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Some Housekeeping Items

https://support.zoom.com/hc/en/article?id=zm_kbsysparm_article=KB0064143

www.gen-4.org

Listen through your computer
tƭŜŀǎŜ ǎŜƭŜŎǘ ǘƘŜ άǳǎŜ ŎƻƳǇǳǘŜǊ ŀǳŘƛƻέ ƻǇǘƛƻƴ ŀƴŘ 
check that your speakers/headphones are not 
muted.

Technical Difficulties Search the Zoom Webinars Support 
https://support.zoom.com/hc/en/article?id=zm_kb&sysparm_article=KB0064143

To ask a question
{ŜƭŜŎǘ ǘƘŜ άvϧ!έ ǇŀƴŜ ƻƴ ȅƻǳǊ ǎŎǊŜŜƴ ŀƴŘ ǘȅǇŜ ƛƴ ȅƻǳǊ 
question

Share with others or watch it again
A video/audio recording of the webinar and the slide 
deck will be made available at www.gen-4.org

Please take the survey A brief online survey will follow the webinar.  

https://support.zoom.com/hc/en/article?id=zm_kb&sysparm_article=KB0064143
http://www.gen-4.org/
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To Ask a Question ï Use the Q&A function

Click the 
Q&A buton 
in the zoom 
menu. 

You will
then seea 
window that
will allow
you to type 
your
question. 
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Science for the Safe Disposal of Nuclear Waste ï A German 

Perspective, Outline

ÅNuclear waste inventory in Germany after the phase-out of nuclear energy

ÅThe German site-selection procedure

ÅThe Institute for Nuclear Waste Disposal at KIT

ÅResearch highlight: Radionuclide migration in a repository in clay rock, impact of   

      bentonite alteration and rock heterogeneity

ÅResearch highlight: Geological disposal of high-level radioactive waste in granitic host 

      rocks
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Nuclear waste inventory in Germany:

High level waste (HLW, heat producing waste)

Inventory according to the Federal Ministry for the Environment (BMUKN), status: 31st Dec. 2023

ÅNuclear power plant cooling ponds: 

ï 5.204 fuel assemblies (FA), 1.896 Mg, ca. 6.4·1019 Bq

ÅDry container storage at local interim storage sites:

ï 822 Containers, 23.904 FA, 7.465 Mg 

ÅDry container storage at interim storage sites, Ahaus, Gorleben, and Nord:     ca. 1.41·1020 Bq

ï 76 Containers, 5.343 FA, 675 Mg

ÅVitrified waste: 3332 Coquilles in 119 Containers in Gorleben, Nord and Biblis

ÅWaste from demonstration- and research reactors

ÅExpected total Volume: 30.000 m3 
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http://www.ageu-die-realisten.com/archives/747(Juni 2020)

http://www.ageu-die-realisten.com/archives/747
http://www.ageu-die-realisten.com/archives/747
http://www.ageu-die-realisten.com/archives/747
http://www.ageu-die-realisten.com/archives/747
http://www.ageu-die-realisten.com/archives/747
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Inventory of further low and intermediate level wastes

(LLW, negligible heat production)

ÅWaste foreseen for the disposal site ñKonradò (BMUKN, 2023)

ï Raw and pretreated waste: 25.467 Mg

ï Conditioned waste:   23.185 m3

ï Disposal-containers:   111.105 m3

ï Total expected volume:  ca. 300.000 m3

ï Start of operation expected for 2029 (many times postponed)

ÅWaste not admitted to Konrad (Joint Convention DE 2024 / BMUKN)

ïWaste to be retrieved from the Asse II salt mine: ca. 220.000 m3

ïWaste from uranium enrichment:    ca. 100.000 m3

ï Further wastes:        ca. 60.000 m3
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Site-selection procedure for a HLW repository 

(or a HLW - & LLW repository)

ÅSince 2017 the German StandAG (site-selection act) regulates the search for a deep 

geological repository for HLW

ÅAfter decades of heavy arguments it attempts a restart from a white map of Germany

ÅThe StandAG defines criteria, responsibilities, a timeline, and public participation  
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BGE BASE

BGE: Bundesgesellschaft 
für Endlagerung

BASE: Bundesamt für die 
Sicherheit der nuklearen 
Entsorgung 
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Disposal options ( StandAG )

ÅCategory A (to be actively pursued): Nuclear waste storage in a deep geological repository in 
clay -, salt -, or crystalline rock

ÅCategory B (development in other countries should be monitored): deep borehole storage

ÅCategory C (not further considered):

ï permanent surface storage

ï long-term interim storage

ï partitioning & transmutation

ï ocean dumping

ï transfer to space

ïé

10

(Vietor, 2017)
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Timeline to site -selection
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After: BGE, 10/2021

First step: Suggestion of 
potentially suitable 
regions by BGE, Sept. 
2020

Determination 
of potentially 
suitable regions

Step 2: 
Determination of 
regions for above 
ground 
investigation

Above ground 
investigation and 
suggestion of regions 
for underground 
investigation

Underground investigation, 
comparison of sites and 
suggestion of repository site

Application of selection criteria: 1.1 Exclusion criteria, 1.2 
Minimum standards, 1.3  Geoscientific assessment criteria

Preliminary Safety analysis

Step 1: 

Final decision 
on disposal site 
foreseen for 
2031 (by law)

In Feb. 2025, the scientific 
service of the German 
parliament released a note 
that even 2070 would be 
an optimistic estimation of 
the time until final site-
selection  
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Potentially suitable regions

12

white map of Germany exclusion criteria

excluded regions

Minimal standards

seismic- volcanic activity, 
mining, tectonic uplift, 
fault zones

minimum: -depth, -
thickness, -water 
permittivity, -area

Geoscientific assessment

identified regions pot. suitable regions

> 50% of Germany, all 
rock types: salt, clay, 
crystalline
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The Institute for Nuclear Waste Disposal (INE) at KIT

ÅKIT-INE is an independent public research institute

ÅAs part of the Helmholtz -Association, most R&D activities at KIT-

INE are embedded in the Helmholtz-program ñNuclear Waste 

Management, Safety and Radiation Research (NUSAFE)ò

ÅKIT-INE one of the few institutions in Germany with radiochemical 

lab facilities  and analytical infrastructure to analyze radioactive 

samples far beyond the exemption limit (1010)

ÅKIT-INE is the only remaining German facility with a shielded box 

line facility for experiments with spent nuclear fuel samples

ÅKIT-INE runs two beamlines for radionuclide x-ray spectroscopy at 

the local synchrotron radiation source KARA  
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(www.ine.kit.edu)
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The Institute for Nuclear Waste Disposal (INE) at KIT

ÅKIT-INEôs mission is to provide research results, relevant to 
nuclear waste management in Germany with research topics 
from decommissioning of nuclear facilities , via prolonged 
interim storage to the main topic: research for the safe 
long -term disposal of nuclear waste in deep geological 
repositories

ÅThe research topics range from fundamental (e.g. 
spectroscopy, quantum chemistry) to application oriented 
(e.g. engineering studies in decommissioning)

ÅStrong focus on knowledge transfer (i.e. contributions, 
relevant to site-selection) and competence development 
(education of students, PhDs and Post-Docs)

ÅMuch of the research is performed in international 
collaborations  in Europe and beyond

14H. Geckeis, 2025
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Research for the safe long -term disposal of nuclear waste

1. Wasteform : HLW, LLW

2. Container: steel, corrosion.

3. Geo-technical barriers: 
bentonite, cement, ...

4. Geological barrier: clay, salt, 
crystalline.

5. Aquatic Chemistry: solubility, 
speciation.

6. Contribution to German Site 
Selection Procedure.
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X. Gaona, 2025
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Radionuclide migration in a nuclear waste repository in clay

ÅAim is a multi -scale understanding of radionuclide diffusion and 

retention  processes from microscopic processes to the underground 

research laboratory scale

ÅThe considered scenario usually aims to demonstrate safety even after 

canister failure and radionuclide (RN) release into the geosphere.

ÅTwo recent PhD studies investigate how the alteration of barrier 

materials from the multi-barrier system and the heterogeneity of clay 

host rocks  may affect radionuclide mobility or retention
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Bentonite alteration in the presence of corroding iron at 90 ÁC

ÅBatch alteration experiments, storing 

bentonite ï iron mixtures at 90ÁC under 

anoxic conditions

ÅFast delamination of smectite (2:1 clay 

minerals) 

ÅUptake of 30 atom-% iron by clay minerals

ÅFormation of serpentine-type 1:1 clay 

minerals

Č Potential loss of swelling capacity and 

decrease in cation exchange (sorption) 

capacity  

17

1:1-type phyllosilicate

Gill et al. (submitted)
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Bentonite alteration in the presence of corroding iron at 90 ÁC

ÅIn-situ alteration of bentonite pellets in contact with an iron layer 

inside a diffusion cell, demonstrate similar (but significantly 

slower) alteration processes also in compacted bentonite

ÅAlteration leads to decreased diffusion coefficients for HTO and 
36Cl-, likely due to pore clogging and interlayer collapse

ÅSorption capacity (tested with 60Co2+ and 137Cs+) is hardly 

affected

18

Gill et al. (in preparation)
HTO Diffusion

N. Gill (2025) PhD thesis
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Impact of clay rock heterogeneity on RN ( 137Cs+) retention

ÅClay rocks, as the sandy facies of Opalinus clay investigated in this study, are complex 

materials with heterogeneities on various scales from the nano (clay-minerals) to the facies or 

formation scale (>1m)

ÅAttempts to quantify heterogeneity (concept of representative elementary volumes) 

demonstrate that measured values strongly depend on the parameter considered, the scale / 

method of investigation, and may even show directional differences (anisotropy)
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Impact of clay rock heterogeneity on RN ( 137Cs+) retention

ÅSorption heterogeneity can be nicely 

demonstrated in microscopic studies

ÅNevertheless, samples averaging 1cm3 

of rock material may already be 

considered representative for the Cs-

sorption behavior of the whole rock, even 

across sub-facies boundaries

ÅThe upscaling method to model Cs-

sorption based on the clay content with 

an illite surface complexation model 

(Bradbury and Baeyens, 2011) could be 

confirmed.
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Batch sorption data on ground clay rock

optical 
image

SEM-EDX 
elemental 

map

mineral 
assignment
clay: green

137Cs+

adsorption

F. Steegborn (2025) PhD thesis
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Impact of clay rock heterogeneity on RN diffusion

ÅOne current focus is set on the impact 
of clay rock heterogeneity on RN 
diffusion in Opalinus Clay from 
Switzerland

ÅStudies range from microscopic 
investigations (µCT, µm ï mm scale) to 
underground research lab (URL) studies 
(DR-D experiment) in the Mont-Terri rock 
laboratory

ÅThe aim is to develop improved models 
for clay-mineral water interfaces, which 
allow an accurate description of 
chemical processes at the pore scale as 
well as upscaling to the URL-scale

21

Lüth et al. (2024)
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Summary: Radionuclide migration in a repository in clay rock, impact 

of bentonite alteration and rock heterogeneity

ÅWe study sorption and diffusion of RN in bentonite and clay rock

ÅWe aim at an holistic view of the evolving repository near field e.g. with studies on the impact 
of bentonite alteration by corroding iron

ÅComplexities like the heterogeneity of clay host rocks are considered

ÅStudies of RN sorption and migration in such rather unfavorable settings (altered bentonite / 
pronounced heterogeneity of clay rock) demonstrate the robustness of the considered multi-
barrier concept. I.e. sorption and diffusion parameters do not develop in a way that might 
impair repository safety. 

22
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Geological disposal of high-level radioactive waste in granitic host rocks
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High Level Waste disposal tunnel

Host rock
Steel canister containing 

spent fuel rods Bentonite 

backfill

Multi-barrier concept:

i) Steel Canister

ii) Bentonite Engineered Barrier System

iii) Host Rock

https://www.grimsel.com/gts-

projects/cfm-section/cfm-introduction
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ÅWater conductive fracture 

Å Intrusion of low mineralized meteoric or glacial 

meltwater

ÅBentonite erosion and formation of colloids

ÅRelease of RNs and bentonite colloids from 

engineered barrier system (EBS)

ÅMigration of RNs and bentonite colloids 

through advective transport

Geological disposal of high-level radioactive waste in granitic host rocks
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Crystalline

host rock
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Generic Underground Research Laboratory Grimsel Test Site 

NAGRA, Switzerland 

26

1730 metres altitude within the 
Aar Massif (CH) 

450 m depth

In-situ radionuclide 

tracer tests

https://www.grimsel.com/gts-projects/cfm-section/cfm-introduction



GEN IV International Forum

Radiation-controlled zone & Mega packer system
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ÅUse of radioactive markers in the geosphere

ÅGroundwater flow control

Mechanistic understanding of physicochemical processes

under near-natural, repository-relevant conditions in 

fractured granite systems

https://www.grimsel.com/
gts-projects/cfm-
section/cfm-introduction
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Scenarios: glacial melt water/low mineralized meteoric water intrusion in a 

DGR (Deep Geological Repository) 
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In-situ geochemical reactions of RNs within 
the ternary system: fault gouge 
minerals/GGW/colloidsGrimsel groundwater (GGW): 

ÅEhSHE = -220 mV

ÅpH = 9.6; I = 10-3 M 

=> high stability and mobility of 

bentonite colloids, possibly carriers for 

RNs

https://www.grimsel.com/gts-
projects/cfm-section/cfm-introduction
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In-situ RN tracer tests in advective conditions
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ÅGrimsel groundwater

ÅNa-Febex bentonite and Ni-Montmorillonite colloids

ÅConservative tracer, e.g., fluorescence AminoG (AGA) 

ÅRNs: 233U, 237Np, 242,244Pu, 241,243Am, é

ÅOn-line monitoring of pH, Eh, AGA at the injection and 

extraction pipes

ÅGroundwater samples are periodically collected 
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2002: Colloid and Radionuclide Retardation ï 

CRR Experiment

30

ÅAm(III) and Th/Pu(IV): clay colloid-mediated 

ñfasterò transport

ÅU(VI) and Np(V) mainly dissolved species

Geckeis et al., Radiochim. Acta. 2004;92:675-674.
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2002: Colloid and Radionuclide Retardation ï CRR Experiment
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CRR run 32

Inj./Extr. rate 5/150 mL/min

Peak arrival 80 min

Cons. tracer 92%

233U 103 ± 5%

237Np 82 ± 4%

241,243Am 70%

242,244Pu 86 ± 9%

Colloids 85-100%

ÅAlmost quantitative recovery of the actinide tracers

Å increasing residence time => kinetic impact on 

recovery of colloid-bound actinides? And mobility 

of dissolved actinide U(VI)/Np(V) species?
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2012: Colloid Formation and Migration ï CFM Project
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2009: Mega-packer and flow control system

Injection/Extraction (0.33/5 ml/min) 30 times 
slower than in CRR

Under advective flow close to repository -relevant conditions
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Comparison CRR run 32 and CFM run 13-05
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CRR run 32 CFM run 13-05

Inj./Extr. rate 5/150 mL/min 0.33/5 mL/min

Peak arrival 80 min 2640 min

Cons. tracer 92% 93%

233U 103 ± 5% 15%

237Np 82 ± 4% 4%

241,243Am 70% 25%

242,244Pu 86 ± 9% 28%

Colloids 85-100% 35-37%

Longer arrival time of 
the breakthrough 
peaks

Decreased recovery of 
all the actinide nuclides
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Comparison CRR run 32 and CFM run 13-05: Decreased recovery of Pu(IV) 

and Am(III)

34

CRR run 32 CFM run 13-05

Inj./Extr. rate 5/150 mL/min 0.33/5 mL/min

Peak arrival 80 min 2640 min

Cons. tracer 92% 93%

233U 103 ± 5% 15%

237Np 82 ± 4% 4%

241,243Am 70% 25%

242,244Pu 86 ± 9% 28%

Colloids 85-100% 35-37%

Am(OH)3 and PuO2 or Pu(OH)4, 

and colloid retention mechanisms: 

adsorption and filtration at the 

fracture surface and in fracture-

filling material pores
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Comparison CRR run 32 and CFM run 13-05: Decreased recovery Np(IV)
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CRR run 32 CFM run 13-05

Injection rate 5/150 mL/min 0.33/5 mL/min

Peak arrival 80 min 2640 min

Cons. tracer 92% 93%

233U 103 ± 5% 15%

237Np 82 ± 4% 4%

241,243Am 70% 25%

242,244Pu 86 ± 9% 28%

Colloids 85-100% 35-37%

precipitation of 237NpO2(am) 

predicted by solubility calculations 

or surface sorption of 237Np(IV) 

species
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Comparison CRR run 32 and CFM run 13-05: Decreased recovery of U(VI)
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CRR run 32 CFM run 13-05

Injection rate 5/150 mL/min 0.33/5 mL/min

Peak arrival 80 min 2640 min

Cons. tracer 92% 93%

233U 103 ± 5% 15%

237Np 82 ± 4% 4%

241,243Am 70% 25%

242,244Pu 86 ± 9% 28%

Colloids 85-100% 35-37%

isotopic exchange with naturally 

occurring mineral phases or 

surface sorption of aquatic 
233UO2

2+ species
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Where are the ñmissingò RNs? => Ultra-trace 

analysis of the tailing of RNs breakthrough 

curves

37

185Re16O3, 
193Ir40Ar, 197Au36Ar, 198Hg35Cl, 201Hg16O2, 200Hg16O2H, 

203Tl14N16O and 232Th1H can be responsible for contributing to the 

count rate of mass 233 u during ICPMS measurements

Å In addition to ICP-MS, AMS in chosen for samples of the 

breakthrough curves

ÅActinide tracers detected also before the starting of CFM 

run 13-05 

Quinto et al., Anal. Chem. 2017;89:7182-7189.
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Analytical challenge => Accelerator Mass Spectrometry (AMS)
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Radioprotection Limits for the 

employment of RNs in in -situ 

tests & sorbtion  and/or slow 

transport of RNs tracers

Ultra -trace levels of tracers 

expected in the GGW samples 

Example: Inventory of 

employed RNs tracers:

 99Tc: ~ 5.2 Ĭ 1016 atoms

 233U: ~ 5.1 Ĭ 1015 atoms

 237Np: ~ 1.0 Ĭ 1017 atoms

 242Pu: ~ 3.6 Ĭ 1015 atoms

 241Am: ~ 1.7 Ĭ 1013 atoms

Detection limits AMS

~3 Ĭ 106 atoms

~ x Ĭ 104 atoms 

sub -femtogram / attogram  

levels
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AMS with two systems

High sensitivity for actinide nuclides  and 99Tc due to molecular 

(e.g., 232Th1Hx+ - 233Ux+ and 98Mo1Hx+ - 99Tcx+ ) and atomic isobaric 

background (99Rux+ - 99Tcx+) suppression
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Accelerator Mass Spectrometry 

at the VERA Laboratory ï 

University of Vienna, Austria

Two mass spectrometers 
linked by an electrostatic 
tandem accelerator
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CFM run 13-05
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0.01 fg/g

10 pg/g

Arrival of the injection cocktail of run

13-05

In 2002 CRR run 31: 237Np, 243Am, 242Pu

In 2002 CRR run 32: 237Np, 233U, 241Am, 244Pu

In 2012 CFM run 12 -02: 237Np, 243Am, 242Pu

What is the origin of 233U, 237Np, 242Pu and 243Am in the 

samples before the arrival of the migration front?

Quinto et al., Anal. Chem. 2017;89:7182-7189.
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CFM run 13-05
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In 2002 CRR run 31: 237Np, 243Am, 242Pu

In 2002 CRR run 32: 237Np, 233U, 241Am, 244Pu

In 2012 CFM run 12 -02: 237Np, 243Am, 242Pu

What is the origin of masses 241 u and 244 u in the samples 

before the arrival of the migration front and afterwards?

Quinto et al., Anal. Chem. 2017;89:7182-7189.
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CFM run 13-05
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241 u/243 u 

and 

244 u/242 u 

in the injection 

cocktail 

and 

in the samples

Two sources of 

mass 241 u 

and 244 u

in the samples

Quinto et al., Anal. Chem. 2017;89:7182-7189.
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CFM run 13-05
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Previous in situ tests

Injection cocktail run 13 -05

Sorption of Pu(IV) and

Am(III) left from the

previous tests onto the

colloids of run 13-05?

Partial reduction of Np(V)?

U(VI) unaffected

Quinto et al., Anal. Chem. 2017;89:7182-7189.
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Evidence of retention in the granodiorite fracture and 

ultra-trace continuous release through reversible 

reactions within the fracture and desorption (also 

colloid-mediated) from fracture surfaces of 

radionuclides over a decade

in 2013-14

in 2002

Long-term transport and retention of radionuclides in the ultra-trace range with AMS 

Quinto et al., Anal. Chem. 2017;89:7182-7189.Geckeis et al., Radiochim. Acta. 2004;92:675-674.
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RN diffusion through bentonite emplaced within the shear zone: 

The Long-Term in-situ Test (LIT)
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Position of LIT in the

Migration shear zone

https://www.grimsel.com/gt

s-projects/cfm-section/cfm-

introduction


