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Abstract. The Federal Office for the Safety of Nuclear Waste
Management (BASE – Bundesamt für die Sicherheit der nuk-
learen Entsorgung) is the German federal regulatory author-
ity for radioactive waste disposal. It supervises the German
site selection process and is responsible for the accompany-
ing public participation. Task related research is an integral
part of BASE’s activities. The projects MessEr and übEr-
Stand compiled the state-of-the-art science and technology
regarding surface based exploration methods suitable for ad-
dressing the criteria and requirements specified in the Ger-
man Site Selection Act. The results support BASE to review
and define the surface-based exploration programs to be exe-
cuted by the national implementer BGE (Bundesgesellschaft
für Endlagerung mbH). To support BASE in reviewing the
application of the exclusion criteria “active fault zones”
according to the Site Selection Act, the project KaStör re-
viewed the current knowledge on active faults and fault zones
in Germany and recommends methodological approaches to
date and identify the activity of faulting. For the time be-
ing, the Site Selection Act defines 100 ◦C as a draft limit on
the temperature at the outer surface of a repository container
for all host rocks. The project Grenztemperatur studied the
temperature dependency of the different thermal-hydraulic-
mechanical-chemical/biological (THMC/B) processes accor-
ding to available features-events-processes (FEP) catalogues
for rock salt, clay stone, and crystalline rock and describes
ways to defining host rock specific maximum temperatures
based on specific disposal and safety concepts. Safety ori-
ented weighting of different criteria and comparison of dif-
ferent potential regions and sites are key challenges during
the siting process. The project MABeSt studied and reviewed
methodological approaches to this weighting and compari-

son problem with special emphasis on multi criteria analysis
(MCA) and multi criteria decision analysis (MCDA). A key
requirement for safe geological disposal of nuclear waste is
barrier integrity. The project PeTroS performed the first tri-
axial flow-through experiments on natural rock salt samples
at disposal relevant p− T conditions and studied potential
percolation mechanisms of fluids within rock salt. The data
substantiate that the minimum stress criterion and/or the dila-
tancy criterion are the prime “percolation thresholds” in rock
salt. The research results support BASE in fulfilling its tasks
as national regulator according to state-of-the-art science and
technology and are also relevant to other stakeholders of the
siting process.

1 Introduction

The German Site Selection Act (2017) defines the search
and selection of the national German site with best possi-
ble safety for a disposal facility for high-level radioactive
waste. This process is supposed to be transparent, based on
scientific insights and free of preconceived opinions as to its
outcome. The objective is to find a repository site that will
offer the best possible safety for one million years. The step-
wise siting process is subdivided into three phases (Fig. 1):
During Phase 1, first sub-areas and then siting regions with
favourable geologic conditions are determined. For the sit-
ing regions, surface exploration programs are defined. Du-
ring Phase 2, the siting regions are explored from the surface
and potential sites for subsurface exploration during Phase 3
are determined. During Phase 3, subsurface exploration is ex-
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ecuted and at least two potential sites will be finally assessed
and compared. The site selection process ends with the fi-
nal site decision. Each phase will be completed by a formal
decision by the German Federal Parliament.

The siting process starts with a so-called blank map. Du-
ring the siting process, the geological conditions will be as-
sessed based on available data and the results from the sur-
face and subsurface explorations, which will gradually re-
duce the number of potential siting regions and finally sites.
This process is guided by predefined exclusion criteria, min-
imum requirements, geologic weighting criteria and prelimi-
nary safety assessments (Site Selection Act, 2017). The final
decision on the site is projected in 2031.

The Federal Office for the Safety of Nuclear Waste Man-
agement (BASE) is the federal regulatory authority for ra-
dioactive waste disposal. BASE supervises the site selection
process for the repository for high-level radioactive waste
and is responsible for the accompanying public participa-
tion. To fulfil its tasks according to state-of-the-art science
and technology, task related research is an integral part of
BASE’s activities. Current research activities in the context
of the site selection process address geo-scientific questions,
methodological aspects of the implementation of the site se-
lection process, and public participation aspects. This contri-
bution provides an overview on the current geo-scientific and
methodological research activities at BASE.

2 Research projects

2.1 Research on surface based exploration methods –
the projects MessEr and überStand

During Phase 2 of the German siting process (Fig. 1), the po-
tential siting regions identified in Phase 1 and legally defined
at the end of Phase 1 by decision of the German Federal Par-
liament are explored from the surface. BASE as the Federal
Office for the Safety of Nuclear Waste Management has to re-
view and define the respective exploration programs submit-
ted by the implementer BGE (Bundesgesellschaft für End-
lagerung mbH). The surface exploration shall close know-
ledge gaps and gather data necessary for the application of
the exclusion criteria, minimum requirements and weighting
criteria during Phase 2 of the siting process. It also provides
data necessary for execution of the respective preliminary
safety assessment. The two projects MessEr (ongoing work
by Gesellschaft für Anlagen- und Reaktorsicherheit (GRS)
gGmbH) and überStand (ongoing work by Brenk System-
planung GmbH) therefore compile and characterize available
exploration methods from the surface with regard to the re-
quirements laid out by the Site Selection Act. The combined
results of both projects provide an orientation framework that
contains a comprehensive compilation of structural, petro-
physical, lithological, geophysical, hydrogeological, and hy-
drogeochemical methods for the investigation of possible sit-

ing regions. The limitations and uncertainties of the different
methods are discussed and based on the requirements of the
Site Selection Act also aspects like the selection of suitable
measurement methods are addressed.

2.2 Research on active faults and fault zones – the
project KaStör

The Site Selection Act defines active fault zones as one of
the exclusion criteria (§ 22 (2) 2 Site Selection Act). To be
classified as an active fault zone according to the Site Se-
lection Act, (i) faults or fault zones should show significant
displacement along the faults as well as extensive fracture
or damage zones and (ii) the movement along the faults or
fault zones should have happened within the past 34 million
years. Classification therefore not only requires simple detec-
tion of a fault or fault zone but also assessment their spatial
and especially temporal activity. The project KaStör (carried
out by Beak Consultants GmbH and Plejades GmbH; Brosig
et al., 2020) therefore gives an overview of (i) the current
state of knowledge on faults and fault zones in Germany and
(ii) the commonly used methods for detection, interpretation
and dating of faults and fault zones. As a result a work-flow
for application of the exclusion criterion within the siting
process was suggested. The evaluation of the results shows,
that – outside seismically active areas – information on ac-
tive faults and fault zones is very irregularly distributed in
Germany. This partly reflects different tectonic histories of
the different areas or coverage of faults and fault zones by
un-faulted sediments. Partly this reflects the uneven distri-
bution and depth of geological exploration, which typically
focussed on areas with raw material potential/production or
relevance for planning of large infrastructure projects. The
studied and compiled methods include those for detection
and localization of tectonic and atectonic faults and fault
zones and those for direct or indirect detection of activity.
Recent activity may be detected by in situ investigations or
is based on longer time series measurements by, e.g., GPS,
geodetic or geomorphological methods. Based on the diffe-
rent methods and the requirements of the Site Selection Act,
Brosig et al. (2020) suggest a work-flow for application of
the exclusion criterion within the siting process (Fig. 2). The
authors recommend a four step work-flow: (i) Based on avail-
able data, potentially active faults and fault zones are identi-
fied. These should (ii) then be studied in more detail based on
available and suitable methods. Those faults and fault zones
that appear to be active should (iii) then be investigated with
regard to specific fault and fault zone properties like offset,
age and geometry. Finally, (iv) the faults and fault zones are
judged according to § 22 (2) 2 Site Selection Act.
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Figure 1. General succession of the phases within the stepwise German siting process. While Phase 1 only assess already available data,
Phases 2 and 3 will base on results of surface and subsurface exploration programs.

2.3 Research on temperature dependency of the
different THMC/B processes – the project
Grenztemperatur

The Site Selection Act defines 100 ◦C as a draft limit on the
temperature at the outer surface of the repository contain-
ers for the preliminary safety analyses (§ 27 (4) Site Selec-
tion Act). This draft temperature limit should be valid due to
precautionary reasons until pending research allows define
host rock specific temperature limits. The project Grenztem-
peratur (carried out by Gesellschaft für Anlagen- und Reak-
torsicherheit (GRS) gGmbH; Bracke et al., 2019) compiled
the current state of knowledge on temperature dependent
THMC/B processes as well as the international regulations
and approaches towards repository temperature. The aim of
the project was to identify the temperature dependency of the
different THMC/B processes in the different potential host
rocks (rock salt, clay stone, crystalline rock) and by this the
host rocks specific temperature tolerance and to assess the in-
fluence of temperature on retrievability /recovery, as required
by the Site Selection Act. Based on available FEP catalogues
for rock salt (Wolf et al., 2012), clay stone (Jobmann et al.,
2017), and crystalline rock (GRS gGmbH, unpublished) the
relevant THMC/B processes were identified and their tempe-
rature dependency studied. No predefined temperature lim-
its were found in other national regulations although guide-
lines may provide general requirements on design tempera-
ture. Disposal concepts with bentonite as buffer material typ-
ically show design temperatures ≤ 100 ◦C within the buffer,
except for the Swiss concept that allows higher temperature
in the inner part of the bentonite buffer. The studied THMC/B
processes clearly show that temperature may have positive
or negative effects on the respective processes. Any safety
related assessment of temperature limits or design tempera-
tures therefore requires underlying safety and disposal con-
cepts that define or allow to assess the role of the different
THMC/B processes from a safety point of view.

2.4 Research on safety oriented weighting and
comparison of siting criteria – the project MABeSt

During the entire siting process, geo-scientific weighting cri-
teria are repeatedly applied in Phases 1 to 3. General appli-
cation of the geo-scientific weighting criteria is described in
§ 24 of the Site Selection Act while the exact content of the
different geo-scientific weighting criteria is defined in Ap-
pendices 1 to 11 to the Site Selection Act. Three groups
of geo-scientific weighting criteria are defined: group 1 ad-

dresses the achievable quality of containment and the robust-
ness of evidence, group 2 addresses the preservation of the
isolation potential, and group 3 covers further safety relevant
properties of the disposal system. For each weighting crite-
rion, assessment relevant properties with specific evaluation
parameters or indicators are defined within Appendices 1 to
11 to § 24 Site Selection Act. For each evaluation parameter
or indicator, quantitative or qualitative values are defined to
allow assigning the respective properties into individual as-
sessment groups ranging from, e.g., favourable to less or un-
favourable. Overall assessment of the geological situation of
individual siting regions or sites based on the geo-scientific
weighting criteria therefore requires aggregation of the as-
sessments of the individual parameters and indicators. In ad-
dition to aggregation and assessment of individual siting re-
gions and sites, a safety oriented comparative assessment of
the different siting regions and finally (of at least two) sites
is required. The project MABeSt (carried out by Gesellschaft
für Anlagen- und Reaktorsicherheit (GRS) gGmbH; Frieling
et al., 2020) compiles and assesses available methodological
approaches to such a multi-criteria problem. According to the
authors, well-suited are multi-criteria methods that belong to
multi attribute decision making (MADM). Of these, espe-
cially outranking methods appear to be advantageous as they
inherently allow comparative assessment of different crite-
ria. According to the project results (Frieling et al., 2020),
the multi-criteria problem could be split into different, hier-
archical target levels (Fig. 3) and finally indicators.

Based on such a hierarchical target system, the different
indicators/criteria can be aggregated. Such a hierarchical tar-
get system also allows the assessment (and eventually op-
timization) of different options at the individual target lev-
els. However, despite the different multi-criteria methods ap-
plied, the authors clearly state that a verbal-argumentative
assessment is necessary for, e.g., the chosen weighting of the
different criteria/attributes and assessment of the robustness.
Therefore, the chosen method for aggregation can only be a
tool to support and substantiate the decision.

2.5 Research on potential percolation mechanisms
within rock salt – the project PeTroS

Rock salt (i.e. halite, NaCl) is one of the potential host rocks
addressed in the Site Selection Act and is typically consid-
ered tight with regard to gas and saturated brine unless either
the minimum stress criterion or the dilatancy criterion (both
typically called “percolation thresholds”) is infringed. How-
ever, Lewis and Holness (1996) measured dihedral angles 2
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Figure 2. Suggested principal work-flow for the identification and characterization of active faults and fault zones and application of the
exclusion criterion of § 22 (2) 2 Site Selection Act according to Brosig et al. (2020). Modified after Decker et al. (2017).

Figure 3. Splitting of a multi-criteria problem into different, hierarchical target levels and finally indicators. Aggregation of data and results
is done on the different target levels. After Frieling et al. (2020).

(i.e. contact angle between salt grains and pore fluid) in the
two-phase system brine-halite (pure halite, water in excess),
noticing that2 generally decreases with increasing p and T .
Based on the “static pore-scale theory”, they postulated iso-
lated fluid-filled pores and lack of permeability for 2 clearly
above 60◦ and an interconnected pore-fluid network along
grain boundaries with correspondingly higher permeability
for2 clearly below 60◦. For2∼ 60◦, they assumed a transi-
tion zone. Based on the results by Lewis and Holness (1996)
and experiments with compacted sodium chloride grains,
Ghanbarzadeh et al. (2015) speculated that rock salt may lose
its tightness and become permeable at p−T conditions rele-
vant for deep geologic nuclear waste disposal. Ghanbarzadeh
and co-workers also postulated a deformation-assisted per-

colation as a further mechanism that may increase perme-
ability of rock salt even at low p− T conditions for which
2> 60◦. They speculated that at low deviatoric stresses,
fluid-triggered recrystallization together with pressure disso-
lution could result in potential leakiness of a rock salt barrier,
even below the classical percolation thresholds. To evaluate
their hypotheses of potentially high permeability of rock salt
at p− T conditions relevant to deep geologic nuclear waste
disposal, the project PeTroS (carried out by Institute of Ge-
omechanics GmbH Leipzig IfG; Minkley et al., 2020) per-
formed triaxial flow-through experiments on natural rock salt
samples from German salt deposits. The experiments were
performed at 18 MPa with 160 and 180 ◦C and at 36 MPa
with 140, 160 and 180 ◦C. The run conditions of 36 MPa and

Adv. Geosci., 54, 157–163, 2020 https://doi.org/10.5194/adgeo-54-157-2020



A. Liebscher et al.: Towards best possible safety 161

Figure 4. Example of a typical experimental run. After heating to the desired run temperature, axial and radial pressures are increased to
isotropic experimental pressure conditions. Then the injection fluid pressure is increased stepwise up to near confinement pressure. The
minimum stress criterion (σfl > σmin) is infringed by lowering the axial pressure below the fluid pressure. After passing this percolation
threshold, discrete and significant fluid breakthrough is observed. Modified after Minkley et al. (2020).

180 ◦C correspond to2< 60◦ according to the data by Lewis
and Holness (1996), all other run conditions correspond to
the transition zone with2∼ 60◦. At each p−T combination,
two experiments with either nitrogen gas or saturated NaCl-
brine as injected fluid were executed. The cylindrical rock
salt samples (length 200 mm, diameter 100 mm) were drilled
out of larger natural core samples. The integrity of the pre-
pared samples was controlled by ultrasonic measurements. A
typical run layout consist of three phases (Fig. 4): First, the
samples were heated and isotropic pressure conditions were
established (Phase 1). Then, the fluid injection started and the
fluid injection pressure was raised stepwise to slightly below
confinement pressure (Phase 2). Finally, the axial stress was
reduced until the minimum stress criterion was infringed and
the fluid breakthrough due to pressure-driven percolation was
detected (Phase 3). Fluid flow was monitored continuously at
the outlet side of the system.

All experiments show none or probably insignificantly
low fluid flow during Phase 2 at pressure conditions below
the percolation threshold. The minor fluid flows in some of
the experiments probably reflect undetected damages due to
sample preparation or a scale effect due to small sample
size compared to grain size (Minkley et al., 2020); however,
an extremely low permeability as reason for the detected
marginal fluid flows cannot be excluded unequivocally. Du-
ring Phase 3, i.e. after infringement of the minimum stress
criterion, all samples show distinct breakthrough of the in-
jected fluid and clearly prove the existence of a percolation
threshold, at least under the studied experimental conditions.
Overall, the potentially high permeability of rock salt un-
der the studied p− T conditions, postulated by the “static

pore-scale theory” (Lewis and Holness, 1996; Ghanbarzadeh
et al., 2015), could not be validated by the performed ex-
periments (for a critical discussion of the effects of brine
composition on the dihedral angle and transferability of the
Lewis and Holness (1996) data to natural systems, see: Rim-
sza and Kuhlman, 2020). Deformation-assisted percolation
as the second possible process for increased permeability
postulated by Ghanbarzadeh et al. (2015) was not experimen-
tally studied within PeTroS as experiments were performed
under quasi-isotropic pressure conditions without any devi-
atoric stress. However, the experimental results provide evi-
dence that the minimum stress criterion is the major perco-
lation threshold in rock salt, at least under the studied condi-
tions, a mechanism that has not been discussed in the work
by Ghanbarzadeh et al. (2015). The postulation by Ghan-
barzadeh et al. (2015) of deformation-assisted percolation
within rock salt as major percolation process is therefore
questionable, although future studies may be required to as-
certain the state of knowledge regarding fluid percolation in
rock salt or tightness of rock salt under deforming conditions.

3 Conclusion

The presented research projects form part of the broad re-
search portfolio of BASE. The research topics of BASE are
solely derived from its statutory tasks and the results primar-
ily serve to support BASE in fulfilling its tasks as national
regulator within the German site selection process according
to state-of-the-art science and technology. However, the re-
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sults of the projects may also be relevant to other stakehold-
ers of the siting process.

The projects MessEr, überStand and Grenztemperatur pre-
dominantly compiled and reviewed current state-of-the-art
science and technology in their respective fields. The com-
pilation and characterization of available exploration meth-
ods from the surface by MessEr and überStand will also help
inform the general public and allow it to understand and as-
sess the surface exploration programme executed by BGE
during Phase 2 of the siting process. Grenztemperatur did
not provide new original data that would allow determine a
host-rock specific temperature limit according to § 27 (4) of
the Site Selection Act, but its results identify methodologi-
cal approaches for the definition of such safety guided tem-
perature limits and will support execution of the prelimi-
nary safety analyses during the siting process. The projects
MABeSt and KaStör developed and provided methodologi-
cal approaches for the general and specific application of the
geoscientific criteria and requirements laid down in the Site
Selection Act. By this, both projects will also support the
definition of the exploration programmes during Phases 2
and 3 of the siting process. The project PeTroS addressed
open questions regarding permeability of rock salt that were
raised in the literature and performed the first triaxial flow-
through experiments on natural rock salt samples at the rel-
evant p− T conditions. The experiments could not validate
the potentially high permeability of rock salt under the stud-
ied p−T conditions, postulated in the literature based on the
“static pore-scale theory”. The results indicate that the min-
imum stress criterion and/or the dilatancy criterion are the
prime “percolation thresholds” in rock salt.
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