83 %, 0.9 mol%) typical for borate, 
e.g. borax (Na2B4O7*10H2O). Total boron concentra-
tion in EG/BS bulk is (6-9)E-4 M [7]. If inorganic 
boron concentration is higher than 0.04 M, trivalent 
actinides may become immobilized by formation of 
borate-bearing solid phases with low solubility [8]. 
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Introduction 
In case of the accidental release of radionuclides into 
the environment, incorporation into the human organ-
ism is one of the main risks. Due to their long half-
lives, inherent radiotoxicity and chemical toxicity, 
transuranium elements are of particular concern. 
Knowledge of the overall toxicokinetics of actinide 
(An) ions in the human body and the exact mecha-
nisms of the distribution throughout the body is very 
scarce. Especially the interaction of actinide ions with 
blood serum proteins is relevant here, as many metal 
ions as well as other substances are transported by 
transport proteins [1-2]. 

Proteins are not only responsible for the distribution 
of substances through blood vessels, but are also ac-
tive in transporting substances into cells. Transport 
proteins such as transferrin and human serum albumin 
(HSA) form complexes with a variety of different 
metal ions. HSA is the most abundant protein in hu-
man blood [3], and thus the elucidation of binding 
mechanisms with An(III) ions is of high relevance for 
a general understanding of An(III) transport in hu-
mans as well as tailored decorporation agents. 

Human Serum Albumin 
In the human body, HSA is the main contributor to 
the colloid-osmotic pressure in blood, together with 
different globulines. It is a water-soluble protein that 
consists of 585 amino acids and has a molecular 
weight of 66.5 kDa. The protein is divided in three 
identical homogeneous subunits (I-III), each consist-

ing of two sub-units A and B, overall, 67% of the 
tertiary structure is an a-helix [5-7]. Most coordina-
tion sites are located in sub-units IIA and IIIA. This 
includes seven different coordination sites for fatty 
acids, in addition to binding sites for billirubin and 
haem in sub-unit IB. Binding sites for the transport of 
metal ions have been identified by spectroscopic and 
crystallographic methods. HSA has a high affinity for 
Cu2+, Zn2+, Cd2+, Co2+ and Ni2+ [4, 8-12]. These met-
als have different affinities to three identified binding 
sites that have been visualized in table 1. Cu2+ binds 
most strongly to the N-terminal binding site (NTS), 
also referred to as ATCUN-site (Amino-Terminal Cu 
and Ni Binding Site). This site includes the final ami-
no acids at the N-terminus of the protein. The Mul-
ti-metal Binding Site (MBS) is a very versatile bind-
ing site for many different metal ions. The exact posi-
tion of the third binding site, Site B, in the protein 
structure has so far not been identified. 

In our earlier studies, we examined the complexa-
tion of Cm(III) and Eu(III) with HSA using 
time-resolved laser fluorescence spectroscopy 
(TRLFS) [13]. Results from competition experiments 
with Cu2+ and Cm3+ suggest that the ATCUN-site is 
the preferred binding site for An(III) in HSA. 

To study the complexation of metal ions by HSA, 
two sets of experiments were performed: Firstly, the 
complexation of native HSA with different metal ions 
was studied. Secondly, we used the tripeptide (DAH, 
abbreviation for aspartic acid, alanine and histidine) 
that is crucial for the binding at the N-terminal site as 
a surrogate for the intact protein. 

NMR on protein molecules is a very demanding task 
due to the overlap of the multitude of signals. Howev-
er, previous work on HSA by Bos and Labro includes 
a partial assignment on signals from the N-terminal 
site, especially of the signals from histidine residues 
that bind directly to the metal ions (Figure 2) [14-15]. 

 
Fig. 1: Structure of HSA. 

Tab. 1: Affinity of the three binding sites in HSA for different 
ions. Darker shades of green represent higher affinities 
(from [4]). 
 

Ion NTS MBS Site B 
Cu(II)    
Zn(II)    
Co(II)    
Ni(II)    
Cd(II)    
V(IV)    
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In NMR spectroscopy, deuterated solvents are used to 
minimize the solvent signal in proton spectra. Howev-
er, this will lead to the exchange of protons e.g. from 
amide positions and rapidly exchanging proton posi-
tions in the side chains of amino acids. This phenom-
enon can only be overcome by the use of non-
deuterated water. To provide a deuterium signal for 
the internal field lock of the spectrometer, 10% D2O 
was added to the TRIS or HEPES buffer solutions that 
are used to stabilize the pH. As this will lead to a 
strong solvent signal and thus decreased resolution 
and intensity of the protein signals due to the limited 
dynamic range of the spectrometer, solvent suppres-
sion was essential for the measurement of the spectra. 
We achieved this by use of the WATERGATE pulse 
sequence [16-18]. 

In a first step, we reproduced the work of Bos and 
Labro to identify the relevant histidine signal in our 
spectra. This assignment was confirmed by pH titra-
tions showing that the chemical shift dependence of 
the NMR signal we identified as the histidine signal 
corresponds to the reported values [14-15]. 

After that, we performed NMR titrations of the HSA 

with Eu3+ and Am3+.  

NMR titrations of HSA 
Bos and Labro identified a signal at 7.5 ppm (at 
pH 7.7) as the C-H signal of the histidine side chain at 
the N-terminal binding site (cf. Figure 2), which we 
also found in our spectra [14-15]. Upon titration with 
Cu2+, which has a high affinity for the NTS, this sig-
nal disappears, as would be expected: Both paramag-
netic relaxation enhancement and chemical shifts 
resulting of the change in electronic structure contrib-
ute to the so-called “bleaching” of the 1H NMR sig-
nal.  

In titrations of native HSA with solutions containing 
Eu3+ and Am3+ the same disappearance of the histi-
dine proton signal was observed. This result indicates 
an involvement of the histidine group in the binding 
of lanthanide and actinide ions. 

However, in titrations with Co2+ and Ni2+, which 
have lower affinities for the NTS, the histidine signal 
is bleached. An explanation for this is that both ions 
have a non-zero affinity for the NTS and coordination 
takes place at the MBS as well as at the NTS. Still, 
even with Cd2+, which according to literature does not 
bind at the NTS, the signal at 7.5 ppm decreases. A 
viable explanation for this is that in the crowded 1H 
spectrum the resonance signals of more than one 
histidine residue from different bindings sites overlap. 

While this last finding admittedly impedes the inter-
pretation of the results, it does show that both actinide 
and lanthanide ions are coordinated by HSA. This is a 
first prerequisite for the involvement in a relevant 
transport pathway in the human organism and encour-
ages further research on this complicated system. 

NMR titrations of DAH 
To overcome the crowded spectra of the HSA, we 
used the tripeptide DAH as a surrogate for the AT-
CUN binding site. We performed titrations of DAH 

 
Fig. 2: Structure of the ATCUN binding site with coordinat-
ed Cu2+ in HSA. 

 
Fig. 3: Histidine region of the 1H WATERGATE spectra of HSA during the titration with Am(III) at pH 8.0 and T = 298 K. 
HSA concentration was 0.1 mM, the buffer solution contained 10 % D2O. The histidine signal marked in red disappears during 
the titration, indicating coordination of Am(III) in the protein. The chemical shift difference in the first titration step is due to 
very slight pH inconsistencies. 
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with Eu3+ and Cu2+ to compare the influence of metal 
ion coordination on the NMR spectra (Figure 4). 

The spectra of HSA with equal metal concentrations 
show differences between Cu2+ and Eu3+. In the Cu2+ 
complex both histidine protons disappear due to 
strong paramagnetic relaxation enhancement. In con-
trast, in the Eu3+ titration all signals are broadened 
uniformly, i.e. the integral ratio of signals from differ-
ent parts of the molecule does not change. This differ-
ence indicates that Cu2+ is complexed by the tripep-
tide while Eu3+ seemingly does not coordinate to the 
tripeptide at all.  

However, it is still unclear if DAH is a good model 
substance for the ATCUN site. Probably, the next 
amino acid, lysine (K), also takes part in metal coor-
dination at this specific site as already suggested in 
the literature [19]. Furthermore, the strong influence 
of the bulk protein is neglected by this model ap-
proach.  

This work shows that NMR can be used to study 
metal ion complexation even in systems as complex 
as proteins. The approach to combine NMR meas-
urements, that offer insight into the observed system 
from the ligand or protein molecule, and TRLFS with 
its outward view from the metal ion, shows encourag-
ing results even for highly complicated systems.  

In a next step, we will study the metal coordination 
by a modified (recombinant) HSA that does not have 
the aspartic acid residue at the N-terminal site.  
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Fig. 4: Comparison of the 1H WATERGATE spectra of free DAH (bottom), and after addition of 1.2 eq. Cu(II) (middle) 
or Eu(III) (top) at pH 7.7. While Cu(II) complexation influences the histidine protons stronger than the rest of the pro-
tons in HSA, the effect of Eu(III) addition is uniform. 
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Introduction 
In situ tracer tests allow to study the partitioning of 
radionuclides (RNs) among environmental compart-
ments in real and complex natural conditions. The 
Grimsel Test Site (GTS) in Switzerland offers geo-
chemical conditions representing a possible scenario 
of glacial meltwater intrusion into a repository for 
high-level radioactive waste in granitic host rock. At 
the GTS, four in situ tracer tests (CRR run 1 and 2 
and CFM 12-02 and 13-05) were performed in the last 
15 years, involving the injection of RNs and bentonite 
colloids in a groundwater (GW) conductive fracture. 
A further experiment (LIT) focused of the diffusion of 
actinide (An) nuclides and 99Tc through a bentonite 
cylinder placed in a fracture. Because of obvious 
radiation protection constrains, only low activities of 
RN tracers could be employed. As a consequence of 
that, the RN tracers could be initially determined only 
in GW samples in which their concentration was 
above the detection limits (DL) of the employed ana-
lytical technique, Sector Field - Inductively Coupled 
Plasma Mass Spectrometry (SF-ICPMS). Such sam-
ples were confined to a period of one month from the 
starting of the experiment and did not allow, there-
fore, the analysis of a long-term (years and decades) 
migration or retention of the RNs [1]. 

The difficulty in determining low levels of long-
lived RNs in the environment translates into the diffi-
culty to determine their long-term behavior in in situ 
experiments. The sensitivity of a mass spectrometric 
technique towards a certain nuclide is greatly affected 
by its capability of background suppression. In the 
analysis of the An, the detection of 239Pu and 237Np is 
hindered by the tailing from the strong directly neigh-
boring peak of 238U. At the same time, the molecular 
isobaric background from 238UH and 235UH hampers 
the determination of 239Pu and 236U. In the analysis of 
99Tc, not only the background from the molecular 
isobar 98MoH must be taken into account, but also the 
one from the atomic isobar 99Ru. Accelerator mass 
spectrometry (AMS) is characterized by the accelera-
tion of the ions to MeV energies and the stripping 
process, providing both the destruction of molecular 
isobaric background, and a strong reduction of tailing 
interferences. Atomic isobaric background in the mass 
range of 99Tc can be suppressed with the use of a Gas-
Filled Analyzing Magnet System (GAMS) placed 

before the ionization chamber detector at the 14 MV 
Tandem AMS facility of TUM (Garching) [2]. With 
such features, AMS is presently one of the most sensi-
tive analytical techniques for the determination of An 
and 99Tc in environmental samples. In fact, AMS can 
achieve abundance sensitivities for 236U, 237Np and 
239Pu relative to 238U at levels ≤ 10-15 and DL for An 
nuclides at a value of ca. 104 atoms per sample (corre-
sponding to ca. 4 ag) [1]. The sensitivity for 99Tc is at 
the level of ca. 3 × 106 atoms per sample (correspond-
ing to ca. 0.5 fg). In the following paragraph, we 
discuss the recent findings obtained with AMS in the 
study of the long-term behavior of the An and 99Tc in 
in situ tracer tests, and we describe the new ongoing 
experiments motivated from those findings. 

Study of the long-term behavior of actinides 
and 99Tc in in situ radionuclide tracer experi-
ments 
The analytical procedure for the determination of 99Tc 
with AMS was validated with the analysis of aliquots 
of a 99Tc standard solution (GE Healthcare Limited 
Product code: TCZ44) and aliquots of the reference 
material IAEA 443, as depicted in Fig. 1.  

99Tc was chemically separated from the IAEA 443 
samples by using TEVA® resin and the obtained re-
sults were in agreement with the literature value.  

The long-term diffusion of An and 99Tc through a 
bentonite barrier is being studied in the frame of the in 
situ LIT experiment. In Fig. 2, the number of atoms of 
99Tc determined in four GW samples, 1.5 ml each, are 
depicted as a function of the time from the starting of 

 
 
Fig. 1: Concentration of 99Tc in two samples of a reference 
99Tc solution (blue empty squares) and in four aliquots of 
the Reference Material IAEA 443 (green empty circles). The 
corresponding nominal values are represented with a full 
blue square and a full green circle, respectively. 
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the experiment. Levels of 99Tc from ca. 5 × 107 to 3 × 
109 atoms/ml can be determined in the analyzed sam-
ples, accounting for an experiment duration from ca. 
4.3 to 9.4 months. 

In the frame of the in situ test CFM run 13-05, we 
have demonstrated the possibility for long-term in situ 
studies over a time span of more than a decade. In 
addition to the employed tracers, 233U, 237Np, 242Pu 
and  243Am, also An with masses 241 and 244 u were 
detected and we proved that they can be attributed to a 
release of 241Am and 244Pu from the fracture injected 
11 years before within the previous in situ tests CRR 
run 2 [3]. The six An nuclides were determined with 
AMS over eight orders of magnitudes in sample sizes 
of 0.1 to 250 g. A concentration maximum of (3.71 ± 
0.04) × 1010 atoms/g (ca. 15 pg/g) of 242Pu was found 
after 1.5 days from the starting of the experiment, 
while a concentration minimum of (3 ± 1) × 102 at-
oms/g (ca. 0.8 ag/g) of 241Am was determined at the 
sampling time of 518 days. While 241Am and 244Pu 
were exclusively employed in CRR run 2, 233U, 237Np, 
242Pu and 243Am were used in more than one test be-
fore CFM 13-05. The concentration of the An nu-
clides before the arrival of the GW containing the 
injection cocktail of CFM 13-05 originate from the 
previous in situ tests [3]. Even though AMS does not 
provide any speciation analysis of the An, the results 
depicted in Fig. 3 allow some considerations on their 
geochemical behavior. The concentrations of 237Np, 
242Pu and 243Am in the samples after the peaks (Fig. 
3b) are lower than those preceding it (Fig. 3a). The 
opposite trend is observed for 233U. We hypothesize 
that this difference reflects a stripping of Pu and Am 
from the fracture via binding to bentonite colloids. 
Np(V) and U(VI) preferentially exist as aquo species. 
However, Np could undergo a partial reduction to 
Np(IV), followed by adsorption/precipitation in the 
shear zone and onto the bentonite colloids [3].  

In order to verify such hypothesis, a new in situ test 
has been carried out at the GTS, in which GW con-
taining bentonite colloids but no RNs was injected 
into the fracture. The observation of a maximum in 
the concentrations of 242Pu, 244Pu, 241Am, 243Am and, 
possibly 237Np, in correspondence to the arrival of the 
colloid peak would support the hypothesis of a strip-
ping of these An through sorption onto bentonite 
colloids after they were retained several years in the 

granodiorite fracture. The analysis of samples from 
this remobilization experiment is presently ongoing. 

In the frame of another project carried out in collab-
oration with the Institute for Geological Science of the 
University of Bern, the An nuclides released by the 
atmospheric testing of thermonuclear devices (1951 – 
1980 CE) are analyzed in GW samples from the GTS. 
GW shows in various locations of the GTS different 
percolation and retention patterns. The age of such 
GW can be determined with the measurements of its 
tritium, 3H, activity (T1/2 = 12.32 y). In this way, GW 
samples older than the nuclear age as well as contem-
porary or subsequent to the period of the atmospheric 
nuclear weapon tests can be selected. The detection of 
global fallout derived An in the recent GW samples 
would testify their mobility over several decades 
through the environmental and geological system of 
the GTS.  

Knowledge of the environmental behavior of long-
lived An and fission products is prerequisite for a safe 
management and final disposal of nuclear waste. In 
this context, the analytical capability of AMS allows 
the direct study of such RNs at ultra-trace levels in 
long-term in situ tests as well as in the general envi-
ronment.  
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Fig. 2: Concentration of 99Tc in four samples of the LIT 
experiment. 

 

 
Fig. 3: Concentrations of 233U (yellow), 237Np (red), 242Pu 
(grey), 244Pu (violet), 243Am (blue) and 241Am (green) in the 
Grimsel groundwater samples of CFM run 13-05 at the 
peak of the breakthrough curves (a) and along the entire 
duration of the experiment (b) measured with AMS. 
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8.6 Computational chemistry 
B. Schimmelpfennig, M. Trumm, R. Polly 
 

Introduction 
Computational Chemistry using ab initio, first princi-
ple and classical mechanics methods at KIT-INE pro-
vides valuable insights on a molecular scale, greatly 
assisting and complementing experimental investiga-
tions in the field of nuclear waste disposal. There is a 
wide range of applications for Computational Chemis-
try at INE: from providing detailed structures of com-
plex chemical systems including actinides in solution, 
at surfaces or incorporated in solid phases, thermody-
namic data, spectroscopic information for TRLFS or 
reproducing actual experimental XAFS spectra, to 
performing 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 miner-
al/liquid interfaces at ambient conditions. 

New theoretical methods and the constantly improv-
ing hardware allow a steadily increasing precision of 
the description of actinide systems at the electronic 
structure level. These improvements also increase the 
accuracy and reliability of quantum chemistry as a 
predictive tool.  

Quantum chemical investigation of the Sele-
nite incorporation into the calcite (𝟏𝟎𝟏$𝟒) sur-
face 
Selenium is a common pollutant in soils and aquifers. 
The radioisotope 79Se, an abundant fission product of 
235U, is of particular concern in the context of nuclear 
waste disposal safety due to its long half-life and its 
expected high mobility in the multi-barrier system 
around potential nuclear waste disposal sites. Oxidized 
selenium species are relatively soluble and show only 
weak adsorption at common mineral surfaces. Howev-
er, a possible sorption mechanism for selenium in the 
geosphere is the structural incorporation of seleni-
um(IV) (selenite, SeO32-) into calcite (CaCO3). 
We carried out a detailed quantum chemical study of 
the incorporation of SeO32- into the calcite surface and 

the subsurface layers. 
As the main result [1] we present the structural 

changes upon incorporation of selenite (SeO32-) into 
the dry and hydrated calcite (𝟏𝟎𝟏$𝟒) surface. For the 
dry surface, we add results for the incorporation into 
the subsurface layers. These results are complemented 
by energetic considerations and in turn used to esti-
mate the thermodynamic partition coefficient D for 
SeO32- incorporation into the surface and subsurface 
layers. The results corroborate the recently proposed 
entrapment model for selenium(IV) coprecipitation 
with calcite [2] and show that equilibrium incorpora-
tion of selenite into calcite may occur in the surface 
layer, but is practically impossible in subsurface layers 
or the bulk. 

The incorporation energies calculated accordingly 
may be transformed into excess free energies [2] (see 
eq. (10) to (16) therein) and allow to approximate for 
each layer a thermodynamic partition coefficient D. D 
relates the selenite/carbonate ratio in the solid to the 
selenite/carbonate ratio in the aqueous contact solu-
tion, and thus provides a good basis to discuss the 
practical implication of the layer by layer increase of 
the incorporation energy. First of all, the theoretical 
partition coefficient for the hydrated surface 
(D=0.005, Fig. 2) is in fair agreement with the exper-
imentally determined value (D = 0.02±0.01) [2]. The 
subsequent layer by layer increase of the incorporation 
energy may seem as a smooth transition from the 
surface towards the bulk. However, looking at the 
values in terms of partition coefficients, it becomes 
clear that, while at the surface considerable selenite 
incorporation is possible (D1st layer~10-2), from the first 
to the second layer there is a jump in the partition 
coefficient about seven orders of magnitude (D2nd 

layer~10-9), which means that already in the 2nd layer 

  
 
Fig. 1: Incorporation of selenite SeO3

2- into the dry 
(𝟏𝟎𝟏$𝟒) surface and subsurface layers of calcite. (a), (b) 
and (c) show the incorporation into the surface, the second 
and the third layer, respectively (Ca: blue, O: red, C: 
brown, Se: green). 

 
Fig. 2: Relative incorporation energies ΔGincorp and thermo-
dynamic partition coefficient D of selenite SeO3

2- into the 
dry and hydrated (𝟏𝟎𝟏$𝟒) surface and subsurface layers 
and the bulk phase of calcite 
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there is practically no more selenite incorporation 
possible at thermodynamic equilibrium. The further 
decrease in partition coefficient from 10-9 to 10-11 in 
layer three and bulk is hardly of practical relevance. 
The sudden drop in the partition coefficient from the 
first to the second layer, however, is the key to cor-
roborate the previously proposed entrapment mecha-
nism [2]. Especially the interpretation in terms of 
entrapment energy, previously used to estimate the 
supersaturation level necessary to drive entrapment, 
gains now relevance as it is demonstrated that the free 
energy related to a certain surface composition rises 
abruptly when this surface is buried under an addi-
tional layer of calcite. 

Covalence in UO2
2+, NpO2

2+ and PuO2
2+ 

We studied the covalence of the triple bonds in UO22+, 
NpO22+ and PuO22+ using localized molecular orbitals. 
Orbitals are by no means defined uniquely and local-
ized molecular orbitals in theoretical chemistry match 
best to orbitals as understood by experimental chem-
ists. Therefore, we rely on localized molecular orbitals 
in this study. 

In Tab. 1 we show the structural parameters R (de-
termined with CASPT2/ANO-RCC-DZ) and the cor-
responding charges of the AnO22+ ions. The decrease 
of the charges at the An and O ions show that the An-
O bonds are getting more covalent when moving from 
U to Pu, although the An 5f orbitals are supposed to 
shrink with increasing nuclear charge. 

In Tab. 2 we show the sum of the MO coefficients at 
the An and O atoms, which give a direct measure of 
the contribution of the An and Oxygen to the molecu-
lar orbital. As can be seen from the data in Tab. 2 the 
covalence of the σ-bonds increase when going from U 
to Pu whereas the πx,y-bonds remain virtually un-
changed. With this we find that the reason for the 
increasing covalence is the change of the bonding in 
the σ-orbitals formed by the 5fσ and 2pz orbitals of the 
An and xygen, respectively. 

Chemistry and thermodynamics of actinides 
and fission products in aqueous solution 
 
Higher order multipole interactions 
Polarization effects have been proven to play an im-
portant role in the theoretical description of chemical 
processes. Commonly the inclusion of polarization 
into atomic models is accomplished by a point-
multipole development on the atom centers. The mul-
tipole expansion of the energy function offers im-
portant insights in the electrostatic interaction of a 
system. Induced dipoles are commonly considered 
when analyzing classical interactions. This study fo-
cused on the anisotropic part of induced dipoles as 
well as on induced quadrupole interactions in trivalent 
lanthanide and actinide complexes [3,4]. 

Dipole polarizabilities are often computed as numer-
ical second derivative of the energy for ions with a 
mostly single-reference ground state. Throughout the 
Ln(III) and An(III) series, however, multi-
configurational effects often dominate the ground state 
and appropriate methods should be applied. Due to the 
computational demands of sophisticated wave-
function based methods, literature values for most 
heavy ions have been obtained on the Hartree-Fock or 
Dirac-Fock level of theory. To properly account for 
multi-configurational and relativistic effects as well as 
correlation, we have performed CASPT2 calculations 
using a second order Douglas-Kroll-Hess (DKH) 
Hamiltonian. The CASPT2 dipole and quadrupole 
polarizabilities are collected in figures 4 and 5. All 
determined An(III) dipole and quadrupole polarizabili-
ties proved to be larger compared to their Ln(III) 
counterparts. Especially within lighter elements fol-
lowing La and Ac, the ratio between the polarizabili-
ties is significant. Determined dipole polarizabilities 
agree well with values found in literature. Dipole-
quadrupole polarizabilities are negligibly small and 
close to zero within the uncertainty of the method 

Tab. 1: Internuclear distances and charges of the 
AnO22+ species. 
 

 UO22+ NpO22+ PuO22+ 
R 173.4 pm 172.6 pm 170.0 pm 
charge 
An 

3.41 3.36 3.28 

charge O -0.70 -0.68 -0.64 
 
 
Tab. 2: Contributions of atomic orbitals to the bonding 
σ- and πx,y-orbitals in AnO2

2+. 
 

 UO22+ NpO22+ PuO22 
 cu co cu co cu co 
σ 0.53 0.70 0.55 0.68 0.57 0.67 
πx,y 0.38 0.80 0.38 0.81 0.38 0.81 

 

 
 
Fig. 3: Bonding localized σ- and πx,y-orbitals in UO2

2+ 
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employed. Quadrupole polarizabilities show the same 
trend as the dipole polarizabilities with Th(III) being 
the most polarizable (1.34 Å5), comparable to a value 
of 1.56 Å5 obtained for Cs(I). Determination of the 
induced multipole moments for various An(III) and 
Ln(III) complexes revealed anisotropic contributions 
of up to 50% in some cases, whereas quadrupolar 
interactions are mostly negligible. In some asymmetric 
structures, however, we find the quadrupoles to ac-
count for as much as 30 kJ/mol of the total binding 
energy (cf. Fig. 6). 

Cm(III) in binary H2O/MeOH mixtures 
The aqueous solutions of repository relevant ions is of 
great importance not only for a fundamental 
understanding of the ions’ chemistry. Hence, the 
Cm(III) aquo ion (amoung others) has been the center 
of interest of earlier studies at INE [5,6]. Bremer et al. 
[6] presented TRLFS measurements in different 
H2O/MeOH ratios observing a shift of the main 
emission band from 594.3 nm at 50% water content to 
599.1 nm at 1.5% water content. In this study the 
intrusion of methanol molecules in the first hydration 
shell of Cm(III) was suggested as possible 
explanantion.  

In order to investigate this system closer, an MD 
force field to describe H2O/MeOH mixtures has been 
created [7]. Remaining parameters for the Cm/MeOH 
interaction have been adjusted to reproduce the 
quantum chemical reference energies. Subsequent MD 
simulations based on the force field suggest that even 
at 50% water content 4-5 MeOH molecules are 
present in the first hydration shell (see Fig. 7). By 
increasing the MeOH concentration the computed 
coordination number of Cm(III) drops from 9 to 8. 
Hence, we attribute the shift in the TRLFS to a drop in 
coordination number rather than the intrusion of 
methanol based on the findings of Lindqvist-Reis et al. 
[8] who determined a TRLFS shift of about 4 nm 
between the 9- and 8-fold coordinated Cm(III) aquo 
ions. 

UV-Vis and core-excitation spectroscopy of 
actinide compounds 
The number of unpaired electrons and their electro-
magnetic interaction including spin-orbit coupling are 
computationally demanding for actinides and their 
compounds. In a two-step procedure with quasi-
degenerate perturbation theory of spin-orbit coupling 
as the second step the number of states to be treated 
can reach several hundreds. In the employed MOL-
CAS software package the extended Multistate 
CASPT2 method (XMS-CASPT2) was recently im-
plemented and allows to treat such complicated sys-

 
 
Fig. 4: CASPT2 dipole polarizabilities of trivalent lantha-
nides and actinides 
 
 
 

 
 
Fig. 5: CASPT2 quadrupole polarizabilities of trivalent 
lanthanides and actinides 
 
 
 

 
 
Fig. 6: Electronic quadrupole moment in the 
[Cm(oxalate)3]3- complex. 

 
 
Fig. 7: Snapshot of the first Cm(III) hydration shell from the  
MD simulation  
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tems as the actinides without artificial symmetry bro-
ken solutions where artificial energy splitings may be 
of the order of ligand field effects. The approximate 
treatment of post-Hartree Fock contributions leads to 
deviations from experiment in the order of up to 
0.1 eV. Further benchmark studies and likely even 
modifications of the employed atomic mean-field 
spin-orbit approach are needed to reliably extend the 
approach to electronic states with core holes. Includ-
ing a first coordination shell is computationally still 
demanding and current approximate schemes are test-
ed on actinide model systems for applicability in order 
to reduce required CPU-time without significant loss 
of accuracy.  
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9 (Radio-)chemical analysis 
The radio-analytical unit provides competences in radio-analytical procedures, well-trained personal and state-
of-the-art analytical techniques for the INE R&D projects and third parties collaborations. Routine and advanced 
instrumentation is available both in radioactive and cold labs. 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. These capabilities are also beneficial for external clients, e.g., in the fields of de-
commissioning of nuclear installations, nuclear waste declaration or nuclear pharmacy. Analytical techniques are 
adapted and improved with a special focus on mass spectrometry for trace element analysis and speciation stud-
ies of actinides and fission products. Hyphenated techniques, like Sector Field (SF)-ICP-MS or Collision Cell 
Quadrupole (CC-Q)-ICP-MS coupled to species sensitive methods, e.g., to capillary electrophoresis (CE) or ion 
chromatography (IC), enables redox speciation and solubility studies of actinides and fission products. We de-
velop new methods in Accelerator Mass Spectrometry (AMS) for the supersensitive determination of actinides 
below ppq levels and 99Tc at the ppq levels in ground-, surface and seawater in collaboration with external AMS 
facilities (see chapter 8.5 for further details). Method development is also integrated 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. 
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Instrumentation 
In Table 1 the wide spectrum of analytical techniques 
available at INE is listed. Many of the techniques are 
operated both in cold and radioactive labs. The 
amount of routinely analyzed samples is growing year 
after year with over twenty thousand samples in the 
reporting period. We provide the data mainly for the 
INE R&D projects but also for commercial analytical 
services. Our routine instrumentation is continuously 
modernized, e.g., in 2017 our technicians have de-
signed the adaptation of a new Q-ICP-MS (Perkin 
Elmer NEXION 2000) to a glove box for handling of 
radioactive material. Such new analytical instrument 
will start operation in 2018. 

Inter-laboratory comparison 
The use of Certified Reference Materials (CRMs) is 
necessary in order to control the performance of anal-
ysis techniques, to answer to quality systems and 
accreditation tests as well as to validate new analysis 
methods and equipment. The first CRM for 243Am is 
jointly produced by EC-JRC and CEA and named 
243Am-CRM or IRMM-0243; its certification process 
is under course and the first inter-laboratory compari-
son (ILC) exercise concluded in July 2017. The INE 
radio-analytic group is part of the array of internation-
al laboratories participating in the certification pro-
cess. In the frame of the first ILC, the determination 

of the following measurands was required: 243Am, 
241Am and total Am content (mol/kg), 
n(241Am)/n(243Am) and n(242mAm)/n(243Am) ratio 
(mol/mol). As the results of our lab cannot be present-
ed before the final ILC report is published, we de-
scribe here the two analytical methods chosen for the 
determination of the total Am content by using SF-
ICP-MS. With method 1, 241Am and 243Am contents 
were obtained with a standard addition of a 243Am 
reference solution (Eckert und Ziegler) to the 243Am-
CRM (5 replicate samples). With method 2, 243Am 
and 241Am contents were directly measured by an 
external calibration with 238U Standard Material 
SLRS-6. In both methods, the total Am (mol/kg) was 
obtained summing up 241Am and 243Am. It is im-
portant to note that in method 2, the estimate of the 
total Am is independent from the 241Am/243Am of the 
pure 243Am-CRM. The deviation of the replicate sam-
ples determined with method 1 and 2 is depicted in 
Fig. 1. It can be seen how the measurement results of 
method 1 are more sparsely distributed than those of 
method 2 with a maximum deviation of ca. 1.7%. 
However, the average values of the total Am content 
and of the 241Am/243Am amount ratio obtained with 
the two methods are, within their statistical uncertain-
ties, consisted with each other and differ by only the 
0.54% and 0.48%, respectively, revealing a high de-
gree of precision. 
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Analytical service for external clients 
Analytical service is offered to external clients on the 
basis of formal contract agreements, e.g. in the fields 
of nuclear waste declaration or nuclear pharmacy. 

 
Nuclear pharmacy 
A 223Ra containing alpha-radiopharmaceutical (Xof-
igo®) is routinely analyzed since more than four years 
for Bayer (www.pharma.bayer.com) with regard to 
toxic heavy metal trace impurities. In 2017/2018 a 
new co-operation in this field with the Norwegian 
company Oncoinvent AS (www.oncoinvent.com) is 
envisaged. The 224Ra containing radiopharmaceutical 
Radspherin® is a novel alpha-emitting microsphere 
designed for treatment of metastatic cancers in body 
cavities. The first clinical studies will be in the treat-
ment of ovarian cancer [1]. 
 
Nuclear waste treatment and decommissioning of 
nuclear facilities (KTE-HDB) 
We analyze routinely since more than 20 years radio-
active waste and decommissioning samples from the 
KTE-HDB (since 2017 Kerntechnische Entsorgung 
Karlsruhe GmbH, Hauptabteilung Dekontamina-
tionsbetriebe, HDB) to obtain isotope concentrations 

and nuclide vectors, mainly for waste declaration. 
Samples are obtained from different facilities, namely 
ashes (incineration facility), LAW liquid concentrates 
(evaporation plant), annually averaged samples (dif-
ferent waste treatment facilities), samples from de-
commissioning of nuclear facilities (e.g., demolition 
waste) and others (e.g., wipe tests). The analyzed 
nuclides include neutron activation and fission prod-
ucts (55Fe, 63Ni, 90Sr), as well as actinides 
(233,234,235,236,238U, 238,239,240,241,242Pu and 242,243+244Cm). 
In 2017 our activities in this area were successfully 
audited. 

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

Uranium(IV) solubility studies 
Uranium is the main actinide (An) element present in 
nuclear fuel and accordingly contributes with the 
largest inventory to the nuclear waste. U(IV) prevails 
under strongly reducing conditions, forming the spar-
ingly soluble UO2(am, hyd) that defines [U] < 10–8 M 
above pH ≈ 5. In the context of the BMWi project 
EDUKEM, the present work focusses on the solubili-
ty and hydrolysis of U(IV) in dilute to concentrated 
saline systems and pH-Eh conditions relevant for 
nuclear waste disposal. A U(IV) stock solution was 
prepared by electrochemical reduction of U(VI) in 
1.0 M HCl, and precipitated as UO2(am, hyd) at pH ≈ 
12 under reducing conditions. Undersaturation solu-
bility experiments with UO2(am, hyd) were performed 
in 0.1 M–5.0 M NaCl, 0.25–4.5 M MgCl2 and CaCl2 
solutions with (pHm + pe) ≈ 2 and 1 ≤ pHm ≤ 14.5. 
Concentration of uranium, pHm and Eh were measured 
at regular time intervals until attaining equilibrium 
conditions. Because of the very low concentrations of 
U (under weakly acidic to hyperalkaline pH condi-
tions) and the high salt content, both standard and 
micro-flow-injection (µFI)-ICP–MS were used for the 
quantification of [U]tot in solution after 10 kD ultrafil-
tration. Figure 2 exemplarily shows UO2(am, hyd) 
solubility data in 0.1 M NaCl solutions within with 
2 ≤ pHm ≤ 13, as quantified using standard and µFI-
ICP–MS. Red line in figure 2 is calculated with the 
preliminary thermodynamic model derived in the 
present work. Using µFI-ICP–MS sample dilution 
factors can be reduced and, therefore, markedly lower 
detection limits (DL) are achieved compared with 
standard sample injection (Fig. 2). Attaining lower U 
concentration ranges improves our understanding of 
the U(IV) solution chemistry and allows the develop-
ment of more reliable source terms for U(IV) under 
conditions relevant for nuclear waste disposal. 

Selenium migration experiments 
In order to test a newly developed adsorption model 
for SeO32- and Sr2+ co-adsorption on goethite [4], Se 
migration experiments in goethite coated sand filled 
columns were performed. Columns were filled with 
15 g sand providing 0.7 – 1.7 m2/g reactive surface 
area, a total column volume of 9 mL and a porosity in 

 
 
Fig. 1: Deviation [%] of total Am of the replicate samples 
from the average values. Blue and orange circles indicate 
the replicate samples analyzed by SF-ICP-MS with methods 
1 and 2, respectively (see text). 
 
 
Tab. 1: Analytical techniques available at INE 
Elemental and Isotope Analysis 
Quadrupole Inductively Coupled Mass Spectrometry (Q-ICP-MS) 
Collision Cell Q-ICP-MS (CC-Q-ICP-MS) 
Sector Field ICP-MS (SF-ICP-MS) 
Inductively Coupled 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) for cations and anions 
Gas Chromatography (GC) 
Carbon Analysis (TOC, DOC, TIC, NPOC) 
Specific Surface Area Analysis (BET) 
Differential Thermal Analysis (DTA) 
Dilatometry 
Fusion and Microwave Digestions 
Gravimetry and Titrations 
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the filled column of 42%. In the combined Se+Sr 
experiments (red dots and blue squares in Fig. 3), the 
inflow solution (0.5 mmol/L NaCl, pH 6) contained 
0.25 mmol/L SeO32- and Sr2+. In the Se-only experi-
ment (orange dots) conditions were equivalent, but no 
Sr was added. In the low concentration experiment 
(green dots) the inflow solution (10 mmol/L NaCl, pH 
4) contained only 0.1 mmol/L Se. The results in fig-
ure 3 show that the presence of Sr slightly retards the 
Se transport through the column (orange and red 
dots), as expected due to the electrostatic adsorption 
amplification [4]. At lower pH (and lower Se concen-
tration, green dots), the Se dwelling time in the col-
umn strongly increases. Se is determined on mass 78 
by CC-Q-ICP-MS with a He/H2 mixture as collision 
cell gas allowing an efficient suppression of the mass 

interference caused by the Ar plasma gas and DL in 
the range of 1 µg/L.  

Extraction chemistry 
The coordination chemistry group performs solvent 
extraction studies, mainly in support of the EURAT-
OM GENIORS program. These studies require de-
termining concentrations of both radionuclides (RN) 
and inactive metallic species in organic and aqueous 
phase samples. Analyses are typically performed by 
gamma and alpha spectrometry and by ICP-MS. Re-
cently, approximately 600 µg 248Cm were recuperated 
from waste solutions from TRLFS experiments col-
lected over many years. The huge separation and 
purification efforts were constantly monitored by 
combining the analytical methods ICP-MS, LSC and 
alpha spectrometry.  

Bio-ligands and -surfactants in remediation 
studies 
We are presently investigating the RN and lanthanides 
(Ln) sorption properties of a naturally abundant na-
nomaterial compound extracted from wood. We in-
vestigate in parallel the RN/Ln de-
complexation/extraction properties of bio-
macromolecules known as metallophores [5] to solid 
waste matrices and we compare the results with those 
obtained by using a recently newly developed bio-
surfactant. The challenge of the analytical measure-
ment lies in the complexity of the investigated organic 
matrices, i.e. the bio-surfactant, which is a concentrat-
ed, viscous and highly foaming substance. A meas-
urement protocol considering the complex matrices 
and suppression of relevant mass interferences in ICP-
MS was developed and applied to large sample series 
in the frame of a kinetic study. 

Large-scale field experiments 
In the course of the Colloid formation and Migration 
experiment (CFM) at the Grimsel Test Site (GTS) two 
experimental foci were followed in 2017.The first one 
consists in the monitoring of a bentonite source in-
cluding the isotopes 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 bentonite-based geotechnical 
barrier (so-called Long term In situ Test, LIT). The 
second focus is on the investigation of the migra-
tion/retention behavior of colloid-associated RN un-
der hydraulically well controlled advective flow con-
ditions thanks to the CFM mega-packer.  

In the previous migration experiments with benton-
ite derived clay nanoparticles, a sorption reversibility 
kinetics (see, e.g., [6] and references therein) and a 
significant colloid filtration were observed. In particu-
lar, a colloid/nanoparticle recovery of only 38 ± 3% in 
Run 13-05 was determined with ICP-MS of Ni-
labelled montmorillonite and LIBD nanoparticle de-
tection. Therefore, a moderate reverse circulation test 
was performed applying hydraulic “shocks” which are 

 
Fig. 2: Solubility of UO2(am, hyd) in 0.1 M NaCl as quanti-
fied by standard and µFI-ICP–MS. Red and black lines 
calculated with thermodynamic data derived in this work 
and reported in references [2] and [3], respectively (see 
text). 
 
 

 
Fig. 3: Se and Sr breakthrough curves as determined by 
CC-Q-ICP-MS, from migration experiments with goethite 
coated sand filled columns (see text).  
 
 

 
 
Fig. 4: Optical images of the sieved abrasive grain frac-
tions (red-brown and grey color represent abrasive and 
steel grains, respectively).  
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expected to remobilize colloids and associated RN 
immobilized at the fracture walls (REMO-I test). An 
extraction flow in the former injection borehole BO-
MI 87.010-i2 with 5 ml/min was established and two 
short hydraulic shocks/stimuli with 58 ml/min and 
192 ml/min were performed. Higher or longer shocks 
were avoided to prevent any hydraulic disturbance in 
the LIT experiment, which was monitored by measur-
ing hydraulic gradients across the LIT boreholes. The 
analytical results show very low colloid remobiliza-
tion with a maximum concentration of 30 ppb and 
average size of 212 nm under the highest stimulus. A 
second remobilization test was performed injecting 
Grimsel groundwater with bentonite colloids into the 
fracture. In the frame of this test, named REMO-II, 
the bentonite colloids would provide a new surface for 
the fractions of RN not recovered in previous in situ 
tests, determining in this way their desorption from 
the fracture. However, first results of REMO-II re-
vealed that direct recovery by extraction was not 
feasible and the colloid plume was sampled from the 
Pinkel surface packer. The two remobilization tests 
are presently under evaluation and additional AMS 
ultra-trace analysis of An and 99Tc are in progress (cf. 
chapter 8.5 and [7]). 

Decommissioning projects 
The project MASK aims at the development and op-
timization of a separation technique for the reduction 
of the amount of activated secondary waste produced 
by waterjet cutting during the deconstruction of nu-
clear facilities (for more details cf. chapter 7 and [8]). 
In 2017 a technical-scale separation device has been 

designed and partially mounted, especially in view of 
a future operation in radioactive conditions. Inactive 
abrasive/steel grain mixtures were produced by cut-
ting various steel alloys commonly used in nuclear 
reactors. The steel content of several grain size frac-
tions (obtained by sieving) was quantified by ICP-
OES measuring the alloying component Ni as tracer. 
It was found that the < 125 µm grain size fractions 
contain > 95% of the total steel in the grain mixture 
(Fig. 4). Knowledge of the grain mixtures is indispen-
sable in order to adapt the separation process and to 
develop new strategies to further reduce the remaining 
steel content in the abrasive fraction. 
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10 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. During 2017, research activities have been focused on experimental and numerical simulations of 
shielding / transmission properties of concrete in the context of interim storage of high-level waste and on the 
performance of a High Purity Ge detector. Close collaborations are established with national and internationals 
partners in networks such as the expert group "Dosimetry" (AKD) from the German-Swiss Fachverband für Strah-
lenschutz e.V. and the European Radiation Dosimetry Group (EURADOS).  
 

10.1 Investigation of shielding/transmission properties of  
 concrete and influence of structural inhomogeneity 
F. Becker  
in co-operation with:  

 
D. Köhnkea, M. Reichardta, H. Budelmanna 
aTechnische Universität Braunschweig, Institut für Baustoffe, Massivbau und Brandschutz, Materialprüfanstalt für das Bauwesen (iBMB), 
Braunschweig  

 
 
Introduction 
For reinforced concrete shielded buildings a few cases 
occurred where an underestimation of the shielding ef-
fect has been observed. In these cases, the observations 
were in contradiction to structural engineering predic-
tions i.e. they were not consistent with the shielding 
properties expected from theoretical calculations. In 
addition, some publications on shielding investigations 
also report discrepancies between (theoretical) litera-
ture values and measurement results. Since concrete is 
a building material which is designable for specific re-
quirements like for radiation protection in interim stor-
age facilities for high-level waste and in surface facili-
ties of deep geologic repositories, different concretes 
were investigated with respect to radiation shielding 
and mechanical/structural properties in an interdiscipli-
nary approach.  

At iBMB different concrete samples were prepared 
consisting of the following concrete types: normal con-
crete (Ordinary Concrete), hematite concrete, and ba-
ryte concrete, as well as a micro-reinforced and self-
compacting high-performance concrete. Several sam-
ples were investigated with computer tomography 
(CT). At KIT experiments and simulations concerning 
gamma ray transmission were realized. The present re-
port focuses on the first results obtained for normal 
concrete (“N concrete”) and hematite concrete (“H 
concrete”). 

 

Experiments 
At iBMB four different types of concrete plates each 
with a width and height of about 8 cm with a thickness 
of 16 mm were prepared. In addition to normal and 
hematite concrete samples, denoted as “N” and “H”, 
respectively, normal and hematite concrete samples 
were synthesized with certain imperfections during the 
concrete production process. Normal and hematite 

concrete samples with imperfections were denoted as 
“NF” and “HF”, respectively. Artificial imperfections 
in these plates were realized through poking little rods 
in the freshly poured concrete without sufficient com-
paction afterwards. In consequence several defects re-
mained in the hardened NF and HF samples. 

Independent of the particular type of aggregates each 
concrete mixture was designed in order to achieve 
comparable volumetric amounts of water, cement and 
aggregates. Therefore, the target volume fraction of the 
hydrated cement including pores was 30 % and the ag-
gregates should take 70 % of volume by design. The 
maximum aggregate size of gravel was 16 mm, in con-
trast to the smaller hematite crystal diameter of 
5.6 mm. The measurement of each aggregate size dis-
tribution showed good agreement with the grading 
curves according to DIN EN 206-1 [1].  

Gamma-ray transmission measurements were per-
formed with a set-up of three plates of the same con-
crete type for the four concrete types (i.e. triples of N, 
NF, H and HF plates). Collimated gamma ray beams 
from a Cs-137 source were directed onto different po-
sitions of the concrete plates by means of a lead colli-
mator (8 mm diameter hole in a 48 mm thick lead 
brick). The transmission of mono-energetic gamma ra-
diation (Cs-137, Eg = 662 keV) was determined from 
spectra recorded by a high-purity Germanium detector. 
In each case, five measuring points were determined on 
the N, NF, H, and HF concrete plates. The measuring 
points on the concrete plates are indicated in figure 1. 
The measuring points 1 to 4 are located each 2 cm from 
their two nearest edges of the plate and point 5 is in the 
center. 

For detecting the exact positions of local imperfec-
tions, the samples were scanned at iBMB using cone 
beam microcomputer tomography (µCT) with 200 kV, 
350 µA and a focus object distance of about 420 mm 
resulting in a voxel size of 103 µm for the 
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reconstructed image data. Every scan was done with 
three plates to reduce the total µCT-scan-time. To en-
sure the comparability of the data all concrete types 
were scanned and reconstructed with the same param-
eters. Figure 2 shows the visualized image data of one 
of the scans with hematite concrete.  

For the comparison of the inner structure of the dif-
ferent concretes with the gamma ray transmission 
measurements, five Regions of Interest (ROI) with re-
spect to the size of the collimator were extracted at the 
positions of the measurement points. 

For a comparison with Geant4 simulations [2] further 
transmission experiments were performed in order to 
determine transmission curves. For this purpose, con-
crete plates made of the same material were lined up 
and measured with the same measuring setup as before. 
For the Geant4 simulations, a suitable model of the 
measurement setup, consisting of gamma radiation 
source, corresponding concrete plates and germanium 
detector, was generated. The material composition of 
the concrete and density was provided by iBMB. As in 
literature a wide range of densities is given e.g. in ref-
erence [3] and the density is supposed to be one of the 
crucial parameters, the densities were determined ex-
perimentally by means of underwater weighing at 
iBMB.  

The gamma spectra produced by the Monte Carlo 
simulations were evaluated in the same way as the 
measured spectra.  

Results  
Figure 3 shows the resulting position-dependent trans-
mission values for triple concrete plates of the compo-
sition N, NF, H, and HF. The measurement results, at 
a first look, indicate that concrete plates with defects 

do not generally show a relatively high deviation from 
the mean value, but all samples show strong variations 
depending on the measurement point. These variations 
are larger than the measurement errors. They can be 

 
Fig. 1: Front view of a concrete plate with the position of the 
different measuring points and a corresponding photo of a 
hematite concrete plate.  
 

 
Fig. 2: Three dimensional projection of the data from µCT 
for hematite concrete (sample H4-6). 

Measuring points 

1 2 

4 3 

5 

 
Fig. 3: Results for transmission measurements at the differ-
ent measuring points with and without defects for the differ-
ent concrete compositions. 
 

Fig. 4: Histograms of the ROI at the measurement points 4 
and 5 for NF (top) and at the measurement points 1 and 2 for 
HF (bottom). 
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explained by analyzing the ROI of the µCT-scans for 
the different measurement points of the concrete sam-
ples. Figure 4 shows some histograms of the recon-
structed image data. Although it is not possible to cal-
culate an attenuation coefficient from these data, the 
histograms give an indication for it. The lower the grey 
scale value, the lower the density of the material is. 
Consequently, air voids and void defects are on the left 
side of the histograms, while the solid phases are on the 
right side.  

By segmenting the histogram into two parts using a 
simple threshold technique [4], semi-quantitative val-
ues for the amount of porosity (defects and air voids) 
can be calculated. Figure 5 shows the results of such 
segmentation.  

Picking out the ROI at point 1 and 2 of the hematite 
concrete with defects (HF) we find that the macro po-
rosity is much higher at point 1 than at point 2, which 
is also qualitatively visible on a slice of the image data 
and the corresponding segmented and binarized image 
in figure 6. The black areas represent the air voids.  

However, the results show that porosity is not the 
only valuable criteria for evaluating the shielding prop-
erties of the different concretes. Especially for heavy 
weight concrete, it is also necessary to segment the 
heavy weight aggregates. The aggregates in normal 
concrete typically have similar attenuation coefficients 

like the cement matrix and could therefore be treated 
like the same material in a first approximation. Heavy 
weight concrete should be segmented in three parts, be-
cause the amount of heavy weight aggregates influ-
ences the attenuation coefficients more than the 
amount of macro-porosity. For segmenting the aggre-
gates from grayscale data more extensive image pro-
cessing steps need to be done. Here it was done with 
MATLAB® by first using the 3-d boxfilter and histo-
gram equalization function and the multithresh method 
afterwards. Figure 7 shows the results of this segmen-
tation.  

Figure 8 shows a comparison of experimental trans-
mission data with calculated data derived from the 
analysis of the Gray scale value spectra. Here, in a first 
approximation the attenuation coefficient was sup-
posed to be proportional to a linear combination of the 
intensity obtained in different regions in the Gray scale 
value spectra. The results of the simple approach al-
ready show analogies with respect to the curve progres-
sions.  
In order to benchmark related Geant4 simulations, 
transmission curves were measured and simulated. 

 
Fig. 5: Results of the air void segmentation of the µCT scans 
for N, NF, H, and HF. 
 

 
 
Fig. 6: Grey scale image (top) and binarized image (bottom) 
of HF at point 1 

Fig. 7: Results of the aggregate segmentation of the µCT 
scans for N, NF, H, and HF.  
 

Fig. 8: Comparison of experimental transmission data with 
calculated data derived from the results of the µCT scans.  
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Figure 9 shows representative results of the transmis-
sion curves for hematite concrete with stacks of up to 
9 plates. The Geant4 simulations are based on a model 
of the measurement setup including material composi-
tions of the concrete and densities provided by iBMB. 
As a result the simulation data are in accord with the 
experimental data. 

Summary and conclusions 
The interdisciplinary approach between civil engineer-
ing and physics in this work showed the benefit of this 
co-operation for a deeper understanding of concrete 
composition and structures with respect to radiation 
protection properties. The application of µCT scans 
supports the concrete design process by giving a first 

indication for the shielding properties and the distribu-
tion of the different components.  

A good agreement between Geant4 simulations and 
measurements show that appropriate Monte Carlo cal-
culations can be performed. However an accurate spec-
ification of the concrete composition is very important 
as literature or databases show in general a wide range 
of values. Moreover structural details as observed by 
µCT scans should be considered too. 
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Fig. 9: Comparison of the transmission curves of the meas-
urements (Experiment) with the Geant4 simulations for H 
concrete.  
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Introduction 
Numerical simulations are a modern approach to pre-
dict the detector behavior in radiation fields. To em-
ploy simulations for e.g. detector calibration and effi-
ciency determination required for quantitative analyses 
in the field of spectra recording and dose determina-
tion, the knowledge of the detector response is im-
portant. Modelling of Ge detectors and simulating 
spectra is a concern even if the detailed manufacturer’s 
information is taken into account. Several approaches 
show that a focus on the determination of the different 
deadlayer thicknesses of the crystal is necessary. How-
ever this determination is very elaborative and requires 
a lot of precise measurements e.g. considering 25 ref-
erence thickness elements in a crystal half (Ref. [1]). In 
this investigation we propose a less complex method 
which also includes the electric potential profile in the 
Ge detector crystal. 

Modelling and simulations 
A HPGe well detector used for gamma-spectroscopic 
investigations with available engineering drawings was 
employed. In a first step a simulation detector model 
was constructed based on the dimensions according to 
the manufacturer’s information (structures and materi-
als of engineering drawings, crystal, holding structure, 
cooling finger, and aluminum cap as well as deadlayer 
dimensions). The model was included in the Monte 
Carlo code Geant4 [2]; figure 1 shows the Geant4 
model of the active part of the detector crystal. It can 
be seen that the detector type is a coaxial one open end 

detector. The crystal is mounted in the detector housing 
with the open end facing the radiation entrance win-
dow. On the entrance side the circular groove is visible.  
Measurements with sources and respective simulations 
were performed. However, the agreement between ex-
perimental and simulated spectra in this approach was 
not satisfying. According to other investigations e.g. 
Courtine et al.[1] or Bosin et al. [3], the lower effi-
ciency observed in the measurements compared to the 
simulations is most likely due to a dead layer thicker 
than stated by the manufacturer. Hence a new approach 
for the simulation model was investigated. First the 
origin of the differences was attributed to different 
deadlayer thicknesses as stated by Courtine et al. [1]. 
Moreover the question arises, if the electric field in the 
crystal and in turn the charge collecting property could 
play a role too. Therefore simulations with the code 
QuickField [4] were performed. 

The electric potential distribution in the crystal re-
vealed an ellipsoid or barrel like shape (Fig. 2). More-
over detailed scanning results of the deadlayer distri-
bution of a Ge crystal [1] also points to such kind of 
shape. As a result, two different ellipsoid models were 
constructed which allow for a more simple determina-
tion of the detector’s deadlayer including a possible in-
fluence of the charge collection as given by the electric 
potential profile. In the model “ellipsoid model 1”, a 
barrel type crystal was chosen, so that the shape of the 
crystal has equal pieces (circles) cut from the ends (Fig. 
3, top). The diameter of both circles is determined by 
the position of the groove of the crystal. In the other 
model “ellipsoid model 2” (Fig. 3, bottom), the diame-
ter of the circle at the cooling finger side is changed to 
the borehole’s diameter. The parameters of the ellip-
soid/barrel models were determined by the manufac-
turer’s specifications and results of measurements with 
a collimated Cs-137 source revealing an effective 

 
 
Fig. 1: Cross section of the active part of the crystal region 
of the investigated HPGe detector model 

 
 
Fig. 2: Distribution of the electric potential in the half cross-
section of the crystal. The colour scale indicates the progres-
sion from high (red) to low (violet) potential.  
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deadlayer thickness at a position of the crystal’s side 
and in turn the curvature of the barrel. It is obvious that 
the effort is much less than for the detailed scanning of 
the Ge crystal with more than 20 measuring points as 
suggested by reference [1].  

A series of measurements were performed with a Eu-
152 source placed at 40 cm distance from the entrance 
window of the detector. Experimental results were 
compared to Geant4 simulations. 

Results 
A comparison of selected experimental and simulation 
results is presented in figs. 4 to 7.   

The measurement results are indicated by black 
squares, the simulation results according to the manu-
facturer’s specifications with red pentagons, the ellip-
soid models 1 and 2 with blue squares with a cross in-
side and red triangles, respectively. The simulation re-
sults according to the manufacture’s specifications 
show always too high intensities in the gamma-ray 

 
 

 
 
Fig.3: The two different models “Ellipsoid model 1” (top) 
and “ellipsoid model 2” (bottom) for the approximation of 
the effective active crystal region. 

  
Fig. 4: Section of the measured and simulated Eu-152 spec-
tra around 1,4 MeV. 

 
Fig. 5: Section of the measured and simulated Eu-152 spec-
tra around 780 keV. 
 

 
Fig. 6: Section of the measured and simulated Eu-152 spec-
tra around 120 keV. 
 

 

 
Fig.7: Section of the measured and simulated Eu-152 spectra 
around 40 keV. 
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peaks in the whole investigated energy range from 40 
keV to 1.4 MeV. In contrast, the results for the two el-
lipsoid/barrel models show a quite good agreement in 
the energy range of 120 keV to 1.4 MeV with a slightly 
better agreement at 1.4 MeV for ellipsoid model 2. For 
the low energy range around 40 keV still a large dis-
crepancy to the experimental data is observed.  

Summary  
In the present investigation a simplified approach for 
HPGe well detector modelling was developed. It is less 
laborious than other approaches as it is based on simple 
source measurements, which can be realized within a 
short time frame. A quite good agreement of the 

experimental data with the simulation results could be 
achieved in the energy range from 100 to 1400 keV.  
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11 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 becomes 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. In the 
surface facilities, scaling and corrosion remains an issue.  

For the further development of EGS, this learning curve needs to be continued by applying controlled high-
flowrate injection and inhibition of scaling and corrosion. Against this background, the research at INE in 2017 
focused on (1) the application of new methods to assess subsurface circulation systems [3]. This includes fraction-
ation of oxygen isotopes of the SO4-H2O system to estimate reservoir temperatures and the investigation of chlor-
ofluorocarbons contents in the geothermal water to quantify dilution. (2) Scaling characterization was advanced 
to proof the efficiency of inhibitors as well as demonstrate the subsequent prominence of secondary scaling [4]. 
(3) For injection at high flow rate, effects from fluid dynamics need to be carefully evaluated. In a heterogeneous 
network with tube-like structures at the interface of fractures, apparent transmissivity decreases with higher 
flowrate. Therefore, at Reynold’s numbers > 10, Navier-Stokes solvers need to be applied to describe the flow in 
fractured rock. There are ample theoretical and numerical considerations of the flow behavior in fractured rock, 
however, little was done to quantify these effects in laboratories or under real field conditions. In this respect, 
solute tracer experiments at lab-scale have been used to approximate the effect of rough surfaces on the flow in 
fractures [5]. (4) Geothermal fluid driven transport is a dynamic process, in which parameters may change with 
time. Injection in fractured reservoirs can include a high variety of thermal, hydraulic, mechanical, and chemical 
interactions. The insight in these interactions is especially a demanding task for process identification, test design 
and forecast of reservoir behavior by numerical models. As an experimental infrastructure, the Geothermal Labor-
atory in the Crystalline Basement, GeoLaB, will allow for modification and calibration of new theoretical concepts 
on the scale relevant for reservoir management. Until now, these models are based mostly on laboratory measure-
ments quantifying the interaction between single fracture(s) and the matrix, fully neglecting complexity of fracture 
networks or alteration in matrix and effects from the difference in scale. In this context, the feasibility study for 
GeoLaB has been extended to a description of the existing fault and fracture network at the potential sites in the 
Southern Black Forest [6] and the Odenwald. Remote sensing techniques and lineament mapping were applied to 
describe the spatial arrangement of faults and fractures. Reactivation potential was localized using the critical 
stress concept. (5) Finally, the issue of social acceptability was addressed by establishing a geoethical concept for 
GeoLaB [7]. 
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Introduction 
In central Europe, major geothermal resources are con-
tained within deep fractured crystalline rock at high 
differential stresses. Economic viable projects require 
about 50 L s-1 of flow at temperature > 130 °C. There 
are a number of scientific challenges along with an en-
vironmentally friendly development of deep geother-
mal energy in these geothermal fields. Key issues relate 
mainly to perceptible seismicity during enhancement 
of the reservoir performance and operation, as well as 

radioactive scaling. These technical issues led to a con-
troversial discussion in the German society: 95% of the 
Germans support renewable energies (Agentur für 
Erneuerbare Energien, 2017), but locally concerned ac-
tion groups of citizens express their preoccupations re-
lated to technical challenges (Fig. 1). The geothermal 
research at INE has taken up this discussion and ex-
tended its research fields in 2017 from purely geosci-
entific to socioscientific in close collaboration with our 
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Helmholtz partners, the Institute for Advanced Sustain-
ability Studies at Potsdam and the Université de Stras-
bourg.  

This goes along with the embedding of the geother-
mal research at INE into Helmholtz Portfolio project 
Environmentally friendly provision of local energy 
from georesources – Geoenergy and the Helmholtz 
program Renewable Energies. In the view of econom-
ically viable condition and low environmental impact, 
fundamental and applied research is carried out in par-
ticular on the relations between chemical and hydroge-
ological aspects of fluid circulation, as well as hydro-
mechanics. Related phenomena are investigated at res-
ervoir and laboratory scale. This concerns the investi-
gation of hydrogeological condition in natural geother-
mal systems and based on this, the understanding of 
flow in fractures and mineral precipitation in the sur-
face installations. Continuous preparation of the large-
scale infrastructure project GeoLaB add regional and 
socioscientific components to this research program. 
The Helmholtz research in these fields 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/)  

Reservoir temperature and dilution of geo-
thermal fluids 
Besides mineralogy of the reservoir rock, temperature 
and dilution are crucial for water-rock interaction in-
tensity and thus influence, e.g., the scaling potential in 
the surface installations of a geothermal plant. Reser-
voir temperatures are typically estimated from solute 
geothermometers. Their application, especially in low 
temperature environment, often leads to a broad range 
and inconsistent temperature values, with a variation of 
partly up to 200 K for one fluid. Given its temperature 
dependence, for the assessment of reservoir tempera-
tures of thermal springs around the Villarrica volcano, 

Southern Chile, oxygen isotope fractionation between 
H2O and SO4, is used [3]. Geothermometer equations 
and, hence, equilibrium conditions have to be selected 
according to the sulfate species and physicochemical 
parameter prevailing in the reservoir. Temperatures be-
tween 80-90°C (no dilution) and 125-140°C (dilution) 
are in accordance with re-evaluated temperature esti-
mations from SiO2 and Na/K geothermometers. 

Dilution of the geothermal fluids by shallow ground-
water is quantified using different chlorofluorocarbons 
(CFC). CFC-11, -12 to -113 analyses were performed, 
using purge and trap gas chromatography with an elec-
tron capture detector. The ratio between the different 
CFC is investigated for piston flow and binary (or 
higher) mixing (Fig. 2). The obtained mixing ratios 
correspond to the observation from oxygen isotope 
fractionation between H2O and SO4. On the basis of the 
analysis, a conceptual reservoir model was derived [3].  

Characterization of scaling in geothermal sites 
in the Upper Rhine graben 
Besides a negative impact on the performance of geo-
thermal plants, scale formation concerns the accepta-
bility processes (Fig. 1) because scales formed within 
the geothermal water circuit frequently accumulate 
natural radionuclides. Moreover, scale formation may 
lead to radiation dose rates, which are of radiological 
concern, and deposits, which may have to be disposed 
as radioactive waste. In order to minimize these prob-
lems and to foster geothermal power plant availability, 
it is of major interest to understand scale formation pro-
cesses and to develop methods for their inhibition. One 
important pre-requisite towards this goal is a sound 
mineralogical and geochemical characterization of the 
formed material. 

Geothermal brines at sites in the Upper Rhine Graben 
exhibit salinities in the order of 100 g/L and become, 

 
 

Fig. 1: “No geothermal power plant at Steinweiler”-mani-
festation including negative impacts related to geothermal 
energy development on the community expected by the citi-
zen’s action group of Steinweiler (Germany, photo: H. 
Geckeis, 4.12.2016). 

 
 

Fig. 2: Tracer plots comparing CFC-12 vs. CFC-113 for the 
southern hemisphere atmospheric input concentrations. 
Black line represents the piston flow approach with selected 
infiltration ages (+). The blue line depicts binary mixing of 
modern water with pre-modern, CFC-free water with differ-
ent mixing ratios. Red/black dots show measured CFC con-
centrations of selected thermal fluids with no dilution/dilu-
tion inferred from oxygen isotope fractionation.  
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upon cooling in the heat exchanger, supersaturated 
with respect to sulfate solid-solutions, e.g. (Ba,Sr)SO⁠4, 
and other mineral phases.  

The mineralogy of solid scale samples from geother-
mal power plants in the Upper Rhine Valley in absence 
and presence of sulfate scaling inhibitors is investi-
gated by wet-chemistry (after digestion), XRPD, SEM-
EDX, XPS, EA-IRMS, Raman spectroscopy, and 
XANES [4]. Samples of scales deposited in the ab-
sence of a sulfate scaling inhibitor mainly consist of 
two phases. The largest part is made up of a barite type 
(Ba,Sr,Ca)SO⁠4 solid-solution (Fig. 3). Traces of Ra oc-
curring in the scaling are assumed to be incorporated in 
the barite type solid solution. Further minor phases are 
sulfide phases, either an X-ray amorphous nano-partic-
ulate phase or galena (PbS). 

After application of the sulfate inhibitor, sulfate min-
erals are no longer detectable in the scale samples. Sub-
sequent scalings are Pb-dominated and consist mainly 
of galena (PbS), elemental lead (Pb), arsenic (As) and 
antimony (Sb). As and Sb are likely present as a nano-
crystalline intermetallic mixed compound ((Sb, As) or 
Pb ⁠3(Sb,As)⁠2S⁠3). The absence of barite-type minerals 
demonstrates the success of the application of the sul-
fate inhibitor. The precipitation of elemental Pb, As, 
and Sb, which are more noble than iron, may enhance 
the corrosion of mild steel pipes in the geothermal wa-
ter circuit. Elution tests and oxidation of the scalings 
upon storage at atmospheric conditions demonstrate 
that proper disposal of the toxic heavy metal and met-
alloid containing scalings may be challenging. 

Flow in natural fracture with rough surfaces 
At high flow rates, in particular, the roughness of frac-
tures reduces its transmissivity. In order to predict and 
investigate solute and mass transport, numerous ana-
lytical and numerical approaches were postulated for 
both single fractures and fracture networks. The paral-
lel-plate approach with its cubic law is applicable for 
fractures with smooth and wide apertures. However, a 
model of such reduced geometry cannot describe the 
flow dynamics, because the cubic law approach does 
not include rough or irregular fracture surfaces and tor-
tuous flow paths created by asperities and asperity con-
tacts. Other modelling approaches, like e.g. the Stokes 
equation, show to be valid under very low Reynold’s 

numbers. In complex geometries like natural fractures 
the Navier-Stokes equation needs to be used to simu-
late precisely the fluid flow.  

There are, however, only a few studies comparing 
such numerical simulations with experimentally ob-
tained data. Here, we present transport experiments in 
fracture flow cells of two rock samples from the geo-
thermal reservoir at Soultz [5]. The samples contain 
natural single fractures over their whole length parallel 
to the drilling direction. One rock core shows a distinct 
mineralogical alteration while the other rock core is 
macroscopically unaltered. Three in- and outlets were 
placed at the rim of the fractures. The residence time of 
a conservative solute tracer, 10 ppb UV-fluorescent 7-
amino-1.3-naphthalene injected at flow rates of 12 and 
24 mL/h, is measured continuously by fluorescence 
spectroscopy. Based on the µ-CT data sets of both drill 
cores, 3-D digital models of both fractures are gener-
ated. Fluid flow and tracer transport are simulated in 
2.5-Dusing COMSOL Multiphysics®. The Navier-
Stokes equations are solved for laminar flow. 

The tracer recovery (Fig. 4) reveals comparable 
breakthrough curves for the two cores with a small-
time shift in the maximum. The tailing is slightly more 
prominent in the altered fracture. Comparison with the 
models including different complexity of surface as-
perities and fracture aperture distribution reveals that it 
can be explained to a large extend by the complexity of 
the fracture surface.  

Although carried out at comparatively low flow rates 
with respect to geothermal fluid production, these re-
sults provide a good example for the importance of ex-
perimental data on flow in fractures as targeted in Ge-
oLaB. 

GeoLaB - feasibility 
GeoLaB is aimed as the first geothermal reservoir sim-
ulator for reservoir technology and borehole safety. It 
is designed as a generic underground research labora-
tory in the crystalline rock adjacent to the Rhine Gra-
ben, one of the most prominent geothermal hotspots in 
Germany including the Campus North of KIT. Further-
more, it is an analogue site representative of the 
world‘s most widespread geothermal reservoir rock, 
the crystalline basement. Among others, the GeoLaB 

 
 

Fig. 3: SEM images recoded on scale A. The left image shows 
the lamellar morphology of the barite type solid solution. 
SEM-EDX reveals a composition of Ba⁠0.70Sr⁠0.26Ca⁠0.04SO⁠4. 
The right image shows, embedded into the lamellar barite-
type minerals, an amorphous mixed sulfide phase (Pb, Sb, As, 
Cu)S⁠(am) with a cation composition: 56 % Pb, 26 % Sb, 10 % 
As, and 7 % Cu. 

 
 

Fig. 4: Comparison of the tracer break through curves with 
numerical models including different approaches of address-
ing fracture aperture for the altered and unaltered fracture.  
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will address specific objectives such as to perform con-
trolled high flow rate experiments, CHFE, in fractured 
rock, to integrate multi-disciplinary research to solve 
key questions related to flow regime under high flow 
rates, or higher efficiency in reservoir engineering, risk 
mitigation by developing and calibrating smart stimu-
lation technologies without creating seismic hazard, 
and to develop save and efficient borehole installations 
using innovative monitoring concepts.  

In an initial phase, the suitability of a site for GeoLaB 
located in the Black Forest-Odenwald crystalline com-
plex for a two-km long gallery will be excavated, tap-
ping individual caverns, from which controlled, high 
flow rate experiments will be conducted at depths of 
400 m must be proven by geological, geophysical, and 
geochemical drilling exploration.  

With respect to the necessary control on the existing 
fracture zones regarding its re-activation potential, a 
statistical assessment of the orientation, average 
length, and the total length of lineaments occurring in 
the southern Black Forest has been carried out using 
two digital elevation models (ASTER, LIDAR) and 
satellite imagery data sets [6]. First, the analyses reveal 
an impact of the different resolutions of the data sets 
that allow to define maximum (censoring bias) and 
minimum (truncation bias) observable lineament 

length for each data set. The increase of the spatial res-
olution of the digital elevation model from 30 m x 30 m 
to 5 m x 5 m results in a decrease of total lineament 
length by about 40% whereby the average lineament 
lengths decrease by about 60%. Lineament length dis-
tributions of both data sets follow a power law distri-
bution as documented elsewhere for fault and fracture 
systems. Predominant NE-, N-, NNW-, and NW direc-
tions of the lineaments are observed in all data sets and 
correlate with well-known, large-scale structures in the 
southern Black Forest. Therefore, mapped lineaments 
can be correlated with faults and hence display geolog-
ical significance. Lineament density in the granite-
dominated areas is apparently higher than in the gneiss-
dominated areas. Application of a slip- and dilation 
tendency analysis on the fault pattern (Fig. 5) reveals 
largest reactivation potentials for WNW-ESE and N-S 
striking faults as strike-slip faults at the potential Geo-
LaB site, whereas normal faulting may occur along 
NW-striking faults within the ambient stress field. Re-
mote sensing techniques in combination with highly re-
solved digital elevation models and a slip- and dilation 
tendency analysis thus can be used to quickly get first 
order results of the spatial arrangement of critically 
stressed faults.  

GeoLaB – social acceptance 
With the GeoLaB initiative, research at INE takes up 
societal concerns and responds to socially relevant is-
sues by carrying out projects on technical solutions. In 
this respect, the new research on social acceptance of 
geothermal energy shall reveal public opinion to over-
come unidirectional communication strategies and in-
formation flow [7].  

Geoethical concepts emphasize that geoscientific 
knowledge may assist society in decision making as 
well as in dealing with risks, user conflicts and envi-
ronmental threats on local, regional and global scale in 
order to support more sustainable practices at the inter-
section of human beings and the geosphere.  

We analyzed the social response to recent geothermal 
development and identified the precondition for public 

 
 

 
 

Fig. 5: Apparent resistivities versus period obtained from ro-
bust processing including remote referencing of RITT station 
from representative three days for production from GRT2.  

 
 

Fig. 6: Possible layout of GeoLaB (not to scale) with an ac-
cess tunnel to a fracture zone, observation wells (green) from 
the tunnel into the fracture zone. In addition to the monitor-
ing stations (red cones), the main injection well (black) for 
controlled high-flow experiments (CHFE) targets the frac-
ture zones. Possible CHFE with high flow rate injection from 
the surface into a fracture zone (blue volume) and related 
mechanical deformation indicated by red ring segments. 
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acceptability of geothermal projects. On this basis, the 
potential contribution of GeoLaB to a geoethic ap-
proach in geothermal research and technology devel-
opment was discussed. The underground research la-
boratory is planned as an infrastructure to answer sci-
entific challenges and to offer the necessary transpar-
ency to interact with the public. The GeoLaB approach 
aims on transparent, tangible science and can serve to 
enhance mutual understanding of stakeholder groups. 
It may increase public awareness on geothermal re-
search and potentially enhance the opportunity for pub-
lic approval of planned activities. As a generic site, Ge-
oLaB can develop scientific-technological solutions 
for a responsible exploitation of geothermal energy ac-
companied by sociological studies. The underground 
research laboratory will serve as a platform for science 
communication, participation and dialog of stakehold-
ers from industry, politics, administration and society. 

This complies with the comprehension of responsible 
research in a geoethical sense. 
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