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Foreword

This bi-annual report summarizes main activities, achievements and research highlights performed over the last
two years, in 2020 and 2021 at KIT-INE.

A main challenge during the last years was certainly to cope with the impact of the global Covid-19 pandemic.
INE was fortunate to keep largely operative and also to maintain the possibility to work in the conventional
laboratories but also in the controlled area of the institute and the INE-operated beamlines at the KIT Light
Source. This is also owing to a huge effort from the side of all persons working at INE and especially of the
respective infrastructure staff at INE who strictly implement all relevant safety regulations and enabled us to
successfully mitigate this crisis.

In October 2021, INE was organizing a symposium at KIT Campus North related to the 40" anniversary of the
Sfoundation of the institute. The “Symposium Nukleare Entsorgungsforschung — Zukunfisperspektiven“ was built
around several high level invited oral contributions from key organisations and experts involved in nuclear waste
disposal on several levels, both in Germany but also internationally. It became clear, that nuclear waste disposal
research is a pronounced interdisciplinary topic with many technical, fundamental aspects in various fields of
natural sciences but also social sciences. Respective activities are clearly future oriented and required to support
the energy transition project with regard to the safe phase-out of nuclear policy in Germany.

In order to plan for future research strategies, it is also necessary to provide state-of-the-art instrumentation. INE
was receiving additional opportunities to further develop the analytical and technical infrastructure within the
HOVER project, funded by BMBF and the Helmholtz Association. By offering, e.g., funding to establish an
Accelerator Mass Spectrometry lab at INE as well as advanced spectro/microscopy techniques, this will open new
lines of nuclear waste disposal research not available before. HOVER is also providing new laboratory
infrastructures for “predisposal” issues: Within a dedicated laboratory it will be possible to investigate spent
nuclear fuel cladding behaviour under extended interim storage conditions. Establishment of virtual laboratories
and notably a Building Information Modelling (BIM) laboratory will enhance KIT research on the optimization
of decommissioning processes significantly. The realisation of HOVER is ahead of schedule, quite advanced and
many facilities will start operation in 2022.

Past efforts on the development of advanced analytical tools in the field of synchrotron-based X-ray spectroscopy
at INE contributed to the ERC grant ‘The Actinide Bond’ awarded to Dr. Tonya Vitova. By combining state-of-
the-art high-resolution XAF'S techniques and advanced quantum chemistry methods, this project likewise opens
up new perspective for internationally outstanding fundamental research on actinides and other radionuclides at
INE.

As new structures are established in Germany to organize the site selection process for a high-level nuclear waste
repository, several activities by INE researchers were performed in this context. For instance, INE researchers
contributed to several events organized in Germany to discuss options and facts regarding waste disposal with
the interested public and key institutional stakeholders. Providing scientific understanding and expertise is clearly
at the core of decision-making and offers important feedback options to our research activities. Ongoing efforts
at INE to train students and early career researchers in the field of nuclear waste disposal importantly contribute
to the availability of highly trained experts in the field.

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

In all KIT-INE activities, we are looking back to numerous excellent scientific results, successfully finished
laboratory projects, master- and doctoral theses, and important newly acquired third party funded projects.

Prof. Dr. Horst Geckeis
Director of the Institute for Nuclear Waste Disposal
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1 Introduction to the Institute for Nuclear Waste Disposal (INE)

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

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

(ii) Radiation protection

(iii) Decommissioning of nuclear facilities

(iv) Geoenergy.

All R&D activities of INE are integrated into the
program Nuclear Safety Research within the KIT-
Energy Center and the program Nuclear Waste
Management, Safety and Radiation Research
(NUSAFE) within the Helmholtz Association. INE
contributes to German provident research for the
safety of nuclear waste disposal, which is the re-
sponsibility of the Federal Government.

Following the decision taken by Germany to
phase out the use of nuclear energy, the safe dis-
posal of long-lived nuclear waste remains as a key
topic of highest priority. Projections based on
scheduled operation times for nuclear power plants
(Amendment to German Atomic Energy Act, Au-
gust 2011) in Germany indicate that about a total of
17,770 tons of spent nuclear fuel will be generated.
About 6,670 tons have been shipped to France and
the UK until 2005 for reprocessing, to recover plu-
tonium and uranium. Consequently, two types of
high level, heat producing radioactive waste (HLW)
have to be disposed of safely: spent nuclear fuel
and vitrified high level waste from reprocessing
(HLW glass). The disposal of low- and intermediate
level waste present in much larger quantities like-
wise needs to be addressed.

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

Long term safety research for nuclear waste
disposal at INE develops geochemical expertise
and models to be used in the nuclear waste disposal
Safety Case, focusing primarily on the detailed
scientific description of aquatic radionuclide chem-
istry in the geochemical environment of a reposito-
ry. Work concentrates on the disposal of spent
nuclear fuel and HLW-glass in the relevant poten-
tial host rock formations currently considered: rock
salt, clay and crystalline rock formations. Actinides

and long-lived fission and activation products play
a central role, as they dominate HLW radiotoxicity
and risks over long periods of time. Long-lived
anionic fission and activation products are likewise
investigated as significant contributors to the max-
imum radiation dose projected for relevant scenari-
0s.

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

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

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

The R&D topic radiation protection at INE fo-
cuses on the assessment of radiation exposures of



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

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

For the environmentally-friendly use and monitor-
ing of deep geothermal resources, the topic geoen-
ergy at INE focusses on the development and test-
ing of novel and integrative concepts for the man-
agement of the deep underground and of geophysi-
cal monitoring methods. Against this background,
reservoir properties and processes and their influ-
ence on geophysical fields that are used for explora-
tion and monitoring are crucial. To investigate this,
experiments on different scales, from laboratory to
reservoir scale, are carried out.

INE laboratories are equipped with all necessary
infrastructures to perform radionuclide/actinide
research, including a shielded box line enabling the
investigation of spent nuclear fuel and nuclear
waste glass, alpha glove boxes, inert gas alpha
glove boxes and radionuclide laboratories. State-of-
the-art analytical instruments and methods are ap-
plied for analysis and speciation of radionuclides
and radioactive materials. Advanced spectroscopic
tools exist for the sensitive detection and analysis of
radionuclides. Trace element and isotope analysis is
made by instrumental analytical techniques such as
atomic absorption spectroscopy (AAS), ICP-atomic

emission spectroscopy (ICP-AES) and ICP-mass
spectrometry (Quadrupole-ICP-MS and high reso-
lution ICP-MS). Methods available for surface
sensitive analysis and characterization of solid
samples include X-ray diffraction (XRD), atomic
force microscopy (AFM) and laser-ablation coupled
with ICP-MS. A modern X-ray photoelectron spec-
trometer (XPS) and an environmental scanning
electron microscope (ESEM) are installed. Laser
spectroscopic techniques are developed and applied
for sensitive actinide and fission product speciation
such as time-resolved laser fluorescence spectros-
copy (TRLEFS), laser-induced breakdown detection
(LIBD) and Raman spectroscopy. Insight into struc-
tural and electronic properties of radionuclide spe-
cies is obtained by X-ray absorption fine structure
(XAFS) spectroscopy and related techniques avail-
able at the INE-Beamline and the ACT experi-
mental station at the KIT synchrotron source KA-
RA. INE’s beamlines, in close proximity to INE
controlled area laboratories, represent in combina-
tion with the other analytical methods a unique
experimental infrastructure, which both profits from
and contributes to INE’s leading expertise in the
field of actinide chemistry and spectroscopy. A 400
MHz-NMR spectrometer adapted to measuring
radioactive liquid samples adds to the analytical
and speciation portfolio of INE. Quantum chemical
calculations are performed on INE’s computing
cluster, which is equipped with 17 nodes and 76
processors. The INE CAD workstations enable
construction and planning of hardware components,
process layout and flow sheets. The institute work-
shop is equipped with modern machine tools to
manufacture components for specific experimental
and analytical devices in hot laboratories.

In 2020 and 2021, the Institute for Nuclear
Waste Disposal had around 90 employees working
in the four departments and two clusters, which
reflect the R&D and organizational tasks of the
institute (Fig. 1).
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2 Education and training

Teaching of students and promotion of young scientists
is of fundamental importance to ensure high-level com-
petence and to maintain a leading international position
in the fields of nuclear and radiochemistry. INE scien-
tists are strongly involved in teaching at KIT Campus
South and the Universities of Heidelberg and Stras-
bourg as well as the TU Darmstadt.

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

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

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

Around 50 students from Karlsruhe and Heidelberg
participated in three 3-week radiochemistry laboratory
courses in 2020 and 2021 held at KIT Campus North in
the FTU radiochemistry and the hot laboratories at INE.
Some students are intensifying their knowledge in nu-
clear/radiochemistry topics during scientific intern-
ships at INE. Obviously, students are very interested in
nuclear chemistry topics and appreciate the various se-
mester courses.

Dr. Tonya Vitova gives lectures at KIT, Department
of Chemistry and Biosciences, in the field of instrumen-
tal analytics and Prof. Dr. Eva Schill at the Department
of Civil Engineering, Geo and Environmental Sciences
in the field of geothermal energy as well as at the uni-
versity of Darmstadt. Dr. Volker Metz and Prof. Dr.
Ron Dagan give lectures at the Department of Mechan-
ical Engineering in the field of nuclear fuel cycle. Lec-
tures and practical units taught by Dr. Frank Heber-
ling and Dr. Volker Metz at KIT, Department of Civil
Engineering, Geo and Environmental Sciences, fo-
cused in 2020 and 2021 on “environmental geology: ra-
dio- and chemotoxic elements”.

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

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

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

PhD students

In 2020 and 2021, around 20 doctoral students worked
at INE on their dissertations; five doctoral students
were awarded their doctorate in 2020/2021.

Topics of the current doctoral students:

1. Influence of carbonate on the radium uptake by
barite

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

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

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

5. Sorption of low molecular weight organics on C-
S-H, AFM-phases, ettringite, CEM I and their ef-
fect on radionuclide uptake

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

7. Fundamental investigation of Zr(IV) solubility and
surface processes in alkaline systems: a combined
solubility, spectroscopic and theoretical study

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

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

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

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



12.

13.

14.

15.

16.

17.

Influence of heterogeneity of natural claystones on
radionuclide sorption and migration

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

Sorption of An(IlI) and An(IV) on cement phases
and bentonite: influence of competitive ligands and
kinetic effects"

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

Accurate neutron scattering based Monte Carlo
Simulations of Radiation Fields and Dosimetry im-
posed by stored High-Level Nuclear Fuel Waste

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

Topics of the completed dissertations:

1.

Retention of Iodine by the iron secondary phases
green rust and magnetite

Assessment of the fate and behavior of naturally
occurring thorium and uranium in the environment
of central Sri Lanka

Spectroscopic investigation of the complexation of
actinides and lanthanides with organic ligands

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

Extraction and speciation studies for the optimiza-
tion of the EURO-GANEX process



3 National and international cooperation, conferences and

workshops

3.1 National and international cooperation

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

National

INE is involved in various bi- and multilateral collabo-
rations with national research centers, universities and
industrial partners on different topics. The projects are
partly supported by the German Federal Ministry for
Economics and Technology (BMWi), the Federal Min-
istry for Education and Research (BMBF), the Federal
Ministry for the Environment, Nature Conservation,
Building and Nuclear Safety (BMU), the Federal
Company for Radioactive Waste Disposal (BGE), the
German Research Foundation (DFG) and the Helm-
holtz Association (HGF).

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

In the collaborative project EIKE, funded by BMWi,
aims at developing an inhibitor combination that helps
increase the availability and sustainability of
geothermal power. The economic efficiency of
geothermal plants is often impaired by depositions of
secondary minerals or corrosion damage. A promising
countermeasure is the use of inhibitors, which can
thereby improve the sustainability and economic use of
geothermal plants. Geothermal plants in the North
German Basin (NDB) extract highly saline thermal
water from porous aquifers. Because of the small pore
sizes (<100 pum), the flow parameters of such aquifers
are sensitive to secondary mineral formation. If mineral
deposition occurs near the injection well, the injectivity
decreases. In geothermal plants, which extract thermal
water from fractured aquifers - such as in the Upper
Rhine Graben (ORG) - commercially available
inhibitors are currently used in testing operation. In the
long term, the harmlessness to water management as
well as an expansion of the application to lower

injection temperatures will be essential, in order to
enable sustainable and economic long-term operation.
In EIKE we develop an inhibitor combination from
available basic chemicals. Compared to commercial
products, the combination of pure substances of known
composition enables a systematic selection process and
targeted studies on the thermal and chemical stability
of the product mixture as well as a targeted adjustment
to the respective geological and hydrological
conditions.

Goal of the f~Char project is to deepen the under-
standing of the coordination chemistry of actinide and
lanthanide ions with so-called soft donor ligands. In
particular, the subtle differences in the interaction of
soft donor ligands with the chemically similar actinide
vs. lanthanide ions are further characterized and quan-
tified. An essential aspect is the training and promotion
of young scientists in the field of nuclear safety re-
search and nuclear chemistry in general and in actinide
chemistry in particular. Thus, the project makes an im-
portant contribution to the establishment, further devel-
opment and maintenance of scientific-technical compe-
tence in nuclear safety research.

Geothermal energy will be a crucial element of the
German Energiewende, in particular of the heat transi-
tion. The geothermal development faces a number of
drawbacks resulting from immature technological de-
velopment in early prototypes. Although major techno-
logical developments have been made, the related ma-
jor setback, the low acceptability of deep geothermal
technology by the society, remains. This is where the
inter- and transdisciplinary project GECKO comes in.
GECKO aims at involving the public in a co-design
process that is linked to the establishment of deep geo-
thermal infrastructures for heat production and storage
at the KIT Campus North. The campus is located on the
largest known thermal anomaly in Germany with ap-
prox. 170 © C at a depth of 3 km. At INE, different sce-
narios of utilization and their respective consequences
were established using numerical modelling to provide
the co-design process with the consequences of criteria
decisions and alternatives in the design.

The GRaZ II project deals with the migration of ra-
dionuclides in the near field of a repository for radioac-
tive waste in clay formations with focus on the hyper-
alkaline water-cement-system. KIT-INE investigates
the retention of actinides and lanthanides by clay min-
erals in presence of relevant inorganic and organic lig-
ands. The project focusses on carbonate, and cement
additives (e.g. plasticizer and superplasticizer) like glu-
conate and citrate. The impact of these ligands on the
sorption and solubility of actinides is studied in a wide
pH range up to hyperalkaline pH values. One important
aim of the project is the consistent thermodynamic
modelling of experimental solubility, complexation,



and sorption data. The project provides basic
knowledge and thermodynamic data needed in the
frame of a long-term safety analysis of different repos-
itory concepts.

The Helmbholtz Climate Initiative involves research
on climate mitigation and adaptation. In the ZeroNet-
Zero-2050 Cluster, strategies and new approaches to
achieve rapid and far-reaching reductions in emissions
from all greenhouse gases including removal from the
atmosphere and permanent storage or turning into high
energy-density chemical energy carriers by renewable
energy are scientifically examined and evaluated in
four projects with regard to the German framework. In
addition, two case studies are carried out with external
stakeholders. The Climate Neutral City, is placed at the
city of Karlsruhe. In the project Potential and Integra-
tion of Subsurface Storage Solutions, INE contributes
to the topic of high-temperature heat storage. Forecast-
ing chemical processes and related changes in reservoir
condition over the operation time was carried out using
thermo-hydraulic and chemical modelling. Results
were coupled to the district heating model of the cam-
pus.

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

Detailed knowledge of metallic corrosion processes is
important input for the Safety Case of a nuclear waste
repository. The project IMKORB aims to provide an
improved understanding of metallic corrosion pro-
cesses for conditions representative of clay-based dis-
posal sites for heat generating waste. Modern micro-
scopic and spectroscopic techniques are applied to de-
cipher the underlying processes and their associated ki-
netics in dedicated experiments carried out in the labor-
atory. These experiments are complemented by in situ

experiments under undisturbed conditions in under-
ground research laboratory (see below). The ultimate
goal is to identify the corrosion products likely to be
present in the long-term and which may act as chemical
barrier and reduce the radionuclide mobility.

The KOLLORADO-e3 project aims at a profound
mechanistic understanding of the processes that can
lead to compromise the integrity of the bentonite engi-
neered barrier system and the consequent colloid-medi-
ated radionuclide transport. In particular, such proces-
ses are investigated under natural, repository relevant
conditions present in fractured granitic host rock. The
project, funded by BMWi, comprises three partners
(KIT-INE, FSU and GRS). KIT-INE, together with
FSU, perform laboratory scale experiments in the con-
trolled area of KIT-INE, as well as in situ tests at the
generic underground research lab of the Grimsel Test
Site (Switzerland) in the frame of the international col-
laboration of the CFM project. The experimental rese-
arch focuses on the fundamental mechanisms of ben-
tonite erosion and colloid formation especially at the
interface between the saturated bentonite and the
crystalline rock, the speciation of the radionuclides,
their tendency to sorb onto the colloids and the interac-
tions between colloid-bound or dissolved radionuclides
with the surface of the crystalline rock. To address
these studies, a variety of analytical methods are
employed at KIT-INE, including radiation detection
(gamma- and alpha- spectrometry), mass spectrometry
(ICP-MS and AMS), surface/solid state analysis and
microscopy (XRD and SEM). The obtained experimen-
tal data are then merged with modelling results in order
to acquire performance-assessment information con-
cerning the influence of bentonite colloids on radionu-
clide migration and retardation, and finally to gain
knowledge on the long-term safety of geological repo-
sitories in granitic host rock.

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 project was successfully finalized in
2020.

The research topic of the collaborative project
KRIMI relates to non-site-specific scenarios for safety
assessments for deep geologic repositories for highly
radioactive nuclear waste, where waste packages get
into contact with groundwater. This will result in cor-
rosion and potentially in failure of canisters and release



of radionuclides. Assuming such conditions, long-term
simulations will be necessary to demonstrate repository
safety. Essential parameters for the description of the
mobility of radionuclides in such simulations are solu-
bility limits and sorption coefficients of involved radi-
onuclides under the respective geochemical conditions.
An intermediate between sorption and precipitation is
the incorporation of radionuclides into solid-solutions.
In solid-solutions the whole mineral volume may be ef-
fective towards radionuclide retention. Thus, solid-so-
lutions have a high potential for radionuclide sequestra-
tion compared to pure surface adsorption processes.
Nevertheless, despite their retention potential, solid-so-
lutions are nowadays rarely included in safety assess-
ment simulations. This is due to the lack of necessary
model parameters, which may serve to reliably describe
the thermodynamics and especially also the kinetics of
solid-solution formation. Scientific goal of KRIMI is
the investigation of thermodynamics and formation ki-
netics of repository-relevant solid-solutions. Systems
investigated within KRIMI include the radionuclides:
TC(V), Pu(Ill), Se(IV), Np(V), and Ra(II) and the host
minerals magnetite, calcite and barite. Studies include
atomistic simulations, experimental studies, and inves-
tigation of natural analogue samples. An overarching
societal goal of KRIMI is to contribute to the build-up
and retention of competence in the field of radio-geo-
chemistry. KRIMI is funded by BMBF.

The joint project NaMaSK is a promising approach
to reduce the amount of secondary waste generated by
waterjet abrasive suspension cutting (WASS) in the
context of nuclear power plant decommissioning. In
this project, which is funded by the German Federal
Ministry of Education and Research (BMBF), an exist-
ing pilot separation device will be optimized and up-
graded to provide proof of concept for radioactive op-
erations. For this purpose, a separation device adapted
to a glovebox will be installed and operated in the KIT-
INE control area. Another focus of the project is the
scientific investigation of suitable corrosion inhibitors
for the application of the separation device to low-alloy
steels, especially under the influence of ionizing radia-
tion.

The overall objective of the SEPAM project is the
scientific investigation and further development of ex-
traction processes as well as the basic chemistry for the
separation of americium from highly radioactive
wastes. Due to the international orientation of the pro-
ject (Lomonosov Moscow State University being part-
ner to the project), current developments abroad are
taken into account. Thus, the project makes an im-
portant contribution to the establishment, further devel-
opment and maintenance of scientific-technical compe-
tence in nuclear safety research.

SMILE is a project dealing with reactive transport
modeling (Smart-Kd in long term safety-assement — ap-
plications). The main goals of SMILE are the extension
of the concept developed up till now towards inclusion
of redox-reaction, to corroborate the chemical descrip-
tion of interfacial reactions via more fundamental in-
sight in structure, stoichiometry and thermodynamic
parameters of relevant surface complexes, to compare

state of the art surface complexation in the evaluation
of available experimental data, to extend the experi-
mental data basis via batch- and column experiments
on laboratory systems, to calculate smart Kd-martrices
for selected redox-systems, and to apply the concept
and verify the concept via experiments and modeling
for systems that are closer to environmental systems in
a critical manner. This is supposed to pave a fundamen-
tal basis allowing to transfer the smart-Kd-concept to
various geological settings. Additionally, this will al-
low for the coupling of the concept to geochemical re-
active transport codes to be initiated.

The collaborative project SPIZWURZ focuses on
experimental and theoretical studies on the behaviour
of hydrogen in fuel rod cladding materials and the stress
state of Zircaloy-4 cladding in contact with high burn-
up spent nuclear fuel to assess the impact on cladding
integrity under dry interim storage conditions. For this
purpose, long-term and detailed studies on non-irradi-
ated cladding materials and samples will be performed
by other project partners within workpackage 1. In
workpacke 2, KIT-INE will determine the geometry of
an irradiated nuclear fuel rod segment by means of a
laser scan micrometre before and after removal of the
fuel. The variation of the cladding geometry allows to
determine the hoop stress in the cladding, exerted by
the fuel pellet. The experimental work is further sup-
ported by simulations and theoretical modelling per-
formed by the German Association for Plant and Reac-
tor Safety (GRS). Moreover, the Company for Interim
Storage (BGZ) is involved in the project as an observer.

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

The ThermAc project (01.03.2015 to 30.04.2020)
aimed at extending the chemical understanding and
available thermodynamic database for actinides, long-
lived fission products and relevant matrix elements in
aquatic systems at elevated temperatures. To this end, a
systematic use of estimation methods, new experi-
mental investigations and quantum-chemistry-based in-
formation is intended. The project is funded by the Ger-
man Federal Ministry for Education and Research
(BMBF) and is coordinated by KIT-INE. The ThermAc
project is developed in order to improve the scientific
basis for assessing nuclear waste disposal scenarios at
elevated temperature conditions. The project was suc-
cessfully finalized in 2020.

The collaborative project TRANSENS, funded by
BMWi, is the first large-scale project in Germany for



transdisciplinary research into the disposal of spent nu-
clear fuel and vitrified high-level radioactive waste.
TRANSENS aims to evaluate technical, safety related
and procedural aspects of disposal strategies for high-
level radioactive waste from the perspective of all sci-
entific disciplines involved, such as natural sciences,
engineering, law, and social sciences. A key objective
of this transdisciplinary research project is the interac-
tion between scientists from different disciplines and
citizen scientists. In doing so, citizens, actors from
practice and other non-academic stakeholders are in-
cluded in the research process. Within the project, KIT-
INE is responsible for a work package on developing
criteria for decisions at critical points or “switch points”
for recertifications on the route from interim storage to
deep geological disposal of highly radioactive waste.
At KIT-INE, interdependencies between interim stor-
age and final disposal and their implications are inves-
tigated. Thereby, a multidimensional "landscape" re-
sults from the consideration of (procedural) technical
steps, technical alternatives, interdependences, and re-
sulting constraints. In the decades-long process, in-
tended and unforeseen hold points have to be taken into
account, these have to be foreseen and analyzed, and
decision criteria for the course of action have to be de-
veloped.

The work of KIT-INE within VESPA 1I (initiated in
September 2017 and ongoing until mid-2022) is high-
lighting the key relevance of geochemical research for
evaluating radionuclide retention and mobilization in
the frame of nuclear waste disposal. Based upon new
systematic experimental studies, a significant increase
of understanding regarding the behavior of long-lived
fission and activation products, i.e. *Tc, Se and '#1,
has been obtained. Fundamental site- and host-rock in-
dependent thermodynamic data derived within VESPA
allow a better modeling and prediction of radionuclide
chemistry in aquatic systems. The retention of radionu-
clides on several relevant mineral phases is analyzed
and quantified. As a result of the work performed by
KIT-INE within VESPA 1I, the long-term safety of dif-
ferent repository concepts and scenarios can be as-
sessed on a decisively improved scientific level.

International

The international Colloid Formation and Migration
(CFM) project focuses on the stability of the bentonite
buffer/backfill in contact with water conducting fea-
tures and the influence of colloids on radionuclide mi-
gration in crystalline host rocks coordinated by
NAGRA (National Cooperative for the Disposal of Ra-
dioactive Waste, Switzerland). The project uses the ex-
perimental set-up in the controlled zone at the Grimsel
Test Site (Switzerland). Additional partners involved
are from Japan (JAEA, NUMO, CRIEPI), South Korea
(KAERI), Finland (POSIVA Oy and Helsinki Univer-
sity), Switzerland (NAGRA, PSI-LES), Spain (CIE-
MAT), Sweden (SKB, KTH), United Kingdom (NDA
RWMD) and United States (LANL). INE plays a deci-
sive role in the laboratory program and is mainly carries
out the field activities.
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KIT-INE is also partner in the Material Corrosion Test
(MaCoTe), which is a project carried out at the Grimsel
Test Site and coordinated by NAGRA. Additional part-
ners involved in this project are KIGAM (South Korea),
RWM (United Kingdom), NWMO (Canada), NUMO
(Japan), SURAO (Czech Republic) and BASE (Ger-
many). KIT-INE performs non-heated experiments to
study in situ the corrosion of selected candidate canister
materials embedded in bentonite. The aims are to pro-
vide confirmation on the long-term anaerobic corrosion
rate in compacted bentonite under repository relevant
conditions and to identify the associated corrosion pro-
cesses.

Horizon 2020 and EJP

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 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 project was successfully fi-
nalized in April 2020.

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, UO: doped with additives such as Cr,
Gd) behave like the conventional ones (UOz). 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
performed by the different partners within the project.
INE also contributed also to work package 2 “Prepara-
tion and characterization of samples and experimental
systems”.

Understanding the electronic structure and chemical
bonding properties of the early actinide (An) elements
(Th-Cm) poses a great challenge and scientific frontier
in fundamental chemistry and physics. A deep insight
into the An electronic structure and bond formation is
also essential for developing innovative spent nuclear
fuel conditioning strategies, to understand actinide en-
vironmental behaviour - e.g., in contaminated legacy
sites or the context of underground nuclear waste repos-
itories - as well as for developing advanced pharmaceu-
tical compounds for targeted cancer treatment. The
ERC funded project ,,The Actinide Bond*“ focuses on
the link between covalency and strength of the chemi-
cal bond of the An elements in gas, liquid and solid state
materials. The scientific challenges of these materials
are tackled by combining highly innovative experi-
mental setups, advanced synchrotron based X-ray spec-
troscopy methods and state-of-the-art quantum chemi-
cal computations. X-ray based methodologies with
high potential for a breakthrough in efforts will be de-
veloped, e.g., to select An materials or complexing
agents with specific characteristics for the aforemen-
tioned application fields. Of essential importance for
the success of the “The Actinide Bond” project are the
ACT (CAT-ACT beamline) and X-Spec experimental
stations at the KIT synchrotron source (KARA storage
ring), situated within 10 minutes walking distance from
the INE institute with its state of the art radiochemical
laboratories.

The European Joint Programme on Radioactive
Waste Management (EURAD) is a large scale inte-
grated research programme dealing with various as-
pects of safe management of nuclear waste (www.ejp-
eurad.ew/). Within EURAD, KIT-INE is stongly in-
voled in EURAD and contributes to four workpack-
ages: Cement-Organic-Radionuclide-Interactions
(CORI), Fundamental understanding of radionuclide
retention (FUTuRE), Spent Fuel Characterisation and
Evolution Until Disposal (SFC) and Uncertainty Man-
agement multi-Actor Network (UMAN).

INE is coordinating the WP CORI. CORI aims to de-
velop an in-depth understanding of the interaction of
cementitious materials with organic matter and radio-
nuclides. Organic materials are present in some nuclear
waste and as admixtures in cement-based materials and
can potentially influence the performance of a geologi-
cal disposal system, especially in the context of low and
intermediate level waste disposal. The potential effect
of organic molecules on radionuclide migration is re-
lated to the formation of complexes in solution with
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some radionuclides of interest (actinides and lantha-
nides) which can increase the radionuclide solubility
and decrease the radionuclide sorption. INE is active in
all WPs of CORI, performing two separate studies in
cooperation with EMPA (Switzerland) and with SKB
(Sweden).

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

The SFC workpackage aims mainly to establish be-
yond state-of-the-art quantification of the characteris-
tics and chemical processes of spent nuclear fuel as-
semblies from discharge of nuclear reactors, during in-
terim storage until (pre-)disposal activities. Within
SFC, KIT-INE contributes with experimental and nu-
merical studies to improve determination of radionu-
clide inventories of spent nuclear fuel rods and to assess
chemical interaction between spent nuclear fuel pellets
and cladding within the fuel rods. KIT-INE reviewed
and improved measurements methods to analyse radio-
nuclide inventories of spent nuclear fuel samples. They
allow a considerable enhanced reliability, estimated at
about 5 to 10%. On the numerical side the governing
codes in KIT-INE (MCNP, CINDER and NUCLEON-
ICA) are validated by dedicated benchmarks. The en-
couraging results allows for future accurate estimation
of the material composition of and characterization of
the fuel pellet and in particular of the cladding. The
cladding properties are of immense importance of the
fuel integrity and hence the safety of the disposal site.

The UMAN workpackage is dedicated to the manage-
ment of uncertainties possibly relevant at different sta-
ges of radioactive waste management and programs. It
aims at exchange of views, practices and uncertainty
management options as well as the review of existing
strategies, approaches and tools. Moreover, UMAN
tries to foster the interaction of various types of actors
and also the civil society. The workpackages tries to
identify remaing and emerging issues associated with
uncertainty management, that could be addressed then
in subsequent waves of EURAD, by reviewing past and
present EU, IAEA and NEA projects. KIT-INE is in-
volved in various subtasks dealing with uncertaintiy
management of spent nuclear fuel. Furthermore, KIT-
INE leads the core group on compiled and reviewed in-
formation about possible management options for
uncertainties related to spent nuclear fuel.

With the PREDIS project funded by the European
Commsion, INE contributes to WP7 which is aiming to
provide innovations in cemented waste handling and
pre-disposal storage. The PREDIS project started
1.9.2020 with four years duration. PREDIS high-level



objectives are to develop solutions (methods, pro-
cesses, technologies and demonstrators) for future
treatment and conditioning of waste, improving safety
during next waste management steps or improve exist-
ing solutions with safer, cheaper or more effective al-
ternative processes where they bring measurable bene-
fits to several Member States. In WP7, INE KIT con-
tributes in to adapt and demonstrate digital twin tech-
nology. In this context, INE uses advanced analytical
techniques for the characterization of cement-based
waste packages for calibration / validation of geochem-
ical and mechanical models.

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. The project
was successfully finalized in May 2020.

A follow-up of the FP7 project SACSESS, GEN-
IORS focuses on actinide separations related to future
multiple recycling strategies. GENIORS is expected to
provide the EU with science-based strategies for nu-
clear fuel management and contribute significantly to
its energy independence. In the longer term, the pro-
ject’s results will facilitate radioactive waste manage-
ment by reducing its volume and radiotoxicity, and sup-
port a more efficient utilization of natural resources. 24
Partners from 10 countries contribute to GENIORS; a
formal collaboration with US-DOE is established. The
project is coordinated by CEA; KIT is in charge of the
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hydrometallurgy domain. The project was successfully
finalized in May 2021.

The European Horizon-2020 project SANDA
(Supplying Accurate Nuclear Data for energy and non-
energy Applications) is combining experimental and
theoretical efforts to produce reliable nuclear data
libraries for safety authorities, research institutions, the
nuclear energy industry, health organizations, other
non-energy applications and the EU society. KIT-INE
investigates nuclear data needs, which arise in
connection with nuclear plant decommissioning and
waste disposal operations. In this sense, the governing
nuclear data needs concern decay heat, mobility of
radioactive nuclides and the absorption and scattering
characteristics of the walls within the disposal gallery.
Beyond the analysis of the data themselves, KIT-INE
investigates the uncertainties of the data by means of
covariance’s data introduction into random files, from
which the deviation from the mean value is illuminated.

VESTA is a collaborative research project on high-
temperature heat storage in the deep underground. It in-
volves five German partners from industry and science
as well as the international partners GeoEnergie Suisse,
Lawrence Berkeley National Laboratory (LBNL) and
Idaho National Laboratory (INL). For thermal energy
storage on a large scale and in the higher temperature
range required for feeding into district heating networks
and for industrial processes, novel high-temperature
storage (HTS) systems in the deep subsurface are an
option. However, many technical, regulatory, legal, en-
vironmental, and economic challenges need to be re-
solved to enable broader application of HTS. Within the
scope of the VESTA project, it is planned to scientifi-
cally investigate the implementation of HTS systems
by means of demonstration projects. Overarching goals
of VESTA are to 1) demonstrate HTS at selected pilot
sites including DeepStor, 2) evaluate technical and non-
technical barriers, 3) support development and imple-
mentation of commercial projects by providing process
understanding, modeling and monitoring techniques,
and optimized component design, 4) support agencies
with scientific and technical knowledge as a basis for
advancing regulatory provisions. The new Helmholtz
research infrastructure DeepStor is one of the demon-
strators of VESTA.



3.2 Colloquium celebrating the 40" anniversary of the foundation of the
Institute for Nuclear Waste Disposal at KIT and TransRet2020 workshop

In 2020 the Institute for Nuclear Waste Disposal (INE)
at the Campus North of KIT turned 40. The basic and
applied research in the fields of radio/geo-chemistry
and material sciences carried out at INE is focused on
safety aspects of a future underground repository for
highly radioactive, heat producing waste forms from
decades of nuclear energy generation in Germany. In
addition, research at INE was recently extended to the
medium-term behavior of irradiated fuel elements dur-
ing interim storage until their final emplacement in an
underground storage facility, which is - according to the
current site selection process - not to be expected before
the middle of the century. Further activities at INE are
related to geothermal energy generation and the dis-
mantling of nuclear facilities.

Nuclear waste related safety research on Campus
North goes back to the early days of the research facil-
ity in the ‘Hardtwald’ forest near Eggenstein-Leopold-
shafen. A first expert group to elucidate the possibilities
of deep geological storage of nuclear waste was estab-
lished in 1964 by the KIT predecessor organization
‘Gesellschaft fiir Kernforschung mbH’. In 1974 the sci-
entific working group Treatment of Radioactive Waste
(ABRA) was separated from the Department for De-
contamination Operations (‘Hauptabteilung Dekon-
taminationsbetriebe’, today KTE Karlsruhe) at the for-
mer Nuclear Research Center Karlsruhe (KfK). From
this entity, INE emerged in 1980, initially as the Insti-
tute for Nuclear Waste Disposal Technology. Finally,
this was abbreviated to Institute for Nuclear Waste Dis-
posal in the era of the ‘Forschungszentrum Karlsruhe
GmbH’ (FZK). The renaming took the increasingly
basic character of research at INE into account, i.e., a
distinct focus on molecular process understanding
when describing the long-term evolution of a nuclear
waste repository.

To celebrate the 40" anniversary of INE’s foundation
- due to the COVID-19 pandemic one year late - on Oc-
tober 11, 2021, experts and invited guests came to-
gether for a colloquium in the Aula of the Training Cen-
ter for Technology & Environment (FTU) on KIT Cam-
pus North. Participants included representatives of the
Helmholtz (HGF) Centers involved in Germany’s nu-
clear repository safety research (HZDR, FZJ, UFZ,
GFZ and KIT), the Helmholtz program NUSAFE, the
Federal Company for Radioactive Waste Disposal
(BGE) in charge of the site selection process, the Fed-
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eral Office for the Safety of Nuclear Waste Manage-
ment (BASE) as the national supervisory authority, the
responsible federal and state ministries, the National
Advisory Committee (NBG) for the search of a reposi-
tory site and representatives of European repository re-
search programs. The event was opened with a greeting
from KIT President Prof. Dr. Holger Hanselka and a
video message from HGF President Prof. Dr. Otmar
Wiestler. As a special challenge for the organizers, the
symposium was held in a hybrid format with about 80
participants attending onsite and many more connected
online from their offices at KIT or abroad.

The INE symposium was followed by the two-day
scientific workshop TransRet2020 — Workshop on Pro-
cesses Influencing Radionuclide Transport and Reten-
tion — on October 12-13, 2021, held at the same venue.
TransRet2020 — as well postponed from 2020 due to the
restrictions imposed by the pandemic — was the seventh
meeting in the series of the Karlsruhe Geochemical
Workshops (co-)organized by INE. The first workshop
was held in 1997 at the KIT predecessor For-
schungszentrum Karlsruhe (FZK). Its main topic was
Geochemical modelling — radiotoxic and chemical
toxic substances in natural aquatic systems. The second
meeting was held in 1999 in Speyer, focusing on Min-
eral/water interactions close to equilibrium. TRePro
2002 held in Karlsruhe dealt with Modelling of coupled
Transport Reaction Processes. SoPro 2005 held again
in Karlsruhe treated Sorption Processes on oxide and
carbonate minerals. TRePro 11 2009 was again more
focusing on contaminant transport aspects. TRePro 111
2014 took up the ideas of TRePro 2002 and TRePro II
2009. The intention of the workshops has always been
to enhance the discussion between experimentalists and
modelers from different domains — a goal achieved as
well for TransRet2020, although the meeting had to be
organized in hybrid format with about 40 participants
attending onsite at KIT-FTU and about the same num-
ber following online. For the accompanying poster ses-
sion with 30 contributions, all authors (onsite or online)
were given the opportunity for a four minute flash
presentation of their work summarized in two slides.
All posters were available as downloads for registered
participants and later (online) discussion. A compila-
tion of TransRet2020 abstracts will be published in the
KlTopen Series INE Scientific Working Documents at
https://www.ine.kit.edu/english/53.php.






4 Fundamental studies: Process understanding on a molecular
scale

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

The fundamental studies summarized in this section is related to the (i) chemistry and thermodynamics of actinides
and fission products in aqueous solution, (ii) radionuclide sorption on mineral phases, and (iii) retention of radio-
nuclides by secondary phase formation. The studies aim at identifying relevant radionuclide retention/retardation
mechanisms on a molecular level and their robust thermodynamic quantification in support of the Nuclear Waste
Disposal Safety Case. 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
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Introduction
Research activities developed at KIT-INE within the ~ Solubility, hydrolysis and solid phase for-
field of Aquatic chemistry and thermodynamics of ac-  mation of Np(V) in alkaline NaCl solutions
tinides and fission products mainly focus on systems Systematic investigations of Np(V) solubility, hydrol-
relevant for nuclear waste disposal, and aim at contrib-  ysis and solid phase formation have been a continuous
uting to the safety and performance assessment of re-  research topic at KIT-INE over the last decade and cov-
positories designed for the disposal of such wastes.  ered several relevant electrolyte systems, e.g. NaCl
Source term estimations and geochemical calculations  [1,2], CaClz [3] and MgClx [4]. One of the first chemi-
require complete and correct chemical, thermodynamic  cal and thermodynamic models describing the solubil-
and ion-interaction (activity) models, which are prefer- ity and hydrolysis of Np(V) in Na‘'-dominated solu-
ably based on sound and systematic experimental in-  tions was provided by Neck et al. [1]. It is based on the
vestigations. This section highlights the fundamental  results of solubility experiments performed with binary
and applied research performed at KIT-INE in the pe-  NpO:20H(am) as a function of pH and salt concentra-
riod 2020-2021 within this topic. tion. In subsequent studies it became more and more
In addition to the experimental R&D activities de-  evident that NpO2OH(am) is actually only metastable
scribed in this chapter, KIT-INE contributes to several ~ over wide pH ranges in alkaline Na'-dominated solu-
national and international projects, e.g. providing sup-  tions towards transformation into ternary Na-Np(V)-
port and expert judgement to BGE with regard to geo- ~ OH solid phases [2]. Depending on the solution condi-
chemical or radiochemical processes, participating in  tions, several structurally different phases were identi-
the development of the national thermodynamic refer-  fied based on diffraction data and XAFS information.
ence database for actinides and fission products  Preliminary solubility data indicated a great stability
(THEREDA project) or contributing to several vol-  (low solubility) of these ternary Na-Np(V)-OH phases,
umes of the OECD NEA-TDB thermodynamic series. but did not allow for a quantitative evaluation of ther-
modynamic solubility constants. To overcome this
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fact, additional experiments were performed in the pre-
sent work. Two different crystalline Na-Np(V)-OH
solid phases were (i) synthesized, (ii) chemically and
structurally characterized, and (iii) their thermody-
namic stability determined within a solubility study.

Experiments were performed under inert argon at-
mosphere in an alpha-tight glove box. Aliquots of an
oxidation state pure *’NpO:* stock solution were
equilibrated in 0.1 and 1.0 M NaOH solutions under
mild hydrothermal conditions for several weeks result-
ing in the formation of crystalline Na-Np(V)-OH solid
compounds. The latter were comprehensively charac-
terized by various method including scanning electron
microscopy (SEM-EDX), quantitative chemical and
oxidation state analysis, powder and single crystal X-
ray diffraction (XRD). The solubility behavior of both
solids were independently studied in 1.02 m NaCl so-
lutions as a function of pHm = —log mu+ = 8.5-13 at T
= (22+£2)°C. #'Np concentration in the samples were
routinely determined by mass spectrometry (ICP-MS)
and/or liquid scintillation counting (LSC) after phase
separation by 10 kD ultrafiltration. The Np oxidation
state distribution was analyzed by a solvent extraction
procedure using HDEHP. The pHm values were meas-
ured with combination glass electrodes.

The results of the solid phase characterization con-
firmed that both reaction conditions lead to the for-
mation of two different, pure Na-Np(V)-OH crystalline
solid phases. Stoichiometries and structural models
were revealed by single crystal XRD analysis at JRC
Karlsruhe. In 0.10 m NaOH the so far not described
Nao.s[NpO2(OH)1.5]-0.5H20(cr) (4) was obtained. It
crystalizes in the monoclinic space group and appears
as bulky platelets. In 1.0 m NaOH, hexagonal
Na[NpO2(OH):](cr) (B) formed which was previously
reported by Almond et al. [5]. SEM pictures of (4) and
(B) are shown in Fig. 1.

Fig. 1: electron

Scanning
Na()_5[Np02(0[‘1)1_5] 0. 5H20(C}’) (ler
and Na[NpO,(OH);](cr) (right).

microscope

pictures

of

The experimental solubility, log [Np(V)] vs. pHm, of
solids (4) and (B) are displayed in Fig. 2. Both are less
soluble compared to binary NpO2OH(am) under the
same experimental conditions, i.e. the two Na-Np(V)-
OH solid phases are thermodynamically more stable.
Furthermore, and as indicated by the intersecting solu-
bility curves of (4) and (B), the former holds a greater
stability at pHm <=10.5 and the latter at pHm > =10.5.
This behavior is in clear accordance with the different
hydroxide contents of both phases.
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Fig. 2: Experimental and calculated (SIT) solubility of
Nays/NpO>(OH); 5] -0.5H>O(cr), Na[NpO>(OH);](cr) and
NpO>OH(am) in alkaline 1.02 m NaCl solutions.

Up to pHm =11, an equilibrium between the Na-Np(V)-
OH solid phases and the NpO:" cation controls the
Np(V) solubility,

Nao.s[NpO2(OH)15]-0.5H20(cr) + 1.5 H" < 0.5 Na*
+NpO2* + 2 H20,

and
Na[NpO2(OH)2](cr) +2 H" < Na' + NpOa++ 2 H»0,

leading to a rather steep decrease in log [Np(V)] with
increasing pHm (slopes =—1.5 to —2). At pHm > =11, the
hydroxo complexes NpO2(OH)a'™ with n = 1-3 are
dominating the aqueous Np(V) speciation. This results
in a flattening of the solubility curves, and finally in an
enhancement of the solubility of (4) and (B) with in-
creasing pHm. From both data sets, new solubility con-
stants log Ks0 and a set of consistent Np(V) hydrolysis
constants log Bn with n = 1-3 were derived.

By systematic combination of sophisticated struc-
tural and well-established thermodynamic investiga-
tions, a superior understanding of the chemical equilib-
ria that can control the solubility and hydrolysis of
Np(V) in alkaline Na‘-containing solutions was ob-
tained. The results highlight the relevance of ternary
M-Np(V)-OH solid phases as a sink for Np(V) in alka-
line solutions, reveal details about their structural char-
acteristics and stability, and provide chemical and ther-
modynamic models to be implemented into geochemi-
cal databases.

Impact of gluconate on the solubility and re-

dox chemistry of Tc

»Tc¢ is one of the main fission products of 2°U and
2Py in nuclear reactors. Due to its long half-life (ti2 ~
2.1-10% a), redox sensitive character and large inven-
tory in spent nuclear fuel, ®*Tc is of great relevance in
the context of safety assessment of repositories for ra-
dioactive waste. Tc is expected as the sparingly soluble



TcVOz(am, hyd) under the reducing conditions fore-
seen in deep-underground repositories. Under oxidiz-
ing and redox-neutral conditions, Tc(VII) is the pre-
dominating oxidation state forming the soluble and
mobile pertechnetate anion, TcOs . Gluconic acid
(GLU, C6H1207) is a polyhydroxocarboxylic acid com-
monly used as additive in cement formulations. It is
known to form strong complexes with hard Lewis acids
such as tetravalent actinides, An(IV) [6]. In the field of
medicine, gluconate has been described to stabilize
other oxidation states of technetium beyond the “con-
ventional” +IV and +VII prevailing in aqueous systems
in the absence of complexing ligands [7-8]. This study
aims at obtaining a better understanding of both funda-
mental processes at the molecular level and an im-
proved quantitative thermodynamic model description
of Tc(IV) systems in the presence of gluconate using
the concepts of established solution thermodynamics.

Experiments were performed at T = (22 +2) °C in Ar
gloveboxes with <2 ppm O:. The impact of gluconate
on the solubility of Tc was investigated from under-
and oversaturation conditions with TcOz(am, hyd) and
(in-situ reduction of) Tc(VII), respectively. Solubility
samples were prepared in 0.1-5.0 M NaCl solutions
with 9 <pHm < 14 and 10* M < [GLUJw0t < 0.5 M. Re-
ducing conditions were chemically set for each inde-
pendent sample with Na2S204, Sn(II), hydrazine or Fe
powder, except for a limited number of samples that
remained redox-unbuffered.

Concentration of Tc, pHm and En values were moni-
tored at regular time intervals, and thermodynamic
equilibrium was assumed after repeated measurements
with constant [Tc] and pHm. After attaining equilib-
rium conditions, the redox speciation of technetium in
the aqueous phase of selected samples was investigated
by Li- and K-edge XANES measurements. Solid
phases of selected solubility experiments were charac-
terized by XRD, SEM-EDS as well as EXAFS analy-
sis. XAFS spectra were recorded at the INE- and ACT-
Beamlines at KIT Synchrotron (formerly ANKA), KIT
Campus North, in Karlsruhe (Germany).

The presence of gluconate significantly enhances the
solubility of TcOz(am, hyd) compared to GLU-free
conditions (Fig. 3). The experimental solubility curve
in the presence of gluconate shows also a different
slope in the pHm-range 1014, providing indirect evi-
dence on the change in the aqueous speciation, which
is dominated by TcO(OH);™ under reducing conditions
but absence of gluconate. Tc Li-edge XANES and K-
edge EXAFS measurements of selected samples sup-
port the predominance of Tc(IV)-GLU aqueous species
in the very reducing conditions defined by Sn(Il), but
the predominance of a Tc(V)-GLU complex in the ab-
sence of Sn(Il) (Fig. 4). These novel findings are also
analyzed by complementary theoretical calculations.
Preliminary chemical and thermodynamic models are
derived based on the combination of solubility data,
solid phase characterization and spectroscopic obser-
vations (see red line in Fig. 3).
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Fig. 3: Experimental solubility data of Tc(1V) in 5.0 M NaCl—
NaGLU solutions with [GLU] = 0.5 M. Red and black solid
lines corresponds to the solubility of TcO:-0.6H,O(am) in 5.0
M NaClin the presence and absence of gluconate. Model cal-
culations performed using thermodynamic data derived in
this work or reported in [9], respectively.

FT(k*x(k)

Te(Vil) + GLU
0 1 2 il’: fll 5

-1.5 T T

R-AIA]

Fig. 4: Tc K-EXAFS of Tc(VII) samples containing gluconate
in (a) absence and (b) presence of Sn(Il) as reducing chemi-
cal. Fourier transform (FT) magnitude and imaginary part
of k*-weighted y(k) (black and light green solid lines, respec-
tively) and corresponding R-space fit results (red line with
filled circles and dark green line with filled triangles, respec-
tively). Windows for forward FT and fit range are indicated
by dashed lines.

This work highlights the potential of a combined ap-
proach including classical wet-chemistry methods
(measurements of pH, En, [Tc]), advanced spectro-
scopic techniques (K-, Ls-edge XAFS) and theoretical
methods for the characterization of Tc aqueous systems
of potential relevance in the context of nuclear waste
disposal and other environmental applications [10-11].

Solubility of niobium(V) in hyperalkaline sys-
tems containing Ca: characterization of the
solubility-controlling solid phases in cementi-

tious environments

Nb is a long-lived activation product (ti2 = 2-10* a)
generated in nuclear reactors by neutron activation of
stable **Nb present in structural components, e.g. In-
conel alloy and stainless steel. Niobium is predomi-
nantly found in the +V oxidation state within the sta-
bility field of water, whereas the formation of Nb(III)



is only expected under very acidic and reducing condi-
tions. Nb20s(s) is the solid phase controlling the solu-
bility of Nb(V) in acidic to weakly alkaline pH condi-
tions. The solubility of Nb2Os(s) is significantly en-
hanced in alkaline to hyperalkaline systems due to the
formation of Nb(OH)s~, Nb(OH)7*~ or polyniobiates at
[Nb] above =~ 1 mM. In NaCl-NaOH systems, the for-
mation of highly soluble Na-polyniobiate solid phases,
e.g. NagNbsO19- 13H20(s), has been described in the lit-
erature [12]. In contrast to pure Na-systems, dissolved
Nb concentrations significantly drop in cement pore
water solutions containing calcium ([Nb] = 107 — 1078
M) [13], although a conclusive characterization of the
solid phase/s controlling the solubility of Nb(V) in
these conditions is still missing.

All preparation, treatment, and handling of samples
were conducted in an Ar-glove box (O2 <1 ppm) at T
= (22 £ 2) °C. The initial concentration of Nb(V) in the
solubility samples was varied between 1-10° M and
5:10* M, with 10 < pHm < 12 and 5-103 M < [Ca] <
0.03 M. An additional experimental solubility series
was prepared in 1 M CaCl. An artificial cement pore
water representative of the degradation stage I of ce-
ment was prepared with pH = 13.5, [Na] =0.14 M, [K]
=0.37M, [Ca] =3.5:10* or 1.4-102 M, and [CO3* Jeot
=3.4-10"* M (young cement pore water containing Ca,
i.e. YCWCa) [14]. After contact times of 32, 57, and
200 days, an aliquot of the supernatant solution of each
sample was taken, and potential colloids or suspended
particles were removed by 10 kDa ultrafiltration. The
dissolved concentration of Nb was quantified by ICP-
MS. Nb solid phases were characterized after attaining
equilibrium conditions. Solid phases were washed with
ethanol 3 to 5 times and dried under Ar-atmosphere be-
fore characterization by powder X-ray diffraction
(XRD), scanning electron microscopy with energy dis-
persive spectroscopy (SEM-EDS) and quantitative
chemical analysis (after dissolution with a mixture of
2% HNO:s and 0.1% HF).
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Fig. 5: Nb(V) solubility determined in alkaline to hyperalka-
line systems with varying Ca concentrations. Symbols at pH
13.5 and [Ca] = 1.4 mM show the concentrations of Nb in
YCWCa. Dashed lines delimit the range of initial Nb concen-
trations in the experiments. Solid lines display the calculated
solubility of f-Nb>Os(cr) and NasNbsO;9'13H>O(cr) in 0.1 m
and 0.3 m NaClOy solutions, respectively [12]. Grey area

represents the detection limit of ICP-MS in the conditions of

this study.
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In contrast to the stable stock solution in pure NaCl—
NaOH system ([Nb(V)] = 1.2:10° M, pH = 12.3), a
clear drop of the initial concentration of niobium is ob-
served in all samples prepared in Na-Ca-Nb(V)-Cl-
H2O systems, with [Nb(V)]eq <2:107° M, see Fig. 5. A
significant decrease of the initial Nb concentration is
also observed in the YCWCa, with [Nb] = 7-10% —
2-107° M. These observations support the formation of
sparingly soluble Nb(V) solid phases, expectedly in the
form of ternary solid phases containing Ca.

The results of the quantitative chemical analysis of
Nb solid phases dissolved in HNO;3 + HF confirm that
all solid phases contain Ca and Nb, whilst disregarding
any significant contribution of Na. XRD pattern col-
lected for the sample equilibrated in YCWCa is exem-
plarily displayed in Fig. 6, which shows a good agree-
ment with the patterns reported for the cubic pyro-
chlore CaxNb207(cr).

e |
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g Ca,Nb,0, (Cubic Pyrochlore)
—
2
‘ | ‘ ‘ | | ‘ | | \‘ I P IR
10 20 30 40 50 70 8

°2theta (Cu K-alpha)
Fig. 6: XRD pattern of Nb(V) solid phase equilibrated in
YCWCa (pH 13.5, [Ca] = 1.4-107° M) and reference patterns
reported for Ca;Nb,Os(cr).

These observations confirm the low solubility of
Nb(V) in hyperalkaline pH conditions containing Ca,
representative of cementitious systems. Quantitative
chemical analysis and XRD unequivocally support the
key role of Ca in the formation of the solid phases con-
trolling the solubility of Nb(V) under the investigated
boundary conditions. These results provide also upper
Nb concentration limits to be considered in the study
of sorption processes controlling the retention of nio-
bium in cement systems.

Be(II) solubility, hydrolysis and carbonate
complexation in dilute to concentrated saline

systems

Beryllium is a chemotoxic element used in nuclear re-
actors as reflector or moderator due to its low thermal
neutron absorption cross section and its specific chem-
ical / structural properties. Therefore, it is expected in
specific waste forms to be disposed of in repositories
for radioactive waste. The amphoteric behavior of
Be(Il) involving the formation of anionic hydrolysis
species (Be(OH);~ and Be(OH)4*) in alkaline condi-
tions was only investigated in a few experimental stud-
ies but it is widely accepted in the literature [15-16].



The formation of strong complexes of Be(I) with car-
bonate is also expected, although so far most of the
available studies investigating this system have fo-
cused on acidic to weakly alkaline pH conditions [17-
18].

This study investigates the solubility of Be(II) under
alkaline to hyperalkaline pH conditions in the absence
and presence of carbonate. The main objectives are the
development of comprehensive thermodynamic and
activity models for the system Be?*~Na*-K*—~Ca?"-H"-
CI'-OH -H:O(l), and the assessment of the impact of
carbonate on the solubility in alkaline systems repre-
sentative of cementitious systems.

Sample preparation and handling were performed in
Ar-gloveboxes at T = (22 + 2) °C. Solubility experi-
ments were conducted with Be(OH)2(s) obtained by
precipitating a = 0.35 M BeSOs stock solution at pH =
10.5. Solubility samples were prepared by contacting
0.5-5 mg of solid phase (per sample) with the follow-
ing systems: (i) 0.1-5.0 M NaCl-NaOH (5 < pHm <
14.5); (ii) 0.1-4.0 M KCI-KOH (9 < pHm < 14.3); (iii)
0.05-3.5 M CaClL: (9 < pHm < 12); (iv) 0.014.0 M
NaOH; (v). 0.01-4.0 M KOH. Two series of solubility
experiments were prepared in the presence of car-
bonate: (i) in 0.5 M NaCl solutions at 9 < pHm < 13
with Cot = [HCO37] + [CO3*7] = 0.01 and 0.1 M, and
(i1) in 5.0 M NaCl solutions at 9 < pHm < 13 with Ciot =
0.1 and 0.4 M. Total concentrations of Be(Il) in the
aqueous phase were quantified by ICP-MS after ultra-
filtration with 10 kD (~2-3 nm) filters. Solid phases in
selected solubility experiments were characterized by
XRD, SEM-EDX and quantitative chemical analysis,
whereas °Be NMR was used for the characterization of
the speciation of beryllium in the aqueous phase.
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Fig. 7: XRD patterns of the Be(OH)(s) solid phase synthe-
sized in this work after 14 (red) and 600 days (blue) of equi-
libration time. Reference patterns shown by triangle data

points correspond to a-Be(OH):(cr) as reported in Bear and
Turnbull, 1965 [19].

Fig. 7 shows the diffractograms of the Be(OH)2(s) solid
phase after 14 (red) and 600 (blue) days of equilibra-
tion time. The freshly precipitated solid shows an
amorphous character, whereas the patterns of the aged
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phase are in excellent agreement with reference data
for a-Be(OH)z(cr). This observation reflects the trans-
formation of the amorphous material into a crystalline
phase, following the well-known Ostwald ripening
process.

Fig. 8 shows selected Be(II) solubility data in 0.5 M
NaCl (a, absence and presence of carbonate), 3.5 M
CaClz> (b, absence of carbonate). Solubility data in
NaCl systems and absence of carbonate confirm the
amphoteric behaviour of Be(II) with a solubility mini-
mum at pHm = 9.5, regardless of the ionic strength.
Slope analysis of the solubility data under alkaline to
hyperalkaline conditions in combination with °Be
NMR support the predominance of the monomeric hy-
drolysis  species Be(OH)x(aq), Be(OH);~ and
Be(OH)4>~ above pHm = 8. A relatively weak impact of
carbonate in the solubility is observed in alkaline con-
ditions with Cit up to 0.1 M (Fig. 8a), thus highlighting
that carbonate cannot outcompete hydrolysis within the
boundary conditions expected in cementitious systems.

The solubility of Be(Il) in dilute, alkaline CaClz so-
lutions is very similar to analogous experiments in di-
lute, alkaline NaCl and KCl solutions (data not shown).
However, in concentrated CaClz solutions, Be(II) solu-
bility is significantly enhanced above pHm = 9 with a
slope (log [Be(Il)] vs. pHm) of = +2 (Fig. 8b). These
observations point towards an earlier stabilization of
the moiety Be(OH)4*~, most likely due to the strong in-
teraction with Ca®".
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Fig. 8: Solubility a-Be(OH):(cr) in (a) 0.5 M NaCl solutions
in the absence and presence of carbonate (b) 3.5 M CaCl;
solutions. Solubility curve (red line) calculated for I = 0.5 M
NaCl using thermodynamic data based upon thermodynamic
and activity models derived in this work.



The extensive solubility dataset collected within this
study allows the development of complete chemical,
thermodynamic and activity (SIT) models for the sys-
tem Be?*Na'-K'-H'-CI-OH—-H.O()  [20-21].
These models can be implemented in thermodynamic
databases and used in geochemical calculations of rel-
evance in the context of nuclear waste disposal.
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Introduction
The interaction mechanisms with mineral surfaces are
key processes for the retention of radionuclides within
the Safety Case of a nuclear waste repository. For their
thorough quantification and implementation in safety
performance calculations, a detailed mechanistic un-
derstanding of these processes is essential. This re-
quires an in-depth knowledge of the mineral- water in-
terfaces, and a reliable thermodynamic description of
the sorption reactions.

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

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

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

* A new code for sorption and speciation calculations
(SINFONIA) was developed.

e The sorption of different elements (Cs, Be, Eu, Pu)
on different mineral phases (halite, bentonite, ce-
ment and CSH phases) was studied.

e Special focus was put on the impact of competing
organic ligands (oxalate, EDTA, isosaccharinate)
and dilute to high ionic strength conditions of NaCl
and CaCl..
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Development of a new code for sorption and
speciation simulations in narrow pores (open
access SINFONIA)

Detailed knowledge on aquatic chemistry and mineral-
solution interaction is necessary to understand and bet-
ter predict radionuclide transport through and fate in
narrow pore systems in the containment providing rock
zone of high-level waste (HLW) repositories. Surface
speciation and electrostatic effects of single mineral
surfaces can be accounted for via Surface Complexa-
tion Models (SCMs) [1], whereas overlapping of elec-
tric double layers (EDL) at interacting surfaces are
most efficiently accounted for by calculating the elec-
tric field inside the pore space via Charge Regulation
(CR) [2]. This model concept implies that surface spe-
ciation, interfacial charges and potentials are adjusted
in accordance with the distance between the surfaces
based on generally valid intrinsic equilibrium constants
and mean-field type Poisson-Boltzmann (PB) theory,
which considers ions as point charges and water as a
continuous dielectric medium. Currently, commercial
(geo-)chemical speciation codes (e.g., PHREEQC,
ECOSAT, FITEQL, Visual MINTEQ) do not include
surface interactions through CR, and other codes that
do, are not publicly available.

KIT-INE developed the speciation code SINFONIA
(Speciation and INter-particle FOrces for Nanoscale
InterActions) [3] that enables CR type simulations and
extends SCMs to a four-layer model (FLM) involving
interactions of both, equal or unequal surfaces, with a
numerical solution for the PB equation for arbitrary
electrolytes. As part of the results, the simulations pro-
vide the speciation of the involved mineral surfaces and
their changes as a function of separation distance as
well as the corresponding osmotic pressure build-up
between surfaces and the resulting electrostatic inter-
action forces. The code provides a self-consistent cou-
pling between surface chemistry and mechanical prop-
erties (MC), and thus provides a major tool lacking in
many reactive transport models. Examples of the code
are available in GitHub (https://github.com/T-G-D)
and collaborations with Helmholtz Centre for Environ-
mental Research - UFZ (Leipzig) are in progress to
couple SINFONIA to OpenGeoSys (i.c., an open ac-



cess reactive transport model, not considering yet elec-
trostatic interactions nor mechanical properties in nar-
row pores).

One of the ubiquitous radioisotopes in HLW reposi-
tories is 7Se (ti2 = 3.27.10° y), expected to be poten-
tially released on the very long-term from both matrix
and instant release fractions towards the overburden,
contributing to the estimated total cumulative radioac-
tive dose [4].
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Fig. 1: Profiles of relative fractions of total aqueous Se in
interstitial pore water compared to bulk solution between
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goethite surfaces at different separation distances for pH 9
and two ionic strengths (NaCl).

Calculations using SINFONIA to simulate adsorption
from a 2.5-10* M Se solute onto goethite at pH 9 (i.e.,
close to the isoelectric point), based on thermodynamic
constants described in [5], show that a change in the
ionic strength of the narrow pore solution from 0.01 M
to 0.001 M will shift the transport pore regime from
anion exclusion (fraction < 1) to enhanced anion mi-
gration (fraction > 1, Fig. 1). The strongest effects oc-
cur in the smallest pores (e.g., <20 nm) where the mid-
plane composition is modified by the overlapping
EDL.

At a given separation, e.g., 3 nm, the presence or ab-
sence of adsorbed Se species onto goethite (Fig. 2) in-
fluences the osmotic pressure developed between the
surfaces, showing characteristic behaviours for each
pH along the ionic strength gradient.
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Interacting goethite surfaces Interacting goethite surfaces
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Fig. 2: Examples of variations in the osmotic pressure devel-

lonic strength (M)

oped between equal goethite surfaces for a wide pH range at
different ionic strengths in NaCl (a) without and (b) in pres-
ence of selenium.

These examples imply that changes in the ionic
strength of a porous media occurring over time due to
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mineral precipitation or input/mixing with renewed so-
lution (e.g., glacial melt water) could entail enormous
shifts in the transport regime of the geological system.
In turn, a change in the osmotic pressure in a nanopore
(e.g., due to sediment compaction/decompression,
fractures, or anthropogenic remobilization) may affect
surface and solution chemistry, which will eventually
also impact the inherent transport of ions through the
pore space. This variability in the system should be as-
sessed and accounted for in dual/multi- porosity
transport models, undoubtedly improving current pre-
dictions on the radionuclide release from geological re-
positories.

Sorption of '*’Cs(I) in Halite

Studies concerning the retention mechanisms of radio-
nuclides on salt rocks are scanty [6], notwithstanding
the fact that bedded salt deposits are considered as pos-
sible host formation for waste disposal [7-8]. Gener-
ally, salt rocks show a low sorption capacity for many
radionuclides, although some nuclides (e.g., Am, Eu)
should display stronger sorption [6]. Nevertheless, a
low sorption capacity can also lead to a significant re-
tention of poorly soluble radionuclides over long time-
scales, which are characteristic for a deep geological
repository. In addition to the nature of the radionuclide,
the retention capacity of natural salt rocks might be
strongly increased by the co-presence of different min-
eral phases and impurities.

This work aims at studying the sorption kinetics of
137Cs(I) on halite by considering three successive ex-
periments designed to observe the influence of increas-
ing impurities content on the retention capacity:

e Sorption of *’Cs(I) on ultrapure NaCls in saturated
NaCl solution

e Sorption of 1*’Cs(I) on ultrapure NaCls, added with
1 wt % of impurities (e.g., CaSO4) in saturated
NaCl solution

e Sorption of '3’Cs (I) on three natural salt rocks (see
Fig. 3), collected from the Heilbronn salt mine in
Germany

Fig. 3: Halite samples collected from the Heilbronn salt mine
in Germany. (a) Halite with low impurities content (mainly
Al K, Ca and Zn) (b) Halite with moderate amount of impu-
rities comsisting mainly of quartz, muscovite and chamosite
phases (c) Halite with a high amount of impurities consisting
mainly of quartz, dolomite, chamosite and biotite phases.

The impurities content and the additional phases of the
three salt rocks acquired from the Heilbronn salt mine



were analyzed by means of Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) and X-ray dif-
fraction (XRD) analysis. The X-ray diffractogram was
acquired with a Bruker D8 (Cu Ka radiation, 40
mV/40 mA) from 0° to 70° with step width of 0.02 and
0.05 s/step.

The diffractogram in Fig. 4, corresponding to the
sample in Fig. 3(c), was obtained after washing a pow-
dered sub-sample and centrifuging at 6000 rpm for 10
min. The rock in Fig. 3(a) contains low amount of im-
purities consisting mainly of Al, K, Ca and Zn, while
the rocks in Fig. 3(b) and (c) highlight the coexistence
of quartz, muscovite and chamosite phases (rock in Fig.
3(b)), or quartz, dolomite, chamosite and biotite for the
rock in Fig. 3(c).
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Fig. 4: X-ray diffractogram of the salt rock depicted in figure
1(c). The analysis was performed by using HighScore Plus
(PANalytical) 3.0 d.

Herein, the result of the sorption of Cs(I) on pure NaCls
are presented. The experiments were performed by
means of batch experiments, performed under argon at-
mosphere: 3.33 £ 0.16 kBq of *’Cs(I) were added to
20 mL of a NaCl saturated solution (6.16 M) contain-
ing 20 mg or 200 mg or 2 g of NaCl (99.99 % purity),
resulting in solid/liquid ratios of 1, 10 and 100 g L'!. A
pHm = 6.60 was measured, correcting for the effect of
the high salt concentration on the liquid junction poten-
tial of the electrode. Aliquots of the samples solution
were taken after 7, 24, and 42 days and centrifuged at
50 000 rpm for 1 h. A defined aliquot of the supernatant
was withdrawn and measured via HPGe gamma spec-
trometry in the same attenuation and geometrical con-
ditions as the calibration solution.
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Fig. 5: Sorption kinetics of 3’ Cs(I) on ultrapure NaCl, meas-
ured 137Cs(I) activity concentration at days 7, 24 and 42 for
blanks and three different solid-to-liquid ratios, namely 1, 10
and 100 g L.

Fig. 5 shows the '¥’Cs(I) activity concentration [9] at
the studied time-steps: for all samples and blanks no
significant change of the concentration of 37Cs(I) is
observed, with the small variation being well within the
error range of the data. Hence, '¥’Cs(I) does neither
sorb to ultrapure NaCls nor to the container walls over
the studied time period. These results are in very good
agreement with the results obtained by Carlsen and
Platz in [6].

In future work, the effect of the impurities and differ-
ent coexisting phases (e.g. quartz, dolomite) of natural
salt rock on the sorption of *’Cs(I) and further radio-
nuclides (e.g. Pu, Am, Cl, I, etc.) will be investigated.
On the one hand, the impact of the impurities on the
sorption capacity of the natural salt rock will be quan-
tified. On the other hand, the retention mechanism of
the radionuclides in a system that is more representa-
tive of reality will be studied.

Sorption of Oxalate and EDTA onto Bentonite

and CSH-Phases

Cement and bentonite are considered as potential ge-
otechnical barriers in certain nuclear waste repository
concepts.[10,11] Both materials are able to adsorb cer-
tain radionuclides (e.g. actinides, lanthanides) For ce-
ment, the sorption properties are primarily governed by
CSH phases, which are the main components of ce-
ment. The high sorption capacity of bentonite is mainly
due to its high content of montmorillonite (80 - 84).[12]
Organic ligands are present in a nuclear waste reposi-
tory either directly as part of the waste (e.g. decontam-
ination agents) or as additives in commercial cement
mixtures (e.g. superplasticizers and their degradation
products). Information on the impact of these organic
compounds on the sorption behavior of radionuclides
are scarce, in particular at increased ionic strengths.
Hence, the sorption behavior of different radionuclides
on CSH phases and bentonite in the presence of organic
compounds under varying ionic strength conditions
must be studied. An in-depth understanding of these
systems requires prior investigation of the sorption
properties of the organic compounds itself to the afore-
mentioned phases.

In the present work, sorption of EDTA and oxalate
on CSH phases and bentonite was studied at different
concentrations of NaCl and CaCl.. The CSH phases
were prepared at different C/S-ratios according to
L’Hopital ef al.[13] The used MX80 bentonite was pur-
chased from Siid Chemie AG Werk Duisburg. It origi-
nates from Wyoming (USA), reflecting a naturally oc-
curring Na-bentonite. It was crushed and sieved to a
particle size of < 1 mm.[14]

The investigations were performed using batch sorp-
tion experiments. The organic ligands were added as
Naz-EDTA and Nax-Oxalate, respectively. For both
solid phases, a fixed solid to liquid ratio of 1 g/L was
used. The ionic strength for the NaCl system was set to
1 m and for CaClz to 0.1 m. The ligand concentrations
were fixed to 0.001 M for both organic ligands. The
pH-value was varied in the range of 3 to 12 in case of
the bentonite-system For the CSH phases, different C/S



ratios of 0.6, 0.83, 1.0, 1.1, 1.2, and 1.3 were investi-
gated. The pH varied between 9 and 12, depending on
the C/S-ratio. All the experiments were performed un-
der argon atmosphere with an equilibration time of five
days after addition of the organic compounds. The con-
centration of the organic ligands in the aqueous phase
was determined with NPOC. A speciation analysis was
performed with the geochemical modelling software
PHREEQC, using the SIT-database for ionic strength
corrections.

The determined NPOC concentration for the oxalate-
bentonite system are given in Fig. 6 as function of the
pHm in NaCl and CaClz electrolyte solutions In 1.0 m
NaCl (blue), the NPOC concentration increases from
acidic to almost neutral pH (pHm 3 — 6). In the neutral
to alkaline region, a constant NPOC of about 5-10*
mol/L is observed, corresponding to the total oxalate
concentration. This effect is explained as follows: the
surface of the bentonite is positively charged for pHm
< 4.1 and negatively charged for pHm > 4.1. In the
acidic region the aqueous speciation is dominated by
the negatively charged species H(Ox)", which is able to
sorb to the positive surface via ion exchange. In the
slightly acidic to alkaline region, the deprotonated ox-
alate species are repelled from the negatively charged
surface, leading to a strong decrease in their adsorption.

Fig. 6 also shows the analogous results in a 0.1 m
CaCl: solution (green). In comparison with the respec-
tive NaCl-system, the NPOC concentrations are much
lower. Also, no clear pH-dependence is visible. This
may be explained by general precipitation of a Ca(Ox)s
solid phase over the entire pH range.
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Fig. 6: Oxalate sorption onto bentonite MX80 in NaCl (1 m,
blue) and CaCl; (0.1 m, green) electrolyte solutions as func-
tion of the pH,,. The NPOC concentrations are shown as car-
bon concentration (mol/L). [NPOCJ ot = 5-10°* mol/L.

For the EDTA-bentonite system the NPOC concentra-
tion are shown in Fig. 7. For both electrolytes, no clear
pH-dependence is observable and the NPOC concen-
trations remain close to the total amount of EDTA. The
slightly lower NPOC concentrations at pHm 3 to 5 in
NaCl solution, should not be over-interpreted as this
effect is within the scattering range of the data. These
points towards a high stability of the Na/Ca-EDTA spe-
cies in the aqueous phase and a negligibly adsorption.
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Fig. 7: EDTA sorption onto bentonite MX80 in NaCl (1 m,
blue) and CaCl; (0.1 m, green) electrolyte solutions as func-

tion of the pH,,. The NPOC concentration is shown as carbon
concentration (mol/L). [NPOCJp1a1 = 5-10 4 mol/L.

The NPOC results for the binary CSH-oxalate system
are given in Fig. 8 as function of the C/S ratios in NaCl
and CaCl: solutions. The NPOC concentrations for the
different C/S-ratios do not differ significantly for a de-
fined background electrolyte. However, for CaClz
slightly lower NPOC concentrations were determined,
compared to the NaCl solution. Also, all NPOC con-
centrations are lower, compared to the bentonite sys-
tem. These findings may be explained by a general pre-
cipitation of a solid Ca(Ox)s phase, due to the omni-
presence of Ca?" ions in the presence of CSH phases.
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Fig. 8: Oxalate sorption onto CSH-Phases in NaCl (I m,
blue) and CaCl; (0.1 m, green) electrolyte solutions as func-
tion of the C/S ratio. The NPOC concentration is shown as
carbon concentration (mol/L) at the C/S ratios of 0.6, 0,83,
1,0, 1,1, 1,2, and 1,3. [NPOCJ ot = 5-10°* mol/L
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The analogous results for the EDTA-CSH system are
given in Fig. 9.

In NaCl, the NPOC concentration is rather constant
around [NPCO]ita = 5:10** mol/L over the entire stud-
ied range of C/S rations. For CaClz solution some var-
iation are observable at low C/S ratios (0.6 to 0.83).
However, for C/S ratios above 1.1 the NPOC concen-
trations are again constant around 5-10* mol/L. These
results indicate that EDTA is not adsorbed by the CSH
phases under the studied conditions. This is explained
as follows: The surface of CSH phases is negatively
charged for C/S < 1.3 and positively for C/S > 1.3.[15]
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Under the alkaline pHm of the samples, EDTA is pre-
sent either as deprotonated species or as a Ca(II) com-
plex, which both are negatively charged. Hence, EDTA
is repelled from the surface and the adsorption is mini-
mized.

Based on these data, future studies will focus on the
the sorption of trivalent actinides and lanthanides on
MX80 bentonite and CSH phases in the presence if ox-
alate and EDTA diluted to concentrated NaCl and
CaCl: solutions.

Retention of Plutonium by cement in the pres-

ence of alpha-isosaccharinic acid

Cementitious materials are of hight importance in the
context of final disposal of low- and intermediate-level
radioactive waste (L-/ILW) in deep geological for-
mations. Hydrated cementitious phases represent a
main sink for radionuclides and small organic mole-
cules often determining the mobility of hazardous
metal ions in the near-field of a repository. Although
plutonium is not highly abundant in L-/ILW, it may
also contribute to the long-term risk of repositories for
such wastes due the long half-life of 2°Pu [16]. Cellu-
lose-based materials are present in large quantities
within L/ILW, which, under the developing alkaline,
reducing conditions, will degrade into isosaccharinic
acids [17]. The a-D-isosaccharinate (ISA) is identified
to be the most relevant hydrolytic degradation product
capable of simulating the complexation effect of cellu-
lose leachates imposed on trivalent and tetravalent ac-
tinides and lanthanides [18].

Uptake of plutonium by Portland cement in degrada-
tion stage II ([Ca(Il)]wt ~ 0.02 M, pH ~ 12.5) was in-
vestigated in the absence and presence of ISA under
reducing conditions set by hydroquinone (HQ), Sn(II)
or Na2S204 (0 < (pe + pHc) <9). Sorption experiments
were performed at initial concentrations of plutonium:
log [Pu]in = —6 to -9, log [ISAJwt = —6 to —2 and with
solid to liquid ratios (S:L) of 0.1 to 50 g-:dm™. Special
focus was dedicated to assess the reversibility and the
kinetic effects related to the order of addition of the in-
dividual components within the ternary Pu-ISA-ce-
ment system.
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Fig. 10: Zeta-potentials ({) measured on suspended colloidal
cement particles (at pH. = 12.50 — 12.63) in the absence
(opened symbols) and in the presence of ISA (filled symbols)
with —6 < log ([1SA]i0: /M) < -2 in equilibrium with HCP at
S:L = 4 g-dm™ after a contact time of t = 14 d. Solid cyan line
represents the surface coverage percentage of the cement
solid phase by ISA as calculated from the two-site Langmuir
isotherm established in the present work.

In the absence of ISA, uptake of Pu by cement in deg-
radation stage II is substantial under reducing condi-
tions. Determined distribution ratios are in line with
data available in the literature for tetravalent actinides.
ISA has high affinity towards cement and the likely
surface-mediated process can be empirically described
by a two-site Langmuir isotherm. Approaching the sat-
uration of sorption sites, above ~25 % of ISA-coverage
i.e. log ([ISA]t /M) >-3.5 at S:L = 4 g-dm™, the pro-
cess imposes a charge inversion in the zeta potential
values of suspended cement particles (see Fig. 10).
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Fig. 11: Distribution ratios (Ra, dm’ kg') of Pu in HQO- (blue)
and dithionate-buffered (purple symbols) HCP — pore water
systems with log ([Pu]i» /M) = =8.5, and —6 < log ([ISA] o
/M) <=2 at S:L = 2 g-dm? for the order of addition of indi-
vidual components: “(Pu + Cement) + ISA”. Solid black line
and gray shaded area indicate the expected Ry values (and
uncertainty) in the absence of ISA. Violet solid (and dashed)
line shows the calculations of the simplified sorption model
for the conditions of this experiment (and associated uncer-
tainties). Solid cyan line represents the surface coverage per-
centage of the cement solid phase by ISA.



The adsorption of Pu onto the hydrated cement is sig-
nificantly impacted by ISA above log ([ISA]wt /M) =
—4.5 regardless of the reducing agent underlining the
expected stabilization of the +4-oxidation state by the
ligand (Fig. 11). The uptake of Pu slowly increases
above log ([ISAlwt /M) = —3.5 owing to the surface
complexation of Pu(IV) with ISA correlating with the
evolution of zeta-potential values in the system.

Remarkable differences are found between the order
of addition sequences “(Pu + Cement) + ISA” and “(Pu
+ ISA) + Cement”. Long-term sorption experiments (t
< 490 days) and desorption experiments confirm the
significantly longer contact time required for the se-
quence (Pu + ISA) + Cement to attain equilibrium.

A simplified sorption model was derived on the basis
that the decrease in the uptake of Pu by cement is only
caused by the formation of Ca(II)-Pu(IV)-OH-ISA
aqueous complexes. Model predictions qualitatively
agree well with the trend in experimental data over a
wide parameter-range, whilst overestimating the effect
of ISA at high surface coverage. This study provides a
significantly improved understanding on interactions
driving sorption processes of actinides on hydrated ce-
ment phases in the presence of organic ligands [19].

Sorption of beryllium in cementitious systems

relevant for nuclear waste disposal

Beryllium has applications in fission and fusion reac-
tors, and it is present in specific streams of radioactive
waste. Accordingly, the environmental mobility of be-
ryllium needs to be assessed in the context of reposito-
ries for nuclear waste. Although cement is widely used
in these facilities, the uptake of Be(Il) by cementitious
materials was not previously investigated and was
hence assumed negligible [20]. In the context of studies
performed within the EC funded collaborative project
“Cement-based materials, properties, evolution, barrier
functions” (CEBAMA), this study aimed at a compre-
hensive investigation of beryllium uptake by cementi-
tious systems. Beyond the quantitative experimental
investigation of the uptake on the basis of sorption ki-
netics, sorption isotherms and distribution ratios, the
use of molecular dynamics provides a very accurate de-
scription of the surface processes driving the uptake of
beryllium at molecular scale. This work complements
and further extends the study on the solubility, hydrol-
ysis and thermodynamics of Be(Il) in alkaline to hy-
peralkaline conditions relevant for cementitious sys-
tems (see Chapter 4.1 and reference [21]).

Sample preparation and handling were conducted in
Ar-glove boxes at t = (22 +2) °C. Sorption experiments
were performed with ordinary Portland cement in the
degradation stage I and II, low pH cement and C-S-H
phases with Ca:Si ratio 0.6, 1.0 and 1.6, as well as with
TiOs. Pore water solutions were characterized by 10 <
pHm < 13, as imposed by the equilibrium with portland-
ite, C-S-H phases and Na/K hydroxides. Batch sorption
samples were prepared with solid-to-liquid ratios of
0.2-50 g/L and 10 M < [Be(ID)]o < 1073 M, consider-
ing the solubility limit of a-Be(OH)2(cr) at the investi-
gated pH conditions. Total concentration of Be(II) in
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the aqueous phase was quantified by ICP-MS after ul-
trafiltration with 10 kD filters. Solid and aqueous
phases in selected samples were characterized by
XRD, SEM-EDX and quantitative chemical analysis.
Classical molecular dynamics (MD) simulations were
conducted to identify typical sorption sites and surface
complexes of Be(OH)s" and Be(OH)4* species on the
(001) surface of C-S-H. The ClayFF force field [22]
was used with modified parameters for Ca and Be [23].
The simulation model was initially equilibrated for 5
ns in the NPT ensemble, then for 5 ns in NVT ensemble.
The main MD production run was performed for 10 ns
(NVT) at ambient conditions.

Based on first ever direct experimental evidence, a
strong uptake of Be(Il) (5 < log Ra < 7, with Ry in
L-kg) is quantified for the investigated cementitious
systems (Fig. 12). Sorption isotherms show a linear be-
havior with slope of = +1 (log [Be(Il)]soiia vs. log
[Be(I)]aq) over four orders of magnitude (10 M <
[Be(ID)]ag < 10* M) (data not shown), which confirm
that the uptake is controlled by sorption processes and
that solubility phenomena do not play any role within
the considered boundary conditions. The analogous be-
havior observed for cement and C-S-H phases (Fig. 12)
support that the latter are the main sink of beryllium in
cementitious systems. The two step sorption kinetics is
explained by a fast surface complexation process, fol-
lowed by the slow incorporation of Be(Il) in C-S-H.
The different behavior observed for the uptake by TiO:
(Fig. 12) supports the incorporation in C-S-H as main
mechanism for Be(II) uptake.
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Fig. 12: log Ry values determined for the uptake of Be(Il) by

C-S-H (0.6, 1.0 and 1.6), HCP (deg. Stages I and II), “low

pH” cement and TiO:.
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Fig. 13: The simulation snapshots of surface complexes of
beryllium on the (001) surface of C-S-H (colour scheme: Si —
yellow; Ca — green; O — red; H— white; Be — black).



MD analysis of the time-averaged local structures on
the C-S-H/solution interface showed that Be(OH)s™ and
Be(OH)4>~ are sorbed to the (001) surface through Ca-
bridges (Fig. 13). Also, it was found that the most sta-
ble are the surface complexes of beryllium hydroxides
that coordinate multiple Ca*" ions.

This work provides a comprehensive quantitative and
mechanistic description of the uptake of beryllium by
cementitious material which so far was considered neg-
ligible in the view of lacking experimental studies. This
new information is of high relevance and allows to bet-
ter quantify the retention of beryllium in the context of
the Safety Case for deep underground repositories for
nuclear waste. It provides also a thorough scientific ba-
sis for the future development of more detailed thermo-
dynamic / geochemical models, e.g. in the form of
aqueous-solid solution models [24].
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Introduction

The final disposal in a deep geological repository
(DGR) is a generally accepted strategy for dealing with
long-lived high-level radioactive waste (HLW). The
design of deep repositories involves the use of several
natural and engineered barriers capable to retard and/or
to prevent groundwater contact with the waste matrix,
subsequent mobilization of radionuclides, and their
transport into the biosphere. Potential intrusion of
groundwater results in various alteration and corrosion
processes, followed by the formation of secondary
phases. E.g., metallic corrosion will limit the canister
service lifetime, but on the other hand side the neofor-
mation of secondary phases will provide a new chemi-
cal barrier able to scavenge radionuclides (RNs), which
may be released upon waste matrix alteration.

Various molecular scale processes can result in radi-
onuclide immobilization, ranging from surface adsorp-
tion to structural incorporation by formation of a solid
solution. Among these mechanisms, incorporation
within the bulk structure may occur when RNs are pre-
sent during growth or recrystallization of secondary
phases and may result in very effective retention. In or-
der to be implemented in the Safety Case, kinetic and
thermodynamic models of RNs immobilization need to
be developed. The development of such models usually
relies on the application of complementary advanced
microscopic and spectroscopic techniques combined
with computational studies. This strategy is applied at
KIT-INE to develop models describing the immobili-
zation of key RNs by relevant secondary phases. Ex-
amples of ongoing studies performed within national
and international projects are present in the following.

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

Ra-226 is a critical radionuclide with respect to the
long-term safety of various types of radioactive waste
repositories. Due to its relatively short half-life
(1.6-10° years), Ra-226 will be in secular equilibrium
with its parent nuclide U-238. Thus, migration of ra-
dium through the repository system will strongly de-
pend on uranium release from the radioactive waste
and will last for long time spans. Barium isotopes be-
long to the most abundant fission products in nuclear
reactors and will occur in HLW in concentrations of
some grams per kg waste.
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As sulfate containing groundwater contacts the waste,
barite (BaSO4) formation is expected. Ra uptake by
barite occurs when dissolved Ra reacts with barite,
leading to Ra retention in a (Ba,Ra)SO4 solid-solution
[1]. On the other hand, the reaction of barite with aque-
ous carbonate at elevated pH, as it may originate from
alteration of cementitious material inside a waste re-
pository, is expected to lead to the transformation of
barite into witherite (BaCOs) [2]. It is likely that car-
bonate alters the chemical behavior of barite surfaces,
either by mixing at the surface or through formation of
a witherite layer at the barite surface through the mech-
anism of interface-coupled dissolution—precipitation
reactions [3]. The long-term goal of the study is to in-
vestigate the effect of carbonate on the Ra retention by
barite / witherite. Here we present results of experi-
ments on barite transformation into witherite, so far
performed in the absence of Ra.

Barite suspensions were contacted with carbonate so-
lutions (1-100 mM, pH 7-11). Barite particles reacted
with carbonate and witherite formed as hexagonal rod-
like shapes as displayed in Figure 1.

()carbon

Fig. 1: SEM image showing barite powder (Androvo mine,
Bulgaria) reacted with carbonate, evidencing witherite for-
mation.

X-ray diffractograms (XRD) showed shifts of reflec-
tion in batches with pH values of 9-11 and carbonate
concentrations of 10-100 mM, indicating a potential
witherite-barite solid-solution formation on the car-
bonate rich end of the solid-solution series [3].
Reaction rates depend on the type of barite used. In
general, reactions slow down after about 10 days, likely



due to surface passivation through a witherite layer
covering barite and preventing further recrystallization
[4] as shown in Figures 2 and 3.

¢ pH=9.5, CO3 C=50 mM, Synthesized Barite

Synthesized average after 7 days

Sachtleben average after 7 days
B pH=9.5, CO3 C=50 mM, Sachtleben Barite
o X pH=11, CO3 C=100 mM, Androvo Barite

—+—Androvo average after 5 days

-

3

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (day)

Fig. 2: Kinetic batches for different types of barite where
witherite formation is the highest between 7"-10" days, fol-
lowed by a slowing down of the reactions probably due to
surface passivation.

—e—pH =11, CO3 C= 100 mM,
T=60°C, Iberg

—&—pH =11, CO3 C= 100 mM,
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Fig. 3: (a) Porous witheirte layer formed around a cube of
barite and (b) Witherite layer thickness of Iberg barite (Harz
mountains, Germany) and Androvo bairte.

To have insight into the progress and mechanism of the
recrystallization process, natural barite was cut into
cube like shapes (weighing ~ 120 mg) and reacted with
100 mM carbonate solutions at pH 11. As a result, a
porous witherite layer of 272 + 32 um formed. Wither-
ite layer growth tends to slow down after around 15
days (cf. Figure 3).

The work will be continued, including studies on the
interactions with Ra.

Recrystallization Kinetics of barite and calcite

and the interrelation with ion incorporation
In natural geological systems, mineral phases are often
close to the solubility equilibrium. Nonetheless, dy-
namic dissolution and reprecipitation processes (re-
crystallization) can be expected in the time periods rel-
evant to nuclear waste disposal. If the solubility equi-
libria are disturbed in the area of material transitions in
the near field of a repository (e.g. in a multi-barrier sys-
tem of a repository in claystone, the transitions: steel /
bentonite, bentonite / cement, cement / clay), the result
is increased reactivity and thus increased material turn-
over related to dissolution and reprecipitation reac-
tions.

The incorporation of radionuclides in mixed crystals
(e.g. calcite and barite), which is the focus of the
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KRIMI project (KRIMI = Kinetics of recrystallization
of mineral phases, relevant for nuclear waste disposal),
offers great potential for radionuclide retention. In con-
trast to sorption reactions, which only take place on
mineral surfaces, the entire crystal volume can contrib-
ute to the retention of radionuclides through ion incor-
poration. Understanding the reversibility of the RN in-
corporation and the associated potential for remobili-
zation are of great importance.

The heterogeneity in the distribution of the incorpo-
rated radioisotope depends on the nature of the crystal
surface, and the distribution and size of pores. A quan-
titative description of these dependencies is necessary
to characterize the retention potential of the respective
crystal phases.

Comparative studies on calcite and barite samples of
different origins, as a function of synthesis conditions,
or as a function of solution parameters (pH, anion / cat-
ion ratio) are ongoing. The aim is to identify parame-
ters that significantly control the recrystallization ki-
netics. Recrystallization rates are accessed through
tracer-uptake (!**Ba and **Ca) in isotope exchange ex-
periments. The so generated experimental data will be
complemented by quantum chemical calculations
(DFT). The energetic landscape of a surface, where
ions (e.g. Ra** or Ba?") are attached to different sites
present at kinks of the (001) barite surface, will be ex-
amined. At this point, these sites have been character-
ized and an appropriate supercell has been set up.
Reaction products of previous long-term recrystalliza-
tion experiments, where aragonite recrystallizes to its
thermodynamically more stable polymorph calcite in
the presence of 2*’Np and selenite (SeO3?) are being
characterized.

Several XRD studies were carried out for the solid
phase and the proportion of calcite after 2886 days
ranged from 1.7% (in NaCl solutions) to 6.3% in KCI
solution. Partition coefficients of 2.3 (NaCl) and 3.5
(KC1) for the incorporation of *’Np into calcite were
in the range of those reported in the literature [5].

Experiments on the selenite-calcite system were car-
ried out in a similar fashion. Solid/liquid ratio was set
to 2 g/L with a total volume of 50 mL. 0.1 M NaCl was
added and the selenite concentration varied from 0-100

[104]

[202]

[104] [202] [201]

[108]
—

60
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Fig. 4: XRD spectra and SEM images (a: 90x90 um; b/c:
15x15 um) after recrystallization from aragonite to calcite at
different SeOs2 concentrations (red: 10, green: 40 and blue:
100 uM)



uM. The presence of selenite inhibited the recrystalli-
zation from aragonite to calcite, while at the same time
selenite was incorporated into the growing calcite (D =
0.02). Up to a Se-concentration of 20 uM, 100% of the
aragonite recrystallized into calcite. At higher concen-
trations, more and more aragonite remained in suspen-
sion. X-ray data suggest a strong dominance of (104)
and (202) crystal surfaces that seem to increase with
the selenium concentration as shown in Figure 4. One
possible explanation is the inhibition of growth on
other surfaces through Se-adsorption (and incorpora-
tion), forcing the calcite into a thermodynamically less
stable habit. At selenite concentrations between 20-60
uM the supersaturation (SI=0.14) is not sufficient for
calcite to grow [6].

Interaction of iodide with green rust and mag-

netite
The long-lived fission product %I (ti2 = 15.7 Ma)) is a
dose determining nuclide in many safety analyses for
nuclear waste repositories [7]. It is expected to prevail
as anionic species in repositories and thus be poorly re-
tained by geological and engineered barriers such as
bentonite. In contrast, layered double hydroxides
(LDH) have high affinity for anions. Green rust (GR)
is a mixed-valent iron-bearing LDH and can form as
corrosion product of steel canisters upon contact with
groundwater. However, GR may not be thermodynam-
ically stable on the long-term and convert into more
stable magnetite. The interaction of iodide with chlo-
ride GR and magnetite was investigated in this study.
Two different series of retention experiments were per-
formed. In a first series, chloride GR (GR-Cl) was pre-
pared in the presence of iodide (solid solution) using
Fe(OH): as a precursor phase (Figure 5). In a second
series of experiments, pre-synthesized GR or magnetite
was contacted with I" in suspension. Experimental pa-
rameters such as ionic strength, concentration of hal-
ides (CI', I), pH and reaction time were varied in both
series of the experiments. Results showed that the sorp-
tion equilibrium is attained quickly. Analyses of sam-
ples involved among others XRD and X-ray absorption
spectroscopy (XAS) at the KIT synchrotron light
source, as well as ICP-MS and gamma spectrometry
(use of I-125 as tracer).

GR-Cl

s

e
Pl

GR-Cl/I

Integration of |
and/or Clin GR

Fig. 5: Synthesis of GR in the presence of chloride and iodide
considering various Cl:I ratios.
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In the first series of experiments, GR was prepared at
constant ionic strength of halide and considering vari-
ous Cl:I ratios, from the chloride to the iodide endmem-
ber. Samples analysis showed that the interlayer com-
position had the same CLI ratio as it is in the starting
suspension. GR-Cl and GR-I are isostructural, only the
height of the interlayer gallery differs because both an-
ions have different ionic radii.

In this study, data revealed a progressive increase of
basal spacing (doos) with iodide content from 7.7 A for
GR-Cl to 8.3 A for GR-I (Figure 6). No phase separa-
tion or interstratification was detected and no preferen-
tial uptake of one anion over the other could be de-
tected. This suggests a random distribution of both an-
ions in the interlayer. Furthermore, the Fe K-edge and
I Ls-edge were probed by XAS. No significant change
in Fe or I speciation could be evidenced. Further details
can be found in the corresponding publication [8].
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Fig. 6: Basal spacing of GR as function of the proportion of
iodide in the staring suspension

In the second series of experiments, iodide was con-
tacted with preformed GR-Cl. In these experiments,
sorption equilibrium was reached fast and the uptake
decreased with increasing ionic strength. Experimental
data may suggest that iodide is retained by GR-Cl via
ion exchange. At low ionic strength ([C1'] <0.1 M) the
sorption constant was Ra = 0.19 L/g and decreased to
zero with increasing iodide concentration in the range
0.8 pmol/L to 150 mmol/L. Within the pH range 7.5 —
8.5 there were no changes in the solid solution compo-
sition. The iodine K-edge was probed by XAS, data ev-
idenced the presence of six neighboring oxygen atoms
which indicates a chemical environment comparable to
that of hydrated I" in solution. This result hints at a rel-
atively weak interaction with GR octahedral sheet.
Finally, iodide-containing GR samples were trans-
formed into magnetite and the uptake was quantified.
Separately, iodide was contacted with preformed mag-
netite in suspension. No significant iodide uptake could
be evidenced in both types of experiments with mag-
netite. Findings suggest that the formation of magnetite
as steel canister corrosion product will not contribute
to substantial retention of iodide within the HLW-re-
pository near-field.



Actinide sorption by steel corrosion products

under saline conditions

Some countries consider salt rock as potential host rock
for a nuclear waste repository, among those being Ger-
many and the US. In case of unlikely case of ground-
water intrusion, the conditions in this repository type
are expected to evolve into reducing and mildly alka-
line with groundwater containing high salt content. The
interaction of trivalent americium and europium as a
chemical analogue to trivalent plutonium, prevalent
under very reducing conditions, with iron corrosion
products is described here. Strong sorption capacity of
RNs/pollutants and reducing power of Fe(II) contain-
ing minerals have been reported for low ionic strength
conditions [9-12]. However, there is clearly a lack of
sorption data for RNs under highly saline conditions
for relevant Fe corrosion products.

Relevant secondary phases (magnetite, iron(Il) hy-
droxychloride, trevorite (NiFe204) and chromium ox-
ide (Cr203)) have been identified previously in dedi-
cated corrosion studies [13]. Here, potential corrosion
products were synthesized and thoroughly character-
ized before performing Eu batch sorption experiments.
The Eu uptake was investigated in dilute to concen-
trated NaCl and MgCl: brines at room temperature un-
der anoxic conditions considering different Eu concen-
trations (5.1x1071% M, 1x107 M, 1x10° M).

For magnetite, data showed a strong Eu uptake with
the formation of a tridentate surface complex at pHwm of
8.0, with no significant ionic strength effect in dilute to
concentrated NaCl brines independent of the Eu con-
centration [14]. In dilute to concentrated MgCl» a small
reduction in Eu uptake was observed and attributed to
Mg and Eu competition for the surface sites compared
to NaCl brine with identical ionic strength.

Europium uptake by iron(II) hydroxychloride exhib-
its a strong reduction with increasing ionic strength in
MgCl> brines, especially at elevated pHwm. Uptake
above 90 % was observed for pHwm < 8.0 in dilute to
concentrated NaCl brines, with Eu concentration of
1x107 M and at a solid to liquid ratio of 1 g/L. For
identical Eu concentration and solid to liquid ratio, the
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Fig. 7: Sorption of europium [Eu] = 5.1-107 M as percent-
age uptake on iron hydroxychloride (1 g/L) as a function of
PpH)y and at different ionic strengths of MgCl,.

uptake in dilute MgCl2 brine was also above 90 % for
pHwm > 8.0, but in concentrated (3.26 M) MgCl: brine,
the uptake was only 30 % for pHwm = 8.0 (Figure 7).

The reason for this sorption reduction is not yet clear.

Possible explanations range from possible conversion
of the Fe solid phase to mixed Fe/Mg phases in MgClz
brines, with each phase having different sorption prop-
erties, to Mg competition for surface sites.
For trevorite and chromium oxide in dilute to concen-
trated NaCl brines, data showed a retention capability
comparable to that of magnetite, with a pHm dependent
uptake behavior at Eu concentration of 1-:10°> M and no
significant ionic strength effect independent of Eu con-
centration.

Overall, the investigated corrosion products have a
significant retention potential for trivalent actinides,
thus contributing to the immobilization of these RNs in
a repository near-field. The extent of retention seems
only marginally affected in dilute to concentrated NaCl
brines, while the reduction in uptake is limited in
MgCl: brines.

Influence of the heterogeneity of the sandy fa-

cies Opalinus Clay on radionuclide retention
In the process of finding a suitable host rock for a final
nuclear waste repository, one of the candidates is natu-
ral clay rock. The advantage of choosing clay rock lays
in its swelling capacity, which enables a self-healing of
formed cracks in the presence of water and in its reten-
tion capabilities towards radionuclides. The Opalinus
Clay (OPA) is the considered host rock for the Swiss
repository system. Here, samples from the Under-
ground Rock Laboratory (URL) Mont Terri are inves-
tigated.

The clay formations in Southern Germany are also
considered as potential host rock, alongside the lower
cretaceous clays in northern Germany, and further ter-
tiary clay formations. The OPA can be subdivided into
different facies, differing in composition and proper-
ties. These facies range from shaly over carbonate rich-
sandy to sandy. While the shaly facies shows a homo-
geneous distribution of its constituents, the sandy fa-
cies is quite heterogeneous. Due to this similarity to the
lower cretaceous clay, studies made on the heterogene-
ity of the sandy facies OPA can also yield important
information for the safety assessment of the before
mentioned potential clay host rock.

To attribute possible differences in radionuclide re-
tention properties to the heterogeneity and the resulting
differences in composition, a thorough characterization
of the bore core BMB-A7 (sandy facies OPA, Mont
Terri) was performed. XRF measurements were per-
formed at the terrachem GmbH Mannheim and at GFZ
Potsdam. This yielded SiO> concentrations of
65.2 £ 0.5 wt.% which is higher than what was previ-
ously reported [15,16]. The Al2O3 and CaO concentra-
tions are 9.59 = 0.1 wt.% and 6.86 £ 0.1 wt.%, respec-
tively, this indicates a higher quartz and a lower clay
mineral content in this bore core compared to the pre-
viously analyzed samples. To validate this assumption,
XRD measurements were performed. In addition to



powder measurements, samples treated with ethylene
glycol vapor and samples treated at 550°C were meas-
ured to gather information on the amount of swellable
clay minerals present (Fig. 8).
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Fig. 8: Diffractogram of the clay mineral area of 2—-22° 26.

Relative intensity of the differently conditioned samples

shown in greenish (without further treatment), red (ethylene

glycol treated) and black (temperature treated).

The resulting diffractograms were evaluated and quan-
tified with Rietveld analysis using the program code
TOPAS-64 V6, yielding a composition of quartz
50.7 + 2.6 wt.%, calcite 13.1 + 0.8 wt.% and clay min-
erals 22.4 + 1.0 wt.%, which is in good agreement with
the XRF data. The clay minerals are further divided
into 48 £ 5 wt.% illite/muscovite, 39 + 4 wt.% kaolin-
ite and 13 £1 wt.% chlorite. Thermal analysis con-
firmed the established mineral composition. Further
analytical methods used were BET, XPS, SEM-EDX,
MIP (mercury intrusion porosimetry) and Mossbauer
spectroscopy.

To investigate the influence of the heterogeneity on
the radionuclide retention, multiple powder samples
were prepared, differing in amount of clay minerals
and sand lenses present. 100 mg of each of these sam-
ples were analyzed with a N/C 2100S from Analytic
Jena GmbH for their carbon contents. While the TOC
remained steady across all samples with 0.6—
0.7 £ 0.1 wt.%, the TIC varied greatly from 1.7-4.4 +
1.2 wt.%. This is an indication, that the TOC is distrib-
uted evenly, while the TIC and thereby mostly the cal-
cite content is distributed heterogeneously. Further-
more, this proofs that the samples in fact have different
mineralogical compositions. The determination of the
CEC was performed with two different methods, the
compulsive exchange method and the Cu-Triene
method. The resulting CEC was 5.8 + 0.4 cmolc/kg, for
the clay rich sample and 2.2 + 1.4 cmolc/kg for the sand
lenses rich sample with both methods.

Batch sorption experiments were conducted to inves-
tigate the retention potential of the different samples.
50 mg of each sample was contacted with 5 mL of pore
water (I= 0.2 mol/L, pH 7.2 [17]). Afterwards they
were spiked with a tracer solution to reach a concentra-
tion of 2-107 mol/L and an activity of 1000 Bgq/mL of
Cs-137, Co-60 and Eu-152 respectively. After 7 days
of equilibration, the samples were centrifuged
(90.000 rpm, 30 min) and the supernatant analyzed via
y-spectroscopy. The resulting distribution coefficients
(Ra in L/kg) of the samples are reported in Fig. 9.
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Fig. 9: Distribution coefficients of the batch experiments of
sandy facies OPA (10g/L) in synthetic pore water
(I = 0.2 mol/L, pH 7.2 [17]) with 2-107 mol/L tracer concen-
trations.

Although the samples did show differences in their TIC
concentrations and CEC, only minor differences are
visible in the retention behavior. Firstly, the samples
ground under atmospheric and anoxic conditions show
no differences across all three tracer solutions. The
clay-rich samples show in general the highest retention
and the sand lenses rich samples show the lowest. This
effect is most pronounced for Cs*. Re-values for all in-
vestigated samples are within the range of the retention
behavior described in literature.

To further investigate the influence of the heteroge-
neity, more samples of smaller size (down to 1 cm?®)
were prepared and are currently being investigated.
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5 Applied studies: Radionuclide retention in the multi-barrier
system

Long-term safety of a deep geological repository for nuclear waste depends on a multi-barrier system which con-
sists of technical and geo-technical barriers such as the waste form, the canister, backfilling and sealing of the
mined openings as well as on the natural barrier function of the host rock. Currently, a series of applied studies on
various subsystems with respect to potential multi-barrier systems in argillaceous or crystalline host-rocks are
performed. These experimental and numerical studies cover a variety of components of the multi-barrier systems
such as spent nuclear fuel as waste form, bentonite as geo-engineered barrier material and the interface between
an iron-based canister and bentonite. Experiments are conducted on migration of radionuclides within bentonite
emplaced in granodiorite and radionuclide diffusion in Jurassic clay stone (i.e. Opalinus Clay, Switzerland). More-
over, the distribution of natural organic matter in Oligocene clay (i.e. Boom Clay, Belgium) and uranium speciation
in soils of a former uranium mine (i.e. Rophin mine, France) are analysed. In the context of dry interim storage of
spent nuclear fuel in surface facilities, the integrity of the cladding of fuel rods as technical barrier is investigated.

5.1 Highly radioactive waste forms
M. Herm, E. Bohnert, M. Béttle, R. Dagan, L. Iglesias-Peréz, T. Konig, M. Marchetti, V. Metz, A. Walschburger

Chemical analysis of fuel-cladding interfaces The integrity of the irradiated cladding tubes is the
of irradiated UOx fuel rod segments most crucial aspect regarding the safe handling and lat-
Introduction ter conditioning as well as relocating of the fuel rods

for ultimate disposal. Already during reactor operation,
In Germany, the current waste management concept

. X the chemical and physical properties of the nuclear fuel
foresees.the. direct dlSpOSEll. of spent Fluc,lear fuel (SNF) and cladding are significantly altered. The nuclear fuel
assemblies in deep geological repositories (DGR). Af- ) ¢ iy experience an elongation phenomenon due to
ter discharge from a nuclear power reactor, the SNF is

’ o the harsh irradiation conditions intertwined with a
CO(.)IC.d for several years in SNF pools. within thereactor .. ep of the cladding under external pressure [2].
building and subsequently loaded into dual-purpose

® x To some extent, the pellet structure will fracture due
casks (e.g., CASTOR®, GNS) for transport and dry in- ¢, ¢pe steep thermal gradient between pellet centre and
terim storage in surface facilities. However, due to sev-

: X X the inner surface of the cladding displaying a pathway
eral delays in the site selection process, as well as the g, y]atile fission products to be segregated to the pel-
estimated time for geological exploration, construction

S . let’s rim zone. Furthermore, the cladding is impaired
apd commissioning ofa DGR n Germany, aprolonga- by hydrogen involving effects e.g. the dissolution and
tion of dry interim storage is inevitable [1].

precipitation of hydrides into the zirconium matrix as

11 hydride induced embrittl t and delayed
Tab. 1: Characteristics and irradiation data of the examined we' as a yanice mcced embriftiement and delaye
hydride cracking [2, 3].

fuel rod specimen [5, 6]:

The fuel pellets are subject to a swelling effect owed

Reactor PWR Gosgen, Switzerland to the constant build-up of fission products during irra-
UOx fuel with 3.8% enrichment of diation, which ultimately results in the closing of the
23575 pellet-cladding gap and the pellet being in contact with

the cladding. This leads to the formation of an interac-
Pellet length = 11 mm

Fuel data tion layer between the nuclear fuel pellet and the clad-
Pellet radius = 9.11 mm ding, which displays an interface for chemically as-
Initial O/U ratio = 2.002 sisted degradation processes [3]. Moreover, the clad-
Density = 10.41 g/cm® ding is damaged by continuous irradiation of alpha-

. ] emitters near the pellet periphery [4].

Cladding  Zircaloy-4 In this study, we present results on the chemical com-
data Initial wall thickness: 0.725 mm position and possible enrichment effects of fuel-clad-
ding interface layers occurring between irradiated
Zircaloy-4 cladding and nuclear fuel. The insights and

Average burn-up: 50.4 GWd/tam

Number of cycles: 4 outcomes of this study are aimed at improving the
Irradiation Average linear power: 260 W/cm knowledge on chemically assisted degradation pro-
data Date of discharge: 27.05.1989 cesses, which are suspected to occur during (pro-
Full power days: 1226 days longed) dry interim storage.

Fission gas release: 8.3%

Materials and irradiation history
The examined fuel fragments and Zircaloy-4 cladding
segments were sampled from a high burn-up UOx fuel
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in ownership of KIT-INE. Fuel characteristics and ir-
radiation history are given in Table 1. The fuel was ir-
radiated in a light water reactor (LWR) during the
1980s with a cooling time of approximately 32 years.

Experimental and analytical methods

Samples of the SNF were obtained by dry cutting an
approximately 2 mm thick disk using a low speed saw
(IsoMet, 11-1180, Buehler Ltd.) equipped with a dia-
mond wavering blade (IsoMet, 15LC, Buehler Ltd.)
and selectively defueling of the specimens by means of
a piston. Figure 1 depicts exemplarily the cutting pro-
cess and the partly defueled high burn-up UOx fuel
disk. From the defueled Zircaloy-4 disk, fragments
originating from the closed gap were taken for radio-
chemical inventory determination. Masses and dose
rates of the specimens were determined with an analyt-
ical balance (Entris 623-18S, Sartorius, Gottingen, Ger-
many) and a gamma probe (6150AD-15/E, Automation
und Messtechnik, Ladenburg, Germany) located inside
the hot cell connected with a dose rate meter (6150AD,
Automation und Messtechnik, Ladenburg, Germany).
For inventory analysis of the UOx fuel, two-millimetre
sized fragments from the closed gap with a contact
dose rate of approximately 6 mSv/h and a weight of
0.028 £0.001 g and 0.031+0.001 g (see figure 2)
were digested in a mixture of 30% H20» and saturated
(NH4)2CO;3 as described in [7]. Digestion of the UOx
fragments was carried out for five days in either a flask
or an autoclave for additional gas phase analysis and
the (radio-)nuclide inventory was determined by vari-
ous analytical methods.

Determination of fission gases, Kr and Xe in the gas
phase was carried out by means of a gas-sampling cyl-
inder (SS-4CS-TW-50, Swagelok, USA) which was
connected to the autoclave from the backside of the hot
cell. Measurements were performed with a gas mass
spectrometer (GAM400, InProcess Instruments, Bre-
men, Germany) equipped with a secondary electron
multiplier for low concentration measurements.

For y-emitting fission products and minor actinides e.g.
134/137CS, 241Am, 154/155Eu, IZSSb aIld 129L measurements
were conducted utilising a high-resolution -

Fig. 1: Cutting of 2mm UOx fuel disk and eueled cladding
specimen.

spectrometer (GX3018, Canberra Industries Inc.,
USA) equipped with an extended range coaxial Ge de-
tector. Calibration of the device was performed with a
certified multi-nuclide standard (Mixed Gamma 7600,
Eckert & Ziegler, Strahlen- und Medizintechnik, Ber-
lin, Germany) and evaluation of the obtained data was
carried out with the Genie 2000 software (Canberra In-
dustries Inc., USA). Aliquots of one millilitre were
sampled from the digestion liquors prior and after
chemical separation of other radionuclides and meas-
ured in APEX screw-cap microcentrifuge tube vials
(2 mL, polypropylene, Alpha Laboratories Ltd., UK)
with a relative efficiency of the device in the range of
>30%.

For B-emitting activation and fission products such as
36Cl1, I or *°Sr, liquid scintillation counting (LSC)
measurements were performed after separation from
interfering radionuclides. LSC analysis was performed
by mixing up to 3 mL of sample solution with 10 mL
scintillation cocktail (ProSafe HC+, Meridian Biotech-

Fig. 2: Selected UOx fragment from the closed gap for inven-
tory analysis.

nologies Ltd., Tadworth UK or Ultima Gold LLT/XR,
PerkinElmer, USA) in Polyvials (HDPE, Zinsser Ana-
Iytic, Eschborn, Germany). Measurements were per-
formed with an ultra-low-level spectrometer (Quantu-
lus 1220, Wallac Oy, PerkinElmer, USA).

In addition, the actinide inventory e.g. 32U, 2*'Np,

238/239/240/241/2421)11, 241/243Am, 244Cm’ Of the Obtained SO-
Iutions was determined by means of sector field induc-
tive-coupled plasma mass spectrometry (ELEMENT
XR, ThermoFisher Scientific, USA). At this, samples
were diluted by a factor of 1000 with 2% HNO:s.
The applied separation techniques in this study include
extraction chromatography for e.g. 3*Cl and *°Sr [8, 9],
precipitation of caesium isotopes with ammonium mo-
lybdophosphate [9], as well as separation by liquid-lig-
uid extraction for %I [9]. Ultimately, the radiochemi-
cal inventory was compared to theoretical results ob-
tained by MCNP/CINDER and webKORIGEN calcu-
lations [10, 11].



Results and discussion

Table 2 shows the experimentally determined invento-
ries of various fission products derived from the analy-
sis of the alkaline digestion liquor of UOx fuel frag-
ments originating from the closed gap in comparison to
the calculated inventories. In general, a good agree-
ment of both values, experimentally determined and
theoretically calculated (E/C), can be seen. The devia-
tion between both values can be explained to some ex-
tent by the sampling process of the SNF fragment, as
the thickness of the rim layer is only about 100 um as
stated by Grambow and co-workers [11].

For %I (and to some extent for *’Cs) a possible rim
enrichment is apparent, resulting from the possible mi-
gration of iodine from the pellet centre to the pellet pe-
riphery and precipitation as Csl during irradiation.

In case of the uranium isotopes and various minor ac-
tinides an enrichment in 2*'> Am can be seen as table
3 depicts. For 2! Am the decay of non-fissioned 2*!Pu,
which had been segregated to the rim, has to be taken
into account as described in Grambow et al. [11].
Table 4 shows the fission gas inventory of an UOx fuel
fragment from the closed gap in mol/guo2. For the
xenon isotopes, a good agreement with the calculated
values is depicted, yet due to a possible contamination
of the argon gas with krypton traces, the results for the
krypton concentration might be skewed.

Summary and conclusion
So far, the aim of this study is to provide further insight
in possible enrichment effects of fission products and
minor actinides within the fuel-cladding interface layer
of irradiated LWR fuel with respect to the integrity of
SNF under the conditions of dry interim storage. Since
some fission and activation products such as *°Cl, '#1
and the caesium isotopes are able to embrittle the
Zircaloy cladding via a stress corrosion cracking mech-
anism, a profound knowledge on their speciation and
distribution within the fuel-cladding interaction layer is
of great importance.

Experimental results for the radionuclide inventory
are in general in good accordance to the theoretical

obtained values by means of MCNP/CINDER and
webKORIGEN calculations.

In case of '?°I, which is expected to be present as CsI,
an enrichment effect in the pellet periphery and clad-
ding adherent region is observed.

Determination of the irradiation damage pro-
duced in the cladding by the actinide’s alpha-
decay in thirty years

Introduction

In the context of the Spent Nuclear Fuel (SNF) struc-
tural integrity studies, it is pivotal to consider that high
burnup fuels at discharge have pellets fully in contact
with the cladding. The consequence of this phenome-
non is the determination of chemical and mechanical
interactions between the pellet and the cladding, which
increase the stress the cladding has to withstand during
dry cask interim storage and beyond.

The pellet-cladding contact, moreover, exposes the
inner surface of the cladding to the actinide’s alpha de-
cays, which produce irradiation damage and may con-
tribute to deteriorating the cladding physical and me-
chanical properties.

Irradiation damage during dry interim storage is par-
ticularly important if one considers that the tempera-
ture decreases and may reach 313.15 K after fourty
years and even room temperature after 100 years of sto-
rage [12]; hence thermal annealing is not expected.

The accumulation of irradiation damage during about
thirty years of storage was investigated along radial po-
sitions between the inner and the outer diameter of an
irradiated Zircaloy-4 cladding in terms of displace-
ments per atom (dpa).

Materials and Methods

The considered cladded UOx pellet belongs to a PWR
fuel rod segment having an average burnup at dis-
charge of 50.4 GWd t'um (Table 1).

Displacements per atom (dpa) were calculated by
means of FLUKA-2020.0.10 Monte Carlo code to-
gether with FLAIR 2.3-0 advanced graphical interface
[13-15].

Tab. 2: Comparison of experimental and theoretical fission product inventory in the rim zone of alkaline digested UOx fuel.

NSy [Bq/gum]

21 [Bq/gnml

137Cs [Bq/guml]

154y [Bg/gum]

I55Fu [Bg/gum]

experimental

2.00(:0.46)x10°

2.40(£0.26)x10°

3.40(x0.14)x10°

3.03(0.03)x 107

3.25(x0.04)x 10°

calculated

2.04x10°

2.70x103

4.16x10°

5.73x107

3.32x10°

ratio (E/C)

0.98 +0.23

0.89+0.10

0.82 +0.05

0.53 +0.05

0.98 +0.10

Tab. 3: Comparison of experimental and theoretical uranium and various minor actinides inventory in the rim zone of alka-

line digested UOy fuel.

35U [Bq/guml

38U [Bq/guml

MAm [Bq/gum]

M3Am [Bq/gum]

experimental

3.52(20.20)x 107

1.16(£0.05)x 107

2.71(£0.07)x10°

3.32(+0.40)x 10°

calculated

3.34x10?

1.15x10?

4.17x108

4.77x10°

ratio (E/C)

1.03 £ 0.06

1.01 £0.04

0.65£0.07

0.70£0.1

Tab. 4: Comparison of experimental and theoretical fission gas inventory in the rim zone of alkaline digested UOx fuel.

Krotal [mol/guoz]

Xetotal[Mmol/guoz]

experimental 3.25(x0.04)x10° | 4.51(0.03)x10°3
calculated 4.84x10° 4.85x107
ratio (E/C) 6.71=0.08 0.93 £0.01
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The geometry used is depicted in Fig. 3, where a pel-
let of irradiated UO2 (11.5 mm of height) is
surrounded by Zircaloy-4 cladding (inner diameter is
9.28 mm and outer diameter is 10.75 mm). The
radioactive source possesses a cylindrical geometry
and is in contact with the cladding.

The actinides are selected by using the ISOTOPE
op-tion in the BEAM card and the radioactive
decay is followed by means of a Monte Carlo
semi-analogue mode: the decay times and the type of
decay are rand-omly sampled according to the
radionuclide specific decay-probability.

The considered time interval is 1.01x10°s, which
correspond to about 32 years elapsed from the end of
irradiation in May 1989.

The dpa calculations are based on the modified Kin-
chin-Pease damage model and implement a correction
factor derived from molecular dynamics, which consi-
ders the higher damage recombination probability
when the primary knock-atom kinetic energy increases
[16].

The dpa obtained per 1 Bq are successively norma-
lised on the basis of the actinide’s activity at the peri-
phery of the pellet.

Geometry pellet FLUKA

0.5

-0.5

-1

-1 -0.5 0 0.5

Fig. 3: Schematic of the pellet which represents the geometry
created with FLAIR 2.3-0. The target represents the Zircaloy
cladding while the orange area is the uranium dioxide pellet.
The green area illustrates the void around the pellet.

0.15 .

Il dpa generated by decay of **Cm
with 2< x <6

0.000

0.005 0.010 0.015 0.020

fractional radial position

0.025 0.030

Fig. 4: Displacements per atom produced by the Cm isotopes
(?*2Cm—*°Cm) inside the Zircaloy-4 cladding. The positions
are indicated as fractional radial position starting from the
inner surface.
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Results and discussion

According to the calculations, > Am and ***Am pro-
duce less than 8x107 dpa, while the Pu isotopes (3**Pu—
242Py) produce about 5x107 dpa on the inner surface of
the cladding. More important contribution to the dis-
placements per atom derives from the Cm isotopes
(**Cm-2**Cm): on the cladding inner surface the dpa
are more than 1x10! dpa (see Fig. 4). The displace-
ments per atom produced by the Cm isotopes penetrate
more in depth and reach the 0.025 fractional radial po-
sition (in comparison with 0.022 of Am and Pu iso-
topes).

Summary and conclusion

The results obtained highlight how the irradiation dam-
age occurs mainly on the inner surface of the cladding
and does not penetrate more than 3% in depth (as ex-
pected considering the short range of the alpha particles
in matter).

However, this region corresponds to the area where
interactions between the pellet and the cladding are es-
tablished and the impact on the physical and mechani-
cal properties (together with the effect of the hydrides)
needs to be singled-out.

Leaching of irradiated MOX fuel in bicar-
bonate water and hydrogen overpressure

Introduction

In safety assessments for disposal of spent nuclear fuel
in a deep geological repository, water access, consecu-
tive failure of canisters and loss of integrity of fuel
cladding is considered in the long-term. In this context,
it is indispensable to evaluate the contribution of fis-
sion products and gases to the instant release fraction
(IRF). This fraction consists of mobile radionuclides
with low retention tendency and contributes signifi-
cantly to the calculated doses arising from release in an
deep underground repository.

Materials and irradiation characteristics

In the present study, irradiated mixed oxide fuel
(MOX) pellets with cladding were sampled from a fuel
rod segment, which was irradiated in the pressurized
water reactor Obrigheim (Germany) during the 1980s.
The fuel rod achieved an average burn-up of 38.0 GWd
t'um and an average linear heat generation rate of 200
W-cm™!. The fuel was initially enriched with 3.2% Pu.
Static leaching experiments under 40 bar Ar/Hz over-
pressure (p(Hz2) = 3.2 bar) were performed with a clad-
ded pellet and decladded fragments of the sampled
spent MOX fuel in bicarbonate water (19 mM
NaCl + 1 mM NaHCOs). The experiments were peri-
odically sampled and solution aliquots and gas phases
were analyzed for IRF. The cumulative release of the
fission gases (Kr + Xe) as well as the release of *Sr,
137Cs, 1%, ®Tc and 2*8U were determined over a period
of > 1000 days of leaching under anoxic/strongly re-
ducing conditions.



Results and discussion

A relatively fast release of volatile radionuclides such
as ¥7Cs and %I, compared to predominately matrix
bound elements such as *°Sr and *Tc¢, possibly due to
fast dissolving '3’Cs and '*°I bearing fraction in irradi-
ated MOX samples, is seen in Fig. 5. All fission prod-
ucts approach towards a so-called concentration plat-
eau after about 200 days of leaching. The data obtained
in the present study is in good agreement with data ob-
tained for high burn-up spent UO: fuel also leached in
bicarbonate water and argon/H> atmosphere [17].

40 bar Ar/H, MOX cladded pellet
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Fig. 5: Molar concentration of fission products released into
aqueous solution from spent MOX fuel compared with data
obtained for spent UO; fuel [17].
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5.2 Geo-engineered barrier materials
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Introduction

Natural bentonite is envisaged to be used as engineered
barrier for deep geological repositories (DGR) of high-
level radioactive waste in, e.g., crystalline or argilla-
ceous rocks [1-3]. In these type of host rocks, emplace-
ment of iron-based canisters containing spent nuclear
fuel rods or vitrified high level waste products are
planned, with bentonite surrounding the canisters as a
backfill and buffer material. In some scenarios of
safety assessment studies for DGR in crystalline rocks,
these canisters are considered to be sealed tight for
some thousands of years before an intrusion of glacial
melt water through fractures in the host rock is ex-
pected to increase their corrosion. Following to corro-
sion of the canisters, radionuclides would be released
from the waste package into the bentonite. Moreover,
the intrusion of groundwater would lead to the swelling
and the erosion of the bentonite [4], with consecutive
formation of bentonite colloids that would act as carrier
for radionuclides, increasing their mobility. Therefore,
there is a need to study the processes of radionuclide
diffusion through the bentonite, bentonite erosion and
the colloid-associated radionuclide migration in order
to assess its long-term barrier function.

Long term bentonite erosion experiments in
an artificial fracture: Radionuclides diffusion

in FEBEX bentonite

At the KIT-INE laboratories, FEBEX bentonite erosion
experiments have been conducted in an artificial hori-
zontal fracture set-up (mock-up experiments) to simu-
late the intrusion of groundwater in the near-field of a
repository with bentonite as geo-engineered barrier. A
ring of compacted bentonite (40 mm inner diameter, 80
mm outer diameter, 25 mm height) was emplaced be-
tween two Plexiglas plates spaced by a 1 mm height
aperture to simulate a parallel fracture around the ben-
tonite. Groundwater of the Grimsel Test Site, pumped
through the fracture at a flow rate of 50 pL/min, led to
bentonite swelling and formation of a gel in the aper-
ture [5]. Coarse grains of accessory minerals of various
colors were visible in this gel and sampled for SEM-
EDX and XRD analysis. Some minerals that were orig-
inally present in the bentonite (i.e. gypsum) were not
identified, suggesting a dissolution of these minerals —
in agreement with SO4 concentrations in the collected
water samples — while some other secondary phases
were formed in the ring (i.e. pyrite as seen in Fig. [).
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Fig. 1:Formation of pyrite in the bentonite gel evidenced by
SEM-EDX.

A similar experiment was performed with Zn-labelled
montmorillonite, a cocktail of radionuclide tracers
(containing 2*'Am(III), *"Cs(I), 2**Pu(IIl), **Ca(Il),
3Se(1V), PTc(VIND), 23U(VI), Z'Np(V)) and a con-
servative tracer, Amino-G, that were mixed with a ben-
tonite slurry and inserted in open glass vials within the
bentonite. This experiment was carried out in an argon
glove box. In the collected effluent, analysis of col-
loids, elemental composition and radionuclide break-
through were carried out [3]. The Plexiglas box con-
taining this radioactive mock-up test was opened after
ca. 5 years from the end of the experiment for post mor-
tem analysis. The bentonite ring and gel were pre-
served as two samples of the same size that adhere onto
the two Plexiglas plates (top and bottom plates of the
Plexiglas box as seen in Fig. 2).

Fig. 2: Post mortem picture of the FEBEX experiment con-
taining the radioactive tracer cocktail. Autoradiography of
the bentonite ring on the right.

Two of the vials were found intact and the two others
broken due to the pressure rise during the experiment.
Autoradiography was performed on the ring to detect
gamma emitters radionuclide tracers (namely 2*'Am
and '3’Cs). Two different types of diffusion distances
were identified as shown in Fig. 2. For the intact
vial, the radionuclides were still mostly contained in
the vial, with a diffusion at a millimeter scale around
the vial. In the case of the broken vial, the
radionuclides were diffusing further away from the
source at a centi-meter scale. Cutting of the sample
into ca. 100 pm



slices by abrasive peeling and desorption of the radio-
nuclides with concentrated nitric acid will be per-
formed in order to investigate with (SF)ICP-MS the
diffusion profiles of the radionuclides through the ben-
tonite.

Radionuclides mobility and diffusion in

FEBEX bentonite

The results of the mentioned mock-up experiments in
artificial fracture can be compared to the ones of the
Long-term In situ Test (LIT) experiment that was per-
formed at the Grimsel Test Site in Switzerland. The
LIT experiment started in 2014 and ended in 2018 and
consisted of compacted bentonite (FEBEX and Zn-la-
belled montmorillonite) spiked with glass vials con-
taining the same radionuclide tracer cocktail than the
laboratory experiments. The compacted bentonite rings
were emplaced into the granodiorite host rock in a wa-
ter-conductive migration shear zone. Three dedicated
boreholes were used to monitor the transport of radio-
nuclides and the results are described in Chapter 5.4 of
this report.

For the post mortem analysis of the experiment, the
granodiorite containing the bentonite rings was over-
cored and cut into slices. The first LIT sample, which
consists of a disk of the granodiorite core (30 cm diam-
eter and 3 cm thick, taken 15c¢cm from the bentonite
rings spiked with the radionuclide tracers) and contains
a bentonite ring was used to test the sampling proce-
dure for the analysis of the active LIT samples. The
bentonite ring was cut out from the granodiorite using
an oscillating multi-tool saw. Samples were then
drilled from the bentonite ring to obtain fine powder
specimens. Investigation of the mineralogical compo-
sition with SEM-EDX and XRD showed the presence
of minerals containing copper and sulfur in addition to
similar minerals present in the mock up experiment.
The powder bentonite samples were successively di-
gested with hydrofluoric acid and aqua regia and sub-
mitted to (SF)ICP-MS for elemental composition anal-
ysis. Some residues left undissolved after the digestion
were analyzed using SEM-EDX and showed that they
are mainly composed of ZrSiOs and TiO2, known to be
refractory minerals. In the dissolved fraction of the
bentonite samples, the actinide tracers were always be-
low the detection limit of (SF) ICP-MS, equal to ~10
fg/ml. The elemental composition of these LIT samples
was then compared to pristine bentonite that was not
used in the experiment. The main difference observed
is linked to the copper, manganese and vanadium con-
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tent (Table I). These elements had a higher concentra-
tion in the bentonite sample 2 taken in the vicinity of
the carbon steel mandrel — at ca. 3 mm — compared to
sample 1 taken in the middle of the bentonite ring — at
ca. 1 cm from the carbon steel mandrel — as well as to
the pristine bentonite sample, suggesting a diffusion of
these elements from the carbon steel through the ben-
tonite.

Table 1: Concentrations of copper, iron, manganese and va-
nadium in two LIT bentonite samples and in pristine benton-
ite determined by (SF)ICP-MS after digestion in hydrofluoric
acid and aqua regia. Sample 1 was taken in the middle of the
bentonite ring when sample 2 was taken in the vicinity of the
carbon steel mandrel.

Cug/gof  Pristine Sample 1 Sample 2

bentonite  Bentonite (ca. 10 mm from  (ca. 3 mm
the carbon steel  from the car-
mandrel) bon steel

mandrel)

14 17.1+£0.3 12.8+0.4 332+0.2

Mn 3241+32 208.8+2.1 854.5+2.9

Fe 30205.7 £ 229448 £160.6  37070.9 +

205.4 189.1
Cu 153+0.7 15.1+£0.6 43.4+03

This LIT sample was also be used to refine the abrasive
peeling procedure that will be used to cut the spiked
bentonite into thin sections of ca. 100 um in order to
obtain diffusion profiles of the radionuclide tracers.

These results will allow for a comprehensive under-
standing of the mechanisms of radionuclide mobility
through a bentonite geotechnical barrier.
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Introduction

The influence of colloidal/nano-scale phases on the ra-
dionuclide solubility and migration behavior is of con-
cern for the safety assessment of a nuclear waste repos-
itory [1], [2] or for the assessment of environmental im-
pacts of old nuclear-industrial sites after and during re-
mediation or decommissioning activities. The long-
term goal of our group, following a bottom-up ap-
proach, is:

> To identify the relevant repository-specific
processes of colloid formation ("eigen" colloids, pseu-
docolloids from backfill material or host rock, pseudo-
colloids from secondary phase formation).

> To determine the stability of inorganic and or-
ganic colloids as a function of essential geochemical
parameters (pH, Eh, ionic strength, DOC) on long time
scales (> several years).

> To analyze the influence of colloidal phases on
radionuclide migration in close to reality systems based
on i) laboratory and underground laboratory experi-
ments and ii) natural sample analysis.

The process understanding gained at the molecular and
macroscopic level will be used to develop new geo-
chemical models and to optimize existing models that
allow a prediction of colloid stability and colloid-borne
radionuclide migration under natural geochemical con-
ditions. The final goal is to implement our experimental
data into reactive transport modelling codes.

Our work requires accordingly the use and develop-
ment of highly sensitive and sophisticated analytical
techniques (see chapter 8 and hereafter).

Our present activities are conducted with the support
and in close collaboration with international nuclear
waste management agencies (ONDRAF / NIRAS, Bel-
gium; NAGRA, Switzerland), in the framework of sev-
eral projects like the BMWi project KOLLORADO-¢3
(see chapter 5, §5.2). We are actively part of the Euro-
pean Campus EUCOR via the funding we received for
a SEED Money project (https://www.eucor-
uni.org/en/research/networks-and-projects/c4-pon-) in
collaboration with our partners from Strasbourg and
Mulhouse (France). In addition, we are developing
strong partnership and collaborative work with our
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partners from Nantes (France) involved in activities de-
voted to the characterization of a former uranium-min-
ing site (Rophin, Auvergne, France).

The collaboration with the ONDRAF/NIRAS
agency is related to the characterization of natural or-
ganic matter (NOM) derived from different layers
within the Belgian Boom Clay (BC) formation and
their interaction with radionuclides [3].

Experiments performed in the framework of the
BMWi project KOLLORADO-e3 are closely related
to the CFM (Colloid Formation and Migration) project
performed in the Grimsel Test Site (GTS) in the frame
of the Phase VI (www.grimsel.com/gts-phase-vi/cfm-
section). Research on the stability of the geotechnical
barrier under glacial melt water conditions and the po-
tential release of bentonite colloids constitutes the sci-
entific goal of the CFM project.

Our EUCOR-SEED Money project named C4-
PON (Feb.2020-Jan.2022), consisted in the establish-
ment of a Cross-border Competence Center for the
Characterization of (micro) POllutants and their (in)or-
ganic Nanovectors around decommissioning sites. We
could start despite the COVID-19 by the collection and
analysis of samples from the Grand Canal of Alsace and
the Old Rhine, around the Fessenheim Nuclear power
plant site, located in Alsace, France [4].

ROPHIN is one of the 17 storage sites for uranium
mining residues produced in France during the 20™ cen-
tury. Between 1948 and 1957, the mechanical leaching
of some 44,625 tons of ore produced 33.9 tons of ura-
nium. About 30,000 tons of mine waste are now stored
at the site of former Rophin mine and covered by veg-
etation [5]. Understanding the fate of radionuclides
near a former uranium (U) mine is of great importance
given both the potential enhancement of environmental
dose rates and the transfer of radionuclides into ecosys-
tems. All information on the geochemical speciation
and dynamics of U in soils for regulating U transfer into
other environmental compartment is therefore of major
interest [6].

In this chapter, we report on 1) the finalization of a
bentonite erosion study [7], 2) the acquisition and the
use of a new and highly sophisticated analytical tech-
nique named LC-OCD-UVD-OND coupled to our new
iCAP-ICPMS which is presently unique, to the best of
our knowledge.



Bentonite clay erosion study [7]

Potential erosion processes of bentonite, planned to be
used as a backfill material in some deep geological re-
positories (DGR) in argillaceous and crystalline host
rocks, have to be clearly understood in order to properly
assess its long-term barrier function for certain scenar-
i0s. The objective of this work was to determine the dy-
namic of bentonite erosion, which may occur during pe-
riods of glaciation [8]. Na-exchanged, Na-Ca-ex-
changed, Ca-exchanged and raw bentonite were stud-
ied, which cover different potential materials used for
backfill and different stages of cation loading via cation
exchange processes upon contact with groundwater of
different composition. To this end, erosion experiments
were carried out with highly compacted bentonite con-
fined by a porous filter (20 um) under dynamic condi-
tions simulating the presence of a hydraulically active
fracture filled with fault gauge and fracture filling min-
erals (Figure 1).

Collection and analyse: Collection and analyses

Filter plate

Compacted clay

SGW

Fig.1: Scheme of a double-side reactor used for the erosion
experiments with a synthetic ground water (SGW) [7].

The < 500 pm size fractions of untreated MX80 ben-
tonite and after Na- or Ca-homoionization, were used.
Two compacted clay pellets (1.6 + 0.1 g/cm?) of identi-
cal composition were placed in separate compartments
of double-side reactors. Post-mortem visual inspection
and the observed washout of water soluble MX80 com-
ponents indicated full equilibration of the bentonite
with simulated groundwater taking place during the ex-
periment. The erosion was investigated by circulating a
low ionic strength (1.6 10 M) water at pH 8.4. Ben-
tonite swelling was confined by stainless steel filter
plates.

The erosion (clay colloid detachment) via a low min-
eralized groundwater flow was quantified by determin-
ing an average eluted mass loss rate (AMLR). AMLR
values integrated over 1466 days (4 years) erosion time
for the raw MX80 bentonite, the Na-MX80 and the Na-
Ca-MX80 are at 0.019 £+ 0.003 kg/y/m?, 0.245 + 0.007
kg/y/m? and 0.10 £ 0.02 kg/y/m?, respectively. Only by
the sensitive ICP-MS analysis of clay-bound Th and U
a tiny detachment of particles from Ca-MX80 could be
identified, which shows the highest resistivity against
erosion (0.004 + 0.002 kg/y/m?). The experiments
pointed to the swelling pressure as main driving force
for colloid generation. A possible inhibiting effect of
accessory minerals on erosion can also be deduced
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from this study. Assuming erosion via a groundwater
flow from a single fracture intersecting a deposition
hole filled with raw MX80 bentonite at an angle of 90°
and with a fracture aperture of up to 200 pum, the present
estimations indicated that under the given scenario the
mass loss limit of 1200 kg bentonite will not be reached
during the first 10° years.

New experiments are on-going to examine in more
details the role eventually played by the accessory min-
erals naturally present in the bentonite clay.

On our new LC-OCD-UVD-OND coupled to

our new iCAP-ICPMS.

The LC-OCD-UVD-OND (Figure 2, right) is a liquid
chromatography setup coupled on-line to an organic
carbon detector (OCD), a UV-Vis detector (UVD) and
an organic nitrogen detector (OND). This method is es-
tablished for years [9] and with it, the pool of NOM is
separated into major fractions of different sizes and
chemical functions. It allows the identification of the
class of compounds (biopolymers, humic substances
(HS), low molecular weight compounds...) and the
quantification of the (in)organically bound (e.g to bi-
opolymer or HS, colloids or nanoparticles..) and of the
inorganic (ammonium, nitrite, urea) nitrogen.

Fig.2: The hyphenated LC-OCD-UVD-OND equipment
based on the liquid chromatography principle coupled to our
new iCAP-ICPMS detector (KIT-INE, Status July 2021).

In brief (see www.doc-labor.de for all details), the first
detector after chromatographic separation (column:
250 mm x 20 mm, TSK HW 50S) is the UV detector
(UVD type S-200, Knauer, Berlin, Germany), non-de-
structive, measuring at a fixed wavelength (presently
225 nm). Afterwards the carbonates present initially in
the solution are transformed into carbonic acid by acid-
ification and then removed. The carbon detection is
achieved by the use of a Gréntzel thin-film reactor
based on UV oxidation. For nitrogen detection, a side
stream is diverted after UVD and enters a helical, fused
silica capillary comprising an UV-emitting lamp. Or-
ganically and inorganically bound nitrogen are con-
verted into nitrate while primary nitrate remains unal-
tered. Nitrate absorbs strongly in the deep UV-range. It



is detected at 220 nm by another UV detector (K-2001,
Knauer, Berlin, Germany), named the OND. For data
acquisition and data processing, a customized software
program is used (ChromCalc, DOC - LABOR, Karls-
ruhe, Germany). The amount of samples injected may
vary from 0.5 mL up to 6 mL at once. An on-line filtra-
tion at 450 nm is systematically done before each sam-
ple injection into the column. Measurements are usu-
ally done 3 to 6 times successively thanks to the use of
an auto-sampler. The reported detection limit (LOD)
lies in the range 0.5-50 pgc/L (ppb), according to the
compound analyzed. The use in parallel of an OCD and
a UVD allows to determine the specific UV absorption
(SUVA) of the fraction(s) analyzed at the wavelength
selected (225 or 254 nm). The SUVA value is consid-
ered as a measure of the aromaticity of the fraction un-
der interest considering that the response in the UVD
reflects the presence of aromatic and unsaturated struc-
tures.

The additional coupling to an Inductively Coupled
Plasma Mass Spectrometer (ICP-MS) allows the detec-
tion of the inorganic elements associated to the individ-
ual compounds (fractions), at trace levels. To the best
of our knowledge, the hyphenation proposed nowadays
at INE (Figure 2) is unique.

As requested by the ONDRAF/NIRAS agency, we
are characterizing the natural organic matter (OM) pre-
sent in Boom Clay pore water (BCPW). The BCPW
were collected in the HADES undergroud laboratory
(Mol, Belgium) from various piezometers, at different
depths, in October 2019 (before COVID-19 events).
Exemplarily here, we present (Figure 3) the mean LC-
OCD-UVD-OND chromatograms obtained after three
successive injections of each BCPW.

The chromatograms are very reproducible and
strongly correlated. The first peak at 7’ is the bypass
peak (column by-passed). The working range of the LC
column lies between 26’ and 65°. It is calibrated 1) in
molecular weight (MW) and in size via the use of hu-
mic substances (HS) standards from the International
Humic Substances Society (IHSS, Saint Paul, USA)
and polystyrene sulfonate sodium salts standards (Na-
PSS, Polymer, Mainz, Germany); 2) in C and N con-
centration with potassium phthalate and nitrate solu-
tions.

As calculated with the Chromcal software, the total
NPOC content varies between the two BCPW (Tablel).

NPOCror | NPOCus | SUVAms DONns
(mgc/L) (mgc/L) (@ 225 (pgnL)
nm)
EGBS 87+ 1 47+3 6.2+0.3 94 +1
SPRING 57+1 36+ 1 59+03 80+ 1

Table 1: Some results accessible after LC-OCD-UVD-OND
analysis

Both BCPW contain HS-like fraction, i.e. eluted be-
tween 35° and 45° with a clear correlation between the
OCD and the UVD signals. This fraction is rather sim-
ilar from one BCPW to the other. It is below 3 kDa ac-
cording to the calibration of the column. Interestingly it
represents 65-70% of the total NPOC in SPRING and
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50-55% of the total NPOC in EGBS (Table 1), in agree-
ment with additional ultrafiltration results (data not
shown). Nitrogen is clearly present on the HS-like frac-
tion as seen by the good correlation between the OC
and ON chromatograms. A similar N/C ratio is reported
for the HS-like fractions present in SPRING or EGBS.
The detection of an UV peak at the exclusion limit (~
26’) only in the case of the EGBS BCPW indicates the
presence of bigger-sized particles like some inorganic
colloids. A common OCD and UVD peak occurring at
53’ indicates the presence of LMW compounds fre-
quently observed in the presence of OM. It might reveal
the occurrence of degradation products. This is plausi-
ble after a long storage time (more than 18 months) and
consistent with the presence of OND peaks at ~ 80’ and
87’ corresponding to the elution of urea and ammo-
nium.

The present equipment identifies and confirms [3]
some singularities between the two BCPW. This has
consequences on the radioelement migration statement
in the BC formation as the BCPW are sampled at dif-
ferent depths. On-going activities concentrate on the
Nb and Pa interaction and distribution with the BCOM.
Boom Clay Pore Waters
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Introduction

At KIT-INE, laboratory experiments with radiotracers
and clays / clay rocks are conducted in order to deter-
mine diffusion parameters of safety-relevant radionu-
clides under a wide range of conditions. This applied
research delivers transport parameters which contrib-
ute to safety assessment studies for nuclear waste re-
positories in argillaceous or crystalline host rocks. Ad-
ditionally, fundamental processes underlying the inter-
action of ions with the porous material during diffusion
are investigated.

Since July 2018, the Helmholtz Association is full
partner of the underground rock laboratory (URL) in
Mont Terri, Switzerland, in connection with the Integ-
rity of Nuclear Waste Repository Systems — Cross-
Scale System Understanding and Analysis (iCROSS)
collaborative project. In addition, INE collaborates
with international partners on field-scale diffusion ex-
periments (DR-C) as well as initiated its own in situ
diffusion experiment (DR-D) at the Mont Terri URL.
One of the laboratory scale diffusion experiments is de-
scribed in the next section.

Furthermore, INE contributes since 20 years to the
research at the Grimsel Test Site (GTS), the URL lo-
cated in the granodiorite rock of the Aar Massif in
Switzerland and managed by NAGRA. As a partner of
the international consortium of the CFM Project, INE
is involved in the latest in situ radionuclide tracer test
carried out at the GTS, the Long-term-In-situ-Test
(LIT) to investigate diffusion of radionuclide tracers
through compacted bentonite and their consecutive mi-
gration through water-conductive fissures and fractures
in granodiorite rock. The breakthrough of the radionu-
clide tracers in the frame of the in situ LIT experiment
is presented in the next section.

The results are also exchanged with other scientists
working in the field of clay diffusion and transport in
crystalline rocks in the EU Horizon 2020 project
EURAD, work package FUTURE (Fundamental un-
derstanding of radionuclide retention).

Diffusion of U(VI) and Am(III) through Opa-

linus Clay studied down to ultra-trace levels

Laboratory scale in-diffusion experiments were con-
ducted with samples of the shaly facies of Opalinus
Clay (OPA; borehole BLT-14, drilled parallel to bed-
ding), obtained from the Mont Terri URL. Two cylin-
drical OPA samples (length: 10 mm, diameter: 6 mm,
Fig. 1), embedded in poly(methyl methacrylate)
(PMMA) sample holders with epoxy resin and equili-
brated with synthetic pore water [1] (/=0.22 mol/L,
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pH = 7.24) were immersed until 2 mm depth into a dif-
fusion reservoir containing 400 mL of pore water
spiked with 23U(VI) and >*Am(III) (5 x 10 mol/L,
each). The diffusion reservoir was equilibrated with the
spiked pore water for 56 days prior to the start of the
diffusion experiment.

Fig. 1. Each cylindrical OPA sample was embedded in a
PMMA sample holder using epoxy resin (EPOFILX, Struers).
Hllustration (left), photograph (right).

The first sample was removed after 126 d of diffusion
and segmented into thin layers of 20-400 um using
abrasive peeling [2] proceeding backward to the direc-
tion of the proximal sample extremity immersed in the
reservoir. The analysis of the segments indicated unex-
pectedly high actinide concentrations in the individual
layers, especially for longer diffusion distances into the
distal direction. Therefore, the processing procedure
for the second OPA sample taken after 240 d was ad-
justed: prior to the segmentation, the external surface
of the PMMA sample holder was removed to a depth
of approximately 100 pm. This was necessary in order
to prevent cross-contamination of the segmented layers
by actinides sorbed on or incorporated into the PMMA.
Furthermore, core segments were drilled from 3700 to
5500 um depth with two corresponding rim segments
(Fig. 2, dark and light blue segments, respectively) and
from 5500 to 8220 um with two corresponding rim
segments (Fig. 2, red and purple segments, respec-
tively). This allowed for the investigation of potential
preferential pathways in the rim of the OPA sample.
For sample depth ranges 0-3700 pm and 8220-
8600 um, the full segments were abraded (Fig. 2, green
segments; Fig. 3, orange segments). Due to the ex-
pected ultra-trace concentration of 23U and ***Am in
the clay segments, analysis was carried out with accel-
erator mass spectrometry (AMS) [3]. Details of the
AMS analysis are given in sub-chapter 8.5.

Fig. 2 shows the concentration profile of 23U(VI) de-
termined down to 10~ mol/m? of clay and a distance of
8600 um. Core and rim segments followed the general
trend of decreasing 2*U concentrations with diffusion
depth in the fully abraded segments, suggesting that no



preferential pathways along the rim of the OPA sample
occurred. The parameters distribution coefficient, K,
and effective diffusion coefficient, D., were obtained
by fitting the concentration profile with COMSOL
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Fig. 2 Concentration profile of *3U(VI) in OPA obtained
with AMS after 240 d, comprising fully abraded segments
(green), core segments (dark blue & red), and rim segments
(light blue and purple).

Multiphysics (v. 5.6) and amounted to Ka = 0.105
(+0.111/-0.065) m*/kg; De 1.6 (+2.0/~1.1) x
10" m%s. Joseph et al.,, (2013) reported a Ka of
0.025+0.003 m?/kg and a D. of 1.9£0.4 x 10712 m?/s for
U(V]) diffusing perpendicular to the bedding through
shaly facies of OPA (BLT-14) [4]. Diffusion perpen-
dicular to the bedding is known to be slower than par-
allel to the bedding with an anisotropy factor of 46 for
HTO, CI" and Na* [5]. In the present study, this factor
can be confirmed also for U(VI). The difference in K4
values can be explained by differences in the experi-
mental setup (through-diffusion [4] vs. in-diffusion).
Joseph et al., [4] applied a confining pressure of 5 MPa,
while in the present study no confining pressure was
applied which could have caused higher diffusion-ac-
cessible porosities.

For 2 Am(I1I), the concentration profile was deter-
mined down to ca. 107° mol/m? and a distance of about
4000 um (Fig. 3). For longer distances, the determined
23 Am concentrations were consistent with the back-
ground (ca. 3 x 10”7 mol/m?). The profile of 2** Am(III)
is featured by two different sections. The first section
(about 0-1000 um diffusion depth) exhibits a strong
decrease in 2 Am concentration, while in the second
section (about 1500—4000 pum), the concentration de-
crease is less distinct. There is currently no explanation
for this “fast-runner” profile. However, such a diffu-
sion behavior was also observed for Eu(Ill) diffusion
in OPA [6]. For the first section of the profile, a K4 of
100+£30 m3/kg was determined, which was fairly in
agreement with literature data (60 m3/kg [6]; 63 m¥/kg
[7]). The determined D. value was equal to 2.4
(+2.1/-1.1) x 1071 m?s. With Kq and D, the apparent
diffusion coefficient, D., can be calculated. It amounts
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to 1x10""m?%s for Am(III) diffusion parallel to the
bedding through OPA. This is more than one order of
magnitude higher than D, for Eu(III) of 3.5x1071* m?/s
diffusion through OPA [6] determined assuming a den-
sity of 2400 kg/m® and a porosity of 0.15. The actual
D. is however lower than D. for Am(III) of 1.7x107!4
m?/s diffusing through a sand-bentonite mixture [8].
This can be attributed to the lower density of the mix-
ture with 1600 kg/m*® compared to OPA with around
2400 kg/m? and differences in the main diffusing spe-
cies, [Am(CO3)]" in the present study vs. [Am(CO3)3]*
[8].

At next, diffusion experiments will be conducted for
20 to 60 d, in order to identify the nature of the “fast-

runner” profile.
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Fig. 3 Concentration profile of **Am(IIl) in OPA obtained
with AMS after 240 d, comprising fully abraded segments
(orange) and rim segment (light blue).

Breakthrough of *Tc and actinide tracers

from the in situ LIT experiment

The LIT experiment consisted in a packer-system con-
taining 16 Febex bentonite rings - four of them spiked
with radionuclide tracers - emplaced in the crystalline
rock intersecting a water-conducting shear zone at the
Grimsel Test Site (GTS) [9]. The saturation of the ben-
tonite with the Grimsel groundwater (GGW) from the
shear zone, its consequent swelling with possible re-
lease of bentonite colloids and the diffusion of radio-
nuclides through the bentonite followed by their
transport/retention through the shear zone under advec-
tive conditions were investigated for a duration of 4.5
years.

Water samples were collected from two near field
boreholes (5.6 cm from the bentonite source). In these
samples, composed by bentonite porewater mixing
with GGW from the shear zone, the concentration of
the radioactive tracers *Tc, 223U, 2'Np and 2*?Pu, as
well as that of the conservative fluorescent tracer
Amino-G was analyzed. These radionuclides are
strongly or relatively strongly sorbing elements from
which a slow diffusion through bentonite is expected



and therefore ultra-trace levels in the LIT-GGW sam-
ples. Such analytical challenge was faced with AMS
(as described in chapter 8.5 of this report) that provides
extremely high sensitivity for ®Tc¢ [10] and actinide
nuclides [3]. A further challenge consisted in the pos-
sible background of the shear zone from previous in
situ radionuclide tracer tests [3, 11]. In order to esti-
mate such shear zone background and identify radio-
nuclides originating from the LIT, an analysis of the
radionuclides originating from previous in situ radio-
nuclide tracer tests was undertaken in GGW samples
collected before the emplacement of LIT and from the
tailing of the tests in 2012 and 2013 [3].

For both 233U (Fig. 4) and »*’Np the highest break-
through is observed in the early part of the experiment
with concentrations above the estimated shear zone
background within 600 days for 2**U and 300 days for
2Np. Later, the concentration of 23U decreases down
to more than 3 orders of magnitude at the end of the
experiment with values below the estimated range of
shear zone background, whereas the concentration of
ZINp decreases by 2 orders of magnitude with values
mostly consistent with the background. It is important
to note that the signal of the conservative tracer was
detected already after 20 days and reached the maxi-
mum between 400 and 750 days (indicated by the blue
box in Fig. 4 and 5), and afterwards decreased by 60%
due to the increase of the extraction rate of the water
samples from 20 to 50 pl/min (indicated by the purple
star in Fig. 4 and 5). However, the decrease in the con-
centration of 23U and 2*"Np is much higher than 60%
and cannot be explained with a dilution effect due to
the mixing of bentonite porewater with a higher vol-
ume of GGW.
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Fig. 4 Concentration of 33U in LIT-GGW water samples.
The horizontal lines indicate the maximum (orange) and min-
imum (green) of the estimated shear zone background. The
blue box represents the maximum of the conservative tracer
and the purple star the increase of the extraction rate of the
water samples (see text).

Concentrations of 2**Pu had a different trend and were
since the beginning mostly consistent with the shear
zone background, with only a few data significantly
higher especially at 900 days.

The breakthrough of *Tc (Fig. 5) was always above
the estimated shear zone background with a maximum
concentration at 200 days followed by a decrease down
to 2 orders of magnitude towards the end, also in this
case not explainable only with a dilution effect due to
the increase of the extraction rate. Since all the *Tc
data were above the estimated shear zone background
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it is possible to estimate for *°Tc the total number of
atoms released from LIT during the test by summing
up the number of atoms in the volume of the water sam-
ples collected between two consecutive experimental
data. In this way, a possible release of *Tc from LIT
equal to ca. 4 x 10'2**T¢ atoms is estimated within the
experimental time frame of 4.5 years and accounting
for ca. 8.5 x 10 % of the inventory of **Tc¢ in LIT.
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Fig. 5 Concentration of *’Tc in LIT-GGW water samples.
The horizontal line indicates the maximum of the estimated
shear zone background. The blue box represents the maxi-
mum of the conservative tracer and the purple star the in-
crease of the extraction rate of the water samples (see text).

While the obtained results suggest that 2*?Pu release
from the bentonite could not be detected above shear
zone background, an unexpected early appearance of
most of the radionuclide tracers - according to screen-
ing calculations with the transport code CLAYPOS [9]
- was observed and cannot be interpreted as diffusion
through the bentonite, except for Tc(VII) and Np(V).

Forthcoming research will focus on the post-mortem
analysis of LIT (introduced in sub-chapter 5.2) that will
allow for the investigation of the diffusion profiles of
the radionuclide tracers through the bentonite, provid-
ing valuable experimental observation for the perfor-
mance assessment of a bentonite engineered barrier
system over the time span of 4.5 years.
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5.5 Reactive transport modelling
M.C. Chaparro, N. Finck, V. Metz, H. Geckeis

Introduction

The geological disposal in deep bedrock repositories is
the preferred option for the management of high-level
radioactive waste. In some of these multi-barrier con-
cepts for argillaceous and crystalline host rocks, carbon
steel is considered as potential canister material and
bentonites are planned as backfill material to protect
the canisters. Groundwater will saturate the bentonite,
thus, reactive transport processes such as diffusion due
to chemical gradients, mineral dissolution/precipitation
and adsorption will occur, altering therefore the ben-
tonite and the canister. Hence, deep understanding of
reactive transport processes that will occur during the
long-term disposal of the high-level radioactive waste
disposal is imperative in order to proof the long-term
safety of the final disposal system. To do so, reactive
transport models have been performed in order to study
canister-bentonite interactions at repository scale [1]
and magnetite-montmorillonite interactions at labora-
tory scale.

The reactive transport modelling activities developed
at KIT-INE during 2020-21 are in the framework of the
collaborative Integrity of Nuclear Waste Repository
Systems — Cross-Scale System Understanding and
Analysis (iCROSS) project.

Modelling of long-term iron-bentonite interac-

tions at repository-scale

The objective of this study is to better understand the
reactive transport processes that will occur in the
course of long-term iron-bentonite interactions in a
(geo-)technical barrier sub-system of a repository in an
argillaceous or crystalline host rock. Due to the lack of
long-term experimental data, our results are compared
with other published numerical studies on iron-clay /
bentonite interaction [2,3,4].

The simulations were carried out using Retraso-
CodeBright [5]. Our conceptual model considers a cy-
lindrical carbon steel canister surrounded by bentonite
(Figure 1). It assumes that the bentonite is fully water-
saturated and the heat pulse of the high-level waste is
already dissipated, therefore anaerobic conditions at a
constant temperature of 25°C are considered. The
model accounts for diffusion as transport mechanism,
steel corrosion, aqueous complexation reactions, min-
eral dissolution/precipitation and cation exchange re-
actions. The mineral composition of the bentonite MX-
80 and the volumetric fractions of each mineral were
based on those reported in literature [6]. The primary
phases considered are montmorillonite, quartz, musco-
vite, albite, illite, pyrite and calcite. We assume that
carbon steel is composed only of iron, which is the
main phase of carbon steel. Reported corrosion prod-
ucts that were found experimentally [7,8,9] are consid-
ered as potential secondary phases, consisting of
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magnetite, greenatite, cronstedtite, Na-exchanged
nontronite endmember, Mg-exchanged nontronite
endmember and siderite. The initial porewater used in
the numerical model corresponds to a clay groundwater
[8] equilibrated with montmorillonite, because it is the
main phase of the bentonite. The thermodynamic data
is taken from the Geochemist’s Workbench database

thermo.com.V8.R6.full  (generated by GEM-
Steel
Spent fue
(not considered) 1D model
0.45 0.75m

Fig. 1: Geometry and materials of the 1D radial model. The
axisymmetric model only considers the steel-bentonite inter-
face, at X=0.45 m, and a thickness of 0.3 m of bentonite (from
x=0.45 to x=0.75 m).

BOCHS.V2-Jewel.src.R6) [10]. The kinetic data is the
same used in other reported modelling works [2,3,4].
We consider a constant corrosion rate of 2um/year.
The numerical model results show that during the
first 100 years, the Fe concentration in the porewater
increases due to iron dissolution (Figure 2a). However,
Fe is partly adsorbed by the montmorillonite and partly
consumed by the secondary phases (e.g. nontronite).
After 1000 years it decreases considerably in the
porewater (below 1.6x10" mol L!) because it is manly
consumed by the formation of secondary phases (e.g.
magnetite, nontronite and greenalite) rather being ad-
sorbed. The Si concentration increases in the short-
term due to dissolution of bentonite, in the long-term it
decreases because of the relatively rapid precipitation
rate for Fe-silicates and the slow dissolution rate of
montmorillonite. The Ca and HCOs™ concentration de-
crease with time due to calcite precipitation. The pH of
the porewater increases progressively from 7.5 to 10.9
because the dissolution of iron and bentonite minerals
(such as montmorillonite and feldspar) consume pro-
tons (Figure 2b). This increase in pH has also been re-
ported by other modellers [e.g. 1]. The model predicts
dissolution of bentonite minerals that dissolve because
the increase in pH makes the alumosilicate unstable.
Montmorillonite dissolution releases Ca yielding cal-
cite precipitation, however, especially in the first 100
years, Ca in the montmorillonite interlayer can also be
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Fig. 2: Fe concentration and pH versus distance. Model re-
sults after 5,100, 1000 and 10000 years are compared.

exchanged by Fe and thereby likewise induce calcite
precipitation. Dissolution of the primary phases of the
bentonite as well as precipitation of calcite are more
important after 10000 years when the pH is higher. The
corrosion products predicted by the numerical model
are nontronite, magnetite and greenalite (Figure 3). Af-
ter 5 years, especially Mg-nontronite but also Na-
nontronite precipitate (2.5x107 and 3.8x10° m*m re-
spectively) because there is available Fe and Si in the
porewater due to iron and bentonite dissolution respec-
tively. Magnetite starts precipitating after 100 years
when enough Fe is available in the porewater. After
1000 years, Mg-nontronite (5.8x10* m*m) and mag-
netite are the principal corrosion products of the sys-
tem. However, after 10000 years, magnetite and
nontronite dissolve, then, Fe and Si are consumed by
precipitation of greenalite, which is the main corrosion
product after 10000 years. The secondary phases
(nontronite, magnetite and greenalite) precipitate quite
close to the iron-bentonite interface, and calcite also
precipitates along the first 5 cm. The numerical model
does predict neither precipitation of cronstetidte nor
that of siderite. Precipitation of magnetite, calcite and
greenalite has been recently found in the Iron Corro-
sion in Bentonite (IC-A) experiment in the Mont-Terri
laboratory (Switzerland) [9], which supports our nu-
merical results. Other experiments reported in litera-
ture [7,8], which were performed at 90°C with Callovo-
Oxfordian clay, also found precipitation of siderite and
cronstetidte. Thus, the temperature, bentonite and
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porewater compositions could have a significant im-
pact on the nature of formed corrosion products. In
general, the model does not predict important changes
in porosity, being unnoticeable after 5 years. At the end
of the calculations, after 10000 years, there is a de-
crease in porosity right after the interface due to pre-
cipitation of greenalite, followed by an increase of po-
rosity due to dissolution of montmorillonite. Dissolu-
tion of montmorillonite and precipitation of greenalite
take place at the same time, both with similar pore vol-
umes, therefore, not much changes on porosity are pre-
dicted.

A sensitivity analysis has also been performed to
study the effect of selected parameters, such as corro-
sion rate, diffusion coefficient and composition of the
poreawater, on the corrosion products. Results from the
sensitivity analysis show that larger corrosion rate
would provoke a rapid precipitation of the greenalite
due to the rapid Si supply from the dissolution of ben-
tonite. On the contrary, when a lower corrosion rate is
considered, the model predicts lower dissolution of
bentonite, hence only nontronite and magnetite precip-
itate. When a larger diffusion coefficient is considered,
the transport dominates, therefore, a larger thickness of
the alteration is predicted, but with less mineral disso-
lution / precipitation. The composition of the porewater
can affect the secondary phases forming during the
iron-bentonite interaction, Fe-silicates being more rel-
evant rather than magnetite.
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Fig. 3: Volumetric fraction of magnetite and greenalite
against distance. The interface between steel and bentonite is
at 0.45 m. Results after 5, 100, 1000 and 10000 years of in-
teraction are plotted.



Overall, outcomes suggest that the predicted main cor-
rosion products on the long-term are Fe-silicates min-
erals. Such phases thus should deserve further attention
as chemical barrier in the diffusion of radionuclides to
the repository far field. Our results can differ from
other reactive transport calculations reported in litera-
ture [2,3,4] because of the assumptions considered in
the conceptual model, such as selected secondary
phases, considering the canister as porous material or
the temperature of the system.

Modelling of short-term magnetite-montmo-

rillonite interactions at lab-scale

The objective of this work is to perform scopus calcu-
lations in order to study the design of the diffusion ex-
periments on magnetite-montmorillonite at laboratory
scale. To do so, preliminary conservative and reactive
transport models have been developed using the Code-
Bright [11] and the Retraso-CodeBright [5] codes, re-
spectively.

The 1D numerical models consider a thickness of 5
mm of magnetite and 5 mm of montmorillonite. The
models assume the same transport parameters for both
magnetite and montmorillonite. The pore diffusion co-
efficient is 1.3x10'% m?s™!, which was determined by
ab-initio calculations in montmorillonite at molecular
scale. The porosity considered is 0.4 [3,4]. The models
have been performed at 24°C and 85°C in order to study
the effect of the temperature on the magnetite / mont-
morillonite interactions.

Results from the “conservative” transport models
show total recovery of the conservative tracer after one
week at 85°C, and after one month at 24°C. These val-
ues may differ from the reality if the transport parame-
ters are different than the ones considered in the pre-
liminary calculations.

Reactive transport models have been performed in
order to study the effect of the solution composition on
the magnetite-montmorillonite interactions. The con-
ceptual model accounts for diffusion as transport
mechanism, aqueous complexation reactions, mineral
dissolution / precipitation, and cation exchange reac-
tions. The potential secondary phases taken into ac-
count are Mg-nontronite, Na-nontronite, and cronsted-
tite. Different scenarios have been studied changing the

Table 1: Solution for each scenario studied.

Scenario Magnetite Montmorillonite
1 Water equilibrated
with magnetite Water equili-
Water equilibrated ~ brated with mont-
2 with magnetite and morillonite
montmorillonite

solution composition at the magnetite side (Table 1).
In scenario 1, at 24°C, results show dissolution of
magnenite and montmorillonite, and precipitation of
Na-nontronite and Mg-nontronite (Figure 4). The pre-
cipitation of the secondary phases take place only at the
interface. At, 85°C similar results are obtained, how-
ever there is only precipitation of Mg-nontronite. In
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Fig. 4: Volumetric fraction of nontronite versus distance for
the model considering the scenario 1 at 24°C after 60 days.
The dashed line indicates the interface (x=5mmy), the grey
colour represents the magnetite (x from 0 to 5 mm) and the
yellow one the montmorillonite (x from 5 to 10 mm).

scenario 2, there is dissolution of magnetite at the first
node and at the interface, because the Si concertation
in the solution makes magnetite unstable. At 24°C,
nontronite precipitates not only at the interface but also
at the first node. The dissolution of magnetite and pre-
cipitation of nontronite at the first node is higher than
that at the interface. At 85°C, no precipitation is pre-
dicted, there is only dissolution of montmorillonite and
magnetite. For all scenarios, and both temperatures, the
models do not predict changes in porosity because the
interactions with the porewater at the magnetite-mont-
morillonite interface does not result in extensive min-
eral alterations within the relatively short time span of
1 year.
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6 Coordination chemistry

We perform coordination chemistry studies in solution related to actinide separations by solvent extraction. These
studies address the interactions and the speciation between actinide ions (and other ions) and ligands potentially
useful for separating actinides. A closer look was taken on the complexation of Cm(III) and Eu(IIT) with diastereo-
mers of a diglycolamide to explain their behaviour as extracting agents. We have also managed to identify a
Cm(IIT)bis-triazinylpyridine complex with a tenfold coordination around the actinide ion in solution. To our
knowledge, such has not unambiguously been reported before. Finally, the interaction of diglycolamides’ O-donor
atoms with Am(IIT) and several Ln(IIT) was investigated by NMR (see 8.4).

Complexation of Cm(lll) and Eu(lll) by diastereomeric diglycolamides,
2,2’-oxybis-(N,N-didecylpropanamide)

P. Wepling, M. Trumm, T. Sittel, A. Geist, P. J. Panak

Introduction

The ligand 2,2’-oxybis-(N, N-didecylpropanamide) ex-
ists in two diastereomeric forms (Scheme 1), each rep-
resented by two enantiomers:

1. RS or SR isomer (cis- or meso-mTDDGA)

2. RR or S,S isomer (trans-mTDDGA)

(0] (0] (0] (@]
w)ﬁ/oj)LNlcme C1OH21\'T‘ O\-)Lwrcme

|
C1oH21 CioHz1 Cio Ha1 CioHz1
Scheme 1: cis-mTDDGA (left) and trans-mTDDGA (right).

CioHa1~

Both diastereomers extract trivalent actinides and lan-
thanides [1-2]. However, cis-mTDDGA is a stronger
extracting agent, see also [1] for the respective 2,2’-0x-
ybis-(N,N-dioctylpropanamide) compounds.
Time-resolved laser fluorescence spectroscopy
(TRLFS) was employed to explain the difference. Sta-
bility constants for the complexation of Cm(III) and
Eu(IIl) with both diastereomers were determined.

Results

Complexation of Cm(I1l)

Figure 1 shows the normalized Cm(III) fluorescence
emission spectra in 2-propanol containing 5 vol.% H20
and 1072 mol/L HCIO4 at varied cis-mTDDGA concen-
trations.

[cis-mTDDGA] [mol/L]
—0

——6.65E-7
— 126 E-6
—1.93E-6

3.05E-6

3.97E-6
——5.10E-6
——6.42E-6
——7.88E-6
——1.02E-5
——132E-5
— 1.82E-5
——227E-5
——295E-5
——3.63E-5
——4.53E-5

565E-5

1.34E-4
——525E4
— 1.29E-3

607 nm

Normalized Intensity

594.6 nm 597.5 nm

608.2 nm

580 590 600 620
Wavelength [nm]

Fig. 1: Normalized Cm(Ill) fluorescence spectra in 2-propa-
nol containing 5 vol.% H>O and 1072 mol/L HCIOy at in-

creasing cis-smTDDGA concentrations.
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The Cm(IIl) solvent spectrum shows two emission
bands at 594.6 nm and 597.5 nm. With increasing cis-
mTDDGA concentration three new emission bands at
597.5 nm, 602.4 nm and 607.0 nm are observed. These
emissions bands are attributed to the [Cm(cis-
mTDDGA).]*" (n = 1-3) complexes by comparison
other diglycolamide ligands [3—4]. Slope analysis fur-
ther confirms the stoichiometries. Stability constants
for the complexation of Cm(III) with cis-mTDDGA are
given in Table 1.

The complexation of Cm(III) with trans-mTDDGA
was studied accordingly. The respective stability con-
stants are also given in Table 1.

Complexation of Eu(Ill)

Figure 2 shows normalized Eu(III) emissions spectra in
2-propanol containing 5 vol.% H20 and 1072 mol/L
HClOs4 as a function of the ciss-mTDDGA concentra-
tion.
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Fig. 2: Normalized Eu(Ill) fluorescence spectra in 2-propa-

nol containing 5 vol.% H>O and 1072 mol/L HCIOy at in-

creasing cis-smTDDGA concentrations.

In absence of cis-mTDDGA the Eu(III) solvent spec-
trum shows an intense “F1 and a weak "F2 emission
band. With increasing cis-mTDDGA concentration the
splitting and the intensity of the "F2 emission band
strongly increases. Similar observations are made for
the complexation of Eu(Ill) with #rans-mTDDGA.
Slope analysis confirms the 1:1 and 1:3 complexes for



both systems. No 1:2 complex is observed. Stability
constants are given in Table 1.

In conclusion, cis-mTDDGA is the stronger ligand
for both Cm(IIT) and Eu(III).

Table 1: Cm(Ill) and Eu(lll) complex stability constants of
cis-mTDDGA and trans-mTDDGA in 2-propanol containing
5vol.% H>0 and 1072 mol/L HCIO,.

n Cm(III) Eu(IID)
1 54+0.2 41402
cis-mTDDGA 2 102+0.3 -
3 142+04 13.7+04
1 48+0.2 39+0.2
trans-mTDDGA 2 9.5+0.3 —
3 13.1+0.3 11.9+04

Extraction of Cm(IIl) and Eu(Ill)

To study the speciation under extraction conditions
Cm(IIT) and Eu(III) were extracted from 5 mol/L HNO3
with 0.5 mol/L cis- or trans-mTDDGA in kerosene.
The resulting organic phases were investigated by
TRLFS. Figure 3 compares the respective emission
spectra (“biphasic”) to the spectra of the 1:3 complexes
from the titration experiments (“monophasic”).

With cis-mTDDGA both Cm(III) and Eu(IIl) show
similar emission spectra in monophasic (blue lines) and
biphasic (black lines) systems, confirming extraction
as 1:3 complexes. In contrast, significant differences
are observed between the monophasic (green lines) and
biphasic (red lines) trans-mTDDGA systems. Cm(I1I)
is predominantly extracted as the 1:3 complex. The
shoulder at 606 nm indicates the presence of a further
species, [Cm(trans-mTDDGA )2(NO3)x(H20)n] ™" is
also extracted.

To verify the presence of coordinated nitrate, the ni-
trate concentration is gradually increased in a sample
containing the 1:3 complex by addition of tetrabu-
tylammonium nitrate (TBAN) (Figure 4).

Increasing the TBAN concentration leads to a hypso-
chromic shift of the emission spectrum. At 3.48 x 1073
mol/L TBAN good agreement with the “biphasic”

spectrum is found, proofing the presence of nitrate in
the first coordination sphere.
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Fig. 4: Normalized Cm(Il) fluorescence spectra with 5.73 ¢
1073 mol/L trans-mTDDGA in 2-propanol with 5 Vol. % H>O
and 107 mol/L HCIOy at increasing TBAN concentration and
Cm(I1l) emission spectrum in the organic phase after extrac-
tion with 0.5 mol/L trans-mTDGGA from 5 mol/L HNO3.
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DFT calculations of different ternary Cm(IIl) com-
plexes show the species with a monodentate nitrate and
two water molecules, [Cm(trans-mTDDGA)x(x!-
NO3)(H20)2]** to be the most stable species in solution.
The number of water molecules is additionally sup-
ported by fluorescence lifetime measurements. Finally,
the most stable stoichiometry is confirmed by compar-
ing experimental and theoretical vibronic side-band
spectra.

Conclusion

The complexation of Cm(III) and Eu(IIT) with the dia-
stereomers cis- and trans-mTDDGA was studied using
TRLFS, vibronic-sideband spectroscopy and DFT cal-
culations. The stability constants of the 1:3 complexes
with Cm(I1I) and Eu(III) show cis-mTDDGA to be the
stronger ligand explaining the inferior extraction per-
formance of the trans-isomer.
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Fig. 3: Comparison of the Cm(I1l) (left) and Eu(Ill) (right) spectra of the organic phases after extraction (biphasic) and the
emission spectra of the [ML3;]’* complexes (M = Cm, Eu; L = cis-/trans-mTDDGA) in 2-propanol containing 5 vol.% H>O

and 1072 mol /L HCIO, (monophasic).
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Trivalent actinide ions with tenfold coordination in solution
P. Wepling, T. Schenk, F. Braun, B. B. Beele, S. Trumm, M. Trumm, B. Schimmelpfennig, D. Schild, A. Geist,

P. J. Panak

Introduction
2,6-Bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine (nPr-
BTP, Scheme 2) is a N-donor ligand known to form 1:3
complexes with trivalent actinides and lanthanides that
are coordinated ninefold in solution [5-7].

| X
N N
nPr-BTP
Scheme 2: 2 nPr-BTP

Although coordination numbers greater 9 are reported
for trivalent actinides in solution [8—10], unambiguous
evidence has been missing so far.

Solutions of [An(nPr-BTP);]** (An = Am, Cm) in
2-propanol additionally containing nitrate were studied
by time-resolved laser fluorescence spectroscopy
(TRLFS), vibronic side-band spectroscopy (VSBS),
density functional theory (DFT) and X-ray photo elec-
tron spectroscopy (XPS). This gave sound evidence for
An(III) species with tenfold coordination in solution.

Results

Figure 5 shows normalized Cm(III) emission spectra
with 1.58 x 107> mol/L nPr-BTP in 2-propanol as func-
tion of time after the addition of 4.03 x 1075 mol/L tet-
rabutylammonium nitrate (TBAN).

An emission band at 617.2 nm is observed upon
TBAN addition, disappearing within seven days in fa-
vour of an emission band at 613.1 nm. While the emis-
sion band at 613.1 nm represents the [Cm(nPr-
BTP):]** complex [3], the band at 617.2 nm has not
been observed before. Its bathochromic shift is due to
a higher ligand field splitting potentially due coordina-
tion of a nitrate anion, forming [Cm(nPr-
BTP)3(NO3)])** with a tenfold coordination.

To study the influence of the water concentration ex-
periments are carried out in 2-propanol with 2.5 vol.%
and 5 vol.% H20. [Cm(nPr-BTP)3(NO3)]*" is observed
in both systems, however with a bathochromically
shifted emission band (2.5 vol.%, Amax = 616.4 nm;
5vol.%, Amax = 616.3 nm). The molar fraction of
[Cm(nPr-BTP)3(NO3)]** is shown in Figure 6 as a
function of time after TBAN addition.

Three conclusions are evident:

1. A higher water content favours the formation of
[Cm(nPr-BTP)3(NO3)]*.

A higher water content leads to longer kinetics.
Different reaction mechanisms are observed with
and without water.

2.
3.
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Fig. 5: Normalized Cm(Ill) fluorescence spectra in 2-propa-
nol as a function of time after TBAN addition. [nPr-BTP] =

1.58 x 1079 mol/L, [TBAN] = 4.03 x 107> mol/L.
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Fig. 6: Molar fraction of [Cm(nPr-BTP)3;(NO3)]** in 2-pro-
panol with 0, 2.5 and 5 vol.% H,O as a function of time after
TBAN addition. [nPr-BTP] = 1.58 x 107> mol/L.
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The influence of the nitrate concentration is studied at
a constant nPr-BTP concentration to further verify the
formation of [Cm(nPr-BTP)3(NO3)]*". Figure 7 shows
the normalized Cm(III) emission spectra in 2-propanol
with 2.5 vol.% H:O as a function of the TBAN concen-
tration.

A continuous shift of the Cm(III) emission band from
613.1 nm to 616.4 nm is observed with increasing ni-
trate concentration. Slope analysis (slope =1.00 = 0.04)
verifies the formation of [Cm(nPr-BTP)3(NO3)]*.

The nitrate anion seems to play a crucial role in the
formation of the tenfold coordinated species as no evi-
dence for such species is found in the presence of other
small anions (e. g. NO2, CN, OTT).
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Fig. 7: Normalized Cm(Ill) fluorescence spectra in 2-propa-
nol with 2.5 vol.% H>O as a function of TBAN concentration.
[nPr-BTP] = 1.58 % 107 mol/L.
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Moreover, the influence of the nPr-BTP concentration
at constant nitrate concentrations is studied. [Cm(nPr-
BTP)3(NO3)]*" is only found at free nPr-BTP concen-
trations smaller 10~* mol/L. Higher nPr-BTP concen-
tration seem to stabilize the nitrate anion in solution,
hindering the formation of the tenfold coordinated spe-
cies.

Further characterization by fluorescence lifetime
measurements, DFT calculations, vibronic side-band
spectroscopy (VSBS) and XPS verifies the formation
of trivalent actinides with tenfold coordination in solu-
tion.
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Conclusion

Combining results from TRLFS, VSBS, XPS, and DFT
provides sound evidence for a unique tenfold coordi-
nated Cm(IIT) complex in solution — a novelty in the
solution chemistry of trivalent actinides [11].
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7. Deconstruction and decommissioning of
conventional and nuclear buildings

Decommissioning of Nuclear Facilities and Power Plants is a multi-discipline mission. It involves a wide spectrum
of technical and management tasks associated to terminate the operation of the nuclear installation and its subse-
quent dismantling. The objective of all steps is to perform them as safe as possible, generate the less possible waste
that has to be stored in final storage facilities and finally being able to release the site from regulatory control. The
need for a safe and economic decommissioning is worldwide. Due to the German decision to terminate the use of
nuclear power in Germany by 2022, the need is more focused than in other countries, but the demand is also a
worldwide one. By estimating a 50 years’ time life for reactors, the number of nuclear facilities that are reaching
their end of life time is increasing in the next second decade (2030 to 2040). This leads to increased awareness and
interest among a variety of stakeholders, like decommissioning implementers, industry, operators, regulators, con-
sultants, R&D organisations, universities, standardisation organisations, international organisations, waste man-
agement companies, and others. They all are in need to adopt adequate arrangements for implementing decom-
missioning programs globally and finding the solutions mutually.

7.1 Development of the department of deconstruction and
decommissioning of conventional and nuclear buildings
S. Miiller, N. Gabor, S. Gentes

A main goal of TMB’s Department of Deconstruc- in decommissioning continued to be pursued by de-
tion and Decommissioning of Conventional and Nu- veloping and refining various processes and technol-
clear Buildings in the last two years was to intensify ogies for the entire decontamination chain (e.g. re-
targeted cooperation and input from other research garding automated crack over-milling, inspection
and development (R&D) and industry groups nation- system for barrel containers, magnetic separation of
ally and internationally. One aspect for this intensi- grain mixtures to minimise secondary waste, and the
fication is the new deconstruction building infor- development of a lightweight manipulator for ergo-
mation modelling (BIM) laboratory with acronym nomic, mechanical surface removal of wall surfaces,
BIM D?, planned within the framework of HOVER especially of nuclear facilities).

at the TMB. In order to ensure the laboratories high In 2020 and 2021 several publications and confer-
relevance at the time of its commissioning - several ence talks were held or are going to take place. A
steps were taken: Already at the end of 2020, the new highlight is the representation of the Decommission-
EU project PLEIADES on the topic of 'BIM in Nu- ing Department with 6 contributions in the DEM
clear Facility Deconstruction' was initiated, in which 2021 “International Conference on Decommission-
various partners from both industry and R&D are in- ing Challenges: Industrial Reality, Lessons Learned
volved. and Prospects” in Avignon, France.

In 2021, there was also an exchange of several Another highlight was the Week of the Environ-
hours between the KIT (ITES, INR, TMB/decon- ment, hosted by Federal President Frank-Walter
struction) and the internationally established Frama- Steinmeier and the Deutsche Bundesstiftung Um-
tome GmbH on the topic of BIM. Framatome's po- welt (DBU). Here, sclected exhibitors presented
tential needs in the area of virtual reality (VR) and their innovative projects and concepts for a sustain-
BIM were presented, as well as an overview of the able future. A jury of experts appointed by the Office
competences and research programmes at KIT in the of the Federal President selected the best projects
area of "BIM and (partially) automated deconstruc- from over 600 applications - the TMB's Department
tion of activated/ contaminated concrete structures". for the Demolition of Conventional and Nuclear
In addition to the work on deepening the promising Buildings was there with an innovation on the topic
research focus on BIM in deconstruction, the Depart- of "Resource conservation through innovative dem-
ment of Deconstruction and Decommissioning and olition and deconstruction methods and process pro-
Decommissioning of Nuclear Buildings at the TMB cedures".
continues to focus on decontamination, in particular The TMB's Department of Deconstruction and De-
specializing on automation issues. Further develop- commissioning of Conventional and Nuclear Build-
ments of the Living Lab and the system developed in ings also works closely with the NEA. Currently, a
recent years in the area of "process chain digitalisa- report on robotics applications in the areas of decom-
tion - decontamination - clearance measurement" missioning, contaminated site management and radi-
were the focus here. oactive waste disposal is being prepared within the

The goals of standardisation, performance en- framework of the Expert Group on the Application
hancement and increasing the degree of automation of Robotics and Remote Systems in the Nuclear

57



Back-end (EGRRS), to which the TMB's Decom-
missioning Department is also contributing.

The Decommissioning Group of the Electric Power
Research Institute (EPRI) will sponsor the demon-
stration of an autonomous wall survey system in the
second half of 2021. Contact has already been made
with EPRI in this regard, and a bid for the tender is
already being prepared.

On the academic side, the two TMB scientists
Madeleine Weber and Carla-Olivia Kraus success-
fully finished there PhD thesis [1], [2]. Birte Froe-
bus, scientist in the Department of Deconstruction
and Decommissioning of Conventional and Nuclear
Buildings, was awarded the Women in Nuclear Ger-
many Prize 2020/2021 for special achievements in
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the field of nuclear research.. Currently, the Depart-
ment of Deconstruction and Decommissioning of
Conventional and Nuclear Buildings has 26 employ-
ees, 18 of whom are scientific staff financed exclu-
sively by third-party funds. They are currently work-
ing on 12 research projects.
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7.2 Robotic systems for decontamination in hazardous environments

S. Miiller, A. Wernke, C. Li, Z. Chen, S. Kazemi, S. Gentes

In co-operation with:

Fraunhofer IOSB; DFKI; FZI; Gotting KG, Kraftanlagen Heidelberg GmbH; KHG Kerntechnische Hilfsdienst
GmbH, ICP Ingenieurgesellschaft Prof. Czurda und Partner mbH

Introduction

The use of autonomous and semi-autonomous ro-
botic systems in the field of decontamination of haz-
ardous environments reduces the risks for human
workers. Therefore, the competence centre »Robotic
systems for decontamination in hazardous environ-
ments« (ROBDEKON) aims to research and develop
novel robotic systems for decontamination tasks.
ROBDEKON is funded by the German Federal Min-
istry of Education and Research as part of the »Re-
search for Civil Security« programme. The focus in
this Project is the development of robust field usable
robots. By creating a close expert network partnering
members from science and the application side, a
transfer and further development of science and re-
search technologies to field applicable level can be
achieved. The application requirements on autono-
mous systems in various hazardous application fields
are related in many ways. Therefore, ROBDEKON
concentrates on Decontamination of Plant Compo-
nents and Waste, Remediation of Contaminated
Sites and Decommissioning of Nuclear Facilities. [1]

Fig. 1: Living Lab for testing decontamination scenarios

Within this expert group, TMB decommissioning
unit researches on the decommissioning process
chain. Basis of the decommissioning process is the
exploration of the facility in terms of radioactive in-
ventory and actualisation on floor layout. In the next
step surface decontamination can take place. For this
tasks two new autonomous Systems, GammaBot and
Manitou are being researched. To test this Systems a
novel Lab, shown in Fig. I, has been setup within the
TMB facilities, providing a realistic testing environ-
ment for decontamination scenarios.

GammaBot

For autonomous exploration of indoor geometries
and the mapping of local dose rates, the GammaBot
platform shown in Fig. 2 has been set up. It generates
a 3D point cloud and measures the local dose rates
constantly. By over mapping data generated by the
scintillator probe and the 3D point cloud, a detailed
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decontamination plan can be generated. GammaBot
manoeuvres autonomously through the building gen-
erating all scans and measurements that are needed
to implement the 3D model of the floor and returns
back to the starting point. The simulation of the sur-
rounding is shown in Fig. 3. [2]

Fig. 3: Simulated surrounding area by GammaBot [3]

Manitou Manipulator

On the basis of GammaBot 3D mapping Manitou
platforms continue the decontamination process
chain. The Manitou shown in Fig. 4 is an autono-
mous aerial work platform with two tool heads. A
working head with contamination sensor detecting 8
and y radiation and a milling head to remove surface
contamination. In a first working step the location,
type and dose rate of the contamination is refined
with the contamination sensors scanning the surfaces
that were detected by GammaBot. In a second step,
Manitou does a tool change for the milling operation.
At spots where contaminated surfaces was detected



the milling head removes the surface. The depth of
the milling is calculated according to the detected ra-
diation. After the milling process, in a third step a
scanning process is followed. If radiation is still de-
tected, the milling head is applied at this spot again.
Both working steps are continued until no radiation
is detected anymore.
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Fig. 4: Manitou platform with shaver tool



7.3 Stakeholders based analysis of research for decommissioning

S. Miiller, M. J. Chaudhry, S. Gentes

In co-operation with:

A. Bohnstedt®, C. Georges®, A. Fornier®, R. Winkler®, L. Aldave De Las Heras‘, E.G. Neri®, A. Banford®, K. Van

Den Dungen/
* Karlsruhe Institute of Technology (KIT), Germany
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¢ Joint Research Centre (JRC), European Commission
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Introduction

The Coordination & Support Action project called
“SHARE” (StakeHolders based Analysis of *!Re-
search for decommissioning), is funded by EU-Hori-
zon 2020 nuclear research program. The objective of
this project is the development of a Strategic Research
Agenda (SRA) associated with a Roadmap for the next
10-15 years, to increase confidence in the decommis-
sioning process, it also aims to encourage the future co-
ordination of research topics that are recommendable
for financing in the next decade. Moreover, it will fa-
cilitate access to expertise and technology and maintain
competences in decommissioning and environmental
remediation for the benefit of Member states in Europe
and beyond.

The Analysis

SHARE project intends to provide an inclusive
roadmap for decommissioning research, in technical
and non-technical areas, enabling stakeholders to
jointly improve safety, reduce costs and minimise en-
vironmental impact in the decommissioning of nuclear
facilities. It is based on a broad analysis of stakeholder
needs including R&D, R&I, education, training, regu-
lations, legislation, project management, costing and
standardisation among others.

A detailed survey divided into different thematic areas
of nuclear decommissioning (e.g. Safety and Radiolog-
ical Protection aspects, Decommissioning material and
radioactive waste management, Cost estimation and
Benchmarking etc.) was sent to 650 stakeholders all
over the value chain, to obtain their opinions about im-
portance and urgency of their respective research
needs. Similarly, an elaborate literature review was
carried out, highlighting existing methodologies and
techniques as well as international initiatives in these
thematic areas. SHARE project is built on a consulta-
tion process including the needs and point of views of
different stakeholders. In this regard, two online work-
shops were organised to receive stakeholders’ valuable

! R&D, R&I, methodologies, standardisation, etc. in technical and non-tech-
nical areas
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opinions by firstly investigating with them issues, chal-
lenges, and opportunities in research and secondly
sharing status and results of ongoing developments
[1][2].

A gap analysis between needs, identified in the survey
and at the workshops, and existing solutions or on-go-
ing developments, drawn from the literature review,
was carried out. The first outcome of the investigation
was presented at Digidecom 2021 conference, where
again participants gave feedback [3]. The final analysis
provided actions that can impact identified needs. The
compiled actions will be further analysed and grouped
as key research topics, which will be the basis for the
SRA and the Roadmap. This may also lead to better
future harmonisation in research of technological ap-
proaches used in decommissioning.

Conclusion

One of the main added value of SHARE project is to
collect the opinion of the global stakeholders decom-
missioning community, in order to know and under-
stand issues and challenges they are facing and lacks or
opportunities they have in mind. As a result, SHARE
will provide a Strategic Research Agenda and a
Roadmap that will support policymakers in their choice
of areas, eligible for financial contribution and for po-
tential future collaborative research projects in R&D,
R&I, methodologies, standardisation in technical and
non-technical areas.
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8 Development of radionuclide speciation methods

Developing and maintaining a state-of-the-art portfolio of radionuclide speciation tools encompassing surface sci-
ence and spectroscopy methods is an important R&D activity at INE, as these methods are indispensable for our
understanding of actinide and radionuclide (geo)chemistry or the behavior of nuclear waste forms. Radionuclide
speciation methods available at INE’s controlled area laboratories and the ACT and INE-Beamline stations at the
nearby KIT Light Source are continuously adapted to serve the requirements of in house and HGF/NUSAFE R&D
programs or national and international cooperation partners. Recent technological developments at ACT-station
have enabled high resolution X-ray absorption near edge structure (HR-XANES) spectroscopy for low radionu-
clide loading samples - encompassing the investigation of actinide elements down to 1 ppm concentration - com-
bined with a cryogenic sample environment reducing beam induced sample alterations. A new setup for ‘tender’
X-ray spectroscopy (~2—5 keV) in transmission or total fluorescence yield detection mode based on a He flow
cell has been developed at the INE-Beamline. For the first time ever, Tc L3-edge XANES spectra of *°Tc-species
in liquid (aqueous) media were successfully recorded. In the reporting period, X-ray photoelectron spectroscopy
(XPS) was successfully applied for the quantitative analysis of metal-organic complexes. The ability to determine
accurate atomic concentrations and type and relative amounts of different bonding environments makes XPS a
powerful speciation tool for, e.g., the analysis of radionuclide complexation by nPr-BTP / HNOs or adducts thereof.
To enhance the energy resolution of X-ray spectroscopy in the scanning electron microscope (SEM), a wavelength
dispersive X-ray spectrometer (WDS) was installed in addition to the existing energy dispersive (EDS) spectrom-
eter. WDS resolves most of the spectral superpositions of element-specific X-ray lines, which is highly beneficial
for the detection of trace elements, demonstrated, e.g., for Tc in spent fuel e-particles. In the recent years the focus
of NMR studies at INE was placed on bonding phenomena of trivalent f-elements complexed by N-donor ligands
- probing the metal-nitrogen interaction. In the reporting period these studies were extended to the investigation of
O-donor ligands such as tetraethyl diglycolamide (TEDGA). Besides the complex chemistry of the actinide ions
and their fission products, the chemistry of cementitious phases or irradiated materials are important research
topics with respect to the safety of nuclear waste disposal. 2°Si, 2’Al or °Be NMR spectroscopy available at INE is
particularly well suited to investigate these topics, as the relevant elements are hard to address by X-ray based
speciation methods. In the past two years, accelerator mass spectrometry (AMS) was used to investigate the long-
term behavior of radionuclide tracers in the frame of the LIT experiment at the Grimsel Test Site as well as in
laboratory scale diffusion experiments, obtaining results relevant for the safety assessment of nuclear waste dis-
posal in crystalline and clay rock formations. Furthermore, AMS was applied to the analysis of Rhine River water
samples from the vicinity of the Fessenheim NPP in France to gain initial radionuclide concentrations at the ‘status-
quo-ante’ relative to the ongoing decommissioning activities. Ab initio computational chemistry methods are as-
sisting and increasingly complementing experimental investigations at INE in the fields of nuclear waste disposal
and fundamental radionuclide studies. In the reporting period, major breakthroughs were achieved for the system-
atic calculation of radionuclide (Tc Li-edge XANES) and actinide (uranyl Ms-edge HR-XANES/RIXS) spectra,
significantly contributing to the interpretation of recent experimental observations.

8.1 R&D projects conducted at the INE-Beamline and the ACT station
of the KIT Light Source
K. Dardenne, S. Duckworth, X. Gaona, K. Hardock, V. Krepper, T. Priifmann, J. Rothe, B. Schacherl, T. Vitova

Introduction was commissioned at an adjacent beam port in 2016.
Synchrotron radiation (SR) based speciation tech- ~ Both the INE-Beamline and the ACT laboratory for

niques have become key methods in basic and applied ~ synchrotron based radionuclide studies are licensed to
radionuclide research. This development is primarily ~ handle radioisotopes with activities up to one million

driven by the need to secure molecular-scale under-  times the (isotope specific) exemption limits, including
standing of (geo-)chemical processes determining the ~ 200 mg each of the fissile isotopes **U and *Pu.
mobility of safety relevant radionuclides (i.e., long- These experimental stations are the only facilities of
lived actinides, fission and activation products gener- their kind in Europe offering direct access to radio-

ated during nuclear reactor operation) which might be chemistry laboratories operating a shielded box-line in
released into the geosphere from a breached repository ~ close proximity to the SR source on the same research
for highly active, heat-producing nuclear waste. campus [1]. They are continuously upgraded to adapt
The INE-Beamline for radionuclide science at the  the portfolio of methods and instrumentation to the re-
electron storage ring KARA (KArlsruhe Research Ac- quirements set by the KIT-INE/NUSAFE R&D pro-
celerator) became fully operational in 2005 as a flexi- ~ &ram in the topics nuclear waste disposal, pre-disposal
ble experimental platform for X-ray based radionuclide ~ / interim storage and fundamental investigations.
speciation investigations. The hard X-ray beamline
‘CAT-ACT’ for CATalysis and ACTinide research

63



INE-Beamline and ACT operation in 2020/21
As in the previous years, INE in-house projects in the
two year period 2020/21 covered the investigation of a
broad range of materials containing actinides (An),
their chemical homologues or possible fission products
in the context of nuclear waste disposal safety research
or basic actinide and radionuclide science. Besides oth-
ers, studies at INE-Beamline included the solution
chemistry of Tc in the presence of inorganic and or-
ganic ligands (sulphate and gluconate — s. the more de-
tailed description below), Np Li-edge XAFS for the
speciation of neptunium after interaction with illite,
XAFS, XRD and p-XRF investigations of highly radi-
oactive nuclear waste fragments (spent nuclear fuel,
nuclear waste glass and zircaloy cladding segments),
the characterization of bentonite in contact with cor-
roding metallic coupons by u-XRF and p-XANES, an
iodine L3-edge investigation of iodate sorption on mag-
netite, the Pu L3-EXAFS characterization of Ca-
Pu(VI)-CO; species, X-ray spectroscopic investiga-
tions on the behaviour of volatile activation and fission
products present in the fuel-cladding interaction layer
of MOX fuel and vitrified HAWC, the long-term evo-
lution of Pu(IIl/IV) solid phases under strongly reduc-
ing and alkaline conditions, the characterization of
ZrO> solid phases equilibrated in alkaline solutions or
the S K-edge speciation of sulphate moieties in new
glass formulations as candidates for HAWC vitrifica-
tion.

Experiments at the ACT station covered, e.g., the ex-
ploration of the electronic structure of bulk PuO2 by Pu
Ms-edge RIXS, in situ Pu Ms HR-XANES studies of
plutonium dioxide in aqueous environments (in search
of Pu(V)), U Ms-edge HR-XANES of U in fullerene
and waste encapsulation materials, Np Ms-edge HR-
XANES/RIXS investigations of spent nuclear fuel
fragments, Np Ms-edge HR-XANES measurements of
Np/illite samples in search of the ‘detection limit” for
An sorption samples, Sm Lsi-edge HR-XANES valence
band X-ray emission of samarium compounds, an io-
dine K-edge study of iodide retention by Fe corrosion
phases, an in situ Np Ms RIXS investigation of aqueous
Np(III/TV/V/VI) species stabilized in an electrochemi-
cal cell, the An Mass-edge HR-XANES/RIXS investi-
gation of 4nO> nanoparticles (4n = Th, U, Np, Pu), a
Pu Ms HR-XANES study of colloidal Pu at reducing
conditions in the presence of hydrazine, single crystal
polarization dependent measurements (PD-XANES) of
uranyl halides, the investigation of long-term oxidation
effects on a fuel pellet ‘footprint’ on adhesive tape or
the investigation of A4n halide electronic structures
from the metal and ligand point of view.

Several studies were conducted sequentially at both
beamlines - benefitting from the complementary en-
ergy ranges or the adequate spectral and spatial resolu-
tion - e.g., the U Li-edge XAFS / U My-edge HR-
XANES investigation of U sorption on magnetite, U
Ls- and Mas-edge (HR-)XANES measurements of
U(VI)-, U(V)- and U(IV)-carbonate solids and solu-
tions, Th Ls- and Ms-edge XAS of ThOz nanoparticles,
An Ls-edge XAFS and Mas-edge HR-XANES studies
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on homogeneous (U,Am)O: and (U,Pu,Am)O: solid
solutions, the investigation of surface effects on the
electronic and molecular structure of PuO2 nanoparti-
cles, the investigation of the valence state of the metals
in PuBiO4 compounds by Bi and Pu Li-edge XAFS and
Pu My s-edge HR-XANES or a study of lanthanum and
caesium interaction with DOTA as surrogates for radi-
opharmaceuticals.
Some of the aforementioned studies are presented in
more detail elsewhere in this bi-annual report.
Although travel restrictions caused by the COVID-19

pandemic had significantly limited the external access
to the KIT Light Source in the reporting period, re-
searchers and cooperation partners from the following
German and international research institutions con-
ducted experiments at the INE-Beamline and ACT sta-
tion in 2020/21:

¢ Helmholtzzentrum Dresden-Rossendorf, Ger-

many

e Joint Research Center Karlsruhe, EU

¢ CEA Marcoule, France

*  Leibnitz Universitdt Hannover, Germany

*  Forschungszentrum Jiilich, Germany

*  Universitit Kéln, Germany

e TU Delft, The Netherlands

*  EPFL Lausanne, Switzerland

*  SINAP Shanghai, PR China

*  Sorbonne Université, France

*  Université de Rennes 1, France

*  Helsinki University, Finland

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

Implementation of ‘tender’ X-ray Tc Ls-edge
XAFS at the INE-Beamline

“Technetium is one of the main fission products of
235U and 2*°Pu in nuclear reactors. Due to its long half-
life (ti2 = 2.121-10° a) and large inventory in spent nu-
clear fuel, ®Tc is of great relevance in the context of
safety assessment of repositories for radioactive waste.
9Tc is also a relevant contaminant associated with sites
for plutonium production or nuclear fuel reprocessing
such as the Hanford Site, Washington State, USA. Tc
K-edge X-ray Absorption Fine Structure (XAFS) spec-
troscopy was frequently applied in the past decades to
characterize *°Tc species in solid specimen and liquid
phases. Although *Tc is a radionuclide decaying by B-
emission (~0.3 MeV), its relatively high exemption
limit of 1E+7 Bq renders XAFS measurements with
thoroughly encapsulated samples easily feasible at its
K absorption edge (Eis (Tc?): 21.044 keV) — even at X-
ray Absorption Spectroscopy (XAS) beamline stations
which are not specially equipped for radionuclide re-
search. In contrast to the almost exclusively probed Tc
K-edge (corresponding to dipole-allowed 1s — 5p
transitions), excitation of the shallower 2ps/ core elec-
trons (Ezp32 (Tc?): 2.677 keV) probes the unoccupied
4d levels and — depending on the Tc bonding state and



symmetry — the corresponding crystal or ligand field
splitting. The core-hole lifetime broadening at the Tc
Ls-level is only 1.91 eV compared to 4.91 eV at the K-
level, enabling to detect subtle spectral differences be-
tween different oxidation states and bonding schemes.
To the best of our knowledge, up to now (Dec. 2021)
the only publications covering XANES measurements
at the Tc L; absorption edge were presented by
Blanchard et al. in 2014 [2], Bauters et al. in 2020 [3]
and by us in Dardenne et al., 2021 [4]. In Ref. [2], Tc
containing powder samples were embedded in epoxy
resin and mounted in a windowless holder. Tc Ls-edge
spectra were collected at the Australian Synchrotron
using the total electron (TEY) and total fluorescence
yield (TFY) XAS detection modes with Tc samples
held at UHV conditions. In Ref. [3], a comprehensive
series of *Tc compounds, ranging from oxidation state
I to VII, was measured at the Tc Ls-edge applying our
new approach to record ‘tender’ X-ray XANES spectra
at ambient conditions [4].

A new setup for tender X-ray measurements at the
INE-Beamline (currently applicable down to the phos-
phorus K-edge at ~2.14 keV) was developed and ini-
tially tested at the S K- and Mo Ls-edge (~2.47 and
~2.53 keV, respectively). The system is based on a He-
flow chamber comprising 1% ionization chamber
(Oken, Japan, 5 cm length), bellows, sample chamber,
bellows and 2" ionization chamber (Oken, Japan, 19
cm length) — all connected without intersecting win-
dows (Fig. 1).

Fig. 1: New setup for ‘tender’ X-ray XAFS measurements -
SS: sample stage, DS: detector stage, SC: sample chamber,
VD: Vortex detector, IC-1: first ionization chamber, IC-2:
second ionization chamber.

The sample chamber is mounted at a linear table on top
of the multi-axis sample positioning stage (Huber, Ger-
many) — allowing its lateral and vertical translation by
each +6 mm. The 2™ IC is rigidly mounted at the X-95
rail carrying the downstream ionization chambers for
conventional high-energy XAS measurements. A He-
flow of 1 I/min (inlet at the 2™ IC, outlet at the 1% IC,
exhausted via the ventilation system of the experi-
mental hutch) is provided to constantly purge the
chamber assembly. The sample chamber is manufac-
tured as a transparent acrylic glass cube equipped with
ISO-KF40 entrance and exit flanges and a sealed lid at
the top, which can be opened to introduce various types
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of sample cells, vials or holders. The major technical
challenge was to position the Be entrance window of
the solid-state detector for TFY measurements (Vortex
60EX, Hitachi, USA) close to the sample surface with-
out directly exposing the detector snout to the He at-
mosphere in the sample chamber. This was solved by
fitting the right-hand side (in beam direction) of the
sample chamber with a sealed KAPTON® window (13
um) on a frame protruding 20 mm into the chamber
volume. The racetrack shape of the frame allows verti-
cal sample positioning scans of the cell with inserted
detector, while lateral positioning scans (at 90° relative
to the impinging beam) are coupled to synchronous
movements of the lateral detector positioning stage,
keeping the sample to Be-window distance constant.
Intensity losses due to the absorption of Tc L« fluores-
cence (~2.42 keV) in the KAPTON® window and the
remaining air gap amount to ~30%. Standard (inactive)
samples such as thin films or powders dusted to adhe-
sive tape are attached to a stand inside the sample
chamber held in position by magnets on a metallic base
plate. Solution samples are investigated in PEEK (pol-
yether ether ketone) cuvettes sealed by KAPTON
films. This method was recently developed at KIT-INE
for actinide M-edge high energy resolution X-ray emis-
sion spectroscopy (HR-XES) [5]. For the first time
ever, with this setup we were able to collect ‘tender’ X-
ray Tc Ls-edge XANES spectra for liquid **Tc-samples
[4]. All Tc Ls-edge XAFS spectra were recorded in
TFY mode detecting the Tc Le-line, using the He-
flushed 1% IC as Io monitor. The DCM was equipped
with a pair of Si<111> crystals. The energy scale was
calibrated by assigning the white line (sulphate) peak
maximum in the sulphur K-edge spectrum of Na>SOs
to 2.477 keV, which was in turn calibrated against the
Is — 4p Rydberg transition of Ar (3.20354 keV).
PEEK cuvettes with 13 pm KAPTON windows were
placed in the sample chamber with the surface of the
window at 45° relative to the impinging beam.

Fig. 2a depicts the Tc L3-XANES of samples A and
B, a Tc(V)-gluconate complex with distorted square-
pyramidal oxygen coordination and a Tc(IV)-glu-
conate complex with presumably octahedral oxygen
coordination of Tc, respectively, together with the lig-
uid pertechnetate (Ref Tc(VII)) and the amorphous
TcO2-xH20(am) reference (vertically shifted for clar-
ity). Pertechnetate and samples A and B exhibit a split-
ting of the most intense transition feature (white line,
WL). In contrast to that, the WL observed for TcOsz is
more symmetric and less intense. The latter observa-
tion has to be attributed to the higher filling of the 4d-
states in TcOz (d3), but might be as well affected by
‘self-absorption’ when recording the Tc L« fluores-
cence from a concentrated bulk sample. The spectra
have been further analysed by fitting two pseudo-Voigt
(called peak 1 and peak 2) and an arc tangent function
(representing the continuum transition above the edge).
Fit results (positions of peak 1 and 2, the centre of mass
of peaks 1 and 2 and the energy differences between
peak 2 and peak 1) are plotted in Fig. 2b. As expected,
the centre of mass and the energy positions of peak 1
and 2 are monotonously increasing with the formal Tc



oxidation state — a well-known phenomenon for transi-
tion metal XANES spectra due to the decreasing
screening of the nuclear charge. Interestingly, the WL
splitting exhibits the highest value for sample B
(Tc(IV)-gluconate) and decreases via sample A
(Te(V)-gluconate) to pertechnetate. Generally, peaks 1
and 2 in Ls-edges XANES spectra of 4d transition met-
als are associated with transitions to unoccupied, crys-
tal-field split 4d levels, denoted according to the irre-
ducible representations of the corresponding symmetry
groups. This energy splitting depends on the ligand
field strength, which typically increases as the oxida-
tion state increases (with similar bond distances) or the
bond length decreases. Thus, this observation is in
agreement with the decreased Tc-O bond length ob-
tained by Tc K-EXAFS [4] for sample B compared to
TcO2-xH20(am). Details of the quantum-chemical cal-
culation of these spectra are given below in section 8.6.
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Fig. 2: a) Normalized Tc L3-XANES spectra of gluconate
samples A and B and reference compounds. b) White line
peak positions and energy splitting extracted by peak fitting
of Tc L3-XANES spectra.

Cryogenic actinide M-edge HR-XANES spec-
troscopy at the ACT station of the CAT-ACT
beamline

The Johann-type X-ray emission spectrometer at the
ACT laboratory is routinely applied for HR-XES/HR-
XANES and RIXS experiments in a broad energy
range encompassing the actinide M- and L-edges (Th
— Es feasible). The ‘tender’ X-ray range at ACT is ac-
cessible with a Si<111> crystal pair in the cryo-cooled
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double crystal monochromator down to ~3.4 keV [1].
In this energy region, scattering and absorption of X-
rays is efficiently minimized by enclosing all beam
paths — i.e., that of the impinging beam and those be-
tween the sample, the analyzer crystals and the silicon
drift detector entrance window arranged in a vertical
Rowland circle geometry — in He atmosphere. A rigid
plexiglass box housing the spectrometer components
has been (re)designed and recently installed on the
ACT experiment breadboard table (Fig. 3) [6].

variable feedthrough
detachable lid

oriel spanning a
flexible bag (not
shown) enclosing the
analyzer crystals

access port for
cryostat

lock chamber

breadboard table

crystal stage

Fig. 3: 3D CAD model of the He box providing an im-
proved concept with possibilities for several experiments,
e.g., enabling in situ measurements and cryostat experi-
ments at the M-edges of actinides at the ACT station.

The improved design allows to keep stable conditions
with less than 150 ppm oxygen inside the box through
a controlled He flow of ~5 1/min. The five crystal hold-
ers are placed inside a flexible polyvinyl chloride
(PVC) bag clamped by the five crystal mounts and
spanned by an oriel protruding from the left-hand side
wall (in beam direction) of the He box. This setup al-
lows for sufficient freedom of motion of the crystals
along their individual Rowland circles. The He box is
equipped with a spacious rectangular lock chamber for
exchanging sample cells (e.g., in situ cells or combined
UV-Vis/XES setups) and a panel at the back side (in
beam direction) providing various media and power
feedthroughs (e.g., He/N2/Ar inert gas supply, cooling
water, motor power/encoder/limit-switch lines, detec-
tor HV/power supply and signal lines, vacuum pump
hose etc.). A special access port based on a gear stick
sleeve at the front side, right-hand corner (in beam di-
rection) of the box allows to insert the supply lines for
the modified LNz cryostat which are bundled in a flex-
ible stainless-steel tube. The plexiglass box is further
equipped with a large detachable lid sealed by a PVC
gasket at the wall opposite from the crystal stage (right-
hand side in beam direction). The large opening pro-
vides inside access for installation of the standard
transmission / fluorescence XAFS detection equipment
with ionization chambers and the recently commis-
sioned electrically cooled 8-element LEGe detector
(Mirion, France) or a Laue diffraction setup. Compared



to the original setup with a flexible top, the improved
design of the box enclosing the HR-XES spectrometer
offers the following advantages:

* the box remains permanently installed on top of the
breadboard table, minimizing the time to switch be-
tween HR-XES and standard XAS experiments;

« the front and back side walls of the box are fitted with
ISO-KF 50 flange feedthroughs, simplifying to switch
between ACT and CAT stations by bridging the box
with a vacuum pipe;

« significantly improved He gas purity — correspond-
ingly higher photon flux;

« significantly reduced He consumption during ‘tender’
X-ray measurements;

* large lock chamber, e.g., for transfer of in situ sample
cells.

A commercial flow-through cryostat primarily devel-
oped for microscopy applications (Oxford Instruments
MicrostatHe, UK) — optionally operational with LHe or
LNz as cryogenic coolant — was selected to be adapted
to the HR-XES setup at ACT. It has been modified for
tender X-ray (4n M-edge) requirements while provid-
ing a special clamp mechanism enabling fast sample
changes with the new cryo sample cells. The instru-
ment was chosen based on the special vacuum chamber
dimensions offering a large solid angle field of view
(~140° opening angle) onto the sample(s) and a narrow
gap of ~2 mm between the sample surface and the outer
vacuum window (as required, e.g., for cryo-micros-
copy investigations). This in turn allows the X-rays iso-
tropically emitted from the sample to be captured and
diffracted by all five analyzer crystals in the I m Row-
land circle arrangement.

S~

Fig. 4: Exploded view 3D CAD drawing of the sample cell
assembly with — from top to bottom — cap nut, 2" KAPTON
window, 2" TEFLON gasket, 1 KAPTON window, I
TEFLON gasket, cell body with sample cavities.

A vacuum resistant sample cell (Fig. 4) — adhering to
the double containment rule for radioactive samples —
had to be designed and thoroughly tested. The loaded
sample cells are pre-frozen in a LN> bath and intro-
duced via the lock chamber into the dry He atmosphere
inside the box. The cylindrical cryostat chamber is
opened at cryogenic temperatures and the sample cell
attached to a copper fork providing the heat exchange.
The original quartz window of the sample chamber
flange facing the top side of the sample cell has been
replaced by an epoxy-glued 12.5 pum KAPTON disk.
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Although already absorbing ~35 % of the photon inten-
sity at the Np Ms-edge energy, the cryostat window
thickness has been a necessary compromise between
vacuum stability and X-ray transparency. The vacuum
chamber attached to the flexible tube containing LN:
supply and exhaust lines as well as thermal sensor (PT-
100 type) and heater connections is mounted by a half-
shell adapter on top of the sample positioning stage at
45° relative to the impinging beam. This setup enabled
a sample temperature of approximately 141.2 + 1.5 K
at irradiation conditions with the heat exchange block
cooled down and stabilized at LNz temperature (~77 K)
[6].

Oxidation state changes of redox-sensitive 4An ele-
ments (primarily U, Np and Pu, which may exist (or
even co-exist) at different oxidation states (IV — VI) at
the relevant geochemical conditions), are not exclu-
sively induced by redox partners such as Fe(II) in min-
eral surface reactions. These changes have been ob-
served to occur for mostly wet samples in XAS based
speciation experiments under inert gas conditions. It is
suspected that water radicals formed in bright X-ray
beams might interact with the 4n cations and change
their oxidation state. Another conjecture are effects due
to increased sample temperatures at X-ray irradiation
conditions.
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Fig. 5: a) Gradual change of Np M5-edge HR-XANES spec-
tra of a Np / illite sorption sample at 300.0 + 1.5 K, changes
in the shoulder denoted as feature B are visible with irradi-
ation time. b) At cryogenic conditions (141.2 + 1.5 K), no
significant changes of the spectra are discernible within the
noise level.



As an example to illustrate the performance of our im-
proved cryogenic ‘tender’ X-ray emission spectros-
copy setup, we have performed Np Ms-edge HR-
XANES measurements of Np-237 sorbed on illite (II-
lite du Puy (6.94 % Fe203) contacted with Np at an in-
itial concentration of co(Np(V))=1x10"° mol/L for 11
days at pH 9.2 with a solid to liquid ratio of 2 g/L and
I = 0.1 mol/L NaCl, resulting in a sorbed Np loading
on illite of 83 £+ 2 ppm). A solid Np reference sample
(K5Na[U,NpO2(COs)3]xH20) was used to calibrate the
DCM for Np Ms-edge HR-XANES spectroscopy. The
white line maximum of this sample was assigned to
3664 eV. The Np Mu fluorescence line was recorded
with four Si<220> analyzer crystals, aligned at a Bragg
angle of 81.92°. For the sample at room temperature,
9x10 min scans were recorded. For the sample
mounted inside the cryostat at 141.2 + 1.5 K, 9x15 min
scans were recorded. The program OriginPro was used
to calibrate the spectra using the reference scans rec-
orded before and after each sample scan.

The higher photon flux achieved with the advanced
He box setup, further optimization of the beamline op-
tics alignment and recent improvements of the KARA
storage ring operation has led to the observation of
beam-induced alterations in hydrated samples such as
wet Np-sorbed illite pastes. This is clearly shown in
Fig. 5a, where the average of several Np Ms-edge HR-
XANES scans of the Np / illite sample with the pro-
gression of irradiation time of a series of measurements
performed at room temperature on the same sample
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spot are depicted. Peak B — significant for the presence
of Np(V) ‘neptunyl’ species — disappears after pro-
longed irradiation time, strongly suggesting reduction
of Np(V) to Np(IV). Note that the white line maximum
(peak A) position does not significantly change upon
reduction of Np(V) to Np(IV) — a well-known anomaly
for pentavalent ‘actinyl’ species upon the loss of the
trans-dioxo conformation upon transition to the tetra-
valent state. In contrast to that, it becomes clearly evi-
dent from the comparison of scans averaged for differ-
ent time intervals as depicted in Fig. 5b that beam-in-
duced reduction is successfully suppressed when ap-
plying the cryostat setup stabilizing a sample tempera-
ture of 141.2 + 1.5 K. Within the noise level, no signif-
icant changes in the spectra were detected when irradi-
ating the same spot up to more than 130 min.
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8.2 Development of a new software for LIBD analysis

T. Hippel, A. Skerencak-Frech

Due to its long service time, the equipment of the Laser
Induced Breakdown Detection (LIBD) systems oper-
ated at INE required a renewal. A new camera includ-
ing a new interface, the UI-3040SE-M-GL from IDS,
was purchased. Instead of using separate PCI capture-
cards, the camera signal is transferred to the data acqui-
sition PC via USB 3.0. For the installation of this new
equipment, a new software for the data analysis was re-
quired. In order to achieve a maximum of expandability
and adaptability of the new experimental setup for up-
coming scientific questions, the decision was made to
develop a custom-made software in-house. The source
code of the new software was written in C++, enabling
an easy exchange of the graphical user-interface or im-
plementation of new features.

The experimental principle of LIBD is based on a
pulsed laser beam, which is focused into a cuvette con-
taining nano-sized solid particles dispersed in a solu-
tion. Depending on the laser power and the target ma-
terials, within the focused area of the laser beam a light
emitting plasma (breakdown event) is formed. The
threshold for this plasma formation is lower for the dis-
persed solid materials compared to the solvent matrix.
Thus, in a typical LIBD experiment a breakdown event
occurs when a solid particle passes the area of highest
photon density in the area of the laser focus. The break-
down events result in the emission of a flash of light
detected by the camera, which takes a picture of the so-
lution for every laser shot. An exemplary camera feed
of breakdown events is shown in Fig. 1. The aim was
to enable the newly established software to identify the
size as well as the concentration of the nano-particles
dispersed in a solution online during the LIBD meas-
urement.

Fig. 1: Camera feed of breakdown events.

The software analyses the pictures for possible break-
down events. If no events are detected, the picture is
discarded. If a breakdown event is observed, the soft-
ware determines the position of the breakdown event in
two dimensions. If multiple breakdown events occurred
in one picture, all of them are taken into account. The
position of each single breakdown event is plotted in a
graph (s. Fig. 2).

From the distribution of the breakdown events along
the x-axis, a histogram is generated. Currently, two dif-
ferent methods are implemented in the software to de-
termine the particle size. The first method (method 1)
is based on an algorithm to fit a Gaussian distribution
curve to the histogram (s. Fig. 3). From this fit, the size
and the concentration of the particles in the sample can
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be derived. The second method (method 2) also gener-
ates a histogram from the distribution of the breakdown
events. From this, the length of the breakdown volume
along the x-axis is calculated, which depends on the
particle size. Therefore, the user receives two evalua-
tions of the particle size.

One of the major advantages of the new software
compared to the old setup is the fully automatic expor-
tation of the breakdown distribution data and pro-
cessing of the different calculation steps by the program
within several seconds. The old software required all of
these steps to be done manually, which took a consid-
erable amount of time. Furthermore, the new software
is compatible with data determined with the old setup.
Hence, the former data can still be used if necessary.

Regarding the current development state, the software
reads out image files taken by the old as well as the new



camera. Method 1 is fully operational and able to cal-
culate the breakdown distribution as well as the Gauss-
ian fit of the histogram on the fly. The only thing re-
quired is a new calibration measurement for the new
camera. Method 2 is partially working, but requires fur-
ther development. Furthermore, evaluation of data de-
termined with the old software is also fully imple-
mented and functional.

Current work in progress involves a modification of
the software to capture the live feed from the camera

70

online during the measurement. Future development of
the software aims at the installation of a control mech-
anism to stabilize the laser power during a measure-
ment, or to change it over time if required for an ana-
lytical technique. In addition, a simplification of the
calibration process for a specific system by automating
the calculation of the calibration factors is under devel-
opment.



8.3 Microscopy and surface analytics
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Introduction

X-ray photoelectron spectroscopy (XPS) is success-
fully applied to the analysis of metal-organic com-
plexes. The ability to determine atomic concentrations
and type and amount of bonding states makes XPS a
tool for characterization of such complexes. This is ex-
emplified by analysis of Fe(II), Eu(Ill), and Am(III)
complexation with nPr-BTP resulting in new insights
into bonding properties.

To enhance energy resolution of X-ray spectroscopy
in the scanning electron microscope (SEM), a wave-
length dispersive spectrometer (WDS) was installed in
addition to the existing energy dispersive X-ray spec-
trometer (EDS). Spectral superposition of characteris-
tic X-ray lines using EDS are resolved in most cases by
WDS, beneficial for example at multi-elemental sam-
ples consisting of transition elements.

Eu(III)- and Am(III)- nPr-BTP complexation
by XPS

Trivalent actinides are separated from lanthanides by

liquid-liquid extraction using suitable extracting agents.

2,6-Bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine (nPr-
BTP) is a tridentate ligand and forms nine-coordinate
1:3 complexes with the light trivalent actinides. Vari-
ous analysis techniques indicated the formation of ten-
fold coordinated species in non-aqueous solution [1].
To provide further evidence of a coordination number
higher than nine, XPS is performed by a ULVAC-PHI
VersaProbe II spectrometer by use of monochromatic
Al Ko (1486.7 V) X-ray excitation. Survey spectra
and narrow scans of elemental lines were acquired to
characterize composition and bonding of the elements.
The C 1s elemental line of nPr hydrocarbons is used as
internal charge reference at 284.8 eV [2]. The error of
binding energies of elemental lines is estimated to
+0.2 eV. One microliter of solution with 1 mM of
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Fig. 1: Comparison of XP spectra of nPr-BTP (black curve,
molecular structure) and nPr-BTP-HNO; (red curve) in 2-
propanol with 0.15 M HNOs. [nPr-BTP] = 3 mM.

complexes was spread onto aluminum foil, and the sol-
vent was evaporated.

First, narrow scans of N Is and C 1s elemental lines
of nPr-BTP in the presence and absence of HNOs in 2-
propanol were measured (Figure 1). nPr-BTP is known
to form nPr-BTP-xHNO; (x = 1, 2) adducts [3,4]. The
N Is and C 1s main lines show little differences in the
presence or absence of HNOs. However, an additional
peak at 406.8 eV in the N 1s spectrum of nPr-BTP con-
taining HNOs indicates adduct formation. The peak
area ratio of the N 1s BTP signal and the N 1s nitrate
signal (after subtraction of a Shirley background) is 7:1,
corroborating the formation of nPr-BTP-HNO:s (seven
N from BTP, one N from HNO3).

Then, the [M(nPr-BTP)3(NO3)]** complexes (M =
Am, Eu) (analogues for Cm(III)) were prepared in the
presence of nitrate dissolved in 2-propanol and ana-
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Fig. 2: X-ray photoelectron spectra of nPr-BTP (red curve)
and [M(nPr-BTP);(NO3)]** complexes (M = Eu, blue curve
and Am, green curve) in 2-propanol (nPr-BTP and Eu(Ill)
complex) or 2-propanol with 0.15 M HNO3 (Am(IIl) com-
plex). (*) denotes a constant fraction of two nitrate groups.

lyzed by XPS. The narrow scans of N Is and C 1s ele-
mental lines are shown in Figure 2 together with ele-
mental lines of nPr-BTP. Compared to the spectra of
nPr-BTP, the N 1s spectrum and the aromatic region of
the C Is spectrum of the Am(III) and Eu(IIl) com-
plexes are slightly shifted to higher binding energies.
This indicates a decreased electron density in the aro-
matic system due to complexation with Am(III) or
Eu(Ill). The N 1s and C 1s spectra of Am(III) and
Eu(III) complexes show no significant differences.
The Am(IIT) and Eu(IIl) complexes show two addi-
tional lines assigned to nitrate at the N 1s spectrum:
405.6 eV (nitrater) and 406.7 eV (nitrate2). The
M(nPr-BTP)s : nitrate: : nitratez peak area ratios after
subtraction of a Shirley background are 21:2:1 for
Eu(III) and 21:2:2 for Am(IIT). Two nitrate peaks with
an intensity ratio of 2:1 are expected in a [M(nPr-
BTP)3(NO3)](NOs)2 complex which coincides with the
XPS result of the Eu(Ill) complex. However, the
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Fig. 3: Am 4f of [AmnPr-BTP)3(NO3)](NO3)»HNOs. The
binding energy of Am 4f7; is 448.7 eV (FWHM 1.74 eV) and
the 4f spin-orbit splitting 14.6 eV.

Am(III) stock solution contained nitric acid. The ob-
served 2:2 ratio of the lines assigned to nitrate of the
Am(IIT) complex could be due to adduct formation,
[Am(nPr-BTP)3(NO3)](NOs)2-HNOs. The Am 4f spec-
trum is depicted in Figure 3.

The adduct formation was investigated by prepara-
tion of the [Eu(nPr-BTP)3(NO3)](NOs)2 complex in
presence of increasing HNO3 concentration. The N 1s
and C 1s spectra are shown in Figure 4. The N 1s ele-
mental line at 406.7 eV assigned to nitrate grows in in-
tensity with increasing nitric acid concentration. Ac-
cording to the peak areas, the complexes are
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Fig. 4: XP spectra of [EumPr-BTP)3(NO3)](NO3)»xHNO3
complexes in 2-propanol with 0 (blue curve, x = 0)), 0.18
(green curve, x = 2), and 0.5 M HNOj (red curve, x = 3). (*)
denotes a constant fraction of two nitrate groups.

[Eu(nPr-BTP)3(NO3)](NO3)2:2HNO; and [Eu(nPr-
BTP)3(NO3)](NO3)2:3HNOs. Thus, the N 1s elemental
line of nitrate at 406.7 eV is assigned to one inner-
sphere nitrate bound directly to the trivalent metal ion
and to adduct HNOs molecules. The N Is line at
405.6 eV corresponds to two outer-sphere nitrate ani-
ons. XPS measurements could confirm the formation
of [M(nPr-BTP)3(NO3)]** complexes (M = Am, Eu)
with tenfold coordination.

Ferrous nPr-BTP 1:2 complex by XPS

The interaction of nitrate and nPr-BTP with iron was
investigated since iron forms complexes with nPr-BTP
solvent which damages stainless steel.

Fe(IIT)(NOs)3 and nPr-BTP were dissolved in 2-pro-
panol resulting a dark colored solution which was sta-
ble in contact with air for one day. XPS of a dried sam-
ple shows that iron was reduced to Fe(II). The
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N 1s (nPr-BTP) main line has a binding energy of
400.0 eV, while the N 1s line at 405.7 eV corresponds
to outer-sphere nitrate anions (NOs3)". The molar ratios
[Fe]/[NOs] = 1:2 and [Nupr-Bre]/[NO3] around 7:1 point
to a Fe(II)(nPr-BTP)2(NOs)2 complex. The Fe 2pss line
of the Fe(Il) complex exhibits a narrow Gaussian,
FWHM 0.98 eV. The absence of multiplet splitting in-
dicates a low-spin Fe(II) complex with strong-field lig-
ands (Figure 5).

Wavelength dispersive X-ray spectrometer for
scanning electron microscopy
A wavelength dispersive X-ray spectrometer (WDS),
model MagnaRay (Thermo Scientific), was installed in
the SEM to overcome the limitation of EDS resolving
peaks with close energies. In such cases the about ten
times higher energy resolution of WDS in comparison
with EDS supports the identification of X-ray lines and
elements present in the sample. Acquisition, data pro-
cessing and analyses are integrated into Pathfinder
software (Thermo Scientific). In contrast to EDS, WDS
is a crystal spectrometer and the X-ray energy range is
scanned during the measurement which requires more
time than EDS. The measured intensity of the X-ray
lines is reduced for WDS, but detection limits are
lower.

The WDS detector installed is a parallel beam spec-
trometer type with a polycapillary and grazing inci-
dence optics. A scheme of the WDS spectrometer is

Large area
detector

26 Electron

beam

No limit on distance

Flat between optic
diffractor and diffractor
Hybrid optic

(Grazing incidence
& Polycapillary)

Sample

Fig. 6: Scheme of parallel beam wavelength dispersive X-ray
spectrometer with hybrid optic. The angle 260 is variable
within 28° to 154°.



depicted in Figure 6. Divergent high energy X-ray flu-
orescence from the sample is converted into a parallel
beam by a polycapillary optic located near to the sam-
ple surface to capture characteristic X-rays at a large
solid angle. The polycapillary optics consist of thou-
sands of parallel microcapillary glass tubes, diameter
about 2 um, each of which acts as a waveguide. Low
energy X-rays up to about 2.2 keV are parallelized by
a grazing incidence X-ray optic consisting of a parabo-
loidal hollow metallic tube with a highly polished in-
ternal surface which contains the polycapillary optic.
The parallel X-ray beam is pointed to a flat diffractor.
Different diffractors, e.g., crystals or multilayers, are
mounted on a carousel and are selected automatically
to cover the X-ray energy range of interest. A sealed
large area Xe proportional counter tube detects the dif-
fracted X-rays. Diffractor and counter tube are moved
when scanning the selected energy range. The ad-
vantage of this design is that the diffractor is flat and
can be placed at a convenient distance from the sample.
Thus, no Rowland circle geometry or curved diffrac-
tors are required.

However, spectral artefacts are present at EDS and
WDS spectra. Si-drift detectors cause additional lines
in the X-ray spectrum like sum-peaks or escape peaks.
With WDS such lines are not present but X-ray lines
with low intensity from higher order reflections (n =2,
3...) according to Bragg’s Law of diffraction (n\A = 2d
sinB) occur.
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Fig. 7: Secondary electron image of an individual e-particle
analyzed by SEM-EDS (black curve) and -WDS (red curve),
accelerating voltage 10 kV. The intensity of the WDS lines
was enhanced by a factor of 20 for easier comparison.
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Fig. 8: SEM-EDS and -WDS spectra of S Ko p and Tc Lo p,
X-ray lines of Tc-sulfide, accelerating voltage 10 kV. The in-
tensity of the WDS lines was enhanced by a factor of 20 for
easier comparison.

As an application example EDS and WDS spectra were
recorded from a single e-particle of about 1 um in di-
ameter (insert in Figure 7) located at the interaction
zone between Zircaloy-4 cladding and a spent fuel UO:
pellet (burn-up 50.4 GWd/tHM). Low amounts of Tc
could be identified by WDS, but are not detectable by
EDS (Figure 7). Regarding their catalytic effect in con-
junction with the emitted pB-radiation and the overall ra-
diation field of spent nuclear fuel (SNF), e-particles
play an important role in local radionuclide immobili-
zation mechanisms together with the elevated Hz par-
tial pressure generated in case of the SNF canister cor-
rosion under repository conditions [5].

Another example is Tc(IV)-sulphide stabilized by
NazS204. Sulfur K and technetium L lines are superim-
posed in the EDS spectrum but clearly resolved by
WDS using a PET diffractor (Figure 8).
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8.4 NMR spectroscopy at INE
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Introduction

NMR spectroscopy is a widely used spectroscopic
method in organic and inorganic chemistry. A wide va-
riety of experiments can be performed, yielding a
wealth of chemical information (Figure 1). Experi-
ments are feasible for substances in liquid or solid state
and on a broad range of nuclei. This has led to applica-
tions of NMR in fields ranging from small molecule
spectroscopy to geochemistry and even biomolecular
NMR with its focus on protein molecules of several
kilo daltons molecular weight.

Fig. 1: NMR spectroscopy, the chemist’s Swiss army knife.

Insights on the M(III)-O interaction in Ln(III)-
and An(III)-TEDGA complexes

In the recent years NMR studies of Ln(III) and An(III)
complexes with N-donor ligands probed the metal-ni-
trogen interaction [1-2]. These studies showed that the

Am(III)-N interaction has a larger covalent contribu-
tion compared to the Ln(III)-N interaction.

Further NMR studies with hard and soft donor lig-
ands are required to expand the understanding of these
interactions. In addition to N-donor ligands, we studied
the complexation of Ln(IIT) and Am(IIL,IV) with the O-
donor ligand N,N,N’ N’-tetracthyl diglycolamide
(TEDGA).

NMR titration experiments show the formation of the
1:3 complexes [M(TEDGA):]*" (M = La-Lu, Y, Am)
in D20. In contrast, with tetravalent Pu(IV) and
Th(IV), only the 1:2 complex [An(TEDGA)2]*" is ob-
served in D20. A characteristic feature of all com-
plexes is a fast ligand exchange rate, resulting in line
broadening of all proton signals.

NMR spectra of paramagnetic compounds stand out
due to the coupling of the electronic and nuclear spin.
Since the electronic spin is significantly larger than the
nuclear spin the coupling results in unique effects on
the NMR spectrum. Mainly three effects are observed:
a large chemical shift, line broadening of the signal and
a temperature dependency of the chemical shift. In all
cases, the effect decreases with the distance between
the observed nuclei and the paramagnetic centre.
Therefore, temperature dependent NMR spectra are an
efficient tool to gather additional information on the
structure and electronic properties of paramagnetic
complexes.

As an example, Figure 2 features the 'H NMR spectra
of [Yb(TEDGA)3](NOs)3 ([Yb] = 10 mmol L") in D20
between 300-350 K. As highlighted, the signals shift
with increased temperature. Yet, the temperature effect
is not pronounced equally throughout the proton spec-
tra. Only minor temperature-dependent shifts are ob-
served for Hs and He. In conclusion, these protons are
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Fig. 2: Temperature dependent 'H NMR spectra of [Yb(TEDGA);](NO3); ([Yb] = 10 mmol L™) recorded in DO [3].
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located quite far away from the paramagnetic ion. In
contrast, Hi and Hs show significant temperature-de-
pendent shifts. They are located quite closely to the
paramagnetic centre and as a result experience a strong
paramagnetic influence.

In addition to the lanthanide complexes,
[Am(TEDGA)3]** was synthesized and characterized
by NMR spectroscopy. The focus was on the ameri-
cium-ligand interaction in direct comparison to the
complexes of the trivalent lanthanides. Due to a low
natural abundance of the NMR active isotope 7O the
Am(III)- and Ln(III)-O bond was probed utilizing the
unique electronic properties of the amide bond. In fact,
the lone pair electrons of the amide nitrogen atom are
delocalized in the C-O double bond, thus forming a me-
someric system [4]. Thus, information on the M(II)-O
interaction can be gathered by collecting 1*C and >N
data.

Table 1 shows the N and '*C NMR data of the am-
ide nitrogen and carbon atoms, respectively. For both
nuclei, similar chemical shifts are found for all M(III)
ions studied. In conclusion, the Ln(IIT)-O and Am(III)-
O bond show similar bonding properties, in agreement
with the general observation that oxygen donors show
similar complexation behaviour towards both An(III)
and Ln(III).

Table 1: 13C and >N chemical shifis of the amide group in
[M(TEDGA);]** complexes (M = Am, Lu, Sm, La) in D>O.

[M(TEDGA)3]3+ ﬁobs (ISN) 6obs (13C)
Am 139 176.6
Lu 138 170.8
Sm 138 172.1
La 137 170.3

Be(II) speciation in alkaline solutions

Common NMR experiments on (in)organic com-
pounds usually focus on the acquisition of 'H, 13C, '°F
and 3'P data. Besides the complex chemistry of the ac-
tinide ions and their fission products, the chemistry of
cementitious phases or irradiated materials are im-
portant research topics with respect to the safety of nu-
clear waste disposal. °Si, Al or °Be NMR spectros-
copy are particularly well suited to investigate these
topics.

Beryllium plays an important role in nuclear fission
reactors due to its neutron multiplication properties,
making it a useful neutron reflector. The production of
“He and *H causes swelling of materials, requiring ir-
radiated beryllium components to be replaced and dis-
posed periodically [5,6].

Figure 3 shows the °Be NMR spectra (300 K, 56.23
MHz) of a supernatant of a selected solubility sample
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in 3.0 M NaCl solution at pHm = 14.1. Compared to
BeSO4 (pHm = 3.0) a shift of the °Be signal of approx.
1.8 ppm is observed. Based on the sharp NMR signals
it is concluded that in both cases a highly symmetric
species is present. In conclusion, at pHm = 14.1 the for-
mation of Be(OH)4]* and pHm = 3.0 the formation of
[Be(H20)4]*" is observed.

[Be(OH),I* ’
3.0 M NaCl pH,, = 14.1

byl s o MR

[Be(H,0),* 1.8 ppm
BeSO, @ pH,, = 3.0
T T T T T
4 2 0 2 4
ppm

Fig. 3: °Be NMR spectra (300 K, 56.23 MHz) of an acidic
solution of BeSOy at pH,, = 3.0 and of the supernatant of a
selected solubility sample in 3.0 M solution at pH,, = 14.1

[5].

Conclusion

Combined with further spectroscopic techniques avail-
able at INE (see the Coordination Chemistry chapter),
the capability of performing NMR spectroscopy on ra-
dioactive samples provides an essential tool to study
the coordination and bonding properties of actinide
complexes in solution. Furthermore, ongoing studies
related to the disposal of special wastes (such as beryl-
lium containing wastes) are supported by NMR spec-
troscopy.
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Introduction

AMS offers the analytical capability of determining ul-
tra-trace levels of long-lived actinides and fission prod-
ucts in a variety of environmental samples. Detection
efficiency for actinide nuclides and **Tc¢ at the level of
ca. 1 x 10* atoms (25 ag) and ca. 3 x 10° atoms (0.5 fg)
in a sample, respectively [1, 2], can be reached allow-
ing for experimental results at concentration levels that
may not be obtained with more commonly used mass
spectrometric techniques. This enables addressing cer-
tain scientific questions on the behavior of actinides
and *Tc at the ultra-trace levels useful to several pro-
jects in the field of nuclear waste management, safety
and radiation research. In the past two years, with the
use of AMS we have investigated the long-term behav-
ior of radionuclide tracers in the frame of the Long-
Term-In-situ-Test (LIT) experiment at the Grimsel
Test Site in Switzerland (CFM project), as well as in
laboratory scale in-diffusion experiments through
Opalinus (OPA) clay (iCross project), obtaining results
relevant for the safety assessment of nuclear waste dis-
posal in deep geological crystalline and clay host rock
repositories (sub-chapter 5.4). Furthermore, we have
applied AMS to the analysis of Rhine river water sam-
ples in the vicinities of the Fessenheim Nuclear Power
Plant (NPP) in France, in a first attempt to gain infor-
mation on the status-quo-ante relative to the ongoing
decommissioning activities (EUCOR project).

Our analytical research focuses on the development
of sample preparation methods enabling the concurrent
determination of ultra-trace levels of several actinide
nuclides and *Tc in clay rock, groundwater and sur-
face water samples. In the following text, recent results
concerning the analytical approach in the frame of the
aforementioned projects, as well as the identification of
the nuclear contamination source in the investigated
Rhine River water samples are described. The actinide
nuclides were analyzed at the 3 MV tandem accelerator
of VERA, while *Tc was investigated at the 14 MV
tandem accelerator of TUM.

Analysis of Tc¢ and actinide tracers in the
frame of the LIT in-situ experiment

The concentration of radionuclide tracers *Tc, 233U,
2Np and 2*?Pu was determined in bentonite porewater
mixing with Grimsel groundwater samples (LIT-
GGW) from the LIT experiment. At the same time, in
order to estimate a possible “shear zone” background
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(sub-chapter 5.4), Grimsel groundwater samples
(GGW) from the tailing of two previous in-situ radio-
nuclide tracer tests were analyzed. Two different sam-
ple preparation approaches were applied for the two
mentioned sample systems. The LIT-GGW samples
(1.6 to 10 mL volume) were split in halves, each of
them submitted to the sample preparation described in
[2] for *Tc and in [3] for the actinide nuclides using a
multi-actinide analysis method. A novel approach was
employed for the GGW samples (500 mL volume), in
which the group of actinide tracers were separated from
“Tc with a TEVA® resin chromatographic column
with a sample loading solution in 0.1 M HCL. For these
samples, the lowest concentration of **Tc was expected
and, therefore, instead of splitting the sample in halves,
the tracers were extracted from the maximum available
sample size. This procedure makes use of the pro-
nounced difference in retention between Tc and the ac-
tinides from HCl media [4]. At low acidity, the high
selectivity of quaternary ammonium salts of TEVA®
for the pertechnetate anion TcO*, over the acid anionic
complexes of the actinides enables quantitatively re-
taining Tc on the column while eluting the group of the
actinides. Then, the so-obtained Tc and actinides frac-
tions were each submitted to the AMS sample prepara-
tion procedures described in [2] and [3], respectively.
With these procedures, concentrations down to ca. 2 x
10° atoms/mL for **Tc and ca. 6 x 10* atoms/mL for
23U could be determined with AMS in the GGW and
LIT-GGW samples (Fig. 4 and Fig. 5 in sub-chapter
5.4).

Multi-actinide analysis in clay rock and river
water samples

I the frame of laboratory-scale experiments of 23U and
243 Am in-diffusion through samples of OPA clay (sub-
chapter 5.4), the multi-actinide analysis with AMS
adapted to clay matrix samples was applied [5]. In this
procedure, the actinide nuclides are co-precipitated as
group with Fe(OH); from a desorbing solution in 1M
HNO:s. After co-precipitation, the so-obtained Fe(OH)s
is converted to iron oxide at a T = 900° C and the em-
bedded actinide nuclides are sputtered in the Cs nega-
tive ion source of AMS. During the analysis of the clay,
clay porewater and 1 M HNOj standard samples, a de-
crease of the count rate of the actinide nuclide with the
increase of the sample matrix was observed. In order to
investigate this phenomenon, the efficiency of the
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Fig. 1 Concentration of >°U, >’ Np and ?°Pu in the six Rhine
river water samples and four procedure blanks determined
with AMS after Fe(OH);s co-precipitation (above) and DIPEX
sorption (below).

Fe(OH); co-precipitation for several matrix elements
was determined with (SF) ICP-MS in four procedure
blanks composed of clay desorbing solutions. First re-
sults show that the elements mostly contributing to the
final AMS sample matrix are Al, Si and Ca. Comparing
the obtained mass of the sample matrix of the clay sam-
ples with those estimated from clay porewater and
standard samples, a negative exponential behavior of
the count rate of the actinide tracers as function of the
sample matrix was observed. Further tests are ongoing
in order to validate this observation as well as to inves-
tigate possible mechanisms affecting the actinide count
rate in addition to a likely dilution effect.

Maximizing the count rate of the investigated nuclide
from an AMS sample is a crucial aspect for an efficient
sample preparation and AMS analysis. To this purpose,
we have tested a sample preparation procedure alterna-
tive to the Fe(OH)s co-precipitation for multi-actinide
analysis, which involves the group separation of the ac-
tinide with DIPEX® resin [6]. This resin shows a high
affinity for tri-, tetra- and hexavalent actinides with the
highest retention in 0.1 M HCI, but also the disad-
vantage that the actinides cannot be easily stripped
from the extractant. However, it is possible to dissolve
the extractant with the retained actinides from the resin
substrate with isopropanol. We adapted this procedure
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to AMS sample preparation and compared it to the
Fe(OH)s co-precipitation for Rhine river water samples
(2 L volume, each) collected in the vicinities of the
Fessenheim NPP [7]. Fig. 1 shows the concentration of
26y, 2’"Np and **°Pu in six river water samples col-
lected upstream (JR04 and JR05), in front of (JR10 and
JR11) and downstream (JRO8 and JR09) of the NPP, as
well as four procedure blanks submitted to the two
sample preparations, namely Fe(OH)3 co-precipitation
(above) and sorption on DIPEX® resin (below) and de-
termined with AMS. The results from all six water
samples are consistent to each other, indicating repeat-
ability of the AMS analysis between the two sample
preparation procedures. We are further investigating
the sorption efficiency of matrix elements, e.g., Al, Si
and Ca on DIPEX® in order to verify whether this sam-
ple preparation can allow for a lower AMS sample ma-
trix compared to the Fe(OH)s co-precipitation and pos-
sibly adapt its application to other kinds of samples,
i.e., clay and clay porewater specimens.

Concerning the origin of the determined anthropo-
genic actinides, since they show similar concentrations
in all the samples, we deduce that there was no contri-
bution of nuclear contamination from the NPP to the
Rhine river water. The concentration of 2*°Pu, which is
the most abundant global fallout derived actinide nu-
clide [8], in the analyzed samples is on average mainly
consistent to the blanks level and at least one order of
magnitude lower than that of 2*U and »*'Np (Fig. 1).
This can be explained with the lower solubility of Pu
compared to U and Np in river water and its higher
sorption onto particles undergoing sedimentation, be-
ing in this way subtracted from the river water [9]. The
weighted mean of the atomic ratio 2*U/%’Np equal to
0.5+0.1 and 0.6 £ 0.1 for the co-precipitation and resin
sorption procedures, respectively, indicates a global
fallout origin of the 2*U and *’Np signals [8]. These
results represent a first hint on the origin of the nuclear
contamination in the vicinities of the Fessenheim NPP
at the moment of sampling [7]. More conclusive results
could be obtained with the analysis of river water sed-
iment, possibly constituting a reservoir for past re-
leases from the NPP, as well as the global fallout.
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8.6 Computational chemistry
R. Polly

Introduction

Computational Chemistry using ab initio methods at
KIT-INE provides valuable fundamental insights on a
molecular scale, greatly assisting, supporting and com-
plementing experimental investigations in the field of
nuclear waste disposal and fundamental radionuclide
studies. There is a wide range of applications for Com-
putational Chemistry at INE: from providing detailed
structures of complex chemical systems including acti-
nides and other radionuclides in solution, at surfaces or
solid phases, to spectroscopic information reproducing
the actual experimental spectra for EXAFS, (HR-
)XANES or RIXS. Hence, the considered systems vary
from molecular species in the gas phase over small
complexes in solution to bulk phases or mineral/liquid
interfaces at ambient conditions. The synergistic ef-
fects at INE from doing theoretical and experimental
research together in one research institution are enor-
mous. New theoretical methods and the constantly im-
proving hardware allow a steady improvement of the
description of actinide systems at the electronic struc-
ture level. These improvements also increase the accu-
racy and reliability of quantum chemistry as a predic-
tive tool.

Quantum-chemical calculation of HR-XANES

spectra and RIXS maps of actinide compounds
It is one of the main aims of the quantum chemical
group to provide spectroscopic data in order to support
the interpretation of experimental observations.
2020/21 was spent on systematic theoretical studies of
radionuclides (Tc) and actinyl (UO2?", NpO2*", NpO2")
ions to support relevant experimental X-ray studies.
During the past decades, relativistic multireference ab
initio quantum chemistry methods have developed into
a powerful tool supporting X-ray spectroscopy tech-
niques. Because of the complexity of the detected sig-
nals, theoretical calculations are mandatory for the in-
terpretation of the experimental data.

Relativistic multireference ab initio calcula-
tions of Tc Li-edge X-ray absorption fine struc-
ture (HR-XANES) [1]

For all the relevant Tc species with different oxidation
states either a molecule or a suitable model system was
optimized without considering any hydration shell. All
considered species have single reference ground states
and therefore DFT can be applied. We optimized struc-
tures of [Tc(VID)O4], [Tc(V)O(OH)4], [Tc(IV)(GLU.
21)2(OH)2]* and [Te(IV)(OH)s]* with TURBOMOLE
on the RI-DFT level using the def2-TZVP basis set.
The optimized structures are shown in Fig. 1 and the
optimized bond lengths are included in Tab. 2.
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Fig. 1: DFT optimized structures for (a) tetrahedral pertech-
netate [Tc(VIDOy], (b) square-pyramidal [Tc(V)O(OH)4/J,
(c) [Te(IV)(GLU.2p)2(OH),]* (C; symmetry) and (d) octahe-
dral [Tc(IV)(OH)s]>.

Table 1: Structural parameters (Tc-O) optimized by DFT

Te(VID)Os Tc-O 4 1179
[Tc(V)O(OH)4] Tc-O1 1| 171
Tc-O: 4 | 201
[Tc(IV)(OH)s > Tc-O 6 | 2.01
[Te(IV)(GLU2n)2(OH)2]* | Te-O1 2 | 1.99
Tc-O: 4 1207
average 2.04

The pertechnetate ion [Tc(VII)O4]™ has a well-defined
tetrahedral structure (Fig. 1a) which we optimized by
DFT. The Tc-O bond distances are 179 pm which com-
pares very well with the available experimental data
(for a detailed comparison with experimental data see
[1]). For the Te(V) species we optimized a pyramidal
[Tc(V)O(OH)4] cluster in C4y symmetry (Fig. 1b). The
four dangling bonds at the oxygen atoms were satu-
rated with hydrogen atoms. The two Tc-O bond lengths
are 171 and 201 pm, respectively. The results agree
very well with the experimental data of 164 and 197
pm. For the solid TcOx(s) we optimized a
[Tc(IV)(OH)s]* model system (Fig. 1d) in On sym-
metry and saturated the dangling oxygen bonds with
hydrogen atoms. The corresponding Tc-O bonds are
with 201 pm very close to the experimental results for
Tc(IV) complexes, e.g., Te(IV)-oxalate (199 pm aver-
age Tc-O distance). For the structure of the Tc(IV)-glu-
conate complex a model comprising two (OH)™ and two
(GLU-n)* moieties was assumed. The corresponding
Tc K-XANES spectrum lacks a 1s—4d/5p pre-edge
feature, thus pointing to inversion symmetry in this
structure.  Accordingly, we  optimized the
[Tc(IV)(GLU-2n)2(OH)2]* structure in Ci symmetry
(see Fig. 1c). The oxygen atoms forming bonds to Tc



are in an arrangement resembling very closely the oc-
tahedral symmetry. The corresponding bond lengths
are 199 pm for Tc-O(H") and 207 pm for Tc-O(COH)).
Both average to 204 pm.

We tackled the calculation of the Tc L3-XANES
spectra (corresponding to 2ps32—4ds/2,52 excitations) of
the different Tc moieties applying relativistic multi-
reference ab initio methods available in MOLCASS.4.
We used the restricted active space (RASSCF) method
and for the inclusion of the dynamical correlation sec-
ond-order perturbation theory RASPT2 with an IPEA
shift of 0.0. Spin-orbit interactions were calculated in
the restricted-active-space state-interaction (RASSI)
scheme '?7. For the RASSCF/RASPT? calculations we
subdivided the active space. The RAS1 space contains
the core states (2p) and the 4d orbitals in the RAS2/3
space. In total we had six ([Tc(VII)O4]), eight
([Te(V)O(OH)4]) and nine ([Tc(IV)(OH)s]*) active
electrons distributed in the active space. There were no
restrictions on the number of electrons in RAS1 for the
ground state calculations, but for the excited state cal-
culations the RAS1 space was restricted to contain only
five electrons. Both scalar relativistic and spin-orbit
coupling were accounted for in our calculations. For
the spin-orbit interaction calculations all relevant spin
states were included in the calculations. As basis sets
we used the ANO basis sets (VDZ/VTZ and VQZ)
available in MOLCAS. We performed the calculations
using the full ta [Tc(VID)O4], Cav [Tc(V)O(OH)4]" and
On [Te(IV)(OH)s]* symmetry with the SUPERSYM-
METRY option imposing higher supersymmetry by re-
stricting rotations to irreducible representations in the
RASSCEF calculations. Experimental spectra were sim-
ulated by applying a Lorentzian profile at the calcu-
lated transition energies with the intensities given by
the oscillator strengths with a full width at half maxi-
mum of y=1.2-2.5 for the different species.

We determined the excitation energies corresponding
to the Tc L3-XANES of TcOs with the ANO-
VDZ/VTZ/VQZ basis sets. The results are summarized
in Tab. 2. Both RASSCF and RASPT?2 results are sim-
ilar and in good agreement with experimental data. The
RASPT2/ANO-VQZ results (transition energies and
scaled oscillator strengths) are shown in the right panel
of Fig. 2.

Table 2: Tc L3-XANES excitation energies of TcOys. Compar-
ison of calculated and experimental results. All energies in
4

Method Basis E: E> DE=E»-
set E:

Exp 2678.7 | 26809 | 2.2

RASSCF | ANO- | 2702.8 | 27057 |29
VDZ

RASPT?2 2698.7 | 27002 | 1.5

RASSCF | ANO- | 26989 | 2701.7 | 2.8
VTZ

RASPT?2 2694.0 | 26955 | 1.5

RASSCF | ANO- | 2694.8 | 2697.7 |29
vVQZzZ

RASPT2 26899 | 26914 | 1.5
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Due to the ligand field splitting of the d-orbitals in the
tetrahedron there are two lower lying states in the irre-
ducible representation E of ta and three higher lying
states in T2. The two peaks visible in the spectrum (de-
noted as 1 and 2 in Tab. 2) can be assigned to excita-
tions from 2p3n—4dxz/4dxa-y2, 4dyz/4dxy (2678.7 €V, all
4d orbitals in E) and 2p3»—4dy-/4dxy, 4dxz/4dx2-y2, 4d22
(2680.9 eV, all 4d orbitals in T2). The excited states are
predominantly singlet states (S=0) with a small admix-
ture of triplet states (S=1). Due to the orientation of one
TcO bond along the z-axis the 4d orbitals mix strongly.
The improvement of the results increasing the basis set
from ANO-VDZ to ANO-VQZ can be clearly seen.
The energy shift compared to the experimental spectra
is significantly reduced with increasing basis set size.
For all applied basis sets the RASPT?2 results are closer
to the experiment compared with the corresponding
RASSCEF result. The splitting between the two peaks is
~2.8-2.9 eV for the RASSCF calculations and ~1.5 eV
for the RASPT2 calculations. Therefore, the RASPT2
results are in slightly better agreement with experiment
compared to the RASSCF results. It can be seen from
Fig. 2 that the Tc L3-XANES spectrum of [Tc(VIT)O4]
consist only of a few transitions.

[Te(VINO,]
(a)

F—Tc(Vil) Ref
RASPT2 ANO-VQZ

[Te(V)O(OH),I
(b)

] .
[Te(IV)(OH)G>
b &
0 ull Lic

Intensity (a.u.)

.

Normalized fluorescence signal

P = O T S

L T T T T T T
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Energy (eV)
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2690 2695 2700 2705 2710

Energy (eV)

Fig. 2: Left panel: Ab initio Tc L3-XANES spectra of
[Te(VIDO.]-, [Tc(V)O(OH)4J- and [Tc(1V)(OH)s]* (verti-
cally shifted for clarity) obtained by RASSCF/ANO-VTZ cal-
culations based on DFT structure optimizations (cf. Fig. 1) —
vertical bars representing transition energies and oscillator
strengths of relevant Tc 2p3;»—4ds, excitations and spectral
envelopes (solid lines) obtained by convoluting bars with Lo-
rentzians (cf. text for details). Right panel: Ab initio Tc Ls-
XANES spectra of [Tc(VIDO4]- (bars) obtained by
RASPT2/ANO-VQZ calculations (shifted -4.57eV) compared
to experimental spectrum (solid line).

For the calculations on  [Tc(V)O(OH)4],
[Tc(IV)(OH)s]* and [Tc(IV)(GLU-2n)2(OH)2]* we ap-
plied only the RASSCF method with the ANO-VTZ
basis set due to the very large number of involved ex-
cited states. The Tc L3-XANES spectrum of
[Tc(V)O(OH)4] clearly shows two main peaks. The
splitting of the 4d states in this pyramidal structure is
similar as in the octahedral ligand field (Fig. 2). The 4d
orbitals form two groups. In the first group are three 4d
orbitals (irreducible representation Eg and Bag). They
have lower energies compared to the second group.
Two are degenerate (dx- and dy in Eg) and the third (dxy



in Bag) has slightly lower energy. In the second group
(irreducible representation Aig and Big) the orbital en-
ergies are significantly higher, but they are not degen-
erate. The orbital energy of d in Aig is slightly lower
than the orbital energy of dx2y2 in Big. The two peaks
featured in the XANES spectrum can be assigned to
excitations of an additional electron into one of these
two groups, either dxy, dxz, dyz or dz2, dx2y2 (see Fig. 3).
The states with orbital occupations of both groups are
exclusively triplet states (S=1). Fig. 2 also clearly
shows that many closely spaced transitions contribute
to this Tc L3-XANES spectrum.

(a) Te(VI) (b) Te(V) (c) Te(1V)
T, Cu O,
4d° 4d° 4d°
179 pm 171/201 pm 201 pm
vzl xzl Z(T,) Xy (B,,)
Xy @2_ = X-y* Z°(E,)
4d 4d | Z(ay) 4
xzIx’-y’  yzixy (E) Xz Xy yz jy_ _XE _)7’_2 (T2)
(Ey) (B) (Ey)
pH vty pat 4t 4t
X y z KR X y z

Fig. 3: Diagram of Energy levels for (a) tetrahedral
pertechnetate  [Tc(VIDO4], (b) square-pyramidal
[Tc(V)O(OH) 4], and (c) octahedral [Tc(IV)(OH)s]’.

The experimental Tc L3-XANES spectrum of
[Tc(IV)(OH)s] > shows only one main peak which we
can very well reproduce with our RASSCF calcula-
tions. However, a small shoulder at the higher energy
side is visible. In the octahedral ligand field the 4d or-
bitals form two groups, dxz, dyz, dxy in T2g and dz2, dx2-
y2 in Eg. In the ground state with S=3/2 all three orbitals
in Ta2g are occupied with parallel spin. The reason for
the shape of the L3-XANES spectrum are excitations
into these two groups (Tz¢ and Eg) as shown in Fig. 2.
The two groups of transitions are hardly discernible in
the final simulated spectrum (as in the experimental,
nearly symmetric WL), because there are so many tran-
sitions close in energy. Both groups are a mixture of
quartet (S=3/2) and doublet (S=1/2) states. As for
[Tc(V)O(OH)4] the [Te(IV)(OH)s]> Tc Li:-XANES
spectrum is again the sum of many transitions (Fig. 2).
Although we were able to accurately reproduce the ex-
perimental Tc-O distances for Tc(IV)-gluconate apply-
ing the DFT optimized [Tc(IV)(GLU-2u)2(OH):2]*
structure, we failed to reproduce the distinct WL split-
ting into two clearly separated peaks obtained for the
Tc L3-XANES. The calculated Tc L3-XANES spec-
trum based on the [Tc(IV)Gluz(OH)2]* structure (not
shown) only slightly differs from that obtained for
[Tc(IV)(OH)s]* , i.e., exhibits a broad, nearly symmet-
ric WL resonance.

As mentioned above, the calculated [Tc(IV)(OH)s]*
and the [Tc(IV)(GLU.u)2(OH)]* Tc Li:-XANES
spectra are a convolution of many single transitions.
The spectrum of [Te¢(IV)(OH)s]* in Fig. 2 clearly
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shows two distinct groups of transitions split by about
2 eV in energy forming the overall shape of the spec-
trum. The same is observed for the [Tc(IV)(GLU.
21)2(OH)2]* spectrum (not shown), but the calculated
splitting between the two groups is not large enough to
reproduce the observed Tc L3-XANES.We conclude
for now that in this case the Tc L3-XANES spectrum
depends very critically on the per se unknown molecu-
lar structure of the Tc(IV) coordination. Thus, the DFT
optimized [Tc(IV)Gluz(OH)2]* structure might not be
close enough to the ‘real’ structure to reproduce the Tc
L3-XANES spectrum. Nevertheless, from the compar-
ison of the three calculated Tc L3-XANES spectra of
[Te(VIDO4], [Te(V)O(OH)4] and [Tc(IV)(OH)s]* in
Fig. 2 (spectra not shifted with respect to experimental
data) it can be clearly seen that the spectra obtained
with RASSCF reproduce very well the experimental
findings regarding the overall spectral shape and the
relative WL positions. This very clearly demonstrates
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the high quality of our relativistic multireference ab in-
itio calculations and supports the assignment of the ob-
served WL features in the experimental spectra to elec-
tronic transitions obtained by our ab initio calculations.

Relativistic multiconfigurational ab initio cal-
culation of uranyl 3d4f Resonant Inelastic X-
ray Scattering (RIXS) [2]

The main goal of this work is to show that relativistic
multiconfigurational ab initio calculations of RIXS
spectra can be applied to challenging chemical systems
involving actinide (An) ions providing accurate results
and reproduce the multiplet structure of the spectra.
The calculations help to understand a complex RIXS
map of An systems in a clear and transparent way. The
results of our calculations allow to answer several open
questions concerning some features of the 3d4f RIXS
map observed by Vitova et al. [3]:

(1) clarification why the two peaks attributed to the ex-
citation into 5f " and 5f ¢ are slightly red shifted (to
lower energy) in emission compared to the 5f 6¢ peak,
(2) explanation why the maxima of the resonant and the
non-resonant (normal) emission of the RIXS map do
not coincide and

(3) understanding why the HR-XANES spectra meas-
ured by positioning the X-ray emission spectrometer
at the maximum of the resonant or non-resonant (nor-
mal) emission line differ only slightly.

These calculations are, to our knowledge, the first ap-
plication of relativistic multiconfigurational ab initio
methods to RIXS maps of An systems.

As can be seen from Table 2 the calculated data [2]
agrees very well with the experimental results [3]. The
most pronounced feature in the RIXS map are the split-
tings of the 3 pronounced peaks in emission, which can
be explained by the excitation into the non-bonding 5f
8¢, and antibonding 5f 7" and 5f 6* orbitals of uranyl.
The reason of the splitting observed in emission be-
tween these three peaks was previously unknown and
can be clearly explained with the help of the relativistic
multiconfigurational ab initio calculations. The final
states of the RIXS process possess a hole in the 4f
0¢, 4f m and 4f o core orbitals. The splitting of the
states with different 4f orbital occupation is the reason
for the splitting of the peaks in the emission energies.
This excellent agreement between our theoretical data
and the measurements shows that the approach using
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the RASSCF/RASPT2 methods followed by the inclu-
sion of SOC is applicable to the accurate calculation of
An M4 HR-XANES and 3d4f RIXS maps and repro-
duces the multiplet structure of the uranyl spectra faith-
fully.

We show that the multiconfigurational protocol

which is nowadays applied as a standard tool to study
X-ray spectra of transition metal complexes can be ex-
tended to the calculations of RIXS maps of actinide
compounds. They have many intermediate- and final-
state multiplets of the RIXS process with rather com-
plicated electronic structures and they can be accu-
rately described with our theoretical approach.
The calculations presented in this work establish rela-
tivistic multiconfigurational ab initio methods as a new
powerful tool for the reproduction of resonant inelastic
X-ray scattering maps involving actinides.

Table 2: Peak positions of the 3 d4f RIXS map of uranyl and
positions of the maxima of the resonant and non-resonant
(normal) emission (see Fig. 3 in [3]). All the calculated val-
ues are shifted by E.. =-13.6 eV, E.,, =-21.2 eV to align
with the experimental data (energies in eV).

Theory: RASPT?2 calculations
Excitation energy Emission energy
Eex Eem
3f o¢ 3727.3 | - 3332.1 | -
St 3729.8 | +2.5 33315 | +3.1
5fo 3736.3 | +9.0 33314 | +9.7
Experiment [3]
3f o¢ 37273 | - 3332.1 | -
St 37290 | +1.7 33315 | +2.3
Sfo 37333 | +6.0 3331.6 | +6.5
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9 (Radio-)chemical analysis

The business of the analytical team is the (radio-)chemical analysis for the INE R&D projects, analytical service
for external clients, development and adaption of analytical methods, teaching and education, and, finally, support
of the INE infrastructure. For these goals, a pool of instrumentation for the analysis of radioactive and non-radio-
active samples as well as highly qualified personnel are available. Our special skills are in handling of radioactive
material, separation procedures for element and isotope analysis, as well as operation and maintenance of glove
box adapted instrumentation. Our analytical service for external clients is in the fields of decommissioning of
nuclear installations, nuclear waste declaration, nuclear pharmacy and others. Many of the analytical instruments
are operated both in cold and radioactive labs. We have a special focus on mass spectrometry for trace element
analysis and speciation studies of actinides and fission products. Hyphenated techniques, like Sector Field or
Quadrupole ICP-MS coupled to species sensitive methods, e.g., to capillary electrophoresis (CE) or ion chroma-
tography (IC), are adapted and further developed. Another focus is Accelerator Mass Spectrometry (AMS) for the
supersensitive determination of actinides below ppq levels and *Tc at the ppq levels, achieved in close cooperation
with international AMS facilities.
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toxic heavy metal trace impurities. Oncoinvent is com-

Instrumentation mitted to developing new innovative products to pro-
The analytical instrumentation of INE is continuously =~ vide better treatment options for cancer patients. The
modernised and supplemented. A state-of-the-art Tri-  radiopharmaceutical Radspherin® is a novel alpha-

pleQuad-ICP-MS (Thermo Scientific iCAP TQs) isin-  emitting radioactive microsphere suspension designed
stalled in a non-radioactive lab. The triple-quadrupole ~ for treatment of metastatic cancers in body cavities.
technology is capable of analyzing trace elements in ~ The first clinical indication for Radspherin® will be
the ultra-trace range even in difficult matrices. Another ~ treatment of peritoneal carcinomatosis (information
new instrument is the Quantulus GCT 6220 liquid scin- ~ taken from [1]). Clinical development will be con-
tillation counter (Perkin Elmer) with unsurpassed per-  ducted in collaboration with European and American
formance for measuring radionuclides (RN). The  clinical research centers.

Guard Compensation Technology (GCT) technology

combined with Bismuth Germanium Oxide (BGO) Table 1: Analytical techniques available at INE

guard background reduction accurately measures to

Element and Isotope Analysis

near-background levels. Another new tool is a capillary Universal Cell Inductively Coupled Plasma
ion chromatography (IC, Thermo Scientific) system Mass Spectrometry (ICP-MS)

providing intrinsic advantages for radioactive applica- Triple Quadrupole ICP-MS

tions, such as improved productivity, less waste vol- Sector Field (SF)-ICP-MS)

ume or measurement of small sample quantities. Ta- ICP Optical Emission Spectrometry (ICP-OES)
ble 1 presents the spectrum of analytical techniques Nuclear Spectroscopic Methods

available at INE. Alphaspectrometry

Liquid Scintillation Counting (LSC, conven-
tional/high sensitivity)

External clients Gammaspectrometry (with auto-sampler)

Analytical service is offered to extf:rnal clients, e.g. in Other Methods
the fields of nuclear waste declaration or nuclear phar- (Capillary) Ton Chromatography (IC)
macy. Gas Chromatography (GC)

Carbon Analysis (TOC, DOC, TIC, NPOC)
Nuclear pharmacy Specific Surface Area Analysis (BET)
In 2018 a co-operation in the field of nuclear pharmacy Differential Thermal Analysis (DTA)
with the Norwegian company Oncoinvent AS Dilatometry

(www.oncoinvent.com) started. Actually, several tenth Fusion and Microwave Digestions

of samples are analysed at INE per year with regard to
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The active component 2?*Ra is incorporated in inor-
ganic microparticles of Ca2COs acting as carriers in the
human body. This allows for a relative slow degrada-
tion in the body and a regional retention of effective
radiation dose. In addition, INE continued the longtime
cooperation with the Bayer company
(www.pharma.bayer.com) for the quality control anal-
ysis of Xofigo®, also containing a short half-live and
short range alpha emitter as active component, in this
case **Ra.

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

Since more than 20 years, INE provides analytical ser-
vice for KTE (Kerntechnische Entsorgung Karlsruhe
GmbH). The origin of the samples are the different
waste treatment facilities of KTE, mainly the incinera-
tion facility (producing ashes) and the evaporation
plant (producing liquid waste concentrates). Annually
averaged samples from the different waste treatment
facilities as well as samples from decommissioning of
nuclear facilities (e.g., demolition waste) and others
(e.g., wipe tests) are analysed. At INE, isotope concen-
trations and nuclide vectors are determined by the com-
bination of nuclear and mass spectrometry techniques.
The main purpose of these determinations is the waste
declaration according to the conditions of acceptance
for the Konrad nuclear waste repository for low- and
intermediate-level nuclear waste. The analysed RN in-
clude neutron activation and fission products (*°Fe,
ONi, Sr), as well as actinides (?33234235236.238]
238.239.040241242py gy 242243244y

In addition, the analysis of the fission product **Tc will
become increasingly important in the dismantling of
the former reprocessing and vitrification plants Karls-
ruhe (WAK and VEK). ®Tc is analysed by ICP-MS on
mass 99, but this can be interfered by natural ruthenium
(Runat). However, in samples from a nuclear facility the
isotope composition of Ru may change from its natural
abundance because of the contribution of fission-de-
rived Ru (Rusp). In order to quantify the contribution of
Runat and Rusp, a chemical separation study of the Tc
and Ru fractions in a wipe test sample was performed.
It could be derived from the '°'Ru/'%?Ru ratio, that the
Ru-fraction contained almost only Rusp, which had no
interference on the determination of *Tc [2]. From the
determined isotope ratio of Rus, together with the
known isotope ratio of Runat a mathematical correction
of mass 99 for an accurate determination of **Tc is pos-
sible (see Fig. 1).

300

counts

Ru, Ru

'sp sp

99 101 102
Fig. 1: Scheme of the mathematical correction for an accu-
rate determination of **Tc (blue) on mass 99 using the known
isotope ratio of Runa (dark orange) and Ruy, (light orange)
on masses 101 and 102, see text.

Competence laboratory for glass development

In a collaboration between KIT and Kraftanlagen Hei-
delberg (KAH) a laboratory for waste-specific glass
development including all necessary laboratory tests
and the analysis is established at INE. The analytical
team supports the glass laboratory by practical labora-
tory analysis, i.e. the analysis of the glass components
or leachates. The glass composition is analysed by
adapted digestion techniques, elemental analysis (ICP-
OES) or chromatography (IC).

Two different types of waste glass have been devel-
oped, one for legacy waste and the other for pilot re-
processing plant waste. Major challenges associated
with the legacy waste is the required high waste glass
loading and the high concentration of sulfur (S) in this
type of waste. A legacy waste glass (LWG) has been
developed that can incorporate a maximum amount of
S without phase separations between the glass and S
containing compounds in the glass (yellow phase,
dominated by SOs* and other compounds). The re-
quirements for this LGW is a 25 wt% waste loading
and a 0.716 wt% nominal SOs content. Samples with a
SOs target value of 2 wt% were prepared to explore the
maximum S capacity of the LWG (to compensate for
any S fluctuations during the plant operation). These
glass samples were analysed by IC for S (determined
as sulphate after KOH fusion melting of the glass).

Table 2: Analysis of LWG samples by IC to evaluate the S
capacity of the waste glass, see text

sample target value found by IC | Awt% SO3
No. wt% SO3 wt% SO3

1 2.0 2.0 0

2 2.0 1.6 -0.4

3 2.0 1.8 -0.2

4 2.0 1.2 -0.8
mean 1.7£0.3

From the IC results (see Table 2) one can conclude that
the developed LWG can incorporate more than the
nominal SO content of 0.716 wt% in the waste without
signs of phase separation. However, several issues still
need to be addressed to confirm this conclusion, such
as the fact that the mean value of SOs found by IC in
the glass samples is lower than the target value.

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

Decommissioning

Monitoring of micro pollutants during the decommis-
sioning of a nuclear power plant (NPP)

Within the Framework of ‘EUCOR - the European
Campus’, the project ‘C*-PON’ strives to provide in-
sight into the effect that the decommissioning process
of a NPP may have on the environment [3]. The
Fessenheim NPP is located in northeast France at the
Grand Canal of Alsace, a man-made by-channel of the
Rhine River. As of June 2020, both reactors are shut
down and the power plant entered the decommission-
ing phase.
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Fig. 2: Sampling locations and position of the Fessenheim
Nuclear Power Plant at the Grand Canal of Alsace and the
Old Rhine River, image adapted from “Google maps”, see
text.

Buggingen

As part of a master's thesis, six Rhine river water sam-
ples of three locations (named JR04 to JR11 as marked
in Figure 2; samples taken upstream, at and down-
stream of the NPP) from the Grand Canal of Alsace and
the Old Rhine River, respectively, were analysed, with
the goal to establish a status quo of the RN content of
the water before the start of the decommissioning
phase. The samples were measured via AMS to deter-
mine the concentrations of the anthropogenic RN 26U,
2Np, #°Pu and *Pu. All AMS measurements were
performed by the staff of the VERA AMS facility at
the University of Vienna. Samples were prepared via
multi-actinide iron hydroxide co-precipitation of 2 L
aliquots of river water [4]. All actinides were simulta-
neously separated from the sample solution by co-pre-
cipitation on iron hydroxide. The precipitate was com-
busted to iron oxide in an oven at 800 °C and subse-
quently analysed.

No significant differences between the six different
sampling locations were detected and no influence of
the NPP was found. The determined average concen-
trations for 2*¢U and #*"Np, (5.8+0.9)*10° atoms/L and
(9.1£1.8)*10° atoms/L, respectively, and a 2°U/Z"Np
isotopic ratio of 0.519+0.10°, indicate an origin from
global fallout. No *°Pu and heavier Pu isotopes above
the background could be de detected. Heavier Pu iso-
topes could be bound to the river sediment, which
would be in agreement with literature studies dealing
with the analysis of Pu in river water samples.

The determined *°U/*"Np isotopic ratio was found to
be similar to a literature value of 0.43+0.05, found for
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a natural water sample located in a German natural re-
serve approximately 110 km to the northeast of Fessen-
heim [4]. The determined #*°U concentrations were
compared to a literature value of (2.5£0.7)*107 at-
oms/L for river water from the Danube River in Roma-
nia, close to the Black Sea, and found to be lower by
one order of magnitude [5]. The calculated detection
limit of 2.28*10° atoms/L for the measurement of 2*°Pu
was compared and found to be similar to a literature
value of (2.1£0.5)*10° atoms/L for river water of the
Danube River [5], indicating a lower concentration of
23%Pu for the Rhine River.

The present results will serve as a baseline measure-
ment of the Rhine river water for further works in the
C*-PON project that will accompany the Fessenheim
NPP throughout its decommissioning process. Further
discussion on sample preparation and results can be
found in chapter 8.5.

Reduction of secondary waste produced during decom-
missioning of a NPP

A promising approach to reduce the amount of second-
ary waste produced by the waterjet abrasive suspension
cutting technique (WASS) in the context of decommis-
sioning of a NPP is represented by the joint KIT (INE
and TMB) project “Magnet-Separation von Korngem-
ischen zur Minimierung von Sekundirabfillen im
Riickbau kerntechnischer Anlagen®* (MaSK). Within
this project, a multi-step mechanic and magnetic pilot
separation device was constructed, successfully tested
and further optimized [6]. It could be demonstrated that
the separation of magnetic steel particles from the grain
suspension can be markedly improved compared to a
previous device. The separation efficiency is quantified
at INE by the analysis of the steel fraction in the sec-
ondary waste by, i.e., ICP-OES. In a follow-up project,
called NaMaSK, questions concerning the nuclear op-
eration of the separation device and the use of corro-
sion inhibitors for low-alloy steels will be investigated.
Actual developments aim at a continuous operation of
the separation device.

Solubility studies in highly saline solutions

INE contributes to the activities of BGE (Bundesgesell-
schaft fiir Endlagerung) for emergency preparedness in
particular by evaluating the geochemistry of RN in sev-
eral potential scenarios for the future evolution of the
Asse I salt mine. Important aspects are the estimation
of robust RN source terms, and assessment of solubility
limitations and retention processes within the emplace-
ment chambers, amongst others. One part of the work
for BGE focuses on the potential impact of organic
compounds present in the waste forms on the solubility
of specific elements and RN in highly saline solutions.
In the present stage of the project, solubility studies
with Pb, Nd, Th and U were performed in generic
NaCl-, MgClz- and CaClz-dominated solutions in pres-
ence of various organic ligands. As a function of time,
regular samplings of pH and quantification of the ele-
ment and RN concentration by ICP-MS after 10 kD ul-
trafiltration were conducted. Works with highly con-
centrated salt solutions require large dilution steps of



the sample aliquots for the MS analysis. This increases
the effective detection limit. In the present work, a suc-
cessful determination of the RN concentration in sam-
ples with low solubility was, therefore, only possible
by the use of the SF-ICP-MS. The application of highly
sensitive analytical methods enables a realistic estima-
tion of RN concentrations in saline solutions and a
trustworthy evaluation of the potential impact of or-
ganic compounds on the solubility behavior.

Mobilization of RN from soil samples of Sri
Lanka

Column experiments allow studying the mobility of
trace elements for the large soil-to-liquid ratios that are
more realistic in natural settings and can be viewed as
“close-to-reality” mobilization tests. In our study, col-
umn experiments assist investigations of the vertical
mobilization of Th, U, and La, by imposing a continu-
ous and constant flow of a leaching solution of defined
composition. The closest phenomenon to mimic this
kind of column experiments is percolation, consisting
in elemental leaching from topsoil into the groundwa-
ter. Studying the mobility of Th, U and La, here in-
volves column leaching experiments with simulated
rainwater (SRW) along with focus on some potential
carrier phases such as silica nanoparticles (Si NPs — as
a proxy for anthropogenic released NPs) and humic ac-
ids (HA — as a proxy for naturally occurring organic
colloidal matter). Columns were leached with SRW
and HA solution or in the case of soil with Si NPs ini-
tially homogenized and subsequently leached with a
NP free solution. The determination of trace element
concentrations (such as Th, U, and La) in the liquid
phase for the investigated eluents from column experi-
ments and groundwater samples was performed with
ICP-MS, X-Series II and iCAP TQs (both Thermo Sci-
entific).

Results from the columns corresponding to the three
systems described above and their leaching patterns are
shown in Figure 3. The vertical leachability as ob-
served in column experiments with SRW suggests that
trace elements show higher mobility during the first
days of the experiment and eventually reach the inde-
pendently measured groundwater levels (colored re-
gions in Figure 3). Results from column experiments
with HA and Si NPs indicate that colloidal species such
as HA and Si NPs are not as mobile as assumed and

rather appear to be predominantly retained within the
soil. Moreover, the column experiments (in the pres-
ence and absence of “mobile” colloidal species), repre-
senting potential transfer to underground water sys-
tems, yield lower mobile fractions of Th and U than
synthetic rainwater only. For La, there is not an obvi-
ous trend.

Overall, this work highlights the need for comprehen-
sive studies ideally including several environmental
compartments in order to better understand the envi-
ronmental dispersion, fate and impact of natural RN for
risk assessment purposes.
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Fig. 3: Comparison of column experiments from simulated
rainwater (SRW), mixed with Si NPs, and injected with HA
for (a) Th, (b) U and (c) La, see text.
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10. Radiation protection research

Fundamental studies on radionuclide chemistry and geochemistry ensure a detailed understanding and reliable
quantitative prediction of aqueous chemistry. In order to allow a comprehensive assessment of radionuclide be-
haviour and mobility in aquatic systems relevant for nuclear waste disposal, studies with actinides and long-lived
fission products are performed. The investigated aqueous systems cover from dilute solutions to highly saline salt
brine systems and establish essential site-independent data and process understanding. Work is focussing both on
detailed experimental investigations using the unique facilities 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 work summarized in this section is related to
the (i) chemistry and thermodynamics of actinides and fission products in aqueous solution, (ii) radionuclide sorp-
tion on mineral phases, (iii) radionuclide diffusion in clays, and (iv) retention of radionuclides by secondary phase
formation. The studies aim at identifying relevant radionuclide retention/retardation mechanisms on a molecular
level and their robust thermodynamic quantification in support of the Nuclear Waste Disposal Safety Case. Fun-
damental studies on aqueous radionuclide chemistry are giving support to the applied studies (see Chapter 6) per-
formed at KIT-INE.

10.1 Age-dating of young Cf sources by means of y-spectroscopy
F. Becker, R. Dagan, K. Wu

Introduction experimental set-up. The simulated spectra can be

This study investigated the feasibility of combining V.iewed and sa.wed. for further investigations. In addi-
high-resolution y-ray spectroscopy with the simulation ~ tion, the contributions of individual nuclides to the full

capabilities of the Nucleonica Nuclear Science Portal ~ spectrum can be visualised. The y-ray spectra were an-
[1] with the aim to determine the age of a young Cf alysed with WESPA, which allows to determine the in-

source. At the KIT-SUM calibration laboratory a new  tensities of y-ray peaks and to identify the nuclides in
Cf source was purchased and we took the opportunity the spectra.

to investigate this source. To get a suitable model in GSG, we matched the ex-
perimental Eu-152 spectra to the simulated ones.
Experimental procedure For our DEC and GSG calculations, a large number of
y-ray spectra were measured at the KIT-SUM calibra- ~ nuclides had to be taken into account. As a result, we
tion laboratory using a coaxial HPGe Germanium de-  tested the employed Nucleonica tools at their limit and

tector. To account for the strong gamma and neutron together with the programme developers, improve-
emission of the Cf source, the detector was placed ata ~ ments and extensions were introduced into Nucleonica.
distance of 321 cm from the source to avoid high dead

time and pile up effects as well as possible neutron in-  Results

duced damages in the detector. The measurement was Age-dating of older Cf sources, first proposed by
carried out overnight in order to avoid disturbing the ~ Gehrke [2], calls for the fitting of the Cs-137 peak at
routine operation of the calibration laboratory during 662 keV and the I-132 peak at 668 keV. The underlying

the day. The calibration of the detector itself was per-  1dea is to assess their age dependent peak-intensity ra-
formed with a Eu-152 source in the control area of  tlos according to the nuclide’s different lifetimes. The
KIT-INE. calculated ratio of y-ray emission rates of 662 keV to
668 keV plotted as a function of the age of the Cf
Theorectical investigation tool source (age-determination curve, ADC) allows as-
The Nucleonica Nuclear Science Portal provides web-  sessing the age of a Cf source from respective ratios
based nuclear science applications such as e.g. decay determined in measured spectra.
calculations, dosimetry and shielding. To obtain simu- However, in our measured spectra of the young

lated spectra we employed Nucleonica’s Decay Engine ~ source, the 662 keV peak could not be identified, as the
(DEC), the Gamma Spectrum Generator application ~ build-up of Cs-137 was too small at this age.
(GSG) and the web-based Spectrum Analyser Hence, we followed a new strategy. Using Nucleon-
(WESPA). ica, y-ray spectra were generated for the assumed age
For our investigation of the young Cf source, we used ~ range of the investigated source from 2 to 24 months in
DEC to determine age dependent nuclide mixturesina ~ steps of one month. In the spectra of the different
Cf source. In a next step, based on the simulated nu-  source ages, we searched for peak pairs that showed a
clide mixtures, we generated y-ray spectra with GSG. ~ noticeable increase or decrease in intensity compared
GSG offers a basic geometric arrangement of the O each other. As a result, we found suitable pairs, a
source, filters and detector in accordance with the ~ Peakat 134 keV, together with the peaks at 724 or 497
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keV. For this two peak pairs we plotted two ADCs. We
used these two ADCs to determine the age of our
source using the measured peak area ratios. The results
for the 498 keV / 134 keV and 724 keV / 134 keV
ADCs are 17-21 months and 17-24 months, respec-
tively.

The advantage of this procedure is pronounced by the
fact that beyond the individual y-ray peaks, also multi-
plets can be used. Therefore, a nuclide assessment of
different peak contributions is not necessary (as was
the case in previous ADC investigations).

Conclusion

With an improved age-dating procedure, based on sim-
ulated y-ray spectra, we could estimate the age of our
investigated young Cf source to be around 20 months.
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Even complex dense y-ray spectra originating from
many Cf source decay or fission products could be han-
dled.

Finally, it was shown that Nucleonica's tools are well
suited to investigate such a complex task.
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10.2 Impact of neutron slowing down on radiation fields for spent

nuclear fuel waste disposal
H. Wu, F. Becker, R. Dagan

Introduction

This investigation extends a former study of Suarez and
Becker concerning the radiation field of spent nuclear
fuel (SNF) disposal casks within a rock salt gallery
compared to a SNF disposal cask free in air. The paper
deals with geometrical improved configurations of light
materials within the cask, which lead by means of neu-
tron slowing down (thermalization) to enhanced ab-
sorption and in return to reduction of neutron exposure.
The impact of neutron scattering from the specific walls
in a gallery, subjected to the type of repository, is also
considered. The study shows that by means of interac-
tions with hydrogen in polyethylene, the neutron flux
around the casks can be reduced by up to a factor 5.
Moreover, scattering of neutrons in the gallery changes
the distant dependent neutron flux considerably com-
pared to the almost inverse-square law for the free in air
case.

In the current study, the Monte-Carlo N-Particle code

MCNP6 [1] was employed to obtain the information on
scattered neutrons around a POLLUX-10 cask.
The ongoing discussion on the site selection process for
a multi-barrier system for high level waste in Germany
on one side and the existing interim storage of SNF in
surface facilities on the other side increases the interest
for reduction of the radiation dose in the surrounding of
the spent nuclear fuel casks.

Suarez and Becker [2-3] have calculated the dose rate
that a worker is exposed during emplacement of a SNF
disposal cask in a repository within rock salt, consider-
ing salinar host rock as one of the three types of host
rocks discussed in Germany for disposal of high level
waste.

In contrast to multi-purpose casks for surface interim
storage and transportation (e.g. CASTOR®), POLLUX
casks were designed specifically for final disposal of
SNF and vitrified high level waste in a deep geological
repository in rock salt.

In the next section, the geometrical cross section of a
POLLUX-10 cask is followed by postulated technical
modifications, which lead to reduction in the neutron
and photon flux. The study concentrates mainly on the
polyethylene (PET) rods embedded in the POLLUX-10
on one side and the impact of the rock salt gallery in
comparison to free air on the other side. Based on this
type of calculation other temporary repository build-
ings could be similarly analyzed.

The POLLUX-10 cask

The POLLUX-10 cask was designed as part of the tech-
nical barrier of a potential multi-barrier system for high
level waste in rock salt [4]. The cask has a double-layer
structure, mmm the inner layer is made of stainless steel
and outer layer is made of nodular cast iron. PET rods
embedded in the outer layers of the cask forming two
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rings; they serve as neutron moderator and absorber.
The nuclear waste is stored in the center of the cask as
shown in Fig. la as active fuel zone.

D
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Salt Walls B Polyethylene moderators

W Air

Outer shielding

B Active fuel zone
Inner shiclding Inactive fuel zone

B Graphite

Fig. 1:MCNP6 model of the POLLUX-10 cask (a) and the
horizontal emplacement drift (b). The side surface of the cask
marked D was defined as a surface detector, as shown in (a).
PET rods in the outer layer of the POLLUX-10 forms two
rings, 36 PET rods for each ring. The radius of the rod is
3.75 cm. A, B, and C are the position of the point detectors,
as shown in (b).

The MCNP code and modelling of the POL-
LUX-10 cask

Monte Carlo techniques are usually used to solve
transport problems of neutrons and photons, including
the interaction with matter. In this study, a POLLUX-
10 cask shown in Fig. 1a, was modeled. In particular,
the points A, B, and C indicate the position of point de-
tector tallies (F5 tally) at I m, 5 m, and 10 m away from
the cask, respectively (Fig. 1b). For improving compu-
ting efficiency and in accordance with the geometry of
the rock salt gallery, the radius of the detectors tallied
in this study is 10 cm. It should be mentioned that the
detector’s radius was tested with other radii and did not
have significant influence on the results. To calculate
the surrounding radiation field, the side surface from
bottom to top of the (upright) POLLUX-10 was defined
as a surface detector marked D, where F2 tally was ap-
plied (Fig. 1a).

Due to the geometrical complexity, the fuel-contents
within the POLLUX-10 cask were simplified to a ho-
mogeneous mixture of 5.45 tons heavy metal, which
consist of nine UOX fuel assemblies and one MOX fuel
assembly (the red area in Fig. 1a), the clad, structural
material and air were also taken into account within the
homogenized mixture. Further, the definition of the
source term in the simulation was taken from [5]. The
neutron emissions in the active area (active fuel zone



indicated in red in Fig. 1) was mainly contributed by
Cm-244 and Cm-246. To pass statistical checks, the
MCNP simulation applied tracking history of 1x108
source particles.

Calculation results
1. Distance-dependent neutron flux
Surrounding rock salt walls have a significant influence
on the scattered neutrons in the repository. The dis-
tance-dependent neutron fluxes were calculated at var-
ious positions, as shown in Fig. 1b, in order to estimate
the rock salt wall’s effect. The neutron flux of the casks
“free in air”, shown in Fig. 2a, served as reference.
In those cases of POLLUX-10 free in air, Fig. 2a shows
the neutron flux spectra at detector positions A, B and
C,at 1,5, and 10 m, respectively. The total neutron flux
is 1.86x10%, 9.59x1071°, and 2.48x10'° cm? source
neutron’!, respectively. The neutron flux is reduced by
a factor 75 from detector position at 1 m compared to
10 m. This is quite in good agreement with the inverse-
square law of a factor 100.

In Fig. 2b, the total neutron flux amounts to 2.74x10
8 6.32x107, and 1.80x10” cm™ source neutron’' at the
detector positions A, B and C, respectively. Due to the
enhanced neutron scattering in the rock salt gallery, the
neutron flux is only reduced by a factor 15 from detec-
tor position at 1 m compared to 10 m. This is strongly
different from the above-mentioned inverse-square law
due to the back scattering of neutrons from the gallery
walls. The simulation of the scattering was based on the
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Fig. 2: Calculated neutron fluxes at various detector posi-
tions of the POLLUX-10 free in air (a) and in rock salt gal-
lery (b). The point detectors are located at A, B, and C cor-
responding 1 m, 5 m, and 10 m away from the POLLUX-10,
respectively (see Fig. 1b).
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reference scattering model in MCNP6 known as the as-
ymptotic scattering.

Comparing Fig. 2a and Fig. 2b, the neutron fluxes in
Fig. 2b are 1.5, 6.6 and 7.3 times higher than the corre-
sponding values in Fig. 2a. In other words, neutron
scattering gives an important contribution to the total
neutron flux with increasing detector distance to the
cask. Consequently, radiation exposure due to neutron
scattering at different positions in the gallery should be
investigated in subsequent studies as the asymptotic
scattering model excludes the temperature and energy
dependent cross sections, which could have a consider-
able effect on the direction of the scattered neutron after
interaction with the rock salt walls in the gallery.

2. Influence of the PET rods on the neutron moderation
Due to the high hydrogen component, PET is an im-
portant material for neutron moderation in the POL-
LUX-10. The shielding container includes two rings of
PET moderator rods in the external layers. To study the
impact of the PET moderator rods on the surrounding
radiation field of the POLLUX-10, simulations were
also performed with different PET moderator rod con-
figurations.

As a first step, the POLLUX-10 was simulated free in
air with and without PET rods of 3.75 c¢cm radius. The
neutron flux was counted at the side coating surface of
the cask (see position D in Fig. 1). Fig. 3 shows that the
total neutron flux at the side coating surface of the
POLLUX-10 with and without PET rods is 2.08x10
and 6.12x107 em™ source neutron’!, respectively. Em-
bedding the PET rods reduces the total neutron flux at
the side coating surface of the POLLUX-10 by a factor
29. This fact emphasizes the importance of optimizing
the neutron thermalization feasibility as shown below.

3. Variation of the polyethylene rods

The shielding of the neutron radiation strongly depends
on the quantity and position of the PET rods, which are
used as neutron moderator [6]. The influence of differ-
ent parameters of PET rods on the neutron flux spectra
is studied in this section.
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Fig. 3: Neutron flux spectrum at the side coating surface of

the POLLUX-10 with and without PET rods. The original

design of the POLLUX-10 includes two rings of PET rods

serving as neutron moderator (see Fig. 1). The radius of

each rod is 3.75 cm.
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To calculate the side coating surface neutron flux of

POLLUX-10, the radius of PET rods were set as 3.75
cm, 4.25 cm and 4.75 cm, respectively. The side coat-

ing surface flux was obtained as shown in Fig. 4.
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Fig. 4: Neutron flux spectrum at the side coating surface

of the POLLUX-10 (see position D in Fig. 1a) for differ-

ent radii of PET rods free in air (a) and in salt gallery (b).

In Fig. 4a, the total neutron flux at the side coating sur-
face of the POLLUX-10 is 2.10x10% 8.91x10?, and
3.97x10” cm source neutron!, respectively. The neu-
tron flux is reduced by a factor 5 when the PET rod ra-
dius is increased from 3.75 cm to 4.75 cm. In Fig. 4b,
the total neutron flux at the side coating surface of the
POLLUX-10 amounts to 4.53x10%, 1.95x10%, and
9.03x10” cm? source neutron!, respectively. The neu-
tron flux in this case, is again reduced by a factor 5 with
an increased radius from 3.75 cm to 4.75 cm.

Comparing Fig. 4a and Fig. 4b, the neutron fluxes in
Fig. 4b are 2.2, 2.2 and 2.3 times higher than the corre-
sponding values in Fig. 4a.

Another optimization concerns the complexity of two
rings. For POLLUX-10 cask free in air, the neutron flux
at the side coating surface of the cask was calculated
with only the inner or outer ring of PET rods, which
quantifies the impact of each ring on the outer exposure
separately. In this way, the accumulated dose of work-
ers in the gallery could be analyzed against the simpli-
fication of the POLLUX-10 structure. Fig. 5 shows the
neutron flux calculated with only the inner ring of PET
rods. The radii of PET rods were set as 3.75 cm and
4.75 cm.
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Fig. 5: POLLUX-10 free in air. Neutron fluxes were cal-
culated at side coating surface of the POLLUX-10 (sur-
face detector at D, see Fig. 1). (a) Calculation with only
inner or outer ring of PET rods. (b) Calculation with only
inner ring of PET rods but radius of the inner ring of PET
rods were set as 3.75 cm and 4.75 cm, respectively.

The impact of the inner PET ring, shown in Fig. 5, is
more pronounced than the outer one. This is due to the
enhanced pathway of thermalized neutrons in the stain-
less steel. Strictly speaking, the enhanced capture cross
section of thermalized neutrons in the low energetic
zone indicates that it is better to first thermalize the neu-
trons in an inner ring than doing so in the outer ring
(Fig. 5a) where the distance to the surface is too short,
reducing the probability of the thermalized neutrons to
be absorbed within the cask.

Therefore, the neutron flux at the side coating surface
of the POLLUX-10 is strongly affected by changing
shielding structure or material.

4. Neutron induced photons

To study the impact of the rock salt walls on neutron
induced photon production, simulations were per-
formed with MCNP6 to obtain the neutron induced
photon flux at detector positions 1 m and 5 m (see Fig.
1, points A and B).

The spent nuclear fuel of the POLLUX-10 cask was
used as neutron source to simulate the neutron-induced
photons free in air and in gallery, i.e. only neutrons
were considered to be emitted from the active fuel zone.
As shown in Fig. 6, y-ray lines stemming from the re-
actions with the gallery walls, *Cl(n,y)**Cl and



37Cl(n,y)*8Cl, as well as with the cask, **Fe(n,y)>*Fe and
5%Fe(n,y)*’Fe could be identified in the calculated neu-
tron induced photon flux spectra. The comparison of
the spectra free in air with the ones in the rock salt gal-
lery clearly shows the newly occurring y-ray lines
caused by neutron interactions with materials of the
rock salt walls. In addition, Compton scattering and
pair production also contribute to an increased photon
flux in the gallery.

Moreover, in view of calculated results at the detector
positions A and B, respectively, Fig. 6 includes further
the total neutron-induced photon flux for POLLUX-10
free in air and in rock salt gallery. For the POLLUX-10
free in air, the total photon flux at the detector positions
A and B amounts to 1.94x10® and 1.11x10'° ¢m?
source neutron!, respectively. The photon flux is re-
duced by a factor 18. For the POLLUX-10 in gallery,
the total photon flux at the detector positions A and B
amounts to 6.93x10” and 2.28x10 ¢cm™ source neu-
tron’!, respectively. In this case, the photon flux is re-
duced only by a factor 3.
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Fig. 6: Calculated neutron induced photon flux spectra at
various positions for the POLLUX-10 free in air and in
rock salt gallery. Some y-ray lines stemming from neutron
capture reactions are indicated.

Again, the scattering of photons and photon production
in the gallery walls plays an important role. As visible
in Figure 6, the background is enhanced below 7 MeV
when comparing the spectra with and without gallery.
At position A, the ratio of the total photon flux in the
gallery to the one free in air amounts to 3.6, but at po-
sition B to 20.5. Hence, the relative photon flux is more
pronounced with increased distance from the cask.
Moreover, for the gallery spectra an increased photon
flux is observed below 0.3 MeV attributed to Compton
scattering of the photons produced.

Conclusion

Possible reduction of the exposure to neutron flux out-
side of a POLLUX-10 cask was demonstrated by dif-
ferent configuration of PET rods in the outer shielding
layer. Increasing the radius of the PET rods from 3.75
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to 4.75 cm reduces the exposure to neutron flux by al-
most a factor 5. Alternatively, and in view of the real
exposure time of employees within the gallery, simple
designs with only one PET rods inner ring could be
considered as was shown in Fig. 5b. The different neu-
tron exposure in a salt gallery compared to free in air
points out the importance of reflections from the sur-
rounding walls, namely the backscattering from salt,
which in return depends on the model used in the sim-
ulating MCNP6 code. In this study, the approximated
reference model known also as the asymptotic model
was employed. The correct treatment of neutron scat-
tering including temperature and energy dependent
cross sections are beyond the scope of this study and
should be further investigated.

Absorbing neutrons within the POLLUX calls for
neutron-gamma reactions with eventually enhanced
gamma doses. Suarez [2] and Poenitz [6] showed that
neutron-induced y-ray doses are by far lower than the
neutron doses. The impact of several relevant interac-
tions were shown in Fig. 6 to confirm those former
works pointing out in addition the slightly increase of
gamma dose in the 200 keV range. The amount of gam-
mas produced mostly due to Compton scattering and
pair production becomes relevant at lower energies at
which hydrogen could be ionized (at about 20 eV and
above).
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10 Geoenergy

The Karlsruhe Institute of Technology has defined a broad research program on Enhanced Geothermal Systems
(EGS) technology development and high-temperature heat storage. Research activities cover the whole process
chain of geothermal exploration, engineering and production including system integration and social acceptance
and span from fundamental to applied research across scales. Compared to a nuclear waste disposal research, the
conditions at a geothermal site are characterized by elevated temperature, flow rate and pressure conditions. In
particular, the influence of hydraulic processes extends even further: not only the direct hydraulic observables like
flow / pressure fields or tracer propagation is affected by the petrophysical setting, but the changes in the system
setting due to mechanical and chemical interaction become important. In this context, the geoenergy research at
INE concerns mainly physical and chemical processes in the surface and sub-surface thermal water circuit. The
technical feasibility of EGS in fractured crystalline basement was demonstrated first at the Soultz-sous Foréts
project, France. Major conclusion from this project are that effective enhancement of hydraulic yield under envi-
ronmentally friendly condition, e.g., reducing induced seismicity, are technically feasible during reservoir engi-
neering and operation. However, both was achieved by reducing the injection wellhead pressure at the expense of
economic viability. For the further development of EGS, this learning curve needs to be continued in the field of
controlled high-flowrate injection on existing fractures. For this purpose, KIT proposes the generic underground
laboratory GeoLaB in the Black Forest/Odenwald complex. In the surface facilities, scaling and corrosion remains
an issue. High-temperature heat storage, i.e. sub-surface heat storage at temperature > 100 °C, is a novel approach
in sub-surface engineering technologies. Under the technical lead of INE, the new research infrastructure DeepStor
is being prepared. Preparation includes planning, surface exploration, first modelling of operational scenarios and
moreover interaction with public. Against this background the following major topics of geothermal research were
covered at INE in 2020 and 2021.

F. Bauer, N. Cornejo, N. Haaf, F. Heberling, M. Pavez, K. Schdtzler, E. Schill ,U. Steiner

In co-operation with:

M. Frey?, J. Grimmer®, T. Kohl®, I. Sass®

* AGW, Karlsruhe Institute of Technology, Germany
®JAG, Technical University of Darmstadt, Germany

Introduction reservoir performance and operation, as well as partly

Aiming at the utilization of subsurface thermal fluids NORM-bearing scaling.

to accomplish a drastic reduction in CO2 emissions, ~ Special focus is given to integrating the public into the
KIT’s geothermal research concentrates on geothermal project development and communication.

utilization in the Upper Rhine Graben, i.e. a major ge- The research in the Helmholtz program Renewable
othermal resource in Germany. It intends to 1) increase ~ Energies and since 2021 Materials and Technologies
the economics of operation, 2) increase the efficiency ~ Jor the Energy Transition (MTET) at INE were com-

of thermal production for sector coupling, and 3) estab- p.leted among ?thers by the Heh;qholt.z Climate Initia-
lish highly efficient thermal underground storage by  five (HI-CAM)" and the GECKO® project.

applying high-temperature changes. In 2020 and 2021, INE has prepared the new research
The importance of this base-load capable, steerable en-  infrastructures DeepStor and GeoLaB®. Research at

ergy source for Germany is reflected by the expanding ~ INE has fzontributed among otl.lers. to the undgrstanding
need of heat-storage systems in individual buildings  Of electric and electromagnetic signals during hydro-

and in heating grids. fracturing and —shearing. To further investigate such
It is envisaged to extend the current utilization through phenomena a new experiment RockBlockEx is being
technological innovations, e.g. by establishing a scien- installed at INE.

tific demonstrator on high-temperature underground . .
storage measuring up to 170 °C. This facility should ~ Geothermal Laboratory in the Crystalline

advance the technical and scientific topics necessary ~ Basement (GeoLaB)

for seasonal, on-demand heat supply below e.g. KIT The proposed new underground research laboratory
Campus North, situated on one of the most prominent ~ GeoLaB addresses fundamental challenges of reservoir
geothermal anomalies. technology. The specific objectives of GeoLaB are 1)

Research on the environmentally friendly development ~ efficient and safe management of fractured reservoirs,
of deep geothermal energy addresses key issues such ~ 2) cutting-edge multi-disciplinary and multi-process
as perceptible seismicity during enhancement of the  research with visualization concepts, 3) developing

!https://www.netto-null.org/ 3 https://www.geolab kit.edu/
p g
2 https://www.gecko-geothermie.de/
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new environmentally benign strategies for subsurface
installations, and 4) transparent interaction with the
public and decision makers. The planned experiments
will significantly expand our fundamental understand-
ing of processes associated with operational conditions
in reservoir structures. The application and develop-
ment of cutting-edge tools for the analysis and the
monitoring of below-ground processes will yield fun-
damental findings, which are of major importance for
a safe and ecologically sustainable usage of geothermal
energy. It will also open up new perspectives for alter-
native ways to use the geological underground for en-
ergy purposes. Designed as an interdisciplinary and in-
ternational research platform, GeoLaB will foster sci-
entific cooperation among Helmholtz research centres,
and with universities, industrial partners, and profes-
sional organizations, hence creating multiple synergies
for advancing scientific insight and for boosting tech-
nological innovations.

For the envisaged target areas in the Black Forest and
the Odenwald region the selection of the GeoLaB loca-
tion will be based on predefined criteria and on inno-
vative geoscientific exploration techniques. At the se-
lected site, a two km long gallery will be excavated
which will give access to individual caverns where
controlled, high flow rate experiments will be con-
ducted at greater depths (Fig. 1). The experiments will
be monitored continuously from multiple wells, drilled
either from the underground laboratory or from the sur-
face. This will create a unique 4D-benchmark dataset
of thermal, hydraulic, chemical and mechanical param-
eters.

Fig. 1: Layout of the experimental studies enabled by Geo-
LaB from caverns connected to a central gallery.

GeoLaB allows for cutting-edge science, associating
fundamental to applied research for reservoir technol-
ogy and borehole safety, bridging laboratory to field
scale experiments and connecting renewable energy re-
search to social perception. With its novel approach, it
will shape the research in earth sciences for the next
generation of students and scientists.

For the site selection of GeoLaB after exploring fa-
vourable areas in the Black Forest, a complementary
geophysical and geological exploration has been car-
ried out in the Tromm granite of the Odenwald, located
at the northeastern margin of the URG [1]. Here an out-
crop analogue study was conducted to obtain the key
characteristics of the fracture network. Based on this,
discrete fracture network models were developed to
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calculate equivalent permeability tensors under as-
sumed reservoir conditions. The influence of different
parameters, such as fracture orientation, density, aper-
ture and mineralization was investigated. In addition,
extensive gravity and radon measurements were car-
ried out in the study area, allowing for more precise lo-
calization of fault zones with naturally increased po-
rosity and permeability. Gravity anomalies served as
input data for a stochastic density inversion, through
which areas of increased open porosity were identified.
A laterally heterogeneous fracture network character-
izes the Tromm granite, with the highest natural per-
meabilities expected at the pluton margin, due to the
influence of large shear and fault zones.

DeepStor

The worldwide unique infrastructure DeepStor aims
at the development of high-temperature heat storage in
the deep underground as a new element in the future
COz-neutral global energy mix. HT-ATES (high-tem-
perature aquifer thermal energy storage) systems are a
future option to shift large amounts of high-tempera-
ture excess heat from summer to winter using the deep
underground [2]. Among others, water-bearing reser-
voirs in former hydrocarbon formations show favoura-
ble storage conditions for HT-ATES locations. This
study characterizes these reservoirs in the Upper Rhine
Graben (URG) and quantifies their heat storage poten-
tial numerically. Assuming a doublet system with sea-
sonal injection and production cycles, injection at
140 °C in a typical 70 °C reservoir leads to an annual
storage capacity of up to 12 GWh and significant re-
covery efficiencies increasing up to 82% after ten years
of operation. Our numerical modelling-based sensitiv-
ity analysis of operational conditions identifies the spe-
cific underground conditions as well as drilling config-
uration (horizontal/vertical) as the most influencing pa-
rameters. With about 90% of the investigated reser-
voirs in the URG transferable into HT-ATES, our anal-
yses reveal a large storage potential of these well-ex-
plored oil fields. In summary, it points to a total storage
capacity in depleted oil reservoirs of approximately 10
TWh a’!, which is a considerable portion of the thermal
energy needs in this area.

Raising the ATES temperature of max. 50 °C to tem-
peratures up to 150 °C in high temperature systems in-
volves considerable technology development such as
optimal reservoir development, solutions to damage of
the natural reservoir by thermo-hydro-chemical inter-
action, or materials sustaining chemically harsh condi-
tion of the thermal water.

To overcome current temperature limitation, the sci-
entific infrastructure DeepStor has been designed. It al-
lows for a number of cutting-edge experiments in tran-
sient hydraulic, thermal and chemical loading and de-
loading of the underground that will have implications
for the development of geothermal storage and energy
in general.

Three overarching goals of the scientific investiga-
tions in DeepStor are defined:

. Suitability: The site investigations need to be
appropriate to advance DeepStor to a full-developed



HT-ATES system. Therefore, various logging, testing
and laboratory methods will be combined to quantify
the site parameters as a whole. Results are compared to
earlier data acquisition (e.g. 3-D seismics, hydrocarbon
wells). This provides the base for novel drilling con-
cepts adapted to storage.

. Transferability: The geological setting, for-
mation and evolution will be identified from coring
data supported by 3D seismics, logging or analogue lo-
cations. This will include sedimentological, petrologic
and geochemical studies to examine alteration or wa-
ter-rock interaction. Specific conditions, being most
important for the further development of HT-ATES
systems, will be classified and transferred to potential
future sites.

. Process recognition: The chemo-physical pro-
cesses are a basic requirement to ensure an economic
efficient and environmental safe operation of the un-
derground storage system. Forecasting the perfor-
mance of the HT-ATES system requires necessary pa-
rameter sets for the calibration and benchmarking of
numerical reservoir models. These parameter sets are
gathered from the individual experiments that will be
carried out in the infrastructure.

Exploration
and
monitoring well

Test well

800 m

+ 1000 m

I 1200 m

1 om

Fig. 2: Conceptual layout of the Helmholtz research infira-
structure DeepStor including an exploration and monitoring
as well as a test well

DeepStor is fully integrated in the Helmholtz Re-
search Program “MTET” and contributes to the pro-
gram overarching research within the “HI-CAM?”, in
particular to the climate neutral Helmholtz Associa-
tion.

Thermodynamic equilibrium models for the

DeepStor site

Upon successful demonstration of the technology in
the Helmholtz research infrastructure DeepStor, the
project may be prepared for integration into the KIT
heat supply. Heat from different sources at the campus
may be stored in an underground reservoir during the
summer months, when the heat is not required. The
stored heat will then be reproduced in the winter, when
the campus’s thermal power demand is much higher.
INE has carried out a preliminary geochemical risk as-
sessment for the operation of this subsurface, seasonal
geothermal energy storage system [3]. We used equi-
librium thermodynamics to determine the potential
phases and extent of mineral scale formation in the
plant’s surface infrastructure, and to identify possible
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precipitation, dissolution, and ion exchange reactions
that may lead to formation damage in the reservoir. The
reservoir in question is the calcareous fine grained Me-
letta sandstone layers of the Upper Rhine Graben’s
Froidefontaine Formation. We modeled scale- and for-
mation damage-causing reactions during six months of
injecting 140 °C fluid into the reservoir during the sum-
mer thermal storage season and six months of injecting
80 °C fluid during the winter thermal consumption sea-
son. Overall, we ran the models for 5 years. Anhydrite
and calcite are expected mineral scales during the ther-
mal storage season (summer). Quartz is the predicted
scale-forming mineral during the thermal consumption
period (winter). Within ~20 m of the wellbores, mag-
nesium and iron are leached from biotite; calcium and
magnesium are leached from dolomite; and sodium,
aluminum, and silica are leached from albite. These re-
actions lead to a net increase in both porosity and per-
meability in the wellbore adjacent region. At a distance
of ~20-75 m from the wellbores, the leached ions re-
combine with the reservoir rocks to form a variety of
clays, i.e., saponite, minnesotaite, and daphnite. These
alteration products lead to a net loss in porosity and
permeability in this zone. After each thermal storage
and production cycle, the reservoir shows a net reten-
tion of heat, suggesting that the operation of the pro-
posed DeepStor project could successfully store heat,
if the geochemical risks described can managed. This,
thus, defines one research topic in DeepStor.

Magnetotelluric monitoring

To date, magnetotelluric monitoring of processes dur-
ing reservoir engineering of geothermal systems have
been carried out only at three sites world-wide. INE has
added a new survey at the Reykjanes peninsular (Ice-
land) [4]. The MT data acquisition at RN-15/IDDP-2
covered the last third of the drilling period and thermo-
hydraulic stimulation. Drilling was accompanied by
temporal total fluid losses of up to 60 L/s as well as
randomly distributed induced seismicity. The experi-
mental results of a two-months magnetotelluric moni-
toring during the deepening of the RN-15/IDDP-2 well
on the Reykjanes peninsular (Iceland) to 4’659 m are
in line with earlier observations on decreasing resistiv-
ities at periods of a few s to about 20 s (or up to about
40 s) in conjunction with fluid injection. Simple mod-
els indicate however that it is not the fluid volume itself
that causes the anomaly. Moreover, here, temporal de-
creases in the electric resistivities occur at 0.2-20 s with
minima at periods of about 0.4 s 1-2 days ahead of clus-
ters of seismic events with magnitudes up to ML < 2.
Unlike in the previous studies, where resistivity de-
creases occur on the component that is parallel to
Shmin, here they in both components (XY and YX) of
the MT data. At the Reykjanes peninsular, Shmin is
oriented N120°E off the XY component (NO°E).
Therefore, if we rotate our data in Shmin direction, the
difference between both components would be slightly
smaller than that for the non-rotated ones. The decrease
in resistivity (on both components) extends over > 1
order of magnitudes over a short period range and is
thus considered noise induced in the subsurface. This



study aims at adding an essential dataset to the general
discussion on MT monitoring of reservoir processes.
The results show a temporal relation between decreas-
ing apparent resistivity and (i) the geomagnetic field
activity, (ii) the fluid losses up to 60 L/s, as well as (iii)
mechanic processes occurring in the reservoir before
clusters of induced seismicity on the other hand. The
physical background of the correlation shall be further
investigated at laboratory scale, in the new
RockBlockEx.

Hydro-fracturing and reactive flow on meter-

scale: a rock block experiment (RockBlockEXx)

With the worldwide societal objective of net-zero
COz-emissions in the next decades, new developments
are required for extraction and storage of climate-neu-
tral energy in form of heat and fluids. Major challenges
with such technologies are the control of induced seis-
micity, leakage or scaling. A key to tackle them are
comprehensive and cross-scale investigation of
thermo-hydraulic-mechanic-chemical processes,
which is as well a relevant topic in research towards the
safe disposal of nuclear waste. While micro- and reser-
voir-scales are comparably well investigated, interme-
diate scale studies often lack in appropriate research fa-
cilities, although they allow for controlled experiments
and high resolution monitoring. At the 10-100 m scale,
KIT has proposed GeoLaB. The RockBlockEx ad-
dresses the cm-scale with a strong focus on electric po-
tential and electromagnetic monitoring systems that are
required upon mitigation of induced seismicity and for
reactive transport.

Resistivity changes acquired during magnetotelluric
monitoring were mainly related to fluid injection, but
occur also contemporaneously with or prior to induced
seismicity [4]. Although some theories were put for-
ward, their seismo-electric origin is still a matter of de-
bate. The RockBlockEx aims at investigating these ef-
fects under controlled laboratory condition. The set-up
of RockBlockEx (Fig. 3) includes

1) an exchangeable block of rock (granite related
to deep geothermal/GeoLaB, porous sandstone related
to DeepStor, or basaltic rock related to mineralization
of CO2). A granite block from the Teggernau quarry is
donated by Kimo GmbH.

2) The block is integrated in a steel frame, which
allows for application of differential confining pressure
using flat jacks. Pressure, temperature, pH, acoustic
emission (AE), SP, and zeta-potential sensors are
placed in wells and at the surface. Laser-induced break-
down-detection (LIBD) may be employed for colloid
experiments

3) Existing electromagnetic sensors are placed
outside of the block.

RockBlockEx is designed in particular for develop-
ing electric and electromagnetic monitoring. Tech-
niques developed for different scales are employed and
adapted here to this cm-m scale:

1) Zeta-potential detects processes at microscale
involving charge changes (e.g. by chemical reactions).
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2) SP typically detects charge accumulation at
meso- to reservoir-scale.
3) Electromagnetic sensors detect signals in the

1-100 kHz range.

Fig. 3: Design of the steel frame and position of flatjacks of
the RockBlockEXx.

GECKO

The geothermal development faces a number of draw-
backs resulting from immature technological develop-
ment in early prototypes. Although major technologi-
cal developments have been made, the related major
setback, the low acceptability of deep geothermal tech-
nology by the society, remains. This is where the inter-
and transdisciplinary project GECKO comes in.
GECKO aims at involving the public in a co-design
process that is linked to the establishment of deep geo-
thermal infrastructures for heat production and storage
at the KIT Campus North.

At INE, different scenarios of utilization and their re-
spective consequences will be established using nu-
merical modelling to provide the co-design process
with the consequences of criteria decisions and alterna-
tives in the design.

The co-design process includes a criteria and a sce-
nario workshop for the exchange with public: "Join us
in shaping the regional heat transition!" This was the
invitation that more than 60 participants accepted for
the criteria workshops in October 2020. The core of the
workshops was a discussion round in small groups with
the aim of identifying concerns and expectations about
the infrastructure project in their living and working
environment. The participants were able to openly
voice their concerns and thus became active advocates
for their interests.

In the criteria workshop, more than 250 comments
from citizens were collected. The evaluation showed
that about 150 of these comments could be related to



technical aspects. Not surprisingly, there is a strong in-
terest in information with regard to the assessment of
various risks. Induced seismicity, increased emissions
or drinking water pollution are some of such possible
risks. In order to monitor them and be able to intervene
in time, fully comprehensive safeguarding and preven-
tive measures as well as continuous monitoring have
been called for. This also includes measures such as in-
surance to cover financial and legal risks. The citizens
also wanted a comparison of heat generation through
geothermal energy with other technologies such as so-
lar thermal energy or the increased use of photovoltaics
with regard to economic efficiency, but above all also
with regard to the potential for COz savings. The par-
ticipants most frequently mentioned aspects of trans-
parency. This includes open and honest communica-
tion of information as well as its independent and neu-
tral development in order to enable all interested par-
ties to have a say.

In 2021, the GECKO project integrated the com-
ments received from the citizens into the scenarios for
the use of geothermal energy at KIT Campus North.
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Some of the citizens’ comments refer to the extraction
of heat from the underground or its CO»-saving poten-
tial. Other comments, however, refer to the safety con-
cept, for example, for monitoring the groundwater.

It was our task at INE to complement the interdisci-
plinary creation of the scenarios with the numerical
modelling and to examine the different technical im-
plementations.

Three scenarios were bundled and presented to the
citizens in the scenario workshop in October 2021. The
results of the discussions and evaluations will be incor-
porated into the utilisation concept representing the cit-
izens’ wishes and needs. In addition, GECKO is going
to formulate conditions that contribute to the success of
the construction of renewable energy plants.
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